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The  dimeric chromium(II1) complex sodium di-w-hydroxo-bis[bis(malonato)chromate(III)] pentahydrate, Na,[Cr(C3- 
Hz04)20H]2.5H20 or Na4[Cr(mal)20H]2.5H20, has been synthesized and its magnetic and structural properties have 
been examined. The complex crystallizes in the triclinic space group PT with one dimeric formula unit in a cell of dimensions 
a = 8.937 ( 6 ) ,  b = 10.279 (7), c = 8.310 (6) A; 01 = 75.20 (3), /3 = 76.01 (3) ,  y = 112.07 (3)’. The  structure has been 
refined by a full-matrix least-squares method to a conventional R factor (on F) of 0.039 using 2902 independent single-crystal 
counter data. The  structure is comprised of dimeric [Cr(ma1)20H]:- anions which interact with sodium cations and water 
molecules in the cell. The geometry around each chromium(II1) center is six-coordinate, approximately octahedral. The  
bridging Cr202 unit is strictly planar, as required by the crystallographic symmetry. The  Cr-0-Cr’ bridging angle is 99.34 
(7)’ and the Cr-Cr’ separation is 3.031 ( 2 )  A. The  malonato ligands are bidentate, each coordinating through two oxygen 
atoms; the uncoordinated oxygen atoms are involved in extensive hydrogen bonding in the crystal. The magnetic susceptibility 
of the complex has been examined in the range 2-50 K, and the data have been analyzed by application of the magnetization 
expression for coupled pairs of S = ’/* ions. The  exchange interaction is small, but J is clearly positive (Le., the coupling 
is ferromagnetic), the best fit to the data giving g = 1.988 (3), .I = $1.08 (2) cm-’, and y = -0.106. This complex, therefore, 
represents the first documented example of a ferromagnetically coupled chromium(II1) dimer. 

Introduction 
Recent  experimental studies of the structural  and  magnet ic  

properties of a variety of dihydroxo-bridged complexes of 
copper(I1) have demonstrated that  the singlet-triplet splitting, 

ZJ, is dependent upon the Cu-oCu  bridging angle, $. l - l2  T h e  
functional form of this correlation is nearly linear, a t  least over 
t he  r ange  of 4’s observed to  da t e .  T h e  theoretical  basis for 
this  correlation can  be  understood in te rms  of the  Good- 
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enough-Kanamori rules13 and has been discussed in some 
detail from a molecular orbital viewpoint by Hoffmann.14 
Theoretical treatments of this type when applied to di- 
hydroxo-bridged complexes of Cr(II1) clearly indicate that a 
correlation between J and 4 should also exist for these systems. 
The functional form of this dependence is not, however, easily 
extracted from arguments that are entirely qualitative. This 
situation arises from the fact that J is actually the sum of 
several “elementary  contribution^"'^ which are different in 
magnitude and sign. Moreover, it can be shown through 
molecular orbital theory14 that each will respond independently 
to structural distortions of the complex. When one contri- 
bution dominates the others, qualitative molecular orbital 
considerations’6 indicate that a correlation similar to that for 
the copper(I1) complexes will obtain for the chromium(II1) 
systems as well. 

The structural and magnetic properties of several of these 
complexes have been investigated in order to experimentally 
determine the influence of structural changes on the magnetic 
properties of these systems. Completely characterized 
members of this series now include [Cr(gly)20HJa,17~’8 
[Cr (~hen)~OH]  2C14.6H20,19 [Cr(phen)OH] 214.4H20, and 
Na4[Cr(ox)20H]2.6H20.21 In this present work we report the 
first example of a ferromagnetically coupled chromium(II1) 
dimer, Na4[Cr(mal)20H]2.5H20. 

Experimental Section 
A powdered sample of the complex Na4[Cr(mal)20H]24H20 was 

obtained by the reaction of sodium hydroxide with the monomeric 
complex c i ~ - N a ~ [ C r ( m a l ) ~ ( O H ~ ) ] ~  and subsequent metathesis with 
sodium bromide. The preparation of the monomer was essentially 
that of Hamm and Perkins,22 except that NaOH was substituted for 
KOH. The preparation of the dimer is essentially similar to Werner’s 
method23 for the oxalate analogue except that the sodium salt of the 
monomer was used instead of the ammonium salt. Suitable blue-violet 
single crystals were obtained by slow evaporation of an aqueous solution 
of the powdered material. These crystals were found to decompose 
to a light blue powder upon removal from the mother liquor; this 
prevented a chemical analysis of the complex of interest from being 
obtained. 

After examination by precession and Weissenberg photography 
the crystals were assigned to the triclinic system; no systematic absences 
were observed and the space group was assigned as either Pi or P1. 
Successful refinement in the centrosymmetric space group Pi( C,) 
suggests that this is the correct assignment. The cell constants, 
obtained by least-squares methods24 using 19 reflections, are a = 8.937 
(6), b = 10.279 (7), c = 8.310 (6) A; (Y = 75.20 (3), 0 = 76.01 (3), 
y = 112.07 (3)’; these observations were made a t  16 ‘C with the 
wavelength assumed as h ( M o  K a l )  0.7093 A. The density of 1.91 
g cm-3 calculated for one dimeric unit in a cell is in acceptable 
agreement with the value of 1.92 (2) g cm-’ observed by flotation 
in carbon tetrachloride-bromoform solution. Thus, with one formula 
unit per cell, the center of the dimer is constrained to lie on the 
inversion center. 

Intensity data were collected from a diamond-shaped plate, mounted 
parallel to the a axis and bounded by faces (IOO), (TOO), (OlO), (OTO), 
(OOl), and (001); the distances between opposite faces were 0.39,0.38, 
and 0.14 mm, respectively. In order to avoid decomposition during 
data collection, it was necessary to coat the crystal with grease upon 
removal from the mother liquor. The crystal mosaicity was examined 
in the usual manner25 and was found to be acceptable. The data were 
collected in a manner described previously” with an automatic Picker 
four-circle diffractometer using a molybdenum tube and a graphite 
monochromator. The takeoff angle was 2.0’, the scan rate was 
l.O’/min, and the scan range was from 0.85’ below the calculated 
Kal  peak position to 0.85’ above the calculated Ka2 peak position; 
backgrounds were counted for 20 s at each end of the scan. A unique 
data set of 3695 reflections having 28 5 5 8 O  was collected; 2902 of 
these were found to have intensities greater than 3 times their estimated 
standard deviations. The intensities of three standard reflections, 
measured after every 100 reflections, showed no decline during the 
run. N o  absorption correction was applied, partly because the grease 
made measurement of the crystal approximate but mainly because 

BO4 

Figure 1. View of the [Cr(mal)20H]2’ anion. Hydrogen atoms were 
omitted for clarity. 

absorption effects for this small specimen were judged to be minor; 
the linear absorption coefficient, p, for this complex with Mo radiation 
is 10.8 cm-I. The data were processed in the usual manner.’Iqz5 

Solution and Refinement of the Structure 
The position of the chromium atom was obtained by the heavy-atom 

technique.26 Two cycles of least-squares refinement with this position 
and an isotropic thermal parameter yielded values for the usual 
residuals RI  = CllFol - IFcll/CIFol and Rz = [Cw(lFol - IFC1)‘/ 

of 0.64 and 0.65, respectively. In all least-squares re- 
finements in this analysis, the function minimized was Cw(lFol - IFC1)’, 
with the weights, w, being assigned as 4F:/d(F:). In all calculations 
of F,, the atomic scattering factors for Cr  and N a  were from Cromer 
and Waber,27 those for 0, N ,  and C were from Ibers,28 and those for 
H were from Stewart, Davidson, and S i m p ~ o n . ~ ~  The effects of the 
anomalous dispersion of chromium and sodium were included in the 
calculation of FCl3O the values of Af’ and Af” being taken from 
C r ~ m e r . ~ ’  

From the subsequent series of several sets of difference Fourier 
syntheses and least-squares refinements, the positions of all remaining 
nonhydrogen atoms were determined. After several cycles of isotropic 
refinement, the values of R1 and R2 were 0.099 and 0.1 5 1, respectively. 
At this point the temperature factor of water oxygen atom WO(3) 
was nearly twice as large as the next largest temperature factor in 
the refinement, that of water oxygen atom WO(2). The occupancy 
parameter of atom WO(3) was, therefore, assigned as 0.5, and an 
additional cycle of least squares, varying only the positional and 
thermal parameters of atom W0(3) ,  yielded values of R1 and R2 of 
0.094 and 0.142, respectively. This improved agreement with ex- 
periment and the resulting thermal parameter for W0(3), which was 
now approximately equal to that of W0(2) ,  was taken as evidence 
that our change in the model was sensible, and that, therefore, the 
complex is correctly formulated as the pentahydrate. After two cycles 
of anisotropic refinement, the positions of the malonate ring and water 
hydrogen atoms, except for those of the half water molecule, W0(3) ,  
were located. The malonate ring hydrogen atom positions were found 
to be very close to their calculated positions. Attempts to refine these 
positions with isotropic thermal parameters resulted in unreasonable 
shifts in position in several cases; hence, it was decided to fix all 
hydrogen atom parameters at the nitial values for the remainder 
of the refinement. 

In the final cycle of least squares, no parameter experienced a shift 
of more 9.0% of its estimated standard deviation, and the final values 
for R1 and R2 were 0.039 and 0.055, respectively. The final cycle 
of least squares involved, therefore, full-matrix refinement of 190 
variables using 2902 independent intensities. The positional and 
thermal parameters are given in Tables I and 11; a table of observed 
and calculated structure amplitudes is available.” 

Description of the Structure 
The geometry and labeling scheme for the [Cr(ma1)20H];- 

anion is depicted in Figure 1, and the inner coordination sphere 
is shown in Figure 2. The anions interact with sodium cations 
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Table I. Positional Parameters (X l o 4 )  for 
Na,[Cr(mal),(OH)] ,.5H,O 

Atom X Y z 

Cra 10047 14) 13602 (3) 3911 (4) 
4758 ( i j  

-2931 (1) 
-153 (2) 
1951 (2) 

-1199 (2) 
2002 (2) 

-3021 (2) 
1400 (2) 
-12 (3) 

-1516 (2) 
1809 (2) 
3200 (2) 
3685 (3) 
5558 (2) 
3340 (3) 
4876 (4) 
4507 (3) 
4124 (2) 

-1591 (5) 
1028 (7) 

53 
61 

-49 
517 
587 
344 
387 

-233 
-204 

1745 i i j  
925 (1) 
876 (1) 

1517 (2) 
1122 (2) 
1726 (2) 
1064 (2) 
1803 (2) 
2302 (3) 
1427 (2) 
3555 (2) 
1615 (2) 
5983 (2) 
2851 (2) 
4643 (2) 
4290 (3) 
2840 (2) 

109 (2) 
3602 (3) 
4792 (7) 

130 
338 
226 
417 
513 

52 
-37 
353 
391 

4401 i i j  
131 (1) 

2290 (2) 
1935 (2) 
4860 (2) 
4296 (2) 
3670 (3) 
3807 (3) 
3333 (2) 
-659 (2) 

-1178 (2) 
-1937 (3) 
-3640 (2) 
-1559 (3) 
-1981 (5) 
-2363 (3) 

-867 (4) 
-4206 (9) 

-235 

-1294 (2) 

1885 (2) 

282 
507 
-76 

-299 
209 
285 

17 
-107 

a Positional parameters for chromium atom are X lo5. Posi- 
tional parameters for hydrogen atoms are X 10’. 

and water molecules through the malonato and bridging 
hydroxo oxygen atoms. 

Each chromium atom is six-coordinate, approximately 
octahedral, the ligating atoms being two cis hydroxo groups 

A 0 2  

Figure 2. View of the inner coordination of sphere of the [Cr- 
(mal)zOH];- anion. 

and two cis malonato groups. The bond lengths and angles 
for the anion are given in Table 111. The crystallographic 
symmetry at the anion is Ci(i), but it approximates Czh(2/m); 
in this respect it is similar to all of the previously reported 
hydroxo-bridged chromium(II1)  dimer^"^*'^^^ with the ex- 
ception of the two salts of the [Cr(phen)2(0H)];t c a t i ~ n . ’ ~ ? ~ ~  
The four independent chromium-malonato oxygen distances 
range from 1.956 (2) to 1.976 (2) A with an average of 1.963 
(9) A. This compares with the average chromium-carboxyl 
oxygen distances found in [Cr(en)2(ox)] [ C r ( e n ) ( ~ x ) ~ ] , ~ ~  
[Cr(gly)20H]2,17,18 and [Cr( ly)3]-Hz0 35 which are 1.965 

distances in the bridging unit are 1.987 (2) and 1.989 (2) A. 
These are somewhat longer than those observed for [Cr- 
(phen),(OH)],4+ and [Cr(en)2(0H)];+ but not significantly 
different from those for [ C r ( ~ x ) , ( o H ) ] ~ -  and [Cr(gly)*- 
(OH)] 2 . 1 7 - 2 1 , 3 3  Owing to the inversion symmetry, the 
Cr-0-Cr-0 bridging unit is strictly planar, the Cr-0-Cr 
angle being 99.34 (7)’. This value is smaller than that in the 
two phen salts, larger than that for the gly complex, and not 

(14), 1.974 (5), and 1.965 (2) 1 , respectively. The two Cr-0 

Table 11. Thermal Parameters (Vu in A’) for Na, [Cr(mal),(OH)] , 3HzOa  

Atom U, ,  u*, U ,  3 U ,  2 u, 3 U23 
Cr 149 (2) 180 (2) 213 (2) 86 (1) -51 (1) -73 (1) 
Na(1) 250 (4) 274 (4) 449 (5) 141 (3) -113 (4) -92 (4) 
Na(2) 293 (4) 376 (5) 417 (5) 208 (4) -173 (4) -193 (4) 
O(1) 174 (6) 181 (6) 186 (6) 79 (5) -51 (5) -48 (5) 
AO( 1 ) 206 (7) 332 (7) 313 (7) 168 (6) -126 (6) -176 (6) 
AO(2) 162 (6) 290 (7) 250 (6) 118 (5) -79 (5) -124 (5) 
AO(3) 246 (7) 391 (8) 285 (7) 175 (6) -134 (6) -136 (6) 
~ 4 )  187 (7) 320 (7) 284 (7) 150 (6) -59 (5) -118 (6) 
AC(1) 155 (8) 193 (8) 256 (8) 80 (6) -72 (6) -81 (6) 
AC(2) 238 (9) 336 (10) 351 (10) 178 (8) -150 (8) -216 (8) 
AC(3) 183 (8) 206 (8) 225 (8) 125 (7) -79 (6) -15 (6) 
BO(1) 241 (7) 191 (7) 412 (8) 100 (6) -42 (6) -77 (6) 
BOG) 172 (6) 213 (6) 308 (7) 97 (5) -21 (5) -80 (5) 

BO(4) 338 (9) 536 (11) 367 (9) 145 (8) 40 (7) -208 (8) 
BC( 1 ) 298 (10) 203 (8) 285 (9) 75 (8) -43 (8) -81 (7) 
BC(2) 306 (13) 341 (13) 732 (19) 74 (10) -51 (12) -241 (13) 
BU3) 208 (9) 288 (10) 292 (9) 117 (8) -22 (7) -88 (8) 
WO(1) 341 (8) 512 (10) 283 (7) 282 (8) -113 (6) -109 (7) 
WO(2) 1114 (24) 561 (15) 846 (18) 550 (16) -166 (17) -172 (13) 
WOW 392 (25) 668 (33) 1140 (48) 69 (23) -119 (28) -325 (33) 

BQ(3) 440 (10) 186 (7) 504 (10) 111 (7) -33 (8) -57 (7) 

0 1 H  51 (u) 
AW1) 51 (U) 
AH(2) 51 (u) 
B W )  51  (u) 
BH(2) 51  (u) 
WlH(1) 51  (U) 
WlH(2) 51  (u) 
W2H(1) 51 ( U )  
W2H(2) 51 (u) 

a Anisotropic thermal parameters are X l o 4 ;  isotropic thermal parameters are X 10’. The form of the anisotropic thermal ellipsoid is 
e ~ p [ - 2 n ’ ( U , , h ~ a * ~  + U,,k2b*2 + U,,1zc*2 t 2U,,hka*b* + 2U,,hla*c* + 2U,,klb*c*)]. 
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Table 111. Interatomic Distances (A) and Angles (deg) in 
[Cr(mal)(OH)] 24-  

Distances 
Cr-O(1) 1.987 (2) Cr-BO(1) 1.960 (2) 
Cr-O(1)’ 1.989 (2) Cr-BO(2) 1.956 (2) 
Cr-AO(1) 1.976 (2) CI-CI’ 3.031 (2) 
Cr-AO(2) 

O(l)-Cr-O(l)’ 
O( l)-Cr-AO(l) 
O( l)-Cr-A0(2) 
O( 1)-Cr-BO(1) 
O( l)-Cr-B0(2) 
O( l)’-Cr-AO( 1) 
O( l)‘-Cr-A0(2) 
O( l)’-Cr-BO( 1) 

Table IV. Sodium 

1.960 (2) 
Angles 

80.66 (7) O(l)’-Cr-B0(2) 
171.52 (6) AO(l)-Cr-A0(2) 

87.50 (8) AO(l)-Cr-BO(l) 
95.22 (8) AO(l)-Cr-B0(2) 
91.95 (8) A0(2)-Cr-B0(1) 
91.25 (7) A0(2)-Cr-B0(2) 
92.06 (8) BO(l)-Cr-B0(2) 

175.75 (12) Cr-O(l)-Cr’ 

-Oxygen Interactions G3.0 A 

88.42 (7) 
90.28 (8) 
92.91 (8) 
90.36 (8) 
88.79 (8) 

179.20 (65) 
90.68 (8) 
99.34 (7) 

Na(l)-B0(3)’ 2.307 (3) Na(2)-W0(2) 2.360 (4) 
Na(l)-B0(4) 2.313 (3) Na(2)-WO(1) 2.370 (3) 
Na(l)-A0(4) 2.330 (2) Na(2)-A0(2) 2.392 (2) 
Na(l)-A0(3) 2.391 (2) Na(2)-B0(2)‘ 2.429 (2) 
Na(lI-AO(4)’ 2.478 (3) Na(2)-WO(1)’ 2.449 (2) 

Na(2)-0(1) 2.505 (2) 

significantly different from that found in Na4[Cr(ox)2- 
(OH)] 2.6H20. The “in-plane” malonato oxygen atoms, AO( 1) 
and B0(1), are 0.088 and 0.036 out of the bridge plane, 
respectively. 

The sodium ions interact with malonato oxygen atoms, the 
hydroxo group, and water molecules. All sodium-oxygen 
contacts that are less than 3.0 A are in the range from 2.307 
(2) to 2.505 (2) A; these distances are listed in Table IV. The 
average Na(1)-0 distance is 2.36 (7) A while the average 
Na(2)-0 separation is 2.42 5 A; these values are within the 

The bond lengths and angles for the two independent 
malonato groups are given in Table V. The C-C bond lengths 
range from 1.5 16 (3) to 1.534 (4) A with an average of 1.526 
(9) A, which is well within the range normally observed in 
malonato c~mplexes .~ ’ -~~  The C-0 separations involving 
coordinated oxygen atoms are lengthened significantly as 
compared to those involving uncoordinated oxygen atoms, the 
average coordinated C-0 separation being 1.276 (7) A while 
the value for uncoordinated C-0 separation is 1.233 (6) A. 
This effect is common in coordinated carboxylate structures, 
but this is probably the best example for a malonate complex 
since most of such structures have been polymeric utilizin 
the nonchelating oxygen atoms to continue the sequence. 
The A0(1), A0(2), AC(l), AC(2) unit is very nearly planar, 
the average deviation of an atom from the best least-squares 
plane being 0.002 A, while for the B0(1), B0(2), BC(l), 
BC(2) unit, this value is 0.081 A. Both malonato groups are 
in the boat conformation, Cr and AC(3) being displaced to 
the same side of the A plane, 0.32 and 0.49 A, respectively, 
while Cr and BC(3) are displaced 0.16 and 0.51 A from the 
B plane, respectively. The boat conformation appears to be 
the most common in malonate  structure^,^^-^' but the chair 
conformation has been observed.39 
Hydrogen Bonding 

The hydrogen atoms located on the water molecule and the 
hydroxohydrogen atom form hydrogen bonds with water and 
malonato oxygen atoms. Hamilton and Ibers have suggested42 
that the criterion for hydrogen bonding is that both the 0-H 
and H--0 separations are less than the van der Waals radius 
sum of oxygen and hydrogen. The van der Waals radii as 
taken from P a ~ l i n g ~ ~  are 1.40 and 1.20 8, for oxygen and 
hydrogen, respectively. The pertinent 0-H and H---0 
contacts, as well as 0-H---0 angles, are collected in Table 
VI; since the hydrogen atoms were not refined, no standard 
deviations for separations and angles involving these atoms 

range normally observed.2’, 0 

3 7 - 8  
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Table V .  Interatomic Distances (A) and Angles (deg) within the 
Malonato Ligands 

O(4) C(2) o(1) 
\ J \ l  7”) y l )  

O(2) O(1) 

A malonate B malonate 

Distances 
1.521 (3) 
1.516 (3) 
1.285 (2) 
1.234 (3) 
1.274 (2) 
1.240 (3) 
2.790 (3) 
116.5 (2) 
118.5 (2) 
118.9 (2) 
122.6 (2) 
119.3 (2) 
118.8 (2) 
121.8 (2) 

1.532 (4) 
1.534 (4) 
1.269 (3) 
1.226 (3) 
1.275 (3) 
1.230 (3) 
2.785 (3) 
115.4 (2) 
119.3 (2) 
117.2 (2) 
123.0 (2) 
116.7 (2) 
120.3 (2) 
122.4 (2) 

Table VI. Hydrogen Bonding in Na, [Cr(mal),OH].SH,O 

Atoms A, H, B A-H, A H- - -B, A A-H- - -B, deg 

O(1h 0.83 2.21 162 
WO(l), WlH(l), AO(1) 0.87 1.97 174 
WO(l), WlH(2), AO(4) 0.75 2.14 159 
W0(2), W2H(2), BO(3) 1.04 1.87 157 

are given. Examination of Table VI reveals that all of the 
located water hydrogen atoms appear to form good hydrogen 
bonds, with the exception of W2H( l), which has a contact with 
BO(3) at 2.76 A. The mode of hydrogen bonding for water 
molecule 1 is rather interesting since it is simultaneously 
hydrogen bonded to both sides of the dimer, as opposed to 
linking dimers in adjacent cells. 
Magnetic Properties 

The magnetic susceptibility of a sample of Na4[Cr- 
(ma1)2(OH)]2.5H20 was measured in the range 2-50 K using 
a Foner-type PAR vibrating-sample m a g n e t ~ m e t e r ~ ~  at an 
applied field strength of 10 kG. Temperatures were measured 
by a calibrated gallium arsenide diode; mercur tetrathio- 

Since we were unable to grow a large single crystal of the 
material and use of a powdered sample was not feasible owing 
to decomposition (vide supra), the sample used was made up 
of approximately 20 small, well-formed crystals, which were 
coated with grease. The sample was rotated several times 
during the run, but no anisotropy was observed. The data were 
corrected for the diamagnetism of the grease used for mounting 
the sample. 

The expression for the magnetization (neglecting zero-field 
splitting and biquadratic exchange) of two exchange-coupled 
S = 3 / 2  ions has been given elsewhere2’ and takes the form 

M(‘) = Ngp {2eZJlkT sinh (G/kT)  + eUFT[2 sinh (G/kT)  
+ 4 sinh (2G/kT)] + e’2J/kT[2 sinh (G/kT)  + 4 sinh 
(2GlkT) + 6 sinh (3GIkT)I) X {l + e z J i k T [ l  + 2 cosh 
(GIkT)] + e6J/kT[1 + 2 cosh (GlkT) + 2 cosh (2G/kT)] 

[ 1 + 2 cosh (GlkT) + 2 cosh (2GIkT) 

where G = gPH and the exchange Hamiltonian is 

cyanatocobalt(I1) was used as the susceptibility a; standard. 

+ e12J/kT 

+ 2 cosh (3G/kT)])-‘ (1) 

x,, = -2Js1*s* ( 2 )  
- + +  

Interactions between dimers were taken into account through 
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Figure 3. Temperature dependence of calculated magnetic sus- 
ceptibility (curve A) and xT (curve B). Experimental p in t s  are shown 
as squares. The parameters used for the theoretical dependencies were 
g = 1.988 (3), J = 1.08 (2), and y = -0.106 (2) cgsu. 

the molecular field approximation. The magnetic field is 
expressed as46 

H = Ho + yhdc) (3) 

where Ho is the applied field and y the parameter to be varied 
in the fitting process. This makes eq 1 a self-consistent 
equation which is solved iteratively. The molecular field 
parameter, y, is related to the interdimer exchange parameter, 
J f ,  through the expressisn4’ 

ZJ’ = yNg2P2k/2 (4) 
where Z is the number of nearest neighbors. The data were 
fitted using a nonlinear least-squares routine written in these 
laboratories. The function fitted was MT; the function being 
minimized therefore was Clw M,(‘)T, - M,(o)T,]2, the weights 

to the experimental data is shown in Figure 3, the solid lines 
being the calculated functions while the boxes are the ex- 
perimental points. The function which displays a maximum 
at about 6 K is X T  [i.e., MT/Ho] vs. T, the other being x vs. 
T; the shape of this curve clearly demonstrates that the ground 
state is not the singlet and that J is positive. For simple 
paramagnets xT vs. T would be a straight line with a zero 
slope. Systems with small positive J values which give rise 
to an array of states show a curvature away from this line 
tending toward larger values of xT as the temperature de- 
creases. The maximum in the curve comes about from in- 
termolecular exchange processes which are antiferromagnetic 
in nature as indicated by the values of y. The parameters 
derived from the fitting process are g = 1.988 (3),  J = 1-08 
(2) cm-I, and y = -0.106 (2); examination of Figure 3 shows 
that with these values, eq 1 provides an acceptable fit to the 
experimental data. The uncertainties indicated here are the 
estimated standard deviations; the experimental accuracy of 
the measurements has been estimated to have an uncertainty 
of less than 2%.48 The positive value for J implies ferro- 
magnetic coupling for the pair. Triplet ground states for 
copper(I1) systems analogous to the present complex have been 
observed previously, but to our knowledge this is the first 
example of such coupling for a Cr(II1) system. The above 
value of y and eq 4 yield ZJ’ = -0.055 cm-’ for the interdimer 
exchange interaction. 
Discussion 

The structural and magnetic properties of Na4[Cr- 
(mal)20H]2.5H20 are compared with those of the other 
well-characterized dihydroxo-bridged chromium( 111) systems 

being assigned as w, = l/Ml t 5  O T,. The best least-squares fit 

Scaringe, Hatfield, and Modgson 

Table VII. Structural and Magnetic Properties of 
Dihydroxo-Bridged Cr(II1) Complexes 

Cr-Cr, U ,  
Complex @, deg W cm“ Ref 

[Cr(phen),OH] ,C1,6H20 102.7 3.008 -55 19 
[Cr(phen),OH] , I , ~ 4 H 2 0  102.1 2.986 -43.8 20 
[Cr(dipic)(H,O)(OH)] 100.7 2.999 -8 50 
[Cr(en),(OH)] ,(SZO6), 100.0 3.032 -2.16 49 
Na, [Cr(ox),OH] ,6H,O 99.6 3.000 -0.6 21 
Na,[Cr(mal),OH] ,.SH,O 99.3 3.031 t2 .16  This work 
[Cr(gl~),OHl2 98.2 2.974 -7.4 17, 18 

in Table VII. As was anticipated (vide supra, Introduction), 
an examination of Table VI1 demonstrates that any correlation 
between 4 and J is not the simple linear dependence observed 
for the copper dimers. Even from the limited data in Table 
VII, it does appear that for 4 2 9 9 O ,  J becomes ~ Q ~ o ~ o n i c a ~ ~ y  
more negative at least up to 4 i= 103O. Clearly, further 
systematic magnetic and structural studi are necessary before 
detailed analysis of the correlation between structural and 
magnetic properties can be attempted. 
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Structural and Magnetic Characterization of the Alkoxo-Bridged Chromium(II1) Dimers 
Di-p-methoxy - bis[bis( 3- bromo-2,4-pentanedionato) chromium (III)] and 
Di-p-ethoxy- bis[bis (3-bromo-2,4-pentanedionato) chromium (III)] 
EVA DIXON ESTES, RAYMOND P. SCARINGE, WILLIAM E. HATFIELD, and DEREK J. HODGSON” 
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The crystal structures of the complexes di-~-methoxy-bis[bis(3-bromo-2,4-pentanedionato)chromium(III)], [Cr(3-Br- 
a ~ a c ) ~ O C H ~ l  2, and di-~-ethoxy-bis[bis(3-bromo-2,4-pentanedionato)chromium(III)] , [ C r ( 3 - B r - a c a ~ ) ~ O C ~ H ~ ] ~ ,  have been 
determined from three-dimensional counter x-ray data. The methoxy complex crystallizes in the monoclinic space group 
P2Jc  with two dimeric formula units in a cell of dimensions a = 7.769 (7) A, b 18.587 (21) A, c = 11.353 (10) A, and 
@ = 112.99 (4)”. Least-squares refinement of 1366 independent data has led to a final R factor (on F) of 0.034; this complex 
is isomorphous with the 3-chloro analogue. The ethoxy complex also crystallizes in the monoclinic space group P2,/c in 
a cell of dimensions a = 8.428 (3) A, b = 19.339 (7)  A, c = 11.376 (4) A, and p = 109.10 (1)’. Least-squares refinement 
of 1151 data has led to an R factor (on F) of 0.046. Both complexes consist of two chromium(II1) ions which are symmetrically 
bridged by two alkoxide groups, the remaining coordination sites being occupied by the oxygen atoms of two bidentate 
3-Br-acac ligands. The coordination around each chromium center is roughly octahedral; in the methoxy complex the average 
Cr-O(1igand) bond length is 1.958 (5) A, the Cr-Cr separation is 3.038 (3) A, and the Cr-0-Cr bridging angle is 101.5 
(2)’ while the corresponding values in the ethoxy complex are 1.952 (8) A, 3.027 (3) A, and 101.8 (3)’. The 3-Br-acac 
ligands are approximately planar. The magnetic susceptibilities of powdered samples of the complexes have been examined 
in the temperature range 4-100 K. The dimers exhibit antiferromagnetic exchange interactions with the best fit to the 
Van Vleck equation including biquadratic exchange yielding 2 J  = -7.10 cm-’ a n d j  = 0.22 cm-’ with ( g )  = 1.932 for the 
methoxy complex and 2 J  = -17.88 cm-’,j = 0, and ( g )  = 1.945. The data for the methoxy complex are similar to those 
for the corresponding 3-chloro complex and lead to a singlet-triplet splitting of -8.53 cm-’, but those for the ethoxy complex 
show stronger magnetic coupling which can be attributed to the greater electron density a t  the bridging oxygen atom in 
this case. 

Introduction 
In many recent communications, considerable experimental 

evidence has been presented supporting the contention that 
the isotropic exchange parameter, J,  is correlated to the 
Cr-0-Cr bridging angle, 4, in dihydroxo bridged complexes 
of Cr(III).’-’’ These studies, however, have focused on only 
one property of the bridging unit, its geometry. A second 
property is the electron density at the bridging atoms, and it 
has been pointed out2,I2 that this should also influence J .  More 
recently, H ~ f f m a n n ’ ~  and his co-workers have supported this 
view through results obtained using molecular orbital theory. 
Experimentally, there are several ways of altering the electron 
density at the bridging atoms, and for the dihydroxo-bridged 
species hydrogen bonding to the hydroxo hydrogen atoms is 
an obvious possibility. This approach, however, has the 
disadvantage that locating hydrogen atoms with sufficient 
accuracy to determine “hydrogen-bond strengths’’ is beyond 
the scope of conventional x-ray techniques. A more practical 
approach is to investigate the analogous alkoxo-bridged 
systems, which avoids the necessity of accurately determining 
hydrogen atom positions. The electron density at  the bridging 
oxygen atom in these systems can be changed by using alk- 

oxides of various chain length or by substitution at  the a 
carbon. 

The structure and magnetic properties of one such Cr(II1) 
system, di-p-methoxy-bis[bis( 3-chloro-2,4-pentanedionato)- 
chromium(III)], have been determined in these laboratories 
and reported.* We here report the results of our structural 
and magnetic investigations of the 3-bromo-2,4-pentanedionato 
complex and of its ethoxy-bridged analogue. 
Experimental Section 

Di-p-methoxy-bis[bis(3-bromo-2,4-pentane)chromium( III)]. 
Synthesis. This complex was prepared by the method of KasagaI4 
et al. Anal. Calcd for Cz2H30Br4Cr2010: C, 30.08; H, 3.42; Br, 36.42. 
Found: C, 30.21; H, 3.53; Br, 36.70. Single crystals for the crys- 
tallographic study (vide infra) were obtained by recrystallization from 
dichloromethane to which a few drops of ethanol had been added. 

Magnetic Susceptibility. The magnetic susceptibility of a powdered 
sample of the dimer was measured from 4 to 78 K using a Foner-type 
PAR vibrating-sample magnet~meter.’~ All measurements were made 
at  a field strength of 10000 G. Temperatures were measured by a 
calibrated gallium arsenide diode, and mercury tetrathiocyanato- 
cobaltate(I1) was used as a susceptibility standard.16 

Collection and Reduction of the X-Ray Data. On the basis of 
Weissenberg and precession photographs, the crystals were assigned 


