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A binary reversible switch between low-temperature multi-step spin crossover (SCO), through the
evolution of the population yys(T) with high-spin (HS)-low-spin (LS) sequence: HS;LSy (state 1) < HS,,
3LSy/3 (state 2) < HSy/5LSy, (state 3) < HSy/3LS,/3 (state 4) < HSqLS; (state 5), and complete one step
hysteretic spin transition featuring 20 K wide thermal hysteresis centred at 290 K occurs in the three-
dimensional (3D) Hofmann-type porous coordination polymer {Fe'(3,8phen)[Au(CN),l5}-xPhNO,
(3,8phen = 3,8-phenanthroline, PANO, = nitrobenzene), made up of two identical interpenetrated pcu-
type frameworks. The included PhNO, guest (x = 1, 1-PhNO,) acts as a molecular wedge between the
interpenetrated 3D frameworks via PhNO,-3,8phen intermolecular recognition and is the source of the
strong elastic frustration responsible for the multi-step regime. Detailed X-ray single crystal analysis
reflects competition between spatial periodicities of structurally inequivalent HS and LS SCO centres
featuring: (i) symmetry breaking (state 3) with ---HS—LS--- ordering with yys = 1/2; and (i) occurrence of
spatial modulation of the structure providing evidence for stabilization of local or aperiodic ordered
mixed spin states for states 2 and 4 (with yys = 2/3) and 4 (with yus = 1/3), respectively. Below c.a. 20
K, structural and magnetic analyses show the photogeneration of a metastable HS*, state 6. The room-
temperature single-step hysteretic regime appears with release of the guest (x = 0, 1) and the elastic
frustration, and reversibly switches back to the original four-step behaviour upon guest re-adsorption.
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DOI: 10.1039/d05c04420b Both uncommon relevant SCO events meeting in the same material represent a rare opportunity to

rsc.li/chemical-science compare them in the frame of antiferro- and ferro-elastic transitions.

Introduction

Fe' spin crossover (SCO) complexes are relevant switchable
molecular materials that reversibly change between the high-
spin (HS, ty'e,’, S = 2) and low-spin (LS, t,,°e,’, S = 0) states
by the action of a variety of external stimuli (temperature,
pressure, light irradiation or analytes) inducing significant
changes in the materials' magnetic, electrical and optical

“Departamento de Quimica Inorgdnica, Instituto de Ciencia Molecular (ICMol),
Universidad de Valencia, Valencia, Spain. E-mail: jose.a.real@uv.es

*Univ Rennes, CNRS, IPR (Institut de Physique de Rennes) - UMR 6251, F-35000
Rennes, France. E-mail: eric.collet@univ-rennesl.fr

‘Departamento de Fisica Aplicada, Universitat Politécnica de Valéncia, Camino de Vera
s/n, E-46022, Valencia, Spain

‘Department of Chemistry, Taras Shevchenko National University of Kyiv, 64/13,
Volodymyrska Street, 01601, Kyiv, Ukraine

“ISIS Neutron Facility, STFC Rutherford Appleton Laboratory, Chilton, Oxfordshire
0X11 0QX, UK

t Electronic supplementary information (ESI) available. CCDC compound
1-PhNO,: CCDC-2010360 (state 1, 290 K), CCDC-2010361 (state 2, 250 K),
CCDC-2010362 (state 3, 228 K), CCDC-2010363 (state 4, 206 K), CCDC-2010364
(state 5, 140 K), CCDC-2010365 (state 5, 15 K [dark]) and CCDC-2010366 (state
6, 15 K [532 nm]). Compound 1: CCDC-2016312. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/d0sc04420b

i These authors contributed equally to this work.

© 2021 The Author(s). Published by the Royal Society of Chemistry

properties. Furthermore, due to the antibonding nature of the
e, orbitals, their population-depopulation upon the HS < LS
switch is strongly coupled with structural changes primarily
affecting the [Fe"'Ng] coordination sphere and spreading coop-
eratively from one SCO centre to another across the crystal
through intermolecular contacts (m-stacking and hydrogen
bonding) and/or covalent and coordination bonds.* Thus, the
thermal dependence of the HS (LS) population, yys(7), is criti-
cally affected by the elastic coupling between the active SCO
centres, which is usually assumed to be of purely elastic
nature.”™*
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It has been recently shown that the occurrence of competing
elastic interactions in the crystal, i.e. elastic frustration,** is
pivotal in the rationalization of most relevant experimentally
observed vyys(T) dependences. The lack of significant elastic
frustration combined with strong coupling favours highly
cooperative bistable hysteretic single-step SCO behaviour
conferring a binary on-off nature to the electronic and
mechanical properties of the material. In contrast, above
a certain threshold elastic frustration, yys(7) reveals the emer-
gence of an intriguing multistep behaviour. At microscopic
level, the steps reflect long-range ordering sequences of HS and
LS sites, initially symmetry equivalent, and forming spin-state
concentration waves. It results from the competition between
local “anti-ferro” elastic interactions, minimizing the elastic
energy cost through the alternation of sites of different HS and
LS states of high and low volumes, and long-range “ferro”
elastic interactions, as a macroscopic volume change will favour
the same spin state.* Both, multistability and room temperature
hysteresis are rare events that have raised substantial expecta-
tions on the conception of bistable and multiple-bit SCO-based
sensors, actuators and memories.”

The control of the coupling between the SCO centres for the
design of materials with targeted SCO properties is challenging
due to the elusive nature of the intermolecular interactions
involved and the extreme sensitivity of the SCO phenomenon to
minute structural changes. However, the polymeric approach
has revealed to be an important tool to test the coupling
between the active centres and its effect on the SCO behaviour.
This approach has mitigated in part the dominance of the
supramolecular interactions characteristic of discrete SCO
compounds by replacing these soft interactions with more
controllable covalent and coordination bonds. In this respect,
Hofmann-type cyanometallate coordination polymers (CPs)
{Fe"(L)[M"(CN),]} (M" = Ni, Pd, Pt have become excellent
testbeds for analysing the coupling between the octahedral SCO
[Fe"'N¢] nodes,® which are equatorially connected by 4 cyano-
metallate bridging groups defining robust square grid layers
{Fe",[M"(CN),],} .- The remaining axial positions are filled with
pyridine-like monodentate (n = 2) or bis-monodentate (n = 1)
bridging ligands affording 2D and/or 3D CPs, respectively. For
2D CPs, constructive elastic interactions between consecutive
layers can be achieved by m-interactions thanks to the inter-
digitation of the axial ligands. This is clearly illustrated for the
derivatives with L = 3-Xpyridine (X = F,> NH,;** M" = Ni, Pd, Pt)
and triazole-based ligands thiome' and proptrz.**> Similar effi-
cient coupling is achieved when connecting the layers through
rigid pyrazine ligands to generate 3D porous fsc-type frame-
works (M" = Ni, Pd, Pt).?® All these CPs display strong cooper-
ative single-step SCO featuring wide hysteretic behaviour at
relatively high temperatures. Comparable efficiency has also
been observed for the Hofmann variant {Fe"(L)[Au'(CN),],},
a 3D system made up of {Fe",[Au’(CN),],} . grids pillared by L =
pyrazine (pz)'* or fluoropyrazine (Fpz)* defining double inter-
penetrated pcu-type frameworks. However, this efficient
communication and synchronization between the active Fe'
SCO centres may be modulated or even disrupted by the
inclusion of guest molecules since they may act as sources of

1318 | Chem. Sci, 2021, 12, 1317-1326

View Article Online

Edge Article

elastic frustration and multistability. For example, spin-state
concentration waves may form at ygyg = 1 < 1/2 < 1/3 <
0 as it has been described for the 3D SCO-CP [Fe'(dpsme)
Pt(CN),4]-2/3dpsme-xEtOH-yH,O and [Fe"(Phtrz),{Pd(CN),}]-
2H,0 where dpsme is the non-rigid bridging ligand 4,4’
di(pyridylthio)methane'® and Phtrz = (E)-1-phenyl-N-(1,2,4-tri-
azole-4-yl)-methanimine).’” More recently, a four step SCO
behaviour has been described for the 2D CPs [Fe''(saltrz),{-
M(CN),}]-8/3H,0 (saltrz = (E)-2-(((4H-1,2,4-triazol-4-yl)imino)
methyl)phenol, M = Pt", Pd")*® showing steps between plateaus
atyps = 1 < 5/6 < 4/6 < 1/6 < 0. Similarly, four steps have
been described for the 3D CPs [Fe"(bipydz){Au(CN),},]-4EtOH
(bipydz = 3,6-bis(4-pyridyl)-1,2-diazine)** and [Fe''(4-abpt)
{Ag(CN),},]-2DMF-EtOH (4-abpt = 4-amino-3,5-bis(4-pyridyl)-
1,2,4-triazole)*® with sequences yys =1 < 2/3 < 1/2 < 1/3 <
0and 1 < 3/4 < 1/2 < 1/4 < 0, respectively.

Here we report the synthesis and characterization of an
unprecedented dual Hofmann-type SCO-CP formulated
{Fe"(3,8-phen)[Au(CN),],}-xPhNO, (1:-xPhNO,) with low
dielectric constant pores capable of discriminating between
hydroxylic solvents (i.e. methanol) and benzene derivatives (i.e.
PhNO,). The system reversibly switches between a multi-step
SCO regime with sequence ygs = 1 < ~2/3 < 1/2 < ~1/3
< 0 for x = 1 (1-PhNO,) and a complete single step hyster-
etic spin transition upon guest removal, x = 0 (1), featuring
ac.a. 20 K wide thermal hysteresis centred at room temperature
(290 K). The state 3 at yys = 1/2 features symmetry breaking
with an ordered ---LS-HS--- sequence, forming a spin state
concentration wave.

The states 2 and 4 around yys = 1/3 and 2/3 are associated
with aperiodic structural modulations. The modulation of the
Fe-N bonds found for state 4 reveals the spatial modulation of

YHS-

Preparation

Crystalline samples of 1-PhNO, were grown by slow liquid-
liquid diffusion technique using a modified H-vessel with
a third tube added due to the poor solubility of the 3,8-phen
ligand in methanol. The peripheral tubes contained Fe(BF,),-
-6H,0 and K[Au(CN),] salts, respectively while the central tube
contained 3,8-phen ligand (see ESI for more informationt).
Each tube was partially filled with methanol and then with
a solution 1 : 10 of PhNO, in methanol, finally the tubes were
sealed. Yellow cube-shaped single crystals were formed two
weeks later in the tube which originally contained Fe(BF,),-
-6H,0 salt with relative high yield (ca. 50%). The presence and
quantification of the guest molecule was confirmed by means of
single-crystal X-ray diffraction, IR spectroscopy (Fig. S11), ther-
mogravimetric (Fig. S2f) and elemental analysis. Firmly
fastened, the guest PhNO, molecule desorbs in two consecutive
steps centred at ca. 410 and 470 K to give the guest-free deriv-
ative 1, which shows remarkable thermal stability in the
temperature window 490-550 K. Above 550 K, 1 starts to
decompose in two additional steps (Fig. S2t). Consequently, 1
was prepared by controlled thermal treatment of 1-PhNO, at
480 K for 80 min in a N, stream. During this process, the crystals

© 2021 The Author(s). Published by the Royal Society of Chemistry
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deteriorated, thereby preventing us to analyse the structure
through single crystal X-ray analysis. However, combination of
magnetic and calorimetric measurements together with
elemental analysis and room temperature powder X-ray
diffraction (PXRD) analysis, show that essentially the frame-
work structure of 1-PhNO, is retained in 1 (vide infra) (see ESIt).

Spin crossover behaviour

The thermal dependence of the magnetic properties measured
at 1 K min~" and expressed as the product yT, where xy is the
molar magnetic susceptibility and 7 is the temperature, is dis-
played in Fig. 1 (left) for 1-PhNO,. The x\T value equal to 3.79
cm® K mol " is consistent with a fully populated Fe"-HS state in
the range 300-280 K, which corresponds to yys = 1 (state 1: HS).
Below 280 K, xm7 decreases in two overlapped steps, a first one
gradual followed by a second steeper separated by a narrow
inflexion at about 240-245 K with x;T = 2.55 cm® K mol ™! that
corresponds ca. yus = 2/3 (state 2: HSp ¢6LSo.33)- Then follows
a plateau ca. 20 K wide centred at 225 K characterized by a xpT
value 2.05 cm® K mol ™" and yyg = 1/2 (state 3: HSq 5LS, 5). This
value, slightly higher than expected for the half of 3.79 cm® K
mol ', may be the result of an increase of the orbital contri-
bution of the Fe" centre remaining HS in state 3. Upon cooling
below 214 K, x\T drops again in a third step that leads to a new
inclined plateau (206-199 K) with a value 1.30 cm® K mol " at
202 K (state 4: HS, 33LSg ¢6)- Finally, below 199 K a sharp forth
step leads the system to the completely populated LS state at
193 K (xmT = 0.1 cm® K mol ") (state 5: LS). The heating and

T/IK
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cooling modes of the T vs. T plot behaviour indicate the lack
of any remarkable hysteresis.

The four steps were corroborated by differential scanning
calorimetric (DSC) measurements carried out at 5 K min™ "
(Fig. 1 left). The critical temperatures associated with the
maxima/minima are 258, 236, 208 and 196 K. The associated
average enthalpy variations, estimated from the area below each
maximum, are AH; = 7.60, 3.36, 2.88 and 5.87 kJ mol?,
respectively, and the corresponding average entropy variation
being AS; = AH/T,; = 29.45, 14.24,13.85 and 29.94 ] K " mol .
These steps correspond well with the sequence of HS molar
fraction yys = 1 (state 1), yys = 2/3 (state 2), yus = 1/2 (state 3),
vus = 1/3 (state 4) and yys = 0 (state 5) with overall AHy and
ASyvalues are 19.8 k] mol ' and 87.48 ] K~ mol . The entropy
change does not correspond exactly to the ratio of spin
conversion during the steps, which indicates that other
phenomena like structural order may be involved in the
transitions.

Photo-generation of the fully populated metastable HS* state
(state 6), the so-called light induced excited spin state trapping
(LIESST) experiment,* was carried out at 10 K irradiating
a microcrystalline sample of 1-PhNO, with green light (A = 532
nm) (Fig. S41). In these conditions, the sample saturates in 4 h,
with values of T around 3.45 cm® K mol~". Subsequently, the
light irradiation was switched off and the temperature
increased at a rate of 0.3 K min~'. Then, yuT slightly raises to
a value of 3.58 cm® K mol ™" at 16 K, which practically corre-
sponds to 95% of the maximum value obtained at 300 K. This
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Fig.1 Thermal dependence of magnetic (grey circles) and calorimetric properties of 1-PhNO, (left) and 1 (right). Blue and red curves correspond

to the cooling and heating modes in AC,.

Table 1 Average bond lengths (A), 3 (deg) parameter, HS molar fraction yys and spin states of 1-PhNO,

290 K 250 K 228 K 206 K 140 K 15 K Photo 15 K
(Fe-N,,) 2.231(4) 2.158(5) 2.026(5) (LS), 2.219(5) (HS) 2.068(6) 2.015(4) 2.010(7) 2.203(6)
(Fe-Neq) 2.133 (4) 2.070(3) 1.944(2) (LS), 2.126(2) (HS) 1.996(4) 1.933(2) 1.932(3) 2.120(3)
(Fe-N) 2.166(3) 2.099(2) 1.971(2) (LS), 2.157(2) (HS) 2.020(3) 1.960(2) 1.958(3) 2.147(3)
> 3.68(16) 3.40(16) 6.66(16) (LS), 5.40(17) (HS) 3.76(10) 4.40(15) 3.2(2) 4.72(18)
Yus 1 2/3 1/2 1/3 0 0 1
State 1 (HS) 2 (HSHSLS)" 3 (HSLS) 4 (LSLSHS)" 5 (LS) 5 (LS) 6 photo(HS)

¢ Spin-state ordering not definitely characterized.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of the thermal dependence of yuT (orange) and
unit cell volume (grey dots) for 1-PhNO,. Black filled circles represent
the volume—-temperature coordinates at which the crystal structure
has been solved (15 K LS and HS* data not shown).

raise in y\T as well as its value at 16 K reflect the thermal
population of different microstates originated from the zero-
field splitting of the HS* spin state. At higher temperatures,
xmT decreases rapidly until joining the thermal SCO curve at ca.
55 K, indicating that the metastable HS* state has relaxed to the
stable LS state. The relaxation is characterized by two distinct
slopes with characteristic Ty gssT temperatures,* 30.0 K and 48
K, respectively, obtained from dxu7/0T. The low Tiigsst
temperatures are consistent with the relatively high critical SCO
temperatures of 1-PhNO, and according to the inverse-energy-
gap law.”

As mentioned above, controlled thermal desorption of
PhNO, in 1-PhNO, affords the guest free species 1. Upon
desorption, the magnetic properties of 1 correspond to
a complete single step spin transition characterized by a square-
shaped thermal hysteresis 15 K wide (1 K min~") centred at
room temperature with critical temperatures T9°*™ = 290.0 K

View Article Online
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and Tc"® = 305.3 K, which are consistent with those obtained
from DSC measurements, 287.0 K and 305.6 K, respectively
(Fig. 1 right). The average AH and AS values are 21.7 k] mol "
and 74.1J K" mol *, respectively. These thermodynamic values
for 1 from yys = 1 to yys = 0 differ from the sum of the values
for 1-PhNO, over the different steps and confirm that the spin
state switching is not the only process coming into play. Inter-
estingly, the original multi-step SCO properties of the as-
synthesized derivative 1-PhNO, are completely recovered
when crystals of 1 are soaked in PhNO, for a week (Fig. S37).
This fact, together with the strong cooperative hysteretic
behaviour, are clear proofs confirming the retention of the
double interpenetrated porous structure in the desorbed
material 1.

Structure

Structure of 1-PhNO,. X-ray single crystal studies were
carried out for 1-PhNO,. The thermal dependence of the unit
cell parameters was investigated to check its consistency with
the magnetic measurements. The unit cell volume, V, and the
xmT product virtually display the same multi-step SCO behav-
iour (Fig. 2), which is also mirrored by the remaining unit cell
parameters q, b, ¢ (see also Fig. S51). Consequently, the crystal
structure was analysed at 290, 250, 228, 206, 140 K, 15 K and at
15 K after laser irradiation, which correspond reasonably well
with states 1, 2, 3, 4, 5 and 6, respectively. Relevant crystallo-
graphic data are collected in Table S1.7 The average axial,
equatorial and [Fe"N4] Fe-N bond lengths ({(Fe-N)) and average
angular distortion ¥° [sum of the deviations from the ideal
octahedron of the 12 “cis” N-Fe-N angles (X° = X;|6; — 90°|)] for
all investigated temperatures are gathered in Table 1.

The structures found at 290 K (state 1, yys = 1), 140 K, 15 K
(state 5, yus = 0) and 15 K after laser irradiation (state 6, yys =
1) are isostructural and correspond to the monoclinic P2/n
space group (Z = 2 (Z' = 1)) with similar unit cell parameters. In
these unit cells, the two Fe sites lie on Wyckoff position with site
symmetry 2 and are equivalent by symmetry (n glide plane). The
main different features are the changes of Fe-N bond lengths,
N-Fe-N angle and unit cell contraction, due to the molecular

Fig. 3 View of the two interpenetrated frameworks (blue/orange) along [001] (a) and [010] (b) directions. (c) Fragment of one of the two
frameworks in the state 3 (yys = 1/2, 228 K) showing the LS (blue) and HS (pink) octahedral centers. Disorder in the central ring of 3,8-phen has

been omitted for clarity.
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volume change between LS and HS states. As expected, the
linear 3,8-phen and [Au(CN),]” bridging ligands occupy,
respectively, the axial and equatorial positions of the elongated
[Fe"Ng] octahedral coordination site, thereby defining two
identical and mutually interpenetrated 3D porous networks
with pcu-type topology made up of {Fe[Au(CN),],}, layers pil-
lared by 3,8-phen ligands (Fig. 3a and b). The structures are
characterised by positional disorder of the central ring of the
3,8-phen ligand imposed by symmetry (see Fig. S6t). The vari-
ation of (Fe-N) between the 1(HS) and 5 (LS) states, A((Fe-N)); s
= 0.21 A is consistent with a complete SCO between the LS and
the HS states of Fe''. However, the value A((Fe-N))s_5 = 0.19 A
between 5(LS) and 6(HS*) at 15 K is 10% smaller but consistent
with an almost complete spin-state conversion.

At 228 K (state 3), the crystal undergoes a symmetry breaking
with a change of lattice periodicity from the monoclinic P2/n
space group to the monoclinic I2/a (Z = 8 (Z' = 2)). Therefore,
there are now 2 symmetry inequivalent Fe"" sites in the unit cell,
remaining on the 2-fold axis: 4 Fe"' sites are LS as characterized
by (Fe-N) g = 1.971(2) and the other 4 Fe" sites are HS as
characterized by (Fe-N)ys = 2.157(2) A. The average (Fe-N)s.ps
equal to 2.064 A is ca. 0.1 A smaller than (Fe-N) = 2.166 A at 290
K thus corroborating that yyg = 1/2. This state 3 defines a long-
range periodic ---LS-HS:-- ordering in both interpenetrated
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frameworks. The HS and the LS sites alternate along the 3,8-
phen and [Au(CN),]” groups as shown in Fig. 3c.

The two interpenetrated pcu-type frameworks interact with
each other through strong aurophillic interactions leading to
a characteristic 90° criss-cross pattern between the corre-
sponding NC-Au-CN groups. The Au---Au distance gradually
shortens at lower temperatures due essentially to the spin state
change, being 3.0733(4) A at 290 K and 2.9963(4) A at 140 K.
Interestingly, despite the interpenetration of the two frame-
works, channels are formed along a + ¢ direction where the
PhNO, molecules are located (Fig. 4a and b). Within the chan-
nels, the disordered PhNO, molecules are interposed between
the two frameworks interacting with the 3,8-phen bridging
ligands via m-stacking (Fig. 4b). The number of Cg; g phen)
C(phno,) contacts shorter than the sum of the van der Waals radii
(ca. 3.70 A) remains almost constant in number but they
shorten as the LS state population increases (yys decreases) at
low temperatures, being in the range 3.39-3.69 A (Fig. 4c).
Furthermore, below 290 K a second type of short C---C contacts
appear involving PhNO, molecules and the [Au(CN),]” bridges
(Cauem),) - “Como,) = 3.54-3.68 A) and weaken at 290 K
(C(Au(CN)Z)"'C(PhNOZ) >3.70 A) (Flg 4C).

Another relevant observation concerns the pseudo-square
{Fe,[Au(CN),],} windows. They experience a scissor-like move-
ment changing the acute Au-Fe-Au angle from 88.14° to 84.39°

Fig. 4

(Top) View of a fragment of the interpenetrated pcu frameworks illustrating: (a) the solvent-excluded surface showing void channels

running along a + ¢ direction; (b) the 1-PhNO, molecules located in the channels (the shown PhNO, molecule represents the average of two
slightly disordered positions); and (c) Czg-phen)**Ciphno, (red, blue thin bonds) and Ciaucny, **Cienno, (black-red thin bonds) intermolecular
interactions shorter than the sum of van der Waals radii at 228 K. Red-white thin bonds correspond to the Au---Au interactions between the two
interpenetrated frameworks. (Bottom) View down to [010] direction of the interpenetrated frameworks marked in light- and dark-blue LS state
(d), light- and dark-red (HS state) (e) including the PANO, molecule located in the channels (the inner green/blue squares correspond to the unit
cell); (f) superposition of one of the two frameworks illustrating the distortion of the structure when moving from the LS state (blue) to the HS
state (orange).

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2021, 12, 1317-1326 | 1321
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(A¢ = 3.75°) when moving from the LS state 5 to the HS state 1
(see Fig. 4d-f).

As far as state 2 (250 K) and state 4 (206 K) are concerned, the
structure does not change significantly, however, the average 3D
space group P2/n has a symmetry different from states 1,3 and 5
because data shows an aperiodic feature denoted by the pres-
ence of satellite diffraction peaks at g-vector = [0.433(5),
0.502(6), 0.359(5)] and [0.433(2), 0.498(2), 0.3689(18)] for state 2
and 4, respectively (see Fig. S7t). The satellite peaks provide
evidence of aperiodic order but, unfortunately, we could not
solve the structure with superspace approach for state 2 due to
the weak signal/noise ratio of the satellites, and we only provide
the average 3D periodic structure, where we found (Fe-N) =
2.099(5) A, which agrees well with yys = 2/3. In contrast, for
state 4, the structural refinement in the (3 + 1)-dimensional
superspace group P2/n (al|2g)0s (Z = 2 (Z' = 1)), indicates
a spatial modulation of the Fe-N bond lengths (see Fig. 5),
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which is aperiodic with the (q, b, ¢) lattice and (Fe-N)=2.020(3)
A providing evidence for an aperiodic modulation of the HS
fraction around yys = 1/3 coupled to the structural reorgani-
zation. There is no group-subgroup relationship between states
2 and 3 and between states 3 and 4, consequently, both phase
transitions are of first-order nature as shown in Fig. 1. The
structure of state 4 is therefore no longer 3D periodic, but
incommensurately modulated with respect to the initial (a, b, c)
lattice, as it is the case for {Fe[(Hg(SCN);),](4,4'-bipy),}, and
[FeH,L> ™°|[SbF],, where spin state concentration waves also
form.>**

In summary, state 4 (and very likely state 2) corresponds to
a long-range aperiodic order close to LS-LS-HS (HS-HS-LS),
characterized by the modulation of the Fe-N bonds (Fig. 5a).
This modulation also involves modulation of the guest PhNO,
(Fig. 5b) and of the ligand (Fig. 5¢). Since some satellite peaks
are also observed in the LS state 5 at 140 K, the spatial modu-
lation of HS/LS states is rather driven by the aperiodic ligand/
solvent order. Therefore, the steps in yyg during the spin
conversion are driven by a subtle balance between the spin
crossover centres, ligand order and HS/LS order all influenced
by the guest molecule.

Structure of 1. As mentioned above, 1 was prepared through
careful thermal treatment from 1-PhNO,, under N, atmo-
sphere. The desorption was monitored from room temperature
until 480 K where the weight loss corresponded to ca. 97% of the
guest molecule, then the sample was kept at this temperature
for 80 min before cooling back to room temperature. Fig. 6
displays the PXRD pattern calculated for 1-PhNO, calculated
from the single crystal data at 290 K and the experimental
diffraction patterns of the microcrystalline powder, measured at
room temperature both before and after desorbing the PhNO,
molecule. At a glance, there are obvious drastic changes in the
pattern when moving from 1-PhNO, to 1 due to the lack of guest
molecules in the framework. Despite this, the peak centred at 26
~ 7.7° (d = 11.5 A), associated with the (0, 1, 0) reflection in
1-PhNO,, corresponds to the separation between two consecu-
tive {Fe,[Au(CN),]s}, layers and is essentially retained in 1.
Rietveld refinement of the experimental data for 1 gives

.
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Fig. 6 Comparison of calculated and experimental (black and red
lines) powder X-ray diffraction (PXRD) patterns for 1-PhNO, with the
experimental PXRD of 1 (blue line).
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a reasonable good fit for a possible slightly changed unit cell
with crystal parameters a = 12.0682(4) A, b = 16.9687(4) A, ¢ =
11.4632(3) A and § = 94.888(4)°, Z = 4. We found that several
space groups, namely C2/m, C2, P2,/c and P2/c, are compatible
with this unit cell and diffraction pattern. It is important to
stress that the only difference between 1-PhNO, and 1 stems
from the distinct possible orientations of the axial bridging 3,8-
phen ligand, which clearly reflects the increase of rotational
freedom of the ligand 3,8-phen in the guest-free derivative.
Therefore, we chose to carry out the refinement in the space
group C2/m that accounts for all the possible orientations of the
3,8-phen linker while maintaining the connectivity of the orig-
inal structure described for 1-PhNO,. A rather good fit of the
PXRD pattern is shown in Fig. S8t for the C2/m space group. A
selection of crystallographic data, bond lengths and angles are
summarized in Tables S2 and S3,1 while a graphical description
of the structure is shown in Fig. S8-S11.f

Discussion

The four-step SCO behaviour is a rare event so far studied, at the
best of our knowledge, in three different Fe" Hofmann-type
clathrates loaded with hydroxilic solvents (H,O, EtOH and/or
DMF) which are stabilised in the pores by host-guest and
guest-guest hydrogen bonding interactions facilitated by the
presence of acceptor/donor centres associated with the pillar
ligands. For example, in the 2D system {Fe"(saltrz),[M(CN),]}- 8/
3H,0 (M = Pd, Pt) the trapped water molecules interact via
hydrogen bonding with the phenyl and triazole groups of the
terminal ligand saltrz thereby generating structural constraints
leading to four-step SCO behaviour.’® A similar situation has
been described for the 3D systems {Fe'(bipydz)[Au(CN),],}-
4EtOH™ and {Fe"(4-abpt)[Ag(CN),],}- 2DMF-EtOH>® where the
pillar ligands bipydz and 4-abpt contain 1,2-diazine and ami-
notriazole moieties, respectively. For the [Au(CN),] derivative
of the latter compound a seven/eight step behaviour has been
recently reported.>®

Unlike these examples, compound 1-PhNO, introduces two
new relevant features. First, the low dielectric environment of
the channels, defined by the aromatic rings of the 3,8-phen
ligands, capable of discriminating between hydroxylic solvents
such as MeOH or H,O and benzene derivatives like PhNO,,
which are easily recognised via w-stacking. Consequently, in the
present system, host-guest -7 supramolecular interactions
are the relevant promoters of four-step SCO. Second, the guest-
free derivative 1 displays a strong cooperative SCO featuring
a 20 K wide hysteresis centred at room temperature (290 K),
which upon reversible adsorption of PhNO, regenerates
1-PhNO, with identical four-step SCO behaviour. The complete
single-step bistable SCO behaviour of the guest-free derivative 1
is consistent with that reported for the homologous coordina-
tion polymers of general formula {Fe"(L)[Au(CN),],} with L =
pyrazine and 2-fluoropyrazine, which share: (i) the same
{Fe",[Au(CN),]s} grids connected through rigid axial linear
ligands; and (ii) the lack of guest molecules interposed between
the two interpenetrated 3D frameworks. These facts ensure
efficient communication between the Fe' centres in each
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independent 3D framework favouring “ferro-like” elastic inter-
actions due to the lack of significant local elastic frustration. In
contrast, inclusion of PhNO, as a molecular “wedge” between
the two 3D frameworks, introduces two types of host-guest
interactions between the interpenetrated frameworks: (i) C---C
short contacts with the [Au(CN),]” and (ii) -7 interactions
with the 3,8-phen ligands. Clearly opposed to the contraction of
the frameworks upon cooling, these interactions may act also as
a source of intermolecular “friction” preventing the possible
mutual sliding of the 3D frameworks. These facts not only
deeply modify the elastic properties of the crystal introducing
elastic frustration, clearly seen as a sequence of plateaus with
locked fractions of yys separating the steps,® but also man-
ifested by an energy cost reflected on the destabilisation of the
LS state.

The intermediate plateaus usually reflect ordered pop-
ulations of HS and LS states, as expected for a succession of
“antiferro-like” states.”* Particular relevance has, in the present
case, the relative large thermal stability of the state 3 at yus = 1/
2 where the unit cell doubles and the LS-HS Fe" centres, con-
nected through 3,8-phen and [Au(CN),] ™, alternate in the two
interpenetrated frameworks (Fig. 3c). This thermal stability
reflects the extra energy-cost associated with erasing the struc-
tural ordering observed in this phase. Indeed, this energy
penalisation can be described in terms of structural modifica-
tions. The most relevant structural changes to remark are the
(Fe-N) bond lengths and more importantly the large increase of
the angular distortion parameter of the [FeNs| when moving to
the state 3 (see X value Table 1), a fact which is correlated with
the noticeable change of the scissor-like angles of the {Fe,[-
Au(CN),],} windows (see Fig. 4d-f). These changes do not
impose any toll for 1 since the intermolecular “friction” between
the frameworks is minimised. However, the steric hindrance
introduced by PhNO, in 1:-PhNO, between them, reaches
a maximum for state 3 (ygs = 1/2). This is clearly illustrated by
the increase of the angular distortion (X) of the HS and LS Fe"
octahedrons by ca. 150% in state 3. Apparently, state 2 (yus = 2/
3) and state 4 (ygs = 1/3) can be considered less energy cost
symmetric “replicas” paving the way for achieving the state yys
= 1/2, which can be considered the bottleneck of the HS < LS
conversion in 1-PhNO,. Detailed crystallographic analysis of
state 4 sheds light for the generation of an aperiodic order of HS
and LS states, which also could be inferred in a similar aperi-
odic modulation for state 2.

Conclusions

Here we have reported on a singular Fe"" Hofmann-type porous
coordination polymer whose magnetic, optical and mechanical
properties can be reversibly switched between two uncommon
SCO behaviours, namely a room temperature single-step strong
cooperative spin transition and four-step SCO behaviour. The
key of the reversible switch between both behaviours is the
absence or presence of a molecule of PhNO, in the 1D channels.
The easy recognition of PhNO, via m-stacking through the
aromatic walls of the 1D channels defined by the 3,8-ligands
introduces a sort of “molecular wedge” mechanism between the

Chem. Sci., 2021, 12, 1317-1326 | 1323


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc04420b

Open Access Article. Published on 23 November 2020. Downloaded on 3/3/2026 10:38:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

two interpenetrated 3D frameworks which provokes elastic
frustration and multistep behaviour. It is worth noting that we
have successfully extended these results to other six-membered
aromatic guests such as fluoro-, chloro-, bromo- and 1,3-
bibromo-benzene, benzaldehyde or benzonitrile among others.
These preliminary results, which will be reported elsewhere,
show that the new 1-PhX clathrates display similar four-step
SCO behaviour, thereby demonstrating the reliability of the
dual system here reported.

Robust SCO compounds with wide hysteretic behaviour
centred at room temperature such as 1, are potentially inter-
esting materials for the construction of sensor, micro/nano
electronic and spintronic devices.

Experimental

K[Au(CN),], and Fe(BF,),-6H,0 were purchased from commer-
cial sources and used as received whereas the synthesis of the
3,8-phen ligand was performed as described in a precedent
work.””

Materials

Synthesis of 1-PhNO,. As mentioned above, crystals of
1-PhNO, were grown by slow liquid-liquid diffusion technique
using a modified H-vessel (total volume ca. 10 mL) with a third tube
added due to the poor solubility of the 3,8-phen ligand in methanol.
The peripheral tubes contained Fe(BF,),-6H,O (0.056 mmol, 19
mg) and K[Au(CN),] (0.116 mmol, 33.5 mg) salts, respectively while
the central tube contained 3,8-phen ligand (0.055 mmol, 10 mg).
Each tube was partially filled first with a methanol and then with
a solution 1:10 of PhNO, in methanol, finally the tubes were
sealed. Yield ca. 50%. Calced for C,,H;3N,O,FeAu,: C, 30.83; H,
1.53; N, 11.44. Found: C, 31.12; H, 1.59; N, 11.72. IR: »(C=N) =
2179.2 em™ " (vs.), ¥(NOp)s = 1523 em™ ' (vs.) and »(NOy)sym =
1343 cm ™' (vs.). The guestfree derivative 1 was obtained by
controlled thermal decomposition under Ar atmosphere. Caled for
C16HgNgFeAuy: C, 26.18; H, 1.10; N, 11.45. Found: C, 26.63; H,
1.16; N, 11.51. This chemical analysis could reflect a residual
amount of PhNO, in the range of ca. 3-4% remaining in the
structure, indeed the IR spectrum clearly denoted the lack of
significant »(NO,),s and »(NO,)ym, vibrational modes.

Physical characterisation

Magnetic measurements. Variable-temperature magnetic
susceptibility data for bulk crystalline/microcrystalline samples
1-PhNO, and 1 (ca. 20 mg) were recorded with a Quantum
Design MPMS2 SQUID susceptometer equipped with a 7 T
magnet, operating at 1 T and at temperatures 10-400 K.
Experimental susceptibilities were corrected for diamagnetism
of the constituent atoms by the use of Pascal's constants. The
LIESST experiments were performed at 10 K in a commercial
sample holder (Quantum Design Fiber Optic Sample Holder),
wherein a quartz bucket containing 1.20 mg of crystals of
1-PhNO,, was held against the end of a quartz fiber coupled
with a green laser (532 nm). The raw data was corrected for
a background arising from the sample holder. The resulting
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magnetic signal was calibrated by scaling to match obtained
high temperature values with those of bulk sample.

Calorimetric and thermogravimetric measurements. Differ-
ential scanning calorimetry measurements were performed using
a Mettler Toledo DSC 821e calorimeter. Low temperatures were
obtained with an aluminium block attached to the sample holder,
refrigerated with a flow of liquid nitrogen and stabilized at
a temperature of 110 K. The sample holder was kept in a dry box
under a flow of dry nitrogen gas to avoid water condensation. The
measurements were carried out using around 12 mg of microcrys-
talline 1-PhNO, or 1 sealed in aluminium pans with a mechanical
crimp. Temperature and heat flow calibrations were made with
standard samples of indium by using its melting transition (429.6
K, 28.45 ] ¢~ '). An overall accuracy of 0.2 K in temperature and
+2% in the heat capacity is estimated. The uncertainty increases for
the determination of the anomalous enthalpy and entropy due to
the subtraction of an unknown baseline.

Thermogravimetric analysis was performed on a Mettler
Toledo TGA/SDTA 851e, in the 290-800 K temperature range
under a nitrogen atmosphere with a rate of 10 K min™".

Powder X-ray diffraction measurements (PXRD). PXRD
measurements where performed on a PANalytical Empyrean X-ray
powder diffractometer (Cu K, radiation) equipped with a PIXcel
detector operating at 40 mA and 45 kV. PXRD data for 1 for Rietveld
refinement was collected in the 5-90° (26) angular range with a step
size of 0.013° and using a 0.5 mm glass capillary and soller slits of
0.02° and a divergence slit of 1/4°. DICVOL06 was used to deter-
mine the cell parameters by indexing the PXRD pattern of 1. This
yielded a monoclinic unit cell with a = 12.063 A b=16.9604,c=
11.457 A, 8 = 94.9°, which was further refined against the experi-
mental PXRD in the C2/m space group by the LeBail method using
the FULLPROF software package. These results were used to build
a structural model of 1 with Materials Studio (MS) 2017 based on
the original structure of 1-PhNO,, solved by SCXR measurements.
This model was used as a starting point for a Rietveld refinement,
which was carried out with TOPAS Academic 5 program (http://
www.topas-academic.net/).

Single crystal X-ray diffraction. Single-crystal X-ray diffrac-
tion data for {Fe"'(3,8phen)[Au(CN),],}- PhNO, at 250 K, 228 K,
206 K and 140 K were collected on the same single crystal. The
temperature series has been completed with data at 290 K on
a second crystal. A new single crystal was also selected for data
taken at 15 K and at 15 K, without and under light exposure with
a green laser (A =532 nm at 3 mW for 2 h, this includes duration
of data collection). Additionally, the temperature variation of
the unit cell parameters within 290 K to 140 K range both in
cooling and heating mode with 2-3° intervals was measured on
one crystal (the same as crystal structure data at 290 K data).

A Xcalibur 3 four-circle diffractometer (Oxford Diffraction)
equipped with a 2D Sapphire3 CCD detector with Mo Ka radi-
ation (1 = 0.71073 A), was used for all data collection. An Oxford
Cryosystems 700Plus nitrogen-flow cryostat was used for
measurements in the temperatures ranging from 290 K down to
140 K; and an Oxford Diffraction Helijet helium-flow cryostat for
measurements at 15 K.

The unit cell parameters and the data reduction were ob-
tained with the CrysAlisPro (CrysAlisPro 1.171.38.41, Rigaku

© 2021 The Author(s). Published by the Royal Society of Chemistry
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OD, 2015) software from Oxford Diffraction. During data pro-
cessing a data scaling and empirical or multi-scan absorption
correction were also performed with CrysAlisPro software. The
structures at 290 K, 250 K, 228 K, 140 K, 15 K and 15 K after laser
irradiation, with the exception of 206 K data, were solved in P2/n
space group by direct methods using SHELXT?® and refined by
full-matrix least squares on F> using SHELXL,> see Table S1,}
with Olex2 GUL* All non-hydrogen atoms were refined aniso-
tropically and H-atoms were constrained by geometry. When
applicable, DFIX, SIMU and ISOR restraints as well EADP
constraints were applied for occupational disorders. For 228 K
a cell doubling has been identified; the satellites at Q-vector ~
0.5a* + 0.5b* + 0.5¢* accompanied with a weak diffuse signal,
were found and, since a $-angle is ~90°, a monoclinic I2/a space
group was assigned. Detailed analysis at 206 K revealed a pres-
ence of incommensurate satellite peaks with a g-vector ~
0.431(2)a* + 0.498(2)b* + 0.3690(18)c*, Fig. S7.T These satellites
start to appear already for 250 K data (a weak signal), are
stronger at 206 K and tend to slowly diminish with temperature,
still present at 140 K, and missing for 290 K and 15 K data.
Refinement in (3 + 1)-dimensional superspace: P2/n(a1|2g)0s,
has been performed only for 206 K data. Here, the average
structure model was solved by charge flipping and used for
further least square refinement on F with Jana2006.** The
modulation of the atomic positions for all non-H atoms as well
as the first harmonic modulation wave for selected atom sites
were refined. All H-atoms were constrained by geometry. A final
refinement cycle was stable and allowed refinement of the basic
structure parameters along with modulation parameters for all
non-H atoms with the exception of PhNO, site.

The crystal data collection and refinement parameters for all
phases are given in Table S1. CCDC-2010360 (state 1, 290 K),
CCDC-2010361 (state 2, 250 K), CCDC-2010362 (state 3, 228 K),
CCDC-2010363 (state 4, 206 K), CCDC-2010364 (state 5, 140 K),
CCDC-2010365 (state 5, 15 K [dark]) and CCDC-2010366 (state 6, 15
K [532 nm]) contain the ESI crystallographic data for this paper.}
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