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The effect of pressure on the quantum yields for formation of free-radical ions (@i,,,,J in the photoinduced bimolecular
electron-transfer reactions of the excited-state acceptors 9,10-dicyanoanthracene(DCA), 2,6,9,1O-tetracyanoanthrace(TCA),
and N-methylacridinium (MA+), with simple alkyl-substituted benzene donors, has been studied in acetonitrile at rwm
temperature. The values of ah, which are determined by the competition between return electron transfer (k,) and separation
(k,) within the initially formed geminate radical ion pairs, are found to decrease with increasing pressure. The results are
discussed in terms of the pressure effects on the individual rate constants k , and kEp The k,, process is unique among
those electron-transfer reactions whose pressure dependence has been studied since the reactions are in the Marcus 'inverted"
region and are nonadiabatic. Measurements of the relative rates of electron transfer as a function of reaction exothermicity
allow the effect of pressure on the reorganization energy to be determined. Simple dielectric continuum models predict that
the solvent reorganization energy should significantly decrease with applied pressure due to changes in the solvent dielectric
constant and refractive index, whereas small increases are observed. Possible reasons for this discrepancy are discussed.
Electron transfer from a neutral donor to DCA or TCA forms a radical anion/radical cation pair, whereas electron transfer
to MA+ forms a radical/radical cation pair. Different pressure dependencies are observed for @& when the cyanoanthracene
and MA+ acceptors are used which are attributed to differing influences of electrostriction on k,, for the two acceptors.

Introduction
Photoinduced electron transfer to form radical ions is now well
established as an important mechanism for product formation in
organic photochemistry.' The overall quantum yields of these
reactions, however, vary over a wide range.'-'
This can be
understood with reference to Scheme I, which summarizes the
simplest mechanism for the formation of radical ions in a polar
solvent such as acetonitrile. Electron transfer occurs upon diffusional encounter between, in this case, an excited acceptor ('A*)
and a donor (D), to form a solvent-separated geminate radical-ion
pair (A'-(S)P+, center-to-center distance ca. 6-8 A). The
radical-ion pairs undergo return electron transfer to re-form the
starting materials (A + D, k,,), in competition with separation
to form the radical ions in solution (A'- + D*+,
ksp). Chemical
product formation can compete with return electron transfer and
separation within the geminate radical ion pair in very few cases,2
and products usually arise from reactions of the separated radical
ions.' Therefore, in the absence of chain processes, the yields of
formation of the separated radical ions, ah, determine the limiting
quantum yields for product formation,lcS3and the return electron-transfer step thus represents the primary energy-wasting
process in these reactions. It has now been clearly established
by several groupsH that the rates of return electron transfer within
( I ) (a) Photoinduced Electron Transfer, Part C. Photoinduced Electron
Transfer Reactions: Organic Substrates; Fox, M. A., Chanon, M., Eds.;
Elsevier: Amsterdam, 1988. (b) Kavarnos, G. J.; Turro, N. J. Chem. Reo.
1986,86,401.(c) Mattes, S.L.; Farid, S.In Organic Photochemistry; Padwa,
A., Ed.; Marcel Dekker: New York, 1983;Vol. 6,p 233. (d) Mattes, S.L.;
Farid, S.Science (Washington, D.C.)1984,226,917. (e) Davidson, R.S. In
Advances in Physical Organic Chemistry; Gold, V., Bethell, D., Eds.; Academic Press: London, 1983;Vol. 19,p I .
(2)Mattes, S.L.; Farid, S.J . Chem. Soc., Chem. Commun. 1980,126.
(b) Mattes, S.L.; Farid, S.J . Am. Chem. Soc. 1983,105,1386. (c) Mattes,
S. L.; Farid, S.J. Am. Chem. SOC.1986,108,7356.
(3) Gould, 1. R.;Ege. D.; Moser, J. E.; Farid, S . J . Am. Chem. Soc. 1990,
I 12,4290.
(4)(a) Asahi, T.;Mataga, N. J . Phys. Chem. 1989,93,6575.(b) Mataga,
N.:Asahi. T.; Kanda, Y.; Okada, T.; Kakitani, T. Chem. Phys. 1988,127,
249.
(5) (a) Ohno. T.;Yoshimura, A.; Mataga, N.; Tazuke, S.;Kawanishi, Y.;
Yoshimura, A,;
Kutamura. N. J . Phys. Chem. 1989,93,3546.(b) Ohno, T.;
Shioyama, H.; Mataga, N. J. Phys. Chem. 1987,91,4365.(c) Mataga, N.;
Kanda, Y.; Okada, T.J . Phys. Chem. 1986, 90, 3880.
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geminate radical-ion pairs follow the general predictions of Marcus
electron-transfer t h e ~ r y . ~An interesting consequence of the
Marcus theory behavior is that, since the return electron-transfer
reactions are usually quite exothermic (typically by ca. 1-3 eV),
the reactions are often in the 'inverted" region, and a decrease
in reaction rate with increasing reaction exothermicity is obs e r ~ e d . ~The
- ~ inverted region effect has a profound influence
on the overall efficiencies of photoinduced bimolecular electrontransfer reactions.' Ion pairs for which the return electron transfer
is very exothermic (high-energy ion pairs) undergo slow energy
wasting return electron transfer, which results in efficient formation of separated radical ions in solution, whereas low-energy
radical ion pairs undergo rapid energy-wasting return electron
transfer which results in the formation of separated radical ions
with low efficiency.' The radical-ion-pair systems provide one
of the clearest examples of the inverted region, and in fact have
proven to be convenient model systems for the study of many
aspects of electron-transfer kinetics, including the effects of isotopic
substitutionIo8 and molecular dimension.lob
(6)Vauthey, E.;Suppan, P.; Haselbach, E. Helu. Chim. Acta 1988,71,
93.

(7)Levin, P. P.; Pluzhnikov, P. F.; Kuzmin, V. A. Chem. Phys. Lett. 1988,
147,283.
(8) DeCosta, D. P.; Pincock, J. A. J . Am. Chem. Soc. 1989, I l l , 8948.
(9) (a) Marcus, R. A. J . Chem. Phys. 1956,24,966.(b) Marcus, R. A.
Annu. Reo. Phys. Chem. 1964,IS, 155. (c) Marcus, R.A.; Sutin, N. Biochim.
Biophys. Acta 1985,811.265.(b) Newton, M. D.; Sutin, N. Annu. Reu. Phys.
Chem. 1984, 35,437.
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TABLE I: Pressure Dependence of the Quantum Yields for
Formation of Separated Radical Ions from Cyanoanthracene Radical
Anion/Alkylbenzene Radical Cation Pairs in Acetonitrile at 25 O C
AG-et, AP(@se h AP(k-et/kqp),

donor
acceptor
eV
1.2.4-trimethylbenzene
DCA -2.83
1,2,3,4-tetramethylDCA -2.75
benzene
durene
DCA -2.69
pentamethylbenzene
DCA -2.62
-2.58
m-xylene
TCA
mesitylene
TCA
-2.55
-2.50
p-xylene
TCA
-2.36
1,2,4-trimethylbenzene TCA
-2.28
1,2,3,4-tetramethylTCA
benzene
durene
TCA
-2.22

cm3 mof-1
+6.8
+6.5

cm3 mol-9.3
-8.2

+6.7
+9.6
+7.7
+7.8
+7.6
+6.9
+7.3

-8.1
-10.6
-8.4

+7.4

-7.7

TABLE II: Pressure Dependence of the Quantum Yields for
Formation of Separated Radical Ions from Methyhcridine
RadicaI/Alkylbenzene Radical Cation Pairs in Acetonitrile at 25 OC
AG-et, A V ( @ w h AV(k-et/kyp)v
donor
m-xylene
mesitylene
p-xylene
1,2,4-trimethylbenzene
durene

eV
-2.59
-2.56
-2.51
-2.37
-2.23

cm3 m o b
+9.0
+10.3
+11.0
+9.5
+9.2

cm3 mol-11.0
-1 1.6
-12.2
-10.0
-9.6

-8.2
-8.1
-7.1
-1.4

Although pressure has long been known to be a useful tool in
the elucidation of reaction mechanisms," very little work has been
published concerning the effects of high pressure on photochemical
processes,I2 particularly for photoinduced electron-transfer reactions." Most of the reported examples of pressure effects on
photoinduced electron-transfer reactions have been concerned with
intermolecular quenching of excited-state transition-metal complexes.13 Such intermolecular electron-transfer reactions, however,
are often complicated by the influence of diffusional processes,
and indeed, in such systems it is not possible to determine absolute
rates of electron transfer when the reactions become diffusion
~ontrolled.'~Electron self-exchange reactions provide a more
direct measure of electron-transfer rates, and several studies of
the effects of pressure on the rates of these processes in inorganic
systems have been published,ls although these reactions can also
be complicated by ionic strength effects.l" It is clear that the
influence of external pressure on the efficiencies of bimolecular
photoinduced organic electron-transfer chemical reactions cannot
be easily predicted. The return electron-transfer reactions in
radical-ion pairs represent an interesting system for the study of
pressure effects because the reactions are first order and thus are
not complicated by the requirement that the donor and acceptor
diffuse together before electron transfer can take place.3 Furthermore, whereas the self-exchange reactions which have been
studied previously are examples of electron-transfer reactions in
the Marcus normal region, and are probably adiabatic, the return
electron-transfer reactions k, represent good examples of reactions
in the inverted region and are therefore n ~ n a d i a b a t i c .Finally,
~~
by definition it is not possible to study the effect of reaction free
energy in self-electron-exchange reactions (AG,, = 0), whereas
in the geminate ion-pair systems the driving force can be varied
over a wide range, and thus information concerning changes in
(IO) (a) Gould, 1. R.;Farid, S.J. Am. Chem. SOC.1988, 110, 7883. (b)
Could, 1. R.;Moser, J. E.; Ege, D.; Farid, S.J . Am. Chem. Soc. 1988, 110,
1991.
(1 1) (a) Van Eldik, R.;Asano, T.;le Noble, W. J. Chem. Reu. 1989,89,
549.688. (b) le Noble, W. J., Ed. Organic High Pressure Chemistry; Elwier:
Amsterdam, The Netherlands, 1988. (c) Isaacs. N. S. Liquid Phase Pressure
Chemistry; Wiley: New York, 1981. (d) le Noble, W. J.; Kelm, H. Angew.
Chem., Int. Ed. Engl. 1980, 19, 841. (e) Asano, T.; le Noble, W . J. Chem.
Reo. 1978,78,407-489. (f)Swieton, G.; Jouanne, J. V.; Kelm, H. Proc. 4th
Int. Conf. High Pressure 1974, 652. (g) McCable, J. R.;Eckert, C. 2.Acc.
Chem. Res. 1974, 7, 251.
(12) Some examples are as follows: (a) Chung, W.-S.; Turro, N. J.;
Mertes, J.; Mattay, J. J . Org. Chem. 1989, 54, 4881 and references cited
therein. (b) Turro, N. J.; Chung, W A . ; Okamoto, M. J . Photochem. Photobiol.. A 1988, 45, 17. (c) Turro, N. J.; Okamoto, M.; Gould, 1. R.; Moss,
R.A.; Lawrynowicz, W.;Hadel, L. M. J. Am. Chem. Soc. 1987, 109,4973.
(d) Okamoto, M.; Teranithi, H. J . Am. Chem. Soc. 1986, 108, 6378. (e)
Turro, N. J.; Okubo, T.J . Am. Chem. SOC.1981, 103, 7224. (0 le Noble,
W.J.; Tamura. K. Tetrahedron Lett. 1977, 19, 495.
( I 3) Kirk, A. D. In Photoinduced Electron TransfeK Fox, M. A., Chanon,
M. Eds.; Elsevier: Amsterdam, 1988; Part 8, Chapter 2.10, p 452.
(14) Marcus, R. A.; Siders, P. J . Chem. Phys. 1982, 86, 622.
(15) (a) Stranks, D. R.Pure Appl. Chem. 1974.38,303. (b) Doint, H.;
Swaddle, T.H. Can. J . Chem. 1988,66, 2763. ( c ) Braun, P.; van Eldik, R.
J . Chem. Soc., Chem. Commun. 1985, 1349. (d) Neilson, R. M.;Siems, W.
F.; Hunt, J. P.; Dodgen, H. W.; Wherland, S.Inorg. Chem. 1986,25, 1964.
(e) Spiccia, L.;Swaddle, T. W . J . Chem. Soc., Chem. Commun. 1985, 67.
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Figure 1. Schematic representation of the high-pressure transient absorption spectrometer: BS, beam splitter; L, lens; M, mirror; and S,
shutter.

the reorganization parameters can in principle be obtained.
In this paper we describe the results of a study in which the
effects of external pressure on the dynamics of several geminate
radical-ion pairs were investigated. The experiments involve the
measurement of the quantum yields for formation of separated
radical ions from the geminate radical-ion pairs (@i,,Jin acetonitrile at room temperature, using a transient absorption technique
described previo~sly.~
As described above, the quantum yields
are determined by the competition between return electron
transfer, k-,, and ion pair separation, k,, (Scheme I). In order
to investigate the influence of electrostriction effects on the separated radical-ion yield, experiments were performed using
ground-state neutral acceptors with neutral donors, in which case
radical anion/radical cation pairs are formed, and compared to
those using a ground-state cationic acceptor, in which case neutral
radical/radical cation pairs are formed.
Experimental Section
Experiments were performed in argon-purged acetonitrile using
9,lO-dicyanoanthracene (DCA), 2,6,9,1O-tetracyanoanthracene
(TCA), and N-methylacridinium hexafluorophosphate (MA+) as
the excited-state sensitizers and electron acceptors, and the simple
alkyl-substituted benzenes summarized in Tables I and I1 as the
electron donors. The materials used were the same as those
described previ~usly.~*'~
The high-pressure cell has also been
described previously.12c A circulating water supply maintained
the sample chamber at 25.0 f 0.5 OC during all measurements.
The laser flash photolysis apparatus is similar to that used in
previous experiments,lZcand is shown schematically in Figure 1.
For excitation an excimer laser-pumped dye laser at 410 and 402
nm (DPS(Exciton), ca. 15 ns) was used. The energy of the dye
laser pulse was always less than 1 mJ/per pulse. The probe light
beam (from a pulsed xenon arc lamp) and the exciting laser beam
irradiated the sample collinearly in the high-pressure cell. The
transmitted light intensity was detected after passing through a
(16) Could, 1. R.;Moser, J. E.; Armitage, B.; Farid. S.;Goodman. J. L.;
Herman, M. S . J. Am. Chem. SOC.1989, 1 1 1 , 1917.
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Figure 2. UV/visible absorption spectra of the sensitizers (a) DCA, (b) TCA, and (c) MA+ in acetonitrile as a function of pressure at 25 OC.

monochromator (ISA H IO) using six dynodes of an RCA 4840
photomultiplier tube terminated in 50 Q. The photomultiplier
tube output was monitored with a Tektronix 7912-AD waveform
digitizer. Normally IO measurements were taken at each pressure,
each measurement being an average of four runs. All data were
analyzed on a PDP 1 1 / 2 3 computer which was interfaced to the
digitizer.
The quantum yields for formation of separated radical ions from
the initially formed geminate radical-ion pairs (Oio,,) were measured by scavenging the separated radical cations using 4,4'-dimethoxystilbene (DMS), as described previ~usly.~
The concentration of the DMS (5 X lo4 M) was sufficient to scavenge all
of the separated radical cations over the entire pressure range,
but low enough so that interception of the excited state of the
acceptor was negligible compared to the alkylbenzene donor. The
donor concentrations ranged between 0.1 and 0.5 M. The experiments involved measuring the transient absorption due to the
DMS radical cation formed in the scavenging reaction, as a
function of pressure for each donor/acceptor pair. The changes
in transient absorption were taken to be directly proportional to
the changes in @ions. In independent experiments it was shown
that the absorption maximum and band shape of the DMS radical
cation in acetonitrile did not change significantly over the range
of the applied pressure.
The concentrations of the DCA, TCA, and MA+ were adjusted
so that the solutions had absorbances of ca. 0.5-0.7 at the laser
excitation wavelength, which for most experiments was 410 nm.
Some experiments were also performed using excitation at 402
nm for systems in which TCA was the sensitizer because of the
large pressure dependence of the solution optical densities at 410
nm in these cases (a 64% increase in optical density was observed
a t 256 MPa; Figure 2). The observed quantum yields were
corrected for the small changes (ca. 10%) in the optical densities
of the solutions at the excitation wavelengths (Figure 2). In the
pressure cell only relative quantum yields were measured. The
quantum yields at atmospheric pressure were taken from previous
~ o r k . ~Steady-state
.'~
fluorescence measurements were performed
to confirm that the concentrations of the donors employed were
sufficient to quench more than 95% of the fluorescence of the
excited-state acceptors at all of the pressures studied. The ion
yields were corrected for changes in the fluorescence quenching
efficiencies with increasing pressure.
Linear least-squares analysis was used to obtain the volumes
of activation as shown in eq 1, in which 9prepresents the ex(a In 9 p / d P ) T = - A V / R T
(1)
perimental quantum yield at pressure P. The errors in the activation volumes are estimated to be ca. 15%, based upon repeated
measurements.

Results
Quenching of the first excited singlet state of the uncharged
acceptors 9,10-dicyanoanthracene (DCA) and 2,6,9,10-tetracyanoanthracene (TCA) with the alkylbenzene donors listed in
Table I results in the formation of a geminate radical-ion pair
(A'(S)D'+, Scheme I). The values of ab, determined previously

I

Me
DCA

TCA

MA'

for these pairs at atmospheric p r e ~ s u r edepend
,~
upon the rates
of return electron transfer (k-,), which in turn depend upon the
exothermicity of the return electron-transfer reaction (AG,), given
by EoXD-EICdA
(vide infra).3 The values of AG-, summarized in
Table 1 are calculated by using the redox parameters given in ref
3. N-Methylacridinium (MA+) has molecular dimensions, a
ground-state reduction potential, a first excited-state energy, and
an excited-state lifetime which are similar to those of TCA.16
After electron-transfer quenching of the first excited state of MA+,
the resulting geminate pair consists of a neutral methylacridine
radical and a radical cation. We have previously shown that the
rates of the return electron-transfer processes in the radical anion/radical cation geminate pairs formed from the DCA and TCA
and the neutral radical/radical cation geminate pairs from MA+
depend upon AG-, in a similar manner.16 However, we expect
that electrostriction effects, in which the overall volume of a
solvated ionic system changes with applied pressure," should be
different for the radical anion/radical cation and the neutral
radical/radical cation pairs. The separation process, ,k may
also be different for the two types of radical ion pairs, since in
the former case there is a Coulombic barrier for separation whereas
in the latter case the separation is controlled mainly by a diffusive
barrier.
Values for 9
, were measured for each of the donor/acceptor
pairs listed in Tagles 1 and I1 as a function of pressure, up to 256
MPa ( I MPa = 9.87 atm, 1 atm ca. 0.1 MPa). For each system
the quantum yields decrease with increasing pressure (Figure 3).
The measured activation volumes for 9~ for the DCA and TCA
systems ranged from +6.5 to +7.8 cm3 mol-', with the exception
of the DCA/pentamethylbenzene pair, for which a value of ca.
+9.5 cm3 mol-' was obtained (Table 1). The effect of pressure
on the quantum yields was even more pronounced in the MA+
systems, for which activation volumes of +9.0 to +11 .O cm3 mol-'
were measured (Table 11).
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Figure 3. Representative plots showing the dependence of the yield of
separated radical ions, ah, as a function of pressure, plotted as the yield
at the applied pressure (ap)relative to the yield at atmospheric pressure
for (open circles) 9,10-dicyaaoanthracene (DCA) with 1,2,3,4tetramethylbenzene as donor, (closed circles) 2,6,9, IO-tetracyanoanthracene (TCA) with 1,2,4-trimethylbenzeneas donor, and (triangles)
N-methylacridinium hexafluorophosphate (MAt) with mesitylene as the
donor. The straight lines are obtained from a linear least-squares
analysis.
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Figure 4. Representative plots showing the dependence of the ratio of
the rate constants k,/k
as a function of pressure, plotted as the ratio
relative to the yield at atmospheric
at the applied pressure
pressure ((k*/kw)o,l), for (opencircles) 9, IO-dicyanoanthracene (DCA)
with 1,2,3,4-tetramethylbenzeneas donor, (closed circles) 2,6,9,10tetracyanoanthracene (TCA) with I ,2,4-trimethylbenzene as donor, and
(triangles) N-methylacridiniumhexafluorophosphate (MA') with mesitylene as the donor. The straight lines are obtained from a linear
least-squares analysis.

(2,/k,&)

The values of

@ions

are related to the rate constants k,, and
versus pressure (Figure

k, according to eq 2. Plots of k,,/k,,

4) yield the composite activation volumes AV(k,,/kwp) listed
in Tables 1 and 11.

Discussion
The effect Of
pressure for
Of the donor/acceptor
pairs is to decrease @ions as a consequence Of an increase in the
rate ratio k * l / k w ~ * As discussed above*we have previously Observed that k, decreases as a function of the reaction exothermicity, AG,l, due to the Marcus inverted region effect. The
dependence of k,, on AG,, was analyzed previously by using a
golden I l l e type expression, eq in which the rate is given as
3 7

Qhu, + AG,,

S

h,/hu,

+

1

(3)

1

2
-AG,t, eV

3

Figure 5. Plots of log (k,/k,) versus AG,, for reactions of the radical
anion/radical cation pairs formed from quenching the excited cyanoanthracene sensitizers, at atmospheric pressure and at 256 MPa. The
curves are calculated by using eq 3, using the parameters described in
the text.

the product of an electronic coupling matrix element squared ( p)
and a Franck-Condon term, which includes the dependence of
the rate on the reaction exothermicity, AG,, and on low-frequency
(mainly solvent) and high-frequency (skeletal vibrational) reorganization energies, A, and
The rearranged high-frequency vibrations are represented by a single averaged frequency
Y,. The quantum yield experiments do not give the rate of the
return electron-transfer reaction, but the rate ratio (k+/kq). We
make the reasonable assumption that only the rates of the electron-transfer reactions, k,, and not that of the separation process,
kwp,vary with the reaction exothermicity, AG,1.3 We further
assume that k, is a constant for the different donors, which were
chosen to have structures which are as similar as possible but have
different oxidation pter~tials.~
Figure 5 is a plot of log ( l ~ , ~ / k * )
as a function of AG, for the reactions of the radical anion/radical
cation pairs from the cyanoanthracene sensitizers, at atmospheric
pressure and at 256 MPa. The data at the high pressure are
calculated by using the values of AVl(k,,/k,)
given in Table
1. The data at atmospheric pressure are taken from previously
published work, in which several radical ion pairs not included
in the present work were ~ t u d i e d .According
~
to eq 3, the shape
of a plot of log (k,,) versus AG, is determined by the parameters
related to the vibrational and solvent reorganization, &, &, and
v,. The matrix element Vis only a scaling parameter for the
electron-transfer rates. Therefore, although we do not know the
absolute rates of the return electron-transfer reactions, the influence of pressure on the reorganization parameters can in
principle be obtained from changes in the shape of a plot of log
(k,,/twp) versus AG,, with pressure. The curve drawn through
the pints for the reactions at atmospheric pressure was calculated
by using values for the reorganization parameters which give the
best fit to the electron transfer and related spectroscopic data,
as detailed pre~iously.~
The values used are 1.72 eV, 0.2 eV, and
1400 cm-l for &, &, and v,, respectively. The vertical displacement
of the curve is determined for these data by taking values of 10.8
cm-I and 5 X IO8 s-I for Vand k,,, respectively.) The solid curve
drawn through the data at high pressure was calculated by using
the same values for the reorganization parameters used at atmospheric pressure and was rescaled in the vertical direction. The
fact that the data at high pressure can be fitted by using the same
reorganization parameters as at atmospheric pressure suggests
that the pressure dependence of the reorganization parameters
is small in these systems.
The activation volumes for the rate ratio (k,,/k,,!,
AV
(k,,/kscp), are related to the activation volumes of the individual
rate constants by eq 4, In a simple analysis it ,-an be assumed
(17) (a) Hopfield, J. J . h o c . Narl. Acad. Sci. U.S.A. 1974,71.3640. (b)
Van Duyne, R. P.;Fischer, S.F. Chem. Phys. 1974, 5, 183. (c) Ulstrup, J.;
Jortner, J. J . Chem. Phys. 1975,63, 4358. (d) Siders, P.;Marcus, R.A. J .
Am. Chem. Soc. 1 T 1 , 103, 741. 748. (e) Brunschweig, B. S.;Logan. J.;
Newton, M. D.; Sutin, N. J . Am. Chem. SOC.1980, 102, 5798.
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(4)
that the separation process, k,,, is diffusion controlled, and
therefore depends inversely upon viscosity.'* This is almost
certainly a reasonable assumption for the neutral radical/radical
cation pairs formed from the acridinium sensitizer for which there
is no Coulombic barrier to separation. The change in the viscosity
of acetonitrile as a function of applied pressure is known,19 from
which an activation volume for diffusion-controlled separation of
+8 cm3 mol-' can be determined.19 Other effects could be taken
into account for the separation of the radical anion/radical cation
pairs. Eigen has discussed the rate of separation of an anion and
a cation in terms of the solvent viscosity and dielectric constant.a
For a solvent-separated radical ion pair in acetonitrile, however,
the influence on kscpof the change in viscosity with pressure is
much larger than the corresponding influence of the change in
dielectric constant. Rather than place too much emphasis on
apparently small differences in the values of AV'(kT), therefore,
we assume that a value of +8 cm3 mol-' is appropriate for both
the radical anion/radical cation and neutral radical/radical cation
pairs. The rates of separation for both geminate pairs are predicted
to have positive activation volumes, despite steady-state equilibrium
observations that the reaction volumes for ion pair separation are
largely negative, due to the electrostriction effect.lIn
The average values of AV'(k,,/k,,)
are ca. -8 cm3 mol-' and
ca. -1 1 cm3 mol-' for the geminate pairs derived from the cyanoanthracene and acridinium acceptors, respectively (Tables I and
11). Thus, by taking a value for AV'(k, ) of +8 cm3 mol-' and
using eq 4, values for AV(k,) of 0 and -9cm3 mol-' are obtained
for the radical anion/radical cation and neutral radical/radical
cation pairs, respectively. The lack of an activation volume for
the radical anion/radical cation reaction indicates that there is
no discernible pressure dependence for k,, in this case (perhaps
due to a cancellation of effects, vide infra). The small negative
activation volume for the neutral radical/radical cation pair
suggests that in this case the return electron-transfer rate increases
slightly with increasing pressure. Obviously the activation volumes
of the individual reactions k, and k+ are based upon assumptions,
and it is difficult to estimate the errors associated with their
absolute values. However, it is clear that the quantum yield data
are most easily understood if the activation volumes for the return
electron-transfer processes (k,,) are essentially zero or have small
negative values. Using +8 cm3 mol-' for AV(kse ), a value for
k,, at 256 MPa of 2.2 X IO8 s-l can be calculated Indeed, the
curve through the data at the high pressure shown in Figure 5
was obtained by using this value for kep, and the same values for
the parameters A,, A,, Y, and V were used to fit the data at atmospheric pressure. The good fit emphasizes the fact that by
fitting the data in the form shown in Figure 5 it is not possible
to clearly discern any effect of external pressure on these parameters for the radical anion/radical cation pairs.
As in previous studies of pressure effects on electron-transfer
processes we can consider the contributions to AV'(k+) from each
of the parameters which influence the electron-transfer reaction.I3J5 As b e f ~ r e , ' ~changes
.'~
in the internal reorganization
energies and vibrational frequencies are assumed to be negligible
over the pressure range studied here, and thus we consider the
influence of pressure on AG,,, X, and Vonly.
The electron-transfer reaction free energy (-AG-J is obtained
by using eq 5 in which E o x and
~ ErdAare the electrochemical
oxidation and reduction potentials of the donor and acceptor. A
-AG,,

= EoxD- ErdA

(5)

Coulomb term is often included in relations such as this, which
takes into account the decrease in -AG-, due to the stabilizing
effect of the opposing charges2' For solvent-separated radical-ion
(1 8) Leffler, J.; Grunwald, E. R a m and Equilibria ojOrganic Reactions;
Wiley: New York, 1963.
(19) (a) Fetterolf, M. L.;Offen, H.W.J . Phys. Chem. 1988, 92, 3437.
(b) Srinivasan, K. R.; Kay, R. L. J . Solurion Chem. 1977, 6 , 357.
(20) Eigcn, M.Z . Phys. Chem (Wiesbaden) 1954. I , 176.
(21) Weller, A. Z . Phys. Chem. (Wiesbaden) 1982, 133, 93.

pairs in acetonitrile at atmos heric pressure, in which the distance
between the ions is ca. 6-8 , this stabilization amounts to only
ca. 60 mV, which is small compared to the overall AG,, (Table
I), and was therefore neglected in previous studies on these syst e m ~ .The
~ dielectric constant of acetonitrile increases somewhat
with pressure,IQ which might be expected to slightly decrease
-(AG+). However, previous electrochemical studies on the present
systems3 suggest that for small changes in dielectric constant, as
in the present case, the decrease in the redox energy of the pairs
will be negligible. In addition, the Coulombic stabilization will
also tend to decrease in a medium of higher dielectric constant.21
For these reasons the effect of pressure on AG,, is considered to
be negligible and the data in Figure 5 are plotted with the assumption that AG-, is the same at atmospheric pressure and at
256 MPa. Any decrease in -(AG,) in the higher polarity medium
would, however, tend to reduce the exothermicity of the return
electron-transfer processes. Due to the inverted region effect this
would result in an increase in reaction rate and thus a small
negative contribution to AV(k,,).
The solvent reorganization energy, A,, is usually described
according to a dielectric continuum model, eq 6, in which the
reorganization energy is given in terms of the solvent refractive
index, n, and the solvent dielectric constant, t.9 The pressure

8:

dependence of A, is most simply estimated with this equation by
assuming that the interion distance (rDA) and the ionic radii (rA
and rD) do not change with press~re.'~
The pressure dependence
of A, is thus given by the pressure dependencies of the solvent
refractive index, and the dielectric constant.
If the pressure affects only the bulk solvent parameters n and
t, then using eq 6 and the data in refs 19 we find that A, in
acetonitrile at 256 MPa should be smaller than at atmospheric
pressure by a factor of 0.92, Le., a decrease from 1.72 to 1.58 eV.
It is important to note that unlike other electron-transfer reactions
whose pressure dependence has been studied, because the return
electron-transfer reactions are in the inverted region, a decrease
in reorganization energy leads to a decrease in reaction rate. Thus,
if only the properties of the solvent are considered, the dielectric
continuum model predicts that the pressure dependence of A,
should result in a positive contribution to AV(k,,). However,
as indicated above, the data are consistent with no change in A,
when plotted in the form shown in Figure 5 . If the change in rate
(log (k,,)) with driving force (AG,,) in the inverted region is
approximated by a straight line, then the slope of such a line over
any particular range of AG-, is determined by the magnitude of
the reorganization energy, becoming steeper with decreasing reorganization energy for data in the inverted region. A plot of the
electron-transfer data at high pressure versus corresponding data
at atmospheric pressure, therefore, represents a sensitive method
of determining whether the reorganization energy changes with
applied pressure. The slope of such a plot, again approximating
to a straight line, is unity if there is no change in reorganization
energy, is greater than unity if the reorganization energy is smaller
at the higher pressure, and is less than unity if the reorganization
energy is higher at the higher pressure. The rate ratios (k,/k,)
(i.e., (@ion;' - I ) , eq 2) for the various values of AG, at high
pressure are plotted in logarithmic form versus the corresponding
ratios at atmospheric pressure for both sets of geminate pairs in
Figure 6. The straight-line approximation appears to be reasonable over the AG,, range of the present data. If A, decreases
with pressure from 1.72 to 1.56 eV, as predicted by the dielectric
continuum theory, then the slopes of both plots should be 1.27.
In fact the slopes are 0.94 and 0.90 for the cyanoanthracene and
MA+ data, respectively.22The fact that the slopes are only slightly
less than unity suggests that in each case X, either does not change,
or actually increases somewhat, with pressure.22 The dielectric
~

~~~

~

(22) The error in AP(k,/k,)
is CB. 1 cm3 mol-', which results in an error
in the slope of a plot of the type shown in Figure 6 of ca. 0.1.

ET Reactions in the Marcus Inverted Region
2.0
1

-

1.5

i

1.o

0.5

0.0

0.5

1.o

The Journal of Physical Chemistry, Vol. 95, No. 20, 1991 7757

1.5

Log (ket/ksep)o.1

Figure 6. Plots of log (&*,/&=J at 256 MPa versus the corresponding
data at atmosphericpressure for (closed circles) neutral radical/radical
cation pairs from N-methylacridinium hexafluorophosphate (MA+) as
excited-state electron acceptor and (open circles) radical anion/radical
cation pairs from the neutral cyanoanthracenesas excited-stateelectron
acceptors. The straight lines are obtained from a linear least-squares
analysis with slopes of 0.90 and 0.94 for the acridinium and cyanoanthracene sensitizer data, respectively.

continuum model clearly overestimates the decrease in A, with
pressure for the systems studied here. The bulk density of acetonitrile does increase by a factor of 1.16 at 256 MPa compared
to atmospheric pressure, however.Igb Such a change in the density
would result in a corresponding decrease in rDA of ca. 5%. According to eq 6, however, any decrease in rDA should further reduce
A,, in contrast to the observations. An increase in the solvent
density should also increase the density of solvent molecules
surrounding the ions in the solvent-separated pairs. Such a
phenomenon, however, is not taken into account by the dielectric
continuum model. In this model the charges are assumed to be
represented by spheres about the reactants, within which the
dielectric is saturated and outside which the dielectric is unsat~ r a t e d .For
~ polyatomic species such as those used in the present
study it is normally assumed that the diffuse nature of the charge
results in negligible saturation of the dielectric around the ions,
and therefore the radii in eq 6 are taken simply to be equal to
the radii of the ions.98 However, if the dielectric were to be
partially saturated, then the radius should presumably include
part of the first solvent
Under such circumstances, any
increase in the density of the solvent around the reactants would
presumably result in a decrease in the effective radius of the
dielectric saturation, which, according to eq 6 would result in a
decrease in A,. This appears to be the most reasonable way of
explaining the data within the framework of the continuum model.
If A, does not change with pressure then the influence of the
decreased radius offsets the influence of the refractive index and
dielectric constant. If X, actually increases then the influence of
the former is greater than the latter.
Additional contributions to AV‘(k,) come from the electronic
coupling matrix element, V, which is usually considered to depend
exponentially on the distance between the species undergoing
electron transfer (eq 7).17 Since the electron-transfer rate depends
VI =

V2e-(B(r~-r2)/2)

(7)

(23) In a r a n t model for electron-transfer reactions it has been suggested
that the dielectric might be fully saturated around ionic reactants: Kakitani,
K.; Mataga, N. J . Phys. Chem. 1985, 89, 8.

upon the value of In (eq 3), if the separation distance within the
pair increases, then the rate should decrease which would result
in a positive contribution to AV‘(k,,). Correspondingly, if the
separation distance decreases, the rate k,, increases resulting in
a negative contribution to AV‘(k,,). As discussed above, the
density of acetonitrile increases with applied pressure. Thus from
simple free-volume arguments we expect that the separation of
the ions will decrease with pressure, resulting in a negative contribution to AV(k,,). However, equilibrium measurements indicate that external pressure promoted a transformation from tight
to loose ion pairs due to the electrostriction effect,Il- which
suggests that the separation distance in a radical ion pair might
increase with pressure. The fit to the data of the radical anion/radical cation pairs shown in Figure 5 suggests that Vdoes
not change for these pairs, implying that the center-to-center
distance rDA does not change with pressure. This would be consistent with the electrostriction effect acting to oppose the decrease
in distance expected by the decrease in bulk density. Electrostriction effects are minimal for the neutral radical/radical cation
pairs derived from the MA+ sensitizer, however, since there is no
change in charge upon electron transfer from donor to acceptor.
For these geminate pairs, all of the return electron-transfer reactions appear to have negative activation volumes. Based upon
the discussion above it is clear that the most likely negative
contribution to the overall A V ( k , , ) arises from an increase in
V due to a decrease in the separation distance within the geminate
pair, which would not be “inhibited” in this case by electrostriction
effects. The negative contribution from Vmust more than offset
any positive contribution from A, for the geminate pairs in these
cases, since any decrease in rDA must also decrease A,.

Conclusions
The quantum yields for formation of free-radical ions from
photoinduced geminate radical ion pairs in acetonitrile at room
temperature decrease as a function of external pressure. At an
applied pressure of 256 MPa, the quantum yields decrease by an
average value of ca. 2.3 for the radical anion/radical cation pairs
from the neutral cyanoanthracene sensitizers, and by an average
value of ca. 3.1 for the neutral radical/radical cation pairs from
the acridinium sensitizer. These dependencies are best understood
as arising mainly from a decrease in the rate of separation within
the pairs as the viscosity increases. The solvent reorganization
energy does not decrease in the manner which would be predicted
from simple considerations of the dielectric nature of the solvent
but remains unchanged or slightly increases. It is suggested that
pressure-induced changes in the radius of the sphere of dielectric
saturation might account for these observations. The pressure
effects for the neutral radical/radical cation pairs are larger than
those for the radical anion/radical cation pairs. These effects are
best explained as being due to an increase in the electronic coupling
matrix element in the former cases. A similar increase is not
observed for the radical anion/radical cation pairs due to the
electrostriction effect.
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