Journal of Solid State Chemistry 184 (2011) 2393-2397

Journal of Solid State Chemistry

journal homepage: www.elsevier.com/locate/jssc

Contents lists available at ScienceDirect e S

CHEMISTRY

Preparation and characterization of novel alkylviologens-intercalated
vanadyl-vanadate (RV)V50g

Keqgiang Lai *®, Aiguo Kong?, Yongjie Ding?, Henggiang Zhang?, Yongkui Shan **

2 Department of Chemistry, East China Normal University, Shanghai 200062, China
P College of Food Science and Technology, Shanghai Ocean University, Shanghai 201306, China

ARTICLE INFO

ABSTRACT

Article history:

Received 5 February 2011
Received in revised form

30 June 2011

Accepted 4 July 2011
Available online 14 July 2011

Keywords:
Intercalation
Compound
Magnetic

Various n-alkylviologens-intercalated vanadyl-vanadate (RV)V50g were synthesized with the combina-
tion of redox and ions-exchange methods. The derivative compounds were characterized by X-ray
diffraction (XRD), FT infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and UV-vis
diffuse reflectance spectroscopy (UV-vis DRS). The XRD results indicate that the interlayer spacing
increases with the alkyl chain length of the alkylviologen cations. The FTIR data shows that
alkylviologens were inserted into the interlayers of V305~. XPS data reveals that the vanadium ions
in the intercalation compounds are mostly in a pentavalent V>* state with some partially reduced to
the V4+ state. The intercalation compounds have the strong absorption character in the ultraviolet and
visible light region. Magnetic susceptibility indicates that the (ethylviologen) V30g (EV3) is antiferro-
magnetic and possesses an ordered magnetic structure below 15K. Above 15K, EV3 exhibits

paramagnetic behavior and a disordered magnetic structure.

Crown Copyright © 2011 Published by Elsevier Inc. All rights reserved.

1. Introduction

Inorganic-organic intercalation materials have received sub-
stantial attention over the past several years because of their
unique microstructures and properties [1-8], which have been
applied in a variety of areas such as energy-storage applications
[9], electrochemistry [10], proton-pump electrodes [11], sensors
[12], heterogeneous catalytic processes [13] and photochemical
redox reactions [14].

V503~ anion, with semiconducting properties and layered struc-
ture, is a suitable host material for intercalation chemistry, since
electrons or ions are easily transferred between the layers.
The preparation of the controlled sinusoidal or planar layer structure
in the intercalation compounds using V503~ anion as host and their
property investigations were one of much current research focus
and has been extensively studied [15,16]. A variety of inorganic
species have been obtained, for example: Li; xV30g [17], CoV30g
[18], Mg(V30g)2 [19], Ca(V30g)2 [20] and (Li, Cu);xV30s [21].
However, there is few reported about the intercalation of organic
guest into V503, except for polyethylene oxide [22].

In the present research, we prepared a series of alkylviologens-
V30g intercalation compounds, and in which alkylviologen cation
ions with different alkyl chains were successfully introduced into
the interlayers of V305~ through the combination of redox and ion-

* Corresponding author. Fax: +86 21 6223 3503.
E-mail address: ykshan@chem.ecnu.edu.cn (Y. Shan).

exchange procedures. At the same time, absorbance character in the
ultraviolet and visible regions and magnetic susceptibility has been
discussed.

2. Experimental procedure
2.1. Preparation of intercalation compounds

In a typical synthesis of these inorganic-organic intercalation
compounds, two synthetic steps were followed: first, (NH4),V30g
was synthesized by using bulky divanadium pentoxide powders as a
precursor in the presence of the hexamethylene tetramine as
reductant were placed into a stainless steel reactor at a ratio of
1:1.2 by weight, and then 20 mL of 1:1 methanol/water (v/v) was
added to the reaction reactor. The resultant mixture was sealed in
the reactor and heated at 110°C for 3 days in a controlled
temperature oven. The black crystal trivanadium oxide (NH,4),V30g
was obtained.

Second, (NH4),V30g and the iodide salt of alkylviologen
were blended in a molar ratio of 1-1.2 in water of 100 mL,
then the reactant mixture was refluxed at 100 °C for 2-11
days. The resultant precipitate was filtered, washed with
deionized water and acetone several times, and finally dried
at room temperature. These synthesized intercalations com-
pounds were represented by the general formula (RV)V30g, and
which was abbreviated to MV3(RV=methyl), EV3(RV=ethyl),
PrV3(RV=propyl), BV3(RV=butyl) and PeV3(RV=pentyl) for

0022-4596/$ - see front matter Crown Copyright © 2011 Published by Elsevier Inc. All rights reserved.

doi:10.1016/j.,jssc.2011.07.001


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2011.07.001
mailto:ykshan@chem.ecnu.edu.cn
dx.doi.org/10.1016/j.jssc.2011.07.001

2394 K. Lai et al. / Journal of Solid State Chemistry 184 (2011) 2393-2397

(NH4),V30g reacting with the iodide salt of methyl-, ethyl-,
propyl-, butyl- and pentyl-viologen, respectively.

2.2. Characterization

Elemental analysis was completed on an Elementar Vario ELIII
Elemental Analyzer (Elementar, Germany). The XRD patterns
were generated on a D8-Advance diffractometer (Bruker,
Germany) under the following conditions: Cu Ko radiation, Ni
filter; source voltage, 40 kV; source current, 40 mA. Fourier trans-
form infrared (FT-IR) spectroscopy measurements were carried
out with a Nicolet NEXUS 670 FT-IR spectrometer (Thermo
Nicolet, USA) in the range of 400-4000 cm~! using the KBr-disk
technique at room temperature. The XPS spectra were recorded
with a PHI 5000c ESCA System (Perkin Elmer, USA) working by
using Mg-Koo (1253.6 eV) radiation as the excitation source.
Sample charge was corrected by setting the binding energy
of adventitious carbon (Cls 284.6eV). The XPS analysis was
conducted at ambient temperature and pressure on the order of
less than 1077 Pa with an estimated error of + 0.1 eV for all the
measurements. Quantitative analysis of atomic ratios was accom-
plished by determining the elemental peak areas, following a
Shirley background subtraction performing with the XPS-Peak
4.1 program. The DRS spectra were run in the range of 200-900 nm at
room temperature using a JASCO V-550 spectrophotometer (Tokyo,
Japan) equipped with an integration sphere. Variable-temperature
magnetic susceptibility y(T) data was obtained on 57 mg sample EV3
from 2 to 300K in a magnetic field of 1T on a Quantum Design
PPMS-9 system (Quantum Design, USA).

3. Results and discussion
3.1. Synthetic method

The traditional synthesis methods of ammonium vanadyl-
vanadate (NH4),V30g was using vanadium pentoxide as starting
oxide and sodium borohydride as reducing agent in a NaOH
aqueous solution with excess NH4Cl under argon atmosphere
[23] or V,03 was prepared by reducing V,0s under H, at 900 °C,
then V,03 and NH,4VO3 was ground intimately and sealed in Pyrex
tube under a 107 Torr pressure, and then was heated slowly at
2 °C/min to 250 °C and soaked for 6-12 h to prepared (NH,4),V30g
[24]. In our research, the hexamethylene tetramine was used as
reductant and bulky divanadium pentoxide powders as a oxide
precursor the process is easy to be controlled and the experiment
conditions were milder. The prepared compound (NH4),V30g
shows planar structure [23,24], which is relatively easier to
intercalate with the larger cations when using a method of ions
exchange. The electrostatic action between the alkylviologen
cations and the negative lamina of the layered V503~ is drive
fore to form the novel inorganic-organic intercalation compounds
with largely expanded d-spacing. The method used in the present
work has many advantages, such as simple operation, high yield,
efficiency and excellent atom economy.

The elemental analysis (C, N, H) data of the synthesized
alkylviolegen derivatives is shown in Table 1. C and H content
increases with the increasing alkyl chain length of alkylviologen
cation ions, and N content remains no obvious change. The
experimental data of the intercalation compounds was close to
the theoretical value of each compound (Table 1).

3.2. Crystal structure

The XRD patterns of (NH4),V30g and its intercalation products
with n-alkylviologens are shown in Fig. 1. A series of diffraction

Table 1
Elemental chemical analysis data of intercalation compounds.

Intercalation compound C (%) H (%) N (%) Molecular formula
MV3 29.6(30.9) 2.8(3.0) 5.8(6.0) (Cqi2H14N3)V30g
EV3 32.6(34.0) 3 4(3.7) 5.4(5.7) (Cy14H18N2)V50g
Prv3 35.4(36.7) 4.1(4.3) 5.1(5.4) (C16H22N2)V30s
BV3 38.1(39.2) 4.5(4.8) 4.9(5.1) (CygH26N3)V30g
PeV3 40.2(41.5) 4.9(5.2) 4.5(4.8) (CyoH30N3)V30g

The numbers in parentheses are theoretically calculated values.
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Fig. 1. XRD patterns of (NH,4),V30g and (RV)V30s.

peaks for every prepared sample illustrates that they possess
the higher crystallinity. In contrast to a crystalline pattern of
(NH4),V30g, the (0 0 1) reflection shift to a lower 26 value in the
diffractograms of the inorganic-organic intercalation compounds
was observed [23-24]. This result implies that the interlayer
space of the alkyviologen intercalation products undergo a large
expansion after intercalation, and that the interlayer space
increases with an increase of the number of carbon atoms in
the n-alkyl chain from 0.89 nm for n=methyl- to 0.94 nm
for n=propyl-, 1.21 nm for n=Dbutyl- and 1.42 nm for n=pentyl-,
indicating formation of lamellar intercalation compounds.
A linear relationship between the interlayer distance and cationic
sizes has not been observed. This phenomenon is different from
research results on kaolinite-alkylamine intercalation com-
pounds, in which the basal spacing between the layers of kaolinite
increased linearly with the length of alkyl chains by 0.255 nm per
carbon atom, and the alkylamine molecules in the interlayer
space of kaolinite take a bilayer arrangement with their alkyl
chains almost perpendicular to the layers of kaolinite [25,26].
However, our research results suggest that the alkylviogen
molecules in the interlayer space might be arranged as mono-
layers between inorganic layers in all compounds with certain tilt
angle, not perpendicular to the planar layers [27-29]. The reasons
causing these differences can ascribe to the structural difference
of the guest and/or host in intercalation compounds. Moreover,
the XRD patterns of all prepared the intercalation products
indicate that the integrity of the V30g interlayer structure was
not destroyed during the processes of intercalation compounds
preparation [26].

3.3. FT-IR analysis

Fig. 2 shows the FT-IR spectra of (RV)V50g and the iodide salt
of methylviologen (MVI,). The IR spectra of all intercalation
compounds were very similar (Fig. 2a), the bands at 1640, 1560,
1500 and 1450 cm~! are attributed to the framework character-
istic bands of conjugated aromatic rings in the guest molecules
[30]. The antisymmetric and symmetric stretching bands of C-H
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Fig. 2. FT-IR spectra of (RV)V30g and the iodide salt of methylviologen.
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Fig. 3. The structure of guest with one positive charge.
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Fig. 4. XPS spectra of N1s, V2p and O1s for (RV)V30s.
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groups related to pyridine rings and alkyl chain appear at 3120,
3050, 2925 and 2855 cm ™! in the IR spectra of the intercalation
compounds, and their band intensity become much stronger with
the increase of carbon atom number in the alkyl chain [31].

Though the framework characteristic bands of conjugated
aromatic rings in FT-IR spectra of intercalation compounds
were no obvious shifts compared with that of MVI, (Fig. 2b),
but the relative intensity of the bands showed obvious change.
The intensity of the bands at 1635 and 1445cm~! increase
evidently, whereas that of the bands at 1560 and 1505 cm™!
becomes substantially weaker, indicating the synergic effect
between the host and guest in the intercalation compounds
prolonged the life of the excited guest with one positive charge
as represented in Fig. 3 [26,27].

3.4. XPS spectra

The XPS technique provides information on the surface layer
of a sample. Fig. 4 presents the prominent XPS spectral features
of N1s, V2p and O1ls in the inorganic-organic intercalation
compounds. The peaks of N1s, V2p3/2 and O1s are broad and
asymmetrical, which hint that the nitrogen, vanadium and
oxygen atoms of the surface layer of these intercalation com-
pounds samples lie in different chemical environment. The bind-
ing energies) (BE) and the full-width at half-maximum (FWHM)
of the main peaks are shown in Table 2.

Table 2
O1s, V2p3/2 and N1s BE and FWHM for intercalation compounds.

Intercalation MV3 EV3 Prv3 BV3 PeV3
compounds

Ols
BE (eV) 529.4 529.3 529.4 529.3 529.2
FWHM (eV) 248 2.51 2.52 2.54 2.82

V2p3/2
BE (eV) 516.1 5162 516.1 5162 516.2
FWHM (eV) 2.81 2.79 2.76 2.83 2.85

N1s
BE (eV) 400.7 400.6 400.6 400.7 400.7
FWHM (eV) 3.31 3.15 3.12 3.24 341
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Fig. 5. Curve-fitting XPS spectra of V2p (a) and N1s (b) in EV3.

The XPS analysis was performed with the XPS-Peak 4.1 pro-
gram and a Shirley function used to subtract the background. The
V2p and N1s signals of EV3 can be deconvoluted into individual
peaks as shown in Fig. 5. As the binding energy of the V2p3/2 core
level depends on the oxidation state of the V cation, curve fitting
of the V2p3/2 XPS signal can be used to detect the different
oxidation states of vanadium cation on the surface layer of a
vanadium compound sample [32,33]. In Fig. 53, the broad peak of
V2p3/2 is made of a maximum at 516.8 eV corresponding to the
V3+ cation and of smaller peaks at 515.4 eV assigned to the V4~
cation [33]. The presence of vanadium with two oxidation states
(V>*and V*+) is attributed to partial reduction of the vanadium
ions V°* by the iodine ion I~ during insertion of alkylviologen
ions [34].

As shown in Fig. 5b, the profile of N1s peak can be deconvo-
luted into two components located at 399.4 and 401.2 eV, which
reveals that N atoms in the intercalation compounds locate in two
different chemical environments [35,36]. This may be resulted
from transferring some electrons in the host vanadium-oxygen
layers to the pyridine rings of the alkylviologen cations, which
makes the nitrogen atom neutral and, forms the excited free
cations with structure as shown in Fig. 3. The derived XPS results
are consistent with those of FTIR, and both of them further
confirm the possibility that the excited guest molecules as
components of the intercalation compounds. At the same time,
this result also suggests that chemical environment of the
component elements in bulk phase and on the surface layer of
the intercalation compound samples are the same.

3.5. UV-vis DRS analysis

The UV-vis DRS spectra of (RV)V30g, the iodide salt of methyl-
viologen (MVI;) and V,0s5 are shown in Fig. 6. The inorganic-
organic intercalation compounds have strong absorption within
ultraviolet and visible regions. The sharp absorption band around
215 nm may be assigned to the charge transfer transition from O to
square-pyramidal coordination V'"Vspecies [37]. The absorption
band around 250 nm can be attributed to the electron transfer
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within the alkylviologen cations [38], and the strong absorption
band around 300-500 nm can be assigned to oxygen to square-
pyramidal coordination VY [39,40]. However, it is noteworthy
that these intercalation compounds have stronger absorption in
the range from 550 nm to 900 nm, which is in agreement with the
characteristic absorption of electron transfer anticipated for alkyl-
viologen cations [38], and further confirm that alkylviologen
species exist in the intercalation compounds. Comparison with
UV-vis DRS of V,05 and MVI, in Fig. 6b, it is found that this wide
and strong band also include the components from the d-d
transition of VO, ions and intervalence charge transfer of
V4* 5 V°+ besides being related to the electron transfer within
the alkylviologen cations [40].

3.6. Magnetic susceptibility

A measurement result of the magnetic properties of the alkylvilo-
gen intercalcation compound (EV3) is shown in Fig. 7 in the
temperature range from 2 to 300 K. The molar magnetic suscept-
ibility of EV3, y, increased with decreasing temperature and
reached a maximum 0.0106 emu/mol at 15K. Below 15K, the
susceptibility continuously decreased with cooling, which suggests
that the intercalation compound is antiferromagnetic and possesses
ordered magnetic structure below 15K and above 15K exhibits
paramagnetic behavior with ordered magnetic structure. The ther-
mal variation of the molar susceptibility basically follows the Curie-
Weiss law [ypy=Cn/(T—0)] with C,=0.149 emuK~ ' mol~! and
0=—12K. The effective magnetic moment (i.;) per vanadium
determined from the equation pey=2.83(xm x T)'/4is 1.09 pg, which
is lower than 1.73 pp that expected for the spin-only moment. This
phenomenon may have resulted from the electron delocalization of
V4* in the host or the interaction of spin-orbital coupling.
In addition, the alkylviologen cations may be beneficial to the
electron delocalization of V4+ [41,42].
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4. Conclusion

A series of novel inorganic-organic compounds were obtained
by intercalating of various n-alkylviologens into layered V303~
host through the combination of redox and ions-exchange meth-
ods. The interlayer spacing of the inorganic-organic intercalation
compounds increased and the structural regularity of these
compounds decreased with increasing alkyl chain length in the
alkylviologen cations. The investigation results suggest that the
synergic effect resulting from the interaction of guest and host
may prolong the life of excited guest molecules. The inorganic—-
organic intercalation materials have strong absorption within the
ultraviolet and visible light region. Moreover, these compounds
are antiferromagnetic, and possess ordered magnetic structure
below 15K, and above 15 K, exhibiting paramagnetic behavior
with a disordered magnetic structure.
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