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The formation of the sodium tungsten bronzes (Na;WO;; 1 = x > 0) from mixtures of sodium tungstate, tungsten(VI)
oxide and tungsten has been studied in the temperature range 500-750°, where all of the reactants remain solid. Extremely
long reaction times are required to effect complete reaction, which, as shown by X-ray studies, checked at a few points by

chemical analysis, occurs only within the range from Nao.gpWO; to Nae.s;WO; under these reactéon conditions.

The end

member of the series, NaWO3, cannot be prepared by this method, but a new value of about 3.866 A. is suggested for the lat-
tice constant of this compound by extrapolation of the X-ray data from the region in which complete reaction has occurred.
A study of the absorption spectra between 3350 and 12,500 A. has been made by diffuse reflectance methods, and the ab-
sorption peak wave length shows a linear shift to shorter wave lengths with increasing sodium content over the range where

a single cubic phase is present.
melts.

Since the first reported preparation of the so-
dium tungsten bronzes by Wohler,? using hydrogen
reduction of a sodium tungstate melt, this material
has been prepared with tin, zinc, iron or phosphorus
as the reducing agent, % or by an electrolytic reduc-
tion of molten sodium tungstate—tungsten(VI) ox-
ide solutions.®” These methods, however, did not
yield a product whose composition could be pre-
determined. More recently, Straumanis® reported
a preparation of these materials from a melt of
sodium tungstate and tungsten(VI) oxide, using
tungsten metal as the reducing agent. This reac-
tion is based on the equation

3xNa;WOs + (6 — 42)WO0; + W <5 6Na, WO; (1)

The products of the reaction represented by equa-
tion 1 do not have compositions corresponding to
the stoichiometric composition of the melts through-
out the cubic range. Brimm, et al.,° report that
this reaction produced bronzes which varied in x
from 0.2 to a maximum of 0.6, even when calcu-
lated for x = 1.00, the preparations being made at
800 to 1000°. These authors, as well as Strau-
manis,® state that large excesses of sodium tung-
state must be present in order to obtain bronzes of
higher sodium content.

The present work was initiated to determine the
composition range wherein bronzes would be formed
under conditions such that the starting materials
enter completely into the reaction. For this pur-
pose, it was considered necessary, in order to mini-
mize attack on the container, to carry out the re-
action at temperatures below the melting point of
sodium tungstate. Under these conditions, ex-
tremely long periods of heating were required to
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Single crystals, up to 12 mm. on an edge, have been grown by cathodic reduction of tungstate

ensure complete reaction. It was also desired to
attempt the preparation of the end-member of the
series, NaWO;, and to study the conditions neces-
sary for the growth of large single crystals suitable
for physical measurements.

Measurements of reflection spectra of powdered
bronzes were made in the hope of using these spec-
tra to supplement the use of lattice constant de-
terminations as a means of characterizing the
bronzes, and for the purpose of obtaining further
basic information about the metallic properties of
these compounds.

Experimental

1. Materials.—Reagent grade sodium tungstate dihy-
drate was dried at 110° and ground to a fine powder before
use. Tungsten metal, approximately 300 mesh, was re-
ported to be 99.99%, pure. An X-ray pattern showed the
presence of a-tungsten with a trace pattern of an additional
phase. Because of the small spacings, it was assumed that
this additional phase was 8-tungsten. Tungsten(VI) oxide,
reported to be 99.99%, pure, was a bright canary-yellow color.
A powder pattern did not show the presence of any extrane-
ous material.

2. Sample Preparation.—Weighed amounts of sodium
tungstate, tungsten(VI) oxide and tungsten were taken in ac-
cordance with equation 1. These materials were ground in-
timately to a fine powder and placed in Pyrex or Vycor tubes.
The sample tubes were then evacuated, flushed with argon to
remove traces of oxygen and sealed iz vacuo. The samples
were heated in a Nichrome-wound constant temperature
furnace. Five series were prepared with the following heat-
ing times and temperatures: 520° for 140, 240 and 500
hours; 675° for 500 hours; and 750° for 500 hours.

The first series of samples was initially heated at 520° for
70 hours. When the sample tubes were removed from the
furnace, the mixtures were visibly inhomogeneous. They
were then returned to the furnace for an additional 70 hours
at 520°. Since they then appeared homogeneous, the tubes
were opened and samples taken for X-ray analysis. As the
plot of lattice constant vs. nominal composition (see section 4)
showed deviations from linearity between x = 0.75 and x =
0.85, it was decided to extend the range of temperatures
and times to determine if complete reaction could be effected
over a wider composition range by further increases in tem-
perature or time of reaction. It was found that the linear
range could be extended up to x = 0.83 by increasing the
time at 520° to 500 hours, while an increase to 240 hours
had a much smaller effect. Increasing the reaction tem-
perature at 500 hours to 675° extended the linear region up
to x = 0.85. Further increases in temperature did not
seem to give any extension of the range in which complete
reaction occurred.

For those compositions which fell on the linear portion of
the lattice constant-nominal composition plot (section 4)
there was no evidence of extraneous lines in the X-ray
powder diagrams. The powder photographs for samples
having higher nominal values of ‘‘x’’ showed lines which
could be attributed to sodium tungstate and a-tungsten.
No tungsten(VI) oxide lines were present, which indicated
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that all the tungsten (VI) oxide had taken part in the forma-
tion of bronzes of lower sodium content than the original
reaction mixture. This is borne out by the fact that the
lattice constants of these bronzes invariably fall below the
extrapolated section of the linear portion of the lattice con-
stant-nominal composition plot (Fig. 1). It is estimated
that the strongest line of a-tungsten should be detectable at
concentrations of the order of less than one-half of 19, tung-
sten mixed with the bronze. Since tungsten is present in
all cases of incomplete reaction, we estimate that those mix-
tures where the tungsten lines are absent have undergone
essentially complete reaction. For these reasons, it is very
probable that the actual compositions of the bronzes in this
region are very close to the nominal compositions. We
have used the phrase ‘‘nominal composition’’ to mean the
composition calculated from equation 1, which would be the
actual composition if complete reaction were attained.
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Fig. 1.—Variation of lattice constant with nominal bronze
composition: O, prepared at 520° for 140 hours; @, 520°
for 240 hours; @, 520° for 500 hours; ©, 675° for 500 hours:
& 750° for 500 hours.

These preparations, because of the long reaction times at
low temperatures, are not strictly comparable to those re-
ported by Straumanis,® Brimm, et a¢l.,’ and others, where
molten sodium tungstate was present, sometimes in excess,
and where the reaction times were much shorter. The re-
sulting bronzes were of uniform color with a particle size of
about three microns. There was a definite metallic luster
inn samples with nominal values of x between 1.00 and 0.25.
With samples of lower sodiuin content, the colors were dull
and the samples had a more resinous luster. There was no
sintering of the samples even at the highest temperatures
studied. The Vycor tubes were partially devitrified at the
higher temperatures with samples of high sodium content.

3. Analytical Procedure.—In view of the X-ray evidence
for complete reaction over the range of ‘‘x’’ values from 0.30
to 0.85, it was not believed necessary to analyze a large
number of samples. In the region of ‘‘x’’ values ubove
(.85, analyses would bave been meaningless due to the pres-
ence of metallic tungsten. In the range where no extra
phases were found by X-rays, four coimnpositions were se-
lected for analysis. The analyses were based on the inethod
of Philipp.»1® The finely ground bronze powders were first
leached with hot water to remove any unreacted sodium
tungstate and then dried. Weighed samples of the dried
material were decomposed with ammoniacal silver nitrate,
depositing an equivalent of silver mietal for each equivalent
of sodiuut in the bronze. The dissolved tungstate was de-
termined as tungsten(V1) oxide, no correction being made
for silica. The silver was determined by the Volhard
method!! after dissolving in 0.3 N nitric acid. The sodium
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was found from the silver and also determined as sodiuni
sulfate. The error in the analyses was such that there was
an error of about ==0.02 in the value of x.

The bronze with x greater than 0.70 showed partial de-
composition during the leaching process. This was in ac-
cord with Straumanis’ observation® that high-sodium
bronzes were decomposed by water containing dissolved
oxygen. The extremely small particle size of our samples
would tend to accelerate this process. Because of this effect,
analysis of these two samples was abandoned. Two
samples with lower sodium content were analyzed with
these results: x(nominal) = 0.68, x(by analysis) = 0.66;
x(nominal) = 0.43, x(by analysis) = 0.42. The deviation
is less than the probable error of the analytical method.
Because of this agreement and the apparent absence of addi-
tional phases in the unleached reaction mixtures, it was con-
cluded that these bronzes had essentially the same composi-
tion as the reaction mixtures. The linear dependence of
the lattice constant on composition of the reaction mixture
for ‘‘x’’ values between 0.30 and 0.85, as discussed in the
next section, is taken as further evidence that this is the case.

4. X-Ray Data.—Precision lattice constants of the
bronzes were obtained by the powder method, employing
the Straumanis technique!? and the Cohen method of ana-
lytical extrapolation.!* Filtered copper radiation was used
(Kay = 1.5405 A.). Several lattice constants were checked
on a Philips X-ray Spectrometer, using a high purity silicon
sample as an internal standard. The lattice constants
agree with those measured from the films with a maximum
error of 0.00056 A. The data obtained are summarized in
Fig. 1. The lattice constants of the bronzes with x between
0.85 and 0.30 depend linearly on nominal composition ac-
cording to Vegard’s Law, the nominal composition being
the actual composition only in this region.

The equation for this linear portion was determined to be
a (A) = 0.0819x 4+ 3.7846. An extrapolation of this line
to x = 1.00 suggests that the bronze NaWO; should liave a
lattice constant of about 3.866 A. The average deviation
of the measured points from linearity results in an error of
less than £0.0007 in the value of x. Those samples whose
lattice constants fall below this line or its extension may be
expected to have lower sodium contents than indicated by
the stoichiometry of the reaction mixtures. The slope of
this line is essentially identical to that of the upper portion
of the curve reported by Straumanis.! However, we were
unable to duplicate the discontinuity in Straumanis’ curve
at approximately x = 0.70. From these data, the composi-
tions of the samples assumed to be NaWO; by Straumanis®
and by Brimm, ¢t al.,® would therefore be about Nag p2WO;
and Nay 9;WOs, respectively.

In the region above Nag.g; WO3, the actual sodium content
of the bronze is lower than the nominal composition. This
can be ascribed to two factors: (1) as the sodium positions
become filled, it becomes increasingly difficult to force the
sodium into the available positions, in the absence of large
excesses of sodium; and (2) the attack ou the Vycor tubes
by the sodium tungstate results in a loss of sodium to a level
below that calculated from the reaction equation.

1n the samples with x less than 0.30, the actual sodium
content is frequently greater than the nominal composition.
Here, however, new phases are appearing in the powder
patterns. These as vet unidentified phases have patterns
differing from the tetragonal sodium bronzes!'* and the re-
duced tungsten oxides.!»® The sodium tungstate can react
with the excess tungsten(VI) oxide in the reaction mixturc
to form any of a series of sodium polytungstates. If thesc
phases are composed of reduced tungsten oxides or sodiumni
polvtungstates, the net result would be to have a large
amount of tuugsten unavailable for the formatioun of thc
bronze, leaving the resultant bronze with a proportionately
higher sodium content. The bronze with the lowest sodiuin
content which still retained the cubic perovskite structure
was found to be Nag W03, which is in fair agreement with

112) M. J. Buerger, "X-.Ray Crystallography.’” John Wiley and
Sons, Inne., New York, N. Y., 1642, p. 394 7.

(13) M. U. Cohen, Ren. Sci, Instrnments. 6, 68 (1935); ibid., T, 155
(1936).

(14) A. Magnéli, Arkiz. Kewi, 1, 269 (1949),

I'15) A. Magnéli, Nova Acta Regiae Soc. Sci. Upsaliensis, 1] 14, No. 8
{1450).

(18) A. Magnéli, G, Anderson, B. Blomberg and L. Kihlborg, in
manuscript form. to be published.
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Fig. 2.—Absorption spectra of sodium tungsten bronzes—NazWOj;:

1,x = 085; 2,x = 0.75; 3, x = 060; 4, x = 0.50;

5,x = 0.40; 6, x = 0.30; 7, x = 0.20; 8, x = 0.15. (nom., WO; struct.); 9, x = 0.10 (nom., WO; struct.).

that reported by Brimm, et al.® Below x = 0.15, the pow-
der patterns appeared identical with that of tungsten(VI)
oxide. Although Magnéli"” has reported tetragonal bronzes
of composition near Nag 10WO;, these bronzes were prepared
by electrolytic reduction of polytungstate melts,!® under con-
ditions markedly different from those described here.
Therefore, it is not at all surprising that a different result is
observed in these experiments.

5. Absorption Spectra. Sample Preparation.—The
powdered bronzes prepared as described in a previous section
were molded into pellets in a press at 35,000 p.s.i. Since
the pellets have a tendency to crumble at the edges, a few
drops of a dilute collodion solution (USP collodion diluted
fifty times with an ethanol-ethyl ether solution) were applied
to the edges as a binder. The buttons were cemented to
microscope slides with USP collodion. A magnesium car-
bonate standard was prepared by a similar procedure to cor-
rect for any absorption by the collodion in the bronze sample.
The pellets were kept in a desiccator to prevent surface dis-
coloration of the samples, which might be due to moisture.

Equipment.—The buttons of sodium tungsten bronze and
the specially prepared magnesium carbonate standard were
placed in the Diffuse Reflectance attachment of a Beckman
quartz spectrophotometer. Measurements of per cent.
reflection were made at various wave lengths by comparing
the sample with the magnesium carbonate standard.

Examples of the absorption spectra exhibited by the so-
dium tungsten bronzes between 3350 and 12,500 A, are
shown in Fig. 2. Curves 1 to 7 in this figure show represen-
tative spectra for the cubic bronzes. Two points of interest
are apparent from these curves: (1) the position of the ab-
sorption peaks shifts to longer wave lengths, and (2) the
breadth of the peaks increases with decreasing sodium con-
tent. Presumably, we could expect the bronze NaWO; to
have an extremely narrow absorption peak. When x has
values below about 0.20, the bronzes no longer have a me-
tallic luster, and the absorption spectrum is of an entirely
different character (see Fig. 2, curves 8 and 9). With de-
creasing sodium content, the absorption spectrum rapidly
shifts to that of pure tungsten(VI) oxide.

(17) A. Magnéli, Acta Chem. Scand., 5, 670 (1951).
(18) A. Magndéli and B. Blomberg, bid., B, 372 (1951).

The absorption peak wave length shows a linear depend-
ence on the nominal composition throughout the linear re-
gion of the lattice constant curve. However, at concentra-
tions above about x = 0.75, the scattering of points away
from the curve becomes large (see Fig. 3). The determina-
tion of the absorption peak positions for bronzes with x below
0.50 becomes increasingly difficult because of the broad ab-
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Fig. 3.—Variation of absorption peak position with nomi-
nal bronze composition—Na,WO;: O, prepared at 520° for
140 hours; @, 520° for 240 hours; @, 520° for 500 hours;
@, 675° for 500 hours; @, 750° for 500 hours.
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sorption peaks exhibited by these samples. The equation
for the linear portion of the curve from these data is: A (A.)
= — 3387x - 7488, where \ (A.) is the position of the ab-
sorption peak at composition x. The deviation from linearity
for measured points in this region resultsin an error in x of ap-
proximately #=0.015. The extrapolation of the linear portion
of the line to x = 1.00 would indicate that the absorption
peak for NaWO; would lie at 4100 A., if the linear relation-
ship continues to hold.

Since these bronzes have been considered as solid solutions
of tungsten(VI) oxide in the hypothetical NaWO;,8 attempts
were made to treat them as such solutions. We were, how-
ever, unable to fit the absorption data to a standard Beer’s
Law treatment or a reasonable deviation therefrom.

A more recent model of these bronzes is of sodium dis-
solving in tungsten(VI) oxide with the subsequent formation
of sodium ions and an electron gas within the tungsten(VI)
oxide lattice. This view is based on the results of maguetic
susceptibility, 20 Hall effect? and conductivity??? measure-
ments. The bronzes have a number of properties similar
to those of metals like copper: viz., high conductivity, low
magnetic susceptibility, metallic luster and resistance to
chemical attack. Considering these similarities, the bronzes
were treated as typical metals in an attempt to account for
the absorption spectra. In the absorbing regiou for metals
containing perfectly free electrons, the equatiou: I,/[; =
1-2(» /o)1 /2 will hold,23 where I;is the incident light intensity,
I. the reflected intensity, » the frequency and ¢ the conduc-
tivity (in e.s.u.). The absorption spectra of the bronzes
approach the theoretical curve at the limits of measuremnent
in the infrared, but the data are not sutiiciently coniplete
to justify the defining of the limits of the true absorption
region in this material. It appears that reflectance from
the powdered samples is too complex to be simply related
to their metallic behavior.

6. Vapor Phase Reaction. Sample Preparation.—‘ Y’
tubes with arms approximately 3 inches long were prepared
from Pyrex or Vycor tubing. Tungsten(VI) oxide or a so-
dium bronze was placed in one arm, and bright sodium metal
was placed in the other. The ‘Y’ tube was then evacu-
ated, flushed with argomn, re-evacuated and finally sealed in
vacuo. The tubes were placed in a constant temperature
furnace and heated at 500 to 650° for various lengths of
time. The tubes were allowed to cool slowly in the furnace,
while distillation of the sodium metal to the arm containing
the sample was avoided by placing tlie tube so the sample
was always at a slightly higher temperature than the arm
coutaining the sodium metal.

The solubility of sodium vapor in tungsten(VI) oxide or
sodium bronze has been reported, and in fact, has been used
to prepare the bronze.®! Because of the empirical addition
of sodium by this method, the temperature and reaction
tiine required for the formation of high sodium content
bronuzes cannot be determined. This method still remains
as the most promising way of obtaining the end member
NaWoO;.

With the ajority of the samples, an X-ray powder pat-
tern indicated the presence of tungsten(VI) oxide, tetrago-
nal bronze or violet cubic bronze (resulting from too little
sodium entering the lattice), or else gave the pattern of a-

(19) P, M. Stubbin and D. P, Mellor, Proc. Roy. Soc. N. S. Wales,
82, 235 (1948).

(20) F. Kupka and M. J. Stenko, .J. Chem. Phys., 18, 1296 (1950).

(21) E. J. Huibregtse, D. B. Barker and G. C. Danielson, Phys.
Rev.. 84, 142 (1951).

(22) B. W, Brown and E. Bunks. 1b7d., 84, 609 (1951).

(23) F, Seitz, "*'The Modern Theory of Solids,” McGraw—Hill Book
Co., New York, N. Y., 1940, eq. (36), p. 640.

B. W. Browxn anD E. Banks

Vol. 76

tungsten (complete reduction of tungsten(VI) oxide to the
metal). In some cases, however, lines of tungsten(IV) ox-
ide and other reduced tungsten oxides were observed.

One sample, prepared at 520° for 120 hours, resulted in a
deep blue product with a bright yellow nodule on top. On
opening the tube, this yellow nodule ignited spontaneously
on contact with the air. No definite compound could be
identified from the powder pattern of the residue, the very
broad and diffuse diffraction lines indicating extremely
small particle size. It is improbable that this material ig-
nited because it contained free sodium which had distilled
over, as the tube was free of any trace of a sodium mirror
before opening.

It is possible that the bright yellow compound was a
bronze of composition approaching NaWO;, which may be
unstable in the presence of moisture or oxygen. Attempts
to duplicate this experiment in sealed capillaries, so the
products could be subjected to X-ray analysis without ex-
posure to air, have been unsuccessful.

7. Single Crystal Growth.—An investigation into the
growth of large single crystals of the sodium tungsten
bronzes was initiated in order to obtain suitable samples for
conductivity measurements.?? The use of tin metal to re-
duce a tungstate melt* was investigated. For this purpose,
tin was placed in a non-porous porcelain tube and covered
with a column of sodium tungstate. A layer of tungsten(VI)
oxide was added at the top, so it could diffuse slowly to the
reaction surface, and the tube placed in a vertical tube fur-
nace at 750°, The largest crystal obtained measured 8.8 X
8.0 X 7.9 mu., However, on cleaving this sample, it
proved to be an oriented polycrystal. In general, crystals
grown by this niethod contained occluded material and re-
duction products such as tiu oxide, and the use of this method
was discontinued.

The recrystallization of sodium tungsten bronzes froin
moltenn sodium tungstate® yielded smaller crystals than the
tin reduction method. Although the crystals obtained were
free of occluded tungstates and tin oxides, they contained
some metallic tungsten and had a tendency toward excessive
twinning, even with slow cooling from 1100 to 700° over a
period of days.

A study of electrolytic reduction methods’ was made, and
suitable crystals up to 12 inm. on an edge were grown. A
mixture of sodium tungstate and tungsten(VI) oxide in a
porcelain crucible was fused and electrolyzed (platinum
electrodes) at an e.m.f. of 4.0 volts, with the cathode at the
bottom of the crucible. The ratio of sodium tungstate to
tungsten(VI) oxide was varied. The current density at
the cathode was varied between 0.025 and 0.76 amp./cm.?
and the temperature was kept constant between 750 and
850°. Some qualitative conclusions can be drawn from the
data.?* The sodium content of the resulting bronzes in-
creases with increasing ratios of sodium tungstate to tung-
sten(VI) oxide. Both the size of the crystals and their per-
fection seem to be improved with lower current density or
higher temperatures.
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