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Abstract

Single crystals of Ba;Na(OH);(CO3), were grown using the hydroflux method and characterized by single crystal X-ray dif-
fraction. Ba;Na(OH);(COs;), crystallizes in the hexagonal, non-centrosymmetric space group P6;cm with a=9.31360(10) A
and c=6.2218(2) A. The material exhibits a three-dimensional crystal structure consisting of chains of face-sharing Na(OH),
octahedra that are hydrogen bonded to carbonate anions; the charge balance is maintained by barium atoms connected to the
trigonal planar carbonate groups and surrounding the Na(OH), chains.

Graphical Abstract
The synthesis and crystal structure of the non-centrosymmetric hydroxycarbonate, Ba;Na(OH);(CO3),, is reported.
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Introduction

The exploratory crystal growth from high temperature
solutions [1] has been exceedingly effective in yielding
high quality crystals with new compositions and struc-
tures. Among the high temperature solutions, hydroxide
fluxes have turned out to be especially effective and, by
adjusting the water content of the melt, often the specific
product that forms can be controlled [2]. Recently, several
papers have appeared that describe a hydroflux, a water
rich hydroxide melt that exists as a solid below 100 °C
but that melts at very low temperatures, less than 250 °C
[3-5]. This hydroflux has proven to be very effective at
crystallizing transition metal hydroxometallates, such as
A,B(OH),, where A is an alkali or alkaline earth metal and
B is a transition metal. In this paper we discuss an expan-
sion of this work by reporting on a new hydroxycarbonate,
Ba;Na(OH);(CO5),, that formed under hydroflux growth
conditions.

Hydroxycarbonates have been used extensively as pre-
cursors for the preparation of binary catalysts, such as
copper—zinc oxide catalysts [6], and many of the hydrox-
ycarbonates exist as minerals in nature, for example
aurichalcite and rosasite [7]. Typically, co-precipitation
was used to prepare the hydroxycarbonates [8]. Other
well-known hydroxycarbonate minerals are malachite,
Cu,(OH),CO;, azurite Cu;(OH),(CO;), and hydrozincite
Zn5(OH)4(CO3), [9, 10]. Many other complex hydroxy-
carbonates are known, including Ln,Cd(OH)4(CO;),
[11], NaAI(OH),(CO35), [12],Ce(OH)(CO;5) [13, 14], and
NaPb(OH)(CO;), [15].

The growth of crystals of hydroxycarbonates has been
achieved via hydrothermal routes and herein, we describe
an alternative method to crystallizing hydroxycarbonates
using a hydroflux.

Experimental
Materials and Methods

Single crystals of Ba;Na(OH);(CO3), were grown out of
a sodium hydroxide hydroflux. The reaction was carried
out in a 23 mL polytetrafluoroethylene (PTFE) lined stain-
less steel autoclave. A mixture of 4.3 mmol (1.3497 g) of
Ba(OH),-8H,0 (Alfa Aesar, 98%), 2.85 mmol (0.3021 g)
of Na,CO; (Fisher, 100.0%), 9 g (9.0089 g) of NaOH
(Macron, ACS grade), and 7 g (7.0013 g) of deionized
H,0O were added to the autoclave, and the autoclave was
sealed. The autoclave was heated to 180° at 5 °C/min, then
heated to 230° at 0.3 °C/minute, held for 24 h, and then
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cooled slowly to 80 °C at a rate of 0.3 °C/minute, at which
point the oven was shut off. After cooling, the liquid in
the autoclave was poured out, and the crystals inside were
scraped off the sides and rinsed out of the autoclave with
methanol.

Energy-Dispersive Spectroscopy (EDS)

Elemental analysis was performed on the crystals using an
FEI Quanta 200 scanning electron microscope (SEM) with
EDS capabilities. The crystals were mounted on carbon
tape and analyzed using a 30 kV accelerating voltage. The
elemental crystal compositions obtained by EDS matched
the ratio obtained from the single crystal structure. The EDS
measurements indicated the presence of Ba and Na, and the
absence of other extraneous elements.

Crystallographic Study

X-ray intensity data from a hexagonal needle crystal were
collected at 296(2) K using a Bruker SMART APEX dif-
fractometer (Mo Ko radiation, A=0.71073 A) [15]. The
data collection covered 100% of reciprocal space to
20,,.«="75.6°, with an average reflection redundancy of 14.2
and R, =0.032 after absorption correction. The raw area
detector data frames were reduced and corrected for absorp-
tion effects with the SAINT+ and SADABS programs. [16]
Final unit cell parameters were determined by least-squares
refinement of 8638 reflections from the data set. An initial
structural model was obtained with direct methods [17].
Subsequent difference Fourier calculations and full-matrix
least-squares refinement against F> were performed with
SHELXL-20142 using the ShelXle interface [18].

The compound crystallizes in the hexagonal system.
Systematic absences in the intensity data were consist-
ent with the space groups P3cl, P-3cl, P6;cm, P-6¢2,
and P6;/mcm. The non-centrosymmetric space group
P65;cm (No. 185) was eventually confirmed by structure
solution. The absolution structure (Flack) parameter was
—0.009(19) after the final refinement cycle, indicating
the correct absolute structure and the absence of inver-
sion twinning. There are six atomic positions in the asym-
metric unit. Barium Ba(1l) and the hydroxyl group atoms
O(2) and H(2) are located on mirror planes (site 6¢, site
symmetry..m), sodium Na(1l) is located on site 2a with
site symmetry 3.m, oxygen O(1) is located on a general
position (site 12d), and carbon atom C(1) is located on the
threefold axis (site 4b, site symmetry 3..). All atoms were
refined with anisotropic displacement parameters. The
hydroxyl hydrogen was located in a difference map and
refined with an isotropic displacement parameter subject
to ad(O-H)=0.84(2) A distance restraint. Free refinement
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Table 1 Crystal n ructure refinement information for Tabl Bond lengths [A] for
Baalzl\ela(o(li_[)};itéloz;izata and structure refinement information fo Baatfl;iOHo)fcgjzt s [A] fo Ba(1)-O(1)#1 2.752(3)
Ba(1)-O(1)#2 2.752(3)
Empirical formula C, H; Ba; Na O, Ba(1)-0(2) 2.8008(10)
Formula weight 606.05 Ba(1)-O(2)#3 2.8008(10)
Temperature 296(2) K Ba(1)-O(1)#4 2.826(2)
Wavelength 0.71073 A Ba(1)-O(1)#5 2.826(2)
Crystal system Hexagonal Ba(1)-OQ2)#6 2.872(4)
Space group P 63 cm ) Ba(1)-O(1) 2.911(2)
Unit cell dimensions a=9.31360(10) A Ba(1)-O(1)#7 2.911(2)
c=6.2218(2) A Na(1)-O(2)#8 2.321(3)
Volume 467.392(18) A’ Na(1)-O2)#9 2.321(3)
Z 2 Na(1)-O(2)#6 2.321(3)
Density (calculated) 4.306 mg/m3 Na(1)-0(2) 2.488(4)
Absorption coefficient 12.573 mm™! Na(1)-O(2)#3 2.488(4)
Crystal size 0.360%0.140x0.100 mm’® Na(1)-O(2)#10 2.488(4)
Reflections collected 12,614 Na(1)-Na(1)#9 3.111(4)
Independent reflections 884 [R(int) =0.0316] Na(1)-Na(1)#11 3.111(4)
Completeness to theta=25.242° 100.0% Na(1)-Ba(1)#3 3.3483(13)
Absorption correction Semi-empirical from equivalents Na(1)-Ba(1)#10 3.3483(13)
Max. and min. transmission 1.0000 and 0.4064 Na(1)-Ba(1)#9 3.729(2)
Refinement method Full-matrix least-squares on F? O(1H)-C(1) 1.286(2)
Data/restraints/parameters 884/2/32 O(2)-H(2) 0.82(3)

Goodness-of-fit on F?

Final R indices [I>2sigma()]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

1.117

R1=0.0174, wR2=0.0486
R1=0.0183, wR2=0.0490
—0.009(19)

0.0094(8)

1.333 and —0.684 ¢ A3

Table2 Atomic coordinates (x104) and equivalent isotropic dis-
placement parameters (A%x 103) for Ba;Na(OH);(CO5),

X y z U(eq)
Ba(l) 3387(1) 3387(1) 1803(3) 13(1)
Na(l) 0 0 —-14) 15(1)
O(1) 1936(2) 5304(2) 157(5) 16(1)
0(2) 1966(3) 0 2707(6) 16(1)
C(1) 3333 6667 135(10) 12(1)

U(eq) is defined as one-third of the trace of the orthogonalized Ujj

tensor

led to a short O-H distance of 0.68 A. No deviation from
full occupancy was observed for either of the metal atoms.
The largest residual electron density peak and hole in the
final difference map are + 1.33 and —0.68 e'/A3, located
0.64 and 1.25 A from Ba(1l) and C(1), respectively. Details
about the single-crystal refinement are given in Table 1,
atomic positions are given in Table 2, select bond lengths
in Table 3 and hydrogen bonding information in Table 4.
The CCSD number for Ba;Na(OH);(COs3), is 1814353.

Symmetry transformations used
to generate equivalent atoms

#1  —x+y, y. z+172 #2
Y—X+Yy.z+12#3 -y, x—y,z

#4 —y+1, x—-y+1, z #5
x—y+1, —y+1, z #6 x—y, X,
z—1/2

#7y, X,z # y, —x+y, z—1/2
#9 —x, —y, z—1/2 #10 —x+Yy,
—X,Z

#11 —x, —y, z+ 1/2 #12 —x+vy,
—x+1,z

Table 4 Hydrogen bonds for Ba;Na(OH);(CO;),

D-H-A dD-H) dH+A) d(D+-A) <(DHA)
O(2)-H(Q2)-O(DH#10  0.82(3) 2.503)  3.1353) 134(3)
O(2)-H(Q2)-O(H#7  0.82(3) 2.503)  3.1353) 134(3)

Symmetry transformations used to generate equivalent atoms:

#1l —x+y,y, z+12#2y, —x+y, z+12#3 -y, x-y, z
#4—y+1,x—y+1,z#5x—-y+1,—-y+1,z#6x—y,x,z—1/2
#7y, X, z#8y, —x+y,z—112#9 —x, -y, z— 112 #10 —x+y, —X, z
#11 —x, -y, z+ 112 #12 —x+y,—x+1,z
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Results and Discussion
Synthetic Considerations

Clear colorless needles of Ba;Na(OH);(CO;), were grown
out of a hydroflux and were isolated in good yield. This is
the first example of a hydroflux yielding a hydroxycarbon-
ate product. The presence of the carbonate in the product
crystals is due to the presence of carbonate impurities in
commercially available hydroxides. All hydroxides, by the
time they reach the chemistry laboratory, contain carbon-
ate impurities. Normally this is not an issue, however, in
the hydroflux method the relative ratio of hydroxides to
reagents is very large, since a significant excess of hydrox-
ide is used. Under such conditions even a small impurity
will be present in significant amounts. During hydroflux
syntheses, simple carbonates, such as BaCO;, often crys-
tallize simultaneously with the reaction product, however,
in this case, the carbonate was incorporated into the prod-
uct itself. This suggests that this method could be used
to crystallize new hydroxycarbonate structures by adding
sodium or potassium carbonate to the hydroflux itself. It
is possible that this represents a significant new approach
to prepare hydroxycarbonates.

The structure, solved by single crystal X-ray diffrac-
tion, contains infinite chains of Na(OH), face sharing octa-
hedra, Fig. 1, consisting of slightly distorted octahedra
with Na—O bonds of 3 x2.321(3) and 3 x2.488(4) A. Each
Na(OH)g4 octahedra is surrounded by six barium atoms

Fig.1 Structure of the Na(OH)4 coordination environment. Sodium
in green, oxygen in red and hydrogen in pink. (Color figure online)
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Fig.2 Arrangement of barium cations, Ba(OH);O4, around the
Na(OH)¢ units. Barium atoms in yellow are arranged in front of
the triangular faces of the Na(OH)q octahedron. Barium in yellow,
sodium in green, oxygen in red, hydrogen in pink. (Color figure
online)

that are located just outside the faces of the octahedron
at a Na—Ba distance of 3.3483(13) A (Fig. 2). The barium
atoms are in a 9-coordinate environment, surrounded by 6

Fig.3 Coordination environment of Ba(OH);04. Barium in yellow,
oxygen in red and hydrogen in pink. (Color figure online)
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Fig.4 Coordination environment around the trigonal planar carbon-
ate group showing distorted tetrahedral oxygen coordination. Carbon
in black, barium in yellow, oxygen in red. (Color figure online)

oxygens and 3 hydroxide groups, resulting in a local envi-
ronment of BaOg(OH); with Ba—O bonds ranging from
2.752(3) to 2.911(2) A. Figure 3. The Ba;Na(OH), units,
in turn, are surrounded by planar CO,>~ groups (Fig. 4).
Each CO32' group has C-O bond lengths of 1.286(2) A
and each oxygen of the carbonate group is connected to
one carbon and three barium atoms, placing the oxygens
into a distorted tetrahedral bonding environment (Fig. 5).
This results in a 3D structure consisting of a barium
hydroxide carbonate channel structure containing chains
of face sharing Na(OH)4 octahedra (Figs. 6).

The structure of Ba;Na(OH);(CO;), crystallizes in the
non-centrosymmetric space group P6;cm. Non-centrosym-
metric crystal structures are often found to exhibit sec-
ond harmonic generation (SHG) effects, however, testing
using Powder SHG measurements performed on a modi-
fied Kurtz nonlinear-optical (NLO) system using a pulsed
Nd:YAG laser with a wavelength of 1064 nm indicated that
Ba;Na(OH);(COs;), does not exhibit significant SHG effects.

Fig.5 The 3D structure of BasNa(OH);(COs), consisting of a bar-
ium oxide hydroxide carbonate channel structure containing infinite
chains of face sharing Na(OH) octahedra. Barium in yellow, sodium
in green, carbon in black, oxygen in red, hydrogen in pink. (Color fig-
ure online)

Fig.6 View down the chain axis. Barium in yellow, sodium in green,
carbon in black, oxygen in red and hydrogen in pink. (Color figure
online)
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