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The electron-transfer reaction between the metal-to-ligand charge-transfer triplet (3MLCT) state of Ru(bpy)32+

and the methyl viologen cation MV2+ was studied by laser-induced optoacoustic spectroscopy in the 8-35
°C temperature range in aqueous solutions in the absence and in the presence of various 0.1 M sodium salts.
The enthalpy and the structural volume changes for the formation of the3MLCT state,∆HMLCT ) (196( 3)
kJ/mol and∆VMLCT ) (-3.6 ( 0.2) cm3/mol, were independent of the presence of quencher or salt. The
values of∆HR and ∆VR for the production of the radical ion pair upon quenching of the3MLCT state by
MV2+ strongly depended on the added salt. In neat water the expansion∆VR ) (+10.1 ( 1.2) cm3/mol is
due to a decrease in solute-solvent interaction after electron transfer. This value can be calculated with the
classical Drude-Nernst equation for electrostriction only if a semiempirical constant is employed instead of
the theoretical one. The linear dependence between the relatively large changes in∆HR and∆VR along the
series of added salts is explained in terms of enthalpy-entropy compensation effects due to the perturbation
by the salts of the H-bond network in water. With the reported salt-independent reaction free energy a correlation
between the reaction entropy and∆VR was found, i.e.,∆SR ) X/T ∆VR, with X ) (14.4 ( 0.8) kJ/cm3,
similar to the (cpF/â)T value at 303 K (near the isokinetic temperature, ca. 300 K) in aqueous solutions (cp )
heat capacity;F ) mass density;â ) volume expansion coefficient). The large values of the entropy term are
due to the reorganization of the water network around the photoproduced radical ion pair, before recombination.

Introduction

Electron-transfer reactions in solution are accompanied by
internal changes as well as by solvent rearrangements. Internal
changes are the result of variations in bond lengths and angles,
whereas solvent reorganization may be due to changes in the
distribution of charges (electrostriction effect) and/or to changes
in specific solute-solvent interactions concomitant with the
electron-transfer reaction.

Laser-induced optoacoustic spectroscopy (LIOAS) is a suit-
able technique to study dynamic aspects of photoinduced
chemical reactions, since the information obtained such as
enthalpy and structural volume changes can be related to both
internal and solvent rearrangements. LIOAS has been applied
to the study of a few photoinduced intermolecular electron-
transfer reactions such as the quenching of porphyrin triplets
by quinones2 as well as the quenching of the triplet metal-to-
ligand charge transfer (3MLCT) state of Ru(bpy)32+ by various
Fe(III) salts.3 In the latter reaction, the structural volume changes
strongly depended on the nature of the counterion of the iron
salts, due to speciation effects. By using the LIOAS results
together with the formation constants of the several iron
complexes present before and after the reaction, we determined
the partial molar volume at high dilution of various species,
data not attainable by other methods.3

We recently found a linear correlation between the structural
enthalpy (∆Hstr) and volume (∆Vstr) changes associated with

the formation of the3MLCT state of the complexes Ru(bpy)2-
(CN)2 and Ru(bpy)(CN)42- in aqueous solutions of 0.1 M
monovalent salts.4 The ∆Vstr values for these complexes were
attributed to photoinduced changes in the hydrogen bond
strength between the cyano ligands and the water molecules in
the first solvation shell (specific solute-solvent interactions).5

Thus, the linear enthalpy-volume correlation in aqueous salt
solutions was interpreted as arising from an enthalpy-entropy
compensation effect induced by the added salt on the hydrogen
bond network structure of water.4 Furthermore, the enthalpy-
entropy compensation effect allowed us to determine the free
energy for the formation of the3MLCT state of each complex
and to find the correlation between the entropy change due to
solvent changes and the structural volume change, i.e.,T∆Sstr

) (cpF/â)∆Vstr (cp ) heat capacity;F ) mass density;â )
volume expansion coefficient).

To further prove the thermodynamic basis of the structural
volume changes in aqueous solutions, it is of interest to use a
system in which no specific interactions (such as complex
formation and/or hydrogen bonds) are present and analyze
whether the changes observed can be explained by internal and/
or solvent rearrangements. The oxidative quenching of the
3MLCT state of Ru(bpy)32+ by the methyl viologen cation
(MV2+) appears to be a good system for this purpose, since, at
least for the excited Ru(bpy)3

2+ complex, no specific interactions
are expected in view of the hydrophobic nature of the ligands.
We now report on the LIOAS study of this reaction in neat
water and in aqueous solutions in the presence of various sodium
salts.

We find again in the present case a linear correlation between
the enthalpy and structural volume changes determined in the
solutions of the various salts, associated with the production of
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the free radical ions upon quenching of the3MLCT state of
Ru(bpy)32+ by MV2+. The structural volume change is directly
associated with the entropic term (T∆S) for the reaction. We
further find that the solvent continuum model for electrostriction
such as implied in the Drude-Nernst equation6 does not
quantitatively explain the values determined for the structural
volume changes, although qualitatively it describes the trend
of the observed changes.

Experimental Section

Materials. Ru(bpy)3Cl2‚6H2O (bpy ) 2,2′-bipyridine) and
methyl viologen (MV2+) dichloride hydrate were obtained from
Aldrich and used as received. All the sodium salts were obtained
from Merck or Fluka in the highest purity available and were
dried under vacuum before use. Water was triply distilled.

In all cases the concentration of Ru(bpy)3
2+ was ca. 5× 10-5

M. In neat water solutions, the LIOAS experiments were
performed at several quencher concentrations, typically from 0
up to ca. 15 mM. For the experiments performed in the presence
of 0.1 M sodium salts, the quencher concentration was fixed at
10 mM.

Methods.The principles of laser-induced optoacoustic spec-
troscopy (LIOAS) have been extensively described by Patel and
Tam and by Tam.7 Several applications of LIOAS to chemical
reactions have been reviewed by Braslavsky and Heibel.1

Basically, the technique provides information on nonradiative
deactivation pathways of excited states and/or transient species,
such as triplets and radical ions. The experiment consists of
measuring the pressure wave produced by the expansion of the
compressible medium after pulse excitation. Two processes
contribute to the volume changes in the solution: (i) a thermal
term,∆Vth, due to the heat released in internal conversion and/
or intersystem crossing steps and (ii) a structural term,∆Vstr,
related to chemical changes. In aqueous solutions, the separation
of the heat and the structural volume changes contributions to
the LIOAS signal is based on the concept that the heat released
is translated into pressure through the thermoelastic parameters
of the medium, i.e., the ratio (cpF/â) (where cp is the heat
capacity,F is the mass density, andâ is the cubic expansion
coefficient of the solvent), whereas the structural volume change
is not translated through these parameters. In addition, the
following assumptions are made: (a) the structural volume
changes are invariant within the (relatively small) temperature
range of the experiment and (b) the time behavior of the heat
and structural volume changes is the same.

In time-resolved LIOAS, the sample signal is deconvoluted
from that obtained upon irradiation of a solution with a reference
compound, which releases as heat in few picoseconds all the
absorbed photon energy.1,8 The deconvolution procedure yields
the values of the preexponential term (æi) for each of theith
decays (normalized to that of the calorimetric reference) as well
as the respective decay rate constant (ki) which can be related
to the elementary processes rate constants under consideration
of the reaction mechanism. The following eq 1 is used in order
to separate the above-mentioned contributions (i and ii) toæi

1,8

whereEλ is the excitation energy (≡271.5 kJ/mol at 441 nm)
andΦR,i, ∆HR,i, and∆VR,i are the quantum yield, the enthalpy,
and the volume change per mole, respectively, associated with
the ith process. The intercept and slope values of a linear
regression of the plot ofEλæi vs (cpF/â) afford the total enthalpy

change∆Hi and the structural volume change∆Vi associated
with the ith step.

In aqueous media, the (cpF/â) ratio strongly depends on the
temperature, due to the large temperature variation ofâ in water.
This particular property allowed the application of eq 1 in a
relatively narrow temperature range [8-35 °C (( 0.1)] which
in turn permitted the assumption that, within the experimental
error of 10%, no changes were produced in the kinetic
parameters of the reaction.

The values of the (cpF/â)T ratio in water at different
temperatures were calculated by using the literature values of
the individual parameters.9,10 In the case of 0.1 M salt solutions,
the respective (cpF/â)T ratios were determined by comparing
the fluence-normalized LIOAS signal amplitude for a calori-
metric reference in water with that in salt solutions, as was
described previously.3,4

In all cases, the LIOAS signals for the sample were fitted by
deconvolution using a sum of two exponential-decay function
and the Sound Analysis 3000 1.13 computational program
(Quantum Northwest, Inc.). The signal of the calorimetric
reference (Na2Cr2O7) was used as the instrumental response.

Our LIOAS setup has been described in several publica-
tions.3,4,5,10 The excitation was a 15 ns (fwhm) laser pulse at
441 nm produced by an excimer laser (FL2000 Lambda Physik,
XeCl)spumped dye laser (EMG 101 MSC with the dye
Coumarin 120, Lambda Physik). The laser beam width was
shaped with a rectangular slit (0.2× 6) mm, so that the effective
acoustic transient time in aqueous media was ca. 130 ns. This
allowed resolution of lifetimes between ca. 20 and 1000 ns, by
using the deconvolution procedure. A 40µm poly(vinylidine
fluoride) film was used as the pressure transducer. All solutions
were deaerated by bubbling water-saturated Ar for 10-15 min.

The absorbances of reference and sample solutions were
recorded with a Shimadzu UV-2102PC spectrophotometer and
adjusted to the same value within 3% at 441 nm.

Quenching efficienciesηq (( 5%) were calculated asηq )
(1 - Φem/Φem

o ) by measuring the area under the emission
spectrum of Ru(bpy)3

2+ with a Spex Fluorolog spectrofluorom-
eter in the absence (Φem

o ) and in the presence of various
concentrations of MV2+ (Φem).

Results

Effect of quencher concentration. Figure 1 shows the
reference-normalized LIOAS signals after excitation at 441 nm
of aqueous solutions of Ru(bpy)3

2+ in the absence and in the
presence of different concentrations of MV2+. In all cases, the

Eλæi ) ΦR,i∆HR,i + ΦR,i∆VR,i(cpF
â ) ) ∆Hi + ∆Vi(cpF

â ) (1)

Figure 1. Reference-normalized LIOAS signals for Ru(bpy)3
2+ (solid

lines) in water at 20°C, as a function of MV2+ concentration (mM).
All solutions were matched in absorbance at 441 nm (A ≈ 0.28). The
dash line is the signal for the calorimetric reference (Na2Cr2O7).
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wave forms for the sample (solid lines) were time shifted with
respect to the wave forms for the reference solution (dash line),
which represents the temporal shape for an equivalent instan-
taneous reaction. Thus, after laser excitation, one or more
reactions should take place within the time range analyzed with
the LIOAS experiment (20-1000 ns). As the quencher con-
centration increased, the sample waveforms became larger in
amplitude, while the time shift relative to the reference was
smaller. These changes cannot be attributed to absorbance
changes of the sample at the excitation wavelength, since the
absorption spectrum above 360 nm remained constant upon
addition of MV2+, as already reported in the literature.11,12

The time evolution of the LIOAS signals was analyzed
according to the deconvolution procedure described in the
Experimental Section, by allowing a free fit of all parameters
(two lifetimes and two preexponential factors). In every case
the program found a fast decay (τ1 < 1 ns) with an amplitude,
æ1, independent of the concentration of MV2+ and a second
decay whose lifetime,τ2, was reduced upon increasing the MV2+

concentration and the temperature (Figure 2).
A typical example of deconvolution is shown in Figure 3.

At temperatures lower than 15°C, the sign of the first wave of
the sample signal was negative, whereas for the reference it
was positive. The latter sign was expected, since in water atT
> 4 °C the cubic expansion coefficient isâ > 0.1 Furthermore,
the first amplitude maxima for both sample and reference signals
coincided in time. Therefore, the shape of the sample waveform
at T < 15 °C indicates that a prompt contraction takes place.
The contraction is then followed by an expansion. Regardless
of the shape of the sample waveform, satisfactory fits of the
LIOAS signals of the sample were obtained in all cases, as
shown by the residuals distribution and the autocorrelation
waveform in Figure 3.

The values ofæi obtained at different temperatures for each
process were plotted following eq 1. Typical plots are shown

in Figure 4 for excitation of Ru(bpy)3
2+ in the absence and in

the presence of 10.0 mM MV2+. The intercepts (∆Hi) and slopes
(∆Vi) values for all solutions are collected in Table 1.

The structural volume change associated with the formation
of the3MLCT state of Ru(bpy)32+, ∆VMLCT, was obtained from
the average of all∆V1 data in Tables 1 and 2, since∆V1 was
independent of the presence of quencher and/or salt, andΦisc

) 1 (vide infra), i.e.,∆VMLCT ) ∆V1/Φisc ) (-3.6( 0.2) cm3/
mol.

TABLE 1: Quenching Efficiencies (ηq), Enthalpy (∆Hi), and Structural Volume (∆Vi) Changes and the Respective Lifetimes
(τi), Associated with the Electron-Transfer Reaction from3[RuIII (bpy)3

•-]2+ to MV 2+ in Neat Water. Temperature Range: 8-35
°C

[MV 2+]
mM ηq

a
∆H1

(kJ/mol)
∆V1

(cm3/mol)
τ1

(ns)
∆H2

(kJ/mol)
∆V2

(cm3/mol)
τ2

a

(ns)

0 0 73( 5 -3.5( 0.2 <1 188( 6 3.7( 0.2 630( 5
2.8 0.32 78( 5 -3.4( 0.2 <1 160( 7 4.4( 0.2 442( 5
5.3 0.56 76( 5 -3.6( 0.2 <1 144( 8 4.8( 0.2 302( 5

10.0 0.76 75( 5 -3.6( 0.2 <1 134( 9 5.6( 0.3 156( 3
15.2 0.85 70( 5 -3.8( 0.2 <1 128( 9 5.9( 0.3 103( 3

a Values at 20°C.

Figure 2. Temperature dependence of the lifetime,τ2, associated with
the slow component of the LIOAS signals after excitation of Ru(bpy)3

2+

in water at several MV2+ concentrations: (b) 0 mM, (O) 2.8 mM, (9)
5.2 mM, (0) 10 mM, and ([) 15.2 mM.

Figure 3. LIOAS signal for the sample and reference (Na2Cr2O7)
solutions after laser excitation at 441 nm of Ru(bpy)3

2+ in the presence
of 2.8 mM MV2+ at 10°C, together with the simulation curve, residuals
distribution, and autocorrelation waveforms after fitting with a biex-
ponential decay function;æ1 ) -0.370,τ1 ) 180 ps;æ2 ) 1.298,τ2

) 553 ns,ø2 ) 4.21 × 10-5. Note that the curves of sample and
simulation essentially overlap.

Figure 4. Eλæ1 (full symbols) andEλæ2 (open symbol) values vs (cpF/
â) (eq 1), for the LIOAS signals after excitation of Ru(bpy)3

2+ in (a)
the absence and (b) the presence of 10.0 mM MV2+. The temperatures
for the measurements were from left to right: 35, 25, 20, 15, 12, (b)
10, and (a) 8°C.
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Effect of added salts. The quenching reaction was studied
in 0.1 M solutions of various sodium salts. Figure 5 shows the
reference-normalized signals for the sample (Ru(bpy)3

2+ + 10
mM MV2+) in 0.1 M NaClO4, NaCl, and NaH2PO4 solutions
at 20°C. The signal shape was different for the different salts.

The signals were analyzed by using the same deconvolution
procedure as in the case of neat water (see previous section).
The amplitudes,æi, obtained at different temperatures for the
fast (τ1 < 1 ns) and slow (35< τ2 < 180 ns, depending on the
salt and temperature) processes were plotted according to eq 1,
yielding good linear plots (not shown). The respective intercepts
(∆Hi) and slopes (∆Vi) values for the various salt solutions are
presented in Table 2.

Discussion

I. The 3MLCT State of Ru(bpy)3
2+. The enthalpy and

structural volume changes associated with the instantaneous
component of the LIOAS signals,∆H1 and∆V1, are affected
neither by the quencher concentration nor by the presence of
salts (Tables 1 and 2). This confirms that these parameters
correspond to the formation of the3MLCT state of Ru(bpy)32+,
3[RuIII (bpy)3•-]2+ (reaction A).3

The absorption band centered at 450 nm is the result of a
Ru(4d)-bpy(π*) transition to 1MLCT.13 The emission is,
however, from the3MLCT state,3[RuIII (bpy)3•-]2+, formed with
an intersystem crossing quantum yield ofΦisc ) 1.14 Recently,
a femtosecond study has confirmed that in acetonitrile solutions
at room temperature the population of3[RuIII (bpy)3•-]2+ is
complete in ca. 0.3 ps.15 Then, the prompt component in the

LIOAS signal and its corresponding∆H1 and∆V1 values should
be assigned to the formation of3[RuIII (bpy)3•-]2+, as already
stated in previous publications.4,5 This is further supported by
the salt-independent values of∆H1 and∆V1 after excitation of
Ru(bpy)32+ in solutions of various monovalent salts.4

In the absence of quencher, the slow component of the LIOAS
signal is due to the relaxation of the3MLCT state of Ru(bpy)32+

to the ground state and∆V1 ≈ -∆V2 (Table 1) also in agreement
with previous studies.4,5 The lifetimes of the slow component
τ2 (full circles, Figure 2) agree well with the luminescence
lifetimes of3[RuIII (bpy)3•-]2+ in water in the same temperature
range.16,17

Taking into account that the partial molar volume of Ru-
(bpy)32+ at infinite dilution isVo ) (366 ( 2) cm3/mol,18 the
observed∆VMLCT ) (-3.6 ( 0.2 cm3/mol) (Table 1) corre-
sponds only to 1% ofVo, underscoring the high sensitivity of
LIOAS. This volume reduction of the excited state relative to
the ground state has been assigned to a small shortening (ca.
0.01 Å) of the Ru-bpy bonds, after the photoinduced intramo-
lecular electron transfer from the central metal to the bpy
ligand.19 Thus, Ru(bpy)32+ and its3MLCT state have essentially
the same effective radius.

However, the “localized” charge transfer state *[(bpy)2RuIII -
(bpy•-)]2+ produced upon photoexcitation involves a strong
increment of the dipole moment of the molecule, since the
ground state of Ru(bpy)3

2+ hasD3 symmetry and no permanent
dipole moment,13,20whereas the dipole moment induced in the
excited state isµ = (14 ( 6) D.21 The question is then whether
the electrical field associated with the dipole moment in the
excited-state exerts an electrostrictive force on the solvation
water molecules that could explain the structural volume change
observed.

For the calculation of the electrostrictive volume change∆Vel,
it is possible to use a modification of the Drude-Nernst
equation,6 eq 2,22 essentially applicable when there is no total
charge separation and the dipole moment change is known,

where Na is Avogadro’s number,∆µ is the dipole moment
change of the species,r is the effective cavity radius, and (∂ε/
∂P)T is the pressure dependence of the dielectric constant at
constant temperature. Equation 2 yields a value∆Vel = -0.4
cm3/mol for the excitation of Ru(bpy)3

2+ in water, with r )
4.8 Å,18 ∆µ ) 14 D,21 and ∂ε/∂P ) 3.68 × 10-3 bar-1at 25
°C.23 This value is ca. 10 times smaller than the experimental
∆VMLCT, indicating already that the contraction upon3MLCT
formation in water is mainly due to internal rearrangements and
that electrostriction effects can be neglected, as it was postu-
lated.19

Equation 2 is based on a dielectric continuum model and does
not take into account any specific solute-solvent or solvent-

TABLE 2: Quenching Efficiencies (ηq), Enthalpy (∆Hi), and Structural Volume (∆Vi) Changes and the Respective Lifetimes
(τi), Associated with the Electron-Transfer Reaction from3[RuIII (bpy)3

•-]2+ to MV 2+ (10 mM) in 0.1 M Sodium Salt Aqueous
Solutions. Temperature Range: 8-35 °C

salt solution ηq
a ∆H1 (kJ/mol) ∆V1 (cm3/mol) τ1 (ns) ∆H2 (kJ/mol) ∆V2 (cm3/mol) τ2

a (ns)

NaF 0.84 78( 5 -3.8( 0.2 <1 76( 6 10.6( 0.5 102( 5
NaCl 0.88 72( 5 -3.6( 0.2 <1 192( 5 2.8( 0.2 78( 3
NaBr 0.89 77( 6 -3.6( 0.2 <1 197( 10 4.0( 0.3 69( 3
NaClO4 0.93 79( 6 -3.7( 0.3 <1 135( 7 7.2( 0.4 45( 3
NaH2PO4 0.82 70( 6 -3.4( 0.3 <1 130( 7 6.5( 0.4 114( 5
NaAc 0.82 75( 9 -3.8( 0.5 <1 215( 15 1.5( 0.4 113( 5

a Values at 20°C, (10%.

Figure 5. Reference-normalized LIOAS signals after excitation of Ru-
(bpy)32+ plus 10.0 mM MV2+ in aqueous solutions at 20°C in the
presence of several sodium salts. All the solutions were matched in
absorbance at 441 nm (A ≈ 0.28). The shape of the signal after
excitation of the calorimetric reference (Na2Cr2O7) solution (dash line)
was independent of the presence of the various salts.

∆Vel ) -3Na
∆µ2

r3 (∂ε∂P)T

1

(2ε + 1)2
(2)

Ru(bpy)3
2+ + hν f 3[RuIII (bpy)3

•-]2+ (A)
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solvent interactions (such as hydrogen bonds). Nevertheless, for
Ru(bpy)32+ in water, the application of eq 2 can be considered
roughly valid due to the lack of hydrogen bridges or other
donor-acceptor interactions between the bpy ligands and the
water molecules.4,5 Thus, after the photoinduced dipole moment
change, no important movements on the solvation water
molecules are produced.

The average value∆H1 ) (75 ( 3) kJ/mol (Tables 1 and 2)
represents the heat released upon deactivation of the excited
singlet to3[RuIII (bpy)3•-]2+, occurring in the picosecond time
scale (see above). Then, the enthalpy content of the3MLCT
state relative to the ground state is calculated with eq 3

which yields∆HMLCT ) (197 ( 3) kJ/mol. A similar number,
i.e., ∆HMLCT ) (196 ( 6) kJ/mol is obtained considering the
heat released in the decay of3[RuIII (bpy)3•-]2+ in the absence
of MV2+ (∆H2) plus the energy lost by emission (ΦemEem) (eq
4)

ΦemEem is ca. 8 kJ/mol taking into account theΦem andEem

values for Ru(bpy)32+ in water.13

From the difference in the ground- and excited-state redox
potentials in water, the free energy for the formation of
3[RuIII (bpy)3•-]2+ has been calculated to be∆GMLCT ) 202.4
kJ/mol.24 A straightforward combination of the∆HMLCT and
∆GMLCT values readily permits the calculation of a small entropy
reduction for the formation of3[RuIII (bpy)3•-]2+ in water, i.e.,
∆HMLCT - ∆GMLCT ) T∆SMLCT ≈ -6 kJ/mol. Although this
value is within the error limits of each of the terms, a similar
conclusion was extracted previously from spectroscopic stud-
ies.25 Nothwistanding the error, at least qualitatively, this entropy
correlates with the contraction observed by LIOAS,∆VMLCT )
(-3.6 ( 0.2) cm3/mol, assigned to internal changes in the
molecular bonds upon excitation. In other words,∆VMLCT has
the same sign as∆SMLCT.

II. Quenching Reaction of the3MLCT State of Ru(bpy)3
2+

by MV 2+. The temporal shape of the LIOAS signals was
influenced by both the quencher concentration and the presence
of salts (Figures 1 and 5). This behavior is the normal transducer
response when the lifetime of the transient falls within the
pressure integration time.8,26

In every case, the lifetime of the slow LIOAS componentτ2

decreased upon increasing the quenching efficiencyηq (Tables
1 and 2). Theηq values calculated from the emission spectra
after excitation of Ru(bpy)3

2+ (see the Experimental Section),
or by using the decay lifetimeτ2 (determined by LIOAS) in
the absence and in the presence of quencher, were in good
agreement with those calculated with eq 5 and the reported
quenching rate constant,kq (5 × 108 M-1 s-1 for 10 mM
MV2+)11 under the same conditions.12

whereτo is the decay lifetime of3[RuIII (bpy)3•-]2+ in the absence
of quencher. Therefore, the decrease in the lifetime of the slow
component in the LIOAS signal in the presence of MV2+ is

assigned to the oxidative quenching of3[RuIII (bpy)3•-]2+ by
MV2+ (reaction B)11,12,24

In aqueous media, the reaction B is near diffusionally
controlled, with an exergonic driving force∆G ) (-40.5 (
1.9) kJ/mol, constant in several salt solutions.12 With ∆GMLCT

) 202.4 kJ/mol (see previous section), the free energy for the
formation of the free radical ions from the parent compounds
is calculated as∆GR ca. 162 kJ/mol. This difference provides
the driving force for the back electron-transfer reaction C

Under the present experimental conditions, the bimolecular
reactionC takes place well in the submillisecond time range,11,12

exceeding by far the upper time limit of the LIOAS experiment
(ca. 5µs). This means that RuIII (bpy)33+ and MV•+ are the final
products in our observation time window. This was also
confirmed when the fitting of the LIOAS signals was performed
by adding a third component with a lifetime fixed between 1
and 5µs. In all cases the respective amplitude was very large
(>10), indicating that permanent products (RuIII (bpy)33+ and
MV •+) storing part of the energy remained in the solution.

The increment in quencher concentration reduced∆H2,
whereas it increased∆V2 (Table 1). In the absence of added
salts, these changes are related to the increment of the total
efficiency of reaction B,ηR, which may be expressed as a
product of three terms (eq 6)

whereηq is the quenching efficiency (see eq 5) andηesc refers
to the probability of escape of the redox products from the
solvent cage. In water,ηesc ) 0.25 ( 0.05, calculated taking
into account the values reported by several authors.11,12,27-29

Under our experimental conditions, for MV2+ concentrations
in the range 0-15.2 mM, we calculate that 0e ηR e 0.21 (Table
3).

The variation of the∆V2 and∆H2 values in 0.1 M solutions
of various salts is rather complex (Table 2) although the
quencher concentration was always the same (10 mM) and the
quenching efficiencies were kept constant (( 10%).

It is well-known that the presence of inert electrolytes, such
as the current sodium salts, alters the kinetic parameters of
reactions B and C.12,27-29 By using the recently reportedηesc

values for reaction B as a function of temperature and salts,30

the calculated (eq 6) extremeηR values in the salt series are
0.08 and 0.14 for NaClO4 and NaH2PO4, respectively (Table
2). However, between both support salts solutions the variation
of ∆V2 and∆H2 is not significant (Table 4). This means that
the changes inηR alone cannot responsible for the salt-induced
variation in∆V2 and∆H2. Furthermore, even in the presence

∆HMLCT )
Eλ - ∆H1

Φisc
(3)

∆HMLCT )
∆H2 + ΦemEem

Φisc
(4)

ηq )
kqτ

o[MV 2+]

1 + kqτ
o[MV 2+]

(5)

TABLE 3: Reaction Efficiency (ηR), Structural Enthalpy
(∆HR), and Volume Changes (∆VR) Associated with the
Formation of the Free Radical Ions Ru(bpy)33+ and MV •+ in
Water. Temperature Range: 8-35 °C

[MV 2+] mM ηR
a ∆HR (kJ/mol) ∆VR (mL/mol)

2.8 0.08 351( 50 11.2( 1.2
5.2 0.14 343( 30 8.6( 1.5

10.0 0.19 319( 20 10.5( 1.4
15.2 0.21 340( 20 9.9( 1.5

a Equation 6, error:(10%.

3[RuIII (bpy)3
•-]2+ + MV2+ 98

kq
RuIII (bpy)3

3+ + MV •+ (B)

RuIII (bpy)3
3+ + MV •+ 98

krec
Ru(bpy)3

2+ + MV2+ (C)

ηR ) Φiscηqηesc (6)

3MLCT State of Ru(bpy)32+ and Methylviologen Cation J. Phys. Chem. A, Vol. 103, No. 12, 19991723



of salts (which acelerates the recombination rate), the time range
for the bimolecular reactionC exceeds well our upper time
limit.29 Thus, the charge recombination process can also be
neglected.

III. Structural Enthalpy and Volume Changes of RuIII -
(bpy)3

3+ and MV •+. Scheme 1 takes into account reactions A
and B together, since they represent the global reaction in our
time scale.

The structural enthalpy and volume changes per mole (relative
to the ground state) associated with the formation of the free
radical ions RuIII (bpy)33+ and MV•+ are calculated with eqs 7
and 8

The term (1- ηq) ΦemEem in eq 7 represents the energy lost
by emission by the fraction of nonquenched3[RuIII (bpy)3•-]2+

species. In the absence of quencher, the values of bothΦem

andEem were the same in the absence and in the presence of
the salts. The calculated values of∆HR and∆VR are presented
in Tables 3 and 4.

In the absence of added salts, the∆HR and∆VR values were
independent of the quencher concentration, within the experi-
mental error (Table 3), indicating the absence of specific solute-
solute interactions in the quencher concentration range studied.
The respective average values are∆HR ) (338 ( 20) kJ/mol
and∆VR ) (+10.1 ( 1.2) cm3/mol.

The formation of the solvated free RuIII (bpy)33+ and MV•+

ions is thus accompanied by a global expansion, relative to the
ground state (∆VR > 0, Table 3). In turn,∆VR can be expressed
as the sum of the partial molar volumes changes produced for
each redox couple, i.e., Ru(bpy)3

3+/2+ and MV•+/2+ (eq 9).

Recently, we reported that the structural volume change
associated with the Ru(bpy)3

2+/3+ oxidation is (-15.4 ( 1.5)
cm3/mol, as determined by LIOAS following the quenching of
the3MLCT state of Ru(bpy)32+ by Fe(aq)

3+ in aqueous solutions.3

Using this value and the present∆VR, eq 9 yields the structural
volume change contribution associated with the MV2+/•+

reduction,∆VA-/A
o ) (+25.5 ( 2.7) cm3/mol.

In a first approximation, both∆VD+/D
o and ∆VA-/A

o can be
considered as a sum of intrinsic and solvation contributions (eq
10),

The intrinsic component results from changes in bond lengths
and angles during the formation of the products. The solvation
term represents all the changes produced in the solvent by
changes in polarity, electrostriction, and dipole interactions
during the reaction.

Complex ions of charges+2 and+3 with metal-to-ligand
distances ranging from 2.0 to 2.4 Å, such as Ru(bpy)3

2+, may
be considered as incompressible spheres, due to their very low
calculated compressibility values.31 It has been suggested that
Ru(bpy)32+ and its oxidized and reduced forms, Ru(bpy)3

3+ and
Ru(bpy)3+, have a similar size.32 Thus, for the oxidation process
RuII(bpy)32+ to RuIII (bpy)33+, ∆VD+/D,int ca. 0. A similar as-
sumption can be made for the reduction of MV2+ to MV+•,
since the transferred electron is located in aπ* orbital of one
of the pyridinium rings.33

On the above basis, we consider that the principal contribution
to the structural volume changes should originate in solvation
effects. In the present case, the electron-transfer reaction occurs
between ionic species with different sizes. This process produces
a change in the magnitude of the electrostriction effect generated
by the electrical field of each ion, although the number of
charges is constant.

Taking into account that we are in the presence of a
photoinduced charge change in the solvated ions, and to
calculate the electrostriction effect, we apply the equation as
originally proposed by Drude and Nernst.6 This equation
describes the contraction of the solvent molecules with a
homogeneous dielectric constantε, due to the electrical field
of an ion of chargez and radiusr (eq 11)

B is a reduced constant with a calculated value in water of 4.175
for the radius expressed in angstroms and the ion chargez as
an integer number.34 Thus, both ∆VD+/D

o and ∆VA-/A
o are

TABLE 4: Reaction Efficiency (ηR), Structural Enthalpy
(∆HR), and Volume Changes (∆VR) Associated with the
Formation of the Free Radical Ions Ru(bpy)33+ and 10 mM
MV •+ in 0.1 M NaX Aqueous Solutions

salt ηR
a ∆HR (kJ/mol) ∆VR (mL/mol)

NaF 0.13 922( 72 54.0( 3.7
NaCl 0.13 50( 50 -6.1( 3.3
NaBr 0.12 -29 ( 44 3.5( 2.4
NaClO4 0.08 680( 73 41.8( 3.9
NaH2PO4 0.14 503( 39 22.2( 2.5
NaAc 0.13 -153( 100 -17.5( 5.4

a Equation 6, error:(10%.

SCHEME 1: Schematic Representation of the
Photophysical Processes Taking Place during the
Formation of the 3MLCT State of Ru(bpy)3

2+

(3[RuIII (bpy)3
•-]2+, (Reaction A), and the

Electron-transfer Quenching by MV2+ Producing Radical
Ions (Reaction B). See Text. The Enthalpy and Structural
Volumes Changes Associated with Each Process Are
Indicated. Full Arrows Represent Optical Transitions and
Dashed Arrows Represent Processes Releasing Heat.D )
Ru(bpy)3

2+, A ) MV 2+

∆HR )
Eλ - ∆H1 - ∆H2 - (1 - ηq)EemΦem

ηR
(7)

∆VR )
∆V1 + ∆V2

ηR
(8)

VR ) (VRu3+
o - VRu2+

o ) + (VMV•+
o - VMV2+

o ) ) VD+/D
o + VA-/A

o

(9)

∆Vi
o ) ∆Vi,int

o + ∆Vi,sol
o (10)

∆Vel ) -Na
z2e2

2rε2(∂ε∂P)T
) -B

z2

r
(11)
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estimated by using eq 11, transformed into eqs 12 and 13 by
considering thatrD+ ) rD andrA- ) rA (no internal changes):

The calculated values display the same qualitative tendency
as the experimental structural volume changes (Table 4). In the
Ru(bpy)32+/3+ oxidation process an increment on the electros-
triction effect (contraction of the solvent) is expected due to
the charge increment on the metal complex, whereas the
opposite effect (less electrostriction, i.e., an expansion of the
solvent) is predicted in the MV2+/+• reduction process, since
the number of charges is decreased.

However, by using the calculated value of the constantB
() 4.175 Å-1) for water at 25°C, and the reported radii of 4.8
Å for Ru(bpy)32+,18 and 3.3 Å for MV2+,12 eqs 12 and 13 afford
∆VD+/D

o ) -4.3 cm3/mol and∆VA-/A
o ) +3.8 cm3/mol, both

values smaller than those derived from the LIOAS data (Table
3). Furthermore, the sum of the calculated∆VD+/D

o and∆VA-/A
o

is negative, contrary to the sign obtained for∆VR. The difference
between the calculated and the experimental values is beyond
the experimental error and beyond an equivocal interpretation
of the origin of the observed structural volume changes.

It has been already discussed that the theoretical prediction
of the electrostriction caused by an ion in water is difficult
because of the uncertainty in the type of interaction between
the ion and the water molecules.34,35The theoretical value ofB
) 4.175 Å-1 in eq 11 estimated by assuming that the solvent is
a continuum of dielectric constantε does not quantitatively
account for many of the effects observed in water, where specific
interactions such as hydrogen bonding should be considered.
Experimental results have shown that higherB values are needed
to explain the partial molar volume of ions in water.34 At 25
°C, various semiempirical equations yieldB values ranging
between 9.2 and 13.4 Å-1.34

Another source of discrepancy may be the molecular shape
and the effective radius of the ionic species used in eqs 11-
13, especially for the MV2+ and MV+• cations. Ru(bpy)32+ and
Ru(bpy)33+ are considered as rigid spheres with a similar radius
of 4.8 Å calculated from crystallographic data.18,32In this case,
by usingB ) 13.4 D-1 andr ) 4.8 Å, eq 12 yields∆VD+/D

o )
-14.0 cm3/mol, in good agreement with the experimental value
of (-15.4 ( 1.5) cm3/mol.3

However, this straightforward approach is not possible for
MV2+ and MV•+ due to their nonspherical (rodlike) geometry
and to the fact that the charges are not localized in the center
of the species. The radius of 3.3 Å was estimated from CPK
space-filling models, by usingr ) [(dxdydz)1/3]/2.12 The same
authors obtained a value ofr ) 7.0 Å for Ru(bpy)32+, by using
the same calculation method. Then, it could be possible that
the value of 3.3 Å for the MV2+ radius is also larger than the
effective one, similar to the difference between the calculated
and the crystallographic radius of Ru(bpy)3

2+ (vide supra).
Notwithstanding these difficulties, it is possible to roughly

estimate a value of∆VA-/A
o ) +18.3 cm3/mol, closer to the

value derived from the LIOAS data [(+25.5( 2.7) cm3/mol],
by using eq 13 withB ) 13.4 Å-1 and an approximate effective
radius of 2.2 Å for MV2+ and MV•+.36

Thus, with the modified eq 11 the present results can be
explained and, therefore, the structural volume changes observed

upon the electron-transfer reaction can be assigned to solvent
reorganization (including specific effects which are already
included in the semiempirical value ofB) around the ionic
species. We have invoked a similar effect in water (also under
the application of a largerB value in the Drude-Nernst
equation) to explain the data obtained during the photoinduced
proton ejection.37

The apparent volume of activation for the quenching reaction
B, ∆V‡ ) -2.6 cm3/mol, was determined from the pressure
dependence of the lifetime of Ru(bpy)3

2+ in the presence of
MV2+.38 With this value together with those determined in this
work for the formation of the3MLCT state of Ru(bpy)32+,
∆VMLCT, and for the formation of the free radical ions RuIII -
(bpy)33+ and MV•+, ∆VR, it is possible to describe the complete
volume profile for the present photoinduced reaction (Scheme
2).

Since the free energy for the reaction∆GR ) 162 kJ/mol is
known from independent measurements,12 the entropy change
for the formation of the free ions in neat water (before
recombination)T∆SR ) 176 kJ/mol is calculated as the
difference between the enthalpy change calculated with LIOAS,
∆HR ) (338 ( 20) kJ/mol, and∆GR.

This large entropy increment is necessarily associated with
the (relatively large) solvent expansion due to the reduced ion-
solvent attraction concomitant with the reaction (vide infra).

IV. Salt Effect: Evidence for an Enthalpy-Entropy
Compensation.For the electron-transfer quenching reaction
performed in 0.1 M solutions of various salts, the∆HR and∆VR

values strongly depend on the salt (Table 4).∆HR vs ∆VR for
the various salts together with the data in neat water (all for the
same quencher concentration) clearly shows a linear correlation
except for the data with NaBr (Figure 6).

The linearity of this plot confirms the assumption that the
salt effect is only due to environmental rearrangements and that
the intrinsic changes are constant along the salt series. Leaving
out the data for the NaBr solutions, a linear regression fit in
accord with eq 14 yields a good linear correlation (r ) 0.994)
with C ) (140 ( 25) kJ/mol andX ) (14.4 ( 0.8) kJ/cm3.

A possible explanation for the deviation of the data in 0.1 M
NaBr is the ability of bulky halide ions (Br- and I-) to form

SCHEME 2: Volume Profile for the Photoinduced
Quenching Reaction of the3MLCT State of Ru(bpy)3

2+

(3[RuIII (bpy)3
•-]2+) by MV 2+ in Water. D ) Ru(bpy)3

2+,
A ) MV 2+. The Volume Changes Refer to D+ A. Units
of Structural Volume Changes Are cm3/mol

∆HR ) C + X∆VR (14)

∆VD+/D
o ) -B

rD
(zD+

2 - zD
2) ) - B

5
rD

(12)

∆VA-/A
o ) -B

rA
(zA-

2 - zA
2) ) + B

3
rA

(13)
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charge-transfer complexes with MV2+ in water.39 In that case,
both∆HR vs ∆VR may contain a different intrinsic contribution
than the rest of the data. The effect is not important for F- and
Cl- due to the smaller size of these anions resulting in lower
association constants.39

By considering that the structural volume changes can be
translated as entropy changes, as already reported,4 the intercept
C should correspond to∆GR. It has been reported that∆GR )
162 kJ/mol for the reaction is the same in 0.1 M solutions of
the presently used salts as in water within the experimental
error.12 The linearity of the data in Figure 6 agrees with this
fact and also the value ofC ) (140( 25) kJ/mol is coincident
with that of ∆GR within the experimental error. Thus, the
following relationship 15 is readily written as

The linear dependency between∆HR and ∆VR is the
consequence of an enthalpy-entropy compensation effect
induced by the added salt on the hydrogen-bond network
structure of water, since∆GR remains constant throughout the
salt series.12

The present slope valueX ) (14.4 ( 0.8) kJ/cm3 is very
similar to the value (12( 1) kJ/cm3 observed for the linear
regression data of the structural enthalpy and volume changes
associated with the3MLCT formation of the Ru(bpy)2(CN)2 and
Ru(bpy)(CN)42- complexes in 0.1 M monovalent salts solutions.
As mentioned in the Introduction, the∆Vstr values for these
complexes in water were attributed to photoinduced changes
in the hydrogen bond strength between the cyano ligands and
the water molecules in the first solvation shell (specific solute-
solvent interactions). The linear correlation between the struc-
tural enthalpy and volume changes in the aqueous salt solutions
was interpreted as arising from an enthalpy-entropy compensa-
tion effect induced by the added salt on the hydrogen-bond
network structure of water, which was sensed by the cyano
complexes.4

Albeit the fact that with the cyano complexes the structural
volume changes originated in specific hydrogen bond interac-
tions, and in the present case the structural changes are due to
effects based on changes in the ions charge number, the same
mechanism seems to operate when salts perturbing the water
network are added to the solutions (similar slopes values). In
fact, taking into account the two sets of experiments, the average
value ofX ) (13 ( 1) kJ/cm3 is equivalent to the (cpF/â) value
at ca.30°C for 0.1 M monovalent salt solutions, which is within
the used temperature range and also is close to the temperature

(isokinetic temperature), at which the enthalpy-entropy com-
pensation effect occurs in water.40

The enthalpy-entropy effect arises when several molecular
species are in dynamic equilibrium, and this equilibrium is
perturbed by a particular factor, such as the addition of salts in
the present case as well as in our previous study.4,41 The total
decrease in an “attractive interaction” between the ions and water
upon formation of RuIII (bpy)33+ and MV•+ ions “releases” water
molecules to the bulk solution. Since water molecules have a
strong tendency to participate as both hydrogen bond donors
and acceptors, the formation of hydrogen bonds between the
added salts and the water molecules should produce a decrease
in enthalpy. In turn, hydrogen bonds require that the participating
molecules become relatively fixed, therefore the entropy also
decreases.

Inspired by the reported dependence12 of the rate constant
for quenching of3[RuIII (bpy)3•-]2+ emission by the same anions
as used in this work, and the free energy of hydration of those
anions (∆Ghydr

0),42 we searched for such type of correlation of
the structural volume changes. ClO4

-, Br-, Cl-, and CH3CO2
-

follow a linear correlation between∆VR and∆Ghydr
0, whereas

F- and H2PO4
- do not fall into the linear correlation. The fact

that such a dependence is not found with all anions indicates
that while ∆Ghydr

0 controls the quenching within the solvent
cage as demonstrated by Clark and Hoffman,12 the total
structural volume change∆VR (and therefore the entropy
change) experienced upon formation of the radical ion pair (and
before recombination) is determined by some additional factors.
Since a cation and an anion radicals are produced, the ion pairing
ability of 3[RuIII (bpy)3•-]2+ with the various added anions and
the solvation of each radical might partially compensate, leading
to deviations for some anions of the linear correlation between
∆VR and∆Ghydr

0.
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