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The ESR spectra of the copper (Ⅱ) complexes of ethylenediamine, 1, 2-diaminopropane, meso-

2, 3-diaminobutane, 1, 3-diaminopropane, and ammonia were measured in methanolic and

aqueous solutions at room temperature and in frozen solutions at the temperature of liquid nitro-

gen. The covalency of the bonding of the copper atom to the ligand atoms in these complexes

was evaluated from the g values, the copper hyperfine constants, and the nitrogen super-hyperfine

constants. Even in the case of amino groups which were coordinating groups, the a bonding

seemed to be as important in determining the properties of the complexes as the σ bonding.

ESR has been proved effective for investigating

the bonding in copper (Ⅱ) complexes.1-6) How-

ever, ESR studies of the copper (Ⅱ) chelate com-

plexes of ethylenediamine and its analogues have

not been carried out in full detail. In these

complexes the central copper atom is coordinated

to the amino groups, one of best known kinds of

coordinating groups; the investigation of the

bonding character of copper-amino group bonds

is very important in coordination chemistry. The

purpose of this work is to obtain the magnetic

parameters, neamely, the g values, the copper

hyperfine constants, and the nitrogen super-

hyperfine constants of the copper (Ⅱ) complexes

of ethylenediamine, 1, 2-diaminopropane, meso-2, 3-

diaminobutane, 1, 3-diaminopropane, and am-

monia in solutions at room temperature and at

the temperature of liquid nitrogen, and to discuss

the covalency of the bonding of the copper atom to

amino groups as evaluated from these magnetic

parameters.

Experimental

The copper (Ⅱ) complexes employed in this study were

[Ⅰ] [Cu(en)2](ClO4)2, [Ⅱ] [Cu(pn)2](ClO4)2, [Ⅲ]

[Cu(m-bn)2](ClO4)2, [Ⅳ][Cu(tn)2](ClO4)2, and [Ⅴ]

[Gu(am)4](ClO4)2, where en, pn, m-bn, tn, and am

are ethylenediamine, 1, 2-diaminopropane, meso-2, 3-

diaminobutane, 1, 3-diaminopropane, and ammonia

respectively. All the amines were commercially

Fig. 1. ESR spectra (first derivative, X-band) at

77°K.
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Fig. 2. ESR spectra (X-band) at room tempera-
ture in 50% water-50% methanol.

Fig. 3. ESR spectra (first derivative, K-band) on
frozen solutions.

available except for m-bn, which was prepared and puri-
fled according to the method of literature.7) The solv-
ents were methanol and a 50% water-50% methanol
mixture (per cent in volume). The ESR spectra of
the complexes were measured in solutions at room tem-

perature and on frozen solutions at the temperature of
liquid nitrogen with a Hitachi X-band and K-band

Fig. 4. The high field part of ESR spectra

(second derivative, X-band) at 77°K.

ESR spectrometer, model MES-4001, equipped with a

100kc/s field modulation unit. Furthermore, the

second derivative ESR spectra were obtained using

100kc/s-40c/s field modulations in order clearly to

resolve the nitrogen super-hyperfine structure. The

field was calibrated with an NMR probe and then

with a benzene solution of vanadyl acetylacetonate or

with Mn (Ⅱ) ions in MgO powder. Some of the ESR

spectra observed are shown in Figs. 1-4. The optical

absorption spectra of the complexes in solutions were

measured with a Cary model 14 spectrometer.

Results and Discussion

Magnetic Parameters. As may be seen in

Fig. 1, the copper (Ⅱ) complexes employed in this

work show broad ESR absorption lines. This

is due to the poor resolution of the nitrogen super-

hyperfine strcture, which is, however, observed

on g⊥ components in the high-field part of the

spectra of Fig. 1. Figure 4 exibits the second

derivative of the super-hyperfine lines, from which

the super-hyperfine constants can be obtained with

considerable accuracy. The problem of determin-

ing the magnetic parameters from the ESR spectra

of polycrystalline samples or rigid glass solutions

has been studied extensively by several authors.8)
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TABLE 1. MAGNETIC PARAMETERS

However, it is difficult to analyze completely

such ESR spectra as are shown in Fig. 1. The

ESR measurements of the copper (Ⅱ) complexes

of ethylenediamine and ammonia in single crystals

have revealed that the complexes have axial sym-

metry (two distinct g values).9, 10) It is now desirable

to ascertain whether or not the complexes under

discussion have axial symmetry in solutions. Since

ESR measurements at both the K-band and

X-band are often used to distinguish between two

lines of different g values, the ESR spectra were

measured at the K-band in this study; some of

the ESR spectra are shown in Fig. 3. This figure

indicates that, in solutions, axial symmetry is

approximately maintained; approximate g⊥ values

can be obtained directly from the ESR spectra

shown in this figure.

The spin Hamiltonian is expressed as follows:

(1)

The experimental data are listed in Table 1. It

is interesting to see in this table that g⊥=g'⊥;

therefore, A⊥was also calculated using the values

of A//and A0 in the same way as in calculating g⊥.

Chemical Bonding. The experimentally deter-

mined quantlties, g//, g⊥, A//, A⊥, and AN⊥ can

be used to estimate the character of the chemical

bonding of the copper atom to ligand nitrogen

atoms by means of the molecular orbital theory.

In the complexes of amines, the a orbitals of ligand

nitrogen atoms are the lone-pair electron orbitals

formed by sp3 hydridization. Therefore, these

nitrogen atoms do not have pure a orbitals such

as the oxygen atoms of acetylacetonate anion

have. However, in this study the complexes of

amines have been treated on the assumption that

amino groups have a kind ofπorbital; we used

the same procedure as did Maki and McGarvey,2)

and Kivelson and Neiman3) in treating Cu(Ⅱ)

bisacetylacetonate. The notation of Maki and

McGarvey for a square planar complex will be

used here. The following antibonding molecular

orbitals, in the order of increasing energy, can

be formed for the "hole" configuration:

(2)

whereσ(i)=np(i)±(1-n2)1/2s(i), in which 0≦n≦1,

and whereψL(xy),ψL(xz), andφL(yz) are pseudo-

πorbitals of amino groups which have been assumed

to interact with the dxy, dxz and dyz of copper

orbltals respectively. Ψb2g andΨeg represent the

in-planeπbonding and the out-of-planeπbond-

ing respectively. The normallzation of the Zilblg

orbital yields:

α2+α'2-2α α'S=1 (3)

where S is the overlap integrl between the dx2-y2

of the copper atom and theσorbitals of ligand

nitrogen atoms.
The second-order perturbation calculation results
in the following approximate expressions for the
spin Hamiltonian parameters in Eq. (1):

9) H. Abe and K. Ono J. Phys. Soc. Japan, 11,
947 (1956).
10) E. H. Carlson and R. D. Spence, J. Chem. Phys.,
24, 471 (1956).
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(4)

Furthermore, ANI is expressible in the form:2, 6)

(5)

where P=2γ β0βN<dx2-y2|r-3|dx3－y2>, whereκ0 is

the Fermi contact term, where ΔExy=Exy-Ex2-y2

and ΔExz=Exz-Ex2-yz, whereρ2s(0) is the value

of the ligand 2s function at the nitrogen nucleus,

where r is the radius of the 2p ligand orbital,

and where f1, f2, f3 and f4 are small and almost

constant values for a variety of copper (Ⅱ) com-

plexes (f1, f2≦0.04, f3≦0.33, and f4≦0.005).

Next, the values of ΔExy and ΔExz must be

determined in order to calculateβ1 andβ. The

visible absorption spectrum of a square planar

copper (Ⅱ) complex generally consists of three

component absorption bands, corresponding to

ΔExy,ΔExz andΔEz2, where ΔEz2=Ez2-Ex2-y2.

However, the visible absorption spectra of the

copper (Ⅱ) complexes employed in this study show

in solutions only a single broad band, the position

of the peak of which is tabulated in Table 2, so

that it is not easy to determine accurately the

values ofΔExy andΔExz for the complexes. The

absorption spectral data of the single crystal of

bis (ethylenediamine) copper (Ⅱ) complex are not

sufficient to determine the energy values.11)

The circular dichroism measurements of various

metal complexes have been used to estimate the

structure of their electronic absorption spectra.12)

1, 2-Diaminopropane contains an optically-active

asymmetric carbon. Recently Gillard observed

the circular dichroism of [Cu(-pn)2]2+ in an

aqueous solution, and showed two bands corre-

sponding to 657mμ and 510mμ.13) The two

bands are thought to be due to components of

2T2←2E from the symmetry arguments of the

magnetic dipole transition. Therefore, it may

reasonably be considered that theΔExy and

ΔExz of [Cu(pn)2](ClO4)2 in an aqueous solution

correspond approximately to 657mμand 510mμ

respectively. The energy values of the ΔExy

and ΔExz of the other copper (Ⅱ) complexes

under discussion could be estimated roughly on

the assumption that there is the same relationship

in energy values amongΔExy,ΔExz and the

maximum absorption peak for these complexes as

with the copper (Ⅱ) complexes of 1, 2-diamino-

propane. The estimate ligand field energy values

ofΔExy andΔExz are listed in Table 2.

TABLE 2. LIGAND FIELD ENERGIES

The values of the bonding parameters, namely,

α,β1,β, andκ0 were calculated using Eq. (4),

where P=0.036cm-1; they are listed in Table 3.

Furthermore, the values of a were also calculated

from the nitrogen super-hyperfine constants using

Eq. (5), where for sp3 hybrld ligand

orbitals,ρ2s(0)=33.4×1024cm-3, <r-3>2p=21.1×

1024cm-3, and S=0.08.

There are several points of interest in the results

shown in Table 3. Values ofβ12 and β2 which

are indicated to be considerably smaller than unity,

namely,β12=0.6 andβ2=0.7, are found for all

the copper (Ⅱ) complexes in this work. This

implies that remarkably covalentπbonding is

TABLE 3. BONDING PARAMETERSa)
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found in the copper-amino group bonds of the

complexes. This finding, to which little attention

has yet been paid, is considered to be reliable

from the point of ESR. Rajan also suggested the

existence of π bonding in [Gu(en)2](NO3)2, on

reasoning a simple basis.14) It has generally been

believed that the metal-ligand bonding in the

metal complexes of amines is almost equivalent to

σbonding, where the ligand orbitals concerned

with the bonding are the lone-pair electron orbitals

of amines formed by spa hybridization. The

values of α2 in Table 3 indicate that the σ bonding

in the copper (Ⅱ) complexes of amines is also

covalent, but the degree of the covalency of the

bonding is not very different from that reported

for many common copper (Ⅱ) complexes.2-6)

Accordingly, it is characteristic of the copper (Ⅱ)

complexes of amines that such covalentπbonding

as that indicated in Table 3 is present. Now,

a very important but difficult problem is that of

considering what orbitals of amino groups are

used as ar orbitals, which are expressed, for con-

venience, in Eq. (2)asψL(xy),ψL(xz), andψL(yz).

One of most probable answers to the problem

is that amino groups fulfil such a function of

hyperconjugation as does the methyl group of

toluene molecule. The fact that the convalent

πbonding is present in the metal complexes of

amines has much meaning for coordination chemis-

try and biochemistry, because it suggests that

charge transfer, which is thought to be initial

step of reactions, may occur easily between the

metal atom and ligand molecules through amino

groups.

The values ofκ0 in Table 3 are about 0.42 for

[Ⅰ]-[Ⅳ], but 0.39 for [Ⅴ]. The former value is

equal to the one reported for some copper (Ⅱ) com-

plexes,2, 3) and the value ofκ0 has been assumed

to be essentially constant for all copper (Ⅱ) com-

plexes.15) However, we must bear our mind

in cases which theκ0 value in some copper(Ⅱ)

complexes like [Ⅴ] in Table 3 deviates from 0.42.16)

Another point of interest is the values of α2

calculated from the nitrogen super-hyperfine con-

stants using Eqs. (5) and (3). The super-hyperfine

constants listed in Table 1 are almost equal in

magnitude to those reported for many nitrogen-

bonded copper (Ⅱ) complexes whose nitrogen

valence orbitals are clearly known to be sp2

hybridized orbitals;2, 3, 5, 6) therefore, the nitrogen

super-hyperfine constants listed in Table 1 seem

to be rather too large considering that the nitrogen

valence orbitals of amines are nearly spa hybridized

orbitals. In Table 3 the values of α2 calculated

from Eq. (5) are compared with those calculated

from Eq. (4). The agreement for [Ⅰ]-[Ⅲ]

in Table 3 is comparatively good considering the

various assumptions involved in Eqs. (4) and

(5). However, the former is much smaller than

the latter for [Ⅳ] and [Ⅴ] in Table 3. This

implies that there are slight differences in the

characters of copper-amino group bonds between

the first three complexes and the last two complexes

in Table 3. [Ⅳ] in the table is more similar to

[Ⅴ] in chemical and physical properties, for

instance, in stability constants,17) optical absorption

spectra and magnetic parameters, than to the

first three complexes. This seems to be because

the amino groups of 1, 3-diaminopropane can be

bonded to the copper atom with the same bonding

nature as ammonia because of the structural

flexibility of the trimethylene group in 1, 3-di-

aminopropane. Since the values of α2 calculated

from Eq. (5) are alway smaller than those cal-

culated from Eq. (4), it seems that the nitrogen

orbitals of the copper (Ⅱ) complexes of amines are

not pure sp3 hybridized orbitals, but, rather,

orbitals with a greater degree of s-character.

However, further studies of these problems are

desirable in order to make the nature of chemical

bonding in the complexes clearer.
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