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Upon addition of acid to alkaline molybdate solu-

The relaxation spectra of aqueous molybdate has been determined by temperature jump at 25° and 1.0 M ionic strength.
The pH ranged from 5.50 to 6.75; monomer concentration (¢.e., Na:MoOj concentration) from 0.01 to 0.25 M. The observed
spectrum consisted of one or two relaxation effects, depending on pH and concentration. The longer, more concentration-
dependent effect (1-180 msec) is most sensitive to heptamer formation; formally, TMoO:?~ + 8H* & Mo70xf~ + 4H,0.
The shorter, less concentration-dependent effect (200~500 usec) is most sensitive to octamer formation; formally, Mo;O.8~ +
MoO,2~ + 4H + 2 MogO:z'~ + 2H.O. Rate constants for these two equilibria were varied until a set of constants yielding
the best agreement between measured and observed relaxation time was found. The interpretation of these results depends
heavily on the equilibrium constants used to describe the system. The best results were found with the equilibrium data of
Aveston, Anacker, and Johnson.? The rapidity of condensation to form the heptameric isopolymolybdate species is
explained by a mechanism involving reactions of protonated monomeric molybdate, which is then assumed to have octa-
hedral coordination. These species, presumably of composition OMo(OH);~ and Mo(OH)s, have the coordination appro-
priate to units of the polymer structure. The dissociation rate constant for the octamer (yielding heptamer and monomer)
islarger than that for the heptamer (complete breakup to monomer), reflecting the enhanced stability of the heptamer.

hexameric polyanions were unlikely.%2® In a very

tions, isopolyanions are formed. Equilibrium is es-
tablished between monomeric molybdate and, pre-
dominantly, heptameric molybdate polymers. De-
spite the relative complexity of these polymolybdate
ions, the steps leading to their formation are complete
within a few milliseconds at moderate concentrations.?

Unlike rapid mixing studies, which are generally in-
dependent of any associated equilibrium constants,
temperature-jump investigations usually depend on a
sound knowledge of these constants for successful in-
terpretation of the results. Thus, the first measure-
ment on these systems, carried out in connection with
a temperature-jump investigation of molybdenum (VI)—
tartaric acid complexation using optical rotation de-
tection, yielded relaxation spectra indicative of poly-
merization, which were not, however, fully interpreted,
due to a lack of precise knowledge of the species pres-
ent.* A temperature-jump study following further
equilibrium acidity measurements on these systems
confirmed the validity of the earlier kinetic measure-
ments, and were in essential agreement with the stabil-
ity constant determination, that the predominant poly-
meric species are heptameric and octameric.®? Another
relaxation study showed similar results, but differed as
to the kinetic interpretation.® It is appropriate to re-
view, briefly, the equilibrium determinations, as anal-
ysis of the relaxation data is so strongly dependent on
the choice of stability constants.

Different groups of investigators have disagreed on
the nature, number, and quantitative relationships
among the various possible species in solution. For
example, hexamers as well as heptamers were propaosed
by one group.”® Other work, however, indicated that
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thorough study, Aveston, et al., also obtained results
pointing toward the inclusion of octamers in these solu-
tions,? which was, however, questioned.® A tempera-
ture-jump study by Asay and Eyring® found the equi-
libria of Aveston, ef al., to produce a better fit of their
data than did the studies of Sillén, et al.®~!' Our
studies are also based on the Aveston, et al., results, for
reasons given in a following section.

We are reporting on an extensive kinetic study of
equilibria in isopolymolybdate solutions by tempera-
ture jump. Wider variation of molybdate concentra-
tion in the rather restricted pH range of optimum mo-
nomer condensation and better resolution of the relaxa-
tion spectra shed new light on the kinetics of formation
of polymolybdate ions.

Experimental Section

All chemicals used were either reagent or ‘‘certified’’ reagent
grade and were used without further purification. Stock solu-
tions (filtered if necessary) of (Fisher) sodium molybdate, sodium
hydroxide, sodium nitrate, nitric acid, and potassium nitrate
were used to prepare solutions for kinetic experiments. The
pH was finally adjusted by the dropwise addition of HNO; and /or
NaOH solutions and measured to within 0.01 pH unit on a
Sargent-Welch Model NX pH meter. The ionic strength, g,
was 1.0 M, adjusted with NaNQO;. (In a few experiments at an
ionic strength of 0.5 M, KNO; was used.) This unusually high
(for temperature jump) ionic strength was necessitated by the
fact that high concentrations of sodium molybdate were required
to produce observable effects in the pH region of the experiments;
furthermore, the work of Aveston, ef al., was done at this ionic
strength.? The indicators used were methyl red (Eastman),
bromocresol purple (Fisher), and bromothymol blue (Fisher).
Belmont Springs distilled water was used throughout. All
solutions for kinetic experiments were degassed.

Details of the temperature-jump apparatus have already been
given.!? The temperature was 25 &= 1°. Each relaxation time
represents the average of at least three determinations. For
those experiments in which only one relaxation time was ob-
served, semilogarithmic plots were made for most of the deter-
minations to confirm that only a single exponential effect was
present. The relative error in measurement was =109, except

(9) Y.Sasakiand L. G. Sillén, Ark. Kemt, 29, 253 (1968).

(10) Y. Sasaki, I. Lindqvist, and L. G. Sillén, J. Inorg, Nucl. Chem., 9,
93 (1959).

(11) L. G. Sillén, Acta Chem. Scand., 18, 1014 (1964).

(12) P. Hurwitz and K. Kustin, Inorg. Chem., 8, 823 (1964),



66 Inorganic Chemistry, Vol. 11, No. 1, 1972

where noted. For those experiments in which two relaxation
times were observed, all traces were plotted semilogarithmically
(Figures 1 and 2). The relative error was =259, for the longer
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Figure 1.—Observation of relaxation time. Oscilloscopic trace
for a temperature-jump experiment showing two effects. Verti-
cal axis is proportional to change in transmittance of light follow-
ing temperature jump. Horizontal axis is time; each division
corresponds to 500 usec. The horizontal trace represents the base
line, obtained by triggering the oscilloscope a second time (at the
same sweep speed ) 2 msec after the first trace was recorded.
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Figure 2.—Observation of relaxation time. Plot of changes in
absorbance (for small changes, proportional to changes in trans-
mittance) on an arbitrary logarithmic scale against time for the
trace in Figure 1. Two close-lying relaxation times can be mea-
sured from such a plot in the following way. The dots represent
the actual experimental points. The limiting slope at the longest
times yields r—. By subtracting from each of the initial points,
the value of the limiting straight line at that point, one can cal-
culate the values of the points represented by the “x’s.”” The
slope of the straight line through these recalculated points then
yields r+.

relaxation time, and =509 for the shorter one. The amplitude
of the longer relaxation process was greater than that of the
shorter. The problem of evaluating relaxation times differing
by less than an order of magnitude has been discussed by various
authors. 1314

Concentrations in Molybdate Solutions

Reviews and discussions of the experimental prob-
lems associated with the molybdate equilibrium studies
have been given by Aveston, el al.,? and Sasaki and
Sillén.® The most comprehensive study appears to be
that of Aveston, et al., who used equilibrium ultracen-
trifugation, potentiometric acidity measurements, and
Raman spectroscopy. With the results of X-ray struc-
ture determination to guide their analysis,'® they de-
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termined that the molybdate polymers present are hep-
tamers and octamers. In addition, protonated forms
of the heptameric and monomeric species had to be pos-
tulated to obtain agreement with acidity measure-
ments.

As Aveston, et al., pointed out,? the task of assigning
the equilibria in these molybdate solutions to a unique
set of species is a difficult one. Their approach was to
use a variety of techniques to obtain data and then
search for congruence between the separate sets of re-
sults. An entirely different approach was taken by
Sillén, who tried recalculating his data,!® and also that
of others,®! with refined computational techniques.
Other, more recent, studies support the principal con-
clusions of those investigations already cited, extend-
ing the range of ionic strengths and counterions, to
which the equilibria are sensitive, 1822

The purpose of this section, however, is not to review
the entire literature on this problem. Instead, we wish
to make clear the reasons for choosing a particular set
of constants as a starting point for the temperature-
jump analysis. Although closely tied to the equilib-
rium studies, the chemical relaxation method also af-
fords an opportunity to check the validity of these as-
signments to some extent??® and perhaps to recalculate
somte of them.

The safest conclusion appears to be that, in a sodium
medium (pH >3), the most likely polymers are hep-
tamers and octamers. A consideration of the work of
Aveston, et al.,? as well as the refined calculations of
Sillén,'® make the presence of hexamers in appreciable
concentration quite doubtful. Interestingly, a com-
parison of Sillén’s recalculations with the results of
Aveston, et al., indicate that the degree of protonation
of some of the heptameric and octameric species had
not been entirely resolved.

As the work of Aveston, ef al,, is the most comprehen-
sive, we have chosen to do our experiments under condi-
tions closely approximating theirs, namely, 25°, 1 M
ionic strength, and a sodium salt. Their stability con-
stants (given in Table I) constititte the basis of the con-

TaBLE 1
MoLyYBDATE EQUILIBRIUM DAta (25°, 4 = 1.0 M)

B¢ = [Ha(Moa) 2272 7] /[MoOs2~]e[H |7

Log Bz.¢" pKin®
Bi1 = 3.563 Methyl red 5.0
B2 = 7.26 Bromocresol purple 5.8
Bsr = 52.80 Bromothymol blue 6.8
Be = 57.420
Bio,7 = 60.84%

Bz, = 71.56

a Data from Aveston, et al., ref 2. ® Values reduced by 1
log unit in the final calculations reported in this article. °© At
uw = 0.5 M; data from 1. M. Kolthoff, J. Phys. Chem., 34, 1466
(1930); K1 = indicator dissociation constant (HIn & H 4 In,
neglecting charge).

centration calculations with a Newton—-Raphson itera-
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The recalculation of the data of Aveston, ef al., favors
protonated héptamers at the expense of octamers;®18
our findings point in the opposite direction. Most cot-

vincing is the observation of two relaxation times,

for this spectrum means that a minimum of three dis-
crete molybdate-containing species must be present at
appreciable concentration.!® Protonated forms of
Mo;0.48~, although present, would riot be expected to
account for the behavior attributed to MogOset~.
(Slow protolytic reactions would contribute additional
relaxation processes. Preliminary ultrasonic attenua-
tion measurements indicate, however, that these reac-
tions are always equilibrated during the observed re-
sponse to the temperature-jurnp perturbation.?4)

Relaxation Spectra

The reaction scheme for molybdate polymerization
(at pH >3, where the stability constants can account
for the equilibria) ¢an be written as shown, with the as-
sumption that all protolytic equilibria are very rapid.!3%

: k ‘
TMoOy?~ + 8H * =1‘— Moi0sf~ + 4H,0 (1)

kot
k
Mo70:28~ + MoO,2~ + 4H* "«k_z‘— MogOz*~ + 2H.0 (2)
-2

Always equilibrated are

MoOs?~ + H+ === HMoO,~ 3)
HMo0O,~ 4+ H* == H;MoO, 4)
Mo;0z¢~ + Ht === HMo0;05¢~ (5)
HMo0:0:48~ + H+ == HiMo0:02:*~ (6)

The assumption of rapid protolytic reactions allows
the polymerization to be described with two rate equa-
tions
d[Hept]

5 = Ex[Mon]?[H1® 4 k_,[Oct] — k_,[Hept] —

ks[Mon] [Hept] [H]¢ (7)

d[Octj
d¢

where Mon = MoO,?~; Hept = Mo0;0xf; Oct =
MogOqy~; H = H*. These equations were arrived at
by testing different rate laws. At constant pH, with
only one effect present, 1/ry5.q fits a sixth-power depen-
dence on [MoO4?~] best. From the slopes of plots of
1/7obsa against [MoOs2~]® at constant pH, 1/7opeq Was
found to be related to the seventh power of [H+]. In
addition, as will be mentioned later, the complexity of
the relaxation expressions may not give straightforward
information on the precise composition of the activated
complex. Therefore, within experimerital error, the rate
law for the polymerization coincides with the reaction
stoichiometry.

Application of mass balance and small perturbation
constraints to the above rate equations permits their
solution. The reciprocal relaxation times are given
by!s
Vre— = Ys[—(an + am) £

V(au + ax)? — 4(anan — anan)] (8)

The a; terms are known functions of equilibrium
concentrations, rate and stability constants. The indi-

= ko[Mon] [Hept] [H]* — k_2[Oct]

(24) D. Honig and K. Kustin, unpub]ished data.
(25) M. Eigen, W. Kruse, G. Maass, and L. De Maeyer, Progr. React.
Kinet., 2, 287 (1964).
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cators and protonated monomers and heptamers (HMo-
O;~, etc.) appear in the conservation relations. Their
concentration changes are given in terms of the appro-
priate expanded stability quotients; e.g., s[HMoO,~] =
[MoO.2~181,:8[HY] + [H*]8116[M0O,2~]. The full
derivation and the a4 terms are given in the Appendix.

Analysis of Kinetic Data

The kinetic data are shown in Table II; the rate con-
stants are given in Table III. The data where

TasLE 11

RELAXATION SPECTRA OF MoLyBDENUM(VI) SoLUuTIONS®
25° u=1.0 M)

mse:

pH  [Mo(IV)lo 105[Inls Tobsd

. 7-,caled T+ ,0aled
6.75 0.15 1.28% No effect RN ..
6.50 0.20 1.28 67.5 23.8 0.204

0.26 1.28 6.23 7.56 0.204
6.25¢ 0.08 1.00 No effect . F
0.09 1.00 34.3 42.5 0.204
0.11 1.00 20.5 17.0 0.204
0.13 1.00 7.23 7.33 0.204
0.15 1.11 3.06 3.71 0.204
0.18 1.11 1.79 1.78 0.204
0.20 1.11 1.17 1.27 0.204
0.23¢ 1.11 0.747 0.891 0.204
6.00° 0.04 1.00 183.0 69.8 0.204
0.05 1.00 36.4 30.6 0.204
0.06 1.00 14.0 13.0 0.204
0.07 1.00 6.05 6.38 0.204
0.08 1.00 3.82 3.71 0.204
0.09 1.00 2.67 2.49 0.204
0.10 1.12 1.78 1.86 0.204
0.11 1.00 1.39 1.49 0.204
0.12 1.00 1.07 1.26 0.204
0.13¢ 1.00 1.02 1.11 0.204
0.14¢ 1.00 0.883 0.997 0.204
0.15¢ 1.00 0.712 0.918 0.204
0.16 1.00 0.973,0.200 0.855 0.204
0.17 1.00 0.889,0.180 0.804 0.203
0.18 1.00 0.887, 0.200 0.765 0.203
0.19 1.00 0.873,0.170 0.731 0.203
0.20 1.00 0.779,0.160 0.703 0.202
5.76¢ 0.03 1.00¢ 14.6 15.9. 0.204
0.04 1.11 5.19 5.11 0.204
0.05 1.00 2.61 2.80 0.204
0.07 1.11 1.62,0.390 1.63 0.203
0.10 1.11 1.11,0.220 1.20 0.202
0.15 1.11 1.19,0.22 0.984 0.202
0.20 1.11 1.24,0.210 0.901 0.201
5.50 0.01 1.30° 156.0 82.3 0.204
0.02 1.30° 5.62 7.38 0.203
0.03 1.30° 2.76,0.540 3.27 0.202
0.05 1.30° 1.97,0.460 2.07 0.200
0.09 1.30° 2.00,0.420 1.64 0.198
0.10 1.30° 2.00,0.330 1.60 0.197
0.15 1.30° 1.79,0.360 1.48 0.196

e All concentrations M; subscript zero denotes total stoichio-
metric concentration. Concentration of Mo(VI) expressed as
[MoO.2~]. ?® Bromothymol blue used at 580 nm. ¢ Bromocresol
purple used at 580 nm. ¢ Analysis indicated two relaxation
times, but they were inseparable. ¢ Methyl red used at 517 nm.

TasLe IIT
RaTte CONSTANTS FOR MoLYBDENUM(VI) POLYMERIZATION®
By = (9.5 = 1.9) X 1052' M 14 gec™t

ki =7.5=% 3.8sec™?
ks = (5.0 = 4.5) X 1028 M5 sec™!
ko= (4.9 £1.0) X 10% sec™!

@26% u=1.0M.

only one relaxation time was observed were first ana-
lyzed with a linear least-squares routine using both an
IBM 1130 and a DEC PDP-8/L computer to obtain
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approximate values of & and k2_;. All the data were
then treated by nonlinear least-squares analysis? and
by a trial-and-error routine to obtain the ‘‘best fit”
rate constants and to assign 7+ and 7.

Where only one relaxation time was observed, it was
identified as 7—. Where two were observed, the longer
is 7—, and the shorter is r+. We found that the fit
of 7Toped tO Tealed Was least sensitive to by,  Its value is
therefore least certain; the value given is to order of
magnitude validity only. The value of k-, is accurate
to within £509, while those for %k, and k—; are accu-
rate to approximately =209, relative error.

The fit between 7—,gpsq and 7— 104 1S satisfactory for
all but three points. For all of these experiments (pH
6.50, [Mo]o = 0.20 M, pH 6.00, [Mo], = 0.04 M;
pH 5.50, [Mo]o = 0.01 M), the experimental error
was considerably greater as the amplitude of the
response was small, and the relaxation time was of long
duration causing measurement difficulties due to both
convection and air bubbles. Attempts to improve the
fit of these three experiments deteriorated the fit of
some of the other experiments, and no further adjust-
ment was made.

Our kinetic results indicated that the values of 8;
and Byr (Table I) were too large. We found that re-
ducing both by 1 log unit gave the best fit. In the
pH range of our study, this refinement caused only in-
significant changes in the concentrations of the species
appearing in the relaxation expressions. For those
experiments in which we observed only one relaxation
time, 7, the reciprocal of the observed effect, 1/7opsq, 1S
related to the sixth power of the Mo0O,2~ concentration
at a constant pH (Figure 3). The fit was best with
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Figure 3.—Variation of the reciprocal of the relaxation time
with the sixth power of the monomer concentration at constant
acidity and ionic strength: [H*] = 5.62 X 107" M, u=1M.

the sixth power of MoO4?~ concentration; a fit to the
fifth or seventh power, though not as good, could be
tolerated. There was a markedly poor fit with any
other lower power concentration dependence. More-
over, with unchanged values of 8y7 and By the cal-
culated concentration dependence did not match the
observed; 7.e., trial calculations showed 7.9 Varying
between 1 and 6 msec, in contrast to the observed varia-
tion between 1 and 180 msec.

The agreement between 7+ opsq and 7+,ca1cq 1S Within
experimental error for all the experiments at pH
6.00 and for all but one at pH 5.75 ([Mol, = 0.07

(28) We wish to thank Dr. A. Gottlieb for adapting the nonlinear least-
squares program (AGNLs) for use on the IBM 1130.
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M). Tt is at the limits of experimental error for this
experiment, as well as for some of those at pH 5.50
([Mo]s = 0.15 and 0.10 3). However, it is outside
the experimental error for the remaining three experi-
ments (pH 5.50, [Mo], = 0.03, 0.05, and 0.09 ).
The reasons for this disagreement are unclear. One
source of error might be failure to include complexation
of molybdate polymers with methyl red as has been re-
ported.?® However, this interaction should not be ap-
preciable under our experimental conditions. The
changes in B8y7 and Bio7 do not account for the lack of
agreement, as the reductions in these values actually
improve the fit. Therefore, we feel that the lack of
good agreement for these 74 values is to be associated
with the uncertainty in the determinations of equilib-
brium constants involving octamers, as 7+ is more sen-
sitive to their values than is r—.

In Table IV the results are given separately for ex-

TABLE IV

ReLAXATION TIMES FOR MoLysDENYM(VI)
PoLYMERIZATION® (25°, u = 0.5 M)

rH [Mo(VI) o 105[Inle Tobsd, MSec
7.00 0.05 1.28°% No effect
6.00 0.04 1.00¢ 6.02
0.05 1.00¢ 2.87
0.06 1.00¢ 0.440,2.11
0.07 1.00° 0.430,1.74
0.09 1.00¢° 0.350,1.55
0.10 1.00° 0.220,1.30
0.12 1.00¢ 0.300,1.48
0.15 1.00¢ 0.200,1.08
5.50 0.001 1,524 No effect
0.05 1.30¢ 0.800,3.35
0.10 1.30¢ 0.570,2.99

@ All concentrations M; subscript zero denotes total stoi-
chiometric concentration. Ionic strength adjusted with KNOs;.
> Bromothymol blue. ¢ Bromocresol purple. ¢ Bromocresol
green used at 580 nm. ° Methylred.

periments at ionic strength 0.5 M with KNO; instead
of NaNQO;. The data differ markedly from analogous
experiments at u = 1.0 M. At pH 6.00, for example,
there were two important differences between the results
at the two ionic strengths. First, the two relaxation
times are observable at considerably lower total Mo-
(VI) concentration at p = 0.5 M. Second, where only
one relaxation time is observed, it is significantly shorter
at u = 0.5 M. These results agree with those of
other investigators who found the equilibria to be quite
sensitive, to both ionic strength and cation pres-
ent. 2781820  No interpretation was dttempted, as
there are no equilibrium data available for these condi-
tions.

Discussion

The observation of two distinct relaxation times sig-
nifies that at least three discrete molybdate species are
present, contributing to relaxation processes in times
longer than 100 usec. In keeping with Aveston, ef al.,
these species are molybdate monomer, heptamer, and
octamer. The validity of the assignment can be
gauiged by comparison of 7g10q With 7opsq.

There are, of course, many other iso- and hetero-
polymolybdates with different degrees of polymeriza-
tion and protonation.!*®% Relations among, and
properties of, these species have been considered in

(27) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemistry,””
Interscience, New York, N. Y., 2nd ed, 1866, pp 938-946.
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treating the relaxation data. For example, the.dis-
crepancies between some values of 7+ gbsq and 7+ ealeq
are interesting with regard to Sillén’s recalculations.®
Sillén found that, instead of the octamer Hi;(MoO,)st~
(referred to, formally, as a 12,8 octamer), an 11,7 hep-
tamer and a 9,8 octamer fit better, although he stated
that this recalculation may not be very meaningful.
We find that, while 7+ cal0q Slowly gets shorter as the
pH decreases, 7+ obeq Seems to get longer. This trend
suggests that 7+ may be less sensitive to [H*] than our
mechanism allows. Having 9 protons, rather than 12,
formally involved in the formation of an octamer might
account for this observation. Our changes in 857 and
Buo,7, however, suggest less protonation of the heptamer,
making an 11,7 species less probable. As mentioned,
changing these constants by 1 log unit improves the
fit. A greater change would not be expected on elec-
trostatic grounds,® in the absence of any structural
changes.®2? The ‘‘true” values are probably between
the unreduced and the reduced values. The presence
of octameric and heptameric polymers in Na* medium
at u = 1 M is definitive; their ‘“‘formal”’ degree of pro-
tonation is still somewhat uncertain, however.

The structures of Mo070,:8~ and MogOpe?~ are shown
schematically in Figure 4. Aveston, ef al., using Ra-
man spectroscopy, found that Mo;0.¢~ has the same
structure in solid and solution, while MogOse*~ prob-
ably does, also. These polymers,16.22% as well as all
other iso- and heteropoly molybdates,? are conceived
of as being built up from MoOg octahedra (see Figure
4). It is likely that these species have closely associ-
ated water molecules,? ¥ though it is not certain.?®
Positions of possible counterions are also not certain.?
As can be seen from Figure 4, Mo070.8~ and MogOsf—
have similar structures. Formation of the octamer
from the heptamer may involve the ‘‘addition” of an
MoOg octahedral unit, along with the partial rotation
of one of the MoQq units already part of the heptamer.

Since MoO,4*~ in solution is surely tetrahedral (with
closely associated water molecules),® how are we to un-
derstand the origin of the octahedral MoOg unit present
within the polymer? In other words, the formation of
the polymer, which is a rapid process, nevertheless re-
quires an expansion of the coordination number of mo-
lybdenum(VI) from 4 to 6. Understanding this
process is the key to explaining the unusually rapid
equilibration, 7 monomers = heptarmer.

There is indirect evidence that the addition of a pro-
ton to (tetrahedral) MoO,*~ produces expansion of the
coordination sphere; i.e.,, HMoO;~ is probably octa-~
hedral.224%.29 Equilibrium studies resulted in similar
ionization constants for HyMoOs and HMoO4—,?? in
agreement with the conclusions drawn from rapid-mix-
ing studies.! In the absence of structural changes,
H;MoO, should be a stronger acid than HMoO,™,29
as it is for HoCrO4 and HCrO,~.32%8.33  The species
HMoO;~ would then be viewed as OMo(OH);~ and
H2M004 as MO(OH)3.3’27’29

As the stoichiometry of the heptamerization reaction

(28) Reference 27, p 218,

(29) E. F. C. H. Rohwer and J, Cruywagen, J. S. Afr. Chem. Inst., 16,
26 (1963); 17, 145 (1964); 22, 198 (1969). ’

(30) E. Shimao, Nature (London), 214, 170 (1867).

(31) R. H. Busey and O. L. Keller, Jr., J. Chem. Phys., 41, 215 (1964).

(32) Reference 27, p B28.

(33) P. Moore, S. F. A. Kettle, and R. G. Wilkins, Izorg. Chem., B, 220,
(1966), and ref 3 therein.
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The formation

Figure 4.—Structures of isopolymolybdates.
of octamer from heptamer is depicted according to eq 9. The
reaction is represented by showing attack of an octahedral

monomer on the heptamer. As indicated by the curved arrow,
one of the octahedral structural units in the heptamer effectively
rotates toward the position occupied by the incoming group.
Both polymers therefore have six structural units in common, all
of which may be seen (at least in part) on the heptamer.

(1) shows, condensation requires oxygen elimination.
Protonation of the monomeric species also enables this
step to occur with a minimum of disruption. That is,
the superfluous oxygen can be transferred directly to the
medium most expeditiously as HyO. The existence of
H bonding aids this interaction with solvent—in the
reverse, as well as forward, direction. A similar mech-
anism has been postulated for the hydration-hydrolysis
of 10,4~ to give H,IO¢™, in order to explain the rapidity
of this reaction.®

It should be borne in mind that, although a fast reac-
tion technique has been applied to the study of the mo-
lybdate systemn, only the overall reaction leading to for-
mation of heptamer is susceptible of measurement.
By this we mean that, although the composition of the
rate-determining activated complex appears to have
seven monomeric units and a specified number of pro-
tons in it, we do not know the nature of its immediate
precursors, i.e., hexamer -+ monomer, pentamer -+ di-
mer, etc. However, due to the extremely low concen-
trations of any intermediates, reactions between, say,
two trimers would have to possess extremely high bi-
molecular rate constants to account for relaxation times
in the 1-100-msec range. These rate constants would
probably exceed the diffusion-controlled limit. There-
fore, it appears most likely that what occurs is a se-
quence of steps involving monomer as a reaction part-
ner, with the last step rate determining,

The relaxation times observed are similar to those
found previously.®® In one of these studies,® an ap-
parent dependence of 1/74,,q on the third power of the
“monomolybdate’”’ concentration and on the fifth
power of [H*] at “not too high H+ and Mo concentra-
tions” was reported. In fact, it was concluded that
“the primary aggregation step’’ is the formation of a
tetramer. However, as our data indicates, the previ-
ously reported third-power dependence, based on a
limited variation of concentration, does not fit as satis-
factorily as the equations derived from scheme 7,
i.e., the fully evaluated relaxation expressions contain-
ing {Mon] to powers higher than the third (vide Ap-
pendix eq A9).

(34) K. Kustin and E. C. Lieberman, J. Phys. Chem., 68, 3860 (1964).

A detailed sketch of a comparable oxygen elimination, showing the role
played by H bonding, is given in this reference.
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Comparison of the rate constant, %, for the formation
of the heptamer is difficult due to the high formal order
of the reaction. The reverse rate constant for hep-
tamer dissociation, k-1, is relatively low in comparison
with k—,, indicating that breakup of Mo;0s¢, kineti-
cally, is of relative difficulty. The order of the forward
rate constant for the formation of MozOs*~, ks, is
also large. If we assume that the reaction occurs by
eq 9 (experimentally indistinguishable from eq 2), then

’

k
HaMoO; + HyMoOnt~ == MosOzt~ + 2 HLO  (9)

-2

2 X 10" < by’ <5 X 10° M~1sec™. Reaction 9 may be
diffusion controlled, if the upper limit prevails. It is
doubtful, however, that it is actually diffusion con-
trolled, as some structural changes are probably in-
volved.

It seems likely that the elementary steps in forming
Mo070.8~ have comparable rate constants. The for-
mation of the heptamer can be described by eq 10 (ex-
perimentally indistinguishable from eq 1; ¢f., also, pre-
ceding discussion) where 2’ >~ 3.5 X 1024 M 8 sec™1.

’

k
H;MoO; 4+ 6HMoO,~ === Mo;Owé~ + 4H;0  (10)

k_t

Whether or not the polymerization proceeds according
to eq 9 and 10 is only speculation. The fact that
HMo0O:~, H:MoO;, and HsMo0;044~ are in consider-
ably lower concentrations than MoO,*~ and Mo7Oaf~
would not preclude pathways involving these species.
The dissociation of the octamer to heptamer and mono-
mer is considerably faster than the heptamer dissocia-
tion (k-; = 4.9 X 10% sec™!) reflecting the enhanced
stability of the heptamer.

The rates of polymerization of other inorganic anions
and cations have been studied by several investigators.
No general mechanism has been postulated. For ex-
ample, water loss has been proposed as the rate-deter-
mining step in the formation of (FeOH),** and (VO-
OH).,**+.% However, ring closure has also been pro-
posed as the rate-determining step in the formation of
(FeOH),*+.%¢ In studies on the polymerization of van-
adate, borate, and uranyl ions,¥ no convincing evi-
dence for the presence of rate-determining water loss
was found.

If anything emerges from these studies as a unifying
principle, it is the fact that when expansion of the cen-
tral ion’s coordination number seems to be required, it
is usually not in the rate-limiting process. For example,
the conversion of trigonal B(OH); to tetrahedrally co-
ordinated borate ion is a rapid process as shown by
nmr,

A system more analogous to the molybdate is
chromate-dichromate. The formation of dichro-
mate? 33,394 ig relatively slow compared with polym-

(35) B. Lutz and H. Wendt, Ber. Bunsenges. Phys. Chem., T4, 372 (1970).

(368) B. A. Sommer and D. W. Margerum, Inorg. Chem., 9, 2517 (1970).

(37) (a) J. L. Anderson, E. M, Eyring, and M. P. Whittaker, J. Phys.
Chem., 68, 1128 (1964); (b) M, P. Whittaker, E. M. Eyring, and E. Dibble,
ibid., 69, 2319 (1965); (c) D. L. Cole, E. M. Eyring, D. T. Rampton, A.
Silzars, and R. P. Jensen, ibid., T1, 2771 (1967); (d) M. P. Whittaker, J.
Asay, and E. M. Eyring, tbid., 70, 1005 (1986).

(38) R. K. Momii and N. H. Nachtrieb, Inorg. Chem., 6, 1189 (1967).

(39) J. H. Swinehart and G. W, Castellan, ébid., 8, 278 (1964).

(40) R. H. Holyer and H. W. Baldwin, Can. J. Chem., 46, 413 (1967).
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erizations of vanadate, borate, and uranyl ions. In
both monomer and dimer, Cr(VI) has tetrahedral co-
ordination.?? The relatively slow rate of condensation
of Cr(VI) compared with W(VI) and Mo(VI) has been
ascribed to the loss of an oxygen (probably as H,0)
from one of the chromate tetrahedra.? In contrast,
both W(VI) and Mo(VI) can simply expand their co-
ordination. Studies of oxygen exchange in Cr(VI)
solution showed that the rate of dimerization was more
rapid with the pair HCrO,~ -+ HCrO;~ than with
HCrO,~ + CrO42~.4 Oxygen exchange on CrQg&-
also proved to be slower than both dimerization and,
possibly, exchange on HCrO;~. Moreover, chromate
exchange with dichromate according to

"‘CrOﬁ‘ =+ Cr2072“ —Z *Crzo-[z_ =+ Cr042“

is much more rapid than dimerization or oxygen ex-
change with water.*

Apparently, polymerization rates are favored by ex-
pansion of monomer coordination number combined
with protonation or hydrolysis. In addition to poly-
molybdate, this behavior seems to be important
for the following polyanions. Dimers and trimers of
vanadium(V) are formed from protonated VO,-,
which increases the coordination number.?d:#2 Tung-
sten(VI), like Mo(VI) forms large polyanions very
rapidly. %434 With similar reasons advanced for ex-
pansion of the molybdenum (VI) coordination upon
protonation, expansion of tetrahedral WO,?~ has been
postulated.® Bimolecular stepsin these polymerizations
were estimated tobe >10°%and >10° M ~!sec~1for W(VI)
and Mo(VI), respectively, consistent with our findings.
Recent equilibrium and temperature-jump studies of
isopolytungstates are also consistent with rapid bi-
molecular polymerization steps.

Summary.—The formation of isopolymolybdate is a
relatively rapid process in view of the complexity of the
reaction. Two factors have been proposed to account
for this observation. The reacting form of the mono-
meric species has the coordination appropriate to the
polymeric structure. Protonation of the monomer,
which produces this state of coordination, also facili-
tates oxygen loss, which may be removed as, for ex-
ample, HyO.
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Appendix

The concentration of each species in the rate equation
(7) is replaced; for example, [Mon] = [Mon] -+ é|Mon].
The ‘‘——" denotes the time-independent equilibrium
concentration, and the time-dependent displacement
6[Mon] « [:\—/Io_n], [Mon]. Expansion of the concen-

(41) B. N. Figgis, R. G. Kidd, and R. S. Nyholm, ¢bid., 48, 145
(1965).

(42) Reference 27, p 812.

(43) G.Schwarzenbach, G. Geier, and J. Littler, Helv. Chim. Acta, 4B, 2601
(1962).

(44) (a) O. Glemser and K. H. Tytko, Z. Naturforsch. B, 24, 648 (1969);
(b) K. H. Tytko and O. Glemser, ibid., B, 38, 429 (1970); (c¢) K. H. Tytko
and O. Glemser, Chimia, 28, 404 (1969).



MOLYBDATE POLYMERS IN AQUEOUS SOLUTION

trations for small perturbations results in a linearized
rate equation.

d(3{Hept])

& = ki(7[Mon]*[H]®%[Mon] + 8[Mon]"[H]%[H]) +

k_286[Oct] — k_.8[Hept] —
k2([Hept] (H]*6[Mon] + [Mon] [H]*[Hept] +
4[Mon] [Hept] [H]%[H]) (Al)

ALO) . p((FHept (F}*41Mon) + [Mon] (H} %[Hept] +
4[Mon] [Hept] [H]%[H]) — k_5[Oct]

The variables §[Mon] and 6[H] can be expressed in
terms of § [Hept] and §[Oct] only, as follows.
Let B = HMoO;—; C = H:MoO;; F = HMo070.£~;

G = H;Mo0/0z*~; and In = In— = indicator. Then
Ki = 11 = [B]/[Mon][H]
Ky = 8oy = [E]/[MOU] [ﬁ]2
Ky = Bo.1/Bs1 = [F]/[Hept][H] (A2)
Ky = Bu.s/Br = [G]/[Hept] [H]?
= [H][In]/[HIn]

The following conservation relations hold for molyb-
date, hydrogen, and indicator
8{Mon] + 8[B] + 8[C] + 78[Hept] +
76]F] + 75[{G] + 85[Oct] = 0 (A3)
B[H] + 8[HIn] + §[B] + 25[C] + 85[Hept] +
98[F] + 106[G] + 125[Oct] = 0 (A4)
$[HIn] + 8[In] = 0 (AB)
Using (A5) and the expanded indicator equilibrium
§[{HIn] = «8[H] (A8)
where
a = ([HIn] + [InD)Ks/((H] + Ko)?
The assumption of rapid protolytic equilibria allows us
to expand these expressions, and write the following re-
lations for §[B], 6[C], §[F}, 8[G]
8[B] = [Mon]Ki5[H] + [H]K:6[Mon]
’[C] = [ﬁ]’Kgﬁ[Mon] + 2[Mon] [H] K:3[H]
5{F] = [H]Ks8[Hept]. + [Hept] K38[H)
8[G] = [H]’K46[Hept] + 2(Hept] [H] Ko[H]

(A7)
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Substitution of eq A6 and A7 into eq A3 and A4 enables

us to express 6[Mon] and 6[H] in terms of 6[Hept] and
8[Oct] asfollows

3[H] = —Ri6[Hept] — Ry6[Oct]

§[Mon] = Si8[Hept] + S5:3[Oct]

where S = [QsR1 — (s]/01, Sz = [ Ry — 8]/Q1, Ry =
[Q9Ql + (1Qs]/DEN, R: = [8Q; + 4Q:]/DEN, DEN
= Q01 + Qs and the Q'’s are given by by O =1 +
[H]K: + [H]?K,, Q: = [Mon]K; + 2[Mon][H]K2
7[Hept]K: + 14[Hept][HIK, Qs = 7 + 7[H]Ks +
THPK, =14+ a+ 2[Mon][H]K2 + 2[Hept]K3
6[Hept][H]K, Qr = 1 — [H]2Ky, Qy = 1 + 2[HIK, +
3[H]2K,. Substitution of (A8) into (A1) yields

(A8)

d(s{Hept])

= = 8[Hept] {k:[Mon)*[H|"U; + kaUs — k_y} +

3[Oct] (ki [Monl*[H]7Us + keUs + k) (A9)

C_l_(_a[dﬂtgm = 8[Hept] {

—kaUs} + 8[Oct] { =k Us — b3}
where Uy = 7[H]51 - 8[Mon]R1, U, = [H]3(4[Mon]
[Hept_& — [Hept][H_]Sl [Mon][H]), = 7[H]S,
— 8[Mon|R,, Us = [H]3(4[Mon][Hept]Rz — [Hept]
[H]S,).

Equations A9 are of the form

A0MHept) . p1Hept] + aund{Oct]
(A10)
dOLOt) . gusiHept] + aublOct]
The a;y are the coefficientsin (A9). Therelaxation times

are given by the eigenvalues of the determinantal equa-
tion

an — N O

an a — N| = 0 (A11)

withh = —1/r.  The two relaxation times, given by the
positive and negative roots of this quadratic equation,
are eq 8.





