ESR spectra of copper(Il) complexes in the solids
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The ESR spectra of Cu(sal), - 4H,0, Cu(sal),(2-pycar), and Cu(sal),(3-
-pycar), (sal = salicylate ion; pycar = pyridinemethanol) at 77 K were stud-
ied. The spin Hamiltonian parameters indicate that the unpaired electron is
in the antibonding w4, molecular orbital. The ESR spectra of pentacoor-
dinated Cu(Il) complexes of the [Cu(phen).X]CIO, (phen = 1,10-phenan-
throline; X = Cl, Br) exhibit axial symmetry. The compressed trigonal-
-bipyramidal (TBP) configuration with D,, symmetry points (jz> > ground
electronic state) is consistent with the spin Hamiltonian parameters of the
ESR spectra. The ESR spectra of the pentacoordinated complex of [Co(1,3-
-diaminopropane);] [CuCls]*3H,O have been studied in the temperature
range 100—290 K. At higher temperature (7> 160K) the ESR spectra
change their symmetry into the orthorhombic one, the square pyramidal
(SP) structure of [CuCl]*~ polyhedrons is violated and a dynamical tran-
sition between the SP and TBP structures takes place.

N3yuens TP cnextpst Cu(sal), « 4H,0, Cu(sal),(2-pycar), u Cu(sal),(3-
-pycar), (sal = uoH canuuuiata; pycar = nupuauHMeTaHos) npu 77 K.
CrnuHoBbIe NapamMeTpbl ['aMHIbTOHA MOKA3bIBAIOT, YTO HECHAPEHHBIH 3JI€K-
TPOH HAXOMHMTCS B AHTHUCBA3YIOIUEM Y, MOJIEKYIApHOM opbutane. JITP
cnexTpsl neHtakoopauHupoBanHbIx Cu(ll) kommekcos [Cu(phen),X]ClO,
(phen = 1,10-denanTponnn; X = Cl, Br) mnoka3plBalOT aKCHAJbHYIO
cumMeTpuro. Cxartas TpuroHanbHobOunupammunanbias (TBII) xoH-
¢uryparus ¢ D, CHMMETPHYHBLIMH NYHKTaMH (|22 > OCHOBHOE 3JIEKTPOH-
HOE COCTOSHME) COBIAJael CO CHHHOBBIMH mapaMeTpaMu [ aMuiIbTOHa
OIIP cnektpoB. JIIP coekTpsl MEHTAaKOOPAMHHPOBAHHOTO KOMILIEKCA
[Co(1,3-nuamunonponan);] [CuCls] » 3H,O ObLin u3ydYeHbl B TeMIEPaTyp-
HoM auanasone 100—290 K. I1pu nossieHHo# TeMnepatype (7 > 160 K)
JI1P cnekTpbl U3MEHSIOT CBOIO CHMMETPHIO B OPTOPOMOHYECKYIO, IPUYEM
COCTOHUTCSl NpeBpalleHHe kBagpaTHO nupamuaanbHoi (KII) cTpykTypsl
[CuCl}’~ monurenpoHoB B HapyIIEHHYIO M AMHAMHYECKH NEPEXOMHYIO
mexnay KIT u TBIT cTpyktypamu.

The basic object of ESR studies in the transition metal complexes is to obtain
as much information as possible about the metal-to-ligand bond, the unpaired
electron distribution and the order of the energy levels. Measurements on
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complexes of many transition metals have resulted in a large quantity of data,
and a reasonably good picture of the bonding in many groups of complexes now
available.

Many inorganic chemists are now using ESR measurements for studying
copper(Il) complexes in the solid state [I—4]. Electron spin resonance (ESR)
plays an important role in the deeper understanding of the copper with respect
to its physiological significance in copper-containing compounds [5].

Generally, the greatest amount of information concerning nuclear or para-
magnetic sites in solids can be obtained from measurements in single crystals.
However, there are two fundamental reasons for using powdered materials in
magnetic resonance studies. Firstly, the most obvious is that some materials are
available only in powdered form. Secondly, frozen solutions, glasses and amor-
phous materials are inherently “powders” in the sense that they can be viewed
as an ensemble of randomly oriented paramagnetic sites. Experiments on single
crystals, although more precise, can be time-consuming and unnecessarily
tedious when compared to the speed and simplicity possible with powdered
samples.

In a single crystal, the resonance field or frequency depends on its orientation
with respect to the applied magnetic field. The resonance condition is calculated
from the energy eigenvalues of the spin Hamiltonian. In polycrystalline mate-
rials, powders or glasses the paramagnetic sites are randomly oriented with
respect to the applied field. Then the magnetic resonance spectrum, referred to
as a ‘‘powder pattern”, is an average over the resonance conditions for all
possible orientations of the paramagnetic site.

For copper(Il) in most environments, the ground state magnetism is essen-
tially spin only and the orbital motion is said to be “quenched”. Since copper(II)
has one unpaired electron in its 3d° configuration, the “effective” spin is equal
to the actual spin of the free ion S = 1/2. The Zeeman splitting, or g factors are
shifted from the free-electron value of 2.0023 by spin-orbit coupling of the
ground state to excited states.

The 2D free ion ground state of copper(II) (3¢°) may be split by an octahedral
crystal field to give a doublet state lowest and triplet state uppermost in a 34"
“hole” formalism. In a real representation, the orbitals may be written as
|3z2 — r* > and |x* — y? > for the doublet and |xy >, |xz > and |yz > for the
triplet (Fig. 1). The doublet splitting is attributed to the Jahn—Teller effect [6,
7], which results from a coupling of electronic and vibrational states, but it may
also be due in part simply to a low symmetry crystal field arising from the
symmetry of the arrangement of atoms about the copper(II) ion. In orthorhom-
bic symmetry the ground state must be a linear combination of |x? — y? > and
322 — rt >.
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Fig. I. Schematic energy level diagram 1zx>

for copper(1l) considered as a 34" hole
configuration in octahedral, tetragonal
(axial) and orthorhombic fields.
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Analysis of the ESR spectra of Cu(II) complexes

In frozen solutions or powder samples, it is assumed that all orientations of
the complexes with respect to the applied magnetic field are possible. Thus the
general expression for the ESR line shape must be averaged over the elementary
angular volume dQ = sin @d®d®. Therefore for the total line shape we may
write the following expression [8]

fB=NYYY P(®, @, i) G(B, O, D, i) Acos OAD ()
i @ @

where N is normalization constant, P(®, @, i) is the probability of the i-th
spectral transition, G(B, ©, @, i) is the line shape function (for the ESR spectra
Lorentz or Gauss type derivative function can be used); B is the value of
external magnetic field induction, ® and @ are polar angles which define
orientation of the crystal with respect to the external magnetic field.

It has proved difficult to obtain an exact match between experimental and
computer simulated curves in every detail of line position or line shape. This
problem can be overcome using the optimization procedure. This procedure can
be based on the minimization of the error function according to the relation [8]

V=3 (fop(B) — f(B)’ @

where f.,,(B) are the experimental spectra points, and f(B) theoretical points
given by eqn (/).
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Analysis of the g-tensor of hexacoordinated copper(1l) complexes allows an
unambiguous assignment of the ground state and the nature of the distortion.
Let us consider the simple case of a tetragonal distortion which may either
shorten or lengthen the axial copper—ligand bonds. If there is a lengthening of
the bond, the |z? > orbital is stabilized and the unpaired electron will be in an
orbital of b,, symmetry (mainly |x* — y* >). The g-values are given by

81 = 8e — 2A’/AE‘(blg - eg) (3)
8 = 8e — SA/AE(bIg — by) 4

where A is spin-orbit constant and g, > g, > g.. An example of this is
Cu(H,0);* where g, = 2.400 and g, = 2.099 [9].

On the other hand, if there is a shortening of the bond, the |z > orbital will
be destabilized and will contain the unpaired electron. The g-values are then
given by

8 = & (&)

8. =8 — 6M/AE(a, — ) ©)
A
B
c

003 T Fig. 2. ESR spectra of the Cu(sal), «+ 4H,O (A4);
|'_..| Cu(sal),(2-pycar), (B); Cu(sal),(3-pycar), (C).
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Sog, > g, = g.. Examples of this case are rather rare, but the effect is present
when Cu’* ions are substituted for Zn in ZnWO, [10].

Considerable attention has been paid to the study of carboxylato-copper(II)
complexes from the chemical and biological point of view. We studied the ESR
spectra of Cu(sal), - 4H,0, Cu(sal),(2-pycar), and Cu(sal),(3-pycar), (sal =
= salicylate ion; pycar = pyridinemethanol). The spectra were recorded at 77 K
and are presented in Fig. 2. They showed effective axial symmetry and were
interpreted using the spin Hamiltonian [11]

H = BBgS + IAS (7)

where the symbols have their usual meaning [11]; S = 1/2 and I = 3/2 for Cu?*.

The spectral parameters obtained using the above-mentioned optimization
method are summarized in Table 1. Spin Hamiltonian parameters of all com-
pounds under study show g, < g,. This indicates that the unpaired electron is
in the antibonding w,,, molecular orbital, which clearly demonstrates an elon-
gated tetragonal bipyramidal coordination around Cu(II), which is in good
agreement with X-ray data [12].

Table 1

ESR parameters of the copper(Il) complexes Cu(sal), « 4H,0O (f), Cu(sal),(2-pycar), (I), and
Cu(sal),(3-pycar), (III)

A, - 10 A, - 10*
Compound g 8 l—ll—_l— ﬂ.T
cm cm
1 2.065 2.310 — —
I 2.075 2.304 12.9 154.1
g 2.060 2.310 10.2 170.0

While the tendency to form tetracoordinated or hexacoordinated compounds
is a dominant feature of the structure chemistry of copper(II), the synthesis and
properties of pentacoordinated copper(II) compounds have attracted interest
only recently [3, 4].

In pentacoordinated Cu(Il) complexes of the [Cu(phen),X]ClO,
(phen = 1,10-phenanthroline; X = Cl, Br), distortion of the CuN,X chromo-
phore from the trigonal bipyramidal geometry (TBP) to the square pyramidal
geometry (SP) is conceivable [13]. In the case of the compressed configuration
of the coordination polyhedron, the perpendicular and parallel components of
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the axially symmetrical g-tensor can be described in the crystal field theory
approximation, by the equations-[14]

g1 = 8+ 64/AE(a; — €") ©)

gll =& (9)

The shape of the ESR spectra of the systems investigated (Fig. 3) indicates
that all of them exhibit axial symmetry and the relation g, > g, = g, holds for
the components of the axial g-tensor of all the spectra (Table 2). The compressed
TBP configuration with D,, symmetry points (|z2 > ground electronic state) is
consistent with the parameters of the ESR spectra obtained, which satisfy the
above-mentioned relation.

The ESR spectra of pentacoordinated complex of [Co(1,3-diaminopropane),]
[CuCly] « 3H,0 in polycrystalline state have been studied in the temperature
range 100—290 K.

As it was mentioned above the Cu(II)L; polyhedrons can occur in two
different geometric arrangements: [. in trigonal bipyramidal structure (TBP)
(symmetry D,,); 2. in tetragonal pyramidal structure (SP) (symmetry C,,). These
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g \ i Fig. 3. Experimental (———) and
N simulated (— —-— )  spectra  of
0.01T [Cu(bipy),Cl]ClO, (4) and
—si [Cu(bipy),Br]CIO, (B).
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Table 2
Spin Hamiltonian parameters of the ESR spectra of [Cu(phen),Cl]CIO, (/) and [Cu(phen),Br]CIO,
un
AB, - 10 AB, - 10*
Compound g, g T -
I 2.184 2.008 22.7 12.1
1 2.178 2.023 40.3 18.9

two configurations can pass from one to other by the Berry rotation [15]
mechanism. The activated state of this rotation has C,, symmetry.

Fig. 4 presents some examples of the measured ESR spectra of the [Co(1,3-
-diaminopropane),] [CuCl;] - 3H,0 complex in polycrystalline state obtained at
different temperatures.

The principal values of the g-tensor elements obtained for the [Co(1,3-
-diaminopropane),] [CuCly] - 3H,0 (Table 3) imply an axially symmetric system
of the SP structure of the [CuCl’~ ion as the relation g, > g, > g. is fulfilled.
A very small temperature dependence of the values g, and g, points out a
considerable rigidity of the SP structure of the [CuCl]*~ ions which is stabilized

0.05T
P

Fig. 4. ESR spectra of the [Co(l,3-diaminopropane);] [CuCl] + 3H,0 measured at different tem-
peratures: 100K (A4), 160K (B), 220K (C), 290K (D).
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Table 3

Temperature dependence of the ESR parameters of [Co(1,3-diaminopropane),] [CuCl] - 3H,O

g g2 g; or AB, AB, AB; or
T/K 8 & AB, AB,
1074T 1074T
100 2.106 2.248 52.24 43.04
140 2.107 2.248 54.83 43.53
160 2.105 2.107 2.248 64.44 55.34 46.07
180 2.082 2.108 2.249 66.24 56.79 50.94
220 2.069 2.107 2.250 66.52 63.15 55.02
260 2.068 2.107 2.249 72.36 71.49 56.07
290 2.063 2.109 2.261 78.20 72.21 60.09

by the weak hydrogen bonds of diaminopropane (contained in the complex
cation) to chlorine atoms of the [CuCl;]*~ anion.

At higher temperatures (T > 160 K) the ESR spectra change their symmetry
into the orthorhombic one and the SP structure of [CuCly*~ polyhedrons is
violated (under simultaneous breaking of the weak hydrogen bonds) and a
dynamical transition (Berry rotation) between the SP and TBP structures takes
place. At every temperature a certain equilibrium of the SP and TBP polyhe-
drons is established to which the incident orthorhombic ESR spectrum corre-
sponds. The portion of the TBP polyhedrons increases with the increased tem-
perature, which manifests itself in increasing asymmetry of the ESR spectra.
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