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Abstract: Charge-recombination rates  region” of electron-transfer reactions.  ship. We show that the resulting

in contact radical-ion pairs, formed be-
tween aromatic hydrocarbons and ni-
triles in supercritical CO, and heptane,

The change to an increase in the rate
for ultra-exothermic electron transfer
indicates a new free-energy relation-

“double-inverted region” is not due to
a change in mechanism. It is an intrin-
sic property of electron-transfer reac-

decrease with the exothermicity of
the reactions until they reach
—70 kcalmol™, but from there on an
increase is observed. The first decrease
in rate is typical of the “inverted

transfer -

Introduction

Charge-separated states are very important intermediates in
many photoinduced reactions."?! They result from charge-
transfer interactions between an electron donor (D) and an
acceptor (A), with one of them in an excited state. Such
states may carry a significant fraction of the light energy ini-
tially absorbed and controlling their decay has become a
major endeavour in solar-energy conversion, light-emitting
devices, nanoelectronics and other important emerging tech-
nologies.™ The paradigm of this field is that very exother-
mic charge recombinations (CR) occur in the Marcus “in-
verted region”,["] that is, the rate decreases with increasing
reaction exothermicity. The most exothermic charge recom-
bination should yield the longest lived charge-separated
state for an identical donor—acceptor distance.
Charge-separated states produced by bimolecular reac-
tions are usually regarded as radical ion pairs or exciplexes,
depending on the degree of charge separation. Scheme 1 il-
lustrates the decay mechanisms when exciplexes are formed
by photoinduced charge separation: radiative decay (kg), in-
tersystem crossing (ki.), photoreaction (k) and charge re-
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tions, and it is due to the increase of
the reorganisation energy with the re-
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Scheme 1. Mechanism for photoinduced charge separation and charge re-
combination in weakly polar solvents.

combination (kcg). The solvation of the charge-separated
state leading to production of free ions (k) is thermody-
namically unfavourable in weakly polar solvents.

Our main motivation is to provide experimental data on
ultraexothermic (AG°< —60 kcalmol™") charge-recombina-
tion rates that help to identify the factors that control these
rates. The electron donors selected for this study, illustrated
in Scheme 2 together with their oxidation potentials,” were
selected for their structural homogeneity, allowing us to
focus on the role played by the reaction energy in the reac-
tivity of the charge-separated states. Additionally, we em-
ployed only one electron acceptor, fumaronitrile (FN)
(E%*=-1.36 €V versus SCE).!®l The choice of these systems
was also guided by early work on fumaronitrile/aromatic hy-
drocarbons in benzene which showed that they form exci-
plexes with nanosecond lifetimes."!!

In this work we show that photoinduced charge separa-
tion from aromatic hydrocarbons to nitriles in supercritical
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Scheme 2. Electron donors and their oxidation potentials (0-X=o-xylene; p-X=p-xylene; Np =naphthalene;

Py=pyrene; Pe =perlene).

CO, (scCO,) leads to exciplexes with nearly complete
charge separation. The weak fluorescence of the charge-sep-
arated species is a convenient parameter to measure their
lifetimes. The study of such exothermic charge recombina-
tion (CR) in scCO, addresses a fundamental controversy in
the field of electron-transfer reactions: the relatively weak
driving-force dependence of the rates in the inverted region.
Does it reflect the “weak-coupling” limit of a radiationless
transition, with negligible solvent reorganisation, as suggest-
ed by Mataga and co-workers?!'*l Can it be interpreted
with the conventional nonadiabatic theories, by using reor-
ganisation energies and electronic couplings that vary with
the structure of the molecular species, as proposed by Gould
and Farid 2™ Does it result from the increase in reorganisa-
tion energy with the reaction energy as predicted by the in-
tersecting-state model (ISM) ?21%16]

Results

The absorption of light by an aromatic hydrocarbon in
scCO, very rapidly leads to a fluorescent singlet-excited
state. This state can be subsequently quenched by fumaroni-
trile (FN) and, when the thermodynamics of the process is
favourable, leads to a charge-separated species, Scheme 1.
Figure 1 illustrates the quenching of p-xylene fluorescence
by increasing amounts of fumaronitrile in scCO,, and the
concomitant growth of the exciplex emission. Similar results

Abstract in Portuguese: As velocidades de recombinacdo de
carga em pares ionicos de contacto formados entre hidrocar-
bonetos aromdticos e nitrilos em CO, supercritico e em hep-
tano, diminuem com o aumento da exotermicidade das reac-
¢bes até esta atingir —70 kcalmol™, a partir da qual se obser-
va a tendéncia contrdria. A primeira diminui¢do é tipica da
“regido invertida” das reacgbes de transferéncia de electrdo.
A mudanga para um aumento das velocidades em reacgées
de transferéncia de electrdo ultra-exotérmicas revela uma
nova relagdo de energia livre. Demonstra-se que a “dupla
regido invertida” observada ndo se deve a uma mudanca de
mecanismo. Ela é uma propriedade intrinseca das reacgoes
de transferéncia de electrdo, e é devida ao aumento da ener-
gia de reorganizacdo com a exotermicidade da reacgdo.
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were obtained with the other
aromatic hydrocarbons studied
in this work. The degree of
charge transfer in this species
can be experimentally assessed
from the variation of the exci-
plex emission maximum (7,,)
with the polarity of the sol-
vent,” and from the separation
between 7., and the 0,0 transi-
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Figure 1. Steady-state fluorescence emission of p-xylene with increasing
amounts of fumaronitrile, in supercritical CO, at 308 K and 11MPa,
excited at 273 nm. [p-X]=0.91 mM, [fumaronitrile]=0, 1.0, 1.5, 2.0,
2.8, 4.0 mm.

tion of the corresponding monomer (#,,).1%

According to the Lippert-Mataga relationship,">* 7, is
determined by the dipole moment of the exciplex («) in a
solvent of dielectric constant ¢ and refractive index n

[Eq. (D]
'Dex = 1~/ex(o)_hzcilﬁ (fs_%fn> (1)

In Equation (1) 7.(0) is the exciplex emission maximum
in the gas phase, f.=(e—1)/(2e+1), f,=(n*—1)/(2n°+1), and
p is the radius of the sphere representing the exciplex. A
full charge separation across a 3.32 A distance, observed for
the pyrene/tetracyanoethylene complex,*??! should yield
u=16 D. The slopes of the Lippert-Mataga plots measured
in this work together with a cavity radius p=5 A "% sup-
ported by molecular models,?* give the dipole moments pre-
sented in Table 1; these values average the dipole moment
of a full charge separation.

We confirmed the values of p using Connolly surface
First, we optimised the structure of the molecules using the
AM1 method. Then, donor and acceptor were placed at a

§.[25.26]
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Table 1. Emission frequencies and charge recombination energies in su-
percritical CO, at 308 K and 15 MPa, and dipole moments of the exci-
plexes in liquid solvents.?!

7,/1000 [cm™"]  9,/1000 [em™']  AGY [kcalmol™]  u [D]
Pe+FN 2342 el —62.0 -
Py+FN 27.03 21.05 —69.1 19
Np+FN 3145 22.73 -77.9 17
p-X+FN  34.48 24.39 —83.2 14
0-X+FN  34.48 24.51 —86.0 13

[a] AGY, is the negative value of the exciplex free energy [Eq. (2)] with a
—2.5 kcalmol ™! correction. The oxidation potentials given in Scheme 2
and E%*=-1.36 eV versus SCE for fumaronitrile were used in this calcu-
lation.”®! [b] The exciplex emission overlaps with the tail of the perylene
emission.

3.32 A interplanar distance. Next, the surface of the exciplex
was calculated with a probe with a 1.4 A radius, and its con-
tact-re-entrant volume was calculated. Figure 2 shows some

o~
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Figure 2. Connolly surfaces for the exciplex formation between fumaro-
nitrile and p-xylene or pyrene.

of the objects obtained. The radii of spheres with the same
volume as these objects range from 4.0 A for xylene/fumaro-
nitrile to 4.6 A for perylene/fumaronitrile, and should be re-
garded as lower limits to the physical systems, because the
interplanar separation is also a lower limit. Thus, the dipole
moments reported in Table 1 should be considered reliable
values.

Gould and co-workers showed that when (7,—7.)>
5000 cm™!, the charge separation in the exciplex is nearly
complete.™ The 7, and #,, values reported in Table 1 fur-
ther confirm that the exciplexes formed in scCO, can be re-
garded as essentially pure contact radical-ion pairs (CRIP),
A"Dt.

The free energy of exciplex formation has been studied in
detail by several authors.””?! According to the semiempiri-
cal equation of Weller,?”! the exciplex free energy is given,
in eV, by Equation (2), in which E& and E%¢ are the oxida-
tion and reduction potentials of donor and acceptor, respec-
tively, measured in the same polar solvent, and u%p’=
0.75 eV.”"l

2
AGY, = By —ER~15(fo~f,) +038 2)

According to this equation, the energies of our charge-
separated species are 6-22 kcalmol™! lower than the corre-
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sponding singlet-excited-state energies, and the charge sepa-
ration is irreversible (k,>k_,). On the other hand, 1,4-di-
cyanobenzene and toluene form a reversible exciplex in
weakly polar solvents,™ and the ratio between the rate con-
stant of exciplex formation (k,) and that of dissociation
(k_,) suggests that exciplex formation can be as much as
5 kcalmol ' less exothermic than that predicted by Weller’s
equation. Additionally, the spectral fitting of the hexa-
methylbenzene/tetracyanoethylene (HMB/TCNE) charge-
transfer complex in scCO, also suggests that the formation
of this complex is 6 kcalmol ! less exothermic than predict-
ed by Equation (2).5” We added a —2.5 kcalmol™! correc-
tion to the CR reaction energies calculated with Equa-
tion (2), and report them in Table 1. In addition we added a
2.5 kcalmol ™ correction to the CR reaction energies ob-
tained by spectral fitting. With such corrections, the CR en-
ergies obtained by three different methods are self-consis-
tent, but should be regarded as having a 2.5 kcalmol™! un-
certainty.

Table 2 reports the lifetimes of the charge-separated spe-
cies in scCO,, n-heptane and tetrahydrofuran (THF) mea-
sured by time-correlated single-photon counting (TCSPC).

Table 2. Lifetimes [ns] of charge-separated states, measured in n-heptane
and THF at 298 K, and in supercritical CO, at 308 K and 15 MPa.l*!

n-Heptane scCO, Tetrahydrofuran
Pe+FN 11.5 11.4 -
Py+FN 18.0 352 -
Np+FN 9.35 10.7 10.3
p-X+FN 5.1 2.1 -
0-X+FN 52 2.3 7.3
HMB/TCNE 0.01120 0.005!! 0.00213!

[a] Errors are less than 5%. [b] See reference [36], but cyclohexane
rather than heptane was used as solvent. [c] See reference [40].

A typical decay is illustrated in Figure 3. Only two systems
revealed sufficiently intense exciplex fluorescence in THF to
be characterised, but the trend in their lifetimes is similar to

0 183

36.6

Time / ns

Figure 3. Fluorescence decays of naphthalene in the presence of fumaro-
nitrile, in supercritical CO, at 308 K and 15 MPa, monitored at A=
325 nm (monomer) and A=450 nm (exciplex). [naphthalene]=0.25 mwm,
[fumaronitrile] =5.2 mm. The shorter decay is the pulse profile of the ex-
citation source.
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that measured in scCO, and n-heptane. The energy of the
free ions in THF is expected to be very similar to that of
CRIP, as opposed to the less-polar solvents in which dissoci-
ation into free-ions is thermodynamically unfavourable. The
relative importance of all the processes contributing to the
decay of the charge-separated (CS) species in weakly polar
solvents can be assessed from the quantum yields of exci-
plex fluorescence (P5°), intersystem-crossing (®S%), and
product formation (@5%). We
made this evaluation by study-
ing in detail the role of the ra-

because it has the smallest separation between monomer
and exciplex emissions and is the most difficult to resolve. A
more typical, and trivial example is shown in Figure 1.
Table 3 gives the quantum yields of the charge-transfer
emissions measured in heptane. In all cases ¢'§S§O.15, and
we conclude fluorescence is a minor decay route for these
species, as expected from their high degree of charge separa-
tion.

Table 3. Efficiencies (¢), quantum yields (@), and rate constants (k) of fluorescence, intersystem crossing,
product formation, and charge recombination in n-heptane.

diative and nonradiative decay

. [FN] [mM]  ¢g8 o8 ke [s7'] [FN] [mm] @ o8 Dy ker [s7]

channels in heptane. - .
A ble ostimate for PeTEN 58 00580 0153  13x107 58 005 000 080  7.0x10
&e reasonabie : Py+FN 42 00985 0102  57x10° 42 006 000 084  47x107

&> can be obtained by using Np+FN 60 0.0042  0.0044  47x10° 59 000 000 099  1.1x10°

the following procedure: p-X+FN 44 0.0075  0.0085  1.7x10° 6.0 008 011  0.80 1.6x10°

0-X+FN 60 0.0040 00061  12x10° 53 010 008 081  1.6x10°

1) A Gaussian curve is fitted to
the exciplex emission spec-
trum (in units of cm™"), and
its area is calculated.

2) The efficiency (¢r) of exciplex emission is obtained as
the ratio of this area and that of the pure fluorophore
absorbing the same amount of light at the excitation
wavelength, multiplied by its fluorescence quantum
yield.*Y

3) @S is obtained as ratio between ¢ and the fraction of
monomers that were quenched, given by ([,—I)/[ in
which I, (I) is the fluorescence intensity in the absence
(presence) of quencher.

Figure 4 presents the fluorescence of perylene in the ab-
sence and presence of fumaronitrile in heptane. We chose
this system to illustrate the fitting of the exciplex emission

3x107 |

T 2x107 |

Fluorescene int.
farb. units

1x107 |-

vi10%em™

Figure 4. The steady-state fluorescence of perylene (——-) and perylene in
the presence of fumaronitrile 5.8 x10>m (+++++) in heptane. The thin line
was obtained as a linear combination of the perylene emission and the
Gaussian (—) curve simulating the exciplex emission.
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The formation of triplet states was investigated by using
laser flash photolysis and photoacoustic calorimetry (PAC).
We were unable to detect naphthalene triplet states in the
presence of FN concentrations greater than 1 mm. However,
transient absorptions were observed with the X/FN, Py/FN
and Pe/FN systems, Figure 5. By using laser flash photolysis,
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Figure 5. The triplet-triplet absorption spectra of pyrene in the absence
(—) and presence (s++++) of fumaronitrile, in heptane. The inset shows
triplet decays monitored at A=410nm. [pyrene]~0.1 mm, [fumaro-
nitrile] =4.2 mm.

we obtained the total triplet quantum yield (@) of hydro-
carbon/FN systems as the ratio of the triplet-state absorp-
tions of hydrocarbon/FN versus pure hydrocarbon systems,
for the same ground-state absorption, multiplied by the trip-
let quantum yield of the pure hydrocarbon.®!! Both the un-
quenched hydrocarbon and the charge-separated species
contribute to @ The contribution of the unquenched hy-
drocarbon was obtained from its intersystem-crossing rate

— 5017
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and its lifetime in the presence of the experimental concen-
tration of FN. This contribution was subtracted from @ and
the triplet quantum yield from the charge-separated species
(PS5 was obtained, Table 3.

The importance of the nonradiative decay modes in the
most exothermic systems was also evaluated in heptane by
using PAC. Nonradiative decays lead to a transient heating
of the solution that, in our PAC cell, is registered as an
acoustic wave.’>%! The amplitude of the acoustic waves is
related to the fraction of light energy (f;) deposited as heat
in the photoacoustic cell in the time window of the experi-
ment. Figure 6 shows that the Np/FN system, in which the

0.5

*

Relative o
amplitude

-0.5

1 ool I ] |
0 200 400 600 800 1000

Time/ns —p
Figure 6. Normalised photoacoustic waves of 2-hydroxybenzophenone
(photoacoustic reference «sse+ ), o-xylene/fumaronitrile (-—-) and naph-
thalene/fumaronitrile (——) in heptane, irradiated at A=266 nm.
[o-xylene] and [naphthalene] concentrations were adjusted to match the

absorbance of 2-hydroxybenzophenone at the excitation wavelength
(Ay6=0.072), and [fumaronitrile] =5.0 and 5.7 mm.

quenching of the hydrocarbon is nearly complete for the FN
concentrations employed, releases as much energy as a PAC
reference with a matched absorbance at the excitation wave-
length, in less than 1 ps. This is consistent with the very low
fluorescence and triplet quantum yields, and with the short
lifetimes of naphthalene at the FN concentrations employed
(3.84ns) and of the charge-separated species (9.35 ns),
measured by TCSPC. Figure 6 also shows that the o-X/FN
system does not release all the absorbed energy as heat in
the time window of the experiment.

The thermal energy released in the fast processes of the
0-X/FN system may have the following contributions
[Eq. (3)] in which Eg, Er and E, are the energies of the sin-
glet state, of the triplet state, and of a possible photochemi-
cal product, respectively.

feEw =(Ep—Es) + Es®@ic + (Es—Er) D1+ 3)
Es®cg + (Es—Ep) Dy

This fraction was obtained by deconvolution of the 0-X
and reference PAC waves,">* and we obtained f;=0.83.
The fraction of light energy lost radiatively by the singlet

5018
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state and by the exciplex can be obtained from their fluores-
cence quantum yields and energies, and amounts to 0.02.
Therefore, the energy associated with the decays of the slow
processes that are not measured by the acoustic waves is
given by Equation (4) in which the contribution of the trip-
let is given by the total triplet quantum yield measured by
flash photolysis, @+=0.13, and E+=82 kcalmol .

fSEIw = ETQPT + Ep(pp = 16 kcal 1110171 (4)

The remaining energy, 5kcalmol™, is stored by other
long-lived species. Assuming that the dimethyl derivative of
Dewar benzene is formed and that its enthalpy of formation
is 62 kcalmol ™' higher than that of xylene, as in the hexa-
methyl derivative,*** we obtain ®,=0.08. This value is re-
ported as @5° in Table 3, assuming that the same proportion
of products comes from singlet and charge-separated states.
The values of @5y can now be calculated because the quan-
tum yields of all the other processes originated from the
charge-separated state have been determined. These values
of @} together with the lifetimes given in Table 2 give the
CR rates reported in Table 3.

In summary, the radiative, intersystem-crossing, and reac-
tive pathways are minor contributors to the decay of the
charge-separated species measured in heptane, in which
charge-recombination quantum yields exceed 0.8. The sepa-
ration between the monomer and exciplex emission maxima
is larger in scCO, than in heptane, and the charge-recombi-
nation pathway must be even more important in this sol-
vent. Therefore, the lifetimes of the charge-separated spe-
cies in scCO, reflect almost quantitatively their CR rates.

It should be emphasised that successful measurements of
CR rates depend on the delicate balance between the extent
of charge transfer in weakly polar solvents and measurable
exciplex fluorescence. The CR rates measured in this work
are in good agreement with those reported for phenan-
threne/FN (4.8x107 s™),) phenanthrene/dimethyl fumarate
(6.9x10%s7),1 trans-stilbene/FN (6.3x10”s7"), and trans-
stilbene/dimethyl fumarate (4.7x10%s )" in benzene, in
which CR was also established as the dominant decay path-
way. Good consistency was also observed with the decay of
the HMB/TCNE CRIP in cyclohexane (AG°=—36.1kcal
mol™), which gives a rate of 6.0x 10" s™.5% We tested other
nitriles as acceptors (acrylonitrile, methacrylonitrile, tetra-
cyanoethylene), but the exciplex fluorescence and stability
were insufficient for reliable lifetime measurements. Charge
recombination between aromatic hydrocarbon donors and
cyanoaromatic acceptors have also been studied in acetoni-
trile, in which the charge separation is complete, and their
rates can be compared with the rates measured in this work.
For example, the charge recombination of 2,6,9,10-tetracya-
noanthracene (TCA) with alkylbenzene CRIP has the fol-
lowing CR rates:’l 6.3x10°s™' for TCA/durene (AG’=
—51.2 kcalmol ™), 4.9x10°s™! for TCA/1,2,3 4-tetramethyl-
benzene (AG’=—52.6 kcalmol ™), and 1.0x10%s™! for TCA/
mesithylene. Additionally, the CR rate of Py/TCNE (AG’=
—21.2 kcalmol ™) is 3.4 x 10> s71.¥ For CRIP in acetonitrile

Chem. Eur. J. 2006, 12, 5014 —5023
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the reaction energy is accurately estimated as AG’=
on_Ered [39]
D A

Discussion

Figure 7 plots the CR rate constants (kcr) measured in this
work as a function of the reaction energy. This figure also
includes the HMB/TCNE system measured by Kimura and

13
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log k
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7 1 1
-100 -80 -60 -40 -20 0

AG'/ kcal mol™¥  —»

Figure 7. Charge recombinations in supercritical CO, (blue circles), hep-
tane (red squares), benzene (green triangles) and acetonitrile (black dia-
monds). The solid circles and squares represent the data measured in this
work. The other points represent charge recombinations between aro-
matic hydrocarbon radical cations and the radical anions of FN, TCNE
and TCA, referred to in the text. The black lines are golden rule calcula-
tions with V=300 cm™!, Aw,=1500 cm™', 1,=5 kcalmol™', and the sol-
vent reorganisation energies indicated in the plot, in kcalmol™, and the
red line are from similar calculations with A,=25 and A,=2 kcalmol .

co-workers in comparable supercritical conditions,*” and
the rates measured in benzene, cyclohexane, and acetonitrile
for the CR with FN and TCNE mentioned above, by using
E"'=024¢V for TCNE.M! Although the decay of the
charge-separated species should be deep in the inverted
region, their kcr values are only weakly dependent on the
driving force of the reaction. For example, the lifetimes of
Pe/FN and o-X/FN exciplexes in heptane (AG;=—62 and
—86 kcalmol ! respectively) differ by a factor of two only.
As mentioned in the Introduction, the mild dependence
of kcg on AG® has been observed before, and led Mataga to
propose a solvent-independent model for CR.'2134241 This
model regards charge recombinations as radiationless transi-
tions in the weak-coupling limit, with an overwhelming con-
tribution from the high-frequency quantum modes (4,) and
only a minor contribution from the solvent modes (4,), due
to the tight structure of the CRIP. According to this model,
the driving-force dependence of the CR rates is kcg~ aexp
(=BIAG")), in which a and 8 are constants independent of
AG°. This model accommodates the solvent insensitivity of

Chem. Eur. J. 2006, 12, 5014 -5023
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the CR rates described in the literature and apparent in
Figure 7. The CR rates of TCA/mesithylene in acetonitrile,
and Pe/FN in scCO, and in heptane all have AG’=—61+
1 kcalmol ! and kcg=(8.5+1.5)x 10" s™'. This supports the
presentation of different solvents in the same free-energy re-
lationship for CR. Asahi and Mataga proposed that the sep-
aration of the minima representing charge-separated and
ground states increases with |AG®|,l">"*! which is equivalent
to an increase in the reorganisation energy with |AG®|.
However, they modelled the CR rates from the energy-gap
law of radiationless transitions that cannot reproduce the
“double-inverted region” clearly observed in scCO,.

Gould and Farid reconciled the nonadiabatic theories
with the shallow inverted region observed in CRIP, assum-
ing that A, increases with the driving force of the reaction.!"!
According to the golden rule of quantum mechanics, the
electron-transfer (ET) rate constant is written as the product
of an electronic coupling (V) and a Franck—Condon factor
(FC) [Egs. (5) and (6)] .14

= |VR(FC) )
x 8 (AG® + Ag + nhw, )
S _ S v
(FC) = w/4m1 kT % Z TR [ AhsksT

(6)

In these equations the donor and acceptor are represent-
ed by one single high frequency (w,=wp=w,) and S= ,Lw
The low-frequency contribution is usually estimated by
using the dielectric continuum approximation formulated by
Marcus [Eq. (7)]*” in which r, and r_ are the effective radii
of the two radical ions and r is the distance between their
centres.

1 1 1 1 1
_of byl
As=e (2r++2r, r)(n2 8) (7)

According to the Connolly surfaces described above, we
have r,=3.7 A for pyrene and r_=2.8 A for fumaronitrile;
these values can be used with the solvent parameters of
Equation (7) to obtain A, (heptane)=0.02 and A, (scCO,)=
2 kcalmol™!. The high-frequency contribution is often
estimated with the equation proposed by Sutin, A,=
12Zh,0,A2* in which the normal mode displacement A, is
calculated as the difference between the equilibrium bond
lengths in the reactant and product states. By using this
model, calculations for the TCNE”~ and naphthalene”" self-
exchanges gave A,=3.3 and 6.7 kcalmol ™}, respectively.**>"

Golden rule calculations also require a value for the elec-
tronic coupling. Its value is related to the radiative rate con-
stant given by Equation (8),°! in which #,, is the average
frequency of the reduced spectrum.!'®

167

ke = 3e 3

v AP V? (8)
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We have shown that the emission of the charge-separated
species detected in this work can be fitted with a Gaussian
curve. In this case the average frequency is the frequency of
the maximum emission. By using such frequencies in Equa-
tion (8), the dipole moments given in Table 1, and the radia-
tive rates given in Table 3, we obtain V=880, 270, 620, and
580 cm™ for Py/FN, Np/FN, p-X/FN, and o-X/FN, respec-
tively, in heptane. This method to extract V is open to criti-
cism. For example, the analysis of the HMB/TCNE system
by the same method gave V=1255cm "% but an alterna-
tive method gave V=500 cm . These data support the
treatment of the most exothermic reactions with the non-
adiabatic theories, but also illustrate the difficulties in ex-
tracting V from the analysis of the charge-transfer bands.
The usual practice is to obtain V from empirical fits to the
observed free-energy dependence of ET rates, and values
between 100 and 750 cm™ have been obtained for similar
CRIPP** In view of these values, we selected V=300 cm™!
for our golden rule calculations and recognise that this may
lead to a factor of ten uncertainty in the calculated rates.

Figure 7 illustrates golden rule calculations with V=
300 cm ™, Aw,=1500 cm™!, A, =5 kcalmol ™!, and A,(scCO,)=
2 or 20 kcalmol . This last value fits the CR rate of the Py/
FN system, but it is one order of magnitude higher than ex-
pected from the dielectric continuum model. Moreover,
Figure 7 shows that by using the parameters above, the most
exothermic CR can only be fitted with A,=38 kcalmol™!.
The other parameters may be modified to offset the change
in A, For example, following the suggestion of Mataga that
232, we reproduced the most exothermic CR rate with
A,=2 and A, =25 kcalmol . The compensation between low
and high-frequency modes has also been noted in the classi-
cal Marcus theory,"™ but the fact that the total reorganisa-
tion energy (A=A,+1,) must increase with AG’ is indicated
by all these analyses.

It is simple to demonstrate that, within our reaction
series, variations in molecular size, A, or V cannot offset the
increase of 1 with AG®. The decrease in size from Py to 0-X
increases A, (scCO,) from 2.09 to 2.17 kcalmol !, and the o-
X/FN CR rate given by Equations (5)-(7) increases from
1.3x107° to 1.4x107*s". This is a negligible change on a
rate that is 11 orders of magnitude slower than the observed
rate. Submolecular sizes for 0-X are required to bring Equa-
tion (7) into agreement with the experiment. The absence of
a size effect in CR rates was discussed in detail elsewhere.*’]
By using Sutin’s equation, it was estimated that A, decreases
from 6.70 kcalmol™ in naphthalene to 6.11 kcalmol™' in
benzene*" that should lead to a decrease of the o-X/FN
CR rate, further accentuating its deviation from the experi-
mental data. Finally, the observed increase in kcr from Py/
FN to o-X/FN would require that V increases by a factor
10°, but the emission spectra suggest that the opposite trend
is occurring. The fundamental question is whether we find a
physically meaningful model that relates the increase in the
reorganisation energy to the driving force of the reaction.

To the best of our knowledge, the first theoretical model
to explain the increase in A with | AG®| was the intersecting-
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state model (ISM).’® The basis for this effect was recently
discussed in the framework of atom and proton transfer,>’>’!
and can be simply illustrated. Let us assume that the sum of
bond extensions in an isothermic A+BC—AB+ C reaction
is d,. As the exothermicity of an atom or proton transfer in-
creases, the transition state occurs earlier in the entrance
valley. The activated complex of a very exothermic reaction
will have a BC bond that resembles more closely that of BC
in equilibrium, but at the expense of a much larger exten-
sion of the AB bond. Assuming the conservation of the
bond order in this process, the limit of an ultra-exothermic
reaction is an activated complex with an insignificant BC
bond extension and an infinite AB bond extension. The con-
servation of the bond order requires that sum of the config-
urational changes (d) increases as shown in Figure 8. Trans-

10
A
0
t
O -
-10
Free L
energy =0 g
=30
-40
—
d
50 1 1 1 1
-5 0 5 10 15

Sum of bond extensions —»

Figure 8. Reaction coordinate according to ISM. The sum of reactant and
product bond extensions from equilibrium to transition state configura-
tions (d) increases with the exothermicity of the reactions (AG"). This in-
crease in d leads to an increase in the total reorganisation energy (4).
The activation energy (AG™) first decreases with AG’, goes through a
minimum (blue curve), increases in the inverted region (green curve),
goes through a maximum (red curve), and decreases again in the double-
inverted region (red to black curves).

posing this principle to ET reactions, it was predicted that a
“double-inverted region” should be observed for sufficiently
exothermic reactions.””! This effect is not contemplated by
the Marcus theory, because it assumes that the high-frequen-
cy contribution is proportional to the difference between
the equilibrium bond lengths in the reactant and product
states, and that difference is independent of the reaction
energy.

According to ISM, the sum of bond extensions along the
reaction coordinate can be obtained from the conservation
of the bond orders as given in Equation (9)!>" in which '
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is a constant (a'=0.156), n* is the transition-state bond
order, [, (l,) represents the bond length of the reactants
(products) that participate in the reaction coordinate, and
the parameter A is associated with the dissipation of the re-
action energy AG".

a { 1+ exp (V2n*AG°/A)
d= e n
2n 1—[1 + exp (V2n*AG®/A)] !

}(lr +1,) 9)

As the bond orders remain constant in the course of
outer-sphere ET reactions, n* is approximately equal to the
average of reactants and products bond orders. For example,
TCNE has four triple bonds, four single bonds and one
double bond, thus n* =2, whereas benzene has n*=1.5. The
value employed in our calculations is the average of these
two, n*=1.8. The equilibrium bond lengths are also the
average of the C—C and C—N bond lengths involved in the
reaction coordinate, [, +1,=2.7 A. Thus, A is the only pa-
rameter not determined a priori by ISM.

ISM and the nonadiabatic theories are not necessarily in-
commensurate. Both can be formulated as the product be-
tween an electronic (frequency) factor and a nuclear
(Franck—-Condon) factor. The frequency factor of Equa-
tions (5) and (6), 2n/i|V|*(4ndsksT)™"%, gives 7x10"7s™
when V=300cm ' and 1,=20kcalmol™. The frequency
factor of ISM is the product of the electronic frequency in
an aromatic molecule (v~ 10" s7!) by the electronic tunnel-
ling probability through a square potential-energy barrier,
%-%%1 The width of the tunnelling barrier is the donor-ac-
ceptor distance (3.32 A) and its height (@) is the difference
between the energy of the electron in the vacuum at rest
and that in the highest occupied donor orbital. In the case
of perylene, ®~2.71 eV, and the frequency factor is
v=vax:=4x10"%s"!, which is very similar to that calculated
by using the golden rule. For o-xylene, the higher electronic
energy leads to @~2.08 eV and v=8x102s7",

The activation energy of the nuclear factor is given by the
crossing between the curves representing reactant and prod-
uct states in Figure 8 [Eq. (10)] and requires values for AG",
d, and the force constants representing reactants and prod-

ucts (f, f,)-
AG* = % f.d? (10)

The force constants estimated from the frequency Aiw,=
1500 cm™! and the reduced mass of a CC oscillator are f,=
f,=1.15x10* kcalmol ' A2, very close to the average of
those obtained by normal mode analysis of TCNE and
naphthalene.!'™ Thus, the CR rates are given by Equa-
tion (11) and only involves one adjustable parameter, /.

kisy = v exp(—AG” /RT) (11)

The results of ISM calculations are presented in Figure 9
for v=8x10"s™! and two values of A. The graphical ab-

Chem. Eur. J. 2006, 12, 5014 -5023

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

logk 10

AG’ / keal mol™! —

Figure 9. Charge recombinations in supercritical CO, (blue circles), hep-
tane (red squares), benzene (green triangles) and acetonitrile (black dia-
monds). The solid circles and squares represent the data measured in this
work. The other points represent charge recombinations between aro-
matic hydrocarbon radical cations and the radical anions of FN, TCNE
and TCA, referred to in the text. The lines are the thermal rates calculat-
ed with ISM with n* =18, [,+1,=2.7 A, f,=f,=1.15x 10° kcalmol ' A2,
v=8x10"s""!, and the values of A indicated in the plot, in kcalmol™".

stract presents calculations with electronic-energy-depen-
dent frequency factors and A=69.5kcalmol™. In the
normal region, the ET rates increase with an increase in
exothermicity, but decrease with the increase in configura-
tional changes (d); A (or d) increases rather modestly in this
region, and the free-energy changes control the reactivity. In
contrast, the inverted-region rates decrease with an increase
in |AG°| but increase with increasing d; the increase in 1
(or d) is now more significant and leads to the smooth free-
energy dependence observed. For sufficiently exothermic re-
actions, the increase in A (or d) starts to control the reactivi-
ty and the inverted region comes to an end.

The value of A=69 kcalmol™' corresponds to an increase
in 1 by 17 kcalmol™ when AG" decreases from —62 to
—86 kcalmol . It is remarkable that both the ISM and the
golden rule theories, as illustrated in Figure 7, give a similar
increase in the reorganisation energy with the driving force
of the reaction. The physical basis for this increase can be
further explored with ISM.

The parameter 4 is designated a “dynamic parameter”
because it regulates the dissipation of AG® by the accepting
modes.'” This dissipation is associated with the coupling be-
tween the vibrational modes included in the reaction coordi-
nate (C—C and C—N stretches) and nonreactive modes, such
as low-frequency vibrations and solvent motion.'¥! A better
coupling promotes a better energy dissipation and is reflect-
ed by a higher value of A, which, in turn, leads to a smaller
increase of the reorganisation energy with |AG"|. The rela-
tively high value of A required to reproduce the free-energy
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relationship of CR reactions suggests that the (high-frequen-
cy) ISM reaction coordinate modes are strongly coupled
with another mode. The singularity of the CR reactions
studied in this work is the presence of a hydrocarbon-nitrile
stretching mode at 165 cm™. Hochstrasser and co-workers
discussed the redistribution of ET energy over various ac-
cepting modes and showed that the most populated ones are
the high-frequency modes and donor—acceptor stretching
mode.®™ This corroborates the results of ISM calculations:
the strong coupling with the 165 cm™' mode helps to dissi-
pate the reaction energy and leads to a large value of A.
This is specific to CR reactions. For example, triplet-triplet
energy transfer reactions do not have donor-acceptor
stretching modes and, consequently, A is smaller and a
larger increase of 4 with |AG®| takes place.['"]

Conclusion

The quenching of the singlet state of aromatic hydrocarbons
by fumaronitrile in supercritical carbon dioxide leads to es-
sentially pure contact radical-ion pairs. The charge-recombi-
nation rate constants in CRIP provide compelling evidence
that the reorganisation energies of ultra-exothermic ET re-
actions increase with |AG"|. The increase of A with |AG"|
limits the accuracy of cross-reaction schemes to predict the
rates of exothermic reactions. Such an increase extends the
linearity of free-energy relationships, and the quadratic de-
pendence becomes more difficult to observe.

The linear free-energy relationship emphasised by Mataga
and co-workers was observed until AG° reached
—70 kcalmol™'. Then, the “inverted region” came to an end.
The golden rule can only fit the experimental rates of very
exothermic ET reactions with different reorganisation ener-
gies for each system. The most exothermic CR rates are
faster than expected because of their increased reorganisa-
tion energy. ISM provides a rationale for the increase of the
reorganisation energy with the reaction exothermicity. The
free-energy relationship observed for charge recombinations
in scCO, has the shape of a “double-inverted region”.

Experimental Section

All the reactants and solvents were the best quality available from Al-
drich, except for the p-xylene that was from Riedel-de Haén, and were
purified according to standard procedures. CO, gas (Airliquide, N48) was
passed through an Alltech charcoal trap, a Matheson Tri-Gas oxygen-ab-
sorbing purifier (model 6410), and a HIP 20 micron filter, prior to being
compressed (HIP pressure generator model 87-6-5) into the high-pres-
sure cell.

High-pressure controlled-temperature cells were specifically built in our
laboratory for these experiments.” They were made in Kovar with four
0.50 cm thick sapphire windows. Each window was 0.90 cm in diameter
and they were positioned to provide two perpendicular 1.0 cm optical
paths. Each sapphire window was sealed against the Kovar body of the
cell by using two indium wires on both sides of the window, partially em-
bedded in circular cages drilled in the Kovar parts. Tight screwing of the
windows compressed the indium wires between the Kovar parts and the
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sapphire window, and provided and excellent seal. This seal was tested
up to 30MPa and also performed well under high vacuum. The tempera-
ture control was achieved by drilling channels all around the cell and
connecting them to a Julabo (model F-30C) thermostatic bath with exter-
nal water circulation; the temperature was measured directly in the cell
body. The high-pressure cells had two external connections through 1/16“
stainless steel tubes. One of them was connected though a valve to the
high-pressure line and the other to a digital pressure indicator (OMEGA
DP20 and Schaevitz pressure sensor, precision +0.25%).

In a typical experiment, a few microliters of a concentrated solution of
the desired product in ethyl ether was injected into the cell that was then
connected to the pressure line, was evacuated for at least 30 min, and
was then pressurised with CO,. For highly volatile compounds such as
benzene, naphthalene, or fumaronitrile, the vacuum was achieved at
170 K for as much as 1.5 h to avoid evaporation or sublimation. Our cells
could be cooled to such low temperatures because they were exclusively
made of Kovar, sapphire, and indium. We chose Kovar for the cell body
because the thermal expansion of this alloy matches that of sapphire, and
thermal amplitudes of 200 degrees did not cause any leaks.

Absorption and luminescence spectra were recorded with Shimadzu UV-
2100 and SPEX Fluoromax 3.22 spectrophotometers, respectively. Flash
photolysis experiments were carried out on an Applied Photophysics
LKS.60 laser-flash-photolysis spectrometer, with a Spectra-Physics
Quanta-Ray GCR-130 Nd/YAG laser and a Hewlett—Packard Infinium
Oscilloscope. Home-made equipment was used in single-photon counting
and photoacoustic calorimetry measurements.

Fluorescence lifetimes were measured with a previously described home-
built apparatus by using an IBHS5000 coaxial flashlamp, filled with N,,
D,, or H, gases (or mixtures of them), or an IBH nanoLED (281, 339,
373 nm), as excitation source, Philips XP2020Q photomultiplier, with ex-
citation and emission wavelengths selected with Jobin—Ivon H20 mono-
chromators, and a Canberra Instruments time-to-amplitude converter
and multichannel analyser.!” Alternate measurements (1000 counts per
cycle at the maximum) of the pulse profile and the sample emission were
performed until 5x10° counts at the maximum were reached. The fluo-
rescence decays were analysed by using Striker’s method of modulating
functions, with automatic correction for the photomultiplier “wavelength
shift”.

Time-resolved photoacoustic calorimetry (PAC) measurements were
made with a front-face cell using a dielectric mirror that allows for a min-
imum background and maximum sensitivity of these measurements.*>*
In short, the sample, reference solutions and the solvent, were flowed
separately with a 1 mLmin ™" rate (SSI chromatographic pump) through a
0.11 mm thick cell. They were irradiated at 266 nm with the Nd/YAG
laser at a frequency of 2 Hz. A small fraction of the laser beam was re-
flected to a photodiode, used to trigger the transient recorder (Tektronix
DSA 601, 1 Gss™'). The photoacoustic waves, detected with a 2.25 MHz
Panametrics transducer (model 5676) and captured by the transient re-
corder, were transferred to a PC for data analysis. In a typical PAC ex-
periment, 100 waves of the sample, reference, and pure solvent were re-
corded and averaged under the same experimental conditions. Four sets
of averaged sample, reference, and solvent waves were used for the data
analysis at a given laser intensity, and four laser intensities were em-
ployed in each experiment. The different laser intensities were obtained
by interposing neutral density filters with transmissions between 25 %
and 100%. All the measurements were made in heptane by using 2-hy-
droxybenzophenone as photoacoustic reference.
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