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Crystal Structure and Magnetic Properties of Diaqua(L-aspartato)copper(II) 
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The title compound, CU(CO~NH~CHCH~CO~)(H~O)~,  crystallizes in the space group C2, with a = 9.504(1) A, 
b = 10.038(3) A, c = 7.555(1) A, @ = 94-01', and Z = 4. The structure was solved by employing 807 independent 
reflections with I > 3 4 0 ,  by Patterson and difference Fourier techniques, and refined by full-matrix least squares 
to R = 0.024. The Cu(I1) ion is in a distorted tetragonal pyramidal coordination. The shortest equatorial bonds 
occur at  the pyramid base with a water oxygen [d(Cu-OW) = 1.946(3) A], the nitrogen [d(Cu-N) = 1.998(4) 
A], an a-carboxylic oxygen [d(Cu-0) = 1.955(3) A] of one aspartate ion (asp), and a @-carboxylic oxygen [d(Cu- 
0) = 1.950(2) A] of another aspartate ion related to the first by a c translation. The longest bond occurs with a 
water oxygen at  the pyramid apex [d(Cu-OW) = 2.313(3) A]. The equatorial bonding causes -asp-Cu-asp-Cu-asp- 
chains along c. These are linked by a network of interchain H-bonds involving the water molecules and the amino 
groups. Magnetic susceptibility data obtained between 5 K and room temperature show an antiferromagnetic 
behavior, with a peak value at about 7 K, and no indication of a phase transition to a 3D ordered magnetic phase. 
These data are interpreted in terms of a linear chain model, with antiferromagnetic exchange interaction of coupling 
constant J/k = 5.3 K between neighboring copper ions on a chain. The intrachain superexchange path is identified 
with the u bonds along the skeleton of the aspartic acid molecule. The susceptibility data also suggest ferromagnetic 
exchange coupling between copper ions in different chains. Room-temperature EPR measurements at 9.7 and 33.4 
GHz in single-crystal samples show a single resonance for any orientation of the applied magnetic field. It results 
from the collapse due to exchange interaction of the pair of resonances expected for the two magnetically nonequivalent 
Cu(I1) sites in the unit cell. From the crystal g-tensor we calculate the molecular g-values of individual copper ions. 
These values are then related to the electronic structure around Cu(I1) and compared with those obtained in related 
compounds. The magnetic interactions in the aspartic acid compound are discussed in terms of the superexchange 
paths and compared with those observed in other copper-amino acid complexes. 

Introduction 

Copper complexes of amino acids are of continuous interest, 
since they are simple model systems to study metal-protein 
in te rac t i~n .~J  Also, in many cases they exhibit low-dimensional 
magnetic behavior, as revealed by magnetic susceptibility, EPR, 
and specific heat measurementsSk8 

The bonding of copper ions with aspartic acid has been studied 
in solution, with added imidazole, bipyridyl, and phenanthroline 
ligands. These groups seem to enhance the affinity of copper for 
the oxygen donor sites of anionic ligands.9JO Also, in the solid 
state, mixed copper complexes of aspartic acid with imidazole, 
bipyridine, and phenanthroline have been characterized by 
spectroscopic1*-15 and X-ray structural13-15 techniques. Antolini 
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et d . I 3  reported the preparation and spectroscopic, magnetic, 
and thermal studies of a complex of Cu(I1) with L-aspartic acid. 
These authors suggested a tetragonally distorted square pyramidal 
coordination around copper, with two coordinated water mole- 
cules. They also discussed the possibility of a polymer-like 
structure with the amino acid molecule binding more than one 
metal ion, like that found in (L-glutamato) copper dihydrate.16 

As part of our studies on magneto-structural correlations in 
copper-amino acid complexes, and motivated by the results of 
our recent investigation of (L-g1utamato)copper dihydrate," we 
performed X-ray structural, magnetic susceptibility, and powder 
and single-crystal electron paramagnetic resonance (EPR) studies 
of diaqua( L-aspartato)copper( 11) [for short, Cu( L-asp) (HzO)~] ,  
the compound reported by Antolini et a1.13 The Cu(I1) ion is in 
a square pyramidal coordination with an aspartate ion acting as 
a bidentate ligand through the nitrogen and one a-carboxylate 
oxygen atom, a 6-carboxyhte oxygen of another aspartate ion, 
and a water oxygen, all at  the pyramid base. A second water 
oxygen is at the pyramid apex. The complex crystallizes in a 
one-dimensional polymer-like structure where a pair of adjacent 
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aspartate molecules are bridged by a Cu(I1) ion. This extended- 
chain pattern is similar (and in fact simpler) to that found in the 
copper and zinc complexes of glutamic acid (glu), Cu(L-g1u)- 
(H20)216 and Zn(~-glu)(H20)2*1* where each glutamic acid unit 
connects three metal ions (two equatorially and one apically). It 
is also similar to the ternary Cu(I1) complexes of aspartic or 
glutamic acid with imidazole and 2,2'-bipyridine.13J4-19 In these 
compounds the copper ions are bonded to the terminal carboxylate 
oxygen atoms of one molecule and to the residue carboxylate 
oxygen and nitrogen atoms of an adjacent aspartate molecule. 

The magnetic susceptibility of Cu(L-asp)(HzO)z shows a peak 
at about 7 K and decreases at  lower temperatures (T).  Its 
temperature dependence at low T fits well the behavior expected 
for antiferromagnetic one-dimensional chains with spins S = l /2 .  
The g-tensor evaluated by EPR is related to the electronic structure 
around the copper ions and to the crystallographic arrangement. 
The variation of the EPR line width with the orientation of the 
magnetic field about the crystal axes and with microwave 
frequency is discussed in terms of the exchange interaction between 
copper ions. 

Experimental Section 

Sample Preparation. Cu(L-asp)(H20)2 wasobtained from the reaction 
of stoichiometric quantities of L-aspartic acid and copper basic carbonate 
in a water solution at 100 OC. The solution, taken to pH 5 by adding 
nitric acid, produced good single crystals when cooled to 10 "C in 1 day 
or after several days of slow evaporation at room temperature. They 
grow as thin sheets parallel to (IOO), elongated along b, with borders 
bounded by faces parallel to (001) and (010) planes. The weights of the 
largest single-crystal samples obtained up to this moment are less than 
1 mg. 

X-ray Diffraction Data. A data set was obtained at room temperature 
from a blue-green crystal with an Enraf-Nonius CAD-4 four-circle 
diffractometer, employing graphite-monochromated Mo Ka radiation. 
Unit cell parameters and the orientation matrix for data collection were 
obtained from 23 centered reflections in the range 10.2 < 0 < 25.1'. 
Standard deviations of reflection intensities were calculated from counting 
statistics. The intensity of three standard reflections, (800), (080) and 
(008), monitored every 1800 s of radiation exposure, were essentially 
constant during the data collection. Data were corrected for Lorentz and 
polarization effects. An absorption correction, performed using the 
program DIFABS,a improved the R,,, agreement factor calculated for 
29 pairs of symmetry-related reflections from 0.0135 to 0.0108. From 
the 830 reflections measured, 807 having I > 3 4 0  were used for the 
structure determination and refinement. Scattering factors for bonded 
H atoms taken from Stewart et a1.,21 atomic scattering factors from 
Cromer and Waber:zand anomalous dispersion coefficients from Cromer 
and IberszZ for the rest of the atoms were used in the calculations. These 
were performed with the SHELX23 and SDPz4 systems of programs. The 
stereoscopic projections shown were drawn with the programs ORTEP25 
and 

Magnetic Measurements. Magnetic susceptibility ( x )  measurements 
in powdered samples of Cu(L-asp)(Hz0)2 were performed with a DSM 
8 susceptometer/magnetometer at a field of 10 kG and with a SHE, 
SQUID magnetometer at a field of 1 kG, in the range between 5 K and 
room temperature. Room-temperature EPR spectra of single crystals 
and powdered sample-s (made by crushing single crystals) were obtained 
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Figure 1. ORTEP projection of Cu(~-asp)(H20)2 showing the atom- 
numbering scheme, the environment of the copper atom, and the aspartate 
molecule. The copper atom obtained from the first by a c translation is 
included in order to clarify theexchange interaction path between coppers. 

Table I. Summary of Crystallographic Data for Cu(L-asp)(HZO)z 
formula CU(COZNH~CHCH~COZ)(HZO)Z 
mol wt 230.66 
space group c2 
a 9.504( 1) A 
b 10.038(3) A 
C 7.555( 1) A 

V 719.0(2) A3 
P 
Z 4 
radiation 
temp 22 o c  
linear abs coeff ( p )  

94.01(2)O 

Mo Ka, X = 0.710 69 A 

3.04 mm-' 
0.0235 

at 9.7 and 33.4 GHz, using Bruker spectrometers equipped with 124x1. 
rotating electromagnets. The single crystal samples were glued to sample 
holders made of cleaved cubes of KCI single crystals, with the a, b and 
d = a X b crystal directions parallel to the x, y and z axes of the cubes. 
These axes were taken as the laboratory reference systems. The sample 
holders were glued to an horizontal plane at the top of a pedestal that 
was positioned inside of the microwave cavities. This method allows to 
measure the EPR spectra for accurately known orientationsof the magnetic 
field H in the xy, zx, and zy planes. A single, anisotropic resonance was 
observed for any orientation of H. Its position and peak-to-peak line 
width were measured as a function of the orientation of H, in three 
perpendicular planes xy (ab ) ,  z y  (c'b), and zx (c'a) of the sample, at 9.7 
and 33.4GHz. Simulationsof EPRspectra frompowders were performed 
with a personal computer, considering the angular variations of theg-factor 
and the line width. 
Crystal Structure Determination and Refiaement. The crystallographic 

data for Cu(L-asp)(HZO)z are summarized in Table I. A full length 
table of crystallographic data is included in the supplementary material 
(Table Sl). The structure was solved by standard Patterson and Fourier 
techniques and refined by full-matrix least-squares methods with 
anisotropic thermal parameters for all non-hydrogen atoms. All the 
hydrogen atoms on the L-aspartate ion and the two hydrogens of one 
water molecule were located from a difference Fourier map and 
incorporated in the molecular model. The positions of these atoms were 
refined with a common isotropic temperature parameter (whichconverged 
to B = 3.2(5) A2) by fixing the bond distances to the corresponding atoms 
at their accepted values. A chirality test was performed by reversing all 
atomic coordinates and refining again to convergence. The Rw factor 
(=[Ew(lFol - I F c 1 ) 2 / ~ ~ F o 1 2 ] 1 / 2 )  increased from 0.0318 to 0.0390. 

Results and Discussion 

Structural Results. Fractional coordinates and equivalent 
isotropic temperature parametersz' for the non-H atoms in Cu- 
(L-asp)(HZO)z are given in Table 11. Relevant bond distances 
and angles around the copper ion are in Table 111. Figure 1 is 
a drawing of the compound showing the labeling of the atoms. 

(27) Hamilton, W. C. Acta Crystallogr. 1959, 12, 609. 
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Figure 2. PLUTO stereoscopic projection of Cu(~-asp)(H20)2 along c. The b axis is along the vertical. Dashed lines indicate H-bonds. 

Table II. Fractional Atomic Coordinates and Isotropic Temperature 
Parameters (A2) of Cu(~-asp)(HzO)z 

atom x l a  Ylb T I C  Bi, 
cu 0.2365(0) I.OOOO(0) 0.8746(1) 1.07(1) 

0.3291(3) 0.8281(3) 0.8464(4) 1.60(9) 
0.3903(3) 0.6829(3) 0.6450(4) 1.40(8) 

O(1) 

0.3070(3) 1.0085(5) 0.1230(3) 1.34(7) 
O(2) 

0.1 185(3) 0.8925(3) 0.1900(4) 1.50(9) 
O(3) 
O(4) 
O(W1) 0.1284(3) 1.1646(3) 0.8764(4) 1.72(9) 
O(W2) 0.4278(3) 1.1139(4) 0.7766(5) 2.0(1) 
N 0.1449(4) 0.9576(4) 0.6351(5) 1.14(9) 

0.3214(4) 0.7804(4) 0.6872(5) 1.2(1) 
0.2262(4) 0.8526(4) 0.5475(5) 1.1(1) 

C(1) 

0.3149(4) 0.9139(5) 0.4100(5) 1.2(1) 
C(2) 

0.2370(4) 0.9398(4) 0.2294(5) 1.0(1) 
C(3) 
C(4) 

Table 111. Interatomic Bond Distances (A) and Angles (deg) for the 
Cu(I1) Coordination Polyhedron in Cu(~-asp)(HzO)f 

(a) Bond Distances 
Cu-o(l) 1.955(3) Cu-o(W2) 2.31 3(3) 
Cu-o(3') 1.950(2) CU-N 1.998(4) 
cu-O(W 1) 1.946(3) 

(b) Bond Angles 
O(l)-Cu-O(WI) 172.6(1) O(Wl)-Cu-N 89.4( 1) 
O(1 )-Cu-o(WZ) 91.8(1) 0(Wl)-C~-0(3~)  95.9(1) 
O( l)-Cu-N 83.4(1) O(WZ)-Cu-N 96.8(1) 
0(1) -C~-0(3~)  90.9(1) O ( W ~ ) - C U - O ( ~ ~ )  93.5(1) 
O(WI)-CU-~(W~)  90.6(1) N-Cu-0(3') 168.4( 1) 

a Symmetry code: (i) x ,  y, z + 1. 

The anisotropic thermal parameters for the non-H atoms, the 
hydrogen atomic coordinates, bond distances and angles within 
the aspartate molecule, and some relevant least-squares planes 
and dihedral angles for the copper coordination polyhedron and 
the peptide molecule are provided as supplementary material. A 
stereoscopic view of the crystal packing is shown in Figure 2. 

The Cu(1I) ion is in a distorted tetragonal pyramidal coor- 
dination. At the corners of the pyramid base are an a-carboxylic 
oxygen [d(Cu-O) = 1.955(3) A] and the amino nitrogen [d(Cu- 
N) = 1.998(4) A] of one aspartate molecule, a &carboxylic oxygen 
[d(Cu-0) = 1.950(2) A] of another aspartate molecule (sym- 
metry related by a translation along c), and a water molecule 
[d(Cu-OW) = 1.946(3) A]. The 5-foldcoordination iscompleted 
with a second water molecule a t  the top of the pyramid [d(Cu- 
OW) = 2.313(3) A]. The Cu(I1) ion is a t  0.107(1) A from the 
least-squares plane through the four atoms of the pyramid base, 
toward the apical water oxygen, whose distance from this plane 
is 2.418(3) I$. 

Within the aspartate molecule, distances and angles are in 
agreement with literature values.2 As expected, the Ca-COO 
atoms in the amino acid backbone are coplanar within experi- 
mental accuracy. This is also true for the residue C W O O  atoms. 
The dihedral angle between thecorresponding least-squares planes 
is 85.9(1)'. The Ca-COO and C&COO planes form angles of 

0.032 

0.024 c. . E 
3 
E 0.016 2 
t 
- 
x 

0.008 

I I I I I 1 
0 Experimental data 

..... .. Jk=4.0 K [uncoupled chains] 
- J/k=-5.3 K, J'/k=2.2 K [coupled chains] 

0.000 I I I I I I 
0 20 40 60 80 100 

Temperature [K] 
Figure 3. Magnetic susceptibility data of Cu(L-asp)(HZO)z. Dashed and 
solid lines are the predictions of models considering uncoupled antifer- 
romagnetic copper chains with an intrachain coupling constant J/k = 
-4.0 K (eq 1) and antiferromagnetic chains with J/k = -5.3 K, 
ferromagnetically coupled to four neighboring chains, with an exchange 
coupling constant J'fk = 2.3 K (eq 2). 

Table IV. Hydrogen Bond Distances (A) and Angles (deg) for 
Cu( L-asp) (H20)fb 

D H A D--A H-Ad LWH*.*Ad D-Hd 
O(W1) H(OW1) O(2") 2.77 1.78 170.4 0.99 
O(W2) c O(3"') 2.79 c C C 
O(W2) c O(4") 2.845 c C C 
N H(N) O(Ziv) 3.099 2.087 167.1 1.03 
N H'(N) 0(4v) 2.984 1.984 156.2 1.09 

a Donor and acceptor atoms are indicated by D and A, respectively. 
All hydrogen bond distances with D-eA and Ha-A distances up to 3.2 and 
2.2 A, respectively, are included. b Symmetry code: (ii) x - I/z,y + 112, 
r;(iii) I-x,y, 1-z;(iv)1/2-xly+1/2, l-z;(v)-x,y, 1-2. cPresumed 
H-bonds as the hydrogen atoms of water molecule W2 could not be 
located in the finaldifference Fourier map (see text). Standarddeviations 
of distances and angles involving hydrogen atoms are not provided as in 
the refinement these atoms were kept at a fixed distance from the atom 
to which they are bonded (see text). 

10.0(6) and 85.9( 1)O, respectively, with the least-squares plane 
through the base of the copper coordination pyramid. 

The aspartate ion, acting as a bidentate ligand, is attached to 
one Cu(I1) ion, through the nitrogen and oxygen atoms of the 
a-carboxylate group (see Figure l ) ,  and to another Cu(I1) ion 
(symmetry related to the first one by a translation along c), through 
an oxygen atomof the residue @-carboxylate group. This generates 
covalently bonded Xu-aspCu-asp-Cu- chains along the c axis. 
These chains are linked by interchain H-bond interactions 
involving the two water molecules and the amino group (see Figure 
2). H-bond distances and angles are detailed in Table IV. 

Magnetic Susceptibfity. Figure 3 displays the susceptibility 
data x (  7") for Cu(L-asp)(H20)2 as a function of temperature T, 
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for T I  100 K, where most of the data points were taken. These 
data points have been corrected for the diamagnetic contribution 
using the Pascal constants. A predominant antiferromagnetic 
CurieWeiss behavior of the high-temperature data is observed 
and is compared to 
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T-8, 
[ x m l - '  = 7 

A least-squares analysis of the data between 20 and 100 K gives 
the parameters C, = 0.417 emu/mol and an antiferromagnetic 
Curie temperature e,= -1.9 K. This value of Cm leads to an 
average g-factor g = 2.1 1. 

The data in Figure 3 display a rounded maximum around 7 
K and decreasing values of ~ ( 7 ' )  at  lower temperatures. No 
indication of a magnetic phase transition is observed. The 
maximum in x(T)  suggests short-range order, typical of low- 
dimensional magnetic systems. The data were analyzed using 
the Heisenberg model with exchange interaction between pairs 
of Cu(I1) ions with spins Si and S, of the form 

where we assumed interaction only between nearest neighbors 
copper ions on a chain (Le., Ji, = J, f o r j  = i f 1, and Jij = 0 
otherwise). We analyzed the data in terms of the empirical 
function 

1 N h ;  
14 

0 . 2 5 ~  + 0 . 1 4 9 9 5 ~ ~  + 0 . 3 0 0 9 4 ~ ~  
1 + 1 . 9 8 6 2 ~  + 0 . 6 6 8 5 4 ~ ~  + 6 . 0 6 2 6 ~ ~  

x m  = -[ 
(1) 

where x = IJl/kT, N and k are the Avodagro and Boltzmann 
constants, po is the Bohr magneton, and gis  the averagedg-factor. 
Equation 1 is a slightly modified version of the algebraic function 
introduced by Hatfield and collaborators28 to represent the 
numerical calculations performed by Bonner and Fisher,29 
describing a uniformly spaced chain of spins with S = l / 2 .  The 
term within brackets in eq 1 has a maximum value 0.073 56 a t  
xmax = 0.7725 (T,,, = 1.2941Jl/k). In order to reproduce the 
experimental result xmax = 0.031 emu/mol observed at  Tmax = 
7 K using g = 2.1 1, the value of IJl/k must be close to 4 K. In 
fact, a least-squares fitting of eq 1 to the data in Figure 3 gives 
J/k = -4.0 K (antiferromagnetic). The values of xc( 7') calculated 
with this value of J and eq 1 are displayed in Figure 3 as a dashed 
line. They show the general behavior of the data, but the values 
calculated are shifted to lower temperatures in the low-T range. 

The crystal structure of Cu(L-asp)(H*O)z suggests that the 
Cu(I1) magnetic chains just described are the aspCu-aspCu- 
asp chains described before. Then, the paths for superexchange 
between neighboring copper ions on a chain are provided by the 
Q bonding along the skeleton of the aspartic acid molecule (see 
Figure 1). Since the chains are not isolated, we introduced 
interchain interactions in a mean field approximation, using30 

where xc( T )  is the susceptibility for the uncoupled chains given 
by eq 1, z is the number of nearest copper neighbors in adjacent 
chains (I = 4 in our case) and J' is the interchain exchange 
parameter. By this method we obtain J/k = -5.3 K for the 
antiferromagnetic exchange within a chain and a ferromagnetic 
J'/k = +2.2 K for the mean valueof the ferromagnetic interchain 
exchange interaction. These values and eqs 1 and 2 produce the 
solid curve included in Figure 3. The agreement of this curve 

(28) Hall, J. W. Ph.D. Dissertation, University of North Carolina, Chapel 
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Figure 4. Angular variation of the squared g-factor measured at 9.7 and 
33.4 GHz at room temperature, in three orthogonal planes of single- 
crystal Cu(L-asp)(H20)2. The curves wereobtained by least-squares fitting 
of the data at each microwave frequency with a symmetric second-order 
g2 tensor. The eigenvalues and eigenvectors obtained for g* are given in 
Table V. 
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e or I$ [degrees] 

Figure 5. Angular variation of the peak-to-peak EPR line width of Cu- 
(L-asp)(H,O)z measured at 9.7 and 33.4 GHz and room temperature 
with the magnetic field applied in three orthogonal planes. The curves 
were obtained by a least-squares fitting of eq 4 to the data. 

with the experimental data is better than that of the dashed curve 
in Figure 3, obtained considering only intrachain interactions. 
Furthermore, the valueof the exchange interaction averaged over 
the six nearest neighbors (two in the same chain and four in 
neighbor chains) is negative, therefore supporting the value and 
the sign of the antiferromagnetic Curie temperature 8, obtained 
above. 
EPR Date. The values of the squared g-factor g 2 ( 8 , ~ )  of the 

single line observed for a magnetic field H applied in the three 
studied crystal planes of Cu(L-asp)(HzO)z, a t  9.7 and 33.4 GHz, 
are displayed in Figure 4a-c. The peak-to-peak line width AH 
data are in Figure 5a-c. 
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Table V. Values of the Eigenvalues and Eigenvectors of the gz 
tensor for Cu(~-asp)(H20)2, Molecular g-factors gll and gL, Polar 
( 6 M )  and Azimuthal ((PM) Angles of the Molecular Axis at One Site 
in the ( x y z )  a (a’bc) Reference System, and Angle 2a between the 
Molecular Axes of the Two Copper Sites, As Obtained from The 
EPR Data,’ and Parameters of the Expansion of the Angular 
Variation of the Line Width (Eq 7) 

Calvo et al. 

9.7 GHz 33.4GHz calcd 
(a) Eigenvalues and Eigenvectors of the g-Tensor 

gl 2.091 (1) 2.094( 1) 
2.137( 1) 2.128( 1 ) gz 

g3 2.270(1) 2.258( 1) 

v2 (0.342,0,0.940) (0.352,0,0.936) 
v3 (0.940,0,4).342) (0.936,0,4.352) 

(b) Molecular g-Values 
811 2.312( 1 )  2.311(1) 
g l  2.089(2) 2.070(2) 
OM (deg) 108(1) 108(1) 110.3 
@M (deg) 28(1) 30( 1 ) 30.8 
2a (deg) 126( 1) 123(1) 122.6 

(c) Coefficients of the Second-Order Expansion of AH(6,cp) (eq 5 )  

VI (0,1,0) (0,1,0) 

a11 109.1(5) 9a1)  
022 137.6(5) 120(1) 
0 3 3  66.8(5) 34(1) 
012 = 023 O(1) O(1) 
a13 -26.5(5) -20( 1) 

data, are included in the last column for comparison. 
a The values of (e,&) and 2a, calculated from the crystallographic 

g-Factor. The variation of the position of the EPR line with 
the orientation of the magnetic field is described by the spin 
hamiltonian H = peH-gS, where p~ is the Bohr magneton, S the 
effective spin (S = 1/2), and g the crystal g-tensor. The 
components of the tensor g2 = gg were evaluated at each 
microwave frequency by least-squares fitting of thedata in Figure 
4a-c with the function gZ(0,cp) = h-ggh, where h = H/JHJ= 
(sin 6 cos cp,sin 6 sin cp, cos e) defines the direction of H in the 
system x, y, z a, b, c’of the sample. The values of theeigenvalues 
and eigenvectors of g* obtained from these components are given 
in Table V. This tensor, which turns out to have rhombic sym- 
metry, explains well the observed angular variation of g2(e,cp) a t  
both frequencies as shown by the solid lines in Figure 4a-c. 

Our results for the eigenvalues of the observed gtensor (Table 
V) differ from those obtained by Antolini et al.I3 from the powder 
EPR spectra of the same compound. These authors report axial 
symmetry with g11= 2.249 and g l  = 2.076. To explain the 
differences, we display in Figure 6 the EPR spectrum of a powder 
sample of Cu(~-asp) (H20)~  obtained at  9.7 GHz. We include in 
this figure a simulated spectrum calculated with the parameters 
obtained from our single-crystal experiments (g-factors and line 
widths of Figures 4 and 5 ) .  As indicated by arrows in Figure 6, 
even if the two peaks of the powder spectrum correspond to the 
g-factors reported in ref 13, they do not give an accurate 
representation of the eigenvalues of g2. This is attributed to the 
line width anisotropy, which cannot be considered in the analysis 
of powder data. Therefore, the discrepancy can be traced to the 
limitations inherent to the procedure of extracting information 
from EPR spectra of powdered samples.31 

Thesingle EPR line observed for Cu(~-asp)(H20)2corresponds 
to a collective resonance of the copper ions in the lattice. The 
four symmetry-related copper sites per unit cell can be grouped 
into two pairs of sites. Copper ions within each pair are related 
by the Ccentering lattice translation and therefore should give 
identical EPR spectra. Different pairs of copper sites are related 
through a 2-fold axis along b. They will be called sites A and 
B, are magnetically nonequivalent, and should give rise to two 
different EPR resonances for H neither along the b axis nor 

(31) Pilbrow, J. R. Transition Ion Electron Paramagneric Resonance; 
Clarendon Press, Oxford, England, 1990; Chapter 5 .  

I- 4 

- m .  
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Figure 6. (a) Observed EPR spectrum of powdered Cu(L-asp)(HZO)z 
at 9.7 GHz and room temperature. (b) Simulated EPR spectrum, 
calculated using the g* tensor and the coefficients in the expansion of the 
line width AH(6,cp) (eq 3), given in Table V. 

perpendicular to it. The single resonance observed in the ab and 
bc planes (Figure 4a,b) arises from the collapse of the resonances 
expected from sites A and B, due to exchange interaction coupling 
magnetically nonequivalent Cu(I1) ions.32 The hyperfine coupling 
with the copper nuclei and with the ligands are also averaged out 
by the exchange. In fact, the analysis of the susceptibility data 
given above indicates that the condition IJ’I 1 l/21gA - g & a ,  
needed to collapse the resonances corresponding to Cu( 11) ions 
in sites A and B (then in different chains) is fulfilled. Then, the 
observed resonance should correspond to a tensor g average of 
the molecular g-tensors gA and ge for copper ions at  sites A and 
B. 

Assuming axial symmetry around the copper ions, and using 
the method described in refs 33-35, we obtained from the 
components of the observed gz tensor the molecular g-values g, 
and g,, the orientation (OM,-) of the molecular axis for one 
copper site in the unit cell of Cu(L-asp)(H20)z, and the angle 2 a  
between the axes of the two magnetically nonequivalent copper 
sites. This information is given in Table V. There, they are 
compared with the orientation (eM,m) of the normal to the plane 
of equatorial ligands and the angle 2 a  between the axes of the 
two copper sites, calculated from the structural data. The good 
agreement between these values and those calculated from the 
EPR data supports the assumption of axial symmetry around 
copperions. Thevaluesgll= 2.312(2.311)andgL = 2.089(2.070) 
of the molecular g-factors, calculated from the data a t  9.7 GHz 
(33.4 GHz), characterize the orbital ground state of the unpaired 
electron. They are larger than those corresponding to copper- 
amino acid (aa) complexes of the Cu(aa), or bis(g1ycine)copper 
type measured previously, where 81 = 2.25 and gl= 2.06.363’ 
The main difference between these complexes, concerning the 
environment around the Cu(I1) ion, consists in the replacement 
of the equatorial water oxygen in Cu(~-asp)(H2O)z (see Figure 
1) by an amino nitrogen atom in the Cu(aa)z compounds. We 
attribute the larger values of the g-factors in Cu(L-asp)(H20)2 

(32) Bencini, A.; Gatteschi, D.ElecrronParamagnericResonanceofExchange 
Coupled Systems; Springer: Berlin, Germany, 1990. 

(33) Billing,D.E.;Hathaway,B. J.J. Chem. Phys. 1%9,50,1476.Hathaway, 
B. J.; Billing D. E. Coord. Chem. Rev. 1970, 5, 143. 

(34) Calvo, R.; Mesa, M. A. Phys. Rev. B 1983, 28, 1244. 
(35) Calvo, R.; Isern, H.; Mesa, M. A. Chem. Phys. 1985 100, 89. 
(36) Hoffmann, S. K.; Gozlar, J.; Sczepaniak, L. S. Phys. Rev. B 1988,37, 

(37) Steren, C. A.; Calvo, R.; Castellano, E. E.; Fabiane, M. S.; Piro, 0. E. 
733 1. 

Physica B 1990, 164, 323. 



Diaqua(L-aspartato)copper( 11) 

to the bigger electronegativity of this water molecule compared 
to the nitrogen atom. This produces two effects: first, a decrease 
of the cubic field and therefore smaller energy differences Mxy 
= Ex,,- E 2 - j  and M,,= E,,- EA? between the d(xy) and d(zx) 
orbital states and the ground d(x2 - y2) orbital state of CU(L- 
asp)(H20)2; second, a less delocalized magneticorbital. As shown 
in refs 38 and 39, for a copper ion in a square planar coordination 
of ligands, 
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microwave frequencies w, and is described by42 

where go = 2.0023, X is the spin-orbit coupling constant, and CY, 

al, and 82 are the mixing parameters for the molecular  orbital^.^^,^^ 
The replacement of a nitrogen ligand by the water oxygen 
decreases M,, and AE,, and increases CY, al, and 82, producing 
in both cases an increase of 81 and gL. In fact, the molecular 
g-values obtained for C u ( ~ - a s p ) ( H ~ O ) ~  (Table V) are similar to 
those measured by Bonomo et a1.a for copper impurities in Cd- 
(~-glu)(H20)2 and by Brondino et aI.17 for copper impurities in 
Zn(~-glu)(H20)2 (gx = 2.0678, g, = 2.0920, g, = 2.3545 and g, 
= 2.053, g, = 2.089, g, = 2.345, respectively). The g-values are 
also similar to those calculated from the EPR data in CU(L- 
glu)(H2O)z using a method similar to that used here for CU(L- 
asp)(H2O)2.l7 In those systems the local arrangement around 
the Cu(I1) ions is similar to that found in C u ( ~ - a s p ) ( H ~ O ) ~ ,  with 
a water oxygen atom as an equatorial ligand. To  be in accord 
with this idea, the ternary copper complexes of L-aspartic and 
L-glutamic acid with imidazole, 2,2’-bipyridine and 1,lO-phenan- 
throline, where the equatorial water oxygen is replaced by the 
amine ligand, should show gli = 2.25 and g, = 2.06. Theg-values 
obtained by Antolini et a1.,13-15J9 from data of powdered samples, 
show both kinds of behavior and therefore are inconclusive in this 
respect. However, in view of the above mentioned uncertainties 
in the interpretation of EPR data from powdered samples, single 
crystal experiments are needed to confirm the results in these 
systems. 

EPR Line-Width. Assuming an angular dependence of the 
line width given by the quadratic form AH = h d ,  where a is 
a symmetric second-order tensor, the experimental data in Figure 
5 were least-squares fitted with the function 

u ( e , c p )  = a, sin2 e cos2 cp + a,, sin’ e sin’ cp + u33 cos2 e + 
2a,, sin’ e sin cp con cp + 2aI3  sin e cos e cos cp + 

2a2, sin 0 cos 0 sin cp (3) 

The (112 and a23 components of the a tensor should vanish because 
of crystal symmetry. These and the other least-squares coefficients 
uli calculated at  each microwave frequency are included in Table 
V. Contributions to the line width due to d ipold ipole  inter- 
actions in a one-dimensional magnet41 were not observed. This 
is expected because of the large magnitude of the interchain 
interactions indicated by the susceptibility data. The solid lines 
displayed in Figure 5 are obtained with these values. Figure 5 
shows that the line width decreases with increasing microwave 
frequency. This suggests important nonsecular contributions at  
9.7 GHz. Different behavior may be expected for a paramagnetic 
crystal with magnetically nonequivalent sites A and B.42 In this 
case, the information about the difference in the molecular 
g-tensors gA and gB iS lost because of the exchange averaging 
effect and may appear as a frequency-dependent contribution to 
the line width. This contribution increases AH as w02 a t  higher 

(38) Mak, A. H.; McGarvey, B. R. J .  Chem. Phys. 1958, 29, 31 and 35. 
(39) Kivelson, D.; Neiman, R. J. J.  Chem. Phys. 1961, 35, 149. 
(40) Bonomo, R. P.; Pilbrow, J. R.; Sinclair, J. R. J .  Chem. SOC., Dalton 

(41) Richards, P. M. in Local Properties at Phase Transitions; Editrice 

(42) Levstein. P. R.; Steren, C. A.; Gennaro, A. M.; Calvo, R. Chem. Phys. 

Trans. 1983,489. 

Compositori: Bologna, Italy,1975. 

1988,120,449. 

where the exchange frequency ocx is proportional to IJ’I = IJAs~. 
This contribution was observed in Cu(~-glu)(H20)2J’ where 
adjacent Cu( 11) ions on a -glu-Cu-glu-Cu-glu-chain are related 
by a C2 axis. This fact allowed us17 to evaluate from EPR line 
width data the magnitude IJ,/kl = l J ~ ~ l / k  = 0.19 K for the 
exchange interaction between neighboring coppers connected 
through the u skeleton of the glutamic acid molecule. To this 
purpose, we extracted from the observed AfZ(0,cp) the component 
proportional to [gA(B,‘p) - gB(19,p)]~ at  each of the two different 
microwave frequencies. In Cu(~-asp)(H20)2, where rotated 
copper atoms are in different chains, the observed (small) decrease 
of AHwith o, sets a lower limit to the exchange coupling constant 
J’ = JAB. Considering the difference (gA - gB)’ calculated with 
the molecular g-tensors, and using eq 4, we estimate lJl/k 2 0.5 
K, in agreement with the result obtained from the susceptibility 
data. As in the analysis of these data, we assume that there are 
four equivalent copper ions of the B type nearest neighbors to a 
given copper ion of the type A. 

Polymeric Structure and Exchange Paths in Cu(L-asp) ( H S O ) ~  
The polymeric structure of Cu(~-glu)(H20)2l~ and Cu(L-asp)- 
(HzO), is due to the presence of a second carboxylate group in 
the glutamic and aspartic acid molecules, respectively. These 
molecules connect two copper ions in Cu(~-asp)(HzO)2 and three 
in Cu(~-glu)(HzO)z through the oxygens of the a- and 8- (or y-) 
carboxylate groups. This has been discussed by Antolini et al.”-l5 
in their studies of the ternary copper complexes of L-glu and 
L-asp with imidazole, bipyridine, and phenanthroline. They 
conclude that low or nonhydrated ternary complexes are of the 
polymeric type, while highly hydrated compounds are of the 
molecular type. Water molecules bonded to the Cu(I1) ion may 
preclude binding of copper to two (or more) carboxylate oxygens. 

The polymeric structure of C u ( ~ - a s p ) ( H ~ O ) ~  is responsible of 
the spin chain magnetic behavior displayed by the susceptibility 
data. Thevalue J/k = -5.3 Kfor theexchangeinteraction between 
nearest copper neighbors in these chains is assigned to copper 
pairs connected in an equatorial fashion to L-aspartic acid 
molecules. As shown in Figures 1 and 2, this path in CU(L- 
asp)(H2O)z involves the glycine ring plusfour diamagnetic atoms. 
This result may be compared with that for Cu(~-glu)(H20)2,I~ 
where IJ,/kl = 0.19 K was obtained by EPR for the magnitude 
of the exchange interaction between coppers equatorially con- 
nected by L-glutamic acid molecules. This path involves the 
glycine ring plus five diamagnetic atoms. The 1 order of 
magnitude difference could be attributed not only to the longer 
length of the u skeleton of glutamic acid but also to the angles 
between the bonds involved in each case. No calculations that 
could be compared with these results have been performed yet. 

The value J’ /k  = 2.2 K obtained from the susceptibility data 
for the interchain interaction is a mean value over the magnetic 
interactions between a given copper ion and the nearest copper 
ions in each of the four adjacent chains. It is not much smaller 
than the intrachain interaction J/k,  and then the mean field model 
used30 introduces an uncertainty in the evaluation. A copper ion 
on a given chain of Cu(~-asp)(H20)2 has four magnetically 
nonequivalent copper neighbors a t  5,5.2,5.4, and 5.4 A, located 
on the four chains of the rotated type in close contact with the 
first chain and interacting with it through a net of hydrogen 
bonds. These contacts provide the paths for superexchange 
interactions between chains (of coupling constant J’). It is 
interesting to note that J’ is larger (and of different sign) than 
the magnitudes of the exchange interaction through hydrogen 
bonds reported in Cu(~-but)z  and Cu(D,L-but)z (-0.64 and -0.84 
K, respectively), calculated from specific heat data.8 This may 
seem surprising since the hydrogen bonds in Cu(~-asp) (H~O)z  



6022 Inorganic Chemistry, Vol. 32, No. 26, I993 Calvo et al. 

do not bridge oxygen atoms directly bonded to the copper ions 
(i.e., the oxygens in the NO3 planar arrangement of equatorial 
ligands). In one case they connect the apical water oxygen of one 
copper to one equatorial oxygen of the neighbor copper. In the 
other cases the coupling paths are more complex and involve 
hydrogen bonds and carboxylate bridges; they connect an 
equatorial nitrogen or water oxygen of one copper to an equatorial 
carboxylate oxygen of the neighbor copper. In the cases of Cu- 
(~-but)2 and C U ( D , L - ~ U ~ ) ~ ,  the superexchange paths are hydrogen 
bonds connecting oxygen and nitrogen atoms equatorially bonded 
to copper. It seems that the overlap integral of the magnetic 
orbitals connecting different chains in Cu(~-asp)(H20)2 is very 
small, and then the ferromagnetic interaction is predominant. 
The larger overlap of the magnetic orbitals in C u ( ~ - b u t ) ~  and 
Cu(D,L-but)z introduces a larger antiferromagnetic contribu- 
tion.43.4 

Concluding Remarks. This is the first report on the structural 
and magnetic properties of a new interesting material, CU(L- 
asp)(HzO)z. Due to the bonding characteristics of aspartic acid, 
this material forms polymeric chains asp-Cu-aspCu-asp, with 
long but effective exchange paths provided by the u skeleton of 
the amino acid. A transition to 3D magnetic order is not observed 
in the powder susceptibility data above 5 K even if the interchain 
couplings are relatively large. As explained by Landee et al.,45 
susceptibility measurements in single-crystal samples and at lower 

(43) Anderson, P. W. In Magnerism; Rado, G. T., Suhl, H., Eds., Academic 

(44) Hay, P. J.;Thibeault, J.  C.; Hoffmann, R. J.  Am. Chem. SOC. 1975,97, 
Press: New York, 1963; Vol. 1 .  

4884. 

temperatures may give clues on the anisotropy of the exchange 
interaction and about possible phase transitions. Up to this 
moment these have been precluded by the small size of the single 
crystals obtained. Specific heat measurements as those performed 
in other copper amino acid complexes7** are planned. 
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