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Homogeneous and electrochemical two-electron transfers within the Tl(ag)**/Tl(ag)* couple are considered on a
common conceptual basis. For the 2 equiv electrochemical reduction of Tl(ag)®* to Ti(ag)*, the intermediate state
with a formal reduction potential, E;* = 1.04 £ 0.10 V vs the normal hydrogen electrode, was detected, different
from the established value of 0.33 V for a TI**/TI** couple. Examination of obtained electrochemical (cyclic voltammetry
(CV) and rotating disk electrode techniques, along with the CV-curve computer simulation procedure) and literature
data indicate that the detected formal potential cannot be the property of electrode-adsorbed species, but rather of
the covalently interacting dithallium intermediate [TI"-TI"]** located at the outer Helmholtz plane. The analysis of
microscopic mechanisms, based on the recent hypothesis of H. Taube and the Marcus—Hush theory extended by
Zusman and Beratan, and Koper and Schmickler, revealed that the homogeneous process most probably takes
place through the superexchange inner-sphere two-electron-transfer mechanism, via an essentially virtual
(undetectable) dithallium intermediate. In contrast, the electrochemical process occurs through a sequential
mechanism, via the rate-determining step of Tl(ag)?* ion formation immediately followed by activationless formation
of the metastable (CV-active) dithallium state. The second electrochemical electron-transfer step is fast, and shows
up only in the peak height (but not in the shape) of the observed CV cathodic wave. The anodic wave for a
microscopically reverse process of the oxidation of Tl(ag)* to Ti(ag)®* cannot be observed within the considered
potential range due to the blocking of through-space electron transfer by the competitor process of ion transfer to
the electrode.

Introduction processes, as well as interrelations between them, is a long-
standing but still unsettled field of modern charge-transfer
chemistry*~# In particular, two-electron self-exchange reac-
tion between the Tl(ag) and Tl(ag) ions in aqueous

*To whom correspondence should be addressed. E-mail: (D.E.K.) solutions has been intensively studied, and is assumed now
Dimitri.k@joker.ge. (J.G.) Julius@inorg.kth.se.

Microscopic mechanisms of two kinds of internally linked,
homogeneous and electrochemical, two-electron-transfer
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Two-Electron Transfer for TI(aq}*/Tl(aq)"

to be the best-understood homogeneous two-electron-transfehomogeneous 2 equiv self-exchange between Ti(aaynd

reaction?~® In all studied cases, the reaction has been found Tl(aq)" ions, Hush estimated in his pioneering work the

to be first-order with respect to both ] and [TI*],1a4ab5 actual (acting) standard reduction potentials for 1 equiv redox

which is compatible with simultaneous 2 equiv charge steps (eqs 3 and 4) to be 1.0 and 1.5 V, respectively, on the

transfer, eq 1, but also with the stepwise mechanism via thebasis of the experimental kinetic data and reasonable

formation of two TP" ions (or their associates) in the thermodynamic assumptions (vide inft&).These values

intermediate state, eq 2. suggest a free energy gap of ca—1® kcal motf? for a

dismutation/disproportionation process
TR+ T Tt + T3 (1)
3+ + o 2+

TR+ T 2T =TI + T3 2) T e ©)

(proposed by Hush as the component steps for the sequential

For the homogeneous overall two;electron self-exchange g electron self-exchange), and differ dramatically from the
process involving the Ti(adjTl(aq)" redox couple the 4,65 of 0.33 and 2.22 V, respectively (egs 3 and 4),

simultaneous 2 equiv outer-sphere charg_e—trans_fer mecharjis btained later on the basis of experiments with TRaq)
was advocated because aII_tests for th.al_llum(ll) in the reacting generated directly by flash photolysis, or pulse radiolysis of
system have proved negative>>Participation of Tl(acf) thallium(l11) solutions® and verified for a wide class of redox
as an intermediate has also been excluded on energy groundg; ,qq reaction&!# In addition, a mechanism involving a
by invoking the following standard reduction potenti#i&:’ directly meta+-metal bonded intermediate state,[TT1"]+*,

was suggested recently by H. Taube (cf. ref 4b). Except for
this suggestion, neither of the earlier authors took into
account the formation of a direct™™ TI" covalent interaction

as a possible reason for the lowering of the free energy of
the intermediate state for a two-step two-electron self-
exchange process, via the following mechanism:

TP +e =TI*"  EC°=033+005V  (3)
TP +e =TI" EF=2224+0.05V (4)

(All potentials are given vs the normal hydrogen electrode
(NHE) as a reference.) The standard reduction potential for
the overall reactiohis [T 4 [T1]* e [TIT =TI e
3+ PEN + o —
TI + 26 Tl E 1.25:i: 0.02 V (5) [TI||_T|||]4+<=> [TI|]+ + [TI|||]3+ (8)
T_he free energy gap of 43 keal md cal_culated for such . It should be noted here thatl the previous calculations
an intermediate state (eq 2) on the basis of egs 3 and 4, is . S
. . . . L of the redox potentials (eqs 3 and 4) and the equilibrium
incompatible with the experimental activation free energy . . . ) .
L . constants for the dismutation/disproportionation process (eq
of the process, 23.6 kcal mal(vide infra). However, serious . e S
S ) . 6) were deried mostly from indirect kinetic studfgs
restrictions exist also for a simultaneous outer-sphere two-

electron-transfer mechanism emerging from major parameter:sp erformed under_expgnmental conditions where the co-
of the charge-transfer theory (see the Discussiényet valently bonded dithallium complex could not be formed or

; : 6,011 obsewed due to the diffusion limitationdVore recently,
various authors adopt different mechani ’ For the covalent interaction between two?Tlions has been observed

(3) (a) Koper, M. T. M.; Schmickler, WJ. Electroanal. Chem1998 in the crystal structure of the n_ovell'-EISS_rb-GM_mOl_l clus-
igg gg- (b) Boroda, Y. G.; Voth, G. Al. Electroanal. Cheml998 terst®and the compound tetrakis(hypersilyl)dithallium¢f,

(4) (a) Lee, A. GThe Chemistry of ThalliunElsevier: Amsterdam, 1971; revealing a tha_‘lllum(”)_tha”'um(”) Covalent_ separation of
Chapter 9. (b) Glaser, Adv. Inorg. Chem1995 43, and references ~ 2.8—2.9 A (which is ca. 0.2 A less than twice the value of

therein. (c) Cotton, F. A.; Wilkinson, GAdvanced Inorganic i -
Chemistry Interscience Publishers: New York, 1967; Chapter 18. (d) the covalent radius of the element)' Structural and quantum

Blixt, J.: Glaser, J.: Mink, J.: Persson, |.: Persson, P.; Safstb chemical data exist also for the stable isoelectronic dimers
- g.)Algy CflwzemD. Saoa99§ \1/\%17'P5r108%5h10rfi961 65, 2195 (b) Syk AuC-Aut1%a and Hg Hg'¢® (vide infra). Moreover, the

a 0lg, E.; bodson R. . S. e 3 . es, . .

AG Agdy_ Inorg. Chem. Radig::hemgez 10, 153, Y water-soluble dimercury cation [(aq)H#id'(ag)F+ has been

(6) (a) Falcinella, B.; Felgate, P. D.; Laurence, GJSChem. Soc., Dalton
Trans.1974 1367. (b) Schwarz, H. A.; Comstock, D.; Yandell, J. K.;  (12) (a) Vetter, K. J.; Thiemke, &. Elektrochem196Q 64, 805. (b) Vetter,

Dodson, R. WJ. Phys. Cheml1974 78, 488. K. J. Elektrochemische KinetikSpringer: Berlin, 1961; Chapter 4.
(7) Bellavance, M. I.; Miller, B. InEncyclopedia of Electrochemistry of (13) (a) Jordan, J.; Caterino, H. A. Phys. Chem1963 67, 2241. (b)

the ElementsBard, A. J., Ed.; Marcell Dekker: New York, 1975; Caterino, H. A.; Jordan, Jalanta1964 11, 159.

Vol. IV, Chapter 4. (14) (a) Ulstrup, J.Electrochim. Actal968 13, 535. (b) James, S. D.
(8) (a) Gurnee, E. F.; Magee, J. I. Chem. Phys1957, 26, 1237. (b) Electrochim. Actal967, 12, 939.

Taube H.Adv. Inorg. Chem. Radiochem959 1, 1. (15) (a) Dronskowski, R.; Simon, AAngew. Chem., Int. Ed. Engl989
(9) (a) Prestwood, R. J.; Wahl, A. @. Am. Chem. S0d.949 71, 3137. 28, 758. (b) Henkel, S.; Klenkhammer, K. W.; Schwarz, ®hgew.

(b) Harbottle G.; Dodson, R. WI. Am. Chem. So0d.951, 73, 2442. Chem., Int. Ed. Engl1994 33, 681.

(10) (a) Hush, N.Trans. Faraday Socl1961, 57, 557. (b) Hush’s (16) (a) Ermler, W. C.; Lee, Y. S.; Pitzer, K. $. Chem. Physl979 70,
semiphenomenological model was based on the experimental kinetic 293. (b) Kleier D. A.; Wadt W. RJ. Am. Chem. Sod98Q 102
data and reasonable thermodynamic assumptions. Hence, the subse-  6909. (c) Mason W. Rinorg. Chem.1983 22, 147.

guent estimates gave actual operating value&forand E;° without (17) (a) Zusman, L. D.; Beratan, D. N. Chem. Phys1999 110 10468.

any specification of the nature of the intermediate state (specified (b) Zusman, L. D. Unpublished results.

further in the present work). (18) (a) Falcinella, B.; Felgate, P. D.; Laurence, GJ.&2hem. Soc., Dalton
(11) (a) Adamson, M. G.; Stranks, D. Rhem. Commuril967, 648. (b) Trans.1975 1. (b) Dodson, R. W.; Schwarz, H. A. Phys. Chem.

Stranks, D. R.; Yandell, J. KI. Phys. Chem1969 73, 840. 1974 78, 892.
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identified in the liquid phase as a thermodynamically stable present mutually consistent and self-consistent models for
binuclear compoun#* Hence, the extent of available kinetic  both homogeneous and electrochemical two-electron-transfer
and structural data for homogeneous systems does not exprocesses involving the TI(&d)TI(ag)" couple with the
clude, but rather favors, the inner-sphere mechanism via theimplication of the virtual covalently interacting intermediate
directly covalently bonded intermediate [HTI"]*". How- [T =TI"]4*,

ever, a large and negative volume of activatidstV, =
—13.2¢1.0) cn? mol™%, found experimentally for this two-

elegtron exchange proce‘Ssl,lawas mterpretedi as excludlng. The electrochemical (cyclic voltammetry (CV) and rotating disk
the inner-sphere mechanism thought to require the expulsiongjecirode (RDE)) experiments were carried out on a PAR 273
of at least one aqua ligand in the transition state (dissociative princeton Instruments) potentiostat/galvanostat, controlled by
path regarding the ligand performance), leading to a positive EG&G model software. Two kinds of cells with standard three-
volume of activatior? This interpretation is probably not electrode configurations (Princeton), containing 50 and 5 mL of
correct: the Tl(aq) ion is only very weakly solvatetf,and working solution, were applied. Glassy carbon working electrodes
the solvation is significantly strengthened with increasing (areas 0.1256 and 0.0314 mespectively) were cleaned before
charge on the metal ion, eventually leading to a firm, octa- €ach series of experiments by polishing with 1.0, 0.3, and 095
hedral six-coordination for Tl(ad),*<which would rather granulosites of a_Il_Jmlrla fr_om BL_J(_ahIer on a Buehler polishing cloth,
lead to an associative path and, as a result, to a negativéonowed by sonification in purified water. Metal electrodes (Pt,

activation volume for the electron-transfer process Au) were not used to avoid complications due to the limited
P ) reproducibility and significant hysteresis of the current/voltage

~ Some electrochemical accounts are also available in thecyryes (probably caused by formation of oxide films) observed
literature;?** usually discussed separately from the homo- earlierl4 More sound results for the Pt electrode were obtained by
geneous data. The most reliable (though limited) data werevetter and Thiemke& using 7.5 M HSQ, as a supporting electrolyte
obtained for the reduction of Tl(atj)to TI(aq)", while data under conditions at which, however, the intrinsic mechanism of
for the oxidation of Tl(aq) are scarce and rather dubious. the electrode process itself might have been affected through the
The earlier electrochemical studies were performed by meansactive site potential near the electréti¢vide infra). A saturated

of steady-state techniques only, despite the fact that the CyC"CcanmeI reference electrode and a silver/silver reference chloride
voltammetry technique, one of the most powerful techniques electrode were used as reference electro_des. They were separated
for the analysis of reaction mechanisms, was designedIer_lt_Ee main C?_” compartment by a Luggin capillary orfby a E.'ass
already in the mid-1960%.The striking points not addressed rit. These coniigurations minimize contamination of working

. . K h h dard reducti al solutions by chloride ions present in reference electrode compart-
In previous work are how the standard reduction potentials ments. The data obtained were independent of time (within a few

of the individual steps of the overall 2 equiv process, poyrs) and the cell (reference electrode) configuration, thus ex-
determined from the homogeneous solution experiments, maycjuding the complexation effects between3Tland CF. All
show up in electrochemical studies, and how the homoge- potentials quoted in this paper are referred to an NHE scale. All
neous and electrochemical two-electron-transfer processesneasurements were performed at room temperature; 24°C.
are related to each other. In summary, the current situation Working solutions were prepared from the stock solution 8f Tl
for understanding the microscopic mechanisms for both containing 1.02 M TI'(ClO4); + 7.28 M HCIQ, and Tl as an
processes, homogeneous and electrochemical, within theémpurity (<1%), by dissolving it in appropriate aqueous solutions
TIY/TI redox Coup|e remains Contradictory and far from a of HCIO, and/or NaClQ. The processing of the stock solution was
satisfactory qualitative and quantitative comprehension. In described previousi. Ultrapure water was supplied by a Millipore
the present paper, invoking the basis of new eIectrochemicaIM'""Q system. All (_)ther chemlcals used were_comm_ermal products
data along with the published structural data fof-Ti of the highest purity avr?ulable. Computer simulation procedures
. - - for CV data were run using the CVSIM program (see the Results
containing and related isoelectronic two-center systeths

. . and Data Analysis and Supporting Information, Figure 3841The
and on the basis of recent theoretical developmehtswe concentration of ™ was varied between 2 103 and 2x 1072

M, which did not have any significant influence on the CV and
RDE results.

Experimental Section

(19) (a) Candlin, J. P.; Halpern,ldorg. Chem1965 6, 1086. (b) Swaddle,
T. W. Inorg. Chem.198Q 22, 2263.

(20) (a) van Eldik, R., EdInorganic High Pressure Chemistry Kinetics
and MechanismsElsevier: Amsterdam, 1986. (b) Merbach, A. E.;
Akitt, J. W. In High Pressure NMRJonas, J., Ed.; Springer: Berlin,

Results and Data Analysis

1991; p 189.

(21) (a) Fuoss, R. MJ. Am. Chem. Sod 958 80, 5059. (b) Sutin, N.
Annu. Re. Phys. Chem1966 17, 119.

(22) (a) Banyai, |.; Glaser, J. Am. Chem. So&989 111, 3186. (b) Banyai,
I.; Glaser, JJ. Am. Chem. Sod99Q 112, 4703.

(23) (a) Haim, A.Comments Inorg. Chemi985 4, 113. (b) Page, M. T.;
Jencks, W. PProc. Natl. Acad. Sci. U.S.A971, 68, 1678. (c) Page,
M. T. Chem. Soc. Re 1973 2, 295.

(24) (a) Marcus, R. AJ. Chem. Physl965 43, 1261. (b)Annu. Re. Phys.
Chem.1964 15, 155.

(25) (a) Dogonadze, R. R.; Kuznetsov, A. M.; Marsagishvili, T. A.

Electrochim. Actal98Q 25, 1. (b) Ulstrup, J.Charge Transfer
Processes in Condenced Med&pringer: Berlin, 1979.

(26) (a) Nicholson, R. S.; Shain,Anal. Chem1964 36, 706. (b) Polcyn,
D. S.; Shain, l.Anal. Chem.1966 38, 370. (c) Wopsdhall, R. H.;
Shain, I.Anal. Chem1967, 39, 1514, 1527, 1535.
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At any solution composition explored, within the potential
range of+2.0 to —0.4, the voltammograms exhibited only
one reduction wave for the Tl(ad)Tl(aq)" couple. Within
the potential region of~0.4 to —0.6, the reduction and
oxidation waves for a Tl(ag)TI° couple were observed
(known to be electrochemically reversiBlavhen Tl(aq)

(27) (a) Maliarik, M.; Glaser, J.; T, I. Inorg. Chem1998 37, 5452. (b)
Maliarik, M.; Glaser, J.; Tth, |.; da Silva, M. W.; Z&any, L. Eur. J.
Inorg. Chem.1998 565.

(28) (a) Gosser, D. K. IrA General CV Simulation Program (CVSIM)
VCH: New York, 1993. (b) Maeda, Y.; Sato, K.; Ramaraj, R.; Rao,
T. N.; Tryk, D. A,; Fujishima, A.Electrochim. Actal999 44, 3441.



Two-Electron Transfer for Tl(agq}*/Tl(aq)"

0,9 Table 1. (a) Experimental Data for the 2 equiv Reduction of TIgQq)
to Tl(aq)" Obtained by Cyclic Voltammetry and Rotating Disk
Electrode Techniques and (b) Computer Simulation Results (for the CV

07 [ Curves)
(a) Experimental Data
05
< D x 10,
=) technique a cmest k°, cm st E:°, V
—~
Ccv 0.664+0.04 3.72+0.32 (4+1)x10°% 1.044+0.10
RDE 0.65+0.01 3.52+0.10 3x 10°° (1.04)
(b) Simulation Results
. E:°, V E°, V k:°, cm st k02°, cm st (0%} (07}
-0,1 : : . .
' 1.04 1468 2x10° 10°t0107 0.65 0.4-0.5
12 08 04 o0 o4 o8 (0.94-1.14) (1050 10°7)
E (V). NHE

Figure 1. Cyclic voltammograms (glassy carbon electrode, area 0.1256 - Estimated using the equatidi? = (E,° + E;°)/2 = 1.25 V7

cn?) for a solution containing 0.01 M TI(CIgs + 1 M NaClO, + 0.273 . . . .
M HCIO, at scan rates of (from top to bottom) 0.5, 0.2, 0.1, 0.05, 0.02, an irreversible (in the electrochemical sense) charge-transfer

and 0.01 V s*, respectively. process, which is not complicated by accompanying chemical
reactiong®23031 Viz_, the calculated values of the well-
established critert&

X
Alog Ip) _
‘ (m o 00 ©)

-9

6 | ,
. and

log (k/ cms™)

AEp/Z
3| Aloguv

= const (20)

(wherel, is the peak currenty is the CV scan rate; is

e the potential at half-height) were in good agreement with

07 09 K 13 this conclusion. For irreversible charge-transfer reactions the
E (V), NHE value of the productan, becomes available from the

Figure 2. RDE results presented in semilogarithmic coordinates. Times difference between the peak and half-peak potentizlaiid

signs indicate extrapolated values of lkgcorresponding td® (rejected Ep/z), and the peak potential shift, using the following
simultaneous two-electron-transfer mechanism), Biidsequential mech- tiona30 Table 1):
anism involving the dithallium intermediate, see the text for details). equation (see Table 1):

1.8RT

on,F

was present in the solution as an internal standard (for details, E,—Epn= (11)
see ref 32).

In Figure 1, typical voltammograms for a solution contain- gnqg
ing 0.01 M TI"(CIOy4)3 + 0.0001 M TICIO4 + 1 M NaCIQ,
+ 0.273 M HCIQ obtained at different scan rates, are E)r— (E) =£In(y—l)l/2 12)
presented. The dependence of the logarithm of the rate Pl P2 anF " \v,
constantk, for the reduction of Tl(ag) on the electrode
potential E, obtained from steady-state measurements at thewheren, is the number of electrons transferred in a rate-
RDE is presented in Figure 2. Seemingly, the reduction wave determining electrochemical proceesis the corresponding
for Tl(ag)®** has no anodic counterpart; the peak currgt, transfer coefficient (vide infra)f is the Faraday constant,
is proportional to the concentration of¥fland independent ~ Ris the gas constant, affds the absolute temperature. The
of the content of Tt. The peak potential varies with the €quations allow for determination of the transfer coefficient,
sweep rate, shifting to less positive potentials with an increase®, provided that the number of electrons transferred in the
of v (Figure 1). The peak current is proportional to the square rate-determining stepy, is known.
root of the scan rate, and the plot of the latter dependence Meanwhile, the fundamental equati®n
intercepts the origin. All these properties are indicative of

o an,F(E — E)
(29) Bard, A. J.; Faulkner, L. RElectrochemical Methods. Fundamentals k=K exp— RT (13)
and Application Wiley: New York, 1980; Chapter 6.

(30) Greef, R, Peat, R, Peter, L. M, Pletcher, D, Roblnsdnsﬂ'umental (Wherek° |S the standard heterogeneous rate Conswns
Methods in Electrochemistry. Southhampton Electrochemistry Group o
Horwood: New York, 1986; Chapter 6. the rate constant at potenti] andE,° is the standard redox

(31) Bockris, J. O'M.; Reddy, A. K. N.Modern Electrochemistry potential of the actual redox couple involved in the process)
Plenum: New York, 1970; Vol. 2. also allows for the determination of the value of the product
(32) Dolidze, T. D.; Khoshtariya, D. E.; Glaser, J.; Lindbergh, G.; Behm, . ) . p ”
M. Manuscript in preparation. an, by plotting logk®) vs E (Figure 2; see also the discussion
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below). At the same time, the total number of electrochemi-

cally transferred electrons, is correlated to the CV peak
current through the following expression derived for elec-
trochemically irreversible reactior&-3°

l, = (2.99x 10°)n(an,)*Ac, D% (14)
whereD is the reactant’s diffusion coefficiend is the area
of the working electrode, and) is the reactant’s concentra-

Khoshtariya et al.

agreement with the conclusions of earlier papers emphasizing
that the transfer of the first electron (leading to the formation
of TI?") is the rate-determining step in the overall two-
electron-transfer proce$d31*Meanwhile, the second step

is not independent and should occur immediately after the
first step, but only in the potential range lower th&aA. Thus,

the obsevation of a cathodic wae for the electrochemical
reduction of TI" at ca. 0.8 V is in contradiction with the
value of B° = 0.33 V established for a one-electron

tion in the bulk. For a given 2 equiv electrochemical process, reduction of TI'(aqP* to TI'(aqP*.® The numerical value
three different charge-transfer mechanisms can be consideregs £,°  as visible from the CV curves, should be situated

(see also the Supporting Information, Figure S1).
(1) n=1, in which case necessarity, = 1 and, thuso

betweenE® = 1.25 V and the potential where the cathodic
wave rises (ca. 0.9 V), i.e., at 10 0.1 V.

= 0.66 (see Table 1). This mechanism, considered in some  According to the theory of multistep charge-transfer

earlier work®® implies that the first (slow) electrochemical

processed! the rate of the slow step determining the overall

step is followed by a second (fast) homogeneous (chemical)cyrrent is proportional to its own overpotential € E —

disproportionation, according to the following equations:
AT + e = [T1"]**} (slow) (15)

2[TI"2 = [TI"*" + [T1']7 (fast) (16)

This pattern in electrochemistry is known as a mechanism

E;°). The standard rate constant was evaluated from the
experimental CV curves using the fundamental equ&téit

o 4.408,
* nFAG exp[(—an,FIRT)(E,° — E))]

17)

with chemical regeneration of the reactant, in which case in which the standard potential was set equal to our value

all the above-mentioned criteria for clear electrochemical of E;. The obtained value®

behavior (expressed by eqs-112) are violated®3°31Thus,

4+£1)x 108%cm st is
in good agreement with the one calculated from the steady-

our electrochemical data favor the mechanism in which the state logk vs E relationship using the same value fie°

entire reaction is electrochemical, correspondingn te 2

(see Figure 2). The computer simulation procedure also

(which can be either a two- or a one-step process; see betevealed that with the experimentally determined values of

low). Besides, the diffusion coefficient calculated through
eq 14 withn = 1 yields a rather unrealistic value of 1.44
x 107 cn? s, whereas the value af = 2 yields (3.6+
0.3) x 108 cn? s %, which is close to the typical value of
5.3 x 10°® cn? s1, obtained for a triply charged ion of
similar size, Ce(ad), under comparable conditions (0.1 M

o = 0.66 and the diffusion coefficient of 3.68 10°6 cn?

s 1 (Table 1) at any reasonable valueskdf the value of

E;° should in no case differ from.Q4 4+ 0.10 V (in the
following, the equilibrium potentials obtained in the present
work are denoted &*). Results of the simulation procedure
also set the frames for the characteristic parameters for the

HCIO,).28 Hence, this mechanism can be excluded from second step; the latter was proven to be electrochemical too

consideration.
(2) n=2,n, = 2, anda. = 0.33. This mechanism implies

(cf. the Supporting Information, Figure S1, and Tablé®1).
The present values &* =1.04+ 0.1 V andEy* =1.46

a simultaneous two-electron transfer from the electrode in a+ 0.1 V (the latter estimated using the overall value) differ
single electrochemical step, and can be excluded on thedramatically from the values of 0.38 0.05 and 2.22+ 0.05

grounds of a rigorous CV peak simulation procedure (Sup-

porting Information, Figure S1). We note that experimental
CV curves cannot be replicated by the valuexof 0.33 at

V, respectively, obtained earlier for 1 equiv redox cross-
reactions;® and/or on the basis of experiments with TI@q)
generated directly by flash photolysis, or by pulse radiolysis

any reasonable values of the other two variables, while they of thallium(lll) solutions® Obviously, the equilibrium po-

can be perfectly reproduced by the value wf= 0.66
combined with reasonable valuesldfandE°® (see Figure

tential E;* showing up in our electrochemical experiment
and the calculated value &* are not the properties of the

S1, Table 1, and further discussion below; also ref 32 “free” aqueous divalent thallium ion, TI(a4) but rather they

provides more details).
(3)n=2,n, =1, anda. = 0.66. This mechanism implies

a sequential two-electron transfer from the electrode, pro-
vided that the transfer of the first electron is a slow (rate-

determining) step, since the?Tlion (whatever set of redox

characterize divalent thallium in some other intermediate
state. Our values almost coincide with the values estimated
earlier by Hush on the basis of a two-step model (1.0 and
1.5V, respectively}® This suggests involvement of similar
intermediate states in both the homogeneous and electro-

potentials is chosen; see below) is a stronger oxidant thanchemical processes. Acceptance of values for the standard

TI3*. In such a case, whehE = E,° — E;° = 180 mV, the

reduction potentials estimated by Hush automatically leads

shape of the combined CV waves is determined by the first to the free energy gap of the intermediate state 3® kcal

electron transfer in the sequert€é83! Hence, the peak

mol~! lower compared to the above-discussed value of 43

position along the potential axes should be mostly set by kcal mol?, i.e., ~10 kcal mot?. The latter value is fully

the standard potenti&;® and the kinetic parametek$ and
o of the first charge-transfer step. This is in general
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the difference of 36:35 kcal mol? is in agreement with ~ Marcus-type expression for the activation free energy, which
the energy of covalent 6s6s bonding established for dimers in this particular case can be expressetd#g°
isoelectronic to the THTI" moietyl62b Some 6s-6p,
overlap is also possible and may contribute to the bond AG, =W, + AG*:v\/i + AG, +
stability since the At-Au and Hg—-Hg bonds appear to be _ . 2
more stable than that of, e.g., €8s in Cs, where the (AGo+ AG, — AG; + AGy — Wi + W)
bonding is limited to 6s overlap. Ab initio calculations for 4AG,
the Hg—Hg bonding gave a value of ca. 70 kcal mgi®
without taking into account the electrostatic repulsion HereAGs is the experimental activation free enerd, is
between ions. For the Z1—TI2" moiety, with its much larger ~ the equilibrium free energy (work term) of the precursor
repulsion energy and crystallographic thallitthallium complex formationW is the equilibrium free energy (work
distance of about 2.9 & a total internuclear bonding energy ~ term) of the complex formation by the reaction products (with
of 30—40 kcal mot! can be estimated. In our model almostintact solvating shellshG* is the intrinsic activation
calculations a thalliumthallium bonding energy of 34 kcal ~ free energy of the rate-determining elementary charge-
mol~* is used (see below). transfer step (either one-electron or two-electron, outer- or
The possible formation of a strongly adsorbed*Tjon inner-sphere, vide infra\G; is the free energy of bringing
glassy carbon) as an intermediate can be excluded considerthe reactant ions from the precursor state to the transition
ing the perfect character of, vs »*2 plots. Also, the state of covalent bond formation, accordinglyG is the
appearance of additional prepeaks is expected in such dree energy of bringing the product ions from the successor
case?6c30 however, they never appear in the experiments. State to the transition state (implying the inner-sphere
Hence, after Taub®, taking into account Hush!&estimate ~ superexchange mechanism of simultaneous two-electron
for the reduction potentials for the two-step mechanism (vide transfer; see belowpAG, is the free energy gap of the (rate-
infra) and the above-discussed structural datawe pro-  determining) intrinsic charge-transfer step, ah@; is the
pose that the transient complex exhibiting the unusual reorganization free energy of that step including the terms
reduction potential is a directly metaietal bonded inter-  due to the reorganization of the first solvation shalG;,
mediate, [(aq)T™—TI"(aq)f'". This is an inner-sphere two- and the rest of the solvem\Ges (AG; = AGis + AGy). It
electron-transfer mechanism which probably takes place alsoshould be noted here that the ter&; andAG; are absent
for some other well-known cross-exchange processes, suchn the cases of outer-sphere mechanisms (one- or two-
as TP+ + Hg° = [TI"—Hg']3" = TI* + Hg?*, forming an electron), and the term&f andW: andAG; andAG; entering
individual reaction typé® In another class of inner-sphere the quadratic term of eq 20 cancel for the cases of symmetric
2 equiv processes metastable binuclear intermediates, e.glintrinsic self-exchange (for both the inner-sphere and outer-
[Pt —TI"], detectable by different spectroscopic techniques, SPhere mechanisms, vide infrédy°
can be formed’ These peculiarities, along with internuclear Application of eq 20 implies that the contribution to the
electrostatic interactions and ligand effects, can be explainedexperimental activation free energy arising from the inter-
by the effect of inert electron pairs characteristic of s-type reactant interaction, i.e., the value of the free energy required
valence electron®.This effect is partially eliminated for the  for bringing these ions into close contact (at a distance close
latter system due to the participation of 5d electrons of Pt to the energy minimum position of the proposed-TTI"
(see also the Discussion, part?€)n contrast, the homoge-  covalent bond, ca. 2-93.1 A), can be divided into two terms,

~ Hy (20)

neous 1 equiv cross-reactions involvingTlor TI*, includ- W andAG;. The first term is associated with the equilibrium
ing one-electron exchange processes free energy of formation of the precursor complex, with
a - ot a almost intact solvating shells. This free energy (work) term
T+ T =TI + Tl (18) is usually expressed through the simple Couldr#tor more
i 1,22 i i i
TIZF 4TI e T 4 TI2 (19) advanced BjerrumFuos$!?? equations, but in fact it can

be almost entirely identified as a negative entropy associated
obviously take place via the simple outer-sphere mechanism,with an increase of solvation (attending the charge concen-
in which these ions exhibit their normal redox potentials, tration)*2and a loss of translational and rotational degrees
egs 3 and 4, and constitute a different reaction type which of freedom upon the precursor formatit#i® The corre-
exhibits a curved free energy relationsHiDirect compari-  sponding experimental and calculated value$\pffor the
son of these reaction typesAa6G, = 0 reveals a ratio of the ~ encounter of 3-/1+-charged aqua and related complexes,
activation free energies of 2, whereas if the two-electron vary between 4 and 6 kcal ma|'°-2?
process is also outer-sphere (a case of the closely resembling The second termAG;, which in contrast to the preequi-
one- and two-electron-transfer mechanisms), a ratio of 4 librium term essentially belongs to the intrinsic kinetic
could be expected on the basis of Marcus theory (see the(charge-transfer) step, is determined by a closer approach
next section for details). of reactant ions until the transition state along this particular
reaction coordinate is derived (see the discussion below),
which is close to the configuration of a covalently interacting
The relevant theoretical basis for the discrimination of but still extremely unstable (virtual) state characterized by a
different microscopic charge-transfer mechanisms is the TI—TI separation of 2.9 A. The latter motion requires an

Discussion
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70

coordinate should be preferred, so that the medium (outer-
shell) reorganization energy scales with the square of the
net charge to be transferred in the elementary Stép*>33

e 1
AGOS—(AeV(EO EJf(R, a) (21)

307 Here,Aeis the net charge transferred in the elementary step,

€, andeg are the optical and static dielectric constants of the
solution, respectively, and(R, &) is a function of the
interreactant charge-transfer distariReand other geometric
characteristics of the reactive system, such as, e.g., the
effective radii of the reactants,, or similar characteristics,

A0 e depending on the theoretical model applied. For the case of

2 3 4 5 6 7 8 R > a; + a,, this function has a simple form derived by
Tl - T separation (A) Marcus?24:33:35.36

Figure 3. Arrangement of the free energy terms reflecting the motion of
a reacting T+TI system along the metaimetal separation coordinate: (1) f(R ai) — i + i _ 1
TI"—TI" attractive branch; (2) T-TI" repulsive branch; (3) T-TI' ! 2, 2a, R
repulsive branch; (4) the curve indicating the adiabatic (actual) free energy
profile for a homogeneous superexchange process (for channel terms 1 an
2 the adiabatic splitting is not shown for clarity; see the text).

Energy (kcal mol™)

(22)

Bther mode3 consider the case & < a; + ap, for which
more cumbersome equations were derived (see the Support-

essential deformation of the solvation shells and can being Information, eqs S2 and S3). Application of these models
compared to the process of water exchange in the first is sufficient for a more realistic situation when the first
solvation sphere of the Tl(atf)ion (the latter is less labile ~ Solvation sphere cannot be regarded as having “bulk”
than that of the Tl(ad) ion) and the overall associative Properties, but rather as the ligand sphere, requiring special
mechanism. The value of the corresponding activation free consideratiorf>3® For homogeneous charge transfer all the
energy, after subtraction of the previously considered en- models predict an increase AfS.s with R (see the Support-
counter contribution, can be deduced to be on the order ofing Information, Figure S2).
5—6 kcal mol?, or S0 kex®~ 5 x 108 to 5 x 10° 571.4b:220| Let us now, on the basis of the obtained numerical data,
total, the sum of these quantities, ca. 11 kcal thatan be discuss possible microscopic mechanisms for the overall two-
estimated as a contribution of nonsolvent factors to the electron self-exchange. Some of these mechanisms regarding
overall free energy of activatioh.2425 the free energy change along the medium (solvent) reorga-

(|) Microscopic Mechanism for Homogeneous Self- nization coordinate are depicted in Figure 4 and the cor-
Exchange.Recently, a three-state model for outer-sphere responding calculated free energy parameters are listed in
two-electron-transfer reactions was developeudhile the Table 2.
outer-sphere superexchange mechanism involving a virtual (&) Sequential Transfer Involving Two “Free” Ti(aq) >
intermediate state was also reconsidéféExtension of ~ ons in the Intermediate State (Involving the Energy
these models allows for the analysis of microscopic mech- Terms 1, 4, and 1, Figure 4). This mechanism requires a
anisms through the inner-sphere pathways, proposed abovdree energy gap of 43 kcal mdl (for the first electron-
for the present casé® For this purpose, in addition to the transfer step). With an estimated 1 equiv minimal outer-
generalized solvent reorganization coordinate, we considersphere reorganization free energy of 12.5 kcalthitaken
below also the motion along the thalliufthallium separation ~ @s 1/4 of the 2 equiv contribution at the contact ion
coordinate, which, according to arguments discussed aboveconfiguration requiringhi + AG; = 11 kcal mof, Table
should play a key role in the microscopic mechanism. 2), according to eq 20, one encounters a situation which is

Figure 3 represents the free energy change for therl  the mirror of the inverted Marcus region withG,"*/~ 70
system as a function of the metahetal separation distance. kcal mol . We note that within this model there is no source
The repulsive and attractive terms (the latter mostly covalent for the lowering ofAG, (AG') through very adverse (for such
in origin) are shown schematically, and the possible local @ mechanismAG,. The “cage effect” discussed in an earlier
minima for the precursor states®TITIt and TPH/TI?" are — — .

. . . . (33) Krishtalik, L. I. Charge Transfer Reactions in Electrochemical and

not indicated in the corresponding repulsive terms. The Chemical Processe®lenum: New York, 1986.
resonance splitting of intercepting channel (diabatic) terms (34) (a) Khoshtariya, D. E]. Mol. Struct.: THEOCHEM.992, 255, 131.
(the lower adiabatic free energy profile) is depicted for (R fgosnarya b- & Berdzenishvili N. @hem. Phys. Lett992
channel terms 1 and 3 only for clarity, and indicated by an (35) (a) Krishtalik, L. I.Elektrokhimiyal982 18, 1512. (b)J. Electroanal.

i Chem 1982 136, 7.
arrow (fragment 4, Figure 3). The lower terms are drawn to (36) (a) Dzhavakhidze, P. G.: Kornyshev, A. A Krishtalik, L. 1.

result in a free energy gap of ca. 11 kcal mofor the Electroanal. Chem1987, 228 329. (b) Phelps, D. K.; Kornyshev, A.

intermediate state (vide infra). For the present system, as _ A.; Weaver, M. JJ. Phys. Chem199Q 94, 1454.

- . (37) (a) Newton, M. D.Chem. Re. 1991 91, 767. (b) Billing, R.;
far as the covalent interaction between the two metal centers Khoshtariya. D. Elnorg. Chem 1994 33, 4038. (c) Rosso, K. M.;

is involved, the motion along the internuclear separation Ruistad, J. RJ. Phys. Chem. 200Q 104
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Table 2. Estimated Values for the Different Components of the Experimental Activation Free Energy (kca) (| 20%

outer-sphere outer-sphere inner-sphere electrochemical
parameter/mechanism sequential simultaneous superexchange sequential
AG, 43 0 0 17 (0)
AGOimr 11
Wi (R) 5(8.0) 5(8.0) 5(8.0) ~0
AG; (R) ~3(5.2) ~3(5.2) 6 (2.93.1)
~0 (8.0) ~0 (8.0)
() AG; (R) 35(5.2) 140 (5.2) 64 (3.1) ~60 (34)
48 (8.0) 190 (8.0) 51 (2.9) (Kornyshev)
() AG, (R), at fixedAGjs = 32 20(5.2) 80 (5.2) 53(3.1) 24 (34)
30 (8.0) 120 (8.0) 51(2.9) (Marcus)
Hi 0.1 0.1 ~5 <1
() AGLalcd(R) 38(5.2) 40 (5.2) 24 (3.1) ~24
40 (8.0) 52 (8.0) 20 (2.9)
(I AGLaed(R) 42 (5.2) 28 (5.2) 21 (3.1) ~6
38(8.0) 35(8.0) 20 (2.9)

aReorganization free energies at fixed internuclear dist&&) are calculated according to egs 21, 22, 30, S1, and S2.

papertt® without considering a covalent interaction, leaves transfer involving an energetically relaxed (thermodynami-
room only for an additional unfavorable Coulombic (repul- cally stable) dinuclear intermediate. The free energies

sive) force, leading to an increase &6, and AG,. corresponding to such a mechanism formally shouldGg

(b) Outer-Sphere Simultaneous Two-Electron Transfer < 0, and/orAG; > AG;. This was observed for processes
(Involving the Energy Terms 1 and 1 Only, Figure 4). of the typ&® PtV + TI" = [Pt"-TI"] = Pt' + TI' where
This mechanism suggests an interreactant distdReed; " the covalently bonded intermediate (thermodynamically

+ a*" of ca. 78 A, implying almost intact inner solvation metastable) is stabilized kinetically so that it can be isolated
shells for both reactant ions. The corresponding reorganiza-and characterized as individual speciél the present case,

tion free energy amounts to at leas&, = 100 kcal mot? the intermediate [TITI"]*" formed through the homoge-
and a formation free energW, of 5 kcal mol? for the neous process is essentially unstable, both thermodynamically
encounter complex. According to eq 20,46, = 0 and and kinetically, and thus can be considered as a virtual
AG, = 0, these values result iING,2°d = 30 kcal mof*? intermediate only (see the next subsection).

(Table 2). Considering a closer approach (an intact inner shell  (d) Simultaneous Two-Electron Transfer via the Vir-

for TI3" and labile inner shell for T at 5.0-5.2 A, one tual Intermediate (Superexchange Mechanism, Involving
encounters the situation wher®G, is at least 80 kcal the Energy Terms 2, 3, and 2 Figure 4). Such a mech-
mol~* andW, + AG; ~ 6—7 kcal moi™, yielding AGfacd~ anisni’® is possible for the present system due to the
26—28 kcal mot™. This value is rather close tAG2! = thermodynamically and kinetically unstable character of the
23.4 kcal motl?, and can be considered as supporting the proposed intermediate, [TTI"]*". According to the ex-
outer-sphere mechanism with partial desolvation. However, tended version of charge-transfer theory in three-state redox
without considering the HTI covalent interaction, for the  systems, for the overall two-electron matrix element operat-
outer-sphere two-electron-exchange matrix element, theing through the superexchange mechanism, the following

following equation can be appliéd® expression can be appliéd:
H12H23 H12H23
Hiz~ a1 (23) Hiz= (24)
IAG, — AG, Y IAG — (AG,12) — (AG,CY2)|

where Hi, and Hys are outer-sphere electronic coupling where Hi, and Hys are the one-electron-transfer matrix
matrix elements. For simple outer-sphere one-electron- elementsAG,* and AG.3 are the free energy gaps for the
transfer processes involving aqua and comparable complexedirst one-electron-transfer process and the overall two-
of metal ions, it is has been established tHat< 0.5kgT.3’ electron-transfer process, respectively, ot is the
Hence, for this modeH 3 < 0.1 kcal mof?, corresponding  solvent reorganization free energy for the simultaneous two-
to the nonadiabatic regime with an unfavorable preexponen-electron transfer within the same system. The superexchange
tial factor (transmission coefficient1). Thus, we note that  mechanism through the [TiTI"]** intermediate implies
implementation of a close approach of the reactant ions combination of two two-electron inner-sphere processes of
(~2.9 A), implying a deformation of both inner shells and the covalent-to-ionic and reverse transition types. For simple
favoring TI-TI covalent interaction, automatically leads to  one-electron transitions of this typkl; ~ 10 kcal mol™.
another mechanism for the simultaneous two-electron trans- Estimates obtained above suggest that the free energy gap

fer, viz., to the inner-sphere mechanismia the virtual for the [TI"—TI"]*" formation (ca. 11 kcal mol) almost

intermediate stat¢see the further discussion below). coincides with the value i, + AG; estimated for the inner-
(c) Sequential Transfer Involving the Metastable sphere mechanism. This leads A46,?* ~ 0, andAG, =

[TI"=TI"]** Intermediate (Not Shown in Figure 4).This AGyt = 0. This also means that for a homogeneous self-

inner-sphere mechanism implies a two-step two-electron exchange process the transition state along theTT|
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separation coordinate coincides with, or is very close to, the formed in a first rate-determining step waits for another one
final (“equilibrium”) state corresponding to the maximal to form molecular hydrogen in a fast activationless proégss.
covalent stabilization (Figure 3). The maximum on the The difference is that, in the case of hydrogen evolution,
resulting adiabatic surface is not expected to be well- the intermediate particle (hydrogen atom) is adsorbed on the
pronounced because of a large resonance splitting of thePt electrode (which is clearly manifested in the corresponding
energy terms amounting tdH2, = 2H,3 ~ 20 kcal mof?, CV curves; see, e.g., ref 30, Figure 6. 22), whereas the step
or so. The transition-state FITl separation distance (nearly  of dithallium ion formation (eq 26) probably takes place at
the equilibrium distance for covalent bonding) of 324 some distance from the electrode surface, presumably at the
A suggest a 2 equiv solvent reorganization free energy of OHP (outer Helmholtz plan®as follows from the analysis

ca. 60 kcal mol* (Figure S2). This value, together witkiG, of our CV curves). Results of the model calculations by
=0, AG2 ~ W, + AG; = 11 kcal mot?, andH;3 ~ 5 kcal Koper and Schmicklé? support the latter conclusion. They
mol™! (estimated by means of eq 24), yieldssc2°d ~ indicate that strongly solvated and, thus, effectively large

22—-24 kcal mofl, and a transmission coefficient close to ions such as, e.g., Tl(aq) prefer to exchange electrons with
unity, in good agreement with published experimental the electrode from a larger distance, in contrast to easily
data®10 desolvated univalent ions which prefer to react through the
Summarizing the situation for the homogeneous two- step of “ion transfer”, leading to a specific adsorption of
electron self-exchange, we conclude that the superexchangeeactant ions (see also the discussion below). The Nernst
mechanism through the virtual, yet covalently interacting, equation for this chemical system, operating through eqgs 25
[TI"=TI"]4" state seems most probable from the viewpoint and 26, thus reads
of both factors determining the rate constant, free energy of
activation, and electronic coupling. In this context it can be RT [ [T
noted that also the simultaneous two-electron transfer S N
(dislocation) in the processes of this type should be consid- ("1
ered as “correlated” rather than “parallel” because at the close

o% 1 *
approach of the reactant ions, the two electrons experiencingWhere E,™* is the formal redox potential an&;* is the

the exchange interaction cannot be considered as fullyfStandard redox po_tenti_al o_f the’Ti(/[T12]*") (_:ouplg. Th_is
equivalent. In other words, it is not necessary for two is because the dimerization of two TI(&g)ions in this

electrons of the “donor” Tl(ad)ion, situated on the 6s atomic particular case is an act_ivationless process _(in\_/ol_ving the
orbital, to be transferred in parallel. Instead, at some momentcannel terms 2 and 1, Figure 3), and its rate is limited only
upon the approach of the two ions the frontier electron can 2Y the frequency factor of the encounter complex formation

gradually change its “affiliation” from the AO to the Mo  Multiplied by the “waiting” factor for another Ti(a&)

type, while another one instantaneously located in the space-formation during the lifetime of the first Ti(ag) ion (both

separated position may undergo a through-space hopping2'® proposed to be formed within the area of the OHP). Still,

Such an asymmetry between two “mobile” electrons will the latter process seems more probable compared to the direct
increase as the overall mechanism gradually changes fromreduction of the TI(ady ion, which requires a little activation

outer-sphere to inner-sphere. We also note that the validity (¢ Pelow). Seemingly, a little activation is also re-
of eq 24 is restricted to the cases when the intermediate statdiuired by th_e FEVErse process qf the ox_ldatl_on c_)f TRaw)
is essentially virtual (that is, undetectable by conventional |(@d)**, which is competitive with the dimerization process
techniques as an individual specié®)Otherwise, each step Pt 1€sS probable (see below). Unlikely for the valudeof

of the formation and breakdown of the intermediate should (0P€rating in eqs 25 and 26), the transfer coefficient of the
be considered as separate chemical processes. first step, a4, should be determined by the relative posi-

(ii) Microscopic Mechanism for an Electrode Process. 10N of+“§olvent” free energy terms of states Tl(&qpnd
For the electrode reduction of TI(&¢fo Ti(aq)" on the basis ~ 1(@dF*" (i-e., solely by eq 25; see, e.g., ref 33). The relative
of the present and literature data, we assume that the interPoSition of the free energy terms for the electrode process
mediate state, namely, the covalently bonded FTI"]++ under consideration at the electrode poterfia+ E;* =
ion, is formed with a formal reduction potential B* = 1.04 V is depicted in Figure 5. The energy levels of all states
1.04 V, leading to the reduction potential of the next step, &€ shown with respect to a generalized solvent reorganiza-
E* = 1.46 V. But, in contrast to the homogeneous self- tion coordinate. This figure is complementary to Figure 3
exchange process, the formation of the TIgagpn as a (upper curve) .represent.ing the free energy change along the
thermodynamically metastable particle is unavoidable. Thus, 1= T! separatlon coordinate.
for the mechanism of the transfer of the first electron, one  According to the general thedf?425:33
can write

(27)

1, AG,
TI"(agf" + e = TI"(aqf" (slow) (25) a=5+ 2AG, (28)

1l + Il __ 74+
2TI"(aqy" = [TI"=TI"]*" (fast) (26) Implying that the experimental valua\G, = ¥(AH—7)

The situation here is somewhat analogous to the cathodicx 17 kcal mot?, correctly reflects the microscopic mech-
hydrogen evolution reaction, where the hydrogen atom anism, our experimental value ofy = 0.65 suggests that
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90

zZn(aqf + e — Zn(aq) (29)

occurring via a through-space electron-transfer pattern. The
Marcus equation for the solvent reorganization free energy
of the electrode proce¥s3.3536

1 1
f(R a) = 52 4R (30)
for the realistic effective radius of the reactant iap= 2.6
A, and the charge-transfer distance ef8A yields a value
of AG® ~ 25-30 kcal mot’. The qualitatively different
trend of the dependence &G, on R, and much larger
values ofAG® for these kinds of electrochemical steps, can
be predicted on the basis of the model of Kornyshev &fal.,
. , . taking into account nonlocal electrostatic effects of field
Q Q. Q; penetration into the electrode and the solvent mode spatial
Solvent coordinate (arbitrary units) dispersion (see also the Supporting Information, Figure S3).
Figure 4. Arrangement of the homogeneous two-electron-transfer (self- Table 2 illustrates the results of calculations based on
exchange) free energy terms along the medium (solvent) reorganization Marcus’ and Kornyshev’'s models.
coordinate: (1) initial state; (}final state; (2 and 2 “initial” and *final” According to the present microscopic model, the transfer
states along this coordinate, corresponding to a region of the transition state . .
(R ~ 3.2-3.4 A) along the THTI separation coordinate (Figure 3); (3) ©Of the second electron should take place to the dithallium

virtual intermediate state corresponding to the-Tl covalent distanceR complex [TI'-TI"]**, a process with a free energy gaf5.*

= 2.9_ A (Figure 3); _(4) a hypothetical_(unrealis_t_ic) intermediate state of ~—10 kcal mot?!. This suggests a value of, ~ 0.4—
involving “free” [T1"]2* ions; (5) a hypothetical transition state for the outer- if h | f th | .
sphere (parallel) two-electron-transfer process; (6) a hypothetical transition 0.5 (' one accepts the same value of the solvent reorganiza-

state for the “inner-sphere” two-electron process in the absence of a virtual tion free energy as was proposed for the first electron-transfer
interme(_jiate_ state (indicated by a circle)_. The inr_]er—sphere superexchangestep)_ The latter value o, is compatible with the results
mechanism is realized through two lower intersections of the bold parabolas. . . .
of the computer simulation procedure for the resulting CV
80 curve (Table 1).

It is interesting to note that the reverse two-electron-
transfer process, namely, the oxidation of Tl(atp) Tl(aq)+,
is expected to exhibit an anodic wave néar Ex* = 1.46
V, upon reverse potential scanning. According to the
principle of microscopic reversibility, the situation with the
free energy terms & = 1.46 V should be similar to that
shown in Figure 5 (changed symmetrically with respect to
the TP and TI" terms). The logical microscopic mechanism
should include the following paths for the first electron-
transfer step:

Energy (kcal mol™)

-10

» [o2]
o o

N
o

Energy (kcal mol”)

Tl(ag)" — e = TI(aqf" (slow) (31)

Q;, Q Q 2TI(@aqgf" = [TI"—=TI"]*" (fast) (32)
Solvent coordinate (arbitrary units) In fact, no anodic wave due to this process was detected
Figure 5. Arrangement of the electrode two-electron-transfer (reduction under our experimental conditions, within the potential range

of Tl(agF** to Tl(aq)") free energy terms along the medium (solvent) of 1.0-2.0 V (cf. the Experimental Section). Instead,
reorganization coordinate: (1) the initial TI(&t)state; (2) the intermediate

Tl(aq* (transition) state; (3) th&/,[TI"—TI'* intermediate (thermody-  NYSteresis-type irregular current/voltage curves were observed
namically disclosed) state; (4) the final Ti(dg¥tate. Two intermediate ~ aboveE = 1.5 V, probably due to oxygen evolution and

states (3 and 4) correspond to different positions along thd T$eparation formation of oxide films on the electrode surface (see e.g.
coordinateR (curves 2 and 1, respectively, Figure 3). Transition states are ’ '

indicated by circles. refs 29 and 30). Obviously, some mechanism is blocking

the oxidation process of Tl(ag)which can be microscopi-
AG; ~ 60 kcal mot .38 Koper and Schmickléttheoretically cally reversed to that considered above (eqgs 25 and 26). The
estimated the same value for the solvent reorganization freemost probable reason for such a “disorder” may originate
energy for the electrode process from essentially different solvating features of the TIf4q)
and Tl(aq) ions as the starting reactants. As already
(38) The estimate is based on the assumption that within the consideredMentioned above, according to Koper and Schmiékfer

potential rangea. = const. This assumption is quite common for  highly charged and effectively large aqua-coordinated ions
traditional electrochemistry, but is strictly valid for cases whisf&,

< AG.242533We assume that this roughly holds in the present case, such as Tl(ady, the mOSt probable redox path is thrPUQh'
validating also the application of eq 13. space electron hopping to/from the OHP. Meanwhile, for
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easily desolvable univalent ions such as Tlfacg more interaction largely contribute to the activation free energy
probable redox path implies ion transfer to the electrode of a homogeneous self-exchange process, while the contribu-
followed by a strong specific adsorption on the electrode tion of the medium reorganization free energy is lowered

surface as the rate-determining step: about 4 times compared to that of the alternative outer-sphere
simultaneous two-electron-transfer mechanism.
Ti(aq)" + 0e” = Tl " (slow) (33) In contrast, in the course of an electrochemical process of

a two-electron reduction of [T]3*, the [TI'—TI"]*" com-
plex, seemingly showing up in the reduction potential, can
be formed without appreciable thermal activation immedi-

' 2+ i : : ) :
In this case, Th'", formed as an intermediate, is prob-  54a\y after the electrochemical transfer of electrons tH i
ably trapped in a local potential minimum at the electrode and formation of two neighboring lag* ions, which,

surface, at least during the time interval sufficient to pre- < . +ha transformation into the [FETIN*, in fact, exists

vent the dimerization process (making it less favorable in the transition state only. The activation free energy of the

;:ror:p:‘a;ef(rj ::: ttr? N c;m;r)betgg tptrocgrss of ttrf:e fS?;OT? Zlecttironnslow electrochemical step mostly originates from the medium
anster Iro e adsorbed state). Thus, the formal reductio reorganization. However, in the 2 equiv electrochemical

potential for the corresponding first electrochemical step will process of [T]*+ oxidation the mechanism is not microscopi-

be close to the formal reduction potential of the process given : . T
. . ; cally reversible, due to the operation of an alternative ion-
by eq 4, which falls far above the region available for the )
transfer mechanism.

reliable electrochemical measurements on a glassy carbon
electrode.

T + (1 - o) =TI 2" (fast) (34)
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