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We investigate the electronic properties of copper ions substituting zinc ions in diaqua(L-aspartato)Zn(II)
hydrate (ZnC4H5O4N‚3H2O), to be called Zn(L-asp). In this compound, the Zn ions are in an octahedral
coordination with a small distortion in the equatorial plane and the aspartate ion acts as a tridentate ligand.
EPR spectra of single crystals of Zn(L-asp) doped with63Cu(II) were obtained at 9.8 GHz between 77 and
300 K, with the magnetic field applied in the crystallographic planesab, bc, andca. Theg-factor and63Cu
hyperfine coupling along the crystal axes display large temperature variations. From the single-crystal data
we obtained the principal values of these tensors:g1 ) 2.0377(5) [2.028(1)],g2 ) 2.1701(5) [2.144(2)],g3

) 2.3127(4) [2.351(2)],ACu
1 ) 61.5(4)× 10-4 cm-1 [58.0(3)× 10-4 cm-1], ACu

2 ) 20.5(1)× 10-4 cm-1

[3.6(3) × 10-4 cm-1], ACu
3 ) 87.8(2)× 10-4 cm-1 [114.5(4)× 10-4 cm-1], at 300 K [77 K]. At 77 K, the

hyperfine coupling with the14N ligand is resolved and the principal values of theAN tensor areAN
1 ) 11(2)

× 10-4 cm-1, AN
2 ) 11(2)× 10-4 cm-1, AN

3 ) 8(2) × 10-4 cm-1. EPR data in powder samples at X-band
and Q-band were compatible with those values. From the Q-band powder spectrum at 5 K we getg1 )
2.03(1),g2 ) 2.12(3),g3 ) 2.36(3),ACu

1 ) 55(1) × 10-4 cm-1, |ACu
2| ) 4(2) × 10-4 cm-1, ACu

3 ) 117(3)
× 10-4 cm-1, which show the low symmetry of the copper site and are assumed to be the “molecular”
parameters. The EPR results are discussed in terms of the structure of Zn(L-asp) and the electronic properties
of the copper ions. We analyze the temperature dependence of theg and copper hyperfine values considering
a dynamic Jahn-Teller effect in terms of a potential surface warped as a consequence of tetragonal and
orthorhombic lattice strains. Above 100 K, the behavior is explained in terms of the Boltzmann equilibrium
between two isomer configurations distorted along the Cu-water oxygen bond (Silver-Getz model). The
energy splitting between the wells areδ23 ) 235(5) cm-1 andδ13 = 440(50) cm-1. Below 100 K, the data
indicate the restricted validity of the SG model and suggest that the complex is localized in the deepest well.

1. Introduction

Studies of the structural, electronic, and magnetic properties
of metal-amino acid complexes provide valuable information
to understand the properties of metal ions in metalloproteins.
Metal ions are biologically important and so are their complexes
with amino acids.1 Aspartic and glutamic acids have two
carboxylate groups. One belongs to the amino acid group and
the other to the terminal group. As a characteristic feature, they
may bind metal ions through any of these groups. The structure
of the salts ofL-aspartic acid with divalent cobalt, zinc, and
nickel are isomorphic and crystallize as trihydrates in the
orthorhombic space groupP212121.2-4 That for the copper salt5

is slightly different, but all the structures reflect that charac-
teristic of the amino acid.

The structure of the zinc salt of aspartic acid was determined
by Doyne et al.,2 who reported only interatomic distances and

bond angles. Kryger et al.3 determined the structure and the
positions of all atoms including hydrogens, with results in
agreement with those of Doyne et al.2 Along this work
Castellano et al.6 determined again the structure of Zn(L-asp)
using samples grown by us. Their results are of higher accuracy
but essentially equal to those of Kryger et al.3

The structure of the copper complex of aspartic acid was
recently reported.5 Copper ions have an unpaired spin, and their
electronic properties were studied by electron paramagnetic
resonance (EPR) spectroscopy. This technique may offer a
detailed view of the coordination of the ligands and the chemical
bonding of the ion. However, the exchange interactions between
copper ions in Cu(L-asp)(H2O)2 are large enough to collapse to
a single line the resonances corresponding to the magnetically
nonequivalent copper ions in the lattice and their hyperfine
components.5 This is produced by the so-called “exchange
narrowing” phenomenon,7 which severely limits the information
about the electronic properties obtained from the EPR spectra.
To recover the information, the magnetic ions have to be
introduced as impurities in an isomorphic diamagnetic host
lattice. In this case, information may be obtained about the
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electronic structure and the vibronic interactions as well as
features of the hyperfine coupling with the nuclear spins of the
metal ion and the ligands.

Here we report an EPR study of63Cu(II) impurities in single
crystals and powdered samples (made by crushing single
crystals) of Zn(L-asp) between 300 and 77 K. A powdered
sample was also studied at 5 K. Doping with only one isotope
improves the EPR resolution and allows us to resolve hyperfine
couplings with ligand nuclei at low temperature. We discuss
our EPR results in terms of the structure of Zn(L-asp) and the
electronic properties of the Cu(II) ions. They are compared to
those obtained in Cu(L-asp) in order to learn about the distortions
produced at the Zn sites when they are occupied by Cu
impurities. We analyze the role of Jahn-Teller distortions in the
observed temperature dependence of theg and copper hyperfine
values. The EPR results and structural data on diluted samples
provide information about the nuclear dynamics around the
copper impurity. In the zinc lattice, there are not cooperative
effects that might obscure the information as in the pure copper
complex. Therefore, the experimental data on diluted samples
may complete the information about Cu(L-asp), specially in
reference to the vibronic behavior.

Theoretical models have been developed in order to analyze
the Jahn-Teller effect in a six-coordinated Cu(II) complex with
identical ligands and cubic symmetry.8-15 Silver and Getz (SG)16

and Riley and Hitchman (RH)17,18introduced alternative models
to describe the temperature dependence of theg and copper
hyperfine values for six-coordinated copper complexes in low
symmetry sites, under the influence of Jahn-Teller coupling and
perturbations due to the surrounding crystal lattices. Variations
of the geometry and electronic structure of six-coordinated
mixed-ligand Cu(II) complexes with the substitution of a pair
of trans ligands by water, ammonia, or other molecules, owing
to some symmetry operation, have been studied using a model
of dynamic vibronic coupling.19-22 Here we extend these studies
to the case of Cu:Zn(L-asp), where the Cu(II) site has not any
point symmetry operation. The observed temperature depen-
dence of theg factor and copper hyperfine coupling are
discussed for a “pseudo-Jahn-Teller” complex. In this case, the
degeneracy of the copper ion is slightly broken by the presence
of three different types of ligands which produces a distortion
that modifies but does not remove the Jahn-Teller effect.23

2. Materials and Methods

2.1. Sample Preparation.Zn(L-asp) was obtained by mixing
stoichiometric quantities of a saturated water solution of
L-aspartic acid and zinc carbonate hydroxide at 100°C. The
solution was slowly cooled to room temperature. Irregular single
crystals with well-resolved (110) faces, obtained at room
temperature by slow evaporation of the solution, were separated
by filtration. Larger single crystals were grown from solution
maintained at 60°C in a thermostatic bath for several days.
Copper-doped single crystals of Zn(L-asp) of up to 3.5× 2.0
× 1.5 mm were grown for EPR measurements by adding 99%
63Cu-enriched copper(II) nitrate trihydrate and zinc carbonate
hydroxide, with about 0.1% Cu/Zn atomic ratio, to the saturated
water solution ofL-aspartic acid.

2.2. IR and EPR Measurements.Infrared spectra recorded
on a Bruker FT I-25 spectrophotometer were analyzed in
accordance to the criteria established by Antolini et al.4,24,25In
the (1650-1350) cm-1 wavenumber region characteristic of
carboxylate-group vibrations, several bands were observed in
agreement with the different coordination of each carboxylate
group. Table 1 displays the more relevant IR bands.

The crystal c axis of the sample was identified as the
intersection of two lateral (110) faces. The sample was glued
with GE7031 lacquer in a sample holder made of rexolite
according to the crystallographic data, which defines a setx(t
a), y(tb), z(tc) of orthogonal axes. This sample holder was
positioned in a horizontal plane at the top of a quartz pedestal
in the center of the microwave cavity. The EPR measurements
were performed at room temperature in a Bruker ER-200 EPR
spectrometer working at 9.8 and 35.03 GHz, using a cylindrical
cavity with 100 kHz magnetic field modulation. The spectra
were obtained with the magnetic field applied in three perpen-
dicular planesxy, yz, and zx at intervals of 5° along a 180°
angular range. The positions of the crystal axes within each
plane were determined with an accuracy of 1° from the
symmetry of the observed angular variation of theg factor. EPR
measurements at low temperatures were performed at 9.38 GHz,
using an immersion Dewar system for temperature control. The
temperature was measured with an accuracy of 0.5° using a
platinum thermometer. The sample was oriented using the
spectra observed at 77 K where the line widths are smaller.
Spectra withB in the (110) plane were obtained in a sample
with this plane glued to the horizontal face of a cubic sample
holder. EPR spectra of powdered samples at X and Q-band were
also obtained between 5 and 300 K.

3. Crystal Structure Data

3.1. Crystal and Molecular Structure of Zn(L-asp). The
crystal structure of diaqua(L-aspartato)Zn(II) hydrate (ZnC4H5O4N‚
3H2O) was determined at room temperature.2,3 It was redeter-
mined by Castellano et al.6 along this work, and we use these
newer and more accurate results in our analysis. Zn(L-asp)
crystallizes in the orthorhombic space groupP212121, with a )
9.338(1) Å,b ) 7.8066(7) Å,c ) 11.550(1) Å, andz ) 4.

In Zn(L-asp), each aspartate ion acts as a tridentate ligand
through the nitrogen (N), one oxygen (O1) from theR-carboxy-
late group, and one oxygen (O4) from theâ-carboxylate group.
Each Zn ion has a nitrogen (N) and three oxygens (O1 from
the R-carboxylate group and O3′ from a â-carboxylate group
of a neighbor aspartate molecule and Ow2 belonging to a water
molecule) as equatorial ligands. Two oxygens (O4 from the
â-carboxylate group and Ow1 belonging to another water
molecule) complete the octahedron of ligands at apical positions.
The Zn coordination in Zn(L-asp) (Figure 1a) is octahedral with
a small tetragonal deformation but a well-defined equatorial
plane. (The dashed axis in Figure 1a indicates the direction of
the normal to the equatorial plane). There are four symmetry-
related molecules in the unit cell (z ) 4). Figure 1b showing
the molecules I, II, III, and IV will be used in the analysis of
the EPR results. Molecules II, III, and IV are obtained from
molecule I by 180° rotations around the axesc, a, andb, plus
a translation, respectively. The bond distances are given in
Figure 2. The angles between Zn and the coordinated ligands
are given in Table 2.

At each direction of the octahedron there is a ligand with
two protons (Ow1, Ow2, N) and opposite to it there is an oxygen
(O1, O4, O3′) from a carboxylate group (angles: ZnO4C4)
127.9(1)°, ZnO1C1) 109.9(1)°, ZnO3’C4 ) 122.3(1)°) (see

TABLE 1: IR Absorptions (cm -1) of
Diaqua(L-aspartato)zinc(II) Hydrate (High, 4000; Low, 600;
Resolution, 2)

ν (NH2) 3292
δ (NH2) 3254
ν (OCO)asym 1574, 1556
ν (OCO)sym 1422, 1388

Copper-Doped Diaqua(L-aspartato)zinc(II) Hydrate J. Phys. Chem. A, Vol. 103, No. 15, 19992607



Figure 1a). The asymmetry introduced by the difference between
a N and a water O ligand produces a distortion of the Zn
molecule (see Figure 1a). Furthermore, the nitrogen ligand is
displaced toward the oxygen ligand (O1) as a consequence of
the rigid bonds in theR-carboxylate group. This introduces an
additional angular distortion in the equatorial plane (angle:

O1ZnN) 77.8(1)°) lowering the Zn(II) local symmetry which,
however, is close toC2.

The internal molecular motion is reflected by the thermal
displacement tensorU obtained from the crystal data.6 Zn and
N atoms are described by nearly isotropic thermal displacements,
while anisotropic ones describe the oxygen atoms. The atomic

Figure 1. (a) Molecular structure of Zn(L-asp), showing the labeling of the atoms, the environment of the zinc atom, and the aspartate molecule.
The meaning of the dashed axis is discussed in the text. (b) Orientation of the four symmetry related zinc molecules in the unit cell projected onto
the ac plane. Site I is that given in the crystal structure determination.6

Figure 2. Projections of the structures of Zn(L-asp) (a) and Cu(L-asp) (b) onto theac andbc planes, respectively. Bond distances are in angstroms.
From data of refs 5 and 6.
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mean-square displacements〈∆U2〉 ) I ‚U(Zn)‚I - I ‚U(ligand)‚
I18 along the directionsI defined by the Zn ion and each ligand
are: (∆U2

Zn-Ow1) ) 0.004(1) Å2, (∆U2
Zn-Ow2) ) 0.006(1) Å2,

(∆U2
Zn-O4) ) 0.001(1) Å2, (∆U2

Zn-O1) ) 0.003(1) Å2,
(∆U2

Zn-O3′) ) 0.001(1) Å2, and (∆U2
Zn-N) ) 0.003(1) Å2.

3.2. Comparison with Cu(L-asp). The Cu(II) ion in Cu(L-
asp) is in a distorted tetragonal pyramidal coordination.5 It is
in the plane of the base of the pyramid with an environment
similar to that described for the metal in the equatorial plane
ion in Zn(L-asp) (see Figure 2a,b). Bond distances are shorter
than those for Zn(L-asp), because the ionic radius of Cu(II) (r
) 0.69 Å) is shorter than that of Zn(II) (r ) 0.76 Å). The 5-fold
coordination is completed with a far oxygen of a second water
molecule (Ow1) at the top of the pyramid. At each direction
defined by the ligands in the base of the pyramid there is a
ligand with two protons (Ow2, N), and opposite to it an oxygen
of a carboxylate group (angle CuO1C1) 115.6(1)°, angle
CuO3C4) 115.0(1)°). The copper ion is displaced 0.107(1) Å
from the least-squares plane defined by N, O1, Ow2, and O3′,
toward the apical water oxygen Ow1. Meanwhile, Zn(II) in Zn-
(L-asp) is in the equatorial plane within experimental error. The
CR-COO atoms in the aspartate molecule in Cu(L-asp) are
coplanar within experimental errors. This tendency is lost in
Zn(L-asp) where the C2 atom is forced to stand out of this plane
when the Câ-COO atoms coordinate to the Zn ion through its
apical ligand O4. In both complexes, Câ-COO atoms are
coplanar. The dihedral angle between theR andâ carboxylate
least-squares planes changes from 85.9(1)° (Cu(L-asp)) to 14.0-
(1)° (Zn(L-asp)), as a consequence of the O4-Zn bond. The
angles between the CR-COO and Câ-COO planes and the
least-squares plane of ligands around the metal site are 10.0-
(6)° [92.7(6)°] and 85.9(1)° [98.57(6)°] in Cu(L-asp) [Zn(L-asp)],
respectively. The atomic mean-square displacements〈∆U2〉
along the directionI defined by the Cu and each ligand obtained
from the data in ref 5 are (∆U2

Cu-Ow1) ) 0.002(1) Å2,
(∆U2

Cu-Ow2) ) 0.004(1) Å2, (∆U2
Cu-O1) ) 0.004(1) Å2,

(∆U2
Cu-O3′) ) 0.002(1) Å2, and (∆U2

Cu-N) ) 0.002(1) Å2.
These mean-square thermal displacements, like those given
above for Zn(L-asp), have the small magnitude expected for
intramolecular stretching motion26 along the metal-ligand bond.

The main structural features of Zn(L-asp) and Cu(L-asp) (refs
6 and 5) are summarized in Table 2. In both compounds, the
aspartate ion links two metal sites, generating covalently bonded
-metal-asp-metal-asp-metal- chains along thec axis (Cu-
(L-asp)) and thea axis (Zn(L-asp)). It acts in one side as
bidentate in (Cu(L-asp)) or tridentate in Zn(L-asp) ligand and
through an oxygen of aâ-carboxylate group in the other side
(see Figure 2a,b).

4. EPR Results

4.1. Single-Crystal EPR Studies.Two groups of four EPR
lines are observed in single crystals of Cu:Zn(L-asp) for arbitrary
orientations of the magnetic fieldB within the planesab, bc,
andac (see Figure 3b,d) at 300 K. They collapse into a single
group of four EPR lines forB along each crystal axis (see Figure
4a). The spectrum becomes too complicate whenB is applied
in a general direction out of the crystallographic planes. It is
compatible, however, with the existence of four groups, each
having four hyperfine components. The EPR lines narrow when
the temperature decreases (see Figure 3), and at 77 K each63Cu
hyperfine component displays an additional three-line nitrogen
superhyperfine pattern due to interactions with one nitrogen
nuclei (I(14N) ) 1) (see Figures 3a,c and 4a). EPR spectra with
B along the crystal axes were also obtained as a function of
temperature between 300 and 77 K (see Figure 4a).

4.2. EPR Spectra of Powdered Samples.EPR spectra of
powdered samples were measured between 77 and 300 K at
9.38 GHz and between 5 and 300 K at 35.03 GHz. Some spectra
are shown in Figure 4b. They are typical for copper in a
tetragonally elongated octahedral geometry with an orthorhom-
bic distortion.

5. Analysis of the EPR Data

5.1. Spin Hamiltonian.The spin Hamiltonian describing the
energy levels relevant to the EPR experiments is27

whereµB is the Bohr magneton,gR, ACuR, andANR are theg,
copper hyperfine, and nitrogen hyperfine tensors, respectively,
for copper ions in the siteR (R ) I-ΙV) of the structure of
Zn(L-asp). The first term of eq 1 is the Zeeman interaction of
the effective spinS ) 1/2 of copper ions with the external
magnetic fieldB, which gives rise to one resonance for each
copper site. The second term is the hyperfine interaction between
S and the nuclear spinI ) 3/2 of 63Cu which splits these
resonances into four components. The third term is the hyperfine
interaction with the nuclear spinI(14N) ) 1 of the nitrogen
ligand in the equatorial plane. It produces an additional splitting
of each resonance into three components. The tensorsgR, ACuR,
andANR for the differentR are related byC2 rotations around
the crystal axes. The energy levels of this spin Hamiltonian have
been calculated up to second order in a perturbative approach
by Weil,27 and we use his results to analyze our experimental
data. For eachR site, the position in the magnetic field of the
EPR transition (M ) 1/2, mCu, mN) T (M ) -1/2, mCu, mN)
for S ) 1/2 is

TABLE 2: Comparison of the Structural Features of the Zn
and Cu Complexes with Aspartic Acid

Zn(L-asp)
(from ref 6)

Cu(L-asp)
(from ref 5)

space group P212121 C2

coordination of metal ion distorted
octahedral

tetragonally distorted
square pyramidal

bond angles in the plane
O1-metal-Ow2 172.80(8) 172.6(1)°
O1-metal-N 77.84(8) 83.4(1)°
O1-metal-O3′ 89.08(8) 90.9(1)°
O1-metal-Ow1 96.01(8) 91.8(1)°
N-metal-O3′ 166.73(9) 168.4(1)°
N-metal-Ow2 101.39(9) 89.4(1)°
O3′-metal-Ow2 91.87(8) 95.9(1)°
N-metal-Ow1 91.68(9) 96.8(1)°
Ow1-metal-Ow2 91.16(8) 90.6(1)°
Ow1-metal-O3′ 87.43(8) 93.5(1)°
O4-metal-O1 85.25(8)
O4-metal-Ow2 87.59(8)
O4-metal-N 89.64(9)
O4-metal-O3′ 91.51(8)
O4-metal-Ow1 178.34(8)

water molecules coordination 2 2
water hydration molecules 1
aspartate ion ligand tridentate bidentate
distance of the metal to the

least-squares equatorial or
base plane (in Å)

0.952(1)
toward Ow1

0.107(1)
toward Ow1

apical ligand distances to
least-squares equatorial or
base plane (in Å)

3.102(2) (Ow1) 2.17(2) (Ow1)

1.204(2) (O4) 1.96(2) (O4)

H ) ∑R)I-IV [µBSR‚gR‚B + IR‚ACuR‚SR + IR‚ANR‚SR] (1)

Copper-Doped Diaqua(L-aspartato)zinc(II) Hydrate J. Phys. Chem. A, Vol. 103, No. 15, 19992609



whereνo is the microwave frequency,η ) B/|B| is the direction
of the applied magnetic field, andg ) (η‚g‚g‚η)1/2, gKi )
(η‚g‚A i‚A i‚g‚η)1/2 andgKiki ) (η‚g‚A i‚A i‚A i‚A i‚g‚η)1/2 are the
projections of the tensorsg, g‚A i andg‚A i‚A i along the direction
η (i ) Cu, N) for each siteR (see eq 1).

5.2. Tensors g, ACu, and AN from Single-Crystal Data. The
components of the tensorsgR, ACuR, andANR defined in eq 1
were obtained from the data using eq 2 following the procedure
described by Calvo et al.28 Second-order contributions to the
positions of the resonance fields and to the hyperfine coupling
were considered in a numerical iterative process until agreement
was obtained between the predictions of eq 2 and the data. At
room temperature, superhyperfine interactions with nitrogen
nuclei were not resolved, and therefore they were omitted in
the analysis. The positionsBR(mCu) of the resonances for each
orientation of B were obtained by simulating the observed
(digitalized) spectra with the sum of two sets of four resonances,
using a nonlinear least-squares program. Gaussian line shapes
were found to be in good agreement with the data. These
simulations allowed calculating the positions and line widths
of each hyperfine component. Each set of four resonances was
assigned to a pair of magnetically equivalent sites according to
the symmetry relations, that is, pairs I-II and III-IV in the ab
plane, I-III and II-IV in the bc plane, and I-IV and II-III in
theca plane (see Figure 1b). WhenB is along any of the three
crystallographic axes, the observed spectra (Figure 4a) were
simulated with only one set of four resonances. The positions
B(mCu,mN) of the resonances in the spectra having resolved
superhyperfine interactions were simulated by the sum of a set
of four groups (associated with each value ofmCu) of three

resonances (formN ) -1,0,1) for each nonequivalent copper
ion (one set forB along the axes and two sets in the crystalline
planes).

The values ofg2(ϑ,æ) andg2KCu
2(ϑ,æ) calculated from the

data in the three planes at 300 and 77 K and ofg2KN
2(ϑ,æ)

measured in the three planes, at 77 K, are shown in Figure 5.
The superhyperfine coupling could be resolved only for few
orientations ofB within thebc plane. The experimental results
were used to calculate the components of the symmetric tensors
g‚g, g‚ACu‚ACu‚g andg‚AN‚AN‚g using a least-squares program.

The results in the different planes were combined in order to
obtain the spin-Hamiltonian parameters for each Cu(II) site (R
) I-ΙV in eq 1). However, we obtain for the tensorsg‚g, g‚
ACu‚ACu‚g andg‚AN‚AN‚g eight possible sets of components,
instead of the four corresponding to the sites I, II, III, and IV,
shown in Figure 1b. They differ only in the signs of the
nondiagonal components. After diagonalization, these eight
tensors may be divided into two groups (A and B) of four
tensors, each group having the same eigenvalues. The pairwise
magnetic equivalence of the sites in the crystalline planes
inhibited the determination of the relative signs of the nondi-
agonal elements of the tensors and thus to single out one group
of parameters for Cu:Zn(L-asp). To choose the physically real
group of fourg‚g and g‚ACu‚ACu‚g tensors, one should have
data taken for the magnetic field outside of the crystallographic
planes. However, this is difficult because of the complexity and
low resolution of the spectra for these orientations. To solve
the problem, we used three different methods. In the first one,
we simulated the powder spectrum of Cu:Zn(L-asp) (Figure 4b)
with the two sets (A and B) ofg andACu tensors obtained from
the single-crystal EPR results. The nitrogen superhyperfine
coupling was considered in the analysis at 77 K. We found that
tensors of the group A simulate well the powder spectra
observed at each temperature while those of group B give a
poor simulation. In the second method, we analyzed the angular
variation of the spectra withB in the (110) plane, as proposed

Figure 3. Single-crystal EPR spectra of63Cu in Zn(L-asp) obtained for different magnetic field orientations and temperatures: (a)ϑ ) 30°, æ )
90°, T ) 77 K; (b) ϑ ) 30°, æ ) 90°, T ) 300 K; (c)ϑ ) 50°, æ ) 50°, T ) 77 K; (d) ϑ ) 50°, æ ) 50°, T ) 300 K. The polar and azimuthal
anglesϑ andæ are defined in thex(≡a), y(≡b), z(≡c) system of axes. In (b), the spectrum shows two groups of four63Cu hyperfine lines, corresponding
to the two magnetically nonequivalent sites for Cu(II). At 77 K, the spectra have an additional superhyperfine structure due to the nitrogen ligand
I(14N) ) 1.

B(mCu,mN) ) {hνo/gµB - KCumCu/gµB - KNmN/gµB -

[(Tr(ACu‚ACu) - kCu
2)ICu(ICu + 1)]/(4gR

2µB
2B)} +

∑(mCu
2/2g2µB

2B){1/2Tr(ACu‚ACu) + KCu
2 - 3/2kCu

2} (2)
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by Isaacson et al.29 However, instead of the positions of the
resonances, we compared the span in field of the spectra
observed in the (110) plane with that of the simulated spectra
calculated with each group of tensors. Figure 6 shows the
experimental results for this span, together with the values
calculated with the groups A and B of parameters. Again, group
A provides the best agreement with the experimental data. In
the third method, the principal directions of the tensorsg and
ACu for the groups A and B were compared to the structural
data. We observe that the principal directions of these tensors
for the group A are associated with the Cu-N, Cu-Ow2, and
Cu-Ow1 directions for each of the four sites I, II, III, and IV,
as is shown for one of these in Figure 7. However, no relation
with the metal-ligand bonds are found for the principal
directions of the tensorsg and ACu of the group B. The
agreement between the results obtained with the three methods
indicates that the valid solution for the tensors corresponds to
the group A. The eigenvalues and eigenvectors of the tensorsg
andACu were calculated from theg‚g andg‚ACu‚ACu‚g tensors
belonging to this group. Eigenvalues and eigenvectors ofAN,
calculated from the data at 77 K, have large uncertainties due
to the difficulties in simulating the spectra on thebcplane where

the positions in field of the lines for the two nonequivalent sites
are too close. The results at room temperature and at 77 K are
given in Table 3.

5.3. Analysis of the Spectra of Powder Samples.The
powder spectra were simulated using the program QPOW.30-32

The Q-band spectra show a temperature dependence of the
eigenvalues ofg andACu between 5 and 300 K. The EPR data
at 5 K are summarized in Table 3 for completeness.

5.4. Temperature Variation of theg-Factor and Hyperfine
Coupling from Single-Crystal Spectra. The significant dif-
ferences observed between theg-factors and hyperfine coupling
measured at 300 and 77 K (see Figures 3 and 4) lead us to
study the temperature dependence of theg-factor and hyperfine
coupling on a single crystal at 9.8 GHz. It is very difficult to

Figure 4. (a) EPR spectra of63Cu impurities in a Zn(L-asp) single
crystal, shown as a function of temperature in the range (77, 300) K,
with the magnetic fieldB oriented along thea, b, andc axes. For these
field orientations, the spectra of the four copper sites collapse to one,
showing that all four sites are equivalent. (b) EPR spectra of powdered
Cu(II) doped in Zn(L-asp) measured at different temperatures at 9.38
GHz.

Figure 5. Observed angular variation ofg2(ϑ,æ), g2KCu
2(ϑ,æ) and

g2KN
2(ϑ,æ) for a 63Cu-doped Zn(L-asp) crystal at 300 and 77 K for the

magnetic field applied in theab, bc, and ca crystalline planes. The
solid lines are calculated with the components of the tensorsg‚g and
g‚ACu‚ACu‚g given in Table 3.
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keep the temperature stable for times long enough to measure
the full angular variation of the spectra at intermediate temper-
atures between 77 and 300 K. Therefore, the spectra were
measured as a function of temperature only forB along each
crystalline axis. Thus, only the diagonal components of the
g2(T) and ACu tensors in the (a,b,c) axes system can be
determined from these spectra (see Figure 4a). The principal
molecular g-values as a function ofT were obtained by
diagonalization of theg2(T) tensor:

whereg2(T) is a symmetric tensor obtained from the experiment
at different temperatures, andgd

2(T) is the diagonal tensor at
the temperatureT. L ) [lij] is the transformation matrix from
the (a,b,c) axes to the principal axes. The same procedure was
used to calculate the eigenvalues ofg‚ACu‚ACu‚g as a function
of T from the spectra measured along the crystal axes. Table 3
shows that the eigenvectors ofg andACu do not change when
going from 300 to 77 K. Thus, we assume that thelij are
temperature independent, and we use their values to obtain the
principal values (g1

2, g2
2, g3

2) of gd
2(T), using eq 3. These results

are plotted in Figure 8a.
5.5. Summary of the Experimental Results.The experi-

mental results to be explained are as follows.
(i) At 300 K, the tensorsg and ACu have orthorhombic

symmetry (see Table 3), with their eigenvectors coincident
within experimental uncertainties. One principal value (g2 and
ACu

1), lying midway between the other two, is along the Zn-
Ow2 direction. The largest eigenvalues (g3 andACu

3) are along
the normal to the equatorial plane, parallel to the Zn-Ow1 bond.
The smallest eigenvalues (g1 and ACu

2) are on the equatorial
plane, along the Zn-N and Zn-Ow2 directions, respectively.
The eigenvectors of the tensorsg andACu do not change with
temperature from 300 to 77 K and may be considered as the
molecular axes.

(ii) The AN tensor calculated from the data has axial symmetry
around the Cu-N bond (see Table 3).

(iii) The temperature variations ofg2 andg2KCu
2 are largest

for B along thea axis, smaller but significative along thec
axis, and negligible along theb axis (see Figure 5).

(iv) The principal valuesg2 andg3; ACu
2 andACu

3 display a
linear dependence with the temperatureT, butg1 does not change

with T andACu
1 is very weakly dependent.ACu

2 is small at room
temperature. As it decreases when cooling, the analysis of Figure
8b indicates that it should be negative at low temperature. This
tendency is similar to that found in Cu:Zn Tutton’s salt33 where
the authors left the sign ofACu

2 undetermined.
(v) When the temperature decreases, the averageg-value

remains constant but the anisotropy of theg tensor increases.
The rhombic anisotropy of theg-factor may be defined34 as∆gxy

) (g2 - g1)/[1/2 (g1 + g2) - 2.0023]. For Cu:Zn(L-asp),∆gxy

) 1.303 at 300 K and∆gxy ) 1.386 at 77 K. In a similar way,
we define∆Axy ) (ACu

2 - ACu
1)/[1/2 (ACu

2 + ACu
1)], which

increases from∆Axy ) 1 at 300 K to 1.77 at 77 K. As the
temperature rises the anisotropies decrease from∆gyz ) 0.844
and∆Ayz ) 1.878 at 77 K to∆gyz ) 0.596 and∆Ayz ) 1.243
at 300 K.

6. Theoretical Section

In the dynamic E× ε formalism,23,35 the effective vibronic
Hamiltonian for a six-coordinated Cu(II) complex is expressed
in the normal coordinatesQθ andQε, as11,17,18

where

with

Ho of eq 4a includes the ionic kinetic energy operator and the
potential energy for the nuclear motions, which considers
harmonic and anharmonic (K3) contributions. In the absence of
the Jahn-Teller effect,hν is the energy of theεg vibration.HJT

of eq 4b contains the first (A1) and second-order (A2) Jahn-
Teller coupling. HST of eq 4c acts as a perturbation and
considers the lattice strain contribution. It is written in terms of
the tetragonal (Sθ) and the orthorhombic (Sε) components and
accounts for random and nonrandom strains in the lattice.

Figure 6. Span of the resonance fields of Cu:Zn(L-asp) for the magnetic
field B within the (110) plane. The angleê ) 0 corresponds to thec
axis. The solid circles are the observed maximum and minimum field
position of the EPR spectra. The solid line, calculated with the tensors
g and ACu in the A group (Table 3), is in good agreement with the
data. The dashed line is calculated with the tensors in the B group.

Figure 7. Principal directions of theg tensor for Cu:Zn(L-asp). The
principal directions of the63Cu(II) hyperfine tensor (ACu) are nearly
the same.

L‚g2(T)‚L ) gd
2(T) (3)

H ) Ho + HJT + HST (4)

Ho ) [1/2hν(Pθ
2 + Pε

2 + Qθ
2 + Qε

2) +

K3Qε(Qθ
2 - 3Qε

2)]U (4a)

HJT ) A1(Qθσz - Qεσx) + A2[(Qθ
2 - Qε

2)σz + 2QθQεσx]
(4b)

HST ) Sθσz - Sεσx (4c)

σx ) [0 1
1 0], σz ) [1 0

0 -1], U ) [1 0
0 1]
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For cubic structures of identical ligands without random
strains, the harmonic approximation (K3 ) 0 in eq 4a) with linear
Jahn-Teller coupling (A2 ) 0 in eq 4b) leads to the “Mexican
hat” potential energy surface in theQi space.35-36 There is a
minimum stabilization energy at a radial distortionF, and
therefore an infinite number of equivalent molecular configura-
tions are allowed. When second-order vibronic coupling and
the anharmonic term are considered, the potential surface is
warped. It displays three equivalent wells with minima atæ )
0, 120, and 240° corresponding to octahedral geometries
tetragonally elongated along thex, y, andz axes. The saddle-
points correspond to compressed tetragonal geometries which
occur atæ ) 60, 180, and 300°. The height of the barriers
separating adjacent wells is 2â and is related to the second-
order Jahn-Teller coupling (A2).35 This result has been used to
explain electronic structures of many copper complexes, char-
acterized by axially symmetricg andACu hyperfine tensors at
low temperature, which change to isotropic at higher temper-
ature. Tunneling transitions between the minima and variations
of the thermal population of the vibronic states are invoked to
interpret the changes.18,20,23,37

In low-symmetry structures, due either to nonequivalent
ligands or distortions of the crystal environment, a “strain” is
added through theHST term (eq 4c). The three wells are no
longer equivalent in energy.18 A negative value ofSθ implies a
compression along the principal direction of the strain (i.e.,x).
A positive value ofSε implies a compression alongy and an
elongation alongz. The differences in strain components produce
the energy landscape shown in Figure 9 and define the preferred
direction of the Jahn-Teller distortion.

The RH model,17,18 based on eq 4, is suitable for the
description of structural and spectroscopic properties of com-
plexes with six chemically equivalent ligand atoms, assuming
that the strain term does not destroy the symmetry of the cubic
part of the Hamiltonian. Within this approximation, a low-
symmetry complex can be analyzed considering only the first
(A1) and second-order (A2) Jahn-Teller coupling and one
harmonic vibrational force constant, instead of the several
constants strictly required by the problem. This model has been
applied successfully to “pseudo-Jahn-Teller” complexes, such
as the three centerstrans-Cu(H2O)2Cl42-, trans-Cu(NH3)2Cl42-,
and trans-Cu(H2O)(NH3)Cl42-, in Cu(II)-doped NH4Cl.21 The
energy levels and wave functions are obtained by diagonalizing
the matrix of the Hamiltonian of eq 4 in a set of vibronic basis
functions formed by theEg(dx2-y2, dz2) metal orbital wave
functions and theN harmonic oscillator wave functions of the
εg vibration. The differences between vibronic levels are larger
than the Zeeman splitting, and the magnetic field produces no
mixing of the states. Each vibronic level has its own set of

TABLE 3: Eigenvalues and Eigenvectors of the g, ACu, and AN Tensors for Cu:Zn(L-asp) in the Crystal Axis System (a, b, c)
for the Site I (shown in Figure 1)b

300 K 77 K 5 K

g1 2.0377(5) (0.387,0.844,0.370) 2.028(1) (0.385,0.822,0.423) 2.03(1)
g2 2.1701(5) (-0.379,0.508,-0.774) 2.144(2) (-0.354,0.552,-0.755) 2.12(3)
g3 2.3127(4) (-0.841,0.161,0.517) 2.351(2) (-0.852,0.143,0.503) 2.36(3)
ACu

1 61.5(4) (0.409,0.845,0.344) 58.0(3) (0.232,0.886,0.401) 55(1)
ACu

2 20.5(1) (-0.419,0.508,-0.753) 3.6(3) (-0.482,0.463,-0.744) |ACu
2 | ) 4(2)

ACu
3 87.8(2)a (-0.811,0.164,0.562) 114.5(4) (-0.845,0.021,0.534) 117(3)

AN
1 11(2)a (0.48,0.87,0.10)

AN
2 11(2) (-0.34,0.29,-0.89)

AN
3 8(3) (-0.81,0.39,0.44)

a The eigenvalues ofACu and ofAN are given in units of 10-4 cm-1. Numbers in parentheses are uncertainties in the last digit.b Data at 300 and
77 K are obtained from the EPR spectra of single-crystal samples at X-band and at 5 K from the powder spectrum at Q-band.

Figure 8. (a) Temperature dependence of the principal values of the
g tensor. (b) Temperature dependence of the principal values of the
ACu tensor.

Figure 9. Circular section of the potential surface associated with the
three Jahn-Teller wells. The geometric structures of the “isomers”
associated with the two lowest vibronic levels are shown.
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g-values that are calculated from the electronic part of its wave
function as is described in ref 18. If vibronic relaxation between
these levels is faster than the EPR time of measurement, the
observedg-values correspond to a Boltzmann average over
them. Thus, the temperature dependence of theg tensor is
accounted in terms of the population of the vibronic levels by
the intrawell and interwell dynamics.18 To a good approximation,
the effect of the strain in the RH model is to break the energy
degeneracy of the wells and thus to localize the lowest vibronic
levels in the lowest well (see Figure 9). If the hopping rate
between the wells is slower than the EPR time scale, the
g-values observed at low temperature are associated to the
individual levels localized in the lowest well for a specific
molecular configuration and, thus, they provide the molecular
g-values. Due to vibronic mixing of the nondegenerate electronic
state with close excited states, the ground vibronic state has a
set of g-values characteristic of an orthorhombic tensor. The
electronic part of the lowest energy state at this static geometry
is an appropriate linear combination of the (dx2-y2) and (dz2)
orbitals so that the wave function has the largest lobe alongx,
the intermediate one alongy, and the shortest alongz, in
accordance with the experimental data at low temperature. When
the temperature is raised, changes in theg-values are interpreted
as due to the changes in the Boltzmann populations of the
vibronic levels of the different wells. As higher vibronic levels
are delocalized, they allow rapid exchange among the wells.

Strictly, in a low-symmetry problem, the environment re-
moves the degeneracy of the electronic states. A tetragonal
elongation on the octahedral symmetry of the Cu(II) site
produces the splitting of the2Eg state into2B1g (dx2-y2) and2A1g

(dz2) states, with the energy of the former lower than the latter.
The three T2g states split into2B2g (dxy) and2Eg (dxz, dyz) states.
Similarly, angular distortions on the ligand bonds in the
equatorial plane or replacement of some coordinated atoms by
others contribute to split the degeneracy of the2Eg states.
Therefore, a set of electronic energy levels E0

i are defined
instead of one degenerate energy level as in high symmetry
complexes. If any of these states is sufficiently close to the
ground state, a strong “pseudo-Jahn-Teller” effect is not
quenched and contributes to stabilize the complex with a
minimum energyEJT < ∆/2 (where∆ is the energy splitting
between the two lowest states). Therefore, the strong vibronic
coupling produces a structural angular distortion of the wells
in the Qi space (pseudo-Jahn-Teller effect). For ions in sites
with no symmetry, the energy of the distorted complex is
different for each well due to the difference in the environment.26

This fact is reflected in the angular part of the potential surface,
such as that shown in Figure 9, similar to those communicated
by Riley et al.18 for Sθ andSε values between-550 and-800
cm-1, and 110 and 200 cm-1, respectively. Therefore, the RH
model can be used as a good approximation to analyze a low-
symmetry problem.

In comparison, the simple SG model16 for a low-symmetry
complex is based in a similar potential surface and retains the
features of a strong Jahn-Teller system. However, the Jahn-
Teller stabilization energy is in this case larger than the energy
of the vibrational modes. Therefore, the temperature dependence
is interpreted as the dynamic equilibrium between different Jahn-
Teller distorted “isomer” configurations associated with each
well. These isomers have identical geometry andg-values but
different orientations of the molecular axes. The temperature
behavior depends on the Boltzmann population of these
configurations. In fact, this model approaches the RH model
when the lowest vibronic wave functions are strongly localized

in separate minima in both senses, electronic and geometric. In
our description of the temperature dependence of the magnetic
parameters detected in our EPR experiments we use later the
SG model.

The principal ideas to be used in the analysis of our
experimental results within the framework of the SG model, as
an approximation to the RH model, are as follows.

(i) There is a vibronic mixing of a nondegenerate electronic
ground state with near excited states. The copper ion orbital
part of the ground-state wave function is mainly a mixture of
dx2-y2 and dz2 orbitals.

(ii) Each vibronic state has a set ofg-values characteristic of
an orthorhombic tensor.

(iii) Due to the lattice strainsSθ andSε, the potential energy
surface has wells with different energy minima.

(iv) If the levels are localized at different wells, the temper-
ature dependence of theg-values results as the Boltzmann
average over two distorted “isomer” configurations.

(v) The molecular geometry at different wells shows an
interchange of the bond lengths, characteristic of the “isomer”
configuration.

7. Discussion

7.1. Symmetry and Lattice Distortions at the Cu Site in
Cu:Zn(L-asp). The symmetry at the Zn sites when they are
occupied by Cu impurities is the result of the demands of the
lattice and the tendency of the complex to undergo Jahn-Teller
distortions. To get information about the distortions, we compare
the EPR results reported here for Cu:Zn(L-asp) with those
obtained for Cu in Cu(L-asp).5 The single EPR line observed
by Calvo et al. for Cu(L-asp) at 300 K is the result of the collapse
of the resonances of the magnetically nonequivalent sites in the
unit cell due to the exchange interactions. This collapse blurs
information about local properties of the copper ions, such as
symmetry related sites and hyperfine couplings with the copper
nuclei and with the nitrogen ligand. The reportedg tensor is an
average of the molecularg tensor for copper ions at the two
magnetically nonequivalent sites. The molecular value ofg| )
2.312, calculated for Cu(II) in Cu(L-asp) assuming axial
molecular symmetry, coincides with the value ofg3 for Cu(II)
in Cu:Zn(L-asp). Their principal directions, perpendicular to the
mean-square plane defined by the O1, O3′, N, and Ow2 ligands
(see Figure 2), agree within experimental uncertainties. For Cu-
(L-asp), it was obtainedg⊥ ) 2.089 which should be compared
with the values ofg1 andg2 in Table 3. Thus, it seems that the
hypothesis of axial symmetry in this plane for Cu(L-asp) was
not a good assumption. As shown in Figure 7, the principal
directions corresponding tog1 and g2 for Cu(II) in Cu:Zn(L-
asp) form angles of 4.8° and 7.7° with the Zn-N and Zn-
Ow2, respectively. These angles are similar to those calculated
for gx andgy (x, y axes in the equatorial plane) in Cu(II)-doped
single crystals of bis(L-histidinato)cadmium dihydrate38 and
L-histidine hydrochloride monohydrate.39

The difference between the Zn-Ow1 and Zn-Ow2 bond
lengths is smaller than those in the copper complex (∼0.07
compared with∼0.37). In Zn(L-asp) Ow2, Ow1, and N ligands
exhibit almost spherically symmetric thermal ellipsoids with
mean radius of the order of 0.15 Å. In the copper complex, the
thermal ellipsoids are more anisotropic with distortions along
the Cu-Ow1 and Cu-Ow2 bond directions. This would indicate
some dynamic disorder of Ow1 and Ow2 along these bond
directions when the Cu ion substitutes the Zn ion in the diluted
sample.26-40 The long, intermediate, and short metal-ligand
bonds occur in the same directions in Cu(L-asp) as in the host

2614 J. Phys. Chem. A, Vol. 103, No. 15, 1999 Massa et al.



complex. The similarity in the bond angles of Zn(L-asp) and
Cu(L-asp) shown in Table 2 (except for the displacement of
the N ion produced by the aspartate tridentate coordination)
indicates that distortions involve the metal-ligand directions.

We conclude that Cu(II) distorts the host lattice structure to
adopt the octahedral geometry of the pure complex in the
direction of a water oxygen. The long, medium, and short bonds
occur in similar directions in Cu(L-asp) and Zn(L-asp). The
orthorhombicg andACu tensors in Zn(L-asp) reflect the presence
of nonequivalent ligands and the important angular distortion
(angle N-metal-O1≈ 78°). Since the largest valueg3 is along
the perpendicular to the equatorial plane, the tetragonal distortion
dominates the site symmetry and, asg1 * g2 with the principal
direction along the metal-ligand bonds, we may assume an
approximateD2 symmetry to simplify the problem in the
discussion below.41

7.2. Molecular g-Values and Hyperfine Coupling. The
copper ground-state orbital wave function is a linear combination
of the dx2-y2 and dz2.39,42 The dx2-y2 orbital is associated to the
Cu(II) ion in a elongated octahedral configuration of negatively
charged ligands43 and the dz2 mixing in the ground state produces
the anisotropy of theg andACu tensors in the equatorial plane
with the principal directions close to the metal-ligand bond.34,44

The copper ground-state orbital wave function can be written
as

where a and b are the mixing coefficients that satisfy the
normalization conditiona2 + b2 ) 1.

In terms of these coefficients, the principal values of theg
andACu tensors can be expressed as22,45,46

wherege ) 2.0023 is the free electron value,λ ) -828 cm-1

is the spin-orbit coupling constant for the free Cu(II) ion,Eij

is the energy of the excited state in which the unpaired electron
occupies the dij orbital, ∆gx,y,z are theg shifts from the free-
electron value,gN(63Cu)) 1.4804 is the nuclearg-factor of63Cu,
and µN is the nuclear magneton. For the free copper ion the
parameterP0 ) gegNµµN〈r-1〉 ) 0.036 cm-1 and the Fermi
contact parameterK ) 0.43.45 We assume that at 5 K the copper
ions adopt the lowest energy configuration and the molecular
g-values and copper hyperfine tensors are those obtained from
the powder spectrum at that temperature (see Table 3). For the
electronic components of the lowest vibronic wave functions,
the expectation values of the squares of the parameters area2

) 0.94 andb2 ) 0.048 from eq 6. Therefore, the unpaired
electron essentially occupies a dx2-y2 orbital, with a slight
admixture of dz2.

7.3. Vibronic Effects. The fact that the traces of theg and
hyperfine tensors do not change with temperature (see Table
3) indicates that no structural transitions occur in the studied
range. Thus, we are going to analyze the temperature depen-
dence of theg and copper hyperfine values in terms of the
coupling between unpaired electron and vibronic states. As the
temperature is raised, the observed values ofg2 and g3 (ACu

2

and ACu
3) approach mean valuesg ) 2.25 andACu ) 54 ×

10-4 cm-1, equal to those found from the powder data at 5 K.
This fact is indicative of a dynamic averaging process47 as
assumed in the SG16 and RH17,18models where the nonequiva-
lence of the wells8 is due to the presence of nonequivalent
ligands (see Figure 9). This potential surface reflects the strain
effects of the lattice and the preferred direction of the Jahn-
Teller distortion. The tetragonal strain (Sθ) is related to the
energy difference between the dx2-y2 and dz2 orbitals in Cu(L-
asp) with the appropriate metal-ligand bonds for a regular
octahedral geometry (δE/2 ) Sθ).21 Therefore, we find the sign
of Sθ from the difference in theσ bonds between the axial and
in-plane ligands through8

whereV2 is a strain coupling coefficient andexx, eyy, andezzare
the diagonal components of the strain tensor. As Cu(L-asp) has
different ligands, we get information onSθ comparing the
σ-bonding strength from the spectrochemical sequence H2O <
NH3< ... < OC-. The z and y axes involve similarσ bonds,
weaker than that along thex axis. Therefore, we conclude that
the tetragonal strain (Sθ) is negative and reflects a compression
acting along the shortest Cu-N direction. Thus, the energy of
the well 1 isδ13 above the lower well. The orthorhombic lattice
strain component (Sε) is positive and defines the energy
difference δ23 between the two lower nonequivalent wells.
Therefore, distortions of the Cu-water oxygen bond lengths
require less energy. These correspond to distorted configurations
with the long bond occurring along the Cu-Ow2 (well 2) or
the Cu-Ow1 (well 3) directions. Figure 9 illustrates the isomer
configurations associated with the two lowest wells 2 and 3 in
the SG model. The “zero-temperature” values of the tensorsg
andACu measured at 5 K (see Table 3) correspond to those of
the molecule localized in the ground vibronic level of well 3.
As described by the SG model, at higher temperature, the
molecule may distort along the Cu-Ow2 direction jumping to
the well 2. We also assume that the structural isomers have
similar magnetic parameters but with the directions of the
distortion interchanged. Thus, the calculated eigenvaluesgi(T)
andACu

i(T) are the Boltzmann averages:47

wheren1 + n2 + n3 ) 1.
The ratioKij between each pairi,j of fractional populations

is related to the energy difference between the isomer configura-

Ψ ) adx2-y2 - bdz2 (5)

gx ) ge - 2R2λ(a - bx3)2/Eyz (6a)

gy ) ge - 2R2λ(a + bx3)2/Exz

gz ) ge - 8R2λa2/Exy

ACu
x ) P0[-R2K + 2/7R2(a2 - b2) - 4/7x3R2ab + ∆gx -

(3a - bx3)∆gy/14(a + bx3) - bx3∆gz/14a] (6b)

ACu
y ) P0[-R2K + 2/7R2(a2 - b2) - 4/7x3R2ab + ∆gy -

(3a + bx3)∆gx/14(a - bx3) + bx3∆gz/14a]

ACu
z ) P0[-R2K + 4/7R2(a2 - b2) + (3a - bx3)∆gy/

14(a + bx3) + (3a + bx3)∆gx/14(a - bx3) + ∆gz]

Sθ ) V2eθ ) V2[ezz- 1/2(exx + eyy)] (7)

Sε ) V2eε ) x3/2V2(exx - eyy)

g1 ) n1g30 + n2g10 + n3g10 (8a)

g2 ) n1g20 + n2g30 + n3g20

g3 ) n1g10 + n2g20 + n3g30

ACu
1 ) n1ACu

30 + n2ACu
10 + n3ACu

10 (8b)

ACu
2 ) n1ACu

20 + n2ACu
30 + n3ACu

20

ACu
3 ) n1ACu

10 + n2ACu
20 + n3ACu

30
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tions by16

As g1(T) is temperature independent, the higher well is not
significantly populated in the studied temperature range and is
not considered in the analysis. The ratioK23 is obtained using
eq 8a and the data ofg2(T) andg3(T) (see Figure 8), and also
using eq 8b and the data ofACu

2(T) andACu
3(T) (Figure 8). We

calculate an energy differenceδ23 ) 235(5) cm-1 (from theg
values) and 250(10) cm-1 (from the ACu values) between the
wells 2 and 3 using eq 9 and the linear plot of lnK vs (kT)-1

(see Figure 10). Differences of the order of 5% between the
values ofK23, calculated from theg andACu data, are attributed
to the uncertainties ofACu

20 andACu
30 obtained from the powder

spectrum at 5 K. This result suggests the validity of the SG
model in the temperature range 100-300 K. An energy
differenceδ13 ≈ 440(50) cm-1 may be calculated from the weak
temperature dependence ofACu

1. However, the fact that the
tensorsg andACu are orthorhombic and temperature dependent
between 5 and 100 K, withδ23 temperature dependent, requires
further explanation. It suggests that below 100 K well 2 is not
populated. This may be attributed to the following.

(a) A possible resolution of the EPR spectra of the two wells
due to a jumping rate between them slower than the EPR time
scale.47 Therefore, the spectra below 100 K should show
additional resonance lines of low intensity related to the complex
at the well 2.

(b) The complex is strongly localized in the well 3 due to
the lattice strains. This behavior is characteristic of a strong
Jahn-Teller effect. As temperature increases transitions to excited
vibronic levels located in the same well should account for the
observed temperature dependence. In this case, the RH model
is compatible with the experimental results in the (5-300 K)
range of temperature.

(c) The shape of the potential surface may change with
temperature as a result of a cooperative effect of the neighboring
Zn ions. This would happen because the bridging nature of the
aspartate cannot take up the strain caused by the Cu(II) ion.
Taking into account the structure of the aspartate, the only
possible deformation that it can suffer seems to be through the
C-O bonds of the carboxylate group. The Jahn-Teller elonga-
tion in the Cu-Ow1 can produce a shortening of the C4-O4

bond with the concomitant elongation of the C4-O3 bond, in
the range of a few angstroms admitted by the simple double
C-O bonds, which would affect the neighbor Zn site.

As no additional EPR lines were detected at 5 K, our results
suggest that (a) may not be a plausible explanation. Due to the
lack of experimental data involving the Zn sites, cooperative
effects cannot be analyzed in this paper in order to decide
between possibilities (b) and (c).

8. Conclusions

The EPR spectra of Cu:Zn(L-asp) suggest that the complex
has a tetragonally elongated octahedral local geometry with an
orthorhombic distortion. Comparisons between the crystal
structures of Zn(L-asp) and Cu(L-asp) indicate that when Cu-
(II) ions substitute the Zn ions in diluted samples, they adopt a
geometry similar to that of the pure complex. The orthorhombic
g andACu tensors reflect the presence of nonequivalent ligands
and an important angular distortion associated with the metal-N
bond. From the molecularg-values at 5 K, we conclude that
the hypothesis of axial symmetry assumed by Calvo et al.5 for
Cu(L-asp) may not be a good one. Our result provides informa-
tion about the molecular structure of this complex. The ground
state is dx2-y2 with a small admixture of dz2 which takes into
account the anisotropy of theg andACu tensors in the equatorial
plane.

The spectra between 5 and 300 K show an important
temperature dependence of the eigenvalues ofg and ACu.
However, the eigenvectors do not change with temperature. The
eigenvector corresponding to the lowestg-value is along the
Zn-N bond, while the other two, oriented along the Zn-Ow
directions, are involved in the dynamic Jahn-Teller distortions.
The highly orthorhombicg and ACu tensors are due to the
weighted average of the two structural isomers in thermal
equilibrium above 100 K, with the Jahn-Teller elongation along
each of the (Cu-Ow) directions. The aspartate ion acts as a
rigid structure and restricts the nuclear movement along the third
direction. The dynamic behavior in Cu(II)-doped Zn(L-asp) can
be explained considering a three-well adiabatic potential surface.
In this asymmetric environment, the complex is influenced by
lattice strains. These are described in terms of the tetragonal
and orthorhombic lattice strain componentsSθ and Sε. These
strains produce differences in the energy between the wells.
Above 100 K, the dynamic behavior may be explained with
the SG model, assuming an energy splittingδ23 ) 235(5) cm-1

between the lowest wells 2 and 3, associated with the (Cu-
Ow) directions. The third well, with an energy differenceδ13

≈ 440(50) cm-1, is not populated in the range 100-300 K.
Therefore, the Jahn-Teller distortions may involve the water
directions. The “zero-temperature” molecular geometry reflects
the orthorhombic symmetry characteristic of a “pseudo-Jahn-
Teller” complex. In Cu(L-asp), this behavior may be similar
and two different configurations could be present even at 300
K, a fact which was not detected in ref 5. Further experimental
data between 5 and 100 K would confirm that. At low
temperature, the complex is strongly localized in the deepest
well reflecting a strong static Jahn-Teller effect, with possible
transitions to excited vibronic levels, as assumed in the RH
model.
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Figure 10. Plot of ln K23 vs (kT)-1 whereK23 ) n2/n3 is the ratio of
the populations of the wells 2 and 3, as derived from theg and ACu

values, shown in Figure 8. In the inset, we plot lnK13 vs (kT)-1 with
K13 ) n1/n3 being the ratio of the populations of the wells 1 and 3,
calculated from the temperature dependence of theACu values.

Kij ) ni/nj ) exp(δij/kT) (9)
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