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Introduction

Hydrogen-bonded metal-organic frameworks (H-MOFs) have a
metal complex as a building unit, in which they are connected
through H-bonding."™"" They have been applied in molecular
porous materials like the typical MOFs'** and covalent
organic frameworks (COFs).">'® The magnitude of H-bonding
determines the flexibility between units and can be controlled
via the electrostatic interactions between the donor and accep-
tor moieties. Recently, organic/inorganic compounds under-
going self-assembly through H-bonds have been intensively
investigated in terms of their porosity, where these materials
are referred to as hydrogen-bonded organic/inorganic frame-
works (HOFs/HIFs)."”">*> However, the strategic molecular con-
struction of these systems depending on intermolecular inter-
actions remains challenging. In particular, H-MOFs require
the coexistence of coordination and hydrogen bonds.
2,2":6',2"-Terpyridine (tpy) is a three N-donor ligand that
can be chemically modified,**** and it, therefore, has been
applied to the formation of supermolecules® and coordi-
nation polymers.>*>” In tpy-metal complexes, those involving a
Co®" ion often exhibit unique magnetic properties such as the
spin crossover (SCO) phenomenon,”®** which is a reversible
spin transition based on changes in the electron configuration
due to external stimuli.** The Co>" centre exhibits high-spin
(HS; S = 3/2) and low-spin (LS; S = 1/2) states, and the differ-
ence in the spin entropy is small. Cobalt(u)-SCO compounds
can exhibit a sensitive response toward the absorption/desorp-
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2,2".6',2"-terpyridine-5,5"-diyl biscarboxylate, was prepared. An intermolecular single H-bond
between carboxy and carboxylate sites was present in this compound. The crystal structure of 1-solv
showed a 4-fold interpenetrating H-bonded diamond framework. After the desorption of the crystal sol-
vents, 1-desolv exhibited normal and reverse spin-crossover (SCO) behaviours, providing an asymmetric

tion of guest molecules.** *° SCO-active Co-tpy complexes may
act as switching components that are compatible with porous
architectures such that functional materials may be developed.

A novel tpy-based ligand 2,2":6',2"-terpyridine-5,5"-diyl bis-
carboxylic acid (H,L) as shown in Scheme 1 not only possesses
the tpy moiety and contributes to the SCO behaviour, but it
also contains two carboxy groups for intermolecular
H-bonding. Carboxy groups have often been employed in
H-bonded architectures.’”'® Here, two H,L ligands are co-
ordinated to one Co*' centre, and the molecular structure exhi-
bits a cruciform-like structure, providing two- or three-dimen-
sional frameworks through the H-bonds at the four carboxy
sites. In this study, we prepared a novel cobalt(ir) complex [Co
(HL),](DMF); ,(H,0),.4 (1-solv), in which HL has carboxy and
carboxyl sites as shown in Scheme 1. Crystallographic studies
showed that an intermolecular H-bond was present between
the carboxy and carboxylate sites, thereby forming the
H-bonded 3-D framework. There were crystal solvents in the
void space, and they can be removed above 300 K. The 1-desolv
exhibited normal and reverse SCO behaviours with an asym-
metric thermal hysteresis loop.

Results and discussion

Synthesis and characterization

We
terpyridine

(> i) L

N Hi NZ —Hy N
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Scheme 1 H,L and its derivatives.

prepared H,L using the 5,5"-dimethyl-2,2":6',2"-
4142 yig oxidation with KMnO,. After complexation
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between H,L and CoCl, in N,N-dimethylformamide (DMF) and
H,O0, the product was purified by recrystallization through the
vapour diffusion approach using the above mixture and 1,4-
dioxane, affording black block crystals in the form of [Co(HL),]
(DMF), »(H,0),.4 (1-solv). The HL anion could be prepared
during the above complexation process. For elemental ana-
lysis, the experimental values agreed with the calculated
values, including 1.2 DMF and 2.4 H,0 molecules after collec-
tion and immediate measurement. The presence of these sol-
vents was also confirmed by thermal and X-ray crystallographic
analysis (for details, see below).

Single-crystal X-ray crystallography

The crystal structure of 1-solv was evaluated at 93 K, and it
crystallized in a tetragonal P4,/n space group, as shown in
Table 1. In Fig. 1, the Co>" centre is shown to be 6-coordinated
with two tpy moieties, providing the Ny environment. The
Co1-N1, Co1-N2, and Co1-N3 bond lengths were 2.1326(11),
2.0327(10), and 2.1313(11) A, respectively. The mean of the Co-
N lengths (dmean) Was 2.099 A. In addition, the octahedral dis-
tortion parameter (X)** was estimated to be 119.53°. These geo-
metric parameters result in a suppressed octahedron environ-
ment along the N2, Co1, and N2* atoms. The d;e,n and X para-
meters have been used to predict the spin state of the Co>"
centre. The relationship between these parameters was
described in our previous work,*® and the relationship observed
in this study indicates the HS state of the Co>" centre.

The structural investigations of this system indicated the
production of the HL anion. We next identified the four C-O
bond lengths in 1-solv. The C16-01, C16-02, C17-03, and
C17-04 bond lengths were 1.2127(19), 1.292(2), 1.2661(19),
and 1.2311(19) A, respectively. The typical C-O and C-OH
bond lengths of the carboxy group are 1.226(20) and 1.305(20)
A, whereas the typical C-O bond length of the carboxylate
group is 1.255(10) A.** These findings allow the C16, O1, and
02 and the C17, 03, and O4 moieties to be assigned to the
carboxy and the carboxylate groups, respectively.

As shown in Fig. 2a, the nearest O2:--O3 distance of
2.4782(13) A was smaller than the sum of the van der Waals

Table 1 Selected crystallographic data for 1-solv

Formula C34H,,CoNgOg
Fw 699.49

T/K 93

Crystal system Tetragonal
Space group P4,/n

alA 14.3814(2)
c/A 18.3531(4)
VIA® 3795.87(13)
zZ 4

dearealg cm™ 1.224

u(Mo Koa)/mm™" 0.505

R(F)* (I > 20(I)) 0.0311

R (F*)? (all data) 0.0807
Goodness of fit 1.050

No. unique reflns 4512

“R=X|[Fo| = |Fell/ZIFo|. * Ry = [EW(IFo| = |Fel)*/ Zw|Fo|"]"".
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Fig. 1 Molecular structure of 1-solv. The H atoms are omitted for
clarity. The thermal ellipsoids for non-hydrogen atoms are drawn at a
50% probability. Symmetric code: * =3/2 - x,3/2 -y, z.

Fig. 2 (a) Intermolecular H-bonding between carboxylate and carboxy
sites. Symmetric code: a = -1/2 + y, 2 —x, -1/2 + z. (b) H-bonding
network. The red and grey colours represent Co and non-metal atoms,
respectively. The green lines represent the connection of the Co centres
via H-bonding. Symmetric code: b =1 -y, 1/2 + x, -1/2+z.c =1 -y,
-1/2+x12+z.d=2-y,1/12+x,1/2+z.e=2-y, -1/2 +x, -1/2 + z.
The H atoms are omitted for clarity. Packing structures of 1-solv along
the (c) a- and (d) c-axes. The red, green, blue and black colours rep-
resent the independent H-bonding networks.

radii (O/O: 3.04 A),* indicating a strong single {O-H---O }-type
H-bond. Considering the symmetry of this structure, the [Co
(HL),] unit extends in four directions, exhibiting a diamond
framework (Fig. 2b). In addition, a 4-fold interpenetrating
structure was present, as shown in Fig. 2c and d. The packing
exhibited two species of 1-D pores along the [110] and [110]
directions (Fig. 3). The space was occupied by the disordered
crystal solvents, which were accounted for in the SQUEEZE/
PLATON program. From the calculations, the solvent-accessi-
ble void volume was estimated to be 27.9% per unit cell. An
electron count of 78 electrons per formula unit was obtained,
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Fig. 3 Packing structure of 1-solv along the [110] (a and b) and [110] (c
and d) directions. (a) The only packing structure. (b) The packing struc-
ture with the solvent accessible void space (resolution, 0.1 A™%; a red
surface). The H atoms are omitted for clarity.

which was close to the sum of the 1.2 DMF (48 electrons) and
2.4 H,O (24 electrons) solvents. This finding is consistent with
the elemental analysis results.

Thermal analyses

Compound 1-solv was evaluated via thermogravimetry (TG)
and differential thermal analysis (DTA) techniques, as shown
in Fig. 4. The TG curve exhibited three-step decreasing pro-
cesses at 320, 380, and 420 K. The weight loss (Aw) for these
processes were approximately —3.3%, —7.0%, and —4.8%,
respectively. These findings indicate the desorption of the
crystal solvents. Upon further heating, the TG curve exhibited
a plateau at 440 to 560 K. This plateau implies that 1-solv was
fully desolvated (1-desolv, fw: 699.49). The Aw of approxi-
mately 15.1% at 300 to 440 K is equivalent to fw 124.4, corres-
ponding to the sum of the 1.2 DMF (fw 87.7) and 2.4 H,O (fw
43.2) solvents observed in the results of the elemental and
crystallographic analyses.

Powder X-ray crystallography

Variable-temperature powder X-ray diffraction (VT-PXRD) was
applied to 1-solv (Fig. 5). The simulation pattern from the
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Fig. 4 TG (red) and DTA (blue) results for 1-solv in the temperature
range 300-720 K.

5036 | Dalton Trans., 2022, 51, 5034-5040

View Article Online

Dalton Transactions

308 K (cooling)

373 K (cooling)
_JkL~__JM_AM_AALAA———~h—473K
;Jlu e 463K
MJW\AAA_AA__M_ 453K

IV Y W 423K
MMM

413 K

3 _MAAEAA__JKA»AAMLJAAL,x__M,A_

= 403 K

g | 383K

= dtnhrer e a 373K

- /P VO PRSP 1"

MM}S}K

L,.«_LA«,_AM_,\_...NA_MA_AK.L»K

A AA»LA~JMqu¢AM_~k_~}§3K

_,Jb,AAlALLAL.JA4A4L4~L_~333K

“ .l ji. 303 K
_‘[. Y SNV ¥ sim. (93 K)

PERET B AN N BT A AN ST A
10 15 20 25 30
20/ deg

Fig. 5 Variable-temperature PXRD measurements of 1:-solv from 298 to
473 K and from 473 to 308 K. The simulation results (black line) were
derived from the single-crystal X-ray crystallographic results obtained at
93 K.

above single-crystal XRD analysis was superposed onto Fig. 5
(indicated by the black line). The PXRD pattern at 298 K agrees
well with the simulation results. Upon heating, the PXRD pat-
terns changed three times at 333, 383, and 423 K. These temp-
eratures agreed with those associated with the desorption of
the crystal solvents, and the spectra above 423 K represent the
PXRD pattern for 1-desolv. Interestingly, the structural change
that occurred around 383 K showed a significant difference in
the PXRD patterns, and the change of spectra indicates the
reduced symmetry of crystal structure compared with that of
1-solv.

On cooling from 473 K, the PXRD pattern showed no
change until 373 K. The spectrum at 308 K, however, changed
and was close to that at 403 K in the heating process with the
shift of peaks, implying the irreversible structural change
owing to the desorption of crystal solvents. In addition, the
finding indicates that 1-desolv captured the guest molecules,
in which the water molecule is a good candidate, from the
ambient environment in the cooling process from 373 K.

Magnetic properties

The temperature dependence of y,,T for 1-solv was measured
at 0.5 T in the range of 10 to 350 K, as shown in Fig. 6. The
ymT value of 1-solv was 2.37 cm® K mol™" at 300 K, which is
close to the expected value of 2.37 cm® K mol™" derived from
the HS-cobalt(u) centre with g = 2.25. Upon cooling, the y,T
value gradually decreased. This behaviour implies an inter-
molecular antiferromagnetic (AF) interaction or zero-field split-
ting (zfs) for the Co™ centre. Conversely, when this system was
heated from 320 K, y,,T exhibited a sharply decreasing behav-

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Temperature dependence of the product y,,T measured at 0.5 T
for 1-solv.

iour, indicating a structural change triggered by the desorption
of crystal solvents.

The ymT vs. T plots for 1-desolv upon heating, cooling, and
2nd heating processes from 10 to 400 K are shown in Fig. 7.
The sample 1-desolv used for these measurements was used
after undergoing the above PXRD measurements. The y,T
values above 350 K and below 250 K showed almost the same
behaviour in all processes. The y,T values obtained at 400 and
200 K during the 1st heating process were 2.43 and 1.40 cm® K
mol ™", respectively. The former is close to 2.42 cm® K mol™*
derived from the HS-cobalt(u) centre with g = 2.27, whereas the
latter agrees well with 1.45 cm® K mol™" derived from the HS/LS
state of 1/1, in which the expected value of the LS-cobalt(m)
centre with g = 2.27 is 0.483 cm® K mol™". These y,,,T values
indicate that 1-desolv exhibited an incomplete SCO behaviour
in the range of 200 to 400 K. Conversely, the y,7 values
obtained during the cooling process traced the outside of those
obtained during heating; therefore, a thermal hysteresis loop
occurred. Below 250 K, yn,7 gradually decreased and reached
0.92 cm® K mol™" at 10 K. This finding may have resulted from
the intermolecular AF interaction or the zfs of the Co centre.

Although 1-desolv exhibited typical SCO behaviour during
the cooling process, a decrease of y,,7 was observed from 250
to 270 K during the 1st and 2nd heating processes, as shown
in the inset of Fig. 7. Note that a peak can be observed around

25F
r O Ist heating
- O Ist cooling
20 [ | ® 2ndheating
3 -
=] C
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N o5k 150, o
L N
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Fig. 7 Temperature dependence of the product y,,T measured at 0.5 T
for 1-desolv. The red, blue, and green colours represent the 1st heating,
1st cooling, and 2nd heating processes, respectively. The inset shows an
enlarged view of the 240 to 320 K region.
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290 K in the 1st heating process, which nearly vanished in the
2nd heating process, implying the desorption of the reab-
sorbed guest molecules. To understand the atypical SCO
behaviour that was observed during the heating process, we
propose the mechanism shown in Scheme 2. The y,,7 behav-
iour from 400 to 200 K exhibitions a spin transition between
the HS and 1/1 HS/LS states. The spin state at 200 K indicates
the presence of two non-equivalent Co>" ions, although 1-solv
showed only one crystallographic independent Co®" ion. To
illustrate this spin state, it may be reasonable to assume that
at least two crystallographic independent systems arise from
the 4-fold interpenetrating diamond frameworks owing to the
structural change resulting from the desorption of solvents.
Therefore, the SCO behaviour in half of the frameworks upon
cooling is as shown in Scheme 2. The spin alighment at 200 K
should be alternating for the HS and LS states to achieve an
even chemical pressure from the HS frameworks.

Upon heating from 200 K, the y,,7 value increased owing to
the SCO behaviour, and it then decreased from 255 K and
returned to the 1/1 HS/LS state at 280 K. These findings indi-
cate a reverse SCO (rSCO) phenomenon, which is the spin tran-
sition from the HS to LS states. Owing to the reverse and
normal SCO behaviour, 1 exhibits the steady-state conditions
between the HS and LS groups, as shown in Scheme 2. These
conditions were broken upon further heating, and all Co>*
centres showed the HS state.

The rSCO behaviour has been reported in the iron(u)
and cobalt(i)) complexes,***”**>* and it is mainly explained as
originating in the structural phase transition such as an
order-disorder transition. For the rSCO behaviour of 1-desolv,
we have focused on the intermolecular H-bond between
carboxy and carboxylate sites. From the crystallographic
studies of 1-solv, there was the intermolecular single {O-
H---O™ }-typed H-bond, which has double-well energy potential.
When the distance between carboxy and carboxylate sites is
shortened, the H-bond can exhibit the {O---H:--O}~ form
having the single-well potential.>* It is known to demonstrate
the crossover between the above two-typed H-bonds depending
on the temperature, and the crossover gives the structural
phase transition.>>® Therefore, we have concluded the rSCO
observed in 1-desolv may be triggered by the structural phase
transition corresponding to the above crossover of H-bonds.

46-49

DE00 = Do00 = D000

HS LS HS LS HS nSCO HS nSCO HS HS HS HS

Heating
At 200 K At 255 K At 400 K
(~1.40 cm? K mol-') (~1.55 cm? K mol-') (~2.43 cm3 K mol)
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J{):nsco (s — Hs)
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Scheme 2 Proposed mechanism of the asymmetric SCO behaviour for
1-desolv in the temperature range 200—-400 K. The normal and reverse
SCO behaviours represent nSCO and rSCO, respectively.
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At 280 K
(~1.42 cm® K mol~'; HS/LS = 1/1)
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Conclusions

In summary, we prepared a novel H-MOF 1-solv formed by
cobalt(u)-SCO units. Compound 1-solv exhibited a H-bonded
diamond framework and a 4-fold interpenetrating structure
with 1-D pores. The crystal solvents were occupied in the void
spaces, and the desorption of those solvents caused three
structural changes. Compound 1-desolv exhibited normal and
reverse SCO behaviours with asymmetric thermal hysteresis.
H-MOF 1-desolv exhibited a porous architecture and magnetic
switching characteristics. For improvement of the reversibility
and selectivity of guest molecules in this system, a multi-com-
ponent H-MOF system is a good candidate; for example, a two-
component H-MOF, which is a cocrystal of the [Co(HL),] unit
and an H-bonding formable linker. The multi-component
H-MOF system presented in this study may be used to form a
variety of porous structures.

Experimental
Materials and methods

5,5"-Dimethyl-2,2":6',2"-terpyridine prepared by the
reported procedure.**> Anhydrous N,N-dimethylformamide
(DMF) was purchased from KANTO Chemical Co., Inc. and
used without further purification. '"H and '*C NMR experi-
ments (400 and 100 MHz, respectively) were performed on
JNM-ECZ400S (JEOL). The chemical shift (given in ppm) was
measured versus a reference peak of tetramethylsilane (TMS).
The splitting patterns are designated as follows: s (singlet), d
(doublet), t (triplet), and dd (doublet of doublets). Elemental
analyses were carried out with a PerkinElmer Series II CHNS/O
2400 analyzer. Melting point measurement was performed on
ATM-02 (AS ONE). High-resolution mass spectra (HRMS) were
recorded in electrospray ionization (ESI) mode using an
AccuTOF-JMS-T100LP (JEOL) spectrometer. The specimen was
dissolved in a small amount of DMF, and then the solution
was diluted with methanol. Infrared (IR) spectra were obtained
on an FT/IR-4600 (JASCO) spectrometer using a diamond atte-
nuated total reflectance (ATR) method. The spectral data are
obtained as major peaks in wavenumbers (cm™") are recorded
in a spectral window of 4000-400 cm™"'. Electronic spectra
(ultraviolet-visible, UV-Vis) were obtained on a JASCO V-650
spectrometer. Thermogravimetry (TG) and differential thermal
analysis (DTA) of 1-solv were carried out on a Bruker AXS
TG2010SA instrument. The temperature scan rate was 5 K
min~" in the range of 300-720 K. Powder X-ray diffraction
(PXRD) spectra were recorded using a Rigaku MiniFlex600
diffractometer (Cu Ka radiation: A = 1.541862 A) in the range of
298-473 K.

was

Synthesis of 2,2":6',2"-terpyridine-5,5"-diyl biscarboxylic acid
(H,L)

5,5"-Dimethyl-2,2":6",2"-terpyridine (720.0 mg, 2.76 mmol) was
dissolved in 4/3 pyridine/H,O (70 mL), and thus KMnO,
(4.06 g, 25.7 mmol) was added to the solution. After the

5038 | Dalton Trans., 2022, 51, 5034-5040
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mixture was refluxed for 4 h, KMnO, (2.02 g, 12.8 mmol) was
added, again. The mixture was refluxed for 12 h and quenched
by ethanol. The filtrate was concentrated under reduced
pressure. The crude was dissolved in a small amount of H,O,
and the solution was made pH 3 by a dilute HCI aqueous,
affording colorless precipitants. The obtained colorless
powder H,L was a yield of 719.8 mg (2.24 mol, 81%). Mp.
>200 °C. 'H NMR (400 MHz, DMSO-d, Fig. S11): 6 13.57 (br s,
2H), 9.21 (s, 2H), 8.77 (d, J = 8.2 Hz, 2H), 8.57 (d, J = 7.7 Hz,
2H), 8.48 (dd, J = 8.2, J' = 1.6 Hz, 2H), and 8.20 (t, / = 7.7 Hz,
1H). *C NMR (100 MHz, DMSO-dg, Fig. S21): § 166.13, 158.00,
154.02, 150.20, 138.98, 138.35, 126.78, 122.28, and 120.54.
HRMS (ESI', Fig. S31): m/z caled for C;7H;,N;0, [M + H]":
322.08278, found 322.08251. IR (ATR): 2841, 1682, 1591, 1557,
1421, 1380, 1298, 1138, 1020, 921, 824, 722, 649, and
541 cm™". UV-vis (DMF) Apa/nm (log €) 294 (1.06).

Synthesis of [Co(HL),](DMF), ,(H,0),.4 (1-solv)

The H,L (81.73 mg, 0.262 mmol) and CoCl, (14.12 mg,
0.109 mmol) were dissolved in DMF (10 mL) and H,O (3 mL),
respectively. The above two solutions were mixed and stirred
for 15 minutes at 0 °C. The red mixture was crystallized under
1,4-dioxane vapor diffusion for 5 days. The black block crystals
were collected, and the yield was 53.05 mg (0.0674 mmol,
62%). Mp. 272 °C (decomp.). Anal. Calc. for
C37.6H33.0C0N; ,011. (1:(DMF); ,(H,0),.4): C, 54.38; H, 4.03; N,
12.14%. Found: C, 54.38; H, 3.84; N, 12.00%. IR (ATR): 3069,

1600, 1449, 1354, 1249, 1132, 1025, 770, and 718 cm ™.

Single-crystal X-ray diffraction

The X-ray diffraction data of 1-solv at 93 K were collected on a
Rigaku VariMax Dual (Mo Ka radiation: 4 = 0.71073 A). The
selected crystallographic data are given in Table 1. X-ray data
analyses were carried out using the SHELXT*® and SHELXL®’
programs operated with the Olex2 interface.®* All the hydrogen
atoms were refined as “riding”. The thermal displacement
parameters of the non-hydrogen atoms were refined anisotro-
pically. The contribution of the disordered solvent was
removed using the SQUEEZE option from PLATON operated
with the Olex2 interface.®’ The estimated total solvent-accessi-
ble void space (1.2 A probe) was 1060.9 A® per the unit cell
(27.9%) and 78 electrons per unit cell. The squeeze electron
count correlates with the electron density of 1.2 DMF and 2.4
H,0 molecules of unit cell (72 electrons). Fig. 3 represents the
packing structure along with the [110] and [110] directions,
respectively. Each figure also shows the solvent-accessible void
space (a red surface). The CCDC number is 2143196.7}

Magnetic measurements

The direct current magnetic susceptibilities of 1-solv and
1-desolv were measured on a Quantum Design MPMS-XL7AC
SQUID magnetometer equipped with a 7 T coil under the
static field of 0.5 T. The sample 1-desolv was used after the
PXRD measurement, in which the sample was heated to 473 K.
The 1-solv was measured on heating in the 10-350 K range
shown in Fig. 6, whereas 1-desolv was measured on heating,

This journal is © The Royal Society of Chemistry 2022
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cooling, and then 2nd heating processes in the 10-400 K range
shown in Fig. 7. The magnetic data were corrected using dia-
magnetic blank data of sample holder measured separately.
The diamagnetic contribution of the sample itself was esti-
mated from Pascal’s constant.®
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