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Photoinduced Electron-Transfer Reaction between the Erythrosin Dianion and Mo(CNy*~
in the Presence of Various Cations. The First Example of EnthalpyEntropy Compensation
in Electron Transfer between Anions
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The electron-transfer reaction between the erythrosin dianion triifdet,, and Mo(CN)*~ was studied by
laser-induced optoacoustic spectroscopy in the presence of various catign¥4LiK*, and C¢, all at 4.4

x 1072 M analytical concentration). The buffer was in each case the correspongB@stB(OH),~,M* (pH

9.18 at 20°C). The enthalpy level of the tripléEr?>~ is AH; = 1804 10 kJ mol* independent of the cation.

The structural volume change féEr?~ formation isAV; = ca. 2 mL mot?, attributed to intrinsic changes
upon its formation. The formation of the redox productd B+ Mo(CN)g®~ also leads to an expansiofs,
between 12 mL mof for Li* and 8 mL mot? for Cs", which linearly correlates with the heat released
during the radical formation step. The correlation is interpreted in terms of an enttedpypy compensation
effect, due to the strong influence of the cations on the H-bond water network, also reflected in the correlation
betweemAV; and the literature values for the ability of the cations to organize the water structure. The entropic
term for the formation of the free radicals upon triplet quenching thus originates in the water network
rearrangement in the course of the electron-transfer process and is relatively large at room temperature.

Introduction on the Ru(bpy¥" emission-quenching rate by MV.# Clark
Electron-transfer reactions between molecules in solution andand Hoffmari found that both the forward and the backward
in biological systems (e.g., in redox proteins) are accompanied electron-transf_er_ rate constants within the solvent cage were
by changes in the structure of the reaction partners (internal Strongly and similarly affected by the nature of the counterion.

changes) as well as by medium rearrangements, i.e., reorganiza- In view of the fact that the Gibbs free energyGr of the
tion of the molecules that form the reaction cage. Internal reaction was constant throughout the series of arfiothe,
changes result from variations in the reactants’ bond lengths correlationAHg vs AVr determined by LIOAS led to the value
and ang|esy whereas medium Changesl such as solvent reorgé).f AGR for the electron-transfer reaction. In faCt, the Intercept
nization, may be due to variations in the distribution of charges Of the plot AHgr vs AVg afforded the same\Ggr value as

(electrostriction) and/or in specific solutsolvent interactions ~ Measured.Furthermore, the very large entropic tefSg in
as a consequence of the electron-transfer reaction. the Gibbs equation (comparable to the enthalpic term at room

Laser-induced optoacoustic spectroscopy (LIOAS) is a con- temperature), determined by the solvent rearrangement, docu-
venient technique to determine the above-mentioned changegnented the concept that entropy changes cannot be neglected
produced during photoinduced reactions. The time-resolved in electron-transfer reactioris.

reaction enthalpy chang&Hg and structural volume change We argued that the above results were the consequence of
AVg (both quantities comprising the internal and medium changes in the structure of .the water H-bond network due to
rearrangements) can be readily determined with LIOAS. perturbation by the counterion and that the H-bond network
We recently found a linear correlation betwesHg andAVg between the electron-transfer reaction partners controls the
for the formation of the radical ion pair upon quenching of the thermodynamics of the reaction. o _
metal-to-ligand charge-transfer triplet sta@(CT) of Ru- Inasmuch as electron-transfer reactions in solution between

(bpy)s?* by the methyl viologen cation (M&), along a series ~ Partners of the same type of charge (i.e., both positive or both
of added sodium salts. The strong linear dependence betweer’€gative) should be mediated by the water H-bond network and
the values of\Hg andA Vi was explained in terms of enthalpy the counterions, we decided to reanafyizelight of the above _
entropy compensation effects due to the perturbation of the findings the quenching reaction of the xanthene dye erythrosin
H-bond network in water by the various anidtis. other words, ~ triplet state {Er*") by a metal cyanide anion, Mo(Cky, now
the values ofAHr and AVg were largely determined by the N the presence of various monovalent cations. We chose this
changes in the interactions of the reacting partners with the @nion because in our previous work it showed the largest
medium. The compensation effect was related to the anion effectStructural volume change among the various anions used, albeit
a small value in absolute terrhsThe buffer needed to avoid
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K*, or Cs" at identical concentrations. ASG of the reaction TABLE 1: Thermoelastic Parameter Ratio c,o/f for the 4 x
step can be assumed constant along the series of cations, thé0 ? M HsBO3/B(OH),",M* Buffer Solutions with M* = Li ™,
linear correlation leads again in this case to the valuAGf Nar, K*, or Cs

for this particular step taking place in cau®, provided that T, Copl B, T, Copl B, T, CoplB,
the intercept of theAH vs AV plot affordsAG. However, for °C kJ mL™ °C kd mL™ °C kd mL™
the production of the triplet state, we find no significant cation 12 33.4 20 19.4 35 11.8
dependence for thAH and AV values. 14 27.6 25 15.7

17 22.6 30 13.4

Experimental Section lifetime resolution of ca. 60 ns was therefore achieved by using

Materials. Erythrosin B (lodeosin, Aldrich) was used as deconvolution procedures. To avoid multiphotonic processes,
received. KMo(CN)s:2H,O was prepared according to the the total energy of the laser pulse wa80 ¢J, which lies within
literature procedurgThe potassium salt was converted intd Li the linear fluence region for the system studied. The detecting
Na", and C§ salts by ion exchange chromatography. For system consistedf@ 4 mm ceramic piezoelectric transducer
consistency purposes, the same procedure was also applied fo(PZT, Vernitron), pressed against a cuvette’s side wall parallel
K*. In a typical preparation, 1 mmol of K1o(CN)g-2H,0 was to the laser beam direction. The PZT signals were amplified
dissolved in 3 mL of Millipore-purified (Milli-Q) water and 100 times (Comlinear E103, Ingolstadt), recorded by a digital
passed through a Dowex 50W X2 (200 mesh) cation exchangeoscilloscope (Tetronix TDS 684A), and transferred to a work-
resin column (= 20 cm,d = 1.5 cm) previously loaded with  station and a PC for data analysis. An average of 100 acoustic
the desired counterion. The collected solution was then filtered waves were collected for the sample and calorimetric reference
through a 0.2«m membrane and lyophilized to dryness (final under the same conditions. The spectra remained essentially

pressure<10-3 mbar), yielding a yellow fine powder of M unchanged after the LIOAS experiments.
Mo(CN)sxH20 (x =5, 4, 2, and 2 for M= Li, Na, K, and Cs, The sample signal was considered as a convolution of the
respectively, according to elemental analysis). prompt instrument response function (measured with the

To analyze the influence of the counterions on the photo- calorimetric reference) and a time-dependent multiexponential
chemical and photophysical properties of the solutions, we useddecay function describing the pressure evolution in the sample.
the Lit, Na, K*, or Cs" salt of Mo(CN}*~ and HBO3/ Deconvolution (using the Sound Analysis program, version 1.14,
B(OH),~,M* buffer solutions with the same cation (in every Quantum Northwest Inc., Spokane, WA) of the sample signal
case pH 9.18 at 20C). The individual buffers were prepared with the instrument response thus yielded the amplitugl® (
by mixing solutions of HBOz; and M(OH) of the proper  and lifetime ;) values for the various decay processes. The
concentration, chosen to have the same concentration as thaseveral-temperatures method was employed between 12 and 35
used in our previous study, i.e., 40 mM buffer, resulting iff]M ~ °C.t
= 20 mM3 The Na concentration introduced by the erythrosin The thermoelastic parameter ratigp/$ (Table 1;c, = heat
salt was negligible (# 10°% M), i.e., more than 1000 times  capacity,o = density,3 = volume expansion coefficient) were
lower than the concentration of the added saltx(6.0~3 M) determined for each buffer by comparing at each temperature
and the buffer (20« 102 M). the fluence-normalized LIOAS signal amplitude for bromocresol

All solutions were bubbled for 10 min with argon prior to  purple in water with that in the different buffer solutions. At
the fluorescence, LIOAS, and transient absorbance measure€ach temperature the ratigo/$ is essentially the same for the

ments. four cations (differences are less than 0.1%).
Methods. Absorption spectra were recorded with a Shimadzu
UV-2102PC spectrometer. Results

Steady-state fluorescence and excitation spectra were mea- The absorption spectra of erythrosin (21076 M) in 40
sured with a computer-controlled Spex-Fluorolog spectrofluo- mm HsBOs/B(OH),~,K* buffer, of 1.2x 1072 M K 4Mo(CN)g
rometer, as described by Araméadst al’ Excitation at 510 in 40 mM HsBO3/B(OH),~,K* buffer, and of the 1:1 mixture
nm was used to obtain the fluorescence spectra. of both solutions are shown in Figure 1A.

Flash photolysis with optical detection was performed with  The absorption spectra of the erythrosin solutions i 803
the equipment described by Schmidt e &xcitation was at M solutions of the various MMo(CN)sg salts in the respective
532 nm (second harmonic of a Nd:YAG laser, 15 ns pulses; 40 mM HsBOs/B(OH),~,M™ buffer were very similar (Figure
JK Laser System 2000, Rugby, U.K.). The analyzing beam 1B). In particular, the visible absorption band was identical.
source was a pulsed Xe arc lamp for the detection at the shortThere were some differences in the strength of the 400 nm
times, whereas it was a 100 W tungsten halogen lamp for the shoulder, due to different absorption coefficients of the four
detection at the longer times. The temperature was 117°C. M4Mo(CN)g salts in this region.

For the LIOAS measurements, the method and equipment The fluorescence spectra of the erythrosin solutions in the
previously described were usé#?® The excitation source was  presence of the variousMo(CN)g salts in BHBOy/B(OH),~,M*
the second harmonic (532 nm) of a Nd:YAG laser (Spectron buffer, excited at 510 nm (al\s1o = ca. 0.2) were also very
Laser System, Rugby, U.K.; 8 ns pulses, repetition rate of 2 similar. All emission maxima were at 550 nm (Figure 1A), and
Hz). Absorbances of the erythrosin solutios < 0.3) were the areas under the emission curves were also very similar,
matched within 2% to those of the calorimetric reference indicative of identical (within experimental error) fluorescence
bromocresol purple at the laser excitation wavelength. The quantum yields.
concentration of Mo(CNJ~ was chosen high enough (i.e., 6 The emission spectrum shape and its maximum were not
x 1073 M) to ensure ca. 80% quenching &Er?-. Higher changed upon dilution of the solutions containing each of the
concentrations of the salts were not used to avoid salt-inducedfour cations, nor were the spectra changed upon decreasing the
Er?~ aggregation, which would inhibit triplet-state formation. buffer concentration 10 times (spectra not shown). Upon buffer

The excitation beam was shaped by a 1.0 mm width slit which dilution, the relative emission quantum yield, as evaluated from
afforded an effective acoustic transit time of ca. 670 ns. A the area under the emission curve, did not vary, strongly
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Figure 1. (A) Absorption spectrum of a (---) 7.2 10-° M erythrosin Figure 3. (A) Growth and (B) decay at 17C of the 410 nm transient
solution in 4x 102 M HsBOy/B(OH)s~,K* buffer, (- — —) 1.2 x absorption after excitation of erythrosin in the presence »f B3 M
102 M K4Mo(CN)s in 4 x 1072 M H3BOy/B(OH)s",K* buffer, M4Mo(CN)s in 4 x 102 M H3BOy/B(OH),~,M* buffer for M* (from
and () a 1:1 mixture of the previous two. The emission spectrum tgp to bottom)= Li +, Na*, K*, and Cg, all at similar (low) pulse
(= - - = Zee = 510 nm) of the latter solution is included. (B)  energies.Ass; = 0.310, 0.310, 0.302, and 0.315 for the solutions

Absorption spectra of 3.6 108 M solutions of erythrosin in the containing Lit, Nat, K*, and C$, respectively.
presence of 6x 10° M M4Mo(CN)g in 4 x 102 M H3BOsy/
B(OH),~,M™* buffer for Mt = Li*, Na', K*, or Cs, all at pH 9.18 at
20°C. The absorbance scale is only shown for the dpectrum. The Mo(CN)g salts (Figure 3). Three time windows were chosen,
other three are shifted for the purpose of cpmparison. In each case thq.e_’ a 10us, a 20us, and a 10 ms window. The signals were
spectra before and after the LIOAS experiments are shown; they are 054, red as a function of the excitation pulse energy, and only
essentially identical. the linear laser energy dependence region was used for the
40 guantitative analysis.

The erythrosin triplet3gr2) lifetime in degassed 4 102
. M H3BOs/B(OH),~,K™ buffer (As3, = 0.302, pH 9.18) was 40
20 . us as measured from the 620 nm decay. For thie,Na"-,

and Cg-containing buffers the lifetimes were 20, 31, and 22
us, respectively. Experiments with JKIo(CN)g] = 1.05x 1073,
°e 1.50 x 1073, 3.00 x 1078, 5.26 x 1072, and 6.0x 103 M

- H showed kinetics for the absorbance decay at 620 nm due to

20k " SEr2- identical to that for the 410 nm growth (Figure 3A) due

L . L . L to the free radical Br. The same was observed in similar
400 500 600 experiments with the L, Na*, and Cg salts. The resulting

wavelength (nm) quenching constants wekg = (7.1 + 0.4) x 10, (6.1+ 0.2)
Figure 2. Transient absorption spectra after excitation with a 15 ns  » 107, (6.3+ 0.2) x 107, and (10+ 1) x 10’ M~1s 1 for Li+,

laser pulse at 532 nm of an erythrosin solution in 4072 M H3BOy/ Na*, K*, and C$, respectively. A value ok, = 1.9 x 107

B(OH),~,K* buffer (Assz = 0.302, pH 9.18) ©) immediately after 1 et n T . ; T
excitation and @) 500 us after excitation and in the presence ok6 M™"s™ (in Na"-containing solutions at a higher lonic strength

oo

1073 M K4MOo(CN)s. Aops = 410 nm. and recalculated for zero ionic strength) has been previously
reportedtO
suggesting that aggregates of Eare not formed at the buffer After reaching an almost identical absorbance plateau, the

concentrations used. A higher buffer concentration would have kinetic traces of the 410 nm decay are cation dependent for the
produced aggregates known to inefficiently undergo intersystem same quencher concentrations and laser energies (i.e., the same

crossing. [Er37]) (Figure 3B). The ratio of the initial decay rates is 0.25:
Transient absorbance spectra measured upon laser excitatio.6:0.8:1 for Lif, Na", K*, and Cg, respectively (all data at

at 532 nm of a solution of erythrosin ingBOs/B(OH),~,K™ 17°C). The kinetics of the bulk recombination is complex, and

buffer in the absence and in the presence gfi&(CN)s show more data would be needed to determine the second-order rate

that the triplet absorption ofEr?~ at 620 nm, observed constants.

immediately after excitation for the erythrosin solutions, was  Extrapolation of the 410 nm decay lifetime in the 10 ms

strongly quenched in the presence ofMO(CN)s (Figure 2). window, performed with signals within the linear part of the
A new transient absorption at 410 nm indicative of the laser energy dependence (low excitation energies), led to an

formation of the E¥~ radical was observed instead. The growth amplitude that turned out to be cation independent (Figure 4),

and decay of the 410 nm transient absorbance were monitoredconfirming that the formation yield of the separated radicals

for erythrosin solutions in the presence of each of the foyr M (reaction 7; see the Discussion) is independent of the cation
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TABLE 2: Values Obtained and Derived from the Plots (Figure 5) Following Eq 2

ql,b AHl,C AVl,d AHZ = qZ,e AVZ,f AHR,g AVR,h ASDSU,i
kJ mol? kJ mol?t mL mol~t kJ mol? mL mol~?t kJ mol? mL mol™?t JK1tmol?
Li* 44.6 176 1.7 —-31 11.9 145 13.6 —96
Na" 42 179 2.2 —42 10.7 137 12.9 —-16
K+ 37.2 184 1.9 —29 11.3 155 13.2 20
Cs™ 49 172 1.6 —48 8.1 124 9.7 34

a All values are per absorbed einstein, without consideration of the reaction quantum yield, which is equal in the four cases (Figam 4).
plots in Figure 5: (intercepp:)E;. € AH; = (E; — g1 — D¢Es)/D; (see the text]. ¢ From plots in Figure 5: (slope:)E;. ¢ From plots in Figure
5: (interceptyy)E;. f From plots in Figure 5: (slopey)E;. ¢ AH; + AH,. "AV; + AV,. | From Marcus?®
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Figure 4. Laser pulse energy dependence of the absorbance at 410

nm after excitation of the solutions of erythros#s4, = 0.310, 0.310,
0.302, and 0.315 for the solutions containir@) Li*, (o) Nat, (m)
K*, and @) Cs', respectively) in the presence 0f610-3 M M 4Mo-
(CN)g salt and 4x 1072 M H3BO4/B(OH),~,M* buffer of the M" as Figure 5. Preexponential terms vs the ratio of thermoelastic parameters
indicated. The extrapolation was from the decay in the 10 ms window /g for the first @p;) and second) terms of the biexponential
(Figure 3B). The energy axis indicates the total laser pulse energy function used for the convolution of the LIOAS signals (eq 2) after
impinging on the cuvette. excitation (8 ns, 532 nm) of the Ersolutions in the presence of the
respective MMo(CN)s (6 x 102 M) and 4 x 102 M H3BOs/
present for the high quencher concentrations used. This is readilyB(OH),~,M* buffer (pH 9.18), ) Li*, (O) Na*, (@) K, (#) Cs'.
understood in view of the fact that the concentration of Assz was ca. 0.3 (the precise number depended on each solution),

Mo(CN)g*~ (mostly ion paired; see the Discussion) was in every Matched within 2% to the absorbance of the solution of bromocresol

“
(c,p/B) kJ mL

case large enough to make the product of the quenching constan
ky = (6.3+ 0.2) x 10/ M~* s~* times the quencher concentra-
tion larger than the nonquenched decay constafEof i.e.,
kMo(CN)g* ] =ca. 4x 10°P st > 1/3%, = 0.25x 1P s L.
Therefore, the quantum yield of free radical formation ap-
proaches that of the intersystem crossifig & @) provided

that the geminate recombination is relatively less efficient than
the escape rate of the redox products.

Convolution of the respective 803/B(OH),~,M™ buffer/
M4Mo(CN)g solution of the calorimetric reference bromocresol
purple with a double-exponential function describing the time
evolution of the pressure pulse in the solution (ed dave
excellent fitting of the sample LIOAS curve for each of the
four erythrosin/MMo(CN)s/H3BO3s/B(OH),~,M™ buffer solu-
tions (fittings are not shown).

1)

P _ P2 __
e tirl + g t/r2
7, T

H(Y) =
2

Taking into account that the amplitudes are a sum of the heat

evolved and the structural volume change produced upon
formation of the respective species (eq'® the intercept of

gl

the plot of the reference-normalized amplitudegi = 1 and

O DAV, Cop
El

¥ = E 2

Purple (used as a calorimetric reference) in the presence of the
corresponding MMo(CN)s and buffer. The temperature range is-12
35°C.

TABLE 3: Lifetimes for the Formation of Free Radical E 3~
at [Mo(CN)g*] = 6 x 102 M As Measured by LIOAS and
Transient Absorbance (TA) at 410 nm, as Well as for the

Decay of B~ As Measured by TA at 410 nn#

B3~ productiort ES~ productiol? E®~ decay
(LIOAS), (TA), (TA),
us+0.1 us=+0.15 ms+ 0.1
Lit 1.7 1.4 4
Na* 1.3 1.65 15
K+ 1.4 1.2 1.2
Cs* 0.9 0.8 1.0

a All data at 17°C. Excitation was at 532 nm in all cases (8 ns
pulses for LIOAS, 15 ns pulses for TA) Average of three independent
measurements.Average of three values at the lowest energies
employed.

stepi. ®; is the quantum yield andVsy; is the molar structural
volume change corresponding to the respective prog¢essl(

or 2).E; is the molar energy of the laser pulse. Table 2 contains
the data for the four cations studied.

The prompt ( = 1) component had in every case a lifetime
<25 ns, whereas the second LIOAS-derived lifetimes were 1.7,
1.3, 1.4, and 0.@s at 17°C for solutions containing L, Na",

K*, and Cg, respectively. Similar values were obtained by
monitoring at 620 nm théEr>~ decay in the same solutions
under the same conditions (Table 3).

2) vs the thermoelastic parameter ratio for the respective solution To calculateAH; (Table 2), the energy lost by emissidnE;

at various temperatures;pp/f3)r (Figure 5), yields the values
of the total heat evolved; and the slope yields the structural
volume change per absorbed einst@iN,; = ®;AVgyj, in each

was taken into account in the energy balance, Aél; = (E;
— g1 — DsEf)/®1.5 The values of the fluorescence quantum yield
of erythrosin (s = 0.02 in aqueous solutions at pH-9¥2and
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SCHEME 1: Term Scheme Describing the Various Steps Analyzed and the Parameters Obtaired

!

E, kJ mol!
4 Amax =410 NM
+2247 p——————
+ 217
'Er? l‘-’h 3Erz =~
T M = 620 N
BErZ-M*--Mo(CN)g*] = [Er®-M*-Mo(CN)s*] max = 020
Mo(cm 92
M+
hv, hve Er® + Mo(CN)g>
1,=1-4ms
2
1l Ty v
F : |
T, =20-30ns, AV, T,=1.2us,AV,

2|n addition to the intermediate species, in which the cation is explicitly included, the reaction partners and products are also ion paired to
variable degrees (see the text).

the average fluorescence enerBy = 217 kJ mof?! were The prompt process with lifetime25 ns observed for all
identical in the presence of each of the fousNib(CN)s salts. four cations integrates all reactions leading?a?~ from free
The quantum yields for the formation &Er?~ (the prompt Er?~ (see Scheme 1). The small expansion (vide infra) observed
process in LIOAS, up to reaction 4, were considered equal  for this step,AV; (Table 3), should thus be due to intrinsic
in the four cation solutions, because the quantum yield for the changes upon triplet formation, similar to those found for the
radical formation®r, is effectively the same in the four solutions, related compound rose bengdal.
provided that the molar absorption coefficient of the radical  The triplet state of erythrosirPEr?-, produced with high
species is the same in each of the various cation solutions (Figureefficiency (=90% depending on the mediuth}8after excitation
4) and reactions 47 (see the Discussion) are consecutive. at 532 nm (reactions 3 and 4) and having a maximum differential
absorption at 620 nm, is quenched bk 6.0~ M M 4Mo(CN)g
Discussion salts as shown in Figure 2 for the case of-&ontaining
erythrosin solutions. Within experimental error the quenching

absorption band in the spectra of the solutions of erythrosin constant is roughly counterion independent, with the exception

are the same in the presence of each of the folVMMCN)g of Cst, with a constant higher than those of the other three.

salts in the respective 80y/B(OH),~,M* buffer (Figure 1B) As derived from the ion-pairing calculation, there is at least

and are also identical to those o’f the respective band of a 50% probability that, during the formation of the contact ion

erythrosin in buffer (Figure 1A). The position of the fluorescence P2 (reaction 5), one counterion will be involved during the

maximum and the fluorescence yield (for excitation at 510 nm) €ncounter of the electron-transfer partners.

are not perturbed either by the presence of thMMCN)s salts. - o 1le2—

Thus, the excited-singlet-state energy level and lifetime (as EC + fw EF )

judged from the constant fluorescence quantum yield) of 12 32 (4)

erythrosin seem to be unperturbed by the salts. The same excited

singlet state !s populated land shquld be responsible for the Sg2= 4 [Mo(CN)g M= [3Er2_---M+---Mo(CN)84_]

fluorescence in all four cation solutions. (5)
Taking into account the high [V when adding up that from

the buffer (2x 1072 M) plus that from the quencher (4[quench- [SEI”Z_"'M+"°MO(CN)84_] = 3[Er3_---M+---M0(CN)83_]

The spectral position and shape of the lowest energy

er] = 24 x 1072 M), the relative weight of ion pairing was (6)
calculated using the Fuoss equatibtogether with the radius
of each of the ions involved. A radius of 3.310.01 Al4 from 3[Er37---M+---Mo(CN)83’] —Ef + Mo(CN):>~ (7)

crystallographic data was taken for Mo(G\) and 7+ 0.5 A

as a first approximation for the long axis of the elongated  Within the counterion-bridged ion paifgr?—---M*---Mo-
erythrosin (calculated from the rotational diffusional times (CN)g*"], a thermodynamically favored electron transfer occurs
measured for Br in water at room temperature, 36600 ps)® which leads to the SSIRBEr3—---M*---Mo(CN)g3"] (reaction

With these data it is calculated that 10% of the erythrosin ions 6) in equilibrium with PEr2=+--M*+--Mo(CN)g*"]. The SSIRP

are paired with the M counterions whereas ca. 1% of theeH  then affords the free redox products®Erand Mo(CN}3~
BO3/B(OH),~ and 50% of the Mo(CNy~ are paired, with very (reaction 7; see also Scheme 1). It is possible that these free
little (if any) difference between the four catioh$16 Similar radicals are also to some degree ion paired.

calculations lead to a ca. 25% ion pairing for Mo(GN)and The process with lifetimes on the order of2 us (very
20% for EE™. similar in LIOAS and TA; see Table 3) corresponds to the
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guenching offEr?-, yielding the separated radicals (reactions T T T T
5—-7). The lifetimes are identical for the decay of the triplet [ i
absorption at 620 nm and the growth of free radical formation
at 410 nm. For the same conditions the lifetime is slightly shorter
for the Cs-containing samples (Table 3).

The lifetimes obtained for the prompt reaction when the
LIOAS signals were fitted with eq 1 were &ll25 ns. The large
slit used (1 mm, i.e., acoustic transit time of ca. 600 ns) did not
allow a proper resolution of lifetimes in the tens of nanoseconds. L
Notwithstanding this fact, the amplitudes of the signal are a s 9 10 1 12
reliable measure of the integrated heat and structural volume AV, (mi mol")

change up to reaction 4. Figure 6. Enthalpy changéH; vs structural volume changtV, for
inati i ; - 2 2
The recombination of the separated radicals (reaction 8) the formation of the free redox products*Ert [Mo(CN)s®++-M*]

occurs in the millisecond time domain as observed by transient 532~ guenching by [Mo(CNy*—++-M*] in buffer solution contain-
absorbance (last column in Table 3, also with a lifetime ing four counterions as indicated. The data were derived from LIOAS
determined by the countercation), being then too long with measurements. The temperature range of the measurements3s 12
respect to the time window of the LIOAS experiments (maxi- °C.

mum of ca. 1Qus); the separated redox free radicals are seen ) )
as final products in these experiments. and quantum yield for the formation of the redox products are

very similar for all four cations, although some deviation is
EFr + Mo(CN)SS_ —EF + [Mo(CN), _---M+] (8) observed for Cs. However, the values of the heat evolved.
(eq 2; see Table 2) during the ca. % process of formation
The use of eq 2 for the separation of the enthalpy and of Er*~ + Mo(CN)g®~ are cation dependent and correlate linearly
structural volume change contribution to each of the steps with the values of the structural volume change for this process
requires the knowledge of the reaction quantum yields as aAVa.
function of the various cations. The plot of the enthalpy change for the formation of the redox
The transient absorbance at 410 nm (corresponding to theproducts, i.e.AH, = —q, vs the structural volume change for
free radical E¥") extrapolated from the 10 ms observation that proces\V,, from 3Er?~ is shown in Figure 6.
window (Figure 4) and plotted vs the laser excitation energy  In a manner similar to that found for the electron-transfer
affords a plot independent of the cation at the lowest laser quenching of theeMLCT state of Ru(bpy?* by the methyl
energies used, demonstrating that the formation yield of the viologen dication, M+, in a series of monovalent anions, all
separated radicals (reaction 7) is independent of the cationat identical ionic strength, the values of the enthalpy and the
present. It is difficult to calculate absolute radical formation Structural volume change display a linear relationship in the
quantum vyields in view of the strong overlapping of the series of different cations (Figure 6), empirically described by
absorbances of the various species involved. eq 9?
Thermodynamic Parameters for the Formation of Triplet
3Er2-. The intercepts and slopes of the plots in Figure 5 AH, = C+ XAV, 9)
interpreted according to eq 2 (collected in Table 2) were used
to calculate the enthalpy and structural volume changes for the Taking into account that the ground-state spectra of erythrosin
formation of triplet®Er?~ and free redox products. The values in all four cation solutions were unchanged, as well as the
in Table 2 are the structural volume and enthalpy changes peremission, and that the quantum yield for redox product formation
einstein of absorbed photons. Inasmuch as the quantum yieldwas also invariant for the four cations, we consider that the
for the formation of the various species is constant along the free enthalpy for the formation of the free radicA&, from
series of cations, the values also represent the relative valueSEr>~ + Mo(CN)g*~ remains constant within the series. Unfor-
per mole of produced species. tunately, the thermodynamic information on the system cannot
According to the assignment given abowy; = 1804 10 be obtained by other means, e.g., by electrochemistry on the
kJ mol! is the energy content of the triplet state (per mole of isolated redox couples, as erythrosin undergoes a concerted
produced species), independent of the counterion present within2e /2H* transfer on the electrode surface in aqueous solutfons.

&
(=]
T

&

AH, (kJ mol”)

g

the error of the intercepts in Figure 5. The valueAf; is, In our previous study with Ru(bpy™ and MV2" in the
within error, the same as the reported enthalpy contefEBf presence of several anions, independent measurements showed
(184 kJ mot1h).19 that effectivelyC = AG for the formation of the free radicats.

The differences between the structural volume changes uponAlso, during our studies on sensory rhodopsift nd on
production of3Er?~ in the presence of the four counterions (a halorhodopsin, we could establish that, for the steps in which a
relatively small expansion of ca. 2 mL md| Table 2) are AH—AV compensation could be observed, the equatiohy
within experimental error, and the data do not correlate with = TASand, consequentl{z = AG were valid, since the values
the water-structuring properties of the cations, contrary to the determined foASusing these equalities agreed with previously
AV, values (vide infra). Thus, we conclude that the structural calculated values of the entropy change (whenever available)
volume changes for the processes leading&8- formation for the corresponding reaction st&p.
are determined by intrinsic changes. The energy level is only  Thus, we assume that in the present dase AG; and thus
determined by the electronic properties of erythrosin and its XAV, = TAS (eq 10).
transition (azz* transition) and remains invariant (within

experimental error) in the presence of the four cations. AH, = C + XAV, = AG, + TAS, (10)
Thermodynamic Parameters for the Formation of the
Free Radicals upon Quenching of Triplet Erythrosin. The Under the above assumptiok,= TAS/AV, = 5 + 2 kJ

situation is different for the quenching &Er?~. The kinetics mL~1 (slope of the plot in Figure 6).
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Further support for the linear correlation between the those measured fokVg (Table 3) although still independent
structural volume change term and the entropic term in the Gibbs of the counterion. The semiempiri values already take into
equation is the fact that thAV, values correlate with the  account possible interactions of the solutes with the surrounding
tabulated entropy change due to the effect of the correspondingwater molecules. Thus, inasmuch as this calculation leads to
ions on the water structuréySs; (Table 3)? The values of figures similar to those measured, it is possible to state that in
AS > 0 are for structure-breaking ions, whereas thege this case and upon use of the semiempBiwvalue, AV is
are for structure-making ions. According to Maré8she value similar to AVr. As stated in a previous section th&/; values
of ASs; between—30 and+30 should be taken with caution.  appear to be intrinsic to the triplet-state production of the ion-
In any case, it is just interesting to note the correlation, especially paired E?~, and in that case their origin should not be explained

in the extremes (Li vs Cs). by electrostriction. However, they represent only 10% of the
Again in this case we attribute the line#H, vs AV, total volume change.
correlation to an enthalpyentropy compensation effett, The cation dependence of the/, values indicates a strong

determined by the changes in the water order introduced by component from specific effects during this st&y/, andAH;

the different cations. The compensation effect occurs during are larger for the case of structure-making kince the number
SEr?~ quenching, leading to the formation of the redox products. of hydrogen bonds affected is larger, whereas for the case of
The value ofAG; is assumed to remain constant, and vtk structure-breaking Cs the number of hydrogen bonds involved
AG,, itis =904 24 kJ mol (intercept from the plot in Figure is smaller?* This cation dependence is not taken into account
6) for the formation of the redox products, whereas the values by the semiempirical values @.

of AH, andAS, depend on the strong specific (hydrogen bond A strong argument in favor of the participation of the
and ionic pairing) interactions of the partners with water. These countercation in the electron-transfer process is found in the
interactions should involve the CN groups of the Mo(gN) fact that the bulk recombination of the free radicals is strongly
complexes, as well as the polar groups in the erythrosin cation dependent (Figure 3B). The bulk recombination can be
structure. Again in the present case, we find that the entropic represented as the sequence of steps1#? with k; and k-,

term (TAS) is large and is mainly determined by the water being the forward and backward reaction rate constants for the

reorganization around the free radicals in the-toadical pair. formation of the encounter complex akgthe electron-transfer
Under the assumptio@ = AG;, TAS, = 40—60 kJ mot? rate constant within the encounter complex.
(depending on the cation), i.e., of the same order as the enthalpic
term (30-50 kJ mot ™). Er’” 4 [MO(CN)g> M ] = [Er® ++:M"++*M0o(CN)* ]
The value ofAV, is in principle a sum of electrostrictive (k. k ;) (12)

and specific effects. The fact thatv, > 0 (from 12 to 8 mL
mol~?1, Table 2) can be qualitatively explained by the enlarge- 2 N 2 o N .
ment of the solvation sphere between the separated radicals[Er” ***M"+-*M0o(CN)g”™ ] — [Er* +*M"+*M0o(CN)g "]
most likely due to an enhanced Coulombic repulsier8 [x (k) (13)
—3=9vs—-2 x —4=238).

It is possible to calculate the molar volume change due to
electrostriction for the reaction from £r+ Mo(CN)g*~ to the
free redox products Er + Mo(CN)g®~ with the Drude-Nernst
equation (11% for each of the ions before and after electron

[Er*--*M"++-Mo(CN)" ] — EF~ + [Mo(CN)g" +-*M™]
(14)

Using the steady-state approximation, expression 15 is
B (ze)2 ane) - BZ obtained for the observed bulk recombination rate constant of

= the free radicals.
AVe 2re  p r (11)
transferzandr are the charge and radius of the ion in solution, Kops = L (15)
respectively is the dielectric constant, ani{ln €)/ap is its * 1tk
partial derivative with respect to pressure. In addition to the
already mentioned radii of Mo(CRh)~ and E#~,'° a value of As is apparent from Figure 3, Kbhs is the longest for Lt

3.28 A for the radius of Mo(CN§~, obtained from the X-ray =~ whereas it is the shortest for €Hence, since it is reasonable
structure, was usedd.It was assumed that the variation upon to assume the; andk-; would be affected in a similar manner

formation of EE~ is negligible. by the counterion, it should be the constinthat increases in
Should the theoretical value @& = 4.175 mL A mot? the order L < Na"™ < KT < Cs".

together with the above radii be used in eq 11, the vahMés An alternative explanation for the cation dependence of the

= 8.73 mL mol! for the oxidation of Mo(CNg*/3~ and AV AV, values could be essayed on the basis of the speciation of

= —2.98 mL mof? for the reduction of E¥/3~ would be the ion-pairing process. According to a very crude calculation

obtained. The values add upAd/e; = 8.73— 2.98=5.75 mL using the Fuoss equation, there are more free cations after the

mol~! for the ground-state electron-transfer reaction, i.e., for electron-transfer process than in the ground-state parent com-
pounds before light excitation. The percentage of cations set
EF” + [Mo(CN)g* +-*M*] — — — Er*~ + Mo(CN)g> free upon photoinduced electron transfer is, in turn, slightly
cation dependent. This could lead to cation-depend&hatand
Thus, the calculated expansion is smaller than those derivedAH, values. However, the observed compensation between the
from the measured valuedAYr = AV; + AV, Table 3, and two values (Figure 6) reinforces our argument of the changes
assuming a unity quantum vyield for the formation of the free in the number and/or strength of hydrogen bonds between
redox products) and certainly independent of the counterion. reactants and products with the water molecules during the
Using the semiempiric values calculated at@5for B between electron-transfer reaction (the water structure changes along the
9.2 and 13.4 mL A mol!,25 AV, values between 13 and 18.5 cation series). The possible experiments to prove or disprove
mL mol™1, respectively, are obtained. These values lie nearer the alternative explanation imply working at higher ionic
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strengths. As mentioned above, this is difficult because of the gﬁg Heintz, aA-lnorg- Sy(;lthl%GS 7, 1427146.II o
2— i i iOni 7) Aramenda, P. F.; Redmond, R. W.; Nonell, S.; Schuster, W.;
Er® aggregation at hlgh lonic str_eng_ths_. Braslavsky, S. E.; Schaffner, K.; Vogel, Bhotochem. Photobioll986
Whatever the detailed mechanism is, it seems clear to us thatys 555559,
it is the participation of the cation with its solvation sphere in (8) Schmidt, P.; Gensch, T.; Remberg, A r@ar, W.; Braslavsky,

the process of electron transfer that influences both the enthalpyS: E.; Schaffner, KPhotochem. Photobioll99§ 68, 755-762.
(9) Rohr, M.; Gatner, W.; Schweitzer G.; Holzwarth, A. H.; Braslavsky,

and entropy of the qu_en_ching process. . S. E.J. Phys. Cheml992 96, 6055-6061.
The relatively long lifetime of the second component derived  (10) zakharova, G. V.; Chibisov, A. KKhim. Fiz.199Q 9, 1311-1318.
from the LIOAS data (ca. 1.8s for Na", Table 3) is the reason (11) Bowers, P. G.; Porter, ®roc. R. Soc. Londoh967 A299 348~

; ; ; ; L 353.
in our previous work this component was missed; i.e., the (12) Wilkinson, F.Organic Molecular Photophysi¢cslohn Wiley &

expansion of 1.9 mL mot obtained using only the LIOAS  sons:” London, 1975; Vol. 2, Chapter 3.
amplitudes without deconvolution of the signals corresponds  (13) Fuoss, R. MJ. Am. Chem. Sod958 80, 5059-5061.

to the formation ofEr2~5 The calculation of the energy content  (14) (a) Leipoldt, J. G.; Basson, S. S.; Bok, L. D.1org. Chim. Acta
fth . d d h gy . f Lett. 1980 44, 99-101. (b) Nowicka, B.; Samotus, A.; Szklarzewicz, J.;
of the species was done under the common assumption o rK’Burgess, J.; Fawcett, J.; Russell, D.FRlyhedron1998 17, 3167-3174.

entropy change for the electron-transfer reaction, now known Basson, S. S.: Leipoldt, J. G.; van Wyk, A.Acta Crystallogr., B198Q
to be incorrect. 36, 2025-2028. )
(15) von Jena, A.; Lessing H. Ehem. Phys1979 40, 245-256.
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