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therefore have lanthanum in X with p equal to 4 and sodium 
in M (X[12-pl, p = 6). When two catiox of different charges 
are present, the lower charged ion will preferentially occupy 
the Y polyhedron (La3+ in X, Na' in Y). 

The average V-0 distances in the four independent tet- 
rahedra, 1.7 18, 1.700, 1.726, and 1.673 A, respectively (Table 
11), are within the V-0 distances reported recently by 
Robertson and KostinerI2 in FeV04 (V-0 = 1.660-1.806 A) 
and by Gopal and CalvoI3 in Ca3(VO4)2 ((V-0)  = 1.691, 
1.701, and 1,694 A for three independent tetrahedra). The 
average Na-0  distances (Table 11) fall into two categories: 
two short distances for Na(1) and Na(2)-2.408 and 2.437 
A, respectively-and four long distances for Na(3), Na(4), 
Na(5), and Na(6)-2.571, 2.586, 2.534, and 2.536 A, re- 
spectively. These two different types of distances can be easily 
explained by the fact that the sodium atoms are present in two 
different sites. Atoms Na(1) and Na(2)  are found in 
trigonal-antiprismal sites (octahedra) with very little cat- 
ion-cation repulsion since the X polyhedra share faces only 
with other large X polyhedra. We have thus normal Na-0 
bonds. Sodium-oxygen bonds of similar length (2.418 A) have 
been found by Durand et al.I4 in K3Na(P03F)2, where the 
sodium atom is in an equivalent position. Atoms Na(3) to 
Na(6) occupy the Y site, where there exists severe catim- 
cation repulsion between this polyhedron and the highly 
charged tetrahedron with which it shares a face. We can 
therefore expect much longer bonds. 

The La-0 distances all fall within values reported for 
La2Ti207 (2.38-3.09 A) by Gasperin15 and for La2MoO6 
(2.33-2.38 A) by Sillen and Lundborg.16 No La-La distances 
were found corresponding to significant bonding. 

All 0-0 distances are normal with an  aversge oxygan- 
oxygen distance of 2.800 A. The individual 0-V-0 angles 
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in the different tetrahedra are slightly distorted as expected, 
but the average tetrahedral angle of 109.4' is very normal. 

In conclusion, in structures which are made up of isolated 
TX4 tetrahedra, we observe that these tetrahedra can arrange 
themselves in a variety of ways by simply rotating around their 
centers and condensing themselves in "pinwheels" in such a 
way that they can accomodate in their network a number of 
different cations with different coordinations. This explains 
the fact that we find such compounds as P-K2SO4 and 
K3Na(PO3F)2 to be topologically related. 

Registry No. Na3La(VO&, 55859-79-5. 
Supplementary Material Available: A listing of structure factor 

amplitudes (17 pages). Ordering information is given on any current 
masthead page. 
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The crystal arid molecular structure of copper citrate dihydrate, C U ~ C ~ H ~ O ~ ' ~ H ~ O ,  has been determined from single-crystal 
three-dimensional x-ray data co!lect,ed by counter methods. The compound crystallizes as green six-sided plates in space 
group P21/a (C2h5, No. 14) with Z = 4, a = 14.477 (9) A, h = 9.718 (6) A ,  c = 6.890 (5) A, p = 91.27 ( S ) ' ,  dc&d = 
2.413 g/cm3, and d&sd = 2.39 ( 1 )  g/cm3. Least-squares refinement of I172 reflections having F2 2 3u gave a conventional 
R factor of 0.079. There a.re no discrete molecules in the crystal; it consists of a three-dimensional array of Cu(I1) ions 
linked by alkoxo and three types of carboxylate bridges. The asymmetric unit contains two HlO molecules, one heptadentate 
C,jH4074- citrate ligand, and two crystallographically unique Cu(I1) ions with 05 ligand sets. An alkoxo and a syn-syn 
carboxylate group bridge the CIJ(II)  ions within this unit. An anti-syn carboxylate group joins these units into zigzag 
chains, which in turn are  joined by a second type of anti-syn carboxylate bridge to form the Three-dimensional network. 
The cornplex does not exhibit the electronic e.bsorption at  -380 nm which i s  characteristic of strongly coupled Cu(I1) 
dimers. Its magnetism follows the Curie-Weiss law [x ?: l / ( T -  e ) ] ,  with 8 falling in the $24-t40 K range. An unusual 
twisting of the Cu(I1) coordination spheres within the asymmetric unit apparently suppresses the strong antiferromagnetism 
typically observed with alkoxo and syn-syn carboxylate bridged Cu(I1) complexes. 

The aqueous copper(l1) citrate system has been studied 
extensively,' and several polynuclear species have been 
identified. A dimeric copper(I1) citrate complex of possible 
composition [Cu2(OH)2(C,jH50j)2I4- has been characterized 
in solution, while, from a different sample, a Cu-Cu distance 
of 3.1 A was deduced from a detailed ESR analysis.' Both 
magnetic susceptibility and ESR data indicated essentially no 

spin-spin coupling between Cu(I1) ions. This result appeared 
odd to us a t  first because substantial antiferromagnetic in- 
teractions usually are observed between Cu(I1) ions bridged 
presumably by ligands such as OH, a!koxo, and carboxylate 
(all available in the citrate system). However, recent studies 
of a series of C U ~ ( O M ) ~ ~ +  species have shown that the extent 
and nature of magnetic coupling (antiferromagnetic or fer- 
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Table 1. Crystal Data for Cu,C,H,0,~2Hz0 

CuzC,H,0 ,~2Hz0  dobsd = 2.39(1) g/Cm3 
Space group P2,/a ( C t h 5 ,  No. 14) dcalcd = 2.413 g/cm3 
2 = 4  V = 969.1 A 3  
a = 14.477 (9) A h. 0.710 69 A 
b = 9.718 (6) A p = 45.6 cm-' 
c = 6.890 (5) A T = 2 2 + l 0 C  
0 = 91.27 (5)" 
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a unique data set in the range 1" I 8 5 30'. Background mea- 
surements were made at the beginning and end of each scan with the 
counter stationary; the total time for background counting was equal 
to the scan time. The scan rate was I/6O s-', and each reflection was 
scanned repeatedly to a maximum of 10 scans or until 8000 total counts 
were obtained. Intensities were placed on a common scale by dividing 
by the number of scans. The intensity of one standard reflection, 
measured at  50-reflection intervals, was consistent to f2%. Lorentz 
and polarization factors were applied to the 3 100 measured intensities. 
Of these, 1172 with F2 2 3u(F2) were used in the structure solution 
and refinement. Here, u(F2) = (Lp)-'(Nt + (0.02Nn)2)'/2 is the 
standard deviation as estimated from counting statistics, where Nt 
is the total count (background plus scan), N,, is the net count (scan 
minus background), and 0.02 is an estimate of instrumental instability. 
Absorption corrections were not considered necessary for the above 
crystal. The linear absorption coefficient for Mo K a  radiation was 
45.6 cm-' while maximum and minimum absorption factors for the 
data collected were calculated to be 1.46 and 1.17, respectively. 

Solution and Refinement of the Structure? The structure was solved 
by the heavy-atom method. There was some difficulty in locating 
the unique copper atoms from the Patterson map since one Cu 
happened to be very close to the glide plane at y = l /4 ,  and its 2x, 
2y, 22 peak overlapped other vectors on the Harker plane at u = l / 2 .  
However, approximate coordinates for the copper atoms were obtained 
from the normal sharpened Patterson map. Carbon and oxygen atoms 
were deduced from a difference synthesis based on the heavy-atom 
phases. 

Initial refinement was based on F2. Atomic scattering factors were 
those of Cromer and Waber9 except for hydrogen scattering factors; 
these were obtained from ref 10. All atoms were treated as neutral 
species. Four cycles of refinement using isotropic temperature factors 
gave values of 0.14 and 0.23 for the functions RF = CilFol - 
~ F c ~ ~ / ~ ~ F o ~  and R,$ = [ x w ( F o 2  - F ~ ) * / C w F O 4 ] ' / * ,  respectively; 
weights were set according to w = 1/u2(F2). All atoms were then 
allowed to vibrate anisotropically, and both real and imaginary parts 
of the anomalous dispersion corrections were applied to the copper 
atoms.IO Two cycles of refinement reduced RF and RW? to 0.096 
and 0.15, respectively. 

Further refinement was based on F,  and a weighting scheme was 
chosen by an analysis of variance to make AF/u(Fo) independent of 
Fo. This led to the following assignments for u(Fo): u(Fo) = -0.12)F01 
+ 1.84 for lFol 5 10.0; u(Fo) = 0.64 for 10.0 < pol 5 18.6; u(F0) 
= 0.0671F0J - 0.61 for lFol > 18.6. 

Attempts to locate hydrogen atoms were unsuccessful, and the 
coordinates of the four hydrogen atoms of the methylene carbons were 
calculated based on ideal tetrahedral geometry. A C-H bond distance 
of 1.08 A was assumed and the isotropic temperature factor of each 
H atom was set equal to that of the attached carbon atom. 

Three refinement cycles of all nonhydrogen positions and anisotropic 
temperature factors gave final values of 0.079 and 0.080 for RF and 
R w ~ ,  respectively. For the last cycle, all parameter changes were less 
than O.lu, where u is the estimated standard deviation obtained from 
the inverse matrix. A final difference map showed a general 
background of approximately 0.5 e/A3 and revealed no significant 
features. Final atomic parameters, together with estimated standard 
deviations, are given in Table I1 while important interatomic distances 
and angles are presented in Table 111. A view of the structure along 
the b axis is shown in Figure 1, and the unit cell contents are shown 
in Figure 2. A list of observed and calculated structure factors is 
available.' 

Description of the Structure 
The asymmetric unit (unprimed atoms in Figure 1) contains 

two crystallographically unique Cu(I1) ions, one heptadentate 
C~H407~-  ligand, and two ligand HzO molecules. Bridging 
of the Cu(I1) ions by the alkoxide ion 0 (7 ) ,  as well as by all 
three carboxylate groups, creates a three-dimensional network. 
Within the asymmetric unit, Cu(I1) ions are separated by a 
distance of 3.242 A. They are linked by a bent, symmetrical 
alkoxo bridge [Cu(l)-O(7)-Cu(2) = 115.2"; Cu(1)-0(7) = 
1.925 A; Cu(2)-0(7) = 1.916 A] and by a carboxylate group 
from a neighboring citrate ligand. The carboxylate ligation 
in this bridge has an approximately synsyn configuration, with 
Cu(1) lying 0.56 A below the essentially planar arrangement 
of the Cu(2)-0(3')-C(5')-0(4') fragment (Table IV). The 

romagnetic) vary systematically with the Cu-OH-Cu bridging 
angle2 and may in fact vanish at  an angle of -98". 

To determine if the magnetic peculiarity of the aqueous 
copper(I1) citrate complex also exists in the solid state, we 
prepared Cu2cit.2H20 (water insoluble) (cit = citrate) as a 
pure crystalline phase; it obeyed the Curie-Weiss law ( p  = 
1.80 f 0.07 p ~ ;  8 N 30 K) over the 85-300 K temperature 
range. This complex was prepared previously by Parry and 
D u B o i ~ . ~  On the basis of acidity measurements, they suggested 
that, even at  pH 1 3 ,  citrate could bind to Cu(I1) as a 
C6H4074- species in which the hydroxyl group as well as the 
three carboxyl groups are ionized. Their proposal of a highly 
condensed polymeric structure for this complex includes 
extensive ligand bridging of the Cu(l1) ions. To help ascertain 
the structural basis of our magnetochemical results, we have 
determined the crystal structure of Cu2C6H407.2H20. 
Experimental Section 

Preparation of Cu2C6H&-2H20. Crystals of the water-insoluble 
complex were prepared by the urea hydrolysis technique. In a typical 
experiment, 4.20 g of citric acid dihydrate (0.02 mol), 3.41 g of 
CuC1~2H20  (0.02 mol), and 2.40 g of urea (0.04 mol) were dissolved 
in 100 ml of distilled water. The resulting light blue solution was 
filtered through a Millipore membrane (0.22-p pore size) and heated 
in an oven at  85 "C for 19 h. The green crystalline product was 
separated from the blue solution (pH 4.0) by decantation, thoroughly 
washed with distilled water, and air-dried (yield 3.2 g or 90% based 
on Cu). The product crystallized as six-sided elongated plates that 
exhibited a blue-green dichroism and extinctions that varied from 
complete to partial. 

Anal. Calcd for C U ~ C ~ H ~ O ~ :  Cu, 36.18; C, 20.52; H, 2.30. Found: 
Cu, 36.0 (iodometry); C, 20.36; H, 2.03. 

Microscopic examinations, ir spectral studies over the 4000- 
200-cm-' spectral region, and density measurements indicated that 
the same product was obtained from reaction mixtures in which the 
ratio of Cu(I1) to citric acid was varied from 2.0 to 0.5. Initial 
crystallization was observed at pH values as low as 1.9. Cu2cit.2D20 
was prepared by repeating the above procedure at  '/loth scale with 
DzO solvent and reagents that were previously exchanged with D20. 

Magnetic Measurements. Variable-temperature magnetic sus- 
ceptibility studies were performed in the laboratory of Professor Harry 
B. Gray with a PAR FM-1 vibrating-sample magnetometer; the 
apparatus and techniques used to collect the data have been described 
el~ewhere.~ A diamagnetic correction of 176 X cgsu/Cu(II) was 
calculated from Pascal's  constant^.^ 

Collection of Diffraction Data. We were not able to obtain large 
crystals whose extinctions were sharp. Consequently, a relatively small 
crystal of dimensions 0.27 X 0.09 X 0.03 mm was mounted on the 
end of a glass rod parallel to the long dimension (b ) .  Preliminary 
Weissenberg photographs showed systematic absences of OkO, k = 
2n + 1, and h01, h = 2n + 1, fixing the space group uniquely as P21/a. 
Unit cell dimensions (Table I) were determined from a least-squares 
analysis of the 8, x, and I$ values of 11 reflections obtained using 
graphite-monochromated Ma K a  radiation (A 0.71069 .&) and an 
Enraf-Nonius CAD-3 automated diffractometer. The crystal density 
was measured by the density gradient method using a mixture of 
tetrabromoethane and CHC13 as the high-density medium and CHC13 
as the low-density medium? NH4Br (d  = 2.429 g/cm3) and KH2P04 
(d = 2.338 g/cm3) were used as  standard^.^ The observed density 
of 2.39 (1)  g/cm3 agreed well with the value of 2.413 g/cm3 calculated 
for four Cu2C6H407.2H20 units per unit cell. 

A total of 3 100 reflections were collected at room temperature (22 
f 1 "C). Graphite-monochromated Ma K a  radiation was detected 
with a scintillation counter and pulse height analyzer set to admit 
approximately 95% of the Ka peak. A 8-20 scan was used to collect 
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Table 11." Fractional Atomic Coordinates (X lo4) and Thermal Parametersb 

Atom X Y P I 1  or B,  BZ 0 2 2  0 3 3  P I 2  P I 3  0 2 3  

C U ( 1 )  -3375 (1) 7 522 (2) 1980 (2) 13  (1) 40 (1) 62 (3) 3 (1) 0 (1) -16 (3) 
Cu(2) -1465 (1) 8 482 (2) 4122 (4) 14 (1) 95 (3) 274 (6) -15 (1) 32 (2) -114 (3) 
O(1) 472 (6) 7 009 (10) 618 (15) 9 (4) 67 (12) 113 (21) -2 (5) -1 (8) -4 (13) 
O(2) -369 (7) 8 147 (12) 2681 (18) 20 (5) 80 (14) 241 (33) -16 (7) 12 (11) -61 (18) 
O(3) -2564 (7) 4 061 (14) 4224 (17) 15 (4) 163 (16) 241 (33) 0 (8) 17 (9) 164 (20) 
O(4) -1285 (8) 3 784 (14) 5992 (16) 38 (6) 137 (18) 114 (26) -25 (9) -22 (10) 88 (17) 
O(5) -3286 (6) 5 850 (11) 534 (15) 9 (4) 64 (11) 121 (22) 4 (6) -9 (8) -57 (14) 
O(6) -2335 (7) 4 166 (12) -192 (18) 29 (6) 64 (13) 231 (32) 3 (7) 23 (11) -66 (18) 
O(7) -2188 (5) 7 002 (9) 3055 (13) 3 (3) 30 (9) 70  (18) 6 (5) -9 (7) -8 (11) 
O(8) -1300 (8) 10 755 (13) 3353 (16) 34 (6) 97 (15) 108 (24) 9 (8) -23 (10) -13 (17) 
O(9) -626 (8) 8 854 (13) 6584 (17) 27 (5) 106 (17) 131 (26) 0 (8) -6 (9) 10 (17) 
C(1) -300 (9) 7 303 (12) 1274 (19) 19 (5) 4 ( 1 5 )  84 (25)  -1 (7) -2 (10)  14 (15) 
C(2) -1118 (9) 6 669 (15) 367 (20) 15 (5) 40 (15) 6 3  (25) 3 (8) -8 (10) -17 (17) 
C(3) -1743 (8) 5 973 (13) 1826 (20) 12  (5) 14 (12) 92  (28) 6 (7) 6 (10) -27 (16) 

C(5) -1725 (8) 4 243 (13) 4546 (19) 13  (5) 2 (11)  87 (27) 2 (6) 15 (9) -2 (15) 
C(4) -1161 (9) 4 987 (17) 3089 (2.0) 12  (5) 71 (17) 63 (27) 6 (8) 21 (9) 26 (19) 

C(6) -2487 (9) 5 237 (14) 683 (23) 10 (5) 27 (13) 131 (31) -13 (7) -1 (11) -22 (17) 
H(l)  -1523 7 485 -349 4.75 
H(2) -906 5 937 -691 4.75 
H(3) -622 5 564 3855 5.45 
H(4) -845 4 225 2174 5.45 

In this and in subsequent tables, numbers in parentheses are estimated standard deviations in the least significant digits. Anisotropic 
thermal parameters are all X l o4  and are of the form exp[-(pl,h2 + p 2 2 k z  + pa312 + Zp,,hk + 2PI3hl + 2P2,kl)]. 

M' , 

Figure 1. Perspective drawing of the Cuzcit .2Hz0 unit indicating 
the intra- and interchain carboxylate bridging. 

a-glide operation and the a unit cell translation give rise to 
a zigzag chain of Cu(I1) ions in which Cu(2) and Cu(1ll) of 
adjacent asymmetric units are linked by carboxylate group 
0(2)-C(l)-O( 1). The carboxylate ligation in this Cu(2)- 
O(2)-C( 1)-O( 1)-Cu( 1") unit has an anti-syn configuration. 
The atoms in this unit deviate from planarity by as much as 
0.21 A with the carboxylate oxygen atoms showing the largest 
effect. 

Finally, Cu(I1) ions in different chains are related by the 
21 screw axis along b and by unit cell translations along c. 
Linkage of the zigzag chains is established in two ways. The 
first manner (vide supra) involves the 0(4)-C(5)-0(3) 
carboxylate associated with a given asymmetric unit serving 

as a syn-syn bridge between the Cu(I1) ions in an adjacent 
unit. Another type of interchain linkage results from the third 
(and final) mode of carboxylate bridging and is restricted to 
the Cu(1) species. The carboxylate ligation in these Cu- 
(1)-0(5)-C(6)-0(6)-Cu( 1') interchain units has an anti-syn 
configuration. This unit shows deviations from planarity as 
large as 0.46 A; thus, these atoms are considerably less co- 
planar than those of the Cu(2)-O(2)-C(1)-O(1)-Cu(lt1) 
anti-syn unit. 

Each copper atom is ligated by five oxygen donors. For 
Cu( l), the coordination geometry is approximately square 
pyramidal with the Cu( 1)-O(6') bond apical. As expected, 
the apical Cu(l)-0(6') bond length (2.277 A) is approximately 
0.3 A longer than each of the four equatorial Cu( 1)-0 bonds 
(1.912-1.952 A). Cu(1) is displaced 0.14 A from the 
least-squares basal plane defined by the carboxylate oxygen 
atoms O(ll), 0 (4 ' ) ,  and O(5) and the alkoxide oxygen atom 
O(7). Cu(1) is displaced toward 0(6') ,  a carboxylate oxygen 
atom from a neighboring citrate molecule. In the approxi- 
mately planar (f0.2 A) basal oxygen unit, 0-Cu( 1)-0 bond 
angles fall in the range 84.7-97.4'. 

The coordination polyhedron of Cu(2) is more difficult to 
describe simply. Cu(2) has, as nearest neighbors, two H2O 
oxygen atoms [0(8), 0 (9) ] ,  two carboxylate oxygen atoms 
[0(2), 0(3 ' ) ] ,  and the bridging alkoxide oxygen atom [0(7)]. 
The Cu(2)-O(carboxylate) and Cu(2)-O(alkoxide) distances 
compare favorably with the corresponding distances for the 
equatorial atoms in the Cu( 1) coordination sphere. Thus, on 
the basis of these distances, it is tempting to regard 0 (2 ) ,  
0 ( 3 ' ) ,  and O(7) as equatorial. Similarly, since the 
Cu(2)-0(8) distance is approximately 0.19 A longer than 
Cu(2)-0(9), O(8) might be regarded as apical and the co- 
ordination geometry as distorted square pyramidal. However, 
the "apical-equatorial" angle 0(7)-Cu(2)-0(8) [ 134.1 "1 is 
too large to permit such a description. An alternative de- 
scription of the coordination geometry is distorted trigonal 
bipyramidal with O(2) and O(3') apical [0(2)-Cu(2)-0(3') 
= 170.1'1. The sum of the angles involving Cu(2) and the 
"equatorial" atoms 0(7) ,  0 ( 8 ) ,  and O(9) [359.7'] supports 
such an interpretation. However, a trigonal-bipyramidal 
description offers no explanation for the difference in 
Cu(2)-OH2 bond lengths. The true geometry lies between 
these extremes. 

We note that the temperature factors for Cu(2) are con- 
siderably larger than those for Cu( 1). This is consistent with 
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Table 111. Bond Lengths (A) and Bond Angles (deg) 

Copper Coordination Spheres 

Lengths 
Cu(1)-O(1') 1.952 (10) Cu(2)-0(2) 1.918 (11) 
Cu(l)-O(4') 1.931 (9) Cu(2)-0(3') 1.914 (10) 
Cu(l)-O(5) 1.912 (11) C~(2)-0(7)  1.916 (8) 
Cu(l)-O(6') 2.277 (11) Cu(2)-0(8) 2.284 (11) 
Cu(l)-O(7) 1.925 (8) Cu(2)-0(9) 2.096 (11) 
CU(1) . Cu(2) 3.242 (6) 

Angles 
O(l')-Cu(l)-0(4') 88.3 (4) 0(2)Cu(2)-0(3 ' )  170.1 (6) 
0(1')-€~(1)-0(5) 90.9 (4) 0(2)-C~(2)-0(7) 97.2 (4) 
O( l ' ) -C~( l ) -0 (6 ' )  88.1 (4) 0(2)-C~(2)-0(8) 87.2 (4) 
0 ( 1 ' ) 4 ~ ( 1 ) - 0 ( 7 )  173.8 (6) 0 ( 2 ) C ~ ( 2 ) - 0 ( 9 )  88.7 (4) 
0(4')-Cu(l)-O(5) 159.7 (6) 0(3')-C~(2)-0(7) 92.7 (4) 
0(4')-Cu(l)-0(6') 94.1 (4) 0(3')-C~(2)-0(8) 86.3 (4) 
0(4 ' ) -C~(l)-0(7)  97.4 (5) 0 ( 3 ' ) 4 ~ ( 2 ) - 0 ( 9 )  83.5 (4) 
0(5)-Cu(l)-0(6') 106.1 (5) 0(7)-C~(2)-0(8)  134.1 (5) 
0 (5 ) -C~( l ) -0 (7 )  84.7 (4) 0(7)-C~(2)-0(9) 137.9 (5) 
0(6')-Cu(l)-O(7) 89.0 (4) 0(8)-C~(2)-0(9) 87.7 (4) 
Cu(l)-0(7)-Cu(2) 115.2 (1) 

Citrate Ligand 

Lengths 
C(1)-0(1) 1.25 (2) C(2)-C(3) 1.52 (2) 
C(1)-0(2) 1.28 (2) C(3)-C(4) 1.53 (2) 
C(5)-0(3) 1.24 (2) C(3)-C(6) 1.50 (2) 
C(5)-0(4) 1.25 (2) C(4)-C(5) 1.49 (2) 
C(6)-0(5) 1.30 (2) C(2)-H(1) 1.07 
C(6)-0(6) 1.23 (2) C(2)-H(2) 1.09 
C(3)-0(7) 1.47 (2) C(4)-H(3) 1.09 
C(l)-C(2) 1.46 (2) C(4)-H(4) 1.08 

Angles 
O( l )C( l ) -0 (2 )  120 (1) C(3)-0(7)-Cu(l) 110.9 (7) 
O(l)-C(l)-C(2) 118 (1) C(3)-0(7)-C~(2) 119.2 (7) 
0(2)-C(l)-C(2) 121 (1) C(4)<(3)-0(7) 110 (1)  
0(3)-C(5)-0(4) 125 (1) C(6)<(3)-0(7) 108 (1) 
0(3)-C(5)C(4) 119 (1) C(2)4(3)-0(7)  111 (1) 
0(4)-C(5)-C(4) 115 (1) C(l)-C(2)4(3)  113 (1) 
0(5)C(6)-0(6)  121 (1) C(2)<(3)4(4) 109 (1) 
0(5)-C(6)-C(3) 117 (1) C(2)-C(3)-C(6) 107 (1) 
0(6)-C(6)-C(3) 122 (1) C(3)-C(4)-C(5) 112 (1) 

Hydrogen-Bonding Distancef 
0(8)5551. .0(5),,,, 2.73 
0(8)5, , i .  *0(9)s,,,  2.81 
0(9),5,1' ' '0(3)4,,, 2.67 
0(9)555i' "0(2),,,4 2.81 

a The first three subscripted integers represent unit cell transla- 
tions along the a,  b ,  and c crystallographic axes analogous to  the 
ORTEP scheme and the last digit gives the symmetry operation ac- 
cording to :  1 = x y z ;  2 =Zyg 3 = 1/2 - x ,  + x ,  + y , k  4 = 
112 - Y J .  
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session of two hydrogen atoms by O(9) is required for hy- 
drogen bonding to carboxylate oxygens O(3) and O(2). Two 
additional hydrogen atoms are required for the hydrogen 
bonding of O(8) to 0 (9 )  and the carboxylate oxygen O(5). 
The presence of ligand O H  is also revealed by its characteristic 
infrared mode in the 1200-900-cm-' spectral region.13 De- 
formation modes of ligand H20 are well removed toward lower 
energies.13 The infrared spectra of Cuzcit.2HzO and 
Cuzcit-2DzO were identical over this range and support the 
chemically reasonable assignments of O(7) as alkoxide and 
O(8) and 0 (9 )  as ligand HzO. The presence of ligand OH 
would require at least one of the infrared bands in this region 
to vanish upon isotopic substitution. 

A consideration of special interest is the relative orientation 
of the Cu( 1) and Cu(2) coordination spheres. This orientation, 
viewed from two different perspectives, is shown in Figures 
1 and 3. It differs from the simple edge-shared arrangement 
observed for C U ~ ( O H ) ~ ~ +  units in two ways. First, substitution 
of the three-atom carboxylate bridge for one hydroxo bridge 
causes the Cu(l) ,  O(l'), 0(5) ,  0 ( 7 ) ,  O(4') and Cu(2), 0(7) ,  
0(2) ,  0 (9 ) ,  O(3') planes to pivot about the alkoxide oxygen 
O(7). Second, the above planes are twisted from an idealized 
coplanar arrangement. The extent of twisting may be gauged 
by the dihedral angle between'these planes (38.3'). 

Structural parameters for the C6H4074- ligand are com- 
parable to those reported for C 6 H ~ 0 7 ~ -  14,*5 and C6H6072- 16 
and will not be considered further. 
Discussion 

The structure of the title complex is, except for several 
details, the type of highly condensed network suggested by 
Parry and DuBois. Their formulation of the complex as 
CuzC6H407-2H20 instead of C U ~ ( O H ) C ~ H @ ~ . H ~ ~  has 
proved to be correct. 

We examine the observed magnetic susceptibility of this 
complei in light of those structural features which may allow 
spin-spin coupling of the Cu(I1) ions. Three types of 
ligand-bridged Cu(I1) ions are found in the title complex: (A) 
Cu(1) and Cu(2) linked within the asymmetric unit via an 
alkoxo and an approximately synsyn carboxylate bridge; (B) 
Cu(2) and Cu(lll) linked by an anti-syn carboxylate bridge 
which joins the asymmetric units in a zigzag chain; (C) 
adjacent Cu( 1) species linked by an anti-syn carboxylate 
bridge which serves to couple the chains into a three- 
dimensional network. 

Magnetic susceptibility data over the 85-300 K temperature 
range have been obtained for three different preparations of 
Cu2cit.2H20 (Table V). Plots of 1/XM vs. T (not shown) 
revealed Curie-Weiss behavior. The Weiss temperatures of 
samples I and I11 were 25 f 4 and 24 f 4 K, respectively. A 
somewhat larger Weiss temperature of 40 f 4 K was observed 
for sample 11. We adopt the convention x 1 / ( T  - 0); Le., 
intersection of the Taxis occurred in the +24-+40 K range. 
Thus, the net magnetic interaction between the Cu(I1) ions 
is small. The magnetic moments ( p  = ( 7 . 9 9 8 x ~ T ) ' i ~ )  of I 
and I11 increased about 0.2 pug upon cooling from -300 to 
-90 K. For reasons not yet understood, the magnetic moment 
of sample I1 also increased by -0.2 pug but achieved a 
maximum value at - 150 K. After the magnetic interactions 
were corrected using the Curie-Weiss relationship, all three 
samples exhibited an essentially temperature-independent 
apparent magnetic moment, defined as pcw = [ 7 . 9 9 8 ~ ~ (  T 
- 0)]'/2, in the 1.75-1.83-p~ range. Some type of spin-spin 
coupling was further evidenced by our inability to detect ESR 
absorption from this complex at 300 K. 

One might expect that substantial spin-spin coupling occurs 
between Cu( 1) and Cu(2) within the asymmetric unit (type 
A). Cu(I1) ions linked by four syn-syn carboxylate bridges 
are a feature of the dimeric Cu(I1) carboxylate complexes. 

the local environment of the two atoms. The Cu( 1) atoms are 
coordinated only to oxygen atoms which form part of the rigid 
network; their amplitude of vibration is consequently expected 
to be small. In contrast, the Cu(2) atoms are each coordinated 
to two water molecules. They are therefore in a less rigid 
environment. This would lead to a larger amplitude of vi- 
bra tion. 

The conclusion that deprotonation (required for charge 
balance) has occurred at O(7) instead of 0 ( 8 )  or O(9) cannot 
be drawn from the observed bond distances and angles within 
the Cu(I1) coordination spheres. We could not locate H atoms 
nor discover precedents for identifying this deprotonation site 
directly from the observed structural parameters. The lit- 
erature does contain numerous examples of Cu(I1) ions bridged 
by RO- or OH- groups. We know of only one example of a 
bridging H20  group,I2 while bridging of Cu(I1) by ROH 
apparently is without precedent. Our formulation of O(8) and 
0 ( 9 )  as ligand water molecules is supported by hydrogen- 
bonding distances (Table 111) and by ir analysis. The pos- 
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Figure 2. 

Table IV. 

I 

The a axis is vertical and the c axis is horizontal. 

Plane Atoms defining plane Equation of mean plane‘ 

I O(7)-0(2)-0(9)-O(3’) -0.1295X0 + 0.8451Y0 - 0.51572, =5.444 
I1 0(1’)-0(5)-0(7)-0(4‘) 0.4844X0 + 0.6306Y0 - 0.6170Z0 = 1.261 

111 CU(2)-0(3’)-C(5’)-0(4’) 0.1063X0 + 0.9167Y0 - 0.38752, = 6.221 
IV cu(2)-0(2)-c(1)-0(1)-Cu(1”) -0.0556X0 - 0.9013Y0 + 0.42962, =-6.096 
V CU(~)-O(S)-C(~)-O(~)-CU( 1’) 0.5265X0 - 0.1842Y0 + 0.83002, =-2.788 

VI CU(l)-cU(2)-C(3)-0(7) -0.3273X0 - 0.3989Y0 + 0.85662, =-0.136 

Displacement of Atoms from Mean Plane, A 

Plane I Plane I1 Plane I11 Plane IV Plane V Plane VI 

O(7) -0.37 O(1’) 0.20 CU(2) 0.02 Cu(2) 0.01 Cu(1) -0.01 Cu(1) 0.00 
O(2) 0.36 O(5) -0.21 O(3’) -0.05 O(2) -0.21 O(5) -0.46 Cu(2) -0.01 

Cu(2) 0.33 Cu(1) 0.14 CU(1) -0.56 Cu(1”) 0.03 CU(1’) -0.02 

O(9) 0.40 O(7) 0.20 C(5’) 0.06 C(1) 0.10 C(6) 0.34 C(3) -0.27 
O(3‘) -0.39 O(4’) -0.19 O(4’) -0.02 O(1) 0.10 O(6) 0.16 O(7) 0.28 

Dihedral angle between planes I and I1 = 38.3” 

a Equations have the form AX, + BY, + CZ, = D where X,, Yo, and Z, are Cartesian axes lying along b X c*, b, and c*, respectively. 

Table V. Magnetochemical Behavior of Cu, cit.2H,0a 

Sample I Sample I1 Sample 111 

1O6XMjb 106XM, 106XM, 
T,  K cgsu P,‘PB P c w , ~  PB T,  K cgsu P,kB PCW,PB T , K  cgsu P > P B  PCW,PB 
299 1390 1.83 1.75 300 1470 1.88 1.75 299 1510 1.90 1.82 
286 1510 1.86 1.78 286 1560 1.89 1.75 
273 1610 1.87 1.79 27 3 1650 1.90 1.75 273 1680 1.92 1.83 
260 1710 1.88 1.80 260 1730 1.90 1.75 
247 1780 1.87 1.78 247 1840 1.90 1.74 
232 1910 1.88 1.79 232 1990 1.92 1.75 232 2000 1.93 1.82 
218 2060 1.89 1.79 218 2150 1.93 1.75 218 2140 1.93 1.82 
202 2230 1.90 1.79 202 2340 1.94 1.74 202 2320 1.94 1.82 
186 2440 1.90 1.78 186 2640 1.98 1.76 186 2590 1.96 1.83 
169 2730 1.92 1.78 169 2990 2.01 1.75 169 2890 1.98 1.83 
150 3120 1.93 1.78 150 3500 2.05 1.76 150 3330 1.99 1.83 
129 3710 1.96 1.77 142 3780 1.97 1.76 129 3980 2.03 1.83 
118 4230 2.00 1.76 134 4110 1.97 1.75 118 4310 2.02 1.80 
106 4940 2.05 1.81 125 4480 1.95 1.75 106 5050 2.07 1.82 

96 5520 2.06 1.79 116 4950 1.95 1.74 93 5910 2.10 1.81 
85 6150 2.04 1.75 106 5420 1.92 1.69 

Cu(I1):citric acid:urea ratios of 2: 1:2 were used to prepare samples I and 11; a ratio of 1 : 1: 1.5 was used to prepare sample 111. The 
molar susceptibility XM is per Cu(I1) and includes a diamagnetic correction of 74 X 
( T -  

cgsu. M = ( 7 . 9 9 8 x ~ T ) ” ~ .  P C W =  [ 7 . 9 9 8 x ~ .  
0 ’ s  for samples I, 11, and 111 are +25 f; 4 ,  +40 i. 4 ,  and +24 i: 4 K ,  respectively. 

Such complexes exhibit substantial antiferromagnetism with 
magnetic moments per Cu(I1) of -1.4 p~ a t  300 K.” A 
recent study indicates that Cu(I1) ions linked by two syn-syn 
carboxylate bridges may exhibit comparable antiferro- 

magnetism, although this inference is weakened by the 
presence of a second type of bridging.’* The magnetic 
consequence of Cu(1) lying 0.56 A below the 0(3’)-C(5’)- 
0(4’)-Cu(2) fragment in the citrate structure is difficult to 
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The structure of Cu(HC02)2 consists of a three-dimensional 
array of Cu(I1) ions linked primarily by anti-syn formate 
bridging to all four equatorial positions. An additional apical 
bond results in five-coordination. 
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Figure 3. Relative orientations of the Cu(1) and Cu(2)  coordina- 
tion spheres. 

quantify but probably leads to reduced spin-spin coupling 
relative to that of a fully planar system. On the basis of the 
reported magnetic behavior of C U ~ ( O H ) ~ ~ +  and C U ~ ( O R ) ~ ~ ”  
structural  specie^,^^'^^^^ the alkoxo bridge in the citrate 
structure might also be expected to result in substantial an- 
tiferromagnetism. Furthermore, the reported variation of 
spin-spin coupling with the bridging angle of Cu2(OH)z4+ 
systems indicates. that the bent (1 1.5’) alkoxo bridge in the 
citrate structure should allow particularly effective coupling.2 
The observed net magnetic behavior indicates either that the 
anticipated antiferromagnetic coupling between Cu( 1) and 
Cu(2) within the asymmetric unit is’ overcome by ferro- 
magnetic coupling along and/or between the chains or that 
coupling via the alkoxo and syn-syn carboxylate links is 
unexpectedly small. We believe this latter result is most likely. 
Strong antiferromagnetic coupling within the dimeric cop- 
per(I1) carboxylate and C U ~ ( O H ) ~ ~ +  units is associated with 
a characteristic absorption band at  -380 nm not exhibited 
by magnetically dilute Cu(I1) reference c o m p l e ~ e s . ’ ~ ~ ~ ’  The 
reflectance spectra of Cu2cit.2HzO at 300 K consist of a broad 
d-d absorption centered at -775 nm along with the usual 
carboxylate - Cu(I1) charge-transfer band at -250 nm. 
There is no indication of the “extra” absorption band asso- 
ciated with strongly coupled oxygen-bridged Cu(I1) dimers. 
Presumably, coupling via the syn-syn carboxylate bridge has 
been seriously reduced by the noncoplanarity of this unit (vide 
supra). Also, if appears that the twist between the coordination 
spheres of Cu( 1) and Cu(2) (Table IV) has reduced the ability 
of the alkoxo bridge to couple Cu( 1) and Cu(2) magnetically. 

Finally, the reported magnetic22 (weak ferromagnetism) and 
structural23 studies of the royal blue modification of copper 
formate support the inference that spin-spin coupling via the 
anti-syn B and C type bridges is not strongly ferromagnetic. 
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There have recently been reported compounds of the general 
type SeBrz(Z) where Z is a two-electron donor. One example 
is SeBr2tmtu (Z = tmtu, 1,1,3,3-tetramethy1-2-thiourea),’ 

* To whom correspondence should be addressed at the office of Naval 
Research. 

which is prepared either through the reaction of SeBr4 with 
excess tmtu in CHzC12 or through reaction of RSeBr3 (R = 
CH3, CH3CH2) and tmtu. SeBrztmtu is a red crystalline solid 
stable to atmospheric moisture. T-shaped SeBrztmtu units 
loosely joined via halogen bridges exist in the crystal. 

Salts containing the C&SeBr2- anion (Z  = C6H3-)2 and 
the SeCNBr2- anion (Z = CN-)3 are also known. The former 
is prepared through the reaction of a tetraalkylammonium 
bromide with phenylselenyl bromide, and the latter is prepared 
through the reaction of bromine with tetraalkylammonium 
selenocyanates. This work reports our attempts to extend 
knowledge of selenium(I1) chemistry to include triaryl- 
phosphines as the two-electron donor, Z. 

Experimental Section 
Due to the moisture sensitivity of the compounds involved, all work 

was done in polyethylene glovebags under a dry nitrogen atmosphere. 


