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Single crystals of a new barium copper(ll) pyroarsenate,
BaCuAs,0,, were grown via an eutectic flux of 40% BaCl, and
60% NaCl by moles. The structure of this pyroarsenate has been
determined by single-crystal X-ray diffraction methods. The title
compound crystallizes in the monoclinic system with the space

. group P2,/n (No. 14); Z = 4. The lattice parameters are a = 5.740
(A, b=28.475(3) A, c = 13.09 (3) A, B = 91.24 (4)°, and
V = 636.7 (6) A®. The final least-squares full-matrix refinements
yielded R/R, = 0.030/0.043 and GOF = 1.81 for 101 variables.
The newly synthesized BaCuAs,O, phase is isostructural with
ACuP;0; (A = Ca, Sr). The unit cell adopts an open framework
structure that consists of corner-shared CuQj; square pyramid and
As,(, pyroarsenate groups; Ba atoms occupy the gap between two
layered-like [CuAs,0,;] frameworks. 1t is recognized, for the first
time, that the gap between parallel | CuAs, (] slabs is characlerized
by a long Cu-O apical bond, 2.386 (3) A; this length is dictated
by the size of the barium cation. In this paper, the flux synthesis,
structural analysis, and infrared study of BaCuAs,Q, are
presented.  © 1995 Academic Press, Inc.

INTRODUCTION

A wealth of oxy compounds of the AMX,0, family

(1 ~ 9} are known for a number of transition metal (M)
cations. Most of the pyrophosphates adopt the A'M'"'P,0,
type; where A! = an alkali metal cation, M = Ti (1), V
(2), Fe (3), Y (4), and Mo (5). Scattered examples show
-the A"MHP,0, formulation (6). Compared to the large
collection of phosphates, only a few AUMVSi,0, pyrosili-
cates (7) and A'MWAs,0, (8) and A"M"As,0, (9) pyro-
arsenates are known. Despite the wide variety of reported
structural types, more novel frameworks are being re-
vealed due to the adaptive nature of the M-O-X-0O-M
frameworks. With respect to distorted CuO, (n = 4 ~
6) coordination geometries, the structural chemistry of
" copper-based oxy compounds is unique. This has been
shown by a large collection of early reports and the recent
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finding of the Na,CuP,0, compound (10). The latter con-
sists of an unusual wave-like [CuP,0;].. ribbon structure.

The current study of the BaCuAs,; compound is an
extension of our previous investigations of mixed-frame-
work phosphate and silicate series. The title compound
was first synthesized in 1930 as an amorphous precipitate
from the aqueous reaction of H;AsO,, CuCQ,;, and
Ba(OH), - 8H,0 (11). No further investigative effort on
this compound has been reported. In the A-Cu-As-0O
system, the only other known pyroarsenate was
K,CuAs,0,, characterized by powder diffraction and in-
frared spectroscopy methods (12). The present structural
analysis shows that it is isostructural with the ACuP,G,
(A = Ca (6d), Sr (6e)) analogs, and reveals new features
concerning the layered framework and the nature of the
long Cu-0O apical bond.

EXPERIMENTAL

Synthesis. Single crystals of BaCuAs,O, were synthe-
sized from As,0, (Aesar, 99.99%), CuO (Strem, 99.999%),
and Cu,O (Aldrich, 97%) in a reaction mixture with the
nominal composition Cu,AsO,. The total weight of the
reactants (charge)} was ca. 0.24 g. An eutectic flux
(m.p. = 655°C) of 40% BaCl, (dried from BaCl, - 2H,0,
EM Science, 99%) and 60% NaCl (EM Science, 99.9%)
by moles was ground together in an inert atmosphere dry
box. The flux to charge ratio was approximately 5: 1 by
weight, The resulting mixture was loaded into a carbon-
coated silica ampoule, which was then sealed under vac-
uum. The reaction was slowly heated to 800°C and main-
tained at that temperature for 4 days before it was cooled
at 3°C per hour to room temperature, Translucent bluish-
green, needle-shaped crystals (approximately 30% yield)
were isolated by washing the reaction product with deion-
ized water using a suction filtration method. By-products
of the reaction were water soluble.

Structure determination.  Diffraction data from an op-
tically pure single crystal were collected at room tempera-
ture on a Rigaku AFC3S four-circle diffractometer. Crys-
tallographic data are summarized in Table 1. The unit cell
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TABLE 1
Crystallographic Data for BaCuAs,0,

Formula mass (amu)
Space group
Cell parameters

462.71
P2/n (No. 14, setting 2}

a{A) 5.740 (5)
b (A) 8.475 (3)
¢ (A) 13.090 (3)
B (degrees) 91.24 (4)
vV (AY 636.7 (6)

z 4

T (K) of data collection 296

p cale, (g cm™) 3.56

Radiation (graphite moenochro-
mated)

Crystal shape, color

Crystal size {(mm)

MoKe (A = 0.71069 A)

Needle, bluish-green
0.01 x0.02 x 1.9

Linear abs, coeff. (cm™") 169.30
Transmission factors 0.45-1.00
Scan type w

Scan speed (deg. min~') 4.0

Scan range (deg.)
Background counts

-0.36t00.36 in
1 of scan range on each side of
reflection

28 (max) 55¢

Data collected h, k, =l

p for o (FY) 0.03

No. of reflections measured 1718

No. of unique reflections 1570

No. of unique reflections with 1278
I1>3a(l)

Fug 624

R(F)*/R,(F)*/GOF 0.030/0.043/1.81

R (on F3=3a(F}) 0.024

Secondary extinction coefficient  1.22 x 1076

No. of variables 101

“R = 2[lFul - IFcl]/zlpol'

bR, = [EWI|F,) — |[FIXZw|F,a",

parameters and orientation matrix for data collection were
determined by a least-squares fit of 25 peak maxima with
10° < 28 < 21°. According to the intensities of three
standard reflections (1, 0, 3; 1, 2, 0; 0, 3, 1), which were
measured every 150 reflections, there was no detectable
decay during data collection. The TEXSAN software
package (13) was used for the crystal structure solution
and refinement. Data reduction, intensity analysis, and
extinction conditions were determined with the program
PROCESS. Lorentz-polarization and empirical absorp-
tion corrections based on three computer-chosen azi-
muthal scans (26 = 14.22°, 15.02°, 22.96°) were applied
to the intensity data. The space group P2,/n (No. 14,
setting 2) was selected on the basis of the extinction condi-
tions. The atomic coordinates of Ba, Cu, and As were
determined using the SHELXS-86 program (14), and
those of oxygen atoms were resolved by using a difference
Fourier map. The structural and thermal parameters were
then refined by full-matrix least-squares methods to R =

0.030, R, = 0.043, and GOF = 1.81. Secondary extinction
correction was applied to eliminate poorly matched in-
tense reflections, e.g., Af/of > 10. Table 2 lists the final
positional and thermal parameters.

Infrared Spectroscopy. The infrared absorption spec-
trum of BaCuAs,0, was studied in the range 1600 ~ 400
cm~!. The experimental procedures were the same as
reported before (10). The peak frequencies corresponding
to symmetric (»,) and asymmetric (»,) As—O-As vibra-
tional modes of the [As,0] group are centered at 564 and
786 cm™!, respectively. In addition, the As—O stretching
frequencies associated with the [AsO,] group can be ob-
served at 819 and 892 cm™'. These values are consistent
with the characteristic bands for Na,As,0, (15) and
K,CuAs,0; (12).

STRUCTURE DESCRIPTION AND DISCUSSION

The BaCuAs,0, structure adopts an open framework,
as shown in Fig. 1, outlined by Cu-Q (thick lines) and
As—Q (thin lines) bonds. The barium atoms reside in tun-
nels. Table 3 lists the bond distances and angles illustrat-
ing the coordination geometries of three cation-centered
polyhedra, i.e., CuQ;, As,0,, and BaQ,. The CuO; square
pyramid shares each of its five corner oxygen atoms with
adifferent As,O, group. The extended lattice is composed
of the [Cu,(As,0,)0,] structural unit, as shown in Fig. 2,
the naked oxygen atoms of which are shared with the
neighboring units to build up the three-dimensional frame-
work. In Fig. 1, two structural units in each unit cell are
related by an inversion center at (4, 4, 4). The O(6) atom
of the As,O, pyroarsenate is situated approximately above
(or below) the CuQ, square plane, contributing to the
long apical Cu-0O bond (omitted for clarity) of the CuO;,
square pyramid.

The elongation of the apical Cu-0 bond, although con-

TABLE 2
Positional and Thermal Parameters® for BaCuAs,0,
Atom x y z B, (A}
Ba 0.28364(8) 0.15174(6) 0.78624(4) 0.80(2)
Cu 0.2901(2) 0.1411(1) 0.11957(7) 0.81(4)
As (1) 0.8287(1) 0.1832(1) 0.99213(6) 0.63(3)
As(2) 0.2469(1) 0.0338(1}) 0.34480(6) 0.63(3)
o) 0.661(1) 0.1532(7) 0.6484(5) 1.1¢2)
o 0.698(1) 0.0910(8) 0.8923(4) 1.2(2)
03 0.119(1) 0.1488(7) 0.986%(4) 0.9(2)
0« 0.296(1) 0.1148(7) 0.4646(4) 1.0(2)
05 0.428(1) 0.1214(7) 0.2632(4) 1.0(2)
0O (6) 0.702(1) 0.1601(7) 0.1023(4) 1.1(2)
o 0.971(1) 0.0607(7) 0.3124(5) 1.3(2)

¢ Equivalent isotropic thermal parameters defined as B, = (3743)
trace L.
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FIG. 1. ORTEP (16) drawing of the perspective view of the

BaCuAs,0; structure in two unit cells thick, A monoclinic lattice is
outlined by solid lines. The [CuAs,04] open framework is highlighted
by Cu-0 (thick lines) and As-O (thin lines) bonds, Ba atoms (cross-
hatched circles) reside in tunnels. Only selected oxygen atoms, O(4)
and O(6), are labeled for simplicity. The anisotropic atoms are presented
at 90% probability.

sistent with the Jahn-Teller effect due to the Cu(ll)-®
electron configuration, is dictated by the steric effect of
the electropositive cation, Ba** in this case. Figure 3
shows a partial structure of the layered [CuAs,0,] frame-
work with the barium atoms in the gap. This extended
framework can be described as layer-like, a feature that
is critical to the understanding of the local geometry of
the copper cation. The parallel slabs are propagating ap-
proximately along the [—101] direction of the unit cell.
The separation of two adjacent slabs is characterized by
the long apical Cu-O bond distance, e.g., 2.386 (3) A,
presented by dotted lines. Comparisons to the CaCuP,0,
and SrCuP,0, structures suggest that the size of the alka-
line-earth cation plays a significant role in determining
the apical Cu-O distance, e.g., 2.201 (2) A and 2.284 (4)
A, respectively. Otherwise, the copper atom is positioned
close to the square basal plane with four relatively short
Cu-0 distances. In the cobalt-containing compounds,
SrCoP,0; (6b) and SrCoAs,O, (9), however, the metal
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atom {Co) is located near the center of the CoQ; square
pyramid, leading to virtually uniform Co-O distances.
The observed bond distances and angles for CuQ; and
As,05 polyhedra (Table 3) are comparable with reported
values. The CuQ; unit is distorted from an ideal square
pyramid as shown by its largely deviated bond angles,
e.g., 74.2° and 172.6°. The Cu-0O bond distances of the

TABLE 3
Important Bond Distances (4) and Angles (deg.) for BaCuAs;0,

{CuQ;) square pyramid

Cu-0(1) 1.935(6) Cu?-0O(5)* 2.030(6)
Cu’-0(2)¢ 1.975(7) Cu?-0(6)* 2.386(7)
Cu’-0(3)¢ 1.978(6)
O(1*-Cus-0(2)° 158.0(3) 0O2)*-Cu*-0(5)" 88.7(2)
O(1)*-Cu®-0(3)¢ 87.5(3) 0(2)*-Cu*-0(6)* 91.4(2)
0(1)*-Cu?~Q(5)7 92.1(2) 0(3)-Cu?-0(5)° 172.6(2)
O(1)2-Cue-0(6)° 110.0(2) O(3—Cu—Q(6)" 112.9(2)
Q(2)=Cu’-0(3)4 88.9(2) O(5)*-Cu”-0(6)" T74.2(2)

[AsQ,] tetrahedra
As(1)2-0(2)° 1.685(6) As(2)-0(1)° 1.672(6)
As(1)2-0(3)* 1.694(6)  As(2)*-0(4)* 1.729(6)
As(1)-0@/f 1.759(6)  As(2)?-0(5)* 1.678(6)
As(1)*-0Q(6)* 1.641(6)  As(2)*-O(7)* 1.645(6)
O(2)"-As(1)°-0(3)°  108.1(3) O -As(2)*-0(4)"  106.5(3)
O(2)-As(1)2-0(4)F  104.4(3) O()"-As(2)*-O(5)*  104.7(3)
O{2)°-As{a)*-0(6)¢  115.4(3) O(1)™—As(2)*-O(TY*  116.5(3)
o) -As(D)-0(4)  105.1(3) 0(4)°-As(2)°-0(5)* 108.1(3)
03)-As(1)*-0(6)¢  118.0(3) O(4)"~As(2)°-0O(T)*  108.3(3)
0@y -As(1)2-0(6)¢  104.4(3) O(51-As(Q)*-0O(M"  112.3(3)

As(1)2-0¢4)*-As(2)*  125.9(3)

[BaOy) polyhedron
Ba*-0O(1)* 2.849(6) Ba®-O(6) 2.917(6)
Ba“-0(2)* 2.777(6)  Ba®-0O(6)° 3.019(6)
Ba®-0(3)" 2.811(6) Ba’-O(7)' 2.684(6)
Ba®-0(5) 2.817(6) Ba®-0Q(7)* 2.640(6)
Ba?-0O(3)* 2.928(6)
O(1)"-Ba*-0(2)7 70.3(2) 0(3)*-Ba"-0(¢)* 63.1(2)
O(1)"-Ba*-0(3)¢ 150.2(2) 0(3)*-Ba’-0(7) 91.8(2)
O(1)*-Ba*—0Q(5)’ 119.3(2) 0O(3)2-Ba’-0(7)* 104.9(2)
O(1y*-Ba*-0Q(5)° 54.7(2) 0(5)-Ba®-0(5)¢ 158.24(8)
0O(1)*-Ba"-0(6)* 65.5(2) 0(5)'-Ba?-0(6)’ 55.6(2)
O(1)2-Ba’-({6)* 107.3(2) O{5yY~-Ba"-0(6)* 131.4(2)
0(1)*-Ba’=O(7) 76.6(2) O(5)y*-Ba®™0(6)’ 109.3(2)
O(1)*~Ba*-Q(7)* 96.6(2) 0O(5)°—-Ba’-0(6)* 53.5(2)
0(2)"-Ba*-0(3)° 80.4(2) 0(5)-Ba*-O(7) 71.5(2)
O(2)*-Ba’-0(5) 142.3(2) O(5)Y—Ba'-0(7)* 91.1(2)
0(2)*-Ba’-0(5)° 58.7(2) 0(5)°-Ba*-0(7) 121.2(2)
0(2)*-Ba™-0(6)’ 129.4(2) 0(5)*-Ba"-0(7)* 70.3(2)
0(2)*-Ba®-0(6)* 65.3(2) 0(6)'-Ba’~0(6)* 151.6(2)
0(2)*-Ba*—O(7)} 76.5(2) O(6)'-Ba™ 07y 70.5(2)
O(2)9-Ba*-0(7)* 125.3(2) 0(6)'-Ba®-0(7)* 83.8(2)
0(3)°-Ba®-0(5)' 81.3(2) 0(6)"-Ba’- Q7Y 136.6(2)
0(3)°-Ba-0(5)° 113.8(2) 0(6)-Ba’-0(7) 69.4(2)
0(3)°~Ba*-0(6)’ 136.5(2) O(7)'-Ba*-0(7)* 154.0(2)

Note. Symmetry codes: ¢ +x, +y, +5;? -3 + x, 3 — 3, -} + z;
Cl-x, -yl -zfxy, L+l +x +y, tnf b x b -y b+
8, 4y, L+ 5 f—1 4+ x, +y, 4z



NEW COPPER{Il) PYROARSENATE

FIG. 2. ORTEP drawing of the [Cuy(As,0;),0,] structural unit. The
apical oxygen with respect to each copper atom is omitted for clarity.
The anisotropic atoms are presented at 9% probability.

basal plane are in the range 1.94 ~ 2.03 A, comparable
to the ranges 1.92 ~ 2.04 A and 1.91 ~ 2.05 A of the Ca
and Sr pyrophosphate analogs, respectively. The AsC,
tetrahedral coordination is slightly distorted on the basis
of its nearly regular bond angles, e.g., 104.4° ~ 118.0°.
The As(1)-0(4)-As(2) angle for the As,O; pyroarsenate
is as close as 125.9° due to a staggered configuration (Fig.

[101]

FIG. 3. Partial structure of the layered [CuAs;O;] framework with
barium atoms in the gap. For clarity, there is only one structural unit
drawn for the top slab and two are drawn for the bottom one. The
oxygen atoms are in open circles, The dotted lines represent long apical
Cu-0 bonds. The anisotropic atoms are presented at 90% probability.

283

3). The As-O bridging/terminal bond distances are
1.73 ~ 1.76 A/1.64 ~ 1.69 A, which are comparable to the
distances 1.79 ~ 1.80 A/1.65 ~ 1.67 A of the CaK,As,0,
structure, taking into account a small As—O-As angle,
e.g., 120.9°(17).

There is no direct Cu-Cu interaction, as might be ex-
pected because of the layered framework. The d, ¢, is
far beyond the Cu-Cu distance in the f.c.c. metallic cop-
per, e.g., 2.57 A (18). The longest d,_c, is 5.74 A along
a (dcy_co = a), while the shortest dg,_c, is 4.65 A across
the origin of the unit cell. Two intermediate ones are 5.12
A across the inversion center at (3, 4, 3) and 5.47 A between
copper atoms from approximately one side of Ba to the
other.

As in any other oxy compounds, the incorporated elec-
tropositive cation governs the structural formation by
means of keeping charges balanced. The barium cation
adopts an irregular BaO, coordination, in whic!‘n the aver-
age Ba-O distance is 2.83 A, similar to 2.89 A, the sum
of Shannon crystal radii (19) of 9-coordinated Ba?* (1.61
A) and O~ (1.28 A). Based upon the bond valence sum
(BVS) analysis (20), the formal oxidation states have been
calculated to be 2,18, 1.93, and 4.89/5.06 for Ba, Cu, and
As atoms, respectively. On the basis of the O*~ formal
oxidation state, the charge distribution for the title com-
pound can be formulated as Ba'Cu"As,0,, an additional
member of the AUM"X,0, type.

In summary, the construction of each structural unit
is fascinating due to the adaptive bond interactions of
polyhedra, CuQ; and As,0, in this case, and the size/
charge of the electropositive cation incorporated. Curi-
ously enough, BaCuAs,0, is isostructural with neither
BaCoP,0, (6¢) nor BaCuP,0, (6f), both of which crystal-
lized in a triclinic unit cell, and in which the Cu?* atoms
bridge two successive P,O, groups. Synthetically, the eu-
tectic flux method facilitates ditferent conditions for crys-
tal growth than hydrothermal and conventional solid-state
approaches. Therefore, more interesting frameworks
are anticipated.
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