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Figure 3. Crystal reacted with potassium at 925 °C for 15 min, showing
approximately 13-A fringes thought to be TTB (lower left) and tungsten
trioxide fringes.

the carbon film that supports the crystal seriously reduces the
quality of the image.

There is also ciear evidence of the formation of tungsten bronze
crystals by a vapor reaction. Needlelike or prismatic crystals are
found among the tungsten trioxide fragments in the ratio of about
1:100, in a sample heated to 480 °C for 69 h. High-resolution
transmisston electron microscope images of these needles appear
to be a-axis projections of both HTB and TTB crystals. This is
a growth habit reported for TTB."* Hexagonal potassium
tungsten bronzes are more often flakes,!* though Rb,WQj; is
prismatic.'® Since these crystals were only a few hundred ang-
stroms wide and 1 gm long, it was not possible to orient them along
other axes for an unambiguous identification. The presence of
crystals of the appropriate colors and compositions for HTB and
TTB in this sample was confirmed by optical microscopy and
microprobe analysis.

Discussion

At least two distinct reaction mechanisms operate to produce
the bronze phase. One mechanism is vapor growth of needlelike
single crystals. The focus of this study is, however, on the second
mechanism, a potassium vapor attack on WQ, crystals.

The interface pictured in Figure 3 is not likely to have been
formed by vapor-phase epitaxial growth of TTB on the tungsten
trioxide substrate, because of the lack of a sharp crystalline in-
terface. Assuming that the correct orientation match between
the TTB and tungsten trioxide is not coincidental, the best ex-
planation would appear to be that potassium bonded to the surface
of the crystal, and diffusing from the lower left and moving right,
converted the tungsten trioxide to bronze in a surface reaction.
The disordered region at the interface is in transition from tungsten
trioxide to bronze, as the TTB boundary moves right.

From this study it is clear that whatever process forms the
bronzes is kinetically aided by the ease of penetration of potassium
along {100} planes. It is also shown that a reaction that appears

(14) Magnéli, A. Ark. Kem. 1949, 1, 213,
(15) Magnéli, A. Acta Chem. Scand. 1953, 7, 315.
(16) Wanlass, D. R.; Sienko, M. J. J. Solid State Chem. 1975, 12, 362.

to be a simple moving boundary by optical microscopy may ac-
tually be more complex.
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As part of a study of electron-transfer kinetics of polynuclear
complexes, we have examined the reactions of aqueous iron(III)
with cobalt{II) sepulchrate,* with a view to detecting reaction
pathways of the type Fe,(OH), %" + Co(sep)**.> In fact,
reactions of hydroxo species proved to be too rapid to follow at
the iron concentrations required to achieve significant polymer-
ization. Acceptable data were however obtained for reaction 1,
and these are briefly reported.

Fe**(aq) + Co(sep)®* — Fe*(aq) + Co(sep)®™ (1)

Cobalt(II) sepulchrate solutions were prepared by zinc reduction
of cobalt(I1T) sepulchrate!® in neutral aqueous solution under
nitrogen and adjusted to the required acidity and ionic strength
immediately before use, Measurements were made in the Am-
inco-Morrow stopped-flow apparatus with precautions against air
oxidation.* A constant ionic medium was maintained by using
Cr3* to balance variations in Fe?* concentration and Li* to balance
H*. Reactions were carried out with Co/Fe ratios initially in the
range 1.25-1.67, but data were taken in the third to fifth half-lives
of the reaction {(absorbance change typically 0.05) and pseudo-
first-order kinetics were observed. Constancy of kqq/([Co'lg
- [Fe'™],) and lack of [H*] dependence (Table I} indicate the
rate law’

—d[Co(sep)?*] /d¢ = k[Fe**]1[Co(sep)?*] (2)

k=(12£01) X 10°M s lat0°C, k= (1.75 £ 0.2) X 10°
M 57! at 25 °C, and I = 0.23 M(LiNO,).

The structure of the sepulchrate ligand ensures that reaction
1 is outer sphere. Rates of outer-sphere reactions are usually
explained in terms of the Marcus equations®

log k = Y(log k,; + log ky, + log K + log f) (&)]
log f = (log K)? /(4 log (k) kn/2Z%) 4

where X is the equilibrium constant of reaction 1, k|, and k,; are
rate constants of the self-exchange reactions, and Z is a limiting
rate constant, corresponding to a diffusion-controlled encounter
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Table I. Rate Data for Reaction 1°¢

af b [H', no. k1
T2°C 10°M 10°M 10°M of runs Ko, s 105 M71s™

20 12.5 1.5 50.0 571 £ 68 1.14
2.0 12.5 10.0 50.0 294 £ 33 1.15
20 12.5 11.25  50.0 165 + 14 1.32
6.0 12.5 1125 500 162 + 14 1.30
9.0 12.5 11.25 500 177 £ 66 1.42
20.0 12.5 11.25  50.0 202 £+ 20 1.61
2.0 12.5 11.25  11.25 15 138 £ 16 1.10

4\ = 460 nm. Aqueous solution, [Fe**(aq)], + [Cr**(aq)] = 0.0125
M, [H*] + [Li*] = 0.10 M, [Zn?*] = 0.00625 M, total ionic strength
0.23 M (NO;y?). ®£0.2 °C. °Initial concentrations. a = [Co(sep)**]o,
b = [Fellly 7k = (kga/(a -~ B)(I + K/[H']) K, =
[FeOH**][H*]/[Fe®*]; pK, = 3.5,3.4,3.2,29at T = 2,6, 9, 20 °C,
respectively, estimated from the ionic strength dependence of ref 6 and
the temperture dependence of ref 7.

O \O ~1 00O~

without electron transfer.’ The value of Z is however expected
to depend on the charge product of the reacting ions. At present,
electron-transfer reactions of cationic complexes seem to fall into
two categories. On the one hand rates of reactions mostly involving
ruthenium ammines, various polypyridyl complexes, and excit-
ed-state species agree reasonably well with eq 3 and 4 when Z
is estimated on the basis of the Debye equation,'® with or without
appropriate modifications for high ionic strength (typically log
Z = 9-11 at I = 0.1-1 M).'!2 On the other hand, reactions
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Notes

between two aquo or two oxo complexes or an aquo and an oxo
complex are consistent with lower limiting rates, sometimes as
low as log Z = 6.1*15 Tt has been held that differences in the
energy of cation—cation association may account for the difference
in behavior,' though there are difficulties with the ionic diffusion
model,'¢ and more recently, factors such as nonadiabaticity have
been emphasized.’>!7-2° For the present reaction we have log
ki = 0.71,! log ky, = 0.62,2! and log K = 17.80.22 Taking log
Z = 10, we obtain log k = 7.5; but with log Z = 6, log k = 5.9,
compared with the experimental value, log k = 5.2. It appears
therefore that this reaction of the sepulchrate ion belongs to the
second group of reactions, being subject to a limiting rate similar
to that of the majority of aquo ion electron transfers.
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