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New Antiferromagnetic Dinuclear Complexes of Nickel(I1) with Two Azides as Bridging Ligands. 
Magneto-Structural Correlations 
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Three new nickel(I1) dinuclear azide-bridged compounds, (ccl,~-N3)2[Ni(en)2]2(PF6)2 (11, 011,3-N3)2[Ni(l,3-pn)~12- 
[B(C&)4]2 (2), and (~1,3-N3)2[Ni( 1,2-pn)]2(PF& (3), have been synthesized and characterized (en = ethylene- 
diamine; 1.3-pn = 1,34iaminopropane; 1,2-pn = 1,Zdiaminopropane). The crystal structures of 1 and 2 have been 
solved. Complex 1 crystallizes in the monoclinic system, space group C2/c,  with fw = 731.79, a = 15.252(3) A, 
b = 17.872(3) A, c = 12.102(2) A, @ = 126.76(2)', V =  2643(1) A3, Z = 4, R = 0.053, and R,  = 0.057. Complex 
2 crystallizes in the monoclinic system, space group P21/n, with fw = 1136.4, a = 9.997(2) A, b = 20.838(3) A, 
c = 14.269(3) A, @ = 96.76(2)O, V =  2952(2) AJ, Z = 2, R = 0.052, and R,  = 0.052. In both complexes the nickel 
atom is placed in a distorted octahedral environment. The magnetic properties of these compounds have been studied 
by means of susceptibility measurements vs temperature. The XM vs T plots for 1-3 show the typical shapes for 
antiferromagnetically coupled nickel(I1) dinuclear complexes. By using the spin Hamiltonian -JSIS~, J values for 
1-3 were calculated to be -4.6, -1 14.5, and -77.2 cm-', respectively. Extended Hiickel calculations on the two 
structurally characterized complexes, compared with two other analogous complexes previously reported in the 
literature, indicate that the dihedral angle between the N-Ni-N plane and the plane formed by the two NJ- bridging 
ligands is the main factor which dominates the magnetic coupling: the smaller the dihedral angle, the stronger the 
antiferromagnetic coupling. 

Introduction 
The azido anion is a versatile bridging ligand which can 

coordinate Ni(I1) ions giving dinuclear complexes in either 
end-to-endz4 or end-ons-' form, tetranuclear complexes in end- 
on8 form, 1-D complexes in end-to-end form (uniform c h a i n ~ ~ - ~ l  
and alternating chainsI2), and, finally, bidimensional complexes 
in which are present both end-to-end and end-on forms.l3 
Regarding specifically the reported dinuclear complexes with 
end-to-end azide bonding, only four structurally characterized 
complexes are described in the literature.24 One of them presents 
only one single azido bridge,2 another two present double azido 
bridges,3p4 and the fourth has three bridging azido  ligand^.^ The 
first complex2 can be considered as the smallest fragment or 
precursor of polynuclear 1-D Ni(I1) complexes with a single azido 
bridge."' In all cases, 1,3-~oordination gives antiferromagnetic 
behavior and 1, l-coordination gives ferromagnetic coupling. These 
results agree with the spin polarization theory, previously reported 
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by Kahn and co-workers for azido derivatives of the Cu(I1) i0n.1~ 
Focusing our attention on dinuclear systems with double azido 
bridges, we realized that there is a significant difference in the 
Jvalues reported in the literature (from -47.5 to -90.0 cm-1).3,4 
Bencini et al.ls have studied magneto-structural correlations in 
dinuclear Co(I1) complexes with end-to-end azido bridges and 
tried to rationalize the same effect for Ni(I1) compounds. In 
order to develop these correlations, we have synthesized new 
dinuclear species with two NJ- bridges using several bidentate 
amines as blocking ligands for each Ni(I1). Here we present the 
synthesis, characterization, and magnetic studies of three new 
dinuclear complexes of Ni(I1) with double azido bridges. Once 
more, all these 1,3 complexes are antiferromagnetically coupled. 
The structures of two of them have been fully solved. With these 
two structures, together with those previously reported in the 
literature, we have interpreted the different magnetic behaviors 
by correlating them with structural parameters. Only one 
parameter has a relevant difference in these structures: the 
dihedral angle 6 defined as the angle between the ( N J ) ~  (least- 
squares) plane and the N-Ni-N plane. This dihedral angle varies 
between 0 and 45O. 
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All other structural parameters (distances and angles) are very 
similar for all complexes. Extended Huckel calculations varying 
this parameter showed the great importance of this angle in the 
overlap of the magnetic orbitals and, indeed, in the J parameter. 
A similar result was noted by Kahn for bis(phydroxo)dicopper- 
(11) complexes,I6and a related result was observed by Sinn17 and 
discussed by Hodgson.I8 

Ribas et al. 

Experimental Section 

Caution! Azide complexes of metal ions are potentially explosive. 
Only a small amount of material should be prepared, and it should be 
handled with caution. 

Synthesis of the New Complexes. The three complexes were prepared 
in similar ways: To an aqueous solution of 1 mmol (0.290 g) of Ni- 
(N01)2.6Hz0 and 2 mmol of the corresponding amine (en = 0.12 g; 
1,3-pn = 0.15 g; 1,2-pn = 0.15 g) was added an aqueous solution of 1 
mmol (0.065 g) of NaN3. After filtration to remove any impurity, 1.1 
mmol of the corresponding counteranion (0.185 g of KPF6 for 1 and 3 
and 0.376 g of Na[B(C&),] for 2) was added. The aqueous solutions 
for 1 and 3 were left undisturbed, and well-shaped dark blue crystals of 
1 were obtained after several days; all attempts to obtain single crystals 
of 3 were unsuccessful. Only microcrystals were obtained. Upon the 
addition of Na[B(C6Hs),] to the solution with 1,3-pn, a pale blue 
precipitate immediately formed. Once filtered off and washed with cold 
water, it was redissolved in acetonitrile. After several days, blue-violet 
single crystals of 2 were obtained. Satisfactory analytical results (C, H, 
N, Ni) were obtained for all complexes. 

Physical Measurements. Magnetic measurements were carried out 
on polycrystalline samples with a pendulum-type magnetometer (MAN- 
ICS DSMI) equipped with a helium continuous-flow cryostat, working 
in the temperature range 300-4 K, and a Bruker BE15 electromagnet. 
The magnetic field was approximately 15 000 G. For all compounds, the 
independence of the magnetic susceptibility versus the applied field was 
checkedat room temperature up to 1.8 T. The instrument was calibrated 
by a magnetization measurement of a standard ferrite. Diamagnetic 
corrections were estimated from Pascal’s constants. 

Crystal Data Collection and Refmment. Crystals of 1 (0.08 X 0.08 
X 0.15) and 2 (0.1 X 0.1 X 0.2 mm) were selected and mounted on an 
Enraf-Nonius CAD4 four-circle diffractometer. Unit cell parameters 
were determined from automatic centering of 25 reflections (12 I t9 I 
16O for 1 and 16 I t9 I 21° for 2) and refined by least-squares methods. 
Intensities were collected with graphite-monochromatized Mo K a  
radiation, using the w/28 scan technique. For 1,2544 reflections were 
measured in the range 2 I t9 I 25O, 1633 of which were assumed as 
observed by applying the condition I 2  2.50(1). For 2, 4437 reflections 
were measured in the range 2 I 0 I 30°, 3979 of which were assumed 
as observed by applying the same condition. In both compounds three 
reflections were measured every 2 h as orientation and intensity controls, 
significant intensity decay was not observed. Lorentz-polarization 
corrections but not absorption corrections were made. The crystallo- 
graphic data are shown in Table I. The crystal structures were solved 
by Patterson synthesisusing the SHELXScomputer program19and refined 
by full-matrix least-squares methods, using the SHELX7620 computer 
programs. The function minimized was zw[lFoI - IF# where w = [aZ- 
(FJ + &lFo12]-L and k = 0.0021 for 1 and 0.0 for 2. Jf’, andf”  were 
taken from ref 21. The positions of all H atoms were computed and 
refined with an overall isotropic temperature factor, using a riding model. 
For 1,thefinalRfactorwas0.053(Rw =0.057)forallobservedreflections. 
The number of parameters refined was 21 1. Maximum shift/esd = 0.1; 
maximum and minimum peaks in the final difference synthesis were 0.3 
and 4 3  e A-3, respectively. For 2, the final R factor was 0.052 (R, = 
0.052) for all observed reflections. The number of parameters refined 
was 353. Maximum shift/esd = 0.1. Maximum and minimum peaks 
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1 2 

formula C E H ~ ~ F I Z N I W ~ P Z  C ~ H I B ~ N I ~ N ~ ~  

space group a / c  

fw 731.7 1 136.4 
temp, K 298 298 

a, A 15.252(3) 
b, A 17.872(3) 20.838(3) 
c, A 12.102(2) 14.269(3) 
8. deg 126.76(2) 96.76( 2) v, A3 2643(1) 2952(2) 
Z 4 2 
h(Mo Ko), A 0.710 69 0.710 69 
d-1, gem-’ 1.839 1.287 
~ ( M o  Ka), cm-1 16.64 6.91 
R’ 0.053 0.052 
R W b  0.057 0.052 

’ XIIF4 - IFdl/XlFd. 

R l l n  
9.997(2) 

Rw = [ZWClFd - IFcl)2/E@d2]l/2. 

Table II. Final Atomic Coordinates (X104; Ni, XlOs) and 
Equivalent Isotropic Thermal Parameters (A2) and Their Estimated 
Standard Deviations for (rr-N~)~INi(en)212(PF~~~ 

2.19(4) 
3.39(30) 
2.30( 24) 
3.65(30) 
3.01 (28) 
3.49(31) 
3.3 1 (30) 
2.93(28) 
4.16(42) 
4.38(40) 
4.67 (47) 
3.91(40) 
3.30(12) 
4.01(16) 
5.87(39) 
5.88(44) 
5.68(29) 
5.46(27) 

1 3.60(2 10) 
7.26( 1 13) 
6.59(133) 
7.15(251) 
8.59(233) 
7.15(206) 
6.63(87) 

9293(5) 
9946(5) 
8595(5) 
6693(5) 
8112(5) 
8074(5) 
7621(7) 
6621 (6) 
8180(8) 
7604(7) 
5000 
5000 
5000 
5000 
4728(5) 
3730(4) 
6174(24) 
53 15( 17) 
4665(25) 

10370(63) 
10258(27) 
101 37(34) 
8783( 12) 

-467(3) 
-933(4) 
-340(3) 

261(4) 
1580(3) 
1380(3) 
-818(4) 
-333(5) 
2235(4) 
2070(4) 
122 l(2) 

-227 8 (2) 
340(4) 

21 lO(4) 
1216( 3) 
1 220( 3) 

-2433(21) 
-2865( 13) 

1739(12) 
3 5 17(20) 
2733(35) 
1927( 19) 
2758( 15) 

10262(6) 
108 12(7) 
7250(7) 
6741 (7) 
8775(7) 
6464(6) 
6641(9) 
5865(9) 
8072( 10) 
6585(9) 
2500 
2500 
2500 
2500 
10 17( 5 )  
1821(6) 
3656(32) 
1752(21) 
81 58(27) 

12298(73) 
11490(37) 
12202(42) 
11151(18) 

in the final difference synthesis were again 0.3 a n d 4 3  e A-3, respectively. 
Final atomic coordinates for 1 and 2 are given in Tables I1 and 111, 
respectively. 

Results and Discussion 

Description of the Structures. (cclsNj)dNi(en)lb(PF~)2 (1). 
The unit cell contains four dinuclear [NiNi] dications and eight 
hexafluorophosphate anions. Selected bond lengths and angles 
are listed in Table IV. Other distances and angles may be found 
in the supplementary material. A view of the dinuclear unit with 
the atom-labeling scheme is presented in Figure 1. The nickel 
atom occupies a distorted octahedral environment. The central 
core, Ni(N3)2Ni, important from a magnetic point of view, has 
an inversion center with two Ni-N(N3) distances of 2.181 and 
2.183 A. The N-Ni-N angles are 90.6O, and the N-N-Ni angles 
are 121.1 and 119.3’, respectively. The dihedral angle 6 ,  as 
defined in the Introduction, is 4 5 O ,  creating a chairlike structure. 
(~~,~-N~)dNi(l,~~)2~B(~~),b (2). The unit cellcontains 

two dinuclear [NiNi] dications and four tetraphenylborate anions. 
Main bond lengths and angles are listed in Table V. Other 
distances and angles will be found in the supplementary material. 
A view of the dinuclear unit with the atom-labeling scheme is 
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Table 111. Final Atomic Coordinates (X104; Ni, X10') and 
Equivalent Isotropic Thermal Parameters (A2) and Their Estimated 
Standard Deviations for (p-N3)2[Ni(l,3-pn)212[B(C~H5)4] 2 

x la  Y l b  Z l C  BEO" 
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+ 

1301 3(6) 
3484(6) 
1640(4) 
990(4) 

956(4) 
2587(4) 

38(4) 
2938(4) 
1973(6) 
2476(6) 
3486(6) 

107(7) 
1672(6) 
2812(6) 
3645(5) 
3369(5) 
3264(6) 
3457(6) 
3763(6) 
3839(6) 
1923(5) 
1072(5) 

-364( 5 )  

-306(6) 
-1053(6) 

-194(6) 
1183(6) 
42 12( 5 )  

4442(6) 
5418(6) 
5846(6) 
5167(5) 
4356(5) 
3780(5) 
4598(6) 
5786(6) 
6361(6) 
5562(6) 

3775(5) 

6681 (3) 
1177(2) 
-277(2) 
-544(2) 

829(2) 
1630(2) 
959(2) 
267(2) 
494(2) 

2137(3) 
2130(3) 
1559(3) 
423(3) 
265(3) 
664(3) 
404(2) 
-87(2) 

-743(3) 
-879(3) 
419(3)  

235(2) 
1300(2) 
1235(2) 
13 18(3) 
1419(3) 
148 3(3) 
1413(3) 
1314(2) 
1883(2) 
2063(3) 
1677(3) 
11 14(3) 
954(2) 

1670(2) 
2263(2) 
2699(3) 
2522(3) 
1933(3) 
1519(3) 

14448(5) 
7247(4) 

885(3) 
279(3) 
380(3) 

1834(3) 
504(3) 

2354(3) 
2468(3) 
1799(4) 
845(4) 
704(5) 

335 l(5) 
3823(5) 
3478(4) 
7584(4) 
6954(4) 
7 2 3 6 (4) 
8181(5) 
89 1 O(4) 
8563(4) 
7155(3) 
6303(4) 
62 19(5) 
6992(4) 
7852(5) 
7925(4) 
6299(4) 
575 l(4) 
4989(4) 
4652(4) 
5216(4) 
5938(4) 
8037(4) 
8224(4) 
8835(4) 
9305(4) 
9124(4) 
8486(4) 

3.18(3) 
3.26(25) 
3.3 9 ( 1 9) 
3.231 19) / \ 
4.34(23j 
3.58( 19) 
4.40(23) 
3.75(21) 
4.02( 22) 
5.02( 3 1) 
5.16(32) 
5.47(33) 
5.75(35) 
5.37(33) 
5.22(31) 
3.41(23) 
3.84(25) 
5.07(32) 
5.13( 32) 
4.84(30) 
4.33(26) 
3.3 l(22) 
3.83(25) 

4.65(29) 
5.1 6( 32) 
4.67( 30) 
3.65(24) 
4.07(26) 
4.88(30) 
4.99(31) 
4.37(28) 
4.23(27) 
3.68(24) 
3.6 l(24) 
4.71 (30) 
4.59(29) 
4.53(28) 
4.47(28) 

5.37(33) 

c2 

Figure 1. Molecular structure for (~,,3-N,)2[Ni(en)2]~(PF6)2 (1) showing 
the atom-labeling scheme. 

Table V. Main Bond Lengths (A) and Angles (deg) for 
(~1.3-N3)2[Ni( 1 . ~ - P ~ ) z I ~ [ B ( C ~ H S ) ~ I ~  

N(  1)-Ni 
N(3)-Ni 
N(4)-Ni 
N(5)-Ni 
N(6)-Ni 
N(7)-Ni 
"-N(1) 
N(3)'-N(2) 

N(3)-Ni-N( 1) 
N(4)-Ni-N( 1) 
C(5)-C(6)-N(7) 
N(2)-N( 1)-Ni 

N(2)-N(3)-Nia 
CW-C(4)-N(6) 
c(6)-c(5)-C(4) 
N(4)-Ni-N(3) 

N(  3)'-N( 2)-N( 1 ) 

2.167(4) 
2.144(5) 
2.120(4) 
2.056(4) 
2.089(4) 
2.092(4) 
1.16 l(5) 
1.221 ( 5 )  

91.3(1) 
173.6(2) 
109.1(4) 
127.7(3) 
176.7(4) 
139.0(3) 
106.6(5) 
117.5(5) 
84.3(2) 

1.472(6) 
1.547(7) 
1.453(7) 
1.504(7) 
1.506(8) 
1.589(8) 
1.662(8) 
1.538(8) 

173.5(2) 
87.5(1) 

178.8(2) 
96.9(1) 
90.5(2) 
88.7(2) 

122.4( 3) 
120.8( 3) 
123.8131 . .  

N(5j-Ni-N(lj 
N(5)-Ni-N(3) 89.1(2) C(2)-C(l)-N(4) 109.3(5) 

N(6)-Ni-N( 1) 89.8(1) C(2)4(3)-N(5) 105.4(4) 
N(  5)-Ni-N(4) 91.5(2) C(3)4(2)-C(1)  114.0(5) Table IV. Main Bond Lengths (A) and Angles (deg) for 

(r1,3-NMNi(cn)212(PF6)2 N(6)-Ni-N(3) 9 1 3 2 )  
N(  1)-Ni 
N(4)-Ni 
N(5)-Ni 
N(6)-Ni 
N(7)-Ni 
N (3) I-Ni 
N(2)-N(1) 

N( 4)-Ni-N( 1 ) 
N(5)-Ni-N(1) 
N(  5)-Ni-N(4) 
N(  6)-Ni-N( 1 ) 
N(6)-Ni-N(4) 
N(6)-Ni-N( 5 )  
N(7)-Ni-N( 1) 
N(7)-Ni-N(4) 
N(  7)-Ni-N( 5 )  
N (7)-Ni-N (6) 
N(  3)O-Ni-N( 1 ) 
N( 3)O-Ni-N( 4) 
N( 3)"Ni-N( 5 )  

2.18 l(6) 
2.103(6) 
2.102(6) 
2.065(6) 
2.109(6) 
2.183(6) 
1.178(8) 

89.9(2) 
89.8 (2) 
83.3( 2) 
88.4(3) 

177.7(3) 
98.2(3) 

171.9(2) 
97.9(2) 
93.4(2) 
8 3.7 (2) 
90.6(2) 
91.2(2) 

174.5(2) 
a Symmetry code: -x, -y, -2 

1.156(8) 
1.473(9) 
1.458(10) 
1.487(9) 
1.478(9) 
1.498(12) 
1.485(12) 

178.6(7) 
87.2(2) 
86.9(2) 

121.1 ( 5 )  
119.3(5) 
107.3(4) 
107.0(5) 
107.1(5) 
106.7 (4) 
108.8(6) 
11 1.1(7) 
110.1(7) 
108.4(6) 

N(6j-Ni-N(4) 9s.oii j 
Symmetry code: -x, -y, -2. 

I C - c  
,/, 2 

Figure 2. Molecular structure for (p1.3-N3)2[Ni( 1,3-pn)2]2[B(CsH34]2 
(2) showing the atom-lahling scheme. presented in Figure 2. T h e  N i  a tom occupies a distorted 

octahedral environment. T h e  central core, Ni(N3)2Ni, important 
from a magnetic point of view, has  an inversion center with two 
Ni-N(N3) distancesof 2.167 and 2.144 A. T h e  N-Ni-N angles 
are 91S0, and the  N-N-Ni angles are 127.7 and 139.0°, 
respectively. T h e  dihedral angle 6, as defined in the Introduction, 
is 3O, giving a nearly planar structure. 

Magnetic Properties. T h e  XM vs Tplots for complexes 1-3 are 
shown in Figure 3. T h e  XM values first increase, reaching a 
maximum a t  = 6 K for 1, at 168 K for 2, and at 110 K for 3, 
and then decrease. This  behavior is typical of an antiferromag- 
netically coupled NittNi" pair. Variable-temperature suscep 
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0. OS0! 0 3  L 
d ' ' ' 5 0 '  '100' ' ' 150 ' 2 0 0 '  ' ' 250' ' 300 

T (K) 

4. OOE -01 

0 50 100 150 200 2 5 0  300 
( , i 10E*50L ' ' ' ' " " " " ' " "  " "  ' I  

T(K) 
Figure 3. Experimental and calculated (-) temperature dependence of 
XM (cm3 mol-') for the dmuclear compounds (rl,l-N3)2[Ni(en)~](PFs)2 
(11, (CI.~-N~)~[N~(~,~-P~)ZI~[B(C~HJ)~IZ (2), and (r1,3-N3)2[Ni(lr2- 
P~)zIz(CIO~)Z (3). 

tibility data (4-300 K) for 1-3 were analyzed using the isotropic 
Heisenberg model22 with H = -JS& assuming a zero-field 
parameter D = 0. Least-squares fitting of the magnetic data 
leads to the following parameters: J = -4.6 cm-l, g = 2.3, and 
T (paramagnetic impurities) = 0.5% for 1; J = -114.5 cm-l, g 
= 2.4, and T = 2.8% for 2; and J = -11.2 cm-I, g = 2.3, and T 

= 2.9% for 3. The minimized function was R = c ( x ~ ~ ~ ~  - 
xMob)2/c(x~Ob)2, and in the three cases R was less than 10-4. 
Taking into account these results, our hypothesis (D = 0) may 
be correct for 2 and 3 owing to their great J values. For 1, the 
small J value indicates the need to improve the fitting by 
considering the D parameter.23 Applying the Ginsberg 
J slightly decreases (ca. -3 cm-I) but in the best fitting an 
anomalously large D parameter (> 10 cm-I) is found which, as 
already indicated by Gin~berg>~ strongly correlates with z'J' 
(interdimer interactions). Thus, it is impossible to calculate 
accurately the Dand z'J'values. In fact, both effects are present 
in our complexes at low temperature. For this reason, and taking 
into consideration that the Jvalue varies only slightly (from ca. 
4 to ca. -3 cm-I), there is not significant variation in the results 
for D = 0. J values show that the overlap between the magnetic 
orbitals is efficient in 2 and 3 but very inefficient in 1 (J almost 
negligible). In order to establish magnetwstructural correlations, 
one must consider the main magnetic and structural data for all 
complexes with two azido bridging ligands, shown in Table VI. 
Froma structural point ofview, wecanobservethat the parameter 
which shows greatest variation is the dihedral angle 6 (as defined 
in the Introduction), whereas the distances Ni-N and all other 
angles show only minor variations. Taking this into account, an 
attempt was made to correlate the J variation (from -4 to -1 14 
cm-1) with this parameter. 

(22) OConnor, C. J. Prog. Inorg. Chem. 1982, 29,239. 
(23) Ginsberg, A. P.; Martin, R. L.; Brookes, R. W.; Shewood, R. C. Inorg. 

Chem. IW2, 11, 2884. 

Table VI. Magnetic (J ,  cm-I) and Structural Parameters 
(Distances, A; angles, deg) for Dinuclear (p1,3-N3)2 Complexes 
compd J Ni-N N-Ni-N N-N-Ni dihedral ref 

1 -4.6 2.181 90.6 119.3 45.0 d 
2.183 121.1 

2 -114.5 2.167 91.3 127.7 3.0 d 
2.144 139.0 

3 -77.2 d 
4" -70 2.069 91.7 123.3 20.7 3 

2.195 135.7 
Sb -90 2.168 92.4 124.4 6.8 4 

2.135 138.4 
6c -47 4 

a With L = tren. With L = 1,5,9-triazacyclododecane. With L = 

MOCalculatioas. Toverify this explanation, extended Hiickel 
MO calculations were performed on the structurally characterized 
dinuclear complexes using the CACAO program.24 The atomic 
parameters used for Ni, N, and H were the standards of the 
program. 

According to Table VI, there are three possible variable 
parameters with which magneto-structural correlations could be 
found: distances Ni-N(azide), which are generally asymmetric; 
angles N-N-Ni, also asymmetric; and the dihedral angle 6 
between the (N3)z (least-squares) plane and the N( 1)-Ni-N(2) 
plane. In all cases, there is an inversion center in the middle of 
the completely planar (N& plane, and the angle N-Ni-N is 
close to 90'. 

In order to center this analysis on the coordination environment 
of the nickel(I1) cations, according to the four structural examples 
available, the geometry was modeled as 

1,4,7-trimethyl- 1,4,7-triazacyclononane. d This work. 

placing the nickel atoms in a slightly distorted octahedral 
environment. The angle N-Ni-N was taken as 90°, and the 
bonddistances NCN(NH3) as 2.10 A and Ni-N(azide) as 2.16 
A. From a structural point of view, if we suppose a perfectly 
symmetric and planar structure (dihedral angle 6 equal to zero 
and all angles and distances equivalent), the angles N-N-Ni 
shouldbe 135'. Ifwebendthestructure(byvaryingthedihedra1 
angled from 0 to go"), the N-N-Ni angles should vary from 135 
to 90'. Indeed, compound 1, with a dihedral angle of 45O has 
all Ni-N distances equal and the four N-N-Ni angles very close 
to 120O. In contrast, in the two almost planar complexes, 2 and 
5, the average N-N-Ni angles are between 133.3 and 131.6", 
very close to the theoretical 135". This small difference could 
be attributed to the asymmetry of the Ni-N distances (see Table 
VI). 

For this reason we have performed extended Huckel calculations 
on the idealized molecule shown above, allowing the two Ni(I1) 
atoms to rotate freely around the two terminal N atoms of the 
two azide bridging ligands, to study the influence of the variation 
of the dihedral angle 6 on the magnetic coupling between both 
metallic centers. 

For a dimeric nickel(I1) system with two unpaired electrons 
on each metal atom, four molecular orbitals (PI, (p2, e, and ( ~ 4  ((PI 

and (p2 with 2 2  and and 'p4 with xy as the main contribution) 
are expected. In fact, the Walshdiagram for these four significant 

(24) Mealli, C.; Proserpio, D. M. J .  Chem. Educ. 1990, 67, 3399. 
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Figure 4. Walsh diagram for the four combinations of magnetic orbitals 
upon variation of the dihedral angle, 8, as defined in the Introduction. 
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Figure 5. Dependence of the overlap between the two molecular orbital 
fragments (FMO) dw+dwand2N30n thedihedralangleb. For simplicity 
only four steps (6 = 0,20,40, 60°) are drawn. In all cases, the two azido 
bridge ligands are maintained in the xy plane. 

orbitals when the dihedral angle 6 varies from 0 to 60° (larger 
values seem to be sterically hindered) is shown in Figure 4. The 
first MO is the antisymmetric combination of dz2 orbitals with 
the corresponding p orbitals of the two azide bridging ligands. 
This antibonding MO is slightly stabilized when the dihedral 
angle 6 is increased from 0 to 60° due to an increase in the p 
character of the two central N atoms and a decrease in the terminal 
N atoms, giving a less antibonding character. The second MO 
is the antisymmetric combination of d, Ni(I1) orbitals with the 
corresponding p orbitals of the two bridging azides. There is a 
very pronounced stabilization of this antibonding orbital when 
the dihedral angle, 6, increases from 0 to 60°. This stabilization 
is due to a decrease in the px,py hybrid character in the four N 
terminal atoms of the azide bridge, perfectly oriented on the d, 
orbitals of Ni(I1) for 6 equal to Oo but less oriented when the 6 
angle is increased (Figure 5 ) ,  simultaneously occurring with the 
increase in the p character of the two central N atoms when 6 
is increased (Figure 5 ) .  This situation creates a reduction in the 
antibonding character of the MO, stabilizing its energy. Finally, 
the two symmetric combinations, z2 + z2 and xy - xy (Figure 4), 
show a different behavior: the overlap between the corresponding 
orbitals of Ni(I1) and those deriving from the Na- fragments is 
less effective at Oo than at 60°, which increases the antibonding 
character. 
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Figure 6. Variation of EA2 as a function of the dihedral angle 6. 

For this Ni2 system with spin states S = 0, 1, and 2, E2 - El 
= -45 and El - Eo = -2J, in which 4 J  = K - V. K is a 
ferromagnetic term, generally very small, derived from bielectronic 
integrals, and V is an antiferromagnetic term, which can be 
describedz5 as a function of the splitting of the pairs of molecular 
orbitals as follows: 

v =  ' / 2 ( 6 1 -  6 2 ) 2 / ( ~ a a  - JaJ + ' / 2 ( 6 3  - 6 4 l 2 / ( ~ b b  - J M )  

where 6i are the energies of the d orbitals (1, 2 for d, and 3 , 4  
for dZ2) and Jmn are bielectronic integrals, all assumed to be 
constant in a series of complexes of similar geometries. 

Consequently, Jar can be assumed to be proportional to the 
sum of the square of thegaps between MO's of the same symmetry 
(zz and xy respectively). In Figure 6 we have represented this 
sum of the two gaps as a function of the dihedral angle 6. We 
can see that there is a large decrease in Jvalue upon passing from 
dihedral angle Oo (maximum value) to 60° ( J  = 0). From the 
results gathered in Table VI, we can observe good agreement 
between experimental and theoretical values for all dihedral 
angles. For dihedral angles near Oo, J has maximum values (ca. 
-1 14 cm-I for 6 = 3O and ca. -90 cm-l for 6 = 7O); for intermediate 
6 angles (complex 4), we observe an intermediate J value (-70 
cm-l), and finally, for the greatest dihedral angle 6, J is almost 
negligible (-4 cm-l). To take into account the effect of the actual 
asymmetry of Ni-N distances and N-N-Ni angles, we carried 
out extended Hiickel calculations on a planar structure (dihedral 
angle 6 = O O ) ,  varying the angles and distances in an asymmetrical 
form (maintaining the inversion center in all cases). The effect 
observed in the four "magnetic" orbitals is much less pronounced 
than that reported for the 6 variation. A great distortion in angles 
and distances (not experimentally found in any of the studied 
complexes) would be necessary to be an important factor in the 
variation of magnetic behavior. Consequently, with all the 
reservations due kind of calculation, we can assume that the great 
difference in the magnetic behaviors of these dinuclear Ni(I1) 
complexes can be related to the value of the dihedral angle 6 
between both Ni(I1) and the plane of the two azide bridging 
ligands. 
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