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T w o p r i n c i p a l l y d i f ferent mo lecu la r structures i n the crysta l l ine state are known f r o m the copper 
( I I ) complex w i t h 7-hydroxy-4-methyl-5-aza-hept-4-en-2-on. The magnet ic suscept ib i l i t ies of three 
forms of th is compound [ a - ( C u E I A ) 4 , / ? - (CuEIA) 4 , and / ? - ( C u E I A ) 4 - 2 C 6 H 6 ] have been measured 
i n the temperature range 2 . 6 — 3 0 0 K . T h e results ind ica te that p r i nc i pa l l y d i f ferent molecu lar 
st ructures correspond to p r i n c i p a l l y d i f ferent magnet ic propert ies. W h i l e the a - fo rm shows ant i -
fer romagnet ic sp in coup l i ng i n the S' = 0 g round state, the electrons i n the ß-lorm are coup led 
fe r romagnet ica l l y i n the S ' = 2 g round state. A fitting procedure of a theoret ica l equat ion based on 
the isotropic H D V V - m o d e l led to a sat isfactory agreement between ca lcu lated and exper imenta l 
data for a- ( C u E I A ) 4 and ß- ( C u E I A ) 4 , w h i l e th is was not possible fo r ß- ( C u E I A ) 4 • 2 C 6 H 6 . The 
exchange parameters obta ined fo r a - ( C u E I A ) 4 (<7=2.13, / 1 2 = —17 c m - 1 , / 1 3 = + 3 . 5 c m - 1 , and 
A a = 6 0 - 1 0 ~ 6 cgs-emu) are i n good agreement w i t h the values given by Ginsberg et al . For 
ß- ( C u E I A ) 4 a weak an t i fe r romagnet ic in terc lus ter in te rac t ion could be determined at low tempera-
tures. The fitting procedure y ie lded the f o l l o w i n g values: <7=2.05, / 1 2 = — 6.4 c m - 1 , / 1 3 = + 2 4 . 2 
c m " 1 , A a = 1 0 - 1 0 - « cgs-emu, © = - 0 . 2 7 ° . 

1. Introduction 

Of the copper(II ) complex with 7-hydroxy-4-
methyl-5-aza-hept-4-en-2-on, (CuEIA) 4 , two princi-
pally different tetrameric molecular structures are 
known in the crystalline state 2 . Figure 1 shows 

a-(CuEIA); ß - (CuEIA)4 

la) lb) 

Fig . 1. P r i n c i p a l mo lecu lar s t ructures of the Cu 40 4 -cores 
of a - ( C u E I A ) 4 (a) and ß-(CuEIA)4 ( b ) . C u - O : ~ 1 . 9 7 A ; 

Cu O : ~ 2 . 3 7 Ä ; C u O : chelate group. 

the principal structures of the Cu404-cores. A simi-
lar behavior is found with the group of copper(II ) 
complexes with N,N-disubstituted aminoalco-
hols 3~ 6 . For these it could be demonstrated that 
spin coupling of the magnetic centres inside the 
tetrameric molecules is different and that one of the 
principal structures goes with antiferromagnetic 
spin coupling, while the other one goes with ferro-
magnetic spin coupling. (CuEIA) 4 offers the oppor-
tunity to investigate the magnetism of tetrameric 

Cu(II ) structures with different Cu 4 0 4 cubane type 
cores within one chemical compound in order to get 
information about the magnitude of the magnetic 
interaction between the single copper (II) ions. The 
exchange integrals Jij can be determined from the 
temperature dependence of magnetic susceptibility 
using the isotropic Heisenberg-Dirac-van Vleck-
model (HDVV-model) , in which the effective Ha-
miltonian describing the energy difference between 
states with different total spin S' has the form ' ~ 9 

H = — 2 2 hj S r S j . 
i>j 

The investigation includes a-(CuEIA)4 /?-(CuEIA)4 , 
and / ? - (CuEIA) 4 -2 C 6 H 6 2 . The crystal structure of 
ß- (CuEIA) 4 resulting from y5-(CuEIA)4-2 C6H6 by 
loss of benzene is not known, ß- (CuEIA) 4 is also 
the product resulting from direct preparation 2. 

In his review7 Ginsberg gave the values for the 
exchange integrals of a- (CuEIA) 4 . We have not 
found the experimental data of the magnetic sus-
ceptibility as a function of temperature in the liter-
ature. 

2. Experimental 

The compound CuEIA was prepared as described 
by Jäger1 0 . Proof of the existence of ß- (CuEIA) 4 

[as / ? - (CuEIA) 4 -2 C6H6 and ß- (CuEIA) 4 ] , besides 
the known a- (CuEIA) 4 1 , was given in Ref. 2 in-
cluding the preparation conditions. 
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Magnetic susceptibilities in the temperature range 
2.6 — 300 K were determined by the Foner method 
as in Ref. 6 . In the case of / ? - (CuEIA) 4 - 2 C6H6 one 
must be aware that the compound does not decom-
pose by loss of benzene during the performance of 
the suspectibility determination. 

Susceptibility data were field independent above 
10 K and measured at 10 kG. Below 10 K a small 
field dependence of susceptibility data was deter-
mined and susceptibility data were obtained at 1 kG. 
Corrections for the underlying diamagnetism were 
applied using published values 

In the fitting procedure of the theoretical suscep-
tibility equation based on the HDVV-model (sym-
metry S 4 ) to the experimental data, the following 
terms were used as criterion 

g e x p , - c a l c i [ a _ ( C u E I A ) J ( 1 ) 

1 2 m exp, 

and 
2 ( B f e x p i - Z M c a l C i ) 2 7 ? ( 2 ) 

i 

[ £ - ( CUE I A ) 4 , / ? - (CUEIA) 4 -2C 6 H 6 ] . 

3. Results and Discussion 

a-(CuElA) 4 

a - (CuEIA) 4 has S4-symmetry in the crystalline 
state1 as indicated in Figure l a . Cu — Cu distances 
are 3 . 0 0 6 ( 9 ) Ä (2 x ) and 3 . 2 5 9 ( 8 ) Ä ( 4 X ) 1 . 
Because of the direct comparison with /?-(CuEIA)4 

and /?-(CuEIA)4*2 C6H6 the temperature dependence 
of magnetic susceptibility (Table 1, Fig. 2) was 
determined, as it is neither given in Ref. 7 nor else-
where. 

The appropriate susceptibility Eq. (3) for this 
problem (4 centres-spin-l/2-system of symmetry S 4 , 
the equation for symmetry D2d is analogous) 

_ Ng2ß2 10 e2x + 2 e~2x + 4 e~2 y 

Z M = 4 kT ' 5 e2x + 3 e ~ 2 x + e~Ax + 6 e~2y + e~4y 

+ Na, (3) 

[.x = JlsfkT, y = J12/kT, per mol c opper ( I I ) ] 
was fitted to the experimental susceptibility data in the 
temperature range > 2 0 K . The data in the range 
< 20 K were omitted because of the probable exis-

tence of a small paramagnetic impurity. The fitting 
process yielded the following values of the exchange 
integrals: / 1 2 = — 1 7 c m - 1 [between the short 
bonded copper atoms 1 — 2 and 3 — 4 (Fig. l a ) ] and 

Tab le 1. E x p e r i m e n t a l and w i t h Eq . (3) ca lcu la ted magne-
t i c suscept ib i l i t ies e x p and X u ^ j ß [cgs-emu] and magne-

t ic moment jx e f f ( = 2.828 ] / / M e x p ' ^ < * - ( C u E I A ) 4 . 

T [ K ] M e x p * 1 0 6 Pett I B M ] Z M c a l c ' 1 0 6 

1.9 1034 0.12 60 
2.1 $62 0.13 60 
2.6 820 0.13 60 
3.0 772 0.14 60 
3.5 797 0.15 60 
5.1 699 0.17 84 
6.0 715 0.19 145 
6.5 743 0.20 207 
7.1 837 0.22 314 
7.5 907 0.23 407 
8.0 1012 0.25 548 
8.5 1178 0.28 718 
9.0 1341 0 .31 914 
9.5 1514 0.34 1136 

10.0 1743 0.37 1380 
10.5 1978 0 .41 1643 
11 2236 0.44 1921 
12 2780 0.52 2512 
13 3312 0.59 3122 
14 3854 0.66 3729 
16 4886 0.79 4858 
18 5869 0.92 5802 
20 6529 1.02 6534 
22 7077 1.12 7065 
24 7409 1.19 7425 
26 7627 1.26 7646 
28 7725 1.32 7759 
30 7775 1.37 7792 
32 7732 1.41 7765 
34 7660 1.44 7694 
36 7599 1.48 7592 
38 7448 1.50 7469 
40 7327 1.53 7330 
45 6948 1.58 6953 
50 6541 1.62 6566 
60 5860 1.68 5845 
70 5233 1.71 5228 
80 4704 1.73 4712 
90 4273 1.75 4281 

100 3949 1.78 3919 
120 3361 1.80 3346 
140 2945 1.82 2917 
160 2605 1.83 2585 
180 2331 1.83 2322 
200 2106 1.84 2107 
220 1931 1.84 1930 
240 1774 1.85 1780 
260 1648 1.85 1653 
280 1531 1.85 1543 
300 1438 1.86 1447 

/ 1 3 = + 3.5 cm 1 [between the longer bonded cop-
per atoms 1 - 3 , 1 - 4, 2 - 3, and 2 - 4 (Fig. 1 a) ] 
(<7 = 2.13, Na = 6 0 - 1 0 " 6 cgs-emu) in good agree-
ment with the values given by Ginsberg et al . 7 

( / 1 2 = — 15 c m - 1 , / 1 3 = + 4 c m - 1 ) . The mean per-
centual deviation per experimental point in the tem-
perature range > 20 K is 0.35%. 
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F i g . 2. Suscep t i b i l i t y a n d rec ip roca l suscep t ib i l i t y of a- ( C u E I A ) 4 (open 
and f u l l c i rc les are expe r imen ta l values, f u l l l ines are ca l cu la ted ) . 

F i g . 3. M a g n e t i c momen t and rec ip roca l suscep t ib i l i t y of /?- ( C u E I A ) 4 
(open and f u l l c i rc les are expe r imen ta l values, f u l l l ines are ca lcu la ted) . 

F i g . 4. E x p e r i m e n t a l magnet i c moment and rec ip roca l suscep t ib i l i t y of 
ß- ( C u E I A ) 4 • 2 C 6 H 6 . 
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The result indicates antiferromagnetic spin cou-
pling in the ground state (Fig. 5, see later). Spin 
coupling via the different Cu — 0 bonds has different 
signs (antiferromagnetic interactions via two short 
Cu — 0 bonds and weaker ferromagnetic interactions 
via one short and one long Cu — 0 bond) . 

Ginsberg7 has reported possible exchange path-
ways in accordance with the model of superexchange. 

ß- (CuEIA ) 4 and ß- (CuEIA ) 4 • 2 CGH6 

A crystal structure determination 2 proved that the 
molecule ß- (CuEIA) 4 in crystalline ß- (CuEIA) 4 

•2C6H c only has symmetry C t . It can be approxi-
mated by S4-symmetry as shown schematically for 
the Cu404 -core in Figure 1 b. All molecular forms, 
of which the Cu404 -core is principally identical with 
the one in Fig. l b , are called ß-form2. They possess 
ferromagnetic spin coupling in the ground state 
[ß- (CuEIA) 4 and £ - ( C u E I A ) 4 - 2 C6H6 , Table 2, 
Figs. 3, 4 ] in contrast to the antiferromagnetism of 
the a-form (Table 1, Figure 2 ) . As the magnetism 
of the structurally unknown powder ß- (CuEIA) 4 

is very similar to that of the structurally known 
ß- (CuEIA) 4 - 2 C 6 H 6 , and as ß- (CuEIA) 4 results 
from / ? - (CuEIA) 4 ' 2 C6H6 by loss of benzene, we 
believe proved that the molecules in the powder 
ß- (CuEIA) 4 are really of the /?-form. 

Assuming the highest possible symmetry S4 for 
ß- (CuEIA) 4 a fitting procedure of a slightly modi-
fied form of Eq. (3) to the experimental data was 
undertaken. To allow for weak intercluster inter-
actions T in Eq. (3) was replaced by (T — 0), 
where 0 means the Weiss constant. The exchange 
integral / 1 2 corresponds to the longer Cu-Cu-distances 
(2 x ) [mean value 3.30 Ä in the /?-(CuEIA) 4 

•2C 6 H 6 ] , while the exchange integral / 1 3 corre-
sponds to the shorter Cu-Cu-distances (4 x ) [mean 
value 3.12 Ä in ß- (CuEIA) 4 - 2 C 6 H 6 ] . The fitting 
procedure in the temperature range 2.6 — 290 K 
yielded the following values: / 1 2 = —6.4 c m - 1 , / 1 3 

= + 24.2 c m - 1 , # = 2.05, N.a = 10 -10~ 6 cgs-emu, 
and 0 = — 0 .27° [deviation 2.91 -10~ 4 , Gl. ( 2 ) ] . 
The agreement between calculated and experimental 
data is good (Table 2 a, Figure 3 ) . 

This result indicates that ferromagnetic spin cou-
pling between the four copper (II) pairs with shorter 
Cu-Cu-distances ( 1 — 3 , 1—4, 2 — 3, and 2 — 4) is 
stronger than antiferromagnetic spin coupling be-
tween the two copper (II) pairs with longer Cu-Cu-

Tab le 2. Expe r imen ta l and w i t h Eq . (3) calculated 
(ß- ( C u E I A ) 4) suscept ib i l i t ies y^ e x p and M j c [cgs-emu] 
andand magnet ic moment j u e f t ( = 2.828 ] / / M e x p ' ^ ) ß~ 

( C u E I A ) 4 (a) and y? - (CuE IA ) 4 - 2 C 6 H 6 ' ( b ) . 

a) ß- ( C u E I A ) 4 

T [ K ] Zm exp' 106 [ B M ] 

2.6 276448 2.40 274650 
3.5 209680 2.42 209083 
6 124664 2.45 125597 

10 75260 2.45 75830 
15 49589 2.44 49257 
20 35607 2.39 35428 
40 14972 2.19 15186 
60 9179 2.10 9209 
80 6518 2.04 6500 

100 4983 2.00 4986 
125 3836 1.96 3843 
150 3120 1.93 3119 
175 2649 1.93 2620 
200 2260 1.90 2257 
230 1953 1.90 1935 
260 1687 1.87 1692 
290 1482 1.85 1503 

b) ß- ( C u E I A ) 4 - 2 C 6 H 6 

T[ K ] Zm exp'iO6 i«eff [ B M ] 

2.6 328434 2.61 
5.7 150892 2.62 
9.4 90741 2.61 

13.9 61169 2.61 
19.1 42593 2.55 
29.5 26294 2.49 
39.5 18557 2.42 
50.4 13591 2.34 
61.8 10497 2.28 
70.5 8832 2.23 
84.4 6862 2.15 

108.2 5015 2.08 
128.2 4053 2.04 
148.8 3365 2.00 
171.4 2823 1.97 
190.5 2477 1.94 
211.1 2183 1.92 
232.0 1947 1.90 
253.1 1741 1.88 
275.5 1572 1.86 
286.8 1512 1.86 
299.0 1467 1.87 

distances (1 — 2 and 3 — 4) (Figure l b ) . This is 
in agreement with the estimated values of the ex-
change integrals in the structurally similar com-
pounds (CuBuCl)4 and y- (CuBuBr) 4 6. 

It should be noted that a similar good agreement 
between calculated and experimental data for 
ß- (CuEIA) 4 could be achieved with the parameters 
g = 2.05, / 1 2 = + 25 c m - 1 , / 1 3 = - 5.8 c m " 1 , Na = 
3 0 - 1 0 - 6 cgs-emu, and 0 = —0.27° [deviation 
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4 .18 -10 4, Gl. ( 2 ) ] . This means that the interaction 
between all copper atoms is ferromagnetic and is 
greater for the longer Cu-Cu-distances (1 — 2 and 
3 — 4 ) . This set of parameters was excluded due to 
the following reasons: a) In general, shorter Cu-Cu-
distance means greater overlap of metal d-orbitals 
with orbitals of bridging oxygen leading to stronger 
interaction, b) Only weak spin coupling (antiferro-
magnetism or weak ferromagnetism) should be ex-
pected with a Cu-0 . . . Cu bond angle of ~ 9 7 ° 12. 

We interpret that ferromagnetic spin coupling 
(between atoms 1 — 3, 1 — 4 , 2 — 3, and 2 — 4) re-
sults from orthogonality of the p^- and p^-orbitals 
at bridging oxygen with a Cu-0 . . . Cu bond angle 
of 90 ° [mean value in / f f - (CuEIA) 4 -2C 0 H 6 ] . This 
is consistent with the 9 0 ° superexchange model of 
Anderson, Goodenough and Kanamori 1 3 . In con-
trast to this the spin coupling via the Cu-O-Cu 
bridge with bond angle 105° [mean value in 
/ ? - (CuEIA) 4 ' 2 CGH6] should be antiferromagnetic. 
The antiferromagnetic spin coupling (between atoms 
1 — 2 and 3 — 4) via Cu-O. . . Cu bridge with bond 
angle 97° [mean value in / ? - ( C u E I A ) 4 ' 2 C6H6] re-
sults from the overlap of half occupied metal d-or-
bitals with s-orbital at bridging oxygen. 

The negative value of the Weiss-constant 0 = 
- 0 . 2 7 ° indicates a weak antiferromagnetic inter-
action between the ferromagnetic coupled tetrameric 
clusters, resulting in a decrease of the magnetic 
moment below 10 K rather than showing a low-
temperature plateau when //eff has reached the value 
expected for an S' = 2 ground state with parallel 
alignment of the spins. 

The effect of antiferromagnetic intercluster inter-
action is confirmed by the magnetization values at 
2.6 K (Table 3 ) . Calculated values with Eq. (4) 

2S' + 1 /2S' + lHgßS' 
2 s ' ^ h ^ y T " 

where S is the effective spin of the cluster and H 
is taken as H = /70X + /7m [HPX is the applied exter-
nal field and Hm the molecular field related to the 
Weiss constant by Eq. (5) ] , 

» • " ^ W - w ' f c ( 5 ) 

are compared with the experimental values, taking 
# = 2.05, H = H,X, and H = Hex + Hm. Hm is cal-
culated with Eq. ( 5 ) , 6 = - 0 .27° . 

Tab le 3. Magnet i za t ion data of / ? - ( C u E I A ) 4 [ B M / t e t r a m e r ] 
at 2.6 K [</t>calc ca lcu lated w i t h Eqs. (4) and (5) t a k i n g 

2 = 2 . 0 5 , S' = 2, and <9 = 0 ( * ) and © = - 0 . 2 7 ° ( * * ) ] . 

H [ k G ] < » e x p ( calc ( j U ) calc 

1 0 . 2 0 0 . 2 2 0 . 2 0 

2 0 . 3 9 0 . 4 3 0 . 3 9 

4 0 . 7 7 0 . 8 6 0 . 7 8 

5 0 . 9 6 1 . 0 6 0 . 9 7 

6 1 . 1 4 1 . 2 5 1 . 1 5 

8 1 . 4 8 1 . 6 2 1 . 5 0 

1 0 1 . 7 9 1 . 9 5 1 . 8 2 

Figure 5 shows the energy niveau diagram for 
a - (CuEIA) 4 and /?-(CuEIA)4 resulting from the in-
terpretation of the magnetic susceptibility data with 
the isotropic Heisenberg-Dirac-van Vleck-model 
(HDVV-model ) , assuming symmetry S4 of the 
tetrameric clusters. The most interesting feature is 
the S ' = 0 ground state for a - ( C u E I A ) 4 , while the 
ground state for /?-(CUEIA)4 is of total spin S' = 2. 

S' = 0 
! f'J 

(3) 
S'=l 

s'=o 

S' = 1 

S'=2 

S =1 

S'=0 

15) 
A. 11 

(6 J 

S' = 1 

s'=o 

S'=2 

(J) 

J;; * 0 J.. = o 

a -(Cu EIA)i 

J..*0 

ß-lCu EIA)i 

F ig . 5. Schematic energy sp l i t t i ng d iag ram of bo th forms 
of ( C u E I A ) 4 . 

The experimental susceptibility data for ß-
(CUEIA)4-2 C6H6 (Table 2 b, Fig. 4) are very 
similar to that of /?-(CUEIA)4 . The susceptibility 
increases steadily with decreasing temperature. The 
magnetic moment //eff increases with decreasing 
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temperature, indicating ferromagnetic spin coupling 
in the S' = 2 ground state fully populated below 
~ 15 K. The existence of a low-temperature plateau 
in yMeff is in contrast to ß- (CuEIA) 4 and shows the 
absence of an intercluster interaction as do the mag-
netization data at 2.6 K. The distance between the 
tetrameric clusters in / ? - (CuEIA) 4 - 2 C6H6 should 
be greater than in ß- (CuEIA) 4 because of the inter-
vening benzene molecules. 

A fitting procedure of Eq. (3 ) to the experimen-
tal susceptibility data did not lead to a satisfactory 
agreement between the experimental and calculated 
values. The reason for this may be that the assump-
tion of S4-symmetry of the cluster is not justified. 
The exact symmetry as shown by a crystal structure 
determination is only Cj 2 . 

W e would like to express our gratitude to Dr. G. 
Keller for carrying out the magnetic measurements. 
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