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Synthesis, Structure, and Magnetic Properties of Cu,L,Cl,
(LH = N-Salicylidene-1,2-ethanediamine) —
A New § = 1/2 Spin—Liquid Candidate
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The synthesis, room temperature crystal and molecular struc-
ture, and magnetic properties are reported for the new com-
pound Cu,L,Cl,, where L~ is the tridentate anion of N-salicyl-
idene-1,2-ethanediamine. The compound crystallizes in the
monoclinic space group P2;, with a = 6.213(5) A, b =
11.622(5) A, ¢ = 14.260(5) A, = 100.240(5)°, and Z = 2. The
crystal consists of dichloro-bridged binuclear molecules. The
four-membered Cu,Cl, bridging unit is strictly planar owing
to crystallographic inversion symmetry. The geometry at the
copper(ll) centers is approximately square pyramidal, with
the base plane formed by the cis-nitrogen atoms and the
phenolic oxygen atom of the tridentate L~ ligand and one
chloride ion; the fifth, apical site is occupied by the basal
chloride ligand of the neighboring copper center. The intra-
dimer copper—copper separation is 3.271(1) A. The out-of-

plane Cu-Cl distance is 2.824(1) A and the bridging Cu-Cl-
Cu angle is 78.58(2)°. Unit a translations of the binuclear mo-
lecules generate ladder-like chains of copper atoms parallel
to [100]. Each dimer is connected to each of its two nearest
neighbors by Cu-Cl---H-N-Cu and Cu-O---H-N-Cu H bond-
ing interactions. Interladder Cu-N-C-H-.-Cl-Cu and Cu-N-
C-H---O-Cu interactions give rise to a 3D, coupled two-chain
lattice. The dependence of the magnetization (M) on the ap-
plied magnetic field (H) up to 7.5 T at 1.7 K, and the tempera-
ture dependence of the inverse magnetic susceptibility (y?)
between 1.7 K and 250 K show that the compound behaves
as an ideal S = 1/2 paramagnet. This persisting spin disorder
is tentatively attributed to the formation of an unusual spin—
liquid state where ferromagnetic and antiferromagnetic ex-
change interactions between the Cu'* centers cancel.

Introduction

Owing to large zero-point energy and quantum fluctua-
tions, only He remains liquid when cooled to 7= 0 K under
its saturated vapour pressure.'! Pressures higher than
2500 kPa have to be applied in order to obtain solid He.
The interface between liquid and solid helium is also unique
in being the only liquid—solid interface existing over a wide
continuous temperature range (at constant pressure).l?!

Interestingly, condensed matter offers several examples
of exchange-coupled magnetic systems that mimic liquid He
behavior, which are commonly referred to as spin-li-
quids.[34

Theoretically conceived by Anderson,! the spins in a
“perfect” spin-liquid, even if strongly correlated, should re-
main disordered even at 7 = 0 K. This is because of the
presence of an infinite number of different zero-energy spin
configurations among which the system can fluctuate with-
out any energy cost.[*”71 The search for materials that exhi-
bit ideal spin-liquid physics has occupied experimentalists
for decades with mixed results.[”*!
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Indeed, in real systems, a variety of perturbations (single-
ion anisotropies, long range interactions, crystallographic
disorder, application of pressure and/or magnetic fields,
etc.) can relieve the degeneracy of the spin-liquid ground
state and induce long range magnetic ordering.['%!'!] Such
crystallization typically occurs at very low temperatures
(much smaller than predicted from the spin—spin interac-
tion strength, as indicated by the Curie-Weiss temperature,
Ocw)®11 with long range order coexisting with the spin—
liquid phase.['>"'3IThe nature of the ordered phase and how
it can coexist with spin-liquid-like behavior remain open
questions.[14-13]

So far, most experimental strategies developed to obtain
spin-liquid model systems have been based on frustrated
magnetism. In a general manner, a spin system is said to be
frustrated when it is not possible to find a configuration of
spins to fully satisfy the interaction between every pair of
spins, which induces a large degeneracy of ground states.
This property can be caused, for example, by a competition
between different kinds of interactions (e.g. Villain
model,['81 Shastry-Sutherland model)!!”! or, more com-
monly, by the geometry of the lattice, a situation known as
geometrical spin frustration (GSF).['8] The simplest model
of GSF is an isolated equilateral triangle of three identical,
collinear (i.e. up and down) spins with uniform antiferro-
magnetic (AF) coupling between any two spin sites.['”) The

Eur. J. Inorg. Chem. 2011, 4414-4420



Synthesis, Structure, and Magnetic Properties of Cu,L,Cl,

(twofold degenerate) ground state of a configuration where
two given spins are antiparallel is a pair of singlet (S = 0)
and a frustrated free spin. The three different possible pair-
ings in the triangle give rise to a total of six different degen-
erate spin configurations. Owing to the system fluctuations
between them, the three pairwise singlet states cannot be
formed simultaneously. In three dimensions, a similar situa-
tion occurs for a regular tetrahedral plaquette.[!”]

In light of these considerations it is not surprising that
many reported AF spin-liquid lattices are based on triangu-
lar (or tetrahedral) building blocks.l!

Most spin-liquid candidates studied so far have been
ionic compounds where the ligands bridging the magnetic
centers are simple anions, such as O>, F, etc., and the
lattice symmetry is, in general, relatively high.

Much less attention has been devoted to molecular-based
spin-liquids.*! Although, in comparison with ionic com-
pounds, molecular compounds potentially offer a much
wider variety of electronic structures and crystal lattices,
they are more difficult to study. In molecular crystals the
constituent magnetic molecules are most often connected
by Cu-Cl+H-C-N-Cu, Cu-N-H+H-C-N-Cu, or C-
H--H-C pathways with no particularly short H---Cl and
H---H distances. The issue of whether these interactions are
H bonds with electrostatic and polarization contributions
or mere space-filling van der Waals interactions (a matter
which clearly involves their possible magnetic role) has been
the subject of intense debate for about two decades.?!-24
Owing to this, reliable experimental results for spin-liquid
states in molecular systems require the use of demanding
techniques,/ which are often difficult to apply. As an exam-
ple, single crystal inelastic neutron scattering (SCINS) ex-
periments can provide crucial information on the nature of
spin correlations and excitations but need very large deuter-
ated crystals that can rarely be obtained in molecular chem-
istry.

Here we report the structural and magnetic properties of
the new molecular compound Cu,L,Cl, (L~ = tridentate
anion of N-salicylidene-1,2-ethanediamine). The compound
has an unexpected magnetic response as it behaves as a pure
spin S = 1/2 paramagnet in spite of a chemically ordered
structure formed by bis(p-chloro)-bridged dimeric units
with an intradimer Cu--Cu separation of 3.271(1) A. This
anomalous magnetic behavior is tentatively attributed to
the formation of a new spin-liquid state.

Results

Description of the Structure

Structural information for Cu,L,Cl, is reported in Fig-
ures 1, 2, Tables 1, 2, 3, and 4. The crystal consists of
dichloro-bridged binuclear molecules.

The four-membered Cu,Cl, bridging unit is strictly
planar owing to the presence of crystallographic inversion
symmetry. The geometry at the Cu!' centers is approxi-
mately [4 + 1] square pyramidal, with the base plane formed
by the cis-nitrogen atoms and the phenolic oxygen atom of
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Figure 1. View of the molecular structure of the binuclear units in
Cu,L,Cl,. Hydrogen atoms have been omitted for clarity. Unlab-
eled atoms are related to labeled atoms by inversion symmetry.

Figure 2. Schematic view of the three dimensional lattice formed
by the [100] directed two-chain ladders in Cu,L,Cl,. Numbers
indicate Cu-~Cu distances given in A units.

Table 1. Crystallographic data for Cu,L,Cl,.
Cuy(CoH 1 N,0),Cl,

Empirical formula

Crystal class monoclinic
Space group P2yle
a 6.213(5) A
b 11.622(5) A
¢ 14.260(5) A
B 100.240(5)°
v 1013.3(10) A3
V4 2

F(000) 532

Fw 524.56

T 20 °C
Radiation Mo-K,

Y 0.71069 A
p 1.719 g/cm?
u 2.384 mm!
R (gt) 0.0403

WR (gt) 0.0726

the tridentate L~ ligand and one chloride ion; the fifth, api-
cal site is occupied by the chloride ligand that is in the base
plane of the other copper center in the dimer. The intrad-
imer copper—copper distance is 3.271(1) A. The bond
lengths and angles in the basal plane are comparable with
corresponding values reported in a number of other struc-
turally related copper(II) complexes.>>-281 The out-of-plane
Cu-Cl distance of 2.824(1) A is in the range (2.70-3.37 A)
so far reported for similarly bridged copper(IT) dimers, but
4415
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Table 2. Fractional atomic coordinates for Cu,L,Cl,.

xla yib zle
Cu -0.03174(6) 0.01695(3) 0.61060(3)
Cl —0.15431(11) -0.14441(4) 0.52353(5)
(0] 0.24720(7) -0.05095(5) 0.65508(5)
NI -0.00206(11) 0.12686(5) 0.71416(4)
N2 -0.30079(10) 0.10694(5) 0.55682(6)
Cl 0.38373(9) -0.02555(7) 0.73394(6)
C2 0.58311(12) -0.08703(10) 0.75486(9)
C3 0.72933(15) -0.06723(13) 0.83750(10)
Cc4 0.69160(18) 0.01474(13) 0.90275(9)
Cs 0.49842(17) 0.07751(11) 0.88329(6)
C6 0.34306(13) 0.05902(8) 0.80024(5)
Cc7 0.15074(13) 0.13085(7) 0.78616(4)
C8 —0.19068(14) 0.20521(7) 0.70603(7)
C9 -0.27853(15) 0.22232(6) 0.60237(8)

Table 3. Bond lengths [A] and angles [°] for Cu,L,Cl,.

Bond lenths

Cu-Cl 2.303(1) C1-Co6 1.417(2)
Cu-N2 2.005(1) C2-C3 1.373(2)
Cu-N1 1.936(1) C3-C4 1.381(3)
Cu-O 1.907(1) C4-C5 1.390(2)
C8-N1 1.472(2) C9-C8 1.495(2)
C7-N1 1.269(1) C6-C7 1.442(2)
C9-N2 1.486(2) C2-C1 1.415(2)
C1-O 1.316(1) C6-C5 1.405(2)
Cu—Culd 3.271(1) Cu-CI®l 2.824(1)
Bond angles

N2-Cu-N1 84.69(3) C1-C6-C5 119.41(17)
N2-Cu-O 171.67(4) C1-C6-C7 123.38(8)
N2-Cu-Cl 92.59(3) C5-C6-C7 117.19(8)
N1-Cu-O 93.53(4) C4-C5-C6 12.84(10)
N1-Cu-Cl 157.82(3) C6-C7-N1 125.00(8)
O—Cu-Cl 92.08(3) C9-C8-N1 107.80(7)
C3-C2-Cl1 121.13(10) C9-N2—Cul 107.28(5)
C2-C3-C4 121.89(13) C7-N1-C8 120.76(8)
C2-C1-C6 117.56(8) C7-N1-Cu 126.66(5)
C2-C1-O0 118.29(8) C1-O-Cu 126.93(5)
C6-C1-0 124.14(8) C8-N1-Cu 112.42(5)
C3-C4-C5 118.15(12) Cu-CIB-Cul?l  78.58(2)
C8-C9-C2 107.54(8)

[a] = —x, =y, —z + 1.

Table 4. Possible hydrogen bonding in Cu,L,Cl,.

Interdimer-intraladder

H~A D-H-A DA Cu~Cu
CulPLN2PLH10P-dk-0-Cu 2.885 167.6 3.823(2) 6.213(1)
CulPLN2L H 10l Cll2LCyla] 2.843 118.2 3.404(3) 6.118(1)
Interladder

H~A D-H-A DA Cu~Cu
CulLN 1L C7eLH5lek-Cl-Cu 2.811 171.7 3.764(1)  7.012(1)
CulLN1€LC8FLHelk-O-Cu 2.667 146.9 3.511(1)  7.012(1)
CulLN 1L C7eLH5lCk-Cl-Cul 2.811 171.7 3.764(1)  8.954(1)

[a] = —x, -y, —z+ 1. [b]=x+ 1,y z [c] = —x, y-1/2, =z + 1/2 + 1.
[d] Bifurcated.

the bridging Cu-CIl-Cu angle of 78.58(2)° is smaller than
that found in any other tetragonal pyramidal dichloro-
bridged copper(Il) dimer.[>>-2°]
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Owing to the P2,,. crystal symmetry, the dimers have two
different orientations in the crystal, which, if defined by the
directions of the intradimer Cu---Cu bonds, form an angle
of 13.9°. Unit « translations of the binuclear molecules with
the same orientation generate two-legged ladders of copper
atoms parallel to [100]. The copper atoms of adjacent
rungs within each ladder interact through traditional Cu—
Cl-*H-N-Cu and Cu-O-+-H-N-Cu H bonding interac-
tions.

Interladder interactions occur through less conventional
Cu-N-C-H--Cl-Cu and Cu-N-C-H-:+O-Cu H bonding
pathways (see Table 4), giving rise to the coupled two-chain
lattice shown in Figure 2. The shortest interladder Cu+--Cu
separation is 7.012(5) A.

Magnetic Properties

Figure 3 shows the dependence of the magnetization of
the compound (M, per mol of Cu atoms) on the applied
magnetic field (H) up to 7.5 T, at 1.7 K.

7000

M (emu / mol)

3000

1000

H(T)

Figure 3. Dependence of the Cu,L,Cl, magnetization (M, per mol
of Cu atoms) on the applied magnetic field (/) at 1.7 K. The best
fit solid curve through the data points was obtained as explained
in the text.

Data analysis was performed with the Brillouin law. For
an ideal paramagnet of arbitrary spin-quantum number S,
the magnetization is given in Equation (1).

M = N g ug S Bs(X) e

N is the Avogadro number, g the Lande g factor, ug the
Bohr magneton, and Bg(X) the Brillouin function for X =
(g ug S H/kgT), where kg is the Boltzmann constant and 7’
the temperature.3”

The solid curve in Figure 3, which is in excellent agree-
ment with the experiment, was obtained with g = 2.14 and
S = 0.51. These values are typical for a (d°) copper(Il) sin-
gle ion in a square pyramidal environment.3%

In agreement with the magnetization results, the tem-
perature dependence of the inverse magnetic susceptibility
(¢! per copper) between 1.7 K and 250 K shows that the
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compound behaves as an ideal Curie paramagnet. Indeed,
the experimental data are quite well reproduced by the Cu-
rie law, see Equation (2).

x ' =3ky TIIN g pp® S (S + 1] @

with g = 2.14 and S = 1/2. The experimental and theoretical
1" (T) dependence in the low temperature region are shown
in Figure 4, where it can be seen that the Curie—Weiss tem-
perature Ocw is not significanty different from 0 K. The
susceptibility is virtually field independent for H = 1 T.

HIM (mol-Oe/f emu)

L] 10 20 30 40 50 (1]

Figure 4. Temperature dependence of the inverse magnetic suscep-
tibility (3 ! per mol of copper atoms) for Cu,L,Cl,.

No anomalies or history dependence are observed in the
susceptibility at low temperatures indicating the absence of
a transition to a long range ordered or a spin-glass-like
state above 1.7 K.

Discussion

The magnetic results for Cu,L,Cl, are intriguing as they
show that, in spite of a chemically ordered dimeric struc-
ture, the S = 1/2 spins remain fully disordered down to
1.7 K, a situation which, as suggested by the zero value of
the Weiss constant, might persist to 0 K.

In principle, this behavior may be reconciled with three
different situations, corresponding to magnetic lattices
where: i) the Cu'" ions are magnetically diluted, ii) exchange
coupled Cu'" dimers with degenerate S = 0 and S = 1
ground states do not interact between them, and iii) there
are multiple ferromagnetic (F) and AF spin-spin interac-
tions in the 3D structure that cancel each other out forming
a highly degenerate spin-liquid state. We will now try to
convince the reader that the third option is the most likely.

The magnetic and structural properties of Cul com-
pounds built from bis(pu-chloro)-bridged binuclear units
with parallel-planar geometry have been studied for over
thirty years.[>>-2°]

As exchange coupling in Cu'' systems is largely iso-
tropic,?9 the magnetism of a bimetallic cluster is well de-
scribed by the Heisenberg Hamiltonian given in Equa-
tion (3), where J denotes the exchange coupling parameter
and S, and S, are quantum-spin operators. Negative J
refers to AF coupling (singlet ground state) and positive
J refers to F interactions (spin—triplet ground state). The
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energy separation between the singlet and triplet states is
Egst = E(singlet) — E(triplet) = 2J and can be evaluated by
fitting the appropriate expression? for magnetic suscep-
tibility to experimental data.

H=-2J5S, 3)

As first pointed out by Hatfield et al.,[?®2° the members
of the parallel-planar family consisting of effectively iso-
lated dimers exhibit a simple relationship between the Egt
values thus determined (which are always rather small and
can also be equal to zero) and the quotient @/R, where @
is the Cu—Cl-Cu bridging angle and R is the long out-of-
plane Cu—Cl bond length in the Cu,Cl, bridging unit. As
described in detail elsewhere,?®?1 Eqr increases with in-
creased @/R until it reaches a maximum value after which
further increase in @/R leads to a reduction in Eqt. In the
absence of an analytical expression, an intuitive, qualitative
insight into the Egt (@/R) dependence is offered by mag-
netic exchange theoretical models,*! 34 which interpret the
J coupling constant for a weakly interacting spin pair in
terms of competing F (Jg > 0) and AF (Jor < 0) contri-
butions, i.e. J = Jg + Jag This concept,*3 although qualita-
tive in nature, is valuable in simply explaining the experi-
mental sign of J in terms of the relative magnitude of Jx
and |Jag|, in predicting a zero value of Egr for some @/R
values where these two terms approximately cancel; a situa-
tion experimentally observed for [Cu(Et;en)Cl,],, where @/
R = 35 deg/AB and, more importantly for this work, in
enlightening the different physical significance (not revealed
by magnetic susceptibility experiments) of the presence of
doublet state magnetism in a bridged Cu'' dimer with Egr
= 0 and in a system of two noninteracting copper
ions.[?8:33-363] In the former case the singlet and triplet states
are energetically degenerate but the two copper ions can be
strongly exchange coupled because Jr and Jar are # 0. In
the latter case there cannot be any correlation between the
two copper ions as Jg and Jap which both involve two-
center integrals,?3 are equal to zero, quite an unlikely cir-
cumstance for the bridged dimer with a short Cu'l---Cul!
separation seen in Cu,L,Cl,.

Applying the empirical Egt vs. @/R correlation to the
Cu,L,Cl, dimeric unit, the observed @/R value of 28 deg/
A leads us to expect intradimer AF coupling with Egr =
—20 cm 11281 Remembering that the hallmark of an intra-
dimer AF interaction is the presence of a maximum in the
x vs. T plot (and hence a minimum in the 1/y vs. T plot)
and that the temperature 7,,,, for which the maximum
(minimum) occurs is related to 2J through [2J/(kTay) =
1.599, (with k = 0.695 cm™! K 1),3%! one should observe
Tmax at about 18 K, which is at variance with the experi-
mental susceptibility data. In light of this, models describ-
ing Cu,L,Cl, as an assembly of either magnetically dilute
Cu'! ions or isolated dimers with Egr = 0 do not appear to
be realistic.

This leads us to consider the possibility that the disor-
dered spins in Cu,L,Cl, form a gapless spin-liquid where
both nearest neighbor and H bond-mediated further
4417
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neighbor spin-spin correlations occur. If so, the system is
described by a generalized Heisenberg model with not only
the nearest neighbor interactions, see Equation (4).

H = -2%; Jij Si'S; )

Useful, albeit indirect, indications concerning the diffi-
cult problem of assessing the individual J;; pathways are
provided by the detailed structural and magnetic results
obtained for another member of the parallel-planar
Cu(p-Cl),Cu  family:  Cuy(1,4-diazacycloheptane),Cly
(CuHpCl), where, as summarized below, the combined ef-
fects of intradimer and H bond-mediated interdimer inter-
actions have been reported to yield a frustration-induced
3D quantum spin-liquid.[38!

CuHpCl [monoclinic space group P2y with a =
13.406(3) A, b = 11.454Q2) A, ¢ = 12.605(3) A, and f =
115.01(2)°]?" and Cu,L,Cl, are structurally related in that
they are built from binuclear molecules where, as can be
seen from Figures 1 and 5, the constituent copper atoms
have similar tetragonal pyramidal [4 + 1] coordination ge-
ometry and are similarly bridged by two chloride anions in
a basal to apical fashion. The intradimer Cu---Cu distance
is 3.422(0) A. As in Cu,L,Cl,, the CuHpCl dimers stack up
to form infinite two-legged ladders, this time along the
[1 0 1] direction. Nearest neighbor copper atoms along the
ladder legs are connected by conventional Cu—Cl---H-N-
Cu H bonding interactions with a Cu---Cu separation of
about 7.0 A.

Figure 5. View of the molecular structure of the binuclear units in
CuHpCl, hydrogen atoms have been omitted for clarity. The
average intradimer Cu—Cu distance, the out of plane Cu—Cl dis-
tance, and the bridging Cu—Cl-Cu angle are 3.422(0) A, 2.647(1) A,
and 86.9(0)°, respectively.

Less conventional Cu—Cl-*H-C-N-Cu, Cu-N-H--H-
C-N-Cu, or C-H--H-C interactions between ladders (the
shortest Cu-+Cu spacing is about 7 A) give rise to a coupled
two-chain lattice of copper atoms similar to that in
CU2L2C12.[38]

Interestingly, the magnetic behavior of CuHpCl (which
has been investigated extensively by magnetic suscep-
tibility,37-3%43] magnetization,[?**] heat capacity,[40:41:44.43]
NMR,[#6-481 ESR [424349] and magnetic and thermal mea-
surements under pressure)? is quite different from that of
Cu,L,Cl,. For example, magnetization data at low tempera-
ture show that CuHpCl is in a spin—0 singlet state below a
H, critical field of 7.5 T, in a 3D ordered magnetic phase
between H. and H, = 13T, and in a fully polarized,
4418
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gapped phase above H,.3% Such diverse behavior observed
in spite of the analogous binuclear units is clearly inconsist-
ent with dominant intradimer exchange and suggests the
presence of frustration effects. Indeed, a high sensitivity to
changes, even small, in Hamiltonian (4) is characteristic of
frustrated systems, as revealed, for example, by the quite
different magnetic properties of isostructural Cs,CuCl, and
Cs,CuBr,.>152

Perhaps most important is the fact that, so far, CaHpCl
is the only compound structurally related to Cu,L,Cl, for
which the network of significant magnetic interactions in
Hamiltonian (4) has been explored by SCINS techniques.®!

Although the complete spin Hamiltonian for CuHpCl re-
mains to be solved and a detailed comparison between H
bonding patterns in CuHpCl and Cu,L,Cl, cannot be made
because the Hp ligand has two —-N-H donors, whereas L~
has one —-N-H donor and an -O~ acceptor, SCINS data for
CuHpCl help to answer the question of whether significant
intermolecular spin—spin correlations occur in Cu,L,Cl,, a
prerequisite, together with the observed spin disorder, for a
spin-liquid candidate. In particular, the neutron experi-
ments for CuHpCl show that:

a) the intramolecular exchange, owing to frustration,
provides a positive, F contribution to the energy of the
ground state. As the latter is a gapped spin singlet with a
negative total energy, its formation is allowed by the pre-
vailing, combined negative, AF contributions from inter-
molecular, H bond-mediated exchange interactions. Of
these, the data indicate that the most effective proceeds
through a Cu—Cl:»*H-N-Cu pathway. As mentioned before,
a similar pathway is present in the Cu,L,Cl, structure.

b) Table 4 and Figure 6 show that in the Cu,L,Cl, struc-
ture each of the two dichloro-bridged Cu(x, y, z) and
Cu(-x, -y, —z + 1) dimer atoms (separated by ca. 3.27 A)
interact with the Cu®(-x, y — 1/2, -z + 1/2 + 1) atom of a
near neighbor molecule through Cu-N-C-H-+-Cl-Cu ex-

Figure 6. Lattice of interladder interactions mediated by the Cu-—
N-C-H:-**Cl-Cu hydrogen bonds in Cu,L,Cl,. The view is perpen-
dicular to the [100] direction. Similarly mediated Cu---Cu interac-
tions in CuHpCl generate a topologically equivalent lattice of Cu
atoms.
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change pathways with Cu-+Cu’’’ and Cu’--Cu'’’ separa-
tions of about 7 and 9 A, respectively.

Closely similar triangles of interacting metal centers are
found in the structure of CuHpCl where SCINS data indi-
cate that the two intermolecular interactions are AF and
principally responsible for the frustrated configuration of
the intramolecular interaction.

Furthermore, in both Cu,L,Cl, (Figure 6) and CuHpCl
(see part b of Figure 3 in ref.?®]), the connectivity of the
magnetic sublattice formed by the three bonds is that of
the geometrically frustrated Shastry—Sutherland model (a
square lattice with alternating diagonal bonds on half the
squares),!'”! albeit with lower symmetry. The CuHpCl data
show that this topology is important for promoting a spin—
liquid state.

¢) Even more relevant, the key message of the SCINS
results is that the formation of the spin-liquid ground state
in CuHpCl is the result of a delicate balance of energy
terms of varying sign, a situation where tiny terms in
Hamiltonian (4) can amplify their role to the point where
they actually control the ground state.

To sum up, points a) and b) reinforce the view that nei-
ther the single Cu'! ions nor the Cu,L,Cl, dimers are mag-
netically isolated. Point ¢) leads us to suggest that the struc-
tural and/or chemical variations from CuHpCl to Cu,L,Cl,
[which, as seen from the M(H) results, have quite significant
magnetic consequences] induce a magnetic lattice where F
and AF interactions cancel, giving rise to a 3D, macroscopi-
cally degenerate spin-liquid ground state.

This picture also explains the observed paramagnetism.
The main energy scale for the fluctuatons of an anisotropic
spin-liquid system is in the order!> of 28(Xy Z4J4) = 30/
(S + 1), where 0 = 2(X4Z4qJ4) S(S + 1)/3 and is the Curie—
Weiss temperature that depends on the sign and intensity
of spin to spin interactions J4, number of spins Z4 at dis-
tance d and spin quantum number S. Clearly, 0 is zero if
the summation of the Zy J4 terms pertaining to nearest and
further neighbor spins is zero.

The proposed model is unprecedented and, clearly, fur-
ther experiments on Cu,L,Cl, are required to confirm its
spin-liquid nature. Work in this direction is interesting but
challenging. The heart of the problem, which is general in
the search for spin-liquids,”!? is that there is no single
experimental feature that unambiguously identifies a spin—
liquid state and, consequently, existing evidence for such
states is circumstantial. The huge variety of unpredictable
phenomena observed in recently characterized spin-liquid
candidates further complicates the problem.

With this in mind, SCINS measurements, once suitable
crystals are available, appear to be the most appropriate for
future studies on Cu,L,Cl,.

Experimental Section

Synthesis of Cu,L,Cl,: CuCl, in methanol (20 mL, 0.50 m) was
added dropwise to solution of 1,2-ethanediamine (60 mL, 0.17 m)
in methanol at room temperature. A bluish suspension was formed,
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which was treated dropwise with water (10 mL). The suspension
was then heated to 60 °C and treated dropwise with salicylaldehyde
(25 mL, 0.40 M) in methanol. A dark green solution was obtained
by heating the reaction mixture to reflux for about 10 min. The
solution was filtered and allowed to stand at room temperature for
24 h. Bright, dark green crystals separated, which were collected by
filtration and dried under vacuum; yield 1.15 g (44%); m.p. 248—
250 °C. C;gH»,CLCu,N4O, (524.56): caled. C 41.22, H 4.23, N
10.68; found C 41.10, H 4.32, N 10.60. Crystals suitable for X-ray
analysis were obtained by recrystallization from methanol.

Magnetic Measurements

The microcrystalline powders used for the magnetic experiments
were obtained by pulverizing samples of single crystals. Magnetiza-
tion measurements up to 7.5 T at 1.7 K were performed with a
commercial SQUID magnetometer (Metronique Ingeniérie). The
powder was put in a very thin long Araldite container with magne-
tization negligible for any field and temperature of these experi-
ments.

Variable temperature magnetic susceptibility measurements be-
tween 1.7 and 250 K were performed using both a Faraday-type
magnetometer equipped with a continuous-flow cryostat built from
Oxford Instruments and the SQUID magnetometer. Susceptibilities
were corrected for the diamagnetism of the ligand system
(~126 X 10°% emu Oe ' mol!/Cu). Our analyses used a temperature-
independent paramagnetic term, No of 60X 10 emuOe ' mol!/
Cu.

Crystallographic Data Collection and Structure Determination

A deep green prismatic crystal, with  dimensions
0.15%0.35>%0.20 mm, was mounted on the goniometric head of
an Xcalibur Single Crystal Diffractometer (model type CCD/PD).
The diffractometer works with a four circle Kappa geometry. The
cell parameters, listed in Table 1 together with additional crystal
data, were determined using the full data collection. The data were
corrected for Lorentz and polarization factors. The structure was
solved by direct methods, with the SIR 97 program and refined by
the full-least-square-matrix method with the SHELXL-97 package
of programs. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed in calculated positions. The final R
value was 0.0403 for 1691 observed reflections with Fo>2c([).

CCDC-794469 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via:
www.ccde.cam.ac.uk/data_request/cif.
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