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Hydrothermal Synthesis, Characterization, and Thermodynamic Properties of a

New Lithium Borate, LizBsOg(OH),

Ping Li and Zhi-Hong Liu*
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Shaanxi Normal University, Xi’an 710062, People’s Republic of China

A new lithium borate LisBsOg(OH); (1), which is the enantiomer of the known LizBsOg(OH), (1), has been
synthesized under mild hydrothermal conditions. Its crystal structure was determined from single crystal
X-ray diffraction (XRD) data, further characterized by Fourier transform infrared (FT-IR) spectroscopy,
Raman spectroscopy, XRD, differential thermal/thermogravimetric analysis (DTA-TG), and chemical analysis.
It belongs to the tetragonal system, space group P4s2;2, with a = 6.8506(9) A, ¢ = 14.5601(15) A, V =
683.32(15) A3, and Z = 4. Through an appropriate thermochemical cycle, the standard molar enthalpy of
formation of LisBsOg(OH), was determined to be —(4724.1 + 4.2) kJ-mol™! by solution calorimetry.
Comparison of the experimental results with that of its enantiomer shows that the pair of enantiomers have
the same standard molar enthalpy of formation like many other properties.

Introduction

Boron can form a large variety of compounds because of the
complexity of the structures involved. In the past several
decades, much interest has focused on studies of alkali metal
borates because some of these compounds show interesting
physical properties, such as nonlinear optical behavior for
LiB30s (LBO), CsLiBgO1 (CLBO), and KBsOg+4H,0.%2 So
far, several phases have been obtained in the Li,O—B,03—
H,O system, such as Li(H;0)4B(OH),*2H,0,®> LiB(OH),*
LiB5O7(OH)2,5 LiBzO3(OH)'H20,6 LigB5Og(OH)2,7’8 and
Lig[B15026(0H)4]-6H,0.° Of these, LisBsOg(OH); can be used
for fast ionic conductivity.’® Recently, we obtained a new
lithium borate of LizBsOg(OH); (1), which is the enantiomer of
the known LisBsOg(OH), (11).78 In this paper, we describe the
synthesis, characterization, and the determination of the standard
molar enthalpy of formation of LizBsOg(OH), (I) by using a
heat conduction microcalorimeter, as part of the continuing study
of the thermochemistry of hydrated lithium borates.* % As a
comparison, we also determined the standard molar enthalpy
of formation of LisBsOg(OH), (I1).

Experimental Section

Synthesis and Characterization of Samples. All reagents used
in the synthesis of | and Il were of analytical grade. For I, a
mixture of 0.738 g of Li,COgz, 3.092 g of H3BO;3, 0.325 g of
La,03, 7.0 cm® of pyridine, and 4.0 cm® of H,O was sealed in
a Teflon lined bomb, heated at 180 °C for 7 days, and then
cooled to room temperature. For II, a mixture of 0.618 g of
H3BO3, 2.233 g of Li,B40;+3H,0, 5.0 cm? of pyridine, and 1.0
cm? of H,O was sealed in a Teflon lined bomb, heated at 170
°C for 3 days, and then cooled to room temperature. The
resulting products were recovered by filtration, washed with
distilled water, and dried in a vacuum dryer to a constant mass
at room temperature. The samples of | and 11 were characterized
by Fourier transform infrared (FT-IR) spectroscopy (recorded
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Table 1. Crystal Data and Structure Refinement for |

empirical formula H,BsLi3019

formula weight 236.89

crystal system, space group tetragonal, P4;2,2

unit cell dimensions a = 6.8506(9) A, o = 90°
b = 6.8506(9) A, p = 90°
¢ = 14.5601(15) A, y = 90

volume 683.32(15) A3

Z, calculated density 4,2303 g-cm3

crystal size 0.53 x 0.49 x 0.48 mm?
temperature 298(2) K

wavelength 0.71073 A

absorption coefficient 0.214 mm™

F(000) 464

6 range for data collection  (3.29 to 25.01)°

limiting indices —7=<h=<8 -4=<k=<8 —-17=<1=<16
reflections collected/unique  3487/630 [R(int) = 0.0204]

absorption correction semiempirical from equivalents

max. and min. transmission  0.9041 and 0.8949

refinement method full-matrix least-squares on F?
goodness-of-fit on F2 1.024

final R indices [I > 20(1)] R, = 0.0210, wR, = 0.0572

R indices (all data) R; = 0.0215, wR, = 0.0576

largest diff. peak and hole  (0.139 and —0.153) e-A~3

over the (400 to 4000) cm™ region on a Bruker Equinox 55
spectrometer with KBr pellets at room temperature), Raman
spectroscopy (recorded over the (300 to 4000) cm™! region on
a Nicolet Almega dispersive Raman spectrometer), X-ray
powder diffraction (Rigaku D/MAX-I1IC with Cu target at 8
deg-min~1), thermogravimetric analysis (TGA), and differential
thermal analysis (DTA) (performed on a SDT Q600 simulta-
neous thermal analyzer under N, atmosphere with a heating rate
of 10 °C+min~1). The B,03 content was determined by NaOH
titration in the presence of mannitol.

Determination of Crystal Structure. A colorless, transparent
crystal (1) of 0.53 x 0.49 x 0.48 mm?3 size was selected for the
crystal structure measurement. The X-ray diffraction intensities
were recorded by a Bruker Smart-1000 charge-coupled device
(CCD) diffractometer with graphite monochromatized Mo Ko
radiation (A = 0.071073 nm). Crystal data and conditions of
the intensity measurements are given in Table 1 (CSD-418166).
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Figure 1. Designed thermochemical cycle.

Method of the Calorimetric Experiment. The thermochemical
cycle designed for the derivation of the AH,,° of LisBsOg(OH),
is shown in Figure 1. The 1 mol-dm~2 HCI(aq) solvent can
dissolve instantaneously all components of reaction 5. In all of
these determinations, a strict control of the stoichiometries in
each step of the calorimetric cycle must be obeyed, with the
objective that the dissolution of the reactants gives the same
composition as those of the products. Applying Hess’ law,
AHR°(5) could be calculated according to the following
expression:

AerO(E’) =
Aero(l) - Aero(Z) - Aero(3) - Aero(4)

The standard molar enthalpy of formation of LizBsOg(OH),
could be obtained by the value of A;H,°(5) in combination with
the standard molar enthalpies of formation of LiCl-H,O(s),
H3BOs(s), HCI(aq), and HO(l).

The RDA496-111 heat conduction calorimeter (Southwest
Institute of Electron Engineering, China) used was described
in detail previously.***® To check the performance of the
calorimeter, the enthalpy of solution of KCI (mass fraction >
0.9999) in deionized water was determined to be (17.31 + 0.20)
kJ-mol~1, which is in agreement with that of 17.234 kJ-mol™*
reported in the literature.® This shows that the device used for
measuring the enthalpy of solution in this work is reliable.
Calorimetric experiments were performed five times at 298.15
K as previously described.*® No solid residues were observed
after the reactions.

Results and Discussion

Description of the Crystal Structure of LisBsOg(OH), (1).
The crystal was found to be tetragonal, with space group P432;2,
with a = 6.8506(9) A, ¢ = 14.5601(15) A, V = 683.32(15) A3,
and Z = 4. The main bond lengths and angles are listed in Table
2. The crystal structure of LizBsOg(OH), consists of Li—0O
polyhedra and the [BsOg(OH),]*~ polyborate anion (Figure 2).
The [BsOg(OH),]°~ polyborate anion consists of two six-
membered rings in which two boron atoms (B1A and B1B) are
surrounded by three oxygen atoms, and the other three boron
atoms (B2, B2A, and B3) are surrounded by four oxygen atoms.
Each six-membered ring is linked by a common BO, tetrahedron
and consists of one BOs triangle (A), one BO3(OH) tetrahedron
(T), and a common BQO, tetrahedron. The mean B—O distances
of the BO; and BO, groups are (1.383 and 1.492) A, respectively
(Table 2). The [BsOg(OH)2]*~ units are linked together through
four exocyclic oxygen atoms (04, O4A, 0O4B, and 0O4C) to
neighboring units and formed a three-dimensional structure, as
shown in Figure 3. Moreover, there also exist hydrogen bonds

Table 2. Main Bond Lengths (A) and Angles (deg) of 12

Li(1)—O()#1 1.962(3)  Li(2)—0(2)#8 2.056(3)
Li(1)—O(3)#2 2.0093)  Li(2)-O(4)#6 2.436(3)
Li(1)-0(2) 2.0353)  Li(2)-0(4) 2.436(3)
Li(1)—O(5)#3 2.112(3)  B(1)—O@)#2 1.3765(18)
Li(1)—0(3) 2403(3) B(2)-O(1)#11 1.4772(18)
Li(2)—O(L)#6 2.0242(15) B(3)—0(2)#12 1.4636(15)
Li(2)-0(1) 2.0242(15) B(3)—O(3)#12 1.4964(16)
Li(2)—0()#7 2.056(3)

B(1)#3-0(3)-B(3) 121.46(11) O(5)—B(2)—0(4) 108.45(11)
B(1)-O(4)-B(2) ~ 124.14(12) O(L)#11-B(2)—O(4)  105.64(11)
O(1)-B(1)—-0O(4)  117.19(13) O(#12—B(3)-0(2)  109.86(16)
0(1)-B(1)-0(3)#2 121.98(13) O(#12-B(3)-0(3)  111.12(5)
0O(4)-B(1)—-0(3)#2 120.83(14) O(2)—B(3)-0(3) 107.69(5)
0(2)-B(2)-0(5)  110.03(12) O(2)#12—B(3)—O(3)#12 107.69(5)
0(2)—-B(2)—O(1)#11 110.89(11) O(2)—-B(B)—-0@)#12  111.12(5)
0(5)-B(2)—O(1)#11 109.89(11) O(3)—-B(3)-O(@3)#12  109.39(16)
0(2)-B(2)-0(4)  111.81(11)

2 Symmetry transformations used to generate equivalent atoms: #2, x
—1/2, =y + 1/2, —z + 1U4; #3, x + 1/2, —y + 1/2, —z + 1/4; #11, —y
+32, x—12,z— 14 #12,y+ 1, x— 1, -z

Li2A

. 7

Figure 2. Asymmetric unit structure of |.

between the framework hydroxyl groups and the exocyclic
oxygen atoms, O5—H5++-04 (y, x — 1, —2). The H-bonded
0---0 distance is 2.987 A. According to the classification of
polyborate anions proposed by Heller'” and Christ and Clark,*®
the shorthand notation for [BsOg(OH),]*~ in Li;BsOg(OH), is
5..3[5: 24 + 3T)].

All of the Li™ ions are located in the anionic [BsOg(OH),]*~
framework and compensate its negative charge. There are two
kinds of coordinated forms for Li* ions (Figure 2 and Figure
S1 in Supporting Information). Lil exhibits a five-fold coordi-
nation and coordinates to three oxygen atoms (02, O3, and O3B)
from B—O—B bridges and two oxygen atoms (O5B and O5C)
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Figure 3. View of the three-dimensional framework along the a axis in I.

from hydroxyl groups, in which the Li—O distances range from
(1.962 to 2.403) A with a mean value of 2.1042 A. Li2 exhibits
a six-fold coordination and coordinates to four oxygen atoms
(01, 01C, 02B, and 02C) from B—O—B bridges and two
exocyclic oxygen atoms (O4 and O4D), in which the Li—O
distances range from (2.024 to 2.436) A with a mean value of
2172 A

The known LisBsOg(OH), (11)"® belongs to a tetragonal
system, with space group P4,2,2, with a = 6.8455(4) A, ¢ =
14.551(1) A, and Z = 4. Comparing the crystal data of the
present borate with those of the known Li3BsOg(OH),, it can
be thought that the present borate is a new compound, which is
an enantiomer of the known LizBsOg(OH),. It is the different
synthesis conditions that might result in the two different forms;
the starting materials for known Li3BsOg(OH), (I1) are
LiOH-H,0, H3BO;3, and H,0, but the starting materials for the
present L|3B50g(OH)2 (l) are LizCOg, HgBO3, Lazog, pyridine,
and H,0.

Characterization of the Synthetic Samples. The chemical
analytical data of the synthetic samples are (found/calcd, %),
B,0; (73.22/73.47) for |, and B,O3 (73.52/73.47) for 11, which
are consistent with the theoretical values.

The powder XRD pattern of the as-synthesized compound
(1) and the simulated pattern on the basis of single-crystal
structure of LisBsOg(OH), are shown in Figure 4. The diffraction
peaks on patterns corresponded well in position, indicating the
phase purity of the as-synthesized sample (I). The main
characteristic d values and 26 of the XRD pattern for (I1) are
given in Table S1 in the Supporting Information, which
correspond with those of the JCPDS card (File No. 44-0249)
and show the absence of any other crystalline forms in this
synthetic sample.

The FT-IR (Figure S2, Supporting Information) and Raman
(Figure S3, Supporting Information) spectra of | and |1 exhibited
the following absorption bands and Raman shifts, which were
assigned referring to the literature.'® IR: The band at 3439 cm™!
is the stretching of O—H. The bands at (1334 and 943) cm™
might be the asymmetric and symmetric stretching of B—O0,
respectively. The band at 1231 cm™! might be the in-plane

Experimental

E Simulated
1o 20 30 40 50 60 70

20r°
Figure 4. Powder XRD pattern of the sample I.

bending of B—O—H. The bands at (1112, 998, and 871) cm™*
are the asymmetric and symmetric stretching of B,y—O,
respectively. The bands at (723 and 650) cm™ are assigned as
the out-of-plane bending of B(3—O. The bands at (526 and 460)
cm~t are the bending of B—0 and By)—O, respectively.
Raman: The peak at 3436 cm™? is the stretching of O—H. The
peaks at (841 and 757) cm™! are the symmetric stretching of
B—O. The peaks at (580 and 547) cm~* might be the bending
of B(g)_o and B(4)_O.

The simultaneous TG-DTA curves of | (Figure 5) and 11
(Figure S4, Supporting Information) indicate that both com-
pounds are stable up to about 450 °C and then have one step of
mass loss between (450 and 600) °C. The total mass loss is
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Figure 5. Simultaneous TG-DTA curves of the sample I.

Table 3. Molar Enthalpies of Solution of LisBsOg(OH), in 1
mol-dm~3 HCl(aq) at 298.15 K?

m AH AsoiHm
no. mg mJ kJ-mol~*
|
1 9.49 —1662.646 —41.502
2 9.56 —1666.133 —41.285
3 9.40 —1659.450 —41.819
4 9.45 —1668.561 —41.826
5 9.42 —1650.323 —41.501
mean —41.57 +0.21°
Il
1 5.48 —981.773 —42.439
2 5.562 —969.406 —41.601
3 5.55 —971.667 —41.472
4 5.29 —928.550 —41.580
5 5.54 —984.236 —42.085
mean —41.84 +£0.37°

21n each experiment, 2.00 cm? of HCl(aq) was used. ® Uncertainty is
estimated as twice the standard deviation of the mean, namely, 6 =
2[X(% — X%n(n — 1)]*3, in which n is the number of experimentals
(n = 5), x is the experimental value of each repeated measurement, and
X is the mean value.

Universal V4.1D TA Instruments

7.77 % for | and 8.08 % for II, which might correspond to the
loss of one water molecule and can be compared with a
calculated value of 7.60 %. In the DTA curve, the endothermic
peak appearing at 490 °C for | and 489 °C for Il is related to
the one-step dehydration.

All of above results indicate that the synthetic samples are
pure and suitable for the calorimetric experiments.

Results of the Calorimetric Experiment. The molar enthalpies
of solution of | and 11 in 1 mol-dm~3 HCl(aq) at 298.15 K are
listed in Table 3, in which m is the mass of sample, AgHn is
the molar enthalpy of solution of solute, and the uncertainty is
estimated as twice the standard deviation of the mean.

Table 4 gives the thermochemical cycles for the derivation
of the standard molar enthalpies of formation of | and II,
respectively. The molar enthalpy of solution of H3BOs(s) of
(21.83 + 0.08) kJ*mol™* in 1 mol-dm~2 HCl(aq) was taken
from the literature.®® The molar enthalpy of solution of
LiCl-H,0(s) of —(14.36 & 0.11) kJ-mol~*in (1 mol-dm~3 HCI
+ H3BOs)(aq) was taken from the literature.** The standard

Table 4. Thermochemical Cycle and Results for the Derivation of A{H,°(Li3BsOg(OH),, 298.15 K)

Aero
no. reaction kJ-molt
1) Li3BsOa(OH)a(s) + 50.04(HCI+54.506H,0) = 3Li*(aq) + 3CI-(aq) + —41.57 +£0.21 (1)

5H3BOs(aq) -+ 47.04(HCI-57.876H,0)

—41.84 +0.37 (11)

@ 47.04(HCI-57.876H,0) = 47.04(HCI-54.506H,0) + 158.518H,0() 3.02£0.12

®3) 5H;BOs(aq) + 47.04(HCI-57.876H,0) = 5HsBO4(s) + —109.15 + 0.40
47.04(HCI-57.876H,0)

@) 3Li*(aq) + 3CI~(aq) + 5HsBOs(aq) + 47.04(HCI-57.876H,0) = 43.08 +0.11
3LiCl-H,0(s) + 5H;BOs(ag) + 47.04(HCI-57.876H,0)

) 3/2H,(g) + 3/2Cl,(g) + 163.518H,0(I) = 3(HCI-54.506H,0) —496.37 + 0.30

(6) 3LICI-H,0(s) = 3Li(s) + 3/2Cly(g) + 3Ha(g) + 3/204(q) 2137.74 + 1.08

@ 5H3BOs(s) = 5B(s) + (15/2)Ha(g) + (15/2)04() 5474.00 + 4.0

(8) 8Ha(g) + 405(g) = 8H,0() —2286.64 + 0.32

) LisBsOg(OH),(s) = 3Li (s) + 5B(s) + Ha(g) + 50() 47241 + 4197 (1)

4723.8 £ 4.212(11)

2 The uncertainty of the combined reaction is estimated as the square root of the sum of the squares of uncertainty of each individual reaction.
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molar enthalpy of formation of HCl(ag) and the enthalpy of
dilution of HCI(aq) were calculated from the NBS tables.?* The
standard molar enthalpy of formation of LiCl-H,O(s) of
—(712.58 =+ 0.36) kJ-mol~* was taken from the NBS tables,?*
and the standard molar enthalpies of formation of H3BOj;(s) and
H,O(l) were taken from the CODATA key values,?? namely,
[—(1094.8 + 0.8) and —(285.830 + 0.040)] kJ-mol~*. From
these data, the standard molar enthalpies of formation of | and
Il were calculated to be —(4724.1 + 4.2) kJ-mol™ and
—(4723.8 & 4.2) k-mol 1, respectively.

Conclusions

A new lithium borate LizBsOg(OH), has been synthesized
under mild hydrothermal conditions, which is an enantiomer
of the known Li3BsOg(OH),. It has a three-dimensional
network structure. Through an appropriate thermochemical
cycle, the standard molar enthalpies of formation of
LizsBsOg(OH), (1) and (I1) have been obtained by solution
calorimetry; the result of which shows that the pair of
enantiomers has the same standard molar enthalpy of
formation like many other properties.

Supporting Information Available:

Figures showing additional FT-IR and Raman spectroscopy
results and TG-DTA curves and table containing XRD information.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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