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The new orthoborate S~CII~(BO~)~ has been syt$hesized and its structure determined by single-crystal 
X-ray methods, It crystallizes in space group 142m in a cell of dimensions a = 8.995(l) A, c = 6.649(l) 
A, and 1’ = 537.9(l) 8’ with Z = 4. The structure was determined from 604 independent reflections 
and refined to the final residuals R = 0.040 and R, = 0.05 1. It is composed of CuO, rectangles and B03 
triangles that are connected by sharing vertices and edges to form two-dimensional sheets; Sr atoms are 
interleaved between successive sheets. The compound decomposes at 970(3)“C to CuO and amorphous 
strontium borate; the CuO is reduced to finely divided Cu metal by heating at 300°C in flowing Hz. The 
corrected molar susceptibility of the material is 2.16(3) BM at 22°C. 8 IW Academic press, II-C. 

Introduction 

Copper is widely used as a catalyst on 
various supports for the production of 
chemicals, including the preparation of 
methanol from synthesis gas (I) and the hy- 
dration of acrylonitrile to acrylamide (2). 
The activity and selectivity of the catalysts 
are largely determined by the surface area 
of the Cu species and their interactions with 
the support. Consequently, catalyst efficacy 
may be enhanced with new materials that 
afford effective methods for producing 
finely divided particles or desired cata- 
lyst-support interactions. As part of our ef- 
fort to synthesize incongruent phases that 
will afford, on decomposition, Cu species 
impregnated on supports of varying acidit- 
ies, we have discovered a new compound 
in the system SrO-CuO-B,Ox. This simple 
orthoborate, SrCu,(BO&, decomposes 
above 970°C to finely divided CuO and 
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amorphous strontium borate. Subsequent 
heating at 300°C in a H,/Ar flow reduces the 
CuO to Cu metal. 

In this report we describe the preparation, 
crystal structure, and properties of the new 
compound SrCu,(BO,), and the characteris- 
tics of the CuO and Cu metal that are pro- 
duced after decomposition by heat 
treatment. 

Experimental 

The title compound was prepared by 
grinding a stoichiometric ratio of the re- 
agents Sr(NO,), (reagent grade, Mallinck- 
rodt), CU(NO~)~ . 24H20 (reagent grade, 
Mallinckrodt), and B,O, (99.99%, Morton 
Thiokol) under hexane to a fine powder, fol- 
lowed by heating at 600°C for 30 min and 
at 850°C for 18 hr with the heat treatment 
interrupted several times to grind the sam- 
ple. Except for some weak lines attributable 
to CuO, the X-ray powder pattern indicated 
a single-phase product. 
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TABLE I 

CRYSTAL DATA AND EXPERIMENTAL CONDITIONS FOR SrCu2(B03), 

Crystal data Experimental conditions 

Diffractometer Rigaku AFC6R 
Radiation Graphite monochromated MoKol 
Formula weight (amu) 332.33 
a (A) 
c (-4 

8.995(l) 

v (A31 
6649(l) 
527.9(l) 

Space group 142m 
&de 63 mm31 4.13 
Crystal volume (mm)) 0.0005 
F(OW 616 
Z 4 
Linear absolute coefficient (cm-‘) 175.33 
p factor 0.05 
No. unique data with Fi > 3o(F$ 604 
&It 0.076 
RO 0.040 
R,(F) 0.051 
Error in observation of unit weight (e2) 1.34 

Single crystals were grown with LiBO* as 
a flux. A mixture in the solute : flux ratio of 
7 : 1 by mass was heated in a Pt crucible 
to 850°C cooled at 6Whr to 600°C then 
quenched by removal from the furnace. 
Blue single crystals were physically sepa- 
rated from the crucible for structure deter- 
mination . 

A crystal of dimensions 0.20 x 0.08 x 
0.03 mm was chosen for analysis. Lattice 
parameters were refined from 20 reflections 
in the range 30” < 20 < 40” that were auto- 
matically centered on a Rigaku AFC6R dif- 
fractometer equipped with monochromatic 
MoKo radiation. Intensity data in the range 
of indices - 19 I h I 19,0 I: k 5 19, and 0 
5 Z I 14 were collected with the w-28 scan 
technique at a scan speed of 16”lmin in o 
and a scan width of ho = (1.25 + 0.3 tan 
0)“. From 2061 reflections measured to 28 = 
loo”, 604 unique data having Fi 2 3u(Fi) 
were obtained. Three reflections monitored 
every 199 measurements exhibited no sig- 
nificant deviations throughout the data col- 
lection. Crystal data and experimental con- 
ditions are summarized in Table I. 

All calculations were performed on a Mi- 
crovax II computer with programs from the 
TEXSAN crystallographic software pack- 
age (3). The Laue symmetry 4/mmm and the 
systematic absence hkl, h + k + I= 2n + 
1, are consisgnt with the acentric groups 
Z422,14mm, Z4m2, and Z42m and the centric 
group Mlmmm. The statistical distribution 
of intensities indicated that the structure is 
acentric (4). Also, the Patterson vectors in- 
dicated that the structure was layered with 
the heavy Sr atoms separated from sheets 
of Cu, B, and 0 atoms by z = &. A successful 
solution was found by drawing numerous 
layers of appropriate composition in the four 
acentric space groups that were consistent 
with the Patterson map and afforded reason- 
able interatomic distances. A successful so- 
lution and refinement were achieved with 
the space group Z42m. 

Following refinement with isotropic ther- 
mal parameters, the data were corrected for 
absorption with the computer program 
DIFABS (5) and subsequently averaged. Fi- 
nal least-squares refinement on IF01 with 
data having Z$ 2 30(G) and anisotropic 
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temperature factors on each atom resulted 
in the residuals R = 0.040 and R, = 0.051. 
The largest peak in the final differences map 
has a height of 2.4% of a Sr atom. 

Unit cell parameters were also deter- 
mined from X-ray powder data by least- 
squares refinement of 28 values. Powder 
samples were ground, sieved with a IOO- 
mesh wire screen, and annealed at 700°C for 
2 hr. Eight intense reflections in the range 
30” < 28 < 60” were collected on a Philips 
diffractometer equipped with CL&~ radia- 
tion; elemental Si (NIST Standard Refer- 
ence Material 640b) was used as the internal 
standard for the zero-point correction. The 
refined cell parameters a = 8.991(l) A and c 
= 6.660(3) A compare well to those obtained 
from the single-crystal data. 

DTA data were obtained with a Harrop 
Model DT-726 differential thermal analyzer 
interfaced to a PC via a Metrabyte DAS- 
8 A/D converter and Series Ml000 signal 
conditioner. The sample and reference 
(Al,OJ were enclosed in Pt cups and heated 
at lO”C/min. A strong endothermic signal 
observed at 970(3)“C corresponds to decom- 
position of the phase. 

The effective magnetic moment was ob- 
tained at 22°C by the Guoy method. The 
measurement was made at a field strength 
of 5 kG by using an Alpha Model AL 7500 
water-cooled magnet with 4-in. pole faces 
and a IS-in. gap. The Guoy tube was cali- 
brated with HgCo(SCN),. Diamagnetic cor- 
rections to molar susceptibilities were made 
from reported values except for the Sr2+ 
ion, where interpolation of reported values 
was used (6). 

Results and Discussion 

Final atomic coordinates and thermal pa- 
rameters are listed in Table II, and selected 
interatomic distances and angles are given 
in Table III. Views of the structure along 
the a and c axes are shown in Fig. 1. 

The structure is a simple, new type exhib- 
iting layers of interconnected triangular pla- 

nar BO, and rectangular planar CuO, 
groups. These layers extend parallel to the 
plane (001) (Fig. 1); a portion of the sheet is 
depicted in Fig. 2. Adjacent CuO, rectangles 
share edge Ol..*Ol to form dimeric units. 
Opposite edges 02*.*02 of the dimer are 
shared with BO, triangles that also bridge 
each dimer by sharing vertex 0 1. The con- 
nectivity affords hollows defined by four 02 
atoms. Distorted cubes of 02 atoms are 
formed by successively stacking the sheets 
with application of the improper four-fold 
axis of rotation; the Sr atom occupies the 
02 cube. We have observed a comparable 
layered structure in the pyroborate Ba 
CuB,OS, in which the Ba atoms interleave 
successive sheets comprised of vertex-shar- 
ing CuO, rectangles and B,Os groups (7). 

The average Cu-0 distance of 1.94(l) A 
is similar to values determined in other com- 
plex copper(I1) borates, e.g., 1.930(6) A in 
a-Sr,Cu(BO,), , I .94(3) A in P-Sr,Cu(BO& 
(a), and 1.95(2) A in Ba,Cu(BO,), (9). Bond 
angles reflect the distortion of the CuO, 
groups that arises from sharing the 02.a.02 
edge with a B atom and the Ol**.Ol edge 
with a Cu atom. The acute angle of 72.9(2)’ 
for 02-Cu-02 is similar to values observed 
in @Sr,Cu(BO,), and Ba,Cu(B0,)2, where 
edges are shared between rectangular CuO, 
and triangular B03 polyhedra (8, 9). The 
shared edge Ol*.*Ol affords a larger angle, 
Ol-Cu-01 = 82.2(2)“. The planarity of the 
CuO, rectangle is slightly relieved as evi- 
denced by the angle Ol-Cu-02 = 174.7(2)“. 
Inspection of the central portion of the cell 
sketched in Fig. 1 reveals that 01 atoms 
occupy positions over the Cu atoms along 
the c axis, affording the appearance of cub- 
ane-like fragments Cu,O,. The Cu-01 dis- 
tances parallel to the c axis are greater than 
3.25 i%. 

The orthoborate group is slightly irregu- 
lar. The average B-O bond distance of 
1.37( 1) A compares well to the expected dis- 
tance of 1.365 A for a 3-coordinate B atom 
(10). Bond angles are only slightly distorted 
because of the shared edge 02.‘*02 with 
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TABLE II 

FINAL ATOMIC COORDINATES AND TEMPERATURE FACTORS FOR SrCuz(BOJz 

433 

ST 4w 0 112 0 0.71(2) 0.0108(3) 0.0107(3) 0.0054(2) 0 0 0 
CU 8(i) 0.11412(l) 0.11412 0.27830) 0.93(l) 0.0081(2) 0.0081 0.0191(4) -0.0001(2) 0.00+4(Z) o.cw4 
B X(i) 0.2953(4) 0.2953 0.243(l) 0.74(9) 0.008(l) 0.008 0.012(2) -O.Ooa(l) -0.001(1) -0.001 
01 B(i 0.4004(43 0.4004 0.212(l) 1.5(l) O.OQ9(1) 0.009 0.040(4) 0.ow(1) -0.007(l) -0.OQ7 
02 16(n 0.3276(3) 0.1456(3) 0.254(l) 0.9(l) 0.009(l) O.om(i) 0.018(l) 0.001(1) O.OOl(l~ 0.002(l) 

Now. From symmetry constraints U,z, L’,,, and Q,,, = 0 for Sr. and UI, = I/*> and U,, = U,, for Cu. B, and 01 

the Cu atom. Thus, the 02-B-02 angle is 
reduced from the ideal 120” to 114.1( 1)” and 
the 01-B-02 angle is increased to 
122.9(2)“. 

The Sr atom occupies a distorted cubic 
environment having D, symmetry (cf. Fig. 
1). The 02-Sr-02 angular values listed in 
Table III may be compared with the values 
70.5” and 109.5” for an ideal centered cubic 
configuration. Adjacent Sr atoms share 
quadrilateral faces of 02 atoms to form one- 
dimensional chains that extend parallel to 
the c axis. The average Sr-0 distance 
2.62(2) A compares to the expected value of 
2.63 A that is calculated from the crystal 
radii of 8-coordinate Sr2+ and 4-coordinate 
02- (II). Atom 02 is 4-coordinate, binding 
two Sr atoms, one Cu atom, and one B atom 
while atom 01 is 3-coordinate, binding two 
Cu atoms and one B atom. 

The effective magnetic moment of the 
compound at 22°C is 2.16(3) BM. This value 
is less than the expected spin-only value 

TABLE III 

SELECTED DISTANCES (A) and Angles (“) 
for SrCuz(BOJz 

G-02 x 4 2.608(4) 02-Sr-02 79.12(8) 
Sr-02 X 4 2.640(4) 02-Sr-02 66.34(4) 

02-Sr-02 108.0(2) 
cu-01 x 2 1.929(3) Ol-al-01 82.2(2) 
cu-02 x 2 1.947(3) 02-cu-02 72.9(2) 

Ol-cu-02 102.4(l) 
Ol-cu-02 174.7(2) 

B-01 1.353(7) 01-B-02 122.9(2) 
B-02 x 2 1.379(4) 02-B-02 114.1(4) 

of 2.83 BM for a compound with isolated 
transition-metal ions having d9 electron con- 
figurations. The reduced moment likely re- 
sults from antiferromagnetic interactions 
between the Cu ions that arise from ex- 
change coupling through both the 0 1 atoms 
and the bridging orthoborate groups. Ex- 
change interactions in di-k-hydroxo- 
bridged copper(I1) molecular dimers have 
been found to be sensitive to the Cu-0-Cu 
bridge angle (12, 13). The Cu-01-Cu angle 
in the borate is 97.7(2)“. In a hydroxo dimer 
this value would afford the small sin- 
glet-triplet splitting of - 12 cm-‘. 

Samples were heated at lOC/min to 
1050°C on the DTA; a strong signal at 970°C 
indicated decomposition of the sample. In- 
spection of the samples revealed that they 
had melted and changed color from blue to 
black. Analysis of X-ray powder patterns 
of the black product revealed only peaks 
attributable to CuO, a result of incongruent 
melting. After reduction of the CuO to Cu 
metal under flowing H,, the X-ray pattern 
exhibits only peaks attributable to Cu metal. 
Thus, the strontium borate remains amor- 
phous throughout the heat treatment. 

A primary concern in processing catalytic 
materials is maximizing the surface area of 
the active component. Results from previ- 
ous studies have indicated that very active 
Cu catalysts can be produced from decom- 
position of a single-phase Cu-Zn mixed ba- 
sic carbonate (14) which affords finely dis- 
persed CuO. 

The title compound also decomposes to 



FIG. 1. (Left) sketch of structure viewed along [OOl]. 
(Right) sketch of structure viewed along [loo]. The Sr 
atoms are represented as small filled circles with open 
bonds, Cu atoms as small open circles with open bonds, 
B atoms as small filled circles with filled bonds, and 0 
atoms as large shaded circles. The labels 1 and 2 refer 
to atoms 01 and 02, respectively. 

finely divided CuO which can be reduced to 
Cu metal. We used Scherrer’s equation (1) 

L,, = 0.89hl& cos 8 (1) 

to determine the crystallite size of the prod- 
ucts CuO and Cu; Lhw is the particle dimen- 
sion, h is the radiation wavelength, and Phkl 
is the difference in peak widths (radians) 
at half height between the sample and the 
internal standard NaCl (25), the standard 
having a crystallite dimension much greater 
than 2000 A. It is assumed in Eq. (1) that 
peak broadening arises only from crystallite 
size and not from lattice distortions or 
stresses. Heating the title compound for 30 
min at 1050°C afforded a sample of CuO with 

FIG. 2. Sketch of a portion of the Cu-B-O network 
oarallel to the (001) nlane. .1 

434 SMITH AND KESZLER 

a mean crystallite dimension of 520 A as 
measured by the widths of the (11 l)-(002), 
(11 l)-(200), and (202) reflections. Subse- 
quent heating at 300°C in 5% H,/Ar for 3 
hr resulted in Cu particles with an average 
dimension of 390 A as determined from the 
widths of the (11 I), (200), and (220) reflec- 
tions. Assuming that the Cu crystallite mor- 
phology is spherical, this size corresponds 
to a Cu surface area of 17 m’/g. This value 
compares with surface areas of 38-77 m2/g 
for mixed Cu-Zn oxides prepared from hy- 
droxycarbonate precursors as determined 
by BET methods (26). Although the quanti- 
tative results from the Scherrer method are 
probably not highly accurate, the results do 
indicate that small particles are produced 
since annealed samples of CuO and Cu 
metal afford little broadening of the mea- 
sured X-ray diffraction peaks. 

Attempts to synthesize Ni and Pd analogs 
of the Cu compound were unsuccessful. 
Solid state reactions, coprecipitation meth- 
ods, and freeze-drying techniques resulted 
in the mixtures SrB,O, + 2 NiO and SrB,O, 
+ 2 Pd metal. 
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