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ABSTRACT: Precise control of spin transition temperature (T,) is T 400

one of the most important challenges in molecular maglnetism. A = . ;
Hofmann-type porous coordination polymer {Fe(pz)[Pt"(CN),]} = e
(1; pz = pyrazine) exhibited cooperative spin transition near room x [ ; g "
temperature (T."F = 304 K and T.%**" = 284 K) and its iodine adduct = Yo

{Fe(pz) [PtV (CN),(1)]} (1-I), prepared by oxidative addition of R B m T
iodine to the open metal sites of Pt~ raised the T, by 100 K. DSC and i & Tcdm
microscopic Raman spectra of a solid mixture of 1-I and 1 revealed 250 g

that iodine migrated from 1-I to 1 through the grain boundary after B2 s g8 08 A
heating above 398 K. We have succeeded in precisely controlling the lodine content (n) / Pt
iodine content of {Fe(pz)[Pt(CN),(I),]} (1-In; n = 0.0—1.0), which resulted in consecutive modulation of T in the range
300—400 K while maintaining the hysteresis width. Furthermore, it was demonstrated that iodine migration in the solid mixture was
triggered by the spin transition of 1-I. The magnetically bistable porous framework decorating guest interactive open-metal-site in
the pore surface makes it possible to modulate T ad arbitrium through unique postsynthetic method using iodine migration.

B INTRODUCTION

Spin transition (ST) is one of the most spectacular examples of
molecule-based switchable materials based on 3d*—3d” coordi-
nation comé)ounds, particularly well-known in iron(II) com-
pounds (3d°) whose electron configurations can move between
the paramagnetic high-spin (HS) and the diamagnetic low-spin
(LS) states with thermal hysteresis, and produce bistabilities in
magnetic, optical, and structural properties.' Such ST compounds
have been studied actively in relation to aspects of fundamental
theory and applications such as sensors, displays, and switching
devices. To implement ST compounds in such devices, it is

tuning the ligand field, but on the other hand, often faced a
problem that the ST hysteresis faded because of reduced co-
operativity induced by fragmentation of the magnetic domain®**
Also ligand substitution and counterion size change were available
for controlling T', which become particularly operative in the case
of 1-D Fe(II)-triazole-type chain compounds.”*® However, there
are currently few reports of precise T. adjustment without
changing cooperativity. Here, we focus on porous compounds
that exhibit ST and have regular and stable frameworks to deliver
this aim. The regular porous framework allows guest molecules to
disperse entirely and homogeneously, which promises to be useful

essential to control the magnetic properties, that is, ST tempera-
ture (T.) and hysteresis width, on demand. Until now, a chemical
method that randomly intercalates different kinds of metal ions
and a physical method using external pressure were used to
control T..> These methods were useful for modulating T by
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for preventing reduction of the cooperativity and for modulating
T via a postsynthetic method.
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Porous materials provide attractive space for functions, for
example, guest adsorption,” heterogeneous catalysis,* and proton
conduction.” In particular, porous coordination polymers (PCPs)
or metal—organic frameworks (MOFs) that have highly regular,
designable, and flexible pores based on coordination bonds have
attracted much attention as a new class of porous materials in the
past decade. Such PCPs are expected to be multifunctional
platforms combining porous properties with specific chemical
and physical properties.® A few pioneering PCPs exhibiting spin
crossover have already been prepared, but their T, values were far
from room temperature.” Recently, Hofmann-type PCPs
{Fe(pz)[M"(CN),]} (pz = pyrazine; M" = Ni, Pd, Pt) have
been reported as new chemoresponsive PCPs switching spin
states through guest adsorption processes at room tempe-
rature.””*® These PCPs form a three-dimensional pillared-layer-
type porous framework consisting of cyano-bridged Fe''M"
bimetallic layers and interlayer pz-bridges, adsorb various guest
molecules, and show ST with hysteresis of ca. 20 K near room
temperature. The spin state of Fe'' sites were switched between
HS and LS states depending on the guest molecules and
host—guest interactions; for example, the HS state was stabilized
by hydroxylic solvents and five- and six-membered aromatic
molecules, while the LS state was stabilized by CS, (for M = Pt,
Pd, Ni), I (for M = Pt), and CH;CN (for M = Ni) at 298 K.
Guest molecules are confined in the pores, interacting weakly with
the pz pillar ligands or the M centers. In the particular case of
iodine, the guest-free {Fe(pz)[Pt"(CN),]} (1) undergoes an
oxidative addition reaction involving rapid diffusion of iodine
molecules into the pores of 1 followed by electron transfer from
half of Pt" ions to iodine molecules to give Pt—I bonds with
concomitant cleavage of the molecular iodine bond. The axial
positions of Pt in the resulting iodide adduct {Fe(pz)-
[P (CN)4(1)]} (1-I) are occupied by two iodide anions with
half occupancy, namely, there are twice as many available posi-
tions as iodine atoms; consequently, the holes and iodine atoms
are uniformly and randomly distributed in the crystal. It is well-
known that the presence of large amounts of spare available
positions facilitates atomic mobility from concentrated to diluted
regions of the crystal. Compound 1-I strongly stabilized the LS
state and exhibited ST (T."F = 398 Kand T.°*"" = 383 K) with a
hysteresis width similar to 1. The porous framework of 1
demonstrated high stability toward oxidative addition of iodine
with an increase in T. by ca. 100 K and maintained the
cooperativity of ST. From these results, we conceived the
modulation of ST temperature T, by controlling the chemically
adsorbed iodine content. To precisely control the amount of
iodine introduced, we developed a new postsynthetic method that
directly blended the iodine adduct 1-I and guest-free 1 in an arbitrary
ratio. Here, we applied chemical migration between the regular and
stable porous compounds, which successfully resulted in precise and
consecutive control of the iodine content without byproducts and in
modulation of T in the range of 300—400 K at will.

B EXPERIMENTAL SECTION

Materials. Chemicals were purchased from commercial sources and
used without further purification. Guest-free {M(pz)[Pt(CN),]} (M =
Fe (1), Ni (2)) and Iodine adducts {M(pz)[Pt"/"(CN),(1)] } (M = Fe
(1-1), Ni (2-T)) were prepared according to the literature method.® ¢
Details are given in Supporting Information (Table S1).

Physical Measurements. Magnetic susceptibilities of all samples
were measured by Quantum Design MPMS-XLSR SQUID in the

temperature range 200—400 K (settle mode) in an applied dc field of
1000 Oe. X-ray powder diffraction (XRPD) was collected on a Rigaku
RINT 2000 Ultima diffractometr with Cu—Ka radiation. Thermogravi-
metric analysis was performed at 10 K min~ " using a Rigaku Instrument
Thermo plus TG 8120 in a nitrogen atmosphere. DSC analysis was
carried out with a Seiko Instruments DSC 6220 under N, atmosphere.
The weight of the samples ranged from 2 to 4 mg. The microscopic
Raman spectroscopy was carried out by LabRAM HR-800 spectrometer
(HORIBA Jobin Yvon Ltd.) at temperature in the range of 300—423 K
using an LK-600 hot stage (Linkam). A 785-nm semiconductor laser was
used for excitation source. The solid-state transmission spectra were
measured by JASCO MSV-370 microUV—vis-NIR spectrometer with a
Linkam THMG600 hot stage with programmable temperature controllers
L-600A and LK600PM under Ar atmosphere. Elemental Analysis of
carbon, hydrogen, and nitrogen was carried out on a Flash EA 1112
series, Thermo Finnigan instrument.

B RESULTS AND DISCUSSIONS

Control of lodine Content. We have already reported that the
four-coordinated Pt" centers in {Fe(pz)[Pt"(CN),]} (1) can
perform as open-metal sites to interact strongly with s7-donor
molecules like iodine. Combined crystallogra hic and Pt4f-XPS
data for the iodine adduct {Fe(pz)[Pt' N(CN),(D]} (1-1)
revealed chemisorption of iodine molecules and suggested an
alternate arrangement of [Pt"(CN),(I),]* and coordinatively
unsaturated [Pt"(CN),]*" in the porous framework (Figure 1).
Compared with the solid-state transmission spectra of 1 and 1-I
in both states, essentially similar spectra were observed in the HS
state, on the other hand the adsorption band of 1-I covered a
larger visible region than that of 1 in the LS state (Figure S1).
This difference in the LS state is attributed to the presence of the
Pt"—TIand the CT band from LS Fe" to Pt".° This band appears
to be operative only in the LS Fe' with fully occupied tyg orbitals.
Because Pt" and Pt" were not brid%ed by iodine in the lattice, the
mixed-valence CT bands from Pt to Pt" moieties were not
observed in both spin states in the range of 300—2000 nm. The

Figure 1. Crystal structure of {Fe(pz)[Pt"/"(CN),(I)]} (1-I). Atoms:
Fe (orange), Pt" (pink), Pt" (red), I (purple), C (gray), N (blue).
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coordination of iodide anions resulted in T rising to 398 K with a
hysteresis width of 15 K (Figure 2). The strong sr-donor
capability of iodide enhances the o-donor capability of cyano
nitrogen through Pt", and increases ligand field strength around
Fe'". This result suggests that ST behavior can be controlled b}f
guest molecules on the open metal site in the vicinity of Fe'"
centers, and implies that T, may be modulated by iodine content
in this case. In general, it is difficult to control the vapor pressure
and amount of jodine introduced. In fact, the method using
iodine vapor did not work well. Here, we carried out a solid-state
reaction method by blending and carefully grinding compounds
1-I and 1 and heating the solid mixture (solid-state blending and
heating (SBH) method) to control the iodine content precisely
taking advantage of iodine mobility in 1-L

First, the solid mixture was prepared by blending 1-I with 1ina
1:1 molar ratio using an agate mortar. The DSC curve of the solid
mixture showed that two different sets of peaks originated from
each spin transition of 1-I (ca. 397 K (endo)) and 1 (ca. 280 K
(exo) and 297 K (endo)) during the first scan (Figure 3a).
During the second successive scan, the former peaks disappeared
completely and a single new set of peaks appeared at ca. 335 K
(exo) and 350 K (endo), which suggested formation of a
homogeneous phase after heating. The exo peak of 1-I was not
observed during the first scan because the iodine migration
occurred after appearing the endo peak, that is, after ST of 1-I
(see the section of Iodine Migration). The TGA curve of the
heat-treated mixture (heated at 423 K for 180 min) showed

4.0
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X1 ! emu K mol!

260 280 300 320 340 360 380 400
TIiK

0.0

Figure 2. Magnetic behavior of 1 (blue) and 1-I (red).

weight loss of ca. 28.8% around 500 K, which substantially
corresponds to 0.5 iodine anions and one pz ligand per unit.
The iodine content of the mixture was determined to be half of
the 1-I content (Figure 3b). These results indicated that the 1-I
iodine migrated to the guest-free 1 and diffused throughout the
solid, and the blended material changed from heterogeneous
solid 1-I and 1 to a homogeneous solid formulated as
{Fe(pz)[Pt"™(CN)4(Dos]} (1-os).

Control of Spin Transition Temperature T.. By applying the
SBH method, the iodine content of {Fe(pz)[Pt(CN),(1),]}
(1-In; n = 0.0—1.0) could be precisely and consecutively con-
trolled just by changing the blend ratio between 1-I and 1 from
0:10 to 10:0. Al compounds showed the same X-ray powder
diffraction (XRPD) pattern at room temperature (Figure S2). All
1-In samples showed a set of DSC anomalies attributed to the ST.
For example, the magnetic behavior of 1-I, 5 clearly showed ST at
T. of 353 and 333 K during the heating and cooling processes,
respectively. The values of T, were consistent with the tempera-
tures of DSC anomalies. The value of y,T of 1-In in the LS state is
slightly larger than that of 1. The residual HS fraction would be
attributed to generation of defects on the surface of microcrystals
due to grinding/blending the samples and oxidative addition of L,.
The defects give different coordination environment to Fe''
centers from inside of them. All 1-In samples were homogeneous
and exhibited ST with similar curve shapes and hysteresis widths

4.0

3.0

20

XuT ! emu K mol!

1.0

L L I

260 280 300 320 340 360 380 400
TIK

0.0

Figure 4. Magnetic behavior of {Fe(pz)[Pt(CN)4(1),] (1-In); n = 0.0
(blue); 0.1 (sky blue); 0.3 (green); 0.5 (violet); 0.7 (pink); 0.9 (orange);
1.0 (red).
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Figure 3. (a) DSC curves of the solid mixture of 1 and 1-I (first scan blue and second scan red). (b) TGA curve of the solid mixture after heating at 423 K.
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(ca.20K) at unique temperatures (300—400 K) in response to the
iodine content (Figure 4). It is noteworthy that the ST tempera-
tures during heating (T."F) and cooling (T3 correlated
positively and linearly with iodine content (Figure S). The
respective correlations could be expressed using the following
equations.

TU:T = 96.4n + 302

T T = 99.9n + 282

The iodine content dependence of the ST behavior of 1-In
means that 1-In maintains the cooperativity of ST with homo-
geneous distribution of iodine throughout the solid and without
fragmentation of the framework during application of the SBH
method. Finally, the average ligand field strength around Fe'' in a
certain domain size could be readily tuned chemically by mod-
ulating the iodine content. The regular and stable porous magnetic
framework and interactive open metal sites play essential roles in
forming the homogeneous solid through iodine migration. The
process of iodine migration is discussed in the next section.

lodine Migration. The iodine migration phenomenon was
corroborated by DSC and variable-temperature microscopic
Raman spectroscopy studies.

First, the DSC curve of the full iodine adduct 1-I was checked
repeatedly in the temperature range 303—423 K. The character-
istic endo (at 395 K) and exo (at 378 K) peaks attributed to ST
did not shift under the measurement conditions after several
cycles (Figure S3a). When 1-I was heated above 450 K, the
iodine was removed with accompanying decomposition of the
sample (Figure S3b). These results suggest that iodine is retained
at the open metal site (Pt") and not released below 423 K. To
examine the iodine migration process, the full iodine adduct 1-I
and guest-free 1 were placed separately without physical contact
in a DSC sample pan. The “noncontact” samples showed DSC
anomalies characteristic to each compound in the range of
243—403 K, and the peak positions did not shift after several
cycles (Figure S3). On the other hand, a solid mixture of 1-I and
1 (“contact” sample) showed that both sets of initial DSC peaks
faded and a new set of peaks appeared at the midpoint of the
initial peaks in the second cycle, as shown in Figure 3a. These
experiments demonstrated that iodine migrated from 1-I to 1

Heat flow / a.u.

Ath Y
1’ endo

220 240 260 280 300 320 340 360 380 400 420
TIK

Figure 6. DSC curves of the solid mixture (1-I:1 = 1:1), increasing the
upper temperature limit by 10 K with every cycle (1st cycle blue; 2nd
cycle purple; 3rd cycle red; 4th cycle orange; Sth cycle dark blue).

before decomposition (below 423 K) only under the contact
condition. Thus, iodine migrated through the grain boundary
between 1-I and 1, not through the air.

Next, temperature dependence of iodine migration was ex-
amined. DSC of the solid mixture (1-I:1 = 1:1) was measured
with increasing upper temperature limit by 10 K from 383 K in
every cycle (Figure 6). The initial peaks of 1 did not shift below
393 K (2nd cycle). During the heating process of the third cycle,
the endothermic anomaly of 1-I appeared at 403 K, whereas the
exothermic anomaly of 1-I was not observed and the peak of 1
started shifting to higher temperature (ca. 320 K) suddenly in the
successive cooling process (after heating to 403 K). Both peaks
eventually merged into a single species peak in the following
cycles, which suggested that iodine migration was triggered by
the spin transition of 1-I (T."? = 398 K).

For more direct demonstration of iodine migration, variable-
temperature microscopic Raman spectroscopy was applied. The
Raman shifts of 1-I and 1 in the HS state were measured at 423
and 333 K, respectively (Figure 7). Compared with the Raman
shift of 1, most of the peaks of 1-I were identical except for a very
strong Pt—I vibration peak (129 cm™') that could be used as a
probe signal for monitoring iodine migration. To observe the
iodine migration, a composite disk with a plain interface between
1-I (side 1-I) and 1 (side 1) was prepared (Figure SS). The
Raman laser was focused on a point on the side 1 that is 90 gm far
from the interface, and then the Raman shift was measured with
the increase of temperature from 333 to 413 K. The Raman shift
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Figure 7. Raman spectra of 1 (HS) at 333 K (blue) and 1-I (HS) at
423 K (red). Inset: Temperature dependence of the intensity ratio of
Pt—I vibration on the 1 side, where the intensity ratio was estimated from
the peaks] for pyrazine vibration®® of 1028 cm ' and Pt—1I vibration of
129 cm .

remained constant below 393 K. When the temperature reached
403 K, that is, when the ST of 1-I occurred, the Pt—1I vibration
signal appeared abruptly on the side 1 (Figure 7 (inset)). The
Pt—I peak was observed even at the far edge of the side 1 after
heating. On the contrary, the intensity of the Pt—I peak on the
side 1-I immediately decreased above 403 K (Figure S6). These
results clearly demonstrated that iodine migrated from 1-I to 1
and the chemical migration is triggered by the ST of 1-L
Moreover, the same measurement was carried out using another
composite disk consisting of 1 and 1-Iy5 (T." = 353 K) to
confirm the ST-induced iodine migration (Figure S7). Even in
this case, iodine migrated from 1-Iy s to 1 above T."* of 1-Iy 5 in
the same fashion. No vibration peak of iodine molecule, I,, was
observed around 200 cm ™' in both measurements, which
indicated that the state of iodine was not I, during the migration.

The mechanism of ST-induced iodine migration can be
discussed in terms of changes in the pore size and electronic
contribution of Fe™. For the LS state of 1-I, iodide binds on open
metal sites (axial positions of Pt") with I-Pt" distance of
2.714(3) Aand1- - - Pt" (opposite side) separation of 4.041(5) A
at 293 K in the pore. After the ST of 1-1, the I- - - Pt"" separation
was extended to 4.522(16) A and the pore was expanded by
16.22%, which provides sufficient space to release and transfer
iodine. In addition, 77-back-donation from Fe' to cyano bridges
decreases in the HS state, which reduces the electron density of
Pt"V, changes its redox potential, and finally weakens the I—Pt"
bond (Scheme 1).

To corroborate the ST-induced iodine migration, the HS
compound {Ni(pz)[Pt(CN),]} (2) and its iodine adduct
{Ni(pz)[Pt(CN)4(I)]} (2-I) were prepared and the control
experiments were carried out using the SBH method. The
structures and electric states of 2 and 2-I are close to those of
1 and 1-Iin the HS state. The DSC curve of a 1:1 solid mixture of
1 and 2-I demonstrated that iodine partially migrated from 2-I to
1 just by mixing without heating (Figure S7). Because 1 was
changed to the LS state at room temperature (RT), meaning
shrinkage of the pore, by adsorbing the small amount of iodine
(n<0.1), the iodine did not migrate entirely. After heating to 420 K,
the solid mixture showed DSC anomalies attributed to the ST at

Scheme 1. Proposed Mechanism of ST-Induced Iodine
Migration”

Spin Transition

- Expansion of
the pore
- Decrease of
mback donation

LS at 293 K HS at413 K

? Atoms: Fe (orange), pt" (pink), PtY (red), I (purple), C (gray), N (blue).

330K (exo) and 348 K (endo). The ST temperature corresponds
to that of 1-I 5. On the other hand, the 1:1 solid mixture of 1-1
and 2 showed iodine migration only after heating over 400 K.
These results highlighted the significance of structural and
electronic contributions of the HS state for iodine migration.

Iodine migration was well corroborated by DSC and micro-
scopic Raman spectroscopy; however, it is still unclear what sort
of iodine species are generated and moves through the pore. The
migration of I" should be accompanied by the redox reaction
of Pt"V; however, we could not give the clear evidence of this
mechanism by dielectric or conductivity measurements. Further
investigations of the migration mechanism are in progress using
solid state iodine NMR and ">’ Mossbauer spectroscopy.

Bl CONCLUSION

We have successfully controlled the iodine content of the
porous magnetic compound {Fe(pz)[Pt(CN),(I),]} (1-In) in
the range of n = 0.0—1.0 using the SBH method, and consecu-
tively modulated the T value of 1-In from 300 to 400 K while
maintaining cooperativity. Heating a blend of the full iodine
adduct 1-I and guest-free 1 caused iodine migration to be
initiated. The chemically adsorbed iodine migrated from 1-I to
I above 400 K, and the chemical migration resulted in the
formation of a homogeneous solid. Moreover, the iodine migra-
tion was triggered by the ST of 1-I associated with expanding
pores and reducing the contribution of 77-back-donation. Precise
control and consecutive modulation of T, were achieved using
the SBH method with PCPs having regular, stable, and inter-
active pores, though the detailed mechanism of iodine migration
remains unsolved. The simple and byproduct-free postsynthetic
method will be applicable for modulating the various functions of
coordination compounds ad arbitrium, and useful for developing
functional space materials.

B ASSOCIATED CONTENT

(5] Supporting Information. Synthetic methods, reflectance
spectra, solid-state transmission spectra, XRPD patterns of 1-In,
DSC curves of 1-I and the ‘noncontact’ samples of 1-I and 1,
TGA curve of 1-I and Raman spectra of composite disk. This
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