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Solvent Reorganization Energies in Excited-State in fluid solution) is of consequence to their photochemistry

Electron-Transfer Reactions. Oxidative and photophysics, we reported that the quenching of both excited
Quenching of the MLCT Excited States of states by MV?™ had the same activation ener§we concluded
that sinceAGg is the same for both systemsmust also be

Ru(ll)-Diimine Complexes the same.
At issue is the generality of the effect of specific anions and
the influence of electron-withdrawing and -donating ligand
substituents o and the rate of electron transfer. In this study,
Department of Chemistry, Boston University, we determined the rate constarkg for the oxidative quenching
Boston, Massachusetts 02215 of *Ru(phen}?", *Ru(Clphen)?* (Clphen = 5-chloro-1,10-
phenanthroline), and *Ru(Mphen}?* (Meyphen= 5,6-dim-
Receied April 30, 1998 ethyl-1,10-phenanthroline) by MV as a function of temper-
ature in aqueous solution in the presence of the same concentration
Introduction (0.1 M) of 1:1 supporting electrolytes (NaGiONaH,POs, NaF,
NaCl, NaBr, Nal)® The values ok were calculated by use
of the diffusional model; values df were evaluated from the
dependence df;;on T.
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According to the Marcus theory of electron transfer, the rate
constant for intramolecular electron transflks)(is controlled
by the reaction free energA(G°) and the reorganization energy
(A); the latter quantity is a measure of the free energy required
to activate the motions of all the atoms of the initial state,
including those in the solvent shell, from their equilibrium
positions to those of the final stateThe value ofi has two
contributions: 4;, from the motion of the atoms of the reactants, [Ru(phem]Cl, [Ru(Me;phen)|Clz, and [Ru(Clphen]Cl, were
which is generally insignificant for substitution-inert metal 2vailable from our laboratory stock; the compounds were recrystallized
complexes and radicals that have essentially the same structur%ﬁ?.v‘t’fter and d”ed“.ovzr silica ?e.l' M?thyl V'OI?]genld'Chéogqe §
as their parent molecules, aig,; from the reorganization of undgrcv;cvzﬁfnrfeo?%%?eltzhean szivsraNgglz;drﬁngng’t:;gc;léri?calsgle
the solvent molecules and the ions that surround the reactingap,po, (Baker Analyzed Reagént), NaCl (Johnson Matthey, Pura-
sp_?ﬁles m”tEe 30|Ventc(j3_a?e- . " < that & olot tronic)d, andd NaBr and Nal (Fluk]:';l) were a}rl199.5% pr)]urit)(/j, and tgese

e well-known prediction ot iVlarcus theory Is that a plot were dried in an oven at 150 for more than 10 h and stored in a

of log ket Vs AGe¢° for a group of species within an homologous desiccator. Distilled water was further purified by passage through a
series will describe a bell-shaped curve that defines the normalMillipore purification train.
and inverted Marcus regions; at the maximum of the cukve, Absorption spectra were measured with a diode array spectropho-
= —AG’. It is perfectly evident, but usually unstated, that tometer (Hewlett-Packard 8452A); luminescence spectra were obtained
the validity of the prediction depends on the constancy of the With a Perkin-Elmer MPF2A spect_roﬂuorimeter. Time-resolved emis-
value of2 for the species examined. Recently, we showed that sion _measur(_aments were made Wlth a Nd:YAG laser (Quantel YG581),
in the oxidative quenching of the luminescent MLCT excited ?eti"(l)s_ggwﬂ"ih hi"e bee”tdescr'fbtf]d belf&t.ﬁ’e data Weret a‘l’le[jagte‘ljo
state of Ru(bpyw" (bpy = 2,2-bipyridine) by methylviogen 6OC; 01 f: S S- themper;’:\turgzq kesolu |?ns werte ;?\Z'Bro et ab th
(1,1-dimethyl-4,4bipyridine dication; M\t") in aqueous solu- &0.1) v a inermostated Brinkman Insiruments water bath.
tion, 4 for forward (*Ru(bpy}?* + MV2+) and reverse (Ru- For the emission experiments, the solutions, which were deaerated

by purging with Ar for 20 min, were contained in 2 1-cm cells,
3+ ot
(bpy)s™ + MV*™) electron transfer was dependent on the excited along the shorter path, and analyzed along the longer path.

hydration properties of the anion (but not the cation) of the quenching experiments were carried out on RuLs2" solutions
supporting electrolyté;* in the reductive quenching of *Ru- (4 = 0.1 M with the appropriate salt). Valueskfat each temperature
(bpy)?™ by aromatic amines in 1:1 (v/v) GBN/H,O solutions, were obtained from the slopes of linear plots of the observed first-
A for forward and reverse electron transfer was dependent onorder decay rate constariof) of the emission from *Rui?" as a
the structure and size of the quenchers and the nature of thefunction of [MV#} for at least four different concentrations in the
ring substituent8® The results emphasized that differences in range 0.510 mM, and were reproducible with an error 856%.
the solution medium and the structure and nature of the reactants
can lead to different values of, resulting in data for an
ostensibly homologous series that lie on different Marcus curves.
More recently, as part of our inquiry into whether the
proposed delocalization of the transferred electron among the Quenching. The presence of the background electrolytes had
ligands in *Ru(phenf™ (phen = 1,10-phenanthroline) (in  no effect on the absorption or emission spectra of the complexes
contrast to the established electron localization in *Ru(dy) nor on their excited-state lifetimes in the absence of air; at the
concentrations of M¥" used, no changes in its absorption

(1) Bolton, J. R.; Archer, M. DAdv. Chem. Ser1991, 228, 7. spectrum was evident. Values kf are given in Table 1.
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Table 1. Values ofkg (in Units of 10 M~ s™1) for the Reaction 27 PRI OSSRV IR SEUOS SURS Y NSO N S E—
of *RuL?* with MV 2" in the Presence of 0.1 M Salts as a Function
of Temperature a] L
T.°C  NaHPO, NaF NaCl NaBr Nal NaCl@ - -?\DE*D\D_ i
Ru(pheny**
10 0.94 0.87 1.2 1.7 2.1 2.9 QA I
20 1.2 1.1 1.5 1.9 2.6 3.9 -
30 1.5 1.4 1.8 2.3 31 4.5 o 25+ B
40 1.8 15 2.2 2.7 3.7 5.1 <
50 2.2 1.7 25 3.1 4.0 6.5 £
60 2.6 1.8 2.8 3.6 4.7 6.9 o4
Ru(Mephen)?*
10 0.92 0.91 1.4 1.6 F
20 1.1 1.1 1.7 1.9 2.9
30 1.4 1.4 2.2 23 36 N I —
40 17 1.8 2.6 2.7 4.1 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6
50 1.9 2.1 3.0 3.3 4.7
60 2.4 2.4 3.4 3.8 5.6 K
Ru(Clpheny* ) 10007T, )
10 0.77 0.71 11 1.4 23 Figure 1. Plot of In(keTY? vs 11T for the quenching of *Ru(phesf)
20 1.0 0.89 1.3 1.7 2.7 by MV?2* in the presence of 0.1 M NaCl@O), Nal (O), NaBr (a),
30 1.2 1.1 1.6 20 31 NaCl (#), NaF @), and NaHPQ, (@).
40 1.4 1.3 2.0 2.4 3.6
50 1.7 1.6 2.5 2.6 4.1 (RuLz?*, 7.5 A for phen and Clphen, 7.6 A for Mghen; M\2,
60 2.0 1.9 2.5 3.2 4.6 3.3 A) and the literaturé The principle effect of temperature

The oxidative quenching of *Ruf™ by MV?" can be
described by reactions—13.

in these equations is the direct statement of that parameter and
the variations in solution viscosityf and dielectric constant

(e); values ofy were taken from literature tabulations as a
function of [salt] and temperatureande was calculated as done

hv

RUL32+ _’*RUL?,Z+ (1) previously from knowledge of the molar dielectric constant
depression coeffiecients of the cations and anions of the

ko lectrolytes8 Val f ket @as a function of temperature

* 2+ o 2+ ' electrolytes alues of ket p
Ruls Rulg™ +ho 2) calculated with this model are also given in the Supporting
K Information.
*RuL,?" + MV?" = RuL,*" + Mv** (3) Reorganization Energy. In the semiclassical formulation

of Marcus theoryke is given by eq 7, wher¥ is the electronic

In its simplest model! electron-transfer quenching between coupling coefficient, antt andk are Planck’s and Boltzmann's
*RuLz2t and MV2* can be represented by the diffusional constants, respectively; values bfandV can be determined
formation of a precursor complex (reaction 4), followed by the from the slopes and intercepts of linear plots okiT?) vs
diffusional breakup of the complex (reverse of reaction 4) in 1/T.27%
competition with the electron-transfer step (reaction 5). Because

RulLz®*t and MVt are high energy species, the reverse of
reaction 5 is highly endoergic, making that reaction very slow

compared to subsequent steps.

ks

*RuL,?" + MV 2* — *RuL 2" ++-MV*'] (4)
ket

[*RuL > "++*MV "] = [RuLS>"--MV 1] (5)

4\ p[—(/1 + AGeto)z]

47KT )

= ex
Ko h(4kT)2

An example of this graphical treatment is shown in Figure 1
for the quenching of *Ru(phegd" by MVZ2T, where iy, is
insignificant so that ~ Ao, in the presence of 0.1 MARO,,
F~, CI7, Br—, 17, and CIQ"~ (as their Na salts). The values
of A for this reaction, which are estimated to have errors of
+10%, are evaluated from the plots by usiiGe’ (Table 2);

A steady-state treatment of reactions 4 and 5 yields eq 6, they range between 0.89 eV for NaGlénd 1.5 eV for Nak+

whereKyg = kg/k—g.
1 1 1

Ky K Kok

Electron Transfer. Values ofky andk—_4 (see Supporting
Information) were calculated from the Deby8moluchows-

(6)

kit213 and Eigeh* equations, respectively, as has been done

beforel® by taking molecular and ionic radii from CPK models

(11) Balzani, V.; Scandola, F. Bnergy Resources Through Photochemistry

and Catalysis Grézel, M., Ed.; Academic Press: New York, 1983;
p 1
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PO, (Table 3). We had argued earfighat the predominant
free-energy term that governs the rate of electron transfer
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Hill: New York, 1992.
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(21) For examples of calculations df from temperature dependence
measurements: (a) Harriman, A.; Odobel, F.; Sauvage, J.-Rm.
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N.; Ohno, T.J. Am. Chem. Sod993 115 7521. (c) Finckh, P.;
Heitele, H.; Volk, M.; Michel-Beyerle, M. EJ. Phys. Chem1988
92, 6584.
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Table 2. Energy Parameters for the Quenching of *RiiLby
MVZ+

Notes

for the anions with low—AGy® values and accordance
occurring at the higher values wherk ~ 1.4-1.5 eV.

E°(RulLg®+?"), Interestingly,A shows this same upper value as well for the
complex V (vs NHEin HOP?  Eoo, V2 AGef, €VP quenching of both *Ru(bpy}* and *Ru(phen®" by MV2* at
Ru(bpy)?* 1.26 2.12 —0.41 low ionic strength £1 mM) in the absence of any added

Rugphen?:* o 1-38 glg —8-4§ electrolyte or buffe® We believe that this upper value #f
Ru(Mephen 1. 1 —0.4 intrinei i ati
Ru(Clpheny: 136 513 032 represents the intrinsic reorganization energy of the solvent (

aReference 262 FromAGe® = E°(RuLg®™?%) — E°S(MV27) — Eqo
+ W, — Wy E°(MV2H%) = —0.45 V vs NHE in HO (ref 27);w, and
w; are Coulombic work terms~0.01 eV). The values oAGe° can be
taken to be independent of temperature inasmuchEfgqT), = AS°/
nF andAS°® is very small for this electron-transfer reaction within the
guenching cage wherg, is not significant.

Table 3. Values of/ (eV) for Ruls?" in the Presence of Saltg (
=0.1M)

~ Jlou) intimately associated with these particular reactant
cations?* anions, such as #0,~, which have high values of
—AGhy’, are structure-makers and apparently do not affect the
reorganization of the water upon electron transfer.

The same treatment of the data for Ru(Clph&n)and
Ru(Mephen}?™ yields values ofl that are given in Table 3;
unfortunately, the low solubility of those complexes in 0.1 M
NaClO, precluded the obtaining of data for that salt. Neverthe-
less, even with the-10% estimated uncertainty i) it is clear

salt (G, kJ mor)? phen Mephen Clphen that on the average the reorganization energies for the quenching
mglc('g*i(ggé)zm) (1)-?9 11 061 of the excited states of the tris-phenanthroline complexes by
NaBr (—1377) 1o 14 1.0 MV 2t are a function of the nature of the supporting electrolyte
NaCl (—1403) 1.3 1.4 1.2 (NaClOy < Nal < NaBr < NaCl < NaF < NaH,PO;) and the

NaF (—~1528) 1.2 1.5 1.3 nature of the ring substituents (Clphenphen < Mezphen).
NaH,PQ; (—1594) 15 15 13 The maximum value of. shown for the systems is 1.5 eV.

a Reference 22.

1.7 L ! . ! . I : 1 :
1.64

R 2
Ru(bpy),”"

The variations iMGe” and/ can be attributed to the electron-
withdrawing and -donating characteristics of the substituents
on the phenanthroline ligands. The chloro substituent, being
electron-withdrawing, renders the reduced ligand in the excited-
state electron poorer compared to phen, thereby rendering its

1.5 -

1 4 | oxidation potential less positive and lowering the driving force

' for electron transfer; the opposite situation holds for the methyl
S 1.37 i groups, which are electron-donating. The lower charge density
l’_ 1.2 - on the Clphen ligand (compared to phen) reduces the local

1.1
1.04

electrostatic interactions between the complex and tb® H
molecules associated with the counterions in the electron-transfer
cage, in effect resulting in “structure-breaking” and a lower value

0.9 os i of 4; again, the opposite situation holds for dben, which
0.8 “Ru(phen), - becomes a “structure-maker” with a higher value.ofWe see
0.7 IN*‘C‘°4I — , , , that this effect essentially disappears in the presence opNaH
1200 1300 1400 1500 1600 1700 PO, and, of course, in the absence of added electrolytes.
In summary, this work demonstrates that the anion effect on
-AG. ° kJ mol’ the quenching reaction of cations is general in agueous solution,

hyd

Figure 2. Plot of A vs —AGny¢° for the quenching of *Ru(phesgf) by
MV 2* in the presence of supporting electrolytes (points and lower line).
Upper line is from the data in ref 3 for the quenching of *Ru(kpYy)

and that the problem is quite severe to find a truly homologous
series with which to apply Marcus theory, in particular plots of

log ket vs AGer?, the use of which assumes a constancy in the
values ofA for all the species involved.

between the same cationic species in the same solvent at the )
same temperature is the standard free energy of hydration Acknowledgment. This research was supported by the
(AGryg®) of the dominant anion, which reflects the hydration Division of Chemical Sciences, U.S. Department of Energy.

enthalpies and the structure-making/breaking characteristics of

the aniong? we had also shown that values 9fshow no
observable variation with the different anions. The correlation
betweernl andAGyg° is reasonably linear (Figure 2) and shows

Supporting Information Available: Tables ofkg, k-g, andke: as
functions of temperature (3 pages). Ordering information is given on
any current masthead page.

that those anions that are able to reorganize their hydration!C980493X

spheres without having to overcome a significant energy barrier

(low —AGpy¢° values), such as ClO and I, which are breakers

(23) Li, C. Ph.D. Dissertation, Boston University, 1997.

of the water structure, enhance the rate of electron transfer(24) An estimate oflo, can be made from Marcus thedt/dou = €(1/

relative to the other anions.

Figure 2 also shows the line from the data obtained earlier

for the quenching of *Ru(bpy}™ by MV2*.2 It is notable that

the correlations have distinctly different slopes with the greatest

difference between *Ru(bpy)™ and *Ru(phen™ occurring

(22) (a) Marcus, Ylon Sobation; Wiley: New York, 1985; Chapter 5.
(b) Marcus, Y.J. Chem. Soc., Faraday Trans.1986 82, 233.

2ra) + (1/2rg) — (Lirga)][(1/n?) — (1/e)], wherer, andrq are the radii
of the electron acceptor and donor, respectively,is the distance
between donor and acceptor, amdnde are the refractive index and
the static dielectric constant of the medium, respectively;~ 1 eV
for H,0.

(25) Marcus, R. AJ. Phys. Chenil956 24, 966;Annu. Re. Phys. Chem.
1964 15, 155.

(26) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord. Chem. Re 1988 84, 85.

(27) Wardman, PJ. Phys. Chem. Ref. Date989 18, 1637.





