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SOLVENT, LIGAND, AND IONIC CHARGE EFFECTS ON REACTION

ENTROPIES FOR SIMPLE TRANSITION-METAL REDOX COUPLES

Joseph T. Hupp and Michael J. Weaver

Department of Chemistry, Purdue University
West Lafayette, Indiana 47907 U.S.A.

ABSTRACT

The dependence of the reaction entropies, AS;;’ for simple M(IIL)/(II) i

redox couples, with M = Ru, Fe, Os, Cr, upon the nature of/the ligands and

tie solvent 1is examined with a view towards correlating/ASi_c with simple

i

physical parameters. Folr couples containing ammine, ethylenediamine,
polypyridine, cyclopentadiene or pseudohalide ligands,/ASE_c in a given
~solvent is found to correlate well with‘(Z2 - Z2 ), where 2 and Z [~
. oX red ox red
—a¥e,the charge numbers of the oxidized and reduced forms, and with 1/r, where
r is the effective radius of the redox couple. This suggests that short-

range ligand-solute interactions do not provide a predominant contribution

te Aszc,for these systems, although this effect is probably important for

aquo redox couples in water. The dependence of AS;c rpon the solvent
correlates reasvnably well with the solvent “acceptor number'" and other .
solvent polarity parameters. This is rationalized in terms of a contribution 1
Lo AS;c arising from disruption of the surrounding solvent structure ﬂ
4
bv the charged solute. The predictive as well as interpretative virtues of h
L
such semiempirical correlations of reaction entropies are pointed out, i
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INTRODUCTION

Relative entropies of simple inorganic ions in aqueous solution were
widely measured and interpreted in the 1950's and 1960's in order to examine
basic notions concerning ionic solv::u:ion.l—7 Interest in this topic was

revived in 1979 with the report by Weaver and co-workers that absolute

-]
red

measures of the entropy difference,,AS{’_C (=S - ng), between the reduced

and oxidized forms of a redox couple involving only electron tramsfer could
readily be obtained from nonisothermal electrochemical measurements.
Besides their value for systematically determining entropic and enthalpic

driving forces for redox processes, the virtue of individual AS;c values for

8-10
unraveling structural changes accompanying electron transfer was emphasised. 1

Numerous papers dealing with reaction entropies have appeared since then.9-26

These have been concerned with unraveling the details of solvent reorganization

14-16,24,28,29  ih the

8-13,17-20,26-28 metalloproteins,21_23

in connection with electron transfer dynamics
solvation of inorganic redox couples,

or other bialogical model compounds.17’18’25

Although significant insights
have been gained, some puzzles remain.

Paramount of these is the elucidation of the physical factors that are
responsible for the observed marked sensitivity of As;c to the nature of
the ligands and the surrounding solvent, as well as to the charges carried
by the redox couples.s-13 It has been suggested that the large quantitative,
and in some cases even qualitative, divergences seen between the experimental
values of As;c and the expectations of the Born dielectric continuum model
are due chiefly to short-range, oxidation state-dependent interactions between
the coordinated ligands and the surrounding solvent molecules.e-13

This communcation explores the ability of semiempirical relationships to

rationalize the experimental data. The results suggest that a simpler

T W e T e Lt L e e el el e e e e e L
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interpretation may be valid; namely, that the AS;C values for a variety oy

cor-
Iy

structurally simple redox couples depend simply on the size and charge tvpe

¥ .

‘e 2,
L)

of the redox couple once the specific nature of the solvent is included.

:: Besides offering predictive power, it is suggested that these correlations
?: and accompanying molecular interpretations can rationalize some of the more
e, curious findings of earlier studies.
2
o
7
A EXPERIMENTAL SECTION
5\ The reaction entropies measured as part of ihis study were all obtained
!
,25: from the temperature dependence of the formal potential, Ef, using a nonisothermal
:E: cell arrangement, essentially as described in refs. 8 and 11. Thus values of
47: Ef were measured with cyclic voltammetry with ca 1-2 mM of either the reduced
iz or oxidized form of the redox couple in solution. The nonisothermal cell
:i: for nonaqueous solvents featured a '"double junction" arrangement. This
)
4 consisted of a fine porosity glass frit separating the aqueous reference
§§ compartment containing the saturated calomel electrode (s.c.e.), held at
3 room temperature, from the thermal liquid junction located between the
reference and working compartments, the latter having a variable temperature.
A
:5 This region between the "hot" and "cold" compartments was filled with the
.i; nonaqueous solvent and supporting electrolyte, a second frit separating this
o
%: region from the¢ working compartment itself.

The sources of the complexes used were as follows. Samples of

A‘u(NH})Spy-(PFG)3 [py = pyridine], Ru(NH3)5pz'(PF6)3 [pz = pyrazine], and

SRS W o M

41: Ru(NH3)6'(CF3COO)3 were provided by Drs. Peter Lay and Roy Magnuson (Stanford).
‘: Ru(cn)3'Br3 and Ru(NHa)Z(bpy)z'(ClO[.)2 were supplied by Dr. Gilbert Brown
) :
:: (Brookhaven), and Ru(NH3)4(phen)-(CF3COO)3 by Prof. Larry Bennett (San Diego State).
o
i d
N
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{ Ru(NH3)5NCS'(PF6)2 was prepared as in ref. 30, and Cr(bpy)3-(C104)3 by
: \ Dr. Saeed Sahami as in ref. 11, Ru(bpy)3'Cl3 and ferrocene were purchased
Y
3 from G. F. Smith Co. and Aldrich, respectively.
-'
3
-8 RESULTS AND DISCUSSION
.‘~
g Empirical Correlations
Y We consider here redox couples having the general form
\ b
Y
S IIL 4. w - — I 470
E: MUTLILY 4 e MTTLoLY (1)
a3
“
R where M = Ru, Fe, 0Os, and Cr, and the ligands L',L" = OHZ, NH3, ethylene-
.‘: diamine (en), pyridine (py), pyrazine (pz), 2,2'-bipyridine (bpy), 1,10-
- = -
‘:1 phenthroline (phen), cyclopentadiene, NCS , C1 , and CN . The complexes were
).
, selected to be substitutionally inert (or at least thermodynamically stable)
LY
f:' in both MIII and MII oxidation states; this generally involved couples having
t; a low-spin electron configuration. Such couples form especially tractable
o
‘ systems for interpreting reaction entropies, as well as other electron-transfer
;53 parameters, since they exhibit only small structural differences between the
WY
Ay
\; oxidized and reduced forms. In addition, with the exception of the couples
LY
[}
™ containing aquo ligands, they can be examined in a variety of solvents besides
g , water while maintaining the inmner-shell composition fixed.
1
{ We have noted previously that values of As;c for couples containing
b
y

Py aromatic ligands are substantially smaller than for those containing ammine
W)
or ethylenediamine groups.ll’12

»:f Figure 1 contains values of As;c for a

EE number of M(III)/(Il) couples containing polypyridine and/or ammine, ethylene-
:E; diamine, or aquo ligands in water, dimethylsulfoxide, and acetonitrile, plotted
ix against the effective radius, r, of each couple. The As;c values were either
:3 measured as part of the present work, or were taken from previously published
G

o
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8,9,11,12

reports from this laboratory. The former values are summarized in

Table I; they refer to an ionic strength of 0.1. The effective radii used

. 5
ac'a e ‘ol

in Figure 1 are summarized for the various ligand compositions in Table 11;

these were estimated using the procedure described in ref. 32.

It is evident that there is a rough correlation between AS;c and r, é
although the plots are significantly nonlinear. Noticeably better linear R
correlations are found upon plotting AS;c against 1/r (Fig. 2), with the é
exception of the points for the hexaaquo couples which show large deviations j

aiah

on both plots. Similarly linear relationships between As;c and 1/r were

RN

obtained in solvents other than the three shown in Fig. 2, but are omitted

for clarity.
Two types of data are available with which to examine the dependence
of As;c upon the charge type of a couple in a given solvent., Firstly, a
few complexes can form several sequential oxidation states in aprotic solvents.
This enables values of AS;c to be obtained for two or more couples with

successively varying charge numbers of the oxidized and reduced forms, Z

ox
and Zred’ respectively. Figure 3 contains values of AS;c for Cr(bpy)§+l/n+
in acetonitrile (for n=2, 1, and 0) plotted against (2(2,x - Zzed). An excellent

linear correlation is obtained. Almost identical results have been obtained

+1/n+
for Ru(bpy); /n in acetonitrile.29 The corresponding plot for Cz‘(bpy)g+l/n+

in acetone yields a similar correlation, but with a significantly positive

y-intercapt (22 J K—l mol‘l). A similar linear dependence of AS;C upon

2 0
(Lox - Z;ed) has also been observed for metal dithiocarbamate couples carrying

negative as well as positive charges in acetonme.
A second weans of examining the charge dependence of AS;c involves

suctussively substituting neutral ligands bv charged groups. Figure 4

3+/2+ 34/2+ 34+/2+

L 24+/+
3 , Ru(NH3)6 , Ru(en)3 . Ru(NH3)SCl

cotidins As;c values for Cr(bpy)

&~
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(; ‘ Ru(NH3)5NCS /+, ferricinium/ferrocene, Fe(CN)abpy /2 , and Fe(CN)g /4
SN
;q? in aqueous solution, plotted against (Z2 - Z2 )/r. The data were taken
h ox red
SICRAS
.jxﬁ- from refs. 3,8, and 11. A reasonable straight line is again obtained,
v even though the chemical nature of the ligands varies substantially.7 Since
A g
e, the radii for these couples vary only to a small extent in relation to the
‘:sl:.
AT numerical alterations in the ionic charge, Fig. 4 is insensitive to the
RN
"y choice of the radius function. Various authors have noted that the ASZC
\
\{\j values for such '"mixed ligand" couples can be estimated approximately by
] . . . 3a,9,33
x::) linearly interpolating the values for the appropriate pure ligand couples.
v
\3\9 It has therefore been suggested that each ligand provides a roughly additive
e 9,33
o contribution to the measured AS;c' ’ However, the foregoing demonstrates
”5:5 that reaction entropies in a given solvent can be correlated simply to the
i'.‘-'.:
f\ 5) charge and effective radius of the complexes, even for structurally diverse
{
A couples.
':ﬁ& The plots presented in Figs. 2-4 have functional forms that are
<:?b reminiscent of the simple Born expression for the reaction entropy:12
DN 2
o _ €N dlne, ,. 2 2
f:f ASrc 2erT ( dT )(Zox Lred) (2)
s
,.
=5 where e is the electronic charge, N is the Avogadro Number, and € is the static
-?:: dielectric constant of the solvent. However, Eq. (2) commonly yields
_x::n
f:#? estimates of As;c that are in marked quantitative, or even qualitative,
= . 8,9,11-13
= ad disagreement with experiment. This is the case for the data presented
N Wes
;{}' in Figs. 2-4. For example, the slope of the '"best fit" straight line in
o - -1 .
“ Fig. 4, 83.5 JK 1 mol X, is substantially larger than the predicted value
LA
N from Eq. (2), 39.5 J K ! mo1™l. similarly, the plot in Figure 3 has a
-1 -1
;Qg slope, 22 J K mol ', that is considerably larger than the Born estimate,
g
N
\J
N
Y
\O. -
N

o

ey s

:
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- -1 .
11.2 J K 1 mol . In addition, Eq. (2) predicts that these plots should

n+l/n+

have zero iIntercepts. Although this is approximately the case for Cr(bpy)3

-1
in acetonitrile, as noted above a substantial positive y-intercept (22 J K
-1 R , , ,
mol ~) is found in acetone, whereas the data in Fig. 4, obtained in water,

yield a large negative y-intercept, -40 J KQl mol_l. It is therefore clear

that the experimental values of AS;C contain a solvent-dependent yet charge-
independent component that is not described by simple electrostatic models.
One might expect that such a contribution could be associated with
short-range donor-acceptor interactions between the redox couple and
surrounding solvent molecules. Since most redox couples considered here are
likely to act as "electron acceptors' in view of their positive charge, the
solvent dependence of As;c for such couples might be anticipated to correlate

with the "electron donating' ability of the solvent. However, we have shown

11-13 A . .
that no such correlation is observed. This is illustrated in Fig. 5
. o 3+/2+ i C e
which contains representative plots of Asrc for Ru(NHB)6 and ferricinium-

35 .
ferrocene against the solvent '"donor number', DN. However, plots of Ms;c for a
. 35
number of cationic redox couples against the solvent "acceptor number', AN, show

reasonably linear correlations (Figure 6). Inasmuch as the acceptor number
36

a .
, similar correlations can also

36,37

scale partly reflects the solvent polarity
be anticipated with solvent polarity scales, such as m, ET and Z. Although
these latter quantities also yield rough correlations with &S;c, decidedly
better linear correlations were obtained between AS;c and AN. The acceptor
number appears to reflect a combination of the electrophilicity and polarity
of the solvent.36a
The success of these various solute charge, size and solvent polarity
correlatlions shown in Figures (2-4) and (6) suggests that the modification of
Eq. (2) by the addition of a charge-independent component along with adjustment

of the charge-dependent slope provides a satisfactory description of the

experimental data. This led us to test the ability of all the available
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reaction eatropy data for couples of the form in Eq. (1) to fit the combined

semiempirical relationship

o 2 2
; = + -
Asrc K Kz(AN) + K3(ZOx Zred

} Y/t (3)

BT Y PR

The constants Kl, K2, and K3 were adjusted so to yield the single "best fit"

>3

correlation given in Fig. 7. The resulting straight line shown yields a ;
reasonably good fit to Eq. (3), with Kl =91.5J K_l mol_l, K2 = j
~2.43 3 K7'mor™t, Ky = 86.6 J K mol™t K. 'ﬂ

Clearly better fits could be obtained using more complex multif  metric K

»

relations, such as allowing K3 to be solvent dependent. Nevertheles

major virtue of Eq. (3) is its mathematical simplicity as well as physical

significance.

Molecular Interpretation

Although one must be careful when interpreting such semiempirical
correlations on a molecular basis, aside from the predictive usefulness of
Eq. (3) useful insights into the likely factors influencing reaction entropies
can be gleaned from these results.

The surprisingly close correspondence observed between As;c and the

dielectric continuum function (ng - Zied)/r in a given solvent suggests that

the reaction entropies are determined in part by nonspecific electrostatic
interactions with the surrounding solvent. The observation that such a

unified functional relationship is maintained even for structurally different

~1
i

ligands indicates that short-range ligand-solvent interactions do not provide
a predominant contribution to As;c for these systems. (An exception is aquo

couples in water; vide infra.) The ionic charge-radius dependence, as

described by the coefficient K3 (86.6 1 K_l mol_l X), tends to be larger ;ﬂ
1

1

than the Born predictions. These range from 20.5 J K mol—l R in formamide
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to v/ 0 K mo i in dimethvitormamide.  One might espect Uie tne o, a0 oo,

value or K3 in different solvents Lo be an over-simplification. Nevertne.ess,
Lhe approximately parallel ASEC - AN plots for different redox couples in
Fig. 6 show that K3 is nearly solvent independent. Broadly speaking,
the underestimation of K3 by the Born model is consistent with partial
dilelectric saturation in the vicinity of the solute, since
ASzﬁ will increase as the effective dielectric constant, chf,dUCrLJSUﬁ
[ Eq. (ibj.38 (i this basis, it is not surprising that KB and hence Cofp is les-
strongly solvent dependent than is &. Although more sophisticated treatments
along these lines have been pursued,38 further such development for the
systems considered here seems superfluous at present.

As noted above, Fig. 6 indirates that specific intermolecular
interactions rather than dielectric properties are primarilv responsible for
the changes in the reaction entropy as the solvent is varied. The correlation
between AS;c and solvent AN in Fig. 6, together with the absence of such a
correlation with the solvent DN (Fig. 5), suggests that such interactions
might involve solvent molecules ss electron acceptors and the metal complexes
as donors. Although this is reasonable for comple.es containing electron-
rich ligands such as bipyridine or cyclopentadiene, such behavior is implausible
3+/2+ 12,39

3)6 which act instead as electron acceptors.

As an alternative to soloent-10;.n: interactions, this observed solvent

for couples such as Ru(NH

dependence may well predominantly reflect changes in . ewi- 0% w0 dnteractions.

B
it
[
PAE AT A

f 4

‘his accounts for the otherwise-surprising insensitivityv of the JSEC—AN

L

R
Er R )

L)

correlations to the nature of the redox couple (Fig. 6). The dependence

.
»

.

of ASEC upon the solvent AN can be rationalized on this basis provided that

+

.

i .‘1,

. e
’

soflvent. with nigh AN values are also associated with a high degree of

l. I
.

‘l
N

g
v,
G

"internal order" (i.e. exhibit strong interwclecular interactions). Thus

s
F e
2t

a a"as

»
-

stcie highly struccured solvents chould experience a loss of order ian the

s
»

.
.

vocinity of the charged solute, at substantial ontropic gain, wheon disrapted
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" by the nonspecific ion-solvent dipole interactions that are invoked above in -
b connection with the ionic charge and size dependencies of AS;C. (Such -
§ -~

I
- "solvent structure breaking' is commonly assigned to a region beyvond the
. 41
- solvent layer in contact with the solute ligands. ) This entropy of
-; disruption will be greater with ions of higher charge, yielding a ne .. -
v, contribution to AS:c for cationic couples. This contribution will be largest
" in hydrogen-bonded solvent such as water, and the smallest in aprotic media
. having low "internal order" such as acetone or acetonitrile. Although
; quantitative measures of solvent internal order are lacking, examination of
3 . . e 42 .
- the available semiquantitative scales reveals that a rough correlation
\d
v . .35 .
L with the solvent accepteor properties > is indeed evident.
EY In particular, this negative contribution to AS;c provides a simple
)
- rationalization of the small or even negative AS] values observed in
Lo water for cationic couples containing large aromatic ligands. Explanations for
4

g this surprising behavior have previously been sought in terms of short-range
4 "hydrophobic" interactions between the aromatic ligands and surrounding water

¥ 21b

g molecules. The success of the above correlations (Figs. 2,6) suggests

d .
instead that the small AS:c values for these couples reflect simply their i:

o) N

Y relatively large size, so that the negative contribution to AS;c from solvent

S

- "structure breaking" largely offsets the solvent polarization term which is

~

: proportional to 1/r. One suspects that the negative AS;C values also observed "

> L 21 . . .
", for cationic metalloprotein couples in water might also represent merecly size RS
j effects rather than hydrophobic interactions. (However, this is not to deny B
/ R

the overall importance of hydrophobic interactions to ionic solvation.) "~
- There are two difficulties with this argument, however, that suggest j
- that other factors are likely to be at least partly responsible for the i:
. -
* solvent dependence of ASZC. Firstly, the solvent disruption entropy is »
| L

. expected to yield a contribution to AS;c for anionic couples of an opposite f:
- N
j sign to that for cationic couples. Nevertheless, a single, albeit ontv .j
: >
’ approximate, correlation having a negative v-intercept is observed between ;ﬂ
) | B
> -3
v o

°d
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SSY and (7 -
re ox

i)/r in water (Fig. 4), even though two wiionic couples are
N e

ro

included in this plot. Secondly, although this solvent disruption etteo -

predicted to be small for solvent. -rith relatively low solvent polaritw, such

2

as acetone, it still predicts that negative y-intercepts of QS;c Vs, (Z;x -

2 . , .
Zred)/r plots will be obtained in such cases. This contrasts, for example,
n+l/n+

3

[More generally, the values of Kl and K2 quoted above indicate that positive

the positive y-intercept that is obtained for Cr(bpy) in this solvent.
y-intercepts t¢ such plots are expected for solvents with acceptor numbers
below about 35, i.e. when Kl > KZ(AN).]

One factor that can account for these results is the likelihood that
the structurally disrupted polar solvent in the vicinity of the solute may
tend to orient in a specific direction even in the absence of an ionic charge.
Evidence in favor of this possibility is provided by a statistical-mechanical
and semiempirical analysis which shows that the minimum solvation energy
for hydrated ions occurs at a fractional positive charge rather than for
Z=0.l‘3 This infers that the water molecules in the "structurally disrupted"
region have a tendency to orient preferentially with the electropositive
hydrogens pointing towards the solute in the absence of an ionic charge. This
may be associated with the stronger tendency of water to act as an electron
acceptor towards the solute than as a donor. The effect would yield smaller
values of As;c (=S;ed - S;x) for cationic couples and larger LSEC values for
anionic couples since it would subtract from, and add to, the charge-induced
polarization eifect in the former and latter cases, respectively. This is
t¢t least qualitatively in accordance with the negative y-intercept of the
AS;C vs (Zix - Zied)/r plot for water (Fig. 4).

This effect can also account for the positive y-~intercept of such plots

found in solvents such as acetone that have low acceptor numbers.34 Such

solvents would tend to orient with their positive ends away from the

10




LAY
ASAS
A
;ﬁ; solute, leading to the opposite effect to that found in water. This would yicld
\¢ larger AS;c values for cationic couples, again in accordance with the
AP
"t: experimental results in acetone. This notion also provides an explanation for the
:;:: positive value of Kl [Eq. (3)] in Fig. 7 (91.5 J K-l mol-l),since Kl
- constitutes the y-intercept expected for a AS;C vs (ng - Zied)/r plot in a
nfi (hypothetical) solvent for which AN=0.
N
Y
s
N Deviations from Empirical Correlations
%,f The above semiempirical correlations suggest that specific ligand-
*.':':
:}r solvent interactions do not provide a major contribution to the reaction
NS
:3: entropies of these couples. However, large deviations from these correlations
SAC occur for a few systems. Such discrepancies indicate that additional factors
‘%:2 can have an important influence upon As;;C in some cases. Most prominently,
e
o . +/2+ 3+/2+
Ny couples containing aquo ligands, especially RU(OHZ)Z / and Fe(OH2)6 / in
-1 -1
{’ water, exhibit values of A8;C that are ca 50-100 J K mol = larger than
\'
iy +/2+ +/2+
{} expected from these correlations (Fig. 2). _Thus Ru(OHz)g /2 and Ru(NH3)2 /2
.*: are closely similar in size, yet AS)‘_‘_C for the former is 80 J K_l mol_l
o 3+/2+
. larger. This effect is incipient in the larger ASrC for Ru(NH3)50H2 and
'J.:-
X m(m3)4(0u2)3+’2+ relative to m(m{3)2+/7'+ (Fig. 2). On the basis of the
\':\
:#: present results, it is evident that it is the aquo couples which behave
Cad
£
- anomalously.
_::: We have suggested that an important positive contribution to As:c for
';ﬁi aquo couples arises from hydrogen bonding between the aquo ligands and
J; surrounding water molecules.8 Such hydrogen bonding is expected to be
A
iﬁ more extensive in the trivalent state as a result of the greater acidity
‘-"
L., 44
Qk of the aquo ligand hydrogens combined with the field-assisted orientation
N,
(] of surrounding water molecules. The resulting greater solvent orientation in
it
-ty the trivalent relative to the divalent oxidation state will therefore vield a
e
P
.:‘.l
S
11
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0

34/ 0+

positive contribution to JSQ . The cvven larger value ot Ls;c tor Cr(uh, i
(W - R
-1 -1 34+/2+ - -1
(205 K mol ") relative to Fe(OH))é / (180 J K ' mol ) and
. 3+/2+ . -1 -
RukUHq)b / (155 4 K © mol l) can be understood in terms of the greater

changes in electron density on the aquo ligand hydrogens resulting from the
transfer of an antibonding (eg) electron in the first-named couple. These
arguements are nicely consistent with the linear correlation observed between

Ab;C and the solvent deuterium isotope effect upon E_ for aquo couples.

f
The unimportance of such ligand-solvent hydrogen bonding for ammine couples
in water is supported by the virtual absence of a solvent isotope effect

upon E_ for these systems.

f
The cther important class of structurally simple system exhibiting

large deviations from the above correlations are Co(lIL)/(II) couplus featuring
nagh-spin Co(IL). Although the variety of these couples exi:ibiting chemi:al
reversibility is necessarily limited in view of the substitutional lability of
nigh-spin Co(II), they exhibit similar variations in AS;C with solute charge,
size, and the solvent as for the low-spin couples considered here.ll’12
However, reaction entropies for the Co(II1)/(II) couples tend to be about

80 J K_l mol-l greater than for low-spin couples containing the same ligands.
This Jlifference could arise from the change of spin multiplicity involved
with the Co(lII)/(Ii) couple; such spin equilibrium effects can yield

‘o . 17
substantial positive contributions to AS:c'

CONCLUSTONS

The foregoing demonstrates that reaction entropies for a large number of
low-spin M(ILII)/(IL) couples containing a variety of saturated and unsaturated
liga1is can be rationalized quantitatively on a unified, relatively straight-
furward, basis. Particularly significant is the commonality of behavior

thos cxposed for ligands as chemically different as ammonia and polypyvridines.

12

12,13




The former, but not the latter, have been noted as engaging in donor-acceptor
interactions with the surrounding solvent as evidenced by the sensitivity of
the reaction free energies for ammine couples to the solvent donor numbcr.12
The lack of a need to include this factor to account for the reaction entropies
for these couples indicates that ASEC tends to be determined by longer-range
solute-solvent interactions. The only clearcut exception to this rule known

at present is provided by aquo redox couples in aqueous solution.

The 1/r dependence of AS:C observed for the present couples appears to
account at least partially for the approximate inverse correlation observed
between the reaction entropy and the logarithm of the self-exchange rate
constant for a number of outer-sphere couples since the intrinsic solvent

47
reorganization energy is also predicted to depend on 1/r. However, the
present findings concerning the shortcomings of the dielectric continuum
model hint that a more molecular approach would be useful for understanding
not only the thermodynamics of solvent reorganization but also the nonequilibrium
solvent polarization process associated with electron-transfer dynamics. 29, 48

While inevitably oversimplified, the present approach appears to provide
useful interpretative as well as predictive power. This may well prove
useful for estimating reaction entropies that cannot be obtained experimentally.
It may also be feasible to extend such semiempirical treatments to structurally
more complicated redox couples such as macrocycles and biological systems.

Further measurements for such systems, including a range of structurally

diverse solvents besides water, would be extremely valuable in this regard.
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Table I  Reaction Entropies, As;c (J K—l mol_l) and Formal Potentials, Ef,

for Transition-Metal Redox Couples in Various Solvents.

kedox Couple

)3+/2+
376
)3+/2+
376
3+/2+
3

Ru(NH
Ru (NH

Ru(en)
Z3+/2+
3+/2+
Ru(NH3)5pz

3+/2+
Ru(NH3)4bpy

Ru(NH3)4phen3+/2+

. 3+/2+
Ru(Nh3)4phen /

3+/2+

Ru{(NH, ), phen

3)4
Ru(NH,), (bpy) 3+ 2

3+/2+
Ru(NH3)2(bpy)2

Ru(NH,), (py) 3T 2

Ru(NH,) , (bpy) 3+ 2

+/2+
Ru(bpy)3 !

2+/+
3

+
RU(bPY)3

+/2
Cr(bpy)g /2+

24+/+
Cr(bpy)3 /

Ru(bpy)
/0

cr(bpy) 3O

2+/+
Ru(NH3)5NCS

. 2+/+
ku(Nh3)SNCS

. 2+/+
Ru(hHJ)SNCS

2+/+
Lu\NH3)5NCS
2+/+

ku (WH NCS

3)5

(for footnotes, see next page]

Solventa

acetonitrile

c
acetone
formamide
nitromethane
propylene carbonate
acetonitrile
nitromethane
dimethylsulfoxide
propylene carbonate
nitromethane
acetonitrile
dimethylsulfoxide
propylene carbonate
acetonitrile
acetonitrile
acetonitrile

L.,.d
acetonitrile

. ...d
acetonitrile

. d
acetonitrile

e
formamide
e

N-methylformamide
propylene carbonate®
dimethylsulfoxide®

dimethylformamidee

€ Sttt Q™
PR e N

AS?
re

185
200
90
165
155
155
120
125
150
115
130
110
135
115
70
25
105
65
20
80
105
140
109

140

e J‘-';‘.‘ |,

a®.Ya"a

O S N SR
DPGPE R R EE

-298
~443
~419

254
111
151
322
-185
120
638
504
273
501
891
~1718

-1916
-573

-1092

-1652
-491
-670
-441

=719

~-750




Footnotes to Table I

3.1 M KPF6 used as supporting electrolyte unless otherwise noted.

b . s e .
Formal potential, mV versus ferricinium/ferrocene couple in same solvent
and electrolyte.

€0.08 g'KPF6 supporting electrolyte.

d0.1 M tetraethylammonium perchlorate supporting electrolyte.

€0.1 M LiClO4 supporting electrolyte; values determined by Dr. Saeed Sahami.
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Table II. Equivalent Radii, r(g), for Various Redox Couples.

) Redox Couglea r Redox Couple r

o . 3+/2+ ' 3+/2+ .
S M) . .
S .1(\H3)b 3.3 RU(NHB)Z(L )2 5.6 1
Ru( 0) 2+ 3.2 M(bpy) 2L/ mF 6.8
. 27706 3
. 147 Tl {
- Ru(en):}3+’2+ 3.8 Fe(CN)g /4 4.4 ;
\ Ru(NH3)5L3+/2+ 4.2 Fe (CN), bpy /2= 5.1
. ‘
S Ru(NH3)4L'3+/2+ 4.4 ferricinium/ferrocene 3.8 !
4
'}
x
';: 3 = yridine or pyrazine, L' = 2,2'-bipyridine or 1,10-phenanthroline; M refers
B to either Ru, Os, Fe, or Cr.
-‘;.

=

b. X . .
Determined as outlined in ref. 32.
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s 10000,

S
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g2\; Figure Captions
L
:ti{ Figure 1. Reaction entropy versus effective radius of reactant, r (Tablce 11),
‘;t": Key to solvents: (@) water; (A) dimethylsulfoxide; (W) acetonitrile.
.
- 2
'\)P Key to reactants: (1) Cr(bpy‘z+/2+; (2) Fe(bpy)§+/“+
‘ )
A (3) Ru(bpy)§+/2+; 4) c—Ru(NHB)Z(bpy)g+/2+; (5) c-Ru(H,,u)z(bpnff”‘*;
~ - < <
._’--' L) . )
=N (6) t-Ru(H,0), (bpy) >t/ 2*, (7) ru.) bpy T 4T, (8) Ru(Ny) , phon T/,
[T 272 2 374 34
+/2+ 3+/:
) Ru(en)g+/2+; (10) ru(Hy) py 25 (1) ruwy) 0T
‘ 3+/2+ 3+/2+, 342+
- (12) OS(NH3)6 s (13) Ru(NH3)5H20 ; (14) Ru(NH3)4(H2(J)2 ;
';‘. (15) Ru(H20)2+/2+; (16) Fe(H20)2+/2+. Data from Table I and
= refs. 8, 9, 11, 12.
”;? Figure 2. Reaction entropy, AS° , versus 1l/r. Keys to solvents and
NN re
’;ﬁﬂ: reactants as in Figure 1.
SRS
( +
g - Figure 3. Reaction entropies for Cl‘(bpy)x:;-*Fl/n , with n =2, 1, 0, in acetonitrile
f;f (Table I) versus the difference in the square of the charge numbers
ol
e for the oxidized and the reduces states, (22 - Z2 ).
) oX red
o Fi 4. Reacti t i z® - 22 e ok d
e igure 4. eaction entropy in water versus (Z_ ced) /T ey to redox
T —/4= -/ 2-
I\j couples: (1) Fe«nog /4 ; (2) Fe(CN)abpy /2 s (3) ferricinium-
)
LN .
e, ferrocene; (4) Cr(bpy)§+/2+; (5) Ru(NH3)5C12+/+; (6) Ru(NHB)SNCSZ+/+;
.;: (@) Ru(en)§+/2+; (8) Ru(NH3)2+/2+. Data from refs. 3, 8, 13,
A5
‘:{: Tables I and II.
O Figure 5. Reaction entropies versus solvent donor number.35 Redox couples:
o 3+/2+
oy ()] Ru(NH3)6 and (V) ferricinium/ferrocene. Solvents (with
‘?ﬁ donor numbers): nitromethane (2.7), acetonitrile (14), propvlene
-,
e
o carbonate (15), acetone (17), water (18), methanol (19), formamide (24),
¥ .
;}; dimethylformamide (26.6), N-methylformamide (27), dimethylsulfoxide (30). 3
e Data from refs. 8, 12, 13, 27b, and Table I.
ii
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Figure 6.

Figure 7.

. . , . 3 .
Reaction entropies versus solvent acceptor number. Key to redox

3+/2+ 3+/ 2+

6 , (® Ru(en)3 e

couples: (@) Ru(NHB) 3 )

, (&) Cr(bpy)
(V) ferricinium-ferrocene. Solvents (with dcceptor numbers):

acetone (12.5), dimethyvlformamide (16), propylene carbonate (1®.3),
dimethylsulfoxide (19.3), acetonitrile (19.3), nitromethanc (20.>),

N-mettiylformamide (31), formamide (40), methanol (4l), water (53).

Data from refs. 8, 11-13, 27b, and Table I.

2

2
Fi AS® 2 i + K . - .
it of Src values to the function KZ(AN) h3[(40x Zred)/r]

Kz, K3 and y-intercept Kl obtained by linear least-squares

analysis. Key to redox couples and solvents: 1. Ru(en)§+/2+,
H 0; 2. Ru(en)§+/2+, FA; 3. Ru(en)§+/2+, DMSO; 4. Ru(en)§+/2+,

. 3+/2+ P 3+/2+ . \ 3+/2+
DMF; 5. Ru(NH;) py » Hy0; 6. Ru(NHy) pz , NM; 7. Ru(NH,) p2 ,
PC; 8. Ru(NH,) bpy-T/ 2% 4 05 9. Ru(NH,),bpy> /2t an;

374 2 374

10. Ru(NH3)4phen3+/2+, H20; and ferricinium/ferrocene (Fc+/Fc), NM;
11. Ru(NH3)4phen3+/2+, NM; 12. Ru(NH3)4phen3+/2+, DMSO;

3+/2+ 3+/2+ .
13. Ru(NH,) phen , BC; 14. Ru(NH,), (bpy), , 1,03

3+/2+ . 3+/2+,
d Ru(bpy)z(HZO)2 s HZO’ and t-Ru(bpy)Z(HZO)2 :

: 3+/2+ . 3+/2+

15. Ru(NHB)Z(bpy)2 , NM; 16. Ru(NH3)2(bpy)2 , AN;
7. Ru(NH3)2(bpy)g+/2+, DMSO; and Fe(phen)§+/2+, HZO;
18, Ru(NH3)2(bpy)3+/2+, PC; and Ru(NHB)sNCSZ+/+, DMF;
19. Ru(bpy)§+/2+, H,0; 20. Ru(bpy)§+/2+, AN; 21. Ru(bpy)§+/+, AN

22, Ru(bpy):/o, AN; 23. Fe(CN)Z_/A_, HZO; 24, Fe(CN)Abpy_/z—. H,03

25. 0s N Y2, 1,05 26, RuH,) 1,07 T, y05 27 Ruchy), (it 2T
HZO; 28. Ru(NH3)5C12+/+, HZO; 29. Ru(NH3)4Cl;JO, HZO; 30-37. reter

Lo Ru(Nii, 2+/2+, 30. K,0; 31. FA; 32. NMF; 33. AN; 34. DMSO;

35. PG, 36. DMF; 37. acetone; 36-42 refer to Au(NHB)SNCS:T/+;

38. H,0; 39. FA; 40. NMF; 41. PC; 42. DMSO;
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" - . - e T . v~ P N i e R ash aht ot o

e
LA
DA
A
e Figure 7. 43-51 refer to ferricinium/ferrocene; 43, HZU; 44. methanol;

_t 45. FA; 46, NMF; 47. AN; 48. DMSO; 49. PC; 50. DMF;

e 51. Fc+/Fc, acetone, and Cr(bpy)§+/+
5 Cr(bpy)§+/2+; 52. H,0; 53. FA; 54. NMF; 55. NM; 56. AN; 57. PC;

2
-} 58. DMF; 59. Cr(bpy)+/0 §+/2+;

;2:: 60. HZO; 61. NM; 62. AN; 63. PC; 64. DMF. Solvent abbreviations:

acetonitrile, DMSO = dimethylsulfoxide, DMF = dimethylformamide,

, AN; 52-58 refer to

, AN; 60-64 refer to Fe(bpy)

SRS AN

FA formamide, NMF = N-methylformamide, NM = nitromethane.

Data from refs. 3, 8, 9, 11-13, 27b, Tables 1 and II.
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