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Effect of Metal-Organic Frameworks on the Spin-Transition Behavior of [Fe(HB(pz);),]
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Abstract: The spin-crossover (SCO) compound [Fe (HB (pz)s;),] was synthesized in the pores of mesostructured
metal-organic frameworks MIL-101(Cr) and MIL-100(Al) to yield SCO@MOF composites as evidenced by infrared
spectrometry (FTIR), powder X-ray diffractometry (PXRD), atomic absorption (AAS) and gas adsorption-desorption
studies. Studies of the temperature-induced spin crossover behavior of the composites by temperature-variable
magnetic measurements of the composites indicate that the spin transitions of the composites are changed (TZ-SP-
1) or disappeared (TZ-SP-2). The effect for SCO@MOF composites may be explained with formation of new
crystalline phase of [Fe(HB(pz);),] in the pores of MOF host materials and the pore wall pressure of MOFs prevent
the transition of [Fe(HB(pz)s),] from low-spin state to high-spin state. The similar SCO behaviour of [Fe(HB(pz)s),]
for different SCO@MOF composites confirms that the confinement pressure or matrix effect on the spin transition

is apparently crucial when the SCO compound is formed in the pores of metal-organic frameworks.
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0 Introduction

Spin crossover, sometimes referred to as spin
transition or spin equilibrium, in molecules refers to a
change in the magnetic spin state in response to some
external stimulus. The effect was first found by Cambi
et al. in the early 1930s"?, but the systematic study
of the spin crossover phenomenon began in the 1960s
with the discovery of Fe (phen),(NCS), (phen=1,10-

Bl This phenomenon is commonly

phenanthroline)
observed with some first row transition metal comp-
lexes with a d*~d’ electron configuration in octahedral
#31. For example, for octahedral iron(Il),
(LS) state and high

spin  (HS) state with 4 unpaired electrons. The LS

ligand geometry

there are diamagnetic low spin

state is enthalpically favored whereas the HS state is
entropically favored. SCO occurs when a perturbation
causes a switch in spin state HS = LS®¥, Hence the
spin state is very easily monitored by a magnetometer.

The reversible switching between the low and
(LS = HS) is associated with

pronounced change of not only the magnetic state

high spin states

from diamagnetic to paramagnetic ('A, (S=0) = °T, (S=
2)), but also

parameters, including optical, structural and dielectric

many other important physical
properties. The simplicity of detection of optical
(usually LS-red == HS-yellow and magnetic changes)

made the iron(Il) SCO compounds as early prototypes

[9-10] [11-12]

for information storage™"! and sensors

The SCO transition can be triggered by change of
temperature, pressure, magnetic field, light irradiation
(LIESST), or action of a chemical agent (chemo-

134 Production of functional, individually

switching)
addressable, SCO units™'® as small as possible is an
important problem actively researched in the area of
SCO nanomaterials!"™™. Various methods for synthesis
of SCO nanoparticles™ and thin films®*! including
nanopatterned™ growth were successfully implemented,
also as prototypal functional elements for nanodevices®.
One of the traditional problematics of such studies is
the problem of loss of abruptness in thermal- and
pressure- induced SCO, which is associated with loss

of cooperativity, i.e. elastic interactions in the solid-

state propagating the effect of structural changes

during the transition.

One promising possibility is to sacrifice entirely
the traditional cooperativity for the possibility of
embedding isolated molecular SCO entities in a
regular matrix with a precise spatial placement/
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 additional elastic interactions
between the host and the embedded object is well
known for SCO nanoparticles, represented by, either
“soft” matrices, like organic polymers, e.g. PVP or
chitosan, or “hard” ones, realized mainly as core-shell
particles. In practically all those cases the matrix is
firmly adjoined to the surface of the embedded objects,
completely isolating them. However, recently we have
observed that in [Fe(Htrz)s](BF,), -xaH,O@MCM-41 the
mesoporous zeolite matrix loosely surrounding the
embedded 1D SCO polymer could transfer the
absorbed
molecules as mediators, significantly altering the SCO
parameters”. While in [Fe(HB(pz);),J@NH,-MIL101

(Al) encapsulation products, the spin transition curves

confinement through water

pressure

of composites shifted to much lower temperatures and
became more gradual(vs bulk[Fe(HB(pz)s),])*.
Metal-organic frameworks (MOFs) receive great
attention, due to their intriguing structural properties
such as high porosity and high thermal stability,
which led to many potential applications®*. Some
metal particles could be directly formed in the pores
of MOFs by reduction of the metal salt. For instance,
Pd and Cu particles could be embedded in the pores
of MIL-101(Cr) by this method without observed
degradation of MOF™. In this work, we synthesized
the well-studied SCO compound [Fe(HB(pz)s),| (pz=
pyrazolyl, Scheme 1) directly in the pores of two large
porosity, stable, well investigated MOFs, MIL-101(Cr)
and MIL-100(Al). The MOFs matrix effect, that is, the
change in SCO behavior under the constraints of
surrounding rigid porous matrix has been studied
herein by temperature-variable magnetic measure-

ments.
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Scheme 1

of the yyT product of [Fe(HB(pz)s),] upon two successive thermal cycles

1 Experimental

1.1 Synthesis and purification of MIL-101(Cr)
MIL-101(Cr) was synthesized according to the
previously reported procedure™. A typical synthesis
involved a solution containing chromium () nitrate
nonahydrate (Cr(NO;);+9H,0, 400 mg, 1.0 mmol), nitric
acid (1.0 mmol) and terephthalic acid (H,BDC, 166 mg,
1.0 mmol) in 5 mL. H,O with stirring for 10 min. Then
the mixture was transferred to the Teflon line in a
hydrothermal autoclave which is heated for 8 h at 220
C and cooled afterwards slowly to room temperature
at a rate of 30 C+-h™" in 6 h. The mixture was then
isolated from the autoclave and the solid separated
from the solution through centrifugation (4 200 r-min™
for 50 min). The contents of autoclave were transferred
to two centrifugal tubes and the supernatant solution
was carefully removed after centrifugation. Then water
(5 mL) was added in each tube and the solid was
evenly dispersed in the aqueous phase. After renewed
centrifugation and removal of the supernatant solution,
DMF (5 mlL) was added to each tube which was
placed in a hot (80 °C) ultrasonic bath and sonicated
for 1 h. Centrifugation was again used to separate
MIL-101 and DMF. The precipitate was transferred in
a 25 mL beaker where it was stirred with 10 mL of
water at room temperature for 5 h. After separation by
centrifugation, the same washing procedure but using
ethanol  was

repeated once more at the same

temperature. The final product was obtained by

Schematic drawings of SCO material [Fe(HB(pz)s),] and the temperature dependence

<1371

centrifugation and dried in a vacuum oven (100 C,

1 200 Pa) for 2 h.

1.2 Synthesis and purification of MIL-100(Al)
Aluminium-based MIL-100 trimesate (Al;O(OH)

(HyO)y|btc],»nH,O) was synthesized according to the

36)

previously reported procedure™. A typical synthesis
involved a solution containing aluminium () nitrate
hexahydrate (AI(NO;);-6H,0, 230 mg, 0.61 mmol),
nitric acid (0.77 mmol) and trimethyl 1,3,5-benzene-
tricarboxylate (btcMe;, 104 mg, 0.41 mmol) in 2.8 mL
H,0. Then the mixture was transferred to the Teflon
line in a hydrothermal autoclave which is heated for
3.5 h at 210 °C (the temperature went up to 210 C in
1 h) and cooled afterwards slowly to room temperature
at a rate of 30 C-h™ in 6 h. The resulting yellowish
powdered sample was collected by filtration, washed
with water, and dried at room temperature for overnight.
Then the collected solid and 10 mlL DMF were
transferred to a 20 mL Parr-type Teflon-lined autoclave
and heated at 150 °C for 4 h. The mixture was then
isolated from the autoclave and the solid separated by
filtration, washed with water, and dried at room
temperature for overnight. After that, the white
powdered product was washed with water in reflux at
100 °C for 12 h and then collected by filtration at
room temperature. The product was placed at ambient
condition for 12 h and then stored in a glass bottle.
1.3 Synthesis of [Fe(HB(pz);),] in the pores of

MOFs

Host MOF material (50 mg) was added to a
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solution of potassium tri(1-pyrazolyl) borohydride (126
mg, 0.5 mmol, in 5 mL H,0) with stirring at room
temperature for 12 h. Then a solution of ammonium
iron(Il) sulfate hexahydrate (98 mg, 0.25 mmol, in 5
mL H,0) was added to this solution and with stirring
at room temperature for another 2 days. The precipitate
was isolated by centrifugation (4 200 r-min™ for 10
min) and washed with dichloromethane for three times
to remove the residues of [Fe(HB(pz)s),] outside of the
pores of MOF. Centrifugation was used to separate
solid sample and dichloromethane. The precipitate
was transferred in a 25 mL beaker and stirred with 10
mL of water at 70 “C for 5 h. After separation by
centrifugation, the final product was dried in the
vacuum oven (100 °C, 1 200 Pa) for 2 h.
1.4 Sample characterization

Powder X-ray diffraction (PXRD) measurements
were carried out with a Bruker D2 Phaser using a flat
silicon, low background sample holder and Cu Ko
radiation (A=0.154 184 nm) at 40 mA, 30 kV (26=7°~
50°). Diffraction patterns were obtained on flat layer
sample holders where at low angle the beam spot is
strongly broadened so that only a fraction of the
reflected radiation reaches the detector which leads to
the low relative intensities measured at 20<7°.

Nitrogen physisorption isotherms at 77 K were
obtained using a NOVA-4000e instrument within a
partial pressure range of 10°~1.0. The samples were
degassed under high vacuum (1.33x107 Pa) at 120 C
for at least 2 h, prior to each measurement. The BET
surface areas were calculated from adsorption isotherm

data points in the pressure range p/p=0.05~0.2.

H,C
1. MOF, water
stirring for 12 h

N
— \
N BH-
2. (NH,)Fe(SO,),"6H,0
water, 2 d
3 3.Washing with CH,CI,
and water

\

Tri(1-pyrazolyl)borohydride

Infrared spectra (IR) were measured on a Bruker
Tensor 37 FT-IR Spectrometer with ATR disks.
(AAS) was cond-
ucted with a Perkin Elmer AAnalyst100 instrument

Atom absorption spectroscopy

(AAS flame: acetylene/air flame, burner head length:
10 cm). The standard solution were prepared with
densities of 1, 5 and 10 mg-L™", respectively. The iron
content of each sample was determined by the
comparison of standard solution.

DC magnetic measurements were performed by
using Quantum Design MPMS XL-5 SQUID magneto-
meter. For both samples, M(T) measurements were
carried out in the magnetic field of 1 000 Oe, starting
from 5 to 400 K
200 K.

Elemental

(heating), and then cooling back to

(C, H, N) analysis was done with a
Perkin-Elmer Series 2 Elemental Analyser 2400.

2 Results and discussion

MIL-101(Cr) and MIL-100(Al) were used as host
materials in this work, the corresponded samples were
named as TZ-SP-1 and TZ-SP-2 respectively. Due to
the presence of [Fe(HB(pz)s),], the changing of colour
would be expected. In fact, TZ-SP-1 was a kind of
grey powdered solid, while TZ-SP-2 was pale orange
powder (Fig.1).

Comparison of the IR spectra of the TZ-SP
samples with both bulk MOFs and bulk [Fe(HB(pz)s),]
confirms encapsulation (Fig.2). For TZ-SP samples, the
main difference of IR patterns falls in the fingerprint
region from 1 000 to 1 200 ecm ™. There is a clear

evidence of the presence of the iron complex in the

Pink ball: [Fe(HB(pz)s),] molecule

Scheme 2 Schematic drawing of synthesis of [Fe(HB(pz);),] in the pores of MOFs
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Fig.1  Comparison of colour of TZ-SP sample with that

of corresponded MOF

TZ-SP encapsulation product compared to the non-
loaded MIL matrix. In all encapsulated products the
two main peaks of the bulk [Fe(HB(pz)s),], found at
1041 em™ and 1 109 em™, are slightly shifted to lower
frequencies (typically 1 021 and 1 098 ¢cm™) (Fig.2).
This low frequency shift may reflect the presence of
the weak interactions of the bond moiety with the
surroundings, e.g. carboxylate weak H-bond acceptors
or residual solvent molecules.

The inclusion of [Fe(HB(pz);),] in the pores of

(@)

—— MIL-101(Cr)

MIL-101(Cr) and MIL-100(Al) were proven by the
analysis on iron and pore size analysis. The iron
content determined by atomic absorption spectrometry
(AAS) and CHN elemental analysis for N are given in
Table 1.

For a better understanding of the actually
observed incorporation 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.3b), the van der Waals surface limited
molecular volume of 0.357 nm® can be estimated (Fig.
3). On the other hand, the unit cell volume of 2.158
nm® of one of the single-crystal X-ray structures of
[Fe(HB(pz)s),] with Z=4 (Refcode HPZBFE03)"" gives
~0.540 nm’ volume per single [Fe(HB(pz)),] molecule
at p=1.483 g-ecm™ (Fig.3). The ratio of 0.357/0.540=
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 V. -p, where

Ve 1s the specific pore volume. The latter could be

(b)

—— MIL-100(Al)

——TZ-SP-1 — TZ-SP-2
[Fe(HB(pz),),] [Fe(HB(pz),),]
1 6l00 1 4'00 1 2'00 1 0'00 8(')0 6(I)0 1 6'00 1 4'00 1 2'00 1 0‘00 8(')0 6(|)0
Wavelength / cm™ Wavelength / cm™
Fig.2 IR spectra of TZ-SP-1 (a) and TZ-SP-2 (b) in comparison to corresponding host MOFs and [Fe(HB(pz)s),]
Table 1 Content(mass fraction) of [Fe(HB(pz);),] in the TZ-SP samples®
Sl Fe content by AAS / % [Fe(HB(pz)s),] content / %" N content by CHN analysis / %
ample
P Caled. Exp. Caled. Exp. Caled.” Exp.
TZ-SP-1 1.71 1.66¢ 14.76 14.32¢ 5.15 5.67¢
TZ-SP-2 1.17 1.21¢ 10.10 10.44¢ 3.52 3.81¢

* Each sample was dried in the vacuum oven (120 °C, 1 200 Pa) for 2 h hefore AAS analysis; "Fe content in [Fe(HB(pz)s).], CsHxB.N.Fe

(M,=481.91) is 11.59%; ° Calculated value of N were obtained based on the AAS analysis results; ‘Fe analysis after the samples were dried at

120 °C and 1.33x10°Pa for an additional 4 h.
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«

1.06 nm

Fig.3 Structure of [Fe(HB(pz)),] (Refcode HPZBFEQ3)"": (a) ball-and-stick presentation;

(b) space-filling presentation of single molecule

estimated at 1.56 cm®-g™ for MIL-101(Cr) and 0.75
em?- g™ for MIL-100 (Al) from the value of gas uptake
based total pore volume of 1.16 ¢cm?-g™ for MIL-101
(Cr) and 0.80 cm’-g™ for MIL-100 (Al), saving 0.10
and 0.05 cm® g7, respectively, part associated with
pores with d<1 nm as estimated by NL-DFT model.
Hence, the maximum loading for MIL-101(Cr) is 1.483
grem 7 x1.56 em® +g =231 gpe ol *gun s or 2.31/
(2.3141)=~69% by weight. While for MIL-100(Al), the
maximum loading is 1.483 g-ecm™x0.75 em®-g™'=1.11
Srecomplex S > or 1.11/(1.11+1)=52% by weight.

The achieved incorporation of ~14% and 10%
(Table 1) are, as expected, significantly less than the
value estimated above. It is because that the Fe-
complex, synthesized in the pores of MILs, and high
incorporation rates are not expected, particularly
under conditions, where the large molecules of the

iron complex is strongly hindered. During the

()

TZ-SP-1

MIL-101(Cr)

[Fe(HB(p2),),]

synthesis, the pores are also filled by solvent

molecules, ligands molecules and low-molecular

coordination-bonded  “synthetic debris” and some of
those components could also perform an important

templating action (i.e. the sufficient washing agent

DMF might be crucial).
Powder X-ray diffraction (PXRD) measurements
of TZ-SP

comparison to their own corresponded MOF host

samples show significant change in
materials (Fig.4). First, all the characterized reflection
of MOF host materials could be easily observed in
TZ-SP sample, it is disclosed that, the MOFs
remained structurally robust after the synthesis
procedure. Second, the typical reflection from [Fe(HB
(pz)3),] at 10.07° also can be easily observed in both
samples. But, there were two new high reflections at
29.54° and 30.55° in both TZ-SP samples, while the

corresponded positions of PXRD pattern of bulk-[Fe

MIL-100(Al)

[Fe(HB(p2),),]

10 20 30 40 50

10 20 30 40 50

Fig.4 Powder X-ray diffraction patterns of TZ-SP-1(a) and TZ-SP-2 (b) compared with corresponded

MOF host materials and [Fe(HB(pz)s),]
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(HB(pz)s),] only possessed a small peak at 29.13°.
Meanwhile, for both TZ-SP samples, there were several
other observed reflections at 36.84°, 37.65°, 40.29°
and 43.13°. These new reflections were not character-
istic for bulk [Fe (HB (pz);),], which indicates that
[Fe(HB(pz);),] forms another crystalline phase in the
pores of MOF host materials. In the pores of the
regular matrix, [Fe(HB(pz)s),] may be preferred orienta-
tions of crystals.

The of the

materials was analyzed by N, adsorption-desorption

remaining  porosity composite
studies at 77 K (Fig.5). The sample was pre-treated
before measurement by outgassing under vacuum at
393 K for 2 h. For the composite materials, the Brunauer
-Emmett-Teller (BET) and Langmuir surface areas have
largely decreased. For TZ-SP-1, only 260 m*-g™' of
BET surface area had been remained, and it decreased
more than 90% compared to MIL-101(Cr). For TZ-SP-
2, it possesses only 75 m*+g~ of BET surface, which
also decreased over 90% than that of MIL-100(Al).
The SCO behavior of bulk [Fe(HB(pz)s),] is well

e [37-40] .

described in the literatur Heating a crystalline

sample of [Fe(HB(pz)s).], recrystallized from hot

1200+
MIL-101(Cr)
1000

800 1

600 4

Volume / (cm*g™) STP

400+

el TZ-SP-1

0

| L T T
0.4 0.6 0.8 1.0

Relative pressure p/p,

0.0 0.2

Volume / (cm*g™') STP

toluene™ or freshly sublimed™, from room tempera-
ture™ or 90 K to above 400 K results in an increase
of effective magnetic moment from <1.0up to 4.9uz
which indicates a change from primarily LS A, to the
HS °T,, state. Yet, this increase is slow and very
gradual up to 390 K (~2.90up) at which point a sharp
rise in effective magnetic moment to 4.14ug occurs.
This sharp increase was assigned to a crystallographic

the

shatter into exiremely small fragments. The phase

phase transition: initial  well-formed crystals

transition is accompanied by a change in the electronic
ground state to an essentially high-spin configuration.
The magnetic moment reaches the spin-only value of
4.90u; for iron(Il) at 461 K. Upon cooling the same
sample shows no sharp decrease in magnetic moment
anymore. The decrease occurs gradual to ~1.38u; at
298 K and to 0.61uy at 90 K. During a second heating
of the same sample the magnetic moment follows the
gradual preceding cooling curve. Thus, the change in

magnetic moment or susceptibility displayed a

hysteresis only for the first thermal cycle. Subsequent
heating and cooling cycles following the first cooling

curve and not the first heating curve as the initially

5504
500 4
4504
4004
350 1
300 1
2504
2004
1504
100 A
50
04

MIL-101(Al)

TZ-SP-2

N T T
0.4 0.6 0.8

Relative pressure p/p,

0.0 02

Fig.5 N, adsorption-desorption isotherms of TZ-SP samples in comparison to corresponded MOFs

Table 2 Texture properties of TZ-SP samples and the corresponded MOFs

Material Syr / (m?-g)? Stangnir / (0P+ g7 Vi / (e )"
MIL-101(Cr) 3450 4 610 1.66
TZ-SP-1 260 350 0.17
MIL-100(Al) 1 450 1 880 0.80
TZ-SP-2 75 112 0.09

“Calculated in the pressure range 0.05 < p/py < 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) for pores with d<20 nm
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Fig.6 Temperature-variable magnetic curves for TZ-SP-1 and TZ-SP-2

metastable crystalline state of [Fe (HB (pz)s),] has
relaxed into a stable form.

Temperature-variable magnetic curves for the TZ-
SPs were monitored using by DC magnetic measure-
ments (Fig.6). Prior to the magnetic measurements the
samples were stored under ambient air in a closed
glass vessel.

For TZ-SP-1,
[Fe(HB(pz);):] has been shifted to much lower values

the transition temperature for

and the spin transition curve became more gradual.
This can also be explained by having nano-sized
[Fe(HB(pz)3),] particles in the composite. The smaller
the particles of an SCO material ,the more gradual the
transition and the lower the transition temperature T..
The spin transition of microcrystalline [Fe(pz)Pt(CN),]
-2.6H,0 (pz=pyrazine) is much more gradual than
bulk material ™. [Fe (H,Bpz),(phen)] and [Fe (H,Bpz),
(bipy)] prepared in thin films present a more gradual
spin transitions than in the powder samples and shift
to lower transition temperature. Though microcrystals
of the spin-crossover coordination polymer [Fel(bipy)]
(L=[3,3"]-[1,2-phenylenebis (iminoethylidyne)] bis-(2,4-
pentanedionato), bipy =4,4" -bipyridine) prepared in a
poly (4-vinylpyridine) (P4VP) matrix show the same
cooperative spin transition as the bulk material. But
the remaining iron centers are either high-spin or low-
spin depending on the coordination environment .
Furthermore, the temperature variable magnetic susce-
ptibility of TZ-SP-1 shows that, the subsequent cooling
curve retraced the heating procedure, which indicates
that no crystallographic phase transition occurs due to

the matrix confinement of MIL-101(Cr). The similar

results are already observed in NH,-MIL-101 (Al),
which has the same structure as MIL-101(Cr)™.

For TZ-SP-2, the spin transition curve shows
that, most of Fe(HB(pz)s),] in the composite still
remain in the low-spin state configuration in the whole
range of temperature (Fig.6). The yyT value of TZ-SP-
2 increases very slowly. Even at 400 K, it is still less
than 0.5 em’+K-mol™. It is because that the HS state
has elongated Fe-ligand bond lengths (Fe-N 0.21~0.22
(Fe-N 0.19~0.20 nm)
thereby requiring more space. While the pore size of
MIL-100(Al) is much smaller than that of MIL-101(Cr).
Thus, the Fe(HB(pz)s),] confined in the pores of MIL-

100(Al) is more difficult to transit from low-spin state

nm) compared to the LS state

to high-spin state. In our previous work, two 1D SCO
polymer embedded in the pores of MCM-41 have to
operate against the higher pressure exerted by the
pore walls of the MCM matrix, which in line with the

results®,
3 Conclusions

In conclusion, a well investigated spin-crossover
compound [Fe (HB (pz)s),] have been prepared in the
pores of two famous mesostructured metal-organic
frameworks MIL-101(Cr) and MIL-100(Al). The identity
of TZ-SPs, with loading of iron complex at ~14% and
~10% respectively, were confirmed by PXRD and
The

formed another crystalline phase in the pores of MILs.

spectroscopic evidences. entrapped  complex

And the transition temperature for [Fe (HB (pz);),] in
the TZ-SP-1 has been shifted to much lower values

and the spin transition curves become more gradual.
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For TZ-SP-2, most of [Fe(HB(pz)s),] in the composite
still remain in the low-spin state configuration in the
whole range of temperature due to higher pressure
exerted by the pore walls of MIL-100(Al). Thus, the
confinement pressure or matrix effect on the spin
transition is apparently crucial when the SCO compound

forms in the pores of metal-organic frameworks.
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