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A series of complexes of the type MLnX where M =

Cu(II), Ni(II) , and Cr(III), L = -diketonate (n=l for

Cu(II) and Ni(II)), n=2 for Cr(III)) and X = bridging anion

was synthesized in order to study the effect of the

bridging group on the magnetic exchange interaction

parameter, J.

In the series Cu(dpm)X, where X = OCH3 , 0C2 H5 '

O-nC 3 H 7 , 0-iC3 H7 , OCH2C6 H 5 and N3 , the temperature-

dependent susceptibilities were determined at various

temperature between room temperature and 260 K. The

coupling of all alkoxo complexes are predominantly anti-

ferromagnetic whereas the azido complex is predominantly

ferromagnetic. Theoretical models for various symmetries

have been employed in describing their magnetic behavior.

For Cu(L) (OCH2 C6FH 5 ) where L = ebza, bzac and acac

and Cu(L) (pz), where L- bzac, dbzm and acac, the effect of

L-( -diketonate) on J is reported and discussed,

Electronic spectra of Cr (3-Cl (acac)) 2 (OCH2C 6 H 5)

suggest that each chromium(III) ion is octahedrally



coordinated. The complex has a room temperature moment of

3.75 PB' as compared to the spin-only moment of 3.87

indicating an antiferromagnetic interaction.

Ni(dpm) (OCH3 ) (CH3 OH) is a tetramer in benzene solu-

tion. The magnetic behavior of the complex has been

successfully described by the Td symmetry susceptibility

equation. The coupling between the four nickel(II) ions

is ferromagnetic; i.e., the eight e electrons centered on

the tetrad nickel atoms are all paralleled (SI=4).,
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CHAPTER I

INTRODUCTION

In recent years, the study of the structures and the

nature of metal-metal interaction of the first-row transi-

tion metal polynuclear complexes has increased signifi-

cantly. Attempts at correlating structures, chemical, and

magnetic properties have been made.1 ,2 '3  However, the

research in this area is still in the early stage, and more

investigations must be made to further the development of

such correlations.

When an atom is subjected to a magnetic field,

paramagnetism arises from changes in the energy levels of

the atom. With these new energy levels of the individual

atoms in the magnetic field and the Boltzman's distribu-

tion laws that atoms will thermally distribute among these

possible states, a general equation, generally known as

4
Van Vleck equation , for calculating the susceptibility per

mole of atoms can be derived.

In the derivation, certain approximations have been

made. The first assumption is that there is no field

dependence of the susceptibility; i.e., only magnetically

dilute systems are considered. Another assumption is also

made that the energy of the ith level of the atom may be

1
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expressed as a power series in the magnetic field:

E. = E. 0 + EJ 1 H + E. 2 )H2 +....., (1.1)
1 1 1 1

where E0 in the energy of the level in the absence of

(1) (2)the field E1. and E1. are the first- and second-

order Zeeman coefficients respectively. For a given atom

I. = E./3H
1 1

-E. (I) - 2 E. (2)H 
(1.2)

1 1

where I. is the projection of the moment of the ion in

the direction of the field of the ith level and its sus-

ceptibility, X. is

yi.= I./H. (1.3)
1 1

Therefore, for N (Avogadro's number) atoms, the sum of

Equation 1.2 over the N atoms, distributed over the states

E. according to Boltzmann's distribution law, is obtained,

and substituted into Equation 1.3 to give

= N-Z[E . -2E (2)H]exp(-E./KT)A H. I 1 1
114

Eexp('-E./KT) (1.4)
i

Since the first-order Zeeman splittings are a few

wave-numbers for normal laboratory magnetic fields,
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whereas kT is about two hundred wave numbers at room

temperature, thus it is justifiable to assure that any

splitting of energy levels due to a first-order Zeeman

effect is small compared with kT, which is the thermal

energy available to the system. However, this assumption

will not be valid at very low temperatures, and calcula-

tions must be made from Equation 1.4.

For E. 1 <<kT, the exponentials in Equation 1.4 can

be written, using Equation 1.1

exp(-E- /KT) = exp(-Ei0/kT) [1-HE '/kT)(1-H E /kT)

(.....)I, (1.5)

since exp (-x) 2 (l-x) if x is small.

Substituting Equation 1.5 in Equation 1.4 gives:

N[-E-l)2E (2 ) H]o[exp(-E/kT] [-EI 2H/kT][1,E . H2/kT]

Mulilyngou1Eua i.,adInorig1anterm. con
AE [exp (-Ei/kT)J][l-E 1H/kT] [l-E .)H /kT]

i

(1. 6)

Multiplying out Equation 1. 6, and ignoring any terms con-

taining H (because for normal laboratory fields the

paramagnetic substance X is independent of the field

strength) gives

NE(E 2/kT-2E (2) )exp(-E0 /kT)

XA 1 (17
Z exp(-E0 /kT)

i1

ORMOMM
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which is Van Vleck's susceptibility equation.

Up to this point, only the magnetic behavior of

magnetically dilute systems has been considered. There

is also a large number of systems such as metal oxides and

halides in which the electron spins on adjacent paramag-

netic centers are strongly coupled to each other. These

systems are said to be magnetically concentrated. The

coupling between the electronic spins gives rise to anti-

ferromagnetism when the spins are aligned anti-parallel,

and to ferromagnetism when the spins are aligned parallel.

Intermediate between magnetically concentrated and

magnetically dilute systems are the polynuclear transition

metal complexes in which exchange interactions take place

over a small number of paramagnetic centers.

Antiferromagnetic systems may be classified into two

general types, namely intermolecular antiferromagnetism,

in which the exchange interaction extends over a large

number of centers throughout a crystal lattice, and intra-

molecular antiferromagnetism,in which the magnetic

exchange is between centers in the same molecule.

It is generally believed that the mechanism of

antiferromagnetic interaction involves the mutual pairing

of electronic spins via the overlaps of the d orbitals on

metal ions with the s and p orbitals on a bridging anion.

In order to explain this exchange interaction, two
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mechanisms, namely direct and superexchange interactions,

are commonly employed.

In the direct interaction mechanism, the orbitals

containing the unpaired electrons overlap directly leading

to the mutual pairing in the ground state. B. N. Figgis

and Martin5 proposed that the exchange interactions in

copper (II) acetate monohydrate, which has a subnormal room-

temperature magnetic moment of 1.4 V B, is a result of the

direct interactions. The interaction is via a 6 bond

formed by the weak overlap between the dx2,y2 orbitals

on each copper atom as shown in Fig. 1,which leads to a

singlet molecular ground state.

In the superexchange mechanism, the exchange path-

way involves the interaction of electrons on the two

paramagnetic ions via an intermediate diamagnetic anion.

The interaction can be either ferromagnetic or antiferro-

magnetic coupling, as shown in Fig. 2. This mechanism was

first proposed by Kramers6 to explain the antiferromag-

netic behavior of MnO,which can be illustrated as shown

in Fig. 3.

The magnetic susceptibilities of polynuclear transi-

tion metals can be interpreted by two complementary

approaches. The two approaches are molecular orbital

theory and the dipolar coupling approach of Van Vleck.
1

In molecular orbital theory, the mechanism of the



(a)

Ar

Xe-

dx2-y2

7y

0 Cu
c

@0

0H20

OCu

Ny

Figure 1--(a) The structure of copper(II) acetate

monohydrate and (b) the 6 bonding (from reference 5),

6



7

py px

d2 7 2

(b)

dx2. 2 dx2..Y 2

Figure 2--Super-exchange pathway for (a) ferro-
magnetic, (b) antiferromagnetic coupling.

dx2..y2



a

Mn1  0 Mn2

dz2 d z2

x

M.n1 0n2

1+1
(b)

z

dxz Pz dxz

Figure 3--Super-exchange pathway for MnO via

(a) u-bonding (b) iT-bonding (from reference 7).
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exchange interaction and bonding in the complex is given,

but it normally cannot predict or rationalize anything

more than the spin multiplicity of the ground state of

the molecule. On the other hand, the dipolar coupling

approach does not take into account the mechanism 
of the

exchange interaction, but merely assumes the presence of

an exchange interaction. However, this approach has the

advantage that the variation of the magnetic susceptibil-

ity with temperature can be easily calculated.

In the "Dipolar Coupling" approach, an approximation

is made that there is no orbital angular momentum associ-

ated with ground states of the interacting metal ions,

i.e., the magnetic exchange between nearest neighbors i

isotropic. The spin Hamiltonian for the system can be

represented as

E = -2E JS.S. , (1.8)

7J 1] 3

where J.. is an exchange integral between centers i and j.

J..<0 for an antiferromagnetic interaction (S and S are
13 

3

of opposite sign in the ground state of the system), and

J..>0, when the spins are parallel to give a ferromagnetic
1]

interaction.

In the case where all the interacting ions in the

system are equivalent, the interaction gives rise to a
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set of spin levels for the system with a new quantum

number S'. Each S' can have the values, S' = nS, nS-1,

nS-2, ...1/2 or 0 depending on whether nS is half-integral

or integral. The energy of each of the spin states

specified by S' has been derived by Van Vleck4 as follows:

E(S') = Zi[S'(S'+l)-nS(S+1)] (1.9)
n--l

where Z = the number of nearest neighbors,

J = the exchange integral between neighboring pairs

of paramagnetic ions,

n = the number of interacting paramagnetic ions.

When a given value of S' occurs a number of times due

to the different way of combining the spin on the various

centers, the number is called its degeneracy and is

specified by Q(S'). The degeneracy of a given S' can be

calculated from the expression

(S') = W(S')'-w(S'+l) (1.10)

where A(S') is the coefficient of X in the expansion of

xSt 8- . -S++ -S) n
(x- S+ S1+....+x -l+x S) (111

When the system is in a magnetic field, each of the S'

levels will be split into 2S'+l components which have the

energy separation of g3H. Upon the application of Van
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Vleck's susceptibility equation, the molar susceptibility

can be represented as

2_2 ZS'(S'+l) (2S'+l)Q(S')exp(-E(S')/kT

S = N g S (1.12)
3kT X (2S'+l)0(S')exp(-E(S')/kT)

S'

For binuclear complexes, the Hamiltonian for the ex-

change interaction can be represented as

H =: -2JS,'S2 . (1.13)

The possible new spin quantum numbers for a dimer

with identical spin S are:

S' = 2S, 2S-1, ..... 0. (1.14)

From Equation 1.9 the energy of each of these states is

given by:

E(S') = -J[S'(S'+1)-2S(S+l)]. (1.15)

Using Equation 1.15, the relative energies (to the lowest

one,which has the smallest value of S' for an antiferro-

magnetic interaction) and multiplicities of the possible

spin state of a binuclear complex are calculated and shown

in Table I.

Since the main interest of this work lies in the

magnetic behavior of polynuclear transition metal(II)



12

TABLE I

THE MULTIPLICITIES AND RELATIVE ENERGIES

OF THE POSSIBLE SPIN STATE OF A

BINUCLEAR COMPLEX

5' Multiplicity El

0 0

1 3 2J

2 5 6J

3 7 12J

4 9 20J

5 11 30J
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complexes, it would be appropriate to pursue the treat-

ments of polynuclear copper(II) complexes.

In binuclear copper(II) complexes, each copper (II)

ion has formally one unpaired electron (S = 1). The two

possible values of S' are 1 and 0, with the energy separa-

tion of 12J1; see Table 1, In order to calculate the

magnetic susceptibility from Equation 1.12, the number of

times each value of S' occurs must be known. This can be

obtained by expanding the expression of (x +x .S-1....+

XS) n which, in this particular case, is (x1 / 2 +X 1/2) =

x +2 x?+x l. From this expansion the degeneracies are

0Q(S'=l) = w(1))-w( 2 ) = 1-0 = 1

and

Q(S'=0) = w(O)-w(l) = 2-1 = 1.

Substituting into Equation 1.12 yields

- /_ 2g (1) (2) (3) (l)exp(+2J/kT)+(0) (1) (1) (1)exp (0)
XM 3kT (3) (1) exp (+2J/kT)+(1) (1)exp (0)

N 2 2 6exp(+2J/kT) (1.16)
3kT 3exp(+2J/kT+l

which can be expressed as per copper(II) ion to give

XM -Nf3 2-2 3exp(2X)
XA 2 3kT 3exp(2X)+l (1.17)

where X = J/kT.
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For this binuclear system, the wave functions are

written in the form IM SMS 2> where all possible combina-

tions of MS and MS2 must be considered. The wave-

functions for a system in which two unpaired electrons

interact with each other are

1 1>

1 2

2 2' -2>'

1 1

1 1
and 4 4 --'2>

The spin-spin coupling operator can be expanded as

-2JS1S2 = -2J(SXiSX 2 +SyiSY2+SzSZ2 ) '

and some of the matrix elements required in the secular

determinant are evaluated as follows:

<i 1 1-2JS <S2L 1> ' 4, -2J(SxlSX2+YlSY2+S S 11

-2 E< 1 1 1 1 1 l
= -2<TISylSX21 T' 2'2 SYlSY212'2

+<'2 ls SZ2'

The subscripts on the operators signify that the partic-

ular operator only operates on the part of the wave

function describing that particular electron, i.e. , SXl

only operates on the part of wave function specified by
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Ms1 and leaves the rest unchanged, With this definition

and the following rules

1 i -1
S + >

1 21

the value for < 1k-2JSf S2j1 1> can be obtained as follows:

1 1 1 111 l 1 1 -
2'2 X1 X2 2'2 2= 2'=2' 0

11 11 iill 1 1 =
2'2IYl7Y212' 22='22'"2

1<1 11 S 11 1 1 111 - 1
2T= Z212'2 2 2'2I2'2 4

1|-2JSl- S21 1> = -J/2,

Following the same procedure, all the remaining matrix

elements are evaluated to give the following secular

determinant:

$$ E

2

-E
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The solutions of this determinant are- E1  E2  .E; 3 = J/2

and E4  3J/2. Also from this treatment, the wave

functions for the new energy states, = $ >, 2

2 
)

3 3 4 and = $3 I 4  are ob-

tained.

With these wave functions, the energies in a magnetic

field are calculated by using the perturbed operator

H' =( z+2$z 1 ) H+(k Z2+
2 SZ2 )BH . (1.19)

A further assumption is made to this system that there

is no orbital angular momentum associated with the wave

functions,and H' can be simplified as

H' = 2Sz1 H+2SZ 2 3H,

With this operator, the first- and second-order Zeeman

coefficients are evaluated, at E =-J/2

IE 2 E2 E3B1  _2B 3

E (2) =E (2) =E (2)

at E .3J/2

(E ) E (2)4 4

therefore
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T" NL2 2 8exp (J/2kT)
XM 3kT L 3exp (J/2kT)+exp (-3J/2kT)

N 2 46exp (2X)--](1.20)

3kT 3exp(2X)+l

where x = J/kT.

Where there is no orbital contribution, i.e., when

g = 2, the above equation is exactly the same as Equation

1.16. This equation is sometimes known as the Bleaney-

Bowers equation.

Following the simplest binuclear copper(II) complexes,

the next system to be considered is a linear trinuclear

complex. In this system the interacting ions are not all

equivalent and the energies of the spin-states are 
deter-

8
mined by Kambe8. Assuming that only the interactions

between nearest neighbors are important, the Hamiltonian

of this system is

H = -2J(Sf*S 2 +S 2.S 3 ). (1.21)

Let S* = 81+S3 and S' =S1+S2+S3; then

2Sl0S2+2S2 S3 = S'(S'+l)-S*(S*+l)-S(S+l)

and

E(S') = -J[S'(S1)-8*(S*+l)-S(S+l)]. (1.22)
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The possible values of S* and S' are.

S* = 2S,2S-I,...,0,

and for a given S* values,

S' = S*+S,S*+S-l,....IS*-SI.

For a linear trinuclear copper(II) system where each

interacting copper (II) formally has one unpaired electron,

the values of the spin quantum numbers and energies of the

possible spin states of a linear trinuclear copper(II)

complex are represented in Table II.

TABLE II

THE ENERGIES OF THE SPIN STATES WHICH
OCCUR FOR A LINEAR COPPER(II) TRIMER

S' S* -E(S')

3/2 1 J

1/2 1 -2J

1/2 0 0

The susceptibility expression obtained from these

energy levels is
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-2 2
- q g N3 [l0exp (X)+exp (-2X)+1 (1.22)
XM 4kT 2exp(X)+exp(-2X)+l J '

where X = J/kT.

In Table II, it is interesting that there are two

possible spin states S' = which have different energies.2

The origin of the difference in energy of these two S' =

. spin states can be understood by the use of 
the alter-

native method of calculation given in the treatment of

binuclear complexes. The wave functions for the system

can be written in terms of M , MS2 fMS 3  to give:

2 2' 2' = 5 2'2'2>

= 111 1 1 

2 2 2

Applying the spin Hamiltonian (1.21) to the above

wave functions results in the secular determinant,



'1 > VP2 3 4 5 6
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0 -J-E 0 0 0

0 0 O-E -J 0

0 0 -J J-E -J

0 0 0 -J O-E

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

1

0

0

0

0

0

7 > 8>

0

0

0

0

0

0

0

0

0

0

<$P3<21

<31

<'41

< 5 1

<'61

<qP71
<'P81

The determinant can be factored into two lX1 and two 3X3,

which can be solved to give:

four E = -J,

two E = 2J,

and two E = 0.

The solution is exactly the same as the results presented

in Table II. The wave functions corresponding to these

energies are

At E = -J

2 92

3 1(4+131+5

p4 - 7 6+$8

20

O-E -J 0

-J J-E -J

0 -J O-E

=0

(1.23)
-
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At E 2J

115 = (2141k3_P5)

$6 (2 7$68

At E 0

$7 ($3_5

$ 2 6 8'

From these wave functions, it is obvious that the

difference in energies of the two S'=l/2 levels results

from the different ways in which the spins on the individ-

ual centers combine.

In a tetrameric copper (II) complex, the four coppers

can have different kinds of symmetry, e.g., Td, D2 d, C2

and Cs. However, the coppers core of the first struc-

turally known copper -diketone alkoxide bridged complex,

Bis- [di- - (phenylmethoxo) -bis (pentane-2,4-dionato)dicopper

(II)]9, can be considered to have a C2 symmetry. The four

coppers are numbered10 as in Figure 4. This arrangement

of the magnetic ions represents a four-spin problem which

is essentially similar to the A2 X2 problem in high-

resolution nuclear magnetic resonance. 11 The four spin-

spin interactions are J1 3=j2 4 ' J2 3=j1 4 ' J1 2 and J3 4 .



Cu

Cu (4)'-'-

Figure 4--A repr
coppers in a C2 symmel

:l) / - 7Cu (3)

esentation of numbering of the
try.

10
The Hamiltonian for the system is

H =-2J12S1"

2J1 4 (S1

The energy matri

the above Hamiltonian

written in terms of 11

(1.24)
2--2 J13 (S1*s 3 +S 2*s 4 "o

S4+S20S3)-2J34s3*s4

c resulting from the application of

to the wave functions which can be

,Sly MS2 , MS3 , Mg4> is

22
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where K = J12+J34; L = J NJ13; M = J1 2 J34, and N =

J +J13. The matrix can be factored into one 4X4 matrix,

Q(i,j), five 2X2 matrices, and two IXl matrices. The spin

wave functions are represented in Table III.

Substituting the calculated eigenvalues and the first-

order Zeeman termsEn(, equal to Meg 3 into the Van

.10
Vleck susceptibility equation gives

10exp{[(K/2)+N]/kT}+

2exp{[(K/2)-N]/kT}+2exp{[(-k/2)+ M2+L ]kT}+

3 g2  2exp{[(-K/2)- M +L ]/kT} + TIP (1.26)
M 32 T 4exp{ (K/2)+N]/kT}+exp{[(K/2)-N]/kT}+

exp{Q(1,1)/kT}+exp{Q(2,2)/kT}+exp{Q(3,3)kT}+

exp{Q(4,4)kT}+3explj(-K/2)+ M2 +L2 ]/kT}+3exp

(-K/2)- M2+L2]/kT}

The magnetic susceptibility equations for other

symmetries can be derived similarly with the appropriate

Hamiltonian.
1 2 ,13

With recent theoretical breakthroughs and improved

equipment, the study of metal-metal interaction in poly-

nuclear complexes is made possible. Of particular

interest is the superexchange interactio 24 1 7 , i.e., the

role played by the bridging group with respect to the

magnetic properties, e.g., the correlation between the

Cu-O--Cu bridging angle, where 0 is the bridging atom and

the sign and magnitude of the exchange interaction.
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TABLE III

THE SPIN WAVE FUNCTIONS OF A TETRAMERIC
COPPER(II) SYSTEM (FROM REFERENCE 10)

Wave Functions M

1. otccac 2

2. (1//2) (0+ a)ao 1

3. (1/72) (aa (c0+ a) 1

4. aa 0

5. aa 0

6. 1/2(a3-a) (oS-f) 0

7. 1/2( 0+) (cU+a) o
8. (1/12) (+Sa) -1

10. 363636 -2

12. (1//2) aot (a -(.) 1

13. 1/2(3+ga) (ct-c ) 0

14. 1/2(c -$o)(of+3c) 0

15. (1//2) (,- c)33 -1

16. (1/v/2) .1( -iao) -1
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The structural and magnetic properties of some oxygen-

bridged copper(II) dimers with the

C U

bridging system were investigated considerably in 
recent

years in an effort to understand the factors influencing

spin-spin interactions.
1 ,3 ,1 8 -2 0 In the series of the

square planar

H

Cu

(1)

hydroxo-bridged complexes of type 1, it has been found

that the Cu-0-Cu bridging angle, 4, of the four-membered

Cu-O-Cu-O ring, is linearly correlated with the magnetic

exchange parameter, 2J.1 6'1 9  The plot of this correla-

tion is shown in Figure 5.
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[Cu (bipy) OH] 2 (NO3 )2
+100

[Cu(bipy)OH] 2 SO 5H20

0

#"i -100-

CU(EAEP)OH)
2 (CIO4 )2

-[Cu(DMAEP)OH]2(C10) 2

-300

[Cu(tmen)OH] 2 (C104 )2

-500 
Cu(tmen)OH] 2Br2

95 100 0 (deg) 105

Figure 5--The Cu-O-Cu bridging angle, , vs. the
singlet-triplet splitting, 2J, for di-p-hydroxv copper (II)
complexes4
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This correlation has also been explained by D. J.

Hodgson in terms of molecular orbital theory. Since, in

virtually all the complexes studied, the Cu-0-Cu-O--ring is

planar and the C-0 bond lengths are all equal, the ring is

of approximate D2h symmetry, with the X axis defined as

the Cu-Cu direction and the y axis parallel to the 0-0

vector. Neglecting oxygen 2S orbitals, the a-bonding

framework of the bridging system is investigated. The

eight a orbitals transform in D2h symmetry as 2A+2B

+2B 2u+2B3u. When the Cu-0-Cu angle is 90, as shown in

Figure 6, the highest occupied molecular orbitals are the

doublet degenerate B * and B* orbitals, which are eachlg 2u

singly occupied. This situation gives rise to a triplet

ground state, i.e., J>0. As the Cu-0-Cu angle increases,

the orbital degeneracies are lifted and eventually lead

to a singlet ground state (JCO),as shown in Figure 7. If

the oxygen 2S orbitals are considered, the view is not

qualitatively changed; i.e., instead of the angle at 900,

there is some $ (near 90*) at which B * and B2u* are

degenerate, and at angles of$4 this degeneracy is

lifted. At this point, it can be seen that the influence

of the Cu-0-Cu bridging angle q to the 2J value is very

important; however it is not the only structural para-

meter which effect this value.
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Figure 6--Molecular-orbital diagram for the a orbitals
in the Cu-0-Cu-O ring, assuming D2 h symmetry, and a Cu-0-Cu
angle of 90* (from ref. 1).
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Sinn and coworkers3 ,2 1 -2 5 have observed a variety of

complexes of type 2 which demonstrate large antiferromag-

netic interactions.

X X

Cu Cu

X N

(2)

In these cases, the magnitude of J is relatively in-

sensitive to charges in 4 but is influenced by the devia-

tion from the planarity at the copper atom, i.e., the

deviation of angle T from zero. The angle T is defined

as the angle between the bridging Cu202 plane and the

N X

OT

0

-N

CU2N2'2 (in type 2 complexes) or Cu2N (in type I

complexes) plane, which is zero for square planar geometry

at copper and reaches 901 at tetrahedral geometry.2 Since

the magnetic exchange depends on the overlap between the
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Cu(d and d 2 2) and the oxygen (P and P ) a orbitals,
xy x -y x y

the principal magnetic effect of this geometric distortion

is to reduce the magnitude of J without affecting its sign.

As for example, when T increases from 33.1 to 39.30 in a

series of complexes 2 3-2 5 whose $ values are all close to

1030 shows a decrease in |Jj from 240 to 146 cm- . At

this large value of $, it is expected that the magnitude

of J is more sensitive to changes in T than to changes in

$, since the degree of overlap varies more rapidly with Ir.

Therefore, it remains true that is the factor which

determines the sign of J.

Another factor which would be expected to

effectl,2 7 ,2 8 the magnitude of J is the change in the

electron density at the bridging atoms. This effect was

also suggested by McWhinnie based on the magnetic data

reported for a series of alkoxo-bridged copper (II) com-

plexes of the formulation [Cu(AP) 2 0R] 2 (NO3 )2 , where AP is

2-aminopiperidine.29,30

Unfortunately, no structural information is available

for these compounds; thus the constancy of the bridging

geometry is in question.

The concept of altering electron density at the

bridging atoms influencing the 2J value has recently been

supported by the studies on alkoxo-bridged chromium(III)

dimers. in these studies, it was shown that a change
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from methoxy to ethoxy bridges with no other structural

change brings about an increase in the magnitude of 2J,

which parallels the increased base strength of ethoxide

over methoxide ion. Thus it is interesting to study the

effect of the bridging groups within a homologous series

of bridging complexes.

Several years ago, Bertrand and coworkers reported

the preparation and the room temperature magnetic moment

of the first alkoxo-bridged -diketo copper(II) complex

32
Cu(acac)(OC13 ), where acac = 2,4-pentanedionate. Since

then,a number of complexes in the series Cu(acac)X have

been prepared and studied. 33-35Andrew and Blake9 have

reported the crystal structure of Cu(acac)(OCH2 C6 H5 ). Its

structural features are shown in Figure 8. Attempts to ob-

tain appropriate crystals of the other complexes failed.

This may be due to the fact that these complexes are non-

crystalline, and decomposed slowly in the solid state when

exposed to the atmosphere. These properties are also con-

firmed by this investigation and extended to that of

X = C H3CH2 CH2O, ( C and (CH3 )2 C1r2H2 CH2 O.

In this work, the preparations and the temperature-

dependent magnetic susceptibilities for a series of

stable and crystalline complexes of the type Cu(dpm)(X),

where dpm is a -diketonate, 2,2,6,6-tetramethyl-3,5-hep-

tanedione and X = OC H-, 0C2 ., &-nC3 1H , 0-iC3 H7 ,
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OCf C2 6 and N3  are reported. The data are interpreted

by the application of the theoretical susceptibility

equations derived from the Fbisenberg-Dirac-van Vleck

model (BIDVV-model) for different symmetries. Also reported

are the preparations and magnetic properties of a series

of complexes, Cu(bzac) (pz), Cu(dbzm) (pz), Cu(bzac)

(OC i2C6 )' Cu(ebza)(OCH2C6U 5 ), Ni(dpm)(OC H3 (CE3OH) and

Cr (3-'Cl(acac))
2 (OCH2 C6 H5
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CHAPTER II

COPPER(II) COMPLEXES DERIVED FROM 2,2,6,6-

TETRAMETHYL-3 , 5-HEPTANEDIONE

Experimental and Results

Reagents

Reagent grade copper(II) acetate monohydrate was

obtained from the J. T. Baker Chemical Co., Phillipsburg,

New Jersey. 2,2,6,6-Tetramethyl-3,5-heptanedione which

has the common name dipivaloylmethane, dpmH, was obtained

from Aldrich Chemical Co., Inc., Milwaukee, Wisconsin, and

Eastman Organic Chemicals, Rochester, New York, Anhydrous

methanol, propanol, and 2-propanol were obtained from

Mallinckrodt Chemical Works, $t, Louis, Missouri. Ethanol

was obtained from U. S. Industrial Chemical Co., New York,

New York. Benzyl alcohol was obtained from Fisher

Scientific Co., Fair Lawn, New Jersey. Sodium azide was

obtained from Pfaltz & Bauer, Inc., Flushing, New York.

These chemicals were used without further purification,

Other chemicals used were all of reagent grade quality,

39
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Preparation of Complexes.

Cu(dpm) 2 was prepared by refluxing 25.0 grams of

2,2,6,6-tetramethyl-3,5-heptanedione and 27.1 grams of

copper acetate monohydrate in 500 ml of 1:1 (v/v) ratio

of water-methanol mixture for one hour. The solution was

filtered while hot. The complex was obtained as a purple,

microcrystalline solid. The yield was about 90 percent

based on copper(II) acetate monohydrate.

Cu(dpm) (OCH3) was prepared by the dropwise addition

of a solution of 0.54 grams of sodium metal in 25 ml of

anhydrous methanol to 10.0 grams of bis(2,2,6,6-tetra-

methyl-3,5-heptanedionato) copper(II) in 150 ml of reflux-

ing anhydrous methanol. After refluxing for 2 hrs, the

mixture was filtered while hot, yielding a blue micro-

crystalline solid which was recrystallized from an

ethylether-methanol mixture to give long, blue, needle-like

crystals. These crystals were dried at 650 C overnight in

a vacuum desiccator. The yield was about 75 percent, based

on bis (2,2,6, 6-tetramethylheptane-3 , 5-dionato) copper (II).

Cu(dpm) (OR), where OR=0C2H5 ', O-nC3H, or O-iC 3H7 ,

was prepared by refluxing Cu(dpm) (OCH3 ) in the appropriate

alcohol for 1-2 hrs. The mixture was filtered while hot,

yielding the desired alkoxide, which was recrystallized

from ethyl ether and corresponding alcohol mixture to

give crystalline solids (blue for OC2H 7, green for
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O-nC3H7 " and purple for O-iC3 H7 ). The crystals were

dried at 800 C overnight in a vacuum desiccator. The

yield was almost quantitative.

Cu (dpm) (OCH2 C6 H5 ) was prepared by recrystallization

of Cu(dpm) (OCH3 ) from hot benzyl alcohol at a tempera-

ture around 1401C. The process was repeated twice, yield-

ing a purple crystalline solid which was dried at 80C

overnight in a vacuum desiccator. The yield was almost

quantitative.

Cu(dpm) (N3 ) was prepared by stirring a mixture of 8.0

grams of copper(II) acetate monohydrate, 7.4 grams of

2,2,6,6-tetramethyl-3 5-heptanedione and 2.7 grams of

sodium azide at room temperature for 3 days. The

resulting green powder was filtered and recrystallized

from benzene to give a green crystalline solid. The

crystals were dried at 60C overnight in a vacuum

desiccator. The yield was about 70%, based on copper (II)

acetate monohydrate.

Elemental Analysis

Carbon, hydrogen, and nitrogen analyses were per-

formed by Gailbraith Laboratories, Inc., Knoxville,

Tennessee. Copper analysis was performed by electro

deposition of copper metal on a platinum electrode, using

a Sargent-Welch Electrolytic analyzer, The analytical
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results for the complexes are listed in Table IV.

Melting Points

The melting points of the complexes were determined

in opened tubes with a Thomas Hoover Capillary Melting

Point Apparatus. The values are uncorrected and have been

given in Table IV, along with the analytical data of the

complexes.

Infrared Spectra

Infrared spectra were obtained using either a Perkin-

Elmer Model 621 (4000 cm I to 200 cm1), a Perkin-Elmer

Model 237 (4000 cm~1 to 625 cm~1 ), or a Beckmann IR-33

(4000 cm to 600 cm ) . Both Nujol and fluorolube

techniques were employed using cesium iodide plates. The

spectra are presented along with the discussion.

Electronic Spectra

The electronic spectra were obtained using a Cary 14

Recording Spectrophotometer. Solution spectra were ob

tained for each complex in both benzene and chloroform in

matched one-centimeter quartz sample cells. The molar

absorptivities and absorption maxima were determined,

Solid state spectra were also obtained by the Nujol mull

method described by Cotton , Lee and coworkers, 2 All

spectra were recorded in the visible region from 8000 to
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3000 9 (12,500 to 33,333 cm ), in which the d-d transi-

tion of Cu(II) ion of this type of complexes is observed.

The spectra are presented along with their discussion.

Molecular Weight Measurements

The molecular weights of the complexes were determined

at 371C in benzene solution, with a Mechrolab Model 
301A

Vapor Pressure Osmometer, calibrated with 
benzil as a

standard. All solutions used in the measurement were of

maximum concentration. AT readings were taken exactly

four minutes after the drop of solution was placed on 
the

thermistor. The procedure was repeated at least three

times for each concentration. The molecular weights of

the complexes will be given along with discussion of their

magnetic properties.

Magnetic Data

The magnetic susceptibilities were obtained by em-

ploying the Gouy and Faraday methods.3 In both methods,

mercury tetrathiocyanatocobaltate (II) was used as the

calibration standard. The magnetic moments were calcu-

lated by using the equation
5

2.84 Corr T B(2.1)

where XCorr is the corrected molar susceptibility and T
M

represents the absolute temperature, The corrected molar
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susceptibility, xcorr is the value obtained from XM when

the corrections are made for the diamagnetic contributions

and for the temperature independent paramagnetism, T.I.P.

In the Gouy method, an Alpha Model 7500 Electromagnet

equipped with a power supply and current regulator was

used. The magnetic susceptibilities were measured at

several temperatures between the room temperature and 78
0 K.

The tube containing the well packed powdered sample

was suspended inside a cylindrical copper tube which was

enclosed in an insulated glass jacket. Cooled nitrogen

gas, obtained by passing nitrogen gas through a liquid

nitrogen reservoir, was passed through the glass jacket.

The temperature was regulated by the change in the flow

rate of the nitrogen gas through the liquid nitrogen

reservoir, which was measured by using a copper-constant:

thermocouple connected to a Leeds and Northrup Model 8691

Millivolt Potentiometer with an ice-water bath as the

reference temperature.

The magnetic susceptibilities were determined in

triplicate at four different field strengths, and the

average results are given in Table V.

7
For the Faraday method , the magnetic susceptibili-

ties were determined on a Cahn Model RG recording electro-

balance, which used a Varian 4 inch electromagnet and

associated power supply and regulator by Dr. R. D.
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TABLE V

MAGNETIC DATA FOR COPPER(II) COMPLEXES WITH 2, 2, 6,6"
TETPAMETHYL-3 5-HEPTANEDIONE (dpnmH)

Complex Temp. (*K) (XM-NQ)* (eff1B)

Cu(dpm) (OCH 3b 298,7 660 1.20
279.8 642 1.15
263,3 600 1,09
239.03 580 1.00
211.9 529 0.90
188.6 430 0.75
169.0 377 0,66
148,4 295 0.53
114.1 192 0.35
100.0 160 0.28

Cu(dpm) (OC2H5 )b 298.0 895 1.42
281.1 908 1,39
265.6 920 1,36
251.0 925 1.32
231.9 928 1.27
214.4 923 1.22
200.2 911 1.17
186.2 888 1,12
171.2 857 1,05
157.2 810 0.98
142*0 736 0.88
128.3 681 0.80
116.0 604 0.71
107,6 545 0,65

97.9 460 0.56
85,4 369 0,46
76.3 280 0.38
68.5 221 0,30

Cu(dpm) (OCH2 C6H5) b 300.0
255.3
229,6
201,2
177.8
150.1

303
227
193
148
126

83

0.77
0.59
0.50
0,38
0931
0.17
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TABLE V,-Continued

Complex Temp. (,K) (XM-Naf* p (B

125.3 73 0.11
96.9 67 0.07

Cu(dpm) (O-nC 3 H7 ) a 296 340 0,72
261 240 0.62
223 69 0,13

Cu (dpn) (Q0P-iC 3 H7 ) 296 298 0.75
261 236 0.61
223 73 0.15

Cu(dpm) (N3 ) b 299.1 1646 1.96
237.8 2132 1.99
194.3 2650 2.01
173.9 3028 2.04
149.0 3563 2.05
122.6 4427 2,08
101.8 5419 2,10
76.7 7237 2.11
50.2 11068 2,11
26,7 20753 2,11

* x10-6 cgs emu

(a) Gouy method

(b) Faraday method
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Dickinson of the University of Texas at Arlington, A

force constant to 1% over 4 mm vertical distance was

attained at the pole caps. The sample, 6f the order 50 mg,

was cooled, using a Grifford-McMann gas balancing, two-

stage refrigerator manufactured by Cryomech Corp. of

Syracuse, New York. All measurements were made at three

different field strengths, and the average results are

listed in Table V.

The data were fitted on an IBM 360/50 using the D. W.

Marquart's maximum-neighborhood method. The experimental

susceptibility data were fitted to the theoretical equa-

tions derived from the HDVV model (for appropriate

symmetry)r employing a nonlinear least-squares curve-fitting

program, using minimizations of E (xr (exptl) i-XM(calcd)) 2

2 8
T. as the fitting criterion.

Discussion

Infrared Spectra

The infrared spectra of bis~diep-(methoxo)i-bis(2,2,6,6-

tetramethyl-3, 5-heptanedionato) copper (II)], Cu (dpm) (OCH3)'

are shown in Figure 9. For the purposes of comparison,

the spectra of bis (2, 2,6, 6-tetramethyl-3, 5-heptanedionato)-

copper(II) , Cu(dpm) 2 are also shown in Figure 10. The

spectra of the two complexes are very similar, and the

absorption bands associated with the ligated dpM are

essentially identical. This indicates that the dpm in



do
AfV0

4
,t I
I

I

OA

49

'I

r

V

I I I I

3000

I I I

2000 1800

Figure 9--Infrared spectra of Cu (dpA) (OCH). dashed
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the Cu(dpM) (OCH3 ) complex are nonbridging ligands and the

basic structure is as follows:

CH3

0 * .0 z 0

Cu C

zz 0

CH3

in which the methoxides are the bridging ligands. The

absence of any absorption band in the region 3700-3100

cm indicates that there is no 0-H stretching vibration.

This provides . evidence that no methanol is coordinated

to the copper(II) ion, but that the bridging group must be of

the methoxy type. This alkoxo bridge has also been con-

firmed recently by the x-ray crystallographic data of the

analogous complexes, Cu(dpm) (OCH2C6H5 ) and Cu(dpm) (o-nC3H 7)'

in which the basic structure is that proposed based on

the infrared spectra. The dominant difference between the

Cu(dpm) 2 and Cu(dpm) (OCH3 ) spectra is the appearance of a

-1
strong band at r1045 cm in the latter, but absent in the

former. The band is assigned to the C-0 stretching of the

OCH3  bridge and corresponds to the absorption of the C-0

101
stretching of primary alcohols near 1050 cm . The

summary of the band assignments is given in Table VI.
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TABLE VI

SUMMARY OF ASSIGNMENTS FOR INFRARED ABSORPTION
BANDS FOR COPPER(II) COMPLEXES DERIVED

FROM 2,2,6,6-TETRAMETHYL-
3, 5-HEPTANEDIONE

Frequency, cm' Intensitya Assignment

w

s

vs

2950-2820

2960,-2840

s

s5

s5

%1550

1480,-1450

1390-1350 s

m1 2 8 5 b

108 5-IL040

1045-1000

900-700

700-600

m,w

mw

m

(a) vs very strong; s = strong;
(b) present only in Cu (dpm) (N3 ).(c) in fluorolube.

N symmetric and asym-

metric combination
stretching vibration

Cr-H stretching vibration

C,-H stretching vibration
(Nujol and dpm)

N asymmetric stretching3
vibration

C" 0 stretching vibration

CH 2 deformation from

Nujol and CH3 asymmetric

deformation from dpm

CH3 symmetric deformation

from Nujol and dpm

N symmetric stretching

vibration

C-O stretching vibration

CH3 rocking vibration

CH wagging vibration

metal chelate ring
vibration

m = medium; w weak,
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Electronic Spectra

The electronic spectra of Cu(dpm) (OCH3) in the solid

state and in benzene and chloroform solutions are shown in

Figure 11. In the solid spectrum, a broad band is ob-

served, with an absorption maximum at about 16,000 cm~1.

A similar absorption is observed in the solid spectrum of

Cu(acac) (OCH2C6H5 ). Hence, it is most likely that the

copper(II) ions in Cu(dpm) (OCH3 ) exist in an environment

similar. to that of the structurally known [Cu(acac)

(OCH2C6 H5 ) 4 .1 In solution spectra two absorption maxima

in the higher energy region are observed. The two maxima

are well resolved in the chloroform solution which are

similar to that of Cu(dpm) 2 ' shown in Figure 12. This

suggests the possibility of structural change between the

solid and solution spectra; i.e., Cu(dpm) (OCH3) is probably

changed from a tetramer in the solid state to a dimer in

the solutionwhile each copper (II) ion exists in planar

tetracoordinated environment similar to that of Cu(dpm) 2
1 2

Magnetic Properties

Cu(dpm) (OCH3 ) -- The magnetic susceptibility data for

this complex shows a decrease in the magnetic moment with

a decrease in temperature (see Table V). This behavior is

parallel to that of Cu(acac) (OCH3)13, which suggests anti-

ferromagnetic coupling with a singlet ground state. The
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Figure ll--Electronic spectra of Cu (dpm) (OCH 3).
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Figure 12--Electronic spectCra of Cu (dpm) 2

Nujol mull;- --- , benzene solution;---, chloroform

solution.
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magnetic behavior of Cu(acac) (OCH3) was interpreted in

terms of spin coupling within a binuclear unit; i.e., the

magnetic susceptibilities of the complex have been success-

.14
fully fitted to the Bleaney-Bowers equation,

2 2 1 -1
XM = (N3 / 3kT)g [l+xp(-2J/kT)] + N , (2.2)

where XM is the molar susceptibility per .copper(II) ion

and other symbols have their usual meaning. The sign of

J is negative for an antiferromagnetic interaction and

positive for a ferromagnetic interaction, The magnitude

of 12J1 indicates the degree of spin coupling between the

two copper(II) ions.

Attempts to fit the magnetic susceptibility data of

Cu(dpm) (OCH3 ) to the Bleaney-Bowers equation have been

made. When N , representing T.I.P., was held constant at

60x10-6 cgs-emu, no reasonable fit could be obtained.

However, if N was employed as a parameter, the fit was

improved but gave an unusually large value for N . The

large value of this parameter could be attributed to the

leveling off in X at low temperature, which may result from

some monomeric contribution. Hence, this factor was taken

into account in equation 2,2 to give

M (l-X) (N /3kT)g 1l+ exp(-2J/kT)] +X()N ) +1 (2.3)
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where X is the amount of monomeric paramagnetic 
contribution

and K is a constant which is the product of Xcorr X T

at room temperature. From equation 2.3, with N held

constant at 60x10-6 cgs emu, a good fit was obtained, to
-I

give the exchange coupling constant 2J = -412 cm , with a

g value of 2.18 and a monomeric contribution 
of 1.2%. The

plot of Xcorr vs. T for the complex is shown in Figure 13.

This best-fit procedure gave a residual sum of squares 
Of

4.OxlO-l

From the molecular weight determination, Cu(dpm) (OCH3)

was shown to be tetrameric (Calcd: 1111. Found: 1084)

in benzene. Hence. the magnetic behavior should be des-

cribed using tetrameric susceptibility equations, in which

the electron spin-spin interactions among all four copper

ions are taken into account. A variety of appropriate

symmetries for the core, viz.: Td, D2 d, C 2V and C2, was

employed. A good fit was obtained using the model of

symmetry C2 . The four copper ions are numbered as shown in

Figure 14. The Hamiltonian for the system is

H41 = -2J 12 S 1-S2-2J 34S3 S4- 2J 13 (S lS3 +S 2" 4)

-2J1 4 (S *S 4+S2*S 3 ). (2.4)

The appropriate susceptibility equations
1 5 for the four-

center-spin-4/2-system of symmetry C2 per mole of copper-
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Figure 13--Temperature dependence of magnetic

susceptibility of Cu (dpm-) (OCH 3) Solid line represents

the theoretical curve based on the equation 2.3.
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(II) is

22 l0'E /kT +2( 2/kT+t-E3/kT+2-E4/kT)

XM_ T k 5 -El/kT+3(t 2/kT+k-E3/kTX E4/kT)+ZE5/kT -E6/kT

+ N , (2.5)

where the energies of this tetramer are presented in

Table VII.

With allowance of 1.2% monomeric contribution and N

fixed at 60xlO-6 cgs emu, Equation 2.5 was employed to

obtain the best fit. The result obtained showed that the

coupling constant, J3was approaching zero, which indicated

that the spin-spin interaction of copper atoms 3 and 4 was

negligible. When J34 was constrained to be zero, the best

fit procedure gave the residual sum of the square of

1.3x10~11 with J12 = -24 cm~r , J13 = +36 cm11 ,1J14 = -207

-1 corr
cm , and a g value of 2.17. The plot of Xr vs. T of

Cu(dpm)(OCH3 ), using the C2 susceptibility equation,is

shown in Figure 15. It is interesting to note that the

crystal structure of the tetrameric complex, Cu(acac)

(OCH2 C6H5 ), as shown in Figure 16, also shows the copper

core to have the symmetry of C2 " However, it is not

suggested here that susceptibility equations of different

copper core symmetry may be used in obtaining the principal
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TABLE VI

ENERGIES OF THE SPIN STATES OF THE TETRAMERIC
COPPER (I CLUSTER WITH C2 SYMMETRY

S E(S T

T3)

(3)

(16)

\ \

(1)

2 12 " 3413 14

1 1
1 12 - 3 4 13 14

1

1

0

0

11 + Aa
12 34)+A

1 a
2 1 2 1 4)- A

21234+J13+2 +Bb

1 (J2+34+2Jl3+2J )B-Bb

E5

(a) A = ((J 2 1 4) + 1 3 1 4 )2)1/2

(b) B = 2(J2+J+4J +4J 2 +2J1 2 23 4 2J21 2 3 2
2 34- 3414 134r.12

v-2J 3 4J11 3 -2 J3 4J1 4 1-A4J13 J1 4 ) 1/2

E
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Figure 15--Temperature dependence of magnetic
susceptibility of Cu (dpm) (OCH3 ).. Solid line represents

the theoretical curve based on C2 symmetry susceptibility
equation.
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Figure 16--Structural features of Cu (acac) (OCH2C 6H ).
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structure of the core in place of x-ray crystallographic

data. However, in the absence of such data, the structure

of the copper core may be tentatively suggested by the

process of elimination, using theoretical susceptibility

equations of various symmetries.

In the past few years, a number of alkoxo-bridged S-

diketone complexes which are tetramer or probably

tetramers13,16, based on their similarity in infrared and

mass spectra, have been described as dimers, and their

magnetic susceptibility data were successfully fitted to

the dimeric Bleaney-Bowers equation. This success by

early workers13 can now be understood, based on the results

from the Bleaney-Bowers and the "C2 symmetry" tetrameric

equations for this complex. The interdimeric exchange

coupling constants, J1 2 and J1 3 , are relatively small as

compared to the intradimeric exchange coupling constant

J 1 hence the Bleaney-Bowers equation is a good approxi-

mation for such system.

Infrared spectra

The infrared spectra of bistdi-p-ethoxo)-bis(2,2,6,6-

tetramethyl-3,5-heptanedionato)copper(II)], Cu(dpm) (OC2H 5)'

are shown in Figure 17, As Cu(dpm) (OCH3), no band is

observed in the region 3700-310Q cm . The absorption

bands associated with the ligated dpm of this complex are
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Figure 17-Infrared spectra of Cu (dpm)(OC2H5

dashed line, fluorolube mull; solid line, Nujol mull.
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essentially identical to t1ose of both Cu(dpm) 2 and Cu(dpm)

(OCH3). Hence, it is most likely that Cu(dpm) (C21H5) has

the same basic structure as that proposed for Cu(dpm)

(OCH3). For this ethoxy complex, a strong band at r1045

cm-1 was also observed and assigned to the CrO stretching

of the OC2 H5  bridge, Another equally strong band was also

observed at about 1090 cm 1 ,which is characteristic of the

17
ethoxy group. In Si(OC2 H5 )4 , strong absorption bands at

1105,andd-1082 cm~l and a weak band at 880 cmnf were observed.

However, a strong band at %870 cm 1 observed in Cu(dpm)

(OC2H5 ) was also observed in Cu(dpm)2 , Hence, it is not

possible to attribute this band solely to the character-

istic absorption of ethanol, but it is possible that, due to

the relative high intensity of this band, the weak absorp-

tion at %876 cm' could not be resolved. The summary of

the band assignments is given in Table VI.

Electronic Spectra

The electronic spectra of Cu(dpm) (OC21H 5 ) in the solid

state and in solutions are shown in Figure 18. The solid

spectrum shows a broad band with an absorption maximum at

about 15,385 cm ,which is similar to that of Cu(dpm)

(OCH3 ) and Cu(acac) (OCH206H5). In solution spectra, two

absorption maxima in the higher energy region are observed,

as in the case of Cu(dpm) (OCH3 ). The two absorption
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Figure 18--ElectronIc spectra of Cu (dpm) (OC21H 5 )

Nujol mull; -- , benzene solution; ----- , chloro-

form solution.

70

13333

0.9

0

.0
U)

0-6-

0.3

7.5

*,%r

L

I

I I
I

-wo 1 %" 4



71

maxima re well resolved in the chloroform solution. The

spectxa again suggest a change in structures between the

solid and the solution.

Magnetic Properties

Cu(dpm) (OC2H 5 )-,The magnetic moments of this complex

show a decrease with a decrease in temperatures which

behave in the similar manner to that of Cu(dpm) (OCH3 ).

As previously, the magnetic susceptibilities of the complex

was fitted to the Bleaney-Bowers equation, with N fixed at

60x10-6 cgs em4,to give 2J = -241 cm , g = 1.99, and a

residual sum of the square of 1.OxlO -8. The plot of

Xorr vs. T of this fitting is shown in Figure 19. The un-

realistically low value of g, together with the poor agree-

ment between the experimental and calculated susceptibili-

ties indicates that the magnetic behavior of this complex

can not be satisfactorily described by this; simple dimeric

equation.

Cu (dpm) (OC2H5 ) was shown to be tetrameric in benzene,

with a molecular weight of 1156 (calcd: 1167). A reason-

able fit was obtained using Equation 2.5,with N fixed at

-6 ~5 ~-l
60x10 cgs emuto give J34 = -8.3x10 cm , which again

as in the case of Cu(dpm) (OCH3 ), suggests that the ex-

change coupling, J34' is negligible. Taking J3 = 0, a

good fit was obtained, to give J1 2 =44 cm"1, +58
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cm , J14  128 cm' , g =.2.05, and a residual sum of the

_-10 corr v.Tfrti
square of 3.4x10,. The graph of Xc vs. T for this

complex using the C2 symmetry susceptibility equation is

shown in Figure 20.

In contrast to Cu(dpm) (OCH3), it is interesting to

note that in the case of Cu(dpm) (OCH3 ), where the interdi-

meric exchange coupling constants J1 2 and J13 are rela-

tively small as compared to the intradimeric exchange

coupling constant J 4 , the Bleaney-Bowers equation was 
as

sufficient to describe the magnetic beh avior as the

13
complexes investigated by others. However, in the case

of Cu(dpm) (OC2H5), the interdimeric exchange coupling

constants are relatively large as compared to the intra-

dimeric exchange coupling constants, t1he Bleaney-Bowers

equation failed to describe the magnetic behavior of the

complex. For such complexes, the approximation that the

magnetic behavior can be considered to be that of the

basic binuclear structure,

o X 0

Cu Cu

0 X 0
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the theoretical -iurve based on C2 symmetry susceptibility

equation.
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does not completely describe their magnetic behavior and a

susceptibility equation with appropriate interacting

centers and symmetry must be employed.

infrared Spectra

The infrared spectra of di-p-(phenylmethoxo)bis(2,2,

6, 6-tetramethyl-3 , 5-heptanedionato) copper (II), Cu (dpm)

(OCH 2 C6 H 5 ), are shown in Figure 21. The presence of the

phenylmethoxo bridge is suggested,based on the absence of

any absorption in the region 3700-3100 cm , the absorp-

tion of C-H stretch1 8 in the region 3100-3000 cm of the

fluorolube mull, and the virtual identity of the absorption

bands of the ligated dpm with that of Cux(dpm) 2- Cu (dpm)

(OCH3 ) and Cu(dpm) (OC2H5 ). The bridging by the phenyl-

methoxy group is further confirmed by x-ray crystallo-

graphic data.9 A strong band at 61045 cm is assigned to

the C-O stretch of the phenylmethoxy group. The summary

of the band assignments is given in Table VI.

Electronic Spectra

The electronic spectra of Cu(dpm) (OCH 2C6H5 ) in the

solid state and solutions are shown in Figure 22, In

contrast to the spectra observed for Cu(dpm) (OCH3) and

Cu(dpm) (OC2H5 ), it is interesting that the spectra

of Cu(dpm)(OCH 2 C6 H 5 ) show two absorption maxima in both

solid and solution spectrawhich indicate no structural
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change between the two states, The spectra of .th~e

solid state and chloroform solution are also very similar

to that of Cu(dpm)2 (see Figure 12), which suggests a

tetra-oxygen-coordinated square planar environment copper-

(II) ion. The environment is supported by the fact

that tetrahedral copper(II) complexes with oxygen donors

have weaker crystal fields and do not absorb in the visible

region.19 The square planar environment copper (II) is

also confirmed by x-ray crystallographic data. 9

For each copper the axes are defined with x bisecting

the O-Cu-0 angle within the chelate ring and the 0-Cu-0

angle within the two bridging oxygens, y bisecting the

O-Cu-O angles between the oxygens of the chelate ring and

the bridging oxygens, and z perpendicular to the xy plane.

z

o 0 00

x < -. u -Cu

0 0

y

In this environment, the d-orbital energy-levels5 of the

copper(II) ion are split, as shown in Figure 23,
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Figure 23--Relative orbital energy-level diagram of
the d-orbitals in square planar environment (from ref. 5).
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In the chloroform solution spectrum, two absorption

maxima at 16,190 and 19,230 cm , with corresponding molar

absorptivities of 46.7 and 46.5 mole cm , are observed.

The bands at 16,190 and 19,230 are assigned12 to the unre-

solved d-d transitions, d -dz2, d and d +dx2-y2, d ,

respectively.

Magnetic Properties

Cu(dpm) (OCH2 C6H5 )--The crystal structures of di-p-

(phenylmethoxo) -bis (2, 2, 6, 6-tetramethyl-3, 5-heptanedionato)

copper(II) has been shown to consist of discrete dimeric

units which are well separated from one another. The

structure. is.different from that of di-y-,(phenylmethoxo)-

bis (3,5-pentanedionato)di-copper (II), Cu(acac) (OCH2C6 H5)'

which is a tetramer. The Cu202 bridging group in

[Cu(dpm) (OCH2C6H5) 2 is exactly planar with the Cu-O-Cu

bridging angle, 4, of 102.1(2)0. The Cu-Cu separation is

2.970(2)R, which is in the ranges found for hydroxy-bridged

copper(II) dimersl3, 2.847-3.000 R, and for alkoxo-bridged

copper(II) dimers, [CuXOR] 213, 2.903-3.026 R, where X = Cl,

Br, NO2 or SCN and ROH is an aminoalcohol. The structural

featuresof [Cu(dpm) (OCH2C6 H 5)12 are shown in Figure 24.

Cu(dpm) (OCH2 C6 H5 ) has a room- temperature magnetic

moment of 0.85 PB, The magnetic moments decrease as the

temperatures are lowered, which suggests a singlet ground
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state, The magnetic susceptibility data were described by

the Bleaney-Bowers equation (Equation 2.2) to give 2J =

-1 --647 cm , g = 2.17, N = 65x10 cgs emu, with a residual

sum of squares of 1.6x10~ . However, in order to compare

the magnitude of exchange coupling constants of structur-

ally similar complexes, it would be appropriate to hold

N fixed rather than using it as a paramtert. With N

fixed at 60xl0-6 cgs emu, Equation 2.2 gives 2J = -625 cm

g = 2.09, and a residual sum of squares of l.OxlO1. The

resultant plot of Xcorr vs. T is shown in Figure 25.

In this phenylmethoxy complex, the magnetic suscepti-

bility data gave a 2J value of -625 cm 1 , which, according

to the linear relationship between 2J and $ obtained for

hydroxo-bridged dimers1 (see Figure 5), should have a

Cu-0-Cu bridging angle, p, greater than 1049 instead of

the 102.10 observed. Hence it is evident that the effect

of changing the electron density at the bridging atoms is

significant; i.e., in this case, the greater electron-

donating ability of OCH2C6 H5 increases the electron

density at the bridge, as compared to that of OH, and

markedly influences the magnitude of the magnetic ex-

change coupling constant.

Another argument may be made that the deviation from

the linear relationship between 2J and p may be due to the
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fact that T yalue for this complex is not zero, as suggested

by Sinn and coworkers. 20-26However, the T value of 10.20

which is observed for [Cu(dpm) (OCH2C 6H5) 2 is similar to

the distortion found in the hydroxy-bridged diners; ,

f-[Cu(DMAEP)OH] 2 (C104)2 and [Cu(tau)OH1 2 (C104)2 have a T

value of 6.3* and 7.70, respectively. Hence, such a series,

lCu(dpm)OR)3 2 , should be useful in investigating the effect

concerning the variations in the electron density at the

bridges due to changes in R on 2J.

Infrared Spectra

The infrared spectra of di-p- (n-propoxy) -bis (2,2,6, 6-

tetramethyl-3, 5-heptanedionato) copper (II), Cu (dpm) (0-nC3H7 ),

are shown in Figure 26. The absence of an 0-H stretching

absorption and the superimposition of the ligated dpm ab-

sorption bands indicate that the complex, has the same basic

structure as that previously discussed, This n-propoxy

bridged and non-bridging ligated dpm complex is confirmed

by x-ray crystallographic data. 9 A strong band at 1060

cm~ 1is observed and assigned to the C-0 stretch of the

n-propoxy bridge. The summary of the band assignments is

given in Table VI.

Electronic Spectra

The electronic spectra of Cu(dpm) (0-nC3H7 ) in the

solid state and solutions are shown in Figure 27, The
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spectra show no change in absorption maxima, suggesting

no structural change between states.

In the chloroform solution spectrum, two absorption

maxima at 16,390 and 19,050 cm , with corresponding molar

-1-l
absorptivities of 48.6 and 46.5 M 1 cm , are observed.

From the similarity in absorption maxima and molar ab-

sorptivities to that of Cu(dpm) (OCH2C6 H5 ) and Cu(dpm)2 ,'

a square-planar environment of Cu(II) ion is suggested.

This is consistent with the x-ray crystallographic data. 9

The bands at 16,390 and 19,050 cm~ are assigned12 to the

unresolved-d transitions, d dZ2, dxz, and d dx2-y2,

d yz, respectively, based on the same definitions of x, y

and z axes in Cu(dpm) (OCH2 C6H5 ).

. Magnetic Properties

Cu(dpm) (0-nC3H7 )--The crystal structure of di-p-

(n-propoxo) -bis (2,2,6, 6-tetramethylheptane-3, 5-dionato) -

copper(II) has been shown to consist of well separated

discrete dimeric units, as in [Cu(dpm)(OCH2C6 H 5)]2 . The

Cu202 bridging group is exactly planar with the Cu-0-Cu

bridging angle, $, of 103.4(2)1 as compared to the 102.1

(2)1 angle found in [Cu(dpm)(OCH2 C6 H5 )12 . The Cu-Cu

separation is 2.967(2)R which is almost identical to

that of 2.970(2)R found for the phenylmethoxo complex.

The structural features of [Cu(dpm) (0,nC3 H7)] 2 are shown

in Figure 28.
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The n-propoxy complex has a room temperature moment

of 0.75 pB, The magnetic behavior parallels that of the

phenylmethoxy suggesting a singlet ground state for the

complex. The theoretical X values were calculated

using the Bleaney-Bowers equation with N fixed at 60x10 6

cgs emu. The calculation gives 2J = -684 cm 1 and g
n

2.17,with the least square errors value, [Z(XCorr (exp)-

Corr828x1 9 .
XM (calcd)]2 , of 8.8xl~ The magnitude of this 2J

value is also far greater than that predicted from the

linear relationship between 2J and $ observed for hydroxo-

bridged dimers, as in the case of phenylmethoxy complex.

In comparing the effect of changing electron density

at the bridging atoms with the magnitude of 2J of the

phenylmethoxy and n-propoxy complexes, since the change in

of the two complexes parallels the difference in their

2J values, hence it is not possible at this point to

suggest that the difference is due solely to the difference

in their electron-donation ability. However, the greater

electron-donating ability of the n-propoxy group as com-

pared to the phenylmethoxy group is consistent with the

difference in their 2J values. It is an evidence that

such change can be one of the important factors that influ-

ence the magnitude of 2J in these complexes.



92

Infrared Spectra

The infrared spectra of di-p-(i-propoxy)-bis (2,2,6,6-

tetramethyl-3, 5-heptandionato) copper (II), Cu (dpm) (o-iC3H7)1,

are shown in Figure 29. The spectra are very similar to

that of Cu(dpm) (0-nC3H7)' except for the bands that are due

to the C-0 stretch of the bridging group. In this iso-

propoxy complex, there is no strong absorption band in the

region 1100-1000 cm~ ; however, a shoulder at %1075 cm~

is observed and assigned to the C-0 stretch of the isopro-

poxy group, based on the C-0 stretch found at 1070 cm- in

isopropanol. The summary of band assignments is given

in Table VI.

Electronic Spectra

The electronic spectra of Cu(dpm) (0-iC3 H7 ) in the

solid state solutions are shown in Figure 30. Two

corresponding absorption maxima are observed in both the

solid state and chloroform solution spectra, suggesting no

structural changes in solution. The molar absorptivities

of 47.7 and 45.5 M cm are observed for the bands at

16,460 and 19,230 cm1r, respectively. The absorptions

are similar in wavelength and in intensities to that of

Cu(dpm)(0-nC3H7 ) and Cu(dpm)(OCH 2C 6H 5 ); hence it is most

likely that each copper (II) ion in this complex exists in

square-planar environment. With the previously defined

x, y,and z axes, the bands at 16,460 and 19,230 cmJ1 are

assigned to the unresolved d-d transitions, d +d 2, and
xy z
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d+dy 2 y 2 r dz, respectively.

Magnetic Properties

Cu(dpm) (O-iC3H 7)--Since the solid and solutions

spectra of Cu(dpm) (0-iC3H7) are almost identical to that

of Cu(dpm)(&0-nC3 H7 ) and Cu(dpm)(OCH2 C6H5 ), both in absorp-

tion maxima and molar absorptivities, it is most likely

that the complexes have the same structures i.e., Cu(dpm)

(o-iC3H7 ) is a dimer.

The complex is considered to be a basic planar bi-

R

u Cu

o O

R

molecular, based on the known crystal structures, [Cu(dpm)

(OCH2C6 H5) 2 and [Cu(dpm) (0-nC3H7)] 2'

Cu(dpm) (0-iC3H7) has a subnormal room temperature

moment of 0.75 pB. The magnetic moments decrease with

decrease in temperatures (see Table V), which is the be-

havior expected from a singlet ground state complex. The

theoretical x corr values were calculated, using the Bleaney-

Bowers equation, with N fixed at 60x10-6 cgs emu. The
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calculation gives 2J = -680 cxrj and g 2.17 with the
n nCorr Corr 2least square errors value , (E c (exp) -XM (calcd))

9 1 M
of 9.JxlO

The 2J value of -680 cm of the i-propoxy complex,

as in the cases of the phenylmethoxy and the n-propoxy

complexes, is far in excess of that predicted from the

linear relationship between 2J and 4 observed for hydroxo-

bridged dimers. This also supports the concept that such

changes influence the value of 2J, For the three com-

plexes studied, the 2J values of -680, -684, and -625 cm 1

are observed for Cu(dpm) (O-iC3H7 ), Cu(dpm) (O-nC3H7 ), and

Cu (dpm) (OCH2C6H5 ), respectively. The values show a trend

parallel to the base strength of the bridging groups;

hence it is further evident that a correlation exists

between the electron density of the bridging atoms and the

magnitude of 2J,

Infrared spectra

The infrared spectra of Cu(dpm) (N3 ) are shown in

Figure 31, The absorption bands associated with the

ligated dpm are basically identical to that of Cu(dpm)2.

This suggests that the dpm in this complex are nonbridging

ligands, and that the bridgings are through the azido

groups, Two types of azido bridging are possible; the

bridging is via one nitrogen, or via the two terminal

nitrogens, as shown in Figure 32,
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The two types of bridging can be differentiated by

the stretching mode of the N3  group. Considering the

case where the bridging is via two terminal nitrogens,

Figure 31(b), in this case, only one band associated with

the asymmetric stretch will be observed, due to the fact

that the symmetric stretch of this type of bridging is

infrared inactive, whereas, in the case where the bridging

is via one nitrogen, both asymmetric and symmetric stretch

are infrared active. In the infrared spectra of Cu(dpm)

(N3 ) , two bands at 1285 and 2070 cm were observed and

assigned to v ym (N3 ) and v asym (N3 ), respectively.

This evidence suggests that the azide bridging in this

complex is through one nitrogen 27,28 and that the basic

structural unit is as follows:

N

o 0o

Cu Cu

0 N 0

A
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Another evidence to support the above conclusion is that

a weak combination band of v and v which was ob-
sym asyxn

13 -1served in Cu(acac) (N3) at about 3360 cm is also ob-

served in this complex at about 3340 cm . The summary

of the band assignments is given in Table VI.

Electronic Spectra

The electronic spectra of Cu(dpm) (N3 ) in the solid

state and solutions are shown in Figure 33. In the solid

spectrum, a broad absorption maximum is observed at about

-1 -116,260 cm , and another absorption at 21,050 cm-,

whereas in chloroform solution, two absorption maxima are

observed at 16,800 and 18,900 cm . This change in ab-

sorption maxima suggests a structural change and molar

absorptivities for the complex are not obtained. Based

on the magnetic susceptibility data (vide infra) and the

electronic spectra, the strucutral change from a tetramer

with penta-coordinated copper(II) ion environment to a

dimer with square-planar copper(II) ions is proposed.

Magnetic Properties

Cu(dpm) (N3 )--The magnetic behavior of bis[di-p-

(azido) -bis (2,2,6, 6-tetramethyl-3 , 5-heptanedionato) copper-

(II)] is opposite to all the analogous alkoxy complexes.
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The magnetic moments of this complex ,increase with

decrease in temperature indicating predominance of ferro-

magnetic coupling. This behavior parallels that of

13
[Cu (acac) (N3)] 4  '(1.89 p at 2880 K to pf .93

PB at 940 K), which was successfully described by the

Bleaney-Bowers equation. However, all attempts at des-

cribing the magnetic susceptibility data of Cu(dpm) (N3 )

by the Bleaney-Bowers equation failed. The failure may be

due to the fact that the complex is most likely a tetramer,

based on the molecular weight determination in benzene, and

hence on'the possibility of significant out-of-plane inter-

action.20,30,31

In order to consider the out-of-plane interactions, a

variety of tetrameric susceptibility equations with differ-

ent symmetries for the core viz. Td' C2v' C2 and D2 d was

employed. The magnetic behavior was successfully described

by the D2 d equation. The four copper ions are numbered as

shown in Figure 34. The Hamiltonian for this system is

H = - 2 JN (l*S 2 +S3 -S 4 )-
2 Jp(S1-S3+S1Sl 4  (2.6)

+S 2 S3 +S 2 S4

The appropriate susceptibility equation31 for the four-

center spin-l/2-system of symmetry D2 d per mole of copper-

(II) is
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Figure 34--Numbering of copper(II) ions in the
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_ *g2 2It x+<2-2x4x".24+4 2y+ N (2.7)

where x J/kTj, Y = N/kTJ1N 12 J3 4 , andJ = J1 3 =

J = J2  = J2 . With N fixed at 60xl0 6 cgs emu, the
14 23 24 a

best-fit procedure gave J, = +35 cm , JN = -21 cm , g =

2.18, and a residual sum of the squares of 5.3x10-8 The

plot of Xorr vs. T of Cu(dpm) (N 3 ),using the D2d suscep-

tibility equation is shown in Figure 35. The complex

exhibits both ferromagnetic JP = +35 cm , and antiferro-

magnetic coupling, JN = -21 cm~. The predominance of

ferromagnetic coupling which could be seen from the increase

in magnetic moments with decrease in temperature (see

Table V) was also described by this equation, in which,

there are four JP and two JN'
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Figure 35--Temperature dependence of magnetic

susceptibility of Cu(apm) (N,). Solid line represents

the theoretical curve based on the D'd symmetry suscep-
tibility equation.
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CHAPTER LII

PYRAZOLATO- AND PHENYLMETHOXO-BRIDGED

COPPER(II) COMPLEXES OF -DIKETONES

Experimentaland-Result,

Reagents

Ethylbenzoylacetate and dibenzoylmethane were obtained

from Aldrich Chemical Co., Inc., Milwaukee, Wisconsin,

Pyrazole and benzoylacetone were obtained from Eastman

Organic Chemicals, Rochester, New York, Benzyl alcohol

and copper(II) acetate monohydrate were obtained from

Fisher Scientific Co., Fair Lawn, New Jersey. These

chemicals were used without further purification. All

other reagents are described in Chapter II,

Preparation of Complexes

[CuL2 ], where LH = ethylbenzoylacetate, ebzaH, diF-

benzoylmethane, dbzmH, and benzoylacetone, bzacH, were

prepared by refluxing 1:2 (M/M) ratio of copper(II) acetate-

monohydrate and appropriate LH in a solution of 1:1 (v/v)

ratio of water-methanol mixture for 1-2 hrs, The solutions

were filtered while hot, yielding yellowish-green, light

green, and blue-green solids,which correspond to Cu(bzmc)2

110

------ ----
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Cu(bzac) 2 , and Cu(ebza)2 , respectively, The yields were

about 95%, based on copper(II) acetate monohydrate,

Cu(ebza) (OCH3 ) was prepared by slow addition of a

solution of 0.60 gram (0,026 mol) of sodium metal in 30 ml

of anhydrous methanol to 11.15 grams (0,025 mol) of bis-

(ethylbenzoylacetato)copper(II) in about 200 ml of reflux-

ing anhydrous methanol, The mixture was refluxed for 2

hrs and filtered while hot to yield blue-green crystalline

solid. The yield was about 80% based on Cu(ebza) 2 . The

formation of the complex was confirmed by copper analysis

and infrared spectra,

Cu(bzac) (OCH3 ) and Cu(dbzm) (OCH3) were prepared

similarly to Cu(ebza)(OCH3 ). In the case of Cu(dbzm)(OCH3 )

the mixture was refluxed overnight. The dark green and

green cyrstalline solids were obtained for Cu(dbzm) (OCH3

and Cu(bzac) (OCH3 ), respectively. The yields of 75% and

90% were obtained for the former and the latter, based on

the parent bis complexes. The formations were confirmed

by copper analyses and infrared spectra.

Cu(bzac) (OCH2 C6 H5 ) and Cu(ebza) (OCH2 C6H 5 ), The

complexes were prepared by recryptallization of Cu(bzac)

(OCH3 ) and Cu(ebza) (OCH3 ) from hot benzyl alcohol at a

temperature below 1400 C. The recrystallizations were

repeated twice for each complex, to give green solids..

The yields were almost quantitative,
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Cu(bzac) (pz) was prepared by the addition of 10 grAms

of Cu(bzac) (OCH3 ) to a stirring solution of 2,7 grams of

pyrazole in about 150 ml of toluene at room temperature,

After 4 hrs of stirring, 50 ml of hexane were added to the

solution to precipitate the complex as a blue solid. The

procedure used is similar to that used by Barraclough and

co-workers, The complex obtained was recrystallized again

from toluene-hexane mixture,

Cu(dbzm) (pz) was prepared in the same manner as that

of Cu(bzac)(pz), to give a brown solid,

Elemental Analysis

Carbon, hydrogen, nitrogen, and copper analyses were

obtained as described in Chapter II. The analytical data

for Cu(bzac) (OCH2 C6H5 ), Cu(ebza)(OCH2C 6H5 ), Cu(bzac) (pz)

and Cu(dbzm) (pz) are listed in Table VIII.

Melting Points

The melting points of the complexes were determined

as described in Chapter II. The values are given in Table

VIII, along with the analytical data.

Infrared Spectra

Infrared spectra for the complexes were obtained as

described in Chapter II. The spectra are shown in Figures

36, 37, 40, and 41.
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Electronic Spectra

Electronic spectra were obtained in the solid-state

and chloroform solutions. The methods employed were des-

cribed in Chapter II. The spectra are shown in Figures

38, 39, 42, and 43.

Magnetic Data

The room temperature magnetic susceptibilities for

the complexes were obtained using the Gouy methods which

was described in Chapter II. The 2J values for Cu(ebza)

(OCH2C 6H5 ) and Cu(bzac) (OCH2C 6H5 ) were calculated, using

the Bleaney-Bowers equation,with T.I.P. (N ) fixed at 60

cgs emu. The magnetic susceptibilities, moments, and 2J

values are in Table IX.

Discussion of

Cu(bzac) (OCH2C6H5 ) and Cu(ebza) (OCH2C 6 H5

Infrared Spectra

The infrared spectra of di-p-(phenylmethoxy)--bis-

(benzoylacetanato) copper (II), Cu(bzac) (OCH2 C6 H5 ), and di-

p- (phenylmethoxy) -bis (ethylbenzoylacetato) copper (II),

Cu(ebza) (OCH2C 6H5 ), are shown in Figures 36 and 37, The

absorption bands associated with the bidentate ligands

of both phenylmethoxy complexes are very similar to those

of their parent bis complexes. This suggests that all the

bidentate ligands of these complexes are nonbridging
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Figure 36--Infrared spectra of Cu(bzac) (OCH2 C6 H5).

dashed line, fluorolube mull; solid line, Nujol mull.
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Figure 37--Infrared spectra of Cu(ebza) (OCH2C 6 H5).

dashed line, fluorolube mull; solid line, Nujol mull.
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ligands. The bridging in these two phenylmethoxy complexes

is proposed as via the phenylmethoxy group, based on the

absence of the O-H stretch in the region 3700-3100 cm 1

and the structurally known alkoxo-bridged -diketonato

copper(II) complexes,with basic structure as follows,

CH2
12
0

Cu Cu

TH2

in which each -diketonate is coordinated to a copper(II) ion

as .a bidentate chelate. In the Cu(ebza) (OCH2C6H5 ) spectrum,

a band at %1060 cm 1,which was absent in Cu(ebza)2 is

assigned to the C-0 stretching of the phenylmethoxy group,

However, in Cu(bzac) (OCH2C6 H5 ), only a shoulder at %1050

cm-1 was observed. The summary of band assignments is

given in Table X.

Electronic Spectra

The electronic spectra of Cu(ebza) (OCH2C6H5 ) and

Cu(bzac) (OCH2 C6 H5 ) in the solid state and in chloroform

--- -- -----
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solution are shown in Figures 38 and 39. The solid state

spectrum of Cu(ebza) (OCH2 C6 H5 ) shows a broad absorption

maximum at 14,100 cm~ . In the solution spectrum, two

absorptions in the higher energy region are observed at

15,800 and 18,500 cm-1 Hence it is evident that there

is structural change between the solid and solution spectra.

In Cu(bzac) (OCH2C6 H5 ) spectra, one absorption maximum at

about the same energy region is observed in both the solid

and solution, suggesting no structural change in the two

states. A broad absorption maximum around 16,800 is ob-

served in the solid state. In the solution spectrum, a

broad maximum at 16,950 cm with a molar absorptivity of

53.4 M~1 cm -,was observed. With the same definitions of

x, y, and z axis in Cu(dpm) (OCH2C6H5 ) and the energy levels

diagrammed in Figure 22, the band is assigned to the

unresolved d-d transition d dz2, d , d and dX2,y2-

Magnetic Properties

From the recent studies of alkoxo-bridged chromium(III)

dimers6 and of alkoxo-bridged complexes of the type

[Cu(dpm) COR)] 2 , where OP O-nC3H 7  O-iC3H7 , and OCH2 C6 H5 ,

the concept that the change of the electron density at the

bridging atoms influences the magnitude of 2J has been sup-

ported. The change in the magnitude of coupling in these

complexes is the effect of the change of the electron
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Figure 39--Electronic spectra of Cu(bzac) (OCH 2 C 6 H 5 ).
-- , Nujol mull; ------ , chloroform solution.
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density at the bridging atoms, due to the fact that in each

series the same -diketonate is employed, Hence, it is

interesting to investigate another factor which might in-

fluence the magnitude of 2J, namely the change of the S

diketonates in complexes with the same bridging group,

In order to investigate this concept, a series of

phenylmethoxy complexes of the type Cu(L) (OCH2C6 H5 ), where

L = acac1, ebza, and bzac are employed. In these phenyl-

methoxy complexes, the magnitude of 2J increases in the

order of Cu(ebza) (OCH2C6H5 )< Cu(bzac) (OCH2C 6 H5 )<Cu(acac)

(OCH2C6H 5 ), which is opposite to the order of increasing

base strength of the bidentate ligand ions, acac<bzac<ebza.

Hence there seems to be an indication that the magnitude

of coupling, 12J1, varies inversely with the electron

density of the nonbridging bidentate ligand,

Cu(bzac) (pz) and Cu(dbzm) (pz)

Infrared Spectra

The infrared spectra of di-p- (pyrazolatobbis(benzoyl-

acetato)copper(II), Cu(bzac) (pz), and di- p-(pyrazolato)-

bis (dibenzoylmethylato) copper (II), Cu (dbzm) (pz) are shown

in Figures 40 and 41, As in previous alkoxo-bridged -

diketonate complexes, the absorption bands associated with

the ligated -diketonates of the two complexes are essen-

tially identical to that of their corresponding bis parent
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Figure 40--Infrared spectra of Cu(bzac)(pz).
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Figure 40.- (continued).
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Figure 41--Infrared spectra of Cu(dbzm)(pz).
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complexes Hence it is indicated that the -diketonates

in these two complexes are nonbridging ligands, and that the

bridging must be via the pyrazole group.7 In the absence

of the N--H stretch absorptions in both spectra, the

presence of the pyrazolate anion in the complexes is con-

firmed. The most apparent structural feature is

N O0

Cu Cu

0 N -N 0

in which each A-diketonate is a nonbridging ligand and the

bridging is via the pyrazolate anion.

Electronic Spectra

The electronic spectra of Cu(bzac) (pz) and Cu(dbzm)

(pz) in the solid-state and chloroform solution are shown

in Figures 42 and 43, In Cu(bzac) (pz) spectra, a shift in

absorption maxima is observed bwtween the solid and solu-

tion spectra, suggesting a change in copper environments
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Figure 43-- Electronic spectra of Cu(dbzm)(pz).
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between the two states, as observed in Cu(dpm) (OCH 3 ) and

C4 (dpm) (OC2H5 , In Cu(dbzm) (pz) spectra, absorption

maxima at about the same energy region are observed. The

absorption maximum corresponds to that expected from a

square planar copper (II) ion. The absorption maxima in

-l
the chloroform solutions at 17,700 cm , with corresponding

molar absorptivities of 101.1 M cm , are-assigned to the

unresolved dxy+dZ2, dxz d and dx2y2 transition, based on

the energy-levels diagram in Figure 22, and the definitions

of x, y and z axis in Cu(dpm) (OCH2C6 H5)q

Magnetic Properties

In order to further investigate the effect of changing

the base strength of the bidentate ligands on the strength

of exchange (2J), the complexes of the type Cu(L) (pz), where

L = acac, bzac, and dbzm, were employed, In these complexes

the exchange is via the pyrazolate group instead of the

phenylmethoxy group, as in the phenylmethoxy complexes.

The magnetic susceptibilities, moments, and the 2J values

are shown in Table VIII. A positive value of 2J was ob,

tained for Cu(bzac) (pz), suggesting ferromagnetic coupling,

whereas for Cu(dbzm) (pz) and Cu(acac) (pz), negative values

of 2J, suggesting antiferromagnetic coupling, were obtained.

The changes in the 2J values of these complexes do not seem

to be related to the change in the base strength
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(dbzabzac~acaQ) of the bidentate ligands as observed for

the phenylmethoxy complexes. This deviation may result

from the fact that in these complexes the bridging is via

two nitrogen atoms , as compared to the monoatomic bridging

in alkoxy complexes and the base strength of the bidentate

ligand,which is a secondary effect is not significant in

influencing the value of 2J. Due to the fact that the

structures of these complexes are not yet known, the

investigation of the effect of the structure on 2J is not

presently possible.
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CHAPTER TV

ALKOXO-BRIDGED NICKEL (II) AND CHROMIUM (III)

COMPLEXES WITH -DIKETONATES

Experimental and Results

Reagents

Reagent grade nickel(II) acetate tetrahydrate was

obtained from J. T, Baker Chemical Co., Phillipsburg,

New Jersey. Chromium acetate (Cr(C2 H4 02 )3 * XH2 0) was ob-

tained from Matheson, Coleman & Bell, East Rutherford,

New Jersey, N-chlorosuccinimide and 2,4-pentanedione

were obtained from Aldrich Chemical Co,, Inc.., Milwaukee,

Wisconsin. Glacial acetate acid was obtained from the

Fisher Scientific Co., Fair Lawn, New Jersey. Other

reagents are described in Chapter II.

Preparation of Complexes

Cr(acac)3 ,where acac 2,4-pentanedionatewas pre-

pared by refluxing 15.0 grams (0.15 mol) of 2,4-pentane-

dione and 12.5 grams ('0.05 mol) of chromium acetate in

about 400 ml of 2;3 (v/v) ratio of water and methanol

mixture for three hours, The solution mixture was fil-

tered while hot to yield a purple-red crystalline solid.

137
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Cr(3"-Cl(acac)) 3 was prepared by the slow addition of

a solution of 22.0 grams (0,165 mol) of N-chlorosuccinimide

in 200 ml of glacial acetic acid to a stirring solution of

17,5 grams (0,05 mol) of Cr(acac)3 in 400 ml of glacial

acetic acid. After the addition, stirring was continued

further for fifteen minutes, The mixture was then filtered

and the light green precipitate was washed with water,

sodium bicarbonate solution, sodium bisulfite solution,

and again with water, This procedure is similar to that

employed by Collman and coworkers, The yield was about

55%, based on Cr(acac) 3*

33Cr(3.-Cl(acac)) 2 (OCH3 ) was prepared by the procedure

used by Hodgson and coworkers ,which is analogous to that

used in the synthesis of di-p -alkoxo-bis[bis(3 -bromo-2,4-

pentanedionate) chromium (III)] complexes, 3 The complex was

obtained as a green powder, with about 40% yield, based on

Cr (3-Cl (acac) ) 3

Cr (3-Cl (acac) ) 2 (OCH2 C6H5) was prepared by recrystal-

lization of Cr(3--Cl(acac)) 2 (OCH 3 ) from hot benzyl alcohol

at a temperature of 1500 C. Recrystallization was repeated

twice to give a dark green crystalline solid, The crystals

were dried in a vacuum desiccator at 809C for about 18 hrs.

The yield was about 75%,based on Cr(3,Cl(acac)) 2 (OCH3 ).
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Ni (dpM) 2' b s,- (2,2,6, 6--tetramethyl-3, 5-heptandionato)

nickel(II), was prepared by the procedure similar to that

used by Cotton and coworkers.,4 After 4 hrs at 70C in the

vacuum desiccator, Ni(dpm) 2 was obtained as a pink powder.

Ni(dpm) (OCH3 ) (CH3OH) was prepared by the dropwise

addition of a solution of 0.7 gram of sodium metal in 30

ml of anhydrous methanol to 12 grams of Ni(dpm)2 in 300 ml

of refluxing anhydrous methanol. The solution mixture was

refluxed for 8 hours and filtered while hot to give a

green complex. The complex was washed with anhydrous

methanol and air dried for 2' days. The yield was about

quantitative.

Elemental Analyses

Carbon and hydrogen analyses were obtained as des-

cribed in Chapter II, The chlorine analysis was obtained

from Galbraith Laboratories, Inc., Knoxville, Tennessee.

The analytical data for Cr(3-Cl(acac)) 2 (OCH2 C6 H5 ) and

Ni(dpm) (OCH3 ) (CH3QH) are listed in Table XI.

Melting Pointa

The melting points of the complexes were determined

as described in Chapter II. The values are given in

Table XI, along with the analytical data.
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Tnfrared spectra

Infrared spectra for the complexes were obtained as

described in Chapter II. The spectra are shown in Figures

44 and 49.

Electronic Spectra

Electronic spectra for the complexes were obtained in

both solid state and chloroform solution, using the methods

described. in Chapter II. In the case of Ni(dpm) (OCH3 )

(CH3OH), the spectra were obtained in the region 15,000 to

4,000 R (6,666-25,000 cm ). The spectra for the complexes

are shown in Figure 46 and 50,

Molecular Weight Measurements

The molecular weight of Ni(dpm) (OCH3 ) (CH3QOH) was

determined as described in Chapter II. The molecular

weight was found to be 1250.7, compared to the theoretical

value of 1220.2 for a tetrameric complex,

Magnetic Data

The magnetic susceptibilities for both complexes were

obtained using the Faraday method, which was described in

Chapter I, The magnetic susceptibilities and moments are

listed in Table XII.
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TABLE XII

MAGNETIC SUSCEPTIBILITIES AND MAGNETIC MOMENTS
FOR Ni (dpm) (OCH3 ) (CH3OH) AND

Cr (3-Cl (acac)) 2 (OCH2C6H5 )

Complex Temp (.K) XM.N

Ni(dpm)(OCH3)(CH3OH) 299.1 4643 3.33
239,3 5877 3,35
228.0 6183 3.36
203.4 7003 3.37
181.4 7902 3,38
154,7 9416 3,41
125,8 11862 3,45
102,7 15011 3.51
79o7 20229 3,59
49.6 36794 3,82
34,8 58670 4,04
28.8 74649 4.15

Cr(3-Cl(acac)) 2 (OCH2C 6 H5) 296,2 5937 3,75
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Discussion

Cr(3-Cl(acac))2(OCH2C6H5 )

Infrared Spectra

The infrared spectra of di-p--(phenymethoxy)bis[bis-

(3-chloro-2,4pentanedionate)chrom ium(II)], 1Cr(3-Cl(acac))2

(OCH2C6H5)]2 , are shown in Figure 44. The function of 3-

chloro-2,4-pentanedionate as a non-bridging bidentate

ligand was suggested based on the absorption bands associ-

ated with the ligated 3-Cl(acac) in Cr(3-Cl(acac)) 2

(OCH2C6 H) and tris (3-chloro-2,4-pentanedionate)chromiumI

(III), Cr(3-Cl(acac)) 3 . The C-H stretching absorption in

the 3100-3000 cm~ of the fluorolube mull indicates the

presence of a phenyl group. The absence of any O-H

absorption suggests that the bridging is via the alkoxo

group and not via the alcohol. This is further supported

by the x--ray crystallographic data of the analogous alkoxo-

bridged chromium(III) systems 2' 5, which have the geometry

as shown in Figure 45. In each complex, the structure

consists of discrete dimeric units which are well separated

from one another. The chromium(III) ion is six-coordinated

with two cis bridging alkoxy groups and two cis-ligated

-diketonates to give an approximated octahedral environ-

ment. In comparing to the tris-parent complex, the domi-

nant difference is the appearanceof a band present at
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Figure 44--Infrared spectra of [Cr (3-Cl (acac) ) 2
(OCH2c6 H5)] 2 . dashed line, fluorolube mull; solid line,

Nujol mull.
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Figure 44-- (continued).
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Figure 45--Structural feature of alkoxo-bridged
bis (f-diketonato) chromium (III)
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u0l65 cm in the phenylmethoxy complex but absent in the

tris complex. This band is assigned to the C -O stretching

vibration of the bridging phenylmethoxy group, The summary

of band assignments is given in Table XIII.

Electronic Spectra

The electronic spectra of Cr(3-Cl(acac))2 (OCH2 C6H5)in

the solid state and chloroform solution are shown in

Figure 46. In the solid-state spectrum, a broad absorption

maximum was observed at 16,700 cm ,which corresponded to

the absorption maximum at 17,100 cm ,with the molar

absorptivity of 79.5 M'cm-l in the chloroform solution.

The absorption maximum and the molar absorptivity of

Cr(3-Cl(acac)) 2 (OCH2 C6H5 ) are similar to that expected from

a chromium(III) ion (d3 system) 6 in an octahedral environ-

ment; hence the geometry around each chromiumx(III) ion in

this complex. However, the higher-energy band was not

observed in the chloroform solution spectrum, due to the

overlap of the intense charge transfer band. The band at

17,100 cm 1 is assigned to the transition, 4T2 g (F)+4Ag(F),

from the 4 A2g (F) ground term of chromium(III) ion to the

excited quartet 4T2 g (F) term based on the energy diagram

in Figure 47, The transition is equal to 10 Dq, which can

be seen in Figure 48.
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TABLE XIII

SUMMARY OF ASSIGNMENTS FOR INFRARED ABSORPTION
BANDS FOR Cr(3-Cl(acac))2(OCH 2 C 6R 5 )

AND Ni(dpm) (OCH3 ) (CH3OH)

Frequency, cm 1 Intensitya Assignment

r3 3 00b

2960-2840

2940-2840

1600-1550

1480-1420

1390"-1350

1090-1040

700-600

vs, br

vs

s

s

s r

s,w

In

O-H stretching vibration

C,-H stretching vibration
from Nujol

C-H stretching vibration
from the complexes

C-"-O stretching vibration

CH2 deformation from Nujol

and CH3 asymmetric

deformation from the
complexes

CH3 symmetric deformation

from Nujol and complexes

C-O stretching vibration

metal chelate ring
vibration

(a) vs = very strong; s strong; m medium; w;: weak;
and br broad,

(b) present only in Ni(dpm) (OCR3 ) (CH3OR)

(c) in Fluorolube
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Figure 46--Eiectronic spectra of [Cr(3-Cl(acac)) 2

(OCH2C6H15 2. -, Nujol mull; ----- , chloroform

solution.
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magneticc Propertles

The magnetic susceptibility and magnetic moment of

Cr (3-Cl(acac)) 2 (OCH2 C6H5 ) are shown in Table XI. The

complex has a room temperature moment of 3,75 pB' which is

less than the spin-only moment of 3.87 pB' This suggests

antiferromagnetic coupling between the two chromium(III)

ions. The near spin-only moment, 3,75 pB' of this complex

also suggests that the magnitude of 2J is smallas observed

in other alkoxo-bridged chromium(III) dimers.2,5 In the

previously studied alkoxo-bridged chromium(III) diners, the

change in the magnitude of 2J is attributed to the change

of the electron density at the bridging atoms due to the

fact that no structural change is observed, The studies

also show that the increase in the magnitude of 2J parallels

the increase in base strength. Unfortunately, only two

different bridging groups, namely methoxide and ethoxide

ion, of such chromium(III) diners were known, due to the

synthetic difficulty; hence, Cr(3-Cl(acac))2 (OCH2C6 H5)

would contribute significantly in furthering the study of

the concept. However, at this point a correlation between

the three alkoxo-bridged dimers is not possible until the

structural and temperature-dependence magnetic data1 2

which are in progress are obtained.
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Ni (dpm) (OCH 3 ) (CH3OH)

Molecular Weight Determination

The complex was shown to be tetrameric in benzene

solution, Hence, it is likely that the complex is similar

in structure to Co4(acac)4(OCH )4(CH3)4(CH3OH) and

Ni4 (acac)4 (OCH3 )4 (CH3 OH)4 11 and is further supported by

its magnetic properties (vide infra).

Infrared Spectra

The infrared spectra of tetrabistpv 3 -methoxo-2,2,6,6-

tetramethyl-3,5-heptandionatomethanol nickel(II)] are shown

in Figure 49. The spectra are very similar to that of

bis(2,2,6,6-tetramethyl-3,5-heptanedionato)nickel(II),

Ni(dpm) 2 , suggesting that the dpm in Ni(dpm) (OCH3 ) (CH3OH)

is a non--bridging ligand,as in the structurally known

10,11"cubane" type M4 (acac)4 (OCH3 )4 (CH3OH)4  ' , where M = Co

or Ni. However, a dominant difference is observed between

the spectra of the two complexes; namely two new bands are

observed in the methoxy methanol coordinated complex but are

absent in the bis complex, The broad band at 3260 cm~1

and a strong band at 1045 cm 1 are assigned to the 0-H

stretching of the coordinated methanol and the C-0

stretching of the CH3 "-0 group, respectively, The summary

of other band assignments is given in Table XIII.
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Electronic Spectra

The solid-state and chloroform-solution spectra of

Ni (dpm) (C)CH3 ) (CH3OH) are shown in Figure 50, The two

spectra are essentially identical. In the chloroform-

solution spectrum, two absorption maxima are observed at

8,700 cm and 14,295 cm ,with the molar absorptivities of

4.5 and 516 mole 1cm-1, respectively. The absorption

maxima and molar absorptivities correspond to those

expected from bivalent nickel in octahedral field. From

7 8
the Tanabe-Sugano energy level diagram for d ions in an

octahedral field, as shown in Figure 51, these spin-allowed

transitions

3T 2q(F) 
3A2 q (F)

3 3
T q(F) A2q(F)

T q(P) A2 q(F)

are expected. However, in Ni (dpm) (OCH3 ) (CH3OH) , the third

absorption maximum due to the transition,3 Tq(P) +3A2q (F),

which is observed around 25,000 cmJ in aqueous solutions

of bivalent nickel salts,is not observed due to a very

intense (c= 10,000) charge transfer band, The bands at

8,700 and 14,295 cm are assigned to the transitions,

3T 2q (F) + 3A2q (F) and 3T (F) 3A2 q(F), respectively. As

3 (F) 3 A2 q (F)shown in Figure 52, the transition T ()q ()is
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Figure 52--Splitting of 3F in octahedral field, The
number under a term indicates the total, spin time
orbital, degeneracy (from Ref. 6, p 146).
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equa[ to 0Dq; i.e,, the octahedral field in this complex

is about 8,700 cm .

Magnetic Properties

The magnetic susceptibilities and moments of Ni(dpm)

(OCH3 ) (CH30H) increase with decreases in temperatures suggest-

ing ferromagnetic ground state; i.e , the spins of the

eight e2q electrons centered on the four octahedrally

coordinated divalent nickel atoms are unpaired. This be-

havior is opposite to that observed for alkoxo-bridged

(2,2,6,6-tetramethyl-3,5-heptandionato)copper(II) (see

Chapter II), and other alkoxo-bridged (-diketonate)copper-

(II)12,13 complexeswhich show decreases in magnetic sus-

ceptibilities and moments with decreases in temperatures.

The complex has a pe = 33 p at 299.19K; the value is

in the range observed for octahedrally coordinated nickel-

(II) complexes with the configuration t 6e-2 to give a

3A2q ground state.

From the spectral data and the molecular weight

determination, the complex is expected to be similar to

the cubane-type structures of Ni4 (acac)4 (OCH3 ) (CH3OH) and

Co4 (acac)4 (OCH 3 )(CH 3 OJ)4'as shown in Figure 53, in which

the four nickel(II) ions exist in a Td symmetry.14 With

the numbering in Figure 53 for the four nickels, the

Hamiltonian for the system is



161

OCH3

SCo

@0

3 0 C

2

Figure 53--Molecular Structure of
Co (acac) (OCH3 4 (CH3OH) 49
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H -2J(S$S 2+S -S 3+S 1 'SR+S2S3+S2 S 4 +S3 S 4)S(4.1)

With the energy level diagram in Figure 54 and the assump-

tion of Boltzman distribution, the appropriate susceptibil-

ity equation per nickel atom is

g2=a 2 5920x 12x+5X6x 2x

6x 2x + N (4.2)A kT 3t20x+7k12x+10t6x+692x+1

where X = J/kT,and other symbols have their usual meaning.

The equation was employed in describing the magnetic

behavior of the complex to give J = +2.57 cm , g a 2.31,

and N = 49x10-6 cgs em4 with RSS = 1.5x10-6. The plot of

ycorr vs T is shown in Figure 55. Taking into account the

interaction between the tetramer molecules, equation 4,2

becomes

2 2 59 20x+ 7X12x+534 6x+2x

A k(T-O) 3k20x 12x+lt6x+6k2x+1 N (4.3)

where e is the intercluster interaction constant, With

N fixed at 50xIG 6 cgs emu, the least squares best fit

to the experimental susceptibilities of this equation

gives g =,2.26, J =+4.03 cm , U =-4,79' (-3.55 cm~

and the RSS 7,1x10-8 , The plot of Xcorr vs T is shown
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Figure 55--Temperature dependence of magnetic
susceptibility of Ni (dpm)(OCH3 ) (CH3 OH). Solid line

represents the theoretical curve based on the Td symmetry
susceptibility equation.
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in Figure 56, The, negative value of 0 suggests that the

intercluster interaction is antiferromagnetic, which is

opposite to the ferromagnetic interaction observed in the

corresponding acac system. The ferromagnetic behavior is

strongly supported by the temperature dependence suscep-

tibility data, and the resulting ferromagnetic coupling can

be qualitatively rationalized, based on 
Anderson's theory15-

1 8

using the symmetry relationship between the s and p orbitals

of the oxygens of the four bridging methoxide groups and

the eq and t2q orbitals of the four nickel(II) ions, The

pathways1 4 that give significant contributions -to the sign of

the exchange interaction constant J are shown in Figure 57,

The sign and magnitude of 2J of Ni(dpm) (OCH3 ) (CH3OH) can

be explained as the sum of these pathways. The pathways

(a), (b) and (d) give ferromagnetic coupling which dominates

over the antiferromagnetic pathway (c),; hence it explains

the observed temperature dependent susceptibility data.
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CJ
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Figure 56--Temperature dependence of magnetic
suscpetibility of Ni(dpm' (OCH)(CH3QH). Solid line

represents the theoretical curve based on the Td
symmetry susceptibility equation (including 0).
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Figure 5 -Significant exchange pathways of an Ni 4
tetrad. (a) ferromagnetic, (b) f1erromagnetic, (a) anti-"
ferrornagnetic and (d)' ferrormagnetic coupling.
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Figure 57-- (continued).
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CHAPTER V

CONCLUSION

In the past five years, the magnetic properties of

series of alkoxo-bridged $--diketonato copper(II) com-

plexes,2 have been reported. Of all the complexes studied,

bis [di.-P- (phenylmethoxo) -bis (2, 4-pentanedione) dicopper (II)],

Cu(acac) (OCH2C6H5 ) 3, is the only structurally known complex.

The lack of xr-ray crystallographic data on the others is

due to the fact that these complexes are not crystalline

and attempts in obtaining single crystals failed. Hence,

a study of the correlation between their magnetic proper-

ties and structures is not possible. The study of their

magnetic properties is further hindered by another im-

portant factor that all these complexes decompose slowly

in the solid state when exposed to the atmosphere; this is

probably the cause of the difference in the reported

magnetic parameters obtained by different research groups.
1' 2

In this investigation, an extended series of complexes

of the type Cu (cac,) (OR) where OR = CH30", C2H50T,

n-C3 H 70, C61H 5CH 2 0 , CH3CH2 CH1 2 O (CH)12CHCH 20 and

(CH 3 2CHCH2CH 2 0 was prepared. The noncrystallinity and

instability of these complexes are confirmed as observed

171
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in the previous work, 2Hence, 4 new series of complexes

of the type Cu(dpm) (X) where X = CH30O, C2H5 0', n-C3 H 7 O,

ir-C 3H 70", C6 5 CH2.5 and Nf, Cu(L) (X) where L = bzac,

ebza, and XC6115CH 2 0 or L = bzac, dbzm, and X = pz, Cu(3-

Cl(acac))2 (OCH2C 6 H5 ) and Ni(dpm) (OCH3 ) (CH3OH) has been

synthesized and investigated,

Cu(dpm) (X) --All the complexes in this series are

crystalline, and no decomposition is observed. Of the six

complexes in this series, two crystal structures, [Cu(dpm)

(OCH2C6 H5 ) 112 and [Cu(dpm) (0-nC3H7 )]2 , are obtained and the

others are in progress.4 The temperature-dependence

magnetic susceptibilities and magnetic moments of all

alkoxo complexes decrease with decreasing temperature,

indicating an overall antiferromagnetic coupling. In

Cu(dpm) (N3 ), the bridging via one nitrogen is proposed

based on the infrared spectrum; its magnetic behavior is

opposite to that of alkoxo-bridged complexes; the tempera-

ture dependence magnetic susceptibilities and magnetic

moments vary inversely with the temperature, indicating an

overall ferromagnetic coupling. The magnetic behavior was

sucessfully described by the D2 d symmetry susceptibility

equation.

Cu(dpm) (OCH3) and Cu(dpm) (OC2 H5) are tetrameric in

benzene solution. The experimental susceptibilities of

the former are described by the Bleaney-Bowers equation
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but not those of the latter. However, the experimental

susceptibilities of both complexes have been successfully

6
described by the tetrameric equation with C2 symmetry.

The success of the dimeric equation in describing the

magnetic behavior of Cu(dpm) (OCH3) is due to the fact that

the interdimeric exchange coupling constants, J1 2 and J13'

are relatively small as compared to the intradimeric coup-

ling constant, J,1 4  whereas in Cu(dpm) (C2H5), the inter-

dimeric exchange coupling constants are relatively large

as compared to the interdimeric constant.

Cu(dpm) (0-nC3 H7 ) and Cu(dpm) (OCH2C6115) are dimers

based on x-ray crystallographic data, 4 From the electronic

spectra and the magnetic properties, Cu(dpm) (0-iC3H7 ) is

most likely a dimer. The magnitude of 2J of these com-

plexes varies parallel to the base strength of the bridging

groups; this variation supports the correlation between the

change in the electron density of the bridging atoms effects

the magnitude of 2J.

Cu(L) (OCH2 6H5), where L = ebza and bzac, both com-

plexes have room-temperature moments of less than the

spin-only value, indicating antiferromagnetic coupling. In

the complexes Cu(acac) (OCH2C6 H ' Cu(ebza) (OCH2065) and

Cu (bzc) (0011206115) the magnitude of 2J increases with

decreasing base strength of the bidentate ligand ions,

This suggests that the electron density of the nonbridging
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bidentate 1icjnds affects inversely the magnitude of 2J.

However, in the complexes, Cu(acac) (pz) , Cu(bzac) (pz),

and Cu(dbzm) (pz), in which the bridging is via the two

7
nitrogensof the pyrazolate group , such correlation does

not exist.

Cr (3-Cl (acac)) 2 (OCH2 C6H5 ) has a room temperature

moment of 3.75 pB, which is less than the spin-only moment

of 3.87 pB expected from a chromium(III) complex. Since

the concept that the change in the base strength of the

bridging groups varies parallel with the magnitude of 2J

was investigated with only methoxor and ethoxo-bridged

chromium(II) dimers, this phenylmethoxy complex would

contribute significantly in further investigation of the

concept.

Ni(dpm) (OCH3 ) (CH3OH) is a tetramer in benzene solu-

tion. The temperature-dependence magnetic susceptibilities

indicate predominantly ferromagnetic coupling. The magnetic

behavior was successfully described by the Td symmetry sus-

ceptibility equation.

Another important observation resulting from this

investigation is the lability of the bridging alkoxy groups

of these copper(II) complexes, The exchange of the bridg-

ing groups can be obtained easily at room temperature, thus

providing an excellent pathway for the preparation of new

complexes; e.g., pentacoordinated complexes of the type
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8t
CuAB ,where A is a bidentate -diketone anion and B is a

tridentate Schiff base anion could be synthesized only by

exchanging the alkoxy bridge with a tridentate Schiff

base. The direct methods used for the synthesis of NiAB

or CoAB failed to yield the corresponding Cu(II) complexes,

and Cu9 O(dpm) 9 (OH) 7 *'3H20 resulted from the recrystalliza-

tions of Cu(dpm) (OCH3) from wet toluene.9
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APPENDIX

THE NON-LINEAR LEAST-SQUARES CURVE-FITTING

Experimental temperature dependence magnetic suscep-

tibility data were fitted to theoretical susceptibility

equations derived from the the HDVV model (for different

symmetric s) employing GAUSHAUS, a non-linear least-squares

curve-fitting program (D. W. Marquart's maximum-neighborr

hood method), utilizing the minimization of E (XM (exptl) -

2 1
XM(calcd)I)2 T1 as the fitting criterion. The theoreti-

cal models employed are:

I. The Bleaney-Bowers equation (the dimeric

equation).

II. Td symmetry.

III. C2 symmetry,

and IV. D2d symmetry,
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