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ABSTRACT: We have explored the impact of electron-donating Compler 1
3 mplex —

(methoxy) and electron-withdrawing (nitro) substituents on SalEen Complex 3 / Push
ligand based spin crossover (SCO) behavior of Fe(III) complexes. (" " /ﬁ—> ome
Thus, 3-X-substituted SalEen ligands were employed to prepare \ ) ~, - @” =7
[Fe(3-X-SalEen),]-NCSe, where X = OMe (1), H (2), and NO, (3) 74 / \ ‘\ :>

(3-X-SalEen is the condensation product of 3-substituted E
salicylaldehyde and N-ethylethylenediamine). The characteristic
spin transition temperature (T,,,) is shown to shift to a lower
temperature when an electron-donating substituent (OMe) is used  x = ome (1), H (2), %0, (3) /K

and to a higher temperature when an electron-withdrawing

substituent (NO,) is used. We used experimental and theoretical methods to determine the reasons for this behavior. The solid-
state magnetic data revealed the transition temperatures for complexes 1, 2, and 3 to be 219, 251, and 366 K, respectively. The
solution-state magnetic data also support this trend in T,,, values. UV—vis spectra analysis indicates that there is greater
delocalization in the z-manifold of the ligand when the nitro group is the substituent. Theoretical studies through density functional
theory methods suggest the methoxy substituent decreases the energy gap between the t,, and e, orbitals (explaining the lower T},
value), while the nitro substituent increases the energy gap between the ty, and e, orbitals and thus increases the T/, value.
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Bl INTRODUCTION 2,6-bis(oxazolin-2-yl)pyridine),"” thio-pybox (2,6-bis(4,4-di-
methyl-4,5-dihydrothiazol-2-yl)pyridine),"* bpypz (3,5-bis-
(pyridine-2-yl)pyrazolate),'> Trien (triethylenetetramine),'®
Pytacn (1-[(4-R’-6-R-2-pyridyl)methyl]-4,7-dimethyl-1,4,7-tri-
azacyclononane),'” and X-SalMeen (condensation product of
X-substituted salicylaldehyde and N-methylethylenediamine)®
have been investigated in terms of the effect of the substituent
on the SCO behavior. These types of studies are important as
they allow an understanding of the influence of various
substituents on the respective ligand system and can help
achieve the desired transition temperature (T,,). While many
Fe(IlI) complexes with the SalEen ligand family are known,
most studies involve varying the counteranions.'” There has
been one study detailing the influence of the substituent (Me,
Br, and OMe) on SCO properties of SalEen-ligand-based
Fe(III) complexes (Scheme 1b).>” However, in this study, the
substituents were present far away from the metal center.

In order to understand the trends that could be observed by
having electron-donating groups (EDG) and electron-with-

Accessing a bistable state through external stimuli is of huge
scientific interest." Spin crossover (SCO) allows two different
spin states to be accessed by external stimuli such as light,
temperature, and pressure.” Since the first report of this
phenomenon in 1931 by Cambi et al,,” there has been a huge
amount of research in this area, most of which has focused on
six-coordinated Fe(I) complexes® and, to a lesser extent, six-
coordinated Fe(III) complexes.” Indeed, SCO and spin
transition behavior have been studied in transition-metal
complexes where the metal ion has an electronic configuration
from d* to d°.° Most Fe(II) SCO complexes contain a Ny
surrounding with a moderate ligand field environment’ while
with Fe(III) SCO complexes contain mainly N,O,, N,O,, or
N,0,S, surroundings with moderate or slightly weaker ligand
field environments compared to Fe(II) systems.” While many
Fe(II) complexes are not air-stable, the corresponding Fe(III)
complexes are typically air-stable and therefore are of great
interest.” Among the many ligand systems that have been
employed to study SCO in Fe(III) complexes, SalEen (Scheme
la) stands out.'” While many studies employing the SalEen Received: ~ August 22, 2022
family of ligands are in vogue,'' some simple questions of Accepted:  September 29, 2022
interest remain. These include a systematic study that involves Published: October 17, 2022
varying the substituents present in the vicinity of the

coordinating manifold. Many other ligand systems such as

bpp (2,6-di{pyrazol-1-yl}pyridine),'”” X-pybox (X-substituted
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Scheme 1. Schematic Representations of (a) the SalEen Ligand, (b) the 5-X-Substituted SalEen Ligand (X = Me, Br, and
OMe), (c) the 3-X-Substituted SalEen Ligand (X = OMe, H, NO,), and (d) Complexes with 3-X-Substituted Ligands

(a)

NH
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X = OMe, H, NO,

X = Me, Br, OMe

(d)

25
3

X = OMe (1), H (2), NO, (3)

drawing groups (EWG) as close substituents, we chose
modified SalEen ligands (Scheme 1c). Additionally, to
minimize the influence of the counteranion, we chose
NCSe™ as the counteranion. Our aim was to keep the
counteranion unchanged while changing the substituents on
the ligand to try to infer their influence on the SCO properties.
Accordingly, we report the synthesis, structure, magnetism, and
theoretical studies of [Fe(3-X-SalEen),]-NCSe, where X =
OMe (1), H (2), and NO, (3) (Scheme 1d).

B MATERIALS AND METHODS

Caution! The complexes are synthesized using KNCSe as the
source of NCSe™. It is a foul smelling compound and is
classified as health hazard. Therefore, proper precaution should
be taken while handling this chemical, and KNCSe should be
used inside fume hoods.

2-Hydroxy-3-methoxybenzaldehyde, 2-hydroxybenzalde-
hyde, 2-hydroxy-3-nitrobenzaldehyde, N-ethylethylenediamine,
Fe(SO,),7H,0, and KNCSe were purchased from Merck.
The ligands (E)-2-(((2-(ethylamino)ethyl)imino)methyl)-6-
methoxyphenol (HL'), (E)-2-(((2-(ethylamino)ethyl)imino)-
methyl)phenol (HL?), and (E)-2-(((2-(ethylamino)ethyl)-
imino)methyl)-6-nitrophenol (HL?) were prepared in situ by
a Schiff base condensation reaction between 3-X-salicylalde-
hyde (where X = OMe, H, and NO,) and N-ethylethylenedi-
amine. The metalation of the in situ-generated ligands was
carried out per the reported procedure.20 FT-IR spectra
(4000—400 cm™) were recorded on KBr pellets with a
Bruker—Alpha spectrometer. UV—vis spectra were acquired on
a Jasco V-670 spectrometer using quartz cells with a path
length of 1 cm. Elemental analyses were carried out on
Elemental Microvario Cube elemental analyzer. Thermogravi-
metric analysis was performed on a PerkinElmer TGA 4000
instrument. Powder X-ray diffraction (PXRD) data were
collected on a PANalytical EMPYREAN instrument using
Cu Ka radiation. Magnetic measurements were performed on
polycrystalline samples using Quantum Design MPMS-XL
EverCool SQUID magnetometer between 2 and 380 K for dc
applied fields ranging from —5 to S T for 1—3. Polycrystalline
samples of 1—3 (14.40, 8.75, and 23.43 mg, respectively) were
introduced in a polypropylene bag (2.8 X 0.75 X 0.02 cm) and
subjected to measurements. Susceptibility versus temperature
measurements were performed using 1000 and 10000 Oe dc
fields. The temperature-dependent data were measured using
variable sweep rates ranging from 1 to S K min~".

The isothermal magnetization data were acquired at 2, 4, S,
and 6 K (Figure S1) for complexes 1—3.M versus H
measurements were performed at 100 K to check for the
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presence of ferromagnetic or diamagnetic impurities, which
were found to be absent for complexes 1—3 (Figure S2). M
versus H/T data for complexes 1—3 are provided in Figure S3.
The data were corrected for the diamagnetic contribution from
the sg{nple holder and for the ligand atoms using Pascal’s
table.

Synthesis of the Metal Complexes (1-3). [Fe(L"),]-
NCSe (1). [HL' = (E)-2-(((2-(ethylamino)ethyl)imino)-
methyl)-6-methoxyphenol]. To a solution of N-ethylethylene-
diamine (88 mg, 1 mmol, 0.1 mL) in 10 mL of methanol was
added 2-hydroxy-3-methoxybenzaldehyde (152 mg, 1.0 mmol)
(solution A), and the solution was left to stir for 30 min. In
another solution, Fe(SO,),"7H,0 (139 mg, 0.5 mmol) and
KNCSe (144 mg, 1 mmol) were taken in 10 mL of methanol
(solution B), and the solution was stirred for 30 min and
filtered to remove K,SO,. After that, solution A was added to
solution B dropwise, and the reaction mixture was stirred for
another 30 min. The resulting mixture was filtered and kept for
aerial oxidation and slow evaporation. Black crystals of
complex 1 were obtained from the filtrate after two days.
Yield: 74% (based on Fe). Elemental analysis Calcd. (%) for
C,sHy,FeN,0,Se: C 49.76, N 11.61, H 5.68. Found: C 49.6, N
11.61, H 5.53. Selected IR data (KBr pellet. cm™"): 3435 v(N—
H, m), 2934 v(C-H,,.), 2064 v(C=N), 1617 v(C=N),
1547 and 1438 v(C=C), 1220 v(C-0).

Following a similar synthetic method, complexes 2 and 3
were synthesized using 2-hydroxybenzaldehyde and 2-hydroxy-
3-nitrobenzaldehyde, respectively. The details of these
complexes are given in the following sections.

[Fe(L?),]-NCSe (2). [HL?* = (E)-2-(((2-(ethylamino)ethyl)-
imino)methyl)phenol]. Yield: 72% (based on Fe). Elemental
analysis Calcd. (%) for C,3H;,FeNO,Se: C 50.84, N 12.89, H
5.57. Found: C 51.02, N 12.9, H 5.46. Selected IR data (KBr
pellet, cm™): 3438 v(N-H, m), 2947 v(C—H,qm), 2035
v(C=N), 1621 v(C=N), 1530 and 1432 ¥(C=C), 1147
v(C-0).

[Fe(L?),]-NCSe (3). [HL? = (E)-2-(((2-(ethylamino)ethyl)-
imino)methyl)-6-nitrophenol]. Yield: 65% (based on Fe).
Elemental analysis Calcd. (%) for C,;H,sFeN,OSe: C 43.62,
N 15.48, H 4.46. Found: C 43.68, N 15.57, H 4.34. Selected IR
data (KBr pellet, cm™): 3442 v(N—H, m), 3098 v(C—H,,,..),
2038 v(C=N), 1634 v(C=N), 1546 and 1433 1(C=C),
1519 and 1360 v(NO,).

Crystal Data Collection and Structure Determination.
Single-crystal diffraction data were collected using a Rigaku
XtaLAB X-ray diffractometer system equipped with a CCD
area detector and operated at 30 W power (50 kV, 0.6 mA) to
generate Mo Ka radiation (1 = 0.71073 A) at 120, 250, 270,
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Table 1. Crystallographic Data for Complexes 1-3

compound 1 2 2 3 3
temperature (K) 120 K 120 K 270 K 250 K 300 K
formula CysH3,FeNsO,Se Cy3H;3FeN;O,Se Cy3H;30FeN;O,Se Cy3H, gFeN,O¢Se Cy3H,3FeN,O¢Se
MW. (g mol™) 603.38 543.33 543.33 633.33 633.33
crystal system Triclinic Monoclinic Monoclinic Monoclinic Monoclinic
space group P1 P2,/c P2,/c P2,/c P2,/c
a (A) 9.8509(4) 9.89800(10) 10.0722(11) 16.2435(9) 162845
b (A) 10.8916(4) 26.6523(4) 27.006(3) 9.8396(6) 9.8560
¢ (A) 25.5217(10) 10.49430(10) 10.5221(12) 16.6193(12) 16.6648
a(°) 80.995(3) 90 90 90 90
B(°) 84.088(3) 116.9730(10) 117.135(6) 93.164(12) 93.039
r () 72.508(4) 90 90 90 90
cell V (A%) 2574.91(18) 2467.29(5) 2547.1(5) 2652.2(3) 2670.94(19)
V4 4 4 4 4 4
reflections collected 37276 20532 44472 20627 40210
independent reflections (R;,) 10909/0.0621 5051/0.0440 6394/0.0427 6123/0.0446 6423/0.0518
restraints/parameters 0/657 0/291 0/299 0/345 0/345
goodness-of-fit 1.003 0.949 1.060 1.041 1.048
final R indices R,, wR, (I > 26(I))" 0.0436, 0.1033 0.0401, 0.0649 0.0443, 0.1184 0.0466, 0.1129 0.0687, 0.1735
CCDC no. 2166212 2166213 2166214 2166215 2166216

“R, = ZIF,| — IEJ/ SIE,| and wR, = | Tw(lE? — IE)/ Shw(E,)AY2.

and 300 K. Data collection was performed using ¢- and w-
scans. Olex2”** was used as the graphical interface, and the
structures were solved with the ShelXT**" structure solution
program using intrinsic phasing. The models were refined with
ShelXL>*" with full-matrix least-squares minimization on F*. All
non-hydrogen atoms were refined anisotropically.

CCDC nos are as follows: 2166212 (for 1, 120 K), 2166213
(for 2, 120 K), 2166214 (for 2, 270 K), 2166215 (for 3, 250
K), and 2166216 (for 3, 300 K). These crystallographic data
can be obtained free of charge from the Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data
request/cif.

Hirshfield Surface Analysis. Crystal Explorer package ver.
17 was used for Hirshfeld surface and 2D fingerprint
calculations. Crystal structures were imported from CIF files.
Hirshfeld surfaces for all the complexes were generated using
very high resolution and mapped with the d,,,, function.”

Electron Paramagnetic Resonance (EPR) Studies. EPR
spectra of all the complexes were recorded on a Bruker
EMXplus instrument. Powder samples were taken for the
measurement. To compare the temperature evolution of the
EPR spectra, all other parameters were kept constant during
the measurement. The X-band frequency (9.5 GHz) was used
for the measurements.

Computational Details. All density functional calculations
(DET) were carried out with the Gaussian 16 (rev. B0.1)**
electronic structure package with a 10™® convergence criterion
for the density matrix elements using the latest triple-{ basis set
with polarization functions for all elements (def2-TZVP).*’
The exchange-correlation functional B3LYP*,*° which was
recently reported to be the most accurate one toward Fe(III)
system in terms of spin-state energy gaps,”’ was used for all
system. The corresponding vibrational analysis was done for all
optimized structures to ensure that they were minima along
the potential energy surface. The transition temperatures
(T,/,) were estimated using the thermochemistry quantities
obtained in the vibrational analysis.

39270

B RESULTS AND DISCUSSION

The synthesis of the Fe(II) complexes 1—3 (Scheme 1d) was
accomplished according to the procedure described in the
Materials and Methods. The ligands were generated in situ,
and their metalation was carried out. Slow evaporation of the
reaction mixture afforded single crystals that were used for
crystallographic study as described below. The crystal data are
summarized in Table 1.

General Structural Details of 1-3. Prior to the
discussion of the supramolecular structures of 1—3, the general
features of the molecular structures of 1—3 are briefly indicated
here. All the complexes contain six-coordinated Fe(IIl) in a
N,4O, coordination environment, as seen in the representative
example of 2 (Figure 1). The complexes are cationic in nature,
and the NCSe™ counteranion is present in the crystal lattice.
The metric parameters in the immediate coordination
environment are summarized in the caption of Figure 1. The
basic molecular structures and the metric parameters are
similar to those previously observed in other Fe—SalEen

N5

Figure 1. Molecular structure of 2. Hydrogen atoms were removed
for clarity. Thermal ellipsoids are shown at 50% probability. Color
coding is as follows: gray, C; blue, N; red, O; denim, Se; and orange,
Fe. Metric parameters are as follows: Fel—O1, 1.8824(13) A; Fel—
02, 1.8815(13) A; Fel—N1, 2.0496(16) A; Fel—N2, 1.9324(16) A;
Fel—N3, 2.0535(15) A; Fel—N4, 1.9291(16) A.

https://doi.org/10.1021/acsomega.2c05380
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complexes'”"" (Table S1). Complex 1 contains two crystallo-
graphically independent molecules in the asymmetric unit.

Supramolecular Structures. The supramolecular struc-
tures of 1—3 are discussed below. It is known that the
magnetic properties in general and those specifically involved
in SCO behavior are affected by intermolecular interactions.
An assessment of the latter can be obtained by analyzing the
supramolecular structures. We have also carried out Hirshfeld
analysis (see below), which allows the quantification of the
supramolecular interactions.

[Fe(L'),]-NCSe (1). The asymmetric unit of 1 is composed of
two crystallographically independent molecules composed of
two cationic units and two anionic units (Figure 2). There are

Se2

Figure 2. Asymmetric unit of 1 at 120 K. Except for a select few,
hydrogen atoms were removed for clarity. Color coding is as follows:
gray, C; blue, N; orange, Fe; and white, H.

several strong hydrogen bonding interactions (Table S2) in the
asymmetric unit, including hydrogen bonds N5—HS5--N10
(dp.a = 3.105(4) A), N7—H7--N10 (dp_, = 3.271(4) A), etc.
Among the two cationic subunits, the cationic Fel unit is
mostly connected to the selenium via hydrogen bonding, while
the cationic Fe2 unit is bound to the nitrogen via hydrogen
bonding (Figure S4).

According to the structural analysis, both the Fe centers in
the asymmetric unit of 1 (Fel and Fe2) are present in very
similar crystal field environments, as the distortion parameters
have nearly the same values (Table S3). Bond distances of
most of the complexes of the SalEen family of ligands are
summarized in Table S1. By comparing the Fe—N and Fe—O
distances found in these literature precedents, the spin state of
the Fe(III) center can be understood. Both the Fe centers form
P4AE (parallel fourfold aryl embrace)*® interactions with
equivalent metal centers (Fel—Fel and Fe2—Fe2), and these
pairs are connected with each other via hydrogen bonding and
other weak interactions along the crystallographic c-axis. The
P4AE interaction of Fel—Fel pair consists of one 77w
interaction (centroid (C6—C11)--centroid (C6—C11), 3.468
A), a pair of C—H--x interactions (C8—HS8-centroid (C18—
C23),2.908 A), and a pair of C—H:-O interactions (C9—H9-+-
06, 2.601 A) (Figure 3). The P4AE interaction of the Fe2—
Fe2 pair consists of one 77 interaction (centroid (C30—
C35)---centroid (C30—C3S), 3.512 A), a pair of C—H-x
interactions (C32—H32---centroid (C42—C47), 2.859 A,) and
a pair of C—H--O interactions (C33—H33--08, 2.622 A)
(Figure SS).

Both the Fe centers are also connected to their equivalent
centers via a pair of C—H---m interactions along the
crystallographic g-axis. For Fel these interactions are C21—
H21---centroid (C6—C11) (2.967 A) and C13—HI3A-
centroid (C18—C23) (3.047 A), and for Fe2 these interactions
are C37—H37B:--centroid (C42—C47) (2.899 A) and C45—

Figure 3. P4AE interaction of the Fel centers of complex 1.

H45-+-centroid (C30—C35) (2.853 A) (Figure 4). In this way,
the dimeric unit bound via P4AE interactions extends to the

Figure 4. Weak interactions connecting the cationic units of 1.

crystallographic a-axis. The cationic units are bound with each
other via cation—anion interactions along the crystallographic
c-axis.

Along the b-axis, the cations are connected via C—H---Se
interactions through the anion (Figure S6). Thus, the overall
packing of the molecules consists of a layer of alternating
dimeric Fel—Fel and Fe2—Fe2 units (Figure S).

[Fe(L2)2]~NCSe (2). The molecule contains a hexacoordi-
nated Fe(III) cation and a NCSe™ anion in the asymmetric
unit, which are bound together by hydrogen bonds (N1—-HI---
NS, dp. = 2.9497(1) A; N3—H3---NS, dp., = 3.0133(1) A)
(Figure S7 and Table S4). The cationic unit of complex 2
forms a zigzag chain along the crystallographic c-axis. The basic
unit of this 1D zigzag chain (Figure 6¢) is formed by a dimeric
unit via various weak interactions, including three C—H---z
interactions (C4—H4B---centroid (C17—C22), 3.63267(4) A;
CS—HS--centroid (C17—C22), 3.09840(3) A; and Cl3-—
H13B---centroid (C6—C11), 3.38053(3) A) and two C—H---O
interactions (C5—HS--01, 2.906 A; C11-HI11--O1, 3.026
A). The closest distance between the Fe'' centers is 7.623 A
(Figure 6a). The 1D chains along the c-axis are further
connected with each other via C—H-+N (C15—H15A--NS,
2.679 A; C4—H4A--NS, 2.805 A) and C—H--Se (C2—H2B--
Sel, 3.132 A) interactions, which allow the propagation of the
supramolecular architecture along the crystallographic b-axis
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Figure S. Packing of complex 1. Green and orange polyhedra
represent Fel and Fe2 centers, respectively.

(Figure S8). The cationic units connect along the a-axis via C—
H---r interactions (C9—H9---centroid (C17-C22),
3.63267(4)to 3.386 A; C20—H20---centroid (C6—Cl11),
2.970 A (Figure 6b).

[Fe(L3),]-NCSe (3). The molecular structure of complex 3 is
composed of a cationic unit and an anionic unit that are bound
together by hydrogen bonding (C3—HI14B--N7, dp, =
3.294(6) A). Additionally, there is a weak intramolecular
hydrogen bonding present (C3—H3B:--OS, dp_, = 3.762(5) A)
(Figure 7). Other hydrogen bonding interactions are listed in
Tables S5 and S6. Along the b-axis, there are two types of
strong interactions among the cationic units. There is a P4AE
interaction consisting of one z---7 interaction (centroid (C6—
Cl11)---centroid (C6—C11), 3.576(2) A), a pair of C—H-z
interactions (C10—H10-+-centroid (C17—C22), 3.531 A), and
a pair of C9—H9--O5 (3.030 A) interactions (Figure 8a).
These P4AE units are further connected via C—H--xw
interactions (C12—H12C---centroid (C17—C22), 3.306 A;
C20—H20---centroid (C17—C22), 2.663 A) (Figure 8b).
These two types of interactions extend along the crystallo-
graphic b-axis, forming a close packing of the cations. Along
the c-axis, the cationic units are further connected by C—H:--O
interactions (C-4-H4A--06, 2.537 A; C5S—HS---05, 2.506 A;
C11-H11--05, 2.76 A; C1-HIB--03, 2.506 A) with the

Figure 7. Molecular structure of 3. Color coding is as follows: gray, C;
blue, N; red, O; orange, Fe; and denim, Se. Except for those involved
in hydrogen bonding, hydrogen atoms were removed for clarity.

Figure 8. (a) P4AE interactions and (b) CH—x interactions along the
b-axis for 3.

nitro group in addition to C—H---7 interactions (C3—H3A--
centroid(C17—C22), 3.205 A) (Figure S9).

Figure 6. (a) Interactions between the cations that leads to the formation of the 1D zigzag chain along the c-axis. (b) Interaction among the cation

along the crystallographic a-axis. (c) Packing diagram of 2.
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The packing consists of a zigzag arrangement of cations
along the b-axis connected by a layer of anions along the
crystallographic a-axis (Figure 9). Bond lengths and angles
around the metal center and distortion parameters for 2 and 3
are given in Table S7.

Figure 9. Packing diagram of 3.

Magnetic Susceptibility Measurements. Polycrystalline
samples were taken for the magnetic measurements, and the
phase purity of each sample was checked by PXRD (Figure
$10). Magnetic measurements were performed using 1 and 10
kOe dc fields. All the complexes were found to be in low spin
states in the low-temperature region from 2 to 100 K. 1 has an
T value of 0.33 cm® K mol™ at 2 K and exhibits an abrupt
spin transition centered at around 218 K, followed by a small
hysteresis. A 4 K, wide hysteresis was observed at the scan rate
of 3 K min~" (Figure S11), where T}/, = 220.5 and T{,, =
216.5 K. At 380 K, the T value is 4.17 cm® K mol™". This
behavior is very similar to that found in [Fe™(3-OMe-
SalEen),|PF,, where a hysteretic spin crossover with TI/z =
164 and T%/z = 160 K was observed (Figure $12)."% The
difference between the magnetic profile of the reported
complex and that of 1 is due to the change in the counteranion.
In the current instance, the use of the NCSe™ counteranion
leads to a shift in the hysteresis loop toward a higher
temperature compared to the reported complex.

Complex 2 shows a gradual spin crossover at a higher
temperature than complex 1. The T, value is 251 K for
complex 2. At 380 K, the yy, T value of complex 2 is 3.914 cm®
K mol™}, which indicates a 91% conversion from the low-spin
state to the high-spin state (Figure 10). For, 3 SCO is less
gradual as compared to 2 and incomplete in nature, as at the
highest temperature (400 K) the yy,T value is only 3.116 cm®
K mol ™!, which indicates a conversion of 72% to the high-spin
state. All the y\,T versus T data were fit to the ideal solution
model (eq 1) (for complex 1, data from only one scan
(heating) were considered for fitting), and the thermodynamic

[¢]

Complex 1
Complex 2
Complex 3

Sssiive

»
1
(o]

%, T / em’ mol™ K
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Figure 10. y\T vs T data for complexes 1 (green), 2 (red), and 3
(blue). The red lines indicate the susceptibility data fit using the
regular solution model of SCO.

parameters extracted are provided in Table 2. From the
magnetic data, it is clear that the T/, temperature shifts at
higher temperatures as we go from 1 to 3.

XTas = X
+ 4T
AH [ 1 1 LS
I+epl 2o\t — 1, W

Table 2. Thermodynamic Parameters Extracted from the
xuT vs T Fitting of the solid state magnetic susceptibility
data

xT =

complexes Ty, (K) AH (k] mol™") AS (J mol™ K™')
1 219 20.06 91.66
2 251 8.82 35.16
3 366 20.07 54.85

Solution-State Magnetic Data. Solution-state magnetic
data are important for evaluating the actual effect of the ligand
field strength on the SCO temperature, as in the solid state
intermolecular interactions (such as hydrogen bonding, 77
stacking, etc.) can influence the local coordination environ-
ment around the metal center, which can in turn impact the
ligand field strength. Additionally, cooperativity due to various
solid-state interactions is absent in the solution; thus, the
molecular property can be determined more exclusively. For
this purpose, we used a coaxial double-walled NMR tube
where the inner tube contained only the solvent, and the outer
pocket contained the paramagnetic complex solution. CDCly
was used for the experiment, and 5 X 107> mol L™' samples of
complexes 1—3 were investigated. Variable-temperature NMR
data were collected, and the frequency difference (Av, Hz)
between the reference peak in the pure solvent and the
solution containing the paramagnetic compound was con-
verted into the magnetic susceptibility (y) according to the eq
2.

_ 3Av

4rvm

T4 @)

Here y, is the gram susceptibility (—59.30 X 107 cm® mol™)
of pure CDCl,, v is the operating radio frequency, and m is the
concentration of paramagnetic solution. The magnetic
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susceptibility data (Figure 11) were fit with a regular solution
model of SCO (eq 1), and the thermodynamic parameters

3.8 Complex 1

41 O Complex2
O Complex 3

%, T/ cm® mol™ K
N
[=]
1

-
(3]
1

104 @

T T T y T
220 240

T T T
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Figure 11. Magnetic susceptibility data obtained via NMR for

complexes 1—3 in the solution state. The red lines indicate the
susceptibility fit using the ideal solution model of SCO.

T
260

Table 3. Thermodynamic Parameters Extracted from the
xmT vs T Fitting of the Solution-State Magnetic
Susceptibility Data

complexes T,/ (K) AH (k] mol™) AS (J mol™! K™')
1 241 8.44 35.02
2 277 16.22 58.61
3 318 12.70 39.93

extracted from the fitting data are given in Table 3. These data
are in good agreement with the values of AH and AS reported
in the literature.""*° The T, 1, values for 1, 2 and 3, are 241,
277, and 318 K, respectively, indicating that the transition
temperature increases as we go from 1 to 3. The linear trend of
the susceptibility plot is comparable to liquid state magnetic
data of other similar complexes.'®***’

EPR Measurements. For a low-spin Fe(III) complex, there
is only one unpaired electron (S = 1/2); thus, the compound
should exhibit only one signal. However, the signal can be split
into two signals if axial distortion is present and three or more
signals if rhombic distortion is present. The spin Hamiltonian
can be expressed as follows (eq 3):

Hy = ﬁ(gxxHxSx + gyyHyS}’ + gZZHZSZ) 3)

where g; = g (i = «, y, z) is the diagonal component of the g-
tensor along the principal axis. For the high-spin Fe(III)
center, there are five unpaired electrons (S = 5/2). Due to
spin—orbit coupling and the structural distortions, there are
three spin doublets (Kramers doublets +5/2, +3/2, and +1/
2) among which the spin transition can occur. The
Hamiltonian used to describe the Fe(III) high-spin system is
given in eq 4, which describes the combined effect of the
rhombic zfs (E), the axial zfs (D), and the Zeeman interaction
on the °A electronic term.”® The EPR spectrum of Fe(III) in a
high-spin state depends on the E/D ratio.

1
Hy, = pHgS + D(Szz - gS(s + 1)) + (B2 — Ep) @

To evaluate the g-values of low-spin complexes, simple
spectrum software was used.”’ For 1 at a lower temperature
(150 K), a rhombic spectrum with g-values of g, = 1.85, g, =
2.06, and g, = 2.1 was observed (Figure 12a). This is typical for
low-spin Fe(III) with high rhombic distortion.”” At a higher
temperature (300 K), the spectrum was broadened and looked
completely different, which is indicative of a high-spin Fe(III)
center caused by SCO. At 150 K, 2 again exhibits a rhombic
spectrum with g-values of g, = 1.97, g, = 1.92, and g, = 1.8 after
simulation (Figure 12b), consistent with Fe(III) with rhombic
distortion in the low-spin state.”” The anisotropy vanishes at
room temperature (300 K), resulting in a featureless broad
signal around g ~ 2.0 that is indicative of spin-state conversion
from the low-spin state to the high-spin state. Additionally, a
new peak appears around g ~ 4, which corresponds to the
Fe(III) S = 5/2 system with a small degree of rhombicity. At
380 K, the spectrum remain similar to that observed at 300 K.
Complex 3 exhibits an anisotropic spectrum at the lowest
temperature (150 K), with g, = 2.025, g, =2.000, and g, = 1.99
(Figure 12¢).”* At 300 K, the peak around g ~ 2 becomes
isotropic and another peak appears around g ~ 4.000. This
indicates the conversion of the spin state from the low-spin
state to the high-spin state. Moreover, at 380 K, the spectrum
changes further with the appearance of a new peak around g ~
9, confirming that the spin-state conversion in this instance is a
high-temperature process.”’ The separate observation of low-
spin and high-spin EPR signals in the same spectrum is an
indication that the frequency of EPR spectroscopy (~10'0 s™!
for the X-band) is much faster than the rate of spin-state
conversion.

Hirshfeld Analysis. To quantify the interactions present in
the crystal structures, Hirshfield analysis was adopted. It was
found that there were different numbers of C—H---O and C—
H---7 interactions present in the complexes. C—H:--O
interactions are more common in complexes 1 and 3 as
compared to 2 due to the presence of methoxy and nitro
groups, respectively (Figure 13). On the other hand, C—H:--7
interactions are more common in 2 as compared to 1 and 3. As
C—H---O interactions exert a strong influence, 1 and 3 show a
higher degree of cooperativity. Additionally, 1 and 3 have a
higher percentage of C—C interactions, which is indicative of
-7 interactions. Indeed, on the basis of the structural
analysis, we found that P4AE interactions were present in 1
and 3; thus, 1 and 3 exhibit more cooperative spin-state
switching than 2.

UV—vis Spectroscopy. The UV—vis spectra of 1-3 were
recorded in methanol (Figure 14) using a concentration of 50
X 107% mol L™". Two or more peaks can be observed for all the
three complexes, one ranging from 300 to 450 nm and the
others ranging from 450 to 800 nm. The peak below 400 nm is
due to the m—n* transition of the ligand.20’33 Complex 2,
which has no substituent, exhibits a 1., of 331 nm for the
m—7x* transition. In 1, the mesomeric effect of the methoxy
group (OMe) reduces the z—z* energy gap, leading to a
bathochromic effect (A, = 354 nm). In 3, there is stronger
delocalization of the z-clouds to the nitro group due to the
presence of the nitro group (NO,), and thus the peak exhibits
a red shift (A, = 366 nm).>* The shifting in the absorption
maxima of these complexes confirms the effect of ligand
substituents.
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Figure 12. EPR spectra of complexes (a) 1, (b) 2, and (c) 3.
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Figure 13. Hirshfeld surface analysis results depicting various weak
interactions present in complexes 1—3.

Absorption bands in the range 450—800 nm are assigned to
ligand-to-metal charge transfer (LMCT) bands.” Spectro-
scopic analysis of similar [Fe(5-X-SalEen),]* complexes
revealed that the low-energy band (650 nm < A, < 800
nm) is due to low-spin species and the high-energy band (450
nm < A, < 650 nm) is due to the high-spin species.”’ If we
focus on absorption bands in this region, then we will find out
that for complex 1 there is only one peak in the region (4 =
575 nm), which corresponds to high-spin state, and for
complex 2 there are two peaks (A1 = 527 nm and 12 = 660
nm), where A1 corresponds to the high-spin state and A2

Figure 14. UV—vis spectra of complexes 1-3.

corresponds to the low-spin state. Similarly for complex 3,
there are two clearly visible peaks (41 = 512 nm and A2 = 624
nm) corresponding to different spin states. Based on these
observations, it can be said that at room temperature complex
1 is fully in the high-spin state and complexes 2 and 3 have
both spin states. This is also supported by the solution-state
magnetic data (Table 3), which provide the T, values of 241,
277, and 318 K for 1-3, respectively.

DFT Calculations. Electronic structure calculations were
done on 1-3 in order to gain insight into the correlation
between ligand functionalization and the experimentally
observed shifts in the T/, values. Optimized geometries of
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Figure 15. (a) Energies of different spin states of the Fe(III) center present in complexes 1—3. (b) Correlation between the experimental (black)
and computed (blue) T/, and Hammett 0, parameters.

Table 4. Theoretical and Experimental (Solid-State) Thermodynamic Parameters for Complexes 1—3

complexes  AH (K mol™) (exp.) AH (k] mol™) (calc) AS (J mol™ K™') (exp.) AS (J mol™ K™) (cale.) Ty, (K) (exp.) Ty (K) (calc.)
1 20.06 12.744 91.66 60.183 219 211
2 8.82 19.707 35.16 61.367 251 321
3 20.07 19.949 54.85 60.467 366 329
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Figure 16. Relevant d-orbital-based MOs for complexes 1—3 showing the decrease in the antibonding character of the d,./d,, pair of orbitals.

all the complexes are given in Table S8, and optimized
molecules are shown in Figure S13. These calculations show
that spin-state switching occurs between the low- (S = 1/2)
and high-spin (S = 5/2) states, as the intermediate spin-state
(S = 3/2) is inaccessible at the temperature used for the
experiments. The energy difference between the high- and low-
spin states is in the usual range for SCO (between 4 and 6 kcal
mol™") (Figure 15a).*° The optimized geometries are also in
good agreement with the experimental bond lengths (Table
S9) as well as other Fe(III) SCO complexes with the same type
of tridentate ligand (Tables S1, S3, and S7). The computed
T/, values correctly reproduce the experimentally observed
trend T,,,(1) < T,,,(2) < T;;,(3) (Table 4). The electron-
donor (EDG) or electron-withdrawing (EWG) character of
the R substituent in the ligand can be quantified using the
Hammett constants.”’ In fact, using both ¢, and O'P+ values,

39276

one can obtain linear correlations between T/, and the EWG
or EDG character of the R group, a trend that is properly
reproduced by the electronic structure calculations (Figure
15b). Further insight into this behavior can be obtained by
analyzing the underlying electronic structure in terms of the
relevant d-orbital-based molecular orbital diagram (Figure 16).
As can be seen from the Figure, 1 has R = OMe, one of the
strongest EDGs. This substituent localizes the 7z-type orbital
on the donor atoms of the ligand, thus increasing the
antibonding character of the frontier molecular orbitals with
the d,./d,, pair of orbitals. This raises the energy of this pair of
d-orbital-based MOs, thus reducing the energy gap between
the formerly nonbonding orbitals and the o-antibonding
orbitals d.> and d,_,. Replacing the R group with a —H or
—NO, group (among the most EWGs) has quite the opposite
effect: it removes the p-contribution on the donor atoms of the
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ligand, thus reducing the antibonding character of the d,./d,,
pair of orbitals. Due to the loss of antibonding character, this
pair of orbitals decreases in energy and splitting becomes larger
in the d-orbital MOs, leading to a higher value for T, ,.

Thermogravimetric Analysis. Thermogravimetric meas-
urements were carried out for 1—3, and the data are provided
in Figure S14. It was found that 3 is thermally very stable, with
a decomposition temperature of 448 K.'”'"'%?%% This type of
thermally stable SCO molecule with a high transition
temperature (366 K) can be used to prepare magnetic switches
and devices for high-temperature applications.

B CONCLUSIONS

In this work, we have analyzed the effect of an electron-
donating group (methoxy) and an electron-withdrawing group
(nitro) on the spin-state switching temperatures of SalEen-
based Fe(IlI) complexes. Experimental measurements (mag-
netic and EPR) indicate that the SCO temperature increases
when an electron-withdrawing group (NO, group in complex
3) is employed and the transition temperature decreases when
an electron-donating group (OMe group in complex 1) is
employed. This experimental observation is supported by DFT
calculations, which suggest that electron-withdrawing groups
stabilize the t,, set of orbitals more than electron-donating
groups, so the gap between the t,, and e, sets of orbitals is
higher in complexes with an EWG. Therefore, compared to the
complex with no substituent, the complex with a NO,
substituent has a higher SCO temperature, and the OMe-
substituted complex has a lower SCO temperature. This
observation for SalEen-type complexes can be readily adapted
to other types of ligand systems to tune the SCO behavior of
complexes.
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