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ABSTRACT: Four new oxovanadium(IV) tartrates, namely,
A2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, where A =
Cs, 1, Rb, 2; K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2, 3; and
Na2[(VO)2(C4H4O6)(C4H2O6)(H2O)7]·(H2O)2, 4, were pre-
pared utilizing a two-step, mild hydrothermal route involving
L-(+)-tartaric acid as the reducing agent. All four compounds
were structurally characterized by single-crystal and powder
X-ray diffraction methods and were found to crystallize in the
non-centrosymmetric orthorhombic space groups P212121 for
1, 2, and 4 and C2221 for 3. The temperature dependence of
the magnetic susceptibility of these compounds was measured,
and 1, 2, and 4 were found to be paramagnetic down to 2 K,
while 3 was found to exhibit spin-dimer behavior. Compounds
1, 2, and 3 were found to be second harmonic generation active. All compounds were further characterized by IR and UV−vis
spectroscopies.

■ INTRODUCTION

Vanadium-containing compounds have been investigated for a
variety of applications, including as magnetic materials,1−4 for
catalysts,5−8 as cathode materials,9−12 and as ion-exchange
materials.13,14 In these applications the vanadium oxidation
state can range from fully oxidized, as in some oxidation cata-
lysts, to reduced, as in some lithium battery cathode materials.
Overall, the oxidation state chemistry of vanadium is rich and
includes the +5, +4, +3, and +2 oxidation states, where color
is often used to distinguish and confirm the oxidation states of
vanadium species. In an aqueous environment, vanadium can
exist in oxidation states ranging from +2 to +5 with colors
ranging from yellow (V5+), blue (V4+), and green (V3+) to lilac
(V2+).15−21 It is possible to reduce aqueous vanadium species
using organic reducing agents, where the combination of or-
ganic reagent and temperature determine the final vanadium
oxidation state. While harsher conditions, such as sulfuric acid-
catalyzed zinc reduction under inert atmosphere, are needed to
create V2+ in aqueous solutions, many simple organic acids, in-
cluding oxalic acid, citric acid, ascorbic acid, and tartaric acid,
can be used to create V4+ in solution.20,21 One such acid, tartaric
acid, has the ability to perform the reduction of vanadium from
+5 to +4 in air under mild hydrothermal conditions. With both
carboxyl and hydroxyl functional groups and a flexible carbon
backbone, tartaric acid is an attractive candidate as a ligand for
vanadium containing hybrid materials owing to the variety of

chelating motifs that can be adopted. A few vanadium−tartrate
hybrid materials are known, including [Sr(VO)((±)-C4H2O6)-
(H2O)3]2,

22 A4[(VO)(C4H2O6)]2·xH2O A = Cs, Rb,23

Na4[V4O8((±)-C4H2O6)2]·(H2O)12,
24 and (N(CH2CH3)4)-

[V4O8(D-C4H2O6)2]·(H2O)6.
24

We recently reported on a convenient two-step hydrothermal
method that facilitates the formation of hybrid materials
containing metal cations in reduced states.21,25 In the case of
reactions where the rate of vanadium reduction is slow relative
to the crystallization of an unwanted species, either
V5+-containing complexes or mixed-ligand complexes, the use
of the two-step approach is extremely effective for obtaining the
desired V4+ products. Essentially the reduction step and the
product creation step are performed sequentially. In the first
step the vanadium cation is reduced from +5 to +4, and in the
second step, the crystallization of the hybrid material takes
place. This is a completely general approach that can be
extremely helpful for many reactions where the simultaneous
in situ reduction and complex formation does not succeed due
to unfavorable kinetics of competing crystallization processes.
To create the title compounds A2[(VO)2(C4H4O6)-

(C4H2O6)(H2O)2]·(H2O)2, where A = Cs, Rb, and K2[(VO)2-
(C4H2O6)2(H2O)2]·(H2O)2, we used this two step approach
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and sequentially performed the vanadium reduction step and
the crystallization of the vanadium−L-(+)-tartaric acid-containing
product step. To create Na2[(VO)2(C4H4O6)(C4H2O6)(H2O)7]·
(H2O)2, a slow evaporation method was employed. The use of
enantiomerically pure tartaric acid in the syntheses to create
tartaric acid-containing products will, by default, create
enantiomerically pure chiral materials. Consequently, the four
title compounds are all chiral and, therefore, non-centrosym-
metric, which is one of the requirements for materials to display
second harmonic generation (SHG). Compounds crystallizing
in non-centrosymmetric space groups are capable of exhibiting
interesting nonlinear optical properties including piezoelec-
tricity, pyroelectricity, circular dichroism, and SHG.26 The title
compounds all crystallize in non-centrosymmetric orthorhom-
bic space groups allowing for the measurement of their SHG
response.
Using the two-step reduction method we successfully syn-

thesized four new chiral oxovanadium(IV) tartrates in good
yield. Herein we report the synthesis, structural characterization,
magnetic properties, and SHG response of these compounds.

■ EXPERIMENTAL SECTION
Reagents. V2O5 (99.6% min, Alfa Aesar), L-(+)-C4H6O6 (99%,

Alfa Aesar), CsCl (99%, Alfa Aesar), Cs2CO3 (99%, Alfa Aesar), RbCl
(99%, Alfa Aesar). Rb2CO3 (99%, Alfa Aesar), KCl (Certified A.C.S.,
Fisher) K2CO3 (Certified A.C.S., Fisher), NaCl (Certified A.C.S.,
Fisher), Na2CO3 (Certified A.C.S., Fisher), methanol (Certified
A.C.S., BDH), and ethanol (USP Spec, Decon Laboratories, Inc.)
were used as received.
Synthesis. Cs2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, 1. Purple

colored single crystals of Cs2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2,
1, were grown via a two-step hydrothermal route. In the first step, 1 mmol
of V2O5, 4 mmol of L-(+)-C4H6O6, and 4 mL of H2O were placed in
a poly(tetrafluoroethylene) (PTFE) autoclave. The autoclave was
placed inside a programmable oven and heated to 160 °C at a rate of
10 °C/min, held for 4 h, and cooled to room temperature by turning
off the oven. The resulting blue solution was reacted with 2 mmol of
Cs2CO3 and 3 mmol of CsCl and added to a thick-walled PTFE-
capped Pyrex tube. The tube was placed inside a programmable oven
and heated to 90 °C at a rate of 10 °C/min, held for 48 h, and cooled
to room temperature at a rate of 0.1 °C/min. The mother liquor was
decanted yielding a phase-pure product in ∼85% yield based on V2O5.
Figure 1 shows an optical image of 1. A powder X-ray diffraction
(PXRD) pattern of ground crystals demonstrates the phase purity of
the product crystals. Supporting Information, Figure S1.
Rb2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, 2. Purple colored single

crystals of Rb2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, 2, were
grown via a two-step hydrothermal route. In the first step, 1 mmol of
V2O5, 4 mmol of L-(+)-C4H6O6, and 4 mL of H2O were placed in a
PTFE autoclave. The autoclave was placed inside a programmable

oven and heated to 160 °C at a rate of 10 °C/min, held for 4 h, and
cooled to room temperature by turning off the oven. The resulting
blue solution was reacted with 2 mmol of Rb2CO3, 3 mmol of RbCl,
and 2.7 mL of ethanol and added to a thick-walled PTFE-capped Pyrex
tube. The tube was placed inside a programmable oven and heated to
90 °C at a rate of 10 °C/min, held for 48 h, and cooled to room tem-
perature at a rate of 0.1 °C/min. The mother liquor was decanted
yielding a phase-pure product in ∼80% yield based on V2O5. Figure 1
shows an optical image of 2. A PXRD pattern of ground crystals
demonstrates the phase purity of the product crystals. Figure S1.

K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2, 3. Purple colored single crystals
of K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2, 3, were grown via a two-step
hydrothermal route. In the first step, 1 mmol of V2O5, 4 mmol of
L-(+)-C4H6O6, and 4 mL of H2O were placed in a PTFE autoclave.
The autoclave was placed inside a programmable oven and heated to
160 °C at a rate of 10 °C/min, held for 4 h, and cooled to room
temperature by turning off the oven. The resulting blue solution was
reacted with 2 mmol of K2CO3, 3 mmol of KCl, and 1 mL of methanol
and added to a thick-walled PTFE-capped Pyrex tube. The tube was
placed inside a programmable oven and heated to 90 °C at a rate of
10 °C/min, held for 48 h, and cooled to room temperature at a rate of
0.1 °C/min. The mother liquor was decanted yielding a phase pure
product in ∼75% yield based on V2O5. Figure 1 shows an optical
image of 3. A PXRD pattern of ground crystals demonstrates the phase
purity of the product crystals. Figure S1.

Na2[(VO)2(C4H4O6)(C4H2O6)(H2O)7]·(H2O)2, 4. Blue colored single
crystals of Na2[(VO)2(C4H4O6)(C4H2O6)(H2O)7]·(H2O)2, 4, were
grown via a one-step hydrothermal technique followed by slow evapora-
tion. In the first step, 1 mmol of V2O5, 4 mmol of L-(+)-C4H6O6, and 4 mL
of H2O were placed in a PTFE autoclave. The autoclave was placed
inside a programmable oven and heated to 160 °C at a rate of
10 °C/min, held for 4 h, and cooled to room temperature by turning
off the oven. The resulting blue solution was reacted with 2 mmol of
Na2CO3 and 3 mmol of NaCl and added to a thick-walled pyrex tube.
The solution was allowed to evaporate very slowly at room tem-
perature for 120 d. The mother liquor was decanted yielding a phase
pure product in ∼30% yield based on V2O5. Figure 1 shows an optical
image of 4. A PXRD pattern of ground crystals demonstrates the phase
purity of the product crystals. Figure S1.

Single-Crystal X-ray Diffraction. X-ray intensity data from deep
violet rectangular plates of 1 and 2, a purple hexagonal plate of 3, and a
purple needle of 4 were collected at 100(2) K using a Bruker SMART
APEX diffractometer (Mo Kα radiation, λ = 0.710 73 Å).27 The raw
area detector frames were reduced and corrected for absorption
effects using the SAINT+ and SADABS programs.27 Final unit cell
parameters were determined by least-squares refinement of reflec-
tions from the data set. Direct methods structure solution, difference
Fourier calculations, and full-matrix least-squares refinements against
F2 were performed with SHELXS and SHELXL-2013/428 using
OLEX2.29

Compounds 1 and 2 are isostructural and crystallize in the
orthorhombic space group P212121 as determined by the pattern of

Figure 1. Optical image of single crystals of (A) Cs2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, (B) Rb2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·
(H2O)2, and (C) K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2. Crystals are ∼0.75 mm in length.
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systematic absences in the intensity data and by structure solution.
The asymmetric unit consists of two cesium atoms, two VO2+ units,
two differently protonated tartrate ligands, and several coordinated
and noncoordinated water molecules. One tartrate ligand (C1−C4,
O1−O6) is deprotonated only at the carboxylate groups, giving it a
charge of −2. The second independent tartrate ligand (C5−C8, O7−
O12) is fully deprotonated at both carboxylate groups and both
hydroxyl groups, giving it a charge of −4. The state of protonation of
the two independent tartrate ligands was determined by (a) clear
presence or absence of reasonably refinable hydrogen atoms in the
Fourier difference map, enabled by the very high crystal quality of the
material, (b) analysis of the hydrogen bonding environments of each
candidate oxygen atom, and (c) longer bond distances from the
hydroxyl oxygen atoms to vanadium. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms
bonded to carbon were located in difference maps before being placed
in geometrically idealized positions and included as riding atoms. The
hydroxyl and water hydrogen atoms were located in difference
maps and refined isotropically, with d(O−H) distances restrained to
0.84(2) Å. The absolute structure (Flack) parameters refined to
0.015(14), 0.015(5), and 0.025(7) for 1, 2, and 4, respectively, con-
firming the enantiopurity of the material and that the correct absolute
structure was refined.
Compound 3 crystallizes in the orthorhombic space group C2221 as

determined uniquely by the pattern of systematic absences in the
intensity data. The asymmetric unit consists of two vanadium atoms,
three potassium atoms, two of which are located on twofold axes of
rotation, two singly protonated tartrate anions, and several water
molecules. Potassium atoms K1 and K3 are located on C2 axes. K3 is
disordered over two sites on the C2 axis, with occupancies K3A/K3B =
0.69(2)/0.31(2) (constrained to sum to unity). Several disordered and
fractionally occupied oxygen atoms of water molecules were located in
the vicinity of potassium atoms K2 and K3. The oxygens numbered
O15−O17 are within reasonable distances to be considered bonded
to K2 and K3. O15 was modeled with two sites, O16 was modeled
with three sites, and O17 was modeled with two sites. Occupancies of
O15A/B and O16A/B/C were constrained to unity. O17A/B
occupancies were refined freely. Four additional peaks, O1S−O4S,
are distant enough from potassium to be considered noncoordinated
interstitial water molecules. Their occupancies were also refined freely.
Non-hydrogen atoms were refined with anisotropic displacement
parameters except for disordered oxygen atoms (isotropic). Hydrogen
atoms bonded to carbon were placed in geometrically idealized
positions and included as riding atoms. The two hydroxyl hydrogen
atoms of the tartrate ligands (H3A and H10A) were located in
difference maps and refined isotropically with their O−H distances
restrained to d(O−H) = 0.84(2) Å. After the final refinement cycle,

the absolute structure (Flack) parameter was 0.01(2), confirming the
enantiopurity of the material and that the correct absolute structure
was refined.

Compound 4 crystallizes in the orthorhombic space group P212121
as determined by the pattern of systematic absences in the intensity
data. The asymmetric unit consists of two sodium atoms, two VO2+

units, two differently protonated tartrate ligands, seven coordinated
water molecules, and two noncoordinated water molecules. One
tartrate ligand (C1−C4, O1−O6) is deprotonated only at the
carboxylate groups, giving it a charge of −2. The second independent
tartrate ligand (C5−C8, O7−O12) is fully deprotonated (both
carboxylate groups and both hydroxyl groups), giving it a charge
of −4. The state of protonation of the two independent tartrate ligands
was determined by (a) clear presence or absence of hydrogen atoms
in the Fourier difference map, (b) analysis of the hydrogen bonding
environments of each candidate oxygen atom, and (c) longer bond
distances from the protonated hydroxyl oxygen atoms to vanadium
compared to the deprotonated hydroxyl V−O distances. All non-
hydrogen atoms were refined with anisotropic displacement param-
eters except where noted below. Hydrogen atoms bonded to carbon
were placed in geometrically idealized positions and included as riding
atoms. The hydroxyl and water hydrogen atoms were located in
difference maps. Most were refined isotropically with d(O−H)
distances restrained to 0.84(2) Å. Those bonded to O18 and O21
were located, their distances adjusted to give d(O−H) = 0.84 Å, and
subsequently refined as riding atoms with Uiso,H = 1.5Ueq,O. One
noncoordinated water (O23) is disordered over two sites and was
refined isotropically with the total site population constrained to sum
to unity. The absolute structure (Flack) parameter refined to 0.025(7),
confirming the enantiopurity of the material and that the correct
absolute structure was refined.

Crystallographic data, selected interatomic distances, and selected
hydrogen bonding distances are listed in Tables 1, 2, and 3, respec-
tively. Bond valence sums30,31 for vanadium were calculated for all four
structures and found to be between 4.09 and 4.17,32 confirming the
oxidation state of V as +4 and being consistent with the compositions
obtained by single crystal X-ray diffraction.

Powder X-ray Diffraction. PXRD data were collected on a Rigaku
D/Max-2100 powder X-ray diffractometer using Cu Kα radiation.
The step scan covered the angular range 5−45° 2θ in steps of 0.04°.
No impurities were observed, and the calculated and experimental
PXRD patterns are in excellent agreement (see Supporting
Information, Figure S1).

Energy-Dispersive Spectroscopy. Elemental analysis was per-
formed on the single crystals using a TESCAN Vega-3 SBU scanning
electron microscope (SEM) with energy-dispersive spectroscopy
(EDS) capabilities. The crystals were mounted on carbon tape and

Table 1. Crystallographic Data for A2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, A = Cs, 1; Rb, 2;
K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2, 3; and Na2[(VO)2(C4H4O6)(C4H2O6)(H2O)7]·(H2O)2, 4

1 2 3 4

formula weight 765.89 671.01 577.54 636.13
temperature (K) 100(2) 100(2) 100(2) 100(2)
crystal system orthorhombic orthorhombic orthorhombic orthorhombic
space group P212121 P212121 C2221 P212121
a (Å) 8.0320(6) 7.9061(8) 8.4341(13) 8.5931(5)
b (Å) 10.4016(8) 10.2647(11) 17.311(3) 10.4332(6)
c (Å) 23.3623(17) 22.814(2) 25.140(4) 24.2289(13)
volume, Å3 1951.8(3) 1851.5(3) 3670.5(10) 2172.2(2)
Z 4 4 8 4
density (g/cm3) 2.61 2.41 2.09 1.95
abs coeff (mm−1) 4.7 6.3 1.6 1.0
R(int) 0.0437 0.0466 0.0833 0.0647
R(F)a 0.0210 0.0238 0.0339 0.0398
Rw(Fo

2)b 0.0478 0.0527 0.0616 0.0877
Flack parameter 0.015(14) −0.015(5) 0.01(2) 0.025(7)

aR(F) = ∑∥Fo| − |Fc∥/∑|Fo|.
bRw(Fo

2) = [∑w(Fo
2 − Fc

2)2/∑w(Fo
2)2]1/2.
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analyzed using a 20 kV accelerating voltage and an accumulation time
of 1 min. As a qualitative measure, EDS confirmed the presence of
each reported element in the title compounds.

Infrared Spectroscopy. IR spectra of ground crystals of 1, 2, 3, and
4 were recorded on a PerkinElmer Spectrum 100 FT-IR spectrometer
fitted with an ATR accessory in the range of 650−4000 cm−1.

Table 2. Selected Interatomic Distances (Å) for A2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, A = Cs, 1; Rb, 2;
K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2, 3; and Na2[(VO)2(C4H4O6)(C4H2O6)(H2O)7]·(H2O)2, 4

1

Cs(1)−O(2) 3.197(2) Cs(1)−O(17) 3.753(3) Cs(2)−O(16) 3.082(2) V(1)−O(14) 1.606(2)
Cs(1)−O(6) 3.013(2) Cs(2)−O(1) 3.159(2) Cs(2)−O(17) 3.266(3) V(2)−O(4) 2.216(2)
Cs(1)−O(8) 3.157(2) Cs(2)−O(3) 3.071(2) Cs(2)−O(18) 3.456(3) V(2)−O(5) 2.010(2)
Cs(1)−O(11) 3.124(2) Cs(2)−O(6) 3.449(3) V(1)−O(1) 2.010(2) V(2)−O(10) 1.969(2)
Cs(1)−O(12) 3.193(2) Cs(2)−O(12) 3.131(2) V(1)−O(3) 2.269(3) V(2)−O(11) 1.991(2)
Cs(1)−O(13) 3.539(3) Cs(2)−O(13) 3.599(3) V(1)−O(7) 1.987(2) V(2)−O(15) 2.074(3)
Cs(1)−O(14) 3.019(2) Cs(2)−O(14) 3.206(3) V(1)−O(9) 1.952(2) V(2)−O(16) 1.608(3)
Cs(1)−O(16) 3.019(2) Cs(2)−O(15) 3.408(3) V(1)−O(13) 2.043(3)

2
Rb(1)−O(2) 3.125(2) Rb(1)−O(17) 3.539(2) Rb(2)−O(16) 2.954(2) V(1)−O(14) 1.607(2)
Rb(1)−O(6) 2.896(2) Rb(2)−O(1) 2.997(2) Rb(2)−O(17) 3.168(3) V(2)−O(4) 2.200(2)
Rb(1)−O(8) 3.030(2) Rb(2)−O(3) 2.983(2) Rb(2)−O(18) 3.357(2) V(2)−O(5) 2.001(2)
Rb(1)−O(11) 3.044(2) Rb(2)−O(6) 3.357(3) V(1)−O(1) 2.018(2) V(2)−O(10) 1.964(2)
Rb(1)−O(12) 2.986(2) Rb(2)−O(12) 2.999(2) V(1)−O(3) 2.275(2) V(2)−O(11) 1.987(2)
Rb(1)−O(13) 3.452(2) Rb(2)−O(13) 3.513(2) V(1)−O(7) 1.988(2) V(2)−O(15) 2.083(2)
Rb(1)−O(14) 2.870(2) Rb(2)−O(14) 3.063(2) V(1)−O(9) 1.948(2) V(2)−O(16) 1.616(2)
Rb(1)−O(16) 2.863(2) Rb(2)−O(15) 3.244(2) V(1)−O(13) 2.043(2)

3
K(1)−O(2) 2.680(4) K(2)−O(14) 2.894(4) K(3A)−O(17D) 3.13(2) V(1)−O(9) 1.989(4)
K(1)−O(8) 3.245(5) K(2)−O(15A) 2.906(13) K(3B)−O(10) 2.721(4) V(1)−O(12) 1.954(4)
K(1)−O(11) 2.806(4) K(2)−O(15B) 2.727(16) K(3B)−O(16A) 2.886(15) V(1)−O(13) 1.589(4)
K(1)−O(13) 2.812(4) K(2)−O(16A) 2.830(13) K(3B)−O(16B) 2.509(17) V(2)−O(4) 1.970(4)
K(2)−O(6) 2.706(5) K(2)−O(16B) 3.049(17) K(3B)−O(16C) 2.419(17) V(2)−O(5) 1.955(4)
K(2)−O(8) 2.802(4) K(3A)−O(10) 2.696(9) K(3B)−O(17D) 2.70(2) V(2)−O(7) 1.977(4)
K(2)−O(9) 3.141(4) K(3A)−O(14) 2.696(9) K(3B)−O(17E) 2.75(2) V(2)−O(9) 1.933(4)
K(2)−O(10) 2.949(5) K(3A)−O(16A) 2.842(14) V(1)−O(1) 2.024(4) V(2)−O(14) 1.596(4)
K(2)−O(11) 2.726(4) K(3A)−O(16B) 2.594(17) V(1)−O(3) 2.326(4)
K(2)−O(13) 2.988(4) K(3A)−O(16C) 2.648(17) V(1)−O(4) 2.052(4)

4
Na(1)−O(5) 2.608(4) Na(2)−O(2) 2.492(4) V(1)−O(1) 2.026(3) V(2)−O(5) 2.011(3)
Na(1)−O(6) 2.651(4) Na(2)−O(7) 2.772(4) V(1)−O(3) 2.252(3) V(2)−O(10) 1.941(3)
Na(1)−O(8) 2.254(4) Na(2)−O(8) 2.528(4) V(1)−O(7) 1.965(3) V(2)−O(11) 1.992(3)
Na(1)−O(17) 2.326(4) Na(2)−O(15) 2.450(4) V(1)−O(9) 1.947(3) V(2)−O(15) 1.607(3)
Na(1)−O(18) 2.388(4) Na(2)−O(19) 2.423(5) V(1)−O(13) 1.599(3) V(2)−O(16) 2.029(3)
Na(1)−O(19) 2.428(5) Na(2)−O(20) 2.416(4) V(1)−O(14) 2.064(4)
Na(1)−O(21) 2.788(5) Na(2)−O(21) 2.514(5) V(2)−O(4) 2.359(3)

Table 3. Hydrogen Bond Distances (Å) for A2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, A = Cs, 1; Rb, 2;
K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2, 3; and Na2[(VO)2(C4H4O6)(C4H2O6)(H2O)7]·(H2O)2, 4

1

H(3A)−O(10) 1.82(2) H(13B)−O(9) 1.74(2) H(17A)−O(2) 2.31(3) H(18B)−O(5) 1.985(19)
H(4A)−O(8) 1.73(2) H(15A)−O(12) 1.931(19) H(17B)−O(2) 2.00(3)
H(13A)−O(17) 1.90(2) H(15B)−O(18) 1.915(19) H(18A)−O(10) 2.06(2)

2
H(3)−O(10) 1.87(2) H(13B)−O(9) 1.722(19) H(17A)−O(2) 2.26(3) H(18B)−O(5) 1.916(18)
H(4)−O(8) 1.74(2) H(15A)−O(12) 1.882(19) H(17B)−O(2) 2.01(2)
H(13A)−O(17) 1.89(2) H(15B)−O(18) 1.888(19) H(18A)−O(10) 2.03(2)

3
H(3A)−O(1) 1.82(3) H(10A)−O(17E) 2.03(5) H(10A)−O(3S) 1.90(4) H(10A)−O(4S) 2.15(5)

4
H(3A)−O(22) 1.80(3) H(16A)−O(10) 1.72(3) H(18A)−O(23B) 2.19 H(21A)−O(23B) 2.06
H(4A)−O(9) 1.86(4) H(16B)−O(22) 2.06(4) H(18B)−O(1) 2.12 H(22A)−O(6) 1.97(3)
H(14A)−O(13) 2.07(5) H(17A)−O(2) 1.96(3) H(19A)−O(4) 2.07(4) H(22B)−O(17) 1.92(3)
H(14A)−O(23B) 2.22(5) H(17B)−O(11) 2.12(3) H(19B)−O(23A) 2.09(4) H(23A)−O(20) 1.88(3)
H(14B)−O(12) 1.79(3) H(18A)−O(23A) 2.06 H(20B)−O(18) 2.00(4) H(23B)−O(9) 1.95(3)
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UV−vis Spectroscopy. UV−vis diffuse reflectance spectroscopy
data of ground crystals of 1, 2, 3, and 4 were obtained using a
PerkinElmer Lambda 35 UV−vis scanning spectrophotometer
equipped with an integrating sphere accessory in the range of 200−
900 nm. Reflectance data were transformed to absorbance via the
Kubelka−Munk function.
Magnetic Susceptibility. The magnetic susceptibility of 1, 2, 3, and

4 were measured using a Quantum Design MPMS SQUID VSM Ever-
cool magnetometer. The zero-field cooled (zfc) magnetic susceptibility
was measured as a function of temperature between 2 and 300 K in an
applied field of 1000 Oe. The measured magnetic data were corrected for
shape and radial offset effects using methods reported by Morrison et al.33

Second Harmonic Generation. Powder SHG measurements
were performed on a modified Kurtz nonlinear-optical (NLO) system
using a pulsed Nd:YAG laser with a wavelength of 1064 nm. Compar-
isons with known SHG materials were made using ground crystalline
α-SiO2. A detailed description of the equipment and methodology has
been published elsewhere.26,34

■ RESULTS AND DISCUSSION
Synthesis. A number of organic acids, such as tartaric acid,

are known to reduce many transition elements under mild

hydrothermal conditions and can be used as one route to
obtain V4+ solution species in situ.21,25,35 Separating the reduc-
tion step from the crystallization step has shown to be helpful
in eliminating the formation of undesired V(V) species over
desired V(IV)-containing products.25 In addition, simple alco-
hols such as methanol and ethanol can be added to reactions to
increase yields via decreased product solubility in solution
without incorporation of the alcohol into the product. Crystals
of 1, 2, and 3 were obtained via such a two-step hydrothermal
method to avoid precipitation of alkali tartrates, which tend to
crystallize much faster than the time it takes to reduce the
vanadium from 5+ to 4+. To achieve formation of 1, 2, and 3,
the V(IV) precursor solution was created in the first step by
reacting V2O5 with L-(+)-tartaric acid at 160 °C for 4 h. The
resultant blue solution was then used as the V(IV) source
material for the second step in which it was reacted with a
combination of ACl and A2CO3, where A = Cs, Rb, and K, at
only 90 °C. Initial yields of 2 and 3 were quite low; however,
the addition of ethanol and methanol in step two to reduce the
solubility of the dissolved reagents caused the yield to increase
to ∼80%. The use of ethanol or methanol to aid in the crys-
tallization of 1 resulted in the formation of a blue powder
impurity instead of phase-pure crystals. However, even in the
absence of additional alcohols, plentiful, well-faceted violet
crystals of 1 were obtained with a yield of ∼75%. Attempts to
crystallize a sodium compound via the same method were
unsuccessful and did not yield single crystals. Slow evapora-
tion of a sodium reaction solution over the course of 120 d
produced 4 with a yield of ∼30%. Crystals of 1, 2, 3, and 4 were
isolated by decanting the mother liquor and collecting the
crystals by filtration.

Structure. Compounds 1 and 2 are isostructural and
crystallize in the chiral, orthorhombic space group P212121 and
exhibit a three-dimensional crystal structure consisting of dis-
torted VO6 octahedra and irregular AO9/AO10 (A = Cs, Rb)
polyhedra linked via bridging tartrate ligands that are partially
deprotonated and an extensive hydrogen bonding network.
Previous studies have found the protonation pattern of tartaric
acid in V(IV) solutions to be pH-dependent.36,37 The extended
structure of 1 and 2 viewed along the a-axis is shown in Figure 3.
V(1) and V(2) are located in highly distorted VO6 octahedra
with four equatorial V−O bonds of roughly the same length,
one exceptionally long V−O axial bond, and one exceptionally

Figure 2. V2O12 dimer of A2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·
(H2O)2, where A = Cs, Rb. The intracluster hydrogen bond is shown
as a dashed red and white cylinder.

Figure 3. A2[(VO)2(C4H4O6)(C4H2O6)(H2O)2]·(H2O)2, where A = Cs, Rb viewed down the a axis. Blue, gray, red, white, and yellow represent
vanadium, carbon, oxygen, hydrogen, and Cs/Rb, respectively. Hydrogen bonds are shown as dashed red and white cylinders.
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short V−O bond. Four out of six oxygens bonded to V(1), O1,
O3, O7, and O9 originate from two bidentate tartrate ligands;
one, O13, originates from a monodentate water; and one, O14,
originates from a bridging oxygen (oxo) atom. Four out of six
oxygens bonded to V(2), O4, O5, O10, and O11 originate from
two bidentate tartrate ligands; one, O15, originates from a
monodentate water; and one, O16, originates from a bridging
oxygen (oxo) atom. The V−O bond distances of V(1) and
V(2) range from 1.606(2)−2.279(5) Å. The bidentate tartrate
ligands connect the two VO6 distorted octahedra into the
dimeric unit shown in Figure 2. These dimeric units are con-
nected to each other via Cs or Rb cations to create the ex-
tended structure shown in Figure 3. The structure contains two
types of alkali cations, A(1) and A(2), (A = Cs, Rb), which are
located in 9 and 10 coordinated irregular polyhedra, respec-
tively. The Cs(1)−O and Rb(1)−O distances range from
3.013(2) to 3.753(3) Å and 2.863(2)−3.539(2) Å, respectively.
The Cs(2)−O and Rb(2)−O distances range from 3.071(2) to
3.599(3) Å and 2.954(2)−3.513(2) Å, respectively. One water
molecule is coordinated to A(1), and two water molecules are
coordinated to A(2). All hydrogen atoms could be located on
these water molecules and were refined freely. These water
molecules and hydroxyl groups on the tartrate ligands give rise
to an extensive hydrogen bonding network shown in Figure 3,
with hydrogen bond distances ranging from 1.722(19) to
2.31(3) Å. Selected hydrogen bond distances are given in Table 3.
Compound 3 crystallizes in the orthorhombic space group

C2221 and exhibits a three-dimensional structure consisting of
VO6 distorted octahedra, VO5 square pyramids, and KO7/KO8
irregular polyhedra linked via bridging tartrate ligands that
are fully deprotonated. The extended structure of 3 viewed
down the a-axis is shown in Figure 4. The difference in the
protonation pattern of 3 accounts for the structural change

when compared to 1 and 2, which contain tartrate ligands that
are only partially deprotonated. V(1) and V(2) are located in
VO6 distorted octahedra and VO5 square pyramids. These
polyhedra share an edge, forming unusual edge-sharing V2O9
dimers. Five out of six oxygens bonded to V(1), O1, O3, O4,
O9, and O12 originate from a tridentate and two monodentate
tartrate ligands, respectively, and one, O13, originates from a

Figure 4. K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2 viewed in the bc plane. Disordered K3A/K3B cations join double-layer K/VO/tartrate slabs into a
three-dimensional framework. Blue, gray, red, white, and yellow represent vanadium, carbon, oxygen, hydrogen, and potassium, respectively.
Interstitial waters reside in the cavities and are omitted for clarity.

Figure 5. V2O9 dimer of K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2.
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bridging oxygen (oxo) atom. Four out of five oxygens bonded
to V(2), O4, O5, O7, and O9 originate from two bidentate
tartrate ligands, and one, O14, originates from a bridging
oxygen (oxo) atom. The V−O bond distances on V(1) and
V(2) range from 1.589(4) to 2.326(4) Å and 1.596(4)−
1.977(4) Å, respectively. V(1) and V(2) polyhedra and bridging
tartrate ligands form clusters shown in Figure 5. These clusters
are connected via three types of potassium atoms, K1, K2, and
K3A/B, which are located in one eight-coordinate and two
seven-coordinate polyhedra, respectively. K1−O and K2−O dis-
tances range from 2.680(4) to 3.245(5) Å and 2.706(5)−3.184 Å,

respectively. K3 is disordered over two sites with partial
occupancies of 0.69(2) and 0.31(2) for K3A and K3B,
respectively. K3A/B−O distances range from 2.419(17) to
3.13(2) Å. Disordered water molecules, O15−O17, and tartrate
ligands are coordinated to these potassium atoms. Hydrogen
atoms could not be located on the disordered water molecules.
Additional disordered water molecules, O1S−O 4s, are located
within cavities formed by the linkage of K2(VO)2(C4H2O6)2
clusters into a layer, which is shown in Figure 6. These layers
are connected by K1 into double-layer slabs that are further
connected via K3A/B to form the overall extended structure.

Figure 6. K2(VO)2(C4H2O6)2 cluster interconnectivity of K2[(VO)2(C4H2O6)2(H2O)2]·(H2O)2 viewed in the ab plane. Blue, gray, red, white, and yellow
represent vanadium, carbon, oxygen, hydrogen, and potassium, respectively. Interstitial waters reside in the cavities formed and are omitted for clarity.

Figure 7. Na2[(VO)2(C4H4O6)(C4H2O6)(H2O)7]·(H2O)2 viewed down the a axis. Blue, gray, red, white, and yellow represent vanadium, carbon,
oxygen, hydrogen, and Cs/Rb, respectively. Hydrogen bonds are shown as dashed red and white cylinders.
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Compound 4 crystallizes in the orthorhombic space group
P212121 and exhibits a three-dimensional structure consisting of
VO6 distorted octahedra and irregular NaO7 polyhedra linked
via bridging tartrate ligands, bridging waters, and an exten-
sive hydrogen bonding network. The extended structure of 4
viewed along the a-axis is shown in Figure 5. V(1) and V(2) are
located in distorted VO6 octahedra. Four out of six oxygens
bonded to V(1), O1, O3, O7, and O9 originate from two bidentate
tartrate ligands; one, O14, originates from a monodentate water;
and one, O13, originates from a bridging oxygen (oxo) atom. Four
out of six oxygens bonded to V(2), O4, O5, O10, and O11

originate from two bidentate tartrate ligands; one, O16, originates
from a monodentate water; and one, O15, originates from a
bridging oxygen (oxo) atom. The V−O bond distances of V(1)
and V(2) range from 1.599(3) to 2.359(3) Å. The bidentate
tartrate ligands connect the two VO6 distorted octahedra into a
dimeric unit similar to dimer observed in 1 and 2. These
dimeric units are connected to each other via Na cations, water,
and an extensive hydrogen bonding network to create the
extended structure shown in Figure 7. The structure contains
two types of alkali cations, Na(1) and Na(2), which are located
in seven-coordinated irregular polyhedra. The Na(1)−O and
Na(2)−O distances range from 2.254(4) to 2.788(5) Å and
2.416(4)−2.772(4) Å, respectively. Four water molecules are
coordinated to Na(1), and three water molecules are co-
ordinated to Na(2). All hydrogen atoms could be located on
these water molecules and were refined freely. These water
molecules and hydroxyl groups on the tartrate ligands give rise
to an extensive hydrogen bonding network shown in Figure 7,
with hydrogen bond distances ranging from 1.80(3) to 2.22(5) Å.
Selected hydrogen bond distances are given in Table 3.

Infrared Spectroscopy. The IR spectra for 1, 2, 3, and 4,
which are shown in the Supporting Information, Figure S2,
were collected between 650 and 4000 cm−1. The broad band
observed in the 3200−3600 cm−1 region is characteristic for
O−H vibrations of water molecules and hydroxyl groups. The
presence of tartrate groups produces vibrations of C−O, C−C,
C−O−O. The expected bending mode of water at ∼1600 cm−1

overlaps with the intense C−O stretching mode of the tar-
trate group. The bands in the region of 1200−1450 cm−1 are
attributed to the symmetric stretching modes of the tartrate
C−O bonds, and the remainder of the bands observed below

Figure 8. UV−vis data for 1, 2, 3, and 4 shown in red, green, blue, and
black, respectively. Three absorption maxima are observed for each
compound approximately located at 375, 550, and 775 nm and can be
assigned to dxy → dz2, dxy → dx2−y2, and dxy → dxz/dyz transitions,
respectively.

Figure 9.Magnetic susceptibility plots of 1, 2, 3, and 4. χ and 1/χ are shown in blue and red, respectively, for 1, 2, and 4. For 3, χ and a fit to the data
using the Bleaney−Bowers equation for isolated dimers are shown in blue and red, respectively.
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1000 cm−1 can be assigned to V−O, C−C, and C−O−O
vibrational modes.20,21,38−40

UV−vis and Magnetism. UV−vis absorbance data shown
in Figure 8 were collected using ground crystals of 1, 2, 3, and 4.
Vanadium in the +4 oxidation state has a d1 electron con-
figuration, and a transition from the 2T2g ground state to the
2Eg excited state is expected. Three absorption maxima are ob-
served for each compound approximately located at 375, 550,
and 775 nm and can be assigned to dxy → dz2, dxy → dx2−y2, and
dxy → dxz/dyz transitions, respectively.

41,42 The unpaired elec-
trons in 1, 2, 3, and 4 can be observed in magnetic susceptibility
measurements. The temperature dependences of the magnetic
susceptibilities of 1, 2, 3, and 4 measured in an applied field of
1000 Oe, are shown in Figure 9. In 1, 2, and 4 the distorted
VO6 octahedra are separated by the bridging tartrate ligands
and, due to the long V−V separation, no magnetic coupling is
expected or observed. Down to 2 K, the data do not reveal
any long-range magnetic order and follow the Curie−Weiss
(C−W) law as expected for simple paramagnetic species. The
magnetic moments calculated from the inverse susceptibilities
are 1.71, 1.72, and 1.75 μB for 1, 2, and 4, respectively, which
are in good agreement with the expected value of 1.73 μB for a
3d1 spin-only system.43 The magnetic property of 3, however, is
quite different from the other members, as expected con-
sidering its crystal structure in which edge-shared V2O9 dimers
are present. Since there was no significant difference between zfc
and fc data, only zfc data are shown for the purpose of discussion.
The broad maximum in the susceptibility data, observed at ∼180 K,
is indicative of spin coupling within the vanadium dimers in this
compound, whereas the sharp increase at low temperature is likely
due to the presence of a small amount of a paramagnetic impurity.
Considering the crystal structure of 3, one would expect that the
magnetic interactions between the V4+ ions within the dimer would
dominate the magnetic data and that magnetic coupling between
dimers, due to their long physical separation, would not be
observed. Such a spin one-half dimer system is perhaps the simplest
low-dimensional magnetic system exhibiting a spin-gap between the
ground and excited states.44−46 To better understand the magnetism
of 3, we modeled the magnetic susceptibility data using the mod-
ified Bleaney−Bowers equation,47−49 which can be written as

χ
μ

κ θ
χ=

+
+

−
+κ−

N g

T E
C

T(3 )J TM
A B

2 2

B
2 / TIPB (1)

where NA, g, μB, kB, and J are Avogadro’s number, g-factor,
Bohr-magneton, Boltzmann constant, and the intradimer
exchange coupling constant, respectively. The second C−W
term corrects for contributions from trace amount of impurities
that are sometimes observed in the very low-temperature
regime, and χTIP is the temperature-independent paramagnetic
susceptibility. The best fit generated values of g = 1.89, J/kB =
−177 K, and χTIP = −7.65 × 10−5 emu/mol. The negative J
value implied an antiferromagnetic interaction within the
dimers, which is expected based on the dimer bridging angles
(V−O−V) of 100.0(2) and 96.7(2). The magnetic property of
3 appears well-described by the isolated spin-half dimer model.
Second Harmonic Generation. All materials that

crystallize in one of the non-centrosymmetric crystal classes,
except 432, may exhibit SHG behavior. Although 1, 2, 3, and 4
belong to this class, only very weak behavior was observed for
1, 2, and 3; most likely because these compounds exhibit only a
very small dipole moment. The spherical-like coordination
environments of the alkali cations and opposing orientation of

polar axial V−O bonds in VO6 polyhedra of the dimers account
for the small magnitude of the dipole moment. Large SHG
efficiency is typically correlated with large dipole moments.50−52

All compounds exhibit nonphase-matching behavior with an SHG
efficiency of ∼1× α-SiO2, shown in Figure 10. Compound 4 could
not be tested due to insufficient sample size and the impracticality
of creating more given the time it takes to crystallize 4.

■ CONCLUSION
We have successfully synthesized and characterized four new
oxovanadium(IV) tartrate hybrid compounds, A2[(VO)2(C4H4O6)-
(C4H2O6)(H2O)2]·(H2O)2, where A = Cs; Rb; K2[(VO)2-
(C4H2O6)2(H2O)2]·(H2O)2; and Na2[(VO)2(C4H4O6)-
(C4H2O6)(H2O)7]·(H2O)2, utilizing a two-step, mild
hydrothermal technique and slow evaporation. Vanadium in these
structures is in the +4 oxidation state. By varying the size of the
alkali cation three different structure types can be formed.

Figure 10. Size-dependent SHG response of 1, 2, and 3. Uncertainty is
shown as red error bars. Black curves were added to help guide the eye
when interpreting the behavior.
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Structures 1, 2, and 4 formed for A = Cs, Rb, and Na and have
dimers with long V−V vanadium distances and exhibit simple
paramagnetic behavior, while structure 3, which forms for
A = K, contains isolated dimers with short V−V separations
that give rise to spin-dimer behavior due to antiferromagnetic
coupling between the V4+ ions.
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