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Hydrogen molybdenum bronzes H MoO; (0< x< 2) are con-
sistently described as low-dimensional mixed conductors, whose
properties under ambient conditions are controlled by charge
density wave modulations. Proton conduction pathways in the
bronzes are modeled by a bond valence approach. The redistribu-
tion of hydrogen during the intercalation process between two
types of potential proton sites is simulated in a molecular mech-
anics study. Therefrom a structure model for the bronze phase II
(0.85 < x < 1.04) is derived, which permits a Rietveld refinement
of its previously unknown structure from powder X-ray data
(space group [I12/ml; a=14.5191(6) A, b=3.7944(1) A,
c="1.7248(3) A, p=93.743(2)° for x ~ 0.9). Both the doubling
of the host cell along the c-axis in phase II and the 6 X ¢
superstructure found for phase I with x ~ 1/3 meet the expecta-
tions for quasi-one-dimensional Peierls distorted systems. Modi-
fications in the structure, proton ordering, and properties of the
bronzes are studied as a function of temperature. A time-resolved
powder XRD investigation on the oxidation of phase II indicates
the existence of a intermediate phase H,;MoO;. The powder
structure determination of this metastable phase (space group
C2/im, a=14.543(2) A, b=3.85204) A, c=3.7691(4) A, p=
90.73(1)°) indicates a redistribution of the protons during this
oxidation step. © 2000 Academic Press
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Peierls transition; hydrogen intercalate.

1. INTRODUCTION

The intercalation of hydrogen into the layered structure
of orthorhombic MoQO; produces five hydrogen molyb-
denum bronze phases H.Mo0O; (0 < x < 2) (1-5). Technical
applications of these low-dimensional mixed conductors as
hydrogen transfer catalysts, electrodes in fuel cells, elec-
trochromic devices, sensors, etc., require a detailed under-
standing of how their transport properties depend on host
structure modifications, hydrogen distribution, and order-
ing among the two potential H intercalation sites: chan-
nels within the MoOj; layers or the van der Waals gaps
(vdW gaps) between the layers (cf. Fig. 1). Besides recently
reported spin glass states (6) and studies on charge density
wave (CDW) states (7), which are the main topic of this

work, a continued scientific interest in H,MoQO; phases is
raised by the possibility of controlling the dimensionality of
the transport processes via the hydrogen content and hence
via the applied electric potential. Effects of the reduced
dimensionality become the more important in low-dimen-
sional samples such as the molybdenum bronze thin films
used in electrochromic devices (8,9). So far the complex
interplay between CDW structure modulations and re-
arrangements of the mobile protons has limited the under-
standing of the hydrogen molybdenum bronzes when
compared to the structurally related Magnéli phases
Mo,0O3,- and alkali molybdenum bronzes (cf. (10, 11)).

2. EXPERIMENTAL

Powder samples of phase III were prepared by chemical
reaction with “nascent” hydrogen following Glemser and
coworkers (1,2) and by electrochemical intercalation of hy-
drogen (12-14). Phase II powders were produced by the
equilibration of phase III with the appropriate amount of
MoOj; following Birtill and Dickens (3). Thermochemical
investigations have shown that this comproportionation is
energetically favorable (15).

Single crystals of MoO; were grown by repeated sublima-
tion of reagent grade MoO; powder. Homogeneous single
crystals of phase I of up to 1.7x0.8x0.1 mm® were
produced in the course of about 1 year by the modified
spillover process described in (16). The reduction of phase
I in the solid state electrochemical cell described in (16, 17)
yielded crystals of higher hydrogen contents. With the
help of these crystals it was possible to reveal the exist-
ence of a superstructures in phase III (7), but because of
the minor quality of these crystals no single crystal structure
determination has been attempted for the monoclinic
phases.

The hydrogen content of the H.MoO; powders was con-
trolled by redox titrations (14, 18). The change in the hydro-
gen content of the molybdenum bronzes is reflected by
variations in their lattice constants. Thereby approximate
compositions for bronze phases in multiphase samples and
for the single crystals were estimated from a determination
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FIG. 1. Schematic view of the two types of potential H* intercalation
sites in @-MoOj: rods indicate the channels within the double-layers of
MoOg-octahedra; planes denote the “van der Waals gaps” between the
layers.

of their lattice constants employing calibration curves from
redox titrations of single phase powder samples. Within the
homogeneity range of phase II our earlier calibration curves
(7, 17) had to be adapted to the revised indexing of the
powder patterns (see below).

Energy minimizations and molecular dynamics simula-
tions have been performed utilizing the program Cerius2.
Neutron single crystal data were taken at the D19 beamline
of ILL Grenoble (19). X-ray single crystal data were taken
on a Sto€ four-circle diffractometer. Room temperature
powder diffraction data were collected on a Philips PW1050
diffractometer, high-temperature powder XRD measure-
ments employed an Anton Paar HTK high temperature
camera on a Philips PW1820 diffractometer. All high tem-
perature measurements were carried out in an inert atmo-
sphere to reduce the loss of hydrogen during the experiment.
In some of the samples the pronounced preferred orienta-
tion of the plate-like crystallites was reduced by the admix-
ture of starch. This influenced the velocity of reoxidation
under ambient conditions presumably by the increased
amount of adsorbed water molecules. Rietveld-refinement
with the program GSAS served for the determination of the
lattice constants and in the case of new phases for the
refinement of structure models obtained by molecular
modeling. Single frequency ac conductivity measurements
were performed with the Wayne Kerr bridge B90S, impe-
dance spectra were taken on a Solartron 1260 impedance
analyzer.

3. RESULTS AND DISCUSSION
3.1. Superstructure of Hy 3MoO;

Our earlier X-ray and conductivity study had revealed
that the bronze phase I with the lowest hydrogen content (in
the range 0.23 < x < 0.40) undergoes a Peierls transition at
T.~ 380K (7). As the hydrogen positions could not be
refined from the X-ray data at that time, valence bond
calculations had been used to model the consequences of the
Peierls distortion on the hydrogen distribution and order-
ing in the 3a x 2 ¢ superstructure (x = hydrogen content). All
hydrogen atoms occupy channel sites forming hydrogen
bonds between neighboring oxygen atoms. The CDW
modulation causes an ordering of the protons into clusters
of 6 OH groups, as shown schematically in Fig. 2. In the
meanwhile such an investigation of displacive atomic modu-
lation functions in CDW systems by the bond valence
technique has been successfully applied to a variety of com-
pounds (20). Owing to the limited size and quality of the
available crystals it proved impossible to detect the super-
structure reflections in a subsequent neutron single crystal
study. A simultaneous refinement of neutron and X-ray data
yielded results consistent to the previous X-ray study (19). In
contrast to literature powder data our single crystal study
confirmed IR data by Eda (21), that the asymmetry of
Mo-0O(2)-Mo bridges is diminished but not completely
removed during the formation of phase I from MoOj; (bond
lengths 1.86 and 2.05 A). Thus even the average structure at
ambient temperature is only pseudoorthorhombic (space
group P2,/b11) (19).

No indications of a modulated phase had been found
in two earlier neutron powder diffraction studies of

FIG. 2. Detail from the crystal structure of Hy 33M00;. The CDW
modulation of the host lattice and the resulting localization of protons into
clusters.
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TABLE 1
Structure of Hy,sMo00; at 414 K

Atom Site X y z n Ueo/Uiso
Mo 4c 0.000 0.1035(7)  0.2500 1.0 0.018(3)
o(1) 4c 0000  09331(8) 02500 1.0  0.012(3)
0(2) 4c 0.000 0.5859(8)  0.2500 1.0 0.017(3)
0(3) 4c 0.017(4) 0.2227(7) 02500 1.0  0.0173)
H 8f 0.500 0.477(5) 0.529(2) 0.14  0.016(22)

Note. Space group, Cmcnz;, lattice constants: a = 3.890(4) A, b = 14.18(1) A,
c=3.718(2) A.

Dy.36M00;5 (22) and Hy 3;MoO;5 (23), where Cmcm was
assigned as the space group at ambient temperature. Thus
the first indications of a nonstatistic proton distribution
within the channels originate from H NMR studies, which
suggested 2 OH pairs (24), 3(OH) clusters (4), or a mixture of
both (25). Larger clusters were neglected just because their
spectra could not be simulated. With the progress in com-
putational power the suggested cluster size increased and
the most recent H NMR study (26) models the spectra of
Hy.,6M005; by a superposition of contributions from
n(OH) clusters with n =1 to 6, suggesting that the main
contribution is from 3-5(OH) clusters. This is well in line
with the crystallographic result, since the 6(OH) clusters are
not rigid units: the outer protons of the cluster may tempor-
arily jump to adjacent sites within the channels splitting the
cluster for short periods into subunits of variable size.
Our neutron single crystal structure determination of
Hy ,sMo0Oj; in the disordered high temperature phase (19)
yields atomic coordinates close to the room temperature
values found by (22). All reflections that violate the extinc-
tion rules of space group Cmcm have vanished at
T = 414 K. The proton intercalation sites remain unaffec-
ted by the phase transition, while the distortion of the
Mo-0O(2)-Mo bonds disappears (see Table 1).

3.2. Molecular Mechanics and Molecular Dynamics
Modeling of the Intercalation Process

Starting from the force field parameter set UNIVERSAL
by Rappé et al. (27), the force constants for MoOj; including
bond stretching, bond bending, Coulomb and van-der-
Waals terms were adapted to fit the experimentally known
pressure dependence of the lattice constants (28, 29). A simu-
lation of the intercalation process must take into account
that the intercalation is a redox reaction. Thus the force
constants had to be continuously modified with the content
of hydrogen, i.e., with the actual valence of the Mo atoms.
At regular intervals during the simulation valences were
calculated for the Mo and O atoms from an empirical bond
length bond valence relationship (30). The effective
Coulomb charge was then chosen as a constant fraction of

the formal valence and force constants were adapted utiliz-
ing a relation between bond valence and force constant
similar to the one proposed by Cotton and Wing (31). The
preferred O-Mo-O bond angle equally depends on the
bond valence, assuming a linear variation between the ex-
perimentally known boundary cases of 104° for Mo(VI) and
90° for Mo(IV) (32, 33).

In harmony with the structure determination of phase I
(7, 22, 23) our molecular mechanics calculations indicate
that the first intercalated H™ form OH groups with the
corner-sharing O atoms within the channels that extend
along the c-direction. When the number of protons in these
channels increases above 0.5, OH, groups must be formed.
In a completely filled channel (i.e., for x = 1), the increased
bond length between the Mo atoms and such OH, groups
would result in insufficient distances between the corner-
sharing O atoms, which is avoided by a gradual rotation of
the OH, groups out of the channels into the vdW gap.
Thereby the protons approach the terminal O atoms and
form hydrogen bonds to them. At the same time the pro-
gressively reduced Mo valence favors a regular octahedral
coordination driving the corner-sharing oxygen atom back
into the octahedra layer. This is achieved by a flipping of the
protons from the corner-sharing to the terminal O atoms,
where again OH, groups are formed.

An ordered low energy configuration for the protons as
OH, groups in the vdW gaps of H{MoOj; (obeying the ice
rules) is possible only in a supercell of the host structure.
This also implies an ordering of the MoOyg octahedra that
most likely occurs along the c-axis, for which neighboring
octahedra share common edges. The simplest plausible
structure proposal for ordered H;MoO; is therefore
a doubling of the c-axis.

We also tried to incorporate CDW structure modulations
into our simulations by imposing fixed periodic modula-
tions of the Mo valences. These calculations indicate that
the boundaries of the composition ranges are determined by
the mutual stabilization of proton ordering and charge
density waves. The results are compatible with the sugges-
tion of Ehses (34, 35) that even within the “homogeneity
ranges” of the bronze phases not all compositions might be
stable, but only a (large) number of commensurate states
leading to an incomplete devils staircase of compositions.

Despite the choice of very simple boundary conditions
(24 unit cells, NVT dynamics, apparent temperature T =
300 K), molecular dynamics simulations of the proton
transport in phase I based on the above-mentioned force
fields yielded realistic orders of magnitude for the proton
diffusion coefficients in modulated LT- and HT-phase I. The
CDW structure modulation in the low temperature phase
decreases the log(D/cm* s~ ') from — 6.0 to — 7.8 along
the channel direction ¢ and the direction averaged value
log(¢D>/cm? s~ 1) from — 6.4 to — 8.2. Electrochemical
determinations on LT-phase I single crystals accordingly
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yielded log(D,/em* s™') = — 7.6 (16, 36), while literature
NMR data (4, 23, 24, 37) range from — 7 to — 9.7 mostly
because of differing model assumptions.

A density functional study by Chen et al. (38) on the
hydrogen adsorption at the (010) surface of x-MoOj5 con-
firms that the terminal oxygen atoms should be the most
stable hydrogen binding sites for x = 1. Owing to the lim-
ited sizes of their model and the incorrectly assumed exclus-
ive formation of OH groups the calculated binding energies
can be taken only as a crude estimate.

3.3. Superstructure Determination of Phase Il (Ho.oMo0O3)

Both H NMR studies by Ritter (4) and our electrochemi-
cal studies (16) indicate that the proton conductivity reaches
a maximum for phase II (0.85 < x < 1.04). Based on an
incomplete indexing of the XRD powder diagram Birtill and
Dickens had suggested a similar unit cell as for H; sMoQO;
and the same space group C2/m (3). So far no structure
determination existed for phase II and various contradic-
tory models for the hydrogen distribution and the transport
mechanism were published. While Dickens et al. (22) sugges-
ted an exclusive occupation of the vdW gap for all mono-
clinic phases from their inelastic neutron scattering spectra,
the increased lattice constant perpendicular to the layers
was taken as evidence for a nearly complete occupation of
intralayer channel sites by Ritter et al. (4). Similar argu-
ments were used in subsequent modifications of Ritters
approach by Bamberg and Schmitt (13, 39), as well as in our
own earlier work (7). Tanaka et al. recently even concluded
from their EXAFS and XANES spectra that instead of
being an intercalate of a-MoQOj the structure of Hy o; M0O;
might rather be derived from rutile type MoO, (40).

Following Birtill and Dickens (3) several reflections that
remained unindexed by their unit cell proposal were gener-
ally traced back to the formation of molybdenum suboxides
such as MogO,3 and Mo0,O,4. On the other hand, thermo-
gravimetric and DTA investigations demonstrate that the
postulated evolution of H,O from the bronze phases occurs
only at higher temperatures for an inert atmosphere, while
under mild conditions the deintercalation of hydrogen from
the bronzes in the presence of oxygen and/or platinum (for
the bronze samples produced by spillover) does not lead to
oxygen deficient oxides (37,41).

Our MD simulations suggested a doubling of the unit cell
¢ with respect to the host structure, which subsequently
proved to allow for a complete indexing of the powder
diagram in space group I12/m1 (see Table 2). This nonstan-
dard setting of space group C2/m has been selected to
produce the unit cell with the maximum similarity to the
structures of the host MoO3 and of the remaining hydrogen
molybdenum bronze phases.

While Peierls distortions of quasi-one-dimensional solids
generally give rise to incommensurate superstructures of

periodicity 2/x times the undistorted lattice constant (where
x denotes the number of transferred electrons ~ number of
intercalated protons per formula unit H.MoQO3), commen-
surate superstructures are energetically preferable if 2/x
approaches a rational number. The 2¢ superstructure thus
meets the expected value for a Peierls distortion in the
nearly half-filled Mo-O valence band.

Starting from models generated by our MD simulations
the crystal structure of phase II was solved and refined
including the H positions by Rietveld analysis of the X-ray
powder data. Details of the refinement and positional para-
meters will be published elsewhere (42). The intercalated
protons predominantly reside in the vdW gap forming OH,
groups with the terminal oxygen atom of the MoOg oc-
tahedron around Mo(1). Following the electronically im-
posed superstructure these OH, groups are ordered into
chains along the b-direction perpendicular the intralayer
channels (Fig. 3). Thereby the observed fast proton trans-
port cannot, as previously suggested (4), be explained by
a collective transport mechanism within nearly filled chan-
nels, but occurs within the vdW gaps. The high mobility of
the protons in the vdW gaps may then be understood by the
large number of vacant proton sites, which are arranged in
rows parallel to the occupied sites. From the X-ray data it
cannot be ruled out that a small fraction of the protons
might occupy channel sites in the vicinity of the Mo(2)O¢-
octahedra, but as demonstrated further below the mobility
of such protons would not contribute significantly to the
long-range proton transport.

The assumption of a charge density wave superstructure
is supported by the remarkable differences between the two
crystallographically distinct MoQOg entities shown in Fig. 4:
the octahedron around Mo(1), to which the protons are
attached, closely resembles the one reported for H; ;MoO;
(43,44), while both bond lengths and bond angles around
Mo(2) are similar to the ones in Hy 3iM005. Employing the
empirical relation by Brown and Wu (30) the total valence
of the Mo-O bonds can be assessed to be only 4.4 for Mo(1)
compared to 5.5 for Mo(2). In harmony with the respective
valence state, bond angles around Mo(1) are almost rectan-
gular (88°), whereas for Mo(2) the average bond angle is
about 101°. The agreement between the refined hydrogen
positions and the host lattice distortion may also be ex-
pressed in terms of bond valence sums for the oxygen atoms,
if only Mo-O bonds are considered. Then the bond valence
of the terminal oxygen atom O(5) attached to Mo(1) is only
0.4, so that AV = 1.6 bond valence units from bonds to
hydrogen are needed to reach the formal oxygen valence of
2. Bond valence deviations AV ~ 0.2 for the terminal O(6)
atom at Mo(2) as well as for O(1) imply that a small number
of protons may be bonded to these atoms, while the valence
deviations for the remaining oxygen atoms are < 3%.

Figure 5 illustrates the network of hydrogen bonds that
interconnects adjacent layers. The asymmetry of this net-



CDW SUPERSTRUCTURES IN H,MoOj, 79

TABLE 2
X-Ray Powder Data of Monoclinic H,,Mo00O;

Bk dope (A) dou (A) Int. (a.u.) Bk dops (A) deu (A) Int. (a.u.)
2 0 0 7.2418 7.2440 663 8 0 -2 1.6815 1.6819 59
1 0 1 6.6240 6.6280 10 7 1 -2 1.6815 1.6811 59
3 0 -1 42164 4.2183 37 4 2 0 1.6815 1.6806 59
3 0 1 3.9767 3.9774 37 2 2 -2 1.6673 1.6678 118
11 0 3.6704 3.6706 1000 7 0 -3 1.6673 1.6658 118
4 0 0 3.6185 3.6220 197 2 2 2 1.6462 1.6465 76
20 -2 3.4964 3.4986 307 6 1 -3 1.6406 1.6409 30
20 2 33111 3.3140 238 8 0 2 1.5988 1.5994 32
2 1 1 3.0464 3.0474 18 8 1 1 15806 15801 38
3 1 0 2.9810 2.9836 7 5 2 -1 15657 15657 24
5 0 -—1 27727 2.7726 75 4 2 -2 1.5573 1.5579 62
4 0 -2 2.7287 2.7298 56 6 0 —4 1.5573 1.5566 62
1 1 =2 2.6791 2.6802 139 4 2 2 1.5236 1.5237 31
11 2 2.6345 2.6363 81 5 1 —4 1.5173 15171 18
4 0 2 2.5565 2.5574 75 6 2 0 1.4923 1.4918 78
4 1 -1 2.5159 25171 47 6 0 4 1.4607 1.4604 19
6 0 0 2.4149 24147 375 5 1 4 1.4415 1.4415 12
301 2 2.3137 2.3145 71 8 1 -3 14177 1.4174 23
501 0 2.3027 2.3029 117 9 0 -3 1.4069 1.4061 5
2 1 -3 2.0709 2.0718 4 7 2 1 1.3655 1.3655 23
5 1 -2 20218 2.0237 4 0 2 4 1.3521 1.3515 73
6 1 -1 1.9972 1.9969 30 0 1 -1 1.3477 13472 36
7 0 1 1.9673 1.9670 50 5 2 3 1.3292 1.3293 9
6 1 1 1.9424 1.9433 35 2 2 4 13183 13182 16
0 0 4 1.9264 1.9271 133 8 2 0 1.3102 1.3100 10
0 2 0 1.8971 1.8972 177 4 2 —4 1.2860 1.2860 22
2 0 —4 1.8917 1.8933 46 7 1 4 1.2860 1.2857 22
5 0 3 1.8624 1.8630 13 2 0 -6 1.2795 1.2794 13
2 2 0 1.8346 1.8353 65 1 3 0 1.2600 1.2600 36
7 1 0 1.8172 1.8170 98 7 2 -3 12518 12518 19
8 0 0 1.8111 1.8110 35 8 2 2 1.2231 1.2228 16
4 1 3 1.7921 1.7926 12 1 1 -6 1.2190 12189 9
4 0 -4 1.7491 1.7493 11 6 2 —4 1.2031 1.2034 24
1 1 -4 17179 1.7180 53 9 2 1 1.2031 1.2029 24
11 4 1.6944 1.6947 77 1 3 -2 1.1995 1.1994 16

Note. Miller indices that differ from those reported by Birtill and Dickens (except for the doubling in index 1) are printed in bold. Space group, 112/m1
(=No. 12 C2/m); a = 14.5191(6) A, b = 3.7944(1) A, c = 7.7248(3) A, = 93.743(2)°.

work stabilizes the monoclinic angle . The dominance of
the electronic effect over the proton ordering is visualized by
the observation that the refined H positions are not as
commonly expected along the shorter O-O distances across
the vdW gap. Due to ice rule restrictions an ordered occupa-
tion of those sites would permit the intercalation of 0.5
H per formula unit only for the given Mo charge ordering.

The observed H distribution bears a number of similarit-
ies to the one reported from a powder neutron diffraction
study of phase III (D; ¢sMo0O3), where about 0.8 H per
formula unit were found to be localized in chains along the
b direction (43). The two parallel rows of H positions found
in a second neutron powder study on phase III
(D1.6sM003) differ considerably in their atomic displace-
ment parameters, i.c., in their degree of localization (44).

Similarly, Slade et al. suggested from their temperature
dependent incoherent QENS study the existence of two
slowly exchanging H-populations with a different degree of
localization within the vdW gaps of H; 4sM00QO; (45). None
of these phase III powder studies reported any sign of
a superstructure, so that the proton ordering could not be
correlated to a Peierls distortion, whereas satellite reflec-
tions corresponding to a 2a x 2¢ superstructure had been
observed for phase I1I single crystals below the phase transi-
ton at T, ~ 60°C (7).

A comparison of the incoherent inelastic neutron scatter-
ing (IINS) spectra of phases II and I1I reported in Refs. (22,
46) further substantiates our structure determination of
phase II. The spectrum of Hy 93Mo0QO;3 is more complex
than that of phase III, but contains a prominent excitation
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FIG. 3. Overview of the structure of HyoMoO; showing the two
crystallographic different MoOjg units (light and dark octahedra). Protons
form OH, groups with the terminal O atoms of only one type of octahedra.
The OH, groups are arranged into chains along the b-axis.

at v=395cm~!. Adopting the common assignment of
a band at practically the same frequency in the IINS spec-
trum of phase III as originating from the stretching of the
Mo-OH, bond and employing an empirical bond
length-vibration frequency relation proposed by Hardcastle
and Wachs (47), a Mo(1)-O(5) bond length of 2.13 A is to be
expected in perfect agreement with 2.14 A found in the
structure refinement. The identification of the Mo(2)-O(6)
bond stretching frequency is less straightforward, but the
band at 912 cm ™!, which would correspond to a bond
length of 1.73 A, may be tentatively assumed. IINS (22), IR
(21, 23, 48), and Raman (23, 48, 49) studies find
v ~ 1000 cm ™! for the somewhat shorter terminal Mo-O
bonds in MoOj; and phase 1. No corresponding vibration
frequency is observed in the spectra of phase III. Slight
changes in the Raman spectra of MoO; implanted with
protons (50) might indicate the formation of (oxygen) defects
rather than the formation of a hydrogen bronze.

3.4. Proton Transport Pathways

Bond length bond valence calculations are not only
meaningful in localizing the protons in the hydrogen molyb-

0(3)

FIG. 4. Comparison of the Mo-O bond lengths within the two MoOg
octahedra. The notable lengthening of the terminal Mo(1)-O(5) bond
substantiates the refined H positions in the vicinity of O(5). Differences in
the bond angles of Mo(1) and Mo(2) equally reflect the different charge
densities.

denum bronzes. They also provide a simple and vivid tool
for the study of the ionic transport (see, e.g., (51,52)). For
this purpose connections between H™ equilibrium  sites,
along which the required deviation from the ideal valence
sum V for the H remains as small as possible are taken as
probable transport pathways, while the extent of the re-
quired valence mismatch AV to produce an infinite pathway
should be linked to the activation energy for the dc ionic
conductivity. The differences between the proton transport

?

FIG. 5. Adjacent layers of octahedra are linked by a network of
hydrogen bonds, which stabilizes the monoclinic angle.
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FIG. 6. Bond valence model for the mobility of protons within one channel of the CDW modulated phase 1. The valence mismatch isosurface encloses
regions where the valence for a H deviates up to 0.25 from the equilibrium value V' = 1. At this level the motion of protons remains restricted to the vicinity
of the cluster sites, while a long-range conductivity would require a higher activation energy.

pathways in the modulated phases I and II are displayed in
Figs. 6 and 7. There the three-dimensional hydrogen valence
mismatch isosurfaces enclose the accessible volume for the
H™. The valence map of phase I highlights the effective
localization of the protons into clusters of OH groups. The
respective valence isosurface for the same valence mismatch
in the undistorted high-temperature phase yields a continu-
ous pathway including channel H* sites.

Within phase II the HY transport pathway of lowest
energy connects the chains of almost fully occupied sites in
the vdW gaps. A slightly higher value of the valence mis-
match incorporates the parallel rows of vacant proton sites
into this pathway. From the side view of the isosurface it can

be seen that a minor fraction of the protons might still reside
in the intralayer channels, but they cannot contribute to
a long-range ionic transport, since their motion would be
restricted to local hops among the neighboring channel
sites.

3.5. Characterization of Phase Il

Various peculiarities of the conductivity in phase I were
compiled in Refs. (7, 14, 16) in order to verify the CDW
nature of the modulated state. Besides the direct observa-
tion of the Peierls transition, this included voltage oscilla-
tions, the significant field dependence of the conductivity in

FIG.7. Top and side view of a bond valence model for the mobility of protons within the CDW modulated phase II. The infinite pathway that requires
the lowest bond valence mismatch occurs within the van der Waals gap, while potential H sites within the channels remain localized.
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FIG. 8. The temperature dependence of the electric conductivity for a powder sample of phase II exhibits a pronounced deviation from an Arrhenius
type behavior (left). The Ino-In T plot (right) demonstrates that this subactivated behavior may be characterized by a power law.

the Peierls distorted state indicating a conductivity contri-
bution from a collective motion of the depinned CDW
(Frohlich conductivity) as well as the characteristic devi-
ation of conductivity from the Arrhenius type temperature
dependence of normal semiconductors.

No such detailed conductivity study could be performed
for phase II because of the low stability of this bronze phase
in contact to metallic electrodes especially at elevated tem-
peratures. Still the characteristic non-Arrhenius type tem-
perature dependence has been observed in the temperature
dependence of the specific conductivity o(T') of phase II
powder samples below room temperature (Fig. 8). A more
appropriate description for the temperature range
100-300 K is achieved by the power law

goc TH®

Conductivity measurements of a phase II single crystal
along the c-direction in the same temperature range indicate
a stronger temperature dependence along the CDW
modulated “nesting direction,” yielding o oc T*! (36). This
might be somewhat biased by an inhomogeneity of the
crystal, but nevertheless provides a crude estimate for the
anisotropy of the band gap (cf. the anisotropy of the band
gap in 7-Mo,Oy4 (53)).

This type of subactivated behavior, which is known for
a variety of quasi-one-dimensional CDW systems (see, e.g.,
(54-56)), is generally attributed to electron-hopping pro-
cesses between bound solitons. With decreasing temper-
ature the contribution of this hopping process to the total
conductivity becomes more and more important (56, 57).

While the catalyzing effect of metal electrodes on the
evolution of hydrogen impedes reliable conductivity
measurements at higher temperatures, the existence of

a phase transition is observable from the shift of Bragg peak
positions in high temperature powder diffraction data (Figs.
9 and 10). The temperature dependence of the lattice con-
stants for Hy 6Mo0Oj; as determined from Rietveld refine-
ments with constant atomic parameters is summarized in
Fig. 11.

A slight loss of hydrogen proved to be inevitable during
the heating experiment. Since the lower limit of the homo-
geneity range of phase II was chosen as the initial composi-
tion of the sample, this resulted in the partial transformation
to a second monoclinic phase of slightly reduced hydrogen
content. Rietveld refinement permitted the simultaneous
refinement of the lattice constants for both phases. Results
for the second phase are discussed further below. For phase
II, a phase transition at T = 95°C is clearly seen from the
variation of the monoclinic angle and of the lattice con-
stants b and ¢, whereas the change in the thermal expansion
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FIG. 9. Detail from the high-temperature powder diffractograms of
phase II in the temperature range from 27 to 135°C.
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FIG.10. Temperature dependence of Bragg angle 20 for the (620) peak
of Hy.¢Mo0O3, indicating a phase transition at T =~ 95°C.

along the a-axis remains rather small. Thus it may be
concluded that the transition affects the CDW modulation
along ¢ and thereby also the ordering of protons within the
vdW gaps, but does not cause an increased occupancy of the
intralayer channels which should be related to a substantial
change in the lattice expansion perpendicular to the layers.
This behavior deviates from our observations for the corre-
sponding phase transition at T ~ 60°C in H; (MoOs3,
where the spontaneous deformation indicates a change in
the hydrogen distribution between channels and vdW gaps
(7).

Bragg peaks that correspond to the superstructure of
phase II do not vanish at this transition temperature, but
the peaks broaden and their intensity decreases signifi-
cantly. At about 180°C the superstructure reflections have
completely vanished (Fig. 12). Due to the limited stability of
the samples at high temperatures it remained unclear,
whether this second transition temperature depends on the
heating rate. It appears plausible, that the modulated struc-
ture with an ordered arrangement of OH, groups persists as
a metastable phase above the Peierls transition.

A similar decoupling of Peierls transition and proton
ordering had also been supposed from conductivity data in
phase I (7, 34, 35). Analoguous diffuse spots, which have
been observed for single crystals of various CDW systems in
the temperature range above T, are accordingly ascribed to
metastable medium-range correlations between structure
modulations (58).

3.6. Formation of Metastable Hy.sMoO5 (Phase 11a)

Under ambient conditions (undried air atmosphere,
T = 20°C) phase II is slowly oxidized to Hy sM0Os. In situ
powder XRD studies display that the first step of this

reaction is the formation of Hy ¢MoO; within roughly
400 h (see Fig. 13). After a total reaction time of 1500 h the
samples were transformed into Hy 4sM0O3. A complete con-
version of phase II into Hy ¢M0O5; was observed only in
samples that contained an admixture of starch to reduce the
preferred orientation of the plate-like crystallites. Both
water molecules adsorbed by the starch and the reduced
contact between bronze crystallites might affect the rate
determining step of the hydrogen transfer. The powder
pattern of Hy {MoO3 was indexed based on space group
C2/m and a unit cell with a = 14.543(2) A, b = 3.8520(4) A,
c=3.7691(4) A, p=90.73(1)°. The name “phase IIa” has
been selected for this phase in order to retain the established
numbering of the hydrogen molybdenum bronze phases
and to emphasize the close structural relation of the addi-
tional phase to phase II with x =~ 1. The crystal structure of
phase Ila has been solved from X-ray powder data (29). The
results of the subsequent Rietveld refinement (Fig. 14) are
summarized in Table 3.
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FIG. 11. Thermal expansion of Hj g¢sM0Oj3. The sign of the temper-
ature dependence changes at the transition temperature T, &~ 95°C both
for the lattice constant ¢ and for the monoclinic angle f.
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FIG. 12. Temperature dependence of the integrated intensity for the
Bragg peaks (3 0 1) and (3 0 1) of the modulated phase II.

The main difference between the powder diagrams of
phases Ila and II is the vanishing of the superstructure
reflections indicating that there is no more long-range
charge and proton ordering. Valence sum calculations yield-
ing the largest deviation from V = 2 for the oxygen atom
O(2) indicate that the loss of H* ordering in Hy (MoOyj is
associated to a proton transfer from the vdW gap into the
“channel positions,” which are exclusively occupied in the
final oxidation product phase I. Indeed a potential proton
site has been found in a difference Fourier synthesis at
a reasonable distance from O(2). Although the H position
was stable on refinement, it should be understood only as
evidence for the occupation of the channels, while the re-
fined position might be an average of several unresolved
H sites. The occupation factor of the hydrogen site was
finally fixed to the total hydrogen content (n = 0.6) since it
tended to increase above this value.

Oh
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FIG.13.
oxidation of a phase II powder.

419 h

The hydrogen bond network, which stabilized the mon-
oclinic angle in phase 11, is at least weakened in phase I1a by
the reduced occupation of the vdW gaps. Consequently the
monoclinic angle approaches 90° and the terminal oxygen
atom is characterized by strongly anisotropic atomic dis-
placement parameters and/or a significant static disorder
(the latter was assumed in the Rietveld refinement).

The occurrence of an intermediate H.MoO3 phase with
a hydrogen content of roughly 0.6 < x < 0.8 during the
reoxidation of phase II had been detected earlier by Scholl-
horn and co-workers from the potential variation during an
electrochemical oxidation experiment (5,59). We assume
that the phases are the same, although the lattice constants
reported in (59) (a = 14.631 A, b =3.8416 A, ¢ = 3.7675 A,
B =90.73° for x=0.6 and a=14.657A, b=3.8424A,
c=23.7692 A, B =90.78° for x = 0.8) agree only qualitat-
ively with our findings. A cointercalation of water into this
bronze phase can be excluded because the intercalation of
a water molecule would require a considerably larger inter-
layer spacing (cf. the lattice constants for a crystal of ap-
proximate composition Hy ,5(H,0)o sM0O3: a = 18.79 A,
b=3746A, ¢c=3.864A, f=924° (17) and the inter-
layer distance a/2 =931A reported by (60) for
“Ho.5(H,0),M003”).

Figure 16 displays the temperature-dependent variation
of the lattice constants for phase Ila, as determined by
Rietveld refinement for a sample containing mainly phase
II. Therefore the hydrogen content of phase Ila may be
estimated to be x ~ 0.8 according to Ref. (59). As only
a minor fraction of the sample existed in phase Ila, the
resulting lattice constants are considerably less precise than
for the major phase II (cf. Fig. 11). Nevertheless, a compari-
son of the thermal expansion for the two phases reveals
pronounced differences. The thermal expansion along the
a-axis (perpendicular to the layers) is about five times higher
in phase Ila, which harmonizes with the smaller number of
hydrogen bonds between the layers. The negative thermal
expansion along the b-axis might then be tentatively traced

- oh
1500—/@ Ill : T 419h
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i "
750 I : L
*
i
0 T T T T T
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Intensity variation of several main Bragg peaks (left) and of the two superstructure reflections (30 =+ 1) (right) as a function of time during the
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FIG. 14. Rietveld refinement of the metastable H,MoO; phase Ila (x ~ 0.6).

back to a rearrangement of protons from the channel sites
to the interlayer sites at higher temperatures. Still, such an
interpretation of lattice constant variations should only be
taken as a working hypothesis.

Riischendorf (59) found it impossible to produce phase
ITa by a comproportionation of phase III with MoOs,
supposing that (in contrast to the previously known hydro-
gen molybdenum bronzes) phase I1a should be metastable.
Due to the low thermal stability of phase Ila and the
admixture of other phases (starch, water) in our samples, it
was not possible to determine the hydrogen content of this
bronze precisely. The results of our redox titrations for
homogeneous samples (x = 0.6-0.7) lay within the homo-
geneity range proposed by (5, 59).

Recently Eda et al. (6) independently found a new mon-
oclinic H,MoQO; phase with 0.25 < x < 0.45 during the
reoxidation of phase III powder samples. According to data
read from their lattice-constants-vs-hydrogen-content dia-
gram (a ~ 14.44-14.67A, b ~ 3.87-3.84 A, ¢ ~ 3.74-3.78 A,
f =90.4-91°), this phase is presumably identical with
Schollhorn’s phase. While slightly different compositions for
differently prepared samples may in general be traced back
to the well-known hysteresis effect in such low-temperature
solid state reactions (see, e.g., (5, 61)), in this case the strong
deviation might also reflect the difficulties of an accurate
hydrogen content determination for these phases. In this
context it should be noted that the hydrogen contents re-

ported in (6) for phases I, II, and III also lic considerably
below the commonly accepted values of Birtill and Dickens
(3). In situ XRD investigations of pure molybdenum bronzes
as well as of stabilized composite samples (62) under a con-
trolled electrical potential are presently in progress to im-
prove the accuracy of the lattice constants vs hydrogen
content calibration curves.

4. CONCLUDING REMARKS

The combination of a time resolved XRD study of the
oxidation with MD simulations yields a revised model of
the interplay between changes in structure and transport
properties during intercalation. Distribution, ordering, and
dynamics of the protons are dominated by changes in the
electronic state of the host. Stable hydrogen bronze phases
occur if the H* ordering is compatible to the CDW super-
structure.

In the case of the modulated phase II the Peierls instabil-
ity favors a multiplication of the cell constant ¢ by a factor of
2/x. Since x is close to 1 the energy gain by commensurabil-
ity gives rise to a commensurate 2c¢ superstructure, the
textbook example of Peierls transitions. For phase I the
commensurate models with cell multiplications of 6-7 along
the ¢ axis (7, 19) should rather be understood as simplifying
models of the incommensurate superstructures.
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TABLE 3
Details of the structure Refinement for Phase Ila at 293(2) K,
Refined Structure Parameters, Selected Bond Lengths (A) and
Bond Valences

Composition Hy.¢Mo0O3 Observed peaks 316
Formula weight 144.54 g/mol Atoms 5
Color Dark blue Space group C2/m
Wavelength CuKa R(wP) 0.118
20 range (°) 10-104 R(P) 0.088
Step size (°20) 0.02 R(F?) 0.048

a=14.5432) A, b = 3.8520(4) A, ¢ = 3.7691(4) A, p = 90.73(1)°,
V =211.13(4) A3

Atom Site X y z n Ueo/Uiso
Mo 4i 0.0967(2) 0 0.256(1) 1.0 0.033(2)
o(1) 4i 0.9312(8) 0 0.276(8) 1.0 0.027(1)
0(2) 4i 0.5824(7) 0 024409) 1.0  0.029(5)
0(3) 8j 0.2090(10)  0.086(4) 0.186(7) 0.5 0.017(1)
H 4 0520) 0 028(6) 0.6  0.029¢
Bond Bond length (10%) Bond valence after (30)
Mo-O(1) 1.813

2.043 2.09

2.409
Mo-0(2) 1.938 x 2 1.679
Mo-0O(3) 1.691 1.898
0(2-H 0.92

“Constrained to the value for O(2).

The predictive power of the modeling techniques applied
in this work is presently investigated by structural work on
the quasi-two-dimensional hydrogen molybdenum bronze

FIG.15. MoOg octahedron of phase I1a as determined by the Rietveld
refinement in Fig. 14.
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FIG.16. Thermal expansion of phase Ila (x ~ 0.8) in a powder sample
containing predominantly phase I1.

phases IV (the structure of which is not yet solved) and III,
where present structure determinations neglect the observed
superstructure.

The stabilizing effect of the proton ordering is visualized
by the observation of slightly different transition temper-
atures for the Peierls transition and the proton ordering.
When the Peierls distortion vanishes the ordered proton
arrangement remains a local energy minimum and the or-
dered phase is metastable.
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