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A straightforward method for the reversible modification of
solid-state properties is a goal being constantly pursued in the
development of molecular switches, and molecular electronic
and photonic devices. As one of the most attractive molecule-
based switchable materials, spin crossover (SCO) complexes
present different magnetic, optical, electrical and structural
properties in response to external stimuli (such as temper-
ature, pressure, light, or magnetic fields), driven by conver-
sion of the electron configuration between high spin (HS) and
low spin (LS) states."! However, the extreme sensitivity of
SCO behavior to subtle effects, including humidity or solvent
inclusion in the crystal lattice, often impedes the ability to
regulate these switchable properties at will. On the other
hand, this sensitivity may be exploited if the host-guest
chemistry of the material can be controlled. A recent
demonstration of this is the incorporation of SCO centers
into porous coordination polymers (PCPs),” which allows the
fine-tuning of SCO properties through the inclusion of guest
molecules without disrupting the framework structure.l’! It
has been suggested that guest molecules could be used as
a new perturbation to switch spin state at constant (ideally
ambient) temperature. A few encouraging results have
already been reported, especially for the three-dimensional
Hofmann-like SCO-PCP {Fe(pz)[M(CN),]} (M =Ni, Pt, Pt;
pz = pyrazine)." This includes the dynamic interplay between
SCO and the host-guest function,” the precise control of
transition temperature upon I, addition, and a significant
enhancement in cooperativity through the inclusion of
thiourea.” Particularly, in the work of Kepert et al.’! and
Ohba et al.,® the spin state has been successfully switched at
room temperature through the chemical response of the
framework. However, the critical operating conditions are
difficult to achieve in practical applications; in Ohba’s study
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for example, several successive steps are required: the
adsorption of one guest (benzene), desorption under
vacuum, adsorption of another guest (CS,), and a subsequent
desorption under vacuum. It is necessary to develop a more
efficient approach to regulate SCO properties. Ligand-driven
light-induced spin change (LD-LISC) is a promising strategy;
spin conversion could be triggered by cis—trans isomerization
of the ligand by means of light over a broad range of
temperatures.[g] However, the drastic structural rearrange-
ment of the whole lattice that accompanies the isomerization
makes it difficult to achieve in densely packed assemblies, and
the current successful examples are limited to only a few
mononuclear complexes.

As an alternative approach, we considered using an active
guest to regulate and/or switch spin states in SCO-PCP
materials, taking advantage of host-guest interactions. Theo-
retically, any suitably sized active molecule that can be readily
modified in response to light, thermal, or chemical stimuli
could become a suitable candidate, thus providing numerous
appealing choices when coupled with different SCO-PCPs. As
a proof of concept for this new approach, we have utilized
a chemically active guest, maleic anhydride, which can be
hydrolyzed into maleic acid and converted back by gentle
heating, as shown in Scheme 1. {Fe(pz)[Pt(CN),]} (1) was
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Scheme 1. Interconversion between maleic anhydride and maleic acid
(above) and the clathrates (below).

chosen as the SCO host, because of its robust framework,
regular pores, and sensitivity to guest perturbations. A quasi-
reversible modification of SCO properties between a two-step
abrupt spin transition with hysteresis loops and a half spin
transition at lower temperature was observed during the
guest-conversion process.

A guest-free sample of 1 was exposed to maleic anhydride
vapor, forming 1Danhydride clathrate with a formula of
1.0.9(C,H,0;)(H,0), as evidenced by thermogravimetry
(TG) and elementary analyses. Additionally, the species
were analyzed by IR spectroscopy (Figure 1). The two
characteristic bands at 1850 cm™' and 1778 cm™' are attrib-
uted to the symmetric and asymmetric C=O stretching modes
in the anhydride, thus unambiguously confirming the pres-
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Figure 1. IR spectra of 1, 1Danhydride, and 1Dacid.

ence of maleic anhydride. Subsequently, the complete con-
version of maleic anhydride into maleic acid within the
framework is achieved by simply maintaining the sample in
a humid environment at ambient temperature. Consequently,
the IR bands at 1850 and 1778 cm™' were replaced by the
symmetric C=0O stretching mode of carboxylic acid at
1720 cm™" (Figure 1). This modified clathrate is denoted
1Dacid (1-0.9(C,H,0,)(H,0)). The reverse transformation
is achieved by heating, such that maleic acid releases one
water molecule and reverts to maleic anhydride. However,
this step is accompanied by partial desorption of the guest, as
demonstrated by the reappearance and reduction in intensity
of the IR bands at 1850 and 1778 cm ™" respectively (Figure 1).

The drastic modification of SCO behavior upon guest
transformation was verified by variable-temperature mag-
netic susceptibility measurements (Figure 2). 1D>anhydride
displays a complete two-step SCO. The y,, T value changes
from 3.5 cm®*mol 'K at 300 K to 0.5 cm’mol 'K at 50 K, via
a 20 K wide plateau with a yy T value of 2.0 cm*mol ' K. The
transitions are very sharp, and are centered at 7,4 =200 K,
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Figure 2. Variable-temperature magnetic susceptibility studies of 1,
1Danhydride, and 1Dacid.
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Tl =170K in the cooling mode, and T.T=209K, T,T=
186 K in the warming mode, thus defining 9 K and 16 K wide
hysteresis loops for the higher and lower temperature steps,
respectively. After the in situ hydrolysis of maleic anhydride,
the SCO behavior of the framework (1Dacid) becomes
a monotonically incomplete spin transition. The yy\ T value
changes between 3.3 cm*mol 'K at 300 K and 2.0 cm®*mol 'K
at 50 K, which corresponds to a ca. 57% LS residual. The
transition temperatures are T.l=155K and 7.T=159K,
thus defining a distorted 4 K wide hysteresis. If 1Dacid is
heated to 400 K, the reverse transformation occurs and the
two-step SCO behavior of 1Danhydride reappears, super-
imposed with the room temperature SCO characteristic of the
empty framework, which is caused by partial desorption of
the guest (see magnetic (Figure S14) and DSC data (Fig-
ure S17) in the Supporting Information,).

The "Fe Mossbauer results agree well with the magnetic
analyses (Figures S4 and S5, and Table S2). The spectrum of
1Danhydride at 230 K consists of a unique quadrupole
doublet with an isomer shift of d =1.11 mms™" and a quadru-
pole splitting of AE,=1.48 mms™', which is characteristic of
HS Fe". Upon cooling to 182 K, a singlet with 6 =0.37 mms™
appears and accounts for 49% of the total area, which is
consistent with a half spin transition within the plateau range.
Upon further cooling to 80K, only the singlet (6=
0.48 mms™") is preserved, owing to completion of the spin
transition. The Mossbauer spectrum of 1Dacid at 300 K
consists of one quadrupole doublet with 6 =1.06 mms~' and
AEo=1.20 mms ', which confirms that all Fe" ions are in the
HS state. Upon cooling to 80 K, a singlet (6 =0.36 mms™")
and a doublet (6 =1.31 mms ' and AE,=1.38 mms™") coex-
ist with an area ratio of 54:46, which is in accordance with
incomplete SCO behavior.

The unit cell parameters as a function of temperature in
the cooling mode were measured for a single crystal of
1Danhydride. The cell parameters decrease in two well-
defined steps (Figure S1), which is consistent with a contrac-
tion of the framework during the two-step spin-transition
process. Careful analysis of the diffraction images revealed no
supercell reflections or other evidence for a crystallographic
phase transition at any investigated temperature. To follow
the structural changes associated with SCO, full data collec-
tion was carried out at 250 K (HS), 200 K (intermediate phase
(IP)) and 110 K (LS) for 1>anhydride and at 180 K (HS) and
100 K (mixed spin state) for 1Dacid. All the structures are
reported here in the tetragonal space group P4/mmm and
have a three-dimensional porous framework similar to those
previously described.” 1% The network is composed of two-
dimensional planes of {Fe[Pt(CN),]},, bridged by pyrazine
ligands along the [001] direction. The three-dimensional
channels accommodate highly disordered water molecules
and the maleic anhydride or maleic acid guests. In both cases,
the atomic positions of the guests have not been included in
the structural model because of their random distribution
and/or fast reorientation. However, it can be seen from
contour maps of the residual electron density (see Figure 3
for 1>anhydride) that these unmodeled molecules are located
around the center of the pores, on planes parallel to the
{Fe[Pt(CN),]},, sheets, sandwiched between two [Pt(CN),]
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Figure 3. a) Difference electron density contour map for 1Danhydride
at 250 K in the ac plane at '/,b. Areas of positive residual electron
density are shown in green. b) lllustration of the probable location of
the maleic anhydride molecule within the unit cell. Cwhite, N pale
blue, Fe dark red, O red, Pt dark blue. H atoms are omitted for clarity.

units. Considering the planar structure of maleic anhydride
and maleic acid, it is reasonable to infer that those guests lie
parallel to [Pt(CN),] and are perpendicular to the pyrazine
ligands. A more detailed description of the crystallographic
treatment and a discussion of structural details are provided
in the Supporting Information. The equatorial and axial Fe—N
bond lengths of 1>anhydride are 2.127(19) and 2.21(2) A at
250 K, 2.033(17) and 2.09(3) A at 200K, and 1.95(2) and
2.02(2) A at 110 K, which is consistent with iron(II) in the HS,
IP, and LS states. Whereas for 1Dacid, the equatorial and axial
Fe—N bond lengths are 2.108(16) and 2.13(2) A at 180 K, and
2.041(15) and 2.09(2) A at 100 K, which indicates an incom-
plete spin transition of the iron(II) ions.

A complimentary IR study was performed at variable
temperature for 1>anhydride and 1Dacid. Selected spectra in
different spin states are given in Figure 4.
For 1Danhydride, drastic upward shifts
(ca. 10 cm ™" for each step) were observed
for the bands at 1167, 1087, and 802 cm™" @
when going from the HS to the LS state. s
These shifts were previously assigned to

S
-

990 cm ! respectively, whereas the C=O stretch at 1720 cm ™
remains unchanged. The SCO behavior of 1>anhydride and
1Dacid could be reproduced well by plotting the band
position versus temperature. For example, Figure 4 shows
the representative curve using ring stretching mode (pyra-
zine) for 1Danhydride and C—H out-of-plane bending mode
(pyrazine) for 1Dacid. The different IR responses of the two
clathrates towards SCO clearly demonstrate the different
effects of the guests. The modification of some specific
vibrational modes of the guest, that is, the C—H vibration of
maleic anhydride and the O—H and C—O vibrations of maleic
acid indicates the coupling of those modes with the vibration
of the framework. This coupling may be derived from short
interactions of the C—H (1D>anhydride) and carboxylic groups
(1>acid) with the pyrazine ligand. The C=0 vibration in both
complexes is unaffected, which implies a lack of coupling to
Fe—N and pyrazine vibrations within the framework.

This work presents a rare example of two-step spin
transition behavior for a {Fe(pz)[Pt(CN)4]} framework. This
feature has previously been observed in related framework
materials with different bridging ligands.”! One of the most
common reasons for such stepwise behavior is the presence of
crystallographically inequivalent SCO centers, which is not
the case for 1D>anhydride. Only one iron center was observed
for both HS and LS structures by single crystal X-ray analysis.
Moreover, the Mossbauer spectrum indicates a single Fe site
in the pure HS/LS state. The other possibility is an overall
structural rearrangement, for example, symmetry breaking, in
the IP phase."?! Although no crystallographic evidence for
such an event was observed, it should be remembered that
these experiments measure the structure averaged over both

1> anhydride

the ring stretching, and the C—H in-plane
and out-of-plane bending modes of pyra-
zine, respectively.'!! Moreover, another
band shifts noticeably from 901 (HS) to
913 (LS) via 906 cm™' (IP). We have
tentatively assigned it to the C—H bending
mode of maleic anhydride. In contrast, the
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Figure 4. Selected IR spectra in different spin states, and temperature-dependent IR
frequencies of 1Danhydride and 1Dacid.
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the time of the experiment and the volume of the crystal.
Furthermore, the evidence for symmetry breaking can be very
subtle, reflecting the often minor structural differentiation of
active centers during the process. Hence, it is not always
possible to detect a symmetry breaking phase transition using
a standard laboratory X-ray diffraction setup;'? thus, this
type of transition cannot be eliminated here. A variable
temperature IR experiment was undertaken to shed some
light on the possibility of local structural rearrangement. The
IR spectra of 1Danhydride at different temperatures can be
classified into three distinct phases based on band position
and intensity, which correspond to the HS, IP, and LS phases.
The modification of the IR spectrum is attributed to the SCO,
as obvious discontinuities are observed at the appropriate
temperatures, which produces a much more significant effect
than that produced by thermal expansion alone (Figures 4, S7
and S8). In addition, the spectra of the IP phase are not
a superposition of the ones of the HS and LS states, which
implies a synergetic structural rearrangement of the whole
lattice rather than the formation of a mixed structure of
separate HS and LS domains.

The in situ conversion of the guest has a drastic effect on
the SCO behavior of the framework. The transition steps,
transition temperature, and the completeness are all notice-
ably modified upon switching the guest through a chemical
stimulus (water). There is a clear trend that the transition
temperature decreases in the order of 1>1Danhydride >
1Dacid. Moreover, 1Danhydride undergoes a complete SCO
whereas the transition of 1Dacid is incomplete. These
phenomena could be explained by steric effects within the
pores of the network. The hydrolysis of maleic anhydride to
maleic acid is a ring-opening reaction; the inclusion of this
larger acid guest hinders the contraction of the framework
and stabilizes the HS state.

In conclusion, an active guest was exploited for the first
time to modify SCO behavior in a microporous framework. A
drastic modification between two-step complete transition
and monotonically varying, half spin transition was readily
achieved by the chemical interconversion of maleic anhydride
and maleic acid. Although the reversibility is hampered by the
partial desorption of the guest in the current system, we
believe that the idea of the incorporation of an active guest
will open up new avenues in the development of smart
switchable materials. There is great potential for exploitation
in this area through the combination of abundant stimuli-
responsive molecules with a wide variety of porous SCO
hosts.

Experimental Section
Single crystal X-ray diffraction data for 1D>anhydride and 1Dacid
were collected on a Bruker APEXII or Oxford Diffraction CCD
diffractometer using graphite monochromated Mo-Ka radiation (1=
0.71073 A). Further details are given in the supporting information.
CCDC 898529, 898530, 898531, 898532, 898533 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic measurements were recorded using a Quantum Design
MPMS?2 SQUID susceptometer with an applied field of 1 Tand in the
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temperature range of 300-10-400-10-350 K. Experimental suscepti-
bilities were corrected for diamagnetism. Room-temperature IR
spectra were recorded on a PerkinElmer GX FT-IR 2000 spectrom-
eter. Variable-temperature IR spectra were recorded using an IR
microscope in reflection mode and a Linkam THMS-600 cryostage.
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