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Abstract—A new coordination polymer of terbium tartrate [Tb(H,0);(C4Hs0¢)(C,H4O4)] has been synthe-
sized and crystallizes in the polar space group P4, with cell constants a = 6.0415(9), b = 6.0415(9), ¢ =
36.516(7) A, V=1332.8(4) A3, Z= 4. The terbium(I1I) ion of title complex is nine-coordinate through oxy-
gen donors. Four different coordination modes of tartrate occur. This Tb(IIT) complex exhibits a characteristic
luminescence in the visible region upon excitation at 353 nm. The temperature-dependent magnetic properties of
the Tb(IIT) complex were investigated in the temperature range of 2—300 K. Title compound exhibits significant

ferroelectric properties at room temperature (remnant polarization 2P, = 0.160 pC cm2, coercive field 2FE. =
44.5 kV cm™!, saturation of the spontaneous polarization P, =0.176 pC cm™?).
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INTRODUCTON

Compounds of several tartrates have very interest-
ing physical properties including ferroelectricity, pi-
ezoelectricity and optical second harmonic generation
[1—7]. Consequently, they are used in transducers and
several linear and nonlinear mechanical devices. This
has led many investigators to grow single crystals of
tartrate compounds and study their characteristics [§—
11]. The rare earth metals have many important prop-
erties such as exhibiting a high coordination number,
strong magnetism, fluorescence, neutron aborption
and catalysis [ 12—14]. The design and synthesis of lan-
thanide tartrates have attracted many of workers inter-
esting. Although single crystal X-ray structure analyses
of several lanthanide tartrates have been reported, al-
most all of the reports were focused on the syntheses
and crystal structures, the information on physico-
chemical properties of lanthanide tartrate is limited.
Magnetic properties of gadolinium tartrates [15] were
discussed by Chaudhuri and co-workers. Nitrogen ad-
sorption behaviors were observed lanthanum tartrate,
cerium tartrate and praseodymium tartrate [16]. Lan-
thanide tartrates include europium, terbium, and dys-
prosium [17] have investigated luminescent properties.

In this paper, a terbium tartrate coordination poly-
mer [Tb(H,0);(C,H;s04)(C,H404)] (I) has been ob-
tained by reaction of tartaric acid and terbium chlo-
ride. X-ray crystallographic analysis reveals that it be-
longs P4, space group, also indicates space group by
powder X-ray diffraction. Low-temperature magnetic
susceptibility measurements show weak antiferromag-
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netic interaction between the terbium ions. What’s
more, here exists an electric hysteresis loop that is a
typical ferroelectric feature.

EXPERIMENTAL

Materials and physical methods. All chemicals of
reagent grade were commercially available and used
without further purification. Powder X-ray diffraction
measurements were carried out with a Bruker D8 Fo-
cus X-ray diffractometer to check the phase purity.
Single-crystal X-ray diffraction data were collected on
a Rigaku R-Axis Rapid X-ray diffractometer.
The C, H, and N microanalyses were performed with
a PE 240011 CHNS elemental analyzer. The FT-IR
spectrum was recorded from KBr pellets in the range
4000—400 cm~! on a Shimadzu FTIR-8900 spectro-
meter. Fluorescence emission spectra were recorded
in the solid state on HITACHI F-4600 fluorescence
spectrophotometer. The temperature-dependent
magnetic susceptibility was determined with a Quan-
tum Design SQUID magnetomer (Quantum Design
Model MPMS-7) in the temperature range 2—300 K
with an applied field of 5 kOe. The ferroelectric prop-
erty of the solid-state sample was measured by a pellet
of powdered sample using a Premier station ferroelec-
tric tester at room temperature while the sample was
immerged in insulating oil.

Synthesis of 1. The pH of a mixture of TbCl; pre-
pared from Tb,0,(0.149 g, 0.2 mmol) dissolved in S mL
diluted HCI and L-(+)-tartaric acid (0.06 g, 0.4 mmol)
in 30 mL H,O was adjusted to 2.65 with diluted HCI
under stirring. Colorless crystals of the title compound
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Table 1. Crystallographic data and refinement details for I

Parameter Value
Formula weight 510.12
Crystal habit; color Block; colorless
Crystal system Tetragonal
Space group P4,
T, K 293(2)
a, A 6.0415(9)
¢, A 36.516(7)
Volume, A 1332.8(4)
Z 4
Pealeds g €m ™ 2.542
p, mm~! 5.399
F(000) 992
0 Range for data collection, deg 3.37-27.46
Reflections collected 12831
Independent reflections (R;,) 3041 (0.0504)
Reflection with 7> 2c([/) 2861
Number of parameters 217
Goodness-of-fit on F? 1.194
Final R indices (I > 2o([)) 0.0276, 0.0300
Rindices (all data) 0.0642, 0.0650
Largest difference peak and hole, e A=3|  0.900, —1.482

were obtained after 2 days at a temperature of 45°C.
The yield was 154.7 mg (54.6%) based on the initial
Tb,O; input.

For CgH50,5Tb
anal. calcd., %:
Found, %:

C, 18.82;
C, 18.76;

H, 2.94.
H, 3.02.

Fig. 1. ORTEP view of the polymer of complex I. The dis-
placement ellipsoids are drawn at 45% probability level,
hydrogen atoms are omitted for clarity.
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IR (KBr; v, cm™'): 3261 m, 2665 m, 1718 s, 1585 v,
1401's, 1140s, 1068 s, 941 w, 832w, 791 m, 682 m, 571 w.

X-ray crystallography. A suitable single crystal of
I was selected under a polarization microscope and
fixed with epoxy cement on a fine glass fiber which was
then mounted on a Rigaku R-Axis Rapid IP X-ray dif-
fractometer, operating with graphite-monochromated
MoK, radiation (A = 0.71073 A) for cell determina-
tion and subsequent data collection. The data were
corrected for Lp and empirical absorption effects. The
SHELXS-97 and SHELXL-97 programs were used for
structure solution and refinement [18]. The structure
was solved by using direct methods. Subsequent differ-
ence Fourier syntheses enabled all non-hydrogen at-
oms to be located. After several refinement cycles, the
hydrogen atoms associated with carbon atoms were
geometrically generated, and the remainder of the hy-
drogen atoms were located from successive difference
Fourier syntheses. Finally, all non-hydrogen atoms
were refined with anisotropic displacement parame-
ters by a full-matrix least-squares technique, and hy-
drogen atoms with isotropic displacement parameters
were set to 1.2 times the values for the associated
heavier atoms. Detailed information about the crystal
data and structure determination is summarized in Ta-
ble 1. Selected interatomic distances and bond angles
are listed in Table 2.

RESULTS AND DISCUSSION

Compound (Fig. 1) comprises 2D chiral sheets
built up by connecting Tb** ions with bridging syn-anti
carboxylate groups of tartrates. Each Tb** ion is nine-
coordinate from three oxygens from three waters and
six oxygens from four tartates in a tricapped trigonal
prism coordination geometry. The bond lengths of
Tb—O are in the range of 2.323(5)—2.702(11) A (Table 2).
For the tartrate ligand, each one bridges two Tb** ions
through “1,2-chelation” involving a carboxylate oxy-
gen and the ortho-hydroxy with five-membered rings.
The carboxylate group O(1) atom and the hydroxyl
0O(3) atom chelate a Tb atom. Atom O(2) bridges to a
aymmetry-related Tb atom, forming a 1D chain along
[100] (Fig. 2). In the same way, O(7) and O(9) chelate
Tb atom, O(8) bridges another Tb atom between
chains, generating 2D layer parallel to the plane (001)
(Fig. 3). The layers are linked together through a com-
plicated hydrogen-bonding scheme involving the wa-
ter ligands, hydroxyl O atoms and the carboxylate
O atoms. Thus, a three-dimensional framework is
produced (Fig. 4).

Single crystal XRD results also confirm that the
material grown in the present investigation is similar to
samarium tartrate trihydrate [19], erbium ditartrate
trihydrate [20]. Due to complex I is terbium(III) ditar-
trate trihydrate [Tb(H,0);(C,H;0,)(C,H,O¢)], and
asymmetric unit contains two absolute independence
two tartrate of one tartrate anion and one hydrogen-
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Table 2. Selected bond lengths (A) and bond angles (deg) for I*

Bond d,A Bond d,A Bond d, A
Tb—0O(1) 2.333(5) Tb—0O(7) 2.323(5) Tb—0O(13) 2.396(7)
Tb—0(2)"! 2.344(5) Tb—O(8)*? 2.344(5) Tb—0O(14) 2.702(11)
Tb—0O(3) 2.503(11) Tb—0(9) 2.522(12) Tb—0O(15) 2.420(7)

Angle o, deg Angle o, deg Angle o, deg
O(1)TbO(2)*! 133.7(2) 0(2)*'TbO(13) 80.6(2) O(7)TbO(14) 137.0(3)
O(1)TbO(3) 63.7(2) 0(2)*!TbO(14) 69.0(3) O(7)TbO(15) 85.8(2)
O(1)TbO(7) 85.2(2) 0(2)*'TbO(15) 77.9(2) 0(8)*2TbO(9) 70.3(2)
O(1)TbO(8)*? 81.9(2) 0(3)TbO(7) 73.7(2) 0(8)*2TbO(13) 77.5(2)
O(1)TbO(9) 73.5(2) 0O(3)TbO(8)*? 134.9(2) 0(8)*2TbO(14) 67.3(3)
O(1)TbO(13) 86.0(2) 0O(3)TbO(9) 121.0(1) 0(8)*2TbO(15) 80.4(2)
O(1)TbO(14) 137.8(3) O(3)TbO(13) 72.2(3) 0(9)TbO(13) 143.7(2)
O(1)TbO(15) 144.9(2) 0O(3)TbO(14) 120.7(4) 0(9)TbO(14) 118.3(4)
0(2)*'TbO(3) 70.0(2) O(3)TbO(15) 143.9(2) 0(9)TbO(15) 72.1(3)
0(2)*'TbO(7) 81.4(2) O(7)TbO(8)*? 134.1(2) O(13)TbO(14) 60.4(4)
0(2)*'TbO(8)*? 136.3(2) O(7)TbO(9) 63.7(2) O(13)TbO(15) 118.9(2)
0(2)*'TbO(9) 134.9(2) O(7)TbO(13) 145.2(2) 0O(14)TbO(15) 58.5(4)

Distances, A
O—H-0 O—H-0 angle, deg
H-O O---H 00
0(3)—H(3B)--0(11)*3 0.86 1.81 2.663(9) 171
0(4)—H(4B)--0(12)** 0.89 2.00 2.857(9) 164
0(6)—H(6)--0O(15)* 0.83 1.81 2.622(9) 168
0(9)—H(9B)--0(5)*° 0.86 1.81 2.662(9) 174
O(10)—H(10B)--0(6)*7 0.85 2.09 2.863(9) 151
O(13)—H(13A4)--0(7)*2 0.86 1.89 2.718(8) 161
0O(13)—H(13B)--0(4)*? 0.86 1.94 2.771(9) 165
0(14)—H(14A4)--0(4)"® 0.85 2.14 2.950(9) 159
0(14)—H(14B)--0(10)*8 0.85 2.05 2.855(9) 158
O(15)—H(15A4)--0(10)*! 0.84 1.98 2.764(8) 154
O(15)—H(15B)--0O(1)*! 0.85 1.91 2.708(8) 156

* Symmetry transformations used to generate equivalent atoms: #1 x,y+1,z 2y 4 1L,y,z #3y+ l,—x+1,z—1/4; #4y, —x,z7— 1/4; #5 v,
—x+1,z—1/4; #6—y+ 1,x,z+ 1/4; #7 -y, x—1,z+ 1/4; LR L,y+1,z

tartrate. The one hydrogen-tartrate has one hydrion.
There is select space group P4, with greater accuracy.
Further, the phase purity of the crystalline product
was confirmed by comparing an experimental powder
X-ray diffraction (PXRD) pattern with the corre-
sponding the simulated PXRD on the basis of the sin-
gle crystal data according to P4,.

The infrared spectrum in the range 400—4000 cm™!

shows a wide strong broad band centered at 3261 cm™!
due to OH stretching vibration of water and carboxylic
acid group. The strong absorptions at 1718 cm™! is at-
tributed to stretching vibration of (COQO) bonds,
which shows the presence of unionized carboxyl
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groups in the compound. The strong sharp absorptions
at 1585 cm™! result from antisymmetric stretching
(v, of the carboxylate groups, and symmetric
stretching (v,) of the carboxylate groups cause strong
sharp absorptions at 1401 cm™!. The resulting Av,,_ =
(v(CO,),—V(CO,),) values of 184 cm~! are consistent
with monodentate bridging fashion of the carboxylate
groups, according to the established correlation of
Av,_, with the coordination modes of carboxylate
groups [21]. And sharp absorptions at 1104, 1068 cm™!
have been assigned to v(C—OH) stretching vibration.
It is thus clear that the FT-IR spectroscopic results of
Vol. 40
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Fig. 2. 1D chain in the crystals of I along [100].

Fig. 3. A layer in the crystals of I parallel to the plane (001).

complex confirm the presence of tartrate ligands and
establish that one of the tartrate ions is singly ionized.

The luminescent behaviors were investigated in the
solid state at room temperature. As shown in Fig. 5,
when excited at 353 nm, it emits green luminescence
at room temperature. The characteristic luminescent
bands of the terbium compound were recorded at 493,
548, 585, and 623 nm via ligand to metal energy trans-
fer mechanism, which can be attributed to °D, — "F,
(J=6, 5, 4, and 3) transitions, respectively. The spec-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 40

trum is dominated by the 3D, — 7Fs transition, at
548 nm, which gives an intense green luminescence
output for the solid sample.

It is well known that analysis of the magnetic inter-
action between rare-earth ions gives rise to additional
difficulties since the magnitude of these interactions is
comparable with that of the crystal field acting on the
ion due to the large orbital contribution. The magnetic
susceptibilities were measured in the temperature range
from 2 to 300 K under 5 K Oe field, as shown in Fig. 6.

No. 4 2014
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Fig. 4. A three-dimensional framework build by hydrogen bonds between layers.

The value of y,,7T'at 300 K is 11.61 cm? K mol~!, which
is close to the theoretical value of 11.81 cm* K mol~! ex-
pected for one Tb** ion in the 7 Fy ground state (g) 3/2.
The y\ T value slowly decreases on cooling and reach-
es a minimum value 0f9.22 cm?* K mol~' at 2 K. On the
basis of the reason mentioned above, we are not sure
that antiferromagnetic coupling exists between adja-
cent Tb, because any weak exchange interaction with-
in the structure is masked by crystal field effects. How-
ever, the plot of 7 vs T over the whole temperature
range obeys the Curie—Weiss law [y, = C/(T—0)] with
C=15.31emu K mol~'and 6 = —1.23 K. The increase

SD —>7F
250 F 7
200 F
=
<
2150 F
£ 5 7
2100 Dy 'Fs
50 SD4—>7F4
5D4_’ 7F3
s 1 I I 1 1 1
400 450 500 550 600 750

Wavelenght, nm

Fig. 5. Emission spectra of complex I in solid state at room
temperature.
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of yu7 within the higher temperature range coupled
with the negative 0 indicates a very weak antiferromag-
netic coupling between Tb** ions.

The powder second harmonic generation (SHG)
was measured as described by Kurtz and Perry at A =
1064 nm [22]. But no significant green light at a wave-
length of 532 nm from powder sample was observed,
maybe due to its extremely week SHG effect.

It is well known that acentric symmetry is a prereq-
uisite for many technologically important properties
such as ferroelectricity and second-order nonlinear
optical behavior [23]. Given I crystallize in the acen-
trosymmetric space groups P4, with the point
group C,, which belongs to the 10 polar point groups
(C,, Gy, C,, Gy, G5, Cy,, Cy, Cy,,, Cg, Cg,) prerequisite for
ferroelectricity, its ferroelectric properties were exam-
ined. Experimental results indicate that there exists an
electric hysteresis loop that is a typical ferroelectric
feature (Fig. 7). A remnant polarization 2P, = 0.160 C
cm™2, coercive field 2E, = 44.5 kV cm™!, saturation of
the spontaneous polarization P, = 0.176 C cm~2. The
P, value is slightly smaller than that of the typical ferro-
electric compound Rochelle salt (NaKC,H,Oq - 4H,0,
P, =0.25 uC cm~2) [24]. Therefore, complex I has a
typical ferroelectric feature, which is corresponding to
the acentric space group P4,.
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Fig. 6. Temperature dependence of the magnetic susceptibility of complex I.
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