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Discrete spin crossover (SCO) tetranuclear cages are a unique class of materials that have potential use in
next-generation molecular recognition and sensing. In this work, two new edge-bridged SCO Fe');LG (L=
2,7-bis(((E)-pyridin-2-ylmethylene)amino)benzollmn] [3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone) supra-
molecular cages with different counter anions: ClO4~ (2) and CFsSO3™ (3) were constructed via subcom-
ponent self-assembly to investigate both solvent and anion influences on their magnetic properties and
compare them to cage 1 with a BF;™ anion. Pyridyl-hydrazone bidentate ligand scaffolds were employed
to replace the ‘classical’ imidazole/thiazolyl-imine coordination units to induce SCO behaviour in these
cages. 2 and 3 were structurally characterized by single-crystal X-ray diffraction analysis and electrospray
ionization time-of-flight mass spectrometry. Magnetic susceptibilities of 1-3 and 1-3-desolvated indicate
that the solvents’ presence is in favor of the low-spin (LS) state. While different counter anions in
1-3-desolvated affect the spin-state configurations of the four Fe' metal centers. According to the
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57Fe Mossbauer spectral analysis, the spin-state distributions in 1-3 at 80 K are [2 high-spin (HS)-2LS],
[IHS-3LS] and [2HS-2LS], respectively and density functional theory calculations were employed to
investigate the reasons. These findings provide insights to regulate the spin-state versatility of SCO Fe'
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Introduction

Fe" spin crossover (SCO) complexes have attracted enormous
attention due to their potential applications in information
memories, nano-electronics/spintronics and sensors.”” The
reversible spin transition between paramagnetic high-spin
(HS) and diamagnetic low-spin (LS) states can be achieved by
exposure to external physico-chemical stimuli such as vari-
ations in temperature, pressure, light irradiation and guest
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chemical modification.>* So far, the design and synthesis
methods of mononuclear Fe" SCO complexes with FeNg
pseudo-octahedral coordination geometry have been systemati-
cally studied because of their somewhat simplified ligand con-
formations as well as structures.>® However, research on poly-
nuclear (from binuclear to octanuclear) Fe" SCO compounds
is still in the exploratory phase.” In particular, the tetranuclear
tetrahedral molecular cages have attracted a great deal of inter-
est because of the presence of well-defined central cavities,
which offer the possibility of altering the SCO behavior via
host-guest interaction.®® Meanwhile, the specific recognition
of guest molecules due to size effects or steric hindrance in
the cavity could induce variations in spin states'® and optical
properties, which may turn the SCO cages into colorimetric
sensors.'’ In addition, the usual requirements for molecular
storage devices involve the need for two stable spin states,
while Fe'" SCO cage compounds theoretically have accessibility
up to five spin states, i.e., (Fe"LS),(Fe"HS),_, (n = 0-4).*

In 2013, Kruger et al. presented the first face-capped Fel'L,
SCO cage, replacing the 2,2-bipyridine and pyridine-imine
coordination sites normally employed in the construction of
LS tetrahedral cages with imidazole-imine sites, as imidazole
N atoms typically possess weaker ligand field strengths than
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pyridine N atoms.'>'* After that, the ‘classical’ imidazole-
imine ligand scaffolds have been widely used for inducing
SCO behavior in Fe" tetrahedral cages by Nitschke,'
Gu,'*%18 1i' and Suzuki.?® In 2019, Li and coworkers devel-
oped an edge-bridged FellLs SCO cage with thiazolyl-imine
coordination sites exhibiting hysteresis phenomenon up to
29 K.*' Clearly, the ligand scaffold is a critical factor in the
realization or modification SCO behaviors in Fe" cage systems,
but proposing a new coordination motif remains challenging
due to the difficulty in matching the appropriate ligand field
and coordination geometry to achieve desired SCO properties.
Also, the acquisition of single crystals for the cages and the
determination of the crystal structure (often containing large
amounts of disordered solvents or anions within the cavity)
are additional challenges.'® For these reasons, the Fe™ SCO
cages development is still in its relative infancy.” To date, only
nine papers (excluding our recent communication®?) have
reported SCO cages in the solid state, resulting in 15 crystal
structures, 14 of which used the imidazole-imine coordination

View Article Online

Dalton Transactions

sites and one cage used the thiazolyl-imine coordination
sites."®*®15721 All ligands reported in literature for the con-
struction of SCO tetrahedral cages are summarized in
Scheme 1. The average Fe-Fe lengths, cavity volumes, CCDC
numbers and counter anions position (inside or outside cav-
ities) of all reported SCO cages are summarized in Table S1.}
Recently, we developed the first FellLy SCO cage (1,
Scheme 2) constructed with a pyridyl-hydrazone coordination
core, which is usually used for constructing SCO Fel'L, grids
and Fe"L, mononuclear complexes.”> However, the SCO
profile is gradual, incomplete and without hysteresis loop,
which limits any potential applicability in data storage
devices.”® It is known from literature that two factors, namely
solvents and counter anions, are crucial in determining the
magnetic behavior of SCO materials.>*** For instance, Kruger
et al. reported an interesting mononuclear Fe"' complex that
exhibits a broad two-step full SCO behaviour in the presence of
solvents, while its corresponding desolvated phase converts to
a sharp one-step SCO accompanied by a thermal hysteresis

L11 phenyl
LL12 naphthalene

L13 X=H
L14 X =CH,

Scheme 1 Reported ligands used to construct SCO tetrahedral cages. For L6—L8, both the (R,R) and (S,S) configurations at the chiral (*) center
were used to form cages. [Fe4(L2)4](CF3SO3)g and [Fe4(L8)6l(ClO4)s (R) were not structurally determined, while the cages formed by the other ligands

all have crystal structures (15 in total).
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Scheme 2 Synthetic strategy for the preparation of 1-3.

(10 K).*® Garcia et al. demonstrated two linear regimes
between the volume of the inserted counterions and the tran-
sition temperature (Ty,,) of the [Fe(Rtrz);]** (R = 4-amino-1,2,4-
triazole) one-dimensional polymer chains, ie., when the
volume is between 0.04 nm® and 0.09 nm?®, T,,, decreases as
the volume increases; when the volume exceeds 0.11 nm?, Ty,
tends to saturate (~200 K).>® However, the influence of these
two factors on SCO profiles in Fe"" discrete polynuclear systems
has been relatively little investigated compared to mono-
nuclear and polymeric complexes.”” Among them, binuclear
FellL;  helicates®®®" and  tetranuclear  Fel'L,  grid
complexes***>?*3 are comparatively well established, but tetra-
nuclear cage systems have not been investigated up to now.

In this study, we attempted to investigate the solvent and
counter anion effects on SCO behaviour compared to cage 1.
Two new Fe" tetrahedral cages were synthesized through sub-
component self-assembly using the same pyridine-hydrazone
ligand scaffold but with different counter anions ClO,~ (2) and
CF3S0;~ (3) (Scheme 2). The structures of 2 and 3 have been
confirmed by single-crystal X-ray diffraction and electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS), and
their magnetic properties were carefully investigated by SQUID
magnetometry and *’Fe Mossbauer spectroscopy. Magnetic
data indicate that the solvents presence in 1-3 stabilize the LS
state, while different counter anions in 1-3 affect the spin-
state configuration of the four Fe metal centers. This work
provides insights into the design of a new type of Fe" SCO
cages and may also serve as a reference for chemists aiming to
tune the multiple spin-state distribution in tetranuclear Fe''
cage systems.

Results and discussion
Synthesis

The subcomponent ligand N,N-diaminonaphthalene-1,4,5,8-
tetracarboxydi-imide was synthesized through a condensation

This journal is © The Royal Society of Chemistry 2024

reaction in acetone.** Cage 2 and 3 were prepared by subcom-
ponent self-assembly, which is a well implemented tool to sim-
plify ligand and complex supramolecular cage structures syn-
thesis through forming dynamic covalent (C=N) and coordi-
native (N — M) bonds.*® Six equivalents of N,N-diamino-
naphthalene-1,4,5,8-tetracarboxydi-imide were mixed with 12
equivalents of 2-formylpyridine and 4 equivalents of Fe
(ClO4),6H,0 or Fe(CF;S03), in acetonitrile and heated at
65 °C under Ar(g) both giving purple solutions, corresponding
to 2 and 3, respectively (Scheme 2, see ESIT). After filtration,
diethyl ether was slowly diffused into the filtrate over a period
of time at room temperature, producing single crystals suitable
for X-ray crystallographic analysis. Notably, the crystals of 2
and 3 are quite small and unstable, ie., they readily redis-
solved into acetonitrile as the ether evaporated during harvest-
ing of the crystals. To be able to manipulate the crystals prior
to data collection, transferring the crystals to a high boiling
point solvent, such as tetrahydrofuran or isopropyl ether,
could effectively alleviate this issue.>” We also tried some Fe"
salts with other counter anions, such as FeCl,-4H,O, FeBr,,
FeS0,-7H,0, and [Fe(H,0)¢](psca),-2H,O (psca = para-sulfo-
cinnamic acid) but found that the reactants did not form a
clear solution in acetonitrile. Furthermore, based on literature
research, only these three anions (BF,”, ClO,” and CF;SO;7)
were utilized in the majority of Fe"-based supramolecular
cages characterized by single crystal X-ray diffraction.””’

Crystal structure of 2

Single-crystal X-ray diffraction (SXRD) analysis performed
upon red-block crystals of 2 at 120 K revealed the complex crys-
tallized in the triclinic P1 space group with a unit cell volume
of 8837.4(13) A* (Z = 2). The detailed crystallographic and
refinement data are summarized in Table 1. As shown in
Fig. 1a, the Fe" cage is constructed of four metal centers occu-
pying the apex of the tetrahedron and six ligands located at
the edges of the tetrahedron, forming an edge-bridged con-
figuration. Each Fe'" ion is found to be coordinated with six

Dalton Trans., 2024, 53,1449-1459 | 1451
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Table 1 Crystal data and structure refinement details for 2 and 3
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Sample 2 3

T (K) 120 100

Formula Cis6HgaFe N360,4-8(ClO,)-3(C,H;N) [+solvent)] [Ci56HgaFesN36024]5-13(CF350;)-11(C,H;N) [+solvent]
Formula weight 3988.75 8529.48
Radiation (A) MoK, (0.71073) MoK, (0.71073)
Crystal system Triclinic Monoclinic
Space group P Ia

a (A) 16.7950(17) 28.3061(4)

b(A) 16.8250(12) 22.1383(2)

c(A) 33.0377(19) 70.1304(9)

a () 75.558(6) 90

B(°) 78.046(7) 98.3311(13)

7 (°) 89.230(7) 90

Vv (A%) 8837.4(13) 43 483.4(10)

zZ 2 4

Peale (g cm™) 1.499 1.303

Absorption coefficient (mm™") 0.541 0.418

6 range (°) 2.513 to0 20.815 2.854 t0 25.697
F(000) 4054 17308

Crystal size (mm) 0.1 % 0.08 x 0.01 0.12 x 0.1 x 0.02
Reflections collected 34789 239369
Independent reflections 17 635 [R(ing = 0.0809] 78 695 [R(ing) = 0.0601]
Data/restraints/parameters 17 635/673/2514 78 695/1859/5206
Goodness of fit on F* 1.282 1.141

Ry, WR; (1> 20(1))
Ry, WR, (all data)

0.0951, 0.2111
0.1684, 0.2373

nitrogen atoms (FeNg geometry) from three bidentate pyri-
dine-hydrazone binding pockets. The Fe-N coordination bond
lengths vary from 1.96 A to 1.99 A, suggesting that the Fe"
centers are in the LS state at 120 K (Table S21).%° The average
octahedral distortion parameter (X) for Fe'' centers is equal to
62.82° (defined as the sum of deviations from 90° of the 12
Fe-N cis angles; X~ = 0° is the ideal octahedron and increases
with the degree of deformation®®). Similar X value can be
observed in reported Fe" SCO tetranuclear cages with Ng
coordination cores in LS state.” The average Fe-Fe distance
within tetrahedron is 12.63 A (Fig. S11). Eight ClO,” anions
were present in the asymmetric unit, two of which were dis-
ordered and all located around the cage, with no anions found
inside the cavity. The pyridine C-H in the ligand systems inter-
act with the terminal O atoms in ClO,~ anions or the O atoms
in ketone group to form C-H---O interactions that link the
neighboring cages (Fig. 1b). In the crystal packing viewed
along the g-axis, the tetranuclear units are arranged in parallel
sheets, forming a clear porous structure (Fig. 1c).

Crystal structure of 3

SXRD analysis at 100 K revealed that 3 crystallized in the
monoclinic Ia space group and the unit cell volume is 43 483.4
(10) A® with Z = 4. Two Fe" cages were observed in the asym-
metric unit, yet only thirteen CF;SO;™ anions could be located
in the electron density out of 16 excepted anions for the eight
Fe" ions. The remaining 3 anions reside in the large solvent
cavity (>25% of the unit cell volume) and are most likely dis-
ordered. The tetranuclear complex 3 has a similar tetrahedral
FellLs configuration as in 2, with a RMS deviation of about
0.28 A% between them (Fig. 2a). The Fe-N bond distances at
100 K range from 1.97 A to 2.00 A, in agreement with a LS Fe"

1452 | Dalton Trans., 2024, 53,1449-1459

0.0748, 0.1880
0.0883, 0.1987

electronic configuration (Table $31).%° 3 yielded a X value of
62.76°, indicating a similar irregularity degree of the octa-
hedron geometry to that of 2. The average intra-tetrahedral
Fe-Fe distance in 3 is 12.29 A (Fig. S27), slightly shorter than
that found in 2. OTf™ anions bridging two adjacent cages by
C-H---O interactions can also be observed in 3 (Fig. 2b). The
crystal lattice creates interplanar spaces in the form of zigzag
channels (Fig. 2c).

Characterization of 2 and 3

The tetranuclear nature of 2 and 3 was further demonstrated
from ESI-TOF-MS measurements, which revealed a series of
species with charge states varying from 3+ to 8+ owing to the suc-
cessive loss of counterions and the experimental isotopic patterns
matched well with simulated results (Fig. S3 and S4f). For
example, in cage 2, ion peaks at mj/z 1189.0433, 866.7963,
673.6477, 452.7633 and 383.6741 are assigned to [FesLg(ClO,)s]**
[Fe,Ls(ClO,),]", [FeaLo(ClO4)s]*", [FesLe(ClOL)]Y, and [Fe,Lel®*
species, respectively (Fig. S3b-S3ff). As shown in Fig. 3a,
the Fourier-transform infrared (FT-IR) spectra of 2 and 3 show
typical stretching of the C—=N functional groups at 1584 cm™*
from pyridyl-imine.>” The absorption bands centred at 1054 cm™
in 2 reveals the existence of ClO,  anions, while the peaks at
1028 and 637 cm™! in 3 are ascribed to the vibration of CF;S0;~
anions.””?” Scanning electron microscopy equipped with
energy dispersive spectroscopy (SEM-EDS) was employed to study
micro morphologies and elemental distributions. 2 showed a
regular rhombic block morphology (Fig. 3b), while 3 exhibited
an irregular rectangular shape (Fig. 3c). C, O, N, Cl, Fe elements
in 2 (Fig. S5%) and C, O, N, F, S, Fe elements in 3 (Fig. S6%)
were detected in the EDS, and no impurity signals were observed.
The UV diffuse reflectance spectra (DRS) of 2 and 3 in the

1
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Fig. 1 (a) Molecular structure of 2 in solid state at 120 K, all hydrogen atoms, solvents molecules and counter anions have been omitted for clarity;
(b) schematic representation of C—H---O interactions in 2 linking neighboring cages; (c) crystal packing based on polyhedral-model viewed along the
a-axis. Color code: C-dark grey; N-blue; H-light grey; Fe-orange; O-pink; Cl-green.

solid-state exhibit similar absorption bands, i.e. intense bands at
A =385 nm as well as relative weak broad bands centered at
around A = 540 nm (Fig. S71). The former is likely arising from
the ligand-centered n-n* transitions, while the latter is assigned
to the metal-to-ligand charge transfer (MLCT) transition, which
features the coordination of Fe™ centers to imidazole-imine or
pyridyl-hydrazone-based large aromatic ligands."”** The thermo-
gravimetric analysis (TGA) indicated that the thermal stability of 3
exceeds 250 °C, which is similar to 1, while for cage 2 no high
temperature analysis was performed due to the potential
explosion risk of perchlorate*® (Fig. S8 and S97).

Solvent effects on the SCO properties

To investigate solvent effects on the SCO properties, DC mag-
netic susceptibility experiments were performed on 1-3 and
in situ obtained 1-3-desolvated at different temperature
ranges. Since solvent effects on the SCO properties of these
cages are similar (Fig. 4 and Fig. S10t), we shall only detail the
ones of 2. Given the high solubility of fresh crystals of 2 in
acetonitrile, these were rinsed several times with an antisol-
vent (diethyl ether) and dried in the air, prior to SQUID
measurements. The molecular formula of 2 was confirmed by
elemental analysis and TGA (Fig. S81) as FellLs(ClO,)s10H,0.

This journal is © The Royal Society of Chemistry 2024

The presence of water molecules is presumably due to the fact
that the cage adsorbs water molecules from air through hydro-
gen bonding during the drying process, ie., OH--O and
OH---N, given that the ligand structures of these cages are rich
in both oxygen and nitrogen atoms. As shown in the black
curve of Fig. 4, the y,T value of 2 gradually decreases from
5.24 cm® mol™ K at 300 K to 2.27 cm® mol™* K at 50 K, indicat-
ing that approximately one Fe'' center has undergone a spin
state transition from HS to LS, as the expected spin-only y,T
value of one HS Fe" ion is 3 cm® mol™ K.** The subsequent
heating curve from 2 to 300 K overlaps well with the cooling
curve, demonstrating that the SCO behavior is reversible and
without hysteresis for 2. After annealing at 400 K, the non-sol-
vated compound FelL4(ClO,)s (2-desolvated) was obtained.
The ymT value at 400 K is 11.05 cm® mol™" K, however the
shape of the curve (no plateau detected) shows that the cage is
not in the full HS state. As the temperature is lowered, the y,,,T
product again gradually decreases, with a trend similar to that
of 2. At 50 K, the y,,T product is 3.42 cm® mol™" K, suggesting
that one Fe" center remained in the HS state, i.e. [THS-3LS],
while about two Fe" centers experienced SCO during the
cooling process. The slight decrease in y,,T below 20 K for
both samples is likely attributed to zero-field splitting of HS

Dalton Trans., 2024, 53,1449-1459 | 1453
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Fig. 2 (a) Molecular structure of 3 in solid state at 100 K, all hydrogen atoms, solvents molecules and counter anions have been omitted for clarity;
(b) schematic representation of C—H---O interactions in 3 linking neighboring cages; (c) crystal packing based on ball and stick style viewed along
the b-axis. Color code: C-dark grey; N-blue; H-light grey; Fe-orange; O-pink; F-yellow.

(a)

C=N groups

Intensity/a.u.

CF3S0O3™ anions

_2

ClO4  anions

T T 1 L] L] ] T
2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber/cm™

Fig. 3 (a) FT-IR spectra for 2 and 3; SEM images of 2 (b) and 3 (c).

Fe" ions.?® Similarly, no hysteresis effect was observed in the without a significant effect on the SCO profile. Magnetic data
magnetic profile. Thus, the presence of solvent molecules for 1 and 3 exhibited similar results (Fig. S10t). This phenom-
stabilizes the LS state, as indicated by the lower y,,,T values at enon is presumably attributed to the guest effect in SCO supra-
the same temperature compared to 2-desolvated, but overall molecular cage compounds, in which water molecules form

1454 | Dalton Trans., 2024, 53, 1449-1459 This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Temperature dependence of the y,,T product for 2 (black circles;
300-2-300 K), desolvation of 2 in the SQUID chamber (blue circles;
302-400 K) and 2-desolvated (red circles; two cooling and heating
cycles in the range of 400-2 K).

weak interactions such as hydrogen bonds with N (pyridyl-
hydrazone groups) or O (ketone groups) atoms in the ligand
system near the Fe" centers, thus changing the electronic
environment around the Fe'' nucleus and affecting its spin
state.’®>* Previous studies performed on analogous SCO Fe'
cage compounds demonstrated a similar trend."**®

Anion effects on the SCO properties

To investigate the counter anion effects on the magnetic pro-
perties of the new tetranuclear cage family, complexes 1-3
with different anions (BF,”, ClO,~ and CF;SO;~ respectively)
were prepared. All samples were annealed at 400 K within the
SQUID cavity to rule out any solvent effect on the SCO
properties.

As shown by the green plot of Fig. 5, the y,,,T value for 3 is
12.40 em® mol ™" K at 400 K, decreasing to 6.03 cm® mol ™' K at

12F o 1-desolvated
o 2-desolvated
~~ 10 B .
< 3-desolvated
3
E
£
)
=
g
=
0 \ \ \
0 100 200 300 400

T (K)

Fig. 5 Temperature dependence of the y,,,T product for desolvated 1-3
in the range 400-2 K (two cycles of cooling and warming).
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50 K as the temperature decreases, presumably due to a SCO
from HS to LS states of Fe' ions. The decrease in y,,T below
20 K is ascribed to zero-field splitting of the HS Fe" ions.*®
Hysteresis phenomenon was also not observed during the two
rounds of heating and cooling processes in 3. In addition, the
ymT product at 50 K indicates approximately two Fe™ centers
are present in the LS state, i.e. [2HS-2LS], similar to 1 but with
one more HS center compared to 2. Thus, from the magnetic
data is evident that the counter anions influence the spin-state
distribution of the four Fe" ions, e.g. at 80 K the spin states of
the desolvated form of 1, 2 and 3 are [2HS-2LS], [1HS-3LS]
and [2HS-2LS], respectively. Density functional theory calcu-
lations were used to investigate the causes of this phenom-
enon (vide infra). Furthermore, we noticed that the anion
change did not effectively enhance the cooperativity in the
system leading to no significant modification in the SCO pro-
files. This may be due to the fact that the anions are not
located in the internal cavities of 1-3 and therefore the host-
guest interaction is weak, not sufficient to cause any structural
changes (Fe-N bond length) or alter the geometry of the metal
ion in the cages during the spin transition.>*° Also, the
volume of the counter anions is not directly related to the dis-
tribution of the spin states, as the volumes of BF,~ (53 A%) and
CF;S0;™ (85 A®) differ significantly, but the spin states of the
Fe" ions are analogous, unlike the pattern observed in the
[Fe(4-amino-1,2,4-triazole);]*" 1D polymer chain®® and tetra-
nuclear grid systems.*?

To further investigate the spin state distribution, *’Fe
Mossbauer spectroscopy was conducted at 80 K on desolvated
1-3 samples. The spectrum of 2-desolvated shows two quadru-
pole doublets (Fig. 6b). The first doublet with blue color exhi-
bits an isomer shift of § = 0.45 mm s™* and a quadrupole split-
ting AEq = 0.36 mm s, which is characteristic of LS Fe" ions
with an area fraction (4) of 80%.* The second doublet with red
color [6 = 1.19 mm s™'; AEg = 3.09 mm s~ '; A = 20%] is
assigned to HS Fe ions.” The LS/HS Fe' ratio is 80:20%,
approximating to [1HS-3LS] spin state distribution (Fig. 6e).
The Mossbauer spectrum of 3-desolvated also exhibits two
quadrupole doublets: [§ = 0.44 mm s~ "; AEq = 0.35 mm s ; A
= 56%; blue] and [6 = 1.17 mm s '; AE, = 3.13 mm s~} 4 =
44%; red], corresponding to LS and HS Fe" ions, respectively
(Fig. 6¢). The LS/HS Fe' ratio is 56 : 44%, similar to that of 1 at
80 K [62% (6 = 0.45 mm s™'; AEg = 0.36 mm s~ '):38% (6 =
1.17 mm s™'; AE, = 3.12 mm s~ )] (Fig. 6a),”* which is close to
[2HS-2LS] spin states pattern and is consistent with the mag-
netic susceptibility analysis (Fig. 6d and f). Similar § and AEq
values can be observed in previously reported polynuclear Fe'
complexes with a FeNg coordination mode and no traces of
Fe'™ ions were detected.**>*!

DFT calculations

In order to get a better understanding of the SCO behaviour of
the cages, we applied density functional theory calculations
using ORCA 5.0."> As the whole cage including anions would
be too large to be studied computationally, first we modelled
the [FelLg]*" core in the absence of anions in order to: (i)
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check the effect of systematically changing the spin of one Fe
centre on the structure and energy of the complexes; (ii) select
a functional that best describes our system; (iii) compare the
Mossbauer parameters of the various spin isomers with experi-
mental data. Next, we used a simplified system with truncated
ligands and a single iron centre to study the effect of the
anions.

Thus, first we focused on the impact of the SCO on the
whole molecular structure of [Fel'L¢]** complex cation. Due to
the large number of atoms, the efficient BP86 functional was
chosen for the geometry optimization for individual spin
isomers labeled as 4LS, 3LS-1HS, 2LS-2HS, 1LS-3HS, and
4HS. Their molecular geometries are available in ESL.{ The
properties of the respective coordination polyhedra were evalu-
ated with OctaDist*® and are summarized in Table S4.f The
average Fe-N distance increases from 1.964-1.965 A in the LS
state to 2.156-2.158 A in the HS state, and is accompanied by
the increase of X-parameters quantifying the distortion of octa-
hedra from 59-60° to 88-89°. The volume change associated
with SCO was also evaluated by calculating the volume of the
tetrahedron defined by the atomic positions of four Fe atoms
in each spin isomer of [FellL,]*" cage complex (Table S57).
Each spin state transition induces 0.8-1.1% volume change,
and the volume increases from 226.4 A® for 4LS to 235.2 A® for
4HS. Next, single-point electronic energies were calculated for
each spin isomer with hybrid functional B3LYP and with
hybrid meta-GGA functional TPSSh. These calculations
showed that the energy is increasing gradually from 4LS to
4HS and that the energy differences are almost equidistant for
all spin transitions, but in magnitude vary significantly upon

1456 | Dalton Trans., 2024, 53, 1449-1459

the applied DFT functional (BP86: ~34 kcal mol™, B3LYP:
~3.5 kcal mol™, TPSSh: ~18 kcal mol™", see Table S67). The
reasonably small value found by B3LYP is in accordance with
the experimentally observed SCO behaviour. The calculated
near-equal energy differences for each spin transition imply
that the coupling between the various Fe centres is weak and
they do not significantly influence the spin state change of
each other and is also in very good accordance with the
gradual change of the overall spin state evolution monitored
by the magnetic measurements. The respective Mulliken and
Lowdin spin populations on iron atoms correspond nicely to
expected values for 4LS, 3LS-1HS, 2LS-2HS, 1LS-3HS, and
4HS individual spin isomers (Table S6 and Fig. S117). Finally,
DFT methods were used to provide information about *’Fe
Mossbauer spectroscopy parameters, namely the isomer shift
(6) and the quadrupole splitting (AEq) to validate the calcu-
lated geometries and properties. However, to our best knowl-
edge, there is no DFT calibration study done using the new
version of ORCA 5.0, which uses different numerical grids
than previous versions for which several such studies are avail-
able. Nevertheless, we took inspiration from Papai et al.** and
selected iron(u) complexes with {FeNs} chromophore in LS and
HS state for which the calibration study was performed
(Table S7 and Fig. S127). This enabled us to calculate § for all
spin isomers of [FellL¢]** cage complex, which are reported in
Table S8t and in Table 3 with B3LYP functional. Indeed, there
is good agreement with the experimental parameters in
Table 2, which: (i) implies that the effect of anions is indeed
small on Mossbauer parameters; (ii) supports the reliability of
the selected theoretical procedures.

This journal is © The Royal Society of Chemistry 2024
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Table 2 5’Fe Mdssbauer parameters for desolvated 1-3 samples

Maossbauer parameters

Spin state AlAgor 5 (mm AEq (mm  [7/2 (mm
Samples Fe(n) (%) s s st
1 LS (blue) 62 0.45 0.36 0.34
HS (red) 38 1.17 3.12 0.52
2 LS (blue) 80 0.45 0.36 0.33
HS (red) 20 1.19 3.09 0.58
3 LS (blue) 56 0.44 0.35 0.30
HS (red) 44 1.17 3.13 0.52

Table 3 Calculated >’Fe Mdssbauer parameters for 4LS 3LS—1HS 2LS—
2HS 1LS-3HS and 4HS spin isomers of [Fe"{LS]8+ cage complex from
B3LYP functional

Spin isomer Spin state 5 (mms™)at 4.2 K |AEq| (mm s™)
4LS LS 0.468 0.331-0.339
3LS-1HS LS 0.465-0.468 0.325-0.344

HS 1.063 3.394
2LS-2HS LS 0.463-0.465 0.319-0.337

HS 1.062-1.064 3.361-3.483
1LS-3HS LS 0.463 0.325

HS 1.057-1.062 3.353-3.444
4HS HS 1.057-1.058 3.407-3.420

After having established that: (i) spin state changes of the
Fe centres are practically independent of each other; (ii) B3LYP
produces relative energy differences between HS, LS and mixed
HS-LS states of the [Fel'Ls]*" cage in accordance with SCO
phenomenon, we concluded that B3LYP is the most reliable
functional, and turned our attention towards the interaction
between anions and the cage. To reduce the computational
demand, we designed a model system including only one Fe
centre and truncated ligands in the absence and presence of
the anions (models 1-3 with anions BF,~, ClO,” and CF5;S0;™,
respectively see structures in Fig. S137). This smaller model
also allowed us to take the effect of entropy into account. The
results suggest that the anions interact with the ligands
through the pyridine ring, mainly by C-H hydrogens. The local
structure around the Fe centers is not significantly influenced
by the nature of the cages as shown by the Fe-N distances
(Table S97), and this remark is valid in both spin states. The
elongation of the Fe-N distances from LS to HS is perfectly
reproduced by DFT. Interestingly, together with the elongation
of the Fe-N distances in the HS state, the anions come slightly
closer to the Fe center compared to the LS state.

The very similar electronic structure of the three cages was
confirmed by comparing the molecular orbitals with and
without anions. The iron d-orbitals (neither their shape, nor
their energy) and the splitting between the t,, and e, orbitals
are hardly affected (see Table S10 and Fig. S14%). This is
further witnessed by the charges calculated for the various
fragments in the systems (Table S117). The iron charge is not
affected by the nature of the anion contrary to the ligands with
a slightly smaller electron transfer from ClO,” and CF;SO;~

This journal is © The Royal Society of Chemistry 2024
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(~0.25 e~ per anion) towards the ligands compared to the
smaller and harder BF,~ (~0.3 e~ per anion).

The calculated Gibbs free energies for the HS and LS split-
ting of the three cages both by the B3LYP and B3LYP* func-
tionals are in line with the experimentally observed SCO behav-
ior. While spin state splittings are notoriously hard to estimate
properly, it is well-established that increasing the Hartree-
Fock (HF) exchange content of the functional will favor the HS
state.*> In accordance with this knowledge, the HS is favored
by B3LYP (includes 20% HF exchange) and the LS by B3LYP*
(15% HF exchange) for this truncated system. Both functionals
fully agree that the difference between the HS and LS states of
1 and 3 is very similar (Table S121) while 2 has a larger spin
state splitting, in accordance with the experiments. e.g., at the
B3LYP/SVP level of theory the Gibbs free energy differences at
80 K between the LS-HS states of the three cages are the fol-
lowing 1: 2.0 kecal mol™; 2: —0.9 keal mol™*; 3: 2.1 kcal mol™.
The use of a larger basis set or inclusion of a solvent model in
the calculations does not change this conclusion, giving
further confidence to the obtained results.

To gain more insight into the larger stability of the LS state
in 2, the interaction energy between the Fe>* complex with its
ligands and the anions was calculated (Table S13%).
Interaction energies depend significantly more on the size of
the basis than geometries, and larger basis sets are expected to
yield more reliable results. The data of Table S131 suggests
(based on both functionals) that there is a larger difference
between the interaction of the perchlorate anion with the Fe**
complex in the HS and LS states than between those of the
other two anions. e.g., at the B3LYP/TZVP level interaction
Gibbs free energy in the HS/LS states for the three cages are in
kecal mol™: 1: —188.2/-189.8; 2: —193.9/-196.3; 3:
—188.4/-189.2. These results suggest that the slightly larger
stability of the LS state in 2 (compared to 1 and 3) may arise
from the fact that the perchlorate anion presumably interacts
more strongly with the LS state compared to the two other
anions.

Conclusions

In conclusion, we have successfully synthesized two new Fe"!
tetrahedral cages 2 and 3 by subcomponent self-assembly, uti-
lizing the same pyridine-hydrazone ligand scaffold but with
different anions (ClO,~ and CFsSO;, respectively) to study
solvent and counter anion effects on spin crossover properties
based on 1 (BF,"). Single-crystal X-ray diffraction and electro-
spray ionization-time of flight-mass spectrometry analyses
clearly demonstrate the tetrahedral cage structures and their
discrete tetranuclear nature. Temperature-dependent y,,,T plots
show that the presence of solvent molecules stabilizes the LS
state in 1-3, but does not have a dramatic effect on the tran-
sition temperatures as well as on the shape of the spin cross-
over profiles. The counter anions effect was studied among
desolvated 1-3. Magnetic data and *’Fe Mossbauer spectral
data show that the anions influence the spin-state distri-
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butions of the Fe'" ions, and the cause of this phenomenon
was systematically investigated by density functional theory
calculations. Further studies on the influence of substituents
on the spin crossover profiles are therefore anticipated in this
new cage family.
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