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Kinetic Studies on the Vanadium(i1)-Titanium(iv) and Titanium(1ii)- 
Vanadium(iv) Redox Reactions in Aqueous Solutions 
By J .  David Ell is  and A. Geoffery Sykes,' Department of Inorganic and Structural Chemistry, The University, 

The one-equivalent reduction of titanium(iv) by vanadium( 1 1 )  ions has been studied a t  temperatures in the range 
20-40 'C by the stopped-flow method and shown to be independent of hydrogen-ion concentration [H+] = 
0.35-1.85~. / = 2-0M (LiCIO,). The rate law is as in (i). At 25 "C. k,, = 1.95 I mol-1 s-l  and activation para- 

meters, AH3 = 12.7 f 0.4 kcal mol - l  and AS3 = -1 4.6 f 1.3 cal K-l mol-l. are consistent with a process which 
is vanadium( 11)-substitution controlled. The one-equivalent reduction of vanadium(iv) by titanium(il1) ions has 
also been studied by the stopped-flow method a t  temperatures 15-45 'C. Since titanium(iii) stock solutions were 
made up in aqueous HCI, it was necessary to investigate the effect of chloride ions on the rate of the reaction. 
Data obtained a t  ionic strength / = 0 . 5 ~  (LiCIO,) fit the rate law (ii). where, a t  25 'C, k, = 0.34 I mol-1 s-1, 

kb = 0.037 s-l, and k, = 0.72 l2  rnol-2 s-l. Activation parameters for al l  the three paths in equation (ii) have been 
determined. 

Leeds LS2 9JT 

-d[VII]/dt = d[TilI1]/dt = k2,[V11] [Ti1'] (i) 

-d[VIV]/dt = k,,[Tilll][VxV] = (k, + k b [ H + ] - l  + k,[CI-])[TiZ1I] [VIV] (ii) 

FEW redox reactions involving the titanium(Ii1)- partly because it is not known with certainty whether 
titanium(1v) couple have been investigated. This is titanium(1v) is present in solution as the Ti(OH),2+ 

system6
region suggest that the metal is surrounded octahedrally
by oxygen atoms in the pyrosulphate group. The
situation is probably similar to that which exists for
the anhydrous metal sulphates.
EXPERIMENTAL
All operations were carried out in a closed system under
dry nitrogen. Nitrogen was dried by passing the gas
through concentrated sulphuric acid. Sulphur dioxide
was dried by passing the gas through concentrated sulphuric
acid and phosphorus (v) oxide. Filtrations were carried
out under a nitrogen stream, using a sinter-tube. An-
hydrous cobalt (11) sulphite was prepared as described
elsewhere.1 Anhydrous nickel(11) sulphite was prepared
in a similar way starting from anhydrous nickel(I1) iodide.
The same difficulties were experienced in the purification.
Sublimation proved to be of no value as a method of
purification, since the yellow amorphous compound is
involatile, and decomposes to form nickel oxide at high
temperatures. However, it is not necessary to use the
pure sulphites for the subsequent oxidation with dimethyl
sulphoxide.
Co(dmso),S,O,.-Cobalt(I1) sulphite (2.0 g) was added
to freshly distilled dimethyl sulphoxide (60 ml) and sulphur
dioxide passed through the suspension for 10 min. The
orange-red solution was filtered and ether (60 ml) added to
the filtrate. A pink crystalline solid precipitated. After 1 h
the product was filtered off, washed with diethyl ether
(5 x 20 ml), and pumped for 4 h (Found: C, 20-45; H,
5.3; Co, 8.3; Calc. for C,,H,,O,,S,Co: C, 20.45; H,
Ni(dmso),S,O,.-Nickel(11) sulphite (1.8 g) was added to
freshly distilled dimethyl sulphoxide (100 ml), and the
method described above for the corresponding cobalt
complex followed. The green crystalline solid obtained was
pumped for 3 h (Found: C, 20.3; H, 5.3; Ni, 8.3. Calc. for
Cl2H3,Ol3S,Ni: C, 20.45; H, 5-15; Ni, 8.35y0).
Co~,O,.-~o(dmso),~,O, (1.28 g) was heated to 275-
280" on a Stanton thermogravimetric balance, in an
atmosphere of dry nitrogen. The pink residue (0.40 g)
5.15; CO, 8.35%).
was transferred immediately to a dry-bag filled with
nitrogen (Found: S, 27.0; Co, 25.5. Calc. for O,S,CO:
s, 27-25; CO, 25.1%).
NiS,O,.--Ni(dmso),S,O, (1.41 g) was heated to 245-
255" on a Stanton thermogravimetric balance, in an
atmosphere of dry nitrogen. The pale green residue
(0.42 g) was transferred immediately to a dry-bag filled with
nitrogen (Found: S, 26.9; Ni, 24.85. Calc. for O,S,Ni:
S, 27.25; Ni, 25.1%).
CoS0,,2DMSO.-Cobalt(r1) sulphite (0-1 g) was sus-
pended in freshly distilled dimethyl sulphoxide (100 ml),
and the suspension heated to 140". A purple solution
was obtained. The cooled solution was filtered, and di-
ethyl ether added to the filtrate. A light blue amorphous
solid precipitated (Found: C, 15.75; H, 3-7; Co, 20.3.
Calc. for C,H,,O,S,Co: C, 16.25; H, 4-05; Co, 20.0%).
The i.r. spectrum and chemical tests confirmed the presence
of sulphite.
Physical Measurements.-1.r. spectra were recorded on a
Perkin-Elmer 457 grating spectrophotometer as Nujol
mulls. Since the compounds handled were moisture-
sensitive, the mulls were prepared by grinding the solids
finely and mixing them with sodium-dried Nujol in a dry-
bag. The mull. was placed between potassium bromide
discs, and a lead washer (0-05 mm thickness) used to pro-
vide a seal to exclude atmospheric moisture.
Spectra in the visible and U.V. region were recorded on a
Unicam SP 700 spectrophotometer. Solutions were pre-
pared, and the cells filled, under dry nitrogen. Diffuse
reflectance spectra were obtained by usiiig an SP 735
diffuse reflectance attachment.
Magnetic measurements were carried out using a Gou y
balance. Thermogravimetric curves were obtained using a
Stanton thermobalance.
A utaZysis.-Cobalt was determined spectrophotometrically
as tetrachlorocobalt(r1). Nickel was determined gravi-
metrically as dimethylglyoximatonickel(rr) . C, H, N, and
S were determined by Mr. A. Hedley of this department.
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(ref. 1) or the Ti02+ (ref. 2) aquo-ion and because, a t  low 
hydrogen-ion concentrations [H+] < O - ~ M ,  polymeriz- 
ation is known to O C C U ~ . ~  At [H+] < 0 - l w ,  it has been 
suggested that there is an equilibrium between titanium- 
(IV) species of charge 1+ and 2+.l  Furthermore hexa- 
aquotitanium(II1) ion is known to be oxidized by 
perchlorate ions.4 Despite these difficulties titanium(II1) 
reductions of plutonium(1v) ,6 plutonium(v1) ,6 mercury- 
(II),' iron(II1) ,798 i ~ d i n e , ~  and some penta-amminecobalt- 
(111) complexes lo have been studied. As yet no kinetic 
study has been reported on redox reactions between 
titanium and vanadium metal ions. Standard reduction 
potentials for the relevant couples are summarized in 

TABLE 1 
Standard reduction potentials Q; for titanium and vanadium 

ions in acidic solution 

Reaction V 
Potential b*c 

+om1 
- 0.26 + 0.36 + 1.00 

Ti02+ + 2H+ + e- + Ti3+ + H20 c 

V02+ + 2H+ + e- + VO2+ + H 2 0  

V3+ + e- __t V2+ 
V02+ + 2H+ + e- + V3+ + H,O 

0 Taken from W. M. Latimer, ' Oxidation Potentials,' 2nd 
edn., Prentice-Hall, Inc. New York, 1962. b The sign is the 
same as the potential of the actual electrode (I.U.P.A.C. con- 
vention). e Titanium(1v) may be present as the ion Ti(OH),2+ 
and not TiO2+ (ref. 1). 

Table 1. From these it is concluded that the one- 
equivalent reactions (1)-(3) are thermodynamically 

(1) 
(2) 
(3) 

VII + TiIV + VIII + Ti111 

Ti111 + VIV TiIV + VIII 
TiIII + Vv + Tim + VIv 

favourable. The kinetics of all three reactions have 
now been studied by the stopped-flow technique and 
details of (1) and (2) are reported in this paper. The 
reaction of titanium(II1) with vanadium(v) ions will be 
reported elsewhere.ll 

RESULTS 

Titanium ( IV) Solutions.-Solutions of titanium ( ~ v )  per- 
chlorate in perchloric acid do not absorb significantly in the 
visible region (E ca. 0-6 a t  350 nm, < 0-6 1 mol-l cm-l through- 
out the visible region). The U.V. spectrum 200-350 nm 
(E 104 a t  250 and 24.9 1 mol-1 cm-1 a t  300 nm) is not affected 
by variations in hydrogen-ion concentration from 0.1 to 
2 . 0 ~  and spectra of such solutions with [TirV] = 1 0 - 3 ~  
showed no change over 7 days a t  25 "C. However with 
solutions of [H+] = 0 . 0 2 ~  the absorbance increased slowly 
and after 2 days a fine precipitate was observed. Stock 
solutions, ca. 0 . 0 5 ~  in titanium(1v) and 2 . 0 ~  in HC1O4, were 
frozen and stored a t  ca. - 5 "C. No changes in their spectra 

J. Beukenkamp and K. D. Herrington. J .  Amer. Chem. Soc.. 
1960, 82, 3026. 

V. Caglioti, L. Ciavatta, and A. Liberti, J .  Inorg. Nuclear 
Chem., 1960, 15, 116; B. I. Nabivanets, Russ. J .  Inorg. Chem., 
1962, 7 ,  210, 212. 

A. K. Babko, G. I. Gridchina, and €3. I. Nabivanets, Russ. 
J .  Inorg. Chem., 1962, 7 ,  66. 

F. R. Duke and P. R. Quinney. J .  Amer. Chem. SOL, 1964, 
76, 3800. 

S. W. Rabideau and R. J. Kline, J .  Phys. Chem., 1960, 64, 
193. 

were observed over 6 weeks. Ion-exchange experiments 
were consistent with the presence of monomeric 2f ions 
[and not higher polymeric titanium(1v) ions] in solutions 
where [H'] > 0 . 1 ~ .  The position of the equilibrium in 
either (4) or ( 5 ) ,  whichever is applicable, is uncertain. It 

Ti02+ + H,O + TiO(OH)+ + H+ (4) 
(5) Ti(OH),2+ + H 2 0  + Ti(OH),+ + H+ 

has been suggested that, a t  [H+] = 0 . 1 ~ ~  the equilibrium is 
predominantly to the left-hand side2 However other 
evidence has suggested that significant amounts of the If 
ion are present a t  this [H+].l 

Titanium (111) Solutions.-Titanium(II1) ions react with 
perchlorate ions, (6), with a half-life of cat. 2 h a t  25 "C in 

8Ti111 + C10,- + 8H+ --+ 8TiIV + C1- + 4H,O (6) 

1 -OM-perchloric acid.4 This presents considerable diffi- 
culties in the preparation and storage of titanium(II1) 
perchlorate solutions and stock solutions in aqueous hydro- 
chloric acid were therefore used. Typical concentrations 
were [TiIII] = 0.15 and [Cl-] = 1 . 0 ~ .  Solutions of vana- 
dium(1v) in aqueous perchloric acid were used and the 
chloride-ion concentration of the mixed reactant solutions 
was varied so that rate constants at [Cl-] = 0 could be 
obtained. To minimize possible mixing effects in the 
stopped-flow, the ionic strength was limited to I = 0 . 5 ~ .  

The V U ~ Z U ~ ~ ~ W Z ( I I )  Reduction of Titaniuvn(~v) .-The form- 
ation of titanium(II1) was monitored a t  485 nm (& 3-62 
1 mol-1 cm-I), a vanadium(r1)-vanadium(m) isosbestic point 
( E  1.50 1 mol-l cm-l). The vanadium(I1) was in most cases 
present in an eight-fold excess over titanium(1v). Absorb- 
ance (OD) changes were obtained from oscilloscope traces 
and first-order plots of log (OD, - OD,) against time were 
linear to ca. 80% completion. Second-order rate constants, 
her, were evaluated assuming the rate law (7) to apply. 

d[TilI1]/dt = k,,[V1I] [Tim] (7) 

Additional runs under second-order conditions, with the 
titanium@) reactant present in a two-fold excess over 
vanadium(II), gave k24 values in good agreement with those 
above (Table 2), thus confirming the form of (7). It was 
also possible to monitor the decrease in concentration of 
vanadium(I1) a t  850 nm (c 3.22 1 mol-l cm-l), when k24 
values were again in satisfactory agreement. The linearity 
of these plots was to 75-80y0 completion. 

All spectrophotometric measurements were consistent 
with a 1 : 1 stoicheiometry as in equation (1). There was 
no observable dependence of k,, on hydrogen-ion concen- 
tration over the range 0-35-1.85~. Activation para- 
meters, AH$, ,  = 12.7 f 0.4 ltcal mol-l and ASt24 = 
-14.6 f 1-3 cal K-l mol-l, were computed from runs 
obtained under pseudo-first-order conditions using a least- 
squares program ; each data point was given equal weight- 

s. W. Rabideau and R. J.  Kline, J .  Phys. Chem., 1969, 88, 
1502. 

R. Critchley, Ph.D. Thesis, University of Manchester, 1966; 
R. Critchley and W. C. E. Higginson, unpublished w,ork, quoted 
in A. G. Sykes, Kinetics of Inorganic Reactions, Pergamon 
Press, 1970, p. 166. 

A. Tockstein and M. Matusek, Coll. Czech. Chem. Comm., 
1969, 54. 316. 

C. E. Johnson and S. Winstein, J .  Amer. Chem. Soc., 1961, 
75, 2601. 

lo V. W. Cope, R. G. Miller, and R. T. M. Fraser, J. Chem. 
SOC. ( A ) ,  1967, 301. 

l1 J .  D. Ellis and A. G. Sykes, to be published. 
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TABLE 2 
Second-order rate constants, K24, for the vanadium(I1) re- 

duction of titaniuni(1v) ions. I = 2 . 0 ~  (Liclo,) and 
A = 485 nm 

Temp. [q 1O4[V1I] 1O3[Ti1V] A24 

"C M M A1 1 mol-1 s-1 
20 0.35 

0.85 
1.35 
1.84 

1-45 
1-85 
1-40 
1-40 
1-40 
1-40 
1.40 

30 0-55 
1-20 
1-85 

35 0.65 
1-20 
1.85 

40 0.55 
1-20 
1-85 

25 1.0 

2.45 
2.58 
2-59 
2.58 
2-41 
2-47 
2-45 
0.674 
0-651 
0.634 
0-494 
0.530 
2-59 
2-45 
2.45 
2.46 
2-48 
2-66 
2-46 
2-48 
2.56 

" A =  

3.09 
3-09 
3-09 
3.09 
3.1 1 
3-11 
3.1 1 

14.0 
14-0 
14.0 
14.0 
14.0 
3.09 
3-09 
3-09 
3-09 
3.09 
3.09 
3-09 
3.09 
3.09 

800 nm. 

1.23 
1.22 
1-25 
1-26 
1-99 
1.80 
2.07 
2.1 1 
2.19 
2.44 
1.90 a 

1.79 
2-77 
2.57 
2.88 
3-81 
3-85 
4-23 
5-08 
5.75 
5.55 

ing. From this treatment values of h24/l mol-1 s-1 are: 
1-31 (20), 1-95 (25), 2-83 (30), 4-03 (35), and 5-71 (40 "C). 
The variation of K,, with ionic strength was also investigated 
briefly (Table 3). 

TABLE 3 
Variation of second-order rate constants (25 "C) with ionic 

strength (LiClO,) for the vanadium(r1) reduction of 
titanium(1v) ions. [H+] = 0 - 3 5 ~ ,  [VII] = 0.02511, 
[TiIV] = 0.0031~1, and A = 485 nm 

- I k24 
M 1 mol-1 s-1 

0.5 0.876 
1.0 1-18 
1-5 1-45 
2.0 1.95 

On mixing 10-3-10-2~ solutions of titanium(xv) and 
vanadiuni(n1) ions a t  [H+] = 0-1-2.0~1, [Cl-] = 0 - - 1 . 5 ~ ~  
and I = 2 . 0 ~  (LiClO,), spectra in the 300-850 nm region 
were additive and there was no evidence for any association 
of the two metal ions. 

The Titanium (111) Reduction of Vanadium(1v) .-Spectro- 
photometric changes were consistent with a 1 : 1 reaction 
as in equation (2). The reaction was followed a t  760 nm 
where vanadium(1v) ( E  17.2 1 mol-l cm-l) is the only absorb- 
ing species. Titanium(II1) was generally in a ten-fold 
excess over vanadium(Iv), and first-order plots were linear 

-d[VIv]/dt = k,,[TilI1] [VIV] 

to 80-90~0 completion. Second-order rate constaiits, 
k,, as defined in (8), were evaluated and were in satisfactory 
agreement for six-fold variations in the metal-ion concen- 
trations (Table 4). Adjustment of the ionic strength to 
I = 0 . 5 ~  with LiClO, or NaC10, gave no observable 
difference in the rate constants. The reaction shows a 
linear dependence on chloride-ion (Figure 1) and inverse 
hydrogen-ion concentrations (Figure 2). For [Cl-] = 
0 - 1 0 - 0 . 4 3 ~  and [H+] = 0-075-0~40~, the results (Table 4) 
gave a good fit to equation (9). 

(9) 

539 

Assuming that the acid dissociation constant for water is 
in the range K\\, = 10-14-10-13.7 mo12 1-2 (in a variety of 

TABLE 4 

Second-order rate constants, k34,  for the titanium(II1) 
I = 0 . 5 ~  (LiClO,) reduction of vanadium(1v) ions. 

Temp 
"C 
15 

25 

35 

46 

[H+l - 
M 

0.072 

0.121 

0.40 

0.072 

0.09 

0.121 

0.186 

0.40 

0.072 

0.121 

0-40 

0.072 

0-121 

0.40 

[Cl-] 1 O2 [ Ti1111 1 O3 [VIV] 

1 
- - -  
M M M 

0.10 
0.21 
0.32 
0.43 
0.10 
0.21 
0.32 
0.43 
0.10 
0.21 
0.32 
0.43 
0.10 
0.21 
0.32 
0.43 
0.10 
0.10 
0.2 1 
0.21 
0.32 
0.32 
0-43 
0.1 0 
0.2 1 
0.21 
0-2 1 
0.26 
0.26 
0-26 
0-26 
0.26 
0.32 
0.43 
0.10 
0.2 1 
0.32 
0.43 
0.10 
0-21 
0-32 
0.43 
0-10 
0.2 1 
0.32 
0-43 
0-10 
0.2 1 
0-32 
0.43 
0.10 
0.2 1 
0.32 
0-43 
0.10 
0.2 1 
0.32 
0.43 
0.10 
0-2 1 
0.32 
0.43 
0.10 
0.21 
0.32 
0.43 

1.43 
1.43 
1-43 
1-43 
1.43 
1.43 
1-43 
1-43 
1.43 
1.43 
1.43 
1-43 
1.73 
1-73 
1.73 
1.73 
1.46 
1.46 
1-46 
1.46 
1.46 
1-46 
1.46 
1-73 
1.73 
1-40 
1-40 
4.70 
4.70 
4-70 
2.74 
0.78 
1.73 
1-73 
1.73 
1.73 
1-73 
1-73 
1-56 
1.56 
1-56 
1.56 
1.49 
1-49 
1.49 
1.49 
1.49 
1-49 
1.49 
1.49 
1.49 
1.49 
1.49 
1-49 
1-49 
1.49 
1-49 
1.49 
1.49 
1.49 
1-49 
1.49 
1-49 
1.49 
1-49 
1.49 

1-43 
1.43 
1.43 
1 43 
1.43 
1.43 
1.43 
1.43 
1.43 
1-43 
1-43 
2-43 
1-73 
1.73 
1.73 
1.73 
1.50 
1-50 
1.60 
1.50 
1-50 
1.50 
1-50 
1-73 
1-73 
1-35 
1.35 
4-70 
2.74 
0-78 
0.78 
0.78 
1-73 
1.73 
1.73 
1.73 
1.73 
1.73 
1-59 
1.59 
1.59 
1-59 
1-49 
1.49 
1-49 
1.49 
2-49 
1-49 
1-49 
1-49 
1-49 
1-49 
1-49 
1-49 
1-49 
1-49 
1.49 
1-49 
1-49 
1.49 
1.49 
1-49 
1-49 
1.49 
1.49 
1-49 

k M  
mol-1 s-1 
0.396 
0,426 
0.442 
0.491 
0-318 
0.347 
0.380 
0.427 
0.266 
0.297 
0.329 
0.360 
0.928 
1-05 
1-14 
1-18 
0-814 
0.828 a 

0.917 
0.909 a 

0.990 
1.02 a 

1.10 
0.725 
0.812 
0.808 b 
0.768 * 
0.812 
0.804 
0-836 
0.851 
0.865 
0.905 
0.976 
0.624 
0.705 
0.769 
0.886 
0.531 
0-585 
0.686 
0.741 
2-25 
2.45 
2.47 
2.81 
1.58 
1.79 
1.89 
2-15 
1.00 
1.15 
1.30 
1-53 
6-61 
5-63 
6.36 
6-80 
3-70 
4-07 
4.19 
4.91 
1-94 
2-24 
2-52 
3.03 

a Ionic strength adjusted with NaC10,. b [Fe'I] = 1.6 x 
lO-%f.  
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media I = 0 --t 3 - 0 ~ ) , l ~  data obtained by Pecsok and 
Fletcher l3 give acid dissociation constants for Ti3+ in the 
range 12-6 x 10-3-6 x lo-, mol 1-1 at  25 "C and I = 0 . 5 ~ .  
However, Paris and Gregoire 14 report a value K ,  = 2.8 x 

mol 1-1 a t  25 "C and I = 3 . 0 ~  (KBr), while Krentzien 
and Brio l5 find K ,  = 1-68 x lop3 mol 1-1 a t  25 "C and 
I = 3~ (KCl), in good agreement with values reported for 
V3'-.l6 A decrease in ionic strength I = 3.0 + 0 .5~1  is 

0 ~~ 0 -2 0-4 
[ c l - ] / M  

FIGURE 1 Dependence of rate constants, h,,, on chloride-ion 
concentration for the titanium(II1) reduction of vanadiuni(~v) 
ions a t  [H+] = 0 . 4 ~  and I = 0 . 5 ~  (LiClO,) 

cr) :' * 3 
60 12.0 0 

[ti+ j' / M-' 

FIGURE 2 Dependence of rate constants, k,,, on hydrogen-ion 
concentration for the titanium(Ir1) reduction of vanadiuni(1v) 
ions a t  [Cl-] = 0.1111 and I = 0 . 5 ~  (LiClO,) 

not expected to increase K ,  by more than a factor of two. 
Hexa-aquotitanium(II1) ion is therefore more extensively 
hydrolysed than is V02+ (K, GU. mol l-l).17 The data 
obtained here do not appear to require inclusion of a term 
in (1 + K,[H+]-l), which is consistent with K ,  = cn. 2 x 
10-3 moll-1 a t  25 "C as determined by Paris and Gregoire l4 
and Krentzien and Brio.15 The temperature dependence 
of K ,  is uncertain and it seems inappropriate to make any 

* Thermodynamic quantities AHo and ASo for the formation 
of TiOHZ+ have not been measured and those obtained for VOHZ+ 
(S. C. Furman and C. S .  Garner, J .  dmev.  Chem. Soc., 1950, 72, 
1786) are assumed to be applicable. 

l2 R. Nasanen and P. Merilainen, Suorneiz Kem.,  1960, 38, B, 
149, 197; R. Fischer and J. By6, Bull. SOC. china. France, 1964, 
2920. 

13 R. L. Pecsok and A. N. Fletcher, Iwovg. Chem., 1962, 1, 155. 
M. R. Paris and C. L. Gregoire, Analyt. Chim. Acta, 1968, 42, 

l5 H. Krentzien and F. Brio, Chem. Abs. .  1970, 73, 7866b. 
439. 

corrections for the terin (1 + K,[H+]-'), which in any case 
(at 25 "C) has <4o,d effect on k34.  From the experimental 
K,, values, activation parameters were obtained using a 
non-linear least-squares program l8 with a weighting factor 
of l / k3 ,2 .  The rate constants k,, kb,  and k ,  and their 
corresponding activation parameters are listed in Table 5.  

TABLE 5 
Summary of kinetic data for reactions between titanium 

and vanadium metal ions in aqueous solution 

Keaction constant a kcal mol-l cal K-l mol-l 
\'lI + TilV ( K s 4 )  b 1-95 It 0.04 12.7 f 0.4 -14.6 & 1.3 

Rate AHt AS$ 

1 mol-l s1 

1 mol-l s-l 
Ti111 + \'lV (ha) C 0.34 0.01 8.7 f 0.4 -31.6 & 1.3 

(kb) C 0.037 -0.9 f 0.8 
(R,) C 0.72 f 0.02 13.1 f 0.6 -16.2 5 1.9 

0.002 s - ~  19.1 f 0.3 

l2 mol-2s-1 
0 28 "C. b I = 2 . 0 ~  (LiClO,,). c I = 0 - 5 ~  (LiClO,). 

If k b  is the true rate constant for the reaction of the ions 
TiOH2+ and V02+ (i .8.  k b  = Kb'K,), then assuming AHo 
ca. 10 kcal mol-l and AS,, ca. 20 cal K-' mol-l for the form- 
ation of the ion TiOH2+,* activation parameters for hb' are 
AH3 = 9.1 kcal mol-l and ASS = -20.9 cal K-l mol-l. 

Spectra in the region 300-850 nm were found to be 
additive on mixing 10-3-10-2~ titanium(1v) and vanadium- 
(IV) solutions at [H+] = 0.1-2.0~ and [Cl-] = 0--1.5~. 

DISCUSSION 
Titanium@) has a strong tendency to associate with 

other metal ions in solution. Thus charge-transfer 
bands in the visible region are observed on mixing 
titanium(1v) with iron(11) (in aqueous HC1, H,SO,, and 
HClO,) and with vanadium@) ions (in aqueous H2S04) .19 
With iron(11) ions 2 : 1 as well as 1 : 1 (FeIL : TiIV) species 
have been identified.20 The formation of a 1 : 1 
titanium(II1)-titanium (IV) adduct has also been observed 
in aqueous HC1 21 and H2S04 22 solutions. Possible 
interactions of titanium(1v) ions, which are a reactant in 
(1) and a product in (2), have been considered in the 
present studies. However, visible spectra in the region 
300-850 nm were found to be additive on mixing 
titanium(1v) with first vanadium(rr1) and then vanadium- 
(IV) ions (10-3-10-2~) at  [H+] = 0-1-2.0~, [Cl-] = 
0-1 .5~~  and I = %OM (LiClO,). Also kinetic plots for 
both (1) and (2) showed satisfactory linearity under a 
variety of conditions and there was no evidence for the 
formation of binuclear species. 

The labilities of the various metal ions involved is 
relevant in considering whether the reactions proceed 
by an inner- or outer-sphere mechanism. From studies 

l6 S. C. Furman and C. S .  Garner, J .  Amer.  Chem. Soc., 1960, 
72, 1785. 

l7 F. J. C. Rossotti and H. S. Rossotti, Acta Chem. Scand., 1955, 
9, 1177. 

lS Los Alamos Report LA 2367, 1959 and Addenda by R. H. 
Moore and R. K. Zeigler. We are grateful to  Dr. T. W. Newton 
for sending us details of this program and for assisting with the 
computation. 

11. L. Reynolds, J .  Chem. Soc., 1965, 2991. 
2o M. L. Reynolds, J. Chem. SOL. 1965, 2993. 
21 C. K. Jorgensen, Acta Chem. Scand., 1957, 11, 73. 
22 Y. G. Goroshchenko and M. RI. Godnera, Russ. J .  Inovg. 

Chem., 1961, 6, 744. 
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on the complexing of hexa-aquotitanium(II1) with thio- 
cyanate ions (rate constants for the outer- to inner- 
sphere step are ca. 8 x lo3 s-l at 25 "C) = and the ex- 
change of an inner-sphere water ligand for solvent water 
(rate constant ca. 105 s-1 by n.m.r. line broadening),= 
the ion Ti(H20)63+ is known to be labile, as would be 
expected for an ion having a dl electronic configuration. 
Whereas most substitution reactions of octahedral 
complexes exhibit SN1 character, those of titanium(II1) 
are believed to proceed by an sN2 m e c h a n i ~ m . ~ . ~ ~  The 
complexing of hydrogen peroxide with titanium(1v) has 
been studied ( k  ca. 1.8 x lo2 1 mol-l s-l a t  25 "C, 1M- 
HClO,, and I =  OM),^^ and titanium(1v) also exhibits 
the properties of a labile metal ion. Although vanadium- 
(11) is the most inert of the 2+ ions in the first transition 
series, the hexa-aquo-ion is in fact labile and at 25 "C the 
rate constant for water exchange is ca. 90 s-1.27328 Water 
ligands bonded to vanadium(II1) ( k  ca. lo2 s-l) 23 and 
vanadium(1v) ions ( k  = 500 s-l) 29 are also labile. The 
oxo-ligand of vanadium(1v) is known to be inert.29 

A comparison of kinetic data for the reactions of 
vanadium(I1) with the ions titanium(1v) and vanadium- 
(IV) 30 is notable for the similarities exhibited. The 
rate law is in both cases as in (7), with small contri- 
butions from a term first order in [H+] in the reaction of 
vanadium(I1) with vanadium(1v) ions. Rate constants, 
as defined in (7), are 1-95 1 mol-l s-l for titanium(1v) and 
1-58 1 mol-l s-l for vanadium(Iv), a t  25 "C and I = 2.0M 
(LiClO,) ; activation parameters are also very similar, 
AH3 = 12-7 kcal mol-1 and AS$ = -14.6 cal K-l mol-l 
for titanium(1v) and AH% = 12.3 kcal mol-l and A S  = 
-16.5 cal K-l mol-l for vanadium(1v). Since vanadium 
(IV) is a stronger oxidant (Table l), this suggests that the 
reactions proceed by a common mechanism which is 
vanadium (11) -subst it ut ion controlled. However only 
about 65% of the vanadium@) reduction of vanadium- 
(IV) proceeds via a binuclear intermediate VOV4+ and is 
demonstrably inner sphere.30 The remainder of the 
reaction goes direct to final products, probably by way 
of an outer-sphere activated complex. It is now 
generally accepted that the rate-determining step for the 
reaction proceeding via VOV4+ is substitution into the 
V2+ co-ordination sphere, where this type of reaction 
generally exhibits rate constants 1-50 1 mol-l s-l (at 
25 "C) and activation parameters A H $  = 11-13 kcal 
mol-l and A S  = -7 to -17 cal K-l m01-l.~~ Although 
no binuclear intermediate was identified in the reaction 
of vanadium(I1) with titanium(1v) ions, the kinetic data 
are consistent with the reaction proceeding, at least in 
part and possibly predominantly, by an inner-sphere 
mechanism which is vanadium(@-substitution con- 

*3 H. Diebler, 2. phys. Chem., 1969, 68, 64. 
24 A. M. Chmelnick and D. Fiat, unpublished work, quoted in 

25 See for example, H. Diebler, Pvoc. 3rd Symp. Co-ordination 

26 M. Orhanovic and R. G. Wilkins, J .  Anzer. Chewz. SOC., 1967. 

2' M. V. Olson, Y .  Kanazawa, and H. Taube, J .  Chem. Phys., 

28 J. M. Malin and J. H. Swinehart, Inorg. Chenz., 1968, 7 ,  260; 

D. Fiat and R. E. Connick, J .  Amer. Chem. SOC., 1968,90, 608. 

Chem., Academiai Kiado, Budapest, 1971, p. 66. 

89, 278. 

1969, 51, 289. 

WT. Kruse and D. Thusius, ibid:, p. 464. 

trolled. However, in common with the vanadium(I1) 
reductions of the ions copper(11) 32 and mercury(11) 33 
which also have kinetic parameters in the range required 
for a vanadium(11)-substitution controlled process, it is 
not clear why these reactions should be of this type when 
the oxidant is in each case sufficiently labile to form an 
inner-sphere activated complex by an alternative route. 
A possible explanation in the case of titanium(1v) is that 
the oxo- or hydroxo-group is functioning as the bridging 
ligand and that, unlike the water ligand, this group is 
not labile. 

The similarity of the dependence of the rate constants 
on ionic strength for the vanadium(I1) reductions of the 
titanium(rv) and vanadium(1v) ions is noted (Figure 3). 

2-0 c 

IJ' 
/ 

0 1.0 2.0 
I / M  

Variation of rate constants, k44, with ionic strength, 
I (LiClO,), for the vanadium(I1) reduction of titanium(1v) 
(m) and of vanadium(1v) (v) (data from ref. 6) 

Newton and Baker 30 have observed that the variation 
in the case of the vanadium(11) reduction of vanadium(1v) 
gives a good fit to an extended form of the Debye-Hiickel 
equation. The data in Figure 3 clearly indicate that 
the titanium(1v) reactant must be a 2+ species. We do 
not however consider this similarity in behaviour to be 
necessarily indicative of a structure Ti02+ rather than 
Ti(OH),2+ for the titanium(1v) reactant. 

Details of the rate laws observed for some titanium 
and vanadium reactions are summarized in Table 6. A 
comparison of dependences on hydrogen-ion concen- 
tration for different pairs of reactions (with a common 
oxidant or reductant) suggests that the titanium(II1) + 
titanium(1v) conversion is less dependent on inverse 
hydrogen-ion dependent terms than is the vanadium- 
(111) + vanadium(1v) conversion. Also, in the one 
case where a comparison is possible, the vanadium- 
(IV) ---t vanadium(II1) conversion shows a greater 

K. Wiithrich and R. E. Connick, Inorg. Chem., 1967,6.583; 

T. W. Newton and F. B. Baker, Inorg. Chem., 1964, 5, 569; 

31 H. J. Price and H. Taube, Inorg. Chenz., 1968, 7, 1; N. 

s2 0. J. Parker and J, H. Espenson, Inovg. Chem., 1969,8, 185. 
33 M. Green and A. G. Sykes, J .  Chem. SOC. ( A ) ,  1970, 3221; 

FIGURE 3 

1968, 7, 1377; J. Reuben and D. Fiat, ibid., p. 579. 

J .  Phys. Chem., 1964, 68. 228. 

Sutin, Accounts Chew. Res., 1968, 1, 226. 

1971, 3067. 
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dependence on first-order hydrogen-ion concentration 
terms than does the titanium@) titanium(II1) 
change. The extent of the variation in hydrogen-ion 
concentration for each pair of titanium and vanadium 
reactions is comparable, except perhaps in the case of the 
titanium(II1) and vanadium(II1) reductions of vanadium- 
(v) ions. The smaller ionic strength used for the 
reaction of titanium(Ir1) with vanadium(v) ions does not 
permit values [H+] > 0.5~ and we cannot therefore 
exclude contributions from a k,  path a t  higher [H+] 
values. The effectiveness of different [H+] paths 
suggests that hydrolysis of titanium(1v) is less extensive 

mercury(I1) ions (log K 6~48):~ it can presumably be 
concluded that HgCl+ and/or HgCl, is much less reactive 
than the ion Hg2+. 

EXPERIMENTAL 
Pre~urutions.--Tituizium ( ~ v )  . Solutions of titanium ( ~ v )  

(GU. 0 . 0 5 ~ )  were prepared by dissolving the sulphate 
TiOS04,2H,0 (high purity sample, trace metals c0-06% ; 
British Titan Products) in S~-perchloric acid a t  60 "C. To 
remove the sulphate ions an equivalent amount of 0 . 8 ~ -  
barium perchlorate was added and, after leaving for 12 h, 
the barium sulphate was filtered off using a No. 4 sinter. 
Solutions of titanium(1v) were frozen and stored at  ca. - 5 "C. 

TABLE 6 

specifies which terms in the rate law, kobs = Kl[H+] + K O  + k-,[H+]-l + K-,[H+]-2, are effective 
Range of [H+] 

studied 
Reaction Effective terms M Other comments Ref. 

VII + TiIV ko 0-35-1.85 This work 
VI' + VIV k,, k ,  (small) 0-20-2-00 C1- catalysis 31 
Ti111 + VIV k , J  k-l 0.07-0.40 C1- catalysis studied a This work 
VI" + VIV A- 1 0.5CL-2.00 b 

VI'I + PUIV k-1, k-2 0.25-2.00 0*23~-C1- no effect c 

Comparison of rate laws for pairs of reactions involving titanium(1v) and vanadiuni(1v) ions. The second column 

Ti111 + Pu1V k-1 0.27-2.02 0.05~-Cl- small effect a 5 

Ti111 + VV k-1 0-04-0-49 0#3~-C1- no effect 11 
VIlI + v v  kip ko, k-1, k-2 0.02-2.00 0-15~-Cl-  no effect d 
Ti111 + PuVI k- 1 0.26-2.00 0.02~-Cl- no effect 8 
VIII + PUV' k-1, k-2 0-1 0-1-00 e 
Ti111 + FeIII k ,  (small), k - ,  0-60-2-50 C1- catalysis studied 7 

10-3~-Cl- no effect f 
Ti111 + HgII k-1, k-2 0.60-2.00 C1- inhibits 7 

10-3~-Cl- no effect g 

VIIl + FeIII k ,  (small, k- l ,  k-, 0.70-2.7 

V111 + HgI1 k - ,  (dominant) 0*26-1.00 
a Catalytic effect is mild. b S. C. Furman and C. S. Garner, J .  Amer .  Ckem. SOC., 1952, 74, 2333. c S. W. Rabideau and R. J. 

Kline, J .  Inovg. Nuclear Chem., 1960, 14, 91. * S. W. 
Rabideau, J .  Phys.  Cheuiz., 1968, 62, 414. f W. C. E. Higginson and A. G. Sykes, J .  Chem. Soc., 1962, 2841; 0. J. Parker and 
J .  H. Espenson, J .  Anaer. Chem. SOC., 1969, 91, 1313. M. Green, W. C. E. Higginson, J.  B. Stead, and A. G. Sykes, J .  Chem. 
SOC. ( A ) ,  1971, 3068. 

N. A. Daugherty and T. W. Newton, J .  Phys.  Cltern., 1964, 68, 612. 

than that of vanadium(1v) ions, and that the titanium- 
oxygen bond in Ti02+ is weaker or that hydrolysis of 
titanium@) is different in kind from that of vanadium- 
(IV). An explanation consistent with these observations 
is that titanium(1v) is present as the ion Ti(OH),2+. 

The chloride-ion catalysis of the titanium(II1) re- 
duction of vanadium@) ions is mild and similar to that 
observed for the corresponding reduction of plutonium- 
(IV) ions5 It is only clearly defined in the present study 
by using high chloride-ion concentrations up to 0 . 4 3 ~ .  
No catalysis of the reaction of titanium(II1) with 
plutonium(v1) ions is observed with [Cl-] = 0-02M.6 
These observations are consistent with weak complexing 
of chloride ions to titanium@) (K = 0 . 0 7 4 - 2  1 mol-l 
at 25 "C).= Since at  25 "C complexing of chloride ions 
to V02+ is of the same magnitude (K = 0.24 & 0.10 1 
mol-1),35 it is possible that for the K, path chloride ion is 
brought into the activated complex by the 2+ vanad- 
ium(1v) reactant as VOCl+. At the highest chloride-ion 
concentration used, ca. 10% of the V02+ ion is in the 
form VOCP+ and <lo% of the Ti3+ ion is present as 
TiCP'. This is not expected to give rise to significant 
curvature in Figure 1. The titanium(Ir1) reduction of 
mercury(I1) ions is inhibited by chloride ions and here, 
in view of the extensive complexing of chloride to 

The titaniuni(1v) concentration was determined spectro- 
photometrically as the peroxo-complex (E 717 f 2 1 mol-l 
cm-l a t  the 408 nm peak) by addition of H,O, (0 .14~)  and 
H2S04 ( 1 . 8 ~ ) .  Solutions of titanium(1v) made up by 
weight from TiOSO,, 2H,O and TiH, were used to standardize 
the procedure and determine the absorption coefficient. 

It was concluded that titanium(1v) solutions, [H+] > O - ~ M ,  
contained monoineric 2 + (and not polymeric) titanium(1v) 
ions by comparing the behaviour of the ions vanadium(1v) 
and titanium(1v) in ion-exchange experiments using Dowex 
1-X8 20-50 mesh resin. The resin was washed successively 
with ~M-HC~O,, distilled water, acetone-water (1 : l), 
ethanol and distilled water and a 1 x 7-5 cm column 
prepared. The vanadium(1v) or titanium(1v) ions ( lo-, 
mole in 50 in1 of O-~M-HC~O,) were exchanged on the column 
and then eluted with O-~M-HC~O,. The vanadium(1v) ions 
passed down the column in a ca. 2 cm band and were 
collected in a fraction (150-250 ml). The titanium(1v) 
ions were collected similarly (175-275 ml fraction). 
Analyses for titanium(1v) were carried out spectrophoto- 
metrically (E 104 1 mol-l cm-l at 250 nm) and were checked 
a t  408 nm after addition of hydrogen peroxide to form the 
peroxo-complex (details as above). The amount of 
titanium(1v) retrieved was > 98%. 

34 H. J. Gardner. Austral. J .  Chem., 1967, 20. 2367. 
36 W. S. Melvin and G. Gordon, Inorg. Chem., 1972, 11, 1912. 
36 L. G. Sillen, Acta Chem. Scand., 1949, 8, 539. 
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Titanium(~r~). Titanium hydride (Fluka, AnalaR, 

>99-5% purity; 0.5 g) was dissolved in concentrated 
hydrochloric acid (10 ml) maintained a t  35-40 "C (ca. 6 h) 
under oxygen-free conditions. The excess of solid was 
removed using a No. 4 filter and the solution diluted six- 
fold with nitrogen-degassed water. Small amounts of 
titanium(1v) were removed by electrolytic reduction a t  a 
mercury-pool cathode (5.3 V, 0.3 A) for 2-3 h. The extent 
of electrolysis was checked by monitoring the absorption 
of the titanium(n1) ions a t  502 nm until i t  was constant; 
low absorption a t  300 nm [E  24-9 for titanium(1v) and 
E < 1.0 1 mol-1 cm-1 for titanium(111)l was also consistent 
with removal of titanium(1v) ions. The titanium(II1) 
solution was standardized by addition of an excess of 
cerium(1v) and back-titrating with iron(I1) in ~M-H,SO, 
using f erroin as indicator. The absorption coefficient, 

= 3-97 1 mol-l cm-l, a t  502 nm was used for subsequent 
standardizations ([H+] = 0-5-1.0~).  

Vunadium(~v). Vanadium(1v) sulphate (B.D.H. Reagent 
Grade, 100 g) was dissolved in O-~M-HC~O, (250 ml) a t  40 "C. 
The solution was passed down a 3 x 16 cm column of 
Amberlite IR 120(H) cation-exchange resin initially in the 
acid form. The column was washed free from sulphate 
ions and the vanadium(1v) ions were eluted with 1 . 0 ~ -  
HClO,. The vanadium(1v) concentration was determined 
spectrophotometrically a t  760 nm ( E  17.2 1 mol-l cm-l). 

V U ~ U ~ ~ U W Z ( I I ) .  A solution of vanadium(1v) ( 0 . 1 4 ~ )  in 
O-GM-HC~O, was reduced under oxygen-free conditions a t  a 

mercury-pool cathode (5-2 V, 0.3 A, cu. 4 h). The extent 
of the electrolysis in its final stages was followed spectro- 
photometrically by measuring the absorbance due to the 
vanadium(1r) and vanadium(n1) ions a t  850 and 400 nm. 
Vanadium(I1) is the only absorbent a t  850 nm (c 3.22 
1 mol-l cm-I), whereas a t  400 nm both vanadium(I1) (E 1-1  
1 mol-l cm-l) and vanadium(II1) (E 8-35 1 mol-l cm-l) absorb. 
Solutions of vanadium(I1) prepared in this way contained 
(2% vanadium(II1). Solutions were stored a t  0 "C in air- 
free conditions for periods of up to  10 days. 

The hydrogen-ion concentrations of titanium(1v) , 
titanium(m), vanadium(Iv), and vanadium(I1) solutions 
were determined by passing aliquot portions down a 
column of Amberlite IR 120(H) cation-exchange resin. 
The hydrogen-ion concentration of the eluent solution was 
determined by titration with 0-lM-NaOH. 

Kinetic experiments were carried out on a Durrum- 
Gibson stopped-flow spectrophotometer. All reactant 
solutions were deoxygenated by bubbling argon through 
them for ca. 30 min. Solutions were transferred using 
Atlas nylon syringes fitted with stainless-steel needles. 

We wish to thank British Titan Products for an S.R.C. 
postgraduate C.A.P.S. award (to J. D. E.) and for numerous 
discussions with members of the Research Division, in 
particular Mr. T. Wiseman. 
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Molecular and Crystal Structures of Tetra (methyl germanium) Hexa-
sulphide
By Robert H. Benno and Charles J. Fritchie, jun.,* Richardson Chemical Laboratories, Tulane University,
New Orleans, Louisiana 701 18, U.S.A.
The title compound has been shown by X-ray crystallographic methods to have an adamantane-type structure.
Mean distances and angles are Ge-S 2.21 8(3). Ge-C 1 -922(10) A, S-Ge-S 11 1 -8(3), Ge-S-Ge 104.6(2), and
S-Ge-C 107.0(3)". Crystals are monoclinic. space group C2/c. with a = 9.422(5), b = 16-779(8), c =
10.708(5) 8. p = 107.94(3)', and Z = 4. Molecular symmetry Cz is required. Refinement of 738 independent
counter measured reflections gave R 5.2%.
THE versatility of sulphur as a bridging ligand and the atoms {as in [EtSFe(N0)&2,3 [EtSFe(CO)3]2:4 and S2Ni3-
importance of sulphur-metal (iron) complexes in enzyme (C,H,),}.5 Both ' adamantane ' (I) and open cage '
systems have led us to investigate the crystal structure (11) structures which have been suggested for (MeGe)$,
involve the former type of bonding.
Me
\ s 7' EXPERIMENTAL
Me
A single crystal, bounded by { 110) and having a diamond Ge' 'Ge
S S cross-section with major diagonal (b*) 0-3, minor diagonal
\ /s\Ge/ (a*) 0-2, and length 0.6 mm, was mounted on [OOl]. Pre-
cession (Mo-K,) and Weissenberg (Cu-K, radiation) photo-
graphs were used to obtain preliminary unit-cell and space- Me Me
group data. Refined unit-cell parameters were obtained
(I71 by a least-squares fit to sin2 8 values determined by use of a
I
1 s I S+,S / \s/ \
,%S/ \
Me-Ge k G e - M e
Me
( 1 )
of the organogermanium complex (M&e),S,.2 Sulphur Picker four-circle diffractometer and Mo-K, radiation.
9.422(5), b = 16.779(8), G = 10.708(5) A, is capable of sharing two electrons with two other atoms CrystaE Datam-c4H1ZGe4S8~ = s42.9, Monoclinic, a =
p = 107-94(3)',
T. T. Thomas. T. H. Robertson. and E. G. Cox. Acta Cwst..
(as in H,S) or sharing four electrons with three other
,.a a -
1 W. D. Phillips, E. Knight, jun., and D. C. Blomstrom,
in ' Non-Heme Iron Proteins,' ed. A. San Pietro, Antioch Press,
Yellow Springs, Ohio, 1966, pp. 69-85.
1958,*11, 599.
4 L. F. Dahl and C. H. Wei, Inorg. Chem., 1963, 2, 328.
6 L. F. Dahl, V. A. Uchtman, and H. Varenkamp, J . Amer.
K. Moedritzer, Inovg. Chem.. 1967, 8, 1248. Chem. SOC., 1968, 90, 3272.
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