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Preparation and Structure of Hexagonal Molybdenum Trioxide
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The phase widely known as ‘‘hexagonal MoO,’” is shown to correspond to the partially dehydrated and
de-ammoniated ammonium decamolybdate. The latter material has the ideal stoichiometry NHMgs
0,s;0H-2H;0. Relationships between a variety of materials with the decamolybdate structure are

discussed. A novel preparative route to ammonium decamolybdate is described.

Inc.

The purpose of this note is to dispel some
of the confusion which has arisen in the lit-
erature concerning the identity of solid
phases variously described as hexagonal
molybdenum trioxide hydrate (/), hexago-
nal molybdenum trioxide (/, 2), molybdic-
C-phases (3), and —14 and —22 molybdates
(4). The common features which all such
phases possess are:

(a) They contain other metallic elements
(or ammonium) in addition to molybdenum;

(b) molybdenum is present exclusively as
Mo(VI);

(c) their X-ray diffraction patterns can be
indexed on the basis of a common hexago-
nal cell of dimensions a ~ 10.5 A, ¢ ~ 3.7 A
(with 001:1 = 2n compatible with space
groups P6; or P6;,,);

(d) their densities fall in the range 3.5 to
4.0 g - cm™3 and imply that the elementary
cell defined above (V ~ 360 A3) contains 5—
6 atoms of Mo.

* To whom correspondence should be addressed.
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Empirical formulas of the solids con-
cerned are of two types. First, materials
prepared by acidification of solutions of al-
kali metal or ammonium molybdates are
formulated as (4,0).-MoOj;-(H,0), (0.05 <
x=0.1,y =0.5), where A = alkali metal or
ammonium. The exact values of x and y
depend on the details of their preparation
and subsequent treatment, particularly the
temperature of drying. Measured densities
fall in the range 3.5-3.75 g - cm™3, implying
the presence of ~5 Mo atoms per unit cell.
Ammonium-containing compounds re-
ferred to as ““—14"" and ‘‘—22"" molybdates
which were made by Kiss ef al. (4) by de-
composition of (NH)¢Mo;0.4-4H,0 are
also of this type (with x ~ 0.07 and ~0.03,
respectively). Second, compounds having
formulas A,V,Mo,_,0; (where A = alkali
metal or ammonium, and 0.11 < x < 0.14)
have been prepared by thermal decomposi-
tion of mixtures of alkali metal (or ammo-
nium) molybdates and vanadates at >300°C
(2, 5). These phases are characterized by
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higher densities of ~4 g - cm™3 which are
compatible with 6 (V, Mo) atoms per unit
cell.

Complete structure determinations have
been made for representative members of
the two categories and this information pro-
vides a means of rationalizing most of the
known facts about a family of compounds
which has been studied independently by
many workers over the last twenty years.

The structure of K0‘13V0_13M00.3703 was
determined by Darriet and Galy (5) and is
shown schematically in Fig. 1. It consists of
parallel chains of edge sharing (Mo/V)Oq
octahedra assembled in groups of three via
vertex sharing. Large approximately hex-
agonal tunnels are formed (radius of in-
scribed sphere ~1.5-1.6 A) which contain
potassium ions. The same crystal structure
(P65 or P63;,,) was determined by Olenkova
et al. (2) for the ammonium analog (NHy),
V,:Mo,-,0;. The unit cell contains 6 Mo (or
V) atoms on the 6(k) sites and 6x NH{ or
K* ions are distributed over the 2(b) sites.
Geometrical considerations suggest that
only half of these sites may be filled simul-
taneously, leading to an ideal structural for-
mula of AVMos0,3 and a density of ~4.0 g -
cm™3. A hypothetical hexagonal MoO;,
MosO s, can be derived from this structure

FiG. 1. The structure of K, V, Mo, -, 0O; (after Darriet
and Galy (5)).
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by complete occupation of the 6(4) sites by
molybdenum and vacant 2(b) tunnel sites;
however, this compound has not been
made so far and some tunnel occupancy by
a large cation seems to be necessary to sta-
bilize the structure.

The parent structure for the other class of
compound (A;0),Mo0O;(H,0), was deter-
mined by Krebs and Paulat-Béschen (6) for
the so-called potassium decamolydate
(KzO) 10M0035H20) (i.e., KMO5018H5).
It has exactly the same K,Mo,0 framework
as found for KVMosO 3 but in this case the
Mo atoms occupy (randomly) only five-
sixths of the 6(h) sites (in P6;,,) and potas-
sium occupy half the 2(b) sites in the large
hexagonal tunnels of Fig. 1. The lattice pa-
rameters a = 10.55 A, ¢ = 3.727 A are close
to those for K, V,Mo,_,0; but now the the-
oretical (and experimental) density is only
3.75 g - cm™3, significantly lower than
would be found if all 6(h) sites were occu-
pied by molybdenum (>4 g - cm™3). The
absence of a molybdenum atom from the
unit cell is of course exactly balanced by
the presence of K and H; in the structure.
That is, the structural formula may be writ-
ten as K;MosOy,013(Hs);» where i refers to
the interstitial 2(b) site and i’ to some other
interstitial site in the structure. Krebs and
Paulat-Boéschen suggest that the 5 H’s are
attached to oxygens surrounding the vacant
Mo site by two —OH, and one —OH groups,
leading to the formulation of the decamo-
lybdate as KMos0,5(OH)-2H,0.

Acidification of ammonium molydate so-
lution at 40 < T < 100°C (which are the
preparative conditions followed by many of
the workers mentioned in the Introduction)
leads invariably to a solid phase with am-
monia (and sometimes H,0) contents less
than that for the corresponding ideal ammo-
nium decamolybdate NH,;Mos;03sHs (den-
sity = 3.64 g - cm~?), which we believe is
the model structure for all the so-called
hexagonal-MoQO; phases. However, we
have prepared a compound of this composi-
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tion (or very close to it) as follows: about 5
g of MoO;-2H,0 was stirred overnight at
room temperature with ~100 cm3 of 4 M
NH,Cl solution. A greenish-white solid was
filtered off, washed with ice-cold distilled
water, and dried at 40°C. Powder X-ray dif-
fraction and infrared data for this material
were identical with those recorded for the
“‘ammonium Mo-C"’ phase by von Peters
et al. (3) and ‘‘hexagonal MoO; hydrate™
by Sotani (I): X-ray data indexed on the
hexagonal cell used by Krebs and Paulat-
Boschen are given in Table I for these
phases. For products which have lost water
(mostly below 200°C) and NH; (mostly
above 300°C) a reasonable structural for-
mula which accommodates a degree of non-
stoichiometry in both NH; and H;O content
is

(NHg)1-xMosOnmoO1g—x—y*Hs—2y .

This implies that ammonium ions partially
occupy the possible tunnel site and that
some O (and H) atoms are lost from the
elementary cell. For example: the ‘‘14-mo-
lybdate’” obtained by Kiss ef al. (4) by the
thermal decomposition of (NHg)eMo070y4:
4H,0 was formulated as (NH,),0 - 14Mo0O;.
33H20 = (NH4)0.7|M05015.5H2_3. The theo-
retical density of 3.5 g - cm™3 for this sug-
gested structural formula compares favor-
ably with their measured value of 3.57 g -
cm™3, The X-ray data of Kiss et al. (4) have
been reindexed for the hexagonal cell de-
scribed above and the results given in Table
I confirm that this provides a satisfactory
scheme. The product obtained by us on
heating ‘‘ammonium decamolybdate’ to
300°C was very close in composition to the
*‘22-molybdate’’ reported by Kiss et al. (4),

(NH,),0 - 22Mo0; - 2.1H,0
= (NHy)o.4sM050157Ho g5,

and both are indexable on the same hexago-
nal cell (@ = 10.52 A, ¢ = 3.725 A). This
compound corresponds in all important re-
spects to that described by Sotani (I) as

37

“‘anhydrous ~-MoQ;’’. On complete de-am-
moniation at >400°C the hexagonal struc-
ture finally collapses and orthorhombic
MoO; results (7).

A notable feature of the partially de-am-
moniated and dehydrated ammonium deca-
molybdate (i.e., ‘““anhydrous A-Mo0O;"") is
its capacity to reabsorb both ammonia and
water vapor (7, 8):

NH4MO5016H5
= (NH4)I—xMOSOIS—x—yHS—Zy—x
+ (x + )’)Hzo + xNH;.

This is a natural consequence of the reten-
tion of the tunneled ammonium decamolyb-
date structure and temperatures up to
~350°C. Reabsorption of both H,O vapor
and NH; gas onto ‘‘anhydrous #-MoQO3’” at
lower temperatures has been studied by So-
tani et al. (7). The quantities reported for
water and strongly bound ammonia con-
form to the limits imposed by this equation.
Moreover, X-ray and infrared data confirm
that the characteristic hexagonal lattice is
retained throughout and ammonia is reab-
sorbed principally as NH; (vs ~ 1400
cm™Y). The latter implies the presence, in
“‘anhydrous A-MoQ;”’ or the *‘22-molyb-
date’’ of Kiss et al., of bulk hydrogens and
not merely the presence of ‘‘acidic’’ sur-
face sites.

Recently the structure of a compound
formulated as (NH;)(MoQO;); has been re-
ported by Garin and Blanc (9). This com-
pound was said to be formed by reaction
between MoQO;, NH;, and H,Q in a sealed
tube at 353 K. The reported powder X-ray
pattern and cell constants are almost identi-
cal with those of ammonium decamolyb-
date (Table I). Although refinement of the
crystal structure of ‘‘NH;(MoO,);>’ by
Garin and Blanc in P63, placed Mo and O
atoms in the same sites described by Krebs
and Paulat-Boschen (6) for potassium deca-
molybdate, 6 Mo atoms rather than 5 were
placed in the unit cell and NH; molecules
rather than NHJ ions were assumed to oc-
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TABLE 1
PowDER X-RAY DATA

This work? Literature materials
I k k1 deaic (A) dobs (A) s (A) o, (A) o (A) dowy’ (A)
s 100 9.16 9.16 9.33 9.224 9.200 9.1
w 110 5.29 5.29 5.34 5.301 5.312 5.24
m 200 4.58 4.58 4.62 4.585 4.583 4.54
210 3.46}
vs o1 v as 3.46 3.48 3.462 3.453 3.43
300 3.05}
s L1 308 3.05 3.06 3.046 3.053 3.02
w 201 2.891 2.893 2.90 2.889 2.894 2.86
w 220 2.645 2.646 2.660 2.641 2.644 2.61
310 2.541}
s 1 2536 2.536 2.551 2.534 2.542 2.51
m 221 2.157 2.156 2.167 2.153 2.156 2.139
320 2.102}
m S 5 100 2.103 2.111 2.09 2.100 2.083
w 410 1.999 2.002 2.008 1.994 1.999 1.981
m 401 1.951 1.951 1.960 1.947 1.951 1.934
m 002 1.863 1.860 1.872 1.862 1.867 1.851
500 1.832}
m 1.832
321 1.831 1.837 1.825 1.829 1.814
m 102 1.826 1.824
330 1.763}
w P11 L760 1.765 1771 1.757 1.760 1.746
m 420 1.731 1.734}
- s 02 U726 oy 1.735 1.724 1.728 1.713
510 1.645}
m 1.646
501 1.644 1.647 1.638 1.642 1.629
m 212 1.641 1.640
331 1.594}
m 302 1390 1.594 1.600 1.588 1.592 1.580

% Visually estimated intensities: s, strong; m, medium; w, weak; vs, very strong.

b Refined lattice parameters for ammonium decamolybdate NH,MosO,sH; prepared in this work: a = 10.58(1),
c=3.726(2) A.

¢ Observed d spacings as given in Ref. (3) for ‘‘ammonium-C-phase.”’ Refined lattice parameters: a =
10.628(3), ¢ = 3.744(1) A (originally indexed as cubic, a = 12.98(2) A).

4 Observed d spacings as given in Ref. (4) for **14-molybdate’’: (NH,),O0-Mo0,,0,,. Refined lattice parameters:
a = 10.552(3), ¢ = 3.723(1) A (originally indexed as cubic, a = 12.90 A).

€ Obierved d spacings as given in Ref. (9) for (NH;),33M00;. Refined lattice parameters: a = 10.568, ¢ =
3.726 A.

! Obsel;ved d spacings as given in Ref. (5) for Kg 13V 13M0g 470;. Refined lattice parameters: a = 10.481(5), ¢ =
3.701(3) A.
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cupy the 2(b) tunnel sites. The presence of
neutral ammonia molecules (rather than
cations) makes less good chemical sense
and the analytical formula requires both
2(b) sites to be occupied simultaneously in
““NH;(Mo0s);”" in contrast to the more ac-
ceptable occupancy of half these sites in K,
VXM01_XO3 and KM05015(OH)‘2H20. The
infrared band reported by Garin and Blanc
at ~1400 cm~! could most reasonably be
assigned to the characteristic deformation
mode v, of NH{ and not to a N-H stretch
(3000-3500 cm~! (10)) as they postulate.
Since it has been demonstrated that the
family of compounds based on the decamo-
lybdate structure is a broad one it seems to
us that further careful confirmatory chemi-
cal analysis and density measurements are
needed before ‘*“NH;(MoOs);”’ can be com-
pletely accepted as a new compound rather
than a further example of a partially de-am-
moniated and dehydrated ammonium deca-
molybdate phase.

Acknowledgments

The authors thank the U.S. Air Force Office of Sci-
entific Research for sponsorship under Grant AFOSR-
83-0052. G.S.J. also thanks British Telecom for a
CASE award.

Note added in proof. An identification of polymo-
lybdates of the analytical ratio A,O - MoO; = 1:10 to
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~30 (including the ‘‘phase-C’’ molybdates) with the
“‘decamolybdate’” type was reported by K. H. Tytko
in a note added in proof (p. 24) to the recent Gmelin
Supplement, Volume B4 (1985), and referred to the
work of G. Baethe (Diss. Goéttingen, West Germany,
1985). This information was not available to us at the
time of writing and our conclusions, which support
this statement, were arrived at independently.
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