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An original magnetic bistability and a thermochromic transition are
observed in a new Cu' molecular chain. Thermal structural studies
reveal changes in the Cu'" coordination sphere, driven by a more
pronounced Jahn—Teller effect at low temperature. These distor-
tions provoke a gradual color change. The structural study at 10
K shows a dimerization of the molecular chain, in agreement with
the abrupt magnetic transition observed at 30 K.

Magnetic bistability, an interesting property resulting from
a magnetic transition with hysteretic behavior, is one of the
most searched properties in molecular materials nowadays
because they may constitute the basis for the next generation
of information storage devices.'* Spin-crossover (SCO)
complexes are one of the most representative examples of
molecular bistable materials, which, in the particular case
of the Fe® ion (d° configuration), present a paramagnetic—
diamagnetic transition from the high-spin (S = 2) to the low-
spin (S = 0) state.” Bistability is also encountered in some
organic radical salts® and in a few inorganic compounds
showing the so-called spin-Peierls (SP) or SP-like transi-
tions.* From the structural point of view, most of the
materials presenting a SP transition contain discrete molec-
ular entities packed in columns via weak intermolecular
interactions, such as M«++S, S++-S, or 71— contacts.®> The
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only exceptions are the two inorganic SP compounds
CuGeOs and TiOCl, which display extended networks,* and
the “possible SP” compound BBDTA +InCl,.*° In our ongo-
ing work on metal-based polynitrile coordination polymers
involving neutral bridging coligands,” we present here the
synthesis, crystal structures at different temperatures, mag-
netic study, and theoretical calculations of [Cu(bpym)-
(tcnoet)]*H,O (1; tcnoet™ = 1,1,3,3-tetracyano-2-ethox-
ypropenide anion; bpym = 2,2’-bipyrimidine). This compound
is the first covalently linked Cu' chain presenting magnetic
bistability.

An aqueous solution (5 mL) of CuCl,*2H,0 (27 mg, 0.16
mmol) was added to an ethanolic solution (5 mL) of bpym
(25 mg, 0.16 mmol) with continuous stirring, leading to the
immediate precipitation of a green powder. After the addition
of an aqueous solution (6 mL) of K(tcnoet)® (72 mg, 0.32
mmol), the green precipitate was dissolved and the final green
solution yielded by slow evaporation dark-red single crystals
of 1, which were removed by filtration and air-dried.’

At room temperature, 1 crystallizes in the monoclinic 12/a
space group.® The bpym molecule acts as a bischelating
ligand to generate a polymeric chain running along the a
axis. The periodic motif is centrosymmetric with the inver-
sion center in the middle of the central C4—C4 bond of the
bpym (Figure 1). The Cu' ions lie on the crystallographic
2-fold axis ('/4, y, 0) and are octahedrally coordinated by
two bpym ligands via the N1 and N2 atoms and by two
(tcnoet)™ polynitrile anions in a cis conformation (Figure 1).
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Figure 1. Perspective view of the regular chain of 1 (for the sake of clarity,
only two polynitrile ligands are shown).

Table 1. Apparent Cu—N and Intrachain Cu-++Cu Distances (A) and
Calculated J Values at Different Temperatures

temperature
293 K 100 K 40 K 10 K
space group 2/a 2/a 2/a P1

Cu—N1(bpym1) 2.118(2) 2.050(2) 2.052(3) 2.029(3)
Cu—N2(bpym1) 2.185(2) 2306(2) 2301(3) 2.275(4)
Cu—N5/N6(bpym2) 2.310(4)/2.071(3)

Cu—N3/N4(tnnoet)  2.049(2) 1.989(2) 1.993(3) 1.998(4)/1.988(3)

(Cu—N) 2.117 2.115 2.115 2.112
Cu—bpym—Cu 5.741(1) 5.785(1) 5.779(1) 5.731(1)/5.827(1)
Jeae (cm™h) +3.83 +1.31 +1.66 —0.50/+2.43

One of the CN groups and a water molecule are statistically
disordered over two sites. The most interesting structural
feature of 1 at room temperature concerns the geometry of
the CuNj coordination sphere, which significantly deviates
from the usual elongated octahedral distorted geometry [Dy,
symmetry due to the Jahn—Teller (JT) distortion] observed
for most Cu" complexes (Table 1). In order to determine
the thermal evolution of this unusual geometry, we have
solved the crystal structure at different temperatures between
293 and 100 K (see Table S1 in the Supporting Information).®
These measurements indicate the presence of a gradual
thermochromism when a single crystal of 1 is cooled from
room temperature to 100 K (see the inset in Figure 2 and
Figure S1 in the Supporting Information). Preliminary
UV —vis spectroscopic measurements confirm, as expected,
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Figure 2. Thermal variation of the y,,7 product for compound 1. Insets

show the hysteresis in the magnetic transition around 30 K and the
progressive reversible thermochromism.
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the presence of such a thermochromic transition. This
thermochromism is due to a dynamic pseudo-JT effect that
is progressively frozen as the temperature is lowered to 100
K. At that temperature, and down to 40 K, the static distortion
of the Cu"! environment points to the Cu—N2 bond direction
as the octahedron elongation axis. The JT fluxionality is
nicely evidenced at room temperature by inspection of the
thermal ellipsoids (Figure S2 in the Supporting Information)
and by the temperature dependence of the apparent Cu—N
bond distances (Figure S1 in the Supporting Information),
typical for such a dynamic JT effect.” This behavior slightly
changes the average ligand field, leading to a gradual color
change of the crystals from dark red at room temperature to
yellow at 100 K.

The product of magnetic susceptibility times temperature
per Cu'! ion (y,7) remains constant at 0.41 emu-K-mol !
from room temperature down to ca. 30 K, indicating that
compound 1 is essentially paramagnetic above 30 K [the
calculated J values using density functional theory (DFT)
indicate the presence of a weak ferromagnetic coupling;
Table 1]. Below 30 K, x,,T shows an unexpected reversible
sharp drop from ca. 0.4 to ca. 0.0 emu+K-mol ™! (Figures 2
and S3 in the Supporting Information). On an increase of
the temperature, a slight hysteresis of ca. 2.0 K was detected
(see the inset in Figure 2). These temperatures are indepen-
dent of the applied magnetic field and of the number of
cycles.

To understand the origin of the magnetic transition in 1, we
have determined the crystal structure just above (40 K) and
below (10 K) the magnetic transition.® At 40 K, the structure
of 1 is the same as that at 100 K, whereas at 10 K (well below
the transition temperature), a lowering of the symmetry from
the monoclinic I2/a space group to the triclinic P1 space group
is observed. As a consequence of this symmetry breaking, the
unit cell volume at 10 K is reduced to a primitive one.
Consequently, the Cu point symmetry decreases from 2 to /
and the centrosymmetric bpym ligands are not crystallographi-
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Figure 3. Dimerized chain structure of compound 1 at 10 K.
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Figure 4. Dependence of the calculated J value with the short Cu—N1
bond. The inset shows the magnetic orbitals in the Cu' centers.
cally equivalent any more. This leads to a dimerization of the
polymeric zigzag chain with two alternating Cu+++Cu distances
(Table 1 and Figure 3) and to a complete ordering of the CN
and H,O groups.

In order to explain the magnetic behavior and its correlation
with the structural changes, we have carried out electronic
structure calculations using DFT methods for an estimation of
the exchange-coupling constants at different temperatures using
dinuclear models and keeping the bpym and tcnoet ligands.'”
Thus, from the crystal data, we have estimated the coupling
constants (J) at different temperatures using dinuclear models.
These J values show a weak ferromagnetic coupling for the
regular chain (as expected from the perpendicular orientation
of the magnetic orbitals) that decreases when the temperature
is lowered (Table 1 and Figure 4).

The bpym ligand is known for its ability to transmit
antiferromagnetic coupling when acting as a bis-bidentate
ligand connecting paramagnetic centers separated by more
than 5.5 A.>'" As shown in Table 1, when the sample is
cooled from room temperature to 100 K, the two longest
Cu—N2 distances increase while the two shortest Cu—N1
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ones decrease, remaining constant from 100 K down to the
transition temperature. Such an unusual thermal evolution
leads to a decrease in the coupling constant (J) along the
chain (Table 1) and, therefore, to magnetic isolation of the
Cu" ions as the temperature decreases, in agreement with
the paramagnetic behavior observed in 1 down to 30 K
(Figure 2). Below the magnetic transition, the dimerized
chain presents two alternating bpym bridges: a short one and
a long one (bpyml and bpym?2, respectively; see Table 1
and Figure 3). The bpym?2 bridge transmits a ferromagnetic
coupling (although weak), whereas the bpym1 bridge medi-
ates a weak antiferromagnetic coupling due to the shortening
of the Cu—NI1 distance, which is the key factor controlling
the nature and strength of the exchange (Figure 4). In good
agreement with the observed sharp drop of the y,,T product,
this alternation of ferro- and antiferromagnetic interactions
along the chain leads to an S = 0 spin ground state.

In summary, we have prepared and characterized a Cu'!
coordination polymer exhibiting two different unusual transi-
tions: an unprecedented reversible structural transition leading
to an abrupt magnetic transition at 30 K with a hysteresis of
ca. 2 K and a reversible progressive thermochromic transition
at high temperatures. The thermochromism is due to a
dynamic pseudo-JT effect that is progressively frozen as the
temperature is lowered to 100 K. The crystal structure
determination at 10 K shows a dimerized chain structure of
1 clearly different from the regular chain observed in the
temperature range 40—293 K. Although a similar dimeriza-
tion is also observed in the SP transitions, the title compound
cannot be considered as such because the magnetic coupling
before the transition is not antiferromagnetic and, therefore,
the driving force in this transition is not the decrease in
energy due to the antiferromagnetic coupling, as is to be
expected in SP transitions. It seems that in the title compound
the magnetic transition is produced by the structural changes
driven by the JT thermal evolution operating in the Cu' ions.
This assumption is supported by the complete ordering of
the CN and H,O groups after the magnetic transition.
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