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thienyl)pyrazol-l-yl)]< may thus be of value in fine-tuning systems 
where HB(p&- and HB(3,5-Me2pz)3- have been used until now. 
That the effect is steric, and unrelated to the pK, of the respective 
pyrazoles, can be deduced from the reactivity of the 3-H-, 3-Me-, 
and 3-Ph-substituted tris(pyrazolyl)borates, which is H > Me > 

(24) One of the reviewers suggested determining the cone angles for L*. We 
have determined the cone angle of the excluded space around Co during 
rotation of L* around the B C o  axis, with the thienyl group positioned 
so that its 3-H was in the closest proximity to Co. The ‘cone angle” 
thus obtained was 246’. while the *cone angle” for HB(3-ph-p~)~. 
determined in the same fashion, was 235’. Noting that the cone angle 
for the extremely hindered HB(3-Bub& is 244O, one sees there is 
clearly no correlation between the calculated cone angles and the ac- 
cessibility of the metal to nucleophilic reagents. Thus, the “cone angles” 
calculated for tris(pyrazoly1)borate ligands with planar 3-substituents 
are not meaningful. What is meaningful is the size of the open 
wedgelike spaces between the pz rings, as defined by the size and ori- 
entation of the 3-substituents, through which a nucleophile ligand can 
approach the metal center. Due to the variety of equilibrium geometries 
for the planar 3-substituents, calculation of these “wedge angles” is 
diftlcult. For 3-substituents such as H, Me, and But these wedge angles 
are 120, 91, and 67O, respectively, reflecting in a qualitative way the 
ease of access to the metal. 

Ph, while their pK, values are 2.48, 3.27, and 2.09, respectively.25 
The pK, value for 3-thienylpyrazole is unknown. 
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The crystal structure of [(dien)(C104)Cu( I)(p-Phth)Cu(2)(dien)](C104), where Phth2- is the dianion of phthalic acid and dien 
is diethylenetriamine, has been determined by direct X-ray methods. The complex crystallizes in the monoclinic space group P2, 
with two formula units in a unit cell of dimensions a = 12.101 (6) A, b = 7.805 (4) A, c = 15.415 ( 7 )  A, @ = 109.82 (4)O, and 
paled = 1.690 g/C”. The structure was refined to conventional discrepancy factors of R = 0.054 and R, = 0.060 for 2173 observed 
reflections. The acentric monoclinic cell contains binuclear cations [(dien)(C104)Cu( I)(p-Phth)Cu(2)(dien)]+ and isolated 
perchlorate anions. The Cu centers are bridged by Phth dianions coordinated in both uni- and bidentate fashions to Cu( 1) and 
Cu(2), respectively, through their carboxylic oxygen donor atoms. The two copper environments are dissimilar and irregular. The 
structure around Cu(l) is close to a square-based pyramid with one of the oxygen atoms of the perchlorate anions in the apical 
position. The Cu(2) environment is close to a severely distorted octahedron. An oxygen atom of a carboxylato group bridges 
two Cu(2) atoms of two different binuclear units, rather loosely [Cu(2)-0(22) = 2.318 (8) A], to infinite chains of binuclear 
units around a screw axis 2,. Least-squares fitting of the variable-temperature (4.2-295 K) magnetic susceptibility experimental 
data to Bleaney-Bowers equation with a molecular field approximation led to a singlet-triplet energy gap of 80 f IO cm-l, g = 
2.10, and r J ’ =  -1.81 cm-’. The EPR spectrum does not exhibit any evidence of triplet state. From an orbital interpretation 
of the coupling stems a new situation leading to ferromagnetic interaction between magnetic centers separated by multiatom- 
bridging units. 

Introduction 
Copper(I1) binuclear complexes exhibiting a spin-triplet ground 

state are very few2 as compared to those with a spinsinglet ground 
state. To our knowledge, in all three known cases of ferromag- 
netically coupled molecular magnetic systems the two magnetic 
centers are bridged by a single-atom bridging ligand. The fer- 
romagnetic properties of these compounds have been attributedz3 
either to the accidental or to strict orthogonality of their magnetic 
orbitals and/or to spin-polarization effects. With this in mind 
we thought it would be advisable to explore further the fascinating 

field of molecular ferromagnets. As a consequence, we focused 
our efforts on the investigation of novel ferromagnetically coupled 
Cu(I1) magnetic systems involving magnetic centers far separated 
from each other via multiatom-bridging units. Phthalate dianions, 
due to both their versatile bonding mode with the Cu(I1) ions4 
and their peculiar structure-involving carboxylate groups that 
are noncoplanar with themselves and with the benzene ring-xuld 
be good candidates in supporting long-distance ferromagnetic 
exchange interactions. Within this framework and following our 
continuing experience on the magnetostructural correlations in 
multiatom-bridged exchange-coupled  system^,^' we came across 

( I )  (a) University of Thessaloniki. (b) Berlin’s Freie Universitit. (c) 
Univeristy of Wroclaw. 

(2) Kahn, 0. Comments horg. Chem. 1984, 3, 105. 
(3) Willett. R. D.; Gatteschi, D.; Kahn, O., Eds. Magnerosrrucrural Cor- 

relarfons In Exchange Coupled Systems (Nato Advanced Study In- 
stitute Series); D. Reidel: Dordrecht, The Netherlands, 1984. 1971, 3350. 

(4) (a) Biagini, M. C.; Manotti Lanfredi, A. M.; Tiripicchio. A.; Tiripicchio, 
C. M. Acra Crysrallogr. 1981,837,2159. (b) Krstanovic. I.; Karanovic, 
Lj.; Stojakovic, Dj.; Golic, Lj. Crysr. Srrucr. Commun. 1982, I I, 1747. 
(c) Prout, C. K.; Carruthers. J. R.; Rossotti, F. F. C. J.  Chem. Soc. A 
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Table I. Crystallographic Data for [C~~(dien)~(p-Phth)](CIO~)~ 
chem formula C16H&12C~2N6012 V, A3 1369.68 
fw 696.49 Z 2 
space group PZI (No. 4) X(Cu Ka), A 1.5418 
T ,  OC 20 pOM, g cm-3 1.688 
a,  A 12.101 (6) perid, f cm-) 1.690 
b, A 7.805 (4) P, cm- 43.60 
c, A 15.415 (7) R(F0) 0.054 
& deg 109.82 (4) RW(F0) 0.060 

with the first phthalato-bridged dimeric Cu(I1) complex* exhibiting 
a spin-triplet ground state. 

In this work we report the synthesis, crystal structure, and 
magnetic properties of the first multiatom-bridged ferromag- 
netically coupled Cu(I1) complex, formulated as [(dien)(C104)- 
Cu( l)(p-Phth)Cu(2)(dien)](C104). To our knowledge, this is the 
first example of a large ferromagnetic interaction between Cu( 11) 
ions separated by 6.7 A. Finally, a possible interpretation of its 
magnetic behavior, based upon the structural and EHMO 
LCAO-MO quantum-chemical data, was attempted too. 
Experimental and Computational Section 

Synthesis. The complex was prepared by adding a methanolic solution 
(25 mL) of 0.89 mmol of the phthalate piperidinium salt to a methanolic 
solution (25 mL) of 1.78 mmol of CU(CIO,)~ and 1.78 mmol of dien. 
The resulted dark blue microcrystalline solid gave, upon recrystallization 
from hot methanol, single crystals suitable for the structure and magnetic 
determinations. Anal. Calcd for C&&0&12CU2: C, 27.59; H, 4.34; 
N, 12.07; 0, 27.57; CI, 10.18; Cu. 18.25. Found: C, 27.42; H, 4.29; N, 
12.19; 0, 27.69; CI, 10.09; Cu, 18.32. 

Pbysical Measurements. Infrared, reflectance, and EPR instrumen- 
tation, computational details, and the procedure for variable-temperature 
magnetic susceptibility determination have been previously described.s 
Crystal Structure Determination end Refinement. Data collection was 

carried out on a STOE automated diffractometer (Cu K a  radiation, Ni 
filter, 8/28 scan). Unit cell parameters were based on least-squares 
refinement of the setting angles of 20 reflections (80° C 28 C 120O). The 
intensities of two standard reflections were measured every 90 min to 
monitor crystal decay and alignment. There was no crystal decay. A 
fragment of a crystal needle of approximate size 0.05 X 0.15 X 0.5 mm 
was used for intensity data collection. A total of 2215 unique reflections 
were measured at 293 K (So I 28 I 120°) in the hemisphere -13 5 h 
I 12, 0 I k I 8, and 0 I I I 17. A total of 2173 reflections were 
considered as observed ( I  Z 2 4 0 ) .  Data were corrected for Lorentz and 
polarization effects but not for absorption (pcuIb = 43.6 cm-I). 

The structure was solved by direct methods and successive difference 
fourier syntheses, where most of the H atoms could be located; the 
missing ones were calculated. All atoms-with the exception of the H 
ones-were refined with anisotropic temperature factors. Scattering 
factors and dispersion coefficients used for the neutral atoms were taken 
from the International Tables for X-ray Crystallography, Vol. 111. In 
the final cycles of least-squares refinement (the minimizing function 
being E,w,(lFd - lF,1)2) weights were calculated with w = xy ( x  = 1 for 
sin 8 > 0.33; x = (sin 8)/0.33 for sin 8 I 0.33; y = 1 for F, C 34.0; y 
= 34.0/F0 for F, 1 34.0). Several cycles of full-matrix least-squares 
refinement for 443 parameters and 2215 reflections, by use of this 
weighting scheme, converged to R = 0.054 and Rw = 0.060. Attempts 
to refine the alternative enantiomorphic structure or to consider an ex- 
tinction correction did not result in a better agreement with the dif- 
fraction data. The maximum parameter shifts in the last cycle were less 
than 0.40 for all atoms, the exception being the H and the two O(6) and 
O(8) atoms of the perchlorate group. A final difference fourier map 
showed a maximum electron density of 0.9 e A-3. The crystallographic 
calculations were performed by using”’ the program X-RAY 76, MITHRIL, 
and PLUTO. 

A full- 
length table of crystallographic data is given as supplementary material 

(5) (a) Bakalbassis. E. G.; Mrozinski, J.; Tsipis, C. A. Inorg. Chem. 1985, 
21, 4231. (b) Ibid. 1986, 25, 3684. 

(6) Bakalbassis, E. G.; Bozopoulos, A. P.; Mrozinski, J.; Rentzeperis, P. J.; 
Tsipis, C. A. Inorg. Chrm. 1988, 27, 529. 

(7) Shakhatreh, S. K. Ph.D. Thesis, University of Thessaloniki, Thessalo- 
niki, Greece, 1987. 

(8) Taken in part from ref 7. 
(9) Stewart, J. M. Report TR-446, X-Ray 76; Computer Science Center, 

University of Maryland: College Park, MD, 1976. 
(IO) Gilmore, C. J. J .  Appl. Crysrollogr. 1984, 17, 42. 
( I  1) PLUTO 78. Cambridge Crystallographic Data Base, Cambridge Crys- 

tallographic Data Center, 1979. 

General crystallographic information is given in Table I. 

Table 11. Atomic Parameters and Esd’s of the Non-Hydrogen 
Atoms 

atom x / a  Y l b  z lc  
Cu(l) 0.82237 (IO) 0.24995 (36) 0.56510 (8) 
Cu(2) 0.95567 (9) 0.24151 (32) 1.02409 (8) 
CI(I) 0.3839 (3) 0.0976 (5) 0.2265 (2) 
Cl(2) 0.7884 (2) -0.2088 (4) 0.5316 (2) 
C(1) 1.0116 (8) 0.2032 (12) 0.7365 (6) 
C(2) 1.1181 (7) 0.1690 (14) 0.9423 (6) 
C(11) 0.6010 (8) 0.2005 (16) 0.5895 (9) 
C(12) 0.5765 (9) 0.2910 (19) 0.5007 (8) 
C(13) 0.7961 (12) 0.3056 (19) 0.3755 (8) 
C(14) 0.6779 (11) 0.3484 (18) 0.3845 (8) 
C(21) 0.8647 (IO) 0.1879 (15) 1.1670 (7) 
C(22) 0.9972 (IO) 0.1766 (16) 1.2141 (7) 
C(23) 0.7218 (8) 0.1645 (15) 1.0066 (7) 
C(24) 0.7264 (9) 0.1288 (15) 0.9126 (8) 
C(111) 1.1415 (7) 0.2187 (14) 0.7868 (6) 
C(112) 1.2184 (7) 0.2599 (19) 0.7389 (6) 
C(113) 1.3367 (8) 0.2753 (21) 0.7824 (7) 
C(114) 1.3832 (7) 0.2490 (28) 0.8756 (7) 
C(115) 1.3110 (8) 0.2083 (16) 0.9260 (6) 
C(ll6) 1.1900 (8) 0.1950 (12) 0.8835 (6) 
N(11) 0.8842 (8) 0.3192 (15) 0.4663 (6) 
N(12) 0.6667 (7) 0.2436 (16) 0.4614 ( 5 )  
N(13) 0.7251 (7) 0.2312 (17) 0.6459 (6) 
N(21) 1.0536 (6) 0.2666 (13) 1.1566 ( 5 )  
N(22) 0.8405 (7) 0.1327 (11) 1.0726 (6) 
N(23) 0.8260 (6) 0.2266 (13) 0.9020 ( 5 )  
O(1) 0.2706 (8) 0.0371 (15) 0.2225 (7) 
O(2) 0.4681 (8) 0.0496 (14) 0.3083 (6) 
O(3) 0.4077 (12) 0.0287 (29) 0.1503 (8) 
O(4) 0.3730 (13) 0.2851 (16) 0.2238 (14) 
O(5) 0.8632 (IO) -0.3271 (19) 0.5192 (12) 
O(6) 0.7612 (14) -0.1708 (31) 0.6026 (11) 
O(7) 0.6895 (8) -0.1708 (16) 0.4537 (6) 
O(8) 0.8614 (13) -0.0601 (19) 0.5521 (18) 
O(11) 0.9766 ( 5 )  0.2713 (12) 0.6565 (4) 
O(12) 0.9501 ( 5 )  0.1267 (IO) 0.7740 (5) 
O(21) 1.0736 ( 5 )  0.3030 (9) 0.9636 (4) 
O(22) 1.1063 (6) 0.0218 (9) 0.9730 (5)  

“uq = ‘/dull + u2.2 + u33). 

Table 111. Main Interatomic Distances (A)a 

4.09 
5.8 
5.1 
3.5 
3.4 
5.8 
5.9 
6.7 
5.7 
5.4 
5.3 
4.6 
4.8 
3.4 
4.4 
5.9 
6.9 
4.5 
3.3 
5.9 
4.4 
5.3 
4.1 
3.8 
4.0 
7.7 
7.3 

14.9 
14.5 
13.3 
18.0 
7.8 

18.4 
4.4 
4.1 
3.5 
4.1 

c u c u  
intramolecular 6.704 (4) shortest intrachain 4. I80 (3) 

CU(l)-o(ll) 
Cu(l)-N(I 1) 
CU( I)-N( 12) 
Cu(l)-N(13) 
Cu(l)-0(8) 

Cu Surroundings 
1.927 ( 5 )  Cu(2)-0(21) 
1.99 (2) C~(2)-N(21) 
2.016 (7) C~(2)-N(22) 
1.99 ( I )  C~(2)-N(23) 
2.46 (2) Cu(2)-0(22) 

Bridging Phthalato Ligand 
1.28 (2) C(2)-0(21),0(22) 
1.24 (2) C(2)<(116) 
1.50 (2) C(lll)C(116) 

CU(2)-0(22’)b 

1.41 (2) C(112)-C(113) 

2.010 (7) 
1.994 (7) 
1.982 (9) 
2.004 (6) 
2.800 (8) 
2.318 (8) 

1.27 (2) 
1.47 (2) 
1.42 (2) 
1.36 (2) 

Diethylenetriamine Ligands 
N(Il)-C(l3) 1.45 (2) N(21)C(22) 1.47 (2) 
C(13)-C(14) 1.52 (3) C(22)C(ZI) 1.52 (2) 
C(14)-N(12) 1.48 (2) C(21)-N(22) 1.45 (2) 
N(12)C(12) 1.46 (2) N(22)-C(23) 1.47 (2) 

Perchlorate Anions 
C1( 1 )-0( 1) 1.43 (2) CI(2)-0(8) 1.43 (2) 
C1( 1)-O(2) 1.377 (9) Cl(2)-0(5) 1.35 (2) 

C(ll)-C(12) 1.48 (2) C(23)C(24) 1.49 (2) 

“Standard deviations of the last significant figures are given in par- 
entheses. bSymmetry operations: (‘) 2 - x ,  .+ y, 2 - r ;  (”) 2 - x, 

(Table SI). The atomic parameters for the non-hydrogen atoms are 
shown in Table 11. Main bond distances and bond angles are in Tables 
I11 and IV, respectively. Anisotropic thermal parameters, positional 
parameters for hydrogen atoms, and full-length tables for the bond dis- 

-‘I2 + y ,  2 - 2. 
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Figure 1. ORTEP perspective view of three symmetry-related units of the 
complex under study. 

Figure 2. Molecular structure of the (C~~(p-Phth)(dien)~(ClO~)] 
nuclear unit. 

+ bi- 

tances and bond angles and observed and calculated factors (Tables 
Sll-SVl) are available as supplementary material. 
Results and Discussion 

Description of the Structure. The acentric monoclinic unit cell 
contains polymeric cations ,[(dien)(ClO,)Cu(l)(p-Phth)Cu- 
(2)(dien)]+ and isolated perchlorate anions. An O R T E P ~ ~  per- 
spective view of three symmetry-related units is shown in Figure 
1. The cations (Figure 2) consist of binuclear units with two Cu 
centers bridged by Phth dianions, coordinated in both uni- and 
bidentate fashions, to Cu( 1) and Cu(2), respectively, through the 
oxygen atoms of their carboxylate groups. Moreover, O(22) 
bridges two Cu(2) centers of two different binuclear units, rather 
loosely [Cu(2)-0(22) = 2.800 (8) A; Cu(2’)-0(22) - 2.318 (8) 
A]. Thus, infinite chains of polymeric cations around a screw 
axis 2l are derived. One of the two crystallographically inde- 
pendent perchlorate anions is coordinated, through one of its 0 
atoms, to Cu( 1); the other ClO,- anion is noncoordinated. 

The two copper environments are dissimilar and irregular. The 
structure around Cu(1) could be described as a distorted 
square-based pyramid. The basal plane includes the three nitrogen 
atoms, N (  1 I ) ,  N (  12), and N (  13), of a dien ligand as well as the 
O( 1 1) atom of the first carboxylato group of the Phth anion. The 
apical position is occupied by the O(8) atom of the coordinated 
perchlorate group [Cu(l)-0(8) = 2.46 (2) A]. The largest de- 
viation of the N (  l l), N(  12), N( 13), and O( l l )  atoms with regard 
to their mean basal plane is 0.12 A; still, Cu( 1) is displaced toward 
the apical site by 0.1 1 A. The dihedral angles between the basal 
plane, formed by the N( 1 I) ,  N(  12), N (  13), and O( 1 1) atoms and 
the carboxylate groups, as well as the one between the former plane 
and the benzene ring are 21.5 and 3.9’, respectively. 

The Cu(2) center is in 4 + 2 surroundings. The basal plane 
includes the three N(21), N(22), and N(23) atoms of another 
dien ligand as well as the O(21) atom of the second carboxylate 
group of the Phth bridging unit. The two axial positions are 

(12) Johnson, C. K. ORTEP 11. Report ORNL-5138; Oak Ridge National 
Laboratory: Oak Ridge, TN, 1976, Vol 22, p 833. 
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Table IV. Main Bond Angles (deg)’ 
Cu Surroundings 

Cu(2)-0(22)Cu(2’) 109.0 (3) 0(22’)Cu(2)-0(22) 145.8 (4) 
N(II)Cu(l)-N(l2) 83.8 (4) N(2I)Cu(2)-N(ZZ) 84.6 (4) 
N(ll)-C~(l)-N(l3) 163.2 ( 5 )  N(21)4~(2)-N(23)  166.5 (4) 
N(12)-C~(l)-N(13) 84.4 (4) N(22)<~(2)-N(23) 84.4 (4) 
N(11)Cu(l)-0( l l )  90.8 (4) N(21)Cu(2)-0(21) 100.5 (3) 
N(12)-Cu(l)-0(1 1) 174.2 (4) N(22)Cu(2)-0(21) 168.0 (4) 
N( I2)-Cu( 1)-0(8) 93.6 (6) N(22)Cu(2)-0(22) 116.8 (3) 
0(21)Cu(2)-0(22’) 94.0 (3) 0(21)-Cu(2)-0(22) 52.0 (3) 

N(22)Cu(2)-0(22’) 97.1 (3) 

Bridging Phthalato Ligand 
C(1)-0(1I)-Cu(l) 126.3 (7) C(2)-0(2l)Cu(2) 110.7 (7) 
0(11)C(1)-0(12)  126.7 (8) 0(21)C(2)-0(22)  122.5 (9) 
0 (12)C( I ) -C( I I I )  119.1 (8) 0(21)C(2)C(116) 116.0 (9) 
C(I)-C(I ll)-C(116) 121.4 (9) C(2)C(116)C(111) 123.1 (7) 
C(112)C(111)C(116) 118.0 (7) C(115)C(116)-C(111) 118.8 (9) 

Diethylenetriamine Ligands 
C~( l ) -N( l l )C( l3 )  112.1 (9) Cu(2)-N(21)4(22) 109.6 (6) 
N(11)C(13)-C(14) 108.0 (1) N(21)-C(22)-C(21) 108.4 (8) 
C(13)C(14)-N(12) 107.0 (1) C(22)C(ZI)-N(22) 106.0 (1) 
C(14)-N(12)4(12) 118.0 (1) C(21)-N(22)C(23) 117.4 (9) 
C(14)-N(12)Cu(l) 107.8 (7) C(21)-N(22)<~(2) 108.9 (7) 

Perchlorate Anions 
110.5 (7) 0(5)C(12)-0(8) 101.0 (1) 
113.0 (1) 0(6)C(12)-0(8) 07.0 (1) 

‘Standard deviations of the last significant figures are given in par- 

0(1)*(1 1)-0(2) 
0(2)-~(11)-0(4)  

entheses. 

occupied by the O(22) atom of the same carboxylate group of 
Phth and the symmetrically related O(22’) atom of a neighboring 
phthalato ligand. Due to the unequal Cu(2)-0(22) = 2.800 (8) 
A and Cu(2)-O(22’) = 2.318 (8) A bond distances (see Table 
111) and the 0(21)-Cu(2)-0(22) = 52.0 (3)O. N(22)-Cu(2)-0- 
(22) = 116.8 (3)’, and N(22)-Cu(2)-0(22’) = 97.1 (3)’ angles 
(Table IV) the local geometry around Cu(2) could be regarded 
as a severely distorted octahedral one. The largest deviation of 
the N(21), N(22), N(23), and O(21) atoms from their mean basal 
plane is 0.2 A, whereas Cu(2) deviates only by 0.07 A. Moreover, 
this basal plane is almost perpendicular to its neighboring car- 
boxylate group plane (80.5O) and approximately parallel to the 
benzene ring’s plane (dihedral angle 1 1.2O). 

All Cu-N bond distances, ranging from 1.99 (2) to 2.016 (7) 
A, are comparable with the ones found in other Cu(I1) amine 
c o m p l e x e ~ . ~ ~ J ~  The Cu-0 “short” distances of 1.927 ( 5 )  and 
2.010 (7) A are also in line with the corresponding ones found 
in p-phthalatoI5 and p-terephthalato4J6 complexes. The “long” 
Cu-0 distances of 2.318 (8), 2.46 (2), and 2.800 (8) A are also 
comparable with the corresponding ones found in the aforemen- 
tioned Cu(I1) complexes. 

The distance between Cu( 1) and Cu(2), connected by the same 
Phth ligand, is 6.704 (4) A, and the shortest Cu(2)-.Cu(2’) one, 
along the same chain, is 4.180 (3) A. 

The six carbon atoms of the benzene ring of the Phth do not 
deviate more than 0.01 8, from their respective mean plane. The 
dihedral angles between the carboxylate planes and the benzene 
ring are 17.7’ [C(1), 0 ( 1  l ) ,  0(12)]  and 89.0’ [C(2), 0(21) ,  
O( 22)]; the dihedral angle between the two carboxylate groups 
of Phth is 78.7’. The carboxylate C (  1) atom is coplanar with 
the mean benzene plane, whereas C(2) deviates by 0.15 A from 
it. 

Finally, the noncoordinated perchlorate ion exhibited large 
thermal ellipsoids due to orientational disorder. 

Spectroscopic Data of the Complex. In the IR region of the 
spectrum the complex exhibited the two characteristic strong and 

(13) (a) Brown, B. W.; Lingafelter, E. C. Acta Crysfullogr. 1964, 17, 254. 
(b) Komiyama. Y.; Lingafelter, E. C. Ibid. 1964, 17. 1145. 

(14) Morpurgo, G. 0.; Mosini, V.; Porta, P. J .  Chem. Soc., Dulron Truns. 
1981. 111. 

(15) Kntanovic, I.; Karanovic, Lj.; Stojakovic, Dj. Acfu CrysfuUogr. 1985. 
C41, 43 and references therein. 

(16) Verdaguer, M.; Goutcron, J.; Jeannin, S.; Jeannin, Y.; Kahn, 0. Inorg. 
Chem. 1984, 23,4291. 
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Figure 3. Experimental (triangles) and theoretical (solid line) tempera- 
ture dependence (290-4.2 K) of xcuT. 

broad bands in the 1700-1300-cm-' region, attributed to the 
v,(C02) (1578 cm-I) and u,(C02) (1375 cm-I) stretching vi- 
brations of the coordinated carboxylato groups. These two bands 
were separated by ca. 203 cm-', ~uggest ing '~ an anisobidentate 
coordination mode for both carboxylato groups of the Phth2- 
ligand. Moreover, the characteristic bands due to the u(NH2) 
stretchings of the dien ligand at  ca. 3138, 3172, and 3255 cm-', 
as well as the u(C1-0) stretching- strong broad weakly split band 
at ca. 1100 cm-l, suggestingI8 a weak unidentate coordination for 
the C104- anion-were also seen. 

The electronic reflectance spectrum of the compound-a 
broad-band envelope with a maximum a t  ca. 16 100 cm-' and a 
shoulder a t  ca. 19510 cm-'-could be also in line with the 
coexi~tence '~ of a square-pyramidal and a distorted elongated 
octahedral and/or square-planar chromophore. 

The room-temperature X-band EPR spectrum of the complex 
exhibited a single, slightly asymmetric signal (g = 2.083) as a 
result of overlapping signals of two Cu(I1) ions in different en- 
vironments.20 

Magnetic Jhta and Their Interpretation. Variabletemperature 
(4.2-290 K) magnetic susceptibility data were collected for a solid 
sample of the complex. 

The magnetic behavior of the complex, in the form of a xMT 
vs T plot, is depicted schematically in Figure 3. At 290 K the 
experimental xMT, xM being the molar magnetic susceptibility 
for the binuclear unit, is equal to 0.885 cm3 mol-' K. When the 
sample is cooled down from room temperature, xMT increases in 
a smooth fashion and reaches a maximum at  about 60 K with 
xMT = 1 .OS2 cm3 mol-' K and then remains at a constant plateau 
down to 20 K. Below 20 K, xMT decreases rapidly to a value of 
0.780 cm3 mol-' K at  4.2 K [full-length table of magnetic 
data-experimental and calculated X T  values-are given as 
supplementary materials (Tables SVII and SVIII)]. 

The interpretation of the magnetic behavior in the 20-290 K 
temperature range is straightforward. The exchange interaction 
between the two single-ion spin doublets leads to two molecular 
levels characterized by S = 0 and S = 1, respectively, and sep- 
arated by J .  J is positive if the spin triplet is the lowest level. At 
room temperature the x M T  value is slightly higher than that 
expected (ca. 0.80 cm3 mol-' K) for two noncoupled copper(I1) 
ions. The increase of the xMT upon cooling down shows that the 
S = 1 level is actually the lowest in energy. Below 60 K, the S 
= 0 level is totally depopulated, with a xMT value (ca. 1.1 cm3 
mol-' K) corresponding2' to a ferromagnetically coupled copper(I1) 
dimer. Finally, the decrease of the xMT values below ca. 20 K 
is most likely due to an interdimer antiferromagnetic coupling 
between the S = 1 molecular spins. 

Considering the structure, two exchange pathways are possible: 
one through the carboxylato group bridging the two neighboring 

(17) -Deacon, G. B.; Phillips,R. J. Coord. Chem. Reu. 1980, 33, 227. 
(18) Wickenden, A. E.; Krausc. R. A. Inorg. Chem. 1965.4, 404. 
(19) Hathaway, B. J.; Tomlinson, A. G. Coord. Chem. Reo. 1970, 5, 1. 
(20) Felthouse, T .  R.; Laskowski, E. J.; Bieksza, D. S.; Hendrickson. D. N.  

J .  Chem. Soc., Chem. Commun. 1976,777. 
(21) Kahn, 0.; Galy, J.; Journaux, Y.; Jaud, J.; Morgcnstern-Badarau, 1. J .  

Am. Chem. Soc. 1982, 104, 2165. 
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Figure 4. Experimental (circles) and theoretical (solid line) temperature 
dependence (290-60 K)  of xcuT. 

Cu(2) atoms along the same chain unit; the other one through 
the phthalato dianion bridging the Cu(1) and Cu(2) atoms of the 
same binuclear unit. Although the crystal structure suggests an 
one-dimensional chain structure, the magnetic data indicate that 
the compound rather behaves magnetically as a chain of weakly 
interacting binuclear units. Therefore, in a first approach, a 
least-squares fit of the experimental data from room temperature 
down to 4.2 K was attempted with a molecular field approxi- 
mation22 in order to account for the interdimer interactions of the 
complex. In the frame-01 this approximation (with the interaction 
Hamiltonian H = -JSIS2) values of +80 cm-I, 2.099, and -1.81 
cm-' were obtained for J,  g, and zJ', respectively, with a very good 
R value of R = 1.54 X lo4 [R is the agreement factor defined 
as R = Ei[xw)i - ( ~ t h ~ ~ ) i I ~ / E i ( ~ ~ d l Z I .  In a three-~arameter 
fitting with J ,  g, and ~J'variables, a J value of +80 cm-' was 
obtained along with a theoretical g value almost identical with 
the experimental one. The question that immediately arises is 
then does the calculated J value has a physical sense or it is just 
a mathematical result? 

In an attempt to check this a second fitting was attempted in 
the high-temperature range in order to exclude the intermolecular 
interactions. As a matter of fact, the 290-60 K experimental data 
were interpreted with a simple Bleaney-Bowers eq~at ion.~ '  The 
curve calculated under this assumption fits very well with the 
experimental points (see Figure 4), leading to almost the same 
J values as before (+83 cm-I), along with a slightly better R value 
(1.24 X 1 V )  than the previous procedure. During this procedure, 
the g value was kept constant and equal to the EPR one of the 
complex, g = 2.083. 

Consequently, it seems quite appropriate to employ in our case 
the molecular field approximation. Hence, a J value of 80 f 10 
cm-' for the singlet-triplet splitting along with a J'value of 4 . 9 1  
cm-l (for z = 2) is proposed for the complex under investigation. 

The question asked now is as follows: Is it possible to rationalize 
the inter- and intradimer interactions on an orbital basis? In an 
attempt to answer this question the experimental results discussed 
above are combined with the quantum-chemical results of the 
EHMO type in the next section. 

Orbital Interpretation of the Exchaqp Mechanism. The ability 
of the carboxylate group to propagate the exchange interaction 
between two Cu(I1) ions separated by more than 5 A has well 
been demonstrated in the case of (p-oxalato) copper(I1) com- 
pounds.%a As a matter of fact, due to the syn-syn configurationx 
of its carboxylato bridge (see 1),27 a 2J/k value of -558 K was 
found2' in [ (tmen(H20)Cu(C204)Cu( H20)tmen] (C104)2 with a 
Cu-Cu separation of 5.14 A. However, due to the anti-syn 

(22) Ginsberg, A. P.; Lines, M. E. Inorg. Chem. 1972, 11. 2289. 
(23) Bleaney, B.; Bowers, K. D. Proc. R.  Soc. A 1952, 250, 451. 
(24) Julve, M.; Verdaguer, M.; Gleizes, A.; Philoche-Levisallc, M.; Kahn, 

0. Inorg. Chem. 1984. 23, 3808. 
(25) Michalowicz, A.; Girerd. J.  J.; Goulon. J. Inorg. Chem. 1979,II, 3004. 
(26) Pci, Y.; Nakatani, K.; Kahn, 0.; Sletten, J.; Renard, J.-P. Inorg. Chem. 

1986, 16, 3170. 
(27) Carlin, L. R.; Kopinga, A.; Kahn, 0.; Verdaguer, M. Inorg. Chem. 

1986, 25, 1786. 
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configuration of its carboxylato bridge, the [Cu(NH,),(CH,CO- 
O)Br] polymeric complex exhibitedn a J / k  value of -4.3 K. The 
problem at hand is then this: How strong would the exchange 
through the 0(21)-C(2)-0(22) carboxylate bridge be? 
On the basis of the results of EHMO calculations, carried out 

with the crystal data available for our complex, the unpaired 
electron around each Cu(2) magnetic center is mainly described 
by a magnetic orbital of xz -$type (see 2) pointing toward the 

c u 2  C U I  

P b 
2 

four nearest neighbors-O(21), N(21). N(22). and N(23) 
atoms-in the equatorial plane. That, along with the rather large 
Cu(2)-0(22’) distance, rules out a strong interaction through the 
O(22’) atom, which is perpendicular to the plane of the magnetic 
orbital. However, due to some admixture of a &type orbital 
pointing toward the O(22’) atom in the apical position, a weak 
interdimer interaction through this latter atom should not be 
excluded. Moreover, along the chain structure, the magnitude 
of the antiferromagnetic interaction is governed hy the overlap 
of two magnetic orbitals of this kind centered on the nearest- 
neighbor Cu(2) ions.z* Owing to the symmetry of the Cu(2)- 
0(2I)-C(2)-0(22)-Cu(2’) bridging network, with a syn-anti 
carboxylatc-bridge configuration (see 3). the contributions of the 

CUZ” 7 
CUZ 

3 

2p orbitals of O(21) and O(22). belonging to the magnetic orbitals 
centered on Cu(2) and Cu(2”). respectively, are unfavorably 

~~ ~ 

(28) G i r d ,  J. J.; Charla. M. F.: Kahn, 0. Mol. Phys. 1977, 34, 1063. 

L cu-(pL)-cu cu ... cu CU-(p-L)-cu L 
F&ue 5. Molecular orbital diagram, showing the interactions between 
the two in- and out-of-phase d-orbital combinations of the two Cu(I1) 
ions with the symmetry-adapted ligand orbitals leading to the two de- 
generate (right-hand side) and to the two nondegenerate (top left-hand 
side) MOs of the dimer. 

oriented to give a strong overlap. 
The intradimer interaction is examined next. H o f f m ~  et aI.= 

have developed an orbital model for the superexchange interac- 
tions. On the basis of this approach, the singlet-triplet splitting 
Es - ET, for the interaction of two ions can be expressed by 
the combination of a ferromagnetic term, denoted as JF, and an 
antiferromagnetic one, JAF: 

ET - Es = 2.7 = JF + JAF = -2Kab + ( f l  - f2)’/(JU - Jab) 

Here all symbols have their usual meaning. For the degenerate 
case f I  = 6,. the triplet state is the ground state: 

Es - ET = 2Ka, K.b > 0 
Moreover, JAF is related to the square of the energy separation 
A (=eI - cz) between the two highest occupied SOMO’s. The 
larger Az9 the stronger the antiferromagnetic interaction. Since 
Az can be easily derived by means of semiempirical M O  calcu- 
lations, as a function of various molecular parameters, it is possible 
to predict qualitatively the effect that changes in molecular ge- 
ometry will have on the strength of the exchange coupling. The 
usual situation encountered is shown on the left-hand side of figure 
5. The in- and out-of-phax d-orbital combinations are degenerate, 
owing to the absence of direct d-d interactions. However, the 
symmetry-adapted ligand orbitals are not degenerate. This leads 
to an energy gap A between the two S O M O s  of the binuclear 
complexes, thus leading predominantly to antiferromagnetic ex- 
change interactions. 

The results of the EHMO caiculations, performed on the 
phthalato dianion, have shown that 8, being the energy difference 
between the symmetric and antisymmetric M O s  of the bridging 
ligand, symmetry-adapted to interact with the degenerate sin- 
gle-occupied in- and out-of-phase combinations of the dw metal 
orbitals [the x axis being defined by Cu(l).-Cu(Z)], is decreased 
as w ,  being the angle between the planes of the two carboxylato 
groups of the phthalato dianion, increases (see Figure 6) .  As 
a matter of fact, the energy-difference minimum corresponds to 

(29) Hay, P. J.; Thibcault, J. C.: HoNmnn, R. J. J. Am. Chcm. Sm. 1975. 
97,4884. 
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Figure 6. Variation of the energy difference between the symmetric and 
antisymmetric MOs of the bridging ligand, 6, with the angle between 
the planes of the carboxylato groups of the phthalato dianion, w .  

an w value of ca. 80°, this latter value being the crystallographic 
angle between the two carboxylato groups of the phthalato bridge. 
These results clearly show that the variations in w should play 
a significant role on the antiferromagnetic coupling of the complex 
and/or an w value of ca. 80' should minimize the antiferro- 

magnetic contribution in the exchange coupling. 
Consequently, EHMO calculations could provide a reasonable 

orbital basis for a qualitative understanding of the relative merit 
of the w angle in determining the strength of the magnetic ex- 
change interactions in the phthalato-bridged copper(I1) dimers. 
Moreover, although it is too early for general conclusions to be 
drawn, it seems probable that a new situation stems leading to 
ferromagnetic exchange interactions through extended bridging 
ligands, which is based mainly on the topology of the intervening 
bridge. More work along this line is under way in our laboratory. 
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A new hydrated form of FeAsO, has been synthesized and its stal structure determined. F~ASO,.~/,H~O crystallizes in a triclinic 
cell, PT, with cell constants a = 6.600 (2) A, b = 9.015 ( 2 1 7 ,  c = 6.539 (1) A, a = 104.39 (2)O, ,d = 104.40 (2)", y = 84.25 
(2)O, V = 364.7 A), and Z = 4. It exhibits a novel tetrameric unit of iron octahedra, two Fe06 and two Fe05(H20), that share 
edges. These units are interconnected by AsO, tetrahedra to create a network structure having open channels containing the water 
molecules bonded to iron as well as water of hydration. Mhsbauer spectroscopy measurements over the range T = 298-4.2 K 
reveal a transition to a three-dimensional magnetically ordered state at -47.5 K. The Zeeman-split spectra allow for resolution 
of the two inequivalent iron sites for which internal hyperfine fields of H, = 535 and 526 kG have been determined at 4.2 K. 
Magnetic susceptibility measurements indicate antiferromagnetic order below -49 K in agreement with the Mbssbauer spectroscopy 
results, with the paramagnetic Curie temperature 8 - -128 K. The magnetic moment calculated from the Curie-Weiss fit in 
the paramagnetic region is 5.68 fig. The magnitude of TNkI for F ~ A S O , - ~ / ~ H ~ O  (=Fe4(As04),.3H20) is compared to TNkI for 
other antiferromagnetically ordered iron(II1) arsenate compounds. 

Introduction 
F~~ several years, we have studied the structures and related 

magnetic properties of transition-meta] compounds containing 
bridging tetrahedral oxyanions such as m43-, hO43-, sot-, and 
Mo042-, Of these, the compounds of iron have hen of special 
interest and include F ~ ~ ( O H ) , ( P O ~ ) ~ , ~  layered FeC1Mo04 and 
its alkali-metal insertion compounds,' open-framework Fe,(S04)3,5 
and Fe2(Mo04)P and its Li insertion compound Li2Fe2(MoO4),? 

Such materials are of interest because of their potential as catalysts 
or as battery materials in electrochemical devices. Prior to our 
structural determination of anhydrous FeAs04 by neutron powder 
diffraction? we tried to grow crystals of this phase by hydrothermal 
methods. Instead, we isolated a new hydrated form of ferric 
arsenate having an interesting tunnel arrangement of atoms, which 

The naturally occurring mineral scorodite, FeAs04.2H20, is 
a related hydrated ferric arsenate compound for which Miissbauer 
spec t rosc~py,~J~  magnetic susceptibility,I0 and X-ray crystallog- 

be discussed in this p a p r *  
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