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ABSTRACT: Multistep spin crossover (SCO) compounds have
attracted much attention, since they can be great candidates for ¥

high-density multinary memory devices. The introduction of )Y, 0
substituents, such as methyl (Me), chloro (Cl), bromo (Br), and /Q/ Q
methoxy (MeO) groups, at para positions to the phenyl-
substituted tripodal N ligand-coordinated SCO Fe material,
[FeL™](NTF,), [where L™ = tris(2-{[ (1-phenyl-1H-1,2,3-triazol-
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4-yl)methylidene]amino}ethyl)amine and NTf, = bis- %\H iﬂﬁ\)/\i l//\‘i;& . Spin crossover (SCO) deactivation
(trifluoromethanesulfonyl)imide], affords a new family of :(5 Y\;fﬁ Y\; 45 Y\/( - 1-step (half) SCO

solvent-free Fe'' complexes: [FeL**™](NTf,), {where L**™ = & f», j/\/k 55, j/\/k ©F . 2.step SCO
tris[2-({[1-(4-R-phenyl)-1H-1,2,3-triazol-4-yl Jmethylidene} - H\/ H\// ii e - 3-step SCO with hysteresis

amino )ethyl]amine, where R = Me (1), CI (2), Br (3), and MeO

(4)}. 1 shows temperature invariant high-spin (HS) state, whereas

the others show spin transitions with different characteristics, such as half-SCO (4), two-step SCO (3), and unusual three-step SCO
with hysteresis (2). Mdssbauer and X-ray absorption fine structure (XAFS) spectroscopic studies of them support the magnetic
susceptibilities results. Density functional theory calculations indicate that the electronic effect of different substituents on magnetic
properties is negligible in this Fe'' family. Single-crystal X-ray diffraction studies reveal that 1—4 has a similar packing arrangement
with three-dimensional supramolecular network via intermolecular 7— and CH 7 interactions between complex cations, and CH-*
X (X = O, N, and F) hydrogen bonding interactions between cations and inherently frustrated NTf, anions. Variable-temperature
structural studies unveil a variety of stepped SCO behaviors of 2—4 and deactivation of SCO in 1 are governed by the regulation of
ordering of NTf, counteranions through the subtle modification of terminal substituents of complex cations. Quantitative light-
induced excited spin-state trapping (LIESST) effect was observed for 2—4 via green light irradiation (532 nm) at 10 K. This study
opens up a new way for systematic control of magnetic response from no SCO to half-, two-step, and finally three-step SCO with
hysteresis by precise tuning of the ordering of flexible NTf, anions included in the supramolecular network with potentially SCO-
active complex cations.

B INTRODUCTION

Spin crossover (SCO) is one of the most intriguing properties
of molecular-based switching materials.' > Two distinct spin
states of SCO complexes [ie., high-spin (HS) and low-spin
(LS) states] can be accessible by external stimuli, such as
temperature, pressure, light, or magnetic field. SCO com-
pounds are also known to exhibit not only one-step LS&HS
conversion but also stepped SCO with various thermal
dependencies, such as gradual, abrupt, hysteretic, or a complex
combination of them.”” Abruptness and hysteresis of spin
transition are brought by cooperativity between SCO sites
through the utilization of bridging ligands in polymeric
systems®’ and intermolecular interactions in supramolecular
systems.” "

In addition to the demands for exploring SCO compounds
having wide thermal hysteresis at around room temperature
(RT) for potential applications in data storages, sensors, and
display devices,""”"” multistep SCO materials have also
attracted much attention, since their novel electronic
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functionalities are worth exploring for practical application in
high-density memories. From the theoretical point of view,
two-dimensional (2D)"*'* and one-dimensional (1D)"* elastic
frustration models have been reported for understanding the
emergence of multistep SCO (with hysteresis), depending on
the strength of the elastic frustration arising from antagonistic
solid-state interactions. Along this line, 2D Hofmann-type
materials have been developed for exhibiting stepped SCO."*"”
Moreover, four-step SCO have recently been achieved in
various 2D and three-dimensional (3D) coordination poly-

mers.'*">’ Stepped SCO is also observed in discrete
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polynuclear systems hav1ng two™* or more potentially SCO-
active metal sites.”””° Interestingly, one tetranuclear mixed-
valence iron grid-like complex exhibits site- selectlve spin-state
switching using different laser-light stimuli.”’

In mononuclear system, stepwise SCO is achieved by
chemical modifications of ligand substituents, counteranions,
and crystal solvents. For example, well-known ligand systems,
such as [Fe'(2-pic);]Clysolvent,”® [Fe'(tpa)(NCS),]sol-
vent,”” and [Fe'(gsal-I1),]OTf solventE’0 [where 2-pic = 2-
picolylamine, tpa = tri(2-pyridylmethyl)amine, and gsal-I = S-
iodo-N-(8-quinolyl)salicylaldimine], show solvent-dependent
stepwise SCO. The gsal-X ligand system also shows the
substituent-dependent stepped SCO in a halogenated Fe'
family, [Fe'(gsal-X),]."** Alkyl substituents of the imida-
zole-containing bidentate ligand family, fac-[Fe"(HL®),]Cl-
PFy, {HL® = [(2-methylimidazol-4-yl)methylidene]-
monoalkylamine}, exhibit a drastic effect to change SCO
profile, reaching three-step SCO in the n-hexyl derivative.>**
Other imidazole-based systems such as hexadentate
[Fe"'H,LM*]CI'X” and tridentate [Fel'(H,L*Me),]X-y*°
[HiLM® = tris(2-{[(2-methylimidazol-4-yl)methylidene]-
amino }ethyl)amine, H,L*™® = [(2-methylimidazol-4-yl)-
methylidene Jhistamine], show two-step SCO with a moderate
or wide plateau region, depending on the anion size (X or Y).
A four-step SCO compound has been synthesized by the
combination of the known SCO cation, [Fe"(dpp),]*" [dpp =
2,6-bis(pyrazol-1-yl)pyridine], and the magnetically bistable
anion, [Ni(mnt),]” (mnt = maleonitriledithiolate), instead of
commonly used counteranions.’” This deliberate combining of
bistable components with SCO molecules is a new effective
strategy for the development of multistep SCO materials.

Recently, the bis(trifluoromethanesulfonyl)imide (NTf,)
anion has attracted much attention, since it is a useful
component for the synthesis of ionic liquids by utilizing its
conformational flexibility arising from its rotational freedom. In
the SCO research, Mochida et al. have reported a first SCO
ionic liquid in 2013, by the combination of the SCO Fe™™
cation and the N'Tf, anion.’® In 2014, we have reported a first
SCO Fe" solid containing two NTf, anions, [FeL™](NTf,),
[where L™ = tris(2-{[(1-phenyl-1H-1,2,3-triazol-4-yl)-
methylidene]amino }ethyl)amine] (see Chart 1).*” It shows
an one-step LS <> HS SCO at around RT (T, = 280 K) with
order—disorder transition of the NTf, anion from the low-
temperature ordered trans- (anti-) conformer to the disordered
mixture of cis- (syn-) and trans-conformers at RT (Chart 1b).
After that, two-step SCO (with hysteresis) was achieved by
order—disorder transition of the NTf, anion in a Mn™
compound by Morgan et al. in 2015," and abrupt SCO near
RT with 34 K hysteresis was exhibited by conformational
change of ordered NTf, anion in an Fe! system.* In this
system, the NTf, anion has an intermediate conformation
between the syn- and anti-conformers in the LS state. Thus, the
NTf, anion has at least three conformers and disordered form
of them in the crystal lattice and can behave as a multistable
component. In this way, interesting SCO properties related to
flexible NTf, anion have been sporadically reported over the
past few years in Fe", Fe', and Mn™ complexes. However,
rational control of this anion flexibility for showing on-demand
spin state switching has never been achieved.

The above-mentioned SCO Fe'' complex [FeL™](NTE,),
has the 3D network through 7—z and CH:z interactions
between neighboring complex cations and multiple CH-X (X
= N, O, and F) hydrogen bonding interactions between

Chart 1. Structures of [FeL*®T"]>* (R = H, for the
Compound in ref 39; Me, Cl, Br, and MeO for 1, 2, 3, and 4,
respectively) and NTf, Anion. (b) Two Conformers (cis and
trans) of the NTf, Anion
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complex cations and NTf, anions. This 3D supramolecular
network has the potential to accommodate both cooperativity
between SCO metal sites and elastic frustration arising from
the antagonistic cation***cation and cation**conformationally
flexible NTf, anion interactions via steric effects or multiple
intermolecular CH**X contacts. Thus, control of the ordering
of NTf, anions by subtle modification possibly leads to a
variety of SCO behaviors in the Fe" system. So, in this work,
we introduce small substituents such as methyl (Me), chloro
(Cl), bromo (Br), and methoxy (MeO) groups into the para-
positions of phenyl groups of [FeL™](NTf,), as the
furthermost substituents from the metal center, to avoid a
significant electronic impact on the Fe!l ion while, at the same
time, providing strong impact on the cation-to-cation and
cation-to-anion packing interactions. Here, we report an
unprecedented route triggering multistep SCO with hysteresis
through strategical regulation of flexible anion ordering related
to the substituent modifications by the comprehensive study of
a new Fe' family, [FeL**P"](NTL,), {where L*®*™ = tris[2-
({[1-(4-R-phenyl)-1H-1,2,3-triazol-4-ylJmethylidene }amino)-
ethyl]amine, where R = Me (1), CI (2), Br (3), and MeO
(4)}, including temperature dependencies of magnetic
susceptibilities, Mossbauer and X-ray absorption fine structure
(XAFS) spectra, crystal structures, differential scanning
calorimetry (DSC), and density functional theory (DFT)
calculations. The effective photomagnetic responses (light-
induced excited spin-state trapping, hereafter abbreviated as
LIESST)* of this family are also reported.

B RESULTS AND DISCUSSION

Synthesis and Characterization. All the synthetic
procedures were performed in air (see the Supporting
Information). The ligand precursor, 1-(4-R-phenyl)-1H-1,2,3-
triazole-4-carbaldehyde (R = Me, Cl, Br, and MeO), was
synthesized through general three step syntheses using
commercially available reagents, i.e., (1) azidation of 4-
substituted aniline,"** (2) azide— alkyne click reaction of 4-
R-phenyl azide and 2-propyn-1-ol,"*** and (3) MnO,
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Table 1. Crystallographic Data for 1, 2, 3, and 4 at 296 K

complex [FeL*MePh](NTH,),, 1 [FeL*C"Ph](NTHL,),, 2 [FeL*B"Ph)(NTEH,),, 3 [FeL*MeOP)(NTE,),, 4
formula CyoHaoF1,FeN 5045, Cy7H;0CLF ,FeN; 5058, Cy7H30BrsF,FeN,504S, CyoHzoF1,FeN;501,S5,
formula weight 1269.95 1331.20 1464.58 1317.95
crystal system monoclinic monoclinic monoclinic triclinic
space group P2,/c (No. 14) P2,/c (No. 14) P2,/c (No. 14) P1 (No. 2)

a, A 13.3124(3) 13.4137(3) 13.6483(S) 13.0485(3)
b A 13.8064(2) 13.8364(6) 13.8954(S) 13.5488(2)
¢ A 30.0553(8) 29.1300(11) 28.9747(9) 31.7970(5)
a, deg 90 90 90 90.0901(14)
B, deg 100.024(2) 98.669(3) 98.496(3) 91.7726(15)
7, deg 90 90 90 93.6286(16)
v, A3 5439.7(2) 5344.7(3) 5434.7(3) 5607.45(18)
z 4 4 4 4

d caled, g cm™ 1.551 1.654 1.790 1.561

#, mm™! 0.535 0.694 2.740 0.526

R," wR,” (I > 20(I)) 0.0648, 0.1880
R," wR,” (all data) 0.0958, 0.2175

R, = YIE| — IEIl/SIFol. PwR, = [Tw(IF,? — [Ec)?/ Y w(IE )22

0.0763, 0.2116
0.1072, 0.2433

0.0678, 0.1842
0.1067, 0.2138

0.0911, 0.2209
0.1204, 0.2443

oxidation of alcohol to aldehyde.”* The tripodal hexaden-

tate ligand, abbreviated as L*®™ was prepared by the 3:1
condensation reaction of 1-(4-R-phenyl)-1H-1,2,3-triazole-4-
carbaldehyde and tris(2-aminoethyl)amine in CH,Cl, (for 2—
4) or CH,Cl,/MeOH mixed solution (for 1), and the resulting
ligand solution was used for the syntheses of Fe' complexes
without isolation and purification. The complexes were
prepared by mixing the ligand, Fe"Cl,*4H,0, and LiNTf, in
a 1:1:2 molar ratio in CH,Cl,/MeOH mixed solution,
evaporation of the solvent, addition of water to residual oil,
extraction of it in CH,Cl, and re-evaporation of it, and
recrystallization of the residual from EtOH (for 1) or MeOH
(for 2—4). All complexes were obtained as orange block
crystals with the formula of [Fe'L*®*"](NTf,), (no lattice
solvents) confirmed by elemental analyses and thermogravi-
metric analysis (TGA) (see Figure S1 in the Supporting
Information). The infrared (IR) spectra of 1—4 at RT showed
a characteristic band at ca. 1650 cm™" corresponding to the
C=N stretching vibration of the Schiff-base ligand (Figure S2
in the Supporting Information).**® The spectra also showed
the strong bands assignable to the O=S=0 vibrations at ca.
1349 and 1136 cm™ and the C—F vibration at ca. 1198 cm™
of NTf, anions.”

Structural Description at 296 K. Single-crystal X-ray
diffraction (XRD) studies were performed for 1—4 at 296 K.
The crystallographic data are summarized in Table 1 (and also
Tables S1—S4 in the Supporting Information). Selected
structural parameters for the complexes are given in Table 2
(detailed coordination bond lengths and angles are also given
in Tables S5—S8 in the Supporting Information). The
complexes 1—4 are isostructural. Indeed 1—3 are isomorphous,
with the monoclinic space group P2,/c, and the crystallo-
graphic unique unit of them consists of one complex cation,
[Fel'L*®P]2* and two NTI, anions in which the two anions
are both cis and trans conformers with or without disorder (see
Table 1, as well as Table S9 in the Supporting Information).
While 4 crystallized in the triclinic space group P1, the unit-cell
parameters are actually very similar to those for monoclinic 1-
3 (see Table 1), and the two cations in the asymmetric unit of
4 are isostructural with those of 1—3 (see Table 2).

Figure 1 shows the molecular structures of 1—3 at 296 K.
The Fe' ion have an octahedral coordination environment

Table 2. Selected Structural Parameters for 1, 2, 3, and 4 at
296 K

complex 1 % 3 4
metal site Fel Fe2
spin state HS HS HS HS HS

Complex Cation

average Fe—N, A 2210 2.209 2.204 2214 2.204
%, deg 131.8 133.9 132.8 135.6 130.3
@,b deg 232.0 231.8 2289 241.0 2282
S(Oh)© 2.696 2.707 2.649 2.762 2.635
Von A3 13.219 13.194 13.123 13.327  13.135

Occupancies of Anions
cis A 0 0.466 0.570 0 0
cis B 1 0.534 0.430 1 1 (inverted)
trans A 1 1 0.749 1 1
trans B 0 0 0.251 0 0

“Z is the sum of 190 — ¢l for the 12 cis N—Fe—N angles in the
octahedral coordination sphere.*” ?@ is the sum of 160 — 6l for the 24
N—Fe—N angles describing the trigonal twist angles.48 “Continuous
shape measures (CShM’s). The reference shape is the regular
octahedron with center.*’

with the Ny donor ligand corresponding to three Fe—Nj ..
and three Fe—Ny,,,,c bonds of the tripodal hexadentate Schiff-
base ligand L*®", The complex cation is a chiral species with
A- or A-isomers (A-isomers are indicated in Figure 1). The
average Fe—N bond distances (here after abbreviated as Fe—
N,,.) of 1—3 at 296 K are similar values (2.210, 2.209, and
2.204 A, respectively), indicating that 1—3 are assignable to the
Fe'" HS state. The octahedral distortion parameters X and
0,"** continuous shape measures (CShM’s) S(Oh),* and
octahedral volume (hereafter abbreviated as V() have no
remarkable difference among 1—3, showing the equivalence of
their coordination spheres (Table 2). On the other hand, while
NTf, counteranions exist in the same position of the lattice
among 1—3, their conformational arrangements are different to
each other (Figure 1 and Table 2). In the lattice, they possibly
have two types of cis NTf, conformers (distinguished as cis A
and cis B) and two types of trans conformers (distinguished as
trans A and trans B), and 1 contains only trans A and cis B
conformers (Figure 1a). In 2, the cis conformer is disordered

https://dx.doi.org/10.1021/acs.inorgchem.0c01069
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Figure 1. Molecular structures of (a) HS 1, (b) HS 2, and (c) HS 3 at 296 K. When the NT¥, anions are disordered over two positions, the anion
with higher occupancy is represented (atoms with lower occupancy are also indicated as small dots). Hydrogen atoms have been omitted for clarity.
[Color code: Fe, orange; N, blue; C, gray; O, red; S, yellow; F, light green; Cl, green; Br, brown.]

Figure 2. (a) 1D zigzag chain of complex cations of 1 at 296 K parallel to the a-axis constructed by intermolecular 7—z (Cg7++Cg7, orange dotted
lines) and CH-+7z (C24—H26--Cg8, light green dotted lines) interactions. (b) Side view of the 1D zigzag chain of complex cations of 1 at 296 K
with cis- and trans-NTf, anions occupying the space in the chain. (c) Top view of the 1D chain described in panel (b). (d) Crystal packing of 1 at
296 K viewed along the ab plane. [Color code for panels (b), (c), and (d): green, complex cation; blue, cis-NTf, anion; red, trans-NTf, anion.] (e)
1D zigzag chain of complex cations of 2 at 296 K parallel to the g-axis constructed mainly by two types of 7—7 interactions (Cg7-+*Cg7 and Cg8-
Cg8). One of the 7—x interaction (Cg8++Cg8) is further reinforced by additional CH+x (C21—H19-+Cg9) interactions. The color code of
intermolecular interactions is same as that of panel (a). Hydrogen atoms have been omitted for clarity.

with the occupancy factors of cis A and cis B being 0.466 and
0.534, respectively, while the trans one exists as the ordered
trans A conformer (Figure 1b). Finally, both cis and trans
conformers in 3 are disordered with cis A:cis B = 0.570:0.430
and trans A:trans B = 0.749:0.251, respectively (see Figure 1c).

Next, we examine the supramolecular structure of 1—3. The
data of intermolecular contacts™ are gathered in Tables S10—
S13 in the Supporting Information. At 296 K, complex cations
of 1, [Fe"'L*MePh]2* ‘are connected by intermolecular 7—7 and
CH-*7 interactions, forming a 1D zigzag chain parallel to the
a-direction (see Figure 2a, as well as Tables S11 and S12). In
addition, cis- and trans-NTf, anions occupy the space in the 1D
zigzag chain (see Figures 2b and 2c). As a whole, complex
cations and NTf, anions are connected via intermolecular
CH*+O hydrogen bonding interactions, constructing a 3D
supramolecular network (see Figure 2d, as well as Table S13).
2 and 3 have very similar crystal packing and 3D supra-
molecular structure to those of 1 (see Figure S3 in the
Supporting Information), whereas the 1D zigzag chain of
complex cations of 2 and 3 along the ag-axis is mainly
constructed by two types of 7—x interactions and is further
reinforced by additional CH-x interactions (see Figure 2e, as
well as Figure S4 and Tables S11 and S12 in the Supporting

Information). In this way, subtle change of the terminal
substituents in the tripodal ligand L+RPh (namely, R = Me, Cl,
and Br) affords same coordination sphere of complex cations
with the same Fe! HS state, and similar packing arrangement
with similar 3D supramolecular network, but drastically
different ordering manner of NTf, anions with slightly different
1D connection of complex cations.

At 296 K, while complex 4 crystallizes in the triclinic space
group P1, its molecular packing is similar to that of 1—3 (see
Figure S3). In 4, the crystallographic unique unit consists of
two distinct complex cations, [Fe(1)L*MOP]2* and [Fe(2)-
L+MeOPR]2+ and four NTS, anions (see Figures 3a and 3b).
The Fe—N,,, of both sites are 2.214 A (Fel—N) and 2.204 A
(Fe2—N), respectively, which are assignable to the Fe" HS
state. In addition to the Fe—N,,,, the values of £, ®, S(Oh),
and V,, for both Fe'" sites of 4 are in the similar range of those
of HS 1-3 at 296 K, indicating that the choice of R has not
impacted on the RT coordination sphere and related spin state
of the present Fe" family in any significant way. Aside from
this, the conformation of terminal MeO groups of Fel site is
different from that of the Fe2 site (see Figures 3a and 3b, as
well as Figure SS in the Supporting Information). In the Fel
site, the methyl carbon of the MeO group (H;C12—01) of the

https://dx.doi.org/10.1021/acs.inorgchem.0c01069
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Figure 3. Molecular structures of the two distinct metal sites HS A-[Fe(1)L*MOP"](NTf), (a) and HS A-[Fe(2)L*MOPh(NTE), (b) of 4 at
296 K. (c) Molecular arrangement of Fel complex cations in the crystal lattice of 4 at 296 K viewed along the ab plane. (d) 1D zigzag chain of Fe2
complex cations of 4 at 296 K parallel to the b-axis constructed by two types of 7—x interactions. The disordered 4-MeO-Ph group with higher
occupancy is represented (atoms with lower occupancy are also indicated as small dots) for panels (a) and (c). The color code of intermolecular
interactions for panels (c) and (d) is the same as that of Figure 2. Hydrogen atoms have been omitted for clarity.

A(clockwise)—Fel complex cation is extended in a clockwise
direction while that of the MeO group (H;C24—02) is
extended in an anticlockwise direction. The last MeO group
(H,C36—03) is extended in both clockwise (H;C36A—03)
and anticlockwise (H3;C36B—03) directions, because of the
disordering of the 4-MeO-Ph group over two positions with
the occupancy factors of 4-MeO-Ph A and 4-MeO-Ph B being
0.684 and 0.316, respectively. On the other hand, three methyl
carbons of all MeO groups of the A(clockwise)-Fe2 complex
cation are extended in an anticlockwise direction. It is also
noteworthy that all NTf, anions are ordered as two
crystallographically distinct cis B conformers and two distinct
trans A conformers, in which one of the two cis B conformers
locates in the lattice as an inverted molecule, compared to that
of 1—3 (see Figures 3a and 3b). In the lattice, neighboring Fe2
cations are connected by two types of m—z interactions,
forming a 1D zigzag chain along the b-direction, whereas
neighboring Fel cations are connected by intermolecular 7—7x
and CH**x interactions, forming a 1D zigzag chain parallel to
the b-direction (see Figures 3c and 3d, as well as Tables S11
and S12), and are further connected through additional CHx
interactions upon cooling to form a 2D supramolecular
network (vide infra). In addition, these cations and NTf,
anions are further connected by intermolecular CH*+O/F
hydrogen bonding interactions, forming a 3D supramolecular
network (see Figure S6 and Table S13 in the Supporting
Information). As a consequence, intermolecular interactions of
4 as components of the 3D supramolecular network are
comparatively different from those of 1—3, while the packing
arrangement is still similar to those of 1-3.

Powder X-ray Diffraction (PXRD) Studies at 296 K. As
shown in Figure S7 in the Supporting Information, peak
positions of the experimental PXRD patterns of 1—4 at 296 K
are in good agreement with those of the simulated patterns
from the single-crystal X-ray structural data at 296 K,
indicating the phase purity of the bulk crystalline samples
used in the magnetic, Mdssbauer spectroscopic, XAFS, and
DSC studies.

Magnetic Properties. The magnetic susceptibilities of 1—
4 were measured in the temperature range of 5—-300 K, at a
sweep rate of 1 K min~', in an applied magnetic field of 0.5 T.
Figure 4 shows the yT versus T plots of 1—4 in the cooling
and heating modes, where y,; is the molar magnetic
susceptibility and T is the absolute temperature. The y\T
value of 1 is constant with the value of ca. 3.3 cm® K mol™" in
the 13—300 K temperature range and decreases steeply below
12 K, indicating that 1 is a HS Fe"' complex (S = 2). Except for
1, 2—4 show a variety of SCO behaviors, such as half-SCO
between HS to '/,(HS + LS) for 4, gradual two-step SCO for
3, and three-step SCO with the combination of gradual and
abrupt transition with hysteresis for 2. The SCO behavior of
each compound is detailed in turn as follows.

At 300 K, the T value of 2 is ca. 3.5 cm® K mol™, which is
compatible with the typical value for a HS Fe'' species (S = 2).
Upon cooling from 300 K, the y\T value continuously
decreases to a value of ca. 0.1 cm® K mol™ at § K, indicating
the complete HS — LS spin transition. In this transition, three
different steps were observed: a first gradual decrease between
300 K and 195 K, a second gradual one between 177 K and
151 K, and a third abrupt one between 143 K and 137 K. At

https://dx.doi.org/10.1021/acs.inorgchem.0c01069
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01069?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01069?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01069?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01069?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01069?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

4

w

Xy T/ cm® K mol™*
N

. ¥ —‘: | | |
0 X ' I . 1 1 1 1
0 50 100 150 200 250 300
T/K

Figure 4. y T vs T plots of 1 (red), 2 (blue), 3 (orange), and 4
(green) at a sweep rate of 1 K min™"' in the cooling (inverted
triangles) and heating (triangles) modes.

the first narrow plateau with a width of ~18 K centered at ca.
186 K, the yy T value is ca. 2.3 cm® K mol™, expected for an
approximately two-thirds of Fe' sites are HS state (INT1
phase). At a second narrow plateau with a width of ~8 K
centered at ca. 147 K, the yy,T value is ca. 1.4 cm® K mol™),
expected for approximately one-third of the Fe' sites are HS
state (INT2 phase). Upon heating from S K, a thermal
hysteresis with a width of 8 K was observed during the LS <
INT2 transition [The critical temperatures for the cooling
(T,),;) and heating (T,/,;) modes (140 and 148 K,
respectively).] This thermal hysteresis was also observed by
the measurement in the settle mode (see Figure S8 in the
Supporting Information) and was retained for at least three
consecutive thermal cycles (see Figure S9a in the Supporting
Information). In addition, during the INT2 — INT1 transition,
a small difference compared with the initial cooling mode was
observed.

For 3, the yy,T value is 3.1 cm® K mol™ at 300 K, which is
consistent with the theoretical value for a HS Fe'' species (S =
2). Upon cooling, the yuT value gradually decreases from a
value of 3.1 cm® K mol™" at 300 K to a plateau value of ca. 0.1
cm® K mol ™" in the temperature region of <120 K, typical of a
LS state (S = 0). In this transition, two different steps were
observed: a gradual decrease between 300 K and 160 K and a
more abrupt one between 160 K and 112 K. The magnetic
behaviors observed during cooling and heating modes are
similar to each other with no hysteresis.

The T versus T plots for 4 show a gradual half-SCO with
unusual hysteresis. The yT value at 300 K is 3.3 cm® K mol™},
which is compatible with the theoretical value for a HS Fe
species (S = 2). Upon cooling the temperature from 300 K, the
uT value steeply decreases from 3.3 cm® K mol™ at 275 K to
3.2 cm® K mol™" at 269 K, and then gradually decreases in
269—107 K, and then reaches a plateau value of ca. 1.9 cm® K
mol™" below 104 K. This yy,T value is approximately half of
the 3.3 cm® K mol™" at 300 K, indicating that one of two Fe'
sites converts to the LS state, while other remains in the HS
state. Upon heating from 5 K, the magnetic behavior is similar
to that observed in a cooling mode at temperatures below 269
K. Further warming causes the abrupt increase of the yyT
value from 3.2 cm® K mol™" at 283 K to 3.3 cm® K mol™! at
288 K. The critical temperatures for the cooling (T,/,;) and
heating (T/,;) modes of unusual small yy,T steps around
269—288 K are 273 and 285 K, respectively, indicating the
occurrence of ca. 12 K thermal hysteresis, and the thermal
hysteresis was reproducible over at least three successive
thermal cycles (Figure S9b in the Supporting Information).
This magnetic anomaly may be brought on by the slight
modulation of the coordination geometry of the Fe' ion and its
resulting g-factor,”’ ~>* because of the order—disorder tran-
sition of the 4-MeO-Ph group of the ligand (vide infra).
Anyway, subtle modification of the remote substituents of the
tripodal ligand (namely, Me, Cl, Br, and MeO groups)
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Figure 5. Variable-temperature *’Fe Mdssbauer spectra for (a) 1, (b) 2, (c) 3, and (d) 4. Solid lines correspond to HS (red and green) and LS

(blue) sites.
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Table 3. Mossbauer Parameters for 1, 2, 3, and 4
Spin State HS Fe" HS Fe" LS Fe!!
57 AEQ,I’ T,° 57 AEQ,b T,° 57 AEQ,b I
complex T,K area, % mm s mm s mm s~ area, % mm s mm s~} mm s~ ! area, % mm g mm s ! mm s
1 300 92.2 0.99 1.86 0.28 7.8 0.45 0.62 0.33
2 300 93.0 0.98 1.80 0.29 7.0 0.26 0.37 0.25
250 89.7 1.01 191 0.35 10.3 0.43 0.36 0.25
185 38.1 1.01 2.11 0.33 19.6 1.16 2.13 0.28 42.3 0.38 0.39 0.29
155 30.3 1.01 221 0.37 14.6 1.29 2.05 0.27 55.1 0.37 0.44 0.30
78 28.6 1.02 2.50 0.49 12.8 1.43 227 0.28 58.6 0.38 0.44 0.35
3 300 100.0 0.99 1.82 0.28
250 100.0 1.08 1.87 0.62
155 31.1 1.07 2.16 0.35 68.9 0.38 0.38 0.36
78 13.0 1.16 2.39 0.42 87.0 0.40 0.36 0.51
4 300 84.5 0.97 1.80 0.36 15.5 0.44 0.54 0.30
250 84.9 1.02 2.03 0.34 15.1 0.36 0.49 0.32
78 52.8 1.12 2.82 0.51 47.2 0.40 0.44 0.50

“Isomer shift (5) data are reported with respect to iron foil. bQuadrupole splitting. “Full width (at the half-maximum) of the lines.

drastically affects the temperature-dependent magnetic re-
sponse in this Fe"" family.

Méossbauer Spectroscopic Studies. Variable-temper-
ature *’Fe Mossbauer spectra for 1—4 were recorded in
transmission mode to characterize the spin state of the Fe'l
center (see Figure S and Table 3). At 300 K, the spectra of all
compounds are generally dominated by a HS Fe" doublet with
similar isomer shift (§) and quadrupole splitting (AE) values,
in agreement with the susceptibilities measurements. After the
measurements at 300 K, 2, 3, and 4 were cooled to a
temperature below 100 K within SO min, then waited until the
temperature was reached 78 K (ca. 30—90 min). Upon
elevating the temperature after the measurements at 78 K with
the rate of temperature change being 1 K min~}, the doublet
for HS Fe' increases for 2 and 3, indicating the occurrence of
LS — HS transition (Figures Sb and Sc). Interestingly, the
spectra of 2 at 185 and 155 K show two distinct HS doublets
and a LS doublet, indicating that at least two Fell sites are
distinguished in the INT1 and INT2 phases, respectively.
However, at lowest temperature (78 K), the spectra of both 2
and 3 show the remaining HS doublets, which is inconsistent
with the magnetic results in Figure 4. This inconsistency
indicates the possibility of a frozen-in effect’>*****% by rapid
cooling. Thus, we performed susceptibilities measurements
with rapid cooling (10 K min™"). Indeed, both compounds
keep the larger y\T values below ca. 125 K than those of
slower cooling rate (1 K min~'; see Figure 4), indicating the
occurrence of a small frozen-in effect (see Figure S10 in the
Supporting Information). Furthermore, the yT value of ca.
0.7 cm® K mol™" for 2 below 125 K is larger than that of 3 (ca.
0.3 cm® K mol™"), suggesting that 2 traps HS species more
efficiently than 3 by rapid cooling. This tendency is consistent
with the Mossbauer spectra at 78 K.

In 4, the spectrum at 250 K (measured after cooling from
300 K at a rate of temperature change being 1 K min™") is
similar to that of at 300 K (Figure Sd), while the yT values
between these temperatures have a very small step with
hysteresis (vide supra). At lowest temperature (78 K), the
spectrum shows the two doublets assignable to the Fe" with

HS:LS = 1:1. It agrees well with the magnetic results and also
the crystal structure (vide infra).

XAFS Studies. Figure 6 shows the temperature-dependent
XAFS spectra for 1—4 for Fe K-edge. Spectral line shapes and
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Figure 6. Temperature-dependent XAFS spectra of (a) 1, (b) 2, (c)
3, and (d) 4. Inset in each panel displays the expanded region around
pre-edges. Arrows indicate the peak positions.

peak positions confirm the Fe'" ionic states for all complexes.
Main peak in Fe K-edge shifts toward the higher photon
energy side with decreasing temperature through SCO. These
shifts are explained by the changes between HS and LS states,
because of the modulation of the ligand field strength by
temperature, which is derived from the small ionic radii in LS
states determined by XRD (vide infra). Small but finite
intensities in pre-edge structures appear at ~7110 eV, which
are originated from the transition between 1s and 3d levels
through the prohibited transitions. Considering the ligand field
symmetry, 4T1g and 4T2g multiplets in HS states and 2Eg
multiplet in LS states become the candidates for the pre-
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edge structures. The pre-edge structures consist of two types of
peaks at 7110 and 7113 eV. At the HS states, higher energy
sides are enhanced, which is consistent with the previous
analysis.”” In 1, line shapes remain unchanged for RT and 60
K. In 2 and 3, line shapes changed to those in LS states, which
is consistent with Mossbauer and magnetic susceptibility
measurements. These suggest that the Fe'' sites are strongly
affected by the ligand field.

DSC Study for 4. To investigate the unusual hysteretic
behavior of 4 in the temperature region of 269—288 K of
magnetic study in more detail, DSC data were collected in the
cooling and heating modes at a sweep rate of S K min™"
(Figure 7). As shown in Figure 7, a pair of exothermic and
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Figure 7. DSC curves of 4 recorded over the temperature range of

197—-352 K in the cooling (blue) and heating (red) modes at a scan

rate of 5 K min™".

endothermic peaks with Ty, ;= 271 K and T, = 284 K is
detected. The enthalpy (AH) and entropy (AS) changes are
1.5 kJ mol™" and 5.5 J K™" mol™}, respectively, for the cooling
mode, and 1.8 kJ mol™! and 6.2 J K™' mol ™, respectively, for
the heating mode. These AS values correspond to the value of
AS = 5.76 J K" mol™ from the Boltzmann equation, AS = R
In N with N = 2 (where R is the gas constant and N represents
the ratio of possible conformations).”® This result suggests that
the disordering of the 4-MeO-Ph group over two positions in
the high-temperature phase from the completely ordered low-
temperature phase is mainly responsible for the entropy gain
(vide infra). It is also noted that these exothermic and
endothermic peaks was retained for at least three consecutive
thermal cycles (see Figure S11 in the Supporting Information).

Variable-Temperature X-ray Crystal Structure Anal-
yses. Temperature-dependent X-ray diffraction data for 1—4
were collected to reveal the structural origin of their quite
different magnetic properties. In HS compound 1, there are no
remarkable changes in the molecular level between 296, 160,
and 113 K (see Figure 8a, as well as Table S5 in the Supporting
Information) reflecting its spin state, while the unit cell
contracts with the 4.0% volume reduction from 296 K to 113
K, arising in association with the shortening of all three axes
and narrowing of the angle § (Table S1 in the Supporting
Information). Upon this lattice contraction with the temper-
ature reduction, almost all intermolecular interactions shorten
(Tables S10—S13). In this situation, the nearest Fe-Fe
distance along the 1D chain of complex cations [i.e., along the
a-axis, hereafter abbreviated as FesFe(1D)] decreases from
13.312 A (296 K) to 13.123 A (113 K) (see Figure S12 in the
Supporting Information). Two distinct NTf, counteranions

retain their ordered trans A and cis B conformations in these
temperatures (see Table S9).

In 2, upon lowering the temperature from 296 K to 103 K,
the complex keeps the RT monoclinic space group P2,/c,
except for at 185 K (Table S2). The Fe—N,,. decreases from
2.209 A at 296 K to 1.970 A at 103 K, indicating the complete
Fe'' HS to LS transition, and the temperature dependence of
the Fe—N,,. reproduce the SCO profile (see Figure 8b and
Table S6). In addition, the structural parameters X, ®, S(Oh),
and V, decrease significantly from those observed at 296 K to
those observed at 103 K (AX = 70.5°, A® = 91.4°, AS(Oh) =
1.777, and AV, = 3.208 A?), also indicating a rearrangement
of Ng coordination sphere to a more regular octahedral
geometry upon HS — LS SCO (see Table S6). The unit cell
contracts with the 3.7% volume reduction from 296 K (HS
state) to 103 K (LS state). Interestingly, only the a-axis
lengthens anisotropically upon this cell contraction, which is
obviously different from the shortening of all axes observed in
1. This elongation of the a-axis corresponds to the direction of
the 1D zigzag chain of complex cations with the increase of
Fe-Fe(1D) from 13.414 A (296 K) to 13.641 A (103 K) (see
Figure S13 in the Supporting Information). Upon lowering the
temperature, almost all intermolecular interactions shorten,
and the number of CH-X hydrogen bonding interactions
increases, including a few additional CH**N and CH-F
contacts (see Tables S10—S13). Temperature-dependent
occupancy factors of disordered cis and trans conformers of
NTf, anions are shown in Figure 9a and Table S9. Upon
lowering the temperature from 296 K to 103 K, the initially
ordered trans A anion becomes increasingly disordered,
resulting in the increase of the ratio of the trans B form,
finally reaching the perfectly ordered trans B at 103 K (see
Figure S14a (LS state) in the Supporting Information). On the
other hand, in the initially disordered cis anion (cis A:cis B =
0.466:0534 at 296 K), after the initial decrease of the ratio of
cis A between 296 K and 260 K, the ratio of cis A slightly
increases from 260 K to 200 K to reach almost a 1:1 ratio of cis
A and cis B, then decreases to reach the ratio of 0.332 (average
value of three cis A sites, vide infra) at 185 K. This ratio is
almost retained between 185 K and 163 K, and finally the cis
anion is perfectly ordered as cis B conformer at 103 K (Figure
S14a (LS state)).

The structural data of 2 at 185 K indicates a tripled cell with
monoclinic space group P2,/n. In this tripled cell, three
crystallographically independent Fe'' sites assignable to the
combination of HS site 1 (Fel-N,,, = 2.191 A), HS site 2
(Fe2—N,,, = 2.191 A), and LS site (Fe3—N,,, = 1.978 A) are
observed (Figure 10a and Figure S1S in the Supporting
Information), which results in the formation of a 1D zigzag
HS—HS—LS chain parallel to the tripled c-axis (Figure S16 in
the Supporting Information). This c-direction at 185 K
corresponds to the a-direction at other temperatures, and the
modulation of Fes*Fe(1D) is observed in this 1D HS—HS—LS
chain along the c-axis (Figure S16). The stabilization of these
mixed spin states may arise from the regular arrangement of
NTTf, anions having different disordering ratio along the 1D 7-
stacked zigzag chain of complex cations (Figure S1S and S16).
In this way, the 2/3 HS (HS—HS—LS) state at the first narrow
plateau centered at ca. 186 K (INT1 phase) was structurally
characterized. Unfortunately, the X-ray structural data of the
INT?2 phase at ~147 K could not be obtained, which may be
due to its very narrow temperature range located on the
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Figure 8. Temperature-dependent average Fe—N coordination bond distances (Fe—N,,,, yellow diamonds) with the temperature dependence of
uT values (black triangles) for (a) 1, (b) 2, (c) 3, and (d) 4. [Color code: Fel site (HS), green; Fe2 site (HS), blue; Fe3 site (LS), red for 2 at
185 K. Fel site, green; Fe2 site (LS), blue for 3. Fel site (HS), green; Fe2 site, blue for 4.]

boundary between a higher-temperature gradual SCO region
and a lower-temperature hysteretic abrupt SCO region.

In 3, upon lowering the temperature from 296 K to 163 K,
the complex keeps the RT monoclinic space group P2,/c, then
changes to the doubled cell with the monoclinic space group
P2,/n at 160 K (see Table S3). After that, the doubled cell is
retained until 113 K, and finally 3 reaches initial monoclinic
space group P2,/c at 100 K. The Fe—N,,, decreases from
2.204 A at 296 K to 1.980 A at 100 K, indicating the complete
Fe'' HS to LS transition, and the temperature dependence of
the Fe—N,,. reproduce the form of stepped gradual SCO
(Figure 8c and Table S7). While HS 3 also shows the
decreasing of X, ®, S(Oh), and V, upon HS — LS SCO from
296 K to 100 K similar to that of HS 2, variations of these
values are smaller than those of 2 (AX = 66.0°, A® = 80.2°,
AS(Oh) = 1.636, and AV, = 3.012 A%). In the temperature
region between 160 K and 113 K (doubled cell), two
crystallographically independent complex-cation sites are
observed. At 160 K, the Fe2 site is LS (Fe2—N,,, = 1.985
A), while the Fel site is a mixture of HS and LS (Fel—-N,,, =
2.112 A). Upon lowering the temperature from 160 K, the Fe2
site shows no remarkable structural change, while the Fel site
shows the shortening of Fe—N distances, finally reaches the LS
state at 113 K (Fel-N,, = 1.981 A). In this temperature
region, the structure consists of stripes of Fel and Fe2 layers
alternating in a Fel—Fe2—Fel—Fe2 manner (Figure 10b). The
unit cell contracts with the 3.7% volume reduction from 296 K
(HS state) to 100 K (LS state). As in the case with 2, 3 shows
anisotropic a-axis lengthening upon cooling, which is related to
the expansion of the 1D zigzag chain with the slight increase of

Fe-Fe(1D) from 13.648 A (296 K) to 13.749 A (100 K) (see
Figure S17 in the Supporting Information). However, in the
temperature region between 160 K and 113 K (doubled a-
axis), the undulated two FesFe(1D) distances (i.e, Fel —
Fe2 and Fe2 — Fel) along the 1D zigzag chain show different
temperature dependencies, that is, lengthening and shortening
upon cooling, respectively (see Figure S18 in the Supporting
Information). Overall, in the lattice, the shortening of almost
all intermolecular interactions and the increase in the number
of CH*+X hydrogen bonding interactions including a few
additional CH*N/F contacts are occurred upon cooling
(Tables S10—S13). Temperature-dependent occupancy factors
of disordered cis and trans conformers of NTf, anions are
shown in Figure 9b and Table S9. Upon lowering the
temperature from 296 K to 163 K, the ratio of trans A gradually
decreases to reach almost 1:1 of trans A and trans B at 163 K,
while the ratio of cis A gradually increases to reach the ratio of
0.681 at 175 K, then suddenly decreases to reach almost 1:1 of
cis A and cis B at 163 K. After that, all NTf, anions are ordered
between 160 K (Figure S19 in the Supporting Information)
and 113 K, in which there are two crystallographically
independent cis conformers (cis A and cis B) and trans
conformers (trans A and trans B). Therefore, the effect on the
SCO of the anion conformation change is negligible from 160
K to 113 K, while the stabilization of mixed two Fe! sites may
arise from the alternate arrangement of A and B conformers of
NTf, anions along the 1D s-stacked zigzag chain of complex
cations (see Figures S18 and S19). Finally, both cis and trans
anions are disordered again, with a higher ratio of B forming
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Figure 9. Temperature-dependent occupancy factors of cis A (blue)
and trans A (red) conformers of NTf, anions for (a) 2 and (b) 3.

than A (cis A:cis B = 0.393:0.607, and trans A:trans B =
0.377:0.623) at 100 K (Figure S14b (LS state)).

On the whole, unlike the methyl-substituted 1, in the lattice
of the halogen-substituted 2 and 3, elastic frustration is
generated by the antagonistic interactions (i.e., cation*cation
and cation*anion interactions via intermolecular contacts)
mainly along the 1D zigzag chain, and such elastic frustration
alters by thermally induced conformational change and/or
order—disorder transition of intrinsically frustrated NTf,
anions. Furthermore, this thermal dependence of anions in
the lattice is drastically affected by the subtle change of
substituents (Cl or Br), resulting in different SCO profile with
different degree of the stabilization of various mixed spin states
between 2 and 3.

In 4, the initial RT triclinic space group P1 is retained in the
entire temperature region from 296 K to 105 K. As shown in
Figure 8d, only Fe2 site shows the shortening of Fe2—N,,
from 2.204 A at 296 K to 1.985 A at 10S K, corresponding to
HS — LS transition, while the Fel site keeps the Fel—N_,. of
ca. 222 A, indicating its HS character. The temperature
dependence of the Fe—N,,, (averaged value of both Fe sites)
agrees well with the gradual half-SCO profile (Figure 8d and
Table S8). The HS Fe2 site also shows the decreasing of X, ©,
S(Oh), and Vg, upon HS — LS SCO from 296 K to 105 K
(AX = 64.8°, A® = 72.8°, AS(Oh) = 1.671, and AV, = 2.905
A3), whereas the HS Fel site shows no remarkable difference
in these values, because of the absence of SCO. The unit cell
contracts with the 2.9% volume reduction from 296 K (HS—
HS state) to 105 K (HS—LS state). Upon lowering the
temperature, the FesFe(1D) of the 1D zigzag chain of Fe2
cations along the b-axis decreases from 13.549 A (HS at 296
K) to 13.180 A (LS at 105 K) (Figure S20 in the Supporting

Figure 10. Packing of intermediate phases of (a) 2 at 185 K and (b) 3
at 160 K. [Color code: Fel site (HS), green; Fe2 site (HS), blue; Fe3
site (LS), red (for 2); Fel site, green (mixture of HS and LS); Fe2
site (LS), blue (for 3). Hydrogen atoms and NTf, anions have been
omitted for clarity.]

Information). This tendency is different from that of 2 and 3,
probably because of the difference of the 7—x stacking mode of
the 1D zigzag chain and its direction between 4 and 2—3. At
the same time, additional CH* 7 interactions between Fel
cations are increased, finally forming the 2D supramolecular
network mentioned above (Table S12). In this situation, Fe*
Fe distances in the 2D assembly increase upon cooling along
the intermolecular CH7 interactions (Figure S21). In the
whole lattice, the number of CH:+O/F contacts between
cations and anions also increases, and these contacts shorten
upon cooling (Table S13).

As mentioned in the magnetic properties section (vide
supra), 4 shows unusual small y T changes with hysteresis
(Ty/5) and T, )54 = 273 and 285 K, respectively). To reveal this
anomaly, crystal structures at 275 K in both cooling and
heating modes were determined. Upon cooling, the structure
at 275 K is almost the same as that of at 296 K (see Figures
S§22a, S22b, S23a, and S23b in the Supporting Information).
However, further cooling to 260 K shows two remarkable
conformational changes: (1) the disordered 4-MeO-Ph group
at 275 K is ordered, and the methyl carbon of the MeO group
(H3C36—03) of the A(clockwise)-Fel complex cation
extended in both the clockwise (H;C36A—03) and anticlock-
wise (H;C36B—03) directions at 275 K changes its direction
to an anticlockwise direction at 260 K (Figure S22c); and (2)
one of the two cis B conformer changes into cis A form (Table
S9 and Figures S23c and S23d). These conformations at 260 K
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Figure 11. LIESST effect of (a) 2, (b) 3, and (c) 4. Initial thermal spin transition in the cooling mode from 300 K to 10 K at a sweep rate of 2 K
min~', 532 nm light irradiation at 10 K, and thermal relaxation after switching the light off are indicated as blue, green, and red triangles,
respectively. The thermal relaxation process was recorded in the warming mode from 10 K at a sweep rate of 0.3 K min™" until the completion of
thermal relaxation (150, 130, and 130 K for 2, 3, and 4, respectively) and then the temperature was increased at 2 K min~! to 300 K.

are retained at lowered temperature, and interestingly, at 275 K
in the heating mode (see Figures S22e, S22f, S23e, and S23f).
Consequently, this conformational bistability induces hyste-
retic small y,,T changes between 273 K and 285 K (see also
magnetic properties and DSC study sections). Except for the
above-mentioned conformational change, NTf, anions show
no further conformational change or disordering between 296
K and 105 K. In this way, in contrast to methyl-substituted 1,
the lattice of methoxy-substituted 4 can accommodate the
conformational change of the NTf, anion and the terminal
MeO group of the ligand, allowing the partial volume change
of the complex cations associated with SCO.

LIESST Experiments. Photomagnetic studies were also
performed for 2—4, since they showed a variety of SCO
behaviors. As shown in Figure 11, as well as Figure S24 in the
Supporting Information, after initial cooling from 300 K to 10
K at a sweep rate of 2 K min™" in darkness, green laser light
irradiation (532 nm, the power of the light is ca. S mW cm™2)
to the polycrystalline samples at 10 K for 15—20 min affords an
increase of the yyT values with the saturated values of ca. 3.0,
2.9, and 2.9 cm® K mol™ for 2, 3, and 4, respectively,
indicating efficient and almost quantitative conversion of the
Fe'! site from the LS (for 2 and 3) or 1/2(HS + LS) (for 4) to
the photoinduced metastable HS state. After the light was
switched off, the thermal relaxation was studied. Upon
elevating the temperature, the y\T values increase to reach
the maximum values of ca. 3.5, 3.3, and 3.4 cm® K mol™ for 2,
3, and 4, respectively, and then slightly decrease. The increase
of the yT values from 10 K to ca. 25 K can be attributed to
the zero-field splitting of the trapped Fe'' HS molecules (S =
2).%° Finally, the yT values decrease abruptly in a single-step
manner at ~95—120 K (for 2 and 3), and at ~85—105 K (for
4) to reach the thermally stable LS state (for 2 and 3), and 1/
2(HS + LS) state (for 4). The T(LIESST) values®' determined
from the dyT/dT vs T curve in the warming mode at a sweep
rate of 0.3 K min™! are 113, 111, and 97 K for 2, 3, and 4,
respectively.

Letard et al. have reported the linear correlation between
T(LIESST) and T,,, values with the general equation
T(LIESST) = T, — 0.3T,),, which was constructed by the
comprehensive examination of a large number of SCO
compounds.”’ To reveal the T, value of the present ligand
system, first, the T, values of 2—4 were estimated. Since 2—4
have a variety of thermal SCO profiles including the
combination of stepwise, gradual, abrupt, and hysteretic

natures, the temperature of the middle point (HS:LS =
50:50) of the overall SCO between complete HS and LS states
for 2 and 3 or the middle point of the complete HS—HS and
HS—LS states for 4 was used as the T, value. The estimated
T/, values are 165, 171, and 189 K for 2, 3, and 4,
respectively, resulting the estimated T, value of 160 K for the
present triazole-containing tripodal hexadentate ligand system.
It is noteworthy that the T, value of 160 K for 2—4 is much
higher than that of the related complexes bearing similar
imidazole-containing Ny tripodal ligand (T, = 100 K).>*%°

DFT Studies. DFT calculations for 1—4 were performed.”
Based on the results of calculations with TPSSh, MO6L, and
B3LYP functionals (see the Supporting Information), and
DFT studies reported by Cirera and co-workers,”* we chose
TPSSh functional in the present discussion.

First, we performed single-point DFT energy calculations on
experimental crystal structures (Table S14 in the Supporting
Information). The HS—LS energy differences (AEyg_s) for
1-4 at 296 K (—9700, —9715, —9542, —9716, and —9460
cm™! for 1, 2, 3, Fel site of 4, and Fe2 site of 4, respectively)
reveal that the HS states are more stable in all complexes at
RT. On the other hand, at 100—105 K, AEyg_;g values are
12783, 11471, and 10 644 cm™ for 2, 3, and Fe2 site of 4,
respectively, suggesting that the LS states are more stable,
except for the value of —10 058 cm™ for Fel site of 4 (the HS
state is more stable). At 185 K for 2, AEys ;s values are
—9135, —9123, and 11769 cm™! for Fel, Fe2, and Fe3 site,
respectively, indicating that the HS state is more stable in Fel
and Fe2 sites, whereas the LS state is more stable in Fe3 site.
Finally, at 160 K for 3, AEyg_; ¢ value of 10 821 cm™" for Fe2
site reveals that the LS state is more stable, while the value of
—4282 cm™ for Fel site, reflecting the existence of both HS
and LS species. These results are consistent with the magnetic
properties and single-crystal X-ray structure analyses.

Next, we performed DFT geometry optimization calculation
in the gas phase on 1—4 at both LS and HS states using
experimental crystal structures as initial geometry. The
geometrical parameters are summarized in Table S1S in the
Supporting Information, and the optimized structures are
shown in Figure S25 in the Supporting Information. Optimized
structural parameters for 1—4 are similar to each other,
irrespective of the remote substituents Me, Cl, Br, and MeO,
and are in agreement with experimental crystal structures in
each spin states. In addition, the AEy_; ¢ values of these DFT
optimized structures are also similar to each other (Table S19
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in the Supporting Information). These results indicate that the
effect of the terminal substituent modification on the ligand
field strength is negligible in the present Fe'' family. As a
consequence, a variety of spin behaviors in 2—4 (and SCO
deactivation of 1) are surely and dominantly triggered by
temperature-dependent flexible anion ordering through supra-
molecular network in the crystal lattice (vide supra).

B CONCLUSIONS

In summary, we present here a new family of Fe'' complexes
[FeL*®PM](NTf,), in which the subtle modification of
terminal para-substituents of complex cations (i.e, R = Me,
Cl, Br, and MeO for 1, 2, 3, and 4, respectively) produces
remarkably distinct magnetic response, spanning temperature
invariant HS state, half-, two-, and three-stepped SCO
behaviors for 1, 4, 3, and 2, respectively. The three-step
SCO of 2 also includes thermal hysteresis in the LS < INT2
transition. Despite such different thermal SCO profiles, 2—4
show similar quantitative LIESST effect by green laser light
irradiation at 10 K with moderately high T(LIESST) value.
The electronic effect of the different substituents on magnetic
properties was negligible due to the equivalence of the ligand
field strength of 1—4 revealed by DFT calculations.

Surprisingly, the packing arrangement of the present
complexes is similar to each other and generally constructed
by 3D supramolecular network via intermolecular 7—z and
CH-7 interactions between complex cations, and CH-X (X
= O, N, and F) hydrogen bonding interactions between
complex cations and intrinsically frustrated NTf, anions.
Comparison of the RT crystal lattice of HS 1—4 indicates
that the existence of both perfectly ordered cis- and trans-NTf,
anions inhibits SCO to the LS state upon cooling. 1
corresponds such no SCO system and all NTf, anions of 1
show no conformational change or order—disorder transition
upon cooling. Although all NTf, anions of 4 are also ordered,
one of the two distinct cis-conformers shows temperature-
dependent conformational change. In addition, another cis-
conformer is located in the lattice of 4 as an inverted molecule
compared to that of 1—3. These variable features of the NTf,
anion are brought by the introduction of conformationally
changeable MeO substituents instead of Me groups into the
ligand, resulting the occurrence of half-SCO in 4, in which the
partial volume change of the complex cations associated with
SCO is allowed.

On the other hand, very flexible temperature-dependent
conformational change and order—disorder transition of NTf,
anions are observed in the lattice of halogen-substituted 2 and
3, while 1-3 are isomorphous. This flexible nature of the NTf,
anions in the crystal lattice is an essential role for exhibiting
complete thermal LS <> HS SCO in the present Fe' family. In
particular, temperature dependencies of occupancy factors of
NTf, anions for 2 are very different from those of 3, inducing
different stepwise SCO behaviors, namely, two-step SCO for 3
and three-step SCO for 2. The gentle order—disorder
transition including all different NTf, conformers (cis A and
B and trans A and B) at ~160 K generates two-step SCO
associated with the structural phase transition in 3. Finally, in
2, the HS, INT1, and LS phases of three-step SCO were
structurally characterized by single-crystal X-ray structure
analyses. A long-range ordering with 3-fold periodicity was
observed in the INT 1 phase in which three Fe' sites were
assignable to HSI, HS2, and LS1 sites, corresponding to
magnetic, Mossbauer, and XAFS data. Mossbauer spectrum at

155 K indicated that the existence of at least two distinct Fe''
sites in the INT2 phase which are not observed in crystal
structures at 163 and 103 K. These results suggest that two
different structural phase transitions are related to the
occurrence of three-step SCO of 2. With this in mind,
variable-temperature X-ray structure analyses revealed that
both structural phase transitions are associated with the order—
disorder transition of NTf, anions. In particular, the order—
disorder transition of both cis and trans anions between two
conformers (i.e, A and B) and only one ordered conformer B
is essential for exhibiting the abrupt SCO with hysteresis of the
LS <> INT?2 transition.

It is importantly noted that such flexible anion ordering
propagates through the 3D supramolecular network that has
the strong 1D character of directly contacted complex cations,
including the NTf, anions in the space of the 1D zigzag chain.
Therefore, the degree of elastic frustration mainly along this
1D chain is altered by thermally induced conformational
change and/or order—disorder transition of intrinsically
frustrated NTf, anions, leading to the occurrence of stepped
SCO. In addition, this temperature dependence of anions and
associated stepwise manner of spin transition are strongly
affected by the subtle modification of remote-substituents R of
the present complex cation [FeL*®"h]*,

As a whole, this study highlights that systematic control of
magnetic response from no SCO to half-SCO, two-step SCO,
and three-step SCO with hysteresis is successfully achieved
through precise tuning of ordering of flexible NTf, counter-
anions included in the supramolecular network with potentially
SCO-active complex cations by solely subtle modification of
terminal para-substituents of the ligand. The findings of this
work are applicable to a vast amount of known systems
consisting of SCO-active complex cations and conventional
counteranions, and will drive the growth of multistep hysteretic
SCO materials.
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