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A compound of formula Zn(hfac),(NIT-i-Pr)(H,0), where hfac = hexafluoroacetylacetonate and NIT-i-Pr = 2-isopropyl-
4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide, was synthesized. The X-ray analysis shows that it crystallizes in the P2,;/n space
group with @ = 13.917 (4), A, b = 13.475 (3), A, ¢ = 15.885 (9) A, 8 = 99.10 (3)°, and Z = 4. The structure consists of discrete
molecules in which the zinc ions are octahedrally coordinated by the oxygens of the hfac molecules, an oxygen of the radical, and
that of the water molecule. The hydrogen bond between the water molecule and the uncoordinated oxygen of the radical of an
adjacent unit generates a chain structure along the b axis. The magnetic susceptibility and the EPR spectra support the description
of the system as a typical one-dimensional Heisenberg antiferromagnet. The exchange-coupling constant, J = 12.2 em™, has been
evaluated from the magnetic data and is attributed to the short contact (3.45 A) between the NO groups of adjacent radicals.
The single-crystal EPR spectra show the angular behavior of the line width and line shape typical of one-dimensional antifer-
romagnets. Moreover, EPR spectra at high frequency (248 GHz) show the anisotropy effects generated by short-range order,
characteristic of one-dimensional systems, which cannot be detected in standard EPR experiments.

Introduction

Nitronyl nitroxides 2-R-4,4,5,5-tetramethylimidazoline-1-oxyl
3-oxide, NITR, are stable organic radicals that can bind to
transition-metal ions yielding a large number of different magnetic
materials.2 So for instance when they bind to paramagnetic metal
ions, they can form ferrimagnetic rings,? one-dimensional ferro-
and ferrimagnets,*” and also two-dimensional materials.®?

When they bind to diamagnetic metal ions, they can form
magnetic materials interacting between themselves, and in fact
we found that Y(hfac);NITEt behaves as a one-dimensional
Heisenberg antiferromagnet, with typical behavior that is effi-
ciently monitored by EPR spectroscopy.’

We have now found that Zn(hfac),(NIT-i-Pr)(H,0) is also
a one-dimensional Heisenberg antiferromagnetic even if the ex-
change pathway is substantially different from that observed in
Y(hfac);NITEt. We wish to report here the X-ray crystal
structure and the magnetic properties; in particular we want to
show how millimeter range wavelength EPR spectroscopy can
provide useful information at low temperature, which cannot be
obtained in conventional] EPR experiments.

Experimental Section

Synthesis. Zn(hfac),2H,0 was obtained by mixing stoichiometric
amounts of Zn(CH;COO), and hexafluoroacetylacetone in water. The
NIT-i-Pr radical was prepared as previously described.!®!! To 0.5 mmol
of Zn(hfac),:2H,0 dissolved in 60 mL of hot n-heptane was added 0.5
mmol of NIT-i-Pr radical. The red solution was allowed to stay at room
temperature for 1 day and then stored for another 1 day at -5 °C.
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Table I. Crystal Data and Experimental Parameters for

Zn(hfac),(NITiPr)(H,0)

formula CzoFqu;NzO-,Zn fw 696.75

cryst syst  monoclinic space group  P2,/n

a 13917 (4) A b 13.475 (3) A
c 15.885 (9) A 8 99.10 (3)°

A 0.7107 A density 1.569 g cm™
vV 29414 B 9.30 cm™!

z 4 temp 22°C

R(F,) 0.0775 R(F,) 0.0815

Well-shaped red crystals suitable for X-ray structure determination and
EPR single-crystal measurements were obtained, which were satisfacto-
rily analyzed for Zn(hfac),(NIT-i-Pr)(H;0).

Anal. Caled for CyF;H»3N,0,Zn: C, 34.49; H, 3.32; N, 4.02,
Found: C, 34.38; H, 3.24; N, 3.95.

X-ray Data Collection and Structure Solution. X-ray data for Zn-
(hfac),(NIT-i-Pr)(H,0) were collected by mounting a crystal of ap-
proximately 0.25 X 0.25 X 0.15 mm on an Enraf-Nonius CAD4 four-
circle diffractometer equipped with a Mo Ka X-ray tube and a graphite
monochromator. The crystals have the shape of a platelet with the faces
(£2,0,21) largely developed. Crystal and experimental data are given
in Table SI (supplementary material) of which Table I is an abbreviated
form.

Accurate cell parameters were determined by 22 machine-centered
relfections with 8° < 6 < 15°. Two reflections were used as intensity and
orientation standards and measured every 160 min during the data col-
lection. Data were corrected for Lorentz and polarization effects but not
for absorption.

The structure was solved by conventional methods with the SHELX-76
package.'? The systematic absences are only compatible with the P2,/n
space group. The position of the zinc atom was determined by a Pat-
terson map; the positions of the other non-hydrogen atoms were found
by successive Fourier and difference Fourier synthesis. Some difficulties
were met in the refinement procedure due to disorder present in the CF,
groups of one hexafluoroacetylacetonate moiety. Several unsuccessful
attempts were made to find a model group with fractional site occupation
factors attributed to the several spots present in the difference Fourier
map in positions suitable for fluorine atoms. No better results were
obtained by refining the CF; groups as rigid groups.

The least-squares procedure converged with an R value of 0.077 and
R, value of 0.081. In the final refinements all the hydrogen atoms were
included in fixed and idealized positions. In the final stage of refinement
peaks of intensity less than 0.7 ¢/A? appeared in the Fourier difference
map close to the fluorine atoms. Final atomic coordinates are given in
Table II.

Magnetic Experiments and EPR Spectra. The magnetic susceptibility
of a powdered sample in the range 5-300 K was measured with a DSM$5

(12) Sheldrick, G. SHELX 76 Computing Program. University of Cam-
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Table II. Positional Parameters (X10%) and Isotropic Thermal
Factors (A X 10%) for Zn(hfac);(NITiPr)(H,0)°

x/a y/b z/c U
Zn 4576 (1) 879 (1) 1297 (1) 40
o1 5273 (5) 435 (5) 2480 (4) 51
02 5990 (5) 864 (5) 923 (4) 47
03 3997 (5) 1334 (5) 69 (4) 47
04 4793 (6) 2377 (5) 1588 (4) 63
05 4228 (4) -531 (5) 903 (4) 42
06 3258 (5) 855 (5) 1799 (5) 56
o7 2165 (8) 3335 (D) 3417 (6) 101
N1 2745 (6) 1592 (6) 2027 (5) 49
N2 2211 (M 27151 (D 2783 (6) 64
Cl1 2956 (8) 2083 (9) 2763 (7) 59
C2 1521 (10) 2790 (10) 1970 (9) 74
C3 1776 (9) 1803 (9) 1533 (8) 64
C4 1815 (13) 3727 (11) 1520 (10) 111
Cs 500 (11) 2937 (14) 2105 (11) 131
Cé6 1133 (12) 969 (12) 1670 (14) 131
C7 1835 (10) 1929 (13) 578 (8) 109
C8 3759 (12) 1913(12) 3450 (9) 94
C9 3415 (16) 1442 (13) 4238 (9) 154
Clo 4358 (13)  2815(16) 3709 (11) 138
Cl1 6159 (8) 464 (8) 2753 (7) 51
C12 6917 (8) 682 (8) 2320 (7) 59
C13 6757 (8) 844 (8) 1429 (7) 51
Cl4 6427 (11) 202 (12) 3686 (8) 74
CI5 7650 (13) 976 (22) 1036 (10) 143
Cl16 4106 (8) 2176 (9) =228 (7) 55
Cl7 4496 (9) 3009 (10) 177 (8) 74
Ci18 4847 (9) 3047 (10) 1041 (9) 71
CI9 3659 (12) 2251 (11)  ~1161 (8) 78
C20 5248 (22) 4038 (16) 1416 (15) 131
Fl 7277 (8) 397 (10) 4054 (5) 162
F2 6381 (13) =724 (10) 3802 (7) 217
F3 5871 (10) 540 (15) 4125 (5) 259
F4 7674 (8) 715 (16) 327 (8) 203
F5 8452 (7) 932 (20) 1476 (8) 250
F6  7747(16) 1899 (15) 880 (17) 304
F7 3819 (7) 1519 (6) ~1639 (4) 102
F8 3890 (8) 3049 (7)  ~-1546 (5 123
F9 2666 (8) 2323 (9) -1237 (6) 135
FIO  5585(14) 4579 (10) 898 (9) 224
F11 5935 (16) 3927 (12) 2014 (12) 259
F12 4625 (16) 4499 (13) 1741 (19) 320

4Standard deviations in the last digit are in parentheses. U, =
' w2z Uataaa;

magnetometer equipped with a Bruker BE15 electromagnet and an Ox-
ford Instruments CF1200S continuous-flow cryostat at a field strength
of 1.2 T. The diamagnetic contribution was evaluated by using Pascal’s
constants.

EPR spectra of powder samples and single crystals were recorded on
a Varian E9 spectrometer operating at X- and Q-band frequencies. A
single crystal was mounted on a sample holder that allowed rotation along
the orthogonal axes a* = b X ¢, b, and ¢. Temperatures in the range
4.2-300 K were obtained with an Oxford Instruments ESR9 continu-
ous-flow cryostat.

High-field EPR experiments were performed with a homemade
spectrometer.'* An optically (CO, laser) pumped far-infrared waveguide
laser is used as the radiation source and can provide emission lines at
several wavelengths between 0.5 and 2 mm. The absorption of the far-IR
radiation through the sample was recorded by a germanium composite
bolometer working at low temperature (7 = 1.6 K). The main magnetic
field is provided by a Cryogenic Consultant superconducting magnet,
working up to 13 T at 2.2 K with an homogeneity of 5 X 10~ T within
1 cm?. An additional coil superimposes an alternating field with a fre-
quency of 70 Hz. Thus, the derivative of the signal is recorded by a
lock-in.

Results

Crystal Structure. The structure of Zn(hfac),(NIT-i-Pr)(H,0)
consists of discrete octahedral molecules with the zinc octahedrally
coordinated by two hfac ligands and by the oxygen atoms of

(13) Muller, F.; Hopkins, M. A.; Coron, N.; Grynberg, M.; Brunel, L. C ;
Martinez, G. Rev. Scl. Instrum. 1989, 60, 3681. Barra, A. L.; Brunel,
L. C; Robert, J. B. Chem. Phys. Lett. 1990, 165, 107.
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Figure 1. ORTEP view of the asymmetric unit of Zn(hfac),(NI-
TiPr)(H,0). The fluorine atoms were omitted for the sake of clarity.

—

Figure 2. Schematic view of the chain structure of Zn(hfac),(NI-
TiPr)(H,0).

Table III. Selected Bond Distances in A for
Zn(hfac),(NIT,Pr)(H,0)¢

Zn-O1 2.063 (6) Zn-02 2.143 (1)
Zn-03 2,081 (6) Zn-04 2.083 (7)
Zn-05 2.035 (2) Zn-06 2.114 (8)
06-N1 1.308 (11) 07-N2 1.288 (13)
N1-C1 1.334 (14) N1-C3 1.477 (14)
N2-Cl1 1.378 (15) N2-C2 1.484 (16)
C1-C8 1.451 (17) C2-C3 1.566 (19)

9Standard deviations in the last digit are in parentheses.

Table IV. Selected Bond Angles (deg) for Zn(hfac),(NITiPr)(H,0)*

05-Zn-06 85.6 (3) 04-Zn-06 92.0 3)
04-Zn-05  173.0 (3) 03-Zn-06 97.3 3)
03-Zn-05 87.1 (3) 03-Zn-04 86.8 (3)
02-Zn-06 1738 (3) 02-Zn-05 95.2 (3)
02-Zn-04 87.9 (3) 02-Zn-03 88.9 (3)
01-Zn-06 87.8 (3) 01-Zn-05 93.6 (3)
01-Zn-04 92.7 (3) 01-Zn-03 1748 (3)
01-Zn-02 85.9 (3) Zn-01-C11 1273 (7)
Zn-02-C13  124.0 (7) Zn-06-N1 129.6 (6)
06-N1-C3  119.5 (8) 06-N1-C1 1243 (9)
CI-NI-C3 1153 (9) 07-N2-C2  123.6 (10)
07-N2-C1 1232 (10) CI-N2-C2 1129 (9)
NI-CI-N2  106.3 (9) N1-C1-C8  128.1 (11)
NI-C3-C2 1003 (9) N2-C2-C3  101.2 (10)

aStandard deviations in the last digit are in parentheses.

NIT-i-Pr and H,O in a cis position. A view of the molecular
structure is shown in Figure 1. The distortions from a regular
octahedron around the zinc atoms are rather small, as shown in
Tables I1I and IV, where selected bond angles and distances are
reported. The Zn—O bond distances lie within the range 2.03-2.14
A in agreement with previous findings.!* The hfac moieties are

(14) Montgomery, H.; Lingafelter, E. C. Acta Cryst. 1963, 16, 748.
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Figure 3. Temperature dependence of the magnetic susceptibility of
Zn(hfac),(NITiPr)(H,0). The solid line represents the best fitting
values calculated with J = 12.3 (5) em™.
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Figure 4. Angular dependence of the EPR line width of Zn(hfac),(NI-
TiPr)(H,0) at room temperature (@) and 4.2 K (®). 4 is the angle of
the magnetic field with the b axes, and the lines correspond to the best

ﬁtt}ng values calculated with the expression Afy, = a + b(3 cos? § -
1)43.

essentially planar. In the radical the O—N—-C-N-O moiety is
planar with the other two carbon atoms of the five-membered ring
deviating from the plane by £0.11 A.

The shortest contact between N—-O groups, 3.45 (1) A, is found
between the uncoordinated oxygen atom of the radical, O7, and
the coordinated one, O6, of the molecular unit related by the screw
axis, as shown in Figure 2, where the content of three unit cells
along the b axis is schematically reported. As far as the magnetic
interactions are concerned, the relatively short contacts between
the NO groups define a chain structure that develops along the
b crystallographic axis. From a structural point of view the chain
pattern originates in the short contact between the uncoordinated
oxygen, O7, of the radical, and the oxygen, OS, of the water
molecule, 2.82 (1) A, which suggests the presence of a hydrogen
bond. This interaction keeps the uncoordinated oxygen of the
radical close to the metal ion coordination sphere and consequently
to the adjacent radical in an unprecedented way.

Magnetic Properties. The room-temperature value of the ef-
fective magnetic moment of a powder sample is 1.72 ug (xT =
0.369 emu K mol™), which is a little lower than the value expected
for one S = !/, spin with g equal 2. On decrease of the tem-
perature, the effective magnetic moment decreases steadily and
reaches 0.63 up at 5 K. The temperature behavior of the sus-
ceptibility is more interesting because it goes through a maximum
at about 12 K, as shown in Figure 3.

The polycrystalline powder EPR spectra of Zn(hfac),(NIT-
i-Pr)(H,0) recorded at X- and Q-band frequency show a single
symmetric line at every temperature centered at g = 2. A much
less intense absorption is observed at half-field (g = 4). The
X-band spectra of a single crystal show a strong angular depen-
dence of the peak-to-peak line width in the static magnetic field.
In Figure 4 we report the results obtained at room temperature
and 4.2 K. The line width at room temperature has its maximum
(36 G) along the b axis, which corresponds to the chain direction,
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Figure 5. Temperature dependence of the line width of the EPR spectra
of Zn(hfac),(NITiPr)(H,O) recorded parallel to the chain direction (b)
and perpendicular to it (c).
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Figure 6. Analysis of the EPR line shape of Zn(hfac),(NITiPr)(H,0):
(O) parallel to the chain direction; (*) perpendicular to it; (O) 55° from
the chain direction.

goes through a deep minimum (3 G) at about 55° from b, and
reaches a second maximum perpendicular to b (11.5 G). In the
limit of the accuracy of the experiment, the line width is isotropic
in the ac plane, and consequently, we report only one rotation.

The magic angle behavior, which corresponds to a dependence
of the line width of the type (1 — 3 cos? 8)", is preserved at low
temperature even if the minimum is less pronounced. The values
of the extrema are in fact 16.5, 5.5, and 9.0 G along b, at 55°,
and perpendicular to b, respectively. The line width presents an
anomalous temperature dependence behavior with a well-pro-
nounced maximum of the line width around 20 K in every ori-
entation, as shown in Figure §.

The analysis of the line shape was performed on the spectra
recorded at room and low temperature on a single crystal with
the static magnetic field along b, at the magic angle, and per-
pendicular to b, respectively. The results are plotted in Figure
6 in the form {[Ymm(/Y(I{)][(}1"110)/(}1max_}10)]}1/2 vs [2(H-
Ho)/AH ], where Y is the amplitude of the derivative of the
absorption. We report also the theoretical value expected for a
Gaussian, a Lorentzian, and an intermediate line shape typical
of one-dimensional magnetic materials,'® the last one being the
Fourier transform of ¢(#) = exp(~#*/2). The observed line shape
is Lorentzian at the magic angle and intermediate along the chain
direction, while in the perpendicular orientation the values are
between these two limits. At low temperature the line is Lor-
entzian in every orientation of the static magnetic field.

Different results are obtained working with a frequency source
of 245 GHz, which corresponds to a resonating field of 8.7524

(15) Gatteschi, D.; Sessoli, R. Magn. Res. Rev. 1990, 15, 1.
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Figure 7. Observed g values of Zn(hfac),(NITiPr)(H,0O) at high fre-
quency (245 GHz). The filled symbols refer to the spectra recorded on
a single crystal with H perpendicular to 4, while the unfilled symbols refer
to powder spectra. The solid line represents the calculated values (see
text).

T for g = 2. In this case the polycrystalline powder spectra
recorded at temperatures in the range 4.2-23 K show a pattern
typical of axial anisotropy, whose extent increases on lowering
the temperature, as shown in Figure 7. We were able to record
spectra on a single crystal with the static magnetic field per-
pendicular to b, and we have observed that the resonance moves
to higher fields on lowering the temperature, in agreement with
the powder experiments. The line width is larger (34 G) than
observed at 9.5 GHz and remains constant without showing any
maximum.

Discussion

The crystal structure, the magnetic susceptibility, and the EPR
spectra concur to describe Zn(hfac),(NIT-i-Pr)(H,O) as a one-
dimensional antiferromagnet. Examples of one-dimensional
materials made by organic radicals are much rarer than those
found by transition-metal ions.>!¢® The chains of radicals have
in principle very small anisotropy and, they can provide good
approximations to one-dimensional Heisenberg antiferromagnets
with § = 1/,. The temperature dependence of the magnetic
susceptibility can be reproduced with the expression valid for
Heisenberg S = !/, chains to yield J = 12.26 cm™, fixing g at
2.00.2-3  We use the spin Hamiltonian in the form H = JS,-S,.
The agreement factor defined as 3~ (xons — Xeald) 2/ 2 (Xobs)? i R
= 1.7 X 107, The satisfactory fitting of the x vs T curve is already
a good indication of the one-dimensional nature of Zn(hfac),-
(NIT-i-Pr)(H,0), but it cannot be considered as definitive. Final
evidence is provided by the EPR spectra to be discussed below.

The value of the coupling constant can be compared with those
previously reported for the interactions between nitronyl nitroxides
in systems involving both diamagnetic and paramagnetic metal
ions. Exchange-coupling constants ranging from 4 to 135 cm™!
were observed.>24%6 The origin of the coupling was either direct
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Figure 8. Schematic view of two adjacent radicals and relative magnetic
orbitals involved in the interaction.

exchange or superexchange mediated by metal ions.

From the structural point of view the hydrogen bonds with the
water molecules determine the one-dimensional nature of the
compound, but from the magnetic point of view it is presumably
the weak NO-NO interaction that largely determines its one-
dimensional antiferromagnetic nature. In fact even if a super-
exchange pathway passing through the water molecule and the
metal ion cannot be ruled out, the presence of direct overlap
between the magnetic orbitals of the radicals can largely account
for the observed coupling. J compares well with the values pre-
viously reported for nitronyl nitroxide compounds where no hy-
drogen bonding was present and where the NO-NO distances were
comparable to that observed here.24%6

If we look in detail at the geometry of the contact between two
NIT-i-Pr molecules, we see that the interacting NO groups are
quasi orthogonal to each other (see Figure 8), while in the other
cases reported?*2 so far they were almost parallel to each other.
The two NO groups lie approximately on a plane, and the two
ONCNO planes of the NIT-i-Pr molecules are orthogonal to it
and between themselves. With this geometry a small nonzero
overlap between the two magnetic orbitals can be anticipated, thus
justifying the observed antiferromagnetic coupling.

Although the mechanism of exchange in Zn(hfac),(NIT-i-
Pr)(H,0) is of the direct type, the observed coupling constant is
comparable to those observed in M(hfac);NITR one-dimensional
materials, M = Y and Eu, where the exchange interaction must
be transmitted through the metal ions.>'¢ In NITpNO,Ph a direct
mechanism was assumed to give a ferromagnetic coupling between
the radicals.?’

The analysis of the EPR spectra provides much additional
information on the magnetic structure of Zn(hfac),(NIT-i-
Pr)(H,0). In fact, in one-dimensional antiferromagnets the
competition between the dipolar interactions, which tend to give
broad Gaussian lines with angular dependence of the type (3 cos?
6 - 1)%, and the exchange interactions, which tend to give Lor-
entzian lines with an angular dependence of the type (1 + cos?
0), yields an intermediate situation in which the angular depen-
dence is of the type (3 cos? § — 1)%/3, and the line shape is Lor-
entzian only at the magic angle, while it is intermediate between
Gaussian and Lorentzian at the other angular settings.!>?® The
results reported above agree quite well with a one-dimensional
description of the magnetic structure of Zn(hfac),(NIT-i-
Pr)(H,0). The high-temperature spectra are thus typical of a
one-dimensional material, confirming that the exchange interaction
propagates only within the chains, while the chains are rather well
shielded from each other. The fact that the maximum in the line
width is observed parallel to the chain axis is in agreement with
an essentially dipolar origin of the broadening of the lines. Also,
the fact that the curve of the angular dependence of the line width
is flatter at low temperature compared to room temperature is
understood if one considers that Zn(hfac),(NIT-i-Pr)(H,0) is
a one-dimensional antiferromagnet. In fact, the typical one-di-
mensional effects described above are mainly determined by the

(25) Laugier, J.; Rey, P.; Benelli, C.; Gatteschi, D.; Zanchini, C. J. Am.
Chem. Soc. 1986, 108, 6931.
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spin modes of long wavelength,!s i.e. those for which all the spins
in the chain are parallel to each other. These modes lose their
relevance at low temperature in an antiferromagnet, thus
quenching the typical one-dimensional behavior and the magic
angle dependence of the line width.

The low-temperature spectra recorded with the high-field EPR
spectrometer provide additional useful information on the g tensors
of the chains, given the high resolution that can be obtained in
this case. In fact the spectra recorded at 22 K are quasi-isotropic,
but an increasing axial anisotropy shows up on decreasing tem-
perature. The observation of temperature-dependent resonance
fields in low-dimensional magnets is well documented.!52-31 The
origin of this behavior has been attributed to short-range order
effects, which build up internal fields that add or subtract to the
external magnetic field. In ideal one-dimensional antiferromagnets
the resonance shifts downfield parallel to the chain®* and upfield
orthogonal to it. Since we experimentally observe that the g tensor
at 4.2 K is axial with g, > g,, we may reasonably conclude that
even at low temperature Zn(hfac),(NIT-i-Pr)(H,0) is a well-
behaved one-dimensional antiferromagnet.

The quasi-isotropic g tensor of Zn(fhac),(NIT-i-Pr)(H,0)
observed at 22 K must be close to the high-temperature limit, and
it agrees with the value expected on the basis of the geometrical
arrangement of the NIT-i-Pr radicals along the chains. In fact
an isolated radical is expected to have a slightly anisotropic g
tensor, with the principal directions along x, the bisector of the
NO directions, z, the direction orthogonal to the ONCNO planes,
and y.32 Although to our knowledge no data have been reported
on NITR radicals, the comparison with nitroxides suggest that
gx =~ 2.009, g, ~ 2.006, and g, ~ 2.003.>' The neighboring
radicals in the chains are related by the screw axis, and they are
oriented in such a way that g, of one radical is roughly orthogonal
to that of the other one, while the g, directions are parallel to each
other. The g tensor of the chain must be given by the average
of the individual g tensors: as a result, a quasi-isotropic g = 2.006
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is expected, in good agreement with the experimental data at 22
K

The g shift observed at low temperatures can be calculated with
a model taking into account the dipolar anisotropy and the spin
correlation length determined by the isotropic exchange-coupling
constant in the assumption of a weak Zeeman interaction, 2939
Using the available formulas, we calculated the temperature
dependence of the resonance fields, using the J value calculated
for the magnetic susceptibility and using D = 0.05 cm™ calculated
for two nitronyl nitroxides at a distance of 3.45 A3 The
agreement with the experimental data shown in Figure 7 is not
very good, but the qualitative behavior is well reproduced. The
most obvious flaw of the theoretical treatment is that it assumes
small Zeeman interaction, which is certainly not the case in the
high-frequency EPR experiment. The temperature dependence
of the line width is less well understood. The main feature of
X-band spectra is that the line width goes through a maximum
at ca. 16 K. This behavior cannot be attributed to a structural
phase transition because the high-frequency EPR spectra do not
show the same behavior. Further, they confirm that at 4.2 K the
system still behaves like a one-dimensional material. Soliton spin
wave excitations might be responsible of the observed behavior
in low field, while in high fields they might be effectively
quenched.** A complete characterization using additional exciting
frequencies is under way.
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