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Solvent-triggered relaxative spin state switching
of [Fe(HB(pz)z),] in a closed nano-confinement of
NH,-MIL-101(Al)}

Tian Zhao,? Ishtvan Boldog,*® Vojislav Spasojevic,” Aurelian Rotaru,® Yann Garcia®
and Christoph Janiak*®

The synthesis of the NH,-MIL-101(Al) Metal—Organic Framework (MOF) with bis(hydrotris(pyrazolyl)borato)iron(i),
[Fe(HB(pz)3),l, added to the reaction medium yielded [Fe(HB(pz)s),J@NH,-MIL101(Al) encapsulation
products, denoted as S@Ms, in the course of a ‘bottle-around-the-ship’ assembly. [Fe(HB(pz)s),l is a
spin-crossover (SCO) compound with a gradual spin transition at 290-440 K for the bulk material
(repeated cycles), associated with a pronounced colour change from the red low spin (LS) state to the
white high-spin (HS) state. The identity of S@Ms, with a maximum loading of the iron complex at ~11 wt%
(0.16 molecules per AlzOLz moiety), was confirmed by PXRD and spectroscopic measurements. The
entrapped complex, which is stable in air and cannot be removed by vacuum drying, is confined in the cages
of the framework. N, and CO, gas adsorption measurements on the dry S@M composite with different iron
complex loadings confirm the absence of most of the initial NH,-MIL-101(Al) porosity. The S@M composite
material demonstrates a gradual thermally induced transition from the red low-spin (LS) state to the light
yellow HS state, associated with the colour of the matrix, chiefly over the range 300-450 K, which is close to
the 290-440 K temperature range for [Fe(HB(pz)s),]. The thermally induced HS form of S@M does not return
to the LS upon cooling to room temperature, and the metastable HS form relaxes only very slowly, which
becomes noticeable only after weeks of storage. Rapid and almost complete relaxation and decrease of
magnetic moment for up to ~97% of the whole sweep could be triggered by the addition of n-hexane, as
evidenced by the change of colour and magnetic measurements. Via mechanical stress akin to the action of
capillary forces, the adsorbed liquid effectively amplifies the otherwise very weak ‘matrix effect’ by increasing
the effective local pressure imposed on the transiting molecules, thus favouring even further the LS state. The
immersion of the dried composites into practically any typical solvents, including MeOH, DMSO, DMF, 'PrOH,
BuOH, t-BuOH, THF, ethylacetate, CH,Cl,, CHCls CCly, toluene, mesitylene, and cyclohexane, also induces a
spin state change, which is evidenced by the change of colour. The effect is fully reversible: the metastable
HS state could be reinstated upon drying the sample at elevated temperature and subsequent cooling. The
materials were thoroughly characterized by AAS, PXRD, gas sorption analysis, IR spectroscopy, magnetic
measurements, and optical reflectivity measurements. Therefore, a novel MOF-based material with isolated
SCO units is proposed, which demonstrates a salient relaxative ‘solvent assisted matrix-effect’ on metastable
entrapped sites, potentially suitable for light-driven single-unit addressability.

Introduction

“ Institut fiir Anorganische Chemie und Strukturchemie, Universitit Diisseldorf,
D-40204 Diisseldorf, Germany. E-mail: ishtvan.boldog@gmail.com,
Janiak@uni-duesseldorf.de

? Institute for Nuclear Sciences, P. O. Box 522, 11001 Beograd, Serbia

‘ Dept. of Electrical Engineering and Computer Science & Research center MANSID,
Stefan cel Mare Univ., University Street 13, 720229 Suceava, Romania

9 Institute of Condensed Matter and Nanosciences, Molecules, Solids and Reactivity
(IMCN/MOST), Université catholique de Louvain, Place L. Pasteur 1,

1348 Louvain-la-Neuve, Belgium

i Electronic supplementary information (ESI) available: Additional data regard-

ing IR spectroscopy, gas adsorption measurements, and temperature dependent

optical reflectivity. See DOI: 10.1039/c6tc01297¢

6588 | J. Mater. Chem. C, 2016, 4, 6588-6601

The spin-crossover (SCO) phenomenon®? is the switching of

spin states in complexes of some first row transition metals,
with d®iron(u) (pseudo-)octahedral nitrogen-donor ligand com-
plexes being the most studied examples.® The reversible switch-
ing between the low- and high-spin states (LS < HS) is not only
associated with a pronounced change of the magnetic state
from diamagnetic to paramagnetic ('A;, S=0 & °T,, § = 2), but
also with many other important physical parameters, including
structural, vibrational,* dielectric, and optical properties in

This journal is © The Royal Society of Chemistry 2016
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most cases. The simplicity of the optical detection of the usual
LS-red s HS-white transition and the associated magnetic
changes for iron(n) SCO compounds stimulate the interest
in potential information storage,>® display devices,® and
sensors.” 2

The iron complexes of hydrotris(pyrazolyl)borato ligands
exhibit such a SCO phenomenon between LS-red & HS-white
states'*™*° and the transition temperatures (Ty,,) were found to
vary strongly with the substituents on the pyrazolyl rings or on
the boron atom.'®?° The interplay of the steric effects of
substituents with different sizes of LS and HS Fe(u) ions was
demonstrated to be the decisive factor in controlling the
relative stability of the spin states.’”'® For the parent com-
pound [Fe(HB(pz);),] (1, Fig. S1 in the ESIT) with unsubstituted
pyrazolyl rings the transition temperature is Ty, ~ 410 K.>'™>?
This compound undergoes an irreversible transformation upon
warming between a metastable tetragonal form in the LS state
to a stable monoclinic form in the HS state.>
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Triggering of SCO transition can be achieved by the change
in temperature,>* ¢ pressure,””*® and the magnetic field,
irradiation with light (LIESST),?**° or the action of a chemical
agent (chemo-switching).?’**> Production of functional, indivi-
dually addressable SCO units®*® as small as possible is an
important process actively researched in the area of SCO
nanomaterials.***> Various methods for the synthesis of
SCO nanoparticles®*® and thin films®***° including nano-
patterned”’ growth were successfully implemented, which also
act as prototypical functional elements for nanodevices.*> One
of the traditional problems in nanostructuration refer to the
loss of abruptness in thermal- and pressure-induced SCO,
which is associated with the reduction of cooperative effects,
i.e., the reduced efficiency of elastic interactions in the solid-
state, propagating the effect of structural changes during spin
transition.*>**

An interesting alternative is to sacrifice entirely the tradi-
tional cooperativity for the possibility of embedding isolated
molecular SCO entities in a regular matrix with a precise spatial
placement and addressability. A transparent matrix, penetrable
for small molecules, but encapsulating the SCO entities should
allow light- and chemo-switching, also providing good mechanical
protection. The effect of matrix confinement®® imposing addi-
tional elastic interactions between the host and the embedded
object is well known for SCO nanoparticles, represented by either
‘soft’ matrices, such as organic polymers, e.g., polyvinylpyrroli-
done (PVP)* or chitosan,*® or ‘hard’ matrices, such as silica
shells*® or in the form of various core-shell particles.?*3*

This journal is © The Royal Society of Chemistry 2016
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Practically in all those cases the embedded objects are firmly
adjoined to the surface of the matrix, completely isolating the
SCO particles. Ship-in-the-bottle inclusion of mononuclear
iron®” or cobalt*® SCO complexes in a principally rigid matrix,
Y-zeolite, is among the few examples where isolative inclusion,
i.e. with lowered interaction with the matrix, is observed for the
molecular species, but not realized fully due to the small size of
the pores. However, recently we have observed that in
[Fe(Htrz);](BF,),-H,O@MCM-41 (Htrz = 4H-1,2,4-triazole) and
[Fe(Htrz),trz]BF,@MCM-41 (trz = 1,2,4-triazolato), the meso-
porous zeolite matrix loosely surrounds the embedded 1D
SCO polymer and can still transfer the confinement pressure
through adsorbed water molecules as mediators, significantly
altering the width of the hysteresis, the abruptness of the
transition, and shifting the latter to higher temperatures.*’

Guided by this finding we have chosen the micro-to-meso-
porous NH,-MIL-101(Al) metal-organic framework (MOF) material
as a stable, diamagnetic, optically transparent host,® for the
placement of the charge-neutral mononuclear SCO complex
[Fe(HB(pz)s),], 1, targeting a new SCO composite material,
S@M, based on a rigid porous matrix with aimed loose placement
of the functional entities.

Results and discussion

In-depth investigation of the possible confinement effect
exerted by a MOF host on an encapsulated molecular SCO
compound presumes optical and magnetic detection of the transi-
tion. The chosen host, NH,-MIL-101(Al), is colourless, diamagnetic
and belongs to the MIL-101 family of highly porous materials.
With the empirical formula [Als(5-O)(NH,-bdc);(OH)(H,0),] it is
known to have the same structure as the prototypal MIL-101(Cr),
[Cr3(u5-0)(bde)s(F,0H)(H,0),].>° The compound MIL-101(Cr),
introduced by the group of Férey>' as Matériaux de IInstitut
Lavoisier No. 101, has a pore volume of Vpore = 2.0 cm® g+
and a very high internal surface area of Sger = 4100 4+ 200 m”> g~ ..
NH,-MIL-101(Al) is characterized by similar remarkable thermal
(stable up to 650 K) and chemical stability but somewhat lower
porosity (Sger up to 2100 m?> g~ *).>° The decrease of total pore
volume as well as the apparent specific surface area for the
modified NH,-MIL-101(Al) can partially be attributed to the
increased steric demand of the amino group.”®

The MIL-101 framework is similar to an MTN zeolite topology.
The building blocks are benzene-1,4-dicarboxylate ligands brid-
ging M;(u3-O) units, thereby forming trinuclear building units
(SBUs) (see Fig. 1a). The trinuclear units represent vertices of
supertetrahedra (Fig. 1b), which, via vertex sharing, constitute a
three-dimensional network (Fig. 1c) with two types of meso-
porous cages. In MIL-101(Cr) the small cage (Fig. 1d) has an
inner diameter of 29 A and only pentagonal windows. The half
so frequent large cage (Fig. 1¢) has an inner diameter of 34 A
and both pentagonal and hexagonal windows. The window
openings (apertures) are 12 A or 15-16 A, respectively (Fig. 1f).”*
The amino-functionalization of the terephthalate linkers should
decrease the effective apertures. Small drug molecules, namely
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Fig.1 (a) Trinuclear {Crs(uz-O)(bdc)g(F,OH)(H,O),} building unit; (b)
supertetrahedra; (c) mesoporous network; (d) small cage with pentagonal
windows; (e) large cage with pentagonal and hexagonal windows; and (f)
dimensions of pentagonal and hexagonal cage window openings. Objects
in (a) to (f) are not drawn to scale. Graphics have been created from the
deposited cif-file for MIL-101Cr (CSD-Refcode OCUNAK)*! using the
program DIAMOND.%®

ibuprofen (M,, = 206) and indomethacin (M,, = 358), were success-
fully loaded in the pores of MIL-101(Cr)** and NH,-MIL-101(Al).>*
Soaking the evacuated samples in concentrated solutions allowed
to reach loadings of 1.4 and 1.1 g of the drug per 1 g of MOF, which
is equivalent to >10 molecules per small cage for both cases.

Synthesis, analytics and porosity characterization

The iron complex [Fe(HB(pz);),]*° (M., = 481.9) is well-known to
exhibit a SCO transition in the crystalline state in the 300-450 K
range, i.e., conveniently above room temperature. The com-
pound is volatile and starts to sublime slowly at 430 K, allowing

6590 | J Mater. Chem. C, 2016, 4, 6588-6601
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to be vapour deposited to produce thin films, which can be
useful for practical applications.>® The van der Waals dimen-
sions of the molecule are 11.6 x 10.6 x 10.6 A (Fig. S1 in the
ESIT), which was expected to be small enough for entering the
pores of the host NH,-MIL-101(Al). Surprisingly, the soaking of
the evacuated MOF in a solution of [Fe(HB(pz)s),] in dichloro-
methane at room temperature was not efficient, resulting in the
reversible adsorption of the complex on the surface, which was
possible to remove almost completely upon repeated rinsing
with pure dichloromethane. Similarly, heating the evacuated
MOF and [Fe(HB(pz)s),] in a sealed ampoule (170 °C, 72 h) did
yield a product with significant content of iron (over 7-8 wt%)
in the cases of NH,-MIL-101(Al) or MIL-101(Cr) which was used
as a model object, but unfortunately on-surface adsorption was
observed chiefly.

While the preliminary experiments did not refute entirely
the possibility to introduce [Fe(HB(pz);),] via diffusion, we focused
on the opportunity to incorporate the guest molecules during the
synthesis of the MOF, which is allowed due to the mild conditions,
viz. 130 °C in DMF (Scheme 1). The reaction mixture identical to
the one used for the synthesis of NH,-MIL-101(Al), but with
addition of [Fe(HB(pz)s),], was wine-red in colour, according to
the expected LS state of the iron compound.”® Heating to 130 °C
caused gradual but complete disappearance of the red colour in
accordance with the expected SCO at elevated temperature. The
resulting yellow product, nearly indistinguishable from bulk
NH,-MIL-101(Al), retained its colour after cooling down to room
temperature and isolation by centrifugation, provided that the
isolation steps were reasonably quick. If the synthesized com-
pound was left in the mother solution at room temperature for
days, the reddish colouration gradually reappeared. However,
the most interesting feature of the synthesized material was

NH,
(0] OH
[Fe(HB(pz)s),]
AICI3 - 6H,0 +
HO (0]
benzene-2-amino-
1,4-dicarboxylic acid,
: ¢ g DMF
2-amino-terephthalic acid, 130°C. 72 h
NH,-bdcH, ’

Scheme 1 Schematic drawing of the synthesis of NH,-MIL-101(Al) with
the irreversible encapsulation of [Fe(HB(pz)s)2] (pink spheres stand for
[Fe(HB(pz)3),] molecules). This schematic picture should not imply that
every cage is filled or that a cage is only filled with one molecule.

This journal is © The Royal Society of Chemistry 2016
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observed during the synthetic step of washing of the freshly
isolated yellowish solid by methanol. As a result, the material
practically immediately changed its colour to red, i.e., a rapid
HS — LS transition took place (see Fig. 8).

Three samples, using the same method but different
amounts of [Fe(HB(pz)s),] starting material (50, 70 and 90 mg),
were synthesized with the aim of checking the variation of
loading of the SCO compound. Thorough washing procedures
with acetone, dichloromethane and methanol ensured that no
iron complex was left on the outside of the MOF particles, while
the truly incorporated [Fe(HB(pz);),] remained inside. The wash-
ing procedure of the S@M samples, done with solvents, which
dissolve the iron complex (dichloromethane is particularly
good in this regard), was different from the procedure used
for the bulk NH,-MIL-101(Al) as it intended only to remove the
externally adsorbed iron complex. The approximated cylindrical
size of the [Fe(HB(pz)s).] complex (height ~ 11.6 A, diameter ~
10.6 A see Fig. S1 in the ESI+) is probably slightly larger than the
effective pore entrance for NH,-MIL-101(Al) with the amino
groups on the terephthalate ligand (¢f Fig. 1). At least the
closeness of the dimensions ensures that the diffusion of the
molecules out of the cages is very slow. Hence, the Fe-complex
molecules could practically not be washed out, even under the
conditions of boiling the samples in MeOH and vacuum drying
as part of the analytical sample preparation.

The inclusion of [Fe(HB(pz);),] in the pores of NH,-MIL-101(Al)
was proven by the analysis of iron content, pore size analysis and
by temperature- and solvent-adsorption induced magnetic and
colour changes for the SCO transition.

Iron content by AAS and SEM-EDX. The iron content deter-
mined by atomic absorption spectrometry (AAS) is given in
Table 1. For sample S@M-1 also a SEM-EDX analysis was
performed (see also Fig. S2b in the ESIY). Repeated analyses
gave similar results within the experimental error.

It is evident that from the offered [Fe(HB(pz);),] amount
during synthesis only about 10% or less is incorporated in the
formed S@M composite when looking at the possible and the
obtained molar Al:Fe ratio. When increasing the starting
amount of [Fe(HB(pz)3),] from 50 to 70 mg the incorporated
Fe amount more than double, that is, S@M-2 contains 2.25-fold

Table 1 Content of [Fe(HB(pz)3),] in the S@M samples?
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the [Fe(HB(pz)s),] amount of S@M-1. A further attempted
increase in the available [Fe(HB(pz);),] amount to 90 mg did
not lead to increased Fe loading and S@M-3 contains even
slightly less encapsulated iron compared to S@M-2. In a molar
ratio S@M-2 corresponds to the formula {0.16[Fe(HB(pz);),]-
[Al3(p3-O)(NH,-bdc);(OH)(H,0),]}, S@M-1 and S@M-3 corre-
spond to 0.07 and 0.14 Fe-complex molecules per Al;OL; moiety
respectively.

For a better understanding of the actually observed incor-
poration values, it is expedient to estimate the physically
maximal loading, based on the comparison of molecular- and
pore volumes. From the molecular dimensions of the molecule,
approximated as a cylinder (Fig. S1b in the ESI}), the van-der-
Waals surface limited molecular volume of 357 A’ can be
estimated (see the ESI{). On the other hand, the unit cell
volume of 2158 A® of one of the single-crystal X-ray structures
of [Fe(HB(pz);),] with Z = 4 (Refcode HPZBFE03)* gives ~ 540 A°
volume per single [Fe(HB(pz);),] molecule at p = 1.483 cm® g *
(Fig. S1 in the ESIt). The ratio of 357/540 = 0.66 is in the range
of typical packing coefficients (k = 0.65-0.77) for molecular
structures.>”

Taking the known density of the bulk Fe complex, 1.483 g cm >
as a realistic density estimate for closely packed molecules in the
pores, the maximal loading could be estimated as Vjore X p, Where
Vpore 18 the specific pore volume. The latter could be estimated at
1.09 cm® g~ ! from the value of gas uptake based total pore volume
of 1.16 cm® g7, save the 0.07 cm® g~ ' part associated with
pores with d < 10 A as estimated by the NL-DFT model. Hence,
the maximum loading is 1.483 gem ™ x 1.09 cm® g™ ' =1.62 ¢
(Fe complex)/g (MIL), or 1.62/(1.62 + 1) = ~62% by weight.

The achieved highest incorporation of ~0.11 g (Fe complex)/g
(S@M) or ~11 wt% (Table 1) is, as expected, significantly less
than the value estimated above. The solution of the iron
complex, used for the synthesis is relatively diluted, and high
incorporation rates are not expected, particularly under condi-
tions, where diffusion of the large molecules of the iron complex
is strongly hindered. During the synthesis, the pores are also
filled by solvent molecules, terephthalic acid and low-molecular
coordination-bonded ‘synthetic debris’ and some of those com-
ponents could also perform an important templating action

[Fe(HB(pz)s)2]@NH,- [Fe(HB(pz)3).]” Al:Fe Fe content by Calc. [Fe(HB(pz)s),] Al:Fe
MIL-101(Al), S@M (mg)/(mmol) (molar ratio)* AAS? (Wt%) content® (wt%) (molar ratio)’
S@M-1 50/0.10 1:0.43 0.61 5.26 1:0.028
0.62¢ 5.35 1:0.028
1:0.033(3)"
S@M-2 70/0.15 1:0.61 1.31 11.31 1:0.063
1.42
1.29° 11.13 1:0.062
S@M-3 90/0.19 1:0.78 1.18 10.18 1:0.056
1.09
1.14% 9.84 1:0.054

“ Each sample was dried in the vacuum oven (120 °C, 12 mbar) for 2 h before AAS analysis.  Amount of [Fe(HB(pz);),] used in S@M synthesis with
57 mg (0.24 mmol) of aluminium chloride hexahydrate (AlCl;-6H,0) and 61 mg (0.34 mmol) of 2-aminoterephthalic acid. ¢ Initial molar ratio of
Al: Fe in the synthesis. ¢ Additional values from repeated, independent Fe analysis. ¢ Fe content in [Fe(HB(pz)s),], C1sH20B,N1,Fe (481.91 g mol %)
is 11.59%. / Molar ratio of Al: Fe in the S@M composite. ¢ Fe analysis after the samples were dried at 120 °C and <10~° Torr for an additional 4 h.

" From EDX analysis with error (3 sigma) in parenthesis.

This journal is © The Royal Society of Chemistry 2016
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(i.e. the variation of the established synthetic concentrations
could possibly be only limited and the sufficient dilution by
potentially templating DMF might be crucial). Washing of bulk
NH,-MIL-101(Al) for maximal removal of the small entrapped
species was carried out with DMF followed by drying at 25 °C for
16 h with further drying under vacuum (10> Torr) at 120 °C for
at least 2 h, prior to the N, gas adsorption measurement from
which the pore volume is derived. It is important to accentuate
that despite the low loading of the iron complex, the situation,
when one cage could contain a few (most probably 2) molecules
is not impossible, as the molecular dimensions in principle
allow this. However, the most probable situation is 1 molecule
per cage.

Thermogravimetric analysis (TGA). It was found that the
S@M samples (dried for 2 h at 120 °C and 12 mbar) still contain
some amount of solvent molecules, which is reflected by weight
loss at low temperatures (<150 °C) (Fig. 2), albeit the amount is
less than in the case of the NH,-MIL-101(Al) reference. Com-
plete removal of the entrapped small species is expected to be
complicated through pore-blocking by the large molecules of
the iron complex. Hence the relatively short washing procedure
as well as mild and short vacuum drying (see above) aimed at a
compromise between small-guest removal and maximal pre-
servation of the structure and properties of the material. The
TGA of the mildly dried compounds confirm the similarity of
the S@M materials. The continuous weight loss without clearly
defined inflection points makes it hard to estimate the release
point of the iron complex, which certainly happens not before
250 °C (Fig. 2). Visual inspection of S@M samples after heating
to 230 °C (503 K) showed no decomposition and the SCO was
still easily triggered by the addition of methanol. TG analysis on
bulk [Fe(HB(pz)s),] (Fig. S4 in the ESIt) indicated that the
weight is practically constant until ~220 °C at which point
the molecular compound starts to sublime under ambient
pressure of nitrogen gas.

Powder XRD (PXRD) data. The patterns of all the S@M
samples match very well the pattern of the NH,-MIL-101(Al)
reference sample, synthesized under the same conditions
(Fig. 3). The results demonstrate convincingly that the presence

100 —— NH,-MIL101(Al)
S@M-1
—s@m-2
S@wm-3
80
x
© 60
404
20

T T T T
300 400 500 600

Temperature / °C

T T
100 200

Fig. 2 Thermogravimetric curves of S@M materials and NH,-MIL-101(Al).
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26 (%)
Fig. 3 PXRD patterns of the three samples of [Fe(HB(pz)s),J@NH,-MIL-

101(Al) (differing in Fe-complex loading, cf. Table 1) in comparison with the
NH,-MIL-101(Al) reference and the [Fe(HB(pz)3),] complex.

of the iron complex at such concentrations does not hinder the
crystallization. At the same time the absence of additional
peaks compared to the reference confirms that there is no
crystalline [Fe(HB(pz)3).] phase present, thus, confirming true
molecular encapsulation of [Fe(HB(pz);),] as the long-range
order is evidently absent. Non-crystalline order in the pores is
typical for MOFs with large porosity, e.g., the non-washed
NH,-MIL-101(Al) material does not reveal any additional peaks
compared to the washed variant. The adsorption of the apolar
[Fe(HB(pz);),] complex is in accordance with the presence of
hydrophobic areas in NH,-MIL-101(Al).

Infrared (IR) spectra. Comparison of the IR spectra of the
S@M samples with both bulk NH,-MIL-101(Al) and bulk
[Fe(HB(pz);),] also confirms encapsulation (Fig. 4). The 1000-
1200 cm ™" IR fingerprint region provides a clear evidence of the
presence of the iron complex in the S@M encapsulation
product compared to the non-loaded MIL matrix. In all encap-
sulated products the two main peaks of the bulk [Fe(HB(pz)3),],
found at 1041 cm ™" and 1109 cm ™', are slightly shifted to lower
frequencies (typically 1021 and 1098 cm ') (Fig. 4a). The
characteristic BH peak at 2483 cm™" for bulk [Fe(HB(pz)s),] is
also discernible in the S@M compounds, but is less convenient
for identification due to the broadening and appearance of sub-
peaks, which probably also reflects the non-equivalency of the
environment of the entrapped molecules. The reason of the
‘ragged’ B-H peaks in the S@M samples is at least two-fold: it is
the diluted nature of the [Fe(HB(pz);),] complex in the MIL
samples and different environments of the encapsulated mole-
cules. There is a continuum of possible host-guest interactions
for the [Fe(HB(pz)3),] complex which is not a bulk crystalline
solid. The midpoint of the broad peak is also shifted to lower
frequency: for S@M-1 it is at approx. 2387 cm ™, for S@M-2 at
2361 cm ', and for S@M-3 at 2388 cm ™' (Fig. 4b). This low-
frequency shift may reflect the presence of the weak inter-
actions of the BH moiety with the surroundings, e.g. carboxylate
weak H-bond acceptors or residual DMF molecules.

This journal is © The Royal Society of Chemistry 2016
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NH>-MIL-101(Al) and [Fe(HB(pz)s),l (the spectra of [Fe(HB(pz)s),1®> and
NH,-MIL-101(A)>? are in good agreement with the literature data).

N, and CO, gas adsorption analyses. The residual porosity of
the S@M composite materials was analyzed by gas sorption
studies. N, sorption at 77 K after degassing in a vacuum at
393 K for 2 h indicated a very low uptake, generally less than
10% of the bulk NH,-MIL-101(Al) (Fig. 5; Table 2). The low
uptake means rather that the pore entrances are small and
does not prove a complete absence of pores. The diffusion of
dinitrogen molecules at 77 K into ultramicropores (pores
smaller than 7 A) is quite slow.”® At pore sizes close to the
kinetic diameter of N, (~3.64 A) the diffusion limitations could
be prohibitive, i.e. the equilibration times tend to be beyond
reasonable for a relevant measurement. The problem can be
alleviated by use of CO, as an adsorbate at 273 K. The saturation
pressure of CO, at 0 °C is ~26 141 Torr and low relative pressure
measurements necessary for micropore analysis are achieved in the
range of moderate absolute pressures (1-760 Torr).>® CO, micro-
pore analysis at 273 K versus N, analysis at 77 K ensures cardinally
faster equilibration and hence analysis time as well as a slight
extension of the range of analysis to pores of smaller sizes that are
accessible to CO, molecules, but not to N, (~3.30 vs. 3.64 A kinetic
diameters respectively)."®® Higher temperature speeds up the
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Fig. 5 N, sorption isotherms of S@M samples and NH,-MIL-101(Al) (filled
symbols for adsorption and empty symbols for desorption).

Table 2 Porous properties of NH,-MIL-101(Al) and S@M samples

SBETa SLangmuir Vpore,sz Vmicro(col)C
Material mg" (m’g") (m’g?h) (em’g?
NH,-MIL-101(Al) 2220 2890 1.16 0.068
S@M-1 150 210 0.13 0.044
S@M-2 50 70 0.049 0.029
S@M-3 170 230 0.21 0.033

¢ Calculated in the pressure range of 0.05 < p/p, < 0.2 from N,
sorption isotherm at 77 K with an estimated standard deviation of
+50 m? g, ? Calculated from N, sorption isotherm at 77 K ( p/p, = 0.95).
¢ Pore volume for pores with d < 1 nm (10 A, ¢f Fig. 7) from the CO, NL-
DFT model at 273 K.

equilibration considerably,®* while the smaller kinetic diameter
of CO, also improves somewhat the access to the micropores.
CO, adsorption (Fig. 6) indeed confirms the presence of
notable residual free volume, ie., the clogging of the host
matrix by the molecules of the [Fe(HB(pz)3),] complex forms a
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Fig. 6 CO, sorption isotherms of S@M samples and NH,-MIL-101(Al)
(filled symbols for adsorption and empty symbols for desorption).
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kinetic barrier only for the N, molecules at 77 K, but not for CO,
molecules at 273 K (see above). The adsorption isotherms are
similar for all the S@M samples and the most porous sample is
expectedly the S@M-1 with the lowest loading of the iron
complex (Table 2). The comparison of S@M-2 and S@M-3
demonstrate the close and relatively low residual porosity
values. That suggests that the reserves for further incorporation
of the iron complex molecules at the expense of solvent
molecules are depleted under current conditions. From CO,
adsorption isotherms at 273 K (Fig. 5), the pore size distribu-
tion (PSD) using nonlocal density functional theory (NLDFT)
with a “slit-pore model” was estimated (Fig. 7). The contribu-
tion of the 8-9 A pore sizes has expectedly decreased in the
loaded samples compared to the pristine NH,-MIL-101(Al) and
the integral pore volume associated with the smaller 4-7 nm
pores also has become lower. In line with their similar CO,
sorption isotherms the three S@M materials give very similar
pore size distributions for pores below 10 A (1 nm).

Solvent-addition triggered spin state switching

The initial solution of reactants in DMF prior to heating is
similar to the wine-red colour of [Fe(HB(pz)s;),], which is
characteristics of the LS state of this complex at room tempera-
ture. As the reaction proceeded, the red colour faded and the
yellowish colour of bulk NH,-MIL-101(Al) started to dominate
(Fig. 8, left), ie. the incorporated complex switches to the
colourless HS state at the temperature of synthesis (130 °C),
as expected from magnetic/optical measurements (vide infra).
From the reaction mixture, the resulting yellowish powdered
sample was separated by centrifugation. When the first sample
was washed with methanol a surprising change of colour was
detected: the yellow sample turned into dark red (Fig. 8, right),
which gave a serendipitous proof that a spin state switching
could be triggered by interaction of the [Fe(HB(pz)s),]@NH,-
MIL-101(Al) (S@M) composite with solvent, expectedly through
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S@M-2 (left) with methanol added (right) for colour comparison. Additional
images for other solvents added are given in Table S1 in the ESI.{
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Fig. 9 The solvent-adsorption triggered- (top) and liquid-nitrogen
immersion (bottom) colour change associated with the SCO transition.

its adsorption and interaction with the encapsulated molecules
of the iron complex. A series of experiments with different
solvents were performed for better understanding of the phe-
nomenon. For these experiments, thoroughly washed S@M
samples, additionally purified in refluxing methanol and dried
(see the Experimental section), were used (Fig. 9). The drying
was performed at 120 °C in a vacuum oven, thus inducing a
direct LS — HS conversion, reinstating the yellowish colour of
the composite. Addition of a range of polar to non-polar
solvents (MeOH, DMSO, DMF, iPrOH, BuOH, t-BuOH, THF,
ethylacetate, CH,Cl,, CHCl;, CCly, toluene, mesitylene, cyclo-
hexane, and hexane) in all cases induced a spin state switching
from the HS to the LS at room temperature, with a pronounced
off-white to red colour change (Fig. 9, Table S1 in the ESIt). The
result of the addition of different solvents is slightly different,
giving different grades of red intensities during the first sec-
onds after the addition. The most intense red colour in a short
time was seen for the chlorinated solvents, followed by the
alcohols and the hydrocarbons. The observed order rather
correlates with the sizes of the solvent molecules than with
their polarity, or chemical nature. The solvent-adsorption
induced colour change was fully reversible, i.e., vacuum drying
of the sample at 120 °C caused the transition back to the HS
state and complete disappearance of the LS-characteristic red
colour.

This journal is © The Royal Society of Chemistry 2016
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Differential scanning calorimetry (DSC) is in principle also
suitable to follow a spin-transition for SCO compounds.’* To
the best of our knowledge this must be, however, an abrupt
spin-transition to generate a clear DSC signal. Here, in the
absence of contiguous domains of a bulk SCO material, we
rather see gradual transition of molecular species, akin to a
solid solution.

The solvent conditioned spin state switching is well known
for ‘bulk’ crystalline materials, which is associated with a
change in the crystal structure (see for example here: ref. 62
and 63). This case with the expected underlying mechanism is
principally different, and in the absence of ordered dense
structure the effect is expected to be weaker, but distant
similarities might exist. One of the initial hypothesis was that
there might be a specific interaction between the adsorbed host
molecules and the incorporated iron complex, which specifi-
cally changes the effective pressure accepted by the latter, thus
triggering the spin state change and thus the colour change.
Nonetheless no specific influence of the nature of the solvent,
dependence on polarity, size or other factors was clearly
observed. Curiously, the addition of pure DMF, ie., the same
solvent which was used for the synthesis, also switched the
colour to wine red. The initial preservation of the colour of the
freshly synthesized compound after cooling it down to room
temperature could be explained by the ‘metastable’ character of
the HS state.

Indeed, the metastability of the HS state was confirmed,
when in a control experiment the cooled tube with the freshly
synthesized composite was left intact for a few days, the red
colouration gradually reappeared the experiment was carried
out in a closed tube, thus the interaction with the atmosphere
was precluded; hydration is a known possible issue, which
might cause a spin state transition e.g. in crystalline bulk
compounds like in the [Fe(NH,trz);](2-napthalene-sulfonate),
coordination polymer.®*

Aside from the addition of a solvent, a fast HS — LS
transition could also be triggered by fast immersion in liquid
nitrogen, i.e. rapid or ‘stress’ cooling (Fig. 9). All the synthe-
sized compounds behave similarly with evidently weaker colour
change of S@M-1, which is consistent with lower Fe loading.
This phenomenon was expected, but is not entirely self-evident:
slow cooling at least to room temperatures, or even below
(see further the magnetic experiments) does not cause fast
transition, while the cryogenic temperatures might ‘freeze’
the transition kinetically.

Thus, the full observations allow formulating a hypothesis,
that the addition of a solvent with a subsequent adsorption at
least in the surface layer as well as stress-cooling causes a rapid
HS — LS relaxation of the encapsulated complex residing in the
metastable state. A solvent mediated pressure transfer from the
confinement to the encapsulated molecules is a process, which
favours the LS state with smaller molecular volume, "> which
might serve as an underpinning of the process’ mechanism.
The addition of the solvent might not just cause relaxation, but
also shift the effective transition temperature to lower value,
thus stimulating more complete transition.

This journal is © The Royal Society of Chemistry 2016
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Magnetic and optical reflectivity measurements

The SCO behaviour of bulk [Fe(HB(pz)s),] is well described in
the literature.?** The temperature dependence of the effective
magnetic moment of crystalline [Fe(HB(pz);),] is shown in Fig. S5-S7
in the ESLt Heating a crystalline sample of [Fe(HB(pz)s),], rectys-
tallized from hot toluene”* or freshly sublimed,” from room
temperature> or 90 K** to above 400 K results in an increase of
effective magnetic moment from <1.0 to 4.9 ug, which indicates a
change from primarily LS ]Alg to the HS °T,, state (Fig. S5 and S6 in
the ESIT). Yet, this increase is slow and very gradual up to 390 K
(~2.90 ug) at which point a sharp rise in effective magnetic moment
to 4.14 ug occurs. This sharp increase was assigned to a crystal-
lographic phase transition: the initial well-formed crystals shatter
into extremely small fragments. The phase transition is accompa-
nied by a change in the electronic ground state to an essentially HS
configuration. The magnetic moment reaches the spin-only value of
4.90 pg for iron(n) at 461 K.**> Upon cooling the same sample
shows no sharp decrease in magnetic moment anymore. The
decrease occurs gradually to ~1.38 ug at 298 K and to 0.61 up at
90 K. During a second heating of the same sample the magnetic
moment follows the gradual preceding cooling curve.”*** Thus, the
change in the magnetic moment or susceptibility displayed an
apparent hysteresis only for the first thermal cycle (Fig. S5-S7 in
the ESIt). Subsequent heating and cooling cycles follow the first
cooling curve and not the first heating curve as the initially
metastable tetragonal form of [Fe(HB(pz);),] had relaxed into a
stable monoclinic form.”

The temperature variable magnetic susceptibility of the
S@M materials and NH,-MIL-101(Al) reference were monitored
using DC magnetic measurements. Prior to the magnetic
measurements the samples were stored in a closed glass vessel
in order to prevent excess adsorption of vapours from air.

For the NH,-MIL-101(Al) reference sample a paramagnetic
contribution is visible below 114 K (Fig. S8 in the ESIt). Above
150 K the diamagnetic contribution is fitted to the linear
equation ygi, = —1.1 x 107°-2.2 x 1077 emu g~ Oe " It is
apparent from the equation that a small paramagnetic con-
tribution is present also above 150 K. Additionally, yq4i, = —3.553
(emu mol ' Oe ') diamagnetic corrections based on Pascal
constants for the iron complex were applied for the S@M
composites.

The xT vs. T plots for the S@M-2 and S@M-3 samples with
the highest iron loading are presented in Fig. 10 (the effective
molar susceptibility was calculated using the iron content
established by the AAS analytics). Then the weights of the
incorporated complex and matrix were determined, and the
diamagnetic corrections associated with both constituents
were applied. See also the ESIL.{ The dependencies, measured
in the interval of 70-400 K are similar. The samples, stored for
approximately 3 months after the synthesis in closed vials, and
hence partially relaxed (i.e. with iron atoms mainly in the LS
state) were cooled down for performing the first cycle. The
heating invoked a gradual spin transition, slow until 300 K and
steeper thereafter, when app. 70-80% of the transition occurs.
For the subsequent cooling to 70 K the magnetic moment
decreases only for ~30-40% from the initial sweep of app.
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Fig. 10 Temperature-variable magnetic curves for S@M-2 (top) and for
S@M-3 (bottom).

1.4-2.0 emu K mol . Thus most of the Fe(n) of the composites
remain in the HS state and the loop of the yT vs. T plot for the
first heating—cooling cycle does not close, demonstrating an
inherently slow relaxation process. From 150 K to 70 K the
paramagnetic contribution of NH,-MIL-101(Al) (¢f Fig. S10 in
the ESIt) becomes more visible, thus, %7 slightly increases with
the temperature decrease as shown in Fig. 10. The second
warming-cooling cycle is nearly closed and retraces the cooling
path of the first cycle, remaining above 80% of the maximum
% T value. Thus, most of the Fe(u) in the S@M materials is kept
in the high-spin state during second cycle measurements.

In order to confirm the magnetic measurements, tempera-
ture dependent optical reflectivity spectra were collected at
A =550 £ 50 nm over the range of 90-480 K. They (Fig. 11
and Fig. S12 in the ESI{) correspond rather well to the magnetic
measurements with some shift in the transition temperature
ranges, which is expected given the difference in physical
techniques employed: DC magnetometry (recorded in settle
mode) focuses on the bulk of the sample whereas optical
reflectivity (in scanning mode) records the surface of the
sample. For the first cycle of sample S@M-2, the transition is
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Fig. 11 Thermal dependence of optical reflectivity recorded for the
sample S@M-2 (see Fig. S12 in the ESI,T for sample S@M-3).

observed over the range of ~320-450 K, while for S@M-3 it is
observed over ~310-450 K. The subsequent cycles shows that
no return to the LS state takes place. The specific ‘flexures’ at
250-310 K observed on the heating-up branches of the yTvs. T
plots are also observed for the repeated cycles, proving that they
are not artefacts. The approximate endpoint of the transition,
which was not accessible from the magnetic measurements due
to temperature limitations of our SQUID magnetometer, was
provided by the optical reflectivity spectra (Fig. 11, Fig. S12
in the ESIt).

The distinctive characteristics of the 7 vs. T plots underpin
the plausible hypothesis proposed before: the molecules of the
iron complex, isolated in the matrix, reside in a metastable
state for prolonged time (weeks to months for the majority of
the centres). In the samples, which were kept for a long time in
closed vials at room temperature, a process of HS — LS
relaxation underwent gradually to a significant extent. Hence,
the heating up during the first warming-cooling cycle, caused a
LS — HS transition for a significant part of the already relaxed,
LS iron centres. Subsequent cooling down did not affect the
majority of them, due to a good isolation in the matrix. Only a
relative minority of iron centres are probably bound more
strongly to the matrix and hence could undergo a faster
relaxation and respond to the cooling, fast compared to the
average relaxation time. Subsequent warming-cooling cycles,
which precisely repeat themselves, confirm that the first observa-
tion is not a measurement artefact.

It was interesting to check the extent to which the addition
of a solvent induces the HS — LS transition. Single point
magnetic measurements at room temperature on ‘time-relaxed’
(app. 1 month) dry samples and on the same samples after
addition of one drop of n-hexane (~ 40 uL, comparable with the
weight of the sample used for the measurement) followed by a
certain equilibration time (~1 h) were performed. The mea-
surements were compared with pure [Fe(HB(pz);),] as reference
(Table 3; the diamagnetic contribution of n-hexane, which has
also at least partially evaporated after addition, was not accounted
for). Addition of n-hexane at room temperature caused a sub-
stantial decrease of magnetic moment (82/97% for S@M-2 and
63/90% for S@M-3, respectively, where the first number relates to

This journal is © The Royal Society of Chemistry 2016
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Table 3 Reduction of the HS state after the addition of n-hexane on single point magnetic measurement at room temperature

o in HS " Reduction of mag.
Sample Zmol (emu/Oemol Fe) Imot' T’ u (1s) Hmax moment Au/u (%)
S@M-2 713 x 1072 2.13 4.12 78
S@M-2 + n-hexane 2.22 x 1074 0.07 0.75 15 82
S@M-3 1.05 x 1072 3.17 5.03 100
S@M-3 + n-hexane 1.45 x 103 0.43 1.85 37 63

the ratio of the ‘time-relaxed’ sample level and the second to the
maximum for the HS sample, reached at 400 K), ie., a propor-
tional reduction of the share of iron atoms residing in the
HS state. Thus, despite the residual porosity of the samples is
believed to be relatively low, n-hexane acted remarkably efficiently.
A possible explanation of such a high efficiency is that the
n-hexane molecules actually do not reach all recesses in the
porous solid, but rather impose a strong stress associated with
the capillary forces. The applied stress drastically shortens the
relaxation time because of intensified mechanic interaction
between the incorporated molecules of the iron complex with
the framework and the remaining ‘synthetic debris’, still partially
occupying the pores. Such a viewpoint is supported by the relative
stability of the HS state in the mother solution of DMF immedi-
ately after the synthesis, i.e., even when the liquid is present, but
no specific stresses are imposed.

In any case, it is important to accentuate that the whole
mechanism of the solvent-triggered relaxation is viewed as
chiefly analogous to a ‘matrix-effect’, i.e., the influence of the
confining matrix. The added solvent, by entering the pores of
the composite, generates an increase of efficient local pressure
(practically a manifestation of capillary forces). The added pres-
sure favours the LS state, which means an increase of temperature
range of its existence, or, equivalently, stabilizes the LS state at the
same temperature and speeds up the relaxation.

If we compare dry composite samples with the bulk
Fe-complex (see Fig. S5-S7 in the ESIf), we can say that at
400 K all composite samples demonstrate practically complete
transition to the HS state (5.0 up for S@M-2 and 5.9 g for S@M-3
calculated for a formal unit with one iron atom, based on the AAS
data). The practically measured values of the magnetic moment
for a single Fe(u) ion is up to u = 5.6 ug (see also the ESI} for
additional information) (Fig. S9 and S10 in the ESIt). On the other
hand, the magnetic moment of the pure Fe-complex is only 0.7 up
(LS state) at 70 K and reaches 0.94 up at 298 K and 2.94 i at 400 K
which is about 60% of a full HS state (Fig. S11 in the ESIY).
According to the literature, the pure iron complex achieves a
complete HS state at 460 K. This is an interesting observation,
which might suggest that the spin-switching in the S@M compo-
sites occurs at lower temperature compared to the case of the pure
complex. The precise measure of this decrease is hard to quantify.
According to the optical reflectivity measurements some fraction
of the iron centres switch also beyond 400 K (while the calculated
magnetic susceptibility cannot be a precise and reliable indicator
of when the transition is completed due to the possible presence
of minority iron species other than [Fe(HB(pz);),] with lower
molecular weight). The comparison of the inflection points of

This journal is © The Royal Society of Chemistry 2016

the T,,7 branches of the yT(T) dependencies for the bulk
compound and the S@M composites (Fig. S9-S12 in the ESIT)
allows to state that the shift is smaller than 25 K. It is reason-
able to expect that due to even smaller cooperativity, the
transition in S@M should be broader, which might explain,
at least partially, the perceived shift. The observed faint ‘“matrix
effect”*® could formally be associated with the increased effective
pressure suffered by the incorporated species, which favours the
LS form. In the present case the MOF matrix with rigid pores
larger than the size of the molecules is not expected to impose a
strong effective pressure. However, the pores are not empty and
the remaining synthetic debris together with the framework could
generate such a pressure, which should be especially evident at
higher temperatures, when the molecular motion is intensified.
The magnetic moment for S@M-3 is somewhat higher than the
maximal theoretical value. The discrepancy is still within the
expected experimental error, as the iron concentration in the
samples is relatively small (<1.5%), compared to the large
diamagnetic part. The diamagnetic contribution is quite signifi-
cant for such a sample; for example, for S@M-3 the magnetic
moment is 5.9 ug, and the value uncorrected for diamagnetism is
5.1 ug. It is estimated that the magnetic moment is measured in
this case with an error of at least +0.5 up. A minority admixture of
iron species other than [Fe(HB(pz);),] could also contribute.

The non-coincidence of the repeated cycles, especially for
the case of S@M-2 is an observation, which deserves a short
additional note. The effect might, at least partially, be explained
by some hydration of the S@M-2 sample due to a non-hermetic
storage vessel. At 400 K some quantity of water escapes from
the gelatine capsule, and even if a part of it remains it could be
re-adsorbed, the loss might contribute to the changes in the
subsequent cycles. In any case, the amount of water is small,
and not enough to invoke a rapid relaxation, so this effect is
considered of secondary importance, even if it might be present.
Another observation, which might be associated with water are
the flexures (‘humps’) on %7(T) plots between 240 and 320 K
observed for all S@M samples on the heating branches (number
3 in Fig. 10), which effects in a small hysteresis, saliently
different from the behaviour of the bulk complex. An attractive,
but still non-confirmed explanation is that this behaviour is
associated with a phase transition of water. Due to increased
mobility the molecules of the latter could affect the magnetic
state by causing relaxation of the neighbouring magnetic centres
and a local depression on the plot.

We did not record Mossbauer spectra on the samples since we
felt that our magnetic and optical measurements were already
enough to probe the spin transition nature. More important, the
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sample is diluted, which makes the Mossbauer spectra much
longer to record, with the necessity to go to low temperatures
which makes it difficult to track the spin transition by this
technique here.

Conclusions

Intriguing solvent-triggered rapid relaxation of the magnetic
state was demonstrated for a novel [Fe(HB(pz)3)2]o.07-0.16@NH,-
MIL-101(Al) (S@M) composite material series, where SCO
molecules are embedded in a Metal-Organic Framework
material (MOF). The molecules of the iron complex, introduced
during the synthesis of the diamagnetic and transparent MOF,
are irreversibly entrapped in the rigid cages, and experience
weakened interactions, particularly in the form of elastic defor-
mations, which are otherwise important for the cooperative
spin crossover phenomenon. The isolation indeed causes the
expected loss of cooperativity, and the observed ‘matrix’ effect
in dried samples is non-conspicuous, in accordance with the
expected loose placement of the iron complex molecules in the
rigid cages. On the other hand the quite unique observation is
that the entrapped molecules are residing in a metastable HS
state for a long time with only slow (weeks to months) HS — LS
relaxation, while a rapid, practically momentary relaxation
could be induced by addition of a solvent or by stress-cooling
via immersion in liquid nitrogen (slow cooling, in contrast, has
only a minimal effect). The effect is not solvent specific, at least
when the colour change is taken as a fast screening criterion:
n-hexane, dichloromethane, toluene, methanol and many other
solvents act similarly. The independence on polarity and mole-
cular size suggests a non-specific, mechanical-stress mediated
relaxation mechanism, which might involve also the pressure
transfer propagation through the framework and the residual
‘filler material’ in the pores.

Thus, a new model SCO system with an isolation of SCO
sites is proposed (Fig. 12). Classical LS — HS transfer is
possible via thermal stimulus, and the durable metastable HS
form could be switched back by a fast liquid solvent-action
mediated relaxation at room temperature. The demonstrated
phenomenon and methodology is an early attempt of demon-
stration, how the switchable region could be expanded by
durable metastability, using the isolation of transferable sites.
The loss of cooperativity is compensated by an opportunity of
potential molecular-precision addressability in such materials
using light switching. The demonstrated use of inherently
crystalline MOFs is particularly well suited, due to the presence
of long range order and thus, a similar environment created by
every cage.

The observed phenomenon, which is interpreted as a relaxa-
tive spin state switching might be more complex and calls for
further investigation. The spin-state switching of single mole-
cules or two- to three-molecule ensembles have little similarity to
bulk crystalline material with extended, structurally contiguous,
domains. On one hand the rigid MOF matrix isolates the switch-
ing molecules within various, relatively weakly interacting
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Fig. 12 Schematic summary of the phenomenon of solvent and tem-
perature influenced spin state switching. The as-synthesized ‘LS, wet’ form
of S@M, the composite of a molecular iron complex in a rigid MOF matrix,
transits to 'HS, wet’ form under heating in DMF; upon cooling a slow
reverse process is observed. Vacuum drying at elevated temperatures
yields the 'HS, dry’ form, which has an unexpectedly long relaxation time
to the ‘LS, dry’ form. This relaxation can be strongly accelerated through
solvation, giving ‘LS, wet’ form. The whole process can be repeated.

environments, which could effect in a broader range of transi-
tion temperatures compared to a bulk material, or even to a
solution. On the other hand, the rigidity of the MOF matrix is
relative and even moderate deformations, which are facilitated
in solids of low density, could add to the complexity of the
possible phenomena, which involves the change in pressure.
A clear further target for comparison is an S@M inclusion
compound of the larger [Fe(HB(Me,pz);),] complex with below-
room temperature transition temperatures, upon which the work
is continuing. On the other hand the novel effect of fast solvent
triggered relaxation is clear, salient in its easy observation. It
comes in the row of the relatively few, but interesting cases of
solvent triggered spin-state transitions, primarily in crystalline
solids. Composite materials of this new type could be prototypes
for light-driven single-unit addressable memory, while the
‘bottle-around-the-ship’ assembly could, possibly, be generalized
for the synthesis of materials with more specific response for
adsorbate molecules. In principle the potential area of ‘solvent
assisted matrix-effect’ in the context of SCO is of general interest,
as the addition of solvent could decrease the effective transition
temperature, to trigger a true non-relaxative transition.

Experimental section

All measurements on S@M samples were done on samples
pre-dried in a vacuum for 2 h (120 °C, 12 mbar) before the
measurement.

This journal is © The Royal Society of Chemistry 2016
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Methods

Powder X-ray diffraction (PXRD). The data were collected
using a Bruker D2 Phaser diffractometer using a flat silicon, low
background sample holder and Cu-Ko radiation (4 = 1.54184 A)
at 30 kv and 0.04°/s in the 26 = 7-70° range (the low angle part
was discarded due to strong scattering of the beam character-
istic for the used set-up).

Gas sorption measurements. CO, gas sorption isotherms
were measured using a Micromeritics ASAP 2020 automatic gas
sorption analyzer at 0 °C preceded by 4 h degassing at a
temperature of 120 °C in a high vacuum (~ 10~° Torr) for each
measurement. N, gas sorption isotherms at 77 K were obtained
using a NOVA-4000e instrument within a partial pressure range
of 107°-1.0 bar. The samples were degassed under vacuum
(1072 Torr) at 120 °C for at least 2 h, prior to measurement. The
BET surface areas were calculated from adsorption isotherm
data points in the pressure range p/p, = 0.05-0.2.

Thermogravimetric analysis (TGA) was performed using a
Netzsch Tarsus 209 F3 TGA instrument in a protecting flow of
nitrogen (10 mL min~") at a 10 °C min~" heating rate.

Infrared spectra (IR) were recorded on a Bruker Tensor
37FT-IR Spectrometer using an ATR unit (Platinum ATR-QL,
Diamond) with a resolution of 2 cm™".

Atom absorption spectroscopy (AAS) for the determination
of iron content was conducted using a Perkin Elmer Ana-
lyst1000 instrument (acetylene/air flame, 10 cm burner head
length). For calibration, 1 ug mL™", 5 ug mL™ " and 10 ug mL ™"
iron standard solutions were used. Solutions for the AAS were
prepared from a precisely weighed amount of a few milligram
of a sample dissolved in 5 mL of conc. HNO; (65%) solution
and further diluted by water to a precise total volume of 20 mL
using a volumetric flask.

Energy-dispersive X-ray analyses (EDX) were obtained on a
Jeol JSM-6510LV QSEM Advanced electron microscope using a
LAB-6 cathode at 5-20 keV. This microscope is equipped with a
Bruker Xflash 410 silicon drift detector and the Bruker ESPRIT
software for EDX analysis.

Direct current (DC) magnetic measurements were per-
formed using a Quantum Design MPMS XL-5 SQUID magnet-
ometer. For each sample, M(T) measurement was carried out in
the magnetic field of 1000 Oe, starting from 7= 70 K up to 400 K
(heating), followed by cooling back to 70 K with 1 K min™" rate.

Optical reflectivity measurements were done using an Olympus
BX51 optical microscope equipped with a silicon photodiode and
a (550 + 50) nm interferential filter. The heating and cooling of
the sample was done inside a Linkam HFS600-P variable tem-

perature stage by varying the temperature at a rate of 2 K min™".

Synthesis and characterization

[Fe(HB(pz);),]- The compound was prepared according to a
literature procedure from ammonium iron(n) sulfate hexa-
hydrate and potassium  tris(1-pyrazolyl)borohydride.®> The
precipitated product was extracted with dichloromethane. The
purity and identity were confirmed by IR spectra (Fig. 4) (see
the ESIt for additional data).
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NH,-MIL-101(Al). The reference NH,-MIL-101(Al) bulk material
with an empirical formula [Al;(p3-O)(NH,-bdc);(OH)(H,0),]-nH,O
(NH,-bde = 2-amino-benzenel,4-dicarboxylate) was synthesized
according to the reported procedure.’® In a typical synthesis
aluminium chloride hexahydrate (AICl-6H,0, 510 mg, 2.11 mmol)
and 2-amino terephthalic acid (HO,C-C¢H;NH,-CO,H, 560 mg,
3.09 mmol) are dissolved in 30 mL DMF. The solution is heated in
a Teflon-lined autoclave for 72 h at 130 °C. The resulting yellowish
powdered sample was collected by filtration, triply washed with
acetone, and dried at room temperature overnight. Then the
collected powder was transferred to a bottom-round flask
(100 mL volume), 50 ml of methanol was added and the
mixture was refluxed overnight. The final product was obtained
by centrifugation (4200 rpm for 20 min) and dried in a vacuum
oven (120 °C, 12 mbar) for 2 h. The identity, purity and quality
of the material were confirmed by PXRD, gas adsorption and IR
measurements (Fig. 4).

[Fe(HB(pz);),|@NH,-MIL-101(Al) (S@M) inclusion compounds.
In a typical synthesis a solution containing 57 mg (0.24 mmol) of
aluminium chloride hexahydrate (AICl;-6H,0, Sigma Aldrich,
99%), 61 mg (0.34 mmol) of 2-aminoterephthalic acid (HO,C-
Ce¢H3NH,-CO,H, Sigma Aldrich, 99%) and bis(hydrotris-
(1-pyrazolyl)borate)iron(u), [Fe(HB(pz)s),] with a specified
amount in the 50-90 mg (0.10-0.19 mmol) range (see below),
in 3.33 mL of N,N-dimethylformamide (DMF, (CH;),NCHO,
Sigma Aldrich, >99.9%) were placed in a thick-walled glass
tube and sealed with a Teflon lined screw-cap. The tube was
placed in a rotating oven (20 rpm), which ensured efficient
mixing and heated at 130 °C for 72 h. The cooled sample was
isolated by centrifugation, triply washed with acetone (5 mL)
and dichloromethane (5 mL; [Fe(HB(pz);),] is highly soluble in
dichloromethane). The washing solvent was decanted after
each washing and the remaining solid was then transferred
to a round-bottom flask (50 mL volume) and refluxed in 20 mL
of methanol (Merck, 99.9%) overnight for additional purifica-
tion. The solid was separated by centrifugation and dried in a
vacuum oven (120 °C, 12 mbar) for 2 h. No special inert atmo-
sphere protection was imposed at any of the synthetic steps.

Three samples were synthesized using the general procedure,
encoded S@M-n, where n = 1-3. The amounts of [Fe(HB(pz);).]
used and total S@M yields were as follows. S@M-1: 50 mg of
[Fe(HB(pz);),] was used, the yield of the composite was ~47 mg;
S@M-2: 70 mg, ~54 mg, S@M-3: 90 mg, ~52 mg. The samples
were stored under ambient air in a closed glass vessel before
further measurements.
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