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The crystal structure of ammonium di-y-hydroxo-di- 
[ triscarbonatozirconate (IV) ltetrahydrate, (NHI) ,J Zr- 
(OH) (CO.S)~]Z.~HZO, has been determined. The 
crystals are monoclinic, P2r/n, with cell dimensions 
a = 16.46 f 0.02 A, b = 11.53 f 0.03 A, c = 
6.95 + 0.01 A and fi = 92.0 + 0.2 A. The observ- 
ed density, I .87 f 0.05 g/cm3, corresponds to four 
molecules per unit cell. The crystals consist of di- 
screte dimeric species in which the metal atoms are 
bridged by hydroxo groups. Each carbonate ion be- 
haves as a bidentate ligand forming with the hydroxo 
groups a distorted dodecahedron of oxygen atoms 
about each zirconium atom. The dimers are held in 
the crystal through the compensating electrostatic 
charge of the ammonium ions and a network of hydro- 
gen bonds to the water molecules. 

Introduction 

Zirconium forms a variety of carbonate complexes. 
A number of these are crystalline and readily obtain- 
able from aqueous solution.‘,* Pospelova and Zaitsev 
proposed a number of interesting tetranuclear and di- 
nuclear structures for these complexes in which the 
carbonato groups were depicted as monodentate li- 
gands. The tris carbonato complex, M6[ZrlO(CO&] . 
4H20, was formulated as a dinuclear species with the 
two zirconium atoms linked through an oxo-bridge. 
This would result in a coordination number of 4 to 6 
(depending upon the number ot water molecules in 
the metal coordination sphere) assuming the carbo- 
nates were monodentate. 

In an earlier review of the structures of <<oxygen- 
containing>> zirconium compounds it was shown that 
in such compounds coordination numbers of less than 
six have never been observed? It has further been 
shown that, in all basic salts whose structures were 
known, hydroxo bridges rather than oxo-bridges were 
present. Thus, a more likely structure would result 
if the metal atoms were linked through two hydroxo 
bridges and the carbonato groups were bidentate. The 
complex would then be eight coordinate. Such struc- 
tures were previously proposed for hydroxo-tris-a- 
hydroxy carboxylates of zirconium.3 It was, therefore, 

(1) L. A. Pospelova and L. M. Zaitsov, Zhur. Neorg. Khim., 11, 
1863 (1966). 

(2) Yu. E. Gorbunova, V. G. Kuznetsov, and E. S. Kovaleva, 
Zhur. Neorg. Khim., 13, 102 (1968). 

(3) A. Clearfield, Rev. Pure and Appt. Chem., 14. 91 (1964). 

of interest to determine the structure of the triscarbo- 
natozirconate species and the ammonium salt was 
chosen for study. 

During the course of this work, a preliminary report 
on the structure of potassium di+,-hydroxo-di[ triscar- 
bonatozirconate(IV)]hexahydrate, was published.” 
The structure was shown to have the double hydroxo 
bridging and to be eight coordinate as predicted. 
This paper provides additional evidence for the struc- 
ture of the complex ion. 

Experimental Section 

Crystals were obtained from the Tizon Chemical 
Co., Flemington, New Jersey. They were clear, co- 
lorless prisms with 2/m symmetry. 

The zirconium content was determined by igniting 
a weighed crystal to oxide. Carbon dioxide, ammo- 
nia and water were determined with a C, H, N analy- 
ser by standard methods. Found: ZrOz, 32.58%; 
N, 10.97%; C, 9.18%; H, 4.48%. Required for 
(NH&ZrOH(C0&.2H20: ZrOz, 32.74%; N, 11.07%; 
C, 9.50; H, 4.51%. 

The crystals began to decompose with loss of am- 
monia as soon as they were removed from the mother 
liquor. Hence, it was necessary to seal them in Linde- 
mann glass capillaries along with a drop of mother 
liquor. In this way the crystals could be kept for 
several days before they began to deteriorate. 

The unit cell was found to be monoclinic with 
a = 16.46 + 0.02 A, b = 11.53 + 0.03 A, c = 
6.95 & 0.01 8, and p = 92.0 + 0.2”. The unit cell 
constants were determined from Weissenberg photo- 
graphs using CuKa radiation (h = 1.5418 A). Cor- 
rections for film shrinkage were made by recording a 
sodium chloride powder pattern on the photographs. 
The corrected d values were then plotted against 
co&l and extrapolated to 6 = 90” by a least squares 
method. 

The measured density obtained by flotation in a 
carbon tetrachloride, l,l-dibromoethane mixed solvent 
was 1.87 + .05 g/cm3. The calculated density with 
Z = 4 is 1.911 g/cm3. 

Weissenberg photographs taken about the b axis 
(h k &‘, k = O-3) and the c axis (h k P, P = O-3) 
revealed the following systematic absences: h 0 e 

(4) Yu. E. Gorbunova, V. G. Kuznetsov, and E. S. Kovaleva. 
Zh. Slrukl. Khim., 9, 918 (1968). 
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when h -C e # 2n and 0 k 0 when k # 2n. This 
fixed the space group as P2Jn. 

Intensity data were gathered from multiple film 
Weissenberg photographs using CuKa (nickel filtered) 
radiation. Two separate crystals were used. One 
was mounted about the b axis and h 0 e data record- 
ed. The other was mounted about the c axis and 
h k 0 and h k 1 data obtained. The intensities were 
estimated visually by comparison with an intensity 
strip and corrected for Lorentz and polarization fac- 
tors but not for absorption. They were then placed 
on the same scale by the least squares procedure of 
Monohan, Schiffer and Schiffer? No corrections for 
spot extension were made but since the data did not 
extend beyond the first layer line the error is small. 
In all 685 intensities above background were ob- 
tained. 

Structure Solution and Refinement. Patterson pro- 
jections onto the (001) and (010) planes were prepa- 
red. The zirconium atom positional parameters and 
those of three of the light atoms were determined 
immediately from the Pattersons. A structure factor 
calculation based on only the zirconium atom para- 
meters and another based on all 4 atoms showed a dif- 
ference in sign for only 8 reflections. Thus, Fourier 
projections (on (001) and (010)) were made using 
the signs determined from positional parameters of 
all four atoms. As it turned out, 80% of the signs 
were correctly determined in this calculation. The 
parameters of six additional atoms were immediately 
obtained from the Fourier projections and their posi- 
tions refined by two successive difference syntheses. 
A three-dimensional Fourier map was now obtained 
using signs calculated for the structure factors from 
all ten atoms. This Fourier resolved the positions of 
the remaining (except hydrogens) nine atoms. 

The structural parameters were then refined by the 
block-diagonal least squares method.6 The function 
minimized was Cw() F, 1 - 1 F, 1>2. Neutral atom scat- 
tering factors used in the calculation were obtained 
from the tabulation in <<International Tables,.’ 

Initially, the zirconium atom was assigned an iso- 
tropic temperature factor B= 1 .O and the light atoms 
individual temperature factors of I .5. A weighting 
scheme due to Cruickshank and Pilling was used.8 
The weights were w= l/(a+ I F, 1 + b ( F, 1’) where 
a=2 ( Fmin 1 and b=2/ I F,,, I. 

In seven cycles of refinement the residual, R = 
C( II F, ! - 1 Fc II >/C 1 Fo I , was reduced from 0.21 to 
0.13. A difference synthesis was now made and clear- 
ly showed that the zirconium atom was vibrating 
anisotropically. Therefore, further refiniment was 
carried out with anisotropic temperature coefficient for 
zirconium. Also, 25 structure factors for which 

(5) J. E. Monohan, M. Schiffer, and J. P. Schiffer, Acfn Cryst., 
22, 322 (1967). 

(6) The programs used in this work were as follows: (a) F. R. 
Ahmed. NRC-8 Fourier Program; (b) F. R. Ahmed. NRC-10 Strut- 
ture Factor Least Squares; (c) hl. E. and F. R. Ahmed, NRC-12 Scan 
of Interatomic Distances and Angles; (d) M. E. Pippy and F. R. 
Ahmed. NRC-21 mean plane, National Research Council, Ottawa, 
Canada. 

(7) * International Tables for X-ray Crystallography * Vol. III. 
the Kynoch Press. Birmingham, England, 1962 p. 202. 

(8) D. W. J. Cruickshank and D. E. Pilling, in * Computing Me- 
thods and the Phase Problem in X-ray Crystal Analysis Y, Pergamon 
Press. N. Y., 1960. p. 45. 

AF/a = I( F, ) - ( F, II/a was greater than 3 were eli- 
minated from the refinement. Nine more cycles were 
computed to give a final R of 0.104 excluding these 
25 structures factors and 0.114 if they are included. 

Table I. X-ray Positional and Thermal Parameters with Esti- 
mated Standard Deviations’ 

Atom X Y Z B(A)’ 

Zr, 0.05840(8) 0.1157(l) -0.0810(4) * 
C* 0.1018(12) 0.3295(21) -0.0042(50) 1 S(4) 
C, 0.2114(12) 0.0579(21) 0.0135(52) 1.5(4) 
C, -0.0205( 11) 0.1653( 18) -0.4074(41) 0.9(3) 
N 0.2976( 11) 0.4635( 18) 0.0256(43) 1.9(4) 
N -0.1069(13) 0.3938(21) 0.2619(52) 2.8(5) 
NT 0.1579(12) 0.3006(20) 0.4566(47) 2.3(4) 
OS -0.0218(8) 0.0579(13) 0.1296(32) 0.9(2) 

%0 
0.0510(10) 0.1186(17) -0.4029(40) 2.5(4) 
0.1572(9) 0.0853( 15) 0.1379(36) 1.7(3) 

0, -0.0494(8) 0.1873(13) -0.2281(33) 1.1(3) 
01, 0.1300(9) 0.4272(16) 0.0584(37) 1.8(3) 

::: 
0.1798(g) 0.0513(15) -0.1587(35) 1.7(3) 
0.0481(8) 0.2740( 14) 0.1063(32) 1.2(3) 

0”:: 
0.1253(9) 0.2769( 14) -0.1456(35) 1.7(3) 
0.2843(g) 0.0425( 15) 0.0521(36) 1.9(3) 

017 -0.0642(10) 0.1812(17) -0.5594(41) 2.5(4) 

::: 
0.3119(11) 0.1970(18) 0.3789(44) 3.0(4) 
0.4714( 12) 0.0481(20) 0.2150(44) 3.3(4) 

‘Standard deviations in the least significant digits are in 
parentheses in all the tables. * Anisotropic thermal para- 
meters for Zr: BII = 0.00056(4), Bu = 0.00103(10), B,, = 
0.0050(5), B,, = 0.0016(13), B,j = 0.0008(3), Bu = 
-O.OOOl( 1). The form of the anisotropic thermal ellipsoid is 
exp [ (-B,,h2+ Buk2+Bsea+BzjkP+ Bl,hP+BIzhk)] so that BI,= 
2xza*%JlI, etc. and B,, = 4x’a*“b*‘U,2, etc. 

The final parameters together with their standard 
deviations are listed in Table I and the observed and 
calculated structure factors in Table Ia. The final 
difference map revealed several positive regions the 
highest of which was 1.5 electrons/A’ between the 
metal and hydroxyl groups. Other positive regions 
ranged from 0.4 to 1.2 e/A3 compared to 110 e/A3 
peak height for zirconium and an average of about 
15 e/A3 for the oxygen and nitrogen atoms. None 
of the residual maxima could be assigned to hydrogen 
atoms. Therefore, they must arise from systematic 
errors such as series termination effects, absorption 
errors, etc. 

Results and Discussion 

The crystals contain discrete dinuclear anions in 
which the zirconium atoms are bridged by hydroxo 
groups (Figure 1). Three carbonate groups, acting 
as bidentate ligands, are bonded to each metal atom 
so that the coordination number of the zirconium 
atoms is eight. The dinuclear complexes form hy- 
drogen bonds with the water and ammonium ions. 
The crystals are built up through this network of 
hydrogen bonds and the compensating electrostatic 
charge of the ammonium ions as shown in Figure 2. 

The bond distances and angles for the three carbo- 
nate groups are given in Table II. Each carbonate 
ion is planar within the experimental error of the 
data. Table III lists the least squares planes formed 
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Table la. Observed and Calculated Structure Amplitudes (X 10) in Electrons 
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‘5 6,. 
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9 ‘1, 7** 
‘0 .I, ‘IO 
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‘2 93. ‘9‘ 
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L’ 
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. 
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Table II. Bond Distances and Angles in the Carbonate 
Group 

dist. (A) Angle dea. 

1.29(3) %--cz-0‘4 117.2(2.3) 
1.35(3) CL-Cz-015 125.6(2.5) 
1.23(4) O,,-CrO,s 116.8(2.3) 
1.30(3) O,,c,-oM 125.1(2.5) 
1.23(3) 01,cro,, 11 lS(2.3) 
1.29(4) O,cC3--01, 123.4(2.5) 
1.29(2) 0,c&o,, 113.5(2.0) 
1.37(3) O,C,-01, 124.6(2.2) 
1.27(4) OH--c-o,, 121.5(2.1) 

- 

polyhedron about each zirconium atom. is a distorted 
dodecahedron. This is shown by the following cri- 
teria: a dodecahedron consists of two mutually per- 
pendicular trapezoids, whose line of intersection con- 
tains the central metal atom and coincides with the 
T axis. Lippard and Russ have calculated this angle 
for many of the structures reported to have dodeca- 
hedral coordination and found that it ranges from 
86.1 to close to 90”: In the present structure the 
angle is 88.7”. 

(9) S. 1. Lippard and B. J. Russ. Inorg. Chem., 7, 1686 (1968). 

Figure 1. 
ion. 

The di-p-hydroxo-di[ triscarbonatozirconate(IV)] 
The two halves of the ion are related by ,a center of sym- 

metry. 

by the four atoms comprising each of the carbonate 
groups. The angle formed by the carbon atom and 
the two oxygen atoms which are bonded to the 
metal is, in each case, the smallest angle. 

The interatomic distances within the dinuclear 
complex are given in Table IV. The coordination 
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Table III. Least Squares Planes of Carbonate Ions 

Carbonate Ion Equation of Plane 

CAkOM-OU 0.19OlX+O.9704Y-0.14912-1.3067 = 0 
c,-0,-01~-01, -0.7159X+O.4485Y-0.53512-0.4782 = 0 
C.-o.-0,1-o,, 0.3893X+O.9196Y-0.05322-1.3164 = 0 

x1 

0.270 
2.86 
2.74 

Figure 2. A stereoscopic view of the hydrogen bonding in ammonium di-lr-hydroxo-di[triscarbonatozirconate(IV)]tetrahydrate. 
The dashed lines represent possible hydrogen bonds out to a distance of 3.00 A for O-H---O type bonds and 3.35 A for 
N-H - --0 type bonds. 

Table IV. Interatomic Distances in the Dinuclear Complex 

Atoms Dist. (A) 

Zr,-Zr,’ 
Zr-Oa (H) 
Zr-09 
Zr-O10 
Zr-4, 
ZX-0,. 
Zr-O1s 
Zr-Ou 

3.498(2) 
2.11(l) 
2.24(4) 
2.21(2) 
2.18(2) 
2.25(2) 
2.22(2) 
2.22(2) 

Avg. (non-OH) 2.22(2) 

Oxygen-Oxygen Distances 
Type Atoms Dist. (A) 

m 04,’ 2.37(3) 
a 08-O*, 2.75(2) 
8 2.96(2) 
8 :s: 2.92(3) 

m 
a 
8 
g 

2.23(3) 
2.78(3) 

09-0,’ 2.84(3) 
ores 2.81(3) 

m 

: 
b 

g 
b 
b 

m 

: 

o,a-01, 2.14(3) 

$S:: 
2.82(2) 
2.99(3) 

o,o-OS’ 3.30(2) 

oa-0,. 2.95(3) 
o,i-01, 3.09(2) 
O,,-Q’ 3.13(2) 

::=“o:: 
2.20(3) 
2.75(2) 

0,l-G 2.90(3) 

Table V. Interatomic Distances Involving Possible Hydra 
gen Bonds* 

Distance 

2.78(4) 
2.81(2) 
2.81(4) 
2.90(3) 
3.21(3) 
;.;;;;; 

2:84(4) 
2.85(3) 
3.05(4) 
3.12(4) 
3.13(3) 

5.88:::; 
2:93(3) 
2.95(3) 
3.00(3) 
3.15(4) 

019-012 2.72(3 j 

* Unprimed atoms are in symmetry position x y z, singly pri- 
med in StjZ. doubly primed in 1/2+x, 1/2-Y, 1/2+z. 
and triply primed in 1/2-x, 1/2+y, 112-z. 

Hoard and Silverton have developed sets of shape 
parameters for the ideal dodecahedron and the square 
antiprism.” In the dodecahedron there are four dif- 
ferent types of interatomic distances (exclusive of 

(lo) J. L. Hoard and J. V. Siherton, Inorg. Chem., 2. 235 (196%. 
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the metal-ligand distances) labelled a, m, g and b. 
For the most favorable polyhedron, in which ligand- 
ligand repulsion is minimized, the ratios of these 
interatomic distances to the zirconium-oxygen bond 
length should ideally be type a, 1.17; type m, 1.17; 
type g, 1.24; type b, 1.49. In Table IV the oxygen- 
oxygen distances are labeled as to their different 
class of shape parameters. The average distances for 
the different types in the present complex are: a, 
2.76 A; m, 2.24 A; g, 2.87 A; b, 3.13 A. These 
distances are compared with the average Zr-0 bond 
length of 2.22 A. This letter value is the average 
of the zirconium-carbonate oxygen bond lengths only. 
The ratios are then calculated to be: a, 1.24; m, 
1.01; g, 1.29; b, 1.41. These ratios are in. the 
correct order required for dodecahedral coordination 
but differ considerably from the ideal values. The 
distortion primarily arises from the very small intra- 
carbonato oxygen-oxygen distances and also the close 
approach of the bridging oxygens to each other. 

The interatomic distances reported here are in 
good agreement with those given for the potassium 
salt4 The dinuclear species has the same structure 
in both salts. However, the water contents in the 
two salts are different. The potassium salt contains 
three moles of water whereas the ammonium salt 
contains two moles. Pospelova and Zaitsev reported 
the ammonium salt to contain one and one-half 

moles of water per formula weight or three moles 
per dimeric molecule. However, this would require 
one of the oxygen atoms to be in a special position. 
No such oxygen was found. 

Other interatomic distances of interest are listed 
in Table V. The coordination about the nitrogens 
is quite irregular in all three cases. Thus, the am- 
monium groups must take up positions which reflect 
the minimum electrostatic repulsion potential. The 
two water molecule oxygens 0~ and On form three 
and two hydrogen bonds, respectively. The former 
to two ammonium groups and one carbonate oxygen 
and the latter to one ammonium ion and one car- 
bonate oxygen, Finally, the bridging hydroxyl oxygen 
lies 2.70 A from On and presumably is hydrogen 
bonded to it. 

Other compounds which contain somewhat similar 
dinuclear ions to the one reported here include 
ZrF4 . 3Hz0” and a basic thorium nitrate.‘* 
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