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>’Fe Mdssbauer spectroscopy and high-pressure
structural analysis for the mechanism of pressure-
induced unique magnetic behaviour in (cation)
[Fe''Fe'"'(dto)s] (cation = Ph,P and "PrPh;P;

dto = 1,2-dithiooxalato)
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A mixed-valence iron(i,i) coordination polymer, (Ph,P)[Fe''Fe""(dto)s] (2; Ph,P = tetraphenylphosphonium,
dto = 1,2-dithiooxalato), exhibits a thermal hysteresis loop and a low temperature shift of the ferro-
magnetic phase transition temperature, with increasing pressure. The latter magnetic behaviour can also
be observed in a novel compound ("PrPhsP)[Fe"'Fe"(dto)s] (3; "PrPhsP = n-propyltriphenylphosphonium).
To understand the structural information under pressure, we performed high-pressure powder X-ray diffr-
action, and the result suggests that there was no structural phase transition for either compound.
Considering the 'Fe Mdssbauer spectroscopy studies, both 2 and 3 may have a high transition entropy,
and this finding is caused by pressure-induced unigue magnetic behaviours.

Introduction

Heterobimetallic complexes bridged by a 1,2-dithiooxalato
(dto) ligand, (cation)M"M™(dto);], have a two-dimensional
(2-D) honeycomb structure and show a ferromagnetic phase
transition."™ The compound ("Pr,N)[Fe""Fe"(dto),] (1; "Pr,N =
tetra-n-propylammonium) exhibits a ferromagnetic phase-tran-
sition temperature (7.) of 7 K. Interestingly, 1 also shows a
charge-transfer phase transition (CTPT) accompanied by elec-
tron transfer between the Fe and Fe™ sites, as shown in
Fig. 1, at the critical temperature (Tcrpr) of about 120 K.*™°
The occurrence of the CTPT in 1 affords two different spin
states: (i) a low-temperature phase (LTP) with a low-spin (Is)
state of Fe"" (S = 0) and a high-spin (hs) state of Fe' (S = 5/2)
and (ii) a high-temperature phase (HTP) with hs-Fe'" (§ = 2)
and Is-Fe™ (S = 1/2) sites. The spin transition due to the CTPT
is directly observed from the temperature dependence of mag-
netic susceptibilities*® and by *’Fe Mossbauer® and electron
spin resonance spectroscopies.” In addition, the CTPT
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phenomenon can cause various alterations in physical pro-
perties such as dielectric responses,®’ structural aspects,®®
specific heat,’® muon spin relaxation'™'* and electric resistiv-
ities."® Recently, Liu and co-workers reported that a thin film
of 1 exhibits ferroelectricity owing to electron hopping
between Fe" and Fe™ sites.*

Thermodynamically, the CTPT occurs when AHs = TASs,
derived from AG = AH — TAS. For the CTPT of 1, AS,, is domi-
nated by the spin entropy, while AH, is dependent on the
intermolecular interaction.'® To manage Tcrpr, the magnitude
of AS.s and AH,, is important; for example, the high-tempera-
ture shift of Torpr needs a smaller AS or larger AH..
Experimentally, the increase of AH,, is more easily achievable
for example by applying hydrostatic pressure or by employing
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Fig. 1 A charge-transfer phase transition (CTPT) model of 1.
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bulkier cations. In fact, the former approach was applied for 1
and it was found that Tcrpr increased up to approximately
200 K with an increase of external pressure from 10~ to 0.9
GPa.'®'® On the other hand, chemical modification allows the
control of internal pressure, and it is well known as “chemical
pressure” in spin-crossover (SCO) studies."”

Recently, we reported the structural and magnetic studies
of (Ph,P)[Fe""Fe'(dto);] (2; Ph,P = tetraphenylphosphonium).*®
The bulky and rigid Ph,P cation was expected to lead to a large
AH and a high Terpr compared to 1, because of the presum-
able close contact between the [Fe''Fe'(dto);] layer and
cations. Compound 2, however, shows no CTPT behaviour
below 300 K. We assumed that the absence of CTPT in 2 is
caused by the too large AH,,. Indeed, the Curie constant of 2
suggests the spin configuration for the LTP. On the other
hand, magnetic measurements under the applied pressure
revealed that 2 exhibits a thermal hysteresis loop at around
60 K above 0.76 GPa, indicating that 2 remains in the HTP
under ambient pressure. Thus, further studies are required to
clarify such a mysterious magnetic behaviour of 2.

In this study, a new derivative ("PrPh,P)[Fe"Fe'(dto);] (3;
"PrPh;P = n-propyltriphenylphosphonium) was synthesized.
The n-propyl group of the cation can penetrate the honeycomb
ring loosely compared to the phenyl group of Ph,P. The chemi-
cal pressure to the intralayer should be smaller than that of 2,
maintaining the interlayer contact. Compound 3 also showed
no CTPT behaviour at ambient pressure and the pressure
dependence of T, as in the case of 2. To explain the pressure-
induced unique magnetic behaviour observed in 2 and 3, we
performed high-pressure powder X-ray diffraction (PXRD) on
SPring-8 and ambient pressure *’Fe Mossbauer spectroscopy.
The former provides the information of the crystal structure at
high pressure. The latter can determine the spin and charge
states of the Fe ion; specifically, we can obtain the exact spin
state for 2 and 3, which is LTP or HTP.

Experimental
Materials and methods

Compound 3 and (anilinium),[Fe"!(dto),](H,0) were prepared
by a reported procedure."®* Compound "PrPh;P bromide was
purchased from Sigma-Aldrich. Infrared (IR) spectra were
recorded on an FT/IR-4600 (JASCO) spectrometer using a
diamond attenuated total reflectance (ATR) method. The spec-
tral data are given as major peaks in wavenumbers (cm™") and
recorded in a spectral window of 4000-400 cm™'. Elemental
analyses were conducted using a PerkinElmer Series II CHNS/
O 2400 analyser. Powder X-ray diffraction (PXRD) spectra of 2
and 3 were recorded at room temperature (rt) and 1.0 x 10™*
GPa (1 atm) using a Rigaku MiniFlex600 diffractometer (Cu Ka
radiation: A = 1.54184 A).

Synthetic procedures

("PrPh,P)[Fe"Fe'(dto);] (3) was synthesized as follows. Under
an Ar  atmosphere, an aqueous  solution of

This journal is © The Royal Society of Chemistry 2023
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(anilinium);[Fe™(dto);]-3H,0 and FeCl,-4H,0 1/1 (10 mmol
L7%, 19 mL) was added dropwise to a methanolic solution of
"PrPh;P bromide (10 mmol L™, 19 mL) using a Pasteur pipet
with cotton to remove sulphur decomposition products in an
ice bath. After the mixture was stirred for 15 minutes, a black
precipitate was obtained (40.5 mg, 0.052 mmol, 27%). Anal.
caled for C3oH,oFe,O6PSq: C, 41.71; H, 2.85%. Found: C, 41.40;
H, 3.05%. Mp. 177 °C (decomp.).

To determine the crystal structure of 3 by single-crystal
X-ray diffraction (SCXRD), a single crystal was prepared by a
liquid-liquid diffusion method using a ¢4 glass tube. A
minute amount of ascorbic acid was dissolved in methanol to
prevent the oxidation of the iron(u) ion. A methanolic solution
of (anilinium);[Fe™(dto),]-3H,0 and FeCl,-4H,0 1/1 (10 mmol
L7%, 0.50 mL) was introduced into the glass tube and layered
with methanol (0.1 mL) for the purpose of buffering the reac-
tion. A methanolic solution of "PrPh;P bromide (10 mmol L™,
0.50 mL) was layered on top. After 2 weeks at rt, black hexag-
onal prismatic crystals were obtained.

Single-crystal X-ray diffraction (SCXRD)

The X-ray diffraction data of 3 were recorded on a Rigaku
VariMax Dual diffractometer (Mo Ka radiation: A = 0.71073 A)
at 93 K. X-ray data analyses were performed using SHELXT"’
and SHELXL*® operated with the Olex2 interface.” A numeri-
cal absorption correction was used. All hydrogen atoms were
refined as “riding”. The thermal displacement parameters of
non-hydrogen atoms were refined anisotropically. We also
tried to investigate the fractal dimension distribution of
residual electron density as shown in Fig. S1a.t** Fig. Sibf
shows the distribution of the positive excess electron density
around iron ion sites. This charge bias would be induced by
the disorder from the valence state of iron sites and linkage
isomerization of the ligand. The CCDC number is 2249917.F

Magnetic measurements

The direct current (dc) magnetic susceptibility and magnetiza-
tion of 3 were measured on a Quantum Design MPMS-XL7AC
SQUID magnetometer equipped with a 7 T coil within a temp-
erature range of 2-300 K. The magnetic data were corrected
using the diamagnetic blank data of the sample holder
measured separately. The diamagnetic contribution of the
sample was estimated using Pascal’s constant.>® The dc mag-
netic susceptibility and magnetization of 3 under high press-
ures (0.30, 0.38, 0.65 and 1.22 GPa) were measured using a
high-pressure cell (HMDO01-001-01, Quantum Design). Daphne
7373 (Idemitsu Kosan Co. Ltd) was used as a pressure
medium. The applied pressure was determined by a shift in
the superconducting transition temperature of tin.

Pressure-induced PXRD

High-pressure PXRD measurements (A = 0.41277 A, 30.0 keV)
were carried out on the beamline BL10XU of SPring-8,>* using
a diamond anvil cell with a culet size of 500 pm. The powder
sample was placed into a SUS gasket with a hole diameter of
250 pm. Helium was used as a pressure medium, providing a

Dalton Trans., 2023, 52, 8368-8375 | 8369
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hydrostatic condition. High-pressure powder patterns were
recorded on an imaging plate (Rigaku, R-AXIS IV++) detector.
The data were converted into one-dimensional profiles (26-
intensity data) using IP Analyzer software.>®> The XRD profiles
were analysed using PDIndexer.>® Pressures were determined
by the ruby fluorescence method.”® Measurements were per-
formed at rt in compression up to ca. 5 GPa.

>’Fe Mossbauer spectroscopy

>’Fe Mossbauer spectra of 2 and 3 were recorded at 70 K and
200 K on a constant acceleration spectrometer with a y-ray
source of *’Co/Rh in the transmission mode. Measurements
were performed using a closed-cycle helium refrigerator (Iwatani
Industrial Gases Corp.) and a conventional Méssbauer spectro-
meter (Topologic Systems). All isomer shifts were obtained rela-
tive to o-Fe at rt. The Mossbauer spectra were fitted using the
least-squares fitting program MossWinn 4.0.”

Results and discussion

Synthesis and characterization

The dto-bridged iron complex, ("PrPh,P)[Fe"Fe™(dto);] (3), was
prepared as a  black hexagonal prism  from
(anilinium);[Fe™(dto);]:3H,0, Fe"Cl,-4H,0 and "PrPh,P
bromide in methanol using a liquid-liquid diffusion method.
In addition, the powder sample of 3 was obtained by simply
mixing the above starting materials to measure the magnetic
properties and characterized using elemental and powder
X-ray crystallographic analyses (for details, see below).

Crystal structures

The crystal structure of 3 was determined by SCXRD at 93 K, as
shown in Fig. S21 and Table 1. It was observed to be iso-
morphic with 2."® The iron centres are bridged by the dto
ligand, and two coordination geometries of {FeOe} and {FeSe}
were constructed, as shown in Fig. S2a.f The anionic
[Fe""Fe"(dto);] unit forms a 2-D honeycomb structure in the ab

Table 1 Selected cell parameters for 2 and 3
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plane. The shortest Fel---Fe2 distance is 5.820 A. The anion
layer stacks as an eclipsed form along the c-axis. The "PrPh;P
counter cation is present in the void space of the anion layer
and exhibited two disordered configurations, which were
placed above and below the anion layer, as shown in Fig. S2b.f
The n-propyl chain of the cation penetrates a hexagonal hole
of the honeycomb layer with three disorder conformations
according to the three-fold axis.

The structural parameters for 3 and 2 as a reference are
summarized in Table 2. For 3, the mean values of the coordi-
nation bond lengths (dyean) of the Fe-O and Fe-S bonds are
2.134(7) and 2.274(3) A, respectively. The coordination polyhe-
dra of Og and S, are ascribed to an approximately octahedral
geometry (Oy). As observed in the Oy, distortion parameters (X
and 6),*° the {FeOg} environment is largely distorted, whereas
that of {FeSe} is close to the regular octahedron. Compared
with 2, both {FeOg} and {FeSe} coordination environments of 3
are closer to the solid O, geometry.

We investigated the intermolecular contacts between the
cation and anion layers in 3, as shown in Fig. 2a. For the
inserted n-propyl moiety, the closest C10---S1* and C10---O1?
distances are 3.81(7) and 3.68(5) A, respectively. These values
were larger than the sum of van der Waals (vdW) radii (C/S:
3.50 A; C/O: 3.22 A)*® and those of 2 of 3.283(18) A (C---S) and
3.37(3) A (C---0).*® In addition, as shown in Fig. 2b, for three
phenyl rings of the cation located between the layers, the
nearest C6---S2° and C7.--02¢ distances were 3.62(3) and 3.28
(3) A, respectively, which were slightly larger than the sum of
vdW radii. On the other hand, these reproduce the values of 2
of 3.60(3) A (C---S) and 3.27(3) A (C---O). Therefore, these
results indicate that the intralayer and interlayer contacts are
smaller and unchanged, respectively, compared to 2. In other
words, the AH, value of 3 is smaller than that of 2 due to the
clearance between the honeycomb structure and the penetrat-
ing n-propyl group of the cation.

Magnetic measurements

The y,T vs. T plots for 3 upon heating (red open circles) and
cooling (blue filled circles) processes from 2 to 300 K under

Table 2 Structural parameters for 3 in addition to 1 and 2 as a
reference

Compound 3 2¢

Formula Ca7H;,Fe;0656P C30H20F€206PSs  Compound 3 24 19°

Formula weight 777.48 811.49

T/K 93 93 T/K 93 93 88 140
Crystal system Hexagonal Hexagonal {06}

Space group P6, P6; dimean (Fe-0)/A 2.134(7) 2.131(7) 2.139(5) 2.141(6)
alA 10.0805(4) 10.0960(3) z/° 75.69 83.50 68.71 70.58
c/A 17.8516(10) 17.9325(7) o/ 240.36 260.04 218.94 224.29
VIA® 1570.98(15) 1582.96(11) Octahedron (0)° 1.178 1.482 0.998 1.057

z 2 2 Trigonal prism (D3;,)°  13.241 12.238 13.220 13.102
deare/g cm™ 1.644 1.703 {Se}

#(Mo Ko)/mm ™ 1.407 1.407 drmean (Fe-S)/A 2.274(3)  2.272(3)  2.281(3)  2.289(4)
R(F) (I > 20(D)) 0.0679 0.0680 z/p° 8.256 16.68 27.31 28.15
R(F?)” (all data) 0.1804 0.1685 o/ 28.06 58.85 97.60 100.48
Goodness-of-fit 1.150 1.189 Octahedron (0y)" 0.015 0.061 0.170 0.179
No. of unique reflns 2131 2319 Trigonal prism (D3;)°  15.945 15.035 13.950 13.917

TR =Y||Fo| = |Fe||/Z|Fol- ? Ry = [ZW|Fo? = F2| 2T w(F2)*]"2. ¢ Ref. 18.

8370 | Dalton Trans., 2023, 52, 8368-8375

“Ref. 18. ? Ref. 9. ° SHAPE software.2®
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a)

b)

Fig. 2 (a) Coordination environment of Og and Sg atoms for the two Fe
ions in 3. Colour codes: gray, red, yellow, purple and navy represent C,
O, S, P, and Fe atoms, respectively. A 2-D honeycomb layer in the ab
plane is shown. (b) Layered structure along the c axis. One side of two
disordered configurations is shown in the "PrPhsP position. Symmetry
codes: (a) 1+x, 1+y, +z; (b) 1+y, 1-x+y, 1/2+z; (c) 1-y+x, +x, 1/2+z.

pressures of 1.0 x 10™*, 0.30, 0.38, 0.65 and 1.22 GPa are
shown in Fig. 3. First, under 1.0 x 10~* GPa, the data on a
cooling process in 100-300 K were analysed using the Curie-
Weiss equation: y = C/(T — 6), in which C and 6 are Curie and
Weiss constants, respectively. The best fit was obtained with C
= 4.661(5) cm® K mol™" and @ = +9.3(2) K (a solid line in
Fig. S31). The experimental C value is close to that of 2 of
4.466(1) cm® K mol™" and larger than those of the HTP state in
((n-C,Hypns1)sN)[Fe"'Fe™(dto);], in which n = 3 (1; 3.90 ecm® K
mol™), 4 (4; 3.56 cm® K mol™), 5 (5; 3.88 cm® K mol™") and 6
(6; 3.52 em® K mol™").” In the previous work,'® we assumed
that the C value reproduces the theoretical value of 4.38 cm® K
mol ™" derived from Is-Fe" (S = 0) and hs-Fe'" (g =2 and S = 5/2)
ions corresponding to the LTP. However, the results of *>’Fe
Mossbauer spectroscopy (for details, see below) indicate that
the Fe" and Fe'™ sites in both 2 and 3 are in As (S = 2) and
Is (S = 1/2) states, respectively; specifically, the spin state of
both compounds is the HTP. For the HTP, the expected C
value (fixed as g = 2) is 3.38 cm® K mol™, and the value is
smaller than the experimental C values. According to the struc-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Temperature dependence of the product, y,T, measured at 5
kOe for 3. Red open and blue filled circles represent the heating and
cooling processes, respectively, under 1.0 x 107, 0.30, 0.38, 0.65 and
1.22 GPa. The inset shows a magnified plot.

tural analyses, the {Fe"'Oy} site was a distorted O;, symmetry; it
can exhibit a large g value (> 2).*' To fit the experimental C
values of 2 and 3, the g values of {Fe"'O,} were estimated to be
2.34 and 2.39, respectively. In this case, we fixed the g-value of
Is-Fe(m) as 2.00 since the regular octahedral ligand field of
{Fe''S¢} tends to give that value.

Compound 2 exhibited a pressure-induced thermal hyster-
esis in y,, T vs. T, whereas 3 showed no clear CTPT under the
applied pressures, as shown in the insets of Fig. 3. Note that
the thermal hysteresis derived from the CTPT may be hidden
by the measurement error because the change of the y,T
values during the CTPT is small.*'® For this matter, it may be
observed by high-pressure dielectric measurements.®” The
maximum y,,T value under 1.0 x 10~* GPa observed at 20 K
was shifted to the low-temperature side with increasing
pressure and reached 8 K at 1.22 GPa. The results for the
T-dependence of field-cooled (FCM, red marker), zero-field
cooled (ZFCM, blue marker) and remnant (RM, green marker)
magnetizations under 1.0 x 107, 0.30, 0.38, 0.65 and 1.22 GPa
are shown in Fig. 4. Compound 3 exhibited a ferromagnetic
phase transition under all pressures with T, values from 1.0 x
107* to 1.22 GPa of 11.2, 10.2, 10.6, 9.4 and 6.5 K, respectively.
The T, value was found to shift towards lower temperatures
with increasing pressure. This finding also reproduces the
trend of T, for 2, which is from 9.8 K (1.0 x 107*) to 3.6 K (1.35
GPa)."®

Dalton Trans., 2023, 52, 8368-8375 | 8371
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Fig. 4 Temperature dependence of FCM (red), ZFCM (blue) and RM
(green) measured at 30 and 0 Oe for 3 under 1.0 x 10, 0.30, 0.38, 0.65
and 1.22 GPa.

>’Fe Mossbauer spectroscopy

To clarify the spin states of the Fe sites, >’Fe Mdssbauer spec-
troscopy was performed for 2 and 3 at 70 and 200 K under
ambient pressure as shown in Fig. 5. The Mossbauer para-
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Fig. 5 >’Fe Méssbauer spectra of (a) 2 and (b) 3 at 70 and 200 K (black

lines). Yellow doublets represent the Is-Fe"' ion and the blue and green

lines represent the hs-Fe' ion. Red lines are the sum of the above three
simulated lines.
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Table 3 Modssbauer parameters of 2 and 3 at 70 and 200 K

Spin Area/ &% AEQ/ Line width®/
T/K state % mm s’ mm s’ mm s’
Compound 2
70 Is-Fe(m) 61.48  0.333(6)  0.69(1) 0.61(2)
hs-Fe(m) A  18.14  1.12(1) 1.85(3) 0.47(4)
hs-Fe(u) B 20.39  1.08(1) 2.88(5) 0.61(6)
200  Is-Fe(m) 5771 0.27(1) 0.50(2) 0.67(3)
hs-Fe(u) A 16,53  1.03(1) 1.58(5) 0.47(9)
hs-Fe(m) B 25.75  1.05(3) 2.4(1) 0.8(1)
Compound 3
70 Is-Fe(m) 4418  0.247(5)  0.979(9)  0.45(1)
hs-Fe(u) A 47.06  1.121(4)  2.10(1) 0.45(2)
hs-Fe(n) B 8.77 1.12(2) 3.11(7) 0.49(10)
200  Is-Fe(m) 54.38  0.207(8)  0.67(1) 0.49(2)
hs-Fe(m) A  40.31  1.054(6)  1.79(2) 0.47(3)
hs-Fe(u) B 5.31 1.00(3) 2.66(6) 0.3(1)

“§ [mm s™'] = isomer shift. * AE, [mm s™*] = quadrupole splitting.
¢ Full width at the half-maximum (FWHM) of the line.

meters are listed in Table 3. There is no remarkable spectral
change varied with temperature between 70 K and 200 K in
both 2 and 3, indicating no CTPT behaviour. In the spectra of
3, two main doublets were observed (yellow and green lines)
with about 50% fractions. The wide doublet (green) has an
isomer shift (6) of 1.054(6) mm s~" and a quadrupole splitting
(AEq) of 1.79(2) mm s~ " at 200 K corresponding to hs-Fe" (S =
2).*7* On the other hand, the narrow-splitting doublet
(vellow) can be assigned to Is-Fe'™ (S = 1/2) because the
obtained parameters (§ = 0.207(8) mm s~ and AEq = 0.67(1)
mm s~ ') are reasonable for those found in related dto-bridged
iron compounds.?**® Thus, the spin state of 3 corresponds to
the HTP. A minor doublet (blue) was also found as a fraction
of less than 10% in the spectra of 3, which is derived from a
linkage isomer such as FeO,S, with the hs-Fe"" state.*”*®

The spectra of 2 showed three doublets with the parameters
similar to those of 3. The presence of hs-Fe'" signals confirms
that 2 lies in the HTP. However, the intensities of two hs-Fe™
doublets (green and blue) are comparable to each other, indi-
cating that linkage isomerization of the ligand is more fre-
quent than in 3. The linkage isomerisation is also found in 1
and Kagesawa and co-workers reported that the ratio depends
on the synthetic conditions, ie. the solvent and the reaction
temperature.®® Although the synthetic approach for powders 2
and 3 was the same, there was a difference in the yields of 79
and 27%, respectively. Here, 2 has many more intra- and inter-
layer contacts than 3, according to the SCXRD studies. This
finding suggests that the formation of the crystal structure is
more rapid, resulting in a high yield. On the other hand, the
rapid crystal structure formation may tend to provide the struc-
tural domain having a linkage isomer. Fortunately, the CTPT
behaviour is independent on the ratio of the linkage isomer.*”

Pressure-dependent PXRD

We carried out high-pressure PXRD measurements for 2 and 3
at rt in SPring-8 under 0.46(3)-5.26(8) GPa and 0.32(2)-5.13(9)
GPa, respectively. The experimental XRD patterns for 2 and 3

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Variable-pressure PXRD measurements for (a) 2 and (b) 3 in the range of 1.0 x 10~ (1 atm)—5.26 and 1.0 x 10~* (1 atm)—5.13 GPa, respect-
ively. Simulation curves (black line) were derived from the SCXRD results at 93 K. (c) Pressure dependence of cell parameters (top) a, (middle) c and
(bottom) V for 2 (red circles) and 3 (blue squares). The black filled circle and square represent the simulation derived from the SCXRD results at 93 K

for 2 and 3, respectively.

are shown in Fig. 6a and b, respectively. Also, the powder pat-
terns simulated from the SCXRD results at 93 K are displayed
(black lines). Moreover, the experimental results of powder pat-
terns for 2 and 3 were similar to that of these SCXRD results at
93 K, judging from the previous'® and this work in Fig. S4.f
We assumed that 2 exhibit the pressure-induced thermal hys-
teresis and the shift of T, are caused by the structural phase
transition under high pressure.'® If there is a structural tran-
sition such as a change from eclipsed to staggered forms, the
XRD patterns should show a discontinuous change.’*™*!
However, both compounds showed that all peaks gradually
shifted to a higher angle and broadened with increasing
pressure from 0.46 to 5.26 GPa. The (004) peak was clearly
visible at low pressure, but gradually integrated with the neigh-
bouring peak of (212). The XRD patterns under high pressure
indicate typical shrinking of the unit cell owing to the applied
pressure rather than the structural transition.

To understand the cell constants at each pressure, the XRD
profiles were analysed using PDIndexer.>® The results are sum-
marized in Tables S1 and S21 and Fig. 6c. The pressure depen-
dences of a constant for 2 and 3 were similar. On the other
hand, the ¢ constant of 3 decreased more significantly with the
applied pressure than that of 2. The compression along the
c-axis (the stacking direction) depends on the ease of move-
ment of the inserted moieties in the counter cation; specifi-
cally, the weaker intralayer contact favours the strong pressure-
dependence of the ¢ constant. In this study, 3 has weaker intra-
layer contacts than 2, supporting the results of high-pressure
PXRD measurements.

Discussion

Compound 2 exhibited a pressure-induced thermal hysteresis
in the temperature dependence of magnetic moment and a

This journal is © The Royal Society of Chemistry 2023

low-temperature shift of 7..'® Analogue 3 also exhibited the
latter behaviour. These magnetic behaviours could be related
to the CTPT, and in the previous work, we assumed that 2
shows the LTP below 300 K owing to the Curie constant esti-
mated by the magnetic measurement. For such a situation, the
LTP state gives Terpr > 300 K and a large AH,. such as the
blue line in Fig. 7a. The pressure-induced thermal hysteresis
loop observed in 2 was explained by the structural phase tran-
sition with a large drop of AH, triggered by the applied
pressure, the green line in Fig. 7a. However, in this study, the
results of *’Mossbauer and high-pressure XRD spectroscopy
studies for 2 and 3 revealed the spin state of the HTP below
300 K at ambient pressure and no structural phase transition
triggered by the applied pressure. These findings imply the
small AH, and/or large AS.s, compared with 1. The former

Ve

AG

200 0 200
T/K T'IK

0 200 0
T/K

Fig. 7 Schematic drawing of AG vs. the T diagram for the pressure-
induced CTPT behaviour of 2 according to a mechanism proposed (a) in
the previous work (ref. 18) and (b and c) in this work. Red, blue and
green solid lines stand for 1 at 1 atm as the reference and 2 at 1 atm and
the applied pressure, respectively.
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can be illustrated as shown in Fig. 7b. The ASy value, giving
the tilt of AG, is the same as for 1. For the enthalpy, we have
assumed that the intermolecular contact is the key factor.
Compound 2 had more contact than 1, indicating a large
AH,s. However, the experimental result in this paper suggests
a small AH value in 2 and 3, and thus we should assume
that there are two possibilities: (i) the lattice energy in the
eclipsed stacking manner in 2 and 3 is smaller than that of the
staggered one in 1 and/or (ii) the coordination environment
around the iron sites for 2 and 3 favours the HTP state than
that of 1.

On the other hand, if the increase of AS; is also taken into
account, the decrease of AH.s can be reduced, as shown in
Fig. 7c. For the CTPT behaviour, the transition entropy AS is
composed of the change in spin multiplicity, orbital angular
momentum and vibrational contribution. First, the change in
the spin multiplicity can be estimated to be RIn(10/6) = 4.25 ]
K" mol™, where R is the gas constant. This value should be
independent of cations and crystal structures, and thus it is
not relevant to the contribution of the above larger AS,. Next,
the vibrational contribution is caused by the difference in the
structures of the HTP and LTP states. Itoi and co-workers
reported that there was almost no difference in the crystal
structures of two phases for 1; namely, the vibrational contri-
bution is small.® On the other hand, 2 and 3 could show a
large difference in the structures of the HTP and LTP states,
because we have no structural data for the LTP of both com-
pounds. In this case, no CTPT behaviour could be observed
due to the vibrational contribution. Finally, the change in the
orbital angular momentum varies by the coordination environ-
ment around the iron sites. According to ref. [10], when the
ligand-field symmetry remains O, through the CTPT, the
change in the orbital angular momentum is estimated to be
AS =R1In{(3 x 3)/(1 x 1)} =18.27 J K" mol~" from the HTP (hs-
Fe'', °Tyy; Is-Fe'", ®T,,) and the LTP (Is-Fe", 'A,y; hs-Fe'™, °Ay,).
If there is a slightly distorted O, symmetry to the trigonal anti-
prism (Dsg), the AS value becomes RIn{(1 x 2)/(1 x 1)} = 5.76 ]
K™ mol™ from the HTP (hs-Fe", 3A;; Is-Fe™, *E) and the LTP
(Is-Fe', 'A,g; hs-Fe™, °A;,). For both Fe sites of 1, there could
be a lower symmetry than the D3, one, indicating a small con-
tribution to AS,s. Here, two iron sites, {FeOec} and {FeSe}, for 2
and 3 exhibited the O, symmetry, and in particular, the {FeSc}
site is almost a regular octahedron. The structural results allow
2 and 3 to achieve the contribution of the change in orbital
momentum of AS = RIn{(1 x 3)/(1 x 1)} = 9.13 ] K" mol ™,
which could be larger than that of 1. Therefore, the large AS
value, giving the HTP state with no CTPT (Fig. 7c), could be
generated by the vibrational and/or orbital angular momentum
contributions.

High-pressure environments allow crystalline compounds
to give two conditions: (i) the enhancement of intermolecular
contacts and/or (ii) a distorted coordination environment
around the Fe sites. These conditions give a larger AH,,s and a
smaller AS,, respectively. It is well known that the SCO behav-
iour is shifted to the high-temperature side on increasing the
pressure.'” In fact, for the dto-bridged bimetallic compounds,
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1 exhibits the high-temperature shift of Tcrpr under the
applied pressure, whereas the T, value is almost independent
of the pressure.'” On the other hand, the tetra-n-pentylammo-
nium derivative 5, which shows the HTP below 300 K with no
CTPT at 1 atm, exhibit a thermal hysteresis in the temperature
dependence of magnetic moment above 0.55 GPa.*? In
addition, the T, of 5 is shifted from 18 K to 7 K triggered by
applying a high pressure. The magnetic studies of 5 are con-
sistent with those of 2 and 3. Compound 5 may have an iso-
morphic structure to 1, although the details of structural infor-
mation are unfortunately unclear.” Therefore, 2 with the large
ASs could exhibit the CTPT behaviour induced by the applied
pressure, as shown in Fig. 7c. On the other hand, although 3
exhibited a similar structure to 2 and a low-temperature shift
of T., there was no clear evidence of CTPT in the pressure-
induced magnetic measurement. To confirm whether or not
CTPT occurs, different approaches, such as high-pressure
dielectric and SCXRD measurements, should be carried out in
the future.

Conclusions

Compound 2 showed pressure-induced thermal hysteresis and
the low-temperature shift of T., which could be related to the
CTPT phenomenon. In this study, we investigated the exact
spin state and the crystal structure under high pressure to
understand the above unique magnetic behaviour. The result
of *’Fe Mossbauer spectroscopy for 2 suggested the HTP state
with no CTPT. In addition, high-pressure PXRD revealed that
there was no structural phase transition triggered by the
applied pressure. These findings were supported by the results
of the novel derivative 3. The HTP state with no CTPT in 2 and
3 suggests that the AS,, is larger than that of 1, owing to the
vibrational and/or orbital angular momentum contributions. If
high-pressure SCXRD measurement, measured below Tcrpr, is
performed, we could determine the major component of the
large transition entropy.
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