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Spin crossover (SCO) compounds are very attractive types of switchable materials due to their potential
applications in memory devices, actuators or chemical sensors. Rational chemical tailoring of these
switchable compounds is key for achieving new functionalities in synergy with the spin state change.
However, the lack of precise structural information required to understand the chemical principles that
control the SCO response with external stimuli may eventually hinder further development of spin
switching-based applications. In this work, the functionalization with an amine group in the two-
dimensional (2D) SCO compound {Fe(5-NH,Pym),[M"(CN)4I} (M, 5-NH,Pym = 5-aminopyrimidine, M"" =
Pt (179, Pd (1P%) confers versatile host—guest chemistry and structural flexibility to the framework
primarily driven by the generation of extensive H-bond interactions. Solvent free 1™ species reversibly
adsorb small protic molecules such as water, methanol or ethanol yielding the 1M-H,0, 1M-0.5MeOH or
1M.xEtOH (x = 0.25-0.40) solvated derivatives. Our results demonstrate that the reversible structural

rearrangements accompanying these adsorption/desorption processes (1™ < 1M-guest) follow a gate-
Received 3rd August 2020 i hanism whose kinetics depend not only on the nature of th t molecule and that of
Accepted 21st September 2020 opening mechanism whose kinetics depend not only on the nature of the guest molecule an at o
the host framework (1 or 1P9) but also on their reciprocal interactions. In addition, a predictable and

DOI: 10.1039/d0sc04246¢ reversible guest-induced SCO modulation has been observed and accurately correlated with the
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Introduction

Hexa-coordinated iron(u) spin crossover (SCO) complexes are
a singular class of materials featuring a labile and reversible
electronic configuration change between the diamagnetic low-
spin state [t5,eg, S = 0] (LS) and the paramagnetic high spin
state [t3ee5, S = 2] (HS).' LS < HS switching is an entropy-driven
phenomenon which can be induced by a panoply of stimuli, i.e.
a gradient of temperature” and/or pressure,’® light irradiation,*
application of an electric field® or even through interaction with
analytes,® thereby effecting changes in the magnetic, electric,
optical, mechanical and structural properties of the material. In
the solid state, the profile of the spin-state switch depends on
the elastic coupling (cooperativity) between active SCO Fe''
centres. Gradual SCO spreading over a wide range of
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associated crystallographic transformations monitored in detail by single crystal X-ray diffraction.

temperatures occurs when the elastic coupling is weak. On the
contrary, strong elastic coupling favours sharp abrupt first order
spin transitions which, in special cases, are accompanied by
hysteretic behaviour conferring to the material bistability
(memory effect). Materials exhibiting bistable SCO behaviour
have attracted much interest because of their potential appli-
cations in memory devices, actuators or chemical sensors.”

In recent years, many studies have been devoted to the
chemical design of SCO compounds in order to incorporate new
functionalities acting in synergy with the purely thermal driven
spin-state switching. These added properties include fluores-
cence,® electrical conductivity’ or porosity,’® among others.
Indeed, combination of SCO and porosity has been one of the
most exploited routes for achieving multifunctionality in part
due to its high potential in molecular sensor applications. The
first examples showing coexistence of both properties were the
doubly-interpenetrated compounds with general formula
[FeL,(SCN),]-Solv [L = 1,2-di-(4-pyridy1)-ethylene (tvp)"* or
trans-4-4'azopyridine (azpy)']. These compounds display SCO
properties which depend on the included solvent molecules.
Later, Hofmann-type coordination polymers (HCPs) formulated
{Fe(L),[M(CN),]} {including non-interpenetrated [x = 4; L
monodentate (y = 2, 2D) or bis-monodentate (y = 1, 3D
ligand; M = Pd, Pt, Ni] or interpenetrated [x = 2, L

-
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monodentate (y = 2, 2D) or bis-monodentate (y = 1, 3D)
ligand; M = Ag, Au] compounds}**** gained increasing interest
due to their demonstrated structural versatility and the possi-
bility of being processed as thin-films or nano-objects.* The
intrinsic structural porosity offered by this family of
compounds has resulted in numerous reports studying syner-
gies between SCO and host-guest chemistry.”> Overall, modu-
lation of the SCO through guest adsorption can be explained by
steric and/or electronic effects. The first factor involves stabili-
zation of the HS state by the guest due to the hindering of the
framework contraction associated with the HS-to-LS process.'®
The second factor entails changes in the ligand field strength
around the Fe'' centre via host-guest interactions with the
coordinated ligands."”

A suitable synthetic strategy for inducing guest inclusion-
SCO synergies is the use of asymmetric ligands with hydro-
philic functional groups. This type of ligands promotes inter-
molecular interactions leading to lattice asymmetries which
originate inter-sheet cavities where the guest molecules are
located. This structural model was exploited using a series of
asymmetric triazole-type ligands substituted with various
chemical groups leading, in all cases, to multi-stable SCO
compounds.*® Similar results were also obtained for pyridine
donor asymmetric ligands.” Overall, the shape of the SCO
curves in these systems depends not only on the selected pil-
laring ligand but also on the amount and nature of the adsorbed
guest molecules. For example, the SCO of compound
{Fe(bztrz),[Pd"(CN),]} -G exhibits one, two or three steps when
G = (H,0,EtOH), 3H,0 or ~2H,0, respectively, demonstrating
that the elastic frustration which gives rise to multi-stability can
be modulated by guest exchange.'® Unfortunately, with very
rare exceptions,® crystallinity of these 2D systems is partially or
completely lost after total desorption of guest molecules pre-
venting the evaluation of the involved structural modifications
and their implication on the associated SCO changes. Moreover,
the vanishing of crystallinity may also limit the accuracy of the
structural characterization in a subsequent guest-dependent
SCO study. The establishment of a dense network of host-
host and host-guest intermolecular interactions (H-bonds, -7
stacking...) may be critical to overcome this limitation.

Recently, the analogous 2D compounds {Fe(3-NH,Py),[-
M(CN),]} and {Fe(Pym),[M(CN),]}-xH,O [3-NH,Py = 3-amino-
pyridine;*® Pym = pyrimidine* (Scheme 1); M = Pt, Pd, Ni] were
reported. The former displays host-host CH:--N(amino) H-
bonding interactions and hysteretic SCO for all the investi-
gated derivatives, although no host-guest properties were

NH
AN 2 N/ﬁ N /i/ NH;
= t = L
N N N/
3-NH,Py Pym 5-NH,Pym

Scheme 1 Related axial ligands used for the synthesis of new 2D
Hofmann-type SCO coordination polymers (see text).
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described. In contrast, the latter exhibits guest-dependent
cooperative spin transitions attributed to the H-bonds estab-
lished between the non-coordinated nitrogen of the pyrimidine
and the guest water molecules. However, the lack of detailed
structural data after dehydration prevented the investigation of
further precise magneto-structural correlations. In this work,
the use of 5-aminopyrimidine (5-NH,Pym, Scheme 1) ligand has
led to 2D HCPs compounds {Fe(5-NH,Pym),[M"(CN),]}-H,O
[M" = Pt (1"-H,0) or Pd (1"¥-H,0)]. The combination of
a donor amino group and an acceptor non-coordinated nitrogen
in the 5-NH,Pym axial ligand enables the coupling of contig-
uous [FeNg] octahedrons, belonging to the same layer, through
a robust network of H-bond interactions which is additionally
reinforced by the inclusion of protic guest molecules. Indeed,
this stiff H-bond network seems to be key for the persistence of
crystallinity upon the loss of water molecules that gives rise to
unsolvated derivatives 1°* or 179, These guest-free compounds
are prone to re-adsorb water or other small molecules as
methanol or ethanol also following reversible single-crystal-to-
single-crystal (SCSC) transformations. This has enabled us to
establish precise correlations between the wide variety of SCO
behaviours presented by this family of compounds and the
structural transformations upon guest exchange (1M <
1™-guest). Interestingly, in agreement with the adsorption/
desorption isotherm measurements, these -crystallographic
transformations follow a gate-opening mechanism which
represents an unprecedented structural feature in combination
with switchable 2D HCPs.

Results

Synthesis, structure and SCO properties of 17*-H,0 and
1*4. 14,0

Single crystals of 1°*-H,0 and 1°4-H,0 were prepared by slow
liquid-to-liquid diffusion methods from Fe(BF,),-6H,0,
K,[M"(CN),] M" = Pt" or Pd") and 5-aminopyrimidine (5-
NH,Pym) aqueous solutions separated by a water interphase in
a double-H shaped tube (see experimental section in ESIY).
Yellow thin plate-shaped single crystals were obtained in good
yields (ca. 60-70%) after 4 weeks.

Compounds 17*-H,0 and 1”*-H,O are isomorphous and
crystallize in the monoclinic C2/m space group. The asymmetric
unit is constituted by two non-equivalent [Fe"1N4] and [Fe"2Ng]
pseudo-octahedral centres connected through their equatorial
coordination sites by two equivalent [M"(CN),]*~ units (M" = Pt
or Pd) (Fig. 1a), thereby defining cyano-bridged bimetallic Fe''-
M" layers (Fig. 1b). The axial positions of each Fe" ion are
coordinated by two equivalent terminal 5-NH,Pym ligands
through one of its two heterocyclic N atoms. At 260 K, the
average [FelNg]/[Fe2Ny] bond lengths, 2.159 A/2.164 A for
1% H,0 and 2.168 A/2.171 A for 1°¢-H,0, are consistent with
a fully populated HS state. Within a given Fe" centre, the apical
5-NH,Pym ligands [hereafter labelled as 5-NH,Pym(1) (coordi-
nated to Fe'") and 5-NH,Pym(2) (coordinated to Fe"2)] are
disposed in such a way that they adopt a trans conformation
with respect to the orientation of the amino substituent. This
enables the formation of two types of H-bonds within each
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Fig. 1 (a) ORTEP view of the asymmetric unit of 17 H,0 at 260 K (iso-
structural to 1°4-H,0) showing 50% probability displacement ellipsoids
(aromatic hydrogen atoms are omitted for clarity) and (b) view along the
(010) direction of a 1M-H,O (M = Pt, Pd) layer (discontinuous yellow-red
and red-green lines represent host—guest and host—host H-bonds,
respectively). (c) 3D supramolecular fragment of 1M-H,O (M = Pt, Pd)
displaying three successive pillared layers (distinguished in pink and blue).
Red spheres represent the trapped water molecules within the 1D channels.
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layer. One, a single H-bond between the N3 atom of the amino
group of 5-NH,Pym(1) and the uncoordinated N7 heteroatom of
the adjacent 5-NH,Pym(2) ligand. The other, a double H-bond
involving the adjacent N2 and N8 atoms belonging to the
heteroatom of 5-NH,Pym(1) and the amino group of 5-NH,-
Pym(2'), respectively, mediated by the interaction with the guest
water molecule (Fig. 1a and b). The trapped water molecule is
located within two discrete equivalent positions modelled with
an occupancy of 0.5 (0.4 in the case of Pt), hence the structure
contains 1 (0.8 for Pt) molecule of water per Fe" ion in good
agreement with the TGA studies (Fig. S1a and bt). The intralayer
H-bond interactions define an array of parallel linear chains
running along the (001) direction. As a result, the bimetallic
layers are slightly corrugated (Fig. 1b) being the angles defined
by the equatorial planes of the coordination Fel-Fe2/Fel-
Pt(Pd)/Fe2-Pt(Pd) centres in the interval 14.8-15°/1.3-4.0°/16.2~
18.8°, respectively. The layers are pillared in such a way that the
apical 5-NH,Pym ligands are interdigitated defining weak m-m
interactions (Fig. S2at) and the M" centres of one layer are on
top the centre of the [Fe,M",] windows of the adjacent layers
(Fig. S2bt). The packing of the layers generates 1D channels
where the water molecules are located (Fig. 1c). The interlayer
distance based on the average plane defined by the Fe1-Fe2-Pt/
Pd atoms is 8.17 and 8.14 A for 17*-H,0 and 1Pd~H20, respec-
tively. Host-host and host-guest H-bond interactions found for
1"*.H,0 and 1°¥-H,0 and for the rest of studied solvates are
gathered in Table 1.

Upon cooling to 187 K (180 K for 1°4-H,0), the crystals
become orange suggesting the occurrence of a HS-to-LS state
change. The system retains the C2/m space group and the
overall structure does not change significantly with respect to
that at 260 K. However, whereas the average [FelNs| bond
length decreases by 0.194 A for 1**-H,0 and 1°4-H,0, that of
[Fe2N,] remains barely unaltered for both 17*-H,O (2.165 A vs.
2.139 A) and 1°-H,0 (2.171 A vs. 2.156 A). These values reveal
that whereas Fel centres undergo a complete HS-to-LS transi-
tion, those of Fe2 remain in the HS configuration. This defines
a ---HS-LS--- ordered state within the linear H-bond chains
mentioned above (Fig. 2a) that in turn results in an infinite
ordered succession of HS and LS planes running along (001)

Table 1 Selected H-bond interactions (in A) found for 1™, 1™-H,0, 1M-0.5MeOH and 1P*-0.4EtOH at 260 K

Interaction 17 174 1. H,0 1*. 14,0 17.0.5MeOH 174.0.5MeOH 17t.0.4EtOH
Host-host

N6(amino)---N7(het.) 3.023 2.973 — — — — —
N3(amino)---N7(het.) — — 3.106 3.075 — — 3.053
N7(amino)---N3(het.) — — — — 2.979 3.039 —
N11(amino)---N13(het.) — — 3.015 3.042 —
Host-guest

01(guest)---N2(het.) — — 2.885 2.842 — — 2.795
O1(guest)---N8(amino) — — 3.053 3.035 — — 2.963
01(MeOH):--N2(het.) — — — — 2.724 2.771 —
02(MeOH)---N10(het.) — — — — 2.805 2.781 —
01(MeOH):--N8(amino) — — — — 2.900 2.914 —
02(MeOH):--N14(amino) — — — — 2.979 2.908 —

1226 | Chem. Sci,, 2020, M, 11224-11234
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Fig. 2 Perspective views of 17-H,0 at 187 K (structurally equivalent to 1°%-H,O at 180 K) displaying (a) a bimetallic layer in the ---HS-LS---
ordered intermediate state representing in blue the LS Fel sites and in orange the HS Fe2 sites and (b) three stacked layers showing the planes

containing the HS or LS sites (hydrogen atoms are omitted for clarity).

(Fig. 2b). Further cooling to 120 K induces a complete spin
transition as indicated by the Fe1-N/Fe2-N average distances of
1.948/1.955 and 1.961/1.963 A for 1°*H,0 and 1°¢-H,0,
respectively. These structural data are in perfect agreement with
the magnetic measurements (vide infra). The HS — LS process
is accompanied by a contraction of the interlayer distance by 0.3
Aand 0.2 A for 17-H,0 and 1”?-H,0, respectively. Furthermore,
the angles defined by the equatorial planes of Fel-Fe2/Fel-
Pt(Pd)/Fe2-Pt(Pd) decrease by 0.7°/1.2°/2.0° when moving from
the HS to the LS state for 1**-H,0 and 1*¢-H,0, consequently
the undulation of the {Fe[M(CN),]}, planes is slightly less
pronounced. The main crystallographic parameters of 1°*-H,0
and 174-H,0 are gathered in Tables S1 and S2,7 respectively.

Fig. 3 shows the magnetic properties in the form of yuT
versus T plots (xu is the molar magnetic susceptibility and T is
the temperature) for 1°*-H,0 and 1°¢-H,0. Samples of 1**-H,0
and 17-H,0 and, consequently, those of their corresponding
derivatives (vide infra) were constituted exclusively of single
crystals which, according to the elemental analysis and powder
X-ray diffraction studies (see experimental section and Fig. S3 in
ESIY), corresponded to a single phase. At 290 K, the x\T value of
the as-synthesized crystals of 1**-H,0 and 1°¢-H,0 was found
to be about 3.5 cm® K mol™!, which is consistent with the Fe'
ion in the HS state. When cooling at 2 K min', this value
remains constant until it drops abruptly just below ca. 205 K in
two marked steps, involving each one 50% of a complete HS-to-
LS transformation. The average critical temperatures T, (calcu-
lated as T. = T}; + T4/2 where T); and TY; (i = 1, 2) are the
transition temperatures in the respective heating and cooling
modes) are T,; = 205.5 (204) K and T., = 187.5 (173.5) K for
1”-H,0 (1”4 H,0) within the first and second step, respectively,
and define hysteresis loops (AT, = Tl — Téi) of AT, =9(8) K
and AT, = 15 (9) K for 1**-H,0 (1**-H,0). Hence, the SCO
curves of 1”™-H,0 and 1°¥.H,O define a plateau in the
temperature range 184-205 K and 175-205 K, respectively,
where, accordingly to the structural data, a HS-LS mixed state is
present.

This journal is © The Royal Society of Chemistry 2020
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'{
EtOH\\
1M-xEtOH

Scheme 2 Scheme of the main chemical transformations reported in
this work.

Guest exchange properties (1™ -H,0 < 1™ < 1™-guest)

Based on the thermogravimetric analysis (TGA) (Fig. Sla and
bt), 17 and 17 solvent-free single crystals were prepared by
removing the included water molecule from the corresponding
1"*.H,0 and 1™ H,0 counterparts through thermal treatment
at 400 K for 30 minutes. The anhydrous derivatives spontane-
ously uptake water from atmospheric moisture yielding the
primitive hydrated 1*-H,0 and 1°-H,O derivatives (see
Scheme 2). To in depth analyse this behaviour, water adsorption
isotherms were performed for 1”* and 1”4, These compounds do
not show significant water adsorption below a value of relative
pressure, P/P,, equal to 0.02 for 1** and 0.08 for 1”4 (see Fig. 4a
and c and the corresponding enlarged plots in Fig. 4b and d).
Above this threshold value, a sigmoidal adsorption profile takes
place first rapidly reaching a covering value of 0.83 and 0.90 mol
H,O0/mol Fe for 1** and 1%, respectively, and then more grad-
ually to reach a value of ca. 1 mol H,O/mol Fe at P/P, = 0.6. This
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Fig.4 Water, methanol and ethanol isothermal adsorption (full points)
and desorption (open points) curves for 1" and 179 in (a and c) full scale
and (b and d) the corresponding enlarged plots at low pressures range
(desorption curves are omitted in the low pressures centred curves).
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result suggests a gate-opening mechanism in which the
adsorption process is accompanied by a drastic cooperative
crystallographic transformation. Indeed, the resulting curve
corresponds to a Type F-IV adsorption profile typical for flexible
compounds exhibiting non-porous to porous structural
transitions.*

In subsequent SCSC transformations, desorbed 1** and 174
crystals soaked in MeOH or EtOH for a period of 3 h afforded
crystals of 1™-0.5MeOH or 1™-xEtOH (M = Pt, Pd, x = 0.25-0.4)
(see Scheme 2). According to the corresponding TGA,
a maximum of 0.5 molecules of methanol per Fe™ are trapped
within the structure of 1™ whereas ca. 0.4 molecules of ethanol
was included in 1% (17¢-0.4EtOH). However, only 0.25 molecules
of ethanol were found in 1°¢ (1*4-0.25EtOH) (Fig. S1c—ff). Given
the non-porous nature of 1™ and 1*%, and due to the larger
molecular volume of MeOH, and especially of EtOH, their
adsorption isotherms reflect much higher steric hindrance for
these guests than for H,O, thereby requiring higher P/P, values
to include amounts close to the ones found for the soaked
crystals. Interestingly, the MeOH adsorption isotherm for 174
also displays a clear sigmoidal shape with a threshold relative
pressure of 0.04 P/P, (see Fig. 4d) reflecting a Type F-III
adsorption profile ascribed to a gradual non-porous to porous
structural switching.” Indeed, this threshold value is even lower
than that of H,O and the same trend is observed for the Pt
derivative (0.01 P/P, for MeOH vs. 0.02 for water) (Fig. 4b). In
addition, the desorption isotherm profiles for the MeOH and
EtOH derivatives are significantly different to the adsorption
ones defining a marked hysteretic behaviour. This fact contrasts
with the water uptake whose adsorption/desorption profiles are
very close each other. All these observations suggest that the
host clathrates exhibit higher chemical affinity for MeOH than
for H,O at very low guest pressures and, although relatively
strong interactions seem to be stablished with EtOH, its higher
molecular volume may prevent an efficient adsorption. Similar
results describing lower adsorption pressures for MeOH and
EtOH than for H,O in a non-SCO 2D framework have been re-
ported and ascribed to the presence of hydrophobic
interactions.>

Time-dependent thermogravimetic studies of 1™ under
water, methanol or ethanol vapours are consistent with the
results described above. With the aim of extracting the kinetic
parameters associated with the adsorption processes, the
quantity of adsorbed guest as a function of time was fitted to the
Avrami equation* (« = A(1 — exp{—Kaut"})) (see Fig. S4 and
Table S37). As expected regarding the adsorption isotherms, the
Pt derivative presents higher amounts of adsorbed guest (4) and
higher adsorption kinetic constants (K,,) than the Pd one. In
addition, for a given activated derivative (1™ or 179), the
adsorption kinetic constants are higher for MeOH and EtOH
than for water suggesting a stronger affinity by the host
framework for the formers. However, the n parameter, which
accounts for the cooperativity of the process, indicates that the
adsorption event is more cooperative for water than for the
alcohol molecules. Furthermore, for a given guest molecule, n is
higher for the Pd than for the Pt derivative.

This journal is © The Royal Society of Chemistry 2020
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Guest exchange-induced structural modifications

Single crystal X-ray diffraction measurements were performed
in order to assess the structural modifications involved upon
subsequent guest exchanges (1™-H,0 < 1™ o 1™ -guest).
Furthermore, each compound was measured at temperatures in
which the different spin states (HS, LS and/or mixed ---HS-LS:--
) manifest according to the magnetic properties (vide infra).
Crystals of 1™ H,0 and 1°4-H,0 were in situ heated in the
diffractometer at 400 K in order to remove the guest water
molecule, thereby yielding the corresponding 1 and 1™
dehydrated phases. The water-free structures of 1** and 1° were
then successfully determined at 260 K (HS) and 120 K (LS). In
a subsequent step, 1”* and 1°¢ were loaded with MeOH to give
1”.0.5MeOH and 1°%-0.5MeOH and the crystallographic data
of freshly prepared crystals collected at 260 K (HS-HS) and 100
K (HS-LS). The ethanol derivatives were prepared in a similar
way. In particular, 1°*-0.4EtOH was analysed at 260 K (HS-HS)
and 100 K (HS-LS). However, the low quantity of ethanol
adsorbed by 17 led to mixed crystallographic phases that pre-
vented the proper resolution of the structure of 17¢-0.25EtOH.
The main crystallographic parameters of the discussed struc-
tures are displayed in Tables S1, S2, S4 and S5.t

Structure of 17 and 179

Removal of the included water molecule from 1™-H,0 (1™-H,0 —
1™ involves a crystallographic phase transformation from the
monoclinic C2/m to the orthorhombic Pnma space group. Although
the layered structure of 1™ is comparable to that of the hydrated
monoclinic phase, the loss of water is accompanied by noticeable
structural modifications (Fig. 5): (i) Only one type of Fe" ion, axially
coordinated by two crystallographically distinct 5-NH,Pym ligands,
is now observed; (ii) one of the two axial 5-NH,Pym is rotated 180°
in such a manner that they adopt a cis conformation with respect to
the orientation of the amine groups; (iii) the void space generated
upon desorption of water molecules is minimized by subtle re-
accommodation of the bimetallic layers whose undulated corru-
gation is more noticeable and regular. Indeed, the equatorial plane
around Fe1 defines an angle with the [M(CN),J>~ plane of 12.14° (M
= Pt) and 14.95° (M = Pd) in the LS state but increases considerably
up to 24.67° (M = Pt) and 29.59° (M = Pd) in the HS; (iv) the
absence of included water molecules prevents the formation of the
H-bonding chains observed for 1*-H,0 and 14 H,0. Instead, only
one intralayer H-bond interaction (N6---N7) is established between
adjacent 5-NH,Pym ligands (Fig. 5 and Table 1).

At 260 K, the [FeNq] average bond length [2.161 and 2.158 A
for 17 and 179, respectively] is consistent with 100% of the Fe"
ions in the HS state. When cooling to 120 K, the structures
remain in the Pnma space group but the [FeNg] average bond
length decreases to 1.950 A for 1% and 1.960 A for 179,
tently with a complete HS-to-LS transition, also reflected by the
observed yellow to red colour change. It is important to note
that, according to the powder X-ray diffraction (Fig. S51), the
spontaneous readsorption of water from air moisture (1™
1™-H,0) shows complete structural reversibility recovering the
original 1™-H,O frameworks.

consis-
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Monoclinic C2/m (1M-H,0)

NH,Pym(1’) NH,Pym(2)

NH,Pym(1) NH,Pym(2’)
5673 ﬁ e
o -
N T ,

e

Orthorhombic Pnma (1¥)

Fig. 5 Views along the (010) direction of a bimetallic layer of 1"-H,O
(up) and 1™ (down) at 260 K (M = Pt, Pd). Red/blue curved arrows
indicate the 180° rotation of the 5-NH,Pym ligands occurring along
with the dehydration/hydration processes (discontinuous yellow-red
and red-green lines represent host—guest and host—host H-bonds).

Structure of 17-0.5MeOH and 1°¢-0.5MeOH

The 1™ — 1™.0.5MeOH adsorption process involves a crystallo-
graphic phase change from the orthorhombic Pnma to the ortho-
rhombic Phcm space group. Overall, 17-0.5MeOH and

Pd.0.5MeOH present the same general structure as their water
counterparts (17 H,0 and 1°4-H,0) but the asymmetric unit is
constituted, in addition to two different [Fe"Ng] centres, of two
inequivalent 5-NH,Pym per Fe" and two distinct [M"(CN),J>~
bridging units (Fig. S61). As in 1™ H,0 and 1”-H,0, the two 5-
NH,Pym apical ligands coordinated to a given Fe' centre display
a trans conformation with respect to the amine group orientation
revealing that 50% of the axial ligands undergoes a 180° rotation
upon MeOH adsorption. Similarly to 1™ H,0, the bimetallic layers
are slightly corrugated as shown by the angles defined between
consecutive equatorial planes of the metallic centres [Fe1-M1/Fe2-
M1/Fe1-M2/Fe2-M2] being equal to [1.96° (2.27°)/13.24° (17.59°)/
1.01° (0.25°)/16.22° (15.07°)] for 1™-0.5MeOH and [1.43° (1.28°)/
15.70° (14.15°)/1.25° (2.12°)/14.02° (17.56°)] for 1°9-0.5MeOH in
the LS and (HS) states, respectively. This irregular corrugation
seems also to be guided by the formation of host-host and host-
guest H-bonds. The bimetallic layers are now stacked along the
(010) direction generating an array of two inequivalent 1D interlayer
channels, running along the (001) direction and delimited by the
M"(1) or M"(2) centres, respectively. These channels host an
average of ca. 0.5 molecules of MeOH per Fe' (Fig. S71) in good
agreement with the thermogravimetric analysis (Fig. S1c and df).
The corresponding oxygen atom interacts via H-bonding with both
the non-coordinated nitrogen heteroatom and the amino group of
the apical 5-NH,Pym ligands (Table 1). The much narrower chan-
nels created between the bimetallic layers are blocked by the (Pym)
NH,--N(Pym)NH, hydrogen bonds.
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At 260 K, the average Fel-N/Fe2-N bond lengths (2.174
A/2.166 A and 2.175 A/2.173 A for 1”-0.5MeOH and
174.0.5MeOH, respectively) are consistent with a fully popu-
lated HS state. When cooling down to 100 K, the crystal retains
the orthorhombic Phcm space group and undergoes a yellow-to-
dark orange color change indicating the occurrence of a HS-to-
LS change. Indeed, although the Fel site remains in the HS
state (Fe1-N average distance = 2.174 A (260 K) vs. 2.164 A (100
K)/2.175 A (260 K) vs. 2.154 A (100 K) for 1**-0.5MeOH/
17.0.5MeOH), Fe2 undergoes a complete switch to the LS state
(Fe2-N average distance = 2.166 A (260 K) vs. 1.984 A (100 K)/
2173 A (260 K) vs. 1.985 A (100 K) for 1" 0.5MeOH/
174.0.5MeOH) giving rise to an ordered - - -HS-LS- - - state. The
packing of the layers becomes slightly denser during the SCO
event as it is reflected by the decrease of the distance between
the average planes, defined by the undulated cyano-bridged
bimetallic layers, from 8.197 A/8.097 A to 7.997 A/7.987 A for
17-0.5MeOH and from 8.185 A/8.138 A to 8.070 A/8.013 A for
17%-0.5MeOH. Powder X-ray diffraction measurements have
confirmed the structural reversibility of the methanol adsorp-
tion since the resulting pattern of the solid upon heating
(1™-0.5MeOH — 1™) coincides with that initially registered for
the dehydrated compound (1™-H,0 — 1™) (Fig. $81).

Structure of 1°*-0.4EtOH

The adsorption of ethanol in 1% provokes a crystallographic
phase transition from the orthorhombic Pnma to the
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monoclinic 12/m space group. The structure of 17*-0.4EtOH is
homologous to that of 1™-H,O the main difference residing in
the distinct nature of the included guests. Hence, in excellent
accord with the TGA (Fig. Siet), 0.4 molecules of ethanol are
located within the 1D channels in such a way that they form
hydrogen bonds with both the amino and the heterocyclic N
atom of adjacent 5-NH,Pym ligands (Table 1).

At 260 K, the Fe1-N/Fe2-N average distances are 2.164/2.168
A, thereby reflecting a fully populated HS state. When cooling
to 100 K, these distances change to 2.112/1.987 A revealing that
whereas the ca. 70% of the Fel centres remain in the HS state, the
Fe2 centres undergo a complete transition to the LS state. Table 2
gathers the Fe-N average distances and the octahedral distortion
parameters at each temperature for all the studied structures.

Guest-dependent SCO properties of 1™

Compounds 1”*-H,0 and 1”4-H,0 were dehydrated in situ in
the SQUID chamber at 400 K for one hour to afford 1% and 17¢
and their xuT vs. T curves subsequently recorded (see Fig. 6a
and b, respectively). The resulting spin transitions remain
abrupt and complete although they occur in a single step. In the
case of the Pt derivative the critical temperature increases (7. =
218 K, AT, = 10 K) with respect to those of the hydrated coun-
terpart. In contrast, for 1*4 the critical temperature (T, = 196.5,
AT, = 9 K) lie roughly in between the two hysteresis loops dis-
played by 1°4-H,0. Importantly, as mentioned above, 1™
recover the water molecule when exposed to air moisture

Table 2 Octahedral distortion parameters (® and X) at different temperatures and the associated Fe—N average distances for 17*-H,O and

i=24

1P9.H,0. (© is defined as Z (60 — 6;) being 6, the angle generated by superposition of two opposite faces of the octahedron there are four pairs

=1

of such superposition with six 6; values each one). X represents octahedron distortion defined as the sum of deviations from 90° of the 12 cis N—

=12
Fe—N angles in the coordination sphere Z (¢; — 90)

i=1

Sample 1™ 1”.H,0
T (K) 260 120 260 187 100
Spin state HS LS Fel(HS) Fe2(HS) Fel(LS) Fe2(HS) Fe1(LS) Fe2(LS)
Fe-N (A) 2.161 1.950 2.159 2.164 1.965 2.140 1.948 1.955
0/% 39/17.9 20.1/8.4 22/11.6 39/22.8 21/12.0 43/29.6 17/14.0 30/20.4
Sample 1™ 1"4.H,0
T (K) 260 120 260 180 100
Spin state HS LS Fel(HS) Fe2(HS) Fel(LS) Fe2(HS) Fe1(LS) Fe2(LS)
Fe-N (A) 2.158 1.960 2.168 2.174 1.987 2.156 1.961 1.963
0/% 52/23 18.7/9.2 16/4.8 28/14.8 19/9.2 33/25.2 14/5.6 29/13.2
Sample 1%t.0.5MeOH 174.0.5MeOH
T (K) 260 100 260 100

Fel(HS) Fe2(HS) Fel(HS) Fe2(LS) Fel(HS) Fe2(HS) Fel(HS) Fe2(LS)
Fe-N (A) 2.174 2.166 2.164 1.984 2.174 2.173 2.155 1.986
0/% 29/4.7 28/19.7 37/17.6 26/9.7 32/8.4 28/22.4 32/18.0 25/11.9
Sample 17 0.4EtOH
T (K) 260 100

Fel(HS) Fe2(HS) Fel(HS) Fe2(LS)

Fe-N (A) 2.164 2.166 2.112 1.986
0/% 17/7.2 36/22.8 34/16.4 22/15.6
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Fig. 6 SCO behaviour for (a) 17, 17*.0.5MeOH and 1*-0.4EtOH and (b) 17 and 17¢-0.5MeOH (scan rate: 2 K min~Y). Spin transitions curves of
hydrated compounds (1P*-H,0 and 179-H,0) are also displayed for comparison.

yielding the initial 1™-H,0 compounds and showing full
reversibility of the SCO properties (Fig. S91).

The SCO properties of 1™-0.5MeOH/1™-0.4EtOH and
174.0.5MeOH are displayed in Fig. 6a and b, respectively. The
adsorption of MeOH induces a significant decrease of the SCO
temperatures and whereas the transition remains cooperative
displaying a one-step hysteretic curve (AT, = 10 K) with T, = 170
K for 1”*-0.5MeOH, it exhibits a very subtle two-step behaviour
centred at similar temperatures (T, = 170.5 K) with a narrow
hysteresis (AT, = 3 K) for 1°4.0.5MeOH. The inclusion of
ethanol in 1** (compound 1**-0.4EtOH) induces an even further
decrease of the spin crossover temperatures than the methanol
does (T. = 131.5 K) while conserving a 13 K hysteresis wide. The
xmT values recorded at 100 K (1.70/1.43/1.63 cm® K mol " for
17*.0.5MeOH/17?-0.5MeOH/1"*-0.4EtOH) indicate, in good
agreement with the structural data, that the presence of MeOH
or EtOH blocks ca. 49/41/46% of the Fe" ions in the HS state.
Despite further cooling to 50 K no additional spin transition
events were observed for these compounds (Fig. S107). In
contrast, the xyT vs. T curve of 1°4-0.25EtOH displays a more
complete two-step SCO behaviour (Fig. S11at). The first step is
characterized by a cooperative transition with T.; = 191 K (AT,
= 10 K) whereas the second one shows a gradual transition with
Te, = 146.5 K and (AT, = 9 K). Among the ca. 79% of the Fe'
centres that are SCO-active in 1°9-0.25EtOH, ca. 47% undergo
the spin transition in the first step and ca. 32% in the second
step. As shown by TGA (Fig. Sle, f and S11bt), the differences in
the SCO properties between 17*-0.4EtOH and 17¢-0.25EtOH are
likely assignable to the lower effective quantity of ethanol
present in the latter (0.4 vs. 0.25, respectively).

The SCO properties of 17, 1% 1.H,0, 1°%-H,0,
17*.0.5MeOH and 1°?-0.5MeOH were also monitored through
differential scanning calorimetry (DSC) at 10 K min™".
1”-0.4EtOH and 17%-0.25EtOH were not analysed by this tech-
nique since their corresponding spin transitions are out of the
temperature window of our calorimeter. As depicted in
Fig. S12,f DSC measurements reproduce very well the SCO
behaviour observed for the different samples in the magnetic
studies. For example, calorimetric curves of dehydrated (1)

This journal is © The Royal Society of Chemistry 2020

and hydrated (1™-H,0) compounds show one and two singu-
larities during both the heating and cooling modes confirming
single and double stepped SCO behaviours, respectively. In
addition, the AH/AS (k] mol /] K" mol ') parameters are
14.63/74.86, 18.06/82.32, 17.49/88.14 and 16.49/86.52 for 17,
174, 1" H,0 and 1" H,0, respectively, in good agreement with
the values typically displayed by Hofmann-like Fe" compounds
featuring cooperative and complete SCO behaviours.** In
contrast, 1”*-0.5MeOH and 17*-0.5MeOH solvates present AH/
AS (k] mol /] K~' mol ") values of 7.64/40.09 and 7.10/41.40
consistent with a ca. 50% blocking of the spin transition as
detected in the corresponding magnetic measurements.

Discussion

The adsorption isotherms indicate different sorption capabil-
ities for 1™ and 1?9 derivatives. Indeed, under the same
conditions, 1** adsorbs a higher amount of guest and with faster
kinetics than 1% (see Fig. 4, S4 and Table S31). It is worth
mentioning that 1™ and 1”? desolvated forms do not present
intrinsic porosity and, therefore, the uptake process occurs
concomitantly to noticeable structural modifications which
enable the entry of guests giving place to a gate-opening
adsorption mechanism. Although related phenomena have
been reported for 0D* and 1D*® Co(u) SCO systems, the lack of
precise structural data associated to the uptake processes pre-
vented direct information about its origin. Kitagawa et al
showed a gate-opening effect on 2D nanometric thin films of
{Fe(Pyridine),[Pt(CN),]} revealing that, upon adsorption, the
guest molecules are hosted by inducing separation between the
stacked 2D layers.”” In contrast to the latter related example, our
results here described disclose that the mechanism of struc-
tural reaccommodation upon guest sorption/desorption
involves a 180° rotation of 50% of the 5-NH,Pym axial ligands
which seems to facilitate the diffusion of the guest throughout
the channels. Similar “revolving door” effect has been observed
in discrete*® and 1D* SCO systems. Another relevant structural
change accompanying the guest uptake involves breaking the
N6---N7 H-bond operating between the amino group and the
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non-coordinated nitrogen of adjacent 5-NH,Pym ligands
(Fig. 5). Once the energy barrier of this rupture process is
overcome the adsorption occurs in a cooperative one-step
fashion revealing the gate-opening nature. Thus, the rupture
of this interaction may determine the adsorption profile for
each derivative. As a consequence, the slower adsorption regime
of 174 with respect to 1°* may be attributed to the stronger N6---
N7 H-bond interaction of the former (Table 1). Furthermore, the
accessible pore volumes calculated with PLATON for the cor-
responding 1™-guest structures (Table S67) are slightly higher
for Pt than for Pd derivatives, which probably facilitates the
uptake and dissemination of guest molecules within the
former.

The insertion of hydroxylic guest molecules in 1™ promotes
different degrees of local distortion in the 2D framework, which
are responsible for the formation of non-equivalent Fe" and M"
(M™ = Pt, Pd) centres. The unsolvated 1™ derivatives, consti-
tuted of homogeneously corrugated 2D layers with a minimum
degree of distortion (maximum symmetry), feature only one
crystallographic Fe" (and M") site and show the occurrence of
similar one-step complete cooperative SCO for M™ = Pt, Pd
derivatives. In contrast, the inclusion of water distorts the layers
generating two different centrosymmetric Fe" sites in 1™-H,0
with different degrees of octahedral £ and @ distortions (see
Table 2). The less distorted Fel site is more prone to exhibit SCO
than that of Fe2 giving rise to the stabilization of an ordered
intermediate mixed spin state ---LS(Fe1l)-HS(Fe2)-LS(Fel)---.
The inclusion of MeOH or EtOH provokes further asymmetry in
the 1™-0.5MeOH and 1°*-0.4EtOH layers reflected on the
occurrence of two crystallograpically different [M(CN)]*~
centres and the loss of centrosymmetry in the Fel and Fe2 sites.
Consequently, the SCO conversion occurs at lower temperatures
involving essentially 50% of the Fe" centres. Although the
down-shift of the T, parallels the increase of the guest size, the
electronic factors may also play an important role (vide infra).
Surprisingly, the Fe1 site, which undergoes SCO first in 1™-H,0,
remains HS in 1™-0.5MeOH/1"*-0.4EtOH even at 100 K, in spite
of being surrounded by a less distorted octahedron (Table 2).

1M°H20
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However, the Fe2 site is SCO-active observing a complete HS —
LS transition. In fact, pressure experiments carried out over
1”'.0.5MeOH demonstrate that whereas the T, value of the Fe2
centre increases markedly with pressure, the pressure depen-
dence of the SCO experienced by the Fel site is more moderate
being almost complete only with pressures above 1.76 KBar
(Fig. S137). This singular situation can be associated with the
fact that the oxygen atom of water and alcohol guests occupy
different specific sites within the interlayer channels (Fig. 7).
Indeed, the arrangement of methanol and ethanol molecules in
the cavities tends to optimize the attractive interactions (H-
bond) and minimize the repulsive contacts between the
aliphatic part of the alcohol and the host network. Therefore,
the water and the alcohol molecules display differences in the
H-bond distances with the host 5-NH,Pym ligands (Table 1).
More precisely, the methanol and ethanol molecules afford
stronger H-bonds (shorter distances) than the water molecule
with the non-coordinated N2 atom of the pyrimidine moiety,
which is directly connected to the Fel sites. This fact explains
the higher affinity to alcohols suggested by the adsorption
isotherms, time-dependent TGAs and the hysteretic behaviour
defined by their desorption isotherms. Since this H-bond
withdraws electron density from the pyrimidine ring, it is
reasonable to infer a decrease of the ligand field strength
around the Fel sites “deactivating” the SCO. Furthermore, there
are additional steric reasons involving contacts between the C
atom(s) of the MeOH/EtOH and the pyrimidine ring coordi-
nated to Fel [C(EtOH/MeOH):--C4(pym) and C(EtOH/MeOH)- -
N2(pym)] whose distances, shorter than the sum of the corre-
sponding van der Waals radii, may also hamper the complete
HS — LS transition stabilizing the mixed ---LS(Fe2)-HS(Fe1)-
LS(Fe2)--- states. It is worthwhile emphasizing that the SCO
behaviour of [Fe2Ng] site remains mostly unaltered presenting
very similar SCO temperatures when interacting with water or
methanol, however, they decrease markedly with ethanol. In the
case of 1°4-0.25EtOH, the low quantity of adsorbed ethanol
seems to affect only a small fraction of Fe" sites (ca. 32%)
lowering their SCO temperature whereas the most part of the

Fig. 7 View of a fragment of two consecutive layers emphasising the specific sites occupied by the guests, (a) H,O, (b) MeOH and (c) EtOH,
within the 1D channels which follow the orientation indicated by the black arrow. Hydrogen bonds are marked as bicolour blue-red lines for N8---
O1and yellow-red for N2---O1. Atom colour code: Fel (blue octahedrons), Fe2 (orange octahedrons), N (blue), M (green), C (black). Note that one

out of two possible positions found for the MeOH is shown.
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Fe'! sites (47%) exhibit SCO temperatures reminiscent of the 1°¢
unsolvated compound. This situation is reflected when
observing the powder X-ray diffraction of 1°4-0.25EtOH soaked
in ethanol, as the main intense peaks are those corresponding
to the “empty” compound whereas only some less intense peaks
correspond to the ethanol containing clathrate (Fig. S147).

Finally, in order to qualitatively assess the selectivity prop-
erties of 1™ against the adsorption of H,O, MeOH and EtOH,
freshly dehydrated 1™-H,O samples were immersed overnight
in solvent mixtures of H,O :MeOH, MeOH : EtOH or H,-
O : EtOH (1 : 1 in volume) and the SCO properties of the yielded
solvates measured in the SQUID magnetometer. The results
show that when soaking 1™ either in H,0O:MeOH or
MeOH : EtOH mixtures the recorded SCO curves are reminis-
cent of those of 1™-0.5MeOH (Fig. $151) indicating a higher
tendency to adsorb MeOH over the other molecules. On the
other hand, the magnetic properties of 1™, recorded after being
soaked in H,O : EtOH mixtures, display 2-stepped SCO profiles
characteristic of 1™-H,0 derivatives (Fig. S157) suggesting that
water molecules have been mostly adsorbed in this case. These
results are in good agreement with that expected from the
adsorption isotherms and X-ray diffraction data which predict
higher chemical affinity to MeOH than H,O and higher selec-
tivity of H,O/MeOH against EtOH. The former observation may
be associated to the stronger host-guest interactions stablished
with MeOH whereas the latter can be interpreted as a molecular
size-based exclusion in which the adsorption of the larger EtOH
molecules is hampered by steric effects. Overall, the adsorption
selectivity showed by 1™ follows the tendency MeOH > H,O >
EtOH.

Conclusions

In conclusion, SCSC transformations in the new family of 2D
HCPs formulated {Fe(5-NH,Pym),[M"(CN),]}-G (1™-G, M = Pt
or Pd, G = H,0, MeOH or EtOH) have revealed reversible and
controllable guest-dependent structural transformations
coupled to drastic SCO changes. The dual donor-acceptor
nature of the 5-NH,Pym axial ligands affords a singular array of
intra-layer H-bond interactions. In the guest-free 1™ derivative,
these interactions involve 50% of the amino groups and non-
coordinated N atoms of the 5-NH,Pym ligands coordinated to
adjacent [FeNg] sites, thereby conferring strong undulation to
the layered structure. The remaining 50% of NH,/N(pym) pairs,
structurally disabled to define mutual H-bonds, generate func-
tionalized void spaces potentially suitable for small ROH
hydroxylic solvents. Indeed, exposition of the essentially non-
porous 1™ derivatives to H,O, MeOH or EtOH induces a gate-
opening adsorption mechanism which involves important
structural reorganizations including 180° rotation of the 5-
NH,Pym ligands, flattening of the layers and creation of host-
guest H-bonds facilitating the migration of the trapped mole-
cules. Importantly, the adsorption capabilities of 1™ depend not
only on the nature of the guest molecule and that of the host
framework (M = Pt or Pd) conferring selectivity properties to the
system, but also on their reciprocal interactions. These mutual
interactions in turn affect the Fe'' environments and determine

This journal is © The Royal Society of Chemistry 2020
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varying and predictable SCO behaviours. The interplay between
SCO and gate-opening adsorption, together with their likely
suitability to be processed as nanometric thin films, as other
related compounds,”**”*® evidence the potential of the reported
2D amino-functionalized HCPs for sensing and/or gas separa-
tion applications.
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