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The kinetics of the oxidation of chromium(II) by iron(III) in the presence of chloride ions have been in-

vestigated by the use of flow techniques.

Since the formation of FeCl?* from Fe®T and Cl— proceeds rela-

tively slowly, it proved possible to estimate the rate constants for the various chloride-catalyzed paths by adding
chloride to only the chromium(II) solution on the one hand, and to both the chromium(II) and iron(III) solu-

tions on the other.

The results are consistent with the rate law: R = ki(Cr2¥)(Fe®™) 4 ky(Cr2*)(FeOH2*) 4

ky(Cr2+)(FeCl2t) + ks(Cr2*)(Fedt)(Cl™) where R is the rate of the oxidation-reduction reaction and kb =
2.3 X 108 F7! sec.”™!, by =33 X 108 Flsec.”!, by = 2 X 10" Flsec.”!, and bk = 2 X 104 F2sec.”! at

25.0° and ionic strength 1.00 F.
The natures of these two paths are discussed.

The chloride-catalyzed oxidation of chromium(II)
by iron(III) has been studied by Taube and Myers?®
and by Ardon, Levitan, and Taube.? Taube and
Myers found that both (H,0);CrCl?*+ and Cr(H,0)s+
were produced in the oxidation and that their relative
amounts depended upon the chloride and hydrogen
ion concentrations of the solutions. They proposed
that the (H,0)s;CrCl?+ arose from the reaction of (H,-
0)sFeCl?2t with Cr(H;O)¢®*t and that this reaction
proceeds via an inner-sphere activated complex con-
taining a Fe—Cl-Cr bond. This interpretation has
been questioned by Zwickel and Taube.* By studying
the chloride-catalyzed oxidation of Cr(H.0)¢?* by
Fe(H,0)s*+ at —50°, where the formation of (H,O)s-
FeCl** from Fe(H:0)s®+ and Cl- proceeds relatively
slowly, Ardon, Levitan, and Taube have shown re-
cently that (H,0);CrCl?+ is produced even when
(H,O0)sFeCl?* is not present prior to the reaction.
However, they did not study the oxidation of Cr-
(Hs0)6** by (Hs0)sFeCl** or identify the products of
this reaction. We have studied the kinetics of the
oxidation of chromium(II) by iron(III) in the presence
of chloride ions at 25.0° and find that the chloride-
catalyzed reaction proceeds via two paths at this
temperature; one of these paths involves (HO)e-
FeCI’* as a reactant and the other does not. The

former reaction is very rapid and both paths produce
(H20)5CYC12+.

Experimental

Chemicals.—Thallous perchlorate and sodium perchlorate
were prepared as described elsewhere.! Iron(III) perchlorate (G.
Frederick Smith Chemical Co.) and chromium(III) perchlorate
(Amend Drug and Chemical Co.) were purified by recrystalliza-
tion from perchloric acid. Solutions of chromium(II) in per-
chloric acid were prepared by electroreduction of the chromium-
(III) at a lead cathode.® Perchloric acid (7097, Baker Analyzed
Reagent) and hydrochloric acid (389, Baker and Adamson)
were used without further purification. The reactant solutions
were prepared with triple distilled water in an argon atmosphere
(General Dynamics, N. Y.). The argon was purified by passing
it through an activated copper column at 120° (BTS catalyst,
Badische Anilin-und Soda-Fabrik AG, Ludwigshafen am Rhein,
Germany). The chromium(II) solutions were standardized by
adding aliquots to excess thallium(III) in 2 F hydrochloric acid
and determining the thallium(I) produced by a coulometric
method.”

Procedure.—The kinetics were studied by the use of the flow
apparatus which has been described previously.®! The disap-
pearance of iron(I1I) was followed spectrophotometrically;
wave lengths of 336 mu and of 260 to 300 mu were used to ob-
serve the FeCl2* and Fe?®t, respectively.
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It was found that CrCl27 is produced in both chloride-catalyzed paths.

The products of the reaction were separated chromatographi-
cally.? Aliquots of the reaction mixture were withdrawn from the
stopping syringe and added to a Dowex 50W-X8 cation-exchange
column. The (H;0);CrCI2* and Cr(H;0)s** were eluted with 1 F
and 3 F perchloric acid, respectively, and the chromium(III) in
the fractions was determined as described elsewhere.5

Results

Order of the Reaction.—The chromium (II)-iron(III)
reaction was found to be first order with respect to each
of the reactants. Plots of log [b(a — x)/a(b — x)] vs. ¢,
where ¢ and b are the initial concentrations of the reac-
tants and x is the concentration of product at time ¢,
gave straight lines. The values of the second-order
rate constants in 1.00 F HClO, at 25.0°, calculated
from the slopes of these lines, are presented in Table
I. Individual determinations of the rate constants
differed from the mean by less than 5%. The aver-
age of the values presented in Table I is (7.7 = 0.1)
X 103 F~lsec. 71

TABLE I

THE ORDER OF THE CHROMIUM(II)-IRON(III) REACTION IN
1.00 F PERCHLORIC ACID AT 25.0°

1Cr(ID]} X 104, 1Fe(III)] X 108, kX 1078,
F F F~1sec. ™1
1.78 6.51 7.8
1.94 6.51 7.8
3.73 6.51 7.7
3.93 6.51 7.9
9.27 6.51 7.3
9.27 13.0 7.6
9.27 26.0 8.2
9.27 52.0 7.9
9.40 6.51 7.7
9.43 26.0 7.6
9.75 3.25 7.6

18.9 6.51 7.4
19.0 6.51 7.7
19.0 6.51 7.5
19.1 3.25 7.6
28.4 3.25 7.4
37.3 3.25 7.7
38.8 7.51 7.5
38.9 6.51 7.5

The Effect of Acid.—The effect of acid on the reaction
was studied in mixtures of sodium perchlorate and per-
chloric acid at a total ionic strength of 1.00 F. The
results are consistent with the rate law

R = ky(Cr?*)(Fe’™t) + ko(Cr2*)(FeOH?™) (1)

Since K., the equilibrium constant for the hydrolysis

(9) J. A. Laswick and R. A. Plane, J. Am. Chem. Soc., 81, 3564 (1959).
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reaction
Fe3* + H,0 T—= FeOH?* + H*
is <(H), we obtain
kE =k + kKy/(HY) (2)

where £ = R/(Cr?*+)[Fe(IIl)]. The value of Ky is
1.69 X 10~% at 25.0° and ionic strength 1.00 F.1°
We have plotted k as a function of 1/(H*) in Fig. 1.
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Fig. 1.—Effect of acid on the rate of the chromium(II)—ron(III)
reaction at 25.0°.

From the slope and intercept of Fig. 1 we calculate
that &, = (2.3 = 0.2) X 10° F-'sec.7!and bk, = (3.3
£ 0.3) X 108 F71 sec.”! at 25.0° and ionic strength
1.00 F.

The Effect of Chloride.—In order to determine the
effect of chloride on the kinetics of the chromium(II)-
iron(II1) reaction, it is necessary first to consider the
rate of formation and dissociation of (H,O);FeCl**.
Connick and Coppel!! have studied these reactions
and have calculated values of k3 and k_; defined by the
equation

k3
Fe(H.0)#* + Cl= T (H:0);FeCl2* (3)
k_s

using a value of K; determined by Rabinowitch and
Stockmayer.'? We have reanalyzed their data using
the value of K; determined recently by Woods, Gal-
lagher, and King"® and obtain k; = 19.4 F~! sec.”!
and k_; = 6.7 sec.~! at 25.0° and an ionic strength of
1.00 F.'* 1t should be noted that k; and k-3 are over-
all rate constants and include the contributions of the
acid-dependent paths.

In the presence of chromium(II) the rate of disap-
pearance of (H,0)sFeCl*+is given by the expression
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_ d(FeCl®¥)

i = —ky(Fe®*)(Cl7) 4 k_s(FeCltt) +

ky(FeC2T)(Crt*) (4)

where %, is the rate constant for the reaction of (H;O)s-
FeCI** with Cr?*. Preliminary experiments in which
chloride was added to both the chromium(II) and iron-
(III) solutions on the one hand [(H;0)sFeCl®+ present
at its equilibrium concentration prior to the oxidation-
reduction reaction], and to only the chromium(II)
solution on the other [no (H:;0);FeCl?*+ present initi-
ally], established that the reaction of Cr?+ with (H,O);-
FeClI** proceeded much more rapidly than any other
oxidation-reduction reaction in the system and that it
also proceeded much more rapidly than the formation
and dissociation of (H;0);FeCl**. TUnder these condi-
tions eq. 4 reduces to

2+
- ‘@‘%SQ = E(FeCL*)(Cr2+) (5)
Consequently, the reaction of Cr?** with (H,0);FeCl?+
could be followed directly at 336 mp, where (H;0);-
FeCl** is the only absorbing species. The concentra-
tions used in these studies were: [Fe(I11)] = 2.79 X
1075 F, [Cr(II)] = 5.20 X 107% Fand 3.52 X 1073 F,
(HCl) = 0.10 F, and (HCIOy) = 0.90 F. The value
of %k, was found to be 2 X 107 F~!sec.~! at 25.0° and
ionic strength 1.00 F. It is readily seen that under the
above conditions ki(FeClI2+)(Crt) > k_3(FeCl?t)
and ky(FeCl27)(Cr?7) ~ 10ks(Fe?~)(Cl-) even after
909, of the FeCl** has reacted, as is required for
eq. 5 to be valid.

If the chloride is added to only the chromium(II)
solution and if there is a chloride-catalyzed path which
does not involve (H,O);FeCl?* as a reactant, the rate
of disappearance of Fe(III) is given by the expression

~ AFLIDL g (cram)(Fest) + ki Crew)(FeOH?™) +

ki(Fed*)(Cl7) 4 ks(Fed~)(C17)(Cr?*) (6)

where the steady-state approximation for the con-
centration of (H,O)sFeCl?* has been made. Provided
[Cr(I1)] > [Fe(IIl)] and (Cl7) > [Fe(IID)],
a pseudo-first-order rate constant for the reaction can
be defined as

k= [k + kKu/(H) + ks(C17T))(Cr?*) + &(Cl7) (7)

The disappearance of iron(III) was followed using
wave lengths in the range 260 to 300 mu and values of
k were calculated from these measurements. These
values are plotted in Fig. 2 as a function of the chro-
mium(II) concentration at chloride concentrations of
0.05 and 0.10 F. It is seen that the data satisfy eq. 7
reasonably well. From the slopes of these lines we
calculate that &, = (2.2 £ 0.4) X 10* F~? sec.7! at
25.0° and ionic strength 1.00 /. These measurements
thus provide evidence for a chloride-catalyzed oxidation-
reduction path which does not involve (H,0)sFeCl**asa
reactant. Evidence for such a path at —50° has been
obtained previously by Ardon, Levitan, and Taube.?

In order to deterimnine the chemical form of the
chromium(III) produced in the oxidation-reduction
reactions, the products in the following reaction mix-

tures were investigated: (a) [Cr(II)] = 2.0 X 10—
F, [Fe(II)] = 1.04 X 10-2 F, (HCl) = 0.075 F,
(HC1O4) = 0.925 F; chloride initially in both the

chromium(I1) and iron(II1) solutions. (b) [Cr(II}]
= 47 X 103 F, [Fe(II)] = 1.04 X 102 F, (HCl) =
0.075 F, (HCIO,) = 0.925 F,; chloride initially in only
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the chromium(II) solution. It was found that the
chromium(III) species produced in reaction a con-
sisted of 999, CrCl** and 19, Cr*+ while those pro-
duced in reaction b consisted of 319, CrCI*+ and 699,
Cr3t.

Since (FeCl?*) > (Cr?%) in reaction a, and if it is
assumed that the reaction of FeCl** with Cr?* pro-
duces only CrCl1?+, it follows that

(Cri7) _ [t koK /(HT)) 8)
(CrCl2¥) — 7 kuKy(CI7)

Substitution in eq. 8 of the rate constants determined
above gives (CrCl2+)/[Cr(III)] = 0.998, which is in
excellent agreement with the observed value of 0.99.

If it is assumed that the reaction path involving
Cr?+, Fe3+ and Cl- (but not FeCl?t) also produces
only CrCl?*, and if a steady-state assumption for the
concentration of FeCl** is made, the yield of Cr3t
in reaction b is given by

(Crf7) _ kL + keKu/(HY) _
[Cr(III)] ki + RKu/(HT) + £s(Cl7)

[ky + kaKn/(HT)]ks(Cl7)
[k + ko Kn/(H*) + ks(C17)]3(Cr2%),

[ks(C17) + {k1 + koKn/(HT) +k 5(C17)} (Cr2 ™)) (9)
ka(Cl7)

In

where (Cr2+), is the initial concentration of chromium-
(II). Equation 9 predicts that the yield of (Cr¥*)
should be 73 + 39, which is in satisfactory agreement
with the observed value of 699,. If it is assumed that
the reaction path involving Cr?*, Fe?*, and Cl~ does
not produce CrCl?+, then the yield of CrCI** should
be 129,, which is much lower than the observed value.
The value of (Cr?+)/[Cr(III)] was also calculated by
numerical integration on an IBM 7094 computer
without making the steady-state assumption for the
FeCl2+ concentration. The ratio calculated by this
procedure agreed within 0.19% with that given by
eq. 9.

Discussion

It is evident that the chloride-catalyzed reaction
proceeds vzz two paths and that (H,0)sCrCl1** is pro-
duced in each of these paths. There does not appear
to be much ambiguity concerning the reaction in-
volving (H;0);FeCI**; this path very probably pro-
ceeds via an inner-sphere activated complex as origin-
ally proposed by Taube and Myers

(H,0);FeCl2* + Cr(H,0)2* —>
[(HyO)sFe-Cl-Cr(H,O)s) 4+ —>
Fe(H20)62+ + (H20)5CrC12+ (10)

It is of interest that the ratio of CrCl** to Cr3®+ pro-
duced in this inner-sphere path is much higher than that
calculated by Taube and Myers. The reason for this
discrepancy lies in the fact that reaction 10 proceeds
much faster than the formation of (H,O);FeCl?* from
Fe(H,0)s*t and C1~ under the conditions used by Taube
and Myers. !

The nature of the second chloride-catalyzed path is
less certain. Two formulations which are consistent
with the rate law are
(Hy0)sFe?*Cl~ + Cr(H,0)?+ —>

[(H:0):FeH,O—ClI-Cr(HyO);] ¢+ —>
Fe(H,0)e2 ™ + (H.0):CrCl2*+ (11)

(15) H. Taube, personal communication. It should be noted that the
value of k; did not become available until 1959,

KiINETICS OF THE OXIDATION OF CHROMIUM(II) BY IRON(III) 831

Fe(Hy0)** + (H:0);CrCl+ —>
[(H;0)sFeH,0—-C1-Cr(H,0);]** or
[(H;0)sFeH,0-CrCl(H,0),]4" —>
Fe(H 0)s2™ + (H:0);CrC12+ (12)

It is not possible to distinguish between these two
formulations on the basis of the evidence available at
present. In order to account for the formation of
(H,0)sCrC12+, reaction 11 would have to proceed via
an (outer-sphere) activated complex in which the chlo-
ride was bonded directly to the chromium. Since
Fe(H,0)s*+ does not undergo.substitution readily,
it is likely that reaction 12 also proceeds via an outer-
sphere complex, although the possibility of a water-
bridged inner-sphere activated complex, with chloride
acting as a nonbridging ligand, cannot be ruled out.
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Fig. 2.—Effect of chloride on the rate of the chromium(II)-iron-
(III) reaction at 25.0°; [Fe(III)] = 3.25 X 107% F.

For purposes of comparing the rates of the two
chloride-catalyzed oxidations, ks may be converted
to a third-order rate constant by multiplying it by K.
We then obtain

R; = 6 X 107(Fe?*)(Cl)(Cr2*) Fsec. ™!
for the rate of the chloride-catalyzed oxidation involving
(H,0)sFeCl*+ as a reactant (provided the equilibrium

TaBLE II

COMPARISON OF THE RELATIVE RATE CONSTANTS FOR THE
CuroMIUM(II)-Curomrum(III), Curomrum(II)-IRoN(III), AND
IrRON(II)-IRON(III) REACTIONS AT 25.0°

,—————Relative rate constants —_—
Cr2+- Cr2*- Fe2 —

X ' I(H00X Fe'"(H, 005X Fel(H,0%:X
H.0 1 1 1
OH~ >8 X 10# 1.4 X 10¢ 1.1 X 10¥
Cl- >2 X 10¢ 1 X 104 6.2¢

o A, Anderson and N. A. Bonner, J. Am. Chem. Soc., 76, 3826
(1954). * D. L. Ball and E. L. King, tbid., 80, 1091 (1958).
¢ J. Silverman and R. W. Dodson, J. Phys. Chem., 36, 846 (1952).
¢'N. Sutin, J. K. Rowley, and R. W. Dodson, zbid., 65, 1248
(1961).

between Fe(H:0)e?+ and Cl- is maintained). The
rate of the chloride-catalyzed oxidation which does
not involve (H;0);FeCl?* is given by

Ry = 2 X 10%Fe3*)(Cl-)(Cr2*) Fsec. 7!
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The path involving (H,O);FeCl** as a reactant thus
proceeds about 3000 times faster than the chloride-
catalyzed path which does not. These results provide
additional support for Taube’s conclusion that substi-
tution in the inner coordination shell of the iron(III)
is a requirement for marked chloride catalysis. '

The relative rate constants for the Cr(II)-Fe(III),
Cr(IT1)-Cr(I11), and Fe(II)-Fe(III) reactions are com-

(18) H. Taube, Advan. Inorg. Chem, Radiochem., 1, 34, (1959).
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pared in Table II. It will be seen that chloride has a
larger effect than hydroxide on the rates of the Cr®*-
Cr(III) and Cr?*-Fe(III) reactions but not on the
rate of the Fe?*—Fe(III) reaction. It is of interest
that the relative rate constants for the Cr2+-Fe(III)
reactions lie between those for the two electron ex-
change reactions.
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