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Selective Signalling of Alcohols by Molecular Lattice and
Mechanism of Single-Crystal-to-Single-Crystal Transformation.

José Sanchez Costa,*’+” Santiago Rodriguez-liménez,®+ Gavin A. Craig,%“+ Benjamin Barth,®
Christine Beavers,® Simon J. Teat,¢ Kevin Gagnon,® Leoni A. Barrios,/ Olivier Roubeau? and Guillem
Aromi®”

Single-crystal-to-single-crystal (SCSC) transformations of molecular materials involving exchange of lattice molecules are
becoming commonplace and very relevant in areas like chemical sensing or the pharmaceutical sector. Spin crossover (SCO)
complexes could be great candidates to act as molecular chemical sensors using spin switching to signal detection. We
describe here the capacity of the Fe(Il) molecular material [Fe(bpp)(H:L)](ClO4).:CsHsO (bpp and HaL are 2,6-bis-(pyrazol-3-
yl)-pyridine type ligands) to have its lattice acetone molecules replaced by certain selected alcohols from the gas phase
(MeOH, EtOH or "PrOH but not 'PrOH), signalling the process by a spin transition that also changes the colour of the crystals.
The magnetic response of the signalling complex depends on the chain length of the alcohol, allowing selective detection.
As these molecular exchanges are SCSC processes, the structures of the alcoholates obtained have been determined by
single crystal X-ray diffraction (SCXRD). The removal of n-propanol from its host lattice has been quenched in operando at

various intermediate stages and studied by SCXRD to unveil crucial details of the mechanism of this SCSC transformation.

Introduction

Single-crystal-to-single-crystal (SCSC) transformations triggered
by migration of small molecules through a lattice (absorption,
desorption or exchange) are of increasing importance to a large
variety of fields. These include gas absorption, separation or
storage applications,! heterogeneous catalysis,? 3 or chemical
sensing and detection.*® Usually, such transformations are
observed and exploited on materials that exhibit a 3D network
of chemical bonds and pores, such as in metal-organic
frameworks (MOFs)’® The first feature often prevents the
lattice from collapsing as a result of structural or compositional
changes. The second property furnishes easy channels for the
transit of molecules. However, while equally interesting, it is
more rare to witness SCSC compositional changes in molecular
crystals,10-15 since they lack these two characteristics; the lattice

components are connected by weaker intermolecular

interactions and they are arranged under more degrees of
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freedom so as to minimise the empty space, thus not presenting
empty pathways for the free circulation of species. Given the
potential applications of these solid-state transformations in
areas such as pharmaceutical research6 17 —for example, as
indirect methods to obtain polymorphs of crystalline molecular
materials!®2! — it is an important challenge to understand and
control their mechanism. Non(or nano)-porous molecular
crystals capable of selectively absorbing small species may also
be studied as solid-state chemical sensors, potentially at the
micro- or nanoscale.?2-22 This requires a mechanism to signal the
detection upon incorporation of the analyte by the lattice, such
as a change to the optical or magnetic properties.?> 2933 The
well-known phenomenon of spin crossover (SCO) would be
ideal to implement this function.3437 It involves a reversible
transition by certain d-block metal ions between two accessible
electronic (and spin) states triggered by an external stimulus
such as temperature or pressure changes. Interestingly, a
similar result may be induced by the inclusion/extrusion of
analytes into/from the crystal lattice of the material, often near
room temperature. Fe(ll) within an octahedral coordination
geometry is the most studied and exploited metal for its SCO
properties because of the drastically different properties
between its high-spin (HS, S = 2) and a low-spin (LS, S = 0 ie
diamagnetic) states.3841 The transition also causes a variation of
=10% of the metal-to-ligand bond distances.*> Many molecular
SCO materials made of discrete Fe(ll) complexes have been
reported to undergo absorption, desorption or substitution of
lattice molecules coupled to a systematic change to their
magnetic behaviour, most often in form of spin switching.18 22,
43-60 \When these processes occur in a SCSC manner, the
structural details associated with the transformation may be
examined through single crystal X-ray diffraction (SCXRD). This
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technique provides a privileged window on the molecular
structure of the material before and after the migration of
lattice molecules, allowing the associated changes to the
properties to be rationalised and to hypothesise about the
mechanism of the transition.6! For this purpose, it would be of
great value to gather structural information on a SCSC
transformation at intermediate stages, while it is taking place.
Such studies, however, are extremely scarce.2 63

Tris-imine complexes of Fe(ll) are very widespread as SCO
molecular materials.®4-66 Most of them exhibit a dense network
of intermolecular interactions that has been termed terpyridine
embrace.?7-%° This pattern seems flexible enough to facilitate
the diffusion of small molecules through the lattice, while
maintaining the integrity of the crystallographic order and
single crystallinity. We and others have demonstrated that
some members of this family of complexes are prone to
undergo SCSC transformations following the transport of
molecules  through the Ilattice  with  well-defined
stoichiometry.18 50,70, 71 |n particular, the heteroleptic complex
[Fe(bpp)(H2L)](ClO4)2:1.5C3HsO (1-Ac; bpp, 2,6-bis-(pyrazol-3-
yl)-pyridine; H,L, 2,6-bis-(5-(2-metoxyphen-1-yl)-pyrazol-3-yl)-
pyridine; Fig. 1 and 2) was found to convert into
[Fe(bpp)(H2L)](ClO4)2:C3HgO (2-Ac) upon heating, wherein the
remaining acetone molecules could be replaced by MeOH and
H,O, all this during the course of SCSC transformations.4®
Remarkably, the 1-Ac - 2-Ac transformation was analysed using
SCXRD at various intermediate stages, unveiling the formation
of a metastable ordered phase that could be characterised.’?

HN-N N-NH
AN M s
| ~N
4
bpp

H,L (syn,anti) \

Figure 1. Representation of ligands bpp and H,L, emphasising two conformations of the
latter, depending on the orientation of the distal methoxy groups with respect to the
central pocket.

We report here that 2-Ac can absorb the larger alcohols EtOH
and "PrOH at room temperature in exchange for acetone, while
selectively, 'PrOH is unable to enter the structure. In all cases,
the structure of the resulting materials is accessible via SCXRD.
The nature of the alcohol sensed can be distinguished by the
magnetic properties of the detector material. All the resulting
alcoholates can be depleted of their respective alcohol
molecules upon gentle annealing. The SCSC desorption of PrOH
has been studied by SCXRD determinations at various
intermediate stages, unveiling a solid-state mechanism that
differs from that previously described for the extrusion of
acetone from 1-Ac.’2 This study represents one of the first
providing details of a solid-state transformation of a molecular
material at intermediate stages, from SCXRD analysis.
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Figure 2. (top) Representation of the complex cation [Fe(bpp)(H,L)]?*, common to
compounds discussed in this paper. Colour code: Fe, large red ball; C, grey; N, blue; H,
Only hydrogen atoms bound to nitrogen atoms are shown. (bottom)
Representation of the intermolecular interactions formed by the complexes with their
four first neighbours (medium dark colour) and their two second neighbours (lightest
colour), shown as dashed lines. The interactions with the first neighbours are r---rt (black)

white.

and C-H---1t (red) whereas those with second neighbours are only ri---it (light blue).

Results and discussion

SCSC Transformation of [Fe(bpp)(H:L)](ClO4),:CsH¢O (2:-Ac) into
[Fe(bpp)(H2L)1(Cl04)2-1.25MeOH-0.5H,0 (3-MeOH),
[Fe(bpp)(H2L)]1(ClO4)2-1.5E£tOH-0.5H,0 and
[Fe(bpp)(H2L)](ClO4),-PrOH (3:PrOH).

Compounds 3-MeOH, 3-EtOH and 3:-PrOH were obtained as
single crystals through the exposure of 2:-A to air saturated with
vapour of methanol, ethanol or propanol, respectively. The
structure of 2:-Ac has been previously described.?® 72 |t
comprises a heteroleptic complex [Fe(bpp)(H2L)]%* (Fig. 2),
forming H-bonds to two ClO4~ anions and to one molecule of
acetone (Fig. S1), with the ligand HsL lying in the “syn,anti”
conformation (Fig. 1). The complexes exhibit an extended
version of the terpyridine embrace pattern (Fig. 2, S2 and S3,
Table S3).67 During each of the three processes of solvent
exchange, the acetone contained in 2-Ac migrates through the
non-porous molecular crystal of the compound to the exterior,
while a fixed amount of molecules of the corresponding alcohol
enter the lattice (together with 0.5 equivalents of water in the
case of 3-MeOH and 3-EtOH). For all these transformations a
drastic colour change takes place, from orange/yellow to very
dark red (Fig. 3), which can serve as a mechanism for detecting
the absorption of any of the three alcohols from the
atmosphere around crystals of 2-Ac (see below). When crystals
of 2-:Ac where exposed to vapours of isopropanol, the alcohol
did not enter the lattice, and the structure of the initial system

(3-EtOH)
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2-Ac was retained. This observation is interesting, considering
that 1-propanol and acetone enter the lattice. The contrast
between the linear chain of "PrOH compared to the trigonal
pyramidal geometry of 'PrOH is certainly determinant. The
mobility of acetone compared to isopropanol must be explained
by the planarity and lower volume of the former. Perhaps the
absence of hydrogen atoms on the oxygen atom of acetone
facilitates its interaction as acceptor of the N—-H group,
compared with 2-propanol. A marked selectivity with respect to
two isomers is not easy to achieve and very few molecular
materials have been reported to show this capacity.”3 Here, in
addition, we report a mechanism for signalling the detection
(see below and Fig. 3).

The structure of 3:-MeOH has already been described (Fig. S4).46
The asymmetric unit of its triclinic P1 unit cell has the same
composition as the formula. The replacement of one equivalent
of acetone by 1.25 equivalents of MeOH and 0.5 equivalents of
H,O causes a slight increase of the distance separating the
sheets of complexes up to 10.341 A (Fig. $5), while the position
and conformation of the complex cations as well as 2D pattern
of intermolecular interactions are conserved (Fig. S6, Table S4).

3-MeOH
LS

3-EtOH

3:-PrOH

Figure 3. Photos of single crystals of compound 2-Ac prior to exposure to alcohol (MeOH,
EtOH or "PrOH) vapours, and after absorption of alcohol molecules of these vapours,
which yielded the compounds 3-MeOH, 3-EtOH and 3-PrOH.

Compound 3-EtOH is obtained by replacement of one
equivalent of acetone from 2-Ac by 1.5 equivalents of EtOH and
0.5 of water, following a SCSC transformation. The resulting
single crystals exhibit a structure in the triclinic P1 space group
with its asymmetric unit coinciding with the formula given to
this compound (Table S1). The latter contains the
[Fe(bpp)(H2L)]>* complex in the same conformation as 3-MeOH.
The CIO4~ anions and one molecule of ethanol establish H-bonds
with the N—H groups of the complex cation (Fig. S7, Table S2)
with the water accepting the EtOH proton as part of another H-

This journal is © The Royal Society of Chemistry 20xx

bridge, also in perfect analogy with the structure of 3-MeOH.
There is also a weakly bound molecule of EtOH with 50%
occupancy located in between the sheets of complexes. The Fe—
N distances (average of 1.94(3) A at 250 K) denote that the
process 2-Ac - 3-EtOH takes place together with a switch from
the HS to LS state, while the resulting lattice of [Fe] complexes
features the same terpy embrace pattern as all compounds
described above (Fig. 2 and S8, Table S5). The separation
between sheets of complexes within 3-EtOH (10.356 A) is very
similar to that observed for 3-MeOH.

Exposure of yellow crystals of 2-Ac to vapours of PrOH at room
temperature produces very dark red crystals of 3-PrOH. Despite
being of very bad quality, these crystals are amenable to SCXRD
determinations, which confirmed the identity of the compound.
On the other hand, good quality single crystals of 3-PrOH were
produced using a modified solid-state reaction (see Sl), which
produced much better diffraction data. The structure of 3-PrOH
belongs to the triclinic P1 space group with an asymmetric unit
that contains the [Fe(bpp)(H2L)]%* complex, hydrogen-bonded
via N—H groups to two ClO4s~ counter-anions and one sole
ordered molecule of PrOH (Fig. 4).

Figure 4. Representation of the asymmetric unit of 3-PrOH. Large red ball, Fe; red, O;
grey, C; blue, N; green, Cl; white, H. Only hydrogen atoms bound to nitrogen atoms are
shown. Hydrogen bridges are shown as dashed lines.

Contrary to all the cases analysed before, here the solvent
molecule is forming a H-bond with the HsL ligand (and not bpp),
whereas both ClO4~ ions interact with the N—H groups of bpp.
This indicates that the 2-Ac - 3-PrOH process is accompanied
by significant structural rearrangements (see below). At 100 K,
the average of the Fe—N bond lengths (1.951(9) A) indicates
again that the metal centres are in the LS state, thus confirming
that the transformation involves also a spin switching
phenomenon. In contrast with the cases of 3:-MeOH and 2-EtOH,
exposure of 2-Ac to a humid PrOH atmosphere leads neither to
incorporation of water nor of any additional, loosely bound
molecule of alcohol. The resulting lattice exhibits an array of
intermolecular interactions very similar to these described
above (Fig. S9, Table S5). However, a close inspection of the
mutual orientations of the complexes within these sheets
reveals very striking differences; the orientation of two of the
four first neighbours of each complex is inverted compared with
the initial lattice (Fig. 5 and S9). The easiest way to achieve this
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arrangement is that each linear array of complexes within the
sheets shifts one position with respect to the complexes of the
adjacent array, in a direction approximately perpendicular to
the orientation of ligands H,L (Fig. 5). Such movements arising
from SCSC transformations are rare but not unprecedented.?5
28,62,74,75 This rearrangement may be facilitated by concerted
rotations of the methoxyphenyl rings at the ends of each H,L
donor. These rotations were detected during the solid-state
process 1-Ac - 2-Ac,*® 72 and have been observed again during
the thermal desorption of propanol molecules from 3-PrOH (see
below).

It is hard to rationalize the reasons for the LS-to-HS spin
switching upon absorption of alcohols by 2-Ac. The formation of
O--:H-N hydrogen bonds could explain it, however, the SCO

2-Ac ﬂ/

Q a/ 3:PrOH

accompanying the 1-Ac - 2-Ac transformation occurs without
incidence on any hydrogen bonding. Therefore, other structural
reasons are playing a role and they are hard to disentangle from
the rest.

The sheets of complexes of the resulting structure are now
separated by 9.920 A. The decrease of inter-sheet separation
with respect to 3-MeOH and 3-EtOH is noticeable, considering
that propanol is the largest alcohol of the three. This
underscores the impact that the partially occupied H,0 and
MeOH (or EtOH) molecules in between these planes has in
separating the planes. A higher separation is also observed for
1-Ac, which features disordered acetone molecules intercalated
in between the layers.

Figure 5. (left) Solid-state transformation 2-Ac - 3:-PrOH, emphasising the rearrangement of the complexes [Fe(bpp)(H,L)]?*. Yellow and violet colours represent the two possible

orientations of the complexes as a function of the H,L and bpp positions with respect to the plane containing the cations. Green and red denote the orientation of the methoxy

groups of H,L with respect to this plane (upwards and downwards, respectively). Red arrows show the mutual displacement of the chains within the sheets, necessary to undergo

the rearrangement; (right) Representation of the 3-PrOH” - 3-PrOH® solid-state transformation (see text for details) indicating with grey arrows the =180° rotations occurring on

50 % of distal methoxyphenyl rings of the H,L ligands.

Ability of [Fe(bpp)(H2L)](ClO4)2:C3HeO (2-Ac) to detect alcohols
via the magnetic properties of 3:-MeOH, 3-EtOH and 3-PrOH

In all cases, the incorporation of MeOH, EtOH, or PrOH into the
lattice of 2-Ac is readily detected visually within a large interval
of temperatures, including ambient, because the originally
orange/yellow crystals turn dark red as a result of the HS to LS
state switching. It is of interest to know if the detection through
the magnetic response can be made specific for each alcohol.
The magnetic properties of 3:-MeOH, 3-EtOH and 3-PrOH were
thus investigated in the 5-375 K temperature range under a
constant magnetic field of 5 kG. At 250 K, the product ymT
(where yu is the molar paramagnetic susceptibility) amounts to
0.06/0.13/0.18 cm3Kmol-! (in the 3-MeOH/3-EtOH/3-PrOH
format; Fig. S10) consistent with the LS state indicated by the
dark red colour and the crystallographic parameters in the three
cases (see above). These ymT values remain approximately
constant upon heating up to room temperature. However, they
start to increase when raising the temperature further, with
values at 375 K of 2.25/3.48/1.06 cm3Kmol-1, unveiling distinct
spin conversion processes occurring at three different

4| J. Name., 2012, 00, 1-3

temperatures (approx. 350/315/>375 K, Fig. 6). Remarkably, for
3:MeOH xmT reaches a maximum of 2.47 cm3Kmol-! at 368 K,
before decreasing again to its final value. If the temperature is
maintained constant at 375 K for 40 min., xuT decreases slightly
for 3:-MeOH and for 3-EtOH (to 1.98 and 3.35 cm3Kmol,
respectively, see Fig. S10) while it increases for 3:-PrOH (to 2.11
cm3Kmol-1). Therefore, the thermal treatment unveils spin
conversion processes that must be coupled to other
phenomena, such as solvent desorption. Only in the case of
3-EtOH the thermal response is in appearance a conventional
SCO process. However, the possibility of concomitant solvent
loss processes also exists for this compound. The behaviour of
3-:MeOH and 3-PrOH must be interpreted in these terms, with
the formation of intermediate states with specific magnetic
properties. The occurrence of an intermediate phase with
distinct magnetic properties was for example already detected
during the process of solvate desorption 1-Ac = 2-Ac, where 0.5
equivalents of acetone are released.’? Thermogravimetric
analyses (TGA) of compounds 3-MeOH, 3-EtOH and 3:-PrOH
indeed reveal that the three compounds experience a weight

This journal is © The Royal Society of Chemistry 20xx



loss upon heating (see Sl for details, Fig S11), from temperatures
that correlate reasonably well with the beginning of the
respective increases of yuT (Fig. 6). This confirms that the spin
conversion phenomena first observed upon heating are
concomitant with the depletion of solvate molecules and can
thus be the combined result of a thermal SCO of the solvated
species and a transformation to a fully or partially de-solvated
material, with different magnetic properties, as previously
observed on related materials.18 30 Particularly characteristic is
the case of 3-MeOH, for which the two processes can probably
be deconvoluted. Indeed, TGA indicate that both 3-:MeOH and
3:PrOH transform into fully de-solvated materials, termed here
4-"MeOH” and 4-"PrOH”, respectively. The initial increase of
xmT for 3-MeOH likely corresponds to its thermal SCO, while the
decrease at temperatures above 365 K would be due to the
transformation into the fully de-solvated material 4-”MeOH".
Both 4-”MeOH” and 4-”"PrOH” exhibit virtually the same
magnetic properties (Fig. S10); a gradual thermal SCO with a
characteristic temperature close to 375 K. This latter behaviour
can thus be attributed to that of the solvent free species
[Fe(bpp)(H2L)](ClO4), for which the single crystal structure was
determined (see below). The case of “3-EtOH” remains less clear
since the composition of the de-solvated material 4-”EtOH”
cannot be determined with confidence. Indeed, according to
TGA, it retains a certain amount of lattice solvent, difficult to
determine, while the compound exhibits magnetic properties
that could be interpreted as resulting from the system in more
than one state (Fig. S10).

3-5 T T
3.0:

x
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E 20!

E 15l
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Figure 6. Plots of xyT vs T for microcrystalline samples of 3-MeOH (purple), 3-EtOH
(green) and 3-PrOH (red) when heating from 250 to 375 K.

The above experiments confirm that the detection of MeOH,
EtOH or PrOH can be made, selectively, via the analysis of the
magnetic properties of the crystals obtained after exposure to
alcohols, by inspection of the temperature at which the LS to HS
switching of the resulting crystals occurs (Fig. 6).
Snapshots of PrOH desorption
[Fe(bpp)(H2L)1(Cl0O4),:-PrOH (3-PrOH) by SCXRD

from

This journal is © The Royal Society of Chemistry 20xx

The structure of 3-PrOH was determined at 100 K on a good
quality single crystal (see experimental). This crystal, termed
specifically 3-PrOHA, was maintained on the goniometer while
the temperature was increased at a rate of 6 K/min up to 375 K
twice and to 400K, where it was maintained for 3, 30 and 15
min. respectively. After each temperature plateau, the crystal
was cooled rapidly (20 K/min) to 100 K and its SCXRD diffraction
data then collected (furnishing the structures of 3-PrOHB
3-PrOH¢ and 4-"PrOH”, respectively).

Structure of 3:-PrOHB. The asymmetric unit of 3:-PrOHS,
[Fe(bpp)(H2L)](ClO4)2-0.88PrOH, reflects the fact that ca. 12 % of
the PrOH molecules have left the structure after this thermal
treatment. All the non-active components form H-bonds with
the same N—H groups of the complex as originally (Fig. 7). One
of the ClO,~ anions is now disordered over two positions (in the
0.81:0.19 occupancy ratio). The Fe—N bond distances (avg. =
1.956(12) A) reveal that the Fe centres are still in the LS state.
The most important observation, however, is that, in contrast
with the crystal before the thermal treatment, the ligand H,L of
the complex in 3-PrOHB is now in the syn,syn conformation (Fig.
7). This means that the first thermal treatment of 3:-PrOH causes
a rotation of 50 % of the methoxyphenyl rings of the structure
(Fig. 5) while the lattice propanol molecule is still almost fully
occupied. This rotation does not change the mutual positions of
the complexes, which exhibit the usual arrangement, as in
3-PrOH.

Structure of 3:-PrOHC. This structure reveals the release of
propanol molecules, now with only 35% occupancy
([Fe(bpp)(H2L)1(ClO4)2-0.5PrOH, Fig. 7). The PrOH fragment is
now disordered over two positions (0.25:0.10 occupation),
while one of the CIO4~ anions is now further disordered over its
two positions (0.46:0.54). In addition, the methoxyphenyl
moiety adjacent to the disordered PrOH now also shows some
disorder over two positions that are slightly shifted and rotated
(0.63:0.35 occupation), and related to the presence/absence of
the partial PrOH molecule. The outer carbons of the pyridine
ring of the bpp ligand also show some lateral disorder, obvious
in their displacement ellipsoids. All this can be taken as a
snapshot of the process of PrOH extrusion. The bond distances
around the Fe(ll) ions (average 1.95(4) A) confirm that the LS
state is conserved. The arrangement of the complexes within
the lattice is now maintained (Fig S12), with no additional
rotations of methoxyphenyl rings detected. Thus, this new
thermal treatment releases over 50 % of the PrOH molecules
with no significant changes to the lattice, besides the local
disorders showing the rearrangements allowing the diffusion of
the PrOH molecules through the crystal.

Structure of 4:-”PrOH”. The crystal after the last thermal
treatment is devoid of propanol, with formula
[Fe(bpp)(H2L)](ClO4), (Fig. 7), while the Fe(ll) ion maintains the
LS state at 100 K (avg. Fe—N bond distances, 1.95(3) A). From its
color at room temperature (also dark red), the system appears
also LS at room temperature, consistent with the magnetic data.
The lattice also remains the same (Fig. S13). The transition
3-PrOH¢ = 4-"PrOH” thus represents exclusively the release of
the PrOH molecules still present inside the crystal network.
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Mechanism of PrOH desorption. The SCXRD structural
determinations of 3:PrOHX (X=A,B,C) and 4-"PrOH” provide a
unique picture of the events occurring during the process of
desorption of the lattice propanol molecules from 3-PrOH. This
solid-state transformation significant structural
rearrangements in change in
composition and magnetic properties, while preserving
crystallographic order as well as the integrity of the single
crystals. Contrary to what had been observed for the acetone
desorption process 1-Ac - 2-Ac previously reported,”? no
coexistence of two or more crystallographic phases occurs at
any point of the process. Thus, the sequential structural study
suggests that the migration of molecules of propanol, takes
place by diffusion through the lattice in a continuous manner.
The crystal network does not exhibit channels allowing the free
circulation of molecules. The lattice must thus provide for a
suitable mechanism for their diffusion towards the exterior.
Inspection of the structure reveals a pathway (Fig. S14) parallel
to the crystallographic a direction that the molecules of
propanol can use to escape the lattice without altering
significantly the network of intermolecular interactions that
ensure the crystal’s integrity. Consistent with this, the ClO4~
anions located near this pathway suffer disorder, as determined

involves

addition to a chemical

crystallographically after the migration starts (3:-PrOHB, 3-PrOH¢
and 4-”PrOH”). The motion of PrOH species through this
pathway must take place with the help of concerted rotations
of the methoxyphenyl groups. The syn,anti to syn,syn
conformation mutation of the ligand H,L observed after the
3-PrOHA - 3-PrOHB step is a clear indication that the migration
is occurring in this way. These rotations were also detected in
this complex, concomitant to the 1-Ac - 2-Ac process,’? and
also in the related complex [Fe(bbp)(H2L)](ClO4), (bbp = 2,6-bis-
(benzimidazol-2-yl)-pyridine), following a crystallographic
phase transition coupled to a SCO.° The fact that the processes
leading to structures 3-PrOHC¢ and 4-”PrOH” do not reveal any
further conformation changes of H,L does not exclude that such
rotations occur during the course of these thermal treatments
and of the PrOH migration accompanying them. The same may
be speculated about the three solvent exchange
transformations 2:-Ac = 3-ROH (R=Me, Et, Pr) described above,
as well as the two other processes of guest extrusion, 3-MeOH
- 4”MeOH” and 3-EtOH - 4-”EtOH”. Similar conformation
changes as a result of migration of species within molecular
lattices have been observed on other SCSC transformations
requiring thorough SCSC studies.’®
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Figure 7. (top) Representation of the asymmetric unit of 3-PrOH* (X= A, B C or D) and 4-”PrOH”, as determined after the sequence of solid-state changes 3-PrOH” - 3-PrOHS (1),
3-PrOH® - 3:PrOHC (2) and 3-PrOH® - 4-"PrOH” (3) corresponding to the process of release of the "PrOH molecules from the lattice. The gradual rearrangement of the complex
[Fe(bpp)(H,L)]?* and the rest of the unit cell components is emphasised. The occupancy of the PrOH molecule at each stage is shown and the disorder of PrOH, the distal
methoxyphenyl and ClO,~ is shown as a fully coloured and a faded component in each case. A violet arrow shows the methoxyphenyl group that rotates 180° during the first treatment

(1). (bottom) Conformation of the H,L ligand at each of the stages studied, emphasising in red colour the methoxyphenyl ring that rotates in the process.

Experimental
Synthesis.

The ligand bpp was synthesised following a procedure described
in the literature. The ligand 2,6-bis(5-(2-methoxyphenyl)-
pyrazol-3-yl)pyridine (H,L) was synthesised as previously

described by our group, as were the complexes
[Fe(bpp)(H2L)](ClO4)2-1.5C3HsO (1-Ac) and
[Fe(bpp)(H2L)](ClO4)2:1.25MeOH-0.5H,0  (3:-MeOH). Single

crystals of complex 1-Ac were heated in air to 393 K for 2 hours
to generate the complex [Fe(bpp)(H2L)](ClO4)2:CsHsO (2-Ac),
prior to solvent exchange experiments. Caution: Perchlorate
salts of metal complexes are potentially explosive. Only small
quantities of material should be prepared, and the samples
should be handled with care.
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[Fe(bpp)(H2L)](ClO4)2:1.5EtOH-0.5H,0 (3-EtOH). Single crystals of
3-EtOH were obtained by exposing single crystals of compound
2-Ac to ethanol vapours for 4 days. IR (KBr pellet)/cm™: 3399
(w), 2942 (w), 1616 (w), 1473 (m), 1259 (w), 1121 (s), 1109 (s),
1099 (s), 1075(s), 1015 (m), 773 (m), 622 (m). Elemental analysis
calcd (%) for C3gH30Cl2FeN10010:CoHsOH-H,0: C 47.87, H 4.02, N
14.69; found (%): C 47.66, H 3.99, N 15.05.

[Fe(bpp)(H2L)](ClO4)2:PrOH (3:PrOH). Single crystals of 3-PrOH
were obtained by exposing single crystals of compound 2-Ac to
1-propanol vapours for 4 days. IR (KBr pellet)/cm-1: 3405 (m),
2939 (w), 1617 (w), 1585 (m), 1450 (m), 1258 (m), 1124(s),
1090(s), 1050(m), 1017(m), 770(m), 626 (m). elemental analysis
calcd (%) for CszeH3oClaFeN19010-CsH70H: C 49.33, H 4.03, N
14.75; found (%): C 48.87, H 3.91, N 15.05. The molecular
structure obtained by SCXRD from these crystals was

unfortunately of poor quality. We thus report only a

This journal is © The Royal Society of Chemistry 20xx



characteristic unit cell (Table S1) while
describing it in detail. It is however, as its unit cell indicates,

exactly the same as that obtained on good quality single

refraining from

crystals, synthesized with the alternative procedure described
below.

Good quality single crystals of 3:-PrOH were obtained by
exposure of single crystals of [Fe(bpp)(H2L)](ClO4);:1.5C3HsO
(1-Ac) to vapours of PrOH inside a closed vessel at 50 °C during
16 hours. This produced a mixture of red and yellow crystals.
The SCXRD molecular structure of the red crystals corresponds
exactly to 3-PrOH, of much better quality than these obtained
from 2-Ac. Attempts to obtain a pure homogeneous phase using
this methodology by exploring different experimental
conditions failed. Nevertheless, the crystals of 3:PrOH obtained
in this manner furnished excellent structural data for this
compound and could be used to investigate the process of
thermal depletion of PrOH from the lattice.

Physical Measurements.

Variable-temperature magnetic susceptibility data for all
compounds were obtained with a Quantum Design MPMS-XL
SQUID magnetometer at the “Unitat de Mesures Magnetiques”
of the Universitat de Barcelona and Pascal’s constants were
used to estimate diamagnetic corrections to the molar
paramagnetic susceptibility, and a correction was applied for
the sample holder. IR spectra were recorded on KBr pellets, in
the range 4000-400 cm, with a Thermo Nicolet Avatar 330 FT-
IR spectrometer. Elemental analyses were performed with a
Perkin-Elmer Series Il CHNS/O Analyser 2400 at the Servei de
Microanalisi of the CSIC, Barcelona. TGA experiments were
performed using a Mettler-Toledo TGA-851e thermos-balance.
Samples were introduced in alumina crucibles of 70 mL volume
and heated at ca. 2.3 K/min from room temperature to 393 K
under a dry nitrogen atmosphere.

Single Crystal X-ray Diffraction (SCXRD).

Data for compounds 3-EtOH, 3-PrOHX (X=A,B,C) and 4-"PrOH”
were obtained, at 250 K for the first and 100 K otherwise, on a
Bruker APEX Il CCD diffractometer at the Advanced Light Source
beam-line 11.3.1 at Lawrence Berkeley National Laboratory,
from a silicon 111 monochromator (A = 0.77490 A). The data for
3-PrOHB, 3-PrOH¢ and 4-”PrOH” were obtained on the same
crystal used for 3-PrOHA and after annealing at 375 K for 3 min
and 30 min or to 400 K for 10 K, respectively, and cooling rapidly
to 100 K after each annealing. Data reduction and absorption
corrections were performed with SAINT and SADABS,
respectively.”” All structures were solved by intrinsic phasing
with SHELXT78 and refined on F2 with SHELXL.7® All details can
be found in CCDC 1996673-1996677 (3-EtOH, 3-PrOHX (X=A,B,C)
and 4-"PrOH”) that contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Center via
https://www.ccdc.cam.ac.uk/structures/. Crystallographic and
refinement parameters are summarized in Table S1. Selected
hydrogen bonding and intermolecular contacts details are given
in Tables S2, S4 and S5.
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Conclusions

The acetone molecules of crystallisation contained within the
material [Fe(bpp)(H2L)](ClO4)2:CsHeO (2:Ac) are
replaced at room temperature, in the solid-state, by small
alcohol molecules (sometimes with incorporation of water)
from their saturated vapours, entering the lattice in amounts
per mole of 1.25MeOH-0.5H,0, 1.5EtOH-0.5H,0 and "PrOH,
respectively. However, iso-propanol is not capable of entering
the lattice. These transformations occur in a SCSC manner,
allowing the detailed structural characterisation of the resulting
compounds by SCXRD. The nature of the alcohol absorbed can
be detected by the signature of the thermal magnetic behaviour
of the resulting material. In all cases, a HS-to-LS spin switching
occurs with this solvent exchange, and the products obtained
become HS again on increasing the temperature as a result of
the combination of SCO and solvent extrusion processes, in
each case with a different characteristic temperature. The
process of thermal desorption of propanol
[Fe(bpp)(H2L)](CIO4)2:PrOH > [Fe(bpp)(H2L)](ClO4)2 + PrOHT
(3-PrOH = 4-”PrOH”) from a single crystal can be stopped and
quenched at low temperature (100 K) at various intermediate
stages. This allows the mechanism of this solid-state process to
be studied by SCXRD, furnishing unique information. The data
suggest a pathway for the escape of PrOH molecules by
diffusion through the lattice with the help of the concerted
rotation by approximately 180° of one of the two unique
methoxyphenyl rings of H,L (with consequent conformation
changes). The detailed understanding of solid-state processes
of molecular lattices acting as small molecule detectors will help

molecular

in the molecular design of such important class of micro or nano
devices.
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