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Abstract: Because of the multiplicity of possible equilibria in metal-peptide solutions, a new study using multifrequency EPR 
in combination with computer simulations and second-derivative displays was attempted. This approach permitted the determination 
with good precision of a set of spin Hamiltonian input parameters for the Cu-GlyHis and Cu-HisGly complexes. Two different 
arrangements in the first coordination sphere of copper were determined. In the case of the Cu-GlyHis complex, the simultaneous 
presence of the monomer and the bis complex and their relative percentages were established. For the Cu-HisGly complex, 
histamine-like coordination is proposed with a limited deviation from planarity. Spectral results obtained at room temperature 
for fast-tumbling copper complexes provided confirmation of the biological validity of the models. Molecular orbital coefficients 
characteristic of metal-ligand bonds were derived for effective D41, symmetry. The influence of the coordination modes on 
the covalent and ionic character of the metal-ligand bonds is discussed. 

Introduction 
Dipeptides formed from amino acids containing side chains with 

potential donor centers are extremely important in biological 
systems. Among such dipeptides, those containing histidine, His, 
are particularly interesting since the imidazole group in histidine 
contains a labile proton which ionizes in the intermediate pH 
region.1 The involvement of imidazole nitrogens is a crucial step 
in the coordination of histidine to copper to form stable chelate 
complexes in solution.2 

The importance of the histidyl residues of proteins in the binding 
of copper(II) has been emphasized by Sundberg and Martin, who 
drew attention to the necessity of clarifying the mode of coor­
dination of the simplest histidine-containing dipeptides.3 Fur­
thermore, many low-molecular-weight Cu2+ chelates using amino 
acids and peptides as ligands have been found to catalyze su­
peroxide dismutation.4"* 

The copper complexes of histidine and histidine-containing 
peptides, occurring naturally in blood plasma,3'7 can be regarded 
as models for interactions between metal ions and proteins if the 
proper ligand-to-metal ion ratio is considered and physiological 
conditions are respected. Actually, the chief storage site of copper 
in the blood of mammals is ceruloplasmin, a protein containing 
eight copper atoms per molecule, but most non-ceruloplasmin 
copper in the blood is complexed to albumin or histidine, one of 
the strongest metal ion coordinating amino acids. Furthermore, 
a low-molecular-weight peptide-containing histidine or even 
histidine itself might compete with ceruloplasmin for copper in 
the blood, significantly altering free-ligand levels. For all the above 
reasons, the coordination behavior of histidine-containing di­
peptides toward copper has seen a great deal of investigation. 1^37-1 ° 

Coordination compounds of copper(II) typically consist of four 
nearby donor atoms arranged approximately in a plane about the 
metal ion, with the possibility of one or two, more distant, axial 
donors. It has been clearly stated that the binding of histidine-
containing dipeptides and of histidine itself to copper is strongly 
dependent on pH, the ligand-to-metal ion ratio, and even the 
physical state of the sample. However, because of the multiplicity 
of possible equilibria in metal-peptide solutions, certain conclusions 
are still controversial.1,28 After a large variety of experiments, 
we decided to focus our attention on the coordination behavior 
of the two complexes of copper with glycylhistidine (GIyHis) and 
histidylglycine (HisGly). Here, we consider only the physiological 
pH conditions for complexes with a 1:2 metal:peptide molar ratio 
in aqueous solution although all the pH ranges and a variety of 
different molar ratios have been explored. 

EPR spectroscopy has been widely used to study complexes 
formed in solution between the copper(II) ion and various ligands, 
including a-amino acids.""14 Multifrequency EPR analysis used 
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in correlation with computer simulations of spectra can also be 
a very useful tool in determining the chemical structure and 
molecular dynamics of copper in biological systems, mainly due 
to the existence of an optimal microwave frequency at which the 
superhyperfine structure is best resolved.iyn In the present study, 
the EPR spin Hamiltonian parameters (determined by a precise 
method) were used to determine the arrangement of the two 
complexes in the first coordination sphere and the covalent 
character of the metal-ligand bonds by multifrequency EPR 
spectroscopy used in combination with computer simulations. 

Experimental Section 
Glycyl-L-histidine and L-histidylglycine from Sigma Chemical Co. 

were used without further purification. Solutions were prepared with 
distilled water, and the uncorrected pH was adjusted with HCl or NaOH 
and determined with an "LCD" Model pH meter. Isotopically pure 
63CuO (from Oak Ridge National Laboratory, Oak Ridge, TN) was used 
for the EPR experiments. Stock solutions with a 1:2 molar ratio were 
prepared; [Cu] = 10"2 M and [peptide] = 2 X 1(T2 M. The effective 
concentration of Cu2+ in the experiments was 10"3 M. A few drops of 
ethylene glycol were added to the solutions to obtain a better quality 
glass. 

X-band EPR spectra were obtained with a Bruker 200D SRC X-band 
spectrometer, and S-band spectra were obtained with a microwave bridge 
from Medical Advances Inc., Milwaukee, WI. All the bridges were 
equipped with loop-gap resonators (Jagmar, Krakow, Poland) operating 
at c = 9.5 GHz for the X-band bridge and v = 4.04 GHz for the S-band 
bridge. Microwave frequencies were measured with an XL Microwave 
Model 3120 counter. The spectrometer was interfaced with a PS/2 
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X band 

Figure 1. Experimental (a) X-band (v = 9.5907) and (b) S-band (v = 
3.9856) EPR spectra of the "Cu(GIyHiS)2 complex in H2O solution at 
pH = 7.3 at liquid nitrogen temperature (ICX) K) compared with (a', b') 
simulated EPR spectra of the same complex. Magnetic parameters are 
reported in Table I. 

Technical Instruments Hardware computer, and the data were acquired 
and evaluated using the EPR data system CS-EPR produced by Stelar 
Inc., Mede, Italy. 

The CUKOS program for the simulation of EPR spectra of fast-tum­
bling copper complexes in an isotropic environment written in Quick 
Basic is based on Kivelson's theory of line width'8 and includes the 
second-order shift equation of Bruno et al." and the further assumption 
of Lorentzian line shapes. With the input parameters giso, Ag, Aiso, AA, 
and the rotational correlation time TC, the program calculates the para-
maters of Kivelson's equations, the line widths, line positions, and line 
shapes. It is also able to accommodate two sets of nitrogens with up to 
four in each set. The program was devised to take into account the 
simultaneous presence of multiple species in solution. The residual width, 
including inhomogeneous contributions, allows a convolution between 
Lorentzian and Gaussian line shapes to be considered in the computer 
simulations.20 A Monte Carlo calculation method was added to the 
program. The Monte Carlo method randomly varied selected spectral 
parameters within defined limits in order to fit experimental data. The 
parameters gii0, Ais0, and ^N

iso were taken from room-temperature X-
band and S-band experimental data. 

The computer program CUSIMNE, a modified version written in 
MS-Quick Basic of a program by J. R. Pilbrow, Monash University, 
Clayton, Victoria, Australia, was used for the simulations of frozen-so­
lution spectra of cupric complexes.22 The program includes separate 
tensors for g values and the ACu, /4N(1), AN(2), AH(l), and AH(2) hy-
perfine interactions, where the symbol A*(I) denotes the interaction with 
the /th nucleus of type X. 

The simulations for both programs were obtained using a Compaq 
Deskpro 486/50L with an 8-megabyte memory and a 50-MHz clock. 
The simulations were performed until further changes in the EPR pa­
rameters did not improve the quality of fit. 

Results 
1. EPR Spectra. X-and S-band EPR spectra for Cu-GIyHis 

are presented in Figure 1, and those for Cu-HisGly are presented 
in Figure 2. The broad lines in the parallel region are direct 
evidence of N-ligation, because of the unresolved shf structure. 
Furthermore, local structural inhomogeneities ("strain") can lead 
to a distribution in the g and hyperfine tensors causing line 
broadening. 15~'7,21 In the perpendicular region, Figures 1 and 2 
show a striking difference in hyperfine resolution at both X- and 
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Figure 2. Experimental (a) X-band (v = 9.5897) and (b) S-band (v = 
3.9895) EPR spectra of the 63Cu(HiSGIy)2 complex in H2O solution at 
pH = 7.3 at liquid nitrogen temperature (100 K) compared with (a', b') 
simulated EPR spectra of the same complex. Magnetic parameters are 
reported in Table I. 

Figure 3. (a, b) Experimental and (a', b') simulated EPR spectra of the 
63Cu(GlyHis) complex in aqueous solution at pH = 7.3 at room tem­
perature obtained at X-band (top) and S-band (bottom), (c, d) 200-G 
expansion of the second-derivative Af, = +3/2 copper component at X-
and S-bands paired with their simulations (c', d'). Spectra were simu­
lated considering the simultaneous presence of multiple species in solution 
(38% bis complex and 62% monomer). EPR parameters for the bis 
complex are reported in Table I. For the monomer, giso = 2.1134, Aiso 
= -0.0068 cm"1, and /4N

iM = -0.0012 cm"1. 

S-bands. Unfortunately, the perpendicular region is difficult to 
interpret without resolution of superhyperfine structure in the gt 
region. The lack of resolved structure for Cu-HisGly in Figure 
2 arises from the singular interplay of perpendicular features of 
magnetic parameters of Cu(II) and nitrogen ligands (a feature 
not shared by Cu-GlyHis). The superimposition of spectra from 
two species in the experimental spectra of Figure 1 may explain 
the imperfect fit with the simulation in Figure lb'. 

The EPR spectra of fast-tumbling copper complexes, obtained 
at X- and S-bands, are shown in Figure 3 for Cu-GlyHis and in 
Figure 4 for Cu-HisGly paired with simulated spectra and the 
expanded second derivative of the fourth component 3/, = +3Z2. 
The EPR spectra of fast-tumbling copper complexes in an isotropic 
environment show superhyperfine structure arising from the 
coupling of 14N in the first coordination sphere of copper. The 
different features of the two complexes are clearly revealed by 
the EPR spectra recorded in frozen and liquid solutions at 
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Figure 4. (a, b) Experimental X- and S-band EPR spectra of the 63Cu-
(HisGly)2 complex in H2O solution at pH = 7.3 at room temperature, 
(a', b') Simulated ESR spectra of the same complex obtained with the 
magnetic parameters reported in Table I. (c, d) 200-G expansion of the 
second-derivative M\ = +3/2 copper component at X- and S-bands paired 
with their simulations (c', d'). 

Figure 5. (c') Experimental 200-G expanded EPR spectrum of the M1 
= +3/2 copper component for the 63Cu-GIyHiS complex in aqueous 
solution at pH = 7.3 at 298 K. (a) Simulated spectrum obtained for the 
case of four-14N-ligation. (b) Simulated spectrum for 62% four '4N and 
38% three 14N. (c) Simulated spectrum for 62% three 14N and 38% four 
14N. (d) Simulated spectrum for the case of three 14N. 

physiological pH and with a 1:2 Cu:ligand molar ratio. 
Figure 5 shows the expansion of the M1 = +3 /2 component for 

the complex Cu-GlyHis in a fast-tumbling regime as in Figure 
3. The experimental spectrum (Figure 5c') is paired with the 
simulations for a different number of ligand nitrogens. The 
procedure proposed3' is based on the relative intensities of the 
patterns for four (Figure 5a) vs three nitrogens (Figure 5d). In 
this procedure, the simulations are adjusted until the best fit of 
the central three lines is obtained using three or four nitrogens. 
The best simulation obtained was that in which we considered 
the simultaneous presence of a species with four nitrogens and 
another with three nitrogens as shown in Figure 5c. Figure 5b 
shows the arrangement where the four-nitrogen species is pre­
dominant. All the patterns have been simulated with the proper 
rc for monomeric and bis-complex species. 

Figure 6. (a, b) 300-G expansion of gx region second-derivative EPR 
spectra at the X- and S-bands of Figure 1 paired with (a', b') simulated 
EPR spectra obtained with the magnetic parameters reported in Table 
I. 

2. Simulations. Experimental multifrequency EPR analysis 
combined with computer simulations of spectra at frozen-solution 
and room temperature is a useful tool for determining the chemical 
structure of copper biological systems, due to the existence of an 
optimal microwave frequency at which the superhyperfine 
structure is best resolved. In general, the requirement of a good 
fit at different frequencies for EPR spectra of copper imposes some 
constraints on the precision of the EPR parameters, and it is a 
critical test of the theory. In calculating the spectra, we assumed 
axial g, hyperfine, and superhyperfine tensors, with a common 
principal axis system. In the first approximation, all 14N ligands 
were considered magnetically equivalent. Programs for simulation 
were able to consider a convolution of Gaussian and Lorentzian 
line shapes, chosen to obtain the best fit. 

The process of simulation was initiated by reading the ap­
proximate values of all parameters from the spectra. The g-tensor 
values were adjusted by fitting the spectra at X-band with the 
highest sensitivity to these changes. The simulations for liquid-
phase EPR spectra started with a Monte Carlo calculation method. 
This method randomly varied selected spectral parameters within 
defined limits in order to fit experimental data. When a good 
fit was obtained at one frequency, the magnetic parameters were 
tested at the other frequency, and the parameters were varied by 
an iterative process until the best fit was obtained at both X- and 
S-bands for the two physical states of the samples. The use of 
second-derivative displays was a crucial step in obtaining a good 
set of parameters. In Figure 6a, the second-derivative (or sec­
ond-harmonic) display emphasizes sharp features and discriminates 
against broad features. This display is particularly useful for 
analyzing superhyperfine patterns. Shoulders in the spectrum 
become peaks with precisely defined turning points that are useful 
for accurate measurements of coupling constants. The analysis 
of the perpendicular region is particularly complicated because 
of spectral overlap. As usual, the perpendicular component is a 
"hodgepodge" of the perpendicular components of copper, the 
forbidden transitions depending on the copper quadrupole in­
teraction, which varies greatly depending on ligation and the 14N 
hyperfine couplings, and finally the ± region is dominated under 
a wide range of conditions by so-called extra absorption or 
"overshoot" lines arising from an interplay of g and A anisotropics. 
For all of these reasons, the perpendicular region of the spectrum 
is always difficult to simulate. Figure 6 shows the expanded 
second-derivative display of the ± region obtained at X- and 
S-bands using the same input set of magnetic parameters. In many 
systems, the Peisach-Blumberg diagrams23 can be used to deduce 
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the ligation scheme because the number of 14N ligands is related 
to a decrease in the gl{ value and an increase in the A11 value with 
respect to Cu2+ bound to oxygen only. For four-nitrogen ligands, 
these diagrams predict g, < 2.3 and A11 > 0.0160 cm"'. This is 
in good agreement with our results for the coordination proposed 
here for both complexes. 

The spin Hamiltonian parameters that eventually were used 
to get the best fit are given in Table I. The signs of the per­
pendicular components of the copper hyperfine interaction were 
chosen so that isotropic A parameters obtained from the room-
temperature and 110 K spectra were in agreement. 

3. Discussion. The two experimental EPR spectra in frozen 
solution paired with their simulations (Figures 1 and 2) can be 
described by an axial spin Hamiltonian 

jf = P[g//HzSz + g l (H x S x + HySv)]+ 

[AzZS7J7. + A 1 (S x I x + SyIy)] + L S A ^ ( 1 ) 

where the symbols have their usual meanings. The g values and 
hyperfine splittings depend on the g and A matrices respectively; 
£JSAN1„ represents the interaction between the unpaired electron 
and the Mh ligand nucleus. 

The magnetic parameters obtained for the two complexes in 
the gt region are in agreement with values of g22 > gXJW > 2.040, 
suggesting that the complexes have a d^.: ground state char­
acteristic of square planar, square-base pyramidal, or octahedral 
stereochemistry.24,25 Close comparison of glt and A1 values of 
the Cu-GlyHis complex and the homologue values of the Cu-
HisGly complex in Table I reveals an increase in gt from 2.223 
to 2.247 and a simultaneous decrease of A1 from -0.0200 to 
-0.0186 cm"1. This trend can be explained by limited distortion 
from square planar symmetry of the equatorial plane for Cu-
HisGly. Furthermore, differences in the overall charges of the 
two complexes may account for differences in the EPR spectra.23 

Multifrequency EPR spectra recorded at room temperature are 
crucial for the biological significance of the model (Figures 3 and 
4). When combined with computer simulations, they minimize 
the problems arising from the relative lack of details of the ex­
perimental features and permit a more sensitive determination 
of the rotational correlation time (rc), the reorientational time 
of the complex modulating the energies related to g and A an­
isotropics. The values obtained for the Cu-GlyHis and Cu-HisGly 
complexes of Figures 3 and 4 are reported in Table I. The dif­
ference between the two values (TC = 51.8 ± 10 ps for Cu-GlyHis 
and TC * 44.0 ± 10 ps for Cu-HisGly) is within the limits of 
experimental error and can hardly be regarded as a significant 
difference between the two complexes. In general, the correlation 
times were usually found to be much shorter than those calculated 
by the Debye-Stokes formula.26 The comparison of experimental 
room-temperature Cu-GlyHis spectra at X- and S-bands reported 
in Figure 3 shows a clear difference in the resolutions of the 
superhyperfine structures on the AZ1 = +1J1 copper component 
at two frequencies. The X-band spectrum is much better resolved 
than that of the S-band. The fourth component of the expanded 
second derivative was very useful for determining an accurate 
measure of the isotropic 14N coupling constant (Figure 3a',b'). 
The relative lack of intensity of the 14N superhyperfine pattern 
of the complex Cu-HisGly in Figure 4a is indicative of a smaller 
value of the 14N coupling constant, appreciable in the second-
derivative display (Figure 4a',b'). 

The 14N hf coupling constants may be useful for estimation or 
confirmation of the structure of copper-binding sites. A correlation 
has been demonstrated between the superhyperfine coupling 
constants of the donor nitrogens in the gt parts of the spectra and 
the structure of the coordination sphere in an 14N ENDOR study 
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Figure 7. Tentative structures proposed for (a) 63Cu(GIyHiS)2 and (b) 
63Cu(HisGly)2 complexes in aqueous solution at pH = 7.3. 

of a large number of copper complexes.27 The hf coupling 
constants of nitrogens in the first coordination sphere correlate 
well with the donor sets in the equatorial plane as well as with 
other kinds of nitrogens, such as deprotonated amide nitrogens, 
aromatic aza nitrogens, or amine nitrogens. Furthermore, the 
14N hf coupling constants are affected by hybridized states of the 
nitrogen orbitals; i.e., nitrogens with planar conformations such 
as deprotonated amide nitrogens and aromatic aza nitrogens have 
larger coupling constants than nitrogens with tetrahedral con­
formations such as amine nitrogens.27 Taking the coordinating 
orbitals of deprotonated amide and aromatic aza nitrogens to be 
pure sp2-hybridized orbitals and those of amine nitrogens to be 
pure sp3, the spin densities on nitrogens in the sp3 state are slightly 
less than those on the nitrogens in the sp2 state. This is in good 
agreement with the observed trend that nitrogens having planar 
conformations, sp2 type conformations, show larger hf coupling 
constants than nitrogens having tetrahedral, sp3, conformations. 
Distortion from the planar array to the tetrahedral array in the 
first coordination sphere results in a reduction in the overlap of 
the copper unpaired electron orbital with the ligands, causing a 
decrease in the nitrogen coupling constants. In the case of the 
Cu-HisGly complex, if excess HisGly is present, bis-complex 
formation in which deprotonation of the peptide-NH linkage is 
suppressed is probable.28 Voelter et al. confirmed this hypothesis 
with 13C NMR experiments at pH 7, at which the glycine moiety 
is not involved in copper ligation.29 The ligation suggested was 
pure histamine-like coordination with two imidazole nitrogens and 
two amine nitrogens in the first coordination sphere of copper. 
This arrangement is in agreement with our EPR results and with 
the EPR results previously obtained for histidine.12,13 In fact, in 
the case of Cu-HisGly, the carboxyl group is blocked by peptide 
bonding in favor of a total histamine-like coordination, while, in 
the histidine complex, a mixture of histamine-like and glycine-like 
structures has been proposed on the basis of experimental find­
ings.12,13,29 

In the case of the Cu-GlyHis complex, the geometrical positions 
of the donor atoms in GlyHis make the coordination of three 
nitrogens (amino, peptide, and imidazole) possible, which results 
in a very stable monomeric complex.28 According to previous 
crystallographic studies,30 these three nitrogen atoms are all ap­
proximately the same distance (2.0 A) from the copper ion while 
charge neutralization is achieved by a carboxyl oxygen from 
another molecule of ligand. The presence of an excess of ligand 
determines the appearance of the bis complex because the free 
coordination site in the monomer can be occupied by the ^ ( im­
idazole) nitrogen of another GlyHis molecule. The bis-complex 
formation has been favored by increasing the concentration of 
GlyHis, thus avoiding the complexity of analyzing a mixture. We 
identified the monomeric species at lower pH (pH = 6 data not 
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Table I. Parameters Used to Simulate X-Band and S-Band EPR Spectra for Cupric Ion Complexes with Dipeptides3 

Pogni et al. 

system 

63Cu-GIyHiS 

298 K 

100 K 

63Cu-HiSGIy 

298 K 

100 K 

giso 

2.112 

2.114 

ill 

2.223 

2.247 

g l 

2.053 

2.044 

Ag 

0.180 

0.235 

A i s o («Cu) A//(6 3cu) A l (63Cu) AA 

-0.0073 

-0.0200 -0.0011 

0.0211 

-0.0053 

-0.0186 +0.0008 

0.0194 

AN// 

-0.0015 

-0.0013 

A N 1 

-0.0013 

-0.0010 

A ,so 

-0.0013 

-0.0010 

Tc(PS) 

51.8b 

44.0b 

"Values for the hyperfine and superhyperfine splittings are given in cm"1. bCorrelation times in ps (10"12 s). 63Cu magnetogyric ratio 0.70904 s" 
G"1 X 10"4. 

shown) and obtained the best fit of Figure 3, considering the 
concomitant presence of the bis complex and the monomeric 
species in a ratio of 38% to 62%. 

On the basis of above discussion, the structures reported in 
Figure 7 are proposed. 

4. Calculation of Bonding Parameters from EPR Data. As­
suming the EPR parameters from Table I, using the theoretical 
basis of Maki and McGarvey32 for copper(II) complexes, it is 
possible to apply a semiempirical LCAO-MO scheme and express 
anisotropic g values and hyperfine constants as a function of 
molecular-orbital coefficients and certain atomic constants. 

The construction of one-electron molecular orbitals reflects the 
local symmetry of copper(II) complexes, and we can hope to obtain 
interesting information about the differences previously detected 
for the homologous dipeptides Cu-GlyHis and Cu-HisGly. 
Usually, for copper, the general symmetry corresponds to an 
octahedral structure with strong tetragonal elongation, but ad­
ditional rhombic or tetrahedral distortion can arise from differences 
in donor atoms of the ligand or steric repulsion between chelating 
molecules. Chemical considerations and previous studies33 suggest 
that it is reasonable to confine ourselves to the case of a tetrag-
onally distorted octahedral effective DAh symmetry. In this case, 
the antibonding molecular orbitals of the copper(II) ions can be 
written"32 as shown in (2)-(6). 

Vb18 = a dx:. y2 - a cpL(x2 - y2) 

V«i, = aidz '-a*1(piiz2) 

Vb2, = Mxy - pKPiixy) 

Ve1 = PdX2-P(PL(XZ) 

Ve1 = p d y z - P (pL(yz) 

(2) 

(3) 

(4) 

(5) 

(6) 
The x and y axes are directed toward the donor atoms of the 

ligands. The d and ^1, functions represent the copper(II) 3d 
orbitals and the ligand group orbitals of appropriate symmetry, 
respectively. In the case of octahedral structures, the unpaired 
electron is placed in the ¥b | antibonding orbital. These equations 
can be related to the spin Hamiltonian parameters as follows: 

A„ = p(-k - 4ffli + ( g / / . 2.0023) + 3 ^ ^ • 0 0 2 3 ) ) (7) 

J | 2 a 2 l l ( g l - 2 . 0 0 2 3 ) | 
\ 7 14 I 

(8) 

(32) Maki, A. H.; McGarvey, B. R. J. Chem. Phys. 1958, 29, 31, 35. 
(33) Abragam, A.; Bleaney, B. In Electron Paramagnetic Resonance of 

Transition Ions; Clarendon Press: Oxford, U.K., 1970. 

where P is taken as 0.036 cm"1 and hyperfine splittings are ex­
pressed in consistent units. These analytical equations can be used 
to measure the extent of ionic bonding (a2) and the extent of the 
contact term (K) from the magnetic parameters in Table I, 

The K value obtained for Cu-GlyHis is 0.31 compared to a 
value of 0.26 obtained for the complex Cu-HisGly. The K value 
is lower for Cu-HisGly than for Cu-GlyHis. The term K arises 
from the Fermi contact interaction which has its origin in a 
nonvanishing probability of finding the unpaired electron at the 
site of the nucleus. This term is assumed to be independent of 
the direction of the magnetic field, and the maximum value is 
attained at an intermediate covalency of a2.34 The K value for 
the Cu-HisGly complex is consistent with a tetrahedral distortion 
of the symmetry around the metal ion. This type of distortion 
can lead to 3d-4p hybridization,35 which explains the reduction 
of the anisotropic hyperfine term. 

The terms containing the factor a1 arise from the dipole-dipole 
interaction between magnetic moments associated with the spin 
motion of the electron and the nucleus. This contribution is 
predicted to be reduced by delocalization of the unpaired electron 
on the neighboring atoms. Its value decreases with increasing 
covalency to a minimum theoretical value of 0.5, increasing to 
a maximum of 1.0 for a completely ionic copper-ligand bond. The 
values obtained for our complexes are a2 - 0.84 for Cu-GlyHis 
and a2 = 0.90 for Cu-HisGly. These values show a trend toward 
a more pronounced ionic character for the latter complex. 

Conclusions 
(i) Multifrequency EPR in combination with computer simu­

lations and second-derivative displays permitted the determination 
of a set of spin Hamiltonian input parameters for the Cu-GlyHis 
and Cu-HisGly complexes. 

(ii) Different arrangements in the first coordination sphere of 
copper were determined. In the case of the Cu-GlyHis complex, 
the simultaneous presence of the monomer and the bis complex 
and their relative percentages were well established. For the 
Cu-HisGly complex, histamine-like coordination was proposed. 

(iii) Spectra of fast-tumbling copper complexes provided a 
stringent requirement for internal coherence of A values obtained 
at low temperature. The low value obtained for A± in the Cu-
HisGly complex is consistent with a small displacement of the 
copper from the square planar configuration. 

(iiii) Bonding parameters calculated from EPR data were used 
to determine the covalent and ionic characters in both cases. Data 
obtained suggest a square planar configuration with tetragonal 
distortion for the Cu-GlyHis complex and a limited but significant 
deviation from this symmetry for the Cu-HisGly complex. 
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