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We report EPR, X-ray crystallographic, and calorimetric measurements in copper-doped and pure Zn(ll)
bis(p,L-histidino)pentahydrate (GH2sNsOsZn), to be called Znf,L-histidiney. EPR data in copper-doped

single crystals were obtained at 9.8 GHz as a function of the orientation of the magneti8 &e@98 and

80 K, and as a function of temperatur® for fixed orientations oB. Powder samples were studied at 9.8

and 35 GHz. Steep changes of the EPR spectra with temperature occur agouri2b8 K. Above T, we

observe spectra arising from a single copper with rhorgtdad copper hyperfind tensors. The resonances
display a strong dependence of the line width with the hyperfine component. Bgltve spectra can be
assigned to two different copper ions displaying axial symmetry and relatedCbyatation. AsT increases
approachingr,, they collapse into the high-temperature spectrum. A peak in the differential specific heat of
pure Znp,L-histidine} between 235 and 270 K indicates a transition intrinsic to the host material. Full X-ray
structural studies were performed at 293 and at 150 K, above and beldw 293 K our results are similar

to those reported before. The low-temperature data show disorder in the water molecules. We interpret the
experimental results with a model where the copper atoms hop randomly between different states. This dynamics
is related to the fluctuating disorder in the lattice and produces steep changes on the EPR spectra of copper
ion dopants. The role of dynamic Jahfeller distortions is discussed. A bonding scheme for the copper ions

in Zn(p,L-histidine} is proposed, and it is compared with that encountered in type 1 blue copper proteins.

Introduction cobalt!® cadmiumt” nickel,® and coppé® complexes show the
bis(histidine) as a bidentate ligand, with the metal ion bound to

paramagnetic ions introduced in diamagnetic hosts provide imidazole and amino nitrogens, and to carboxylate oxygens, in

! ? . L tetrahedral, square planar, or octahedral coordinations.
information about the electronic structure of the magnetic ion, .
and about the structure and dynamics of its environrhéna Because of the role as model systems for copper proteins,
diamagnetic material displays a phase transition, the anomaliesEPR _StUd'eS_ of se\_/eral amino acids an_d complexes of zinc or
of the temperature dependence of the spectra allow to define@dmium with amino acids dopped with copper have been
characteristics of the transiti3rEPR is also well suited to study ~ Performed in powder and single-crystal sampRe$? Rocken-
vibronic couplings, “the bridge from electronic to nuclear Dauer et at® reported an X-band EPR study of powdered
motions” according Bersuk@When the rates of the vibronic ~ Samples and frozen solutions of copper dopedZ-Hifistidine}

or dynamical JahnTeller couplings are similar to the frequen- @S @ function of temperature. They observed an anomalous
cies characteristic of the EPR experiments, deep changes of théémperature dependence of tigefactor and the hyperfine
spectra are produced. The temperature dependences of thgqupllng parameter at temperatures around 250 K, a_nd attributed
spectral parameters carry information about the dynamics of this behavior to a JahriTeller effect on the copper ions. The
the coupled electronienuclear system. The investigation of ~crystal structure of Zm{L-histidine) at room temperature was
vibronic couplings in copper ions started with the early study 'eported by Harding and Coléwho determined the positions

of a highly symmetric system by Bleaney and Ingraamd was of all atoms. They found two alternative positions for some of
followed by studies of systems with lower symmetries per- the water hydrogen atoms, and an underlying proton dynamics

The electron paramagnetic resonance (EPR) spectra of

formed by several authofg 12 may be expected from these results.
Metal amino acid complexes are useful to model the bonding  In this work we investigated the properties of Bp¢
and properties of metal ions in metaloproteifigin important histidine} using three technigues. We studied with great detail

ligand to metal ions is the amino acid histidine, and many the changes with temperature of the EPR spectra of copper ion
investigations dealing with complexes of histidine with metal dopants using single-crystal samples, and also powder samples
ions have been reported. The crystal structures of ik, of Zn(p,L-histidine). Differential scanning calorimetry (DSC)
measurements performed in pure samples obZHAfistidine)

* Corresponding author. E-mail address: rafael.calvo@dfbiog.unl.edu.ar. showed a peak in the same temperature range where the EPR
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spectra of copper become anomalous. This indicates that some
sources of the anomalies are inherent too/inpistidine}. They

are not due only to the behavior of the copper ions, but are
driven by the properties of the host lattice. In order to understand
these results we performed X-ray crystallographic measurements
in pure crystals at 293 and 150 K. Our data indicate no change
in crystallographic symmetry. However, at low temperature we
observe crystallographic disorder in Bn(-histidine). We
introduce a model describing simultaneously the three sources
of information. We propose a hopping dynamics for the
disordered atoms in the lattice and conclude that the observed
anomalies on the EPR spectra reflect this disorder and dynamic
Jahn-Teller distortions of the ligands to the copper sites.

Experimental Section Figure 1. Zn(p,L-histidine} molecule displaying the labeling of the

Sample Preparation. In a typical synthesis of Zo(L-
histidine), 0.62 g ofp,L-histidine (4 mmol) and 0.58 g of zinc
sulfate (2 mmol) are dissolved in 40 mL of water, and filtered
through a Sartorius membrane of (uéh pore size. A neutral
pH of the solutions is obtained with NaOH. Single-crystal
samples of Zrf,L-histidine} were obtained by evaporation of
an aqueous solution at= 63 °C. Copper-doped single-crystal
samples of Zrf,L-histidine} for EPR measurements-2 mn¥)
were obtained adding copper sulfate with 0.001 Cu/Zn atomic
ratio to the mixture described above.

Single crystals are elongated along ttyexis and display
{11G crystal faces. The axes were identified measuring the
angles between these lateral faces with a goniometric micro-

scope. The samples were handled with care because they easily; (43
dehydrate in a dry environment at room temperature. Powder D¢,c(mg/n®)

samples were prepared from small single crystals. A powder
sample with water and amino protons replaced by deuterium
was prepared from a @ solution.

Diffraction Data, Structure Solution, and Refinement.
X-ray diffraction studies of Zn{,L-histidine} were performed
at 293 and 150 K using an Enraf-Nonius CAD-4 diffractometer,
employing Mo Koo graphite-monochromated radiation €
0.71073 A), and the@w scan technique. The sample used in
the X-rays data collection was sealed inside a thin wall glass
capillary to avoid dehydration. Unit cell constants were deter-
mined by a least-squares fit of thé@ 2alues for 25 high angle
centered reflections. At 293 K, 6347 reflections were measured
(5° < 26 < 60°), 2978 of which were independen®
2.69%). At 150 K, 6240 reflections were measured in the same
26 range, and 2920 were independdRt(= 1.55%). The data
were corrected for Lorentz and polarization effects. No absorp-

atoms, as obtained at 293 K.

TABLE 1: Crystal Data for Zn( p,L-histidine), and, for
Comparison, Data Taken from Ref 14

T=293K T=293K T=150K
(ref 14) (this work) (this work)
empirical formula QszeNeOan ClezeNGOQZn C12H26N5092n
formula weight 463.76 463.76 463.76
space group C2/c C2lc C2lc
crystal system monoclinic monoclinic monoclinic
a(d) 16.410 (15) 16.386(1) 16.250(4)
b (A) 14.755 (15) 14.7455(8) 14.644(2)
c(A) 10.990 (15) 10.9739(8) 10.907(2)
B () 129.60 (15) 129.594(5) 129.46(2)
4 4 4
2050.3 2043.2(2) 2003.9(7)
1.502 1.508 1.537

150 K with the above-described conditions. The final coordinates
for atoms other than water molecules at 150 K agreed fairly
well with the results at 293 K. The main difference is the split
of a water oxygen atom over two positions with site occupancies
0.5. At 150 K the refinement converged Ro= 5.24%,wR2 =
12.75, andS = 1.184, with 178 variables and 16 reflections
per refined parameter.

Crystallographic results at both temperatures are listed in
Table 1 which includes the results of Harding and Céleigure
1 displays an ORTEP projection of the mole&lat 293 K,
showing the labeling of the atoms. Full accounts of the structural
information including data collection procedure and structure
refinement results are provided as Supporting Information
(Tables StS6).

EPR MeasurementsThe EPR experiments at 9.8 GHz were

tion correction was applied. Analysis of the systematic absencesperformed with a Bruker ER-200, using a 12 in. rotating magnet

suggested two possible monoclinic space gro@2g; andCc.
The structure was solved with both space groups, but the
refinement indicated that2/c was the proper choicé.

The structure of Zny,L-histidine) at 293 K was solved by
Patterson methoé&sand refined onF? and full-matrix least-
squares techniqué3.Non-hydrogen atoms were refined with
anisotropic displacement coefficients. Hydrogen atoms were
located in a difference Fourier map, and included in the
refinement with two common isotropic thermal parameters, one
for the water hydrogen atoms, and another for the histidine
hydrogen atoms. The distances-8 in the water molecules
were restrained to 0.85 A with a standard deviation of 0.03 A.
The refinement converged R= 3.45%,wR = 8.16, andS=
0.974, with 169 variables and 17 reflections per refined
parameter.

The coordinates derived from the study at 293 K were used
as starting values in the refinement of the crystal structure at

at fixed temperatures (298 and 80 K), and as a functioi of
between these values, with a home-built cylindrical cavity with
100 kHz field modulatio®® The temperature was controlled
and measured with a precision of 0.bising a platinum
thermometer. To orient the single-crystal samples, they were
glued to a holder made of rexolite considering the crystal-
lographic data, which defines a sef= a*), y (= b), z(= ¢)
of orthogonal axes (see Figure 2). This procedure allows rotating
the magnetic field in the planea*b, ac and bc, with an
uncertainty smaller than®2EPR spectra at 298 and 80 K were
collected digitally for magnetic field orientations &titervals
in these three planes. One sample was mounted in a way that
allowed measuring spectra with the magnetic f2lich the (110)
plane.

The spectra showed the characteristic four-line hyperfine
structure due to thé = 3/, spin of the copper nuclei. As
explained later, either one or two of these spectra were observed
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in general positions. The other one (O(5)) is in a 2-fold axis.
The largest structural differences observed between the two
temperatures involve these water molecules and the hydrogen
bonds present in the compound (Table S6). At 293 K, the
thermal parameters of the water molecules (Table S3) are
relatively large, with maximum isotropic thermal parameter for
O(4). The water oxygen O(3) has an anisotropic thermal
ellipsoid significantly larger than those of O(4) and O(5). The

4.5 mm ratio between the maximum and minimum principal values of
Figure 2. Sample holder used in the single-crystal EPR experiments. the thermal ellipsoidsRma/Rmin, are 3.62, 3.18, and 2.02 for
The anglen = 49.5 was calculated from the structural information in ~ O(3), O(4), and O(5), respectively, at 293 K. At 150 K the
order to get the desired orientation. crystal structure refinement shows a split of the O(3) water

molecule in two different positions, O(3&nd O(3), each with

depending on the field orientation and the temperature. They 50% occupation, separated by 0.68 A. At 150 K Bigu/Rmin
were simulated with a nonlinear fitting program, which assumes values for O(3) O(3), O(4), and O(5) are 2.01, 1.42, 3.09,
Gaussian line shapes for the individual resonances, where theirand 6.30, respectively, indicating a possible disorder of the O(5)
positions and line widths are the adjustable parameters obtainedvater molecule into two positions. However, no other evidence
from the data. EPR spectra of powdered samples were obtainedf disorder was found, and O(5) was treated as ordered. The
at 9 and 35 GHz af between 1.5 and 300 K. The measurements hydrogens of the water molecules were located in the difference
at 35 GHz were performed with a spectrometer described Fourier maps (see Table S4).

Sample holder

before36 The structure of Zm{,L-histidine} has an intricate scheme
DSC MeasurementsDifferential scanning calorimetry (DSC)  of hydrogen bonds (Table S6). Two of them connect Zn-
measurements in powder samples of Znhistidine) were (histidine}) molecules in the crystal lattice. The others provide

made with a Mettler 3000 TA calorimeter from 110 to about links between water and Zn(histidinenolecules, or between
350 K, when the sample dehydrates. The sample was about 10vater molecules.

mg of freshly prepared material. The reproducibility of the data  The main structural differences between 293 and 150 K are
was confirmed in several runs. The calorimeter used was notas follows:

calibrated, and so the data set is qualitative. (i) At 150 K the water oxygen O(3) is randomly disordered
into two positions separated by 0.68 A (Table S2), each having
Experimental Results 50% occupation.

o (ii) Due to the disorder of the O(3) water molecule there is
Crystal Structure of Zn(p,L-histidine).. The present study 4 consequent split of H(10) into two positions (H(1@nd
improves the precision of the early structural determination of 14(10y,), reflecting a change in the H-bond network.
Zn(D,I‘_‘-.hiStidinek at room temperature reported by Harqling and (iii) The positions of the water oxygens O(4) and O(5) and
Cole" in 1963, and adds new data at 150 K. The main results heir bonded hydrogen (H(11), H(12), and H(13)) remain unique,

are similar at bothT (see Table 1), so we emphasize only the p,; small changes in the H-bonds distances and angles appear
new findings and the aspects that are relevant to our |nvest|ga-(-|-',:1b|e S6).

tion. Full tables of the results at 293 and 150 K for the crystal = ¢ copper ions substitute zinc ions in the lattice of Zn¢

data and structure refinement for Bt histidine} (Table S1),  pigtidine), the four special sites in the unit cell (called “e” sites

fractional atomic coordinates and equivalent |_soFrop|c paramet_ersin ref 31) are magnetically equivalent for any orientation of the

for all non-hydrogen atoms (Table S2), listings of atomic appjieq magnetic field. In one pair of sites, the metal ions

anisotropic_thermal parameters (Table S3), hydrogen atomsgre ponded either to two-histidine molecules, or to two

positions (Table S4), bond lengths and angles (Table S5), and, _pistidine molecules. These two sites are related by an inversion

hydrogen bonds lengths and angles (Table S6), are included ingperation, and they give identical EPR spectra. The second pair

the Supporting Information. The crystal structure consists of @ f sjtes is obtained from the first by a simple translation and,

packing of isolated Zn(gHsN30z), and water molecules, linked  onsequently, their EPR spectra are also identical.

by hydrogen bonds. The Zn atom, in a special lattice position

on a crystallographic 2-fold axis, is surrounded by two sym- gpR Results and Analysis

metrically related histidine ligands, bonded to ihaitrogen ) o ) .

atom N(2) of the imidazole ring (ZAN(2) bond length~ 2.00 Spln_Hamllto_man_ for Cu(II)_ Ic_)ns in Cu:Zn( D,L-h|st|d|n_e)2_

R), and to the N(1) atom of the amino group ZN(1) bond The spin Hamiltonian describing the energy Iev_els of isolated

length~ 2.05 A) of each histidine. The geometry of the zn Cu(ll) ions relevant to the EPR measurements is

center is a distorted tetrahedron (see Figure 1), with angles

ranging from 98 to 122 and C, point symmetry. Two O(1) H;i=ugS-9°B+1;-A-S§ 1)

carboxyl oxygen atoms of each histidine at 2.89 A from the Zn

ion, suggest a weak bond interaction. The imidazole ring and where ug is the Bohr magnetonS and |; are the effective

the C(3) atom are nearly coplanar. The Zn atom-19 A electronic spin $ = %, for copper ions), and nuclear spih=

out of the imidazole plane at 293 and 150 K. The carboxylate 3/, for the 63 and 65 natural copper isotopes), respectively, for

group, C(2) and N(1) atoms are also nearly coplanar. The Cu ions in sitei of the structure of Zny,L-histidine) (i = 1,

structure contains molecules of Znkistidiney and Zn(- n). B is the applied magnetic field; andA; are theg and copper

histidine) related to each other by inversion centers. Bond hyperfine tensors, respectively, ands the number of magneti-

distances and angles obtained at 293 and 150 K (Table S5) differcally different sites occupied by copper ions in the lattice.

in the range of the standard deviation. The energy levels of the spin Hamiltonian of eq 1 were
There are three water molecules in the asymmetric unit of calculated by We#l-38up to second order of perturbations, and

the structure. The oxygens of two of them (O(3) and O(4)) are we used their results to analyze our experimental data. The
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Figure 3. 35.03 GHz EPR spectra of a powder sample of CuZR( v=9.36 GHz

histidine} at 295 and 77 K. data
o . ) [ A T N I A A B e simulation
magnetic field positiorBi, of the EPR line corresponding to
the projectionm of |, is
vy A _ g=2.132(1)
m = —— — —— M+ second-order corrections  (2)
Ous Qg

whereh is the Planck constanty is the microwave frequency, —
6%0.¢) = h-grg-h andg’A%0.¢) = h-g-A-Airg-h are the Algn, = 95.0 Gauss
projections of the tensoig andg;-A; alongh = B/|B|, the unit .

. = P Figure 4. EPR spectra observed at 298 K (a) and 80 K (b) for the
vector anngB. The sign of A in eq 2, IS |rre|evapt for the magnetic field along thd-axis. Simulations with the sum of four
purpose of this work and we ugg > 0 in the labeling of the derivatives of Gaussian curves, where the positions and line widths

hyperfine components. The positioBg, and the peak to peak  were taken as adjustable parameters, are included.
line width AB, of each hyperfine component) were obtained

from simulations of the single-crystal spectra, proposing as line both temperatured] one observes one group of four hyperfine
shapes the sum of the derivatives of four Gaussian curves withcomponents, as expected for the= 3/, nuclear spins of the
different positions and line widths. At each angle, the values two copper isotopes, which have similar magnetic moments.
of g and gi?A? were obtained from the field positions using At 298 K (Figure 4a)g = 2.128(1) andd/gug = 51.0(5) G,
eq 2 considering the second-order correctidrasd a procedure  and the line widths of the four hyperfine components are not
proposed earliet? equal. At 80 Kg changes to 2.132(1) arlgug to 95.0(5) G
EPR Study of Powder SamplesPowder samples of Zn-  (Figure 4b), while the line widths of the hyperfine components
(p,L-histidine} were studied at 9.4 and 35 GHz at temperatures are equal. Spectra like those in Figure 4a,b (one EPR-
295, 77 and 1.5 K. Our 9 GHz data at 295 and 77 K are distinguishable copper site) also occur for the magnetic feld
consistent with those obtained by Rockenbauer &t @he 35 in the ac crystal plane, at any temperature.
GHz spectra at 295 and 77 K are shown in Figure 3. The Figure 5, a and b, displays the spectra observedfalong
spectrum at 295 K reflects orthorhombic symmetry vgih= the directiond = 120, ¢ = 90° in the bc plane, atT = 298
02 = gs, and resolved hyperfine structure in the regiorgaf and at 80 K, respectively. The spectra observed at 298 K (circles
The low-field hyperfine component is broader than the high- in Figure 5a) display a single group of four hyperfine compo-
field component. The variation of the line width with hyperfine nents, having line widths that depend strongly on the nuclear
component in the powder spectra obtained at 35 GHz is lessspin quantum numben. The solid line on top of the circles in
important than that observed at 9 GHz. At 77 K the spectrum Figure 5a displays the simulation of the spectra assuming
approaches axial symmetry (witty ~ @), and shows an  Gaussian line shapes with different line widths for the four
increase ofgz and A from the values at 295 K. At 1.5 K the  hyperfine components. To stress the large differences between
spectra observed at both microwave frequencies display largethe line widths of the hyperfine components we include the
changes with microwave power and field-sweep frequency, simulated individual components as dotted lines in Figure 5a.
which are attributed to severe passage effé@tista not shown). The spectrum observed at 80 K (see Figure 5b) can be
Analyses of the 35 GHz powder spectra at 295 and 77 K (Figure decomposed as the sum of two hyperfine groups (I and II), each
3) giveg factors slightly different than those obtained from the with 50% populatiorf? having four hyperfine components with
single-crystal study described below, performed at 9.4 GHz. similar line widths. The simulation of the observed spectrum is
However, only single-crystal data at 35 GHz would allow included in Figure 5b, as well as the contributions of the
confirming this point. Accurate single-crystal measurements are individual groups | and Il of hyperfine components. For all
not allowed by our experimental setup. A deuterated powder magnetic field orientations different from theaxis, and out
sample was studied at 9.4 GHz. Within experimental uncertain- of theac plane, at 298 and at 80 K, the EPR spectra are similar
ties the results are identical to those in the nondeuterated sampleto those shown in Figure 5a (at 298 K) and Figure 5b (80 K).
EPR Study of Single-Crystal Samples.The xyz = a*bc The spectra at 298 K (Figure 5a) indicate that all copper ions
system of axesat = b x c) is used in the analysis and are in magnetically equivalent sites< 1 in eq 1). As explained
presentation of the EPR data in single crystals. Figure 4, a andbefore, this result is expected from the crystallographic data if
b, displays the spectra observed at X-band for the magnetic fieldcopper ions replace zinc ions in their special sites of the unit
B oriented along thé-axis at 298 and 80 K, respectively. At cell. However, the strong variation of the line width with the
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Figure 5. EPR spectra observed at 298 K (a), and 80 K (b), for the
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Simulations of the experimental results with the sum of four derivatives
of Gaussian curves are included.
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a*b, ac, andbc. Solid lines are obtained from the model leading to eq

planes, as obtained from the data at 298 K and at 80 K. There is one7 with v, = 0.8 x 10° 1/s.

set of values ofy? at 298 K (one set of copper ions), but two at 80 K
(two sets of copper ions).

planes at 298 K for each hyperfine component are displayed in
Figure 8 as a function of angle. The line width data at 80 K do

hyperfine component observed at 298 K is an unexpected not show special features, and are not shown. The EPR spectra

experimental result. The spectra at 80 K shows two distinguish-

were also studied at 298 K with the magnetic field in the (110)

able sites for copper ions. Thus, at 80 K, the point symmetry plane (data not shown).
of the copper sites is lower than that expected from the space The angular variations off, g?A?, and the line width

symmetry of Zng,L-histidine) when Cu ions replace Zn ions.
Theg factor, hyperfine coupling paramet&rand line widths

displayed in Figures 6, 7, and 8 show that the monochréxis
is a binaryC, axis relating the two different Cu(ll) spectra

ABp, of the resonances were obtained at each magnetic fieldobserved at 80 K. The spectra of each individual copper,
orientation as explained before. Figures 6 and 7 display the however, do not hav€, point symmetry around in this T

angular variations of? andg?A? in the planes*b, ac, andbc,

range. The angular variations of the spectrum observed at 298

at 298 K (one copper site, empty circles) and 80 K (two copper K have the fullC; symmetry of the Zn sites. The hyperfine

sites, filled circles). The line width&AB,, measured in the same

interaction of the Cu(ll) ions with the spiig“N) = 1 of the
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TABLE 2: (a) Eigenvalues and Eigenvectors of the Tensors
g and A Measured at 298 K in Cu:Zn(p,L-histidine),. (b)
Eigenvalues and Eigenvectors for the Tensorg,, g,, A and
A, at 80 K

eigenvectors

eigenvalues *= a* y=Dhb z=c

(a) Eigenvalues and Eigenvectors of the TengaadA
gtensor (298 K)

o =2.071(2) 5 0721  —0.025 —0.692
g2 = 2.124(1) n 0.002 0.999 0.033
gs = 2.204(1) ¢ 0.692 —0.022 0.721
A tensor(298 K)
A =25(1)x 10* & 0.72 -0.02  —0.69
A, =48(1)x 10* g 0.01 0.99 0.03
As=120(1)x 104 c 0.69 —-0.01 0.72
(b) Eigenvalues and Eigenvectors for the Tensgprg, Ai, andA;
gtensors (80 K)
1= 2.057(1) &.E1 +0558 —0.365 F0.745
g2 = 2.081(1) mayn  +0.642  0.759  £0.109
gs= 2.269(1) &.tn  +0.526 —0.539 +0.667
A tensors (80 K)
A= 0(1) x 107 &y +041  -053  F0.74
Ao=37(1)x 1074 man  +0.75  0.66 +0.06
As=167(1)x 104  §,&n  +0.52 —0.53 +0.67 Figure 9. (a) Orientation of the axial direction§ and ¢, of the g

tensors of the two copper sites observed at 80 K. (b) The three principal

2 The eigenvectors dfj andgy, and ofA; andA, differ in the sign o fth f the sinal .
of one components. The eigenvectors are referred to the coordinateglrgggolzsg’ 7, andc of theg tensor of the single copper site observed

system defined byyz= a*bc. Hyperfine couplings are in cn.

two nonequivalent nitrogen ligands is not resolved in the spectra
observed for any orientation of the applied magnetic field. This
should be a consequence of the high multiplicity of this structure
in the case of fourly = 1 nitrogen ligands (up to 81
components).

The components of the tensay® and g?A? were evaluated
from the data in Figures 6 and 7 by the least-squares method.

213217
%0 2.130

21281

They were used to obtain the componentg ahdA, assuming % 90 |

that they are symmetric tensdfsThe eigenvalues and eigen- Esp BB

vectors ofg andA calculated from the data at 298 K are given £ E Cu:Zn(D,L-histidine)

in Table 2a. At 80 K there are four ways to assign the two ¥ :

groups of resonances observed in the three studied planes. Each 45

one was analyzed and the correspondifigind g?A? tensors ’g 550 B/

were calculated. Two sets, having the same eigenvalues and @ 50F =3
eigenvectors and related byCa rotation around, are the valid 245 L e ]
solution and reproduce the powder spectrum and the single- 2 20 AR %%_w_‘_
crystal data in the plane (110). The other two are invalid 100 150 200 250 300
solutions that do not reproduce the powder data and the data in Temperature (K)

the (110) plane. Thgy are a consequence _Of awrong aSS|gnmenF:igure 10. Temperature dependence of (a) gactor, (b) the Cu(ll)
of the resonances in the three planes. Eigenvalues and eigenpyperfine coupling parameter, and (c) the observed peak to peak line
vectors of theg,, gi, A, andA, tensors calculated from the  width of the resonancen = 3/2, for Bllb. The dashed vertical line
data at 80 K are given in Table 2b, where double signs indicate indicates the transition temperatufe= 268 K. The inset of part (a)
differences between some components of the eigenvectors ofshows the observed temperature variation of the positions of the
g andgy, and ofA, andA,. resonances from which the values g).fandA.were calculated. The
The orientations of the eigenvectors of theensor within solid lines in (a), (b), and (c) are obtained with the four-states model.
the Znp,L-histidine} molecule at 80 and 298 K are shown in
Figure 9, a and b, respectively, in projections alonghtais. for the orientations of the magnetic field of Figures 4 and 5.
The eigenvector§ andg; corresponding to the axial directions ~ The results obtained fd along theb-axis are shown in Figure
(related togs) of the g tensors of spectra | and Il at 80 K are  10. The observed temperature variation of the positions of the
shown in Figure 9a. The angle betweénor &, and the resonances is shown in the inset of Figure 10a. From these
directions connecting the Zn ion with one of the amino nitrogen values we calculated thgefactor (Figure 10a) and the hyperfine
(N(2)) neighbors for each particular state~i8°. The other two parameter (Figure 10b), which show an abrupt change at
eigenvectors ofj are approximately in the plane containing the 268 K. Above this temperature they remain constant. The line
two imidazole nitrogens N(2), and the other amino nitrogen. width of the m = 3/, transition (Figure 10c) displays a peak
Figure 9b displays the directiords 5, and¢ corresponding to value around 254 K. The line width of the = —3/, transition
the eigenvalueg;, g» and gs (see Table 2a), respectively, of (data not shown) displays a peak at the same temperature, and
the orthorhombiq tensor observed at 298 K. is about 10% narrower in the region close to the peak. Figure
We also measured the temperature dependence between 8Q1 displays the evolution of the two groups of resonances
and 300 K of theg factor, hyperfine coupling and line width,  observed at temperatures beldw= 268 K, to the regime of
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(i) EPR spectra of powder samples at 9.4 and 35 GHz display

7 3300 - %’9‘?%.‘ ______ —_— oo @y w=-32 ] large changes at temperatures around 268 K. At 9.4 GHz, and
B ooann | [ &8 o0 weg: Qg0 W0 — . . . .
& 3200 S, bbeonspnn g 2| ] above this temperature, the line widths of the low-field peaks
23100 | [ e il depend strongly on the hyperfine components. This dependence
S ;z_u*‘—‘ is weaker at 35 GHz.
'é 3000 |- R ‘_‘____*_“L,.A‘;.;,’ﬁ@_ . (iii) At 80 K (Figure 5b) the single-crystal spectra are
= 2900 group] i attrlbutgd to two .equally populated types of Cu(ll) having
i .~-~..----—--r.r-»---r--"-P"‘ T=268K 1 approximately axial symmetry (see Table 2a), with equal

800 % 0 TR ] populations, and related each other bg.,@ymmetry operation

50 100 150 200 250 300 aroundb. The axial directions of thg and A tensors for each

Temperature (K)

site are close to the direction defined by the Zn site and one of

Figure 11. Temperature dependence of the magnetic field positions the amino N(1) nitrogens in the pure crystal.
of the resonances from groups | and Il along the direcfien 90°, ¢ (iv) When increasing the temperature, and arolipg: 268

= 12C°. The collapse of these two groups into one groupTats K, the two Cu(ll) spectra merge to a single one witf @nsor
depicted by lines, which are included as an aid to the eye. ' (1) sp 9 9 Y

Ly
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that is approximately the average of theensors corresponding

to the two sites at lowel (see Tables 2a,b). The hyperfine
coupling tensor at 298 K greatly deviates from the average of
the tensors at 80 K. The single-crystal EPR spectra observed at
298 K can be assigned to one copper site. glaadA tensors
have rhombic symmetry. These spectra display a strong variation
of the line width with the hyperfine component except for

B along theb-axis or in theac plane.

(v) Cooling from 268 to 240 K, we observe a large increase
of the hyperfine coupling parameter (Figures 10 and 11). The
resonances shift and broaden. Below 240 K the variations of
the spectra withl are small. The line width displays a peak
value around 254 K (Figure 10c).

(vi) The specific hea€q shows an anomaly between 230 and

270 K, the same temperature range as for the peak value of the
line width (compare in Figure 12 the temperature dependences
of Cy4 and the line width).

These experimental findings are addressed and explained in
the following sections

Figure 12. Differential scanning calorimetry results for pure Bn¢
histidine} as a function of temperature (lower curve). For comparison
we show in the upper curve the line widhB, for them = 3/, transition,

in the same temperature range.

one group of resonances, abdvefor the magnetic field applied
alongf = 120° and¢ = 9C° in the bc plane (as in Figure 5).

Positions g factor and hyperfine coupling, display a transition ) .
at the temperatur@.. The line width is nearly constant in the 10 explain the EPR data we propose that the copper ions

studiedT range, except around a peak between 240 and 268 K.and their ligands do not stay fixed in time in the special positions

There is a residual contribution of about 36 G, common to all Of the lattice attributed to the zinc ions, but hop randomly
hyperfine components, plus a contribution dependentmon between different states or environments. The X-ray data suggest

which peaks about 20 G for the low-field hyperfine transition that the resul_t at 293 K corresponds to s_tructural disorder v_v?th
around 258 K. We have not observed hysteresis effects in the@ fast dynamics. When the temperature is lowered, the position
EPR measurements as a function of temperature. This may be?f O(3) is randomly frozen into one of the two possible sites.

due to the slow temperature variation rate used in our experi- Other water molecules may display similar but weaker effects.
ments (8°/h), and indicates that no structural damage is From the point of view of EPR, when the dynamics of the states
produced in the sample during the experiments, and also that!S Slow compared with times characteristic of the experiment

any other process in the sample is much faster than that speedVé observe the sum of the individual spectra. When it is fast,
the individual spectra merge to a single average spectrum. The

dynamics of the copper environment and its effect on the
. magnetic resonance spectra are analyzed within Anderson’s
.T.h(.a results Qf the DSC measurements in pureDZ_H( theory#! which is summarized below.
histidine) are displayed in Figure 12 showirgwide peak In a first approximation, and considering our EPR data at 80
s_prt_aadmg *??“’Vee” 230 and 270 K. In order to emphasa_e theK, we assume that the copper ions may be in one of two states,
similar position and sprga_d of the pegks, we include |n3F|gure in positions different from those of the Zinc site in Bn(-
12 the temperature variation of the line width of time= /> histidine) without C, point symmetry, and related to each other
transition forB along theb-axis. by aC, operation around the-axis. This assumption explains
. the main experimental findings, but has to be extended to a
Summary of the Experimental Results more detailed four-states model in order to explain the data
(i) The crystal structures observed at 293 and 150 K in Zn- obtained along any magnetic field orientation, the changes with
(p,L-histidine) are the same, with minor changes in the lattice T of the hyperfine coupling, and the peak of the line width
parameters. Changes occur for a water molecule that showsaround 254 K. This four-states model considers explicitly the
structural disorder. At 293 K, the water oxygen O(3) shows a role of the JahnTeller distortions and is supported by the
large thermal anisotropy. At 150 K this anisotropy evolves to a X-rays and specific heat data.
situation where O(3) occupies two possible lattice sites with  Anderson’s Theory for Motional Narrowing and Collapse.
equal probability. Andersort! introduced a theory that considers the effects of

Theoretical Section

Calorimetric Results
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molecular movements in magnetic resonance spectra. The spin (a) I 1
variables are treated quantum mechanically, while the spatial ' N
displacements are treated as classical variables. The typical NDo E

effects on the EPR spectra of random molecular hopping
between equilibrium situations are narrowing, changes in the
line shape, and collapse of the resonances. From these spectral
changes it is possible to obtain information about the molecular
movements, as hopping rates and activation energies. Anderson’s
theory has been also used to study the dynamics of molecular
groups that show rotational tunnelifggdlynamical JahnTeller
effect?344 or spin-flip processe®

According to Anderson’s theord}, when the frequency of a

spin system changes randomly between particular molecular (b) /g , I(C)I I
states, the line shapéw) of the resonance turns out to be the F_'I I o
Fourier transform of a correlation functiaf(z), related to the | | | site I
molecular dynamics: I |
Dopwd
(@) O [ exp(-or) ¢(z) dr ©) ] |
¢ B B
In the absence of saturatiop(r) become¥ 8B 1 653 R

¢(7) = W exp[r(iQ + I1)]-1 4) % /\ /\ /\ /\

The component®y; of the vectoW in eq 4 give the population  Figure 13. Two-states model. (a) Possible molecular distortions, as
of the accessible statekis a vector with all components equal  suggested by the data at 80 K, and potential energy curve for states |
to unity, andQ is a diagonal matrix whose elemenisare the and IlI. (b) Narrowing and collapse of the resonances cqrresponding to
absorption frequencies in the absence of dynamics. The matrix2 e, ot & oo 8 e L only the resonances
IT has element8lj = py andIl; = = py, wherep. is th? with m = 3/, andm = —3, are shown. (c) Case where the sites have
transition rate between the a_cce_SS|bIe stperlk. Andersoﬁ the sameg factor and hyperfine coupling.

and Sac#® solved eq 3 considering eq 4, and obtained for the

line-shape function: The resonances corresponding to states | and Il collapse into
_ _ . a single resonance, as a consequence of the hopping,raite
I(w) O REW+(iwE — iQ + IT) 1} (5) the absence of a hyperfine splitting. We consider the case when

states | and Il have differerg and A (general magnetic field
direction) in Figure 13b, and the case when the two states have
equalg andA (Bllb or B in theac plane) in Figure 13c. When

wherewE is the unit matrixg times the constanb. Equation
5 is used below in the analysis of the EPR data in terms of

dynamical models (see refs 34 and 35 for more details on vh < QuaoBn/h, and forg, = gi, Al = Ay, the spectra display

[} H . — 3

f\ndeison § theory). For Cu ions W|th.nuclear §E)1p(m— 12, two groups of four resonances, each having the (residual) line
/2, ='f2, =), we assume that hopping transitions occur only - \iqih AR, (Figure 13b). This is the case observed beffw
between states with the same and the raten, is independent o the experiments provide information about the individual

of m# The transition ratepy is taken as the produdtvy states. Whemy, > gusdBy/h, each pair of resonances with equal
between the populationj of the departing staeand a hopping 1, cqjjapses to the mean fieldx(Bim + Bun). This collapse
ratewy, related to the transition probablllf&. I occurs forvy, &~ gugdBy/h, when information about the states |

Two-States Model.In this mOd?' (de_scrlbed_ in Figure 13a and Il is lost. According to Anderson’s theotythe line widths
¢) we propose that the copper ions in Znthistidine} may of the collapsed resonances depend on the spliéBigbefore

be in states | or Il defined by EPR spectra havinggliensors 0 c5japse, the hop frequeney between states with equal
g andg, and hyperfine coupling tensorg andA,, measured m, and on the residual line widthBy. The 8 x 8 matrix [iwE

at 80 K (see Table 2y andAy are obtained frong, andA —iQ + ] (eq 5) is made of four separatex22 blocks, each
by a C, symmetry operation. In the absence of dynamics the corresponding to one of the four values f When v, >

resonance fieldBj, can be calculated with the spin Hamiltonian quedBw/h, it is obtained from each of these blocks for the line

of eq 1 and the peak-to-peak line width8, (i = I, Il; m = width measured in field units between peaks of the derivative
+1,, + 35,) are equal to a residual widthBy. Figure 13a signal:

sketches the geometry of states | and Il suggested by the EPR
data at 80 K. They have approximate axial symmetry around «/§g(0 o)
the directions connecting the Zn (Cu) site with the amine AB,(6,9) =ABO+—'B
nitrogens N(1). 8hwy,
The magnetic field splitting between resonances with the same ) ) ) ] ) ]
m corresponding to the states | and Il is This result is described in the lower part of Figure 13b, which
shows that the resonance with= 3/, is wider than that with
0B(0,9) = B,(0,¢) — B, (60.0) (6) m = —3/; becauseBs;, > 0B_3p. If states | and Il give the
same spectra (Figure 13c), itd8y, = 0 according to the two-
The energies and the equilibrium populations of the states | andstates model and no contributions to the line width arise from

0Bn0:9)>  (7)

Il are the sameWm = Wim = 1/2). Thus, the rates+ Il and the molecular dynamics of the system.
Il —larep=wy/2. In order to hop between states the molecules  The ratev, varies with T, but not with the magnetic field
have to overcome a potential barrier with activation enéxgy directionh. However, a change d¢f change®)B(0,¢) (see eq

indicated in the two-well potential of Figure 13a. 6) and thus, the contribution to the line width of eq 7 is
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anisotropic. Figure 8 shows as solid lines the best fit of eq 7 to N (a)
the line width data in the three planes at 298 K, obtained with N(D) /'° : 0
vh ~ 0.8 x 10° s™L. The height of the barrieAE* (defined in ' =
Figure 13a) may be estimated proposing f@ran activated NeT N .
process. Assuming that the tunneling splitting between the Ny D N (e)
energies of states | and Il is smaller than the barrier heigtit
we use the prediction of transition state the8t§%52 SET X
v, ~ (kg T/h) [exp(— AE* ks T)] ®) w\f( It e @p{*

with T = T, to obtain fromv, an activation energAE* ~ - 5 o
1600 cnTl. The change ofy, with temperature (eq 8) produces 1.0Bo— 0@ Ra00,e
at T, the collapse of the resonances (Figure 11). 0.75

The two-states model explains the following experimental S050f o experimental
observations: Y

(i) At a temperaturel, the two copper spectra observed at ' 4
low T collapse to a single copper spectrum (see Figures 11). 000 TR TR T
The g-tensor of the collapsed spectrum is approximately the Temperatura (K)

average of the-tensors of the individual sites.

@
(ii) Above T, the line widths of the collapsed resonances are : I l I I: |§3ﬁﬁf§fnd /\/\/W
different for different hyperfine components for general mag- ; i -{TE ﬂ: 1 \ ‘/W\/\%

netic field orientations. These line widths display a dependence | o . :
:‘ | | I' W apd IV W

on m which follows eq 7 (see solid lines in Figure.8).
However, the two states model does not explain the following , LV
sites 3000 3100 1200 3300
Magnetic field (Gauss)

features of the EPR spectra: Land I1
(i) There are changes on the positions and line widths of the

g ; ; ; Figure 14. Four-states model. (a) Description of the four-states energy
resonances for a magnetic field applied alonglfeds or in level scheme and hopping transitions between the states. (b) Variation

the ac plane,_ where the two copper sites are magnetically with T of the order paramete)(T) experimental values and fit with eq
equivalent (Figures 4 and 10). 12 with parameters given in the text. (c) Bar diagram of the EPR lines
(i) The splittings and line widths of the four hyperfine corresponding to sites | and Il, to sites Ill and IV, and of the collapsed
components observed at 298 K fBHb are not equal (Figure  resonances at high temperature,Biib. (d) Spectra calculated fd@ilb
4). at different temperatures using the four-states model.
(iif) The hyperfine splitting tensoA for the collapsed line

differs from the average ok, andA, (Figure 7). from state Il (c,f) to states Ill and IV is a hop from conformation
(iv) Even forBllb the temperature variation of the line width  f to ¢ (or ¢ to f) of one of the ligands (see Figure 14a).
displays a peak slightly below, (Figure 10c), in the same  Transitions from I to Il or from Il to IV require a hop of both

temperature range as the peak of the specific heat. _ ligands, and they are not considered. As in the two-states model,
To explalq these observations we require the more detailedthe dynamics of the system is described by a hoppinguate
model described below. and the transition probabilitigs are products of the population

Four-States Model.In the four-states model (Figure 14) we  of the states, times the hopping rate. We also assume that
propose that the N(1) amine nitrogen ligatid® the copper  hopping transitions do not change the nuclear spin stathe
iOﬂS, which in the undistorted structure are related Wza EPR Spectra of the system are defined by the te@mA
operation aroundd, can move independently between two of each state, the hopping ratg, and the populationsV; =
conformations, called f (far) and c (close). This gives rise to \\;, andW, = W,y. These populations would be related to a
four possible states (sketched in Figure 14a). In state | the Boltzmann factor if they were simply related to the energy of
ligands are in conformations f and c. In state Il they are in each state. However, the results of the X-rays study, and the
conformations ¢ and f. States | and Il are those considered inspecific heat and line-width data in Figure 12, point to a
the two-states model; they do not ha®gsymmetry, and their  cooperative process. In pure Zn(-histidine) the dynamical
g andA tensors (and the angular dependence of the EPR spectrajjisorder of a water molecule in two positions, observed with
are related by &, operation around. As in the JahrTeller X-rays at 293 K, is frozen in as static disorder at low
theorent* they are expected to have an energy smaller than temperature. In the Cu-doped sample and in the SEmamge
the undistorted state. We also consider new states Il and IV, (Figure 12) anomalies in the EPR spectra are observed. Thus,
with their N(1) ligands in conformations (f,f) and (c.c), the dynamical disorder of the ligands to a copper ion may be
respectively, with an energy splitingE (Figure 14a). We  (jfferent than the disorder of the waters in the pure lattice, but
assume that they have equpindA tensors and give rise to  the dynamics follows approximately equal temperature depend-

the same EPR spectra. In principle, the states Ill and IV may ences. The populations of states I, ..., IV are assumed to be
have differentg and A tensors, but we do not have enough

experimental information to evaluate their difference, but only W =W, = l/4(1 +EM)) W, =W, = l/4(1 —&M) (9)
the average values. At lowonly states | and Il are populated.

The populations of states Ill and IV increase wheénis In eqs 9&(T) is the order parameter that follows the lattice
increased, at the expense of states | and Il. Considering thedisorder. Abovel,, & = 0 andW, = Y4 fori =1, ..., IV. At low
nuclear spin state, each state may be labeled asj, where T, & =1, andW = W, = ¥/, (as in the two-states model) and
i=1,1,1,and IV, and m= £%,, +%,. Figure 14a describes W = Wy = 0.

with arrows the possible hopping transitions between the states. The hyperfine parameté,(T) measured foB alongh =B/

A transition from state | (f,c) to states Il (f,f) or IV (c,c), or |B| in the collapsed regime is
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ANT) = WAL + W A, + Wy Ay + WAy, = l/4(A|h +

Ain T Ain T Ayn) T 1/4(Alh + A = A — Avn)é(M)
(10)
whereAy, is the hyperfine splitting for site and we used eq 9.
A similar equation may be written fog,(T). The hyperfine
splittingsAin and Ay, are measured at 80 K. The valuesfqf,
= Awn are calculated for each field orientation from the data at
80 and 298 K. Wherg = 0 (298 K) the observed splitting is

A= 1/4(A|h + Ain + Aun T Awn)
and thus

A = Avn = 2A, — 1/2(Alh + Amn) (11)

In the case wheA; = A, the right side term should be equal
to Yo(Ann + Awn). A fit of the angular variation of\;in(6,¢)
calculated with eq 11 with a tensorial function allowed to
calculate the components &f; andAy. A similar procedure
allowed us to calculate the componentsggf andg,y. These
values are given in Table 3.

We calculated:(T) from the observed temperature depen-
dence of the position of the low field resonancesBti, shown

in the inset of Figure 10a. Similar results may be obtained from

the data omAy(T) or gn(T) in Figure 10, a and b. The values of
&(T), shown in Figure 14b, are well fitted by the function

{ p[ T—oln(Zl’V—l)—TO}”
EM=1-{1+ex]—- (12)

o
with To = 251.1+ 0.2 K, 0 = 2.9+ 0.3 K, andy = 0.14 £+
0.02. Equation 12 is a modified sigmoidal functionTofvhich
holds&(T) = ¥, for T = To. The solid line in Figure 14b displays
the values off(T) obtained with eq 12 and these parameters.
The EPR spectra of the system at a temperafungere
calculated in terms ofy, £(T), and the tensorg andA of the
different states using Anderson’s model (eq 5). Thex186
dynamical matrix arising from the statesnf) divides in four
separate 4« 4 submatrices, one for each valuengfwhich are
diagonalized numerically at each temperature.Jfzave assume
an activated process as in the two-states model (eq 8). A valu
AE* = 10004 100 cnT! (Wiv, = 6.3 x 10° s 1 for W, = /)
atT = 268 K for the activation energy was obtained from a fit
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TABLE 3: Eigenvalues and Eigenvectors of the Tensorgy,
= gv and A, = Ay Obtained Using the Four-States Model
(Eq 11)

eigenvectors

eigenvalues % a* y=b z=c
gtensor (298 K)
01 = 2.081(2) 3 0.744 —0.003 —0.668
g, = 2.115(2) n 0.007 0.999 —0.035
g3 =2.194(2) g 0.744 —0.003 0.668
A tensor(298 K)
A =3013)x 104 & 0.632 —0.06 -0.77
A, =0(3) x 104 n 0.03 0.99 —0.05
As=92(3)x 104 ¢ 0.77 0.009 0.63

2 The eigenvectors are referred to the coordinate system defined by
Xyz= a*bc. Hyperfine couplings are in cm.

possible to identify the number of Cu(ll) spectra, and the
information about the copper sites cannot be related to specific
directions in the crystal. However, these authors were able to
detect anomalies on the spectra below room temperature. The
single-crystal EPR study reported here provides a detailed view
of the electronic properties of the dopant copper ions. Besides,
the X-ray and DSC studies in the pure compound give important
information about the host lattice that has been related to the
EPR data. In the EPR experiments reported here we have not
observed hysteresis effects, as reported by Rockenbauetet al.
Also, we observed that the transition at 268 K is already in
pure samples of Zp(L-histidine), i.e., in the absence of copper
doping.

Our experimental results reflect properties of the host lattice
and characteristics of the copper ions. The X-ray study indicates
disorder of a water molecule (O(3)) and a large anisotropic
thermal ellipsoid for another (O(5)) at 150 K. The thermal
parameters of the water molecule O(3) is large at 298 K. We
interpret these results as a dynamical disorder of an oxygen atom
and water protons in pure Zm(-histidine} at high tempera-
tures. These positions are frozen in specific disordered sites at
low T. The peak in the specific heat between 240 and 268 K
would indicate the temperature range where this transition takes

eplace. Quantitative specific heat measurements and also proton

NMR studies should prove this hypothe&is.
The EPR spectra of the copper ions also reflect the dynamical

of the observed spectra with the four-states model. These valuedlisorder of the pure lattice. A peak in the EPR line width

should be more realistic than those calculated with the two-

occurring in the same temperature range as the peak in the

states model. The solid lines in Figure 10 show the change with SPecific heat of the pure compound (Figure 12) is attributed to

temperature of thg factor, hyperfine splitting, and line width
calculated for the magnetic field direction along thaxis with
the four-states model. They reproduce fairly well the experi-

mental results. The peak in the line width appears at a

temperature slightly belovi, and coincident witip of eq 12.

the freezing of the dynamical disorder. It proves the interrelation
of the two processes, which we emphasize in the analysis of
the data. The order paramet&fT), defined in terms of the
temperature variation of the spectrum, is assigned to a property
of pure Znp,L-histidinep. We do not have an specific explana-

The model also reproduces well the small differences in the tion on the empirical sigmoidal temperature variation observed

line widths of the transitions with differemb, and the unequal
spacing of the resonances itb. We show in Figure 14c that
these differences arise from the different values ofgli@ctor
alongb of sites | and Ill. The dashed lines in this figure are

(eq 12), but the concept is simple and useful to tabu}éig.

The cooperative atom dynamics proposed here contrasts with
the picture of an independent dynamics, where the populations
of the levels follow a Boltzmann distribution. Other autHérs

drawn to show the different spacing between the resonancednterpreted temperature dependences of the EPR spectra in other

corresponding to the sanm for the different sites, which
produce a variation of the line width with. Spectra calculated

compounds with Boltzmann factors, using temperature-depend-
ent energy levels.

for Bllb at three temperatures using the four-states model and We assume that Cu ions replace Zn ions in the host lattice.

Anderson’s formalism (Figure 14d) are in good agreement with
the measured spectra.
Discussion

The EPR data in Zm(L-histidine} of Rockenbauer et &f
had the typical limitations of the powder spectra: it is not

Even if the compound contains a racemic mixture of histidine,
the metal ions (Zn or Cu) are bonded to tuAistidine (or two
p-histidine) molecules, as in biological molecules. As a con-
sequence of the JahiTeller theorem, th&, symmetry of the

Zn sites is lost at the copper ions and we observe at low
temperature two possible states geometrically related By a
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rotation around. The EPR data indicates that the configuration of the distance between Cu and one amine N(1) ligand, which
around the copper ion in these lower energy states have axialreduces the energy of the distorted state of the Cu ion from
symmetry and suggest that one of the amine N(1) ligands is that of the undistorted state. At low temperature these axially
displaced away from the copper ion, and the three other nitrogendistorted states are frozen in, and it is possible to observe their
ligands are approximately in the perpendicular plane. This EPR spectrum. The reduction in the hyperfine splitting parameter
configuration is sketched in Figure 13a for the two distorted in the direction of the symmetry axig\( characteristic of the
copper sites. The double-well potential shown in Figure 13a EPR spectra of type 1 blue copper protein, is due to the highly
should hold at the copper ions for the positions of the amine covalent $ys equatorial bon>” and does not occur in Cu:
nitrogen ligands to copper and the concomitant displacementsZn(p,L-histidiney. ENDOR and ESEEM data on Cu ions in Zn-
of other ligands. (p,L-histidine} would allow to obtain more information about

The EPR data has been analyzed at two levels. A two-statesthe bonding scheme, to verify the proposed model.
model for the motional narrowing and collapse explains the main _ Colaneri and Peisaéhreported a single-crystal EPR and
experimental findings: the collapse of the two spectra observed ESEEM analysis of Cu(ll)-doped bisfistidinato)cadmium
at low temperature to a single averaged spectrum in a sharpdihydrate. At 77 K they observe two copper sites, when only
transition at a temperatufie, and the variation of the line width ~ One should be observed if copper ions replace Cd ions according
with hyperfine component. A more detailed four-states model 0 the crystallographic informatiolf. From these lowT data
explains these and other observations with higher precisionthey propose a binding site for the copper ion. The bonding
adding two additional excited states that are populated at highScheme proposed here for Cu ions in Zn¢histidine) is
temperatures. These states introduce contributions needed tdlifferent than that proposed for Gelfistidiney(H20),. At room
explain the data foB along theb-axis and in theac plane, temperature Colaneri and Peis&tbserve a single copper site,
where the simpler two-states model fails to predict the observed With EPR parameters that are the average of the values obtained
changes. The four-states model assumes that the dynamics ot 77 K. The room temperature behavior was attributed to a
the ligands to copper is linked to the dynamics of the oxygen dynamical averaging of the spectra of the low-temperature sites,
and protons of a water molecule observed in purepza(  Produced by a hopping of the copper ions between them. This
histidine) in the X-ray and specific heat measurements. The Situation is similar to the one proposed here for Curzin(
displacements of the individual ligands to the metal ion at the histidine}. Since they do not include in their publication the
copper ion sites are, however, different than those in the pure Single-crystal EPR data at room temperature, we cannot make

lattice. This is because dynamical Jafifeller distortions a detailed comparison of the results in both systems. Colaneri
existing for copper but not for zinc ions, lower the point &nd Peisachi did not report a dependence of the line width on

symmetry of the metal. Our data show that the dynamics of the NyPerfine component. , ,

local distortions is driven by the collective disorder of the lattice. ~ Variations of the line width with hyperfine component have
They also show that the dynamics of the disorder does not P€€n observed in thg-parallel region of the EPR spectra of
change appreciably between protonated and deuterated samplef0Zen spluuor;gor powder samples of severagllcopper compounds
The relatively high activation energyE* = 1000 K obtained DY Lewis etaf? and by Froncisz and Hyd&5" A broadening
from the four-states model produces slow hopping rates at low mechanism in terms of correlated distributions of molecular
temperatures and allows viewing at 268 K the transition from Ponding parameters was proposed to explain the experimental
the regime of two separate copper spectra to the C0||apsedresult§° and have been extensively used in the study of copper

regime, where only one copper spectrum is observed. This valueSPEctra, particularly in biologically active cupric ioffsThe
of AE* reflects a property of the dynamics of pure B¢ dynamical mechanism proposed here to explain the unequal line

histidine), which drives the vibronic coupling of the copper Widths of the hyperfine components of Cu(ll) in Zn(-
ions with a Jahr Teller mode at the position of the impurity. histidine} offers an alternative explanation for the observed
The structure pr d for states | and Il remind  th selective broadening. It produces similar effects and is clearly
€ structure proposed for states 1 a EMINGS Us o1 e ;hserved in the spectra of frozen solutions and powder samples
structure of the copper sites normally observed in type 1 blue

: . 558 as shown in this work. More measurements of the temperature
copper proteins, particularly plast_ocyaﬁﬁﬁ In those cases dependence of the spectra in other systems may be helpful to
the Cu(ll) ion is bonded to two imidazole sNrom histidine

. . clarify this point.
residues, and to two S, one from a cysteine and the other from fy P

a methionine residue. The E&nedistance is quite long2.8 Acknowledgment. We are grateful to Drs. Daniel Rodrigues,
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