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Proton- and deuteron-exchange reactions have been per-
formed on Na,;,Nb; W50 with the tetragonal tungsten
bronze (TTB) structure. Na*/H* and Na*/D* ion exchange oc-
curs when aqueous nitric acid solutions are used as the ex-
changing agent. Up to two out of the three Na™* ions are read-
ily exchanged to yield crystalline powder samples. The ion-
exchange reaction proceeds topotactically, in other words the
basic TTB structure is retained, although X-ray and electron
diffraction reveal that the exchange process produces an or-
thorhombic supercell which possesses a true unit cell based

ona= 2\/2aTTB, b= \/ZCITTB, c = 2TTB. The nature of the hy-
drogenated species has been analyzed by means of IR and
Raman spectroscopy on both parent and exchanged com-
pounds. The results are interpreted in terms of short M-O (M
= Nb or W) bonds formed through the trapping of two protons
or deuterons close to the oxygen ions of the [MOg] octahedra.
The band assigned to the short M-O bonds disappears after
deprotonation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The name tetragonal tungsten bronzes (TTBs), which
originally referred to the non-stoichiometric compounds
K,WO; (x = 0.4-0.6),[' has been extended to all com-
pounds showing the same features, i.e. structure and vari-
able composition. A large number of functional materials
with interesting properties from a technological point of
view are currently known by this generic name.> ¢l As re-
gards their structure, a regular corner-shared octahedral
network is built up of MOy octahedra arranged as shown
in Figure 1 to form five-, four-, and three-sided tunnels, lab-
eled A, B, and C, respectively. Alkali-metal atoms are lo-
cated in the first two types of tunnels (A and B).['7) The
composition of the unit cell can be expressed by the formula
A W ;003 (x = 6), where A is the ion located in the tunnels.
Several cations of suitable charge and size, including alka-
line-earth metals, can be accommodated in the tunnels with
variable occupancies.”®! The AgW,,O5o-type tungsten
bronze (i.e. the x = 6 member), where both five- and four-
sided tunnels are fully occupied, is called the filled tungsten
bronze.

Attempts have been made to replace W by other metals
such us Ta, Mo, or Nb.[”! Ikeda et al.,l! for example, have
studied the effects of substituting W for Nb ions in niobates
with the TTB structure. The X-ray diffraction study of the
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Figure 1. Schematic representation of the TTB structure projected
onto the xy plane. Sodium: large circles; oxygen: small circles. MO
octahedra (M = Nb, W) are shown in grey.

NaNbO;-Nb,Os-WOj5 system reported by Marinder!!! re-
veals the existence of phases related to the TTB structure.
An investigation of the aforementioned system by means of
high-resolution electron microscopy led to the discovery of
several structural types related to the TTB structure.l'!]
Among the large number of existing TTB structures, our
attention is focused on mixed oxides within the NaNbOs-
WO; system. It has been reported for the composition cor-
responding to a 1:1 ratio (NaNbWOg) that products ob-
tained by the ceramic procedure exhibit complicated X-ray
patterns that have been interpreted as a mixture of several
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phases,['>14 and only a low-temperature route seems to be
useful for obtaining TTB-like NaNbWOg.['31 We recently
reported the preparation of a TTB-like NaNbWOg single
phase by the ceramic procedure,l'® although a more de-
tailed analysis by electron diffraction revealed that this
composition actually consists of two closely related tetrago-
nal and monoclinic phases.['”]

NaNbWOg, which can be regarded as a partially filled
TTB with x = 5 when referred to Na, NbsWs0O3,, has been
shown to undergo facile proton-exchange reactions,!!!7]
and topotactic proton-exchange reactions with aqueous ni-
tric acid solution lead to materials with the formula
Na; ,H NbWO¢zH,0 (0 < y = 0.46; 0 = z = 0.12). Ad-
ditional interest is raised by the recent discovery of proton
conduction in this type of TTB-like materials.['®18]

Herein we report the synthesis of proton- and deuteron-
exchanged  derivatives of  the  filled  TTB-like
Na,; ,Nb; WO (or NagNbgW O3, when referred to the
unit cell), which has been called the F phase by Mar-
inder.['% Besides characterization of the exchanged prod-
ucts by means of XRD, electron diffraction (ED), and ther-
mogravimetric analysis, we will pay special attention to the
spectroscopic characterization by means of IR and Raman
measurements in order to investigate the nature of the hy-
drogenated species formed upon exchange as this was not
revealed by our previous 'H NMR spectroscopic study on
exchanged Na; ,H ,NbWO,.[!7)

Results

Chemical and Structural Characterization of
Na; ,Nb; ,W,30¢ and the Exchanged Products

Elemental Analysis

Elemental analysis of the parent compound confirmed
that the content of the different metals was close to nominal
composition. Therefore, assuming that the oxygen content
corresponds to the stoichiometric quantity, the formulation
Na; ,Nb; ,W( 3O is used for the parent.

The Nb and W contents remain unchanged upon treat-
ment with nitric acid, while the sodium content clearly de-
creases by around 65%. An empirical chemical formula of
the exchanged product based on ICP results can be given
as Hg7sNag 4oNb; ;W 306, assuming that the oxygen stoi-
chiometry is maintained after the reaction and that an Na*
<> H* exchange has effectively taken place (see below). The
ability of Na;,Nb;,W;304 to undergo proton-ion ex-
change reactions is higher than that of NaNbWO4,!%
which has a related partially filled TTB-like structure.
It has been shown that the sodium exchange rate of the
latter is limited to half of the sodium ions and is only
achieved after several consecutive exchange reactions. In
Na,; ,Nb; W, 304, however, approximately two out of the
three sodium ions can be readily exchanged by a single
treatment with dilute acid.

The ion exchange with deuterons yields the formula
Dy soNag 51Nb; ;W 3O, as determined by chemical analy-
sis.
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X-ray Diffraction

Figure 2 shows the powder X-ray diffraction patterns of
the TTB-like Na;,Nb;,W;50¢ and an exchanged com-
pound with formula Hg75Nag4,Nb; ;W 3O6, which was
obtained after one treatment with nitric acid (see Experi-
mental Section). The X-ray powder pattern of
Na; ,Nb; ,W( 304 (Figure 2a) was successfully indexed in
the tetragonal system, space group P4/mbm according to
previously reported results.['” The refined cell parameters
of Na; ,Nb, W, Og are a = 12.2620(5), ¢ = 3.9199(2) A,
and the cell volume is 589.39(5) A3, all of which are in good
agreement with previous reports.['”]
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Figure 2. Powder X-ray patterns of: (a) Na; ,Nb; ,W( 304 and (b)
the proton-exchanged product Hy gNag 4Nb; ;W gO¢.

The powder X-ray diffraction pattern of Hg75Nag 4o-
Nb; ,W(3O¢ (Figure 2b) is similar to that of Na; ,Nb; »-
Wiy 50g, although the pattern also exhibits several ad-
ditional diffraction lines that are not compatible with the
basic TTB structure (marked as asterisks in Figure 2b).

ED Characterization

ED analysis performed on the parent Na; ,Nb; ;W3O
revealed the well-known TTB structure type, in full agree-
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ment with the results obtained from powder XRD. Figure 3
shows typical SAED patterns taken along the [001], [010],
and [-1 1 —1] zone axes for comparison purposes.
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Figure 3. ED pattern along different zone axes for crystals of com-
position Na;,Nb; ,W,:0¢. The spots are indexed based on the
TTBcell (a = b =123 A; ¢ =39A).

ED analysis performed on an exchanged product with
formula Hy 75Nag 4,Nb; ;W 3504 showed the existence of a
modulated structure, with similarities to the orthorhombic
phase of Ba,NaNbsO,5.2% Commensurate modulations are
frequently observed in TTB-related structures due to octa-
hedra tilt and/or cation order in the tunnels.?'"23 Initial
attempts to describe the modulated TTB structure of the
exchanged product observed by ED were made on the basis
of orthorhombic supercells similar to those reported by Lin
et al.?%231 A systematic study of the reciprocal lattice was
carried out for a series of SAED patterns in different zone
axes, which are depicted in Figure 4. The SAED patterns
always show the presence of modulation satellites, which
were indexed on the basis of an orthorhombic supercell
with @ = 2\2arp, b = V2atrs, and ¢ = 2¢rrp. The ortho-
rhombicity is characterized by the existence of a commen-
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surate modulation along the [110]prg direction, with a
doubling of the ¢ parameter. This cell is analogous to that
previously described for several fluorides and oxides that
adopt the TTB structure>>?3 as well as Pb,WO;.*?l The
refined cell parameters from X-ray data using the ortho-
rhombic supercell found by ED are: a = 34.7630(7), b =
17.3219(3), ¢ = 7.8465(1) A.
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Figure 4. ED patterns along different zone axes for crystals of com-
position Hy gNag 4Nb; ;W 3O¢. The fundamental spots are indexed
on the basis of the above simple TTB cell (see Figure 3).

The corresponding powder X-ray diffraction pattern of
the deuteron-exchanged product Dy g¢oNag s Nb; ,W(gOg
(not shown) was found to be practically identical to that of
the protonated compound. Furthermore, the same modula-
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tion satellites as in the above proton-exchanged product are
observed in the ED patterns, in agreement with the afore-
mentioned orthorhombic supercell. In summary, the X-ray
and electron diffraction results confirm that the framework
of the parent structure is basically maintained after the pro-
ton-exchange process. It can therefore be said that this ion-
exchange reaction with TTB-type Na;,Nb; ,W,3O¢ pro-
ceeds in a topotactical manner, as is also the case for ion-
exchange reactions in TTB-like NaNbWOj.[16:17]

The symmetry decrease from tetragonal to orthorhombic
could be due to the existence of a cooperative tilting of the
[Nb,WOg] octahedron, as observed by Fabbrici et al.l*3! for
K, _.FeFs, which also has a TTB structure. Magnetic inter-
actions between the iron ions in this fluoride are the origin
of this tilting. In our case, the modulation is observed for
the exchanged products but not for the parent. The possible
shift of Nb or W from the center of the octahedron due to
the presence of protons or deuterons in the tunnels has been
investigated by Raman and IR spectroscopy (see below).

Thermal Analysis

The proton and deuteron contents were also investigated
by means of thermal analysis. The results of the thermo-
gravimetric experiments performed on a protonated and a
deuterated sample are shown graphically in Figure 5. The
thermal evolution of both protonated and deuterated series
is dominated by two weight losses, located at around 200
and 580 °C, respectively, with the weight loss at about
200 °C being the most important. The weight losses ob-
served between room temperature and 600 °C in the pro-
tonated and deuterated products are assigned to loss of
water, according to the reactions:

H.Na;, Nb; ;W,306 — Na;, Nb; ;W30 .o + x/2 H,O
D.Na;, Nb, ;W 506 — Na;, Nb; ;W30 o + x/2 D,O

0L
05 -
S
a1 ——H Na Nb W O
3 0.8 04 12 08 6
= ——=D_Na Nb W O
= 07 05 12 08
o5 L
o
B
2 L
25 |
L Il n | L | L 1 n | n | " 1 L
0 100 200 300 400 500 600 700 800
T(°C)

Figure 5. Weight loss of (a) the proton-exchanged compound
Hp gNag 4Nb; W 304 (solid line) and (b) the deuteron-exchanged
compound Dy ;NajsNb; ;W 304 (dashed line) in the temperature
range 25-800 °C.

The total hydrogen content in each sample was deter-
mined based on the above equations from the total weight
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loss observed in samples that had previously been dried un-
der vacuum.

The weight losses calculated from thermogravimetric
measurements yielded x = 0.82 for the protonated sample
and x = 0.68 for the deuterated sample. These values are in
excellent agreement with the corresponding values (x = 0.78
for H and x = 0.68 for D) deduced from the Na content,
as obtained by ICP, if one assumes that the sodium de-
ficiency is directly related to the quantity of protons or deu-
terons that are introduced in the bronze to equilibrate
charge balance. For simplicity, the chemical compositions
of the exchanged products obtained from elemental and
thermal analysis are henceforth given as HggNagy-
Nb1'2W0_806 and D0_7N30.5Nb1_2W0.806. Since two Welght-
loss steps are detected, two different proton or deuteron
entities should be present in the exchanged products, similar
to the partially filled TTB-like phase NaNbWOj.[1¢-17]

The composition evolution regarding hydrogen and oxy-
gen content was deduced from the weight loss found in the
TG experiments after heating to different temperatures, ac-
cording to the deprotonation reactions:

300 °C: HygNag4Nb; ;W06 —

Ho.15Nag 4Nb; ;W 30567 + 0.33 H,O
500 °C: Ho sNag sNb, ;W 06 —

Ho.06Nag 4Nb; ;W 50563 + 0.37 H,O

800 °C: HogNag4Nb; ;W05 — Nag4Nb; ;W 5056 + 0.4 H,O

and, for the deuterated compound:

300 °C: Dy ¢sNag.5:Nb; ;W 306 —
Dy.16Nag 52Nb; ;Wi 0574 + 0.26 D,O

500 °C: Dy ¢sNag 52Nb; ;W g0 —
Dy.11Nag 55Nb; ;W 50571 + 0.29 D,0O

800 °C: D0_68Nao_52Nb1_2W0_806 —
Nag 52Nb; ;W 50566 + 0.34 D,O

The parent composition is clearly not recovered after de-
hydration as uptake of oxygen is not possible due to the
fact that both niobium and tungsten cannot be oxidized
beyond their highest oxidation states.

Spectroscopic Characterization

Room-Temperature IR and Raman Measurements

The nature of the hydrogenated species was analyzed by
performing a Raman and IR spectroscopic study of the par-
ent and exchanged derivatives, with the aim of obtaining
information regarding the H-O-H and OH groups. The
most characteristic vibrational modes of these groups are a
stretching mode, v(OH), at 3500-3400 cm™! and a bending
mode, S(HOH), at 1600 cm~'. We recorded the FTIR spec-
tra of Na;,Nb;,W,30¢ and HjygNay4Nb; ;W04 after
heating the samples under vacuum at 60 °C for 1 d in order
to eliminate absorbed water. The TGA experiments did not
show any weight loss at 80 °C. Figure 6 shows the FTIR
spectra obtained for both the parent and protonated com-
pounds.

Eur. J. Inorg. Chem. 2008, 49-58
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Figure 6. Transmittance FT-IR spectra of Na; ;Nb; ;W 304 (black
line) and Hy gNag4Nb; ;W 3Og (grey line). The inset shows a mag-
nification of the region between 3000 and 4000 cm™!.

The spectrum of the non-protonated sample shows only
a broad and strong absorption centered at about 800 cm™!,
which is assigned to the internal modes of the [Nb/WOg]
octahedra. However, additional absorption bands are ob-
served for the protonated sample: (1) a broad absorption
centered at 3400 cm !, which corresponds to the v(OH)
stretching mode, and (2) another medium absorption at
1615 cm™' that corresponds to the S(HOH) bending mode.
The absence of a dehydration stage below 100 °C in the
TGA measurements implies that no adsorbed water is pres-
ent in our samples, therefore the detection of v(O-H) and
Jo(H-O-H) absorptions must be attributed to protons being
trapped in pairs close to the oxygen ions and forming coor-
dinated OH, entities somewhere in the tunnels.

Figure 7 shows the room-temperature Raman spectrum
of the parent compound Na; ,Nb;,W,30¢ (a), as well as
those of the proton- and deuteron-exchanged materials with
formulations HygNag4Nb; W50 (b) and Dg;Nag s-
Nb; »W 5O (¢), respectively, from 100 to 1100 cm™!. None
of these compounds show any other bands above 1100 cm
up to 4000 cm™!, therefore the bands corresponding to the
V(OH) stretching mode and the 6(HOH) bending mode
seem to be too weak to be observed. Nevertheless, a de-
tailed analysis of the low-frequency region of the Raman
spectra provided additional information on the nature of
the hydrogenated species through its influence on the modes
of the M-O framework.

The main features of the spectrum of the parent com-
pound (Figure 7a) are as follows. Below 500 cm™!, we find
a narrow band (L) at 135 cm™! and a group of overlapping
bands (B) extending from 200 to 450 cm™!. Two well-sepa-
rated bands are observed above 500 cm™!: a strong band
(S), which extends from 500 to 850 cm ™! and is clearly com-
posed of several sub-bands, and a high-frequency band (T),
which extends from 850 to 1000 cm™' and also contains
more than one component. The lack of polarization mea-
surements as well as the intrinsic disorder of the structure
due to Nb/W disorder preclude a precise attribution of the
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Figure 7. Room-temperature Raman spectra in the wavelength
range 100-110 cm™! of (a) Na; ,Nb, ;W 30, (b) the protonated
compound HjgNag4Nb; ,W,50¢, and (c) the deuterated com-
pOund D0'7Nao_5Nb1_2W0_30().

bands. Qualitatively, however, as is usual in the study of
framework structures consisting of [MOg] octahedral units,
we can interpret the vibrational spectrum in terms of in-
ternal modes of the [MOg] octahedra and external (or lat-
tice) modes, including cation translations and/or octahedra
librations.?2°1 We can therefore attribute the bands ap-
pearing in the region 200400 cm™! to O-M-O bending vi-
brations, as well as to Na vibrations; the narrow band L
might be due to heavier cation vibration or, more probably,
to libration of the [MOg] octahedra. By analogy with many
other Nb and W oxides, the strong band (S) centered
around 700 cm ™! is attributed to the stretching vibration of
the M-O bonds. The presence of another band at higher
frequency (band T) in the Raman or IR spectra is charac-
teristic of very short M—O bonds to high-valence cations
such as NbY, WYL, MoV!, etc., which are usually denoted as
M=0 and named terminal.l?’-33

The spectra of the parent and exchanged compounds
have many features in common, thus indicating, in agree-
ment with the XRD results, that the structure is basically
preserved upon ion exchange. Some striking differences are
evident in the high-frequency region, however, in particular
a narrow and intense peak (P) that develops in the proton-
ated sample at 944.5 cm™! and is superposed on the broad
band T centered at around 950 cm !. Other differences are
also found in the protonated sample, such as the presence
of a shoulder at about 620 cm ™!, as well as other minor
changes in the low-frequency region.

In order to verify whether any of the bands (especially
band P) involve the vibration of any hydrogen species intro-
duced in the sample, we investigated the deuterated ana-
logue of the proton-exchanged compound. Figure 7(c)
shows the Raman spectrum of this sample, which is inter-
mediate between those of the parent and proton-exchanged
samples in the sense that it shows band P at the same posi-
tion as in the protonated sample but all the other bands are
closer to those of the parent compound. We shall discuss
the differences between the room-temperature spectra of
protonated and deuterated samples below. For our pur-
poses, the appearance of band P and the absence of any
new bands at lower frequency indicate that no isotope effect
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occurs, and that band P therefore does not involve hydrogen
vibration in any of its forms.

Temperature Evolution of the Raman Spectrum

We performed two kinds of Raman experiments to fur-
ther elucidate the nature of the hydrogen species formed
upon ion exchange and the mechanism of the dehydration
stages, namely variable-temperature experiments, with the
temperature increasing from room temperature to 500 °C,
and measurements at room temperature of samples pre-
viously heated to 300, 500, and 800 °C, in parallel with the
TG experiments described in previous sections.

Figure 8(a) shows the temperature evolution of the Ra-
man spectrum of the proton-exchanged compound in the
400-1100 cm™! frequency region. Several aspects can be
noted from this evolution. First of all we note that there is
no change in the Raman spectra at 80-100 °C, which is the
region where adsorbed water, if present, would be lost. As
the temperature increases, the intensity of the high-fre-
quency bands (S and T) decreases gradually, reaching a
minimum at 7= T, = 170 °C, and then increases again up
to values even higher than at room temperature. In parallel
with the intensity variation, peak P decreases in intensity
until it vanishes at 7" = T, while the broad band under-
neath, which extends from 900 to 1000 cm™!, remains with
the same intensity relative to the rest of the spectrum. The
shoulder at 620 cm ™! also disappears at T}, thus indicating
that it is also related to proton insertion. These changes are
irreversible: neither peak P nor the shoulder at 620 cm ™! are
recovered after cooling the sample down to room tempera-
ture after heating. No remarkable change is observed in the
low-frequency region (not shown), which suggests that the
basic framework is preserved throughout the deprotonation
process.

The evolution of the high-frequency spectrum of the deu-
terated sample is shown in Figure 8(b). As in the proton-
ated case, peak P disappears at a temperature that is, within
experimental resolution, the same as in the protonated case
(170 °C). The intensity decrease/increase sequence is also
found, although it is less pronounced in this case.

@
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LW
Wnoo
OOO

500 600 700 800 900 1000
Raman shift (cm'l)

The parent compound shows a much smoother evolution
(not shown), and the intensity decrease/increase sequence
of the high-frequency bands is not observed. The absence
of peak P in the spectrum of the parent compound, the
temperature evolution of the high-frequency spectrum, as
well as the close coincidence of 7}, with the first mass-loss
stage in the TGA experiments indicate that band P is asso-
ciated with the insertion of protons in the lattice and that
its disappearance at T}, is due to a deprotonation process.

The Origin of Peak P

Once we have excluded the vibration of hydrogen species,
in any of their forms, as the origin of the 944.5-cm™! band,
we are left with few other possibilities. As noted above, the
frequency is typical of the short M—O bonds that have been
reported to appear in several situations, some of which are
discussed here:

(i) Cation-valence disorder arising from the substitution of
high-valence cations by lower valence ones.?*! In our case,
the structure contains two aliovalent disordered cations
(W and Nb*) in both the parent and the exchanged com-
pounds. We suggest that this mechanism may contribute to
the broad band T, which is already present in the parent
compound, but does not explain the appearance of peak P
upon proton or deuteron exchange.

(i) Oxygen or cation vacancies, as in pyrochlore WO;P%! or
hexagonal A B,W; O, bronzes.?” In our case, we note
that band P is formed upon proton exchange with Na*
without the detection of cation non-stoichiometry or of any
cation-valence change that may indicate oxygen deficiency.
(iii) Terminal bonds in grain boundaries®? is another pos-
sibility. As in the preceding point, although these bonds are
indeed expected to form, there is no reason why they would
be particularly activated upon protonation.

(iv) Terminal bonds in layered hydrates, such as WO5-nH,O
or MoO5-nH,0.[33237] The trapping of two protons close
to a terminal oxygen atom in the interlayer space, to yield
a coordinated water molecule, results in a long M-O bond
with the oxygen atom participating in the water molecule,
and a short (terminal) M=O bond in the opposite direction.
In our case, the TTB structure does not present such an

(®)

Raman Intensity (arb. units)
WU
(=¥ T=Y
[=l=l=)

500 600 700 800 900 1000
Raman shift (cm'l)

Figure 8. Temperature evolution of the Raman spectrum of the proton- (a) and deuteron-exchanged (b) compounds. The spectra have

been shifted vertically for presentation purposes.

54 www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2008, 49-58



Proton and Deuteron Exchange in TTB-Like Na; ,Nb; ;W 3O¢

Eur|IC

inter-layer space or terminal oxygen atoms since all MOg
octahedra are corner-linked in all three directions. However,
the effect could be similar if two protons located in a tunnel
interact with the oxygen atom. A plausible explanation for
band P may therefore be the shortening of W-O or Nb-O
bonds due to the trapping of protons somewhere in the tun-
nels, which results in the shift of the M cation and the de-
formation of the MOg octahedra. We shall use the notation
M=0 to refer to the short metal-oxygen distance.

Whether the protons are isolated or in pairs, as well as
their precise location, cannot be ascertained by Raman
spectroscopy, although the information obtained from the
IR spectra suggests that the protons form pairs. Assuming
that the short M=0 bond is mainly due to the shift of the
central cation, a long M—O bond should be formed in par-
allel with the short one; we tentatively assign the shoulder
at about 620 cm™! to this long M—O bond.

Raman Measurements at Room Temperature of Samples
Heated up to 300, 500, and 800 °C

We have shown in a previous section, through variable-
temperature measurements, that peak P disappears at
around 170 °C in both the proton- and deuteron-exchanged
compounds but that no new bands or relevant changes are
detected beyond that temperature, at least up to 500 °C. On
the other hand, TG experiments (see Figure 5) show that
dehydrogenation occurs in two steps: a narrow one between
170 and 200 °C, which coincides with the disappearance of
peak P in the Raman spectra, and another smooth one,
which extends up to temperatures as high as 500 and
570 °C, for proton- and deuteron-containing compounds,
respectively. This means that some kind of hydrogen species
is still present between 200 and 500-600 °C. Since spectral
broadening is large at those temperatures, it might be the
case that new bands are formed but are undetectable in the
high-temperature Raman measurements. Therefore, and in
order to clarify the nature of the dehydrogenation stages,
we performed Raman measurements at room temperature
of samples heated to 300, 500, and 800 °C in parallel with
the TG experiments reported above.

Proton-exchanged

H-800
H-500

H-300
. . ; ; ; As grown
200 400 600 800 1000

Raman shift (cm™)
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These spectra are presented in Figures 9(a) and (b) for
proton- and deuteron-exchanged compounds, respectively,
together with those of the parent materials. As expected,
peak P, which was attributed in the preceding section to
short M=0O bonds formed upon hydrogenation, disappears
in the samples heated to 300 °C (labeled as H-300 and D-
300 in Figure 9) and above, although no new band develops
in samples heated to 300 or 500 °C (labeled as H-300/H-500
and D-300/D-500 in Figure 9) that might be attributed to
new hydrogen species. The only change observed upon in-
creasing the treatment temperature is a broadening of the
spectrum, which results in a loss of peak resolution. The
evolution of the spectra shown in Figures 9(a) and (b) sug-
gests that the spectral broadening is related to the proton
or deuteron content. The broadening of all bands in the
proton-exchanged sample, which is already remarkable in
the parent sample, increases in the protonated sample
heated at 300 °C (H-300 in Figure 9), which still contains
some amount of proton species, and tends to decrease for
the protonated samples heated at 500 and 800 °C (H-500
and H-800, respectively, in Figure 9), in other words as the
second stage of deprotonation is reached and passed. The
broadening in the deuteron-exchanged compound, which is
small even in the as-grown sample, increases slightly in the
deuterated sample heated at 300 and 500 °C (D-300 and D-
500, respectively, in Figure 9) and finally falls for the deu-
terated sample heated at 800 °C (D-800 in Figure 9). To
clarify this behavior, we show in Figure 10 the width of a
representative band (¥ = 730 cm™'), obtained by a decompo-
sition of the spectrum as a sum of Lorentzian profiles, as a
function of the temperature at which the sample has been
heated in the TG experiments. Other bands show a similar
trend. The numbers accompanying each point represent the
hydrogen content per formula determined by TGA and the
vertical lines indicate the approximate temperatures of the
dehydration steps. The width of the band in the non-ex-
changed material is also included for comparison.

First, we note that both the proton- and deuteron-ex-
changed samples reach a similar width after dehydration
and that this width is also similar to that of the non-ex-

Deuteron-exchanged

D-300
As grown

200 400 600 800 1000
Raman shift (cm'l)

Figure 9. Room-temperature Raman spectrum of the proton- (a) and deuteron-exchanged (b) compounds thermally treated at room
temperature, 300, 500, and 800 °C. The spectra have been shifted vertically for presentation purposes.
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Figure 10. Full width of the band observed at about 730 cm™! as a
function of the temperature reached in the TG experiments. The
stages of thermal dehydration are indicated by vertical lines. The
remaining hydrogen content per H.Na; , Nb;,W,30¢ formula is
given close to each datum.

changed material. This means that the structural disorder
arising from the sodium and oxygen vacancies is not the
most relevant factor in producing spectral broadening. The
maximum broadening is not reached for the samples with
maximum hydrogen content but for samples heated to tem-
peratures above the first dehydration step, where most of
the protons or deuterons are lost. Once again, this means
that the majority of protons or deuterons are not relevant
to the spectral broadening. Our hypothesis is that broaden-
ing is not related to the total hydrogen content but to the
presence of mobile protons or deuterons. Assuming that the
broadening has a dynamic origin, we conclude that most of
the protons or deuterons are not mobile at room tempera-
ture, whereas the hydrogen entities remaining after the first
dehydration step are mobile and thus broaden the spec-
trum. The fact that the spectrum of the as-prepared proton-
exchanged material is already broad means that a certain
amount of the protons are mobile in this sample. The pro-
gressive narrowing of the spectrum for protonated samples
heated to 500 and 800 °C parallels the decrease of proton
content.

The broadening is smaller in the deuterated samples, in
agreement with both the lower deuteron concentration and
the lower deuteron mobility. The hypothesis that the broad-
ening has a dynamic origin explains, in particular, why the
spectrum of the as-prepared deuterated sample looks sim-
ilar to that of the non-exchanged material despite having a
deuterium content (0.7 atoms/formula) that is not too far
from that of the proton-exchanged compound (0.8). No
mobile deuterons exist at room temperature in the deuter-
ated compound. Since some broadening is observed for
deuterated samples heated at 300 and 500 °C, we conclude
that some of the deuterons released at T, are retrapped in
the form of mobile entities.

The differences between the spectra of proton- and deu-
teron-exchanged samples tend to disappear upon increasing
the measurement or thermal-treatment temperature. In
high-temperature measurements (Figure 8), the spectra
above 250 °C look very similar for both kinds of samples.
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For thermally treated samples (Figure 9), it is clear that dif-
ferences are still observed between the protonated and deu-
terated samples heated at 300 °C, although these differences
decrease when comparing the spectra of the protonated and
deuterated samples heated at 500 °C and are almost negligi-
ble in samples heated to 800 °C, when protons or deuterons
are completely lost. The end compounds, namely the pro-
tonated and deuterated samples heated at 800 °C, show very
similar, TTB-like spectra, which indicates that both materi-
als reach the same end structure after total proton or deute-
rium loss and that this structure is still TTB-like.

Discussion

The exchange of Na by a proton (or deuteron) has been
shown to occur in TTB-like Na; ,Nb; , W50 up to an ex-
tent of about 65% of total Na. As regards the precise pro-
ton location, we note that the fact that they enter the lattice
through ion exchange for Na™ does not imply that they oc-
cupy the empty sites left by mobile sodium ions. In any
case, protons will likely prefer non-centered sites within the
tunnels, close to the oxygen ions. This results in an oxygen—
proton interaction that is detectable by IR spectroscopy.
The presence of a broad and weak band at 3400 cm™!
[V(OH") stretch] indicates the presence of OH groups. The
IR spectra also exhibit a band characteristic of a 6(HOH)
bending mode at 1615 cm™!, which may correspond to coor-
dinated water formed by a couple of protons interacting
with the oxygen atoms of the W/Nb-O framework. The Ra-
man results strongly support this possibility through the ap-
pearance of a band at 944.5 cm™!, which has been attributed
to the shortening of some M—O bonds due to the trapping
of protons close to an oxygen ion.

The first stage of mass loss observed by TGA at about
170 °C is clearly reflected in the Raman spectrum through
the disappearance of the bands at 944.5 and 620 cm™'. No
new bands are detected above that temperature, and the
spectrum evolves regularly up to 500 °C. In particular, no
change is detected at the temperature of the second stage
of mass loss in the TGA experiments (approx. 500 °C). The
ensemble of spectroscopic and TGA results as a function
of temperature point to the occurrence of a deprotonation
through the reaction already pointed out in the Results sec-
tion:

H,Na;, \Nb; ;W50 — Na;, Nb; ;W30 2 + x/2 H,O

According to this mechanism, water molecules are
formed by the released protons together with oxygen atoms
from the lattice, which leads to an oxygen-deficient system.

A detailed examination of the spectra of the thermally
treated samples suggests either that two different hydrogen
entities are formed or that protons enter into two different
locations in one of which (the majority one) the protons are
fixed at room temperature and are released at T}, together
with lattice oxygen atoms, in the form of water molecules.
A minority of them, however, are mobile even at room tem-
perature. Mobile protons are involved in the second stage
of mass loss that occurs above 400 °C.
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Electron diffraction experiments, as well as Raman spec-
tra, show that two kinds of structural changes occur upon
ion exchange, namely an MOg octahedra tilt that yields a
modulated orthorhombic structure with a =~ 2V2arp, b =
\2arrp, and ¢ = 2¢rp, and a cation shift within the octahe-
dral cage to form short M=0O bonds. Superlattice modula-
tions are very common in TTB-like compounds and are
usually attributed to the presence of cation ordering, octa-
hedron tilt, or both. At this point we propose a model that
explains, at least in a qualitative way, the origin of the su-
perstructure. This model is based on the hypothesis that
the structural changes occurring in the proton-exchanged
compound are not due to the presence of protons them-
selves but to the combined effect of octahedra tilt and Na/
vacancy ordering in the pentagonal tunnels. The basic as-
sumption is that Na cations and vacancies alternate along
the ¢ axis, a tendency that has already been proposed for
Na,WO; by Takusagawa and Jacobson.l”l This yields the
doubling of the ¢ parameter. Different schemes of cation
ordering in the ab plane result in different types of
structural modulation, one of which is the
2N2arrp X 2arrp X 2¢rrp modulation discussed previously
for Pb,WO5.[?2l The Na/vacancy ordering would also ex-
plain the existence of Na that cannot be exchanged and
remains in the pentagonal tunnels (two ions per unit cell
formula). In that case the end composition would be
Na,H4;NbsW,405,, which is very close to the experimental
one.

The most likely proton location within this model would
be in the vacant pentagonal cavities, in pairs, forming OH,
coordinated water molecules and giving rise to short and
long M-O bonds. This means that all the pentagonal sites
will be filled in the protonated material, either by Na ions
or by pairs of hydrogen ions. The disappearance of the P
band upon deprotonation, which is discussed in detail in
the Results section, implies that the M cation recovers its
regular position when protons are lost.

Conclusions

Proton- and deuteron-exchange reactions have been per-
formed on TTB-type Na, ,Nb, ;W 304. Na*/H* and Na™*/
D™ exchanges occur when aqueous nitric acid solutions are
used as the exchanging agent. These reactions yield crystal-
line powder samples. Approximately two out of three Na*
ions can be exchanged under the selected experimental con-
ditions with retention of the basic TTB skeleton framework,
as shown by X-ray diffraction. A more detailed study by
means of ED techniques has shown that the extra diffrac-
tion lines observed in the exchanged material are due to the
occurrence of an orthorhombic superstructure to the basic
TTB-like structure with ¢ = 2\2arrp, b = V2arrp, and ¢ =
2crrg. Distortions and tilts of the MOy framework, which
are connected to the presence of protons in the tunnels of
the TTB structure, have been proposed as the origin of the
commensurate modulation in ion-exchanged products. The
nature of the hydrogenated species has been analyzed by
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means of IR and Raman spectroscopy carried out on both
parent and exchanged compounds, and the results have
been interpreted in terms of short M—O (M = Nb or W)
bonds formed through the trapping of two protons or deu-
terons close to the oxygen ions of the [MOg] octahedra.

The spectroscopic measurements with partially dehy-
drated samples suggest that two different hydrogen entities
are formed. The majority of these species are non-mobile
at room temperature and disappear at 170 °C, while a min-
ority of them are mobile and remain at, or are formed
above, T,

Experimental Section

Chemical Synthesis: Na; ,Nb; ;W 3O¢, was prepared by a two-step
reaction. The precursor NaNbO; was prepared by finely grinding
a mixture of Na,COj; (Aldrich, 99.95%) and Nb,Os (Aldrich,
99.9%), which was then pressed and heated at 850 °C for 24 h. In
a second step, stoichiometric amounts of the as-prepared NaNbO;
and WOj; (Aldrich, >99%) were pressed into pellets and heated at
950 °C for 48 h. At the end of the heating period the sample was
quenched in liquid nitrogen in order to avoid phase segregation.
This procedure was repeated once using the same conditions in
order to ensure the homogeneity of the sample. Proton exchange
was carried out with dilute nitric acid (5M) as the exchanging
agent. Powdery Na; ,Nb; ;W3O was refluxed at 80 °C in dilute
nitric acid (molar ratio of oxide/HNO; = 1:20) for 24 h. The prod-
uct obtained was isolated by centrifugation and washed first with
water and then with acetone. Finally, it was dried under vacuum.
A deuterated product was prepared according to the same pro-
cedure but with Sm DNOj; in D,O solution as the exchanging
agent. However, in this case the procedures were carried out with
outgassed sample and solvents, under an inert gas, using standard
Schlenk techniques. The solid obtained was filtered off, washed
with degassed D->0O, and finally dried under vacuum

Structural Characterization: The phase purity of both parent and
ion-exchanged materials was checked by means of powder X-ray
diffraction measurements carried out with a Bruker D8 high-reso-
lution X-ray powder diffractometer equipped with a position-sensi-
tive detector (PSD; MBraun PSD-50M) using monochromatic Cu-
K,i (. = 1.5406 A) radiation obtained with a germanium primary
monochromator. Refinements of cell parameters were made with a
least-squares fit using the WinPLOTR program.®] Data collection
was performed in 0.02° steps with counting times ranging from 3
to 10 s. Electron diffraction (ED) was carried out using a Philips
FEG200 transmission electron microscope operating at 200 kV.
The specimens were prepared by grinding the powder in n-butyl
alcohol and concentrating the suspension on a copper grid covered
with a holey carbon film.

Chemical Analysis: The metal contents of both parent and proton-
exchanged samples were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a Perkin—Elmer ap-
paratus. The hydrogen content was determined by thermal analysis.
Thermogravimetric analyses were performed with a Seiko instru-
ment TG/DTA 6200 apparatus in the temperature range 25-650 °C
under an argon flow. The heating and cooling rates were set to
10 °Cmin .

Spectroscopic Characterization: IR spectra were recorded with an
FTIR Perkin—Elmer 599 spectrometer working in the 4000-
400 cm ! spectral range in a classical transmission configuration.
The resolution was 4 cm'. Samples were dried at 60 °C under vac-
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uum to eliminate moisture, then diluted with KBr and pelletised.
Raman measurements were performed with a DILOR XY spec-
trometer equipped with a diode array detector, using the 514.5-nm
line of an Ar* laser. The spectral resolution was typically 3 cm™!.
A Linkam TP91 unit was used for measurements between room
temperature and 500 °C.
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