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218. Reducing Reactions of Tin(i1) in Aqueous Solution. Part I1.!
The Reaction between Tin(it) and Vanadium(v) in Dilute Hydro-
chloric Acid.

By D. J. Dryg, W. C. E. HiccinsoN, and P. KNOWLES.

Reduction of vanadium(v) by an excess of tin(i1} in dilute hydrochloric
acid yields a mixture of vanadium(itr) and vanadium(1v). The dependence
of the concentrations of these products upon reactant ¢oncentrations shows
that the dominant initial step involves a 2-equivalent change in oxidation
states, giving vanadium(11r). Three distinct routes leading to the formation
of vanadium(rv) are postulated.

WHEN solutions of tin(11) and vanadium(v) in dilute hydrochloric acid are mixed, rapid
oxidation-reduction occurs. If the initial concentration of vanadium(v) exceeds twice
that of tin(i1), vanadium(1v) is formed in concentration equal to twice the initial con-
centration of tin(11) and the excess of vanadium(v) remains unchanged. If the initial
concentration of tin(11) exceeds that of vanadium(v), none of the latter remains and both
vanadium(iv) and vanadium(iir) appear as products. We summarise in Fig. 1 the
results of several experiments in which an excess of a solution of tin(11) was mixed rapidly
with a solution of vanadium(v); here, and subsequently, subscripts zero and infinity
denote respectively initial and final concentrations. In all these experiments the solutions
were mixed at —10° to avoid a slight irreproducibility found at 20°; otherwise the results
obtained at these two temperatures were very similar. Changes in hydrochloric acid
concentration from 0-50 to 0-95M caused only small changes in the proportions of products
and we have included results obtained at both concentrations in Fig. 1. It can be seen
that the proportion of vanadium(v) reduced to vanadium(im) is almost constant except
for values of the ratio [V¥]y/[Sn'T}, approaching unity. We attempted to interpret these
observations in terms of the mechanism given in eqns. (1)—(4)

VY + SnlT _k_ VIV . gpin (1)
VYV 4 Splu ks y71v + SnIv (2)
VIV 4 Spi j» VII 4. Gpiv (3)
VY 4 v _k oyiv 4)

Although we have rejected this mechanism, we include a simple kinetic analysis based
on it since the reasons which led to its rejection are part of the evidence for the mechanism
ultimately adopted. Reaction (4) must be included in considering experiments in which
initially vanadium(v) is present in at least twice the concentration of tin(i1) to account
for the absence of vanadium(iir) as a product. However, to simplify the analysis of
systems in which tin(i1) is in excess, we have omitted this reaction in the following treat-
ment.

Considering reactions (1)—(3), we obtain

—d[V7]/dt = {2k ko[VVIZ[Sn] + Rykg[VIVIIVYI[SnM} - {R[VF] + A5[VIV]}  (5)
and A[VI]/ds = 2k ke[ VVIE[SnM] < {Ry[VY] + R3[VIV]} (6)

by making the stationary-state approximation, d[Sn™]/df == 0. By dividing eqn. (5)
by eqn. (6) we then obtain

—d[VY]/d[VY¥] = 1 + Q[VIV}/[V], (7)
where Q = k,[2%,.

1 Part I, Higginson, Leigh, and Nightingale, J., 1962, 435.
PP
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Integration of eqn. (7) gives

1 oYUV 4 4
Vo1 ==
= 1og{[V7E + [VVIIV™¥] + QIV"P} + Constant,

Initially, [VV] = [VV]o,[VI¥] = [VT¥],, and at the end of the reaction, if tin is in excess,
[V¥] =0, [VI¥] = [VIV],,. We can therefore eliminate the constant of integration and so

we obtain
1 (tan-l{[vw[vmﬁ%}_ m-l{ 3 })

Vo —1 V=1 Vo—1
IR+ VIV, + OV
= 1°ge{ OV, }

This equation can be written in the form

loge%" +%loge{Q + 3 +R=} (8)

where Ry = [VIV]o/[VY],.

Itis ev1dent from eqn. (8) that the proportion of vanadium(v) reduced to vanadium(iv)
should be independent of the initial concentrations of tin(11) and vanadium(v), and should
depend only on Q and R,. The position of the broken line in Fig. 1 was calculated by
using R, = 0-013, the value in our experiments, and Q = 21. Except at the higher
values of [VV],/[Sn™T], the calculated line is in good accord with the experimental points.
However, we have rejected this mechanism for several reasons. First, the value of Q
necessary to fit our results corresponds to ks;fk, = 42, i.e., tin(111) must react very much
faster with vanadium(1v) than with vanadium(v). Our omission of reaction (4) does not
alter this qualitative conclusion, for if this reaction is important the ratio Zg/k, must
exceed 42. Now, vanadium(1v) reacts extremely slowly with tin(11), whereas the reaction
between vanadium(v) and tin(11) is too fast for measurement by conventional methods.
Although we should expect a smaller reactivity ratio between vanadium(v) and
vanadium(iv) in their reduction by an active intermediate such as tin(1i1), it would be
surprising if the order of reactivity were reversed to such an extent. Secondly, eqn. (8)
predicts an increase in [VIT],, [[VV], if R, is increased; a value of Ry = 0-30 with Q = 21
corresponds to [VII],/[VV], = 0-935. The average value [VI],/[VV], = 0-848 was
obtained from three experiments with R, = 0-30 under otherwise similar conditions to
those summarised in Fig. 1, the corresponding value with R, = 0-013 being 0-825. This
shows that eqn. (8) does not satisfactorily describe all our experimental results.

The strongest evidence against the mechanism given above was obtained by using
trioxalatocobaltate(irr) as a reagent for tin(iir), as suggested previously.! Solutions of
vanadium(v) containing trioxalatocobaltate(111) were mixed rapidly at 20° with solutions
of tin(u). In each experiment the concentration of vanadium(iv) produced and the
change in the concentration of the complex were measured spectrophotometrically. The
initial concentrations of reagents were 4-58 X 10-3M-tin(11), 9-96 X 10-3M-vanadium(v),
0-35—1-09 x 10-3M-trioxalatocobaltate(111), and 0-25M-hydrochloric acid. Similar experi-
ments were also done with tin(i1) present in slightly higher concentrations than vanadium-
(v). In all these experiments the concentration of vanadium(rv) produced was the
same as in parallel experiments in the absence of trioxalatocobaltate(ir) and the
consumption of the latter did not exceed 29 of its initial concentration. Before conclud-
ing that these experiments indicate the absence of tin(i1) as a major intermediate it was
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necessary to show that trioxalatocobaltate(ir) can compete effectively with vanadium(v)
and vanadium(1v) for tin(mr). We already knew that if the vanadium(v)-tin(11) reaction
follows reactions (1)—(4), then reaction (3) must be dominant compared with reaction (2),
since &4k, = 42, and so we wished to find whether reaction (9)

Co(C,04)53~ + Snt % Co™ -+ SnIV (9)

proceeds at a rate comparable with reaction (3). The value of %4k, could not be obtained
by a direct experiment, but was found in the following way. We allowed dioxalato-
diaquocobaltate(1i1) to react at 20° with tin(11) in the presence of vanadium(iv). In these
experiments all the diaquo-complex was reduced to cobalt(m), tin(i1) being in large excess,
and a part of the vanadium(iv) was reduced to vanadium(mi). Independent experi-
ments showed that under similar conditions the extent of reduction of vanadium(iv) by
tin(i1) was negligible and that only a small correction was necessary to allow for the
reduction of dioxalatodiaquocobaltate(iir) by vanadium(itr). The only major reactions
which need to be considered are therefore

Co(Cy04)5(H;0),~ + Snif ko Coll 4 Split (10)
Co(C,04)5(H,0),~ + SnIt k1 Coll 4 SpIv (11)
VIV 4 SniT Kk yII | GpIv 3)

The induced reduction of vanadium(iv) in this system is exactly analogous to the
induced reduction of trioxalatocobaltate(in) in tin(i)—dioxalatodiaquocobaltate(rrr)
mixtures and is therefore described by an equation of the same form as eqn. (4) of Part 1.1
In the present case the equation is

P 10g;p{[VTV]p/[V¥]w} = logyef1 + P[Co(Cy0,)4(H,0)s1o/[VEV1o} (12)

where P = 2ky;/k; — 1. Ina typical experiment, [Sn'], = 0-055M, [Co(C,0,),(H,0),7], =
2-26 x 108, [VIV], =3-82 X 103M, and [VI¥] = 2-56 X 103M. By substitution in
eqn. (12) we found P = 1-84. The mean value of P obtained from this and four similar
experiments, all in 0-25M-hydrochloric acid, was 1-90, hence ky/k; = 1-45 at 20°. We
previously * found k,,/k, = 2-25 at 20°, whence &,/ky = 1-55 under conditions identical
with those in the competition experiments with the tin(i1)-vanadium(v)-trioxalato-
cobaltate(1ir) system. This low value of %,/ indicates that a considerable proportion of
trioxalatocobaltate(iir) should be consumed in these competition experiments if the
scheme given by reactions (1)—(4) and (9) is valid. An estimate of the expected con-
sumption was made by a kinetic analysis similar to that described in Part I. For
simplicity we omitted reaction (2) which plays a minor part in this scheme and, with
ky/ky = 1-565, found that ca. 659, of the trioxalatocobaltate(1r1) should be consumed in
the competition experiments in which vanadium(v) was present in excess. Since less
than 29, was consumed, this provided the third indication that the mechanism summarised
in reactions (1)—(4) is incorrect.

The most obvious alternative mechanism which avoids postulating the intermediate
formation of tin(i1) as a free entity involves a 2-equivalent change in the oxidation states
of the reactants, eqn. (13): :

VY 4 Sntt ke yim 4 gpiv, (13)

The formation of vanadium(1v) can then be attributed to reaction (4). A kinetic analysis
based on this scheme leads to eqn. (14) for cases in which the initial concentration of
tin(11) exceeds that of vanadium(v):

k [V¥] 2k (v, [V¥] o
2 st = sty — (5 = 1)t} = ol — sy — B} 09
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We omit the derivation of this equation since it is a particular case, with 2 =0, of
eqn. (20) which is derived later. In Fig. 2 we show as curves corresponding values of
[VIE],/[Sn], and [VV]y/[Sn!l], which were calculated by substituting in eqn. (14) the
values of k,/k, indicated. The experimental points are those shown in Fig. 1. It can be
seen that the predictions of the simple 2-equivalent mechanism are not in accord with our
results. However, we have found that the following combination of reaction (13) and
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Figs. 1 and 2. Dependence of [V /[Sn'}, upon [VV],/[Sn™],.
Both Figs. @, [V}, = 199 x 107%m, [H'] = 0-50M; A, [VV], = 9:96 X 107y,
[H*Y] = 0-50mM; -, [V'], = 399 x 107M, [H*] = 0-95M.
certain of the reactions originally suggested leads to an equation in reasonable agreement
with experiment.

VV - Snll ke VI L gutv (13)
VY 4 Snlf _ky VIV | gpint (1)
VV 4 Snltt _% VIV | SpIv @)
VY 4 VI Ky 2V @)

For simplicity, we have omitted reaction (3) from the proposed scheme. Our justiﬁcat@on
is that we have already shown that if this reaction is important a considerable consumption
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of trioxalatocobaltate(i11) should be observed in the competition experiments. Since the
consumption of trioxalatocobaltate(111) was very small it follows that the contribution of
reaction (3) must likewise be small. We have previously referred to the small increase
in the yield of vanadium(iir) obtained by greatly increasing the initial concentration of
vanadium(1v); this effect also shows that reaction (3) occurs only to a minor extent.
The conclusion that reaction (2) is the dominant route for the disappearance of tin (i)
accords with the greater reactivity as an oxidising agent to be expected of vanadium(v)
when compared with vanadium(1v).
From the above scheme we can write

d[VI]/d = kyg[VV][Sn™T] — k[VV][VIH] (15)
and, by using the stationary-state approximation, d[Sn!'}/d¢ = 0, we obtain
—d[VY][dt = (kyg + 2ky)[VV][Sn™T] + £ [VV][VII]. (16)

By dividing eqn. (16) by eqn. (15) we obtain
—d[VV]/d[VI] = {(Ry3 + 2k,)[Sn"] + Ry [VIH]} = {Ay[SnT] — A, [VEE]} . (17)
If vanadium(1i1) is absent initially, we obtain from the stoicheiometry of the reaction the
relation
[Sn™] = [Sn™], + 3[V¥] — $[V7], — 3V (18)
By using eqn. (18) to eliminate [Sn!!] {rom eqn. (17) we then obtain

_ A[VY] _ (ki + 2R)([VY] + 2[Sn"]y — [VV]o) + (2k, — Ry — 2k,)[V™]
dfvH] kyg([VV] + 2[SnM]y — [VV]y) — (Rys + 2k)[VI] '

On integration, eqn. (19) gives

{19)

kg | By _ _(2ky _ | 2K }
(b + ) oz {[VVJ V¥ + 2050, — (7 — 1 — 3 vy

= log,o{[VV] — [V¥]y + 2[Sn""], — [VII]} + Constant.

Initially, [VV] = [VV],, [VI] = 0, and, if [VV]; < [Sn!],, when the reaction is complete
[VV] = 0, [VI] == [VII],. The integration constant can therefore be eliminated, giving:

by By - e, (g gy,
(E +k7>1°g1° {1 gfsatlly ~ \By k13>2[8n“];

Vv 111 ©
— 10810 {1 - 2{5111]130 - 2[[2111]1:’0}- (20)

If we assume values of k;/k, and %,[%,; we can use eqn. (20) to calculate corresponding
values of [VIT],/[Sn'], and [VV¥]o/{Sn1],. The full line in Fig. 1 was obtained in this way,
by assuming &,3/k, = 20 and k,/k;3 = 0-10. Curves calculated by using values of %[k,
in the range 0-08—0-12 also fitted the experimental points reasonably well, the values of
kiR corresponding to these extremes being 14 and 30, respectively. On this basis we
can conclude that about 909, of effective encounters between tin(i1) and vanadium(v)
lead directly to the formation of tin(1v) and vanadium(ii1) and that the remaining 109,
give tin(i11) and vanadium(1v) as primary products. Although the dominant reaction,
(13), can be regarded kinetically as involving a 2-equivalent change in oxidation states, it
is possible that the primary process is the formation of tin(111) and vanadium(iv), but that
these remain adjacent long enough for a second l-equivalent change giving tin(1v) and
vanadium(it1) to occur in the majority of encounters. A *sticky " collision between
tin(11) and vanadium(v) seems possible in solutions containing 0-5M-free chloride ions, for
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about two-thirds of the total tin(i) is in anjonic or uncharged forms.2 Also, spectro-
photometric evidence has been adduced ® for the presence in low concentrations of a
1:1 association complex between tin(1r) and uranium(vi) in solutions of these species in
hydrochloric acid. We therefore suggest that the initial product of an encounter between
tin(11) and vanadium(v) may be a similar association complex which we denote (Sn 4 V)V,
In this connection, eqn. (20) shows that for a given value of [VV],/[Sn!], the corresponding
value of [VII],/[Sn'T), should be independent of the absolute concentrations of the
reactants. However, we found that the latter ratio decreases slightly with increase in the
concentrations of reactants at constant [VV],/[Sn'],. This effect can be seen in the two
ringed experimental points in Fig. 1. We suggest that apart from its decomposition to
tin(tv) and vanadium(imn) or to tin(1r) and vanadium(iv), the association complex
(V 4+ Sn)¥M may persist sufficiently long for reaction (21) to occur to a limited extent.

(V + Sn)VI 4 V¥ —p 2VIV 4 SpIV 1)

About 209, of the vanadium(1v) formed in the reaction can be accounted for in this way
and the probable value of k,/k,;; will in consequence be reduced to ca. 0-08. A kinetic
analysis of the type given above showed that reactions (13) and (21) alone cannot account
for our experimental results since much bigger changes than those observed in
[VIO),,/[Sn], are predicted if [VV], is altered at constant [VV],/[SnT],. This analysis
shows that reaction (4) may be less important in mixtures with tin(ir) in excess than the
ratio /R, = 20 indicates, 7.e. ky3/k; may exceed 20.

Summarising, we suggest that the primary processes in the reaction between tin(ir)
and vanadium(v) in dilute hydrochloric acid can be represented by

_y VS0 A
VY 4 Sof —p (V 4 Sn)VT —p VIV | Sni B
*DA QVIV 4 SpI¥ c

where A > B > C indicates the relative extent of the three modes of decomposition of
(V 4 Sn)"E.  Although we have suggested that the dominant reaction 4 may involve
the transitory intermediate formation of tin(1rr) and vanadium(iv) before their ultimate
separation as tin(1v) and vanadium(iir), we believe that this type of problem cannot be
solved by kinetic studies. According to our reaction mechanism, vanadium(1v) is formed
by three distinct routes, of which B followed by reaction (2) is the most important. The
second route involves the oxidation by vanadium(v) in reaction (4) of part of the
vanadium(11) produced in reaction 4. The proportion of vanadium(iv) formed by this
route increases with increase in the ratio [VV¥]y/[Sn], and this is the main route for the
formation of vanadium(iv) in mixtures in which the initial concentration of vanadium(v)
considerably exceeds that of tin(11). The proportion of vanadium(iv) formed via the
third route, C, is small under our experimental conditions, but should be substantial at
high initial concentrations of vanadium(v).

EXPERIMENTAL

With the exception of vanadium stock solutions, reagents were prepared and standardised
as described in Part 1.1 Vanadium(v) stock solutions in hydrochloric acid were prepared by
dissolving a weighed quantity of ‘“ AnalaR *’ ammonium metavanadate in a small amount of
M-sodium hydroxide and then adding sufficient dilute hydrochloric acid to give a final con-
centration of 0-5mM-hydrochloric acid. These solutions were kept in the dark at 0° to minimise
the formation of vanadium(rv). The concentration of vanadium(v) was determined by

* Vanderzee and Rhodes, J. Amey. Chem. Soc., 1962, 74, 3562.
8 Moore, J. Amer. Chem. Soc., 1966, 77, 1504.
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reduction with sulphur dioxide followed by spectrophotometric determination at 755 mp of
the vanadium(1v) produced. A Unicam S.P. 500 spectrophotometer, fitted with a thermostat-
controlled cell-holder, was used for this and all other spectrophotometric determinations.
A correction was applied for small concentrations of vanadium(1v), ca. 19, of the concentration
of vanadium(v), present in the solutions of the latter. Stock solutions of vanadium(iv) in
dilute hydrochloric acid were prepared and standardised by the same methods. Vanadium(1)
solutions were obtained by shaking solutions of vanadium(v) in hydrochloric acid with zinc
amalgam until vanadium(i1) was present. After removal of the amalgam, a current of filtered
air was passed through the solution for ca. 5 min. The presence of low concentrations of
vanadium(1v), estimated spectrophotometrically, then showed that all the vanadium(i) had
been removed. The concentration of vanadium(ir) was found by mixing a sample with an
excess of a vanadium(v) solution and determining the concentration of vanadium(iv) formed
in the mixture spectrophotometrically. These vanadium(ir) solutions were used immediately
after standardisation, either to determine the molecular extinction coefficient of vanadium(rir)
in hydrochloric acid solutions at 400 my, or for kinetic experiments.

An inverted Y-shaped vessel with lower limbs ca. 3 cm. in diameter and 6 cm. long was
used when mixing solutions of reactants in all experiments involving tin(11) and vanadium(v).
Up to 20 ml. of a tin(i1) solution was introduced into one limb, a similar volume of a
vanadium(v) solution into the other, and the solutions were mixed by rapid agitation of the
vessel. In certain experiments a vanadium(iv) solution was added either to the tin(ir)
solution, with which it does not react, or to the vanadium(v) solution before the contents of
the two limbs were mixed. To avoid a slight irreproducibility obtained on mixing at 20°, the
solutions in most experiments with an excess of tin(11) present were cooled to —10° in the vessel
immediately before mixing. These mixtures were warmed to 20° before spectrophotometric
determination of the products, vanadium(i) and vanadium(iv), at 400 my and 755 my,
respectively. With this procedure, the variation in product concentrations found in duplicate
experiments did not exceed the error of an individual determination, ca. 4-1%. Similar
experiments at 20° with an excess of vanadium(v) present showed that the initial concentration
of tin(11) was equivalent to the concentration of vanadium(iv) produced; no vanadium (i)
was obtained under these conditions. A similar procedure was also used in the experiments
at 20° in the presence of trioxalatocobaltate(1r1) and in corresponding control experiments in
the absence of this complex. In these experiments, measurements were made at 605 and
785 my which correspond respectively to maxima in the spectra of trioxalatocobaltate(i1r) and
vanadium(1v); corrections were made for the absorption of light by trioxalatocobaltate(rir)
at 7565 my. and by vanadium(1v) at 605 my.

Competition experiments from which we obtained the relative rate of reduction of
vanadium(rv) and dioxalatodiaquocobaltate(ir1) by tin(ir) at 20° were performed by mixing
solutions of this complex and vanadium(1v) with a large excess of tin(11). Special methods of
mixing were unnecessary. The progress of the reaction was followed spectrophotometrically
at 605 my and 755 mp. After 20—30 min. the optical densities became constant and we
assumed that all the diaquo-complex had been consumed. We then obtained the final con-
centrations of vanadium(i1r) and vanadium(iv) from measurements at 400 and 755 mp. We
also found the rate of reduction of dioxalatodiaquocobaltate(i) by vanadium(ix) under
similar conditions. This enabled us to calculate approximately the proportion of vanadium(irr)
lost in the competition experiments owing to its reaction with dioxalatodiaquocobaltate ().
The value of the final concentration of vanadium(iir) was accordingly increased by an amount
found to be ca. 5%, and the value of the initial concentration of dioxalatodiaquocobaltate(111)
was reduced by ca. 29, before using these concentrations to calculate P.
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