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Kinetic Studies of the Electron Transfer Reactions in Iron(II) and Iron(IIl)
Systems. IX. Electron Transfer Reactions between Iron(II) and Iron(IIlI)
in Water Mixed with Ethanol, 1-Propanol, Ethylene Glycol,
Glycerol, and Pentaerythritol
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The rate constants of the electron transfer reactions between Fe(II) and Fe(III) were determined in mixed
solvents of water and alcohols, such as ethanol, 1-propanol, ethylene glycol, glycerol, and pentaerythritol. From
the acid concentration dependence of the rate, the predominant path of the reaction was estimated to be Fe2+-
Fe(OH)2t path with a rate constant ky. The rate constant ky increases with increase in the mole fraction x of
ethanol and 1-propanol, and decreases with increase in x of methanol, ethylene glycol, glycerol, and pentaery-
thritol. A straight line is obtained when In £y is plotted against the reciprocal dielectric constant D~ of the mixed
solvents for the latter group of alcohols. From the slope of the straight line the distance between Fe?+ and
Fe(OH)?+ is estimated to be 7.8 A at the intermediate stage of the reaction. Therefore, the reaction is mostly
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controlled by the electrostatic repulsive force, being influenced by D of the mixed solvents.

The electron transfer reactions between iron(II)
and iron(III) in aqueous media proceed by a mecha-
nism of hydrogen-atom transfer in the absence of
catalyzing ligands which would make the reactions
occur by either inner-sphere or outer-sphere mecha-
nism.}) In the hydrogen-atom transfer mechanism,
an electron is transferred by a hydrogen atom, which
can be regarded to behave as a proton carrying an
electron, along a chain of hydrogen bondings be-
tween OH radicals of water or alcohol, with the ox-
idant and the reductant species at both ends.

If a foreign substance is added to the reaction system
and the chain of hydrogen bondings is broken to
some extent, the reactions by this mechanism would
be retarded, causing a slowering of the reaction rate.
This is what happens when substances such as nitro-
methane,? and some alcohols3®) are added. The
effect of addition of methanol to the reaction system
of the electron transfer between iron(II) and iron(III)
was investigated in aqueous solutions.?) In the present
investigation, alcohols other than methanol, such as
ethanol, l-propanol, ethylene glycol, glycerol, and
pentaerythritol were used for the purpose of clarifying
the influence of the number of OH groups, the hy-
drophobicity of alkyl groups and the dielectric con-
stants of the alcohols on the reaction rates, and con-
firming the reaction mechanism. The experimental
results are discussed including data of the case of
methanol.

Experimental

Materials. Alcohols of specially pure grade were puri-
fied as follows: ethanol and l-propanol were redistilled under
ordinary pressure, ethylene glycol and glycerol were redistilled
under reduced pressures, and pentaerythritol was twice
recrystallized from its aqueous solution. The method of
preparation and purification of other materials used were
the same as those already reported.5®

Procedures. The hydrolysis constants of Fe3+ ion, Ky=
[Fe(OH)2+][H*]/[Fe®*] and the rate constants of the electron
transfer reaction, k, in mixed solvents of water and alcohols
were determined in the same manner as reported.’~? The

ionic association between Fe3t ion and ClO,~ ion was also
checked in mixed solvents.) For the determination of
optical densities, a Hitachi-Perkin-Elmer UV-VIS spectro-
photometer Model 139 was used. The ionic strengths of
the solutions were adjusted at 0.5 M by use of NaClO,.

Results and Discussion

Hydrolysis Constants of Fe3t Ion, Ky, in Mixed Solvenis.
In an aqueous solution containing iron(III) per-
chlorate and perchloric acid, Fe3+,  is partly hydrolyzed
to Fe(OH)?+ with a hydrolysis constant K=
[Fe(OH)2+][H*]/[Fe3+], the following relation being
established :%)

[Fe(IID)] 1
Ay ew

[(H*]

t oK O
where ¢y and A4, denote the molar absorption coef-
ficient of Fe(OH)2?+ and the optical density due to
Fe(OH)?+ being equal to ey[Fe(OH)?*], respectively.
[Fe(III)] and [Ht] are the total concentration of
iron(III) which is equal to the sum of [Fe®t] and
[Fe(OH)2+] and the concentration of hydrogen ion
which is also equal to the sum of the total concentra-
tion of perchloric acid added [HCIO,] and the con-
centration of hydrolyzed species of iron(III),
[Fe(OH)?*], respectively. The plot of [Fe(III)]/A4y
against [H+*] would give a straight line with an intercept
l/ey and a slope 1/exKy. First, the total optical
density of the solution 4 was used instead of 4, not
known empirically, in order to obtain an approximate
Ky, and the precise value of Ky could be obtained by
means of successive approximations.

In order to determine Ay necessary for Eq. 1, the
value of the molar absorption coefficient of Fe3t, &,
should be known, since 4y has to be calculated by
an equation Ay=A4—¢)[Fe3*]. When acid concentra-
tion is varied from 0.01 M to 4 M, the apparent molar
absorption coeflicient ¢(=A/[Fe(I1I)]) decreases ab-
ruptly, passes a broad minimum, and then increases
approximately linearly. An example is shown in Fig.
1, for the case of l-propanol, the curves being quite
similar to the case of methanol.®) The abrupt di-
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Fig. 1. Variation in apparent absorption coefficient ¢
of l-propanol and water mixtures with perchloric
acid concentration at [Fe(III)]=1.5x10-*M, 330
nm, and 25 °C.

0 1

a: x=0, b: x=0.10, c: x=0.18. o 5 0 15
[H+]/10-* M
minution of ¢ in the lower acid concentration range Fig. 2. Linear relationship of 4g~! vs. [H*] at various
is due to the decrease in the concentration of hydro- mole fractions of ethanol x at [Fe(III)]=1.0x10-* M
lyzed species of Fe3*, , since &y is much larger than and 25 °C.
go- On the other hand, the growth of ¢ in the higher a: =0, b: x=0.04, c: x=0.09, d: x=0.14,
acid concentration range is due to ionic association e: #=0.21, f: x=0.30.
between Fe3t and ClO,~ ions, which does not occur
in the absence of alcohol, this being observed more TasLe 1. HYDROLYSIS CONSTANTS Ky AND RATE
markedly at higher mole fraction of alcohol. Thus, CONSTANTS ky AT MOLE FRACTIONS OF ALCOHOLS
¢ is expressed by % AND DIELECTRIC CONSTANTS OF MIXED SOLVENTS
€o+€HKH[H+]_1+8aKa[H+] D At ,u=0.5 M anp 25°C

T K[ H K, [H] @

Ky ku
where ¢, and K, are the molar absorption coefficient Alcohol * D 10-sM 103 M-ts?
and the formation constant of ion-pair, respectively.?

If the linear part of a curve is extended to [HC1O,]=0 0 78.5 1.9 2.7
. . . . 0.04 72.8 2.0 3.1
the intercept of the extended straight line would give 0.09 66.6 2.5 3.5
the value of &, in the alcoholic solution. According Ethanol 0.14 61.0 3.2 3.7
to the extrapolation (broken lines in Fig. 1), ¢, seems 0.21 54.5 4.8 3.8
to have a constant value independent of the mole 0.30 47.8 47 3.7
fraction of alcohol. In the cases of polyhydric alcohols, 1-Propanol { 0.10 59.0 3.3 3.7
however, convergence to a common intercept does rop 0.18 48.5 4.7 3.9
not generally take place; ¢, seems to increase gradually 0.039 75.9 4.0 1.49
with the increase in x. This might be due to the partial J 0.085 72.7 4.9 1.40
solvation of alcohol molecules into the hydration sphere Ethylene 0.145 69.5 7.7 0.98
. . glycol 0.206 66.0 10.8 0.76
of iron(III). At any rate, the g, values estimated 10.289 61.4 20.7 0.60
by this back extrapolation of the curves of ¢ against 0.394 56.0 32.9 0.33
acid concentration were used for the calculation of
. . . 0.027 75.0 2.8 —
Ay. In the present investigation, the acid concentra- 0.058 71.6 6.2 1.1
tion was so small that the occurrence of ion-pair forma- Gl 1 Jo,oge 68.6 8.9 —
tion was ignored. yeero 0.141 65.4 9.2 0.94
The linearity of Az! vs. [H*] is shown at constant Igégg g;g {?g‘ 0.54
[Fe(III)]=1.0x 10-* M at various mole fractions x of ) : : )
ethanol in Fig. 2. The values of K, thus obtained . 0.00091 - 2.4 2.3
are given in Table 1 for various mole fractions of Pentaerythritol gggégé _ g? % é
alcohols. The value of K;; increases with the increase : ’ :
in x for all the alcohols studied.® 0.693
The Rate of Electron Transfer Reaction. The reac- koapp = : (3)

tion proceeds with an apparent second-order rate ([Fe(ID]+ [Fe(ITD)])ts/e

constant k,,, according to McKay’s equation® where t,,, represents the half period of the reaction,
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which can be determined from the slope of a straight
line obtained by plotting logarithms of the radio-
activities caused by one of the reacting species against
the reaction time. The variations of £,,, in mixed
solvents at various mole fractions of various alcohols
are shown in Figs. 3—7. In the cases of ethanol
(Fig. 3) and l-propanol (Fig. 4), £,,, increases with
increase in x, contrary to the case of methanol,® in
which £,,, remains constant in the biginning, de-
creasing gradually with increase in x. In the cases
of ethylene glycol (Fig. 5) and glycerol (Fig. 6), £,,,
first increases in a similar way to the cases of ethanol
and l-propanol, but then decreases. In the case of
pentaerythritol (Fig. 7), k,,, remains almost unchanged
as far as its solubility in water permits the experiments.
In all the measurements of £,,, (Figs. 3—7), the values
of k,,, are always larger at lower acid concentrations.

Reaction Paths. Iron(ITI) might take part in
the electron transfer reactions in two forms such as
Fe3+,, and Fe(OH)2t, the latter being produced in

1

kopp/M~1 571

1 1 1 1 1 1
0 005 0.0 0.15 0.20 0.25 0.30

X

Fig. 3. Variation of £,,, upon mole fraction of ethanol
x at 4=05M and 25 °C.
a: [H¥]=0.10M, b: [H*]=0.15 M.

400,

(o 0. 0.2 03
x
Fig. 4. Variation of #k,;, upon mole fraction of

l-propanol x at u=0.5M and 25 °C.
a: [H¥]=0.05M, b: [H*+]=0.10 M.
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Fig. 5. Variation of £,,, upon mole fraction of ethylene
glycol x at u=0.5M and 25 °C.
a: [H*]=0.05M, b: [H*]=0.10 M.
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Fig. 6. Variation of ,,, upon mole fraction of glycerol
x at 4=0.5M and 25 °C.
a: [H*]=0.05M, b: [H+]=0.15 M.

120

0coo0o °©0O

(o] 02 04 0.6 0.8 1.0

x/10-2
Fig. 7. Variation of £,,, upon mole fraction of

pentaerythritol x at y=0.5M and 25 °C.
a: [H*]=0.065M, b: [H*]=0.20 M.
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a greater amount in lower acid concentrations. The
main reaction paths are considered to be as follows:

Fe2t+ 4 *Fe3+ — Fe3+  *Fe2+ k) )
Fe*t + *Fe(OH)2+ —— Fe(OH)2+ + *Fe2t (ky) (5)

When the respective rate constants of Paths 4 and
5 are denoted by £ and £y, the apparent second-order
rate constant of the electron transfer reaction would
be given by?
ko +kuKy[H*] 1

In order to confirm the mechanism, the values of
kopp(14+Ky[H*]-1) were plotted against [H*]-1, line-
arity being obtained in each case. An example is
shown in Fig. 8, where ethanol is adopted as a cosol-
vent in the [H*] range 0.03—0.3 M. The values of
ko and kyK, were obtained from the intercepts and
the slopes. By using the values of Kj; listed in Table 1,
the values of k; were obtained. The values of £,
are usually very small and, consequently, inaccurate
as compared with those of k;. Therefore, the reaction
rate via Path 5 is overwhelmingly greater than that
via Path 4, except for the case in which very high
acid concentration was used. The following discus-
sion is thus restricted to Path 5.

The variation of k; with x of various alcohols is
shown in Fig. 9, along with that of methanol.9 The
kg value decreases with increase in x of individual
alcohol, the order of the depression effect being
methanol <ethylene glycol <glycerol<pentaerythritol, in
line with the order mono-<di-<tri-<tetra-hydric al-
cohols; ky increases with increase in x in the cases
of ethanol and 1-propanol.

Discussion. Both K and k; vary with x (Table
I and Fig. 9). However, when their logarithms are

(6)

Kapp =
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kapp(1+ Kg[H*]-1)/M~1 572
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[H+]-YM-1
Fig. 8. Linear relation of k,,,(1+Kxz[H*]"1) with
[H+]-! at various ethanol mole fractions x at u=

0.5M and 25 °C.
a: x=0.04, b: x=0.09, c: x=0.14,
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plotted against the reciprocals of dielectric constants
of the mixed solvents,” the points lie on a straight
line independent of the kind of alcohol with a positive
and a negative slope corresponding to the plots of
In Ky and In ky respectively (Figs. 10 and 11). There
are two exceptions: ethanol and I-propanol. They
give another straight line in Fig. 10 and deviate a
great deal from linearity in Fig. 11.

Except for the cases of ethanol and I1-propanol,

F/108 M-1 51

x
Fig. 9. Variation of £y upon mole fraction of alcohols
x at u=05M and 25°C.
a: Methanol, b: ethanol, c: l-propanol, d: ethylene
glycol, e: glycerol, f: pentaerythritol.

In KH

L 1
10 1.5 2.0 2.5

D-1/10-2
Fig. 10. Relationships between In Ky and reciprocal
dielectric constant D-! in mixed solvents at u=0.5
M and 25 °C.
O: Methanol, ©: ethanol, (: l-propanol, ©@: ethylene
glycol, ®: glycerol,
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Fig. 11. Relationships between In %y and reciprocal
dielectric constant D-! in mixed solvents at u=0.5
M and 25 °C.

O: Methanol, ©: ethanol, (: 1-propanol, ®: ethylene
glycol, ®: glycerol.

the fact that the plots of In Ky and In £, »s. D1 lie
on a straight line indicates that both the hydrolysis
reaction Fe3*=Fe(OH)2*+H+* and Path 5 in the
electron transfer reaction Fe?++4Fe(OH)2t—Fe(OH)2+
+Fe?+ are mostly influenced by electrostatic repul-
sion between the ions of the same sign, Fe(OH)2+
and H*, and Fe** and Fe(OH)2+ respectively, in
mixed solvents of different dielectric constants. Ac-
cording to Scatchard, these linear correlations are
expressed by!0)

_ ° ZAZBe2

In KH =In KH + m, (7)
. ZoZpe

Inky =Inkg — WTdnD’ (8)

where Z,, Zy, Z,, and Z, are the numbers of electric
charges on the reacting ions, ¢ the elementary electric
charge, k the Boltzmann constant, D the dielectric
constant of the mixed solvents, and dy; and dg, the
distances of the closest approach between the two
reacting ions in the intermediate states during the
course of hydrolysis and the electron transfer, res-
pectively. K% and k% are hypothetical constants in
solvents of infinite dielectric constant.

In the case of the hydrolysis, the reaction is the sep-
aration of an ion into two ions, Fe(OH)2*+ and HH,
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bearing electric charges Z,=+2 and Zy=+1, while
the electron transfer reaction of Path 5 is a collisional
encounter of two ions, Fe** and Fe(OH)2+, of Z,=
Z,=+2. From the slopes of the straight lines in
Figs. 10 and 11, we obtain the values d;z=2.1 A and
dee=7.8 A. By taking the approximate values of
ionic radii r(Fe2*)=0.8 A and r(Fe3+)=0.7 A, and of
molecular diameter d(H,0)=3.0 A into account, the
values of dy and dg, obtained are reasonable, since
the intermediate approach in the former reaction
might be the direct contact of two ions to each other
with dy nearly equal to the sum of r(Fe3t) and d(H,0),
while that in the latter reaction might be the outer-
sphere contact of the two with dg, nearly equal to
r(Fe?t) 4-r(Fe3t)4-2d(H,O), which would support the
plausibility of hydrogen-atom-transfer mechanism be-
tween aqua- and hydrolyzed-iron ions.f

The abnormal behavior of k; observed in the cases
of ethanol and 1-propanol has not been clarified. It
might be related to the hydrophobicity of alkyl groups
in alcohol molecules. The hydrophobic groups would
promote the ice-like structure of water surrounding
them,12) and increase the hydrogen bondings be-
tween water molecules, which would increase the rate
of the hydrogen-atom-transfer mechanism, k.
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t An approximate straight line is drawn on the points
‘or ethanol and l-propanol (broken line, Fig. 10). From
the slope dy=8.8 A is obtained by use of Eq. 7. This seems
to correspond to a distance of r(Fe3t)4nd(H,0O), n being
approximately equal to 2.7. The physical meanings of this
apparent distance are not clear. The exceptional char-
acteristics of Ky for these two alcohols would partly reflect
on ky for the same alcohols as the exceptional behavior.






