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Laser-induced optoacoustic spectroscopy has been applied to the photoinduced electron-transfer reaction
between Ru(bpyj" and various salts of Fe(lll) [Fe(Cl3, Fe(SQy)s, and Fe(. The reaction volume
changes associated with photoinduced ligand exchange derived from these measurements allowed the
determination of partial molar volumes at high dilutions of several species such as FeSQ*, Fe(SQ),,

Fe(OHY¥", FeCl, FeCP+, and FeCl", not attainable from other techniques. The volume change of oxidation

of Ru(bpy)}?*" to Ru(bpy}3* at high dilution was also calculated.

Introduction principle, the external volume change can be ascribed to

In a recent study by laser-induced optoacoustic spectroscopyeleCtrOSt”Ct'on (organization of the solvent due to a change in

(LIOASY), at different temperatures, we observed that the charge) and can be calculated using the Drtilernst eq 2.

intermolecular photoinduced electron-transfer reaction A be- )

tween the MLCT state (largely of triplet character) of the V.o = (ze°d(ne) _ BZ @
(elec) — -

ruthenium(ll)—tris(bipyridyl) complex, Ru(bpyf™, and Fe(lll) 2re ap r
in sulfuric acid media is accompanied by a volume contraction,
AVg, of 11 cn¥/moP. which describes the contraction of the solvent molecules due
. to the electric field of an ion of chargeand radiusr. The
Ru(bpy)f* + Fe3+(aq)—~ RU(bPYI;H + FEH(aq) (A) model is relatively simple and assumes that the solvent is a

continuum of dielectric constaamtinteracting with hard sphere

This relatively large contraction could not be explained only ions only through Coulombic forces. The volume change due
in terms of simple bond changes in the reactants after light to electrostrictionViec) is thus related to the partial derivative
absorption, since the electron-transfer reaction reduces theof In e with respect to the pressuge In water at 25°C the
quencher [Fe(ll)/Fe(ll)] leading to a small expansion and theoretical value of constaBtis 4.175% However, experimental
oxidizes Ru(bpy®* to Ru(bpy)**, probably leading to a  results have shown that highBrvalues are needed to explain
contraction [smaller than the expansion Fe(lll)/Fe(ll)] of the the partial molar volume of ions in watérThe Drude-Nernst
ligands around the metal. As a result, the volume change model is, however, qualitatively correct to describe the charge
observed was largely attributed to a difference in the medium and size effects on the ionic volumes in solution. Taking into
reorganization around the system present after the time windowaccount that F&/2*,q ions are smaller than the Ru(bp/y**
of the LIOAS experiment (ca. 600 h3. The enthalpic change ~ complex ions, a qualitative analysis of eq 2 predicts also a
(AHR) for reaction A obtained by LIOAS was in good agreement volume expansioty electrostriction effects after reaction A,
with the literature value of 112 kJ/mol obtained for the and nota volume contraction as observetf.appears thahVg
spontaneous back electron-transfer reaction between Rgfbpy) for this reaction is dominated by additional processes, such as
and Fe(ll)3 changes in the chemical nature of the species, sinégge

As pointed out by Polimann et dl.the reaction volume  upon reduction to Péq) in sulfuric acid undergoes ligand
change AVg, may be composed of at least two contributions: €xchange reactions in its first coordination sphere (speciation).
(1) an internal variationAViy) due to differences in bond length  In fact, it has been shown that the rate constant for the back
and/or angles between products and reactants and (2) a variatioglectron-transfer reaction between Ru(kpypand Fe(ll) cation
(AVex) due to reorganization in the solvation shell of the solutes is several orders of magnitude lower than the diffusional rate

induced by the charge redistribution (iesolvent interactions) ~ and strongly dependent on the composition of the solution,
(eq 1) indicating specific effects of the counterions on the rate of the

reaction’
AViy = AV, + AV, (1) To analyze in more detail the origin of the volume changes
obtained for reaction A, we present in this report a LIOAS study
Following an electron-transfer reaction such as A, water of the reaction performed with different Fe(lll) salts, i.e.,
reorganization is expected as a result of changes in the ion sizesperchlorate, chloride, and sulfate, in their respective acid
although there is no change in the net charge in the reaction. Insolutions.

LIOAS is the method of choice for studying volume changes

:“TA‘;)‘(’YE‘I’;;Cck‘flrrr]ifiEj’tr?f‘:]esnt‘ighﬁgggfeg?eaddressed- of photoinduced processes producing either stable products or
* Comisim Nacional de Enefgi Atomica. transient species in the nanosecond to microsecond time
® Abstract published irAdvance ACS Abstract§eptember 1, 1997. domain!8® The experiment consists of measuring the pressure
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wave evolved in a medium after pulse excitation (see for In all cases, linear dependency with zero intercept for the
example refs 1,2;811). Two processes contribute to the optoacoustic signal amplitudéi) with the laser fluence was
volume change in the solution (leading to the pressure pulse):observed, up to 810 uJ/pulse. To avoid multiphotonic

(i) a thermal term AVyy) due to radiationless deactivation and processes, the LIOAS measurements were performed at laser
dependent on the thermoelastic parameters of the solution andluences smaller than GJ/pulse. No photobleaching of the

(ii) a reaction (structural) termA\Vg, in turn described by eq  sample or the reference solutions was detected after each
1), independent of these parametérdn aqueous solutions the  experiment.

two terms are separated by measuring the pressure wave at [ |OAS signal analysis was performed using Sound Analysis
various temperatures, thus taking advantage of the strongversion 1.13 software (Quantum Northwest).

temperature dependence of the expansion coefficignof Luminescence quenching experiments were performed with

water. _ ~ the previously described Spex Fluorolog equipriént.
LIOAS has been chosen in the past as an appropriate

analytical technique in order to measure speciation at high
dilutions, due to its intrinsic higher sensitivity than that of regular

absorption techniqués:’® Detection of the photothermal effect LIOAS Measurements. The LIOAS measurements were
after absorption of a laser pulse is potentially more sensitive carried out using Fe(lll) perchlorate, chloride, and sulfate salts
than conventional absorption by ca—2 orders of magnitud¥. as quenchers in HCIQHCI, and HSO;, (pH ~ 2.3), respec-
This high sensitivity can be used advantageously to measuretjvely, to avoid precipitation of Fe(OH) The Fe(lll) concentra-
other properties such as thermodynamic properties at very hightion was ca. 20 mM. Under these conditions, luminescence
dilutions. In particular, the partial molar volume of metastable experiments indicate that between 95% and 90% of quenching
species can be obtained from these measurements. is reached at 25 and°€, respectively, in accord with literature
The results of the present study show th&k for the reaction  data’:18 assuring almost complete quenching over the whole
strongly depends on the nature of the Fe(lll) salt and/or on the temperature range of the LIOAS experiments. The values of
medium composition, whereas tiféHg value is independent  the Sterr-Volmer quenching constants were 980 and 900G M
of these factors. We describe a chemical model which accountsin HCIO,, 1100 and 950 M! in HCI, and 812 and 750 M in
for the experimental data and allows the assignment of volume H,SQy, at 25 and 6C, respectively.

Results and Discussion

changes to the oxidation of Ru(bg¥) to Ru(bpy}** and the Furthermore, under the above conditions the back electron-
partial molar volumes of species for which data are not transfer reaction between Ru(bg¥) and F&" g takes place
obtainable by other methods. in the millisecond time randeand exceeds the time window of

) _ the experiments (ca. 600 ns, see Experimental Section) by
Experimental Section several orders of magnitude. This means that these ions are

Ru(bpy}Cla6H,0, Fe(CIO)39H,0, FeCh-6H,0, Fe(SQy)s: the final products in our experiments.

5H,0, N&SQ;, NH,CI, NaCl, HCIQ,, HCI, and HSQ, were Figure 1 shows the LIOAS signals after laser excitation at
obtained from Aldrich and Fluka in the highest purity available 500 nm of Ru(bpys* in the presence of Fe(CKR (Figure 1A)
and used as received. and Fe(SOy); (Figure 1B) and in acidic solutions at similar

The LIOAS setup was the same as described in previous temperatures and Fe(lll) concentrations, together with the signal
reports210 Essentially, it consists of a 15 ns, 500 nm laser pulse ©Of the calorimetric reference Mar,O; under the same condi-
produced by a FL2000 Lambda Physik-EMG 101 MSC excimer tons.
laser (XeCl, repetition rate-12 Hz), pumping a Coumarin 307 Note that the sign of the signal for the samples varies with
(Radiant Dyes Chemie) laser dye. The fluence of the pulsesthe composition of the solution. However, the waveform of
was varied by a neutral density filter and measured with a the calorimetric reference is always positive, as is expected for
pyroelectric energy meter (RJP735 head connected to a meteipure thermal processes in aqueous solutions at room temperature,
RJ7620 Laser Precision Corp.). The pressure pulse was detectedince the expansion coefficieit, of water is>0 atT > 4°C!
with a Pb-Zr—Ti ceramic transducer pressed against the side A delay of the arrival time and a broadening of the signals
wall of a quartz cuvette parallel to the laser beam direction. with respect to the reference signal were observed for the sample
The signal was amplified 100 times (two Comlinear E103 solutions. This change in shape of the sample wave can occur
amplifiers) and fed into a transient recorder (Tektronix TDS if processes take place with decay times comparable to the time
684A, operating at 500 megasample/s). Between 200 and 400window. In such cases, it is not possible to analyze the LIOAS
signals were averaged and transferred to a VAX station 3100 signal amplitudes, and a deconvolution procedure must be used
coupled to a VAX mainframe. in order to obtain the lifetimes and the quantitative contribution

Absorption spectra were registered with a Shimadzu UV- of the various processes, as described previctghp.1516 |n
2102PC spectrophotometer. The concentration of Rugbpy)  short, the acoustic signal of the sample is regarded as a
was 7.5x 107%> M and the absorbances of the samples at 500 convolution of the instrumental response (obtained from the
nm were matched within 3% to those of the calorimetric calorimetry reference signal which releases all the excitation
reference solution, N&r,0O, in the same quencher solution. energy promptly as heat) and a time-dependent multiexponential
At 500 nm the absorbance of the quencher solutions was lessdecay function describing the pressure behavior in the sample
than 2% of the absorbance of the calorimetric reference. The after the laser pulse. The reference signal depends only on the
temperature range for the LIOAS experiments was-80C, heat release multiplied by the thermal expansivity of the solvent,
controlled to+0.1 °C. The samples were deoxygenated by while the sample signal might have an extra contribution from
bubbling with water-saturated argon for205 min. The laser  structural volume changedV, = n®rAVg (AV, is the total
beamwidth was shaped with a slit (0:86) mm, so that the contribution of the volume change to the sigmais the number

effective acoustic transit time{= w/v,;, wherew = width of of Einsteins absorbed, anblr is the reaction quantum yield),
beam and, = sound velocity), i.e., the heat integration tifhe, ~ which does not depend on the expansivity. Thus, assuming that
was ca. 600 ns. This allowed for a time resolution of-60 the thermal and the structural contributions to the LIOAS wave

ns using deconvolution techniqusts show the same time behavior, the recovered amplitudes of the
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Figure 1. LIOAS signals for reference (a, War.O;) and sample (b)
solutions, after laser excitation of Ru(bg¥)at 500 nm in the presence
of (A) 25 mM Fe(CIQ)sz in 5 mM HCIO, aqueous solution at 2TC
and (B) 10 mM FgSQy); in 5mM H,SO, aqueous solution at 23C.
The residuals distribution and autocorrelation function for the fitted
curve (c) are included in each case.

multiexponential functiong;, normalized with respect to the
amplitude of the reference compoungd= 1), are given by eq
3,

Eigi = g + AV (Cpolf5) (3)
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Figure 2. LIOAS signal amplitudeH, as a function of the absorbed
energy, at 15C for (®) NaCr,O;7 plus 25 mM Fe(CIQ)s, 100 mM
HCIO4, (O) NaCr,0; in neat water. Inset: LIOAS signal for the
reference in (a) salt solutions and (b) in neat water both excited with
the same laser fluence and under the same conditions.

neat water and in the salt solution used. Both signal amplitudes
(H) are related by a simple equation already described in the
literature2® Typical LIOAS signat-amplitude dependencies
on the absorbed energy for the calorimetric reference in water
and in salt solution at 23C are presented in Figure 2.

The value of the sound velocity,, needed for the evaluation
of the ratio of thermoleastic paramete¥sand estimated from
the signal arrival time to the detector, was the same for the
reference in salt solutions and in neat water. The densities of
the salt solutions were identical within the experimental error
(ca. 5%) to that of water. Therefore, the valuesmp(3) were
mainly determined by the ratio of the fluence-normalized
amplitudes for sample and referenég,"/Hy".

As shown in Figure 1, satisfactory fits of the sample signals
were obtained using a two-exponential decay model for the
pressure evolution. In all cases, the deconvolution program
found a fast decay timer{ < 5 ns) and a slow decay of
about 65 ns, allowing a free fit of four parameters. The value
of 7; indicates only that this decay is faster than the time
resolution of the experiment<(LO ns). Fixing this time
component at any value between 1 and 10 ns always resulted
in a similar value for the associated amplitude of the process

whereE; is the excitation energy per absorbed Einstein (239.32 (¢1). Since the rise time of a spin-allowed excited state (reaction

kJ/mol at 500 nm)g, = ®;AH; (with AH; the enthalpy of the

B, vide infra) has been estimated to be 0.3 ps for Ru@pyy

ith step) is the fraction of absorbed energy dissipated into the the fast component should correspond to the formation of the

medium as heatp; is the quantum yieldAVg; is the structural
volume change for the production of 1 mol of thk species,
f is the cubic expansion coefficienty is the heat capacity,

andp is the mass density. As mentioned in the Introduction,

triplet MLCT state of the Ru(ll) complex. The valueafgrew
longer as temperature decreased, but in all cases its value was
in agreement with the quenching efficiencies for the Ru(#py)
Fe3t(aq) System measured by stationary luminescence. Thus,

g andAVg; are separable in agueous solutions by performing the second amplitude factgp, was assigned to the contribution

temperature-dependent LIOAS measurements,
(cpplp) ratio is highly temperature dependent, primarily due to
the strong temperature dependencég of

In this framework, AVg; is considered constant in the

since theto the LIOAS signal of the intermolecular electron-transfer

reaction between *Ru(bpy)t and Fé' g (reaction C, vide
infra).
Since the difference in lifetimes between the first and second

temperature range used for the LIOAS experiments (which is a decay was large (by a factor of at least 50), it was possible to

valid assumption over the narrow temperature range df2

assign the observed decays to the inverse of the rate constants

in the present case). A plot based on eq 3 should yield a straightof the elementary consecutive reactions B (excitation) and C

line with an intercepty and a slopeb;AVg; for theith decay.

(quenching). The luminescence pathway decay was ignored,

Since aqueous solutions containing added salts have ther-since its contribution®e Een) relative tok; is less than 3% in
moelastic parameters different from neat water, the determina-the absence of quenche®dn = 0.042,Eem = 193 kJ/mot?)

tion of (cep/f) at different temperatures was performed by

and should be smaller than 10kJ/mol for >90% quenching

measuring the LIOAS signals for the calorimetric reference in by the Fe(lll) salt (see Experimental Section).
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TABLE 1: Prompt (1) and Slow (g;) Heat, Structural Volume Changes,AVg;, and Enthalpy Content, AH;, for the Transient
Species Produced in the Photoinduced Electron Transfer between Ru(bpy) and Fe*,q in Various Salt Solutions

quencher solution (mM) salt added (mM) 1.2 (M) 0° P AH;® AHg? AVR AVR £ AVR
1 25 Fe(ClQ)s+ 100 HCIQ none 0.247 50 80 189 109 =27 +1.8 —-0.9
2 25 Fe(ClQ)s;+ 5 HCIO, none 0.139 50 84 189 105 —-3.4 +2.2 -1.2
NaSOy
3 6.5 0.123 59 84 181 96 —-35 -15 —5.0
4 15 0.104 61 84 178 94 —-3.1 —5.0 —-8.1
5 26 0.092 59 44 180 135 —4.0 -7.0 —-11.0
6 32 0.099 54 72 185 113 —3.8 —9.2 —13.0
7 10 Fe(SQu)3+ 5 HSO none 0.032 54 92 185 93 —4.0 -175 215
8 25 FeCi{+ 5 HCI none 0.090 61 71 178 107 —-34 —2.0 —5.4
9 100 NacCl 0.164 61 65 178 113 3.2 -18 -5.0
10 100 NHCI 0.164 59 71 178 109 —3.6 -16 —5.2
119 16 FeCt+ 10 bSOy none 0.055 —-11.0
12 25 Fe(ClQ); + 5 HCIO, 27 NaCl 0.145 46 77 193 116 —2.6 +2.0 —0.6
13 10 Fe(SQy)s + 5 H.SO, 50 (NHs)2SOy 0.140 58 71 181 110 -35 -185  —22.0

2 Corrected ionic strengti.kJ/mol 4 20%. ¢ Enthalpy content (kJ/mak 20%) of the MLCT state of Ru(bpyf*, calculated from the prompt
heat as£; — ;. ¢ Enthalpy change (kJ/mak 20%) of reaction A calculated & — (g + ). € cm®/mol £ 10%. f Total reaction volume change
(mL/mol £+ 10%) for reaction A calculated &sVg = AVr 1+ AVgr2 9 From ref 2.
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Figure 3. (Top) First and (bottom) second recovered amplitudes of
the biexponential fitting function vs the ratio of thermoelastic parameters
(cr pIB) (eq 3) for the LIOAS signals after excitation of Ru(bgy)in
various quencher solutions®) 25 mM Fe(CIQ); in 5 mM HCIO,,

(©) 25 mM FeC} in 5 mM HCI, and @) 10 mM Fe(SQy)s in 5mM
H,SQy. The temperature range was from 3D (extreme left) to 8C
(extreme right).

hv
Ru(bpy)®" — *Ru(bpy),”"

AVra (B)

K,
*Ru(bpy)y”" + Fe(aq)3+ — Ru(bpy)*" + anq)2+

AVR,Z (C)

the value of 193 kJ/mol obtained from the luminescence
maximum of *Ru(bpy)?*.2

From the slopes oE,¢; in Figure 3 and using a value of 1
for the quantum vyield of formation of the MLCT complex in
every solutior?? an average contraction ®Vg; = —3.4 +
0.5 cn¥/mol was obtained. This volume change is in agreement
with the value reported previously for the formation of the
MLCT state of Ru(bpyy? ™22 and attributed to a shortening
of the metatligand bonds, which corresponds to a small
effective radial decrease of about 0.012%R.The lack of
dependence of the volume change for the MLCT formation on
the salt composition confirms the assignment of this process to
an internal arrangement of the ruthenium complex after light
excitation.

Within experimental error, the intercepts do not depend
on the medium, while the slopes affordiny/r » strongly depend
on it (Table 1).

For the analysis of the amplitudes associated with the slower
step C, i.e., the intermolecular electron-transfer reaction, it is
necessary to consider the quantum yiag, for the escape of
the ions after electron transfer. According to Ferreira and
Harriman? the yield of Ru(bpy)** is ca. 70% for the three acid
solutions used in our work, albeit at different concentrations.
Lin and Sutin reported a value of (80 16)% for the escape
reaction in HCIQ solutions?* With ®, = 1 the calculated
values ofAHr = E; — (g1 + @) (Table 1) afforded an average
108 £+ 11 kJ/mol, which is within the value of 112 kJ/mol
reported by Marcus and SufinThus, under our conditions the
escape efficiency is near unity areb = 1 can be used. In
any case, a consideration of escape efficiencies of 0.8
would result in volume changes differing by ca. 10%, i.e., within
experimental error of the experiments.

From the empirical analysis of the volumes and enthalpy
changes determined for both components of reaction A, i.e.,
reactions B and C, after laser excitation of Ru(Bpy)in
different salt solutions (Table 1) it is concluded that (i) speciation
rather than a bulk effect determines the value of the structural
volume chang@Vr ;> for the electron-transfer reaction C. This

The recovered amplitudes for the prompt process were is particularly evident when comparing solutions 5 with 8 and
independent of the composition of the solution. The dependence2 with 13 (Table 1), each pair having a similar ionic strength.

of the amplitudesp; on the ratio ¢,0/5) for both the fast and

(i) The nature of the anion and not that of the cations determines

the slow processes is depicted in Figure 3 for the solutions of the value ofAVg (compare, for example, solutions 9 and 10 in

the three Fe(lll) salts.

The average enthalpy content of the MLCT statel; = E;
- on = 183 + 6 kJ/mol (Table 1), was calculated from the
intercept of the points for the fastest process. It is similar to

Table 1). (iii) The reaction enthalpy changetlr = E; — (1

+ @) = 108 £+ 11 kJ/mol, does not depend on the counterion
present and is in good agreement with the value reported
previously (112 kJ/maP).
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TABLE 2: Logarithmic Values of the Formation Constants y -
of Chloride and Sulfate Iron Complexes in Aqueous A
Solutiong425
cation complex lod .5;
Fe* FeCl 0.32 2
FesQ 2.20 1 !
Fet FeCP* 1.48 &,
FeChb* 2.44 E
FeCk 0.99 )
FeSQ* 4.04 . 4
Fe(SQ)z~ 5.38 . . .
Fe(OHp* 11.81 0 10 20 30 40

[sulphate] (mM)
Quantitative Interpretation of the Structural Volume
Changes after Electron Transfer

The Speciation Model. The presence of anions in solution
which tend to form ion pairs with P& and with Fé*, as is the
case of sulfate, has a decisive effect on the reaction volume
change (Table 1). This observation led us to describe the results
in terms of a chemical model which takes into account the actual
speciation in the solutioheforeandafter the electron-transfer
reaction A.

Due to the large size of the Ru(bg¥)3" ions, it was assumed
that they do not suffer appreciable changes in the ion pairing ) . ,
(if any) with the anions, at the concentrations in the solutions 0 50 100 150 200
studied. [chloride] (mM)

The degree of association of ¥ and Fé"(a)in aqUeous  Figyre 4. Concentration change for each of the ions as listed, per mole
solutions is a function of the anion charge/diameter ratio. Thus, of Ru(bpy}?*, produced in reaction A for solutions containing: (A)
the sulfate ion is strongly associated witl¥fg; giving species sulfate ions and (B) chloride ion#lf Fe*, (O) Fe¥*, (®) Fe(OH¥T,
such as FeSE(ag) and Fe(SG)2 (aqy While with FE*(5g) only (2) FeSQ, (a) FeSQ", () Fe(SQ), (O) FeCl, (v) FeCF, (v)
the ion pair FeSQaq is formed. The chloride ion is less FeCh". The data were calculated with the speciation model using the
associated with the E&2+,q ions, and the perchlorate is association constants in Table 2 and used for the evaluatighwith

considered nonassociated with these cations. Values of the® . 4. Computer-smoothed lines were drawn through the points.
association constants for reaction K, of the anior-cation TABLE 3: Partial Molar Volumes at Infinite Dilution for
complexes as reported in the literaft#€® (Table 2) were used  Various Species in Aqueous Solutions, Obtained from

to evaluate the ionic speciation in solution before and after the Literature

(4m / [Ru(bpy),"1)

laser-induced reaction A. The speciation model also includes species Ve (cm¥mol) ref
the hydrolysis of the Fe(yq ion into Fe(OH¥' (g, Which is Fet 365 29
important at pH> 1. Fet —-221 29
SO 14.0 28

Fe"+ L xA™ = FeA((n—an)"‘ (D) HSO,~ 35.7 28

ClI- 17.8 28

. . . HT 0.0 28
In the framework of this chemical model, the totaV/y is

given by the sum of the intrinsic plus the external volume that the value of, changed<0.2% for all the solutions during

changes, eq 4. the photoinduced reaction.
The values ofV° for F&% g, FET(aqy SO?, HSQ™, HT,
AVg= ZAmV¢,i (4) and CI determined experimentally are given in Tablé®3°
I

For the iron ions we adopted the molar volume value reported
by Swaddle and MaR since these authors measured the
volumetric properties for solutions of Fe(C)@in 100 mM
HCIOy4. Even in these solutions the value for Fe(lll) corresponds
to a solution containing 6% of the Fe(CHyq) species.

There is a lack of information on the volumetric properties
of the Ru(bpy}?*/3* cations and of the various ireranions
complexes. In the following section the latter properties are

whereAm is the concentration change of the spedidsiring

the reaction. V,; is the apparent partial molar volume of the
ith species expressed as a function of the actual ionic strength
la Of the solution (on molality basis) by the extended Debye
Hickel eq 5 derived by Pitzeér, valid in the range of
concentration (ionic strength) used in this work,

A calculated using the present LIOAS data.
ZA,
V,; =V +—-In(1+b /1) (5)
’ 2b Application of the Chemical Model
In this equationV;° is the partial molar volume at infinite The volume Change Associated with the Ru(bpy}"
dilution, z is the ion chargeb = 1.2 (kg/mol}2, and A, = Oxidation. In every experiment the initial concentration of

1.874 cnd kg2 mol=32 at 25°C is the Debye-Hiickel limiting Ru(bpy}?™ was 7.5 x 1075 M. As discussed above, we
slope for the partial molar volunté. The values o¥;° for each considered that the oxidation to Ru(bg¥)in the presence of
species in solution include the structural and electrostatic effects.Fé+(aq) was complete, i.ep, =1 1in eq 3.

Thus, egs 4 and 5 can be viewed as a particular case of eq 1, The concentration changes for each species after excitation,
where the contribution of each species is considered individually per mole of Ru(bpyf*, are given in Figure 4A,B for the
and the ior-ion interaction is taken into account. It is noted solutions containing sulfate and chloride ions, respectively. The
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actual values of, for each of the solutions (Table 1) were TABLE 4: Partial Molar Volumes at Infinite Dilution of the
calculated on the basis of the actual ion concentrations obtainedChloride — and Sulfate—Iron Complexes Calculated in This
from the speciation model. The calculated pH for the solutions Wor

listed in Table 1 agree with the measured values within species Ve (cm¥/mol)
experimental error. This confirms that the adopted speciation Fe(OHR+ _354 8
scheme and the equilibrium constants used are correct. FesSQ 47+ 8
A first view of the changes in the solution upon reaction FesQ* 28+6
indicates that most of the Fe(lll) in solutions containing high EE(CSFQ)[ 16§i 21
sulfate anion concentration forms sulfate complexes with charges FeCOR+ o011
+1 or —1, while the Fe(ll) forms mostly neutral species, thus FeCh- 2549

reducing electrostriction. A similar effect is observed with
Chlo”de SO|U'[i0nS, although the Complexat|0n degree IS |0W€r the |argesv°, as expected because Of |ts b|gger Size_ However,

than in sulfate solutions. the value ofv® for this triple ion has a large uncertainty because

This provides a simple explanation for the negative total of the very small concentration change for this species during
volume changeAVg (last column in Table 1) observed for  the reaction (Figure 4).

reaction A. The formation of Ru(bpy)™ from Ru(bpy}?*"
increases the electrostriction of water molecules, giving a
negative contribution to the volume change. The reduction of
the Fe(lll) ions does not compensate this effect because both
iron ions form complexes with the anions, which leads to a
reduction of the charged species in solution.

In the case of perchlorate solutions, in which there is no
complex formation and only electrostriction effects are expected,
an expansion oAVg ; = +2.04 0.2 cn#¥/mol (solutions 1 and
2 in Table 1) is observed after intermolecular electron transfer
(reaction C), in good agreement with the qualitative prediction
using the DrudeNernst equation, as commented in the
Introduction.

When a similar calculation as outlined above for solutions
5, 6, and 7 is applied to the data for solutions 3 and 4, the
absolute values obtained fawW°g, are up to 6 criffmol larger
than those obtained with solutions 1 and 2. The complexity of
solutions 3 and 4 and the uncertainty of the association constants
might be the reason for the discrepancy.

A similar treatment was applied for solutions containing
chloride ions. In this case we have considered the values of
AVR of solutions 8, 9, 10, and 12. Solution?as not used
since the presence of sulfate makes the system excessively
complex. The volume change measured for solution 10 is
almost identical with that of solution 9, as expected from the

Since the value oAV is practically the same for solutions similar speciation if the hydrolysis of the ammonium lon is.
1 and 2, the contribution of the Ru(bg§)/* oxidation AV°gy, neglected. Thus, egs 4 and 5 were solved in order to obtain
eq 6) to AVg and the value ofv° for Fe(OH}* (g can be the values ofv° for FeCl(ag, FeCF' (o, and FeCl*(g also

. : ; -+
calculated from the data for these two solutions, containing only listed in Table 4. The concentration of Féglyand FeCH (ag
ClOs~ anions ions in solution 12 is quite low, and thus, the volume change

measured for this solution was used to calculate the volume of
AV°g, = Vg, bpy) Vory (bpy)* (6) the FeClt(aqion. This species predominates in solutiorsl8,

and the calculated values for the other chloride-iron ions bear
Two equations including both quantities are used. The calcu- & 1arge error. The values in Table 4 for these species are
lated valuey°® = —35+ 8 cni/mol for Fe(OH}* g, indicates consistent with that expected from the electrostriction effect,
that the volume of this ion is similar to that of the nonhydrolized 2s follows from the comparison o for FE&" ag and FeCt ag)
Fe* ag ion (see Table 3) AV°r, = —15.4 cn¥/mol was derived Also, the value ol for the single charged FeGlgis similar
from the data for solutions 1 and 2 and was adopted for the tO that of the Ct anion, while FeCt"aq has the largest volume
subsequent calculations. among the iror-chloride complexes.

Recently, Sachinidis et 8t.studied the volume changes for

the couple Fe(bpy)™3* by an electrochemical method (pressure Conclusions

dependence of the redox potential). For the oxidation of the i .
Fe(bpy)2* ion these authors report a valnd/g = —19.9 cni/ Enthalpy changes and volume changes associated with

mol, in good agreement with the value calculated in this work Photoinduced ligand exchange reactions are analyzed using
for Ru(bpy}2" oxidation using the LIOAS data and the LIOAS as a sensitive and relatively simple method suitable for

speciation model. We do not expect differences in the elec- the study and characterization of transient species produced in
trostriction effect by changing the central metal since the sizes Photoinduced electron-transfer reactions. _

of the ruthenium and the iron ion complexes are large and As judged from the results obtained with the representative

relatively similar. case studied in this work, the reaction volume changes in
Partial Molar Volumes of the Iron Complexes. By solving electron-transfer reactions are very sensitive to the composition

egs 4 and 5 with the valutV°g, = —15.4 cn#/mol, the partial of the medium, as a result of specific interactions of the

molar volumes at infinite dilution of the three irersulfate photoreactive ions with the counterions. Using LIOAS to

complexes were calculated, using th¥r values determined measure these volume changes, it is possible to calculate partial
for solutions 5, 6, and 7, which contain enough sulfate anions molar volumes of ions and other species at dilutions not
to compete efficiently with the hydrolysis of Pe In any case, attainable by using conventional methods, such as density
for the calculation, the value of° = —35 cn#/mol for determinations. This is important since in many measurements
Fe(OHP* aq was used (vide supra). The results summarized performed at higher concentrations the linear extrapolation to
in Table 4 seem reasonable when compared with other monovadnfinite dilution is not warranted.
lent ions of similar size. The errors reported in this study for the partial molar volumes
Thus, the FeS@ ion has a partial molar volume at infinite  of the ion complexes are not a severe limitation of the method.
dilution very close to that reported for H3O The uncharged In fact, they are dramatically reduced by performing LIOAS
FeSQg)species has a largdf due to the loss of electrostatic measurements with solutions covering a wider range of com-
interactions with the solvent molecules. Finally, FegsOhas positions.
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