Thermodynamic changes associated with the formation of the
hydrated electron after photoionization of inorganic anions:

a time-resolved photoacoustic study T
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The enthalpy and volume changes, AH and AV, associated with the 266 nm laser-induced photoionization reactions

of aqueous ferrocyanide and iodide ions, to yield the hydrated electron, e”

ag» and oxidized products were determined

by temperature-dependent time-resolved photoacoustics. The photoionization quantum yield as function of
temperature (9-30 °C) was determined by laser flash photolysis actinometry. The obtained values were used for the

calculation of thermodynamic parameters associated with the formation of e~

such as the apparent partial molar

aq>

volume, V°,- =26 cm® mol ', and the standard formation enthalpy and entropy changes, AH °,- = 31 kJ mol ' and
TAS®. =338 kI mol . These results indicate that the formation of the aqueous excess electron solution is governed
by the increase in entropy in the three-dimensional hydrogen-bonding network of water.

Introduction
The UV irradiation of the charge-transfer-to-solvent (CTTS)

band of inorganic anions in water produces hydrated electrons
and oxidized species (eqn. 1)."”7

X o + v — (X

aq

aq)* - Xaq + eiaq (1)

Photoionization reactions are charge-transfer processes that
produce changes in the number and/or distribution of electrical
charges after photon absorption. Therefore, important changes
may be expected in the structure of the solvation sphere of
the chemical species.® These processes are open to being studied
by time-resolved photoacoustics (TRP). This technique has
been widely employed to investigate enthalpy and volume
changes of photoinduced reactions in solution.® In previous
reports, we demonstrated the suitability of TRP to obtain
volume changes and partial molar volumes of the hydrated
proton,'® of ionic species produced by speciation changes in
photoinduced electron-transfer reactions,'! and of ion radicals
generated in photodissociation reactions.’? The partial molar
volumes are relevant parameters in elucidating structural inter-
actions (i.e. ion—ion, ion—solvent, solvent-solvent) occurring in
solution."

In this report, the temperature dependence of the acoustic
wave produced on laser flash excitation (266 nm, 20 ns fwhm) of
ferrocyanide, Fe(CN)s*, and iodide, I, ions in aqueous solu-
tions was determined using TRP. The experimental data were
analyzed in terms of thermal and volume contributions to the
acoustic wave, and related to the corresponding enthalpy and
volume changes, AH and AV, of the photoionization reactions.
The photoionization reactions of Fe(CN)*",, and 1", involve
monophotonic fast dissociation, yielding simple ionic species**
(eqn. 2 and 3), which can be easily detected by laser flash
photolysis (LFP)."

Fe(CN)g* 4 + v — Fe(CN)& oy + € o ©)

+ Dedicated to Professor Silvia Braslavsky, to mark her great contri-
bution to photochemistry and photobiology particularly in the field of
photothermal methods.
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ALt hv— 1t ey, 3)

The aim of this paper is to obtain thermodynamic inform-
ation concerning reactions 2 and 3 which is not easily obtained
using conventional calorimetric and volumetric methods. This
information can be related to the thermodynamic changes
occurring upon formation of the hydrated electron, € ,,, which
is a fundamental species with relevance in solution chemistry
and in biological reactions."®

Experimental

Materials

Sodium iodide (99%) from Hopkins & Williams Ltd. (Chadwell
Heath, Essex, UK) was used as received. Sodium chloride and
sodium dichromate (Na,Cr,0,) were of analytical grade from
Merck Quimica Argentina (Buenos Aires, Argentina). Potas-
sium ferrocyanide [K,Fe(CN)s] was of analytical grade from
Ciccarelli (Buenos Aires, Argentina). Naphthalene was from
Aldrich (Milwaukee, WI, USA) and used as received. Water
was triply distilled.

Methods

Absorption spectra were recorded using a Shimadzu UV-
2102PC spectrophotometer, operating with 0.5 nm spectral
resolution and a thermostated cuvette holder.

The experiments were performed with 0.1 M Nal and
0.5 mM K, Fe(CN)¢ aqueous solutions. In all cases, the salt
solutions were degassed by bubbling with water-saturated Ar
for 20 min to reduce the scavenging of the hydrated electrons by
dissolved O,. The temperature range was 9.0-30.0 (+0.1) °C.
The pH values of the solutions were monitored before and
after each experiment, and, in all cases, they were unchanged
(pH 6.5%0.2).

Transient absorption spectra were measured with a home-
made laser flash photolysis (LFP) system, described previ-
ously,'®!” using a Spectron SL400 Nd-YAG laser generating
266 nm pulses (fwhm 20 ns) as the excitation source. The
photoionization quantum yield (&,-) was determined by laser
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actinometry using the triplet-—triplet absorption of naphthalene
in hexane at 414 nm as the reference.'®

The details of our time-resolved photoacoustic (TRP) set-up
have been reported before.!” The total laser energy beyond the
rectangular slit (0.5 mm w X 5 mm h) was <100 pJ per pulse,
measured with a Melles-Griot model 13PEMO001 pyroelectric
energy meter. The TRP signal handling and the deconvolution
procedures were performed using a multi-exponential sequen-
tial kinetic model supplied by the Sound Analysis 3000 1.50D
software (Quantum Northwest Inc., Spokane, WA, USA).

Typically, the absorbance of the solutions was ca. 0.5 at
266 nm and room temperature for both LPF and TRP experi-
ments. Since the ground state absorption spectrum of iodide
is dependent on temperature, due to changes in its hydration
shell," calibration curves of the Nal absorbance at 266 nm as a
function of temperature were plotted, allowing correction of
the absorbance values relative to that of the calorimetric refer-
ence (ca. 0.1 mM Na,Cr,0,), which was temperature independ-
ent under our experimental conditions. For the TRP experi-
ments with Nal, the reference solution of Na,Cr,0, was pre-
pared in 0.1 M NaCl solution in order to obtain equivalent
ionic strength and thermoelastic parameters, as was found pre-
viously for aqueous solutions of 0.1 M monovalent salts.?*?*' Tt
was assumed that NaCl does not interfere with the experiments,
since the chloride anion is transparent at 266 nm.

The photoionization quantum yield as function of temper-
ature was also corrected for absorption changes in the Nal
solutions. All the experiments were performed in duplicate.

Results and discussion

Laser flash photolysis experiments

Fig. 1 shows the transient absorption spectra of 0.5 mM
K,Fe(CN),; and 0.1 M Nal aqueous solutions observed after
50 ns and 8 ps of 266 nm laser excitation at room temperature.
The spectra in Fig. 1 confirm that the e, species was formed
immediately after the laser pulse, as indicated by the broad
intense band centered at 720 nm.'* The other transient products
of eqn. 2 and 3 were also formed during the laser pulse excit-
ation. This is clearly shown when the literature spectrum of e,
(dotted line in Fig. 1) matched at 580 nm (where only the e,
species absorbs) is compared with the experimental spectra.
For the ferrocyanide solution, a small absorption shoulder is
observed at 420 nm due to the weak absorption of the oxid-
ized product Fe(CN)g ™4 (£420= 1030 M™' cm™)." In the case of
the iodide solutions, in addition to the sharp band at 380 nm
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Fig. 1 Transient absorption spectra of 0.5 mM K, Fe(CN); (left) and

0.1 M Nal (right) aqueous solutions upon 266 nm laser excitation
observed at (@) 50 ns and (O) 8 ps after the laser pulse. The dotted line
represents the spectrum of the hydrated electron from ref. 14,
normalized at 580 nm, where the Fe(CN)*~,, and I, species do not
absorb (see text for details). The insets show transient decays observed
at the maximum wavelengths.
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(8380 = 9400 M~ cm™")," a small contribution from a broad
band due to I,”,,, with a maximum at 750 nm (g&;5, = 3000 M~
cm')," is observed. The I,",, species is formed by the reaction
between the neutral iodine atoms I,,, formed after electron
photodetachment, and the excess I, (eqn. 4 and 5)."

gt hv—1,,+ e, 4
Iaq + Iiaq - I27aq (5)

Under the present iodide concentration, and assuming a
rate constant value of 5 x 10° M~ s™! as the diffusional limit
in aqueous media, it can be expected that reaction 5 occurs
in <2 ns. Thus, the global reaction 3 is completely produced
during the laser pulse excitation, as shown in Fig. 1. The transi-
ent species decayed with an average lifetime of 2.0 = 0.5 ps,
depending on temperature, assuming a first-order law. However,
strictly speaking, the decays show a bi-exponential behavior. At
8 us after the laser pulse, the absorption band due to the
hydrated electron has almost disappeared, and the remaining
spectra are due to the Fe(CN),*",, and I,7,, species (Fig. 1).
This result indicates that e”,, decays faster than the other
species within the microsecond timescale, probably due to effi-
cient reactions with residual dissolved oxygen and protons,?
in addition to the recombination reaction with the oxidized
species Fe(CN)s*",, or 1,7, respectively. This assumption
accounts for the bi-exponential decay behavior observed in all
cases (Fig. 1).

Transient actinometry was used to determine the quantum
yields of hydrated electrons (®.-). The change in absorption of
the hydrated electron was selected at 720 nm (g,5 = 19000 M ™!
cm )™ for the photolysis of ferrocyanide and at 580 nm
(esg0 = 10900 M ™' cm™")* for the iodide solutions in order to
avoid interference by the I, ,, species (vide supra)."*'® The
triplet—triplet absorption of naphthalene in cyclohexane at
414 nm (gg4 = 22000 M~' cm™!, @y = 0.75)" was used as the
reference. The @,- values were determined in the same temper-
ature range as for the TRP experiments (see below). Plots of
the extrapolated initial absorbance change, AAbs(z = 0), at the
monitored wavelength vs. the laser energy are linear with zero
intercepts (Fig. 2), confirming the monophotonic nature of the
photoionization reactions.>® The @, values were obtained
from the ratio of the slopes in Fig. 2 and using the absorption
coefficients given above. They are presented in Table 1 as a
function of temperature.

The @ values at room temperature presented in Table 1 are
in agreement with previous reports."® The small increase in the
quantum yields with temperature probably indicates an incre-
ment on the escape efficiency of the ionic species from the
geminate pair.
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Fig.2 Initial absorbance change [AAbs(z =0)] vs. laser energy at 25 °C:
(®) naphthalene in cyclohexane (reference); (O) aqueous 0.5 mM
K, Fe(CN)g; (M) aqueous 0.1 M Nal. Monitored at 414, 720, and
580 nm, respectively (see text for details).



Table 1
function of temperature

Photoionization quantum yield (®,) thermoelastic parameters ratio (c,p/f5), and prompt amplitude of the photoacoustic signal (p) as a

0.5 mM Fe(CN)K, 0.1 M Nal
Temp./°C b, ¢ (cop!B)"1KT cm ™ 0° D, (cpp!B) /KT cm™> 0°
9 0.24 33.9 0.67
9.5 0.43 50.5 4.03
11 0.26 27.8 0.69
12 0.43 36.5 3.22
13 0.28 21.9 0.76
15 0.44 28.2 2.30
19 0.44 21.6 2.08 0.28 17.7 0.79
22 0.28 15.0 0.80
25 0.44 15.9 .59
30 0.45 13.2 58 0.29 12.9 0.81
Experimental errors: ¢ £10%, * £10%, < £5%.
Time-resolved photoacoustic measurements
. . Evep=q+@ AV 22 ®)
In order to estimate the enthalpy and reaction volume changes 266 e Yij

of reactions 2 and 3, temperature-dependent time-resolved
photoacoustic (TRP) measurements were performed under
the same experimental conditions as for the LPF experiments.
In all cases, the plots of TRP signal amplitude vs. laser energy
were linear with zero intercepts (data not shown), indicating
that bi-photonic processes or signal saturation do not take
place.

The analysis of the TRP signals was performed using a
deconvolution procedure described elsewhere”® In TRP
experiments the signal function, S(¢), is the convolution of
the instrumental function, R(¢) (the signal of the calorimetric
reference), and the sample function, H(f) (eqn. 6 and 7),

S(H) = R(t) ® H(z) 6)

with

H(t)= Z%exp[—%) )

i

where ¢; and 7; are the reference-normalized amplitude factor
and lifetime for the ith component of the TRP signal, respect-
ively. In the present case, only the prompt component of the
acoustic signal yields information associated with the reactions
2 and 3. As was mentioned earlier, these processes occur much
faster than the time resolution limit of our experimental set-up
(ca. 20 ns).** However, the acoustic wave also contains contri-
butions from the decay processes of the photoionization
products occurring on the microsecond timescale. Therefore, a
multi-exponential deconvolution procedure was applied (data
not shown), allowing the precise separation of the prompt
(<20 ns) amplitude factors (¢) corresponding to the non-
radiative processes forming the e”,, and the oxidized species
Fe(CN)s* ., and 1,7, from those corresponding to the decay
processes of these species on the microsecond timescale. The
lifetimes of the slower components of the TRP signals were
coincident with those from the LPF experiments (ca. 2.0 £
0.5 ps, see above). This result allows a precise separation of the
prompt and slow components of the TRP signals by deconvolu-
tion techniques, since both processes are separated in time by
more than two orders of magnitude.?

Table 1 shows the amplitude factor values for the prompt
component of the TRP signal as a function of temperature. The
thermal and the volume change contributions to the acoustic
wave for the prompt component of the TRP signal were separ-
ated using the temperature variation method, which is based on
the dependence of ¢ on the thermoelastic parameters of the
solvent, c,p/ff (eqn. 8),” where E,q is the excitation molar energy

at 266 nm (= 450 kJ mol™"). ¢,, p, and f are the specific heat
capacity, the mass density, and the cubic expansion coefficient
of the solvent, respectively.* In water, f is strongly dependent
on temperature.** Thus, the ¢,p/f ratio can be varied almost
fourfold by changing the temperature of the solution between 9
and 30 °C. It is well known that the addition of electrolytes at
concentrations >10 mM changes the thermoelastic parameters
of water.”® Therefore, the values of ¢,p/f for 0.1 M salt solutions
at different temperatures were obtained by comparing the photo-
acoustic amplitude signal of the calorimetric reference in
water and in the solution used, as described previously.'®!!?*
The corrected values of the c,p/f ratio for 0.1 M salt solutions
are also presented in Table 1.

In eqn. 8, the term ¢ represents the prompt heat released
during the photoionization reaction, which is related to the
reaction enthalpy change by eqn. 9.

q=Exs — P AH ©)

Combining eqn. 8§ and 9, a more convenient expression is
obtained: ?

s (10)

Eys (9 —1) —_AH + AV[MJ
. B

Fig. 3 shows the plots of the left-hand term of eqn. 10 vs. the
c,plf ratio for the studied solutions. The plots were linear, as
predicted by eqn. 10, and the intercepts and slopes correspond
to the AH and AV values, respectively, for reactions 2 and 3
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Fig. 3 Plots of eqn. 10 for the prompt component of the photo-
acoustic signal (r < 20 ns) produced after 266 nm laser excitation in
(©) 0.1 M Nal and (@) 0.5 mM K,Fe(CN), aqueous solutions.
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Table 2 Enthalpy and volume changes (AH and AV, respectively) for
the UV photoionization reactions of Fe(CN)*",, and 1", determined
via time-resolved photoacoustic measurements

Solution AH/kJ mol™! AV/em?® mol™!
0.5 mM K,Fe(CN), 377 + 125 67+6
0.1 M Nal 88 £ 30 —15+1

(Table 2). Correction of the AV value for ionic strength effects
in the 0.1 M Nal solutions resulted in ~0.3 cm® mol™', applying
the extended Debye—Hiickel equation derived by Pitzer.?® This
value is within the experimental error for AV (1 cm® mol™);
thus, in the present case, the ionic strength effect can be
neglected.

The partial molar volumes of ™, and I,

aq

At first sight, the volume change data in Table 2 seem contra-
dictory when the ferrocyanide and iodide solutions are com-
pared. However, it must be remembered that the experimental
volume change, AV, represents the difference between the
standard partial molar volume (7)) of the products and react-
ants of the studied reactions, which are dependent on the indi-
vidual contributions of the chemical species.”” V°; represents the
actual molar volume of the ion in the aqueous environment. In
addition to the intrinsic van der Waals volume, 7°; contains also
contributions from hydration, electrostatic interactions, and
structuring of water molecules around the ions.?® For example,
for reaction 2, it can be written

AV = (Vpaenye- T Vo) = Vopemye- = 67 cm®* mol ™" (11)

The experimental V°; values for the Fe(CN)*~ and Fe(CN)*~
ions are 96 and 137 cm® mol ™', respectively.?® Therefore, eqn. 11
allows us to obtain an estimate of the ‘apparent’ partial molar
volume of the hydrated electron, i.e. ¥°, =26 cm® mol ™.

The conventional picture for the ground state of the equi-
librated solvated electron in polar solvents (water, ammonia,
alcohols, etc.) includes the formation of a cavity (bubble) com-
parable in size with the solvent intermolecular distance.” Quan-
tum molecular dynamics calculations confirm that the ground
state charge distribution is s-type and roughly spherical.*® Thus,
if a spherical shape for the electron cavity is assumed, the
experimental value of V°, = 26 cm® mol™' corresponds to a
spherical volume with a radius of 2.18 A, which is in remark-
able agreement with the radius of the hydrated electron cavity
obtained from theoretical calculations (1.94-2.33 A).?

In turn, the standard partial molar volume of I, is 42 cm?
mol ™', ® but V° for I,™,, is unknown, due to its transient nature.
However, using the experimental AV and V-, values together
with the calculated V°,, an estimate of V°;- can be obtained,
in accord with eqn. 12.

AV=(V + Vo) =2V = —15em’mol ™ (12)

The calculation yields V°- = 43 cm® mol™', which is a
reasonable value considering that the sum of V°;- and the van
der Waals volume of the neutral iodine atom (¥; = 6 cm® mol ™!,
calculated on the basis of a spherical atom with a radius of
1.33 A)?* is 48 cm® mol™". The calculated value is also in line
with the experimental value of 63 cm® mol™' for the larger I~

ion.?®

Enthalpy and entropy of formation of ™,
The experimental AH values in Table 2 can be related to the
difference between the standard enthalpy of formation (AH °)
of the ionic products and reactant. In particular, for the photo-
ionization of iodide, the experimental AH value can be
expressed as eqn. 13.

AH=(AH®; + AH®,) — 2AH; =88k mol' (13)
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In order to calculate AH . from eqn. 13, it is necessary to
know AH° for I,”,, and I",,. The reported value of AH°; for
I, is —55.3 kJ mol ',* but, of course, no data is available for
I,7,,- Nevertheless, an estimate of AH %, can be made if it is
assumed that the AH°; for I, is between the reported values
for I qand I, (—=51.5 kJ mol™").** Thus, assuming an average
value of AH% = —53.6 kJ mol™' for I, ,, eqn. 12 yields
AH°, = 31 kI mol™'. Unfortunately, to our knowledge, no
AH®; data for Fe(CN)¢*",, and Fe(CN)s*",, are available in
order to use the measured AH value of reaction 2 for a second
set of calculations of AH ;.

However, our calculated AH °;,- and V°,- values can be com-
pared with the free energy of the equilibrated ground state of
the hydrated electron of —3.2 ¢V (= 309 kJ mol™").3*3! In previ-
ous reports, we proposed the empirical relationship XAV =
T AS, with the empirical constant X = 13 + 1 kJ cm >, applied
for the solvent hydrogen-bonding rearrangement produced in
intra- and intermolecular electron-transfer reactions in aqueous
solutions of 0.1 M monovalent salts.?**! The units of the empir-
ical constant X are those of the c,p/f ratio. Linear correlations
between AV and AS in aqueous media have been reported for
several inorganic and organic systems.*? The formation of the
hydrated electron cavity should produce a hydrogen-bonding
reorganization in the three-dimensional hydrogen-bonding
water network. Thus, using the above empirical relationship
with 7°, = 26 cm® mol™!, we obtain TAS = 338 kJ mol™".
Because the thermodynamic identity AG®%, = AH%, -
TAS®%,. must be obeyed, our experimental AH°%, and
TAS®, values yield AG%, = —307 kJ mol™', in complete
agreement with the reported free energy for the ground state of
the hydrated electron (see above), supporting the calculation
procedures for AH®, and TAS’, . In addition, these results
suggest that the formation of excess electrons is governed by an
increase in the entropy in the system, arising from the reorgan-
ization of the three-dimensional hydrogen-bonding network of
water.

In summary, we have demonstrated the use of the time-
resolved photoacoustic technique for the study of photoioniz-
ation reactions in water. The experimental enthalpy and volume
changes obtained allowed, for first time, a direct calculation of
thermodynamic parameters associated with the formation of
the hydrated electron, i.e. AH,, TAS®,, and V°., and the
V° value of the transient anion I,7,,. These fundamental
parameters can be used in the study of further photoionization
reactions for thermodynamic calculations involving other
transient or stable reaction species.
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