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a b s t r a c t

The new nonlinear optical crystal Rb3V5O14 has been synthesized by solid state reaction and

characterized by single-crystal X-ray diffraction, IR and thermogravimetric analysis. The crystal

Rb3V5O14 crystallizes in the trigonal system with space P31m (No. 157), a¼b¼8.7134(12) Å,

c¼5.2807(11) Å and a¼901, b¼901, g¼1201, Z¼1, r¼3.516 g/cm3. It is a layered structure that is

very flat and strongly parallel to c. The V5O14 layer structure consists of corner-linked square and

triangular pyramids. The layers are separated by Rb+ ions, which fit equally well on the V5O14 layer. The

Kurtz powder SHG measurement, using 1064 nm radiation, showed that the second-harmonic

generation efficiency of Rb3V5O14 is about two times that of KDP.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nonlinear optical (NLO) crystals have wide applications in all
solid-laser devices. During the past two decades, great progress
has been made in searching for novel NLO crystals in inorganic
oxides, organic crystals, polymers and organometallic compounds
[1,2] for the use in ultraviolet and visible spectral regions. In
general, vanadium may exist as V0 (metallic), V2 +, V3 +, V4 + and
V5 + depending on the synthesis procedure and chemical environ-
ment. Therefore, it can be the formation of many new structures,
and has many interesting properties. Our interest in vanadium is
based on its ability to form distorted tetrahedron, pentahedron,
triangular pyramids, and octahedron. This type of distortion is
prevalent in high-valent, d0 transition metals owing to the
symmetry-allowed mixing of a low-lying excited state (LUMO)
with a nondegenerate ground-state molecular orbital (HOMO)
[3–6]. This orbital mixing results in a distortion of the geometry of
the metal centers along the C2, C3 or C4 axis whose magnitude is
partially a function of the charge of the metal center, with
increasing charge resulting in a smaller HOMO–LUMO gap [7–9].
Based on the above new crystal with large second-harmonic
generation (SHG) responses can be prepared, such as ACa9(VO4)7

[10], Ba1.5VOSi2O7 [11], K3V5O14 [12] and A[(VO)2(IO3)3O2]
(A¼NH4,Rb, Cs) [13], which are of interest as a result of their
nonlinear optical properties as well as their piezoelectric and
pyroelectric properties.

Howard et al. [14] report the crystal structure of K3V5O14. The
point group symmetry is ditrigonal pyramidal C3v, the space group is
P31m (No. 157), a¼8.6899(6) Å, c¼5.0028(6) Å, V¼327.17(5) Å3,
ll rights reserved.
r¼3.01 g cm�3. In this paper, we report the synthesis of Rb3V5O14

crystal and some of its properties. Rb3V5O14 and K3V5O14 are
isostructural, both bear a close resemblance to that of K3Ta3B2O12,
which has a similar layered trigonal topology [15].
2. Experimental

2.1. Synthesis of Rb3V5O14

Rb3V5O14 were prepared by high-temperature solid-state
reaction according to the following reactions:

3Rb2CO3+5V2O5-2Rb3V5O14+3CO2m.

The stoichiometric amounts of Rb2CO3(AR) and V2O5(AR) were
weighed accurately, where V2O5 was overweighed in order to
compensate for volatilization of V2O5 during synthesis. According
to many times experiments, it is appropriate that V2O5 was
overweighed about 3%. These mixtures were pressed into tablets
and then placed in platinum crucible. Platinum was selected since
it is essentially chemically inert in this system. The samples were
gradually heated to 500 1C for 15 h, held for 24 h and then allowed
to cool to about 100 1C at a controlled temperature reducing rate
of 1 1C/min in the furnace. The brown single crystals with
dimension 5�5�2 mm3 were collected.

2.2. Structure determination

A typical single crystals of Rb3V5O14 with dimensions of
0.23�0.17�0.15 mm3 were isolated from the crushed melted
sample, and was mounted on a glass fiber for single crystal X-ray
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Table 3
Selected interatomic angles (deg.) for Rb3V5O14.

Atoms Angle Atoms Angle

O(1)–V(1)–O(1) 83.7(4) O(2)–V(1)–O(1)�2 105.1(5)

O(4)–V(1)–O(4) 88.0(4) O(4)–V(1)–O(1)�2 152.4(5)

O(2)–V(1)–O(4)�2 102.4(5) O(3)–V(2)–O(1)�3 110.1(3)

O(4)–V(1)–O(1)�2 87.7(4) O(1)–V(2)–O(1)�3 108.9(3)
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diffraction analyses. Data collection of the complex was per-
formed on a Rigaku R-AXIS RAPID three-circle diffractometer with
graphite-monochromated MoKa radiation (l¼0.71073 Å) at room
temperature. All absorption corrections were applied using the
SADABS program [16]. Cell refinement and data reduction were
carried out with the use of the program SAINT in APEX II [17]. The
structure was solved by the direct methods using program
SHELXS and refined with the full-matrix least-squares by program
SHELXL [18]. Additional experimental details are given in Table 1
and selected metrical details are presented in Tables 2–4.
Table 4
Refined fractional co-ordinates of Rb3V5O14.

Atom Wyck x y z

Rb1 3c 0 0.38780(17) 0.1756(3)

V1 3c �0.2306(3) 0 0.6690(5)

V2 2b 1/3 2/3 0.6580(5)

O1 6d 0.1692(10) 0.7088(9) 0.5443(16)

O4 3c 0.000(1) 0.1669(9) 0.6243(16)

O2 3c �0.2529(18) 0 0.969(3)

O3 2b 1/3 2/3 0.963(3)
2.3. Characterization

The XRD data of Rb3V5O14 were collected at room temperature
by Bruker D8 focus X-ray diffractometer with CuKa radiation of
wavelength l¼1.5418 Å in the scanning range of 2y from 101 to
601. The infrared spectrum in the region 400–4000 cm�1 was
recorded at room temperature with a pressed KBr disk on a
Nicolet 6700 infrared spectrophotometer. Thermal analysis was
performed on PerkinElmer Pyris Diamond TG/DTA analyzer in N2

atmosphere with a heating rate of 10 C/min. Powder SHG
Table 1
Crystallographic data and structure refinement of Rb3V5O14.

Formula Rb3V5O14

Space group P31m

Crystal system Trigonal

Formula units per cell/Z 1

Lattice parameters (Guinier powder data) a¼b¼8.7134(12) Å

c¼5.2707(11) Å

a¼b¼901

g¼1201

V¼347.21(10) Å3

Molar mass (g mol�1) 735.11

Crystal size (mm3) 230�170�150

o range; increment 0–1801

Calculated density (g cm�3) r¼3.516 g/cm3

Transmission (max/min) 0.499/0.271

Radiation MoKa (l¼0.71073 Å)

Absorption coefficient, m (mm�1) 13.754

F(000) 338

y-range [deg.] 3.86–27.43

Range in h k l 71171176

Total reflections 3444

Independent reflections 3352

Data/parameters 565/3965/395/39

Goodness-of-fit 1.097

R indices [IZ2s(I)] R1¼0.0613

WR2¼0.1485

R indices (all data) R1¼ .0568

WR2¼0.1503

Largest diff. peak and hole [e/Å3] 1.25�1.47

R1ðFÞ ¼
P

99Fo9�9Fc99=
P

9Fo9.
wR2ðF2Þ ¼

P
wðFo

2
�Fc

2
Þ
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P

wðFo
2
Þ
2

h i1=2
, w¼1/[s2(Fo

2)+(0.1200P)2+18.3337P],

P¼(Fo
2+2Fc

2)/3.

Table 2

Selected interatomic distances (Å)for Rb3V5O14.

Atoms Distance (Å) Atoms Distance (Å)

Rb–O(3)�2 2.923(6) V(1)–O(2) 1.597(14)

Rb–O(1)�2 3.004(8) V(1)–O(4)�2 1.813(8)

Rb–O(1)�2 3.109(7) V(1)–O(1)�2 1.914(8)

Rb–O(2)�2 3.165(5) V(2)–O(3) 1.609(17)

Rb–O(2) 3.315(16) V(2)–O(1)�3 1.751(8)

Rb–O(4) 3.490(8)
measurements were performed on a modified Kurtz-NLO system
using a Q-switched and mode locked Nd:YAG laser with a wave-
length of 1064 nm [19,20].
3. Results and discussion

3.1. Structure description

The structure of Rb3V5O14 bears a closer resemblance to that of
K3Ta3B2O12, which has a similar layered topology.

Two-dimensional layer separated by Rb+ cations is depicted in
Fig. 1. The layer character of this structure is very flat and strongly
parallel to c. The [V5O14]n layer structure consists of corner-linked
square and triangular pyramids. The five vanadium atoms lie very
nearly in the same z-plane forming almost regular pentagons. The
14 oxygen atoms are bound to the vanadium atoms in an unusual
way. As will be seen, the V1 atoms form five bonds, one with O2

atoms, two with O4 and two with O1 atoms, but the V2 atoms form
four bonds, one with O3 atoms and three with O1 atoms. They
form nearly square pyramids around the V1 atoms and trigonal
pyramids around the V2 atoms, the pyramids all with apices
pointing in the same direction along the c-axis and joined by
sharing neighboring basal corners. Each hollow space resulting
from the five-ring configuration is occupied by a rubidium atom,
placed about half way between the layers. Each rubidium is
surrounded by 10 oxygen’s, five from the apex oxygen’s of the
polyhedra in the lower layer and five from basal corner of
polyhedra in the layer above. The layers are separated by Rb+

ions, which fit equally well on the V5O14 layer. This packing mode
is favorable to the accumulation of microscopic second-order NLO
coefficient and hence exhibits a relatively strong bulk NLO effect.
3.2. X-ray diffraction analysis

The X-ray powder diffraction analysis was used to confirm the
physical phase and purity of the product. Single crystal data were
employed to simulate the powder pattern. The pattern is shown in
Fig. 2. We can see that the powder pattern of the multicrystal
matches that of the Rb3V5O14 standard (PDF no. 36-1214) and that
of single crystal simulation. But the diffraction intensity has some
difference compared to the indexed and simulation pattern due to
many factors such as the size of powder particulate, the control of



Fig. 1. View of the structure of Rb3V5O14, corner-connected VO4 triangular pyramids and VO5 square pyramids interspersed with layers Rb ions (the green balls) is shown

in projection down the [010] direction in (a) and the [001] direction in (b).
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Fig. 2. The pattern of X-ray powder diffraction: (a) the indexed pattern, (b) single

crystal simulation pattern and (c) powder sample pattern.
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Fig. 3. IR spectrum of Rb3V5O14 crystal.
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Fig. 4. TG and DTA curves of Rb3V5O14 crystal.
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the scanning conditions and the crystalline degree. Because of
crystal defect and lattice deformation, there are some double
peaks on the experimental pattern that are not founded on the
PDF file.
3.3. Infrared spectrum and thermal studies

In Rb3V5O14, there are VO5 square pyramids and VO4 trigonal
pyramids. Each vanadium atom is displaced from the center of the
polyhedron, resulting in on short V–O bond. The short bond is
typical of V¼O vanadyl group, involving both p and s bonding. As
shown in Table 2, there are two short V¼O bonds (length of
1.597 Å in VO5 square pyramids, length of 1.609 Å in VO4 trigonal
pyramids) and seven long V–O bonds (length of 1.823 Å, 1.914 Å
in VO5 square, length of 1.751 Å in VO4 tetrahedron) in Rb3V5O14.
In Cs2VOP2O4, Rb2(VO)3(P2O7)2 infrared spectrum, the symmetric
stretching vibrations of V¼O bond appear near 900–980 cm�1,
and that of long V–O bond appear near 600–700 cm�1 [21]. The
infrared spectrum of the Rb3V5O14 crystalline powder was shown
in Fig. 3. With short V¼O length 1.597 and 1.609 Å, the
symmetric stretching vibrations of the V¼O is observed at 978
and 934 cm�1. The symmetric stretching vibrations of the longer
V–O bonds appear in region 650–720 cm�1. The 3430 and
1640 cm�1 peaks may be assigned to the O–H stretching and
bending vibrations, they are indicative of the moisture regain of
Rb3V5O14. We can confirm that the main transparent range of
Rb3V5O14 in IR region is 1000–4000 cm�1. The TG and DTA curves
of Rb3V5O14 crystal are shown in Fig. 4. From the TG and DTA
curves it is observed that, there is no weight loss at temperatures
below 600 1C. The melting point of the Rb3V5O14 crystal is about
398 1C, which shows that Rb3V5O14 crystal is congruently melt.
3.4. Nonlinear optical properties

A preliminary SHG efficiency measurement of Rb3V5O14 has
been carried out by the Kurtz–Perry method using polycrystalline
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Fig. 5. Phase-matching, i.e., particle size vs. SHG intensity, data for Rb3V5O14.
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samples at room temperature. In addition to identifying the
materials with noncentrosymmetric crystal structure, it is also
used as a screening technique to identify the materials with the
capacity for phase matching. The SHG intensity from the material
is measured as a function of particle size. The continuous increase
of SHG intensity with increase in particle size and remaining
essentially constant at particle sizes greater than the coherence
length confirms the phase matching behavior of the material [22].

With the 100 mm particle size, the intensity of the green light
(frequency-doubled output: l¼532 nm) produced by the
Rb3V5O14 powder is about two times that of KDP powder,
indicating that Rb3V5O14 is two times the SHG efficiency of KDP.
Fig. 5 shows the curves of SHG signal as a function of particle size,
which are not consistent with phase-matching behavior. The
continuous increase of SHG with decrease in particle size [19,23]
shows that Rb3V5O14 crystal is of non-phase matching behavior.
4. Conclusions

A novel second-order NLO material of Rubidium pentavana-
dium was synthesized by high-temperature solid-state reaction.
Its single crystal with the size of 5�5�2 mm3 has been grown by
cooling melts of Rb2CO3 and V2O5. The crystal Rb3V5O14 crystal-
lizes in the trigonal system with space P31m (No. 157),
a¼b¼8.7134(12) Å, c¼5.2807(11) Å and a¼901, b¼901,
g¼1201, Z¼1, r¼3.516 g/cm3. It is a layered structure that is
very flat and strongly parallel to c. The intensity of second
harmonic generation effect is about 2 times as large as that of
KDP. The Rb3V5O14 crystal is transparent in most of IR region, and
the transparent range is 1000–4000 cm�1. The melting point of
Rb3V5O14 is about 398 1C. It is possible for Rb3V5O14 to possess
potential application as a new NLO crystal in IR region.

During the revision process of this paper, the synthesis and
structure of Rb3V5O14 has been reported in the literature [24].
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