7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Unveiling the relationship between counterion size
o and spin crossover dynamics in hexadentate

Cite this: Dalton Trans., 2025, 54, .

12831 Schiff-base manganese(il) complexest

{ '.) Check for updates ‘

Meng-Jia Shang,? Du-Yong Chen,® Ren-He Zhou,? Han-Han Lu,? Lin Ma,?
Jingyi Xiao,® Liang Zhao,? Yin-Shan Meng () **€ and Tao Liu {2 **¢

Understanding the relationship between molecular packing/interaction and the spin crossover property is
essential for advancing solid-state molecular memory devices. In this work, a series of hexadentate
Schiff-base manganese(i) complexes (IMn(4F-sal,323)1X, X = ClO4 (1); X = AsFg (2); X = PFg (3); X = ReOy4
(4) and X = NOs (5)) were synthesized and characterized. Magnetic studies showed that complex 1 exhibi-
ted an abrupt spin transition at 90 K with a 10 K wide thermal hysteresis, while complexes 2—5 exhibited
gradual and incomplete spin transition with no hysteresis. Analysis of the magneto-structural correlation
indicated that the SCO transition temperature is negatively correlated with the octahedral distortion and
void space volume of the anions. Detailed variable-temperature structural analysis revealed that hydrogen
bonding interaction and close stacking hinder the torsional deformation of the Mn"' coordination sphere,
preventing complete SCO. Density functional theory (DFT) calculations revealed that the weaker hydrogen

Received 8th June 2025,
Accepted 23rd July 2025

DOI: 10.1039/d5dt01347j

bonding in complex 1 led to lower atomic charges on the nitrogen atoms, thereby affecting the coordi-
nation field strength of the Mn center. This work demonstrates that the transition temperature of SCO is
influenced by supramolecular stacking forces, and this relationship can be finely tuned by simply adjusting
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Introduction

Spin crossover (SCO) is a phenomenon observed in first-row
transition metal complexes with a 3d” (n = 4-7) electronic con-
figuration, where the complexes undergo a reversible trans-
formation between the low-spin (LS) and high-spin (HS)
states.”™ This spin state transition can be induced by external
stimuli, such as temperature, light, pressure, magnetic fields,
pH and guest molecules.>® One of the most common manifes-
tations is temperature-dependent spin state switching.'®™?
This stimuli-responsive nature endows bistable SCO complexes
with potential applications in advanced technologies,
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especially in memory devices designed for high-density infor-
mation storage and processing.”*"'> A broad hysteresis loop is
essential for enhancing memory effects, and considerable
research efforts have been directed toward developing SCO
systems with wide hysteresis loops that function near room
temperature.'®'”

Among the reported hysteretic spin crossover (SCO)
systems, Fe-based (3d°®) complexes are particularly well-
known, especially those with polymeric structures featuring tri-
azole ligands or Hofmann-type frameworks with pyrazine
ligands.'®"® Although a few hysteretic SCO complexes have
been identified for Fe™- (3d®) and Co"-based (3d”) ones,** >
reports on Mn""-based (3d*) complexes remain relatively rare.
The first Mn™ SCO complex, [Mn(pyrol)stren], was identified
by Sinn and Sim in 1981.”® This mononuclear chelate Mn™
complex exhibits an abrupt, temperature-dependent SCO be-
havior. Thirty years later, Morgan et al. reported the first Mn'"-
based complex featuring a cooperative spin transition, [Mn(sal-
N-1,5,8,12)]PF,, which displayed an 8 K wide hysteresis loop.**
Notably, [Mn(5-Cl-sal-N-1,5,8,12)]TCNQ, 5-2CH;CN showed an
exceptionally wide hysteresis loop of 50 K, which remains a
record for this class of complexes.”> According to the ligand
field theory, spin crossover (SCO) is theoretically feasible for
octahedral 3d*-3d” metal ions.”® However, SCO phenomena
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are particularly rare in 3d* metal complexes, where the
high-spin state is typically stabilized by the Jahn-Teller
effect.”” Consequently, organic ligands capable of generating
an appropriate ligand field strength on the Mn'™ center to
induce SCO are limited, making the rational design, synthesis,
and investigation of Mn"™ SCO complexes with wide hysteresis
loops a challenging task. One promising candidate is the
ligand sal,-323 (2,2'-((1E,13E)-2,6,9,13-tetraazatetradeca-1,13-
diene-1,14diyl) diphenol), which employs the flexible N,N"-bis
(3-aminopropyl) ethylenediamine as a linker.”®*° This modifi-
cation extends the bridge by two methylene groups, resulting
in a trans-arrangement of the phenolate donor oxygens. This
structural arrangement induces notable Jahn-Teller distor-
tions, characterized by axial compression of Mn-O bonds and
equatorial elongation of Mn-N bonds, which in turn facilitate
the $CO.3>°*' However, most Mn"™ SCO complexes with sal,-
323 and its derivatives exhibit gradual and incomplete SCO
behavior.>**

Given the small energy difference between the LS and HS
states in Mn™ complexes, designing new Mn(m) SCO com-
plexes with strong cooperative effects, such as abrupt SCO
curves, high transition temperatures, and wide hysteresis
loops, is challenging.**3° On the other hand, predicting and
rationalizing structural motifs for tuning SCO properties and
transition temperatures in the solid state is difficult due to the
influence of substituents, counterions, and co-crystallized
solvent molecules.®”* In addition, intermolecular inter-
actions like hydrogen bonding and =---m stacking, as well as
structural phase transitions also affect the formation of highly
cooperative systems with abrupt and hysteretic spin
transitions.*>*> Magneto-structural correlations can only be
established in rare cases where SCO complexes are isomor-
phous (share the same space group, unit cell dimensions and
similar types/positions of atoms) or isostructural (differ in
space group and unit cell parameters, but retain similar types/
positions of atoms and molecular arrangements in the
crystal).*® Thus, in the solid state, few reliable relationships
between transition temperature and ligand or anion choices
can be made.”’

In this work, we aimed to verify how counterions and inter-
molecular interactions influence the SCO property. We syn-
thesized a 4-fluoro-substituted hexadentate Schiff-base,
namely 4F-sal,323 (6,6-((1E,13E)-2,6,9,13-tetraazatetradeca-
1,13-diene-1,14-diyl)bis(3-fluorophenol)), to provide an appro-
priate ligand field for SCO of the Mn™ center, and accordingly
introduced various anions with different sizes and configur-
ations. A family of new complexes ([Mn(4F-sal,323)X], X = ClO,
(1); X = AsFs (2); X = PFg (3); X = ReO, (4) and X = NO; (5)) was
synthesized. Complex 1 exhibited an abrupt spin crossover
with a 10 K thermal hysteresis, while complexes 2-5 exhibited
gradual and incomplete spin transition curves without hyster-
esis. Notably, as the effective ‘void’ space volume increased,
the transition temperature of the Mn™ SCO complexes
decreased. In this system, all complexes were crystallized
without any lattice solvents and exhibited the same configur-
ation, thus providing an ideal platform to study the effects of
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ion pairs on the cooperativity in Mn™ SCO systems. Herein, we
show the detailed characterization and discussion results.

Experimental section
Materials and synthesis

All chemical reagents were acquired from commercial sources
and used without further purification. The ligands were syn-
thesized according to the methods in the literature.*®

Synthesis of [Mn(L)]ClO, (1). To a solution of N,N"-bis(3-ami-
nopropyl)ethylenediamine (0.174 g, 1 mmol) in methanol
(10 mL) was added 4-fluoro-2-hydroxybenzaldehyde (0.28 g,
2.0 mmol) in methanol (10 mL). The solution was stirred at
room temperature for a further 30 min, after which time a
solution of manganese(u) perchlorate hexahydrate (0.251 g,
1 mmol) in methanol (20 mL) was added; the solution
changed from yellow to deep brown and was stirred for
10 min, and the product crystallized by slow evaporation of
solvent after filtration (0.234 g, 41%). Elemental analysis (%)
calculated for C,,H,cCIF,MnN,Og: C, 46.29; H, 4.59; N, 9.81.
Found: C, 46.51; H, 4.74; N, 9.56.

CAUTION! Perchlorate is potentially explosive and should
be used in small quantities and with utmost care at all times.

Synthesis of [Mn(L)]AsFs (2). The synthesis method is the
same as for complex 1, except that manganese perchlorate is
replaced by manganese(u) chloride tetrahydrate (0.197 g,
1 mmol) and sodium hexafluoroarsenate (423.8 g, 2.0 mmol).
Black crystals formed upon evaporation of solvent within a
week (0.211 g, 32%). Elemental analysis (%) calculated for
CyyH,6ASFgMNN,O,: C, 40.02; H, 3.97; N, 8.80. Found: C,
40.34; H, 3.87; N, 8.49.

Synthesis of [Mn(L)]PFs (3). The synthesis method is the
same as for complex 1, except that manganese perchlorate is
replaced by manganese(u) chloride tetrahydrate (0.197 g,
1 mmol) and ammonium hexafluorophosphate (326 g,
2.0 mmol). Black crystals formed upon evaporation of solvent
within a week (0.136 g, 22%). Elemental analysis (%) calcu-
lated for C,,H,sFsMnN,O,P: C, 42.87; H, 4.25; N, 9.09. Found:
C, 42.61; H, 4.18; N, 9.31.

Synthesis of [Mn(L)]ReO, (4). The synthesis method is the
same as for complex 1, except that manganese perchlorate is
replaced by manganese(n) chloride tetrahydrate (0.197 g,
1 mmol) and sodium perrhenate (0.546 g, 2.0 mmol). Black
crystals formed upon evaporation of solvent within a week
(0.181 g, 25%). Elemental analysis (%) calculated for
CyoH,6F,MnN,OgRe: C, 36.62; H, 3.63; N, 7.76. Found: C,
36.42; H, 3.58; N, 7.98.

Synthesis of [Mn(L)[NO; (5). The synthesis method is the
same as for complex 1, except that manganese perchlorate is
replaced by manganese(n) nitrate tetrahydrate (0.251 g,
1 mmol), and the product crystallized by slow evaporation of
solvent after filtration (0.128 g, 24%). Elemental analysis (%)
calculated for C,,H,cFoMnN;5Os5: C, 49.54; H, 4.90; N, 13.62.
Found: C, 49.71; H, 4.84; N, 13.41.

This journal is © The Royal Society of Chemistry 2025
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Physical measurements

X-ray data collection and structure determinations. The
single-crystal X-ray diffraction data were collected using a
Bruker D8 Venture CMOS-based diffractometer (Mo-Ka radi-
ation, 4 = 0.71073 A). The structures were solved with the
ShelXT program using the intrinsic phasing method and
refined with the ShelXL refinement package using least
squares minimization. All non-hydrogen atoms were subjected
to anisotropy treatment, while hydrogen atoms were deter-
mined by electron cloud density maps or theoretical hydrogen-
ation. The powder X-ray diffraction (PXRD) data were obtained
using a Bruker AXS D8 Advance X-ray powder diffractometer
with Cu-Ko radiation (1 = 1.5418 A) to verify the purity of the
crystals.

Thermogravimetric analysis (TGA) and elemental analysis.
Thermogravimetric analysis was performed under a nitrogen
atmosphere at a heating rate of 10 °C min™" using the TG/DTA
Q600 system. Elemental analyses for C, H, and N were per-
formed using an Elementar Vario EL Cube elemental analyzer.

Magnetic measurements. The magnetic properties were
characterized using a Quantum Design Dynacool PPMS-9
instrument. During measurement, all samples were in the
form of microcrystalline powder, wrapped in a sealing film,
and filled into diamagnetic capsules. The temperature change
rate during magnetic testing was 2 K min~". During data pro-
cessing, the Pascal constant is used to perform background
demagnetization correction on the sealing film and capsule
used.

UV-vis absorption spectroscopy. UV-vis-NIR absorption spec-
troscopy was performed using a HITACHI UV-vis spectrophoto-
meter (UH4150). The UV-vis spectroscopic measurements in
solution were performed in quartz cuvettes with a path length
of 1 cm.

Dielectric permittivity measurements. Temperature-depen-
dent alternating current (AC) dielectric permittivity measure-
ments were conducted using the Quantum Design PPMS-9
system with a KEYSIGHT E4980AL meter, applying a voltage of
2.0 V. The temperature sweep was performed at a rate of 1 K
min~" within the range of 70-340 K. For dielectric measure-
ments, samples were prepared with electrodes attached using
silver conducting glue.

>
>
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Electrochemistry measurements. Electrochemistry experi-
ments were performed using a Metrohm Autolab PGSTAT101
system using platinum as the working electrode in acetonitrile
with 0.2 M ("Buy)NPF, as supporting electrolyte. Ag/AgCl was
used as an internal reference.

Results and discussion

The condensation reaction of 4-fluoro-2-hydroxybenzaldehyde
with 1,2-bis(3-aminopropylamino)ethane in a 2:1 molar ratio
afforded a hexadentate Schiff-base ligand (Scheme 1).
Subsequent coordination with Mn>* salts resulted in aerial oxi-
dation, leading to the formation and crystallization of a series
of mononuclear Mn** complexes as dark red to black crystals.
The perchlorate and nitrate derivatives were synthesized
directly from the corresponding manganese(u) salts, whereas
the remaining complexes were obtained via salt metathesis
reactions. Powder X-ray diffraction experiments were per-
formed to confirm the phase purities of the bulk polycrystal-
line materials (Fig. S1f). These crystals were structurally
characterized by single-crystal X-ray diffraction at 300 K.
Selected crystallographic data and structure refinements are
summarized in Tables S1-S5.1 Compounds 1-5 crystallize in
the non-centrosymmetric orthorhombic space group P2,2,2,
except for complex 4, which crystallizes in the monoclinic
space group P2,/n. The asymmetric unit of complexes 1-5 con-
sists of a mono-cationic [Mn(4F-sal,-323)]" component and a
counter anion (ClO,~, AsF¢~, SbFs~, ReO,~, NO;™, respectively)
(Fig. 1). For all complexes, no solvent molecules are found in
the crystal lattice, which is consistent with the results of the
TGA analysis (Fig. S21). Complexes 1-5 possess a similar dis-
torted octahedral geometry with an MnN,O, configuration
(evaluated by Continuous Shape Measures (CShM), Tables 1
and S127), where the equatorial and axial positions are occu-
pied by four nitrogen donor atoms (two amines and two
imines) in cis-amine and cis-imine configurations and two
oxygen donor atoms, respectively, coming from the hexaden-
tate ligand.

Since complexes 1-5 possess very similar structures, we will
take complex 1 as the example to describe the structural

/ \ X=C|O4 1

NH HN o MeOH NH MnCl, HN W/ N X=AsFg 2

{ )+ 2 — [, — > [ X=PF 3
NH, H,N . & TN ="Te

2 Hy F OH 2H,0 : X=ReQ, 4

X=NO3 5

Scheme 1 . Schematic illustration of the structure of complexes 1-5.
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Fig. 1 The crystal structures of complexes 1 (a), 2 (b), 3 (c), 4 (d), and 5
(e) at 300 K. Color code: Mn, bright purple; C, grey; N, blue; O, red; F,
pale yellow; Cl, green; As, pink; P, orange; Re, sky blue. Hydrogen atoms
are omitted for clarity.

details of each. A representation of the molecular structure of
1 at 300 K is depicted in Fig. 1a revealing that the asymmetric
unit comprises one discrete mononuclear [Mn(4F-sal,-323]"
cation and one ClO,~ anion. The pseudo-octahedral geometry
is formed by trans-O donors and pairs of cis-imine and cis-
amine nitrogen atoms in the equatorial plane. At 300 K, the
Mn-Nymine (N1 and N2), Mn-Njpine (N3 and N4) and axial Mn-
O (01 and 02) distances are 2.186(4)-2.219(4), 2.090(4)-2.103
(4) and 1.879(3)-1.881(3) A, respectively, showing an average
Mn-N/O bond distance of 2.060 A (Table S11%). These values
lie within the bond distances observed for a HS Mn'" center in
an MnN,0, coordination sphere.*® When decreasing the temp-
erature to 60 K, Mn—Nymine and Mn-Njine bond lengths show
a sizeable decrease to 2.050(9)-2.060(2) A, and 1.988(2)-1.997
(2) A, respectively, with an average Mn-N/O bond distance of
1.977 A. These values are in the range expected for LS Mn"",
The overall structural studies described the spin-state switch-
ing from the HS state at 300 K to the LS state at 60 K, which is
consistent with the magnetic studies (Fig. 2a). It is noted that
the difference between the average Mn-N/O distances in the
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Fig. 2 (a) Magnetic susceptibility curves for complexes 1 in the heating
and cooling modes; (b) magnetic susceptibility curves for complexes
2-5.

HS (300 K) and LS states (60 K) for complex 1 is 0.083 A, which
lies in the range expected for manganese(m) SCO systems,
where a single electron transfer occurs between antibonding
(t’24¢"y; HS) and bonding (t*,4e’%; LS) orbitals upon spin-state
switching. In addition, during spin-state switching from the
HS state to the LS state a significant decrease in the Mn-
Namine and Mn-Njyine bond distances was observed while the
Mn-O bonds remained nearly unchanged, which can be
described by the depopulation of the antibonding dy._.
orbital. It is interesting that when heating the crystal from 60
to 85 K, the MNn—-Ngmine, MN-Nimine and axial Mn-O distances
are nearly unchanged, showing distances of 2.036(1)-2.080(9),

Table 1 The structural distortion parameters of the Mn site for complexes 1-5

Complex 1-ClO, 2-AsFq 3-PF¢ 4-ReOy, 5-NO;

T( ) 60 300 35 300 35 300 60 300 400 120 300 400
Zvin® (0) 21.88 53.12 34.20 57.26 36.46 55.72 26.027 44.237 48.55 30.35 40.847 49.57
o’ (O) 48.37 100.015 59.648 100.105 69.254 99.371 53.668 79.735 85.191 51.830 66.43 79.025
af (0) 39.845 45.557 46.647 52.456 46.464 50.637 39.455 43.077 44.349 54.792 54.920 55.667
Cd (A) 0.373 0.719 0.448 0.762 0.506 0.753 0.352 0.587 0.626 0.367 0.479 0.580
CShMpn® 0.271 1.350 0.461 1.371 0.591 1.373 0.285 0.802 0.950 0.290 0.525 0.813
AY 31.24 23.06 19.26 22.52 19.22

ABO 51.645 40.457 30.117 31.523 27.195

“The sum of the deviation from 90° of the 12 cis-angles of the MnN,0, octahedron. ” The sum of the deviation from 60° of the 24 trigonal angles
of the ‘Projection of the MnN,O, octahedron onto the trigonal faces. “ The dihedral angle between the least-squares planes of the two phenolate

rings.

The sum of deviation from individual M-X bond distances with respect to the mean metal-ligand bond distance. ¢ The continuous shape

measurement relative to the ideal octahedron of the Mn centers; a zero value corresponds to the ideal octahedron geometry.
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1.982(9)-1.992(9) and 1.881(9)-1.883(8) A, respectively. These
values indicate that Mn™ retains its LS state. Conversely, when
cooling the crystal from 300 to 85 K, the Mn-N,pine, Mn-
Nimine and axial Mn-O distances are 2.190(9)-2.237(9), 2.070
(8)-2.112(9) and 1.878(7)-1.880(7) A, indicating that Mn™ is in
a HS state. The crystal structure analysis indicated that
complex 1 underwent a hysteretic SCO.

Magnetic susceptibilities of 1 were recorded in cooling and
warming modes under an applied dc field of 1000 Oe and
temperature sweeping rate of 2 K min™" in the temperature
range 2-300 K, as shown in the yT versus T plots in Fig. 2a,
where T represents the absolute temperature and y; denotes
the molar magnetic susceptibility. At room temperature, the
T value of 3.09 em® K mol™ for 1 is typical for a HS Mn™
ion (with § = 2, g = 2).°° With decreasing temperature, the
xmT value remained constant on cooling to 92 K and then
dropped sharply to 1.24 cm® K mol™ at 78 K with critical
temperature T;,| = 84 K. The yyT value of 1.09 cm® K mol™
at 20 K indicated full conversion to the LS state (S = 1).
Below 20 K, the yyT value dropped to 0.36 cm® K mol™,
which is consistent with the zero-field-splitting (ZFS) effect.
Upon warming, an abrupt transition was observed but with
Ti,1T = 94 K, resulting in a thermal magnetic hysteresis loop
of 10 K width.

However, complex 2 showed a gradual SCO with T falling
slowly from 2.93 cm® K mol™ at 300 K to 1.43 cm® K mol™" at
20 K (Fig. 2b). This value is consistent with a HS/LS ratio of
22 :78. Below 20 K, the y\T value decreases sharply due to the
zero-field-splitting effect. The y\T value of complex 3 at 300 K
is 3.13 cm® K mol™, which is higher than the expected value
of 3.00 ecm® K mol™" for complete HS Mn™ ions. During the
crystal cooling process, the yT value decreased slowly until
reaching 2.72 ¢cm® K mol™ at 180 K, with a more rapid
decrease below this temperature. With temperature decreasing
to 50 K, the yT value decreased to 1.56 cm® K mol™". Upon
further cooling, complex 3 shows an incomplete conversion to
the 84% LS state with the yT value of 1.34 cm® K mol™" at
20 K. Below 20 K, due to the ZFS of Mn™, the y\T value
decreased very quickly to 0.42 cm® K mol™ at 2 K. At 300 K,
the average Mn-N/O bond distances of complexes 2 and 3 are
2.057 and 2.058 A, respectively, which are within the range
expected for HS Mn(m). Upon cooling to 35 K, these values
decrease to 1.995 and 2.003 A, respectively, indicating a partial
transition of Mn(ui) to low-spin (LS) states. Such bond distance
variations are consistent with the magnetic measurement data.

Complexes 4 and 5 demonstrate an incomplete gradual
SCO behavior in the testing temperature range. They have
similar SCO profiles, although that of complex 4 is slightly
more gradual. At 100 K, the yT values (1.05 cm® K mol~" for 4
and 1.03 ecm® K mol™ for 5) are close to the expected LS value
of 1.0 em® K mol ™. Complex 4 undergoes SCO above 50 K, and
the yyT value gradually increases until it reaches 2.04 cm® K
mol ™" at 370 K. Complex 5 started to switch from LS to HS at
approximately 200 K, and then the y\T value rapidly increases,
reaching 2.58 cm® K mol™" at 370 K. The average Mn-N/O
bond distances of complexes 4 and 5 are 1.981 (60 K) and

This journal is © The Royal Society of Chemistry 2025
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1.971 A (120 K), respectively. These values are in the range
expected for LS Mn"™. Upon heating to 400 K, Mn-N bond
lengths showed an increase to 2.045 A and 2.023 A, respect-
ively, showing that partial Mn™ ions have transformed into the
HS state.

In short, complexes 1-5 exhibit different SCO behaviors.
The transition temperatures are in the order 5 >4 >1 >3 > 2.
The spin state of Mn'"™" can be inferred in Table S11.1 All SCO
complexes show an increase in Mn-N,mine and Mn—Njpyine dis-
tances upon warming, but no significant changes occur in the
Mn-Oppen bond lengths. Therefore, the change in the Mn™
coordination sphere during the spin transition event is aniso-
tropic, manifesting as compression or elongation within the
equatorial plane. This structural alteration can be attributed to
the Jahn-Teller distortion, which is accommodated by the
population of the antibonding d,._,. orbital in the MnN, plane
upon transition to the high-spin (HS) state. Additionally, it is
found that the overall bond length changes during spin tran-
sitions in Mn"™" complexes 1-5 are smaller compared to those
in Fe"" or Fe™ complexes. Unlike d° or d° complexes, where the
spin transition involves the switching of two electrons between
the t,, and e, orbitals, in d* Mn"" complexes, only one electron
is transferred between the low-spin (t,'e,’, S = 1) and high-
spin (tg’eg', S = 2) states.

The spin crossover (SCO) is also manifested through
changes in the average trigonal distortion angle () and the
octahedral distortion parameter (X).>! These parameters serve
as indicators of the extent of deviation from the ideal octa-
hedral coordination geometry (where X and & are 0).
Additionally, the distortions in the Mn™ coordination geome-
try can be quantified using parameters { and «, where a rep-
resents the dihedral angle between the least-squares planes of
the two phenolate rings, and ¢ denotes the sum of deviations
in individual M-X bond lengths relative to the average metal-
ligand bond distance. Structural distortions occurring during
spin-state transitions were examined by calculating the octa-
hedral distortion parameters at both low and high tempera-
tures (Table 1). The X, O, {, and a values for complex 1 at
120 K are 52.93°, 102.813°, 42.879°, and 0.734 A, respectively.
Upon lowering the temperature to 60 K, these values decreased
significantly to 21.88°, 48.37°, 39.845°, and 0.373 A, which
suggests that complex 1 is closer to the ideal octahedron in the
LS state. For complexes 2-5, all these parameters of the HS
state are higher than those of the LS state. This can be under-
stood from the fact that the population of antibonding orbitals
of HS Mn"" leads to a more distorted coordinating geometry
from a perfect octahedron.

For this series of complexes [Mn(4F-sal,323)]X, a correlation
exists between T/, and Xy,. The Ty, values for the complexes
1-5 are 94, 82, 92,192 and 294 K, respectively (Fig. S31). As
shown in Fig. 3, the T,,, was negatively correlated with the Xy,
parameter for complexes 1-5 at 300 K. A higher Xy, value is
invariably associated with a greater rearrangement of the mole-
cular lattice, which introduces an unfavorable barrier to the
SCO process, leading to the observed inverse relationship
between Ty, and Xy,,. Conversely, smaller Xy, values are gen-
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Fig. 3 Plots of the experimental Ty, value versus the Xy, value or the
volume of the ‘void’ space for complexes 1-5 at 300 K.

erally associated with a stronger ligand field, thereby stabiliz-
ing the LS state of the Mn"" ion.

On the other hand, the size of counterions can influence
Zun, thereby affecting the ligand field around the Mn®" center
and regulating T,,,. Comparing the T;,, of complexes 1-5 with
their respective ionic volumes revealed that, except for
complex 1, larger anion volumes generally result in lower T,
(Fig. S47). Since the lattice lacks solvent, the theoretical ‘void’
space volume (occupied by spin-inactive species in the absence
of anions) was also considered. The Mercury program was
then used to calculate the void space with a probe radius of
1.2 A and approximate grid spacing of 0.2 A.*® The void space
percentage in the unit cell and the volume of void space per
cation were calculated (Fig. S5 and Table S13%). Noting that
the packing motifs of complexes 1-5 are identical, a direct
comparison can thus be made between this series of com-
plexes and their respective SCO properties, which is not always
possible, as many families of SCO complexes pack into
different lattices affecting the SCO pathway. A trend was
observed: larger “void” volumes correspond to lower Ty,
values (Fig. 3). Larger anion volumes produce greater void
spaces, allowing the spin-active species, which allows the spin-
active species [Mn(4F-sal,323)]" to undergo a larger Xy,
thereby stabilizing the HS state and resulting in a lower T},. In
contrast, smaller anion volumes result in smaller void spaces,
restricting molecular lattice rearrangements and favoring the
more compact LS state, thereby increasing 7T} ,.

It is considered that the SCO behavior is also related to the
intra- and intermolecular interactions induced by different
counterions. Complex 1 has a small anion volume but a rela-
tively large inactive cavity volume. Close inspection of the
crystal structures revealed the strong hydrogen bonding inter-
actions between the [Mn(4F-sal,323)]" cation and the counter-
ions in complexes 2-5. Interestingly, in complex 1, only weak
interactions are present, and no strong hydrogen bonding
interactions like this are observed, despite the latter exhibiting

12836 | Dalton Trans., 2025, 54, 12831-12840
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significant hysteretic SCO behavior. Hirshfeld surface ana-
lyses®* were conducted to critically evaluate the intermolecular
interactions in complexes 1-5. A comprehensive description is
provided using complex 1 as a representative example. The
three-dimensional d,om surface of complex 1 at both 300 K
and 60 K, using a standard surface resolution, is shown in
Fig. S6 and S7.f The Hirshfeld surface, mapped with electro-
static potential, reveals blue regions indicative of positive
electrostatic potential, while bright-red spots correspond to
atoms with a negative electrostatic potential. These intense red
spots on the surface arise from N-H---O, C-H---O, and C-H---F
interactions, all of which have distances greater than 3.1 A
(Fig. 4a). The fingerprint plots for complex 1 at 300 K showed
characteristic pseudo-symmetric wings along the d. and d;
diagonal axes, which are attributed to the H---H, H---O/O---H,
H.--F/F---H, C---H/H---C and C---F/F---C interactions (Fig. S67).
Specifically, in terms of H:--H contacts, the intermolecular
interactions at 300 K are reflected by the distribution of the
scattered points in the fingerprint plots, which extend to d. =
d;i = 1.0 A in complex 1, contributing 37.1% of the total
Hirshfeld surface area (Fig. S6bt), the highest among all inter-
actions. In addition, the O---H/H---O interactions contribute
20.4% of the total Hirshfeld surface area (Fig. S6¢t). Among
these, the H---O (19.1%) interactions corresponding to N-
H---O interactions make a larger contribution than the O---H
(1.3%) interactions, which are represented by the spikes in the
bottom right and left regions (d. + d; ~ 1.75 A). The relative
contributions to the Hirshfeld surface of all the contacts in
complex 1 at 300 K and 60 K are summarized. Compared to
complex 1 at 300 K, the contribution from O---H/H:--O contacts
to the Hirshfeld surface increases at 60 K. In addition, hydro-
gen bond distances (A) and angles (°) for 1-ClO, at 60 K and
300 K are listed in Table S14.f In summary, the Hirshfeld
surface analysis proves that complex 1 exhibits weak inter-

Fig. 4 (a) Hirshfeld surface analysis of complex 1 at 60 K, showing the
dhorm Surfaces of the mono-cationic unit. (b) Crystal packing of complex
1 at 300 K, viewed along the a axis. (c) View of the 1D hydrogen-bond
chain of complex 2.
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molecular interactions at both 60 K and 300 K, without
forming a one-dimensional chain structure.

The crystal packing of complex 1 at 300 K shows loosely
arranged [Mn(4F-sal,323)]" cations with no significant short-
contact interactions (Fig. 4b). The nearest Mn---Mn distances
are 7.764 A at 60 K and 7.863 A at 300 K along the a axis, pro-
viding sufficient space for coordination geometry changes
required for SCO. This results in hysteretic SCO behavior with
a 10 K thermal hysteresis loop. Additionally, a substantial
decrease in octahedral distortion parameters is observed when
cooling from 300 to 60 K, indicating significant structural
changes. Temperature-dependent permittivity measurements
on complex 1 show a typical in-phase step change of the dielec-
tric parameter in the 70-100 K range, corresponding to the
SCO transition temperature (Fig. 5). The variation in dielectric
constant was 0.43, consistent with the previously reported A¢’
(Ae' = elzs — €fs), where eps and eis represent the dielectric
constants for the HS and LS states, respectively. This change is
attributed to local structural modifications at the SCO centers,
leading to significant conformational adjustments, especially
the pronounced swing motion of the fluorobenzene rings.

The fingerprint plots of complexes 2-5 at 300 K show stron-
ger intermolecular interactions compared to complex 1, with
more prominent red spots (Fig. S8t). The hydrogen bond dis-
tances (A) and angles (°) for complexes 2-5 are listed in Tables
S15 and S16.f These interactions, particularly N-H---X hydro-
gen bonds, are crucial for the hysteretic SCO in the ClO,~
complex and gradual SCO in AsFs~, PFs, ReO,”, and NO3~
analogues. For example, in complex 2, N-H:--F interactions
have distances of 3.029 A and 3.066(11) A at 300 K, decreasing
to 2.960(6) A and 3.024(6) A at 35 K (Fig. 4c and Table S151).
These interactions form continuous supramolecular chains
with parallel cations and zigzag anions, making the chain
more rigid. It is noteworthy that the relatively small sizes of
ReO,” and NO;™ in complexes 4 and 5 lead to tighter mole-
cular packing. Specifically, complex 4 exhibits the shortest
Mn---Mn distance along the a-axis (7.5155 A) in the series,
while complex 5 shows the shortest Mn---Mn distance along

——0.5kHz

9.09 —1imz
——25kHz
5 kHz
8.9 7.5kHz
. 10 kHz
25 kHz
——50kHz
8.8 lou
. — z
W ——250 kHz / 300K

8.7 7 f
8.6 / 4

8.51 60 K

40 60 8 100 120 140
TIK

Fig. 5 Temperature dependence of the in-phase of the dielectric para-
meter (¢) for complex 1 in cooling mode. The background image shows
the overlapped molecular structures of 1 at 60 K (blue) and 300 K (pale
pink).
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the b-axis (8.2355 A) (Fig. S9 and Table S16%). This closer
packing stabilizes the LS state and restricts ligand flexibility
through strong hydrogen bonding, preventing distortion of
Mn™ coordination geometry and hindering spin transition of
the [Mn(4F-sal,323)]" cation. As a consequence, complexes 4
and 5 exhibit incomplete SCO and maintain LS characteristics.
Conversely, the larger size of the AsFs~ and PFs~ anions in
complexes 2 and 3 cause longer Mn---Mn distances and looser
packing, favoring the HS state. However, this also increases C-
H---F interactions, leading to incomplete SCO and maintaining
HS characteristics. The AsF,~ system shows a disordered anion
suggesting it doesn’t quite fit in the hole in the structure.
Indeed, subtle variations in the anion can lead to shifts in the
SCO transition temperature, changes in the hysteresis width,
or fundamental changes in the nature of the transition, such
as a transition from abrupt to gradual.

The influences of counterions on the coordination environ-
ment are also reflected by the redox potential of the com-
plexes. Therefore, electrochemical investigations for complexes
1-5 were performed using cyclic voltammetry (CV) in aceto-
nitrile solution containing 1-5 (1 mM) with 0.2 M ("BuyN)PF,
as the electrolyte.”® The voltammograms are depicted in
Fig. 6a and S11.f The cyclic voltammetry data are given in

(a)

Mn(l1yMn(lll)

£ -0.03V

c

o

5

O

+0.76 V
-0.25V
Mn(1ll)/Mn(1V)
1 0 1 2
Potential(V) vs. Ag/AgCI
1.0
(b)
O.B-U
+e-
8 Mn(ll) <«——— Mn(ill)
€061 \
2
[o]
204l
<" \
\
0.2 1 k
0.0 i ] i
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Wavelength / nm

Fig. 6 (a) Cyclic voltammograms of 1 in 0.2 M ("BusN)PF¢/MeCN with a
scan rate of 0.1 V s~ (b) Solution-state spectroelectrochemistry of 1 in
0.2 M ("BuyN)PFs/MeCN over the potential range of 0.0 V to —0.65 V.
Ag/AgCl was selected as the reference. Arrows indicate the change in
absorbance with the application of potential.
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Table 2 Cyclic voltammogram data of complexes 1-5 in MeCN con-
taining 0.2 M ("Bu4N)PFg as the electrolyte with a scan rate of 0.1V s™*
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Table 3 Calculated p(Namine). 2(Nimine). £(O), and experimental SCO
temperature (Ty,,) values of complexes 1-5

Mn(u)/Mn(n) Mn()/Mn(1v) 1 2 3 4 5

Complex  EplV  EpN  EipN  EnlV  En/V  Epv Ol —0.65232  —0.64537  —0.63659  —0.64348  —-0.64314

02 —0.64484 —0.65067 —0.64782 —0.65165 —0.63744
1 -0.25 -0.03 -0.14 0.99 0.76 0.88 N3 —0.49945 —0.51961 —0.52063 —0.52629 —0.52835
2 -0.18 —0.01 -0.10 0.79 0.75 0.77 N4 —0.45097 —0.50409 —0.5004 —0.50342 —0.49621
3 -0.19 —0.06 -0.13 0.79 0.73 0.76 N5 —0.28012 -0.2711 —0.27476 —0.27468 —0.27758
4 -0.19 —0.09 -0.14 0.78 0.74 0.76 N6 —0.27457 —0.27306 —0.28065 —0.27911 —0.26736
5 -0.28 -0.01 -0.15 0.83 0.74 0.79 T1/a 95 82 92 192 294

Table 2. The voltammograms of complexes 1-5 exhibited a
quasi-reversible oxidation process of the Mn'™ to Mn" at
approximately 0.76-0.88 V wvs. Ag/AgCl. Additionally, the
reduction from Mn™ to Mn" occurred in the range of —0.10
and —0.15 V. The reduction potentials follow the order of 5
(Eyjp=—0.15V) > 4 (Ey)p = —0.14 V) & 1 (Ey), = —0.14 V) > 3 (Ey)»
= —-0.13 V) > 2 (Ey;, = —0.10 V), while the oxidation potentials
increase in the order of 3 (Ey/, = 0.76 V) % 4 (Ey, = 0.76 V) <2
(E1/2 =0.77 V) <5 (E1/ = 0.79 V) <1 (E;;, = 0.88 V), indicating a
significant influence of the counterions on the redox pro-
perties of these complexes.

To gain further insight into the redox behavior, we per-
formed in situ spectroelectrochemical measurements on com-
plexes 1-5 in 0.2 M ("BuyN) PF¢/MeCN between 0.0 V and
—0.65 V vs. Ag/AgCl (Fig. 6b and S127). During the reduction
process of complex 1, the intensity of the LMCT band originat-
ing from phenolate - Mn™ (P, — d,) at 260 nm decreased,
accompanied by the appearance of a new band at 410 nm that
can be attributed to a CT from phenolate — Mn". Similarly,
the absorption spectra of complexes 2-5 exhibited a decrease
in intensity at 260 nm and an increase at 400 nm. The pres-
ence of the isosbestic points at 295 and 480 nm indicates that
a single reduction process occurs, confirming the quasi-revers-
ible nature of the transition between [Mn"(4F-sal,-323)]" and
[Mn"'(4F-sal,-323)], as observed in the cyclic voltammogram.

All the complexes exhibit nearly the same packing patterns,
except for differences in the number and distances of inter-
molecular hydrogen bonds. Magnetic measurements and
structural analysis indicate that the sizes of the counterions
play an important role in the coordination field strength at the
Mn center and the redox potential. These hydrogen bond inter-
actions involve the amino nitrogen coordinated to Mn. It is
expected that these interactions will affect the charge density
on the nitrogen atom and the coordination strength with Mn,
thereby influencing the spin crossover (SCO) transition temp-
erature. To qualitatively explain this, we performed density
functional theory (DFT) calculations.>*

We conducted the theoretical MO calculations on the series
of 4F-323 ligands and performed DFT calculations in the
Gaussian 16 package. The B3LYP Hamiltonian with the 6-
311G-(d,p) basis set was selected.’® The geometry of complexes
was extracted from the crystal diffraction structure data with
optimization of hydrogen atoms. Only the ligand portion was
subjected to the energy calculation, additional keywords were

12838 | Dalton Trans., 2025, 54, 12831-12840

included to save natural atom orbitals (NAOs), and NAO-based
analysis was further conducted using Multiwfn to characterize
the atomic charge of atoms involved in coordination.’®*”
Because the crystal field is highly sensitive to the charge distri-
bution or electron population of the coordinating atom, the
atomic charge on the amine nitrogen could be utilized to
qualitatively evaluate the influence of the counterion on crystal
field strength and SCO properties. It should be pointed out
that natural population analysis (NPA) provides more accurate
results compared to Mulliken population analysis, especially
when high-precision basis sets are employed.”® Therefore,
natural orbital population analysis was conducted using the
natural bond orbital (NBO) method.

The natural charges of the six coordinating atoms along
with the electron density at nitrogen (p(N/O)) were calculated
(Table 3). These values vary depending on the counterion, with
p(N3) and p(N4) in complex 1 being significantly lower than
those in the other complexes. This discrepancy is due to the
weaker hydrogen bonding interactions between the amino
nitrogen (N3/N4) and the ClO,” anion in complex 1.
Furthermore, a negative correlation is observed between T,
and p(N3) (Fig. S131). The molecular electrostatic potential sur-
faces for complexes 1-5 are depicted in Fig. S8.1 Fingerprint
plots for complexes 2-5 at 300 K reveal more prominent red
spots compared to complex 1 when the complex cation sur-
faces are mapped using the d,om function. Analysis at 300 K
indicates that the H---F and H---O interactions are among the
primary intermolecular interactions in complexes 2-5, contri-
buting 32.1%, 32.1%, 20.2%, and 15.3%, respectively, of all
interactions. Notably, these interactions remain relatively
unchanged or are slightly increased during the cooling process
of complexes 2-5. The amino nitrogen atoms exhibit more
electronegative characteristics in complexes 2-5, with the
amino N atoms in these complexes being more negative than
those in complex 1. The atomic charge on the imine nitrogen
atoms, extracted through natural population analysis, further
confirms these observations.

Conclusions

In summary, we described the synthesis and crystal structures
of a series of new salts based on the six-coordinated mono-
nuclear manganese(ur) Schiff-base complex cation [Mn(4F-

This journal is © The Royal Society of Chemistry 2025
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sal,323)]X. Variable-temperature single-crystal X-ray crystallo-
graphy analysis and magnetic measurements provided firm
evidence for the counterion effects of this system. Subtle vari-
ations in the anion can lead to shifts in the spin crossover
transition temperature, changes in the hysteresis width, or
fundamental changes in the nature of the transition, such as a
transition from abrupt to gradual. Careful evaluation of the
supramolecular structures of these complexes revealed strong
correlations between supramolecular packing forces and their
SCO behavior. The electron population analysis at the ligating
nitrogen atom in a metal-free ligand by means of the DFT MO
method provides one of the most convenient and powerful
ways to explain and predict the SCO temperature. Our work
provides relevant references for controlling spin transition be-
havior through modulation of intermolecular interactions and
for the development of solid-state spin transition devices.
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