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We here report that G(O,CieH23)6°1.2GH1,, synthesized
recently! appears to be a versatile model system for investigating
the phenomenon of intramolecular magnetic exchange and spin-
frustration in a lattice containing three unpaired electrons. It contains
a Cu®* core in which three Cti (3dP) ions are bridged together
in an equilateral-triangular geometry with rigorous three-fold
symmetry (Figure 1), thus constituting the simplest case of a spin-
frustrated lattice. This study was undertaken because studies of
magnetic exchange in simple polynuclear paramagnetic clusters are
a topic of current focus in magnetochemistrA particularly
important issue is to find well-characterized compounds for which
one could obtain precise information on both the ground state and
the excited states of a strongly coupled paramagnetic system. For
example, in the single molecule magriedsch as Mm—acetaté Figure 1. (a) The molecular structure of @@;CigHz3)s'1.2GHaz. The
and FgBrg,® which have received extensive attention recehthe ﬁrrg"‘i%?d)&';fs%:%e gglglattfv?lcg'%gglﬁggmﬁ)dubg t?g;eg?e"fs Sls\?;rgitgdram
magnetic properties seem to indicate the involvement of excited a¥1d the expected IgPR t)r/ansitions. yiate grotps. v 9
spin multiplets, in addition to th& = 10 ground state, but the
complexity due to the large number of possible energy levels has  a) v=95 GHz b) v=34 GHz

. cree . - Hg = 32,830G Hg =11,816G
made it difficult to confirm their involvementlron—sulfur clusters T150K 72100 K
have also been studiédbut they are more complex than the
tricopper type triangle. In fact, to our knowledge, there has been 2,2 3
no report of a detailed characterization of the (three) spin multiplets
of even a three-electron spin system.

On general grounds, a simple system would involve gCeore. i e
The three unpaired electrons on this core interact magnetically via HHo (©) Fi+o (6}
superexchange involving €u—O—Cuw?* pathways. The core could o V= Gz d) V=34 GHz
exist in either a spin-frustrate&g = />, doubly degenerate) state TmeoK T4k
or in aSea = %, quartet state, separated by an energylofidere 2

Jis the spin-exchange constant in the Hamiltortthr —2J(S°S L2 (4_/

a) b) 1

Energy

+ $S + S+°S), see Figure 1b.

In this regard, we note that two other examples have recently
been reporte&1® Padilla et aP have investigated BCus(Im)s]-
(ClOy)s, L = 1,4,7-trimethyl-1,4,7-triazacyclononane and
imidizolate, in which the Ci* core forms a quasi-equilateral  Figure 2. (a,b) Measurement frequency/field dependence of the EPR
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triangle. Lgez-Sandoval et &P reported on [Cy(cpse)(H,0)3]- spectrum. (b-d) Temperature dependence of the 34 GHz spectrum. The
8.5H,0, cpse= doubly deprotonated form d¥-[2-hydroxyl-1(S)- igarp line is DPPHg = 2.0037). The numbering corresponds to Figure

methyl-20)-phenylethyl]N-methyl glycine, composing a truly
equilateral C&' triangle. These studies employed EPR spectros- and bonding properties of a spin-frustrated triangular lattice. Single
copy, in addition to magnetization measurements, because EPRcrystals of Cg(O,CieH23)s1.2GH12, prepared as in ref 1, were thick
provides more precise data on the molecular orbital of the unpaired plates with well-developed faces, with the {wiangle lying in
electron. However, neither study was able to resolve -sgin the plane of the plates. Their authenticity was ascertained by X-ray
splitting (fine structure) from the three electrons, or any eleetron  diffraction and/or magnetic measurements. The EPR measurements
nuclear hyperfine structure from the Cu nuclei, possibly because were made with either a Bruker X/Q-band (9.5, 34.5 GHz)
of the use of low-frequency EPR in ref 9 or only powder samples spectrometer or a locally developed W-band, 95 GHz syitem.
in ref 10. To our knowledge, this is the first time that a lattice has ~ Figure 2 shows some typical EPR spectra from single crystals,
been found that yielded such detailed information on the symmetry with the magnetic field aligned along the crystal’s three-fold axis.
 Florida State University. A triplet bggins tq appear vyhen thg tempergtqre reqches 60 K and
*Texas A&M University. becomes increasingly dominant, with the splitting being essentially
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independent of the magnetic fields employed (Figure 2a,b). The
triplet decreases in intensity with a lowering of the temperature,
becoming nonobservable below 30 K, showing that it originates
from an excited state. Angular variation measurements in three
mutually perpendicular crystal planes showed that the splitting
followed a (3 co36 — 1) trend, wheré) = 0° corresponds to the
three-fold symmetry axis. The presence of the three transitions
following this (3 cod # — 1) variation of their spacing enabled us
to assign the triplet to the excited quart&t=f 3/,) state with the
parameters:D = —535 G,E = 0, g, = 2.209, andgy = 2.057,
confirming that the quartet state exhibits the full three-fold
symmetry of the Cgf" core. The negative sign dd was deduced
from the observation that the lowest-field peak was always much
stronger than that at the highest fiéfd.

4K
e powder

z | Gyy

g Azz

o

&

=

®

c

[

5 L

gXX
10500 10750 11000
N(GII | |
10000 11000 12000 13000 14000
H (G)

Figure 3. The 34 GHz powder spectrum recorded at 4 K. Evidence for

The central component of the triplet was always slightly the reduction of three-fold symmetry at low temperatures is given by the
asymmetric and more intense than the outer peaks due to the factresence of the, component and only four hyperfine lines. The sharp

that the EPR transition from the doublet state occurs at the same

line is from DPPH ¢ = 2.0037).

field. This was confirmed by lowering the temperature, which enabled the measurements of the magnetic parameters of the ground
resulted in increased intensity of the central component at the @S Well as excited states of a spin frustrated system in an equilateral
expense of the triplet based on the Boltzmann distribution. In fact, 98ometry. Surprisingly, in the spin-frustrated state, at very low
below 30 K, only the singlet can be observed, and it further grows emperature, the unpaired electron orbital is found to localize on

in intensity down to the lowest temperature uséd (Figure 2b-

only one of the three nuclei of the gtrimer, with concomitant

d). We analyzed the temperature dependence of the relativel0ss of the three-fold symmetry. It seems justified to hypothesize

intensities of the signals from the quartet and the doublet transitions that @ JahrTeller distortion (perhaps to an isosceles triangle)
using the standard formula for the relative intensities of the signals 0ccurs. This point is not well understood at present and needs further

from a ground-state doublet and an excited-state quartet locatedneoretical investigations. Moreover, the{aore ions can be ex-

3J above: l3;(T)/112(T) = Ce¥KT/[1 + e3KT], whereC is a constant

of proportionality. The analysis yielded a value &f3 —321 +

6 K, in good agreement with that-G24 K) from the earlier
magnetization datdAlso, for theH // z orientation, as we lowered
the temperature, the lowest-field component of the triplet became

tended to a larger polynuclear system, and it could also incorpo-
rate other paramagnetic ions. This molecule thus constitutes a good
example of spin frustration, and the present study should motivate
additional theoretical as well as experimental investigations.
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impliest? that the sign of théD parameter is negative; that is, in  discussion.
the quartet state, thds = 4/, states lie lower than th&%/, states
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(Figure 1b).

Detailed angular variation measurements were carried out for
the middle peak of the spectrum, whidhdeK was assignable solely
to the ground state witB = %/,. In general, as the orientation was
changed from that fof = 0°, the peak split broadly into four, as
expected from the four chemically equivalent but magnetically
distinct C#* sites in the unit celt.In particular, around) = 60°,
the lowest-field component exhibited a quartet hyperfine structure,
characteristic of a single €t nucleus, with the nuclear spin=
3/,. Note that from an equilateral triangle containing a spin on each
vertex, we expected an equal probability for each vertex of the
triangle to contain the single unpaired spin. If this were the case,
the hyperfine component of the spectrum should be expected to
consist of 10 peaks, considering three equivalent¥/, Cu nuclei.
Instead, the spectrum reveals the presence of only four hyperfine
lines, indicating that in it$§ = 1/, ground state, the unpaired spin
density must be localized on a single Cu nucleus, in contrast to
being spread with equal probability over the three Cu nuclei in the
Cus core (as was found dt> 50 K for the quartet state). To ensure
that this splitting did not arise from site splitting in a possibly broken
or misaligned crystal, we recorded spectra from a powder sample.
The 4 K, 35 GHz powder spectrum (Figure 3) confirms the presence
of only four hyperfine lines4;,= 157 G) and the presence of the
O« component of th@-tensor due to reduction of axial symmetry.
Based on Figure 3, the ground state of this system is described by
Ox = 2.005,9,y = 2.050,0,, = 2.282,A,, = 157 G, andAHpp
peak-to-peak line width= 116 G.

Summarizing, Cg(0O.Ci6H23)6°1.2GH;2 has been found to be
unique among other triangular exchange systems because it has
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