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We have recently found that significant and even substantial rate
decreases occur for a number of one-electron electrochemical reactions
involving aquo and ammine complexes at the mercury-water interface upon
replacing the aqueous solvent with DZO.l Sach solvent isotope effects may
arise trom differences in the interactions between the complex and the
surrounding soivent as well as from changes in tac inner-sheil barrier to elec
tron transfer due to  replacement of hidrogen by deuterium in the reactant

1,2 .
coordination sphere ('primary" isotope etfect). ' The observed isotope
effects are much iarger than those predicted by the classical model of

ruter-sphere electron transter.  This treats the inner-shell (metal-ligand)
contribution to the Franck-Condon barrier in terms of a harmoni: cscillator,
and the outer-shell (solvent repolarization! component by using the dielectric
. . . 3 . . .
continuum approximation.” Moreover, even the relative isotupe rate ratics
for outer-sphere electrochemical and homogeneous reactions invelving the same
redox couples were found to differ substantially from the predictions of
. 1 . . .
this model, It was speculated that the observed ciectrochemical isotope
cffects are associated chiefly with differences in the extent of ligand-solvent
. . 1
hydroger bonding in DZO and H20.
[t has recently been pointed out that contcmporary
modets ot electron transfer which provide a quantum-mechanical description
. . B R . A, . .
ot inncr-shell reorganization predict significant primary 1sotope etftects

tor systems with large inner-shell barriers. These effoects arise rrom the decrease
the degree of nuclear tunneling when the ligands are dcuterutcd.f.'8 In
principle, the comparison of experimental isotope effects with these
theoretical predictions should provide a sensitive test of the applicabilaty

of such models tor describing the inner-shell vibrational modes.  Such

in




a comparison for the clectrochemical Kinetic isotope effevts repoted in
ref. 1 is given in the present communication.  The tindings mplicate
the importance of hydrogen bonding between the inner-shell ligands and

surrounding water molecules to the electron-transfer cnergetics.

Aquo Redox Couples

Table I contains a summary of the observed rate ratios tfor clectro-

. ) . . -
chemical exchange (kgx/kix)ob’ (i.e. ratios of '"standard" rate constants}
- - 3+/2 . 2 . 3+/2 .
for Fe +/ +, v3+/ +, Cr3+/2+, and hL°+/ * (where '"aq' represents aquo ligands)
a aq aq aq
at mercury electrodes upon replacing H,0withD,0 solvent. These rate ratios

are taken from ref. 1; they are corrected for electrostatic double-layer

1

effects.” The uniform finding that (kgx/kgx) >1 indicates that ligand

ob

and/or solvent deuteration yields significant increases in the intrinsic
electrochemical barriers; i.e. in the activation free energy in the absence

of an electrochemical driving force. Listed for comparison in Tahble 1 are

)
calculated values of kH /kL , (k“ /kD ) , obtainced from a "semiclassical”
Ca €X ex’ "ex’calce

. 4 . .9
treatment of outer-sphere electron transfer using the relation

H D H, D
= ~ AG* - * . *
(kex/kex)calc (vn/vn) exp bin(T)D AGin(1)H1/R1}’
exp{[(ﬁa(;sut]” - (A(;Sut)”}/RT} (la)

W, D, H D A D L
= (vn/vn) (k" /K ) (.n/An)exp{[(Ab. ) .- (AG*

in'p 1nJH]/RT} (1b)

out

In Eqn. (la), AGIn(T)D and AG;n(T)H are the (temperature dependent) inner-shell
intrinsic barriers4 tor the deuterated and protonated reactants, and (AG;n)D
and (AG;n)H in Eyn. (1lb) are the corresponding 'classical" barriers; the former

s . .4 . .
quantities include the effects of nuclear tunneling which is expressed




L . . . 4 i
separately in Eqn. (1b) as a ratio of nuclear tunneling factors (Ln/;

Ihe terms (AG* ). and (AG

out’h in Eqn. (la) represent the outer-shell

* )
out 'H
barrters in D,0 and H,0 solvent; in Eqn. (Ib) the outcr-shell contribution
to the isotope effect is expressed instead as the preexponential ratio

H,.D i, 1

BNAVAN )out' The remaining term in Eqn. (1), (v_/v ), is the corresponding

!
n n
ratio of the nuclear frequency factors Vi On the basis of a "preequilihrium”
nodel ot outer-sphere reactions, v, is related closely to the frequency of
. . . 4 . H,D -
inrer-shel} vibrations. The quantity (v /v ) can therefore be taken as

' n’ ’n
. . . .4

approximately equal to the rutio of the svmmetric metal-oxvgen frequencies

],
. 7 3 g K - -
tor O, and OD,, iL.e. (20/18)% = 1.05. Tre outer-shell contribution

i, . . . , . . .

th ’kl)owt is estimated to be 1.006 from the dielectric continuum model, using
L

. A -~ o _,;ll

the tvpical reaciant radius of 3.5 A and a reactanv-elecirode distance of 7 A.

. . 4
fhe 1nner-shell barriers were calculated from

AKT hvln)
SG* (T) = AC* (oA : L 2
xn‘lJ utin \hvi“] tdnh( 4kT- (=

where +.  1s the effective (average) frequency of the inner-shell motion

i

in tue two ouxidation states, the "classical" component AG?n being determined from

"
AG* = 0.5 n x? nzc"m Auz 13)
in in

where n is the number of bonds required to bhe stretched (or compressed),
rr is the ligand mass, and Aa is the difference in bond Jdistances between
the oxidized and reduced forms of the complex. Note that AGEn wili be
unaffected by ligand deuteration provided that the force constants remain

. . 2 . 14 .
the same 'i.e. mvin = constant), as is normally observed. The sele contri-

bution to the isotope effect upon AG;n(”) is then contained in the nuclear tunneling

ratio (Fg/Fg) {Eqn. (1bj;. [The presency of the factor 0.5 in fqn. (3)




arises because only one reuctant has to be activated for clectrochemical d

exchange, rather than a pair ot reactants as for the more commonly

4 .
encountered  homogencous self-exchange process.)
D
)

ex’calc given in Table I were obtuained by assuming
cale

The values of (k. /k
ex

that the only contribution to AG;n(r) arises from metal-oxvgen (M-OH,

. . . . - -1 .
vibrations. The average stretching frequency Vi, Was taken as 430 cm © for

SRR ¥ o . 7+16,l7
M'O“»;4 sa is known to be 0.14 A for Fcf;/' and a 20A for Craq/" which enabl.
- W
(kH /kD ) for these two couples to be found from Eqns,. (1)-(3), given that n=6,

ex ex calc

and W=18 or 20 for M-OH, or M-0D, vibrations, respectivelv., Reliuble values of la are

24 +/2+
/ ‘u3 /2 . Nevertheless, the
a

. - - 3+/2
as vet unavailable for the remaining redox couploquq and L
values of AG* required for Eqn. (2) were obtained instead {rom tne calculated value

/l+

<. . Lo+ -1 . L .
of uh;n for Peaq (4.2 kcal mol 7 ) by assuming that the variations in

. LA/l .
the observed values of kex between Peuq/ and these two couples were due
e Coaee 18 - .
only to differcnces in “hin' The overall free energy barrviers to electro-

chemical exchange, AG;X, used for this purpose (Table 1) were obtained from

k__ using AG* = -RTin (k__/Z ), taking the frequency factor Z to be
ex ex ex’ Te e

3 -118,1% - - -1
5 x 107 ¢m sec 7 In each case Vin for M-OH, was taken as 430 cm
c . . . . - . 20
variations in this quantity with the nature of the mectal ion are only moderate

and 'mlikely to influence the result substantially.

Comparisoiit of corresponding values of (kH /kD )
ex’ "ex ob

, H D .
and (kex/kex)calc mn

Table I reveals that the observed values are substantially larger than the
3+/2+

3+4/2+ 3+/2+
aq eaq
although the relatively small value of \kH /kD ) for Eu
ex’ "ex’ob
D

o H
close to (kex/kex)culc

calculated quantities for V , F , and especially for Cr

3+/2+

aq (1.1) 1s

(= 1.15). We have previously suggested that a major
part of the obscrved isotope effects could be due instead to a larger outcr-shell

reorganization barrier in DZO arising from ligand-solvent hydrogen bonding.l




These aquo redox couples are known to involve a substantial diminution ip

the extent of outer-shell solvent polurizution in going trom the oxidized

21

il
to the reduced state,”™’ so that signiticant cleavage of ligandi-scivent

hydrogen bonds are probably necessary in order te approach the transition
stote for reduction of the tripositive aquo cation. Such a component ot

the intrinsic rceorganization enerey 1is expected to be greater in D,0 as a

result of the tendency of the deutevated solvent to tora stronger und nore
cxtensive hydrogen bonds. Such an etfect is not considered in current
theoretical models which uniformly assume that the outer-shell solvent
reorganization can be descriled in terms of 4 dielectric continuunm.

An alternative explanatioa of the unexpectedly large values ol

NI
ex!

)

ex)ob ls that they arise from nuclear tunneling associated with O-H

ligand vibrational modes. Although these modes probably constitute oniy 4

minor component of the overall Franck-Condon barrier, their high frequencies
22
- . -1 . . . .
wa. 3,200-5,400 ¢cm } can result in substantial contributions to the

-

. . . 7,8
nuclrear tunneling tactor and hence to the observed isotope rate ratios ’
tkgqn. (2)]. This possibility was explored in the following manner. Estinates
ot the differcence in the O-H bond distance, Aao W

in the reduced and oxidized complexes were obtained by assuming that the

for the aque ligands

L

differences betweeen corresponding values of (kH /k“ ) )
ex’ ex ex’ceule

] i
ob and “\(‘.‘:/1\

are Jue entirely to inner-shell 0-H vibrations. This entailed inserting

trial values of AaO—H into Eqn. (3), assuming that n=2, Vin © 3,200 cm~1,

antil agreement was reached between the observed isotope rate ratios and

the values of (k: /kD }

x' Kex’calc arising from this component togcther with the

other factors considered above. The resulting estimates of Aao )y are

also listed in Table 1. By and large, thesc valucs are somewhat greater
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6
[al
than the usual variations in O-H bond distances (ca. 0.02-0.03 A) determined

by neutron diffraction for coordinated water, including that hydrogen bound

to surrounding water, for a variety of crystalline hydrates containing multivalent

23,24

metal cations. Admittedly, the O~H bond in coordinated water will

probably be significantly elongated upon increasing the charge of the central

metal ion as a result of the combined effect of the larger polarizing charee
and greater hydrogen bonding with surrounding water molecules oriented in

24 . . . .
the enhanced local field. Nevertheless, in particular the estimated value of R

25,26

r3+/2+, 0.09 X, seems unrcasonably large.” These results suggest taat other

for C
a
factors are at least partly responsible for the observed isotope effects,
most likely from specific outer-shell reorganization as noted above.
Both these explanations for the observed isotope effects invoke the
specific involvement of outer-shell solvent molecules. In this context it

is intercsting to note that the electrochemical isotope rate ratios for

2

ay
expected from the observed solvent isotope ratios for their homogeneous

Cr_  and Vif oxidation are substantially (factors of 3-4 fold) larger than
oxidation by Co(NHS)‘é+ on the basis of the usual Marcus electron-transfer
modcl.1 This model presumes that the inner- and outer-shell components of
the overall free energy barrier arise tfrom separable contributions due to
each reactant that are the same (or similar) in the electrochemical and
homogeneous environments. While this should be approximately correct for

the inner-shell barrier since the metal-ligand vibrations are unlikely to

be affected greatly by the surroundings, the reorganization energy of the
nearby solvent is liable to be sensitive to the chemical and electrostatic
environment in which the reactant undergoes activationz.8 The structure of the
surrounding Solvent is indeed expected to be markedly different for related
electrochemical and homogeneous processes. Thus the latter reactions involve
close approach of a pair of multicharged cations which is expected to disrupt

the aquo ligand solvent hydrogen bonding in the region




between the two reactants.  The mercury surface should exhibit a wmilder
perturbatinon upon the reactunt solvation sirce the interfacial region contains
only a small net charge density at the electrode potentials at which the
electrochemical kinetics were monitored. !ndeed there is evidence frem studios
of clectrochemical double-layer effects that the secondary hydration sphere

3 R e g yoq e Y AnY P tLon
survounding the aguo complexes remiins at least partly intsct in the transitio

29,310 . .
29,30 Consequently, the magnitude of

state at the mercury-aqueous interface.
the isctope effect arising from ligand-solvent hydrogen bonding is expccted
to be quite different in these homogeneous and hetersgeneous environments.
The relative magnitude of the offect is difficult to predict. However, the
observed larger kH/kD ratios obtained in the latter environment are consistent with
greater changes in the solvent polarization required to surmeunt the soank-Condon
barrier for electrochemical processes arising from the more extensive bvdrogzen
vonding in rhe electrochemical compared with homogeneous transicion state-,

It is interesting to note that the magnitude of the ohserved isotope

. { D . . .
rate ratios (ki“/k_ ) are related closely to the size of the thermodvramic
¢ex’ ex’ob ’ :
isotope cffects as measured by the difference in the tormal potentials,

&Eg_“,for a redox couple in D,0 and HZO solvents. Thus the substantiallv

H ,.D . 3+/2+
arg al !
lirger value of (kcx/kex)ob for Craq

(2.8) compared with that for Lu:;"
- - e . D-H - : . 31
t1.1) is mirrored by differences in AEf of 57 and 9 mv, respectively
iTable ). These thermodvnamic isotope effects appear to be due at least
in part to an entropic destabilization of the tripositive oxidation state

-

upon deutcration associated with ligand-solvent hydrogen bonding,” vielding
greater differences in solvent polarization ("ordering") between the oxidized
and reduced forms in DZO' As noted above, such enhanced stractural Jdifferences
could also yvield larger intrinsic barriers in P50 resulting from the nead

to undergo greater changes in solvent polarization in order to form the
nonequilibrium configuration appropriate for electron rranster. | The values

D D-H

. H . L 3+/2 c s .
of (kex/kexjobs and Ahf for hu;;/ * are surprisingly small in comparison




with those for the other aquo couples. A possible explanation is that
S+/2+ L 34/24 L3/ 2 . .
\ /2 , Fe / , and Cr™ '/ involve electron transfer into 3d orbitals,
aq aq ay
vielding significant differences in the clectron density of the aquo
32
hydrogens, and hence the extent of ligand-solvent hydrogen bonding fand
the O-H bond length), between the two oxidation states. These differences

N L 3/ 24 . . .
should be smaller for the Luaq/ couple since the electron is transtrerred

into « 4f orbital which is shielded from the ligand orbitals.

Ammine Redox Couples

Redox couples containing ammine ligands are of particular interest in
studies of isotope effects since, in contrast to aquo complexes, the ammine
hydrogens can be deuterated independently of the surrounding solvcnt.1
Substantial rate decreuases were obtained for one-electron reduction of

CO(NHEJ;+, Cr(NH3)8+, and related complexes at a constant electrode potential

E at the mercury-aqueous interface upon deuterating the ammine ligands. ‘Thus,
o (NHL 1Ot/ - : : NH, ND E .
for Lo(hHs);+/ * the observed isotope rate ratio (k\H/k l)éb equals 2.3

. . 1 . . . . .

in aqueous solution. Theoretical interpretation of these results is hampered

by an absence of information on the tormal potentials for these couples on

account of the instability of the divalent ammines, so that the required

values of kex are unknown. However, there is evidence that the difference
ND-NH . - 3+/2+

£ versus LO(NHS)G

small and positive (37 mv).l Although the formal potentials themselves

34/2+

6 1S

in formal potentials, AE , for Co(NDS)

are uncertain, accurate knowledge of L

NH, ND.E
(k" /k )ob

¢ is unnecessary since the values of

. . . 1
were found to be essentially independent of potential. {(Decreasces
in isotope ratios are predicted as the driving force is increased since the

extent af nuclear tunneling will thereby be diminished.7 However, this

dependence should be scarcely detectable for the moderate range of overpotentials




over which the electrochemical kinetics in retf. 1 were nonitoraed.

.

Therefore the required value of the isotope rate ratio for clectrocheni

o S+/2+ vH L ND . .
exchange of Lo(\Hw)’ -, (kh /kNL) , cun be estimated tfrom the observe
370 ex ex'ob
. - M UNU L . . . N
value ot (K7 /K )oh by correcting for the isotope effect upon the dri.ing
. !
Toree using
NH, ND NEUND B ceND=NH
(K /7Ky (KK }k + exp(ab AR ART :
ex ex’ob “ub 3

. . . ~ s . - . . R . .
where o is the electrochemical transter ceefficien: for pn,\n;/( reduction,
N D

. - NH,ND B . aoND-NH :
Inserting the above values of (K7 /K Jop AL{ o kgn. (1) and
o v . . S N ND -
asquming that x = 0.5 vields the estimate \LC\/R ot L5
SO0
The cerresponding theoretical prediction using bqns. i.-130 1is
. . H, D I o ° 33 UL
obtained trom: (\n/v“) = 120°17)¢% = 1,08, Za = 0,22 A, Y T J09 omo T
in

NH  ND
ex’ ex’calce

I

viclding { 1.18. {No outer-sheil contribution is included

in this estimdte since the solvent was not deuteratcd.] Again, this

calculated isotope ratio is mnuch smailer than the cxpervimental value ot 2.5,

. . . . . NHOOsp hom
We have noted previously that the corresponding isotope ratio (K7, «k

- . e 3+ . RE .
for the homogeneous reduction of (.ou\H.))6 by Lr{bpy)i in agqueous scluticen

N ND

-
- )
on

(wher~ bpy = Z,2'-bipyridine) is markedly smaller (1i.35) than (k
. . 3+ . - .
tor Lo(NH;)6 electroreduction {2.3) even though the Marcus model predicts
. . . | . L
equial Lsotope ratios under these conditions. fhis discrepancy scems dibol.
te be due to the same vauses as those discussed above in snnection with the
observed similar behavior of the aquo couples. The observation thut
il N NH, N . .
(kh”/k‘b) >k /K D) for clectrochemical exchange may thererore be again
ex’ Texob ex’ ex calce
- - e . . 1 . )
Jdue to the cffects of specific ligand-solvent hydrogen bonding,” although the
extent of such interactions appears to be smaller than tfor otherwisce similur aquo
21 . o . . .
couples. Unfortunately, there appears to be no direct information on the otfect

«f complexation and hydrogen bonding on N-il bond distances. The N-H bonds are




bl a0
PP~ ot

v
4

1

\ . . _'* . ,‘;0
presusably lengthened slightly in poing from LU‘NHi:( LU
. Y - i

: . , -1 . : a
View of the minor (ca oo cm decrease an the S-Hostretonmyg tfreauend ies.,
However, there appuears to be fittiv antlaence on

1

hese bonds trom hvdrogen

bondin: with the surrounding solvent on the basis of the very similar N-if

stretehing treguencies observed inorystalline solinds and 1n syuesus solution.

Buhks ¢t al have recently calvulated an osotope ratio of 126 for tihe

- DR

ettect of Ligand Jdeatueration apon ool N, ) horoseneous el eachiange
: 5o :

at 25°C using o siadlar approach bhased a0 0 quentun nechanical model . Lhis
N . \‘ N .

resualt corresponds to a value ot approximately i 26 <= LoD Yor cither clectro-

chemical exchange or homnogenvous

Ueachange” of CorNH L T with an oinert

R D . : .
coreactant. » [ The square root arises from the involvement ot only one
T £ . . .

LO[NH;)O ceaple in the exchunge reactions rather than o palr of reactants

. . R
as In homogencous selt exchiangel:

. .. NH , ND.
The difference between this value orf 7k \(/k 3
[ LI
and  that noted above (1.18! arises chiefly from the larger value of i tor
e S+, 2+ 33 . . .
LO(NH;)0 used here. Bulks et al noted that their predicted value ot
NH, ND

(K /7K ) 1s significantly smaller than the exper imental value (1.36) {for
ex’ ex calc :

~ e S5+ . . 2+ .
LO(.\H,‘)h reduction by Lr(bp_\')3 , and also suggested that the Jdiscrepancy may

be due to an additional contribution to the latter trom high frequency N-H
. 34 3+
modes. Similarly to the electrochemical isotope ratio for CO(NHB)ﬁ reduction
NH ,, No b . ., L. s
(kK" /) b that is discussed above, this experimental value for
o

homogeneous reduction using a fixed reductant will differ from that for true
+
homogeneous "exchange' of Co(NH3)3+/2

6 on account of the

change in the driving force upon deuteration of the ammine ligands.

Assuming
D-H . /4 L 39 NH, ND
that AEf for (,o(NH3)6 equals 7 mv, using FEqn. (4) a4 value of (kcx kux ob
3+
equal to 1.55 is obtained for Co(NH3)2+/2+ "exchange" with Cr(bpy)g /2+, again

noticeably larger than the calculated values.

cale
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The estimate a = 0.20 A for Craq obtained fromEXAFS data is an average
value taken over all six Cr-OHO bonds.!® Since Cr§+ exhibits a noticeable
Jahn Teller distortion from cctah&dral symmetry, a pair of Cr-Ol, bonds have
a markedly larger value of 4a (and probablv a slightly smaller value of v, )
thar the remaining four bonds. 16 Nevertheless, the use of the single valie
ra = 0,20 X is adequate for the present purposes since only the overall valuc
of \G?n appears in Eq (2) rather thaa the individual values of n and .a.

Strictly speaking, the differences In kg, butween the various redox
couples may pe due vo variations in /G*;,(T), L5y, and clse in the
electronic transmission coefficient w However, the predominant variable

is likelv to be ;G% .
in
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Comprehensive Treatise,” F. Franks (ed), Vol. 2, Plenum Press,
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Although the 0-H bond distances for coordinated water in the large numbers of
crystalline hydrates for which neutral diffraction data are available vary
over the range ca. 0.95 to 1.03 R, these values refer to waler molecules

in a variety of electrostatic and stereochemical environments.23 The hond
distances of greatest relevance to M3+/2+ redox couples clearliy will involve
coordinated water that is also hydroggn bonded to surrounding water molecules.
From the average 0.,.0 bond distances noted for various divalent and
trivalent cations, 2.82 and 2.68 A, respectively,z b combined with tne
correlation seen between the 0-H and 0...0 bond distances [Tigure 10 of

ref 23 b], it is deduced that the O-H bond length will tyvpically increase by ca.
0.02 R from the dipositive to tripositive oxidation state.

L3/ 2+ " ;
The result da = 0,09 % for Criq represents an "average' value since
it was obtained assuming n=12. If the predominant changes in thc 0-H
bond distance occur for a pair of 'r . ligands, then n ¢ffectively equals
2, yielding da = 0.15 .

If indeed such large values of 4a occur for these redox couples, then
one would expect the O-H stretching frequencies in the higher cxidation
state to be noticeablz smaller than the "tvpical" values in the range
ca. 3200-3400 cm~1,23b,27 This would thereby decrcase the
effective frequency Vin in Eq (3), yielding even larger estimates of “a
frwin this relation.
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a similar value (0.21 R) has also been obtained from EXAFS and x-ray
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estimate for Ja is3$?%§idered to be more reliable than the earlier value
of la for Co(NH,) of 0.18 8.3
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; . . NH,,ND.E . .
The electrochemical isotope rate ratio (k /k ) ,,i.e. that determined at
a constant electrode potential, is analogous to gRe use of a fixed
reducing agent, such as Cr(bpy)%+ in the present case.




Table 1. Comparison between Observed and Calculated Deuterium lsotope iftects
tor Electrochemical Exchange of Some Aquo Couples at 25°C

B i e d € v
, N e
Redox k AG* (K”./KU ) (k“ /k[ i LKQ H Ja
. ex ex ex’ ex ob ex’ ex’calce t Q-
Couple -1 N -1 o
cm sel kcal mol v ¢
<. 2
‘\':::/“’ 1x107° 9.1 1.5 L.io 33 V.05
ay
L3+ 24 -3 _ , -
Fcll Axt0 w1@.5 1.3 1.18 13 .05
L e
MM N 10.6 1.1 21015 Y 0
aq
N .
cel T a0 12.8 2.8 1.22 5 0.0
@M

“aq" represents either O, or 0D, ligands

“Work-corrected rate constant for electrochemical exchange of given redox
couple at mercury-aqueous interface; from ref. I.
“I'ree energy of activation for electrochemical exchange, determined trom
k using Ao* = RTWn(k /Z ), where 2 is taken as 5 x 103 cm secl,
ex ) ex ex e e

“Ratio of ohserved value of ke\ determined in H,0 to that in D,0; from rei’. 1.

35 t . . . . . .
“(alculated value of k;x/ka obtained using Fgns. (1)-(3) assuring that inner-
shell component arises” from metal-oxygen vibrations (sce text).

“Difference in formal potential in D0 to that in H,0 at ionic stremgths ¢.i-0..
ameasured versus an aqueous s.c.e.; trom ref. 2.

Jistimated difference in average O-H bond distance for aquo ligand between
oxidized and reduced forms of redox couple; obtained as outlined in teat.
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