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Abstract

Herein, electron paramagnetic resonance (EPR) spectroscopy at X- (9.4 GHz), Q- (34
GHz) and W-band (95 GHz), and superconducting quantum interference device (SQUID)
measurements on antiferromagnetically coupled metal trimers in MIL-101(Cr) and MIL-
100(Al0.8Cr0.2) MOFs were investigated. At low temperatures, the Cr(III) trimers exhibit
a Dzyaloshinsky-Moriya (D-M) interaction, and have a total spin state ST = 1/2.
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1 Introduction

Metal-organic frameworks (MOFs) are a novel and the most prominent class of microporous
materials for the applications such as gas storage and separation, catalysis, heat storage, sens-
ing, electrochemical energy, supercapacitors and liquid purification, owing to their unique
structural diversity and tunability [1–5]. The structured and tunable pore nature, enormous
surface and volume area, crystal integrity and low density are just some of the salient proper-
ties of MOFs, which make MOFs a revolutionary materials for numerous applications including
device fabrication, chemical and technological industries [3–5]. In recent years, the magnetic
behaviors of MOFs are getting attention in the field of molecular magnetism since they consist
of a paramagnetic secondary building unit (SBU) along with the organic connecting linker [6].
Among MOFs, MIL (Materials Institute Lavoisier) -101 and MIL-100 MOF families are complex
MOFs in crystal structure just with a single linker and SBU. In addition, these MOFs have pores
in two different sizes [7] (29 Å and 34 Å for MIL-101; 25 Å and 29 Å for MIL-100) that al-
low the adsorption of gas and liquid [8,9]. MIL-101(M) and MIL-100(M) frameworks contain
trinuclear metal ions M(III)3 in the octahedral units, and four trimers, forming a supertetrahe-
dron. In MIL-100, the trimers are connected through benzene tricarboxylate (BTC) linker and
in MIL-101, the linker is benzene dicarboxylate (BDC) [8]. Understanding the pairwise mag-
netic exchange interaction in the metal trimer clusters is complicated, and the term magnetic
’frustration’ (Figure 4b in Appendix A) often describes this situation [10]. The influence of anti-
symmetric exchange on the electronic properties of trinuclear Cu(II)3 metal complexes was
experimentally observed for the first time by Tsukerlat et al [10,11]. Likewise, antisymmetric
exchange interaction of Cr(III)3 trimer cluster was experimentally investigated by M. Honda
et al., [12] A. Vlachos et al., [13] A. Figuerola et al., [14] by means of superconducting quan-
tum interference device (SQUID) and electron paramagnetic resonance (EPR) spectroscopy.
Furthermore, the role played by the guest-framework intermolecular interactions, influence of
adsorption on the intramolecular interactions and the changes in the internal structure can be
elucidated by tracking the paramagnetic species in the SBU [6,9,15–18]. In this regard, EPR
spectroscopy is one of the inevitable tools to understand the change in the local structure of
MOFs due to guest molecular interaction during ex situ [16] and in situ [15,17] gas adsorption,
liquid adsorption, post synthetically modified ion exchange, [2] and inter molecular magnetic
couplings [2,19,20] by monitoring the behavior of paramagnetic metal ions in the SBU.

Herein, we studied and discussed the local structure and the intramolecular interaction
of EPR active Cr(III) trimer complex of the MIL-101(Cr) and magnetically diluted bimetallic
MIL-100(Al0.8Cr0.2) MOFs with Al(III)3−xCr(III)x units for the comparison by means of SQUID
magnetometer and multi-frequency EPR spectroscopy techniques.

2 Experimental Details

Metal-organic frameworks MIL-101(Cr) and MIL-100(Al0.8Cr0.2) were purchased from com-
mercial MOF seller ’Materials Center, Technische Universität Dresden’. In MIL-100(Al/Cr),
20% Cr has been incorporated on Al sites within the frameworks. All the experiments men-
tioned below were done on the as-synthesized MIL-101(Cr) and MIL-100(Al0.8Cr0.2) MOFs.

The magnetization measurements were performed using a SQUID magnetometer (Quan-
tum Design MPMS XL). Hysteresis loops at several temperatures between ± 7 T as well as the
temperature-dependence at 0.5 T in the temperature range of 4 K to 300 K were measured.

Continuous wave (cw) X-band (∼ 9.5 GHz) EPR spectra were measured at temperature
ranging from T = 7 K to T = 290 K by means of a Bruker EMXmicro spectrometer fitted with a
Bruker ER4119HS cylindrical cavity using an He cryostat ESR900, Oxford instruments. In all
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X-band experiments, the microwave (mW) power was set to 2 mW, modulation frequency was
kept as 100 kHz, and modulation amplitude was maintained to 10 G to acquire a spectrum
without any line shape distortion and saturation. Cw Q-band (∼34 GHz) EPR spectra were
performed using Bruker EMX 10-40 spectrometer fitted with cylindrical cavity and an Oxford
Instruments CF935 cryostat at T = 20 K and 295 K. In Q-band, the experimental parameters,
the mW power, modulation frequency and modulation amplitude were set to 1.8 mW, 100 kHz
and 20 G, respectively. Unlike X- and Q-band EPR spectrometers, the high magnetic field of
W- band (∼95 GHz) EPR requires a superconducting magnet (Bruker 6T SC) and measured
using an Elexsys E600 spectrometer equipped with a Bruker E600-1021H TeraFlex resonator,
and the spectra were recorded at T = 20 K and 300 K. For W-band experiments, the microwave
power kept as either 5 µW or 50 µW depending on the signal quality. The EPR intensities of
the X-band signals ranging from T = 7 K to T = 280 K (Figure 2) were extracted by taking
double integration of the full EPR spectrum.

The exchange Hamiltonian for the Cr(III) trimers can be written as [12,21],

ĤEx = −2J0(Ŝ1.Ŝ2 + Ŝ2.Ŝ3 + Ŝ3.Ŝ1)− 2J1(Ŝ3.Ŝ1), (1)

where Ŝ1, Ŝ2 and Ŝ3 are the Cr(III) spin operators with single Si= 3/2 spins for each chromium
ion. J0 is the main exchange parameter and |J1/J0|«1. Eqn.1 results in five degenerate energy
levels corresponding to the total spin states ST = 1/2, 3/2, 5/2, 7/2 and 9/2 of the trimer with
the twofold degenerate ST = 1/2 state being the ground state in case of antiferromagnetically
(AFM) coupled trimers. The degeneracy of the ST = 1/2 state is lifted for J1 ̸= 0 [12].

Also, the Hamiltonian of inter-trimer interaction can be defined by [12,21],

Ĥin = −2Jin(SiT .S jT ), (2)

where SiT and S jT correspond to the total spins of i-th and j-th trimers, respectively. In case
of EPR experiments, the additional terms

Ĥ = µBBg(Ŝ1 + Ŝ2 + Ŝ3) +
3
∑

i=1

(DZ FS,i{S2
i,z′
− Si[Si + 1]/3}+ EZ FS,i{S2

i,x ′
− S2

i,y ′
})+

D(Ŝ1 × Ŝ2 + Ŝ1 × Ŝ3 + Ŝ2 × Ŝ3) (3)

must be considered in the spin-Hamiltonian for the Cr(III) trimers, where the first term rep-
resents the Zeeman interaction between S = 3/2 electron spins of the chromium ions and the
external magnetic field (µB is the Bohr magneton, g is the g-tensor, B is the external magnetic
field). The second term corresponds to the zero field splitting (ZFS) with the axial and rhom-
bic ZFS parameters DZ FS,i and EZ FS,i and the third term describes the antisymmetric exchange
contribution caused by the Dzyaloshinsky-Moriya (D-M) interaction. Here D is a pseudo-vector
directed perpendicular to a plane defined by the Cr(III) ions in the trimers [12].

3 Results and Discussion

3.1 SQUID magnetometry results

Figure 1 shows the temperature variation of zero-field-cooling (ZFC), field cooled cooling
(FCC) and field cooled warming (FCW) magnetic susceptibility behavior of MIL-101(Cr) and
MIL-100(Al0.8Cr0.2) MOFs obtained in 0.5 T magnetic field. The M-T (magnetization vs tem-
perature) behavior of both the MOFs suggests a paramagnetic nature. The paramagnetic sus-
ceptibility of both the MOFs follows Curie-Weiss (C-W) law (eqn. 4) for temperatures T > 15 K
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(MIL-101(Cr) and T > 120 K (MIL-100(Al0.8Cr0.2)). The fitted parameters (Figure 1a & 1b
insets) yield effective paramagnetic moment (µe f f ) and paramagnetic Curie temperature (θp)
values as -82 K and 5.43 µB/f.u. (f.u.-formula unit), respectively for MIL-101(Cr) MOF. While
for MIL-100(Al0.8Cr0.2), it is -87 K and 3.14 µB/f.u., respectively. The occurrence of a negative
sign of θp of both the MOFs indicates the existence of AFM interactions in the system.

Figure 1: ZFC, FCC and FCW M-T curves of (a) MIL-101(Cr), and (b) MIL-
100(Al0.8Cr0.2) with an applied field of 0.5 T. (Insets: The temperature-dependence
of the reciprocal of the magnetic susceptibility of its corresponding ZFC curves.)

The magnetic susceptibility can be written as

χ =
C

T − θp
(4)

where, χ is the magnetic susceptibility, C is the Curie constant, and θp is the paramagnetic
Curie temperature.

Also, µe f f was calculated using the following relation,

µe f f =

√

√

√
3kBC

Nµ2
B

=
p

8C (5)

where, µe f f is the effective Bohr magneton, kB is the Boltzmann constant, C is the Curie
constant, N is the Avogadro number and µB is the electron Bohr magneton. ZFC, FCC, and
FCW curves for both materials are identical (Figure 1), and No magnetic hysteresis effects at
any temperatures were observed, as shown by field-dependent magnetization measurements
(Figure 5 in Appendix B).

For MIL-101(Cr) the overall temperature-dependence of χ−1 is typical for Cr(III) trimers
[12,13,16]. Therefore, using [12,13,16]

θp = 5
(J0 +

J1
3 )

kB
(6)

we can estimate J0 = -11.4 cm−1 for MIL-101(Cr) from the susceptibility data at T > 15 K.
Here, we assumed J0 » J1 as we could not determine J1 from the magnetization measure-
ments. According to Honda et al. [12] the steep drop in χ−1 at low temperatures T < 15 K can
be associated with the inter-trimer interaction and provides a lower limit for a second Curie
temperature-like parameter θ ’p > -6 K (Figure 6 in Appendix B) where

θ
′

p =
nJin

4kB
(7)
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In the case of MIL-101(Cr) with its supertetrahedral structure of the connected Cr(III)
trimers [8] n = 3 provides |J0| > |Jin| (Jin = -5.6 cm−1).

In the case of MIL- 100(Al0.8Cr0.2), the χ−1 temperature-dependence does not give an
indication of the presence of Cr(III) trimers but displays a rather unspecific response of one
or several AFM coupled spin systems. Assuming again a further contribution dominating the
magnetization data at T < 30 K and applying eqn. 4, we can roughly estimate the lower
limit for a second Curie temperature like parameter θ

′

p > -1.8 K (Figure 6 in Appendix B).

The small limit | θ
′

p | might indicate a very weak inter-trimer exchange between various
Al(III)3−xCr(III)x units or just a simple paramagnetic contribution due to isolated Cr(III) ions.

3.2 EPR spectroscopy results

For comparison with magnetization data, the temperature-dependent EPR intensities IEPR,
which are proportional to the magnetic susceptibilities (χ ∝ IEPR) were extracted from the
temperature-dependent X-band spectra (Figure 7 in Appendix C) as derived by full double inte-
gration of the corresponding spectra. The insets of Figure 2 show their corresponding inverse
intensity I−1

EPR as a function of temperature and fitted using C-W law, eqn. 4. The EPR intensi-
ties provide θp = -70 K and -85 K for MIL-101(Cr) and MIL-100(Al0.8Cr0.2), respectively, from
the C-W fit which is in reasonable agreement with the θp values found from the magnetization
susceptibility data and once again suggest the existence of antiferromagnetic interactions in
both materials.

Figure 2: EPR Intensities (IEPR) belong to Cr(III) spectra of (a) MIL-101(Cr), and (b)
MIL-100(Al0.8Cr0.2) extracted from temperature-dependent X-band EPR data. (Inset:
Corresponding C-W fit of I−1

EPR as a function of temperature.)

Figure 3 shows the multi-frequency EPR spectra of MIL-101(Cr) and MIL-100(Al0.8Cr0.2)
MOFs at room and low temperatures. A full temperature dependence EPR X-band spectra for
both samples are illustrated in Figure. 7 (Appendix C).

Unlike MIL-100(Al0.8Cr0.2), a significant shift in the g-value of the major signal A with gA=
1.979 at 290 K towards smaller g-values of gE = 1.945 (signal E at 20 K) and gB = 1.779 (signal
B at 7 K) is observed for MIL-101(Cr) (Figure 3). The change in g as a function of temperature
for MIL-101(Cr) is given in Figure 8a (Appendix C) together with that of MIL- 100(Al0.8Cr0.2)
for comparison. We have to note that typical g-values for both isolated and coupled Cr(III) ions
are in the range of g = 1.97 – 1.98 [22]. Honda et al. [12] discussed a comparable anomalous
g-shift for Cr(III)3 trimers in Cr-acetate and Cr-propionate. Such signals with characteristic
g-shifts at low temperatures have also been reported for AFM coupled Cr(III)3 trimers in other
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Figure 3: (a & b) X-band, (c & d) Q-band and (e & f) W-band EPR spectra of MIL-
101(Cr) and MIL-100(Al0.8Cr0.2) MOFs, respectively. (g-values of the corresponding
signals: gA = 1.979, gB = 1.779, gC = 5.5 - 4.0 , gD = 1.973 and gE = 1.945)

matrices [13,23] and were assigned to their ground state with the total spin ST= 1/2 [12,13,
23].

The effective g-value of this doublet ground state is approximated by [12,13,23]

ge f f ≈ gA

√

√

√1−
48d2

(16J2
1 + 48d2)− (µBBgA)2

(8)

Here, d = D12,z + D23,z + D13,z is the asymmetric exchange parameter of the trimer ac-

cording to the D-M interaction and
q

16J2
1 + 48d2 corresponds to the splitting between the

ST = ½ ground state and the first excited state of the trimer having likewise ST = ½. As J1
is not known for MIL-101(Cr), we cannot derive the value of d from our experimental results.
However, the observed characteristic g-shift of the doublet ground state at T < 30 K can be
considered as a signature for AFM coupled Cr(III)3 trimers. On the other hand, the almost
isotropic EPR signal at higher temperatures is less indicative of AFM coupling as all total spin
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levels ST = 1/2, 3/2, . . . , 9/2 will be more populated depending on the temperature and
degeneracy.

The X-band EPR spectrum of MIL- 100(Al0.8Cr0.2) (Figure 3a) appears to be more complex
as at least two signals C and D having gC = 4.0 – 5.5 and , gD = 1.973, respectively can be
discerned in the whole temperature range (Figure 7b in Appendix C). However, besides some
decrease in the line-widths towards lower temperatures, (Figure 8b in Appendix C) the spectra
reveal no characteristic temperature-dependence of the g values of signals C and, in particular
of signal D even at T = 7 K (Figure 8a in Appendix C). In addition, the line-width of signal
D is significantly smaller than that of signal A in MIL-101(Cr) (Figure 8b). Therefore, we can
exclude the formation of AFM coupled Cr(III)3 trimers for MIL- 100(Al0.8Cr0.2).

EPR spectra comparable to those of MIL- 100(Al0.8Cr0.2) have been reported for Cr(III)
doped phosphate glasses [22] and microporous materials such as silica and various zeolite
type frameworks [24], and the signals C and D have been identified there. Signal C is assigned
to isolated high-spin Cr(III) ions with S = 3/2 in a highly distorted octahedral oxygen ion
coordination. This gives rise to large variations in the EZ FS/DZ FS ratios (0 < EZ FS/DZ FS <
1/3) leading for DZ FS > µBBgC to g-values between 4.0 – 5.5. This condition is often met for
X-band EPR spectroscopy but may not hold any longer at higher fields [24]. Therefore only a
single line at g = 1.97 – 1.98 is observed in the Q- and W-band spectra in Figures 3d and 3f.
The presence of isolated Cr(III) species is supported by the most likely paramagnetic response
in the low-temperature magnetization date of MIL- 100(Al0.8Cr0.2) (Figure 1b). According to
previous assignments, signal D is caused either by AFM exchanged coupled Cr(III)2 pairs [22]
or Cr(III)xOy clusters [24]. Therefore, it seems to be justified to assign signals C and D to
Al(III)2Cr(III)1 and Al(III)1Cr(III)2 units in MIL- 100(Al0.8Cr0.2). Similar mixed metal ion
trimers have been identified in MOF MIL-100(Al3−xFex) [25].

4 Conclusion

Magnetization and EPR measurements confirm the formation of AFM coupled Cr(III)3 trimers
in the MOF MIL-101(Cr), having an exchange coupling constant J0 = -11.4 cm−1. The trimers
in the supertetrahedral building units of the MIL-101(Cr) framework are weakly coupled, as
indicated by the determined small inter-trimer exchange interaction. The doublet total spin
ground state of the Cr(III)3 trimers reveals D-M interaction leading to a characteristic shift of its
g-value shift at low temperatures. Although the magnetically diluted MOF MIL- 100(Al0.8Cr0.2)
displays AFM properties likewise the temperature-independent g-values of the Cr(III) EPR sig-
nals indicate that Cr(III)3 trimers are not formed, and the Cr(III) ions are dispersed over the
framework. We suggest that Cr(III) is incorporated as paramagnetic Al(III)2Cr(III)1 and AFM
coupled Al(III)1Cr(III)2 trimeric metal ion units into the MIL-100 framework though we cannot
completely exclude the formation of minor isolated and clustered extra-framework chromium
species.
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Appendix

A Structure of trimer complex in MIL-101 and MIL-100 MOFs

Figure 4: (a) Cr(III)/Al(III) ions are in the octahedral trimer units and four trimers,
forming a supertetrahedra (A small portion of the image adapted from B. Van et
al [8]) showing MIL-101(Cr) and MIL-100(Al0.8Cr0.2) (b) Scheme of the equilaterial
triangle contains three S = 3/2 Cr(III) spins shows the situation of spin ’frustration’
(J0 and J1 are the exchange coupling parameters).

Four trimers together make super-tetrahedra cage through BTC linker (MIL-100) and BDC
linker (MIL-101).
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Table 1: Paramagnetic Curie temperature (θp), effective magnetic moment (µe f f )
and Curie constant values of MIL-100(Cr) and MIL-101(Al0.8Cr0.2) from SQUID and
EPR measurements.

MOFs Measurement θp (K) µe f f (µB/f.u.) C

MIL-101(Cr) SQUID -82 5.43 3.69
EPR -70 - -

MIL-100 SQUID -87 3.14 1.23
(Al0.8Cr0.2) EPR -85 - -

B Supplementary Magnetization results

Figure 5: M-H curves recorded at 5 K, 25 K and 100 K for (a) MIL-101(Cr) and, 5 K
and 35 K for (b) MIL-100(Al0.8Cr0.2).

The field-dependent magnetization measured at T = 5 K, 25 K and 100 K for MIL-101(Cr)
and, at T = 5 K and 35 K for MIL-100(Al0.8Cr0.2) show a linear increase of magnetization with
field up to 7 T . No magnetic hysteresis behavior was observed.

Figure 6: C-W fit on the temperature-dependent reciprocal of the magnetic suscepti-
bility of (a) MIL-101(Cr) and (b) MIL-100(Al0.8Cr0.2) below T < 15 K.
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Table 2: Comparison of magnetization values for the MIL-101(Cr) and MIL-
100(Al0.8Cr0.2) MOFs found from M-T and M-H curves at the 5 K, 25 K, 35 K and
100 K temperatures

MOFs H (T) M (emu/g)
at 5 K at 25 K at 35 K at 100 K 300 K

MIL-101(Cr) (M-H)7 T 4.54 3.12 - 1.81 -
(M-H)0.5 T 0.44 0.23 - 0.12 -
(M-T)0.5 T 0.44 0.23 0.21 0.13 0.06

MIL-100 (M-H)7 T 4.95 - 1.47 - -
(Al0.8Cr0.2) (M-H)0.5 T 0.59 - 0.12 - -

(M-T) 0.5 T 0.59 0.16 0.12 0.06 0.00

C Supplementary EPR results

Figure 7 illustrates a series of temperature-dependent X-band EPR data of MIL-100(Cr) and
MIL-100(Al0.8Cr0.2) materials.

Figure 7: Temperature-dependent X -band EPR data of (a) MIL-101(Cr) and (b) MIL-
100(Al0.8Cr0.2) at temperature ranging from T = 7 K to T = 290 K(*-corresponds to
the gaseous oxygen in the cryostat).
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Figure 8: Temperature-dependent (a) giso trend, and (b) peak to peak width (∆Bpp)
of MIL-101(Cr) and MIL-100(Al0.8Cr0.2) extracted form the X-band temperature-
dependent spectra.
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