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Abstract: Modification of the magnetic properties in a solid-state
material upon external stimulus has attracted much attention in the
recent years for their potential applications as switches and sensors.
Within the field of coordination polymers, gas sorption studies typically
focus on porous solids, with the gas molecules accommodating in the
channels. Here we present a 1D non-porous coordination polymer
capable of incorporating HCI gas molecules, which not only causes a
reordering of its atoms in the solid state but also provokes dramatic
changes in the magnetic behaviour. Subsequently, a further solid-gas
transformation can occur with the extrusion of HCI gas molecules
causing a second structural rearrangement which is also
accompanied by modification in the magnetic path between the metal
centres. Unequivocal evidence of the two-step magnetostructural
transformation is provided by X-ray single-crystal diffraction.

Introduction

(11

The rapid development of metal-organic frameworks (MOFs)* " since

3 with over 70.000 structures

their emergence some 30 years ago,
already reported,” have resulted in a vastly studied type of crystalline
materials with applications in many diverse fields. Some MOFs show
interesting dynamic behavior that can be triggered with external
stimuli.” These perturbations can modify the physical property of the
MOF, thus opening the possibility to their application as switches and
molecular sensors.”” Indeed, it has been shown that even the weak
interaction between a gas molecule and a magnetic framework
presenting spin-crossover can serve to tune its transition temperature

19 However, the design of materials

with a proper rational design.
where porosity and cooperative magnetism coexist still remains a
challenging issue, as these two properties are antagonistic: the former
is typically facilitated by large linkers whereas the latter requires short
distances between the spin carriers, albeit different successful
synthetic approaches have been used in order to prepare porous
magnetic materials.""

In addition, crystals of nonporous molecular materials have also been
reported to show crystalline solid transformations through chemical

reactions with gases despite

[12]

the difficulty of maintaining
crystallographic cohesion.? In fact, it has even been reported the

structural determination of an intermediate phase during a chemical
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transformation in a non-porous molecular solid."*' We recently
demonstrated that the combination of cooperative magnetism and gas
sorption can be easily achieved through the use of nonporous
materials able to incorporate the gas molecules into its framework,
thus alleviating the necessity of large pores." This approach has
subsequently been successfully applied to other systems.'®'® In
these magnetic crystalline materials, the desired long structural order
is preserved despite the rearrangement suffered, including cleavage
and formation of covalent bonds, albeit the single crystal nature of the
solid is typically lost, thus resulting in polycrystalline powders. Indeed,
magnetic materials with structures unequivocally characterized by
single-crystal diffraction after a chemical reaction are tremendously
valuable for understanding the mechanism of the transformation and
the magnetostructural correlations, but are extremely scarce.l'>'*?%

Here we present for the first time a two-consecutive guest inclusion-
release process occurring with retention of long-range order that is
accompanied by modification in the magnetic behavior. The first
process involves a polymeric-to-molecular material transformation,
whereas the second process encompasses the reformation of a

coordination polymer, as evidenced by X-ray single-crystal diffraction.
Results and discussion

The controlled diffusion of methanolic solutions of imidizadole (imH)
and CuCl,-2H,0 in the presence of NEt; produces dark blue laminate-
shape crystals of formula [Cu(im)(Cl)(imH),] (1) as a single-phase
crystalline compound. Crystallographic analysis reveals that
compound 1 is composed of straight one-dimensional chains that run
parallel to the crystallographic b-axis (Figure 1), as previously
reported.”>*¥ The Cu centers present a distorted square pyramidal
pentacoordinated structure, with the basal plane formed by 4 N atoms
and a Cl atom in the apical position. These metal centers are
connected via the imidazolate ligands (im~), forming N—C—N bridges,
where the imidazolate is acting as a bidentate ligand (Figure 1). The
Cu-N distances of bridging imidazolate ligands are 1.956(3) and
1.970(3) A. The coordination sphere of the copper center is completed
with three terminal ligands, a chloride in the apical position (Cu—Cl:
2.5453(9) A) and two crystallographically related imidazole ligands on

the equatorial position (Cu-N: 2.058(2) A).
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Figure 1. (a) Single crystal used for structural characterization. (b) Crystal
structure of [Cu(im)(Cl)(imH),] (1), depicting the square-based pyramidal
geometry of the Cu" centre, with two im™ ligands, two imH ligands, and one CI.

(c) One dimensional chain propagated by the imidazolate ligands. Key: Cu,

orange; Cl, green; N, blue; C, black; H, white.

The exposure of 1 to HCI vapors is accompanied by a change of color
of the crystals, that starts in seconds, from blue (compound 1, see
Figure 1a) to yellow (compound 2, see Figure 2a), indicative of a
change in the coordination environment of the Cu centres, as
previously observed."">""*'=*" The process is completed in 0.5 hours.
Despite the many structural modifications that occur upon the
adsorption of the gas molecules, we have been able to isolate a
single-crystal and solve the structure by X-ray single-crystal diffraction,
revealing that 2 is composed by distorted tetrahedral [CuCl,]*” anions
and [imH,]" cations, resulting in a nonporous molecular material of
formula (imH,),[CuCl,],

synthetic routes.® Three molecules of HCI are incorporated to the

also accessible through conventional
crystal structure of 1 whereas one imidazole ligand is released as
amorphous imidazolium chloride (Figure S1). In fact, upon exposure
of blue crystals of 1 to vapours of HCI, it can be observed that the
converted yellow crystals are surrounded by an oily phase, likely The
chemisorption process involves the protonation of one imidazolate
and one imidazole ligands of 1, with cleavage of the covalent bonds
of the gas molecules (H-CI) and the Cu-N coordination bonds of 1,
and formation of new Cu—Cl and N-H covalent bonds. Furthermore,
the geometry around the Cu centers changes from square pyramidal
to distorted tetragonal, with Cu—Cl distances in the range 2.2423(13)-
2.2738(15) A (Figure 2b). The discrete entities of 2 form a segregated
hydrogen bonded network via N-H---Cl hydrogen bonds, in the range
2.290-2.751 A, involving all the N-H groups of the [HimH]" cations
2¢).9

dissolution/recrystallization process,***" this is very unlikely as the

(Figure Although we cannot discard a

conversion 1->2 also takes place using dry HCI, i.e. in a water free

environment.
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Figure 2. (a) Single crystal used for structural characterization. (b) Crystal
structure of (imH;),[CuCl,] (2). (c) Hydrogen bonded network propagated via N—
H---Cl hydrogen bonds. Key: Cu, orange; Cl, green; N, blue; C, black; H, white.

Dotted lines represent hydrogen bonds.

When 2 is exposed to air at room temperature, a second
transformation takes place in the solid state, with the release of two
equivalents of HCI from the structure, causing a further rearrangement
of the molecular solid with an additional change of colour to pale green
(compound 3, see Figure 3a). Importantly, this release of HCI occurs
spontaneously, i.e. there is no need of vacuum, heat or additional
stimuli to promote the loose of HCI,®***** although it is a slow process
that can take several weeks to be complete; nevertheless, the release
can be accelerated by heating. This process is reversible; thus, upon
exposing 3 to HCI vapors (either vapours of concentrated aqueous
solution of HCI, or dry HCI), compound 2 is also obtained. After
desorption process of compound 2, we have been able to isolate a
green single crystal of compound 3 that allowed us to solve its crystal
structure, which reveals that 3 is composed of neutral trans-
[CuCly(imH),] units “” in which the imidazolium cations present in 2
have been deprotonated yielding neutral ligands that coordinate the
Cu atoms in 3. This process involves the release of two equivalents
of HCI, with cleavage of Cu—Cl and N-H bonds, and formation of new
Cu-N bonds. The Cu centres have suffered a second change of
geometry to adopt a trans square-planar geometry coordinated by two
nitrogen atoms from imH (Cu—N: 1.961(4) A) and two chloride ligands
(Cu—Cl: 2.321(2) A and 2.357(2) A) (Figure 3b). One of these chloride
ligands forms a weak apical interaction with the copper atom of a
neighboring complex (Cu-Cl---Cu distance of 2.738(2) A), thus
forming a one-dimensional chain along the c-axis (Figure 3c). The
chloride interacts  with trans-

terminal ligand two adjacent

[CuCl,(imH),] units by N—H---Cl hydrogen bonds (2.449 and 2.631 A).



Figure 3. (a) Single crystal used for structural characterization. (b) Crystal
structure of trans-[CuCl,(imH),] (3) depicting the square geometry of the cu"
centre, with two imH ligands and two CI. (c) One dimensional chain propagated

by the Cl ligands. Key: Cu, orange; Cl, green; N, blue; C, black; H, white.

Imidazolate ligands are short organic ligands known to facilitate the
presence of magnetic exchange when deprotonated,”“?as it has been
evidenced in the nonporous coordination polymer 1 (vide infra). Given
the remarkable concerted rearrangement of covalent bonds that
occurs during the HCI sorption/desorption involving this ligand, it is
expected that changes in the magnetic properties accompany these
transformations. The short Cu-NCN-Cu pathway between the copper
centers in 1 facilitates the magnetic exchange between the metal
centres, as evidenced in the plot of the molar magnetic susceptibility
(xm) as a function of the temperature (Figure 4) as well as in the
thermal variation of the product of the molar magnetic susceptibility
and temperature (ymT). The room temperature value of yuT of
compound 1 has a value of 0.43 emu-K-mol™ which corresponds well
with the expected value for non-interacting Cu’* ions with spin % and
g =2.15. Upon cooling the system, the yuT product decreases (Figure
S2), evidencing the existence of strong antiferromagnetic Cu-Cu
interactions, as it can be better observed in the yu vs. T curve which
exhibits a broad maximum at 68 K. Modelling of the magnetic data
has been performed using a model for a linear antiferromagnetic chain
of spin = %. This fit leads to a magnetic coupling J =-79.1 cm™ (Figure
4).

Major changes in the magnetic properties take place upon HCI
chemisorption as a consequence of the structural changes, which
modify the magnetic exchange paths between the Cu centres as well
as the coordination geometry. Specifically, the HCI chemisorption of
compound 1 causes the total protonation of the ligands, thus breaking
the efficient magnetic pathway found in 1. This structural
rearrangement implies a change in the dimensionality of the material,
from the 1D polymeric structure of 1 to the discrete molecular units in

2 being composed by tetrahedral [CuCl,]*~ anions and [imH,]" cations.
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Figure 4. (left) Thermal dependence of the molar magnetic susceptibility ()
for 1 (blue), 2 (orange) and 3 (green). The red lines correspond the fits (see

main text). (right) Different magnetic superexchange paths for each compound.
Due to this rupture of the magnetic path, the Cu®** ions present in
compound 2 only present weak antiferromagnetic interactions (via
Cu-Cl---

which exhibits a maximum at 5.6 K. This is in agreement with the

Cl-Cu interactions, Figure 4), as shown in the x,, vs. T curve,

constant yyT value of 0.46 emu-K-mol™', which corresponds well with
the expected value for non-interacting Cu* ions with spin % and g =
2.25, only decreasing at low temperatures (Figure S2). The magnetic

data can be modelled as a linear antiferromagnetic chain of spin = %

interacting weakly with neighbouring chains (via longer Cu-Cl---Cl-
Cu interactions, see Figure S3), leading to a magnetic coupling J = —
49cm™and 6=-0.6 cm™.

The exposure of compound 2 to air causes the release of two
equivalents of HCI with the corresponding structural rearrangement
that again modifies the magnetic pathway between the Cu" centers.
The polymeric nature of 3 differs with that of 1 in the nature of the
bridging group, which is a chloride atom instead of an imidazolate.
The geometry of this bridging CI” ligand does not facilitate efficient
magnetic exchange, since the magnetic orbitals are almost orthogonal.
Therefore, the magnetic coupling observed in 3 is much weaker than
the observed one in compound 1, being more similar to 2. Figure 4
shows a maximum in the x,, vs. T curve centered at 7.6 K, and Figure
S2 shows a constant yuT value of 0.44 emu-K:mol™, in agreement

with the expected value for non-interacting Cu’* ions with spin % and



g = 2.25, only decreasing at low temperatures. The magnetic data can

be modelled as a linear antiferromagnetic chain of spin = interacting

weakly with neighbouring chains (via hydrogen bonds, see Figure S3),
leading to a magnetic coupling J = —4.6 cm™ and 6 = —1.4 cm™.
Although the changes in the magnetic exchange are only evident at
very low temperatures, the substantial changes suffered by the
coordination environment of the metal centers upon the solid-gas
reaction has allowed us to exploit electron paramagnetic resonance
(EPR) spectroscopy to follow the magnetostructural changes at room
temperature. Figure 5 shows the room temperature EPR spectra of 1,
2 and 3, revealing isotropic spectra for 1 and 3, with g = 2.31 for 1,
and g = 2.11 for 3, and a tetragonal spectrum for 2, with g, = 2.37 and
g.= 2.09 (Javerage = 2.18). These values are in good agreement with

the different coordination environments of the Cu centres.
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Figure 5. Room temperature X-band EPR spectra of 1 (blue), 2 (orange) and 3

(green).
Conclusions

Here we have shown a fascinating two-consecutive transformation
upon sorption/release of HCI. A series of drastic changes are
observed, including modification of coordination geometry, space
group, color and dimensionalities. Unequivocal proof has been
obtained by single-crystal X-ray diffraction analysis, which is the most
powerful method to obtain the detailed structure of a complex before
and after the two consecutive structural transformations that take
place. In addition, nonporous crystalline materials permit overcoming
the challenges to combine magnetic exchange and gas sorption, but
this usually results in the loose of single crystallinity, thus hindering
the understanding of the magnetostructural changes caused by the
vapor. With the exception of some exchangeable solvents directly
coordinated to the metal centres, which can be cycled for several

species,!"”

all the reported examples of crystalline transformations in
molecular (non-porous) solids occur in a single step,”'To the best of
our knowledge, this is the first report of multiple transformations with
rearrangement of molecules in the solid state while preserving the

crystalline order at the end of the transformations.

Experimental section

Materials and methods

All reagents were commercially available and used without further
purification.

Synthesis of [Cu(im)(Cl)(imH).] (1). The synthesis is carried out
successfully under basic conditions by slow diffusion in a H-tube of
methanolic solutions of CuCl,'2H,O (34 mg, 0.20 mmol in 2 ml of
MeOH), and imidazole (29mg, 0.43mmol in 2 ml of MeOH) in the

presence of NEt; (28 pl, 0.2 mmol). Laminate-shaped electric blue
crystals of 1 were obtained after six weeks in enough quantity for
some characterization experiments. The crystal structure was
determined by X-ray single-crystal diffraction (CCDC1833301), phase
purity was established by X-ray powder diffraction (Figure 6a). Anal.
calc. CuCyH14NsCl (302.23 g/mol): C, 35.77; H, 3.67; N, 27.81 %.
Found: C, 35.49; H, 3.60; N, 27.43 %.

Synthesis of (imH;),[CuCl,] (2). 5 mg of single-crystals from 1 were
placed inside a small vial, which was introduced in a larger one
containing ca. 10 ml of concentrated aqueous HCI (37 %). Exposure
of the crystals of 1 to the vapors of HCI resulted in a change of colour
(blue to yellow) clearly observed within a few seconds. The complete
conversion to compound 2, a crystalline yellow material, occurs in ca.
30 min. A small single crystal suitable for X-ray single crystal
diffraction was found (CCDC1833302).

An alternative synthesis to obtain larger quantities of single phase
bulk material consists on using the same experimental procedure
albeit using 20 mg of crystalline powder 3 (vide infra) as starting
material. Exposure of powder from 3 to HCI vapors results in a change
of colour (green to yellow) observed within a few seconds, completing
the conversion to compound 2, a crystalline yellow powder, in ca. 30
min. Phase purity was established by X-ray powder diffraction (Figure
6b). Anal. calc. CuCgsH1oN4Cl,s (343.53 g/mol): C, 20.98; H, 2.93; N,
16.31 %. Found: C, 20.65; H, 2.89; N, 16.20 %.

Exposure of crystals of 1 or 3 to dry HCI, generated in situ by dropwise
addition of 120 ml of H,SO, onto 250 g of NaCl and redirected to the
corresponding compound, also results in a change of colour (blue or
green to yellow).

Synthesis of [CuCl,(imH).] (3). The exposure of single-crystals of 2
to the air at room temperature is accompanied by a color change from
yellow to emerald green (compound 3). The reaction is completed in
six weeks approximately, where crystals suitable for X-ray single-
crystal diffraction were found (CCDC1833300). The conversion can
be accelerated by heating 2 during three hours at 90 °C.
Alternatively, larger quantities of single phase bulk material can be
obtained by mechanochemical procedures.®® 171 mg (1 mmol) of
CuCl,-2H,0 and 136 mg (2 mmol) of imidazole were forcefully ground
in an agate mortar, resulting in the formation of 3 as a green
polycrystalline powder. Phase purity was established by X-ray powder
diffraction (Figure 6c). Anal. calc. CuCgHsN4Cl, (270.61 g/mol): C,
26.63; H, 2.98; N, 20.70 %. Found: C, 26.55; H, 2.99; N, 20.73 %.



Table 1. Crystallographic information for compounds 1, 2 and 3

1 2 3
Empirical formula CsH11NsCICu C12H20NsClgCu, | C12H16NsClsCuy
Formula weight 302.23 687.04 540.21
Crystal colour Blue Yellow Green
Crystal size (mm) 0.20 x 0.12 x 0.10 |0.05 x 0.04 x 0.04/0.05 x 0.04 x 0.03
Crystal system Orthorhombic Triclinic Orthorhombic
Space group, Z Pmn2,, 2 P-1,2 Cmc2,, 2
a(A) 13.6857(3) 7.7600(4) 13.0117(6)
b (A) 6.10160(10) 11.2878(7) 10.7563(4)
c(A) 7.14750(10) 14.8140(6) 6.6877(3)
a(°) 90 85.087(4) 90
B(°) 90 88.670(3) 90
v (°) 90 86.307(4) 90
V(A% 596.850(18) 1289.95(12) 936.00(7)
Density (mg.m™) 1.682 1.769 1.920
Wavelength (A) 0.71073 0.71073 0.71073
Temperature (K) 120(2) 120(2) 120(2)
u(Mo-Ka) (mm™) 2.039 2.495 2.858
20 range (°) 5.954-50.054 6.578-50.054 6.092-50.022
Reflns collected 23454 35873 1319
Independent refins (Rint) 1114 (0.0311) 4550 (0.1414) 609 (0.0305)
Reflns used in refinement, n 1114 4550 609
L.S. parameters, p 88 271 57
No. of restraints, r 1 0 1
R1 (F)* 1> 2.00(l) 0.0148 0.0444 0.0287
wR2(F?),” all data 0.0392 0.0891 0.0604
S(F?),° all data 1.158 0.943 1.089

[a] R1(F) = X(|Fo| - IFVEIFl; o] wR2(F%) = [Ew(F,” - F2YTzwF, T [c] S(F°) = [Ew(F.” - F2)1(n + r— p)I”*

Magnetic measurements

Magnetic susceptibility measurements were carried out on
polycrystalline samples with a Quantum Design MPMS-XL-5 SQUID
susceptometer. The susceptibility data were all collected at 1 K:min™",
with an applied field of 0.1 T.

EPR measurements

EPR spectroscopy was recorded with a Bruker ELEXYS ES580
spectrometer operating in the X-band (9.47 GHz).

Single-crystal X-ray diffraction

A single crystal of each compound (1, 2 and 3) was mounted on a on
a cryoloop using a viscous hydrocarbon oil to coat the crystal. Due to
technical issues, it has not been possible to measure the same single
crystal upon the consecutive transformations. X-ray data were
collected at 120 K on a Supernova diffractometer equipped with a
graphite-monochromated Enhance (Mo) X-ray Source (A = 0.71073
A). The program CrysAlisPro, Oxford Diffraction Ltd., was used for

unit cell determinations and data reduction. Empirical absorption
correction was performed using spherical harmonics, implemented in
the SCALE3 ABSPACK scaling algorithm. The crystal structures were
solved and refined against all F* values by using the SHELXTL and
Olex 2 suite of programs.“**® Non-hydrogen atoms were refined
anisotropically and hydrogen atoms were placed in calculated
positions that were refined using idealized geometries (riding model)
and assigned fixed isotropic displacement parameters. A summary of
the data collection and structures refinements is provided in Table 1.
CCDC-1833300, -1833301 and -1833302 contains the supplementary
crystallographic data for this paper. This data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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Figure 6. Observed (blue) and calculated (red) profiles and difference plot [(lobs— lcarca)] (grey) of the Pawley refinements of compounds 1 (top),

2 (middle), and 3 (bottom). (26 range 2—-60 °; maximum resolution 1.54 A).

X-ray powder diffraction

Polycrystalline samples of 1, 2 and 3 were lightly ground in an agate
mortar and pestle and filled into 0.5 mm borosilicate capillary prior to
being mounted and aligned on an Empyrean PANalytical powder
diffractometer, using Cu Ka radiation (A = 1.54056 A). For each
compound, two repeated measurements were collected at room

temperature (26 = 2-60°) and merged in a single diffractogram.

Pawley refinements®"

[52]

were performed using the TOPAS computer
program,” and revealed an excellent fit to a one-phase model for
compounds 1 (Ry, = 0.0380; GOF = 1.370, Figure 6a), 2 (R =
0.0575; GOF = 1.162, Figure 6b), and 3 (R., = 0.0617; GOF = 2.505,
Figure 6¢c). In all cases the unit cell obtained from the Pawley
refinement is consistent with those obtained by single crystal

diffraction (see Supporting Table S1).

Thermogravimetric analysis
Thermogravimetric analysis of 1 and 3 were carried out with a TA
instruments TGA 550 apparatus in the 25-600 °C temperature range

under a 5 °C'min”' scan rate and an air flow of 40 mL-min”".

Thermogravimetric analysis of 2 cannot be performed due to

incompatibilities of HCI release with the equipment.
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Coordination polymer

F =
.
+3HCI -2 HCI (
° * o o N %

Cu-NCN-Cu
(J=-79.1cm)

Crystal clear. Modification of the magnetic properties in the solid-state is achieved in non-porous
molecular crystals through incorporation and extrusion HCI gas molecules.



