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Vibronic Behavior and Single-Crystal EPR Spectra of Cu(ll) in Copper-Doped
Diaqua(L-aspartato)zinc(ll) Hydrate
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We investigate the electronic properties of copper ions substituting zinc ions in diemgp(rtato)Zn(ll)
hydrate (ZnGHsOsN-3H,0), to be called Zn{-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 Zrgsp) doped wit#3Cu(ll) were obtained at 9.8 GHz between 77 and

300 K, with the magnetic field applied in the crystallographic plaalgsbc, andca. The g-factor and®*Cu
hyperfine coupling along the crystal axes display large temperature variations. From the single-crystal data
we obtained the principal values of these tensais= 2.0377(5) [2.028(1)]g. = 2.1701(5) [2.144(2)]gs

= 2.3127(4) [2.351(2)]Aci* = 61.5(4) x 104 cm™* [58.0(3) x 10* cm™Y, Ac? = 20.5(1) x 104 cm?!

[3.6(3) x 107*cm™Y, Ac® = 87.8(2) x 104 cm™1 [114.5(4) x 10* cm™Y], at 300 K [77 K]. At 77 K, the
hyperfine coupling with thé*N ligand is resolved and the principal values of thetensor aredy! = 11(2)

x 104 cem™t, Ay = 11(2) x 104 cm™?, Ay® = 8(2) x 104 cm L. EPR data in powder samples at X-band

and Q-band were compatible with those values. From the Q-band powder spettbuik we getg, =
2.03(1),92 = 2.12(3),93 = 2.36(3),Aci! = 55(1) x 104 cm™L, |Ac?| = 4(2) x 104 cm™?, Ac® = 117(3)

x 1074 cm™%, 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 @fspy@nd the electronic properties

of the copper ions. We analyze the temperature dependence @étitecopper 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-@ater oxygen bond (SilverGetz model). The
energy splitting between the wells abg; = 235(5) cnT! and d13 = 440(50) cm’. Below 100 K, the data
indicate the restricted validity of the SG model and suggest that the complex is localized in the deepest well.

bond angles. Kryger et aldetermined the structure and the

Studies of the structural, electronic, and magnetic properties Positions of all atoms including hydrogens, with results in
of metal-amino acid complexes provide valuable information 2greement with those of Doyne et ZalAlong this work
to understand the properties of metal ions in metalloproteins. Castellano et d.determined again the structure of Z+gsp)
Metal ions are biologically important and so are their complexes Using samples grown by us. Their results are of higher accuracy
with amino acid¢. Aspartic and glutamic acids have two but essentially equal to those of Kryger efal.

carboxylate groups. One belongs to the amino acid group and The structure of the copper complex of aspartic acid was
the other to the terminal group. As a characteristic feature, they recently reporte.Copper ions have an unpaired spin, and their
may bind metal ions through any of these groups. The structureelectronic properties were studied by electron paramagnetic
of the salts of.-aspartic acid with divalent cobalt, zinc, and resonance (EPR) spectroscopy. This technique may offer a
nickel are isomorphic and crystallize as trihydrates in the detailed view of the coordination of the ligands and the chemical
orthorhombic space group2:2:2,.2~* That for the copper s&it  ponding of the ion. However, the exchange interactions between
is _slightly differer_lt, but. all the structures reflect that charac- copper ions in Cuf-asp)(HO); are large enough to collapse to
teristic of the amino acid. o _asingle line the resonances corresponding to the magnetically
The structure of the zinc salt of aspartic acid was determined nonequivalent copper ions in the lattice and their hyperfine
by Doyne et al2 who reported only interatomic distances and componentg. This is produced by the so-called “exchange

* Corresponing author. E-mail: mmassa@fceia.unr.edu.ar. Febd- narrowing” phenomenohwhich severely limits the information
341-4802654. about the electronic properties obtained from the EPR spectra.
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electronic structure and the vibronic interactions as well as TABLE 1. IR Absorptions (cm ~%) of
features of the hyperfine coupling with the nuclear spins of the Dlaqula(_L-asgartato)zmc(l|) Hydrate (High, 4000; Low, 600;
metal ion and the ligands. Resolution, 2)

Here we report an EPR study $Cu(ll) impurities in single v (NHy) 3292

: - 5 (NH») 3254
crystals and powdered samples (made by crushing single (0CO), 1574, 1556
crystals) of Zn(-asp) between 300 and 77 K. A powdered z(OCO),‘xm 1422 1388

sample was also studied at 5 K. Doping with only one isotope
improves the EPR resolution and allows us to resolve hyperfine 4,4 crystalc axis of the sample was identified as the

couplings with ligand nuclei at low temperature. We diSCUSS jhtarsection of two lateral (110) faces. The sample was glued
our EPR results in terms of the structure of za§p) and the i, GE7031 lacquer in a sample holder made of rexolite

electronic properties of the Cu(ll) ions. They are compared to according to the crystallographic data, which defines a(set
those obtained in Cu{asp) in order to learn about the distortions a), y(=b), z(=c) of orthogonal axes. This sample holder was

produged at the Zn sites when they are og:cup[ed Igy Cu positioned in a horizontal plane at the top of a quartz pedestal
impurities. We analyze the role of Jahn-Teller distortions in the j the center of the microwave cavity. The EPR measurements
observed temperature dependence ofjthed copper hyperfine 0o performed at room temperature in a Bruker ER-200 EPR
values. The EPR results and structural data on diluted samplesSpectrometer working at 9.8 and 35.03 GHz, using a cylindrical
provide information about the nuclear dynamics around the cavity with 100 kHz magnetic field modula{tion. The spectra

copper impurity. In the zinc lattice, there are not cooperative \yore’ohtained with the magnetic field applied in three perpen-
effects that might obscure the information as in the pure copper yiyjar planesxy, yz andzx at intervals of 5 along a 180

complex. Thereforez the experimental data on dilutgd Sa,mplesangular range. The positions of the crystal axes within each
may complete the information about Ctgsp), specially in plane were determined with an accuracy of from the

reference .to the vibronic behavior. . symmetry of the observed angular variation of ¢ffactor. EPR
Theoretical models have been developed in order to analyzeeasurements at low temperatures were performed at 9.38 GHz,

the Jahn-Teller effect in a six-coordinated Cu(ll) complex with using an immersion Dewar system for temperature control. The
identical ligands and cubic symmefiy® Silver and Getz (SG§ temperature was measured with an accuracy of 0sing a

and Riley and Hitchman (RE}8introduced alternative models platinum thermometer. The sample was oriented using the
to describe the temperature dependence ofgtleid copper  gpecira observed at 77 K where the line widths are smaller.
hyperfine values for six-coordinated copper complexes in low Spectra withB in the (110) plane were obtained in a sample
symmetry sites, under the influence of Jahn-Teller coupling and \yith this plane glued to the horizontal face of a cubic sample

perturbations due to the surrounding crystal lattices. Variations po|der. EPR spectra of powdered samples at X and Q-band were
of the geometry and electronic structure of six-coordinated 515 gbtained between 5 and 300 K.

mixed-ligand Cu(ll) complexes with the substitution of a pair

of trans ligands by water, ammonia, or other molecules, owing 3. Crystal Structure Data

to some symmetry operation, have been studied using a model

of dynamic vibronic coupling®22 Here we extend these studies ~ 3-1- Crystal and Molecular Structure of Zn(L-asp). The

to the case of Cu:Znfasp), where the Cu(ll) site has not any CTystal structure of diaquagspartato)Zn(ll) hydrate (ZnBls0aN-
point symmetry operation. The observed temperature depen-3Hz0) was determined at room temperattifdt was redeter-
dence of theg factor and copper hyperfine coupling are mined by Castellano et &lalong this .WOI'k, and we use these
discussed for a “pseudo-Jahn-Teller” complex. In this case, the "€Wer and more accurate results in our analysisL-Asp)
degeneracy of the copper ion is slightly broken by the presenceCystallizes in the orthorhombic space grdef2,2;, with a =

of three different types of ligands which produces a distortion 9-338(1) Ab = 7.8066(7) A.c = 11.550(1) A, andz = 4.

that modifies but does not remove the Jahn-Teller effect. In Zn(L-asp), each aspartate ion acts as a tridentate ligand
through the nitrogen (N), one oxygen (O1) from tkearboxy-
2. Materials and Methods late group, and one oxygen (O4) from thearboxylate group.

Each Zn ion has a nitrogen (N) and three oxygens (O1 from

2.1. Sample PreparationZn(L-asp) was obtained by mixing  the a-carboxylate group and O%om a 3-carboxylate group
stoichiometric quantities of a saturated water solution of of a neighbor aspartate molecule and Ow2 belonging to a water
L-aspartic acid and zinc carbonate hydroxide at 160 The molecule) as equatorial ligands. Two oxygens (O4 from the
solution was slowly cooled to room temperature. Irregular single g-carboxylate group and Owl belonging to another water
crystals with well-resolved (110) faces, obtained at room molecule) complete the octahedron of ligands at apical positions.
temperature by slow evaporation of the solution, were separatedThe Zn coordination in Zn¢asp) (Figure 1a) is octahedral with
by filtration. Larger single crystals were grown from solution a small tetragonal deformation but a well-defined equatorial
maintained at 60°C in a thermostatic bath for several days. plane. (The dashed axis in Figure 1a indicates the direction of
Copper-doped single crystals of Zrgsp) of up to 3.5« 2.0 the normal to the equatorial plane). There are four symmetry-
x 1.5 mm were grown for EPR measurements by adding 99% related molecules in the unit celt & 4). Figure 1b showing
83Cu-enriched copper(ll) nitrate trihydrate and zinc carbonate the molecules |, II, lll, and IV will be used in the analysis of
hydroxide, with about 0.1% Cu/Zn atomic ratio, to the saturated the EPR results. Molecules Il, 1, and IV are obtained from
water solution of_-aspartic acid. molecule | by 180 rotations around the axesa, andb, plus

2.2. IR and EPR Measurementsinfrared spectra recorded a translation, respectively. The bond distances are given in
on a Bruker FT [-25 spectrophotometer were analyzed in Figure 2. The angles between Zn and the coordinated ligands
accordance to the criteria established by Antolini €t?425In are given in Table 2.
the (1656-1350) cnt! wavenumber region characteristic of At each direction of the octahedron there is a ligand with
carboxylate-group vibrations, several bands were observed intwo protons (Ow1, Ow2, N) and opposite to it there is an oxygen
agreement with the different coordination of each carboxylate (O1, O4, O3) from a carboxylate group (angles: ZnO4&4
group. Table 1 displays the more relevant IR bands. 127.9(1y, ZnO1C1= 109.9(1y, ZnO3'C4 = 122.3(1)) (see
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Figure 1. (a) Molecular structure of Zn¢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 | is that given in the crystal structure determindtion.

a) Zn(L-asp) b) Cu(L-asp)

Figure 2. Projections of the structures of Zrésp) (a) and Cufasp) (b) onto thec andbc planes, respectively. Bond distances are in angstroms.
From data of refs 5 and 6.

Figure 1a). The asymmetry introduced by the difference betweenO1ZnN= 77.8(1}) lowering the Zn(ll) local symmetry which,

a N and a water O ligand produces a distortion of the Zn however, is close t&,.

molecule (see Figure 1a). Furthermore, the nitrogen ligand is  The internal molecular motion is reflected by the thermal
displaced toward the oxygen ligand (O1) as a consequence ofdisplacement tensdd obtained from the crystal da¢azn and

the rigid bonds in thex-carboxylate group. This introduces an N atoms are described by nearly isotropic thermal displacements,
additional angular distortion in the equatorial plane (angle: while anisotropic ones describe the oxygen atoms. The atomic
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TABLE 2: Comparison of the Structural Features of the Zn
and Cu Complexes with Aspartic Acid

Zn(L-asp) Cu(L-asp)
(from ref 6) (from ref 5)
space group P212,2; C,
coordination of metal ion distorted tetragonally distorted
octahedral square pyramidal
bond angles in the plane
Ol1-metal-Ow2 172.80(8) 172.6(2)
Ol—metak-N 77.84(8) 83.4(1)
Ol-metat-0O3 89.08(8) 90.9(1)
Ol—metat-Owl 96.01(8) 91.8(%)
N—meta-03 166.73(9) 168.4(%)
N—metal-Ow2 101.39(9) 89.4(2)
O3 —metal-Ow2 91.87(8) 95.9(%)
N—meta-Ow1l 91.68(9) 96.8(%)
Owl—metal-Ow2 91.16(8) 90.6(2)
Owl—metat-03 87.43(8) 93.5(19)
O4—metat-01 85.25(8)
O4—metat-Ow2 87.59(8)
O4—meta-N 89.64(9)
O4—metat-03 91.51(8)
O4—metal-Owl 178.34(8)
water molecules coordination 2 2
water hydration molecules 1
aspartate ion ligand tridentate bidentate
distance of the metal to the 0.952(1) 0.107(2)
least-squares equatorial or toward Owl  toward Owl

base plane (in A)

apical ligand distancesto  3.102(2) (Owl) 2.17(2) (Ow1)
least-squares equatorial or
base plane (in A) 1.204(2) (O4) 1.96(2) (O4)

mean-square displacemefdJ?= [-U(Zn)l — I-U(ligand)

118 along the directions defined by the Zn ion and each ligand

are: @UZZn_OWl) = 0.004(1) ,&, (AUZZn_owz) = 0006(1) ,&,
(AU22n704) = 0001(1) /&, (AUZanol) = 0003(1) /&,
(AUZ%z,03) = 0.001(1) &, and AU?,—n) = 0.003(1) &.
3.2. Comparison with Cu(.-asp). The Cu(ll) ion in Cu(-
asp) is in a distorted tetragonal pyramidal coordinatidinis
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(AUZCU_og) = 0.002(1) /&, and @UZCU_N) = 0.002(1) R.
These mean-square thermal displacements, like those given
above for Zn(-asp), have the small magnitude expected for
intramolecular stretching motiéhalong the metatligand bond.

The main structural features of Zrésp) and Cufasp) (refs
6 and § 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 the axis (Cu-
(L-asp)) and thea axis (Zn{-asp)). It acts in one side as
bidentate in (Cu(-asp)) or tridentate in Znfasp) ligand and
through an oxygen of g-carboxylate group in the other side
(see Figure 2a,b).

4, EPR Results

4.1. Single-Crystal EPR StudiesTwo groups of four EPR
lines are observed in single crystals of CuiZaép) for arbitrary
orientations of the magnetic fiel# within the planesab, bc,
andac (see Figure 3b,d) at 300 K. They collapse into a single
group of four EPR lines foB along each crystal axis (see Figure
4a). The spectrum becomes too complicate wBéa 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¥ach
hyperfine component displays an additional three-line nitrogen
superhyperfine pattern due to interactions with one nitrogen
nuclei ((**N) = 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 Sample€PR 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-

in the plane of the base of the pyramid with an environment bic distortion.

similar to that described for the metal in the equatorial plane

ion in Zn(L-asp) (see Figure 2a,b). Bond distances are shorter 5 Analysis of the EPR Data

than those for Znfasp), because the ionic radius of Cu(i) (

=0.69 A) is shorter than that of Zn(lly & 0.76 A). The 5-fold

5.1. Spin Hamiltonian. The spin Hamiltonian describing the

coordination is completed with a far oxygen of a second water energy levels relevant to the EPR experimemt is

molecule (Ow1l) 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 H z“:"'v (4680 9B H 1o Ac Sy F TaAnarSal (1)

of a carboxylate group (angle CuO1GZ 115.6(1), angle )

CuO3C4= 115.0(1)). The copper ion is displaced 0.107(1) A Whereus is the Bohr magnetorgy, Acw, andAnq are theg,
from the least-squares plane defined by N, O1, Ow2, and O3 copper hypgrflne_, and n|_trogen hyperfine tensors, respectively,
toward the apical water oxygen Ow1. Meanwhile, Zn(ll) in zn- for copper ions in the site. (a. = I—IV) of the structure of
(L-asp) is in the equatorial plane within experimental error. The Zn(L-asp). The first term of eq 1 is the Zeeman interaction of
Ca—COO atoms in the aspartate molecule in Gagp) are  the effective spinS = 1/2 of copper ions with the external
coplanar within experimental errors. This tendency is lost in Magnetic fieldB, which gives rise to one resonance for each
Zn(L-asp) where the C2 atom is forced to stand out of this plane Copper site. The second term is the hyperfine interaction between
when the —COO atoms coordinate to the Zn ion through its S and the nuclear spim = 3/2 of 3Cu which splits these

apical ligand O4. In both complexes,F€ECOO atoms are
coplanar. The dihedral angle between thandg carboxylate
least-squares planes changes from 85°9q@J(L-asp)) to 14.0-
(2)° (Zn(L-asp)), as a consequence of the-Z4 bond. The
angles between thedc-COO and @—COO planes and the

resonances into four components. The third term is the hyperfine
interaction with the nuclear spii(**N) = 1 of the nitrogen
ligand in the equatorial plane. It produces an additional splitting
of each resonance into three components. The tegspfsc o,

and Ay, for the differenta are related byC, rotations around

least-squares plane of ligands around the metal site are 10.0the crystal axes. The energy levels of this spin Hamiltonian have

(6)° [92.7(6Y] and 85.9(19 [98.57(6¥] in Cu(L-asp) [Zn(-asp)],
respectively. The atomic mean-square displaceménts?(]

been calculated up to second order in a perturbative approach
by Weil 27 and we use his results to analyze our experimental

along the directio defined by the Cu and each ligand obtained data. For eaclu site, the position in the magnetic field of the

from the data in ref 5 are AU%u-ow1) = 0.002(1) A,
(AU%u-ow2) = 0.004(1) R, (AU%y-01) = 0.004(1) A,

EPR transition 1 = 1/2, mgy, my) < (M = —1/2, mey, My)
forS=1/2is
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=
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(b)T=300 K (d) T=300 K

v=9.805 GHz v=9.810 GHz
2900 3100 3300 3500 3000 3200 3400 3600
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Figure 3. Single-crystal EPR spectra 8iCu in Zn(.-asp) obtained for different magnetic field orientations and temperatures:£a30°, ¢ =

90°, T=77K; (b) 9 = 30°, ¢ = 90°, T = 300 K; (c) & = 50°, ¢ = 50°, T = 77 K; (d) 9 = 50°, ¢ = 50°, T = 300 K. The polar and azimuthal

anglesy andg are defined in tha(=a), y(=b), z(=c) system of axes. In (b), the spectrum shows two groups of*f@ur hyperfine lines, corresponding

to the two magnetically nonequivalent sites for Cu(ll). At 77 K, the spectra have an additional superhyperfine structure due to the nitrogen ligand
[(“N) = 1.

B(me,,my) = {hv/gug — Ko Me/9ug — Kymy/gug — resonances (fomy = —1,0,1) for each nonequivalent copper
ion (one set foB along the axes and two sets in the crystalline
[(Tr(AcrAc) — kelelea + DI(AG 1 B)} + S ? y
> (M, 726 ug B L2Tr(AcAc) + Koy’ — 312} (2) The values ofg¥(?,¢) and g?Kc,X(9,¢) calculated from the

data in the three planes at 300 and 77 K andy@f\2(,¢)

wherev, is the microwave frequency, = B/|B| is the direction =~ Measured in the three planes, at 77 K, are shown in Figure 5.
of the applied magnetic field, and = (7-g-g-n)Y2 gKi = The superhyperfine coupling could be resolved only for few
(7-g-AirAirg'n)Y2 andgKik = (17°0-Ai-Ai-Ai-Ai-gey) Y2 are the orientations oB within the bc plane. The experimental results
projections of the tensog g-Ai andg-A-A; along the direction ~ Were used to calculate the components of the symmetric tensors
n (I = Cu, N) for each sitey (See eq 1) g9, g'ACu'ACu'g andg-AN-AN-g using a |eaSt'SquareS program.
5.2. Tensors g, A, and Ay from Single-Crystal Data. The The results in the different planes were combined in order to
corﬁp.onents of t'heut'ensoga Acw., andAn, defined in. eq 1 obtain the spin-Hamiltonian parameters for each Cu(ll) site (

were obtained from the data using eq 2 following the procedure : IO_ATV_m aer? dl).AHS&Ne.VGeri’ Vr\]/f oobstsailglgosr;tr;eotfe(r:lgrcgsgdnge-ms
described by Calvo et & Second-order contributions to the * cu’ cu'd andg'AnAn-g €igh’. b P ’

e . - ~ _instead of the four corresponding to the sites I, Il, lll, and IV,
positions of the resonance fields and to the hyperfine coupling shown in Figure 1b. They differ only in the signs of the

were ct;)n_3|de(31r(te)d n anumherlcalc;t_er.atwe [}rocegs ugt'lr?gaeemextnondiagonal components. After diagonalization, these eight
was obtained between the predictions of eq 2 and the data. Atygygqrg may be divided into two groups (A and B) of four

room temperature, superhyperfine interactions with nitrogen onqqrs each group having the same eigenvalues. The pairwise
nuclei were not resolved, and therefore they were omitted in magnetic equivalence of the sites in the crystalline planes

the analysis. The positior,(mcy) of the resonances for each jypipited the determination of the relative signs of the nondi-
orientation of B were obtained by simulating the observed 40nal elements of the tensors and thus to single out one group
(digitalized) spectra with the sum of two sets of four resonances, ¢ parameters for Cu:Znfasp). To choose the physically real
using a nonlinear Igast-squares program. Qaussian line Shapeéroup of fourg-g and g-Ac-Ac.-g tensors, one should have
were found to be in good agreement with the data. These gata taken for the magnetic field outside of the crystallographic
simulations allowed calculating the positions and line widths planes. However, this is difficult because of the complexity and
of each hyperfine component. Each set of four resonances wagow resolution of the spectra for these orientations. To solve
assigned to a pair of magnetically equivalent sites according to the problem, we used three different methods. In the first one,
the symmetry relations, that is, pairsll and lll—IV in the ab we simulated the powder spectrum of Cu:izakp) (Figure 4b)
plane, Flll and [1-1V in the bc plane, and+1V and -1l in with the two sets (A and B) af andAc, tensors obtained from
thecaplane (see Figure 1b). Whehis along any of the three  the single-crystal EPR results. The nitrogen superhyperfine
crystallographic axes, the observed spectra (Figure 4a) werecoupling was considered in the analysis at 77 K. We found that
simulated with only one set of four resonances. The positions tensors of the group A simulate well the powder spectra
B(mcu,mn) of the resonances in the spectra having resolved observed at each temperature while those of group B give a
superhyperfine interactions were simulated by the sum of a setpoor simulation. In the second method, we analyzed the angular
of four groups (associated with each valuemd,) of three variation of the spectra witB in the (110) plane, as proposed
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Figure 4. (a) EPR spectra offCu impurities in a Zn(-asp) single o A/</ SN A2 a paest
crystal, shown as a function of temperature in the range (77, 300) K, ‘;‘< 9\ a8, \ )/
with the magnetic fieldB oriented along the, b, andc axes. For these O r . J/ 1 \ )
field orientations, the spectra of the four copper sites collapse to one, > |a A a8 4 &+ -
showing that all four sites are equivalent. (b) EPR spectra of powdered Y - aa
Cu(ll) doped in Zn(-asp) measured at different temperatures at 9.38 a A
GHz. le)} , 4 4
. o 3 1 P B " | I I SR | PR R
by Isaacson et & However, instead of the positions of the 0 3 60 9 60 30 0 30 60 90
resonances, we compared the span in field of the spectra 6 or¢

observed in t_he (110) plane with that of the_ simulated spectra Figure 5. Observed angular variation @f(9,¢), G?Kc(9,¢) and
calculated with each group of tensors. Figure 6 shows the g2k, 2(19,¢) for a53Cu-doped Zn(-asp) crystal at 300 and 77 K for the
experimental results for this span, together with the values magnetic field applied in thab, bc, and ca crystalline planes. The
calculated with the groups A and B of parameters. Again, group solid lines are calculated with the components of the tenggrsand

A provides the best agreement with the experimental data. In 9"Acw-Acug given in Table 3.

the third method, the principal directions of the tensg@nd

Acy for the groups A and B were compared to the structural the positions in field of the lines for the two nonequivalent sites
data. We observe that the principal directions of these tensorsare too close. The results at room temperature and at 77 K are
for the group A are associated with the-€N, Cu—Ow2, and given in Table 3.

Cu—Ow1 directions for each of the four sites I, II, Ill, and 1V, 5.3. Analysis of the Spectra of Powder SamplesThe

as is shown for one of these in Figure 7. However, no relation powder spectra were simulated using the program QPOW.

with the metatligand bonds are found for the principal The Q-band spectra show a temperature dependence of the
directions of the tensorg and Ac, of the group B. The  eigenvalues of andAc, between 5 and 300 K. The EPR data
agreement between the results obtained with the three methodsit 5 K are summarized in Table 3 for completeness.

indicates that the valid solution for the tensors corresponds to  5.4. Temperature Variation of the g-Factor and Hyperfine

the group A. The eigenvalues and eigenvectors of the tegsors Coupling from Single-Crystal Spectra. The significant dif-
andAc, were calculated from thg-g andg-Acy-Acu-g tensors ferences observed between thactors and hyperfine coupling
belonging to this group. Eigenvalues and eigenvector&of measured at 300 and 77 K (see Figures 3 and 4) lead us to
calculated from the data at 77 K, have large uncertainties duestudy the temperature dependence ofgtiactor and hyperfine

to the difficulties in simulating the spectra on theplane where coupling on a single crystal at 9.8 GHz. It is very difficult to
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3400
§ [SPAN OF THE EPR SPECTRA Cu:Zn(L-asp) |
© 3000 ® data plane (110) |
g T=300K
m
3000
0 a0 60 90 120 150 180 0
€ Figure 7. Principal directions of the tensor for Cu:Zn(-asp). The
Figure 6. Span of the resonance fields of Cu:Z@sp) for the magnetic phr incipal directions of thé*Cu(ll) hyperfine tensorAc,) are nearly
the same.

field B within the (110) plane. The angle= 0 corresponds to the

axis. The solid circles are the observed maximum and minimum field . 1: 5
position of the EPR spectra. The solid line, calculated with the tensors With T andAc," is very weakly dependentc,” is small at room

g and Ac, in the A group (Table 3), is in good agreement with the temperature. As it decreases when cooling, the analysis of Figure
data. The dashed line is calculated with the tensors in the B group. 8b indicates that it should be negative at low temperature. This
tendency is similar to that found in Cu:Zn Tutton’s $aWhere
keep the temperature stable for times long enough to measurethe authors left the sign dfc,2 undetermined.
the full angular variation of the spectra at intermediate temper-  (v) When the temperature decreases, the avecpgalue
atures between 77 and 300 K. Therefore, the spectra wereremains constant but the anisotropy of théensor increases.
measured as a function of temperature onlyBoalong each The rhombic anisotropy of thg-factor may be definéd asAg,y
crystalline axis. Thus, only the diagonal components of the = (g, — g1)/[%2 (g1 + g2) — 2.0023]. For Cu:Zn(-asp), Agxy
g¥T) and Acy tensors in the gb,c) axes system can be = 1.303 at 300 K and\gyy = 1.386 at 77 K. In a similar way,
determined from these spectra (see Figure 4a). The principalwe define AAy = (Aci? — Ac)/[Y2 (Ac? + Acd)], which
molecular g-values as a function off were obtained by increases fromAA,, = 1 at 300 K to 1.77 at 77 K. As the

diagonalization of the?(T) tensor: temperature rises the anisotropies decrease fxggpp= 0.844
andAA,, = 1.878 at 77 K toAgy, = 0.596 andAA,, = 1.243
L-gXT)-L= gdz(T) ©) at 300 K.

whereg?(T) is a symmetric tensor obtained from the experiment 6. Theoretical Section

at different temperatures, amg(T) is the diagonal tensor at In the dynamic Ex e formalism?*35the effective vibronic
the temperaturd. L = [lj] is the transformation matrix from  Hamiltonian for a six-coordinated Cu(ll) complex is expressed
the @,b,9 axes to the principal axes. The same procedure wasin the normal coordinate®, andQ., ag®17:18

used to calculate the eigenvaluesgofcyrAcyrg as a function

of T from the spectra measured along the crystal axes. Table 3 H=H,+Hy+ Hgr (4)
shows that the eigenvectors @and Ac, do not change when
going from 300 to 77 K. Thus, we assume that theare
temperature independent, and we use their values to obtain the 1 ) 5 5 5
principal values @2, g2, gs?) of gi(T), using eq 3. These results  Ho =[W(Py" + P+ Q"+ Q) +

where

are plotted in Figure 8a. K,Q.(Q,> — 3Q3U (4a
5.5. Summary of the Experimental Results.The experi- QL U (4a)
mental results to be explained are as follows.
"300 | o and Ac. have Hyr=Ai(Qo; — Qo) + Ad(Q,* — QAo, + 2Q,Q.0,]

(i) At 300 K, the tensorsg and Acy, have orthorhombic
symmetry (see Table 3), with their eigenvectors coincident (4b)
within experimental uncertainties. One principal valgednd _ .

Ach), lying midway between the other two, is along the-Zn Hsr = S0, = Sox (4c)
Ow? direction. The largest eigenvalugg andAc,°) are along
the normal to the equatorial plane, parallel to the-@w1 bond.
The smallest eigenvalueg;(and Ac,?) are on the equatorial 01 10 10

plane, along the ZaN and Zn-Ow2 directions, respectively. 0, = [1 0], 0,= [0 _1], U= [O 1]

The eigenvectors of the tensayand Ac, do not change with

temperature from 300 to 77 K and may be considered as theH, of eq 4a includes the ionic kinetic energy operator and the

with

molecular axes. potential energy for the nuclear motions, which considers
(il) The Ay tensor calculated from the data has axial symmetry harmonic and anharmoni&$) contributions. In the absence of
around the Cu«N bond (see Table 3). the Jahn-Teller effecty is the energy of theg vibration. Hyr

(iii) The temperature variations @f andg?Kc¢? are largest of eq 4b contains the firstAq) and second-orderA¢) Jahn-
for B along thea axis, smaller but significative along the Teller coupling. Hst of eq 4c acts as a perturbation and
axis, and negligible along the axis (see Figure 5). considers the lattice strain contribution. It is written in terms of

(iv) The principal values), andgs; Ac,? andAc? display a the tetragonal%) and the orthorhombicY) components and
linear dependence with the temperatliybutg; does not change  accounts for random and nonrandom strains in the lattice.



Copper-Doped Diaquefaspartato)zinc(ll) Hydrate J. Phys. Chem. A, Vol. 103, No. 15, 1992613

TABLE 3: Eigenvalues and Eigenvectors of the g, Ay, and Ay Tensors for Cu:Zn(L-asp) in the Crystal Axis System &, b, ¢)
for the Site | (shown in Figure 1)

300 K 77K 5K
o 2.0377(5) (0.387,0.844,0.370) 2.028(1) (0.385,0.822,0.423) 2.03(1)
02 2.1701(5) £0.379,0.508;0.774) 2.144(2) 40.354,0.552;-0.755) 2.12(3)
Os 2.3127(4) €0.841,0.161,0.517) 2.351(2) —0.852,0.143,0.503) 2.36(3)
Acdt 61.5(4) (0.409,0.845,0.344) 58.0(3) (0.232,0.886,0.401) 55(1)
2 20.5(1) ¢0.419,0.508;0.753) 3.6(3) £0.482,0.463;0.744) IAc? | = 4(2)
2 87.8(2¥ (—0.811,0.164,0.562) 114.5(4) —0.845,0.021,0.534) 117(3)
Ant 11(2y (0.48,0.87,0.10)
An? 11(2) (-0.34,0.29;-0.89)
A 8(3) (—0.81,0.39,0.44)

2The eigenvalues o, and of Ay are given in units of 10' cm*. Numbers in parentheses are uncertainties in the last 8iQ#ta at 300 and
77 K are obtained from the EPR spectra of single-crystal samples at X-band &ri fsom the powder spectrum at Q-band.

T v T T T T T T T T T
g
T (a) 3 Owl
23 mean value = 2,25
" o calculated from single crystal EPR data (Eq.(3)) ] Energy | /
[ ® from powder spectra at X-band ) (A.U)
o
8,=240 cm™!
E
o
5 | |
= 0 120 240 360
X
W O(deg.)
Fr Figure 9. Circular section of the potential surface associated with the
E three Jahn-Teller wells. The geometric structures of the “isomers”
& associated with the two lowest vibronic levels are shown.
I

0 50 100 150 200 250 300 In low-symmetry structures, due either to nonequivalent

T(K) ligands or distortions of the crystal environment, a “strain” is
Figure 8. (a) Temperature dependence of the principal values of the @dded through thédsr term (eq 4c). The three wells are no
g tensor. (b) Temperature dependence of the principal values of the longer equivalent in energ§.A negative value of implies a
Acu tensor. compression along the principal direction of the strain (kg.,
A positive value ofS. implies a compression alongand an
For cubic structures of identical ligands without random elongation along. The differences in strain components produce
strains, the harmonic approximatidfe(= 0 in eq 4a) with linear the energy landscape shown in Figure 9 and define the preferred
Jahn-Teller coupling4, = 0 in eq 4b) leads to the “Mexican  direction of the Jahn-Teller distortion.
hat” potential energy surface in th@ space®®36 There is a The RH model’® based on eq 4, is suitable for the
minimum  stabilization energy at a radial distortign and descnpnc_)n of structu_ral and spectroscopic properties of com-
therefore an infinite number of equivalent molecular configura- P/€xes with six chemically equivalent ligand atoms, assuming
tions are allowed. When second-order vibronic coupling and that the strain term does not destroy the symmetry of the cubic

the anharmonic term are considered, the potential surface isga:;rﬁgt:hecoHn?rTgiogginbgva'lt:g? Ztt;gs C%pnpsrig)é'rin:]at'gzi E;hlg\q;st
warped. It displays three equivalent wells with minimapat y Y P Y g only

0, 120, and 240 corresponding to octahedral geometries (A1) and second-orderAf) Jahn-Teller coupling and one

et v el ted al e d Th dal harmonic vibrational force constant, instead of the several
etragonally elongated along ¢y, andz axes. 1he saddle- ., qqantg strictly required by the problem. This model has been

points correspond to compressed tetragonal geometrie_s WhiChappIied successfully to “pseudo-Jahn-Teller” complexes, such
occur gtw = §0, 180, and. 300 The height of the barriers  ,c'ihe three centetans Cu(H,0),Cl:2", trans Cu(NHs),Cls?,
separating adjacent wells igg 2and is related to the second- andtrans-Cu(H,0)(NHs)Cl2~, in Cu(ll)-doped NHCI.2 The
order Jahn-Teller coupling¢).** This result has been used to  gnergy levels and wave functions are obtained by diagonalizing
explain electronic structures of many copper complexes, char-the matrix of the Hamiltonian of eq 4 in a set of vibronic basis
acterized by axially symmetrig andAc, hyperfine tensors at  functions formed by theEg(d—y2, d2) metal orbital wave
low temperature, which change to isotropic at higher temper- functions and thél harmonic oscillator wave functions of the
ature. Tunneling transitions between the minima and variations ¢, vibration. The differences between vibronic levels are larger
of the thermal population of the vibronic states are invoked to than the Zeeman splitting, and the magnetic field produces no
interpret the change$§:20.23.37 mixing of the states. Each vibronic level has its own set of
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g-values that are calculated from the electronic part of its wave in separate minima in both senses, electronic and geometric. In
function as is described in ref 18. If vibronic relaxation between our description of the temperature dependence of the magnetic
these levels is faster than the EPR time of measurement, theparameters detected in our EPR experiments we use later the
observedg-values correspond to a Boltzmann average over SG model.

them. Thus, the temperature dependence ofghensor is The principal ideas to be used in the analysis of our
accounted in terms of the population of the vibronic levels by experimental results within the framework of the SG model, as
the intrawell and interwell dynamid8To a good approximation,  an approximation to the RH model, are as follows.

the effect of the strain in the RH model is to break the energy (i) There is a vibronic mixing of a nondegenerate electronic
degeneracy of the wells and thus to localize the lowest vibronic ground state with near excited states. The copper ion orbital
levels in the lowest well (see Figure 9). If the hopping rate part of the ground-state wave function is mainly a mixture of
between the wells is slower than the EPR time scale, the dy2-2 and @ orbitals.

g-values observed at low temperature are associated to the (ii) Each vibronic state has a setg@ivalues characteristic of
individual levels localized in the lowest well for a specific an orthorhombic tensor.

molecular configuration and, thus, they provide the molecular  (iii) Due to the lattice strain§ andS, the potential energy
g-values. Due to vibronic mixing of the nondegenerate electronic surface has wells with different energy minima.

state with close excited states, the ground vibronic state has a (jv) If the levels are localized at different wells, the temper-
set ofg-values characteristic of an orthorhombic tensor. The ature dependence of thgvalues results as the Boltzmann
electronic part of the lowest energy state at this static geometry average over two distorted “isomer” configurations.

is an appropriate linear combination of thez(g?) and (&) (v) The molecular geometry at different wells shows an
orbitals so that the wave function has the largest lobe along interchange of the bond lengths, characteristic of the “isomer”
the intermediate one along, and the shortest along in configuration.

accordance with the experimental data at low temperature. When
the temperature is raised, changes ingh&lues are interpreted 7. Discussion
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(ll) site
produces the splitting of thiEy state intd?B1g (dhe—y2) and?Aqg
(dp) states, with the energy of the former lower than the latter.

iti 2
The three T states split intdByg (dhy) and?Eg (dy, dyy) states. of the resonances of the magnetically nonequivalent sites in the

S'm'la”)_/’ angular distortions on the ligand _bonds in the hit cell due to the exchange interactions. This collapse blurs
equatorial plane or replacement of some coordinated atoms by;ntormation about local properties of the copper ions, such as
others contribute to split the degeneracy of #ig states. gy mmetry related sites and hyperfine couplings with the copper
Therefore, a set of electronic energy levelg &re defined nuclei and with the nitrogen ligand. The reportgténsor is an
instead of one degenerate energy level as in high symmetry 5 erage of the moleculay tensor for copper ions at the two
complexes. If any of these states is sufficiently close to the magnetically nonequivalent sites. The molecular valug,of
ground state, a strong “pseudo-Jahn-Teller" effect is not 5 377 calculated for Cu(ll) in Cufasp) assuming axial
qge_nched and contributes to stabll_lze the complex_ Wlth @ molecular symmetry, coincides with the valuegaffor Cu(ll)
minimum energyE;r < A/2 (whereA is the energy splitting i, cy:zn(-asp). Their principal directions, perpendicular to the
between the two lowest states). Therefore, the strong vibronic mean-square plane defined by the O1!,08 and Ow2 ligands
coupling produces a structural angular distortion of the wells (see Figure 2), agree within experimental uncertainties. For Cu-
in. the Q; space (pseudo-Jahn-Teller effeqt). For ions in sitgs (L-asp), it was obtaineg; = 2.089 which should be compared
with no symmetry, the energy of the distorted complex is \yith the values ofy; andg, in Table 3. Thus, it seems that the
different for each well due to the difference in the environniént. hypothesis of axial symmetry in this plane for Cisp) was
This fact is reflected in the angular part of the potential surface, pgt g good assumption. As shown in Figure 7, the principal
such as that shown in Figure 9, similar to those communicated gjrections corresponding tg; and g, for Cu(ll) in Cu:Zn¢-
by Riley et al'8 for § andS values betweer-550 and—800 asp) form angles of 4°8and 7.7 with the Zn—-N and Zn-
cmt, and 110 and 200 cmi, respectively. Therefore, the RH w2, respectively. These angles are similar to those calculated
model can be used as a good approximation to analyze a low-for g, andgy (x, y axes in the equatorial plane) in Cu(ll)-doped
symmetry problem. single crystals of bisthistidinato)cadmium dihydraté and

In comparison, the simple SG moéfefor a low-symmetry L-histidine hydrochloride monohydrat@.
complex is based in a similar potential surface and retains the The difference between the z®©w1l and Zr-Ow2 bond
features of a strong Jahn-Teller system. However, the Jahn-lengths is smaller than those in the copper compleR.Q7
Teller stabilization energy is in this case larger than the energy compared with~0.37). In Zn(-asp) Ow2, Ow1, and N ligands
of the vibrational modes. Therefore, the temperature dependencexhibit almost spherically symmetric thermal ellipsoids with
is interpreted as the dynamic equilibrium between different Jahn- mean radius of the order of 0.15 A. In the copper complex, the
Teller distorted “isomer” configurations associated with each thermal ellipsoids are more anisotropic with distortions along
well. These isomers have identical geometry gndalues but the Cu—Ow1 and Cu-Ow?2 bond directions. This would indicate
different orientations of the molecular axes. The temperature some dynamic disorder of Owl and Ow2 along these bond
behavior depends on the Boltzmann population of these directions when the Cu ion substitutes the Zn ion in the diluted
configurations. In fact, this model approaches the RH model sample?6-4° The long, intermediate, and short metigand
when the lowest vibronic wave functions are strongly localized bonds occur in the same directions in Gaép) as in the host

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:zakp) with those
obtained for Cu in Cutasp)® The single EPR line observed
by Calvo et al. for Cu(-asp) at 300 K is the result of the collapse
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complex. The similarity in the bond angles of Zrgsp) and
Cu(-asp) shown in Table 2 (except for the displacement of
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7.3. Vibronic Effects. The fact that the traces of tlgeand
hyperfine tensors do not change with temperature (see Table

the N ion produced by the aspartate tridentate coordination) 3) indicates that no structural transitions occur in the studied

indicates that distortions involve the metdigand directions.
We conclude that Cu(ll) 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 Cufasp) and Zn(-asp). The
orthorhombiag andAc, tensors in Zn(-asp) reflect the presence
of nonequivalent ligands and the important angular distortion
(angle N-metal-0O1~ 78°). Since the largest valug is along

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 valueg,odind gz (Ac?

and Ac.®) approach mean valugs= 2.25 andAc, = 54 x

104 cm™1, equal to those found from the powder data at 5 K.
This fact is indicative of a dynamic averaging prodésss
assumed in the S&and RH"18models where the nonequiva-

the perpendicular to the equatorial plane, the tetragonal distortionlence of the well% is due to the presence of nonequivalent

dominates the site symmetry and,qas= g, with the principal
direction along the metalligand bonds, we may assume an
approximateD, symmetry to simplify the problem in the
discussion belovi

7.2. Molecular g-Values and Hyperfine Coupling. The
copper ground-state orbital wave function is a linear combination
of the dz_2 and d23%42The d2_,? orbital is associated to the
Cu(ll) ion in a elongated octahedral configuration of negatively
charged ligand$ and the ¢ mixing in the ground state produces
the anisotropy of thg andAc, tensors in the equatorial plane
with the principal directions close to the metéigand bond*44
The copper ground-state orbital wave function can be written
as

lp =

ad bd

®)
where a and b are the mixing coefficients that satisfy the
normalization conditiora? + b? = 1.

In terms of these coefficients, the principal values of ghe
andAcy tensors can be expressed?846

XZ—yZ - 72

9, = g — 2a%(a — bV3)’IE,, (6a)
g, = G, — 20°A(a+ bV3)E,,
g, = 0. — 8a’2a’/E,,
Ac) = P—oK + 2/70%(a? — b%) — 4/7v/3a’ab+ Ag, —
(3a— bv3)Ag/14(a + bv/3) — bv/3Ag/14a] (6b)

Ac) = Pl —a’K + 2/7a(a? — b?) — 4/7v/30’ab + Ag, —
(3a+ bv3)Ag/14(@ — bv/3) + bv3Ag,/14a]

Ay’ = P —0’K + 4/70’(a” — b%) + (3a — bv/3)Ag/
14(a+ bv3) + (3a+ bv/3)Ag/14(a — bv/3) + Ag)

wherege = 2.0023 is the free electron value= —828 cnt?
is the spin-orbit coupling constant for the free Cu(ll) iok;

is the energy of the excited state in which the unpaired electron

occupies the dorbital, Agyy, are theg shifts from the free-
electron valuegn(53Cu) = 1.4804 is the nucleay-factor ofé3Cu,
and uy is the nuclear magneton. For the free copper ion the
parameterPy = gegnuun@ 0= 0.036 cnt! and the Fermi
contact parameté¢ = 0.4345 We assume that & K the copper
ions adopt the lowest energy configuration and the molecular

g-values and copper hyperfine tensors are those obtained from

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 straii%yj is related to the
energy difference between the2dz and @ orbitals in Cu(-

asp) with the appropriate metdigand bonds for a regular
octahedral geometnpE/2 = S).2! Therefore, we find the sign

of § from the difference in the bonds between the axial and
in-plane ligands through

Sy = Vo, = Vyle, — y(e, + &) (7)

S, = V.6, = V3/Vy(e, — &)

whereVs is a strain coupling coefficient arely, ey, ande,; are

the diagonal components of the strain tensor. As.&sp) has
different ligands, we get information 08y comparing the
o-bonding strength from the spectrochemical sequentz H
NHsz< ... < OC". Thez andy axes involve similar bonds,
weaker than that along theaxis. Therefore, we conclude that
the tetragonal strair) is negative and reflects a compression
acting along the shortest €N direction. Thus, the energy of
the well 1 isd13 above the lower well. The orthorhombic lattice
strain component §) is positive and defines the energy
difference 0,3 between the two lower nonequivalent wells.
Therefore, distortions of the Ctwater oxygen bond lengths
require less energy. These correspond to distorted configurations
with the long bond occurring along the €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 tengors
andAc, measured b 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 €®w?2 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 eigenvai(&$
andAc/(T) are the Boltzmann averagés:

91 = MGz + NyG1o + N3Gy (8a)
92 = MGy + NyG30 T N3Gz
O3 = MG10 + NyGro T NaGso

Aol = NACE T IALOFNAGY  (8b)

2 _ 20 30 20
ACu - nlACu + nZACu + nBACu

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 parameter® are
= 0.94 andb? = 0.048 from eq 6. Therefore, the unpaired
electron essentially occupies g2dz orbital, with a slight
admixture of ck.

3 _ 10 20 30
ACu - nlACu + nZACu + r13'6‘Cu

wheren; + ny + n3 = 1.
The ratioKj between each pairj of fractional populations
is related to the energy difference between the isomer configura-
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Figure 10. Plot of In K3 vs (KT)~! whereKz3 = ny/nz is the ratio of
the populations of the wells 2 and 3, as derived from ghend Acy
values, shown in Figure 8. In the inset, we plotdis vs (KT)~* with

Kiz = m/nz being the ratio of the populations of the wells 1 and 3,
calculated from the temperature dependence ofAthevalues.

18

16 20

tions by'6
(9)

As gi(T) is temperature independent, the higher well is not

Kjj = ni/n; = exp(©;/KT)

Massa et al.

bond with the concomitant elongation of the-©@3 bond, in
the range of a few angstroms admitted by the simple double
C—0 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:Zmasp) suggest that the complex
has a tetragonally elongated octahedral local geometry with an
orthorhombic distortion. Comparisons between the crystal
structures of Zn(-asp) and Cu(asp) indicate that when Cu-
(1) ions substitute the Zn ions in diluted samples, they adopt a
geometry similar to that of the pure complex. The orthorhombic
g andAc, tensors reflect the presence of nonequivalent ligands
and an important angular distortion associated with the métal
bond. From the moleculag-values at 5 K, we conclude that
the hypothesis of axial symmetry assumed by Calvo efail.
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 ¢¢-2 with a small admixture of g which takes into
account the anisotropy of tlgeandAc, tensors in the equatorial
plane.

The spectra between 5 and 300 K show an important

significantly populated in the studied temperature range and istemperature dependence of the eigenvaluegy aind Acy.

not considered in the analysis. The raiigs is obtained using
eq 8a and the data @k(T) andgs(T) (see Figure 8), and also
using eq 8b and the data Ag A(T) andAc3(T) (Figure 8). We
calculate an energy differenées = 235(5) cnt?! (from theg
values) and 250(10) cr (from the Ac, values) between the
wells 2 and 3 using eq 9 and the linear plot ofdrnvs (kT)2

However, the eigenvectors do not change with temperature. The
eigenvector corresponding to the lowggstalue is along the
Zn—N bond, while the other two, oriented along the-ZDw
directions, are involved in the dynamic Jahn-Teller distortions.
The highly orthorhombicg and Ac, tensors are due to the
weighted average of the two structural isomers in thermal

(see Figure 10). Differences of the order of 5% between the equilibrium above 100 K, with the Jahn-Teller elongation along

values ofKy3, calculated from thg andAc, data, are attributed
to the uncertainties dfc,2° andAc,*° obtained from the powder

each of the (Ct-Ow) directions. The aspartate ion acts as a
rigid structure and restricts the nuclear movement along the third

spectrum at 5 K. This result suggests the validity of the SG direction. The dynamic behavior in Cu(ll)-doped Z+#sp) can

model in the temperature range X000 K. An energy
differenced 3 ~ 440(50) cnm! may be calculated from the weak
temperature dependence A& However, the fact that the

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

tensorgy andAcy are orthorhombic and temperature dependent and orthorhombic lattice strain compone@sand S. These

between 5 and 100 K, witt,3 temperature dependent, requires
further explanation. It suggests that below 100 K well 2 is not
populated. This may be attributed to the following.

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 splitiing= 235(5) cnr!

(a) A possible resolution of the EPR spectra of the two wells between the lowest wells 2 and 3, associated with the-(Cu
due to a jumping rate between them slower than the EPR time Ow) directions. The third well, with an energy differenég;

scale?” Therefore, the spectra below 100 K should show

~ 440(50) cnT?, is not populated in the range 16600 K.

additional resonance lines of low intensity related to the complex Therefore, the Jahn-Teller distortions may involve the water

at the well 2.
(b) The complex is strongly localized in the well 3 due to

directions. The “zero-temperature” molecular geometry reflects
the orthorhombic symmetry characteristic of a “pseudo-Jahn-

the lattice strains. This behavior is characteristic of a strong Teller” complex. In Cu(-asp), this behavior may be similar
Jahn-Teller effect. As temperature increases transitions to excitedand two different configurations could be present even at 300
vibronic levels located in the same well should account for the K, a fact which was not detected in ref 5. Further experimental
observed temperature dependence. In this case, the RH modeflata between 5 and 100 K would confirm that. At low

is compatible with the experimental results in the-@0 K)
range of temperature.

temperature, the complex is strongly localized in the deepest
well reflecting a strong static Jahn-Teller effect, with possible

(c) The shape of the potential surface may change with transitions to excited vibronic levels, as assumed in the RH
temperature as a result of a cooperative effect of the neighboringmodel.

Zn ions. This would happen because the bridging nature of the
aspartate cannot take up the strain caused by the Cu(ll) ion.
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