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Crystal-to-crystal polymerisation of
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The reaction between neutral bis(picolinate)copper(i) complexes and copper(i)-monosubstituted Keggin-
type phosphotungstate anions formed in situ leads to the formation of the hybrid [C(NH>)z]10[{PW1,039Cu
(H20)}{Cu(pic),}]-10H,O compound (1, pic = picolinate) in the presence of structure-directing guanidi-
nium cations. Single-crystal X-ray diffraction studies demonstrate that 1 contains dimeric {PW{;039Cu
(H,0)},{Cu(pic),} molecular species constituted by two Keggin-type anions linked by one {Cu(pic),} octa-
hedral complex through axial coordination to their terminal oxygen atoms. The extensive hydrogen-
bonding network established by guanidium cations and Keggin clusters plays a key role in retaining the
crystallinity of the system throughout dehydration to allow a single-crystal-to-single-crystal (SCSC) trans-
formation into the anhydrous [C(NH;)z]10[{PW11035Cu}>{Cu(pic),}] (2a) at 170 °C. Structural modifications
involve the re-orientation, shifting in ca. 1.5 A and condensation of all the {PW;;O3oCu} units to result in
{PW,039Cu}, chains in an unprecedented solid-state polymerisation. This phase transition also implies
the cleavage of Cu—O bonds induced by the rotation and translation of Keggin-type anions, in such a way
that hybrid dimeric units in 1 are dismantled and {Cu(pic),} complexes become square planar. The irrever-
sibility of the phase transition has been confirmed by combined thermal and diffractometric analyses,
which evidence that the anhydrous phase adsorbs only one water molecule per cluster to become the [C
(NH5)3l10[{PW1,026Cu}»{Cu(pic),}]-2H,O (2h) hydrated derivative without any significant alteration in its
cell parameters, nor in its crystalline structure. Phase transformations have been monitored by electron
paramagnetic resonance spectroscopy.

Introduction

Smart materials with bulk properties that can be tuned (e.g
magnetic, luminescent, catalytic, conductive, adsorptive) upon
the application of an external stimulus, such as heat, pressure,
light, or the presence of chemical species, have long been
object of study.'™ In particular, the interest on the occurrence
of single-crystal-to-single crystal (SCSC) transformations lies
on the possibility to monitor how the specific location of the
atoms varies, which allows to correlate structural changes with
variations in the final properties. In the best-case scenario,
fine control of the applied stimulus could adjust the response
of the materials, paving the way for the construction of practi-
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cal tools, such as molecular switches, sensors or storing
devices.®”

Although several coordination compounds that can
undergo SCSC transformations can be nowadays found in the
literature,®'° incorporation of rigid building blocks within the
framework could systematically help to prevent structural col-
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lapse along the phase transition. In this context, polyoxometa-
lates (POMs) are ideal candidates, because these well-known
molecular metal-oxo clusters do not only provide structural
stability, but can also confer their inherent properties (e.g.
acidity, redox activity) on the system.'! Examples of POM-
based compounds already include those activated by light,'?
redox processes'® and replacement of guest adsorbate mole-
cules.'® However, thermal activation and associated release of
solvent molecules is the most common stimulus by far.'?

Beyond the family of ionic crystals in which [M;O
{RCO,}¢L;]" macrocations (M™ = Cr, Fe; L = terminal ligand)
are combined with Keggin-type polyoxotungstates,'®'” some of
us opted for using copper(i) complexes of macrocyclic polya-
mines in combination with POM anions to construct hybrid
compounds with the ability to undergo SCSC transformations.
The available axial coordination sites, together with the plas-
ticity of copper(u) ions and the ability of the macrocyclic
ligands to establish weak but cooperative supramolecular
interactions with oxygen-rich POM surfaces (e.g. hydrogen
bonds, C-H---O type contacts) allows the construction of
coordination networks while hindering the loss of crystallinity
along the solid-state phase transition at the same time.

First, we prepared a family of hybrids made of Keggin-type
anions and copper(n) complexes of bis(aminopyridil)-type
ligands in which thermal dehydration induces reversible graft-
ing of the metalorganic complexes to the POM surface or
modifications on the conformation of the ligands.'®'® Then,
studies were extended to other Ny-chelating ligands, focusing
our latest efforts on the {Cu(cyclam)}** complex (cyclam =
1,4,8,11-tetraazacyclotetradecane) and addressing its ability to
connect contiguous POM units through axial coordination in a
series of covalent open frameworks.””*! When it comes to het-
eropolyoxometalate-based systems, we have reported (i) the
transition from two-dimensional covalent assemblies to mole-
cular hybrid species in a compound combining Keggin-type
clusters with metal-cyclam complexes;** (ii) a full series of
compounds formed by lanthanide-containing dimeric anions,
which afford the coordinatively unsaturated species
[{(-GeW,030)Ln(OAc)},]**~ (Ln = La to Lu) upon dehydra-
tion;** and (iii) the B to A isomerisation of the well-known
[H,As,M0¢0,6]*” anion within a POM-metalorganic frame-
work.”* The latter constitutes one of the scarce literature
examples of solid-state reactions involving major skeletal
modifications of the metal-oxo cluster.”® Taking a step
forward, our very recent report on an extended hybrid frame-
work able to undergo up to four sequential, thermally-trig-
gered transformations that involve the rearrangement of octa-
molybdate anions into unprecedented isomeric forms through
metal migration evidences that SCSC transformations can
afford POM units that have not been isolated before by tra-
ditional synthetic procedures in solution.”® Up to three
different microporous phases with accessible voids were iso-
lated from the parent hydrated phase, which exhibit robust
water sorption properties.

All these results confirm that the ability of hybrid frame-
works to undergo SCSC transformations is not limited to any
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specific type of POM anion. However, it is uncertain whether
this behaviour can be extended to systems containing different
metal complexes, beyond the examples based on N,-type
ligands. Thus, we decided to select picolinic acid (Hpic) as an
example of planar, N,O-chelating aromatic ligand to be com-
bined with copper(n) salts and Keggin-type anions in the quest
of SCSC-displaying POM frameworks showing alternative
metal complexes.”” In the presence of guanidinium cations
acting as structure-directing agents, the reaction with the
copper(un)-monosubstituted ~ Keggin-type phosphotungstate
anion leads to the formation of the hybrid compound [C
(NH)3]10[{PW1103oCu(H,0)},{Cu(pic),}]-10H,O (1). Thermal
dehydration of 1 involves a structural rearrangement that pro-
ceeds via SCSC transformations to afford the anhydrous [C
(NH,)3]10[{PW11039Cu},{Cu(pic),}] (2a). This transformation
implies the unprecedented solid-state polymerisation of the
{PW,,034Cu} cluster upon removal of its coordination water
molecule. Compound 2a reversibly adsorbs one water molecule
per POM unit upon air exposure while retaining its single-crys-
tallinity to afford the isostructural [C
(NH,)3]10[{PW11039Cu},{Cu(pic),}]-2H,0 (2h).

Results and discussion
Synthetic aspects

Motivated by the capacity of hybrid frameworks formed by the
combination of POMs and {Cu(cyclam)}** complexes to
undergo SCSC transformations upon heating,**>* we under-
took an analogous systematic exploration into the reactivity of
the neutral [Cu(pic),] complex prepared in situ with the
Keggin-type [PW;,0,,]>~ phosphotungstate anion. This planar,
N,O-chelating aromatic ligand is expected to allow the axial
coordination of Cu™ centres to O atoms from POM surfaces
and, simultaneously, to establish weak but cooperative w---1
stacking interactions that may prevent structural collapse upon
dehydration. Unfortunately, no hybrid framework was isolated
from this set of reactions and most of them resulted in the co-
crystallisation of both precursors. In a further effort, we
decided to add guanidinium to the reaction mixtures before
the crystallisation step because this cation has demonstrated a
key role as structure-directing agent thanks to the extensive
hydrogen bonding network that can establish with POM sur-
faces. Examples include its successful use as template of high-
dimensional supramolecular frameworks,*® as well as selective
crystallising agent for diverse non-classical species, such as
vanadates,® niobates,*® metal-substituted POM assemblies,*’
giant molybdenum-blue rings** or organically derivatised
clusters.*>** In these particular POM-bis( picolinate)copper(i)
systems, our previous results®>” show that two isostructural [C
(NH,)3]a[{XW12040{Cu,( pic),}]-[Cuy(pic)s(H,0)],-6H,O (X = Si,
Ge) compounds can be isolated when using Keggin clusters
with heteroatoms from group 14, which do undergo thermally-
triggered, reversible SCSC transitions implying the splitting of
[Cu,(pic),(H,0)] dimeric complexes into [Cu(pic),] monomers
upon dehydration, while retaining the crystal packing almost
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unaltered thanks to the preservation of the guanidinium-
driven hydrogen-bonding network.

For POMs with heteroatoms of group 15, the reaction with
the [PW1,040]>” anion in a 1 POM:1 Cu**:2 pic molar ratio
under synthetic conditions similar to those of the two com-
pounds above (aqueous medium at pH ca. 4, room tempera-
ture) yielded blue crystals of 1 mixed with a colourless crystal-
line material after slow evaporation of the final solution. The
former were separated manually under an optical microscope
for a preliminary characterisation by FT-IR spectroscopy
(Fig. S11). Bands originating from v,((P-O.), va.s(W-O;) and
Vas(W-Op—W) vibrational modes (O atoms: O, = central; Oy, =
bridging; O, = terminal) were respectively observed at 1057,
956/885, and 812/748 cm™',** which, together with the pres-
ence of a Cu-O stretching signal at 696 cm™, revealed that the
plenary POM precursor was transformed into the [PW;;034Cu
(H,0)]’~ monosubstituted anion. The hybrid nature of 1 was
confirmed by the additional bands found in the organic
region above ca. 1100 cm™". In contrast to what observed for
the compounds with [XW1,040]'” anions (X = Si, Ge), in which
a monolacunary Keggin-type precursor transforms into a
plenary cluster in the resulting hybrid compounds,”” the
[PW,,040]>" precursor undergoes partial hydrolysis and sub-
sequent coordination to a copper(n) ion, evidencing that the
nature of the heteroatom strongly influences the reactivity of
Keggin anions."

Following the observations above, a more rational syn-
thetic approach to 1 was followed and the [PW,,05,]>~ precur-
sor was reacted with a copper(u) salt and picolinic acid in a
2:3:2 stoichiometric molar ratio. Powder X-ray diffraction
(PXRD) analyses showed that this combination afforded a
pure sample of 1 (Fig. S2f) in ca. 10% yield, which was
improved up to ca. 21% when the reaction was carried out at
either 90 °C or reflux conditions. The effect of other synthetic
parameters on the purity and the reaction yield was also eval-
uated, but none of them improved the results. These para-
meters are the molar ratios (1:1:1, 1:1:2 or 1:2:2), the
amount of guanidinium added or the copper(u) source
(nitrate, sulphate, chloride).

Thermostructural behaviour

The thermal behaviour of 1 was investigated by a combination
of thermogravimetric analyses (TGA) and variable-temperature
PXRD experiments (VI-PXRD). The TGA curve (Fig. S31) shows
that the thermal decomposition of 1 occurs in three individual
steps. The first stage originates from dehydration, which
extends from room temperature to ca. 150 °C and accounts for
a loss of 3.6% of the initial mass, corresponding to the evacua-
tion of all of the crystallisation and coordination water mole-
cules (caled for 6 H,O molecules per POM: 3.3%). The second
step reveals a thermal stability range that indicates the pres-
ence of a stable anhydrous phase up to ca. 270 °C. Above this
temperature, the combustion of the organic ligands and the
breakdown of the POM anion combine into the third stage,
which leads to the final residue at ca. 630 °C. The mass of this
residue is in good agreement with that expected for a mixture
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with a general formula Cuys03,PWy; (exp. 83.5%; caled
83.0%).

In order to determine whether 1 is able to maintain crystal-
linity or undergoes amorphisation along the thermal stability
process, VI-PXRD experiments were performed from room
temperature up to 530 °C (Fig. 1). The room-temperature diffr-
action pattern compares well with that calculated from single-
crystal XRD (scXRD) data for 1, which proves the homogeneity
and purity of the crystalline phase (Fig. S47). This initial phase
is stable up to 50 °C as shown by the fact that no significant
modifications are observed in neither the positions nor the
intensities of the diffraction maxima. This temperature range
spans near one third of the dehydration stage found in the
TGA analyses and is followed by major changes in the diffrac-
tion patterns along the remaining two thirds to lead to a
second thermally stable crystalline phase that corresponds to
the anhydrous derivative 2a. This phase can hardly be noticed
at 130 °C when the region around 26 = 25° is inspected, but
the transformation becomes completed at 170 °C, these temp-
eratures being in accordance with that at which the stability
range in the TGA curve starts. The four most intense maxima
located at 26 = 8.0, 8.4, 9.1 and 9.5° in the pattern of 1 vanish
and five new, well-defined maxima form at 20 = 8.2, 8.6, 9.0,
9.3 and 9.5° for 2a. In addition, those appearing at 20 = 5.7°
and 10.5° split into pairs at 6.3/6.8° and 10.2/10.6°, respect-
ively, for 2a. These observations indicate that: (i) four out of
the five water molecules of hydration per POM are essential to
maintain the crystal packing of 1 (mass loss at 50 °C: 0.70%j;
caled for 1 H,O per POM: 0.55%); (ii) the fact that triggers
SCSC transitions in 1 is the release of a second water molecule
per POM,; (iii) the transformation of 1 into 2a is not a direct

N
N

N

Residue

2l

150 °C

70°C
50 °C
30°C

]'. H
40
26(°)

Fig. 1 VT-PXRD patterns of 1 in the 30-530 °C temperature range.
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process; (iv) the transition proceeds through most likely
several intermediates of crystalline nature. Unfortunately, we
were not able to determine the structure by scXRD of any inter-
mediate corresponding to the 70-130 °C temperature range
despite our several attempts. The anhydrous 2a is stable up to
290 °C, loses crystallinity at 310 °C as shown by the substantial
decrease in the diffraction intensity, and amorphises at temp-
eratures above, which agrees with the third stage of decompo-
sition in the TGA analyses. The final crystalline residue starts
forming at 510 °C and has been identified at 650 °C as a
mixture of monoclinic Pmnb WO; (PDF: 01-071-0131)*® and
monoclinic C2/c CuO (PDF: 00-002-1041)*” in an approximate
7 :1 ratio (Fig. S51). We were unable to find any matching com-
pound with phosphorus, which could be due to the formation
of amorphous phosphorus oxide.

Crystal structure of 1

Compound 1 crystallises in the monoclinic P2,/c space group,
and its asymmetric unit contains one [PW,;;035Cu(H,0)]>~
anion (PW,;Cu), one half of a [Cu(pic),] metalorganic complex
located in a special position, five guanidinium cations and a
total of 5 hydration water molecules disordered over six crystal-
lographic sites (Fig. S6f). The inorganic PW,;Cu building
block consists in the classical transition-metal monosubsti-
tuted a-Keggin-type structure, where the copper(u) atom is dis-
ordered over all the addenda metal positions, except for that
connected to the metalorganic fragment. No preferential site
is observed for the Cu atom because the population factors of
the remaining eleven positions range all from 3 to 19%
(Table S1t), and therefore, no significant lengthening of any
M=0; bond is detected.

The metalorganic moiety is grafted at the POM surface and
plays a bridging role between two contiguous clusters to lead
to dimeric [{PW;;03,Cu(H,0)},{Cu(pic),}]'*~ molecular
species (Fig. 2). Its metal centre displays a {CuN,0O,} chromo-
phore in which the equatorial plane is defined by two N,O-che-
lating picolinate ligands in relative ¢trans configuration [Cu-O =
1.945(5) A and Cu-N = 1.951(7) A], whereas terminal Opoyp
atoms occupy the axial positions [Cu-Opoy = 2.507(5) A]
(Table S2t). This arrangement results in an axially elongated
octahedral geometry with a significant Jahn-Teller distortion.
The crystal structure of 1 is formed by the [{PW;;03,Cu
(H,0)}{Cu(pic),}]'*" polyanions arranged in brick wall-like
layers with a corrugation angle of 110° (Fig. 3 and S7t) that
stack along the crystallographic [010] direction and within
which the dimeric hybrid species are held together by a
massive network of O,,—H-:-Opon, N-H:--Oy and N-H---Opop
hydrogen bonds involving guanidinium cations and water
molecules of hydration besides Opoy atoms (Table S371). This
overall arrangement places Keggin clusters close to each other,
showing intra- and inter-dimeric P---P distances of 14.715(4)
and 12.5-12.8 A, respectively.

Thermally-triggered SCSC transformations

In view of the VI-PXRD results, we decided to explore whether
the thermally-activated structural transformation of 1 could be

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Comparison between the hybrid [{PW1,035Cu(H,0)}{Cu(pic),}*°~
dimer species in 1 and the supramolecular interaction between POMs and
metalorganic complexes in 2a originating from the cleavage of the coordi-
nation bond upon dehydration. Colour code: WOg, grey octahedra; PO,,
orange tetrahedra; Cu, blue spheres; N, green spheres; O, red spheres; C,
black sticks; =---trimer interactions in 2a are depicted as dashed yellow
lines. Note that the Keggin-type anion in 1 is depicted as a [PW1,040l*~
plenary cluster due to the absence of preferential sites for the copper(i)
centre within the inorganic POM skeleton.

Fig. 3 SCSC transformation in this work illustrated through the com-
parison between the crystal packing of 1 and 2a viewed along the crys-
tallographic x axis.
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investigated by scXRD analyses. Thus, single crystals of 1 were
heated to 170 °C in an oven to generate the anhydrous phase
2a and quenched afterwards to 100 K in the diffractometer
under a N, cryostream to perform a full data acquisition.

Phase 2a also crystallises in the monoclinic P2,/c space
group, but with significant modifications in the unit cell para-
meters upon dehydration. The b and ¢ parameters respectively
shorten in ca. 2.4 and 1.6 A when going from 1 to 2a, whereas
a lengthens in ca. 1.0 A. The new asymmetric unit is composed
of one copper(n)-monosubstituted [PW;;03,Cu]’” Keggin
anion, one half of a [Cu(pic),] complex located in a special
position and five guanidinium cations acting as counterions
(Fig. S67).

The Keggin-type cluster loses the terminal aquo ligand
from the copper(u) centre, but this atom retains its elongated
octahedral geometry by coordinating to a terminal O atom of a
POM subunit from a contiguous hybrid layer, which results in
an unprecedented solid-state polymerisation of monosubsti-
tuted anions to lead to {PW,;Cu}, chains in 2a. These modifi-
cations involve the rotation and subsequent re-orientation of
all the Keggin type anions within the crystal packing, in such a
way that the Cu™ centre previously disordered over all of the
addenda metal sites in 1 becomes preferentially located in
positions 7 and 9 in ca. 45:55 ratio (Table S1t). This fact
implies that corrugated {PW,;Cu}, chains with a corrugation
angle of 123.5° run bidirectionally along the crystallographic y
axis in the structure of 2a (Fig. S8t). Several polymeric entities
composed of monosubstituted Keggin anions connected
through M-O-W corner-sharing linkages have been reported
before,*>*%3° but it is worth noting that most of them are
linear despite the wide variety of heteroatoms (Si, Ge, P, As)
and substituting metals (specially Co and Cu). To our knowl-
edge, there are only few examples of corrugated chains with
corrugation angles of about 120° and all of them have been
accessed by hydrothermal methods.?**™*>

The solid-state polymerisation of {PW;;Cu} units in this
work is facilitated by the fact that Keggin anions get closer in
ca. 1.5 A along the crystallographic y axis when going from 1 to
2a (P---P: 10.826(4) A). This shift implies the cleavage of the
Cu-O bonds in the metalorganic moiety, in such a way that
the hybrid dimeric species in 1 are dismantled in 2a and the
[Cu(pic),] units become interstitial square-planar complexes
(Cu---O: 3.48(2) A) embedded between fully inorganic guanidi-
nium-{PW,,Cu}, layers in the crystallographic xy plane.
Nevertheless, the complexes still interact closely with POM
clusters from contiguous chains by establishing Opgy:+-® con-
tacts between aromatic rings and {W;0,;} trimeric fragments
(Fig. 2 and Table S37). The crystal packing is stabilized by the
massive network of N-H-:-Opoy hydrogen bonds established
between guanidinium cations and POM surfaces (Fig. 3 and
Table S47). It is noteworthy that these contacts are more abun-
dant in 2a than in 1 despite the release of hydration water
molecules that can act as both donors and acceptors. These
weak but cooperative forces are most likely at the origin of this
system undergoing thermal SCSC transitions, their presence
being essential for this phenomenon to occur.

9046 | Dalton Trans., 2024, 53, 9042-9051
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Reversibility of the phase transition

The reversibility of the SCSC transformation was studied on
crystalline samples of 2a exposed to an open-air atmosphere for
1 and 7 days. TGA analyses revealed that 2a only captures one
water molecule per POM within the first 24 h (%m, found: 0.60),
and that no additional molecules are adsorbed after 3 d of air
exposure (%m, found: 0.78). Hydration-dehydration cycles in
the resulting samples proved to be fully reversible (Fig. S97),
indicating that (i) dehydration of 1 into 2a is irreversible, but
(i) a new phase (2h) is reversibly formed upon hydration of 2a.
These results are in good agreement with those from PXRD
studies, which indicate that this new monohydrate phase 2h is
also crystalline with a structure different from that of the parent
1. In fact, its diffraction pattern is virtually identical to that of
2a except for the relative intensities of some diffraction maxima
(Fig. S10%), which implies that minor differences should be
expected between the crystal packing of 2a and that of 2h.

The scXRD experiments performed on crystals of 2a
exposed to open atmosphere revealed that the hydration from
2a to 2h proceeds via an additional SCSC transition. The cell
parameters of 2h are very similar to those of 2a and the
increase of the cell volume only accounts for 74 A®. Thus, the
crystal packing is virtually identical with the adsorbed
hydration water molecules playing no relevant structural role.
These molecules locate next to the Cu-O-W linkages of the
{PW,,Cu}, chains, interacting with adjacent POM units via
hydrogen bonding (Fig. S117).

EPR spectroscopy

The phase transition from 1 to 2a was monitored by X-band (v
=9.39 GHz) and Q-band (v = 33.90 GHz) electron paramagnetic
resonance (EPR) spectroscopy performed from 4.2 K to room
temperature on powdered samples. Room temperature spectra
of 1 display complicated profiles with the overlapping of at
least two signals originating from two different Cu™ chromo-
phores. The intense line at 11 670 Gauss in the Q-band spec-
trum (Fig. 4a), together with the partially resolved hyperfine
structure represented as small signals at the low-field region,
can be ascribed to a magnetically isolated Cu" ion in a regular
octahedral geometry. The parallel component of the hyperfine
structure resulting from the coupling of electronic (S = 1/2)
and nuclear spins (I = 3/2) is also detected in the X-band spec-
trum as a group of four small shoulders located in the ca.
2650-2900 Gauss range. This signal was satisfactorily fitted
(Fig. 4a) using an axial tensor with g, = 2.436(1), g, = 2.096(1),
A;=951) x 107 em™, and 4, < 28 x 10~* cm™", thus corres-
ponding to the Cu™ centre located in the Keggin skeleton, in
good agreement with literature fittings for similar systems.*®
In contrast, the second signal and hence, the full spectrum
could not be coherently fitted in both bands. This discrepancy
could a priori arise from a weak magnetic exchange that is
strong enough to average the signals from magnetically non-
equivalent centres in X-band (Ezeeman = 0.3 cm™'), but too
weak to do the same in the Q-band (Ezceman = 1.1 cm™Y), at
least in all directions. In fact, the spectrum remains virtually

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Room temperature Q-band EPR spectra of 1 and 2a, together

with the partial fitting for 1 (see main text for details). (b) Angular depen-
dence of the g?-values in the X-band single-crystal EPR spectra for the
three perpendicular planes. Experimental data is represented as symbols
and calculated fittings as solid lines (see egn (S1) in the ESI+).

unaltered upon lowering the temperature down to 4 K
(Fig. S12t), which evidences that the magnitude of this mag-
netic coupling must be very small. Structurally, this would
indicate that the Cu" centre in the octahedral {Cu(pic),0,}
chromophore is not magnetically well-isolated and hence, the
participation of the trimers that support such complex (with
Cu" occupancies of ca. 5 and 8% in W2 and W3 addenda
metal positions, respectively) in the exchange pathway cannot
be disregarded.

To shed more light on this issue, we decided to carry out
additional studies on single crystals of 1 by rotating them
along three orthogonal orientations (Fig. S13%). All the X-band
spectra show only one Lorentzian signal and no hyperfine
structure, which implies that Cu™ ions must be involved in a
long-range magnetic system. Considering that the statistical
disorder of the Cu" ion within the Keggin-skeleton would
make it very difficult to observe its EPR signal in any crystallo-
graphic direction, the detected signal must be attributed to the
centre in the metalorganic complex. The positions of the reso-
nances were registered as a function of the orientation of the

This journal is © The Royal Society of Chemistry 2024
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magnetic-field in the three planes studied (Fig. 4b). The least-
squares fitting of the data (eqn (S1)t) allowed us to determine
the main values of the g tensor: g; = 2.235; g, = 2.061; g3 = 2.055.
Even if these values corresponds to an exchange g tensor and do
not directly reflect the molecular geometry of the chromophore,
it can be noted that the smallest value of the g components
appreciably deviates from g = 2.0023, in good agreement with a
d,o_y» type ground state for a Cu" ion in an elongated octahedral
geometry. The angular variations of the linewidths (Fig. S14%)
are indicative of strong anisotropy in the magnetic interactions,
which result in extremely narrow resonances in some particular
orientations (linewidth <24 Gauss). This fact evidences that
turning points could originate in powder patterns®® and these
would explain the additional shoulders that cannot be modelled
with our two component systems.

In comparison to 1, the spectra registered for 2a at different
temperatures (Fig. 4a and S12t) are even more complex and
show (i) clear modifications in the relative intensities of the
signals, in such a way that some of them are almost undetect-
able; and (ii) two additional signals located at ca. 10470 and
11360 Gauss in the Q-band spectra. However, the most notice-
able difference consists in the virtual vanishing of the axial
signal with hyperfine structure detected for 1 upon total de-
hydration. The structural rearrangement of Keggin anions along
the phase transition and the preferential location of Cu" centres
in the W7 and W9 addenda metal positions for 2a favours
the establishment of long-range magnetic interactions, which
results in the subsequent collapse of the hyperfine structure.

Electronic spectra

To evaluate whether the electronic properties of the title com-
pounds vary along the transformation, we monitored the solid-
state transition from 1 to 2a through diffuse reflectance UV-Vis
spectroscopy (DR-UV/Vis), because the insoluble nature of
both compounds precluded us from performing solution
studies. Blue crystals of 1 darken upon thermal dehydration to
2a. This slight change in colour (inset - Fig. 5) already indi-
cates that no major differences should be expected in the
visible region of both spectra. The spectrum of 1 (Fig. 5) shows
a group of three maxima with similar intensity at 787, 863 and
910 nm, together with a broad band centred at 620 nm.
Structural transformation into 2a decreases the intensity of the
last two lines of the first group of signals, in such a way that
the maximum at 787 nm becomes predominant. In addition,
the band in the visible region is blue-shifted by 25 nm com-
pared to that of 1, which explains the colour change. In con-
trast, the two broad ligand-to-metal O — W charge transfer
bands centred at 250 and 324 nm in the UV region of the
spectra remain invariable along the phase transition.

Experimental section
Materials and methods

The precursor K,[a-PW;;034]-14H,0 was synthesised following
literature methods** and identified by FT-IR spectroscopy. All
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Fig. 5 Diffuse reflectance UV/Vis spectra of 1 and 2a. Inset: photo-
graphs of crystalline samples.

other chemicals were obtained from commercial sources and
used without further purification. The CHN content was deter-
mined on a PerkinElmer 2400 CHN elemental analyser using
ca. 5 mg of powdered crystalline sample. FT-IR spectra were
obtained as KBr pellets on a SHIMADZU FTIR-8400S spectro-
photometer. The spectra were recorded with 4 cm™" resolution
from 400 to 4000 cm™'. TGA/DTA analyses were carried out
from room temperature to 700 °C at a rate of 5 °C min™" on a
Mettler Toledo TGA/SDTA851¢ thermobalance under a 50 cm?
min~" flow of synthetic air. PXRD patterns were recorded in
the 5 < 260 < 40° range (0.033° step size, 30 s per step) using a
Philips X’PERT PRO diffractometer (40 kV/40 mA, -0 configur-
ation) equipped with monochromated CuKa radiation (4 =
1.5418 A) and a PIXcel detector. VI-PXRD patterns were col-
lected on a Bruker D8 Advance diffractometer operating at 30
kv/20 mA and equipped with CuK, radiation, a Vantec-1 PSD
detector, an Anton Parr HTK2000 high-temperature furnace,
and a Pt sample holder. Data sets were acquired from 30 to
750 °C every 20 °C, with a 0.16 °C s~ heating rate between
temperatures. Theoretical powder diffraction patterns calcu-
lated from scXRD data were obtained using Mercury.*”> The
reversibility of the structural transitions was studied by a com-
bination of PXRD and TGA/DTA analyses using crystalline
samples dehydrated to 200 °C at a 2 °C min~" rate under a
100 cm® min~" flow of synthetic air in a TA Instruments 2960
SDT thermobalance and left in contact with room moisture for
different periods of time. EPR spectroscopy experiments were
performed on different Bruker spectrometers: a Bruker
ELEXSYS 500 spectrometer with a maximum available micro-
wave power of 200 mW for the X-band measurements, which
was equipped with a super-high-Q resonator ER-4123-SHQ and
standard Oxford Instruments low temperature devices, and a
Bruker EMX system for the Q-band studies, fitted in turn with
an ER-510-QT resonator and an ER-4112-HV liquid helium
cryostat. The magnetic field was calibrated by an NMR probe
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and the frequency inside the cavity was determined with a
Hewlett-Packard 5352B microwave frequency counter.
Powdered samples were placed in quartz tubes and spectra
were recorded at different temperatures between 4 and 300 K
using standard low temperature devices from Oxford
Instruments. Single crystal studies on 1 were carried out by
gluing a crystal of about 2.0 x 0.5 X 0.5 mm to a cleaved KCl
cubic holder with its larger edge parallel to an edge of the KCl
crystal. The sample holder was glued to an L-shaped quartz
rod, and rotated with respect to the applied magnetic field
using a manual Bruker goniometer. EPR spectra were recorded
at room temperature rotating the crystal around the X, Y and Z
axes, with 10° intervals along 180° in each plane. The spectra
were adjusted using the WINEPR-Simfonia 1.5 simulation soft-
ware (Bruker Analytische Messtechnik GmbH). Diffuse reflec-
tance UV/Vis spectra were registered for crystalline samples
using a double beam UV-Vis-NIR Agilent Cary 7000 spectro-
meter equipped with an integration sphere (Internal DRA 900).

Synthesis of [C(NH,)3]1o[{PW11039Cu(H,0)},{Cu( pic),}]-10H,O
(1), [C(NH_)3]10[{PW11039Cu},{Cu(pic),}] (2a) and
[C(NH,);3]10[{PW11039Cu},{Cu( pic),}]-2H,0 (2h)

To a hot aqueous solution (20 mL) of K,[a-PW;;034]-14H,0
(320 mg, 0.1 mmol), CuCl,-2H,0 (25 mg, 0.15 mmol) dissolved
in 5 mL of water and picolinic acid (12 mg, 0.1 mmol) dis-
solved in 10 mL of water were successively added dropwise
(pH = 4) and the resulting blue reaction mixture was stirred at
90 °C for 1 h. After cooling down to room temperature and
adding aqueous 1 M guanidinium chloride (1 mL), the final
solution was left to slowly evaporate at room temperature and
blue single crystals of 1 suitable for X-ray diffraction were
obtained after 5 days. Yield: 20 mg (21% based on W). Anal.
caled for C;1H,6Cuy 5N160,,PW14 (%): C, 4.00; H, 1.40; N, 6.78.
Found: C, 4.02; H, 1.42; N, 6.86. FT-IR (KBr, cm™"): 3419 (w),
3352 (w), 3261 (w), 3189 (w), 2786 (W), 2688 (w), 1662 (vs), 1606
(s), 1567 (m), 1481 (w), 1456 (w), 1373 (m), 1295 (W), 1268 (W),
1099 (s), 1057 (s), 956 (vs), 885 (vs), 812 (vs), 748 (s), 696 (s),
594 (m), 515 (m), 407 (w). The anhydrous phase 2a was
obtained by heating crystals of 1 at 170 °C in an oven for 1 h,
their colour subtly changing from light to dark blue upon de-
hydration. The hydrated phase 2h was obtained after one day
of exposure of 2a to room atmosphere.

Single-crystal X-ray crystallography

Crystallographic data for compounds 1, 2a and 2h are provided
in Table 1. Intensity data were collected at 100 K on a Rigaku
Oxford Diffraction SuperNova diffractometer equipped with
monochromated Mo Ka radiation (4 = 0.71073 A) and Eos CCD
detector. For the data acquisition of 2a, single crystals of 1
were heated in an oven to 443 K at a rate of 1 K min™" and kept
at this temperature for 30 min to ensure full conversion.
Immediately afterwards, the selected crystal was covered with
Paratone® oil and placed under the N, stream of the diffract-
ometer, the temperature of which was then set at 443 K to
perform a preliminary unit cell determination. After confirm-
ing a unit cell different from that of 1 and a suitable diffracting

This journal is © The Royal Society of Chemistry 2024
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1 2a 2h
Empirical formula C11H46CU1,5N16047,PW1, C11H34Cu 5N16041PW1, C11H36CU1.5N1604,PW14
Formula weight 3303.27 3195.17 3213.19
Crystal system Monoclinic Monoclinic Monoclinic
Space group P24/c P24/c P2,/c
a (A) 11.96551(18) 13.0736(3) 13.1291(5)
b (A) 21.5917(3) 19.0786(6) 19.1015(7)
c(A) 22.2169(3) 20.5732(7) 20.7513(9)
B 93.8906(14) 93.780(3) 93.490(4)
V(A% 5726.65(15) 5120.3(3) 5194.5(4)
zZ 4 4 4
Peale (g cm™) 3.831 4.145 4.109
u (mm™Y) 22.685 25.356 24.996
Collected reflections 71075 36597 23098
Unique reflections (Riy) 11677 (0.042) 10 054 (0.084) 10213 (0.060)
Observed reflections [I > 20(1)] 10170 7458 6861
Parameters/restraints 761/16 638/62 605/56
R(F)* [I> 26(1)] 0.028 0.074 0.087
wR(F2)? (all data) 0.061 0.197 0.244
GoF 1.104 1.016 1.038

“R=Z|Fo| = |Fel|/ZNFo|. " WR* = [Ew(F,” — FZV/ ZwFo™]".

quality, the temperature was quenched to 100 K to proceed to
the full data acquisition. In the case of 2h, a single crystal of
the anhydrous phase 2a was exposed to room atmosphere for
24 h before the experiments. In all cases, data frames were pro-
cessed (unit cell determination, intensity data integration, cor-
rection for Lorentz and polarization effects, and analytical
absorption correction) using the CrysAlis software package.®
The structures were solved using OLEX2 *” and refined by full-
matrix least-squares with SHELXL-2014/6.® Final geometrical
calculations were carried out with PLATON® as integrated in
WinGX.*°

Thermal vibrations were treated anisotropically for heavy
atoms (W, Cu, P) and O atoms belonging to the POM anions in
all compounds, as well as for non-hydrogen atoms from picoli-
nate ligands in 1 and 2a. Hydrogen atoms of the picolinate
ligands and guanidinium cations were placed in calculated
positions and refined using a riding model with standard
SHELXL parameters. For 1, the Cu" atom of the Keggin
subunit was disordered over all the addenda metal sites with
terminal oxygen atoms not directly attached to any metalor-
ganic complex. The Cu" occupancies were initially refined
with no restrictions, leading to a total number of ca. one
copper atom per Keggin. In the last refinement cycle, the sum
of the copper population factors was restricted to 1.00. In con-
trast, this type of Cu™ atom in 2a and 2h was found to be exclu-
sively disordered over the two bridging positions W7 (45%)
and W9 (55%) due to the solid-state polymerisation involving
the condensation of {CuOs} and {WOg} fragments from contig-
uous Keggin subunits and subsequent rearrangement of the
cluster orientations.

The structural disorder of some guanidinium cations was
modelled by restricting the C-N (DFIX) and N-N (DANG) bond
lengths to 1.33(2) and 2.20(2) A, respectively. In the case of 2a
and 2h, some isotropic thermal ellipsoids of the lighter atoms

This journal is © The Royal Society of Chemistry 2024

(C, N, O) were also normalised using SADI- and SIMU-type
restraints from SHELXL. Regarding water molecules of
hydration, six suitable positions were located in the Fourier
map of 1 and their occupancies were initially refined without
restrictions, resulting in a total number of 5.3 per Keggin
subunit. The sum of population factors was fixed to 5.00 in the
final refinement cycle in accordance with the results from TGA
analyses. All of the structures show large maxima of residual
electron density, which are located close to the W atoms
according to the final difference density map. The existence of
large residual maxima in the final Fourier map is a common
fact in the refinement of polyoxotungstate-containing struc-
tures due to the high absorption of heavy atoms such as W.

Conclusions

This work provides evidence of the fact that the ability of
POM/metal-organic hybrid frameworks to undergo thermally-
triggered single-crystal-to-single-crystal transformations is not
limited to specific types of tetradentate, N-donor ligands. The
reaction between neutral [Cu(pic),] complexes (pic = picoli-
nate) and copper(un)-monosubstituted Keggin-type phospho-
tungstate anions formed in situ led to the hybrid compound [C
(NH,)3]10[{PW1103Cu(H,0)},{Cu(pic),}]-10H,O (1) in the pres-
ence of structure-directing guanidinium cations. The extensive
hydrogen bonding network established between cations and
surface O atoms from the Keggin anions plays a key role in
retaining the crystal integrity throughout the phase transition
triggered by thermal dehydration in this system. Single-crystal
X-ray diffraction demonstrates that the dimeric [{PW,;03oCu
(H,0)},{Cu(pic),}]'*" molecular units in 1, which are consti-
tuted by two Keggin type anions covalently linked through one
octahedral [Cu(pic),] complex, dismantle at 170 °C upon such

Dalton Trans., 2024, 53, 9042-9051 | 9049
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type of transition. Structural changes involve the cleavage and
formation of Cu-O bonds, in such a way that [Cu(pic),] moi-
eties become square-planar interstitial complexes and unsatu-
rated {PW;;039Cu} units condense into {PW,;;034,Cu},
chains in an unprecedented solid-state polymerisation. This
rearrangement implies the re-orientation and translation in ca.
1.5 A of all the POM units. The transformation into the anhy-
drous [C(NH,)3]10[{PW11039Cu},{Cu(pic),}] (2a) was found to
be irreversible as confirmed by chemical and diffractometric
analyses, which showed that it can only adsorb one
water molecule per cluster to afford the hydrated [C
(NH,)3]10[{PW11039Cu},{Cu(pic),}]-2H,0 derivative (2h)
without any significant alteration in its crystal structure.
Potentially, compound 1 could be incorporated into a practical
device that might serve as indicator to ensure that a given
system does not exceed the temperature of 170 °C.
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