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b Department of Chemistry, University of Florida, Gainesville, FL 32611-7200, USA

Received 21 January 2006
Available online 18 October 2006
Abstract

The electronic structure of the Mn(II)-imidazole binding was studied by EPR spectroscopy using the model complex Mn(Im)6 diluted
in a single crystal of Zn(Im)6Cl2Æ4(H2O). The second rank zero-field splitting (ZFS) tensor (D tensor) of the two sites, a and b, present in
the crystal was determined by measuring the orientation patterns of the echo-detected EPR spectra in three different planes at 10 K
(Da = �106, Db = �118, Ea = �17, Eb = �22 · 10�4 cm�1. Euler angles with respect to the crystal habitus: aa = 13�, ba = 76�,
ca = 108.5�, ab = 14�, bb = 73.5�, cb = 103.5�). The contribution of cubic ZFS terms to the spectrum allowed us to determine the orien-
tation of the N–Mn–N directions of the complex as well (Euler angles in the D tensor reference frame a = 100�, b = 23�, c = 0�, both
centers having the same orientation). The hyperfine interactions with 14N were explored by HYSCORE spectroscopy. The correlation
patterns and modulation amplitudes in the 2D experiments were studied for different electron spin transitions and orientations of the
crystal. Signals of three different pairs of nitrogens were found. The results were analyzed considering that the N–Mn binding directions
are principal directions of the hyperfine and nuclear quadrupole tensor of 14N. All three pairs of nitrogens were found to be almost equiv-
alent with an isotropic contribution of Aiso � 3.2 MHz and an almost axial anisotropic coupling of 2T � 1.1 MHz along the N–Mn
bonding direction. The nuclear quadrupole principal values are 1.5 MHz along the bonding direction, �0.6 MHz in the direction per-
pendicular to the imidazole plane, and �0.9 MHz in the direction perpendicular to both.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Even though only found as a trace element in living
organisms, Mn has attracted much attention in the past
15–20 years due to its occurrence in the active sites of about
a score of different enzymes, with human MnSOD (super-
oxide dismutase) and the photosynthetic oxygen-evolving
complex being perhaps the most prominent ones. Mn can
assume a variety of different oxidation states in these
enzymes, the most common being Mn(II) and Mn(III).
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The ligand environment of the metal center allows for the
fine-tuning of its redox potential which is critical for its bio-
logical function. Apart from enzymes where it is part of the
active site, Mn(II) can replace other ions, sometimes with-
out loss of functionality; for example Mg(II), which is vital
for the folding and function of many enzymes and nucleic
acids [1,2]. Mn(II), which is a paramagnetic ion with five
unpaired electrons and spin S = 5/2, is therefore a very
popular probe for EPR investigations of metal binding
sites and ligand interactions (see Reed and Markham [3]
for a review). In all biomolecules containing manganese,
this transition metal ion is found to be (very often 6-fold)
coordinated to protein residues, substrates and water mol-
ecules. Among these, the imino nitrogen in the imidazole
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ring of histidine side chains is one of the most common
ligands for Mn(II) ions [1].

Analogues or model complexes of the paramagnetic
metalloproteins are often more amenable to detailed
scrutiny than the proteins themselves, and their EPR
characterization can help to evaluate the spin density dis-
tribution, providing a structural framework for under-
standing the changes that take place during protein
activity.

Hyperfine interactions between the unpaired electrons of
Mn(II) and nuclear spins in the immediate vicinity of the
ion provide a means for unequivocal identification of the
ligands. They can also supply information about distances,
geometry and the electron spin distribution at the active
site. However, continuous-wave (cw) EPR signals from
Mn(II) complexes are typically too broad to permit detec-
tion of hyperfine splittings from weakly coupled nuclei
(superhyperfine coupling) which are normally obscured
within the linewidth.

Electron nuclear double resonance (ENDOR) and elec-
tron spin echo envelope modulation (ESEEM) spectrosco-
pies, on the other hand, have the potential for detecting
hyperfine and nuclear quadrupole couplings even in
solid-state broadened EPR spectra. In particular, two-
dimensional HYSCORE spectroscopy [4] can provide
better resolution, which is required when many magnetic
nuclei are close to the paramagnetic center.

Unlike for systems with electron spin S = 1/2, ESEEM
spectra of high-spin systems have not been widely studied.
One of the reasons why investigations of such ions are
more difficult is that in orientationally disordered systems
a large number of spin transitions contribute to the
ENDOR or ESEEM spectra, which results in a loss of
spectral resolution. Several theoretical/computational
approaches have been explored to determine independently
the contributions of the different transitions to the ESEEM
spectra [5–8], but these methods have not been sufficiently
checked against experimental data.

Some studies report on hyperfine interactions of Mn(II)
with magnetic nuclei such as 31P, 14N, 1H, 15N or 13C pres-
ent in residues, nucleotides or substrates of a number of
different Mn(II)-containing or Mn(II)-substituted biomole-
cules where ESEEM or ENDOR were used to probe the
structure and conformational changes of the active site
[9–19]. Although some signals in the ESEEM spectra of lec-
tins and cytochrome c oxidase have been assigned to a
coordinating nitrogen of a histidine residue [20–22], little
information is available about manganese–imidazole nitro-
gen interactions.

To examine in detail the binding between manganese
and nitrogen, in particular the manganese–histidine super-
hyperfine interactions, we studied the model complex
Mn(Im)6 by means of Q-band HYSCORE spectroscopy.
To reduce the problem of overlapping transitions, single
crystals were used. Prior to the HYSCORE study the cw-
like EPR spectra were measured in three rotational planes
of a single crystal. This data provided the zero-field
splitting (ZFS) parameters and allowed us to locate the
molecular axes of the complex with respect to the crystal
habitus. Then, by measuring HYSCORE spectra at differ-
ent magnetic field orientations, the hyperfine and nuclear
quadrupole tensors of the six coordinating nitrogens were
determined. We present experimental data on Mn–N
hyperfine interactions, where the contributions of the dif-
ferent electron spin transitions have been identified and
separated. This information can be used to predict and
interpret the spectra of disordered systems containing
Mn(II) and provides us with a better understanding of
the behavior of the nuclear modulation effect in high-spin
systems.

2. Theoretical basis

In the high-spin state the d5 ion Mn2+ has a 6S5/2 ground
state. Additionally, the isotope 55Mn (100% natural abun-
dance) has a nuclear spin I = 5/2. The spin Hamiltonian
used to describe the CW-EPR spectra consists of several
terms accounting for electron and nuclear Zeeman interac-
tions, hyperfine couplings, zero-field splitting and nuclear
quadrupole interactions,

H ¼ HEZ þ H HF þ H ZFS þ H NZ þ HNQ: ð1Þ

The specific form of this Hamiltonian is detailed as a func-
tion of spin operators
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The first term describes the electron Zeeman interaction.
Since the ground state has zero orbital angular momentum,
the g tensor can be considered isotropic and very close to
the value of the free electron. The hyperfine interaction
of the manganese nucleus described by the second term
in Eq. (2) is usually also isotropic. The remaining terms de-
scribe the zero-field splitting. The third and fourth terms
are the second-rank contributions to the zero-field split-
ting, which are only different from zero for symmetries low-
er than cubic. D and E are the axial and rhombic
parameters that describe this traceless ZFS tensor (D
tensor).

In this work the fourth-rank contributions to the zero-
field splitting have also to be considered in the description
of the spectra. The fifth term in Eq. (2) is the cubic ZFS
term and the sixth term describes the corresponding contri-
bution for axial symmetry. Note that in Eq. (2) Sx, Sy and
Sz are the spin operators with respect to the symmetry axes
of the D tensor and Sx0 , Sy0 and Sz0 are the spin operators
with respect to the cubic axes. The nuclear Zeeman and
nuclear quadrupole coupling terms have been omitted in



Fig. 1. Structure of the Mn(Im)6 complex. The data have been obtained
by X-ray diffractometry and processed with WebLab ViewerPro.

132 I. Garcı́a-Rubio et al. / Journal of Magnetic Resonance 184 (2007) 130–142
Eq. (2), they are not relevant for the interpretation of the
cw EPR spectra.

When the spin Hamiltonian in Eq. (2) is dominated by
the electron Zeeman interaction, the magnetic fields at
which the lines in the spectrum are observed can be written
in first order as [23–26],
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where q = 35cos4h � 30cos2h + 3 and X = 1
� 5(l2m2 + n2m2 + l2n2); h and / being the polar and azi-
muthal angles of the magnetic field with respect to the D

tensor and l, m, and n are the direction cosines of the mag-
netic field with respect to the cubic axes.

Consequently, for the EPR spectrum of Mn(II) one
expects 30 lines because the five electron-spin multiplets,
which differ in energy due to the zero-field splitting, are fur-
ther split into six hyperfine lines each. Taking Eq. (3) into
account, the hyperfine lines will be spread by the same field
value. However, the splitting between the five EPR multi-
plets is modified by the cubic term of the ZFS in the
Hamiltonian.

From the HYSCORE spectra the hyperfine and nuclear
quadrupole interactions of the six surrounding nitrogen
nuclei (I = 1) can be extracted. For each nucleus k the stat-
ic nuclear spin Hamiltonian is given by

Hn;k ¼ �lngnB0Ik þ SAkIk þ IkQkIk: ð4Þ
If the ZFS terms are small the electron Zeeman interaction
dominates the Hamiltonian in Eq. (2). Then, the effect of
the ZFS on the nuclear frequencies can be neglected [6]
as the electron spin can be considered quantized along
the magnetic field direction u. The operator S in Eq. (4)
can be substituted by ÆSæ = mSu, where mS is the expected
eigenvalue in each electron spin manifold.

If the nuclear Zeeman interaction is the dominant con-
tribution in the nuclear spin Hamiltonian, or the hyperfine
tensor is predominantly isotropic, the nuclear frequencies
are given in first order by

mðdqÞ ¼2mSAuu � 2mN

mðsq1Þ ¼mSAuu � mN þ
3

2
Quu ð5Þ

mðsq2Þ ¼mSAuu � mN �
3

2
Quu;

where Auu and Quu are the hyperfine and nuclear quadru-
pole coupling constants along the magnetic field and mN

is the Larmor frequency of nitrogen. Note that the hyper-
fine contribution to the nuclear frequency depends on the
electron spin manifold.

The turning angle b of the magnetization produced by a
microwave pulse of duration tp and magnetic field ampli-
tude B1 also depends on the electron transition excited by
the pulse [8],

b ¼ cmS m0S
lBgB1tp;

where cmS m0S is
ffiffiffi
5
p

;
ffiffiffi
8
p

, and 3 for the transitions
j � 5

2
i $ j � 3

2
i; j � 3

2
i $ j � 1

2
i, and j1

2
i $ j � 1

2
i, respectively.

3. Results and analysis

Single crystals of hexaimidazole zinc(II)dichloride-tetra-
hydrate doped with 0.5% Mn(II) were produced as
described in Section 6 and their quality was verified by
X-ray diffraction. The structure of the complex is displayed
in Fig. 1. The central cation (Zn or Mn) in this complex is
coordinated to the imino group of three pairs of opposed
imidazole rings that are oriented perpendicular to each
other, forming an approximately octahedral environment
for the Mn(II) ions. According to the crystal structure, lay-
ers of hexaimidazole complexes and layers of chloride ions
and water molecules alternate in the crystal [27,28].

3.1. FID-detected and echo-detected EPR

The field-swept EPR spectra were recorded via integra-
tion of an FID or a two-pulse echo, resulting in absorption
spectra. Forbidden transitions usually do not show up in
these spectra, because of the low turning angles [29]. An
advantage of these techniques over conventional cw-EPR
is their ability to show appropriate intensities in spectra
with very broad lines. In cw-EPR with field modulation
such lines are usually very weak in intensity. The
measurements were carried out at Q-band (�35 GHz). At
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this frequency the magnetic field is high enough for the
Zeeman term to dominate the spin Hamiltonian of the sys-
tem. Consequently, the analysis of the fine structure can be
carried out with the ZFS treated as a first-order
perturbation.

An FID-detected single crystal EPR spectrum recorded
at 10 K is shown in Fig. 2. In this spectrum 54 lines instead
of the expected 30 lines are observed. All but the central
lines (mS: �1/2 fi 1/2) are split into doublets with equal
intensity. This is caused by the twinning of the crystal with
an approximately equal amount of two different centers
(center a and b). This effect has already been observed in
an earlier study [30] and was attributed to the doping of
the crystal with manganese. All split lines correspond to
outer transitions involving higher electron spin manifolds.
Since the spectrum was taken at low temperature
(T = 10 K) the population difference between the spin man-
ifolds is readily visible. From the difference in the intensi-
ties the sign of the axial ZFS parameter (D) can be
deduced, since it represents the main contribution to the
fine structure. D was found to be negative, this can be real-
ized even from this particular spectrum, which was taken
with a crystal orientation where B0 is close to zD, in view
of the fact that the j�5/2 æ fi j�3/2æ transitions are shifted
toward lower fields.

To determine the fine structure, the mid-point for each
set of hyperfine lines was taken and plotted as a function
of the position of the crystal with respect to the external
magnetic field. Rotations of 180� were performed in three
different planes almost perpendicular to each other
Fig. 2. FID-detected Q-band EPR spectrum for an orientation of the
magnetic field close to zD. The lines corresponding to the same fine-
structure level have been grouped. Note the twinning of the crystal, which
is revealed by a doubling of the outer lines involving higher electron spin
manifolds. Stars: j � 5

2
i $ j � 3

2
i transitions, circles: j � 3

2
i $ j � 1

2
i transi-

tions, squares: j � 1
2
i ! j þ 1

2
i transitions.
(see insets in Fig. 3). The first rotation was performed
around the axis perpendicular to the largest face of the
crystal (Rot. 1). The second rotation axis was perpendicu-
lar to the z-axis of the D tensor (Rot. 2), and the last rota-
tion was carried out around the z-axis (Rot. 3). The
Fig. 3. Rotation diagrams of the Mn(Im)6 complex. The difference
between the position of the lines (B) and the magnetic field corresponding
to g = 2 (B0) has been plotted as a function of the orientation. The circles
represent the position of the experimental lines of center a and the stars the
ones of center b, the central lines (which barely change position with the
rotation angles) are represented by circles but they correspond to both
centers. The solid lines are the calculated rotation patterns obtained using
the parameters given in Table 1. (a) Rotation pattern 1 (Rot. 1); (b)
Rotation pattern 2 (Rot. 2); (c) Rotation pattern 3 (Rot. 3). The insets
indicate the rotation axes for each of the diagrams. The orientation labeled
with an asterisk is the one at which the spectra of Fig. 5 were taken. The
orientation labelled with a cross is the one corresponding to the spectrum
in Figs. 6 and 7.



Fig. 4. Rotation pattern of the derived quantities F and G (for definition
see text) in the three rotation planes used in Fig. 3. Open circles and stars
represent the experimental values for center a and b, respectively. The solid
lines are fittings to the experimental values with the parameters given in
Table 1. (a) Rotation pattern 1 (Rot. 1); (b) Rotation pattern 2 (Rot. 2);
(c) Rotation pattern 3 (Rot. 3). The asterisk and the cross label the
orientations at which spectra in Figs. 5 and 6 were taken, respectively. The
orientations at which the magnetic field is perpendicular to zD in Rot. 1
and Rot. 2 are labeled P1 and P2, respectively.
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rotation diagrams are displayed in Fig. 3. The positions of
the lines representing the mS: 1/2 fi 3/2 and mS: 3/2 fi 5/2
transitions have been omitted as they are symmetric to the
transitions mS: �3/2 fi �1/2 and mS: �5/2 fi �3/2,
respectively.

The first rotation diagram (Fig. 3a) was performed by
rotating the magnetic field within the large face of the
crystal. Assuming that the most important contribution
to the splitting between the different electron spin mani-
folds originates from the third term in Eq. (2), the orien-
tation with the maximum splitting corresponds to the
projection of the z-axis of the D tensor (zD) onto this
plane. For the first rotation diagram this happens at
13� from the xR habitus axis of the crystal. In the second
rotation pattern the magnetic field was rotated in a plane
perpendicular to the first rotation plane containing the
previously determined projection of zD on the face of
the crystal. The direction of maximum splitting in this
pattern determines zD, which forms angles of 14� and
16.5� with respect to the crystal plane for centers a
and b, respectively. Once the direction of zD was deter-
mined in this way, the third rotation pattern was mea-
sured using zD as the rotation axis of the crystal
perpendicular to the external magnetic field.

As already implicitly mentioned in the theoretical sec-
tion, the spin Hamiltonian of the system has ten indepen-
dent parameters to adjust; namely, the ZFS parameters D

and E, three angles to locate the axes of the D tensor with
respect to the laboratory axes, the parameters a and F, and
the three angles that position the cubic axes with respect to
any other coordinate system. To reduce the number of
parameters that have to be adjusted simultaneously, it is
worth noting that the quantity
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only depends on the second-rank ZFS, whereas the
quantity
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only contains parameters of the forth-rank term of the
ZFS. This allowed us to divide the fitting procedure into
two independent steps, varying only four or five indepen-
dent parameters at the same time. The experimental val-
ues of the quantities F and G and their corresponding
best fits are shown in Fig. 4. The resulting values of
the parameters for both centers are given in Table 1.
Note that the two centers differ from each other in their
values D and E, while the orientation of the two D ten-
sors is only slightly different. On the other hand, the G

quantities for the two centers could be predicted with
the same parameters, since the experimental values of
G for both centers are the same at all orientations within
error limits. The dominating octahedral symmetry of the
complex suggests that the axes of the cubic contribution
of the ligand field (cubic axes) correspond to the molec-
ular symmetry axes, namely, the directions between the
manganese ion and its imidazole ligands. This indicates
that in both twins the molecular axes are the same, so
that both complexes have the same orientation. Conse-
quently, it seems that the twinning of the crystals causes
just slightly different D tensors in the two twin
structures.



Table 1
Spin Hamiltonian parameters for the two centers in the crystal

D E aD bD cD F a aC bC cC

Center a �106 ± 2 �17 ± 1 13 ± 2 76 ± 3 108.5 ± 5 5 ± 3 24 ± 2 180 ± 4 55 ± 4 �141 ± 11
Center b �118 ± 2 �22 ± 1 14 ± 2 73.5 ± 3 103.5 ± 5

The values of D, E, F and a are given in 10�4 cm�1. The Euler angles of the D tensor (labeled with the subscript D) and those of the cubic axes (subscript
C), both with respect to the axes of the crystal, are given in degrees.
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3.2. HYSCORE

The hyperfine interactions of the electron spins of
Mn(II) with the nuclear spins of the surrounding nitrogens
were studied by means of HYSCORE spectroscopy per-
formed at Q-band [4]. In this 2D experiment pairs of peaks
are observed symmetrically placed with respect to the main
diagonal. Each dimension corresponds to a nuclear fre-
Fig. 5. Q-band HYSCORE spectra of Mn(Im)6 recorded at one of the electr
mS : j � 3

2
i ! j � 1

2
i, B0 = 1179 mT, s = 208 ns; (c) mS : j � 1

2
i ! j þ 1

2
i, B0 = 125

the D tensor (zD). This orientation is labeled with an asterisk in the rotation p
patterns a and b can be calculated in a first-order approximation. In this case th
tracing a line parallel to the diagonal from the dq peaks. The value where thi
drawn, it crosses the diagonal at 2mN + 4A for the j � 5

2
i ! j � 3

2
i transitions and

peaks (see text) have been highlighted.
quency in an electron spin manifold that is connected by
the EPR transition to another electron spin manifold, with
DmS = 1.

Typically, the HYSCORE spectra were measured at
three different field positions, containing the transitions
j � 5

2
i ! j � 3

2
i, j � 3

2
i ! j � 1

2
i, or j � 1

2
i ! j1

2
i. Fig. 5 depicts

the spectra measured for B0 parallel to zD. This orientation
is labeled with an asterisk in Fig. 3. The spectrum in Fig. 5a
on spin transitions: (a) mS : j � 5
2
i ! j � 3

2
i, B0 = 1183 mT, s = 208 ns; (b)

1 mT, s = 96 ns. The magnetic field for all spectra is parallel to the z-axis of
atterns shown in Figs. 3, 4 and 8. The nuclear frequencies in correlation
e hyperfine coupling constant can be directly extracted from the spectrum

s line crosses the abscissa is 2A. If a line perpendicular to the diagonal is
at 2mN + 2A for j � 3

2
i ! j � 1

2
i. In spectrum b the crosses formed by the sq



Table 2
Frequencies and assignation of the correlation peaks appearing in
spectrum 5c

Peak frequencies Nucleus Correlation type

Basic frequencies (4.15,1.35) N1 sq–sq
(6.45,3.95) N3 sq–sq

(10.80,5.30) N3 dq–dq

Combination frequencies (4.15,2.70) N1 sq–2dq
(6.45,1.35) N3, N1 sq–sq
(6.45,2.70) N3, N1 sq–2dq
(6.45,5.35) N3, N1 sq–sq+sq
(8.30,2.70) N1 2dq–2dq

(10.80,1.35) N3, N1 dq–sq
(11.10,1.35) N2, N1 dq–sq
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corresponds to the outermost of the transitions
j � 5

2
i ! j � 3

2
i. Several cross-peaks can be observed in the

(+,+) quadrant. Those with the frequencies (20.8, 15.5)
MHz and (22.0,16.2) MHz seem to fulfill the first expres-
sion in Eq. (5), since five times the higher frequency minus
three times the lower frequency is approximately four times
the nuclear Larmor frequency of 14N, mN = 3.64 MHz for
this field position. These cross-peaks are consequently
assigned to the double-quantum (dq) frequencies of two
14N nuclei with slightly different hyperfine interactions.
The cross-peaks at lower frequencies are assigned to sin-
gle-quantum (sq) transitions in both manifolds. After per-
forming a complete analysis of the data (see below) the
peaks can be assigned to three different nuclei.

The spectrum in Fig. 5b was recorded at one of the tran-
sitions j � 3

2
i ! j � 1

2
i; again the correlations observed at

higher frequencies are assigned to dq–dq frequencies and
the other peaks to sq-sq frequencies. Note that the two most
intense pair of peaks in the spectrum in Fig. 5a at (11.8, 9.0)
MHz and (12.1, 7.9) MHz are also (weakly) visible in the
spectrum in Fig. 5b. This is because the excitation is not
completely selective to the chosen j � 3

2
i ! j � 1

2
i transition

and the microwave pulses also excite one of the
j � 5

2
i ! j � 3

2
i transitions of centre b, whose resonance field

is close to the one set for the experiment. This pair of peaks is
located in the spectrum in a way that, together with the sq-sq
cross-peaks at (9.0,6.3) and (7.9,4.0) MHz, they form cross-
es with the two peaks sharing one of its frequencies. Indeed,
frequencies belonging to the mS = �3/2 manifold can be
observed in the spectra in Fig. 5a and Fig. 5b, since both
transitions have a level of this manifold in common. Most
of the peaks in the spectrum in Fig. 5a have one of the fre-
quencies in common with a peak in the spectrum in
Fig. 5b (except for a small difference which is attributed to
the shift of the magnetic field). In this way some of the nucle-
ar frequencies can be tracked down in the different electron
spin transitions. On the other hand, the fact that the crosses
above mentioned have a very regular shape (the four end-
points are all equidistant from the intersection of the cross),
means that the frequency differences in the mS = �3/2 and
the mS = �5/2 manifold are the same as the frequency differ-
ences in the mS = �3/2 and the mS = �1/2 manifold, which
is consistent with the first-order approximation (see Eq. (5)).

The lines in the spectrum corresponding to the transition
j � 1

2
i ! j1

2
i (Fig. 5c) are more intense and can be observed

in both quadrants. The spectrum is dominated by sq-sq
cross-peaks at (4.15,1.35) MHz tracked down from the
most intense peak in the spectrum in Fig. 5b, another sq–
sq peak appears at (6.45,3.95) MHz. In addition a set of
dq–dq peaks is observed at (10.8,5.30) MHz, but their
intensity is very low and the peaks are not further resolved.
In this spectrum also a large number of combination peaks
are observed, whose frequencies are sums or differences of
basic nuclear frequencies in the same electron spin mani-
fold (see Table 2). For example, a correlation peak can
be found at (8.3,2.7) MHz, with frequencies twice as large
as the ones of the most intense sq–sq peaks. The presence
of such peaks at the double frequencies implies the exis-
tence of (at least) two equivalent nuclei.

The spectra at other field orientations look similar,
reduction of resolution and strengthening of the combina-
tion peaks being a common behavior when going from out-
er to central transitions. No difference was observed
between HYSCORE spectra of centers a and b. The echoes
of the transitions j þ 1

2
i ! j þ 3

2
i and j þ 3

2
i ! j þ 5

2
i are

weaker, since the corresponding levels are sparsely populat-
ed under the experimental conditions. It was therefore dif-
ficult to follow these transitions as a function of the
orientation and systematically measure the HYSCORE
spectra. Nevertheless, a HYSCORE spectrum of the
j þ 1

2
i ! j þ 3

2
i transition could be measured (Fig. 6) for

the orientation labeled by a cross in Fig. 3.
The most striking feature of this 2D spectrum is the

abundance of intense cross-peaks in both quadrants. For
the most intense peaks one of the frequencies is below
2.7 MHz; which represents nuclear transitions in the
mS = +3/2 manifold. The frequencies of the mS = +1/2
manifold can be traced from the j � 1

2
i ! j þ 1

2
i spectrum,

and peaks with twice or even three times these frequencies
become visible, generating the regular pattern in the spec-
trum. The spectrum is consistent with two pairs of different
nitrogen nuclei, which are very close to the exact cancella-
tion condition in the mS = +3/2 manifold (A � 3/2mN).
Both sets of nuclei (N1 and N2 as assigned in Table 3) hap-
pen to have approximately the same nuclear frequencies in
the mS = +1/2 manifold.

Fig. 7 shows the first time trace of the HYSCORE spec-
tra for the same orientation as in Fig. 6 and the transitions
j � 5

2
i ! j � 3

2
i, j � 3

2
i ! j � 1

2
i, j � 1

2
i ! j þ 1

2
i, and

j þ 1
2
i ! j þ 3

2
i. The modulation is very shallow for the

j � 5
2
i ! j � 3

2
i transitions, increases for the j � 3

2
i ! j � 1

2
i

transitions and is very deep in the other two.
To characterize the hyperfine interactions, HYSCORE

spectra were measured for different orientations within
the previous rotation patterns. Several spectra were taken
with the magnetic field perpendicular to zD (Rot. 3). In
this plane, the projection of the magnetic field onto the
plane xCzC of the cubic reference frame forms an angle
of approximately 30� with the axis xC. In Rot. 3 the



Fig. 6. Q-band HYSCORE spectrum of Mn(Im)6 for one of the electron spin transitions mS : j þ 1
2
i ! j þ 3

2
i, s = 208 ns. The magnetic field is close to the

cubic axis yC, which correspond to an angle of 22� in Rot. 3. This orientation is labeled with a cross in the rotation patterns of Figs. 3, 4 and 8.

Table 3
Principal values of the hyperfine and nuclear quadrupole tensors of the
three pairs of 14N atoms coordinating Mn(II) in Mn(Im)6

N1 N2 N3

QX 0.7 �1.5 0.8
QY 0.8 0.5 �1.5
QZ �1.5 1.0 0.7

AX 2.50 4.37 2.75
AY 2.62 2.65 4.40
AZ 4.45 2.64 2.60

Aiso 3.19 3.22 3.25
2T 1.26 1.15 1.15

2Tcal (r = 2.19 Å) 1.09
2Tcal (r = 2.27 Å) 0.98

The principal directions are assumed to be the Mn–N binding directions.
The values are given in MHz and the errors in the parameters have been
estimated to be ±0.1 MHz. 2T denotes the anisotropic hyperfine contri-
bution in the binding direction and 2Tcal the one calculated in the point-
dipole approximation.

Fig. 7. First trace of Q-band HYSCORE spectra for different electron
spin transitions. (a) mS : j � 5

2
i ! j � 3

2
i, s = 144 ns, (b) mS : j � 3

2
i ! j � 1

2
i,

s = 144 ns. Note that traces (a) and (b) have been multiplied by a factor of
10, (c) mS : j � 1

2
i ! j þ 1

2
i, s = 144 ns, (d) mS : j þ 1

2
i ! j þ 3

2
i, s = 208 ns.

The orientation of the magnetic field is the same as for the previous spectra
in Figs. 6, labeled with a cross in Figs. 3, 4 and 8.
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magnetic field is approximately along the axis yC at a
rotation angle � 13�. The values of the nuclear frequen-
cies were extracted from the different spectra and
assigned by tracing them down and by comparing them
with the calculated values (see below). Plots of the nucle-
ar frequencies versus rotation angle are presented in
Fig. 8a for dq frequencies and in Fig. 8c for sq frequen-
cies. In addition, HYSCORE measurements were carried
out for magnetic field orientations with zD in the rota-
tion plane (Rot. 2), which contains the direction closest
to the cubic axis zC of all three rotations. The corre-
sponding nuclear frequencies are displayed in Figs. 8b
and d. Considering all experimental spectra, six nitrogen



Fig. 8. 14N nuclear frequencies of the probed electron spin manifolds as a function of the orientation. The experimental points are displayed as: open
circles when the nuclear frequency is assigned to the pair of nuclei N1, crosses for nuclei N2 and stars for N3. The lines represent the fittings using the
parameters shown in Table 3; solid line for N1, dotted line for N2, and dashed line for N3. (a) Rotation 3: dq frequencies, (b) Rotation 2: dq frequencies,
(c) Rotation 3: sq frequencies, and (d) Rotation 2: sq frequencies. All the sq frequencies were calculated but only the ones needed to fit the experimental
points have been displayed. The electron spin manifold to which the nuclear frequencies belong is also indicated. Some of the experimental points and
calculated lines are doubled due to the fact that certain nuclear frequencies are detected for two different electron spin transitions.
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nuclei equivalent in pairs are found. Each pair of equiv-
alent nitrogen nuclei had to be identified as the diamet-
rically opposed pairs of coordinating nitrogens.
The hyperfine and nuclear quadrupole couplings for the
three pairs of magnetically equivalent nitrogens are given
in Table 3. Several assumptions were made to find these
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parameters. First, since the cubic axes coincide with the
axes of the octahedral crystal field, it is expected that they
correspond to N–Mn binding directions. Second, it seems
reasonable that the bonding axes of such a symmetrical
structure are also principal axes of the hyperfine and nucle-
ar quadrupole tensors of the coordinated nitrogen nuclei.
As a first working hypothesis we considered all six nitrogen
nuclei as geometrically equivalent, the nuclear spin Hamil-
tonian parameters were preliminary calculated with Eq. (5)
and then refined by fitting the patterns in Fig. 8 to the
nuclear spin Hamiltonian in Eq. (4).

4. Discussion

By fitting the rotation patterns of the FID-detected or
echo-detected EPR spectra, we have shown in the previous
section how the orientation of the D tensor axes and the
cubic axes could be determined with respect to the crys-
tal-fixed reference frame. However, the optimum fitting
requires for every rotation pattern a slightly different orien-
tation of the two sets of axes mentioned above; this is due
to small misorientations of the crystal, giving rise to small
errors in the determination of the Euler angles.

To get an estimate of the misorientation, we considered
the rotation pattern Rot. 3, which contains the orientations
of the magnetic field that are perpendicular to zD. The rota-
tion patterns Rot. 1 and Rot. 2 also contain one direction
in which the magnetic field is perpendicular to zD; for Rot.
1 this direction (labeled P1 in Fig. 4) is at 90� of the projec-
tion of zD in the plane of the crystal. In Rot. 2 this orien-
tation has been labeled as P2 in Fig. 4. As P1 is the axis
of rotation of Rot. 2, both directions are perpendicular
to each other and both of them should be reproduced in
Rot. 3. Indeed, the spectra taken at �18.5� and 76.5�
(labeled as P1 and P2 in Fig. 4c) approximately replicate
those of Rot. 1 and Rot. 2; however, their orientations dif-
fer by 95� rather than by 90� as expected for a perfectly
positioned crystal. Therefore, we have allowed for a ±5�
error in the angles describing the position of the crystal.
The errors given in Table 1 have been determined so that
when the angles of the sample holders are varied ±5� and
the rotational patterns are fitted again, the new set of
parameters stays within the error margin.

For this study rhombic crystals were chosen. As the
shape of the unit cell replicates the shape of the crystal,
the edges of the flat crystal correspond to the directions
of the unit cell sides a and b. Furthermore, the orientation
of the cubic axes with respect to the crystal macroscopic
axes found here (Table 1) coincide with the orientation of
the molecular axes with respect to the unit cell known from
the X-ray studies of the complex [27,28]. This confirms the
identity of the cubic and molecular axes.

The origin of the D tensor is not completely clear yet.
Note however, that the axes of the D tensor do not coincide
with the axes of the molecule and the two sites have slightly
different D tensors, but the same orientation of the molec-
ular axes and the same HYSCORE spectra. It therefore
seems that the second-rank ZFS is caused by the electro-
static interactions of the metal with the counter ions. From
the crystal structure it can be seen that for every Mn2+ ion
the surrounding Cl� ions can be arranged in pairs at the
same distance and diametrically opposed with respect to
the metal. The closest pair is found at about 6 Å but the
direction along which they are aligned does not coincide
with any of the D tensor principal axes. Four additional
pairs of Cl� ions are positioned between 7.20 and 7.90 Å
and oriented along different directions. However, their pos-
sible contribution to the ZFS is not evident without a
detailed study of the crystal field, which is beyond the scope
of this paper.

Note that in a previous cw-EPR study of this complex
[30] the parameters reported differ considerably from the
ones presented in this work. The authors fit their experi-
mental data with an axial D tensor collinear to the cubic
axes. Since the studies have been carried out in different
temperature ranges, a potential phase-transition might be
responsible for this discrepancy. However, the authors in
[30] were unable to follow the transitions j � 3

2
i ! j � 1

2
i,

which is crucial to find the relative orientations between
the cubic axes of distortion and the principal axes of the
D tensor.

Compared to other Mn(II) complexes the value of jDj is
small. This is not surprising as the molecular symmetry is
nearly octahedral and the anions that are probably respon-
sible for the non-cubic ZFS are relatively remote. On the
other hand, the value found for the parameter a is larger
than the one observed in other complexes where Mn(II)
is coordinated by oxygen atoms. In these cases the cubic
contribution to the ZFS was not needed to explain the
spectra [31–33]. The most likely reason for the larger a val-
ue found in our work is that nitrogen ligands are stronger
electron donors. Consequently, the crystal field of octahe-
dral symmetry probed by the metal is stronger as well. This
happened to be quite helpful because the cubic contribu-
tion to the ZFS allows us to locate the molecular axes,
which was useful for the study of the nitrogen hyperfine
interactions.

To examine the hyperfine couplings for a certain mag-
netic field orientation, it seems to be redundant to measure
HYSCORE spectra of several transitions, since in princi-
ple, they contain the same information. Nevertheless, this
procedure turned out to be effective given that tracking
the nuclear frequencies facilitated their assignment. More-
over, the peak intensities are different for different electron
spin transitions due to the different relative weight of the
hyperfine term in the Hamiltonian. Consequently, measur-
ing HYSCORE on several transitions allows the detection
of a larger number of nuclear frequencies. This is similar to
the effect of carrying out experiments at several microwave
frequencies. Thus, in the spectra corresponding to the j�5/
2æ fi j�3/2æ and j�3/2æ fi j�1/2æ transitions, there are cor-
relations from all three sets of nuclei, although the spectra
corresponding to the j�1/2æ fi j+1/2æ transitions are
normally dominated by lines of a single set of nuclei. In
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addition, quite strong combination lines appear in this
spectrum. In HYSCORE experiments on the transitions
j+1/2æ fi j+3/2æ, the spectra are so rich in cross-peaks, that
data from other transitions are required for an unequivocal
interpretation.

For the first two electron spin transitions the hyperfine
and nuclear Zeeman interactions dominate the nuclear
Hamiltonian and consequently the first-order approxima-
tion given in Eq. (5) is applicable, especially when the direc-
tion of the magnetic field is along one of the molecular
axes. Then, the simple graphical recipe shown in Fig. 5a
and b can be helpful. Note that despite the large value of
jAeffj = 5A or 3A > 2mN, all the peaks appear in the
(+,+) quadrant, because for each electron spin manifold
the directions of the effective magnetic field at the nucleus
are close to each other. In contrast, for the other electron
spin transitions, the off-diagonal contributions to the
nuclear Hamiltonian of the nuclear quadrupole interaction
are not negligible and consequently the first-order expres-
sions for the nuclear frequencies are no longer valid.

The peak intensities in the HYSCORE spectra are
affected by the value of the hyperfine interaction as well.
This is shown in Fig. 7, where the modulation depth dimin-
ishes as one moves away from the exact cancellation
condition.

The values of the 14N parameters in Table 3 have been
obtained from the best fitting of the data presented in
Fig. 8. The error intervals displayed there mean that the fit-
ting is still acceptable for values of the parameters within
this range. Nevertheless, they should not be taken as a mea-
sure of the precision of the parameters, because other fac-
tors like misorientation of the crystal and the presence of
off-diagonal elements in the coupling tensors also influence
the accuracy of the fitting, and may cause small unknown
systematic errors in the stated values. However, since the
fitting results are acceptable our initial assumptions appear
to be correct, i.e., the principal axes of the hyperfine and
nuclear quadrupole tensors approximately coincide with
the molecular axes.

The hyperfine principal values, which are very similar
for all three pairs of nitrogens, can be decomposed into
an isotropic, Aiso � 3.2 MHz, and a nearly axially sym-
metric anisotropic contribution. The positive sign of the
hyperfine couplings has been experimentally determined
and reveals a positive spin density in the nucleus of the
ligands. Two of the metal semioccupied orbitals have a
r* character and are classified as eg according to their
symmetry [34]. These orbitals have some admixture of
the nitrogen 2s orbitals which is most probably responsi-
ble for the observed positive spin density. Table 3 also
includes data obtained from the point-dipole approxima-
tion for average distances Mn–N between 2.20 Å (Zn–N
distance from the crystal structure of Zn(Im)6 [27]) and
2.27 Å (Mn–N distance in the pure Mn(Im)6 crystal
[28]). In general the point-dipole approximation is valid
when the distance between the electron and the nuclear
dipole is larger than 2.50 Å.
It would be surprising if in a molecule of such a high
symmetry the principal values of the nuclear quadrupole
interaction of the different nitrogens differed from each
other. So, we have to consider that the observed differences
in the quadrupole tensor between the three pairs of nitro-
gens might not be significant. The nuclear quadrupole ten-
sor of the imino nitrogen of imidazole in the crystal
[Zn(Im)6]Cl2Æ4H2O has been measured by nuclear quadru-
pole resonance (NQR) [35]. The authors found the princi-
pal values and principal directions: �1.4 MHz along the
Zn–N direction, 0.52 MHz perpendicular to the imidazole
plane, and 0.88 MHz in the imidazole plane perpendicular
to the binding direction with the metal. These values are
within our error limits, confirming the suggestion of the
authors that for six imidazoles coordinated to the metal,
the population of the donor orbital, and thus, the nuclear
quadrupole coupling constants are independent of the met-
al. The corresponding values for the nitrogen of a histidine
residue bound to Fe(III), isoelectronic to Mn(II), found in
a single-crystal study of myoglobin [36] are �1.12, 0.31 and
0.81 MHz along the directions described above. These val-
ues do not correspond exactly with those found here but it
seems obvious that the porphyrin ring coordinating the
iron more tightly will cause different electric field gradients.

5. Conclusions

Information about the Mn–Im bonding was obtained by
means of the complete characterization of the hyperfine
and nuclear quadrupole tensors of the six directly coordi-
nated nitrogens of the model complex Mn(Im)6. This was
accomplished using single crystals of the complex and Q-
band HYSCORE spectroscopy. The hyperfine interaction
was decomposed in an isotropic contribution that accounts
for the spin density in the 14N nuclei and an almost axial
anisotropic contribution that is roughly described by the
point dipolar approximation. The nuclear quadrupole ten-
sor was found to be close to the ones reported earlier for
single crystals of Zn(Im)6 using NQR. The analysis of the
ZFS of the crystal revealed the importance of electrostatic
interactions in determining the D tensor. The cubic contri-
bution to the ZFS interaction was used as an internal label
for the molecular orientation. The determination of the ori-
entational dependence of the hyperfine interactions reveals
the nature of the Mn-Imidazole bond and will be of great
help for the information obtained here can be used as a ref-
erence when interpreting the spectra of disordered systems,
including biological samples.

6. Experimental

6.1. Preparation and manipulation of the single crystals

An aqueous solution of zinc chloride (0.4 M), manga-
nese chloride (2 mM) and imidazole (4 M) was prepared
and adjusted to pH 6.9 with concentrated hydrochloric
acid. All the chemicals were used as purchased, except
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for the very hygroscopic zinc chloride, which was dehydrat-
ed at 100 �C for half an hour under vacuum and then
stored under nitrogen. After a few days in an open contain-
er, crystals of hexaimidazole zinc(II) dichloride tetrahy-
drate doped with 0.5% of the corresponding manganese
compound were formed. The zinc and manganese complex-
es have a very similar crystal structure [27,28], making it
possible to obtain a magnetically dilute single crystal of
the Mn(Im)6 complex. The space group of the zinc complex
is P1 with one molecule per unit cell and cell parameters
a = 10.63 Å, b = 9.23 Å, c = 8.83 Å, a = 119.53�,
b = 96.85�, and c = 97.87�. All doped crystals showed an
approximate 50:50 ratio of racemic twins, both in the X-
ray analysis as well as in their EPR behavior (vide supra).
This behavior of the guest complex has already been
observed before [30]. The structure of the complex is shown
in Fig. 1.

Rhombic crystals with a thickness of approx 0.5 mm
and a length of about 2.5 mm along each rhombic edge
were selected for the experiments. They were fixed in differ-
ent specially tailored Teflon holders, whose mounting
planes and adjoining edges were cut to the appropriate
angles. This allowed the positioning of the crystals in the
desired orientations with respect to the magnetic field.
The habitus axes of the crystal were taken as follows: zR

is perpendicular to the large face, xR is the in-plane direc-
tion that coincides with one of the edges of the crystal,
and yR is the direction perpendicular to the other two axes.

6.2. Spectroscopy

All measurements were carried out on a home-built
pulse Q-band spectrometer working in the microwave fre-
quency range 34.5–35.5 GHz [37] and equipped with an
Oxford helium gas-flow cryostat CF 935. The home-built
resonator [38] allows for sample diameters up to 3.8 mm.
All measurements were done at a temperature of 10 K,
and signal averaging was performed at a repetition rate
of 3.3 kHz. Rotation of the sample was achieved by means
of a goniometer fixed to the sample holder.

Field-swept EPR spectra were recorded by measuring
the electron spin echo or the FID generated after the fol-
lowing sequences of microwave pulses [39]: in the two-pulse

echo-detected EPR experiments the sequence, p/2-s-p-s–
echo, was used with pulse lengths tp/2 = 16 ns and
tp = 32 ns, and a time delay s of 208 ns. The whole width
of the echo was integrated. In the FID-detected EPR exper-
iments, a microwave p-pulse of length 1 ls was used to gen-
erate an FID which was fully integrated for detection.

HYSCORE experiments [4,39] were performed using the
pulse sequence, p/2-s-p/2 -t1-p-t2-p/2-s–echo, with pulse
lengths tp/2 = 24 ns and tp = 16 ns. For every experiment
the power of the pulses was appropriately set by optimizing
the intensity of a two-pulse echo. The time intervals t1 and
t2 were varied from 112 to 4896 ns in steps of 16 ns for the
electron spin transitions j�5/2æ fi j�3/2æ and j�3/2æ
fi j�1/2æ, and from 112 to 7288 ns in steps of 24 ns for
the central transition j�1/2æ fi j+1/2æ. An eight-step phase
cycle was used to eliminate unwanted echoes [39]. Spectra
recorded with several s values (120, 168 and 232 ns) were
measured to avoid blind-spot effects.

6.3. Data manipulation and calculations

The HYSCORE time traces were baseline corrected
using a second-order polynomial, windowed with a Ham-
ming function and zero-filled to 1024 points. Then a 2D
Fourier transform was applied and the absolute-value spec-
trum was calculated. The EPR line positions were calculat-
ed as a function of the magnetic field by using Eq. (3),
which represent first-order field values obtained from the
spin Hamiltonian given in Eq. (2). The calculations of the
nuclear frequencies were performed by exact diagonaliza-
tion of the nuclear spin Hamiltonian.
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