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a b s t r a c t

The aim of this paper was to provide a convincing experimental research to demonstrate a
dissolution–reorganization mechanism for the formation of tungstate-based inorganic–organic hybrid
nanobelts by comparatively investigating the reaction behaviors of H2WO4 and H2W2O7·xH2O with
n-alkylamines (CmH2m+1NH2, m = 4–10). The formation of tungstate-based hybrid nanobelts derived
from the reactions between n-alkylamines and H2WO4 with single-octahedral W–O layers was
investigated with a detailed comparison with those between n-alkylamines and H2W2O7·xH2O with
double-octahedral W–O layers. H2WO4 and H2W2O7·xH2O reacted with n-alkylamines, respectively, in
reverse-microemulsion-like media. The obtained products were characterized by XRD, FT-IR, TG–DTA and
SEM. The results indicated that the products derived from H2WO4 and those from H2W2O7·xH2O were
similar in compositions, microstructures and morphologies. The structural analysis indicated the prod-
ucts were tungstate-based inorganic–organic hybrid one-dimensional belts with highly ordered lamellar

structures by alternately stacking organic n-alkylammonium bilayers and inorganic single-octahedral
W–O layers. The n-alkyl chains in the above hybrid nanobelts from H2WO4 and H2W2O7·xH2O took on
a bilayer arrangement with tilt angles of 65◦ and 74◦, respectively. The similarities in the microstruc-
tures of the products from H2W2O7·xH2O and H2WO4 demonstrated that the double-octahedral W–O
layers of H2W2O7·xH2O were decomposed during the reactions. The changes of inorganic W–O layers
and the morphologic changes of the tungstic-acid precursors before and after the reactions corroborated

ation
the dissolution–reorganiz

. Introduction

Intercalation chemistry is one of the Chimie Douce approaches
o construct inorganic–organic hybrid compounds by inserting
rganic guest species into a layered inorganic compound [1–5]. The

esultant hybrid compounds usually integrate the advantages both
f the organic guest species and of the inorganic frameworks [6,7].
here have been a great number of reports on how to construct
ovel materials and structures via intercalation chemistry, and the
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as-obtained intercalation compounds have wide applications in
catalysis, environmental purification, optics and chemical sensors
[8–17]. In addition, inorganic–organic hybrids are suitable precur-
sors to produce nanostructures with controllable morphologies and
microstructures [18,19].

Tungsten oxide hydrates include H2WO4 (or H2WO4·H2O) with
single-octahedral W–O layers and H2W2O7·xH2O with double-
octahedral W–O layers, both of which can be used as the host
compounds for synthesis of inorganic–organic hybrid materials
[16,20–23]. H2WO4 (or H2WO4·H2O) can be easily purchased. John-

son et al. [20] reported a layered inorganic–organic hybrid of
WO3C5H5N derived by heating H2WO4 with excess pyridine in
the presence of molecular sieves at 423 K. H2W2O7·xH2O can be
synthesized by selectively leaching Bi2O2 layers from the cation-
deficient Aurivillius phase of Bi2W2O9 [24,25]. There are many
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http://www.elsevier.com/locate/matchemphys
mailto:dlchen@zzu.edu.cn
mailto:dlchennano@hotmail.com
dx.doi.org/10.1016/j.matchemphys.2010.09.039


D. Chen et al. / Materials Chemistry and Physics 125 (2011) 838–845 839

F and H
W rmedi
a ers de

r
H
S
T
i
a
H
m
b
k
w
w
t
s
o
l
c
f
l
t

o
t
f
r
r
W
g
H
a
d
H
w
r
H
o

ig. 1. A schematic of the possible mechanisms for the reactions of H2W2O7·xH2O
–O layers, (B) H2W2O7·xH2O powders with double-octahedral W–O layers, (C) inte

nd (D) tungstate-based inorganic–organic hybrids with single-octahedral W–O lay

eports on the intercalation and exfoliation reactions of layered
2W2O7·xH2O compounds with organic amines. For example,
chaak and Mallouk [25] reported the exfoliation of H2W2O7 into
BAxH2−xW2O7 nanosheets in a quaternary ammonium hydrox-
de (TBA+OH−) aqueous solution. Kudo et al. [24] and Wang et
l. [26] reported intercalation reactions of n-alkylamines into
2W2O7·xH2O in heptane, and they thought that the n-alkylamine
olecules were intercalated into the interlayer spaces via an acid-

ase mechanism and that the as-obtained intercalation compounds
ept the double-octahedral W–O layers intact [24–26]. Recently,
e also investigated the reaction behaviors of H2W2O7·xH2O
ith n-alkylamines [27,28]. However, our results indicated that

he double-octahedral W–O layers from H2W2O7·xH2O were dis-
olved, and the dissolved species were then reorganized into highly
rdered inorganic–organic hybrids with single-octahedral W–O
ayers, when nonpolar reagents (e.g., heptane, pentane, decane and
yclohexane) were used as the reaction solvents [27,28]. There-
ore, there are still confusions about the intercalation chemistry of
ayered tungstic acids, although they have been intensively inves-
igated recently [24–28].

For the reactions of H2W2O7·xH2O with n-alkylamines, one
f the confusions is that some researchers have concluded that
he double-octahedral W–O layers of H2W2O7·xH2O can be trans-
erred to the final inorganic–organic hybrids via an intercalation
eaction [24–26], as shown in Fig. 1B and C, whereas other
esearchers have obtained evidence that the double-octahedral

–O layers from H2W2O7·xH2O are firstly dissolved and then reor-
anized to single-octahedral W–O layers during the reactions of
2W2O7·xH2O and n-alkylamines in nonpolar solvents [27–32],
s shown in Fig. 1B–D. To clarify the above inconsistency, we
esign a comparative experimental study in this paper, using

2W2O7·xH2O with double-octahedral W–O layers and H2WO4
ith single-octahedral W–O layers as the starting inorganic mate-

ials, as shown in Fig. 1. The double-octahedral W–O layers in
2W2O7·xH2O can serve as a kind of identifier. The reactions
f H2WO4 and H2W2O7·xH2O compounds with n-alkylamines
2WO4 with n-alkylamines in heptane: (A) H2WO4 powders with single-octahedral
ate hybrids with double-octahedral W–O layers derived by an intercalation reaction,
rived by a dissolution–reorganization process.

(CmH2m+1NH2, m = 4, 6, 8 and 10) are conducted under a similar
condition in reverse-microemulsion-like media. The compositions,
microstructures and morphologies of the resultant products via
the reactions of H2WO4 and H2W2O7·xH2O with n-alkylamines
are comparatively investigated via X-ray diffraction (XRD), Fourier-
transform infrared (FT-IR) spectra, thermal analysis (TG–DTA) and
scanning electron microscopy (SEM). By comparing the character-
istics of the as-obtained hybrid compounds, we infer the possible
reaction process and related mechanisms.

2. Materials and methods

2.1. Material and chemicals

H2WO4, WO3, Bi2O3, hydrochloric acid (HCl) and heptane were purchased from
the Sinopharm Chemical Reagent Co., Ltd. The reagents of n-alkylamines were pur-
chased from the Aldrich Chemical Company Inc. All chemicals were analytically
pure and used as received without further treatment. H2W2O7·xH2O (x ∼ 0.5–2) was
synthesized via a similar process described previously in Refs. [24,29], using a HCl
solution to leach the [Bi2O2] layers from a layered Bi2W2O9 phase, which was pre-
pared through a solid-state reaction of Bi2O3 powders with WO3 powders at 800 ◦C
[24,29].

2.2. Reactions of n-alkylamines with H2WO4 powders

The reactions of H2WO4 powders and n-alkylamines with various alkyl-
chain lengths were conducted using heptane as the solvent via a similar process
(Scheme S1) to our previous report [27]. Typically, ∼0.3 g (∼1.2 mmol) of H2WO4

powders was dispersed in a mixture of ∼1.32 g (∼18 mmol) of C4H9NH2 and ∼15 mL
of heptane under an intense stirring condition at room temperature. The stirring was
kept on for 10–40 h till the resultant suspension turned to be white in color. The
suspension was centrifuged and then washed with ethanol twice, and a white solid
was obtained. The solid was air-dried at a reduced pressure at room temperature
before used for characterizations. The as-obtained sample with H2WO4 powders
and C4H9NH2 was denoted as C4N@H2WO4. The molar ratio of C4H9NH2 to H2WO4

was ∼15. Similarly, C6H11NH2, C8H15NH2 and C10H21NH2 were used as the reac-
tants under the same reaction condition, and the resultant samples were denoted

as C6N@H2WO4, C8N@H2WO4 and C10N@H2WO4, respectively.

2.3. Reactions of n-alkylamines with H2W2O7·xH2O powders

The process for the reactions of H2W2O7·xH2O with n-alkylamines
(CmH2m+1NH2, m = 4, 6, 8 and10) was similar to that of H2WO4 with n-alkyl-
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mines described above (Scheme S1) [27]. The molar ratios of n-alkylamines to
2W2O7·xH2O were ∼30, and the volume ratios of heptane to n-alkylamines were
aintained at ∼5. Typically, ∼0.3 g of the air-dried H2W2O7·xH2O was dispersed in

he mixture of heptane and n-alkylamine under a magnetic stirring condition. After
reaction for more than 10 h, the products were collected from the suspensions

y centrifugation and washed with ethanol. The as-obtained solids were air-dried
nder a reduced pressure at room temperature. The samples derived from the
eactions of H2W2O7·xH2O with C4H9NH2, C6H11NH2, C8H15NH2 and C10H21NH2

ere marked as C4N@H2W2O7, C6N@H2W2O7, C8N@H2W2O7 and C10N@H2W2O7,
espectively.

.4. Characterization and analysis

The phase compositions of the precursors and the resultant products were
etermined by X-ray diffraction (XRD; Rigaku D/Max-3B diffractometer with Cu
� radiation or with Fe K� radiation). The morphologies of the precursors and the
s-obtained products were observed on a scanning electron microscope (SEM, JEOL
SM-5600). Thermal analysis (TG–DTA) was performed using a NETZ SCH Simulta-
eous Thermal Analyzer with a heating rate of 10 K min−1 in an air flow. Fourier-
ransform infrared (FT-IR) spectra were recorded on a Brucke-VECTOR22 spec-
rophotometer using a KBr disk technique in the 400–4000 cm−1 region. The inter-
ayer distances of the as-obtained hybrids and the cell parameters of the precursors

ere calculated on the basis of their XRD patterns using a UnitCell program (by TJB
olland and SAT Redfern, 1995) by minimizing the sum of squares of residuals in 2�.

. Results and discussion

.1. Phase compositions and morphologies of tungstic acid
recursors

The XRD patterns of the commercially available H2WO4 pow-
ers and the H2W2O7·xH2O powders synthesized by leaching
Bi2O2] layers from the layered Bi2W2O9 phase [29] were analyzed
Fig. S1). As the results show, the XRD pattern of H2W2O7·xH2O
s close to the results reported in Refs. [24,29], and the strong
eaks located around 7.90◦, 16.0◦ and 24.1◦ in 2� can be indexed
o be (0 0 2), (0 0 4) and (0 0 6) reflections, respectively. The calcu-
ated cell parameters, according to the XRD data (Fig. S1a) and an
rthorhombic crystal system, are a = 0.521(7) nm, b = 0.518(7) nm
nd c = 2.23(4) nm, which are consistent with the reported val-
es [24,27]. The intense peaks from (0 0 l) reflections suggest that
he H2W2O7·xH2O precursor is of a typical layered structure, the
ormal of which is along the [0 0 l] direction [24,27]. The XRD
attern (Fig. S1b) of the commercially obtained H2WO4 powders
an be indexed to be tungsten oxide hydrate (WO3·H2O) with an
rthorhombic system [S.G.: Pmnb (62)] according to the JCPDS card
o. 43-0679. The calculated cell parameters are a = 0.524(2) nm,
= 1.065(5) nm and c = 0.513(2) nm by refining the XRD data in an
rthorhombic system. These values are very close to the literature
ata [JCPDS card No. 43-0679, a = 0.5238(2) nm, b = 1.0704(4) nm,
= 0.5120(2) nm]. The normal of the layer structures in H2WO4 is
long the [0 k 0] direction according to its XRD pattern.

The morphologies of H2WO4 and H2W2O7·xH2O powders were
bserved on SEM and TEM microscopes (Fig. S2). The SEM image
ndicates that the H2WO4 powders consist of submicron aggrega-
ions, most of which are assemblies of H2WO4 nanocrystals. The
EM image shows that the commercially available H2WO4 pow-
ers are mainly composed of nanoscale particles and nanosheets,
greeing with the SEM observations (Fig. S2a). The H2W2O7·xH2O
owders consist of microscale platelike particles with thicknesses
f 1–5 �m, and their side lengths vary from 5 to 20 �m (Fig. S2b).
he microscale plates are usually single-crystalline [24,29]. One
an find that the morphologies and particle sizes of H2W2O7·xH2O
owders are very different from those of H2WO4 powders.
.2. Reactions of n-alkylamines with H2WO4 powders and XRD
nalysis of the resultant hybrids

The reactions of n-alkylamines with H2WO4 powders were car-
ied out in a nonpolar solvent of heptane at room temperature.
Fig. 2. XRD patterns of the tungstate-based hybrid compounds (CmN@H2WO4)
obtained via reactions between H2WO4 and n-alkylamines in heptane: (a)
C4N@H2WO4, (b) C6N@H2WO4, (c) C8N@H2WO4, and (d) C10N@H2WO4.

Actually, other nonpolar solvents, including hexane and cyclohex-
ane, are also suitable for the reactions n-alkylamines with H2WO4
powders. In the present reactions, n-alkylamines not only act as
one of the reactants, but also act as a surfactant to form pseudo
water-in-oil microemulsions, in which the hydrophilic H2WO4 par-
ticles act as the “water” phase, i.e., H2WO4/n-alkylamine/heptane
(hydrophilic phase/surfactant/oil phase) [27]. After the reactions
are complete, the resultant suspensions become fully white in color.
The molar ratios of n-alkylamines to H2WO4 are kept at about 15,
and the volume ratios of heptane to n-alkylamines are about 5.
For the short alkyl-chain amines of C4H9NH2 and C6H11NH2, the
reactions with H2WO4 particles can be finished in 10 h, whereas
the C8H15NH2 and C10H21NH2 with longer alkyl-chains need more
times (about 20 h) to finish their reactions with H2WO4 particles.
When a small amount of water is added to wet H2WO4 particles
before reactions, the reactions between H2WO4 particles and n-
alkylamines are obviously accelerated and can be finished in several
hours. The ratios of n-alkylamines to H2WO4 also affect the reac-
tions. For example, the reaction between n-octylamine and H2WO4
can be finished in 5 h when the molar ratio of n-octylamine to
H2WO4 is larger than 10, whereas the reaction cannot be completed
after several days when the n-octylamine-to-H2WO4 ratio is 2. The
water amounts and the n-octylamine-to-H2WO4 ratios are there-
fore the key factors influencing the speed of the reactions between
n-octylamine and H2WO4 powders in present conditions.

Fig. 2 shows the typical XRD patterns of the resultant products
derived from the reactions of n-alkylamines with H2WO4 powders.

One can find that the diffraction peaks belonging to H2WO4 disap-
pear, and a series of new diffraction peaks in the low 2� regions
occur after the reactions of H2WO4 with n-alkylamines. From sev-
eral degrees to 30◦ in 2�, there are several diffraction peaks with
regularly reduced intensities, which is the typical characteristic
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n-alky chains, similar to the case of CmN@H2WO4 hybrids (Fig. 2).
The calculated interlayer distances of CmN@H2W2O7 on the

basis of their XRD data are 1.59(3) nm, 2.08(4) nm, 2.56(6) nm and
3.01(5) nm for C4N@H2W2O7, C6N@H2W2O7, C8N@H2W2O7 and
ig. 3. (a) A plot of the interlayer distances of the CmN@H2WO4 compounds as a
nterlayer distances of the CmN@H2W2O7 compounds as a function of the carbon nu

f an ordered layered structure [27]. The number of the diffrac-
ion peaks of CmN@H2WO4 increases as the carbon number of
he n-alkyl chains increases from 4 to 10. There are 3 perceptible
iffraction peaks for C4N@H2WO4, whereas there are 7 diffraction
eaks for C10N@H2WO4. The increase in number of the diffraction
eaks indicates that the degree of order of the layered CmN@H2WO4
tructures is improved when the n-alkylamines with longer alkyl
hains are used. The diffraction peaks can be indexed to the (0 0 l)
eflections [27].

The interlayer distances of CmN@H2WO4 are calculated accord-
ng to the (0 0 l) reflections in their XRD patterns (Fig. 2). The
alculated interlayer distances (d) of C4N@H2WO4, C6N@H2WO4,
8N@H2WO4 and C10N@H2WO4 are 1.59(2) nm, 2.112(3) nm,
.55(7) nm and 2.97(9) nm, respectively. Fig. 3a shows the plot
f the interlayer distances (d) of the CmN@H2WO4 as a func-
ion of the carbon numbers of their corresponding n-alkylamines.
he linear fitting result indicates there is an excellent linear rela-
ionship (R2 = 0.997) between the interlayer distances (d) and
he corresponding alkyl-chain lengths (m): d (nm) = 0.70 + 0.23m
4 ≤ m ≤ 10). The slope k is 0.23, and its intercept d0 is 0.70 nm at

= 0.
The increment per –CH2– for a fully extended all-trans alkyl

hain is 0.127 nm [33]. When k ≤ 0.127, the arrangement is
robably a monolayer with a tilt angle ˛ [˛ = sin−1(k/0.127)].
hen 0.127 < k ≤ 0.254, a bilayer arrangement with a tilt angle

f ˛ = sin−1(k/0.254) is usually considered [34]. In the present
ase, 0.127 < k = 0.23 < 0.254, the n-alkyl chains in CmN@H2WO4
robably take on a bilayer arrangement with a tilt angle of
= sin−1(0.23/0.254) = 65◦ along the inorganic layers.

The thickness of the inorganic layers can be estimated by extrap-
lating the interlayer distance for m = 1 (d1 = 0.93 nm). Since the
ond lengths of C–N and N–H in RNH2 are 0.147 and 0.101 nm [35],
espectively, the length (l1) of a CH3NH2 molecule or CH3NH3

+ ion
an be estimated approximately as the sum (0.248 nm) of 0.147
nd 0.101 nm [27]. Due to the bilayer arrangement and the tilt
ngle (˛ = 65◦), the contribution of the organic layers (CH3NH2
olecules or CH3NH3

+ ions) to the interlayer distance (d1) can
e estimated as ho = 2l1·sin ˛ = 0.45 nm. The thickness of the inor-
anic layers (hi) can therefore be calculated by subtracting ho from
1, i.e., hi = 0.93–0.45 = 0.48 nm. This value (0.48 nm) is close to the
hickness (∼0.41 nm) of the single-octahedral W–O layer [36].
.3. Reactions of n-alkylamines with H2W2O7·xH2O powders and
RD analysis of the resultant hybrids

The process and conditions for the reactions of H2W2O7·xH2O
owders with n-alkylamines are similar to those of H2WO4, and
ion of the carbon numbers of the corresponding n-alkylamines; (b) a plot of the
s of the corresponding n-alkylamines.

the detailed information can be referred to the Refs. [27,28]. The
molar ratios of n-alkylamines to H2W2O7·xH2O are about 30. The
reactions of H2W2O7·xH2O with n-alkylamines are rapid, and the
suspensions turn to be white after a 6-h reaction for CmN@H2W2O7
compounds (m = 4, 6, 8 and 10).

Fig. 4 shows the typical XRD patterns of CmN@H2W2O7 with
m = 4, 6, 8 and 10. There are a series of new diffraction peaks (0 0 l)
in the low 2� region, and the XRD peaks belonging to H2W2O7·xH2O
disappear. The intensities of the peaks regularly decrease from low
values to high values in 2�, indicating that the as-obtained sam-
ples CmN@H2W2O7 are of a highly ordered layered structure. The
numbers of the perceptible diffraction peaks increase from 4 for
C4N@H2W2O7 to 7 for C10N@H2W2O7, suggesting that the degree
of order is enhanced for the CmN@H2W2O7 hybrids with longer
Fig. 4. XRD patterns of the CmN@H2W2O7 obtained via reactions between
H2W2O7·xH2O and n-alkylamines in heptane: (a) C4N@H2W2O7, (b) C6N@H2W2O7,
(c) C8N@H2W2O7, and (d) C10N@H2W2O7.
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10N@H2W2O7, respectively. Fig. 3b shows the plot of the inter-
ayer distances (d) versus the carbon numbers (m) of n-alkylamines
sed. The result of linear fit (R2 = 0.999) is d (nm) = 0.65 + 0.24 m
4 ≤ m ≤ 10). The slope k is 0.24, and its intercept d0 is 0.65 nm
t m = 0. Similarly, because 0.127 < k = 0.24 < 0.254, the n-alkyl
hains in the CmN@H2W2O7 compounds should take on a bilayer
rrangement with a tilt angle of ˛ = sin−1(0.24/0.254) = 74◦ along
he inorganic layers. The thickness of the inorganic layers can
lso be estimated by extrapolating the interlayer distance for
= 1 (d1 = 0.89 nm). According to the previous analysis, the length

l1) of a CH3NH2 molecule or CH3NH3
+ ion is about 0.248 nm.

ecause of the bilayer arrangement and the tilt angle (˛ = 74◦),
he contribution of the organic layers (CH3NH2 molecules or
H3NH3

+ ions) to the interlayer distance (d1) can be estimated as
o = 2l1·sin ˛ = 0.48 nm. Thus the thickness of the inorganic layers
hi) is calculated to be hi = 0.89–0.48 = 0.41 nm, which is much less
han the thickness (0.93 nm) of the double-octahedral W–O layers,
ut is close to the thickness of the single-octahedral W–O layers.
he above results are in agreement with our previously reported
ata [27].

When comparing Fig. 2 with Fig. 4, one can find that the XRD
atterns of the CmN@H2WO4 compounds are very close to those of
heir corresponding CmN@H2W2O7 compounds, except their inten-
ities. The more intense diffraction peaks of CmN@H2W2O7 than
mN@H2WO4 indicate that the former shows a higher degree of
rder in the layered structure than the latter. From Fig. 3, one can
nd that the arrangements of n-alkyl chains in the CmN@H2WO4
nd CmN@H2W2O7 compounds are similar to each other, and
hat thicknesses of the inorganic layers in the CmN@H2WO4 and
mN@H2W2O7 compounds are very close to that of the single-
ctahedral W–O layer.

.4. FT-IR spectra of the hybrids derived from H2WO4 and
2W2O7 powders

The FT-IR spectra (Fig. S3 and Table S1) of the representa-
ive samples of C8N@H2WO4 and C8N@H2W2O7 indicate that the
R absorption bands of C8N@H2WO4 are very close to those of
8N@H2W2O7.

The wide bands at 3432 cm−1 are ascribed to the symmet-
ical stretching vibration of the –OH groups of the absorbed
2O molecules [�s(O–H)]. The bands at 3307 and 3298 cm−1 are
scribed to the asymmetrical stretching vibration of the –NH2
roup, i.e., �as(N–H), and those at 3237 and 3231 cm−1 are ascribed
o the stretching vibration of the –NH2 group, i.e., �s(N–H) [37].
he weak bands at 1634 and 1636 cm−1 can be ascribed to the
ending vibration of the N–H bonds in –NH2 groups, i.e., ı(N–H)
38]. The bands at 1580 and 1576 cm−1 can be ascribed to the
ending vibration of the N–H bonds in –NH3

+ groups [38]. The
ands at 2846 and 2847 cm−1 are ascribed to the symmetrical
tretching vibration of the C–H bonds in the –CH2– groups, and
hose at 2925 and 2918 cm−1 are ascribed to the asymmetrical
tretching vibration of the C–H bonds in the –CH2– groups [39,40].
he bands at 756 and 756 cm−1 are ascribed the out-of-plane rock-
ng vibration of the –CH2– group, i.e., �(C–H) [41]. The bands at
960 cm−1 and 2957 cm−1 are ascribed to symmetrical stretching
ibration of the C–H bonds in the –CH3 groups [39,40]. The bands
t 1395 and 1393 cm−1 are ascribed to the deformation vibration
f –CH3, i.e., ıs(C–H) [41]. The bands at 1467 cm−1 are ascribed
o the asymmetrical stretching vibration of the C–H bonds in the
CH3 and –CH2– groups, i.e., ıas(C–H) [41]. The bands at 1057 and

055 cm−1 are ascribed to symmetrical stretching vibration of the
–N bonds in the ≡C–NH2 groups, i.e., �s(C–N) [41].

The bands at 564 and 560 cm−1 are ascribed �(W–O–W) due
o the corner-sharing WO6 units [38], and the bands at 905 cm−1

nd 865 cm−1 can be assigned to the vibration of �(W O) [38]. The
d Physics 125 (2011) 838–845

wide bands around at 2100 cm−1 are ascribed to the combination of
the symmetrical vibration [�as(–NH3

+)] and the torsion oscillation
[�(–NH3

+)] of the –NH3
+ group, which interacts with the apical oxy-

gen of the W–O framework, i.e., [–NH3]+· · ·−[O–W–O] [26,27,38].
The FT-IR results indicate that the obtained C8N@H2WO4 and
C8N@H2W2O7 have a similar inorganic-organic hybrid structure.

3.5. Morphologies of the hybrids derived from H2WO4 and
H2W2O7 powders

Fig. 5a–d shows the typical SEM images of the resultant
inorganic–organic hybrid compounds of CmN@H2WO4 (m = 4, 6, 8
and 10). For sample C4N@H2WO4, one-dimensional morphology
can be discernable but not uniform, and their length-to-diameter
ratios are small (Fig. 5a). For samples C6N@H2WO4, C8N@H2WO4
and C10N@H2WO4, the one-dimensional morphologies become
more definite and more uniform than those of C4N@H2WO4
(Fig. 5b–d). In particular, the hybrid of C8N@H2WO4 has more
typically one-dimensional shapes with a length-to-diameter ratio
region of 5–15 (Fig. 5c), and their apparent diameters are about
300 nm. It can be found that the dimensions of C6N@H2WO4 and
C10N@H2WO4 are smaller than those of C8N@H2WO4, when we
compare Fig. 5b–d.

For purposes of comparison, we also show typical SEM images
of CmN@H2W2O7 hybrids (m = 4, 6, 8 and 10) in Fig. 5e–h.
One can see that all the samples, including C4N@H2W2O7,
C6N@H2W2O7, C8N@H2W2O7 and C10N@H2W2O7, take on a defi-
nite one-dimensional structure, with a length region of 20–50 �m.
Their apparent diameters are about 200–500 nm according to the
previously reported data [27,28].

When comparing the morphologies in Fig. 5, one can find that
the one-dimensional morphologies of the CmN@H2W2O7 hybrids
are more uniform and definite than those of the CmN@H2WO4
hybrids. Also, the length-to-diameter ratios of CmN@H2W2O7
hybrids are larger than those of CmN@H2WO4 hybrids. The differ-
ence in morphology between the CmN@H2WO4 and CmN@H2W2O7
hybrids may be due to the difference in size and morphology
between their precursors, i.e., H2WO4 and H2W2O7·xH2O. As shown
in Fig. S2, H2W2O7·xH2O has larger particle sizes than H2WO4,
and each H2W2O7·xH2O particle is single-crystalline, whereas the
H2WO4 particles are aggregates of small nanocrystals. The larger
size and the more highly crystallized phase may facilitate to form
more highly ordered and uniform inorganic–organic hybrid com-
pounds. Also, the double-octahedral W–O lamellar structure in
H2W2O7·xH2O is more favorable to form highly ordered and uni-
form inorganic–organic hybrid compounds than H2WO4 with a
single-octahedral W–O lamellar structure. The enhanced degree
of order in the microstructures of CmN@H2W2O7 hybrids can
also be concluded according to the more intense XRD diffraction
peaks of CmN@H2W2O7 hybrids than those of the corresponding
CmN@H2WO4 hybrids.

3.6. Thermal analysis of the hybrids derived from H2WO4 and
H2W2O7 powders

Typical TG–DTA curves of the inorganic–organic hybrid com-
pound of C8N@H2WO4 are shown in Fig. 6. As the figure shows, the
curves can be divided into 4 regions: (I) room temperature −170 ◦C,
(II) 170–280 ◦C, (III) 280–410 ◦C and (IV) 410–600 ◦C. In region I,
there are an obvious mass loss of ∼29% and an intense endother-

mic peak at 150 ◦C, due to desorption of n-octylamine molecules.
In region II, one can find a mass loss of 11% and a weak endother-
mic peak at 230 ◦C, which is due to desorption of structural water
from the inorganic layers, besides due to the desorption of some
n-octylamine molecules (ions) from the inner spaces of the lamel-
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ig. 5. (a–d) SEM images of the as-obtained CmN@H2WO4 hybrids: (a) m = 4, (b) m =
e) m = 4, (f) m = 6, (g) m = 8 and (h) m = 10.

ar structures of C8N@H2WO4. We can find an exothermic peak
t 350 ◦C and a corresponding mass loss of 7% in region IV, and
he exothermic peak and its corresponding mass loss are proba-
ly due to the oxidation of the residual n-octylamine molecules
ions). The intense exothermic peak at 480 ◦C and the correspond-
ng mass loss of 6% in region IV can be assigned to the combustion
f the residual carbon derived from the oxidation of the organic
-octylamine molecules (ions). When the temperature is higher
han 600 ◦C, there are no obvious peaks either in the TG curve or in
he DTA curve, indicating no change occurs after 600 ◦C. The other
amples of CmN@H2WO4 and CmN@H2W2O7 hybrids show similar
TA curves during the heating treatment from room temperature
o 800 ◦C.
Fig. 7a shows the TG curves of the CmN@H2WO4 hybrid com-

ounds. As Fig. 7a shows, these TG curves take on similar profiles,
hich suggest that the compounds of C4N@H2WO4, C6N@H2WO4,

8N@H2WO4 and C10N@H2WO4 undergo a similar thermal decom-

Fig. 6. TG–DTA curve of the C8N@H2WO4 hybrid compound.
m = 8, and (d) m = 10; (e–h) SEM images of the as-obtained CmN@H2W2O7 hybrids:

position process. The total mass losses increase from 37.6%, 46.7%,
52.8% and 61.0% for C4N@H2WO4, C6N@H2WO4, C8N@H2WO4
and C10N@H2WO4, respectively. Fig. 7b shows the TG curves of
the CmN@H2W2O7 hybrid compounds. The total mass losses of
C4N@H2W2O7, C6N@H2W2O7, C8N@H2W2O7 and C10N@H2W2O7
are 37.5%, 43.7%, 51.6% and 61.2%, respectively. When compar-
ing Fig. 7a and b, one can readily find that the TG curves of the
CmN@H2W2O7 compounds are very similar to those of the corre-
sponding CmN@H2WO4 compounds (m = 4, 6, 8 and 10), not only
in the profiles of the TG curves but also in the data of the total
mass losses between room temperature and 600 ◦C. The similarity
in the profiles of the TG curves and the data of the total mass losses
suggests the similarity in the compositions and microstructures
between the CmN@H2WO4 and CmN@H2W2O7 compounds.

We suppose that the compositions of the tungstate-based
inorganic–organic hybrids can be denoted as (C4H9NH3)2WO4,
(C6H13NH3)2WO4, (C8H17NH3)2WO4, (C10H21NH3)2WO4, respec-
tively, and that the resultant products are the WO3 phase when
the tungstate-based inorganic–organic hybrids are calcined at tem-
peratures higher than 600 ◦C. The theoretical mass losses of the
tungstate-based inorganic–organic hybrids are then calculated to
be 41.5%, 48.7%, 54.4% and 58.9% for C4N, C6N, C8N and C10N,
respectively. These theoretical values are close to the correspond-
ing experimental data not only for CmN@H2WO4 compounds
but also for CmN@H2W2O7 compounds. These TG results indi-
cate that the chemical compositions of CmN@H2WO4 hybrids and
CmN@H2W2O7 hybrids are close to (CmH2m+1NH3)2WO4 (m = 4, 6,
8 and 10).

3.7. Comparative analysis of the reactions of H2WO4 and

H2W2O7 powders with n-alkylamines

Both H2WO4 and H2W2O7 powders can react with n-alkyl-
amines in reverse-microemulsion-like media to form tungstate-
based inorganic–organic hybrid compounds. The as-obtained
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Fig. 7. TG curves of (a) CmN@H2WO4 and (b) CmN

mN@H2WO4 and CmN@H2W2O7 (m = 4, 6, 8 and 10) compounds
re of similar characteristics in XRD patterns (Figs. 2 and 4),
T-IR spectra (Fig. S3) and TG–DTA curves (Fig. 7). Such sim-
larities from various aspects make us safely conclude that
he compounds of CmN@H2WO4 and CmN@H2W2O7 (m = 4, 6,

and 10) are of similarities both in compositions and in
icrostructures, that is, both CmN@H2WO4 and CmN@H2W2O7

re tungstate-based inorganic–organic hybrid compounds with a
ighly ordered lamellar structure, constructed by alternately stack-

ng n-alkylammonium bilayers and single-octahedral W–O layers
27].

The morphology and microstructure of the H2WO4 powders
sed (Fig. S2a) are very different from those of the H2W2O7·xH2O
owders (Fig. S2b), whereas the products obtained by treating them
ith n-alkylamines are very similar not only in morphology but also

n composition. The results indicate that the reactions of H2WO4
nd H2W2O7·xH2O powders with n-alkylamines undergo a similar
rocess.

.8. Formation mechanisms for hybrids derived from H2WO4 and
2W2O7 powders

H2WO4 and H2W2O7·xH2O can be seen as solid acids, which
an react with strong bases, forming water-soluble salts. But in the
resent work, a nonpolar reagent of heptane is used as the sol-
ent. The reaction media of “tungstic acids/n-alkylamines/heptane”
an be seen as pseudo “water-in-oil” microemulsions, wherein
xcess n-alkylamine molecules act as surfactants [27]. For H2WO4
owders with single W–O octahedral layers, the n-alkylamine
olecules (RNH2) react with H2WO4 particles via a proton-

xchange process, forming [RNH3
+–WO4

2−–+H3NR] species, each
f which has a hydrophilic radical and two hydrophobic ones.
he above stage can be seen as a dissolution process. These
RNH3

+–WO4
2−–+H3NR] species can be reorganized in the nonpo-

ar solvent due to the end hydrophobic radicals (R). To minimize
he energy of the system, the [RNH3

+–WO4
2−–+H3NR] species then

pontaneously assemble to be a layered structure with an apparent
orphology of nanobelts.
For H2W2O7·xH2O powders, there are double W–O octahedral

ayers. An intercalation process is undergone during the initial
tage of their reactions with n-alkylamine molecules [27]. Upon
ntercalation of n-alkylamines, the crystal water molecules are

eleased to form microscale water pools with a high alkalinity due
o hydrolyzation of the excess n-alkylamine molecules. The double

–O octahedral layers of the intercalation products are then dis-
olved in the alkaline water pools to form [RNH3

+–WO4
2−–+H3NR]

pecies with single W–O octahedral layers. Similar to the case of
2O7 hybrid compounds with m = 4, 6, 8 and 10.

H2WO4, the as-obtained [RNH3
+–WO4

2−–+H3NR] species assem-
ble to layered nanobelts. The dissolution of the double W–O
octahedral layers during the reaction of H2W2O7·xH2O and n-
alkylamines is supported by the high similarities between the final
hybrid compounds from H2W2O7·xH2O and those from H2WO4,
which is also supported by the intermediate products and the
directly TEM observations [27]. The formation mechanisms for the
tungstate-based inorganic–organic hybrid nanobelts using H2WO4
and H2W2O7·xH2O as the starting materials, respectively, can be
described using the route chart shown in Fig. 1.

4. Conclusions

We have comparatively investigated the reaction behaviors
of commercially available H2WO4 and H2W2O7·xH2O pow-
ders with n-alkylamines in reverse-microemulsion-like reaction
media, i.e., inorganic particles/n-alkylamines/heptane. H2WO4
powders reacting with n-alkylamines at room temperature led
to the formation of inorganic–organic hybrid one-dimensional
nanobelts, consisting of organic n-alkylammonium ions (a bilayer
arrangement with a tilt angle of 65◦) and inorganic single-
octahedral W–O layers. The inorganic–organic hybrid nanobelts
obtained from H2W2O7·xH2O powders were also took on a bilay-
ered n-alkyl arrangement with a tilt angle of 74◦ along the
single-octahedral W–O layers. The similarities in composition
and microstructure demonstrated that the reactions of H2WO4
and H2W2O7·xH2O powders with n-alkylamines underwent a
similar “dissolution–reorganization” process, where the double-
octahedral W–O layers from H2W2O7·xH2O particles were firstly
decomposed and the decomposed species were then reorganized
into ordered lamellar hybrid nanobelts with inorganic single-
octahedral W–O layers. This work provides a new and inexpensive
route to synthesize tungstate-based inorganic–organic hybrid
nanobelts, besides giving a novel convincing evidence for clarifying
the reaction mechanism of H2W2O7·xH2O with n-alkylamines.
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