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Abstract

We report EPR measurements at 9.77 and 34.1 GHz in powder and single crystal samples of the ternary copper amino acid com-

plex Cu(LL-arginine)2(SO4) Æ (H2O)6. The single crystal Electron Paramagnetic Resonance spectra display a single resonance for all

magnetic field orientations in the ca and cb crystal planes. In the ab plane they display two resonances for most orientations of

the magnetic field, and only one resonance for orientations close to the crystal axes. This behavior is a result of the selective collapse

of the resonances corresponding to the four copper sites in the unit cell produced by the exchange interactions between copper ions.

From the characteristics of the collapse and the angular dependences of the position and width of the resonances we evaluate the g-

tensors of the copper molecules and estimate exchange interactions |J1/kB| = 0.9 K and |J2/kB| = 0.009 K between copper neighbors

at 5.908 Å and at 15.684 Å, respectively. J1 is assigned to a syn–anti equatorial–apical carboxylate bridge with a total bond length of

7.133 Å. J2 is assigned to a long bridge of 12 atoms with a total bond length of 19.789 Å, that includes two hydrogen bonds. The

results are discussed in terms of the crystal and electronic structure of Cu(LL-arginine)2(SO4) Æ (H2O)6. We show that J2 is in excellent

agreement with the observed magnetic interaction between the reduced quinone acceptors in the photosynthetic reaction center pro-

tein of the bacterium Rb. sphaeroides, which is transmitted along a similar chemical path containing two hydrogen bonds. Our find-

ings indicate that it is valid to estimate values for the exchange interactions between redox centers in proteins transmitted along long

chemical paths containing sigma and H-bonds, from data obtained in model systems, and emphasize the importance of measuring

exchange interactions in biologically relevant model systems.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The important role of weak non covalent interactions

in the structure and behavior of biological macromole-
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cules is well recognized [1]. They contribute to the struc-

ture, optimize molecular reactivity, allow molecular

recognition, and more. In electron transfer proteins,

long chemical paths are conveniently tuned to regulate

the kinetics of the transfer process, and thus the function

of the protein.

The best known and most important weak interac-

tions between metal ions, radicals or redox centers con-
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tain H-bonds [2,3]. Aromatic rings provide various other

types of weak couplings like ring stacking [4,5], cation-p
[6,7], NH–p [8], and CH–p interactions [9]. Real chemi-

cal paths are usually a sequence of some of these elemen-

tal weak interactions plus other strong covalent bonds.

They may be identified in protein structure databases,
and reproduced in model systems.

A convenient way to characterize a chemical path

connecting two unpaired electrons is to evaluate the ex-

change interaction transmitted through the diamagnetic

path connecting the spins (often called superexchange).

The underlying principles of this interaction have been

well described in the literature [10] and its magnitude

is strongly dependent of the electronic structure of the
path. Also, it has been shown that the matrix element

for electron transfer between redox centers is related

to the magnitude of the exchange interaction transmit-

ted through the path [11–14].

The electron paramagnetic resonance (EPR) spectra

of metal ions (e.g., copper) is useful to investigate local

properties of a compound in the neighborhood of the

metal [15]. In addition, weak exchange interactions (J)
transmitted through long chemical paths bridging the

unpaired spins (up to �30 Å) can be evaluated by

EPR [16–18]. Thus, EPR measurements contribute use-

ful information to study the electronic structure of metal

ions and the chemical paths connecting them. In fact

EPR measurements in single crystal samples is the most

powerful technique to evaluate selectively very weak ex-

change interactions, even in the presence of much stron-
ger contributions [16–18].

Important model systems to study weak interactions

are metal derivatives of amino acids [19]. The metal ions,

often bonded through the amino and carboxylato

groups, are important in the structure of the individual

molecules. The functional groups of the amino acids

provide a large variety of possibilities for weak bonding

within and between molecules in the solid state [20]. In
addition, ternary complexes including an amino acid

or peptide, a metal ion, and a small inorganic or organic

molecule, provide additional possibilities of modeling

[21,22].

In recent years Yamauchi and collaborators [20–24]

have reported interesting results about the structure,

stability, self-organization and supramolecular associa-

tions of several binary and ternary copper compounds
of arginine. These properties, produced by the coordi-

nation of the metal–ion and the interplay of various

noncovalent interactions, are strongly influenced by

the characteristics of the guanidinium group of argi-

nine, a binding site for H-bonds, and by the various

additional ligands which have been added to the

compounds.

The compound Cu[LL-arginine]2(SO4) Æ (H2O)6
[C12H40N8O14CuS], hereafter called Cu(LL-arg)2SO4,

whose structure was reported recently by Ohata et al.
[22], shows self organization and structure-determining

factors typical of ternary compounds of copper with

arginine. These authors [22] also reported EPR data in

solution and in the solid state (powder samples), and cir-

cular dichroism measurements. From their EPR data

Ohata et al. [22] concluded that the copper ions are in
a crystal field of tetragonal symmetry with a d(x2 � y2)

orbital ground state. However, due to the nature of

the samples, their EPR results did not allow to obtain

information about the spin–spin interactions, that are

important to characterize chemical paths.

The compound Cu(LL-arg)2SO4 is reanalyzed here

through detailed EPR measurements in single crystals.

These data allow us to evaluate exchange interactions
between copper ions connected by long chemical paths

containing H-bonds, and to discuss the results in terms

of the structure of the paths. Our magneto-structural

findings in Cu(LL-arg)2SO4 are compared with recently

reported values of the interaction between the reduced

quinone acceptors in the biradical Q�
AQ

�
B in the photo-

synthetic reaction center protein from the bacterium

Rb. Sphaeroides [13a,b].
2. Experimental

2.1. Sample preparation

The amino acid LL-arginine, obtained from Ajino-

moto Co, was used without further purification. The
compound Cu(LL-arg)2SO4 was obtained as described

by Ohata et al. [22] from the reaction of LL-arginine

(0.348 g, 2.0 mmol) with CuSO4 Æ 5H2O in water

(0.270 g, 1.0 mmol). The pH of the resulting solution

was adjusted to 4.35, and the solution was left to

evaporate at room temperature. Blue rectangular pris-

matic crystals elongated along the c-axis grew from the

solution in few days. Powder X-ray diffraction meas-
urements were performed to identify the obtained

material as that studied by Ohata et al. [22]. Thus,

we analyze our experimental results using the complete

structural data tables deposited by these authors at the

Cambridge Crystallographic Data Centre under num-

ber 137772.

Orientation of the single crystal samples for the EPR

experiments was attained by gluing a (010) growth face
of the sample to a cubic piece of KBr single crystal

holder obtained by cleavage. This holder defines a set

of orthogonal axes x, y, z; the a, b and c crystal axes

of the orthorhombic single crystal were positioned along

the x, y and z axes of the holder, respectively.

2.2. EPR measurements

We used a Bruker ESP–300 EPR spectrometer work-

ing at 9.77 (X-band) and at 34.1 GHz (Q-band), stand-
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Fig. 2. Angular variation of g2(h,u) at 34.1 GHz for the magnetic field

applied in the ab, ca and cb crystalline planes of Cu(LL-arg)2SO4. The

solid lines are calculated with the values of the components of g2

included in Table 2.
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ard Bruker cavities operating with 100 kHz magnetic

field modulation, and a rotating magnet. The magnetic

field (B) was calibrated using diphenylpicrylhydrazyl

(DPPH) positioned close to the sample as a field marker

(g = 2.0036).

EPR spectra (dv00/dB) from powdered material and
from oriented single crystals were collected digitally at

room temperature. Spectra of powder samples at X

and Q bands (data not shown) are useful as fingerprints

of the material. They show no resolved hyperfine struc-

ture, as expected in the presence of exchange interac-

tions between the copper ions.

The single crystal spectra were obtained at 5� inter-

vals in three orthogonal planes (ab, ca and cb), in a
range of 180�. A single resonance line without hyperfine

splitting was observed for all orientations of the mag-

netic field B in the ac and bc planes. Two resonances

were observed for B in the ab plane, except in directions

close to the crystal axes, where they collapse to a single

resonance. The position and peak-to-peak line width

DBpp of the single resonance, or the two resonances in

some orientations of the ab plane, were obtained by
least-squares fits of the field derivative of one or two

Lorentzian line shapes to the observed signal. Fig. 1

shows a typical single crystal EPR spectrum obtained

at 34.1 GHz with B in the ab plane, and includes the

decomposition of the observed spectrum in two individ-

ual resonances. Good agreement was obtained between

fitted and observed spectra. These fits provide the

squared g-factor and the line width of the resonances
(one in the ac and bc planes, and two in the ab plane)

whose angular variations at Q-band are displayed in

Figs. 2 and 3, respectively. Similar results were obtained

at X-band (data not shown).
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Fig. 1. Typical EPR spectra observed with the magnetic field at 45�
from the a axis in the ab plane. Open circles are the experimental data

at 34.1 GHz. The solid line was obtained fitting the sum of two

Lorentzian lines to the experimental result. The dashed lines represent

the two components of the fit.
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Fig. 3. Angular variation of the peak-to-peak line width DBpp

measured at 34.1 GHz in the (a) ca and cb planes, and (b) ab plane

of a Cu(LL-arg)2SO4 single crystal. The solid line in the angular region

near to the b axis was obtained with the model described in the text,

and gives information about the exchange coupling.
3. Crystal structure and exchange pathways for

Cu(LL-arg)2SO4

Cu(LL-arg)2SO4 is orthorhombic, space group P212121
with Z = 4 and lattice parameters a = 13.152 Å,



Fig. 4. Molecular structure of Cu(LL-arg)2SO4 showing the chemical

path connecting CuA to CuB. The labeling of the atoms used is that

from the Cambridge Structural Database, different from that used in

[22]. Dashed and dot lines indicates, respectively, H and weak

structural bonds. Hydrogen atoms were omitted for clarity.
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b = 27.044 Å, and c = 7.321 Å [22]. The copper ion, cis-

coordinated to two LL-arginine molecules, is displaced
0.05 Å out of the plane of an approximately square

N2O2 array (see Fig. 4, obtained from the crystallo-

graphic data of Ohata et al. [22]). The average distance

to the carboxylate oxygens O1 and O3 is d(Cu–

O) = 1.950 Å, and to the nitrogens N1 and N5 of amino

groups of arginine molecules is d(Cu–N) = 1.978 Å. In

the axial direction there is one oxygen atom O1w from

a water molecule at d(Cu–O1w) = 2.461 Å. A sixth octa-
hedral position, occupied by O2 from a neighboring LL-

arginine molecule, considered as a weak structural bond

due to its relatively short length (d = 2.697 Å), completes

a square bipyramid. The 3D arrangement of the mole-

cules in Cu(LL-arg)2SO4 gives rise to infinite right handed
Table 1

Distances and angles (in Å and �) for the H-bonds which are relevant for

obtained by complete data tables deposited by Ohata et al. [22] at Cambrid

H-bond # X–H� � �A bond Length X–H length

1 O1wap–H� � �O2 2.884 0.891

2 N5–H� � �O5 2.878 0.899

3 O3w–H� � �O5 2.925 1.147

4 N7–H� � �O3w 3.050 0.900

5 N3–H� � �O5 2.915 0.900

6 O3w–H� � �O5w 2.812 0.905

7 N8–H� � �O5w 2.924 0.900

8 N8–H� � �O4 2.886 0.899

9 O5w–H� � �O8A 2.873 1.148

10 O4w–H� � �O8A 2.725 1.041

11 O4w–H� � �O4 2.715 0.854

12 N2–H� � �O7A 2.945 0.901

13 O2w–H� � �O6A 2.960 0.879

14 O2w–H� � �O2 2.780 0.962

The strength of these bonds are characterized as s = strong, m = moderate a
1D single-helical chains with double strand along the a

axis [22]. The four symmetry related copper molecules

in the unit cell of Cu(LL-arg)2SO4, labeled as

A ” (x,y,z), B ” (1/2 � x, –y, 1/2 + z), C ” (�x, 1/2 + y,

1/2 � z) and D ” (1/2 + x, 1/2 � y, –z) [25] are chemically

identical, but magnetically nonequivalent in the pres-
ence of a magnetic field. Molecules B, C and D are ob-

tained from molecule A by 180� rotations around the

crystallographic axes c, b and a, respectively, plus a

translation.

Hydrogen bonds play an important role in the struc-

ture of Cu(LL-arg)2SO4 and are key factors in the proper-

ties of the chemical paths we want to characterize. Thus,

we summarize in Table 1 the properties of the H-bonds
important for our purpose. The distances and angles are

taken from the structural study of Ohata et al. [22];

using these values and the results of Steiner [26], we clas-

sify these bonds in the last column of Table 1 as weak,

‘‘w’’, moderate ‘‘m’’, or strong ‘‘s’’.

Fig. 4 displays a molecule of Cu(LL-arg)2SO4 including

the chemical path PAB connecting a copper ion in an A

site with two neighbors copper ions type B at 5.908 Å.
This chemical path is composed of two branches. One

contains an equatorial–apical carboxylate bond of the

syn–anti type, –CuA–O2ap–C2–O1eq–CuB–, and has a to-

tal bond length of 7.133 Å. The other branch, –CuA–

O1eq–C2–O2� � �H–O1wap–CuB–, contains a weak hydro-

gen bond (#1, in Table 1) and has a total length of 9.781

Å. It will be clear that the second branch provides a

much weaker contribution to the interaction between
A and B-type copper neighbors than the first branch,

and we neglect its contribution. A copper type A is con-

nected to two copper neighbors type B through symme-

try related paths PAB.

Fig. 5 shows the two different chemical paths connect-

ing a CuA ion to two CuC neighbors. One of them, –CuA–

N5eq–H� � �O5� � �H–N3–C6–N2–C5–C4–AC3–C1–N1eq–
the exchange paths between neighbor Cu ions in Cu(LL-arg)2SO4 were

ge Crystallographic Data Centre

H� � �A length Total length Angle Type

2.711 3.602 92.05 w

2.345 3.244 117.96 w

1.985 3.132 136.45 w

2.165 3.065 167.75 m

2.046 2.946 162.04 m

1.916 2.821 170.08 s

2.045 2.945 165.01 m

2.048 2.947 154.66 m

2.183 3.331 115.65 m

1.813 2.854 143.97 m

1.865 2.719 173.52 m

2.155 3.056 145.95 m

2.714 3.593 97.49 w

1.871 2.833 156.55 m

nd w = weak, according the definitions of Steiner [26].



Fig. 6. Chemical paths connecting copper ions A and D. H-bonds are

indicated with dashed lines. Hydrogen atoms were omitted for clarity.Fig. 5. Chemical paths connecting copper ions A and C. H-bonds are

indicated with dashed lines. Hydrogen atoms were omitted for clarity.
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CuC, called PAC1
, connects coppers at 15.684 Å, contains

12 diamagnetic atoms, and has a total length of 19.789 Å.

It includes a sequence of twoH-bonds, #2 (w) and#5 (m),

involving N5eq from the A molecule, N3 from a guanid-

inium group of the neighbor molecule and O5 from a sul-

phate group that bridges the two molecules. The other

path, –CuA–N5eq–H� � �O5� � �H–O3w� � �H–N7–C12–N6–

C11–C10–C9–C7–N5eq–CuC, called PAC2
connects cop-

pers at 14.087 Å, has 14 atoms and a total length

d = 22.926 Å. The path PAC2
contains a sequence of three

H-bonds, #2 (w ), #3 (w) and #4 (m), involving O3w from

awatermolecule,O5 froma sulphate group,N5eq andN7.

Because of the shorter length, the smaller number of

atoms and particularly, because the smaller number of

H–bonds, one may assume that PAC1
supports an interac-

tion stronger than PAC2
.

The connections between CuA ions and CuD neigh-

bors are shown in Fig. 6. The path PAD1
, connecting

coppers at 14.059 Å, is made of two branches. One

branch is –CuA–N5–H� � �O5� � �H–O3w–H� � �O5w � � �H–

N8–H� � �O4–C9–O3–CuD, contains 13 diamagnetic

atoms including a sequence of 5 H bonds #2 (w), #3

(w), #6 (s), #7 (m), and #8 (m), and has a total bond

distance d = 20.827 Å. The other branch, –CuA–
N5–H� � �O5� � �H–O3w–H� � �O5wH� � �O8A� � �H–O4wH� � �
O4–C9–O3–CuD, has a total length d = 23.350 Å, and

contains 17 diamagnetic atoms including 6 H-bonds,

#2 (w), #3 (w), #6 (w), #9 (s), #10 (m), #11 (m). The

path PAD2
, –CuA–N1–C1–C3–C4A–C5–N2–H� � �O7A–

S–O6A� � �H–O2w� � �O2–C2–O1–CuD, connects copper

ions at 17.786 Å, has a total length 26.166 Å and con-

tains 12 diamagnetic atoms including three H–bonds,
#12 (m), #13 (w) and #14 (m). A copper type A is con-

nected to two coppers type D through paths PAD1
and to

other two coppers type D through paths type PAD2
.

From this structural analysis it is clear that the bond

paths connecting neighbor A and B type coppers are
much stronger than the bond paths connecting a copper

ion type A and neighbor copper ions types C and D.

Consequently, the magnitude |JAB| of the exchange

interaction between these Cu(II) ions is expected to be

much larger than the exchange interactions |JAC| and

|JAD|. This result is important to interpret the EPR data.

Also, assuming that H-bonds reduce the strength of the

chemical path when compared with sigma bonds, one
expects that the contribution to the interaction between

A and B-type copper neighbors is dominated by the

equatorial–apical carboxylate bridge.

In comparing the paths connecting copper atoms in

sites A with neighbor copper atoms in sites C and D,

we also assume that longer paths are weaker, and also

that the larger is the number of H-bonds in the path,

the weaker is its strength. With these two simple qualita-
tive assumptions we conclude that the chemical paths

connecting neighbor copper ions type A and C are

stronger than those connecting neighbor coppers types

A and D. This qualitative analysis indicates that

|JAC| > |JAD|, as discussed further in the conclusions of

this work.
4. Theoretical background

The angular variation of the position and line width

of the EPR spectra of a single crystal of Cu(LL-arg)2SO4

is described by the Hamiltonian [18,27]:

H ¼ H z þHex; ð1Þ
where the Zeeman contribution,

H z ¼
X
i

½lBSAi � gA � B þ lBSBi � gB � B

þ lBSCi � gC � B þ lBSDi � gD � B�; ð2Þ

is summed over all unit cells i of the crystal. lB is the

Bohr magneton and ga (a = A,B,C,D) are the symmetry
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related molecular g-tensors corresponding to copper

ions in the rotated crystal sites A,B,C,D, defined be-

fore. According to the space symmetry of Cu(LL-arg)2-

SO4, one expects four symmetry related EPR resonances

corresponding to the four sites, for a general orientation

of the applied field B. Two resonances are expected
when the magnetic field is within one of the crystal

planes, where the g-factors are equal by pairs (gA = gB
and gC = gD in the ab plane, gA = gC and gB = gD in

the ac plane, and gA = gD and gB = gC in the bc plane).

Only one resonance is expected when the magnetic field

is along the crystal axes (see Section 5 for this space

group in [28]).

The second term in Eq. (1):

Hex ¼
X
i; j

H i; j
ex ¼ �

X
i; j

J ijSiSj; ð3Þ

is the Heisenberg exchange interaction, where Jij is the

exchange parameter and i, j label different copper sites.

According to Anderson�s theory of the exchange nar-

rowing process, when |Jij| is larger than the difference be-

tween the Zeeman energies corresponding to copper

sites i and j, their resonances collapse to a single one

[29]. Magnetic dipolar interactions, which are expected

to have smaller magnitudes than the predominant ex-
change couplings JAB are averaged out by the exchange

and not considered here.

In previous papers we reported procedures to evalu-

ate the exchange parameters J from the EPR data

[18,27]. Hz of Eq. (2) is decomposed in an average con-

tribution Hz0, and a residual Zeeman term Hz1 . Accord-

ing to the structural discussion given above and

considering interactions between nearest neighbor cop-
per ions, it is |JAB| � |JAC| and |JAB| � |JAD|.

1 Thus,

it is convenient to decompose Hz in two contributions:

H z ¼ H z0 þH z1; ð4Þ
where Hz0 is the main Zeeman contribution:

H z0 ¼ lBðSA þ SBÞ �
gA þ gB

2
� B�

þ lBðSC þ SDÞ �
gC þ gD

2
� B�; ð5Þ

and Hz1 is a smaller residual contribution:

H z1 ¼ lBðSA � SBÞ �
gA � gB

2
� B

þ lBðSC � SDÞ �
gC � gD

2
� B�: ð6Þ

The exchange interaction of Eq. (3) is decomposed in

three contributions. A first one, Hex (1), contains the

largest terms corresponding to the interaction between

pairs of copper sites AB and C–D. The other two contri-
1 For symmetry considerations JAB = JCD JAC = JBD and

JAD = JBC which results in other similar conditions.
butions, Hex(2) and Hex(3), contain the exchange inter-

actions between pairs of copper sites AC and BD, and

AD and BC, respectively. Their contributions are smal-

ler than that of Hex(1).

Since the residual Zeeman interaction Hz1 (Eq. (6))

does not commute with the exchange contribution
Hex(1), Hz1 is modulated in time, and averaged to zero.

Instead, Hex(1) commutes with Hz0 and does not change

it. Thus, for exchange couplings JAB (JCD) large com-

pared with the difference between the Zeeman terms of

the A and B sites (Hz1), one observes two resonances

with g-tensors g1 ¼ gBþgB
2

and g2 ¼ gCþgD
2

, except when

B is in the planes ac and bc, when these resonances col-

lapse to one because of the crystal symmetry. The EPR
experiments verify this result, proving that |JAB| � |JAC|

and |JAB| � |JAD|, as suggested by the structural analy-

sis. The components of the ‘‘crystal’’ g-tensors g1 and

g2 (see Section 5) can be evaluated from the data. The

‘‘molecular’’ g-tensors, gA, . . .,gD introduced in Eq. (2)

can be evaluated from these crystal g tensors making

reasonable assumptions (see following section).

The smaller contributionsHex(2) andHex(3) to the ex-
change interaction do not commute with Hz0 of Eq. (5),

and thus Hz0 is modulated in time. Since the magnitudes

of Hex(2) and Hex(3) are small, they collapse the reso-

nances with g factors g1 and g2 in the ab plane only for

magnetic field orientations close to the a and b axes,

where Dg = |g1 � g2| is small. In the range of orientations

ofB close to the axes in the ab plane (collapsed region) the

line width DBpp (h,u) carries information about the weak
exchange couplings JAC and JAD. To extract this infor-

mation from the experimental results we use methods de-

scribed previously [18,27,30,31]. The result forDBpp (h,u)
in the collapsed region of the ab plane is:

DBppðh;uÞ ¼
ffiffiffiffiffiffi
2p
3

r
x2

0�h
glB

1

xð3Þ
ex

ðh � g � G3 � hÞ2

g4ðh;uÞ þ DBppð0Þ;

ð7Þ

with G3 = 1/2 (gA � gC), which depends on the square of

the microwave frequency x0. In Eq. (7) DBpp(0) is the

residual line width due to other sources, observed when

the magnetic field is parallel to the crystalline axes and

xð3Þ
ex is the exchange frequency between non-equivalent

neighbor copper ions, given in our problem by:

ðxð3Þ
ex Þ

2 ¼ 1

�h2
J A;Cð Þ� �2 þ 2 J ðA;DÞ� �2h i

; ð8Þ

where the factor 2 indicates the number of CuD ions

which are nearest neighbor of a CuA ion. Only one

CuC nearest neighbour to a CuA exists, and this is con-

sidered in Eq. (8) [18]. In Eq. (7), h = B/|B| = (sinh cosu,
sinh sinu, cosh) defines the magnetic field orientation in

the xyz = abc system of axes and h Æ g Æ G3 Æ h, is propor-
tional to one non-diagonal matrix element of the molec-

ular g-tensors (gA, . . .,gD) in the crystal axes system [18]:
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ðh � g � G3 � hÞ2

g2ðh;uÞ ’ h � 1
2
ðgA � gCÞ � h

� �2

¼ gabsin
2hcos2h:

ð9Þ
From the fit of Eqs. (7)–(9) to the line width data in

the collapsed region of the ab plane, the exchange fre-

quency of Eq. (8) can be evaluated. Information about

the magnitudes of the exchange interactions JAC and

JAD is provided by Eq. (8).
5. Analysis of the EPR results

5.1. The crystal and molecular g-tensors

The components of the squared crystalline g-tensors,
g21 and g22, obtained by least-squares fittings of the func-

tion g2(h,u) = h Æ g Æ g Æ h to the g2-values for the two
lines of the spectra, at each microwave frequency, are gi-

ven in Table 2 together with their eigenvalues and eigen-

vectors. Fig. 2 includes as solid lines the angular

variations of g21ðh;uÞ and g22ðh;uÞ at Q-band calculated

with the components of the tensors given in Table 2.

These curves are in good agreement with the experimen-

tal data at 34.1 GHz. Similar agreement is found at X

band (not shown).
In order to evaluate the molecular gi-tensors

(i = A,B,C,D) of the individual copper ions in Cu(LL-
Table 2

Components of the crystal g2 tensors obtained by fitting the function

g2 = (h Æ g Æ g Æ h) to the experimental data in Fig. 3

9.8 GHz 34.1 GHz

(g2)xx 4.2473(8) 4.2760(9)

(g2)yy 4.2995(8) 4.3336(8)

(g2)zz 5.0016(9) 4.9982(9)

(g2)xy 0.000(1) 0.0238(6)

(g2)xz 0.009(1) 0.0242(9)

(g2)yz 0.006(1) 0.0060(9)

a1 (0.012, 0.009, 0.999) (0.034, 0.010, 0.999)

a2 (0.999, –0.012, –0.012) (0.942, «0.333, –0.028)

a3 (0.012, 0.999, –0.009) (0.333, ±0.943, –0.021)

(g2)1 5.0018(8) 4.9991(9)

(g2)2 4.2472(8) 4.2668(9)

(g2)3 4.2994(8) 4.3419(8)

g^ 2.0608(8) 2.0656(5)

gi 2.2480(6) 2.2526(5)

2a 150.20 144.50

hm 163.30 163.50

um 9.10 9.00

2acrys 147.90

hcrysm 162.90

ucrys
m 9.10

(g2)1, (g
2)2, (g

2)3 and a1, a2, a3 are the eigenvalues and eigenvectors. g^
and gi were calculated assuming axial symmetry for the molecular g

tensor of the copper ions.

The angle 2a between the normals nA and nC to the planes of ligands to

copper ions in sites A and C in the abc coordinate system calculated

from our EPR data and from the crystallographic results [22] are

included.
arg)2 Æ SO4 we followed a procedure described previ-

ously [32–34]. Since the coordination around the cop-

per ion is approximately square planar, we assumed

axially symmetric molecular g-tensors with hm and

um being the polar and azimuthal angles corresponding

to the direction along which gi is measured for copper
ions in site A. With this assumption we obtained from

the single crystal results the values of gi, g^, hm, um

and the angle 2a between the apical directions corre-

sponding to copper sites A and C (or B and D) in-

cluded in Table 2. The angular values are in good

agreement with those obtained from the crystal struc-

ture (also included in Table 2), thus supporting the

assumptions made in the calculation. The values of gi
and g^ are similar to those reported by Ohata et al.

[22] in frozen solution (gi = 2.26, g^ = 2.08), indicating

similar ligand environments for the copper ions in solu-

tion and in the solid.

The powder spectra measured at X- and Q-bands

(not shown) was simulated using the program Simfonia

(Bruker Instruments) using the values of the g-tensor

and the angular variation of the line with observed in
the single crystals. A very good agreement obtained be-

tween simulations and data at both microwave frequen-

cies reflects the quality of the single crystal study.

The fact that a single resonance is observed in the ac

and bc planes indicates that the exchange interaction

JAB collapses the resonances corresponding to the mag-

netically nonequivalent copper ions A and B. This

observation indicates that |JAB| P |DgABlBB| and, con-
sidering the values of the molecular g-tensors and the

orientation of A and B molecules in the crystal, we ob-

tain |J1| = |JAB| P 0.9 K.

5.2. The EPR line width

Fig. 3 displays the angular dependence of the line

width DBpp(h,u) at 34.1 GHz, in the crystalline planes
ab, ca and cb. The symbols represent the experimental

data and the solid line close to the b-axis were calculated

as explained before. Using Eqs. (5)–(7), the values of the

non-diagonal components of the molecular g-tensors,
and the line width results in Fig. 3, we calculated

�hxð3Þ
ex =kB ¼ 0:016ð2Þ K from the data in the ab plane.

Considering Eq. (8) and the structural discussion given

above, this result allows to evaluate the smaller ex-
change interaction |J2|/kB = 0.009(2) K, that according

the discussion in the structural section is assigned to

|JAC|. The EPR method does not allow obtaining the

sign of the interaction.
6. Discussion and conclusions

The values of the components of the g-tensor

at two microwave frequencies are similar, and the
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differences observed can be attributed to small non-

secular contributions arising from Hz1 (Eq. (6)). Our

values of the g-factors obtained from the single crystal

data are more accurate than those from [22] obtained

from simulations of the spectra of powder samples and

we also provide the eigenvectors of the g-tensor. The
eigenvalues of the g-tensor given in Table 2, indicate

a d(x2 � y2) for the ground state orbital [35] of Cu

in Cu(LL-arg)2SO4, as already observed by Ohata

et al. [22].

From our experimental results we can not evaluate

the exchange interaction JAA between equally oriented

nearest neighbor copper ions along the a axis sepa-

rated by 13.152 Å because this interaction commutes
with the Zeeman interaction and does not affect the

EPR spectra.

Considering that in the present case d(Cu–

Oap) = 2.461 Å, the lower limit |JAB|/kB P 0.9 K

estimated above for the exchange coupling between

neighbor coppers in A and B sites at d = 5.908 Å from

the collapse of the resonances in the ac and bc planes,

compares well with the prediction |JAB|/kB � 0.9 K of
the model proposed by Levstein and Calvo [36] for the

magnitude of the exchange interaction transmitted by

equatorial–apical carboxylate bonds. This prediction is

also supported by the results of specific heat measure-

ments at very low temperatures [37,38].

From the angular dependence of the line width dis-

played in Fig. 3b, we evaluated the parameter |J2|/

kB = 0.009(2) K which according to the structural dis-
cussion is associated with the chemical path PAC1

shown

in Fig. 5, e.g., |JAC|/kB = 0.009(2) K. The length of this

path is 19.789 Å and it includes 9 r-bonds and 2 H-

bonds involving an oxygen atom from the sulphate

anion.

Exchange interactions between copper ions con-

nected by syn–anti carboxylate bridges have been evalu-

ated by Colacio et al. [39] and Costa-Filho et al. [30]
using magnetic measurements in different compounds.

Using the definition of J given in Eq. (3), they reported

ferromagnetic interactions with magnitudes values J/

kB = 4.8 and 3.9 K, respectively. These values are larger

than that reported here for the interaction transmitted

through the path PAB in Cu(LL-arg)2SO4, because the

equatorial–equatorial carboxylate path connecting cop-

per ions in the compounds studied in [30,39] is stronger
than the equatorial–apical carboxylate bond occurrying

in Cu(LL-arg)2SO4.

Hoffmann et al. [17] studied the dependence of the

weak superexchange interaction with the length of the

chemical paths in copper (II) compounds. Calvo et al.

[40] performed a similar analysis of magnitudes of ex-

change interactions between unpaired spins in protein

structures. In both cases the results were analyzed con-
sidering a dependence of |J| with distance (d) given by

the exponential function,
jJ j / expð�bJ dÞ;

where, according to Hoffmann et al. [17], bJ = 0.33 Å�1,

and according to Calvo et al., bJ = 0.66 Å�1. Consider-
ing the values of |JAB| and |JAC| estimated here in Cu(LL-

arg)2SO4, and the distances between A and B, and A and

C copper neighbors, we estimate bJ = 0.47 Å�1, in very

good agreement with these previous values. These esti-

mates do not consider specific details of the paths and

are useful to obtain crude predictions of the magnitude

of the interactions (see [40]).

An exchange interaction between the reduced qui-
none acceptors Q�

A and Q�
B in the biradical Q�

A Q�
B of

the photosynthetic reaction center protein from the

bacterium Rb. Sphaeroides was recently evaluated

[13a,b]. The magnitude of the coupling measured by

EPR measurements at 326 GHz, |J/kB| = 0.0039(1) K

[13b], is very similar to the value obtained for J2 in

the model system studied here. According to the struc-

tural data for the reaction center [41], the distance be-
tween the ring centers of the two quinone acceptors is

17.2 Å and the chemical path connecting the quinones

(shown in Fig. 9 of reference [13a]) contains 13 atoms,

including two hydrogen bonds. It is the path for the

electron transfer between the two quinones during the

photosynthetic cycle. The similarity of the magnitudes

of the exchange interactions measured in a model sys-

tem and in an electron transfer protein which are sup-
ported by similar paths is an important result of our

work. It indicates that it is valid using model systems

to estimate exchange interactions between unpaired

spins (metal or radical ions) transmitted along long

chemical paths containing sigma and H-bonds. Thus,

more systematic measurements of exchange interac-

tions in model systems are needed. Also, theoretical

work treating with greater detail the relationship be-
tween exchange interactions and the matrix elements

for electron transfer supported by equal chemical paths

[13] would be important to improve calculations of

electron transfer rates. As the weakest segments of

the chemical paths are the H-bonds one should pro-

gress experimentally and theoretically in the under-

standing of exchange interactions supported by these

bonds.
In conclusion, this work provides a detailed single

crystal EPR study of electronic properties and magne-

to-structural correlations for the ternary copper com-

pound Cu(LL–arg)2SO4. We evaluate the principal

values and directions of the g-tensor of the copper ion

and, most important, estimate the magnitudes

|J1|/kB � 0.9 K and |J2|/kB = 0.009 K of the exchange

interactions between nearest neighbor copper ions and
assign them to specific diamagnetic chemical paths in

the structure of Cu(LL-arg)2SO4. These results were suc-

cessfully compared with measurements in other com-

pounds and in a relevant electron transfer protein.
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They proof the value of EPR to selectively measure ex-

tremely weak exchange interactions (0.0003 < |J/kB| < 1

K).
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