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THE EPR SPECTRA OF TETRADENTATE SCHIFF BASE
COMPLEXES OF COPPER (1II)
IV. N,N-bis-(pyrrole-2-aldehyde)ethylenediimine

ROBERT L. LANCIONE, HARRY C. ALLEN, Jr. and JAMES R. BUNTAINE}

Department of Chemistry, Jeppson Laboratory, (ark University,
Worcester, Massachusetts 01610 U.S.A.

(Received February 20, 1976, in final form March 1, 1976)

The EPR spectrum of N,N’-bis-(pyrrole-2-aldehyde)ethylenediimino Cu(Il), [Cu en(pyal), ] has been investigated in
a doped single crystal of the corresponding nickel (IT) chelate. The imine and pyrrole nitrogens were found to be
chemically inequivalent thus giving rise to unequal coupling constants. The parameters in the doublet spin-
Hamiltonian are found to be: g, = 2.168 = 0.001, g, = 2.042 £ 0.002, gy, = 2.043 + 0.002, AE“ =197.5 x10*cm™,
AG =285 x10* em™, A$Y =27.3x 107 em ™, imine A =14.1 x 107 em ™, AY¥ =4 =155 x 10" em ™,
pyrole AY =177 x 107 em ™, AY = 4Y = 155 x 10* em ™!, methine AF = 7.0 x 10~* cm~?,

Ag = AJ’,{ =8.2 x 10™* cm ™. These parameters are related to the coefficients of the molecular orbital containing
the unpaired electron. Preliminary crystal data for the nickel chelate are also given.

KEY WORDS

EPR spectrum, N,N'-bis-(pyrrole-2-aldehyede )ethylenediimino Cu(II), magnetic parameters,

molecular orbitals, ligand field, crystal data.

INTRODUCTION

Transition metal complexes of tetradentate ligands
resulting from the 2:1 condensation of salicylalde-
hyde or S-diketones with diamines have been the
subject of many investigations.1—3 These ligands
form planar, neutral complexes of the cis “N, O, ”
type and furnish fields whose approximate symmetry
is described by the C,, point group. The related
tetradentate Schiff base complexes of the “Ns” type
have been somewhat ignored. Only recently have
complexes derived from o-aminobenzaldehyde been
investigated in any detail.®—8 There is even a greater
dearth of information concerning tetradentate
complexes derived from pyrrole-2-aldehyde. This is
surprising since they contain the biologically impor-
tant pyrrole moiety and their ability to form single
crystals far exceeds that of the phthalocyanines and
the porphyrins.

The condensation product of two moles of

+Supported in part by Bureau of Mines, Department of
Interior under Contract P0160064.

pyrrole-2-aldehyde and one mole of ethylene-
diamine and its complexes of copper(ll) and
nickel(II) were first reported by Pfieffer® er al. and
later studied in greater detail by Weber and
Clarke!©-11 but no EPR data have been presented.
Stackelberg' ? attempted to obtain crystal data for
the copper complex but his analysis is incomplete.
The purpose of this study is to investigate the copper
complex by EPR spectroscopy. To obtain the
maximum amount of bonding information, this study
was carried out on a magnetically dilute sample in
order to eliminate dipolar broadening thus enabling -
the resolution of hyperfine and superhyperfine
structure in the spectrum. This was accomplished by

-doping small amounts of the paramagnetic copper

complex into a crystal of the diamagnetic nickel
complex.

EXPERIMENTAL
The ligand and the nickel chelate were prepared as

described in the literature.® Small amounts of Cu(I1)
were added during the synthesis of the Ni(1I) complex
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FIGURE1 Molecular geometry of the complexes where
M = Ni(iI), Cudll).

to form the doped compound. Isotopically pure
(99.87%) ©3Cu(ll), as the nitrate, was used in doping
to reduce the complexity of the hyperfine splitting.
Single crystals of the pure nickel chelate were used to
collect x-ray data while Cu-doped (1-3%) crystals of
the nickel chelate were used for EPR studies.

The EPR spectrometer and the associated equip-
ment have been previously described.!® The spectral
analysis was simplified by the use of simulated spectra
calculated on a Nicolet Nic-80 computer by means of
the program “EPRCAL”. The data reduction pro-
cedure described by Billings and Hathaway!*
employed in our previous studies was modified for
use in the present case because we could obtain data
in only two orthogonal planes. Since the largest
g-value (g, ), lobtained from the powdered crystal
spectra was observed in one single crystal plane, their
method could be modified to accommodate the
present system. The modification we have employed
is described in the appendix.

Translucent orange crystals of Nifen(pyal), ]
elongated along the a-axis were obtained by slow
evaporation of a chloroform solution. Found:
C-53.28%, H-4.51%, N-21.10%; Calc: C—53.18%,
H—4.46%, N—-20.68% with no solvent of
crystallization.

Preliminary oscillation and Weissenberg photo-
graphs of a crystal showed that it was triclinic. The
unit cell parameters' * were obtained from
precession photographs. These are a =6.92 £ 0.02 A,
b=883+0.02A4,¢=10.57 £0.03 A,
a=650%0.5°8=80.8+0.5°, v=81.22%0.5"
space group P, or Pi. The density measured by
floation in aqueous zinc bromide, 1.55 gcm 73, is in
good agreement with the value 1.56 gcm ™ calculated
for two molecules per unit cell.

The crystallographic axes with respect to the
external morphology are shown in Figure 2. A
c'-axis was chosen normal to the large face (001)
and a b'-axis was chosen normal to the ac’ plane. This

A

FIGURE 2  Orientation of the crystallographic axes with
respect to the external morphology for a single crystal of the
nickel complex.

provides an orthogonal axis system for EPR data
collection.

Well resolved spectra were observed in the ab’ and
ac’ planes while in the b’c’ plane severe overlapping of
the superhyperfine lines as well as line broadening due
to the pyrrole protons prevented a detailed analysis.
The value for g, as determined from the powdered
crystal spectra was observed in the ac’ plane. The
maximum value for the copper hyperfine splitting,
AL"®, was observed when the field was parallel to the
g direction.

ANALYSIS

The magnetic parameters and the direction cosines
were determined by the method outlined in the
appendix. These values are collected in Tables [ and
i

TABLE 1
The Magnetic parameters

2z = 2.168 + 0.001

gx = 2.042 £ 0.002

gy = 2.043 £ 0.002
v -195.1:05G

197.5 x 10~

Cu=-299:10G
28.5x10™* cm™!

A5 =286 1. oc
27.3x107% cm ™

imine,Az =139+05G
141 x107* em™

pyrrole,A£V= 17.5£ 0.5 G
17.7x10"% cm -

imine, pyrrole, Ax -Ay =153+05G
14.6 x 10™ c¢m ™!

methine, 47 =691 0.5 G

70x10™% cm™
Af=4l=86:05¢
82x107% cm™!
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TABLE 11
Direction cosines of the g-
values with respect to the

laboratory axes.

a v <
Ex 0.25 0 0.97
gy O 10
£z 0.97 0 -0.25

The superhyperfine splitting along g, consisted of
27 partially overlapped lines. This splitting pattern
was first thought to arise from four equivalent
nitrogens and the two methine protons since these
protons have been known to cause superhyperfine
structure in the spectrum of similiar complexes. The
spectrum did not yield to such a simple analysis
because the lines were unequally spaced. A computer
simulation of spectra using different coupling
constants for the imine and pyrrole nitrogens
accounted for positions of 25 of the 27 lines but the
calculated intensities were in poor comparison.
Ultimately, a simulation using different nitrogen
coupling constants and a methine proton coupling
constant of one-half the imine nitrogen value
accounted for the missing lines as well as the intensity
distribution.

In the molecular plane the superhyperfine
structure consisted of nineteen equally spaced lines.
This could arise from four equivalent nitrogens and
two equivalent protons with a coupling constant of
one-half the nitrogen value. Again, the calculated line
positions were in agreement but the calculated and
experimental intensity ratios were in poor agreement.
The observed “extra” lines arising from the protons
had intensity ratios less than one-half the expected
value. The observed line positions and intensities
could be reproduced assuming four equivalent nitro-
gens and a proton coupling constant of (Ay)2 +1G.

In each case, the final simulated spectrum repro-
duced the observed line positions to within one
gauss. The intensities were in good agreement but
overlapping prevented an exact comparison.

BONDING

The molecular geometry of the complex is shown in
Figure 2. Assuming C§%) point symmetry, the
molecular orbital containing the unpaired electron is
the antibonding linear combination of the d, orbital
on the copper with ligand sigma orbitals:

t[/32=alxy)—a'/2|Bz) )

The two coefficients are related by the normalization
condition

o? +a'? —200/S=1 )

where S is the overlap integral represented by
2{xy | By ). Here | B, ) is a ligand group orbital
given by

4
|By)=12 ci0;) ¢;=%1 (3)
i=1

0;=n(2p); (1 —n?)"?(2s); )
Complete expressions are available for the ligand
hyperfine interaction but we shall deal with only the
isotropic part, 1/3 (4% + A + AY), since correcting
for the dipole-dipole contribution requires a know-
ledge of the copper-nitrogen bond distances and the
use of the anisotropic part introduces a large amount
of experimental error into the analysis. The isotropic
contact term is

ANy = 4/3nyNBoBya'?(1 —n?) | Yas(0) 12 (5)

where | Y/, s(0) | 2 is the value of the nitrogen 2s
function at the nucleus which is estimated' © to be
33.4 x 10*%cm 3,

Using the expression,'’

|4 14881
P P
+2/3g) — 5[21g, 6/7] ©)

setting P= 0.036 cm ™! and with the spin-
Hamiltonian parameters we obtain o® = 0.728. If it is
assumed that the copper nitrogen bond distances are
1.95 A and that the hybridization of the nitrogen
bonding orbitals is sp? then S = 0.088' 2. The
normalization condition then gives &'* = 0.362.
Using equation (5) and setting n* =0.667 we calculate
AN, =16.0x107* cm™, in good agreement with
the pyrrole value. The smaller observed isotropic
splitting for the imine nitrogens could be due to a
p:s ratio on the nitrogen greater than two and/or a
copper nitrogen distance greater than 1.95 A. Since
the overlap integral is a function of both the bond
distance and the hybridization we hesitate to calculate
a coupling constant without knowledge of the bond
distance.

The fractional Is electron hole associated with the
methine protons is obtained from

H
Aiso

ay

o? =7/4[

Pu =

Q)

where ayy is the hyperfine splitting constant for the
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hydrogen atom. Using the value!® gz = 0.0474 cm ™!
and obtaining A%, using (4 ~)j2 T 1G as the in-plane
methine proton splitting, a value of 0.017 is found.
This choice for in-plane proton splitting leads to a
ratio of Py in this complex to the value found for
Cu[en(sal); ]2© of 1.13. This is the same as the ratio
of &2 for the two complexes.

DISCUSSION

If the crystallographic space group is Py, crystallo-
graphic symmetry would demand the occurrence of
one magnetic site since the two molecules in the

unit cell would be related by an inversion center.
This assumption has been critical to the analysis of
the superhyperfine splitting. The possibility that the
complex superhyperfine pattern partially arises from
slightly inequivalent magnetic sites has not been
considered. The occurrence of the space group P,

in a crystal of this chelate seems unlikely and the
good agreement between the observed ¢ad calculated
spectra is good indication that it does not occur here.

The dxy orbital transforms in the molecular point
group Cg’f,) as the irreducible representation B, while
the d,2 _,2 and the d, orbitals transform as A;. In
s type of copper complex in-plane g-anisotropy is
expected to be small, due mainly to the difference in
energies of the d,,..dy, and the d,, .d,,
transitions.?? Accordingly, the amount of thombic
character in the g-tensor in our previous
studies13:20,21 of tetradentate complexes of the
cis “N, 0, ” type has been found to be small, usually
within experimental uncertainty. We therefore expect
that we have lost no pertinent information by
collecting data in only two planes for the system
reported in this study.

The g-values and copper hyperfine splitting values
found for this complex are similar to those observed
in copper pthalocyanin®® and copper porphyrins®*.
The imino nitrogen splitting values are similar to
those obtained in our previous studies on the cis
“N, 0, complexes while the pyrrole nitrogen values
are reminiscent of those found for copper
pthalocyanin.?®

It is interesting to note that the smaller value of g,
reported® for N,N'-bis-(0-aminobenzaldehyde)
ethylenediimino Cu(ll) should be indicative of
greater covalency in that compound. The use of
equation (6) and the magnetic parameters give

o* =0.747 implying less covalency in that compound.

As previously observed,?! | 4€Y | increases with
greater covalency rather than decreasing as expected.
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APPENDIX

The data from each of the two planes was fit to the
usual equation via a least square analysis.

82 =a; +; cos 20 +;sin 20 8)

Here i is the axis of rotation and § is the rotation
angle, not necessarily the angle the magnetic field
makes with an axis in the plane. If we take the xz
plane to be a principal plane and the xy plane to be
another plane of rotation, it follows that

gfcy = g},z = 0 and the remaining g-tensor elements
are given by

gazcx =ay t+| (ﬂg +7§)1/2 I

gy =0, — (B +92)"* | 9)

g;z =2a, —a; — | (i "")'22)“2 |

85z = [B5 + 73 — 1/A(82, —g2x)*]"?
The sign of g2, is positive if g2 reaches a maximum
between the x and z axes and negative if it reaches a
minimum. Our e, § and 7’s relate to Billings and
Hathaway’s'? 4, b and c’s as follows: a=a/f2, = b,
and y = ¢. We have chosen this convention because
a fit of the experimental data to equation (8) gives
a=1/2(4 +B) and not A + B. Using this convention

equations (2) of reference 14 appear without the 1/2
and equations (3) without the 1/4.

If xz is indeed a principal plane, then the three
g-values and their directions are determined. It is
possible for the g-tensor to be thombic with only g,
lying in the xz plane. For this case, the average of the
two in-plane g-values determined by this method will
be the same as the average of the actual two-plane
g-values (g ). No information would be lost in
determining bonding parameters since the usual
expressions require only g,. If the g-tensor is axially
symmetric then each in-plane g-value will still have
associated with them a specific direction. Upon
diagonalizing the g-tensor, the direction obtained for
g, is where the coordination plane intersects the xz
plane and gy, is taken to lie along the y-axis.

Since g%, = 0 the expression for the angle of
misalignment®® in the xy plane simplifies to

86, =*1/2 arc tan | v, /B, | 10)

The angle of misalignment in the xz plane can be
determined from

(ggz *ngcx)

86, =+1)2 [arc cos | ="
¥ 2(@]2’ + 7;2,)1/2

1]
—arctanl'yylﬁyl] (1)

where the signs are those of v/p.



