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ABSTRACT: A series of bulky substituted bipyridine-related iron(ll) complexes
[Fe(H:Bpz2)2(L)] (pz = pyrazolyl) were prepared, where L = 5,5-dimethyl-2,2'-
bipyridine (bipy-CHs, 1), L = dimethyl-2,2'-bipyridyl-5,5'-dicarboxylate (MeObpydc, 2),
L = diethyl-2,2"-bipyridyl-5,5'-dicarboxylate (EtObpydc, 3), L = diisopropyl-2,2'-
bipyridine-5,5'-dicarboxylate (i-PrObpydc, 4). The crystal structures of five new
iron(ll) complexes were determined by X-ray diffraction: the one of 1, 3 and 4 as well
as two modifications of 3 (3B) and 4 (4B). Complexes 1 and 3B display incomplete
spin crossover (SCO) behavior due to a freezing-in effect whereas 3 and 4B undergo
gradual and incomplete SCO behaviors. Complexes 2 and 4 show a completely
gradual and steep SCO, respectively. Such different SCO behaviors can be
attributed to electronic substituent effect in bipyridyl ligand conformation and crystal-
packing effect. Importantly, the electronic substituent effect of the isopropyl acetate
group and C-H---O supramolecular interactions in 4 contribute to a highly cooperative

behavior, which leads to an abrupt thermally induced spin transition.
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INTRODUCTION

Spin crossover (SCO), a spin-switching phenomenon that may exist in 3d*-3d’
transition metal complexes, is regarded as a fascinating field of investigation finding
echo in as diverse potential applications such as ultra-high-density memory devices,
sensors, molecular electronics and spintronics.” Such outstanding and useful
physical property is due to the switching between the low-spin (LS) and high-spin
(HS) states in a reversible, detectable and controllable fashion by the action of
external stimuli (temperature, pressure, light irradiation and chemical decoration).
The switching can be accompanied by drastic changes in the magnetic properties
(diamagnetism-paramagnetism), but also with some physical response such as
structural, vibrational, dielectric, and optical properties.2 Until now, the majority of
SCO materials involve spin carriers surrounded by different organic ligands with
various morphologies. In order to realize potential applications, the properties
referring to an abrupt and complete signal response3 with a hysteresis4 around room
temperature are considered as very important requirements. One efficient approach
results from the fine-tuning the ligand field around the metal center as well as the
control of supramolecular interactions (crystal packing effects) between switching
units, thus justifying the use of crystal engineering concepts. Bipydine (bipy) is
considered as a classical representative of imine ligands for SCO systems.® The spin
nature of these complexes lies in the high o-donor power of the imine function and
the empty, low-lying 1T orbitals of the ligand molecules. Therefore an effective
strategy to tune the ligand field strength of bipy complexes into the crossover range
consists in modifying the o-donor or 1-acceptor character.” From the standpoint of
organic synthesis, it was thought to substitute the bipy ligand at the C3, C4, Cs and
Cs positions, to explore the impact of the electronic substituent effect and crystal
packing on the SCO properties. Substituents at the C3° and Cg’ positions have a
strong influence on the iron spin-state, as well as on steric and electronic grounds.
Conversely, provided that the substituents are at positions relatively remote from the
donor atoms (C4 and Cs), no significant change occurs in the ligand field strength as
well as on the [FeNg]** core.?,® One exception is the occurrence of “spin equilibrium”
in the Fe" complex of 5,5-diethylcarboxylate-2,2’-bipyridine.’

As the archetype of bipy-related SCO systems, the mononuclear complex

[Fe(H2Bpz2)2(L)] (pz = pyrazolyl, L = bipy) was found to exhibit a thermally induced
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SCO transition at 160 K,'® also with pressure'’ and light irradiation.’® Since then,
successive efforts have concentrated on the modification of the bipy ligand, involving
for instance a diarylethene photoisomerizable unit for ligand driven light induced spin
change.13 An interdigitated aromatic donor group to allow strong 1---11 interactions in
the crystal lattice of mononuclear iron(ll) complexes was also introduced.™
Hydrophilic alkyl tails were also added to improve the spin-transition temperature via
nanosphere organization.15 A strong electron-donating amino group was also
recently introduced.’® Amazingly, protonation of the amino group in
[Fe(H:Bpzy)2(bipy-NH2)] (bipy-NH, = 4,4’-diamino-2,2-bipyridine)  displays
spectacular enhancement of Ty, from 160 K to 297 K, allowing operating SCO
around room temperature.16 Notwithstanding these representative examples, the
investigation of structure—property relationships is at the heart of the SCO field to
reach a full control of magnetic properties. Aiming, herein, at shedding light on the
SCO influence of bipy substituents, we have designed a series of bulky substituted
bipy-ligands at Cs and Cs positions (Scheme 1), and assembled Fe' complexes 1-4.
Hopefully, the central skeleton of FeNg was found similar to the original crystal
arrangement around the Fe' center'®, which allows meaningful comparisons. Due to
the electronic substituent effect and crystal-packing effect, the SCO behavior
drastically differs from complexes to complexes: 1 and 3B displays incomplete SCO
behavior, 2 shows a gradual SCO whereas 3 and 4B undergo gradual and
incomplete SCO behaviors. Importantly, the combination between electronic
substituent effect of the isopropyl acetate group and C-H:---O interactions in 4 provide

relatively high cooperativity, which leads to an abrupt SCO behavior.

Scheme 1. Fe'' complexes based on a series of bulky substituted bipy-ligands at Cs

and Cs positions
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R =-CHj; (bipy-CHj, 1)

R =-COOCH; ( MeObpydc, 2)

R =-COOCH,CH; (EtObpydc, 3)

R = -COOCH(CHs), ( i-PrObpydc, 4)

2. RESULTS

2.1. Synthesis and General Characterization. The bipy-type ligands (Scheme 1),
2,2'-bipyridine-5,5'-dicarboxylic acid (bpydc),17 dimethyl-2,2'-bipyridyl-5,5'-
dicarboxylate (MeObpydc),'® diethyl-2,2"-bipyridyl-5,5'-dicarboxylate (EtObpydc)'®
and diisopropyl-2,2'-bipyridine-5,5'-dicarboxylate  (i-PrObpydc)®® were prepared
following literature procedures. Powder samples for 1-4 were prepared by similar

procedures described in the literature (Scheme 2)."°

Scheme 2. Synthetic procedure for the bulky substituted bipy ligands (bipy-CHjs,
MeObpydc, EtObpydc and i-PrObpydc) and the iron (lI) complexes (1-4).

Fe(H,Bpzy),
27—
\ N \ /
bipy-CH3

(1) )
KMnO, R-OH
H,SO, (cons.)

complex 1

V/2Em\

R-0O \ N N % O-R
R=-CH; MeObpydc
R=-CH,CH; EtObpydc
R=-CH(CHj),, i-PrObpydc

Fe(H,Bpzy),

complexes 2-4

Single crystal of 1 was obtained by slow diffusion in MeOH under Ar), using a
single-tube glass vessel. The bipy-CHs in CH3;OH was placed on the top of a
Fe(H2Bpz2), methanolic solution. Given to the different solubility, single crystals of 3

and 4 were obtained by slow diffusion in methanol/dichloromethane mixture under
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Arg) using a single-tube glass vessel. The bipyridine dicarboxylate (MeObpydc,
EtObpydc or i-PrObpydc) in CH,Cl, was placed on the bottom of a methanolic
solution containing Fe(H2Bpz,),. Pink-violet single crystals for 1 and dark green bulk
crystals for 3 and 4, namely 3B and 4B formed after one week. Of particular interest
was that needle crystals of 3 and 4 were observed after one night. Attempts to
crystallize 2 failed due to the poor solubility of MeObpydc ligand, vyielding
systematically to a solid crystalline product despite numerous varied reaction
conditions. All these complexes were successfully characterized by elemental
analysis, mass spectra analysis (MS), thermogravimetric analysis (TGA), Fourier-
transform infrared spectroscopy (FTIR), differential thermal analysis (DSC), single-
crystal X-ray diffraction, magnetic susceptibility measurements and *’Fe Mdssbauer
spectroscopy. The crystal structures of all the complexes except 2 were determined
by single-crystal X-ray diffraction at variable temperatures. Details for the structure
solution and refinement are summarized in Table S1 and selected bond distances
and angles are listed in Table S2. Importantly, no lattice solvent molecules were
detected neither by crystallography nor by TGA (Figure 1). The thermal stability of
complexes 1-4 was found very high, above 500 K for 1 and 4, or slightly below for 2
and 3. FTIR analysis revealed that all the complexes have a similar coordination

mode irrespective of the bipy-type ligand around the iron(ll) centre (Figure S1).
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Figure 1. TGA profile for powder samples 1-4 performed under a Ny().
2.2. X-ray crystallography

Crystal structure of 1. Complex 1 crystallizes in the monoclinic P24/c space group
with the formula [Fe(H.Bpz)2(bipy-CH3)]. A perspective view of the molecular
structure of 1 at 95 K is represented in Figure 2. The whole molecule consists of one
bidentate bipy-CH; group and two (H,Bpz,)” anions coordinated to Fe' in cis mode.
The Fe-N bond lengths are in the range of 2.150(2)-2.240(2) A which is consistent
with HS Fe'". The cis angles of the iron(ll) coordination sphere range from 74.62(9) to
98.38(9)°, and the octahedral distortion parameter () is found to be 50.7°. Although
a FeNg core is identified, which matches the one of the reference complex
[Fe(HaBpz2)2(bipy)] (5),° a comparison of the bond distances in 1 and 5 (Figure S2)
shows considerable differences in the ligand field strength, thus leading to different
magnetic behaviors (vide infra). The crystal packing also shows some differences
with weaker -1 interactions between the adjacent bipy ligands in 1 than that in 5§
(Figure S3).
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Figure 2. Perspective view of the molecular structure of 1 at 95 K. Displacement
ellipsoids are drawn at the 30% probability level and H atoms were omitted for the

sake of clarity.

Careful inspection of the packing arrangement (Figure S3) reveals a 2D
supramolecular structure which is organized via weak C-H---1 intermolecular
interactions (C3-H3---centroid and C11-H11B---centroid distance: 2.513 A and 2.828
A) from the bipy-CHj; ligand to a pyrazolyl moiety. Attempts to collect data at 20 K
after detecting a spin state crossover below 90 K from magnetic measurements (see
Figure 12), reveals the Fe-N bond length is still larger than 2.1 A (Table S2). In this
case, X-ray crystallography is limited for spin detection given the low amount of spin
carriers involved in the SCO process (ca. 10% as found by °’Fe Médssbauer
spectroscopy, vide infra). The HS state could also result from flash cooling of the
crystals from room temperature by our He cryostream at 20 K which may trap the HS

state, as observed on another example by X-ray diffraction.?’

Crystal structures of 3 and 4. In order to avoid the occurrence of transesterification
(vide infra), crystal growth was carried out overnight with the corresponding ligand-
containing dichloromethane solution into a methanolic solution of Fe(H.Bpzz):
leading to X-ray quality crystals of 3 and 4 of [Fe(H.Bpz:).(EtObpydc)] and
[Fe(H.Bpz,).(i-PrObpydc)], respectively (Figures 3 and 4).
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19 Figure 3. Perspective view of the molecular structures of enantiomers in 3 at 296 K.
21 Displacement ellipsoids are drawn at the 10% probability level and the H atoms have

been omitted for the sake of clarity.

47 Figure 4. Perspective view of the molecular structures of 4 at 297 K. Displacement
48 ellipsoids are drawn at the 30% probability level and the H atoms have been omitted

50 for the sake of clarity.

52 X-ray crystallographic analysis at both high (296 K) and low temperatures (92 and 20
54 K) reveals that 3 shows a significant disorder of the boron containing pyrazolyl ligand,

55 denoted as Part A and Part A, which are enantiomers (Figures 3 and S4). The

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Inorganic Chemistry

disorder can be viewed as being generated by applying a mirror plane along the
EtObpydc ligand or perpendicular to it. All Fe' ions are in a distorted FeNg
octahedral coordination environment derived from one EtObpydc ligand and two
(H2Bpz2)” anions. Comparison of structural data at different temperatures reveals that
the average Fe-Np, bond length variation is AR ~ 0.135 A in Part A whereas in Part A,
the mean value AR < 0.055 A (Table S2). Such considerable reorganization of
molecular geometry corresponds to a temperature-driven spin transition in Part A.
Careful inspection of the packing arrangement reveals a 1D supramolecular chain
generated by short interligand C-H---O contacts (C28-H28---O1*, symmetry code:*, -
1+X, y, 1+z, Table S3) within the complex units (Figure 5).

Figure 5. Crystal packing for 3 showing intermolecular C-H---O interactions (C28-
H28B---O1*, symmetry code*: -1+x, y,1+z, blue dashed line). The molecules in part A

have been omitted for the sake of clarity.

Needle-shaped crystal of 4 (Figure 5) crystallize in the orthorhombic Pbca space
group with the expected formula of [Fe(H»B(pz),)(i-PrObpydc)]. The central skeleton
is isomorphous to 1, thus revealing a mononuclear complex (Figure 2). The crystal
structure was determined at both 297 and 90 K to study the reorganization of the
coordination geometry expected in the case of a HS « LS transition. The mean
value of the Fe-N variation is found to be 0.194 A, which lies within the expected
range for S = 2 « S = 0 transitions in Fe'Ng SCO systems.'® ©** 22 A detailed
structure analysis reveal that a larger decrease is observed compared to for Fe-Npy
distances (0.25 A) as compared to Fe-N,, distances (0.17 A) after a spin transition
which may be mainly accounted for by the fact that such bipy-type ligand acts as a
better 1r-electron acceptor than pyrazolyl Iigands.10 Short interligand contacts involve
two types of CH---O interactions, C11-H11--043" and C35-H35:--037* (symmetry
code: *, 1.5-x, 0.5+y, z; # 1.5+, 0.5-y, 1-z; Table S4) (Figure 6, top and Figure S5)

that give rise to a 2D supramolecular framework (Figure 6, bottom).
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42 Figure 6. Packing diagram of 4 showing: (top) two types of intermolecular C-H---O
43 interactions (C11-H11---043" and C35-H35---037* (symmetry code: *, 1.5-x, 0.5+y, z;

45 # -1.5+x, 0.5-y, 1-z; blue dashed line); (bottom) 2D supramolecular framework.

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Inorganic Chemistry

Figure 7 Crystal structure of 3B at 150 K. Displacement ellipsoids are drawn at the
30% probability level and the H atoms have been omitted for the sake of clarity. The
red circle shows the terminal ethyl acetate group in a disordered state with an
occupancy factor of 21% whereas an unexpected methyl acetate group is detected

with an occupancy factor of 79%.

Unexpected crystal structures of 3B and 4B. Increasing crystallization time
afforded translucent dark green prism crystals which were formed after one week.
The crystal structure determination revealed however for both complexes, denoted
3B and 4B, respectively, an unexpected ligand impurity, as shown in Figures 7 and 9,
which will be discussed below.

Complex 3B crystallizes in the monoclinic space group P24/c with two
crystallographically independent sites denoted Fe1 and Fe2 (Figure 7). The Fe1 site
is composed of one bidentate ligand EtObpydc and two (H2Bpzz) anions, leading to
a FeNg coordination sphere, similar to the one found in 1. The situation is
dramatically different for the Fe2 site which reveals one terminal ethyl acetate group
in a disordered state with an occupancy factor of 21% whereas an unexpected
methyl acetate group is detected with an occupancy factor of 79% (Figure 7). It is
worth noting that the disorder of the terminal acetate group has significant effect on
the Fe' environment, especially on Fe-Np, bond length when considering its
temperature dependence which was recorded down to 100 K. Indeed, the average
Fe-Np, bond length for the Fe1 molecule (~2.194 A) was found to be slightly shorter
than that of Fe2 molecule (~2.243 A) at 100 K. Also, the Fe-N,, bond length in the

Fe1 molecule is found to decrease with temperature contrary to the Fe2 molecule
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(Figure 8). This behavior call for a partial thermally induced SCO for one iron(ll) site,
which should lead to an incomplete SCO, a result will be confirmed by magnetic

measurements (vide infra).
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Figure 8. The Fe-Ny, bond lengths vs. temperature for 3B considering Fe1 and Fe2
32 sites. Whereas no dependence is detected for the Fe2 site, a smooth decrease in the

34 bond lengths is found for the Fe1 site.

36 The crystal structure of 4B was solved at 175 K in the monoclinic space group
P2,/c. Two crystallographically independent units, Fe1 and Fe2, are identified (Figure
39 9). Both Fe1 and Fe2 molecules consist of an Fe atom surrounded by one bidentate
41 bipy-typed ligand and two (H.Bpz,)" anions with a Fe—N bond distance of 2.139(2)-
42 2.251(2) A, indicative of a HS Fe' state (Figure 9).
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Figure 9. Crystal structure of 4B at 175 K. Displacement ellipsoids are drawn at the
30% probability level and H atoms have been omitted for the sake of clarity. The red

circle shows the unexpected methyl acetate group.

To our surprise, a closer look at the FeNg environment reveals that the original i-
PrObpydc ligand has been completely changed into a new asymmetrical ligand L,
where L" is 5-isopropyl 5'-methyl-2,2'-bipyridine-5,5'-dicarboxylate (Scheme 3). Since
the EtObpydc and i-PrObpydc ligands used for the synthesis of 3 and 4, were free
of any impurities, we thought that a transesterification?®, could occur during the

crystallization process. This reaction would be catalyzed by a Fe™ impurity provided

by the Fe' salt used during the synthesis, which would be partially oxidized into Fe'".
This impurity would be favored in case a slight excess of Fe(ClO4), would be present

in the reaction medium so that the residual of Fe'"

would run as a catalyst to induce
the transesterification from the original iso-propyl group into a methyl group via the
MeOH solvent. This process would be more probable in case of a slow reaction, such

as a crystallization by slow evaporation.

Scheme 3. Suggested formation mechanism for 4B

—0 _ o
>‘0 0 —0 /,\ N
7 N\ - Fe' cat. 7\ - 0 Fe(H,Bpzy), © N\ /N — 0‘<
d =N N7 oA weon =N N7 g AN
MeOH 0) N N o) two weeks ) ¢ N
slow diffusion ,, N/ \N \ H
- : - /N: ~n-B
i-PrObpydc L y N_\ @N 9

2.3. Spectroscopic and magnetochemical studies
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UV-vis diffuse reflectance spectroscopy (DRS). In the solid state, all the powder
samples 1-4 are strongly thermochromic. At room temperature, complex 1 is pink
while other three complexes are green. On cooling, the color changes to deep red for
1 and deep green for 2, 3 and 4. For instance, 4 exhibits reversible pronounced
thermochromism from green to dark green on quenching of the sample in liquid
nitrogen for several seconds (Figure 10). The visible change in color is due
essentially to a shift of the charge-transfer transition to lower energy at low

temperature.

Figure 10. lllustration of thermochromism of powder sample 4 after quench cooling

the sample to liquid nitrogen from dark green to green within several seconds.

As observed in Figure 11, a broad-band centred at ~11800 cm™ for 1 can be
assigned to a metal-to-ligand charge transfer (MLCT) adsorption from the metal d-
orbitals into Tr*-orbitals of the ligands.” 24 For the other three complexes, such ligand
field absorption is shifted to higher energy and further split into the principal
component occurring around 14000 cm™' with a shoulder at 12000 cm™. The splitting
arises presumably from Jahn-Teller and/or low symmetry effects associated to the
°T,q —°E4 transition.” Additionally, the position of the MLCT band changes from the
methyl group to the alky acetate series. This indicates that the introduction of an
electron-withdrawing alky acetate group leads to an increase in the Tr-accepting

ability of the ligand bipy-type,'® thus influencing the SCO behaviour.
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Figure 11. UV-vis DRS of powdered samples 1-4 recorded at room temperature.
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Figure 12. Temperature-dependent yuT plot for all the complexes. The red line for 1,
3B and 4B shows the heating mode. The red solid curve corresponds to data fitting

I25

using the ideal solution model® for 2 and 3 and Slichter and Drickamer model?® for 4.

Magnetic properties. The solid-state magnetic behavior of all the complexes was
probed by variable-temperature direct current (dc) susceptibility measurements on
polycrystalline samples under an applied field of 1 T. The room temperature xuT
values of all complexes except 2 and 4B ranging around 3.5 cm® K mol™ are
consistent with pure non-interacting HS Fe' species. Upon cooling, however,
different thermal evolutions are recorded as shown in Figure 12.

Complex 1 shows rather unusual magnetic properties. Upon cooling, no dramatic
variation is observed down to ca. 150 K, after which a decrease is noticed to drop
around 77 K to reach a plateau below 55 K. The sharper decrease observed below
25 K is likely due to zero-field splitting of a large fraction of HS Fe' ions. On warming,
no hysteresis loop is detected but a small decrease of the ymT product on warming is
noticed, just before the transition temperature of 77K. This behaviour presumably
calls for a freezing-in effect?’, that hinders further the spin conversion. *’Fe
Mdéssbauer spectroscopy (vide infra), carried out on the same sample batch, confirms
the incomplete character of the SCO behaviour with ca. 9.5% of LS Fe' ions being
detected at 78 K. The magnetic properties of 3B resemble the one of 1 with a gradual
type transition involving a few spin carriers. Mossbauer spectroscopy informs that
83.3 % of HS Fe' ions are populated at 78 K (vide infra).
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Complex 2 undergoes a gradual and almost complete SCO behavior. Indeed, the
thermal evolution of T continuously decreases from ambient temperature to 170 K,
from which it drops to 0.59 cm*®K mol™ at 80 K, reaching 0.33 cm>*K mol™ at 10 K.
The SCO profile can be fitted well using the ideal solution model?®®, leading to Ty =
140.4(2) K, enthalpy AHu. = 8.18(9) kJ mol™" and entropy ASh. = 58.4(5) J K 'mol™".

For 3, the ymT value keeps a nearly constant evolution at 3.36 cm® K mol™"in the
temperature range 300-210 K, after which it decreases gradually, disclosing a HS —
LS conversion with Ty2 = 113 K, and reaching a second plateau at 1.28 cm®*K mol™
over the range 20-60 K, indicative a nearly half-spin transition. No change was
observed while recording again the magnetic properties over the range 20-300 K.

Fitting the magnetic data using the ideal solution model®

, provides the following
thermodynamic parameters associated to the SCO: AHy. = 5.90(6) kJ mol™, ASy. =
52.2(4) J K'mol™" as well as Ty, = 113.4(2) K.

For 4, the xuT value slowly decreases from 3.60 cm®K mol™" at 300 K to 3.04 cm?®
K mol™ at 200 K and then drops steeply at Ty, = 194 K to reach to 0.01 cm*K mol™
at 15 K. Such behavior indicates an abrupt spin transition from a HS state (S = 2) at
high temperature to a LS ground state (S = 0) at lower temperature. Fitting the
magnetic data using the Slitcher and Drickamer model?® provides the following
thermodynamic parameters: AHn = 12.5(1) kd mol™', ASy. = 63.6(4) J K 'mol™", "=
4.16(4) kJ mol™" and Ty, = 195.9(1) K. Such later value nicely corresponds to the
recorded transition temperature.

The temperature dependence of the magnetic properties of 4B resembles the one
of 3 with a gradual spin crossover profile which plateau at 1.73 cm®K mol™" over the
range 20-60 K. Mdssbauer spectroscopy informs that ca. 48 % of HS Fe' ions are
populated at 78 K (vide infra). Thus, a gradual half-spin conversion was described.
Noteworthy is that a knot was detected at 195 K which exactly corresponds to Ty,
observed in 4 (Figure S6). This feature suggests that the transesterification is not

complete with a residual amount of 4 upon increasing crystallization time to one week.
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Figure 13. Heat capacity thermal profile on cooling and warming modes of 4

recorded at a scan rate of 2 K/min.

Differential Scanning Calorimetry (DSC). Given the sharp spin transition identified
for 4, this complex was also investigated by differential scanning calorimetry (DSC)
on both warming and cooling modes at a 2 K min™' scan rate. Corresponding heat
capacity temperature profiles, C,, are displayed in Figure 13. One exothermic peak,
characteristic of a first order phase transition, is identified on cooling at Tyax' = 195.5
K. On warming, an endothermic peak is observed at Trmax = 195.5 K, thus delineating
no hysteresis effect. The variations of enthalpy (AHy.) and entropy (ASy.) have been
determined as AHy. = 11.9 kJ mol™" and ASy, = 60.7 J K 'mol™. These values are
within the experimental range for Fe'' SCO systems?®. The entropy gain is found to
be much larger than the electronic contribution to the entropy, R:In(5) = 13.4 J
K 'mol™, for Fe'' SCO complexes.?® This is due to a high extent to the vibrational

entropy which was identified as 47.3 J K 'mol™".

Table 1 >’Fe Méssbauer parameters for all the complexes

Page 18 of 29

Complex | T/K | Aus/A(%) HS Fe" (mm/s) Fe" LS (mm/s) Fe™ (mm/s)
S AEq 1712 o AEq 112 o AEq 112
1 298 | 100 1.01(4) | 1.84(8) | 0.15(6)
78 | 90.5(3) 1.12(4) | 2.53(8) | 0.15(8) | 0.50(1) | 0.33(2) | 0.23(2)
> 298 | 88.3(5) 7.01(1) | 2.41(3) | 0.25(3) | 0.49(2) | 0.71(1) | 0.19(1)
78 | 21(2) 7.12(1) | 3.11(3) | 0.20(3) | 0.48(3) | 0.65(5) | 0.17(6)
F 298 | 100 1.01(3) | 2.00(5) | 0.23(4)
78 | 46.9(2) 1.12(6) | 2.76(1) | 0.16(9) | 0.50(5) | 0.55(9) | 0.16(7)
7 298 | 100 0.99(5) | 1.80(1) | 0.16(8)
78 |0 0.48(3) | 0.66(5) | 0.16(3)
3B° 298 | 100 1.02(8) | 1.99(2) | 0.23(1)
78 | 83.3(1) 112(2) | 2.68(4) | 0.17(3) | 0.50(1) | 0.57(2) | 0.16(2)
4B° 298 | 63.4(5) 1.00(1) | 2.21(3) | 0.19(2) 0.33(4) | 0.65(7) | 0.26(5)
78 | 47.8(6) 1.12(3) | 2.64(7) | 0.30(5) | 0.49(2) | 0.71(3) | 0.23(2)
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o. isomer shift (with respect to a-Fe at 298 K); AEq: quadrupole splitting: T/2: half width at half
maximum. a: grounded crystals; b: powder sample.

%’Fe Mossbauer spectroscopy. Temperature-dependent zero-field °’Fe Mdssbauer
spectroscopy was applied to investigate the stability of our materials (oxidation of iron)
and to determine the nature of spin states at low and high temperatures (Figures 14
and S7). As shown in Table 1, all the complexes display an isomer shift (6) of ~ 1 mm
s~ at room temperature. An identical room temperature isomer shift was found for
the mononuclear SCO complex [Fe(H2B(pz)2)2.phen*], where phen* is a diarylethene-
derived phenanthroline Iigand13a. The listed Mossbauer parameters point
unambiguously to the presence of HS Fe'Ng species at room temperature. For 2, LS
Fe(ll) ions with an isomer shift (5) of 0.49 mm s™' are in addition identified whereas
for 4B, Fe(lll) species reflected by an isomer shift (5) of 0.33 mm s™" are revealed at
room temperature (Figure S7). Upon cooling to 78 K, the isomer shift increases to 6 =
1.12 mm s~ due to the expected second-order Doppler shift*®, and the quadrupole
splitting AEq becomes as large as 3.11 mm s™' for 2. More importantly, a new
quadrupole doublet appears for all the complexes with a relative intensity of a full
population for 4, which is characterized by a lower isomer shift around 0.50 mm s
and a much smaller quadrupole splitting AEq < 1.0 mm s™'. This later signal is
characteristic for a LS Fe'" ion in a distorted pseudooctahedral environment.
Incomplete SCO behavior is thus identified for 1, 2, 3, 3B and 4B contrary to 4.

100 Rk Vegr, .. .'-. s Wf"«_-g‘.
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Figure 14 °"Fe Mdssbauer spectra of polycrystalline samples for all the complexes
recorded at 298 K (top) and 78 K (bottom). Red and blue correspond to the Fe'' HS

and LS doublets, respectively.

DFT calculations. In order to probe the influence of electronic substituents on SCO,
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we carried out density functional calculations for complexes 1-4 using the ORCA
4.0.0. program31. Geometry optimizations were started from the single crystal X-ray
structure data using the BP86 functional in combination with the def2-SVP basis set
on all atoms with the exception of Fe, for which the triple-{ def2-TZVP basis set was
used. The HS state for 1 can be attributed to the relatively small energy difference (A)
between the highest dy-orbital and the dzz-orbital, while the series 2 to 4 bearing
different ester group turned out to reveal a relatively large energy splitting of A and
stronger T-acceptor properties, which stabilized the LS state’® (Figures S8-S12).
Within the series 2 to 4, however, the difference between the ligand field strengths of
the various acetate ligands is negligible (Figure S8), which indicates that the crystal

packing plays an important role in switching the SCO" (vide infra).

3. DISCUSSION

In our system, the SCO behavior is drastically different from complexes to
complexes caused by subtle but crucial structural differences between the respective
Fe''Ng skeleton. It is well known that the prototype of [Fe(H2Bpzy)2(bipy)] complex (5)
has been reported to show thermally induced spin transition’. However, the
introduction of different aromatic directing groups into the bipy ligand can affect the
Tr-acceptor character, leading to the distinction of ligand field strength and diversity of
SCO properties.'® As a typical electron withdrawing groups, ester moieties in 2, 3 and
4 are good candidates to support the bipy ligands acting as a better TT-electron
acceptor. This point has been reflected by the shorter Fe-N,, distances (1.968(1) and
1.964(1) A) observed for 4 in the LS state compared to 5 (2.013(2) A). The BP86
calculations for the discussed complexes also revealed that the energy difference (A)
between the highest d,-orbital and the d,%-orbital of 2.70 eV for 2, 3 and 4 is slightly
larger than that of 2.67 eV for 1 (Figure S8). Therefore, the introduction of electron-
withdrawing substituents leads to strengthened ligand field strength of those ester
series. On the other hand, crystal-packing effect has been shown to influence the
magnetic properties of Fe'' SCO complexes, illustrating explicitly the importance of
the crystalline arrangement for realizing special cooperative behavior. Closer
inspection between 3 and 4 crystal structures reveals main differences which can be
summarized as follows:

(a) Supramolecular interactions: both crystal packing of 3 and 4 are dominated

by C-H---O interactions but with different supramolecular structures (Figures 5 and 6).
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3 displays a Csp3-H---O interaction between carbonyl oxygen and ethyl $ carbon atom,
which is located far away from iron(ll) centers. 4, in turn, undergoes two kinds of C-
H---O interactions forming a 2D supramolecular structure. More importantly, both two
types of proton donor in 4 originate from py and pz rings, which are directly
coordinated to the Fe'" ion. Therefore, these C-H:--O interactions, as a catalog of
weak H-bonds,* can shifts in electron density that accompany the magnitudes of the

various components of the interaction energy to influence cooperative SCO behavior.
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Figure 15. lllustration of the crystal packing for the A isomer with the ordered H,Bpz;
ligands (top), A isomer with the ordered H,Bpz, ligands (middle) and with the
disordered H,Bpz; ligands in 3 (bottom).

(b) Structural disorder: it is the disordered H,Bpz, ligands in 3 which clearly affect
the SCO properties between two different enantiomers. As shown in Figure 15, in
ordered A isomers, there is a B---B short contact from the adjacent H,Bpz, ligands at
a distance of 3.626 A. This B---B contact was strongly contracted as short as 3.475 A
at 92K and even to 3.452 A at 20K. Such contraction is observed for the first time for

[Fe(H2Bpz2)2(L)] related complexes. In addition, to the best of our knowledge, this
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distance is the shortest BB contact so far found for a -we =y stacking motif,
based on a CCDC search (Figure S13). The B--'B distances at low temperatures
were much shorter than the Van der Waals radii of B---B contact (3.6-4.1 A)**,
indicating a crowded stacking for the A configuration to a certain extent (Figure 15,
top). However, this crowded situation can be avoided by changing the A configuration
to the A one as shown in Figure 15, middle. Therefore, the disorder in 3 can be
viewed as the insertion of A molecules into the ordered A lattices, breaking down the
boron contact of H,Bpz, chain to a short range one (Figure 15, bottom). The LS
molecules are conducted within these “crowded” short chains, while the HS
molecules are kept in these disordered A species, because of their “‘roomy”
surroundings. Fe' compounds showing incomplete or intermediate SCO have been
reported®, based on the hypothesis that SCO sites are strongly depends on
cooperativity (hydrogen bonds, n—n stacking, and van der Waals interactions within
the crystal lattice), leading to a specific stoichiometric combination of HS and LS Fe"
molecules. The cooperativity in disordered structure of 3 presented here,
demonstrates that the control of chiral enantiomers within crystal packing can
become an outlet for development of new molecular devices based on SCO

materials

4. CONCLUSION

The foregoing results demonstrate that subtle, remote variation of the ligand field can
lead to significant modulation of the transition temperature in [Fe(H2Bpz,)2(bipy-type)]
SCO complexes with electronic substituent-decorated 5,5 -positioned bipy ligands.
Importantly, the electronic substituent effect isopropyl acetate group and C-H---O
supramolecular interactions in 4 contribute to efficient elastic interactions associated
to the spin crossover behavior, leading to an abrupt thermally induced spin transition.
This example thus pinpoints the importance of supramolecular interactions, to design
highly cooperative SCO complexes,® which is of key relevance for mononuclear
complexes where no important cooperative effects are expected.36 The addition of
electronegative atoms on the bipy ligands increase the low-lying Tr-acceptor
characters, which are suitably oriented for interaction with the filled d; orbitals of the
metal atom and therefore for strengthening the metal-ligand interaction. Further in-

depth studies including theoretical calculation on this system are required to
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elucidate the underlying mechanism. This methodology, which can provide a tool for
the further design and fabrication of SCO materials switching at higher temperature,
is currently under consideration in our laboratory. In addition, their higher thermal
stability is an important assess for these materials in view of their future

nanostructuration as thin films, e.g. using CVD processes.

5. EXPERIMENTAL SECTION

Syntheses. All chemicals were used as commercially obtained without further
purification.

Synthesis of bipyridine derivatives. 2,2"-Bipyridine-5,5'-dicarboxylic acid (bpydc)'’,
dimethyl-2,2'-bipyridyl-5,5'-dicarboxylate  (MeObpydc)'®, diethyl-2,2"-bipyridyl-5,5'-
dicarboxylate (EtObpydc)'® and diisopropyl-2,2'-bipyridine-5,5-dicarboxylate  (i-
PrObpydc)20 were prepared using literature procedures.

Synthesis of complexes 1-4: Syntheses were performed under Ar using Schlenk
techniques.

[Fe(H2Bpz,)2(bipy-CHs)] (1). To a solution of K[H»B(pz)2] (160 mg, 0.88 mmol) in
methanol (5 mL) was added a solution of Fe(ClO4),-:6H,0 (160 mg, 0.44 mmol) in
methanol (5 mL). The formed KCIO, precipitate was removed by filtration, affording a
yellow solution. A solution of bipy-CHs (81 mg, 0.44 mmol) in methanol (10 mL) was
then added dropwise to the solution, causing an immediate color change to dark
pink. After the solution was stirred for 2 h at room temperature, a pink precipitate was
collected, washed with methanol, and dried under a stream of Npg). Yield: 158 mg
(67%). Anal. Calcd. for 1 (Cz4H28N1oBzFe) C, 53.98; H, 5. 28 N, 56 23. Found: C,
93.06; H, 5.15; N, 26.33. MS (FTMS+pESI): miz: 535.21 [M] Slngle crystals of 1
were obtained by slow diffusion in methanol under Arg, using a single-tube glass
vessel. The bipy-CH; in CH30H was placed on the top o?a Fe(H2B(pz)2). methanolic
solution. Pink-violet single crystals of [Fe(H2Bpz2)2(bipy-CH3)] (1), suitable for X-ray
diffraction analysis, formed after one week.

[Fe(H.Bpz,).(MeObpydc)] (2). The same method as for 1 was followed using
MeObpydc (120 mg, 0.44 mmol), which yielded to an olive-green precipitate of 2.
Yield: 165 mg (60%)._Anal. Calcd for 2 (C2sH2sN10B2O4Fe): C, 50.20; H, 4.54; N,
22.52. Found: C, 51.73; H, 4.53; N, 20.71. MS (FTMS+pESI) miz: 623.19 [M]
Attempts to crystalllze complex 2 failed due to the poor solubility of MeObpydc.

[Fe(H2Bpz,).(EtObpydc)] (3). The same method as for 1 was followed using
EtObpydc (130 mg, 0.44 mmol), which yielded to an olive-green precipitate. Yield:
166 mg (56%). Anal. Calcd for 3 (CzsH3oN10B204Fe): C, 51.73; H, 4.96; N, 21.55.
Found: C, 50.99; H, 4.75; N, 21.83. MS (FTMS+pESI) miz: 651.22 [M] Single
crystals were obtained by slow diffusion in methanol/dichloromethane mixture under
Ar using a single-tube glass vessel. The EtObpydc in CH2Cl, was placed on the
bottom of Fe(H2B(pz)2).-containing methanol solution, affording green needle crystals,
namely 3, suitable for X-ray diffraction analysis, after overnight. Increasing
crystallization time up to one week afforded prism shape crystals, which were
identified as 3B.

[Fe(H.Bpz,).(i-PrObpydc)] (4). The same method as for 1 was followed using i-
PrObpydc (140 mg, 0.44 mmol), which yielded to an olive-green precipitate. Yield:
168 mg (54%). Anal. Calcd. for 4 (C30H3sN10B204Fe): C, 53.13; H, 5.35; N, 20.65.
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Found: C, 51.96; H, 5.27; N, 20.48. MS (FTMS+pESI): m/z: 679.25 [M"]. The same
crystallization method was followed as for 3 to afford single crystals of 4 using i-
PrObpydc instead of EtObpydc. Increasing crystallization time up to one week
afforded crystals of another morphology, namely 4B.

Characterization Techniques. Elemental analysis for C, H, and N were performed
at Medac. NMR spectra were recorded at room temperature. with a Bruker Avance I
300 MHz instrument. Chemical shifts () are reported in ppm from CDCI; (6 = 7.27
ppm) or DMSO-cf (& = 2.50 ppm) for '"H NMR. Mass spectra (MS) were recorded
using Q-Exactive from ThermoFisher spectrometer. Infrared spectra were recorded
on Shimadzu FTIR-8400S with KBr pellets. Diffuse reflectance spectra (DRS) were
obtained with a PerkinEImer Lambda 9 UV/Vis/NIR spectrophotometer equipped with
a 60 mm integrating sphere and converted into absorption spectra by using the
Kubelka—Munk function, using BaSO4 as a reference. Thermogravimetric analyses
(TGA) were performed in Nyg) (100 mL min™') at a heating rate of 10 Kmin™ from 298
to 873 K using a Mettler Toledo TGA/SDTA 851e analyser. Magnetic susceptibilities
were measured on a Quantum design MPMS-5s SQUID magnetometer. The
magnetic data were corrected for the sample holder and diamagnetic contributions.
The crystal sample was quickly loaded into a gelatin capsule and immediately
inserted within the SQUID cavity. °’Fe Mdssbauer spectra were recorded in
transmission geometry with a constant acceleration mode conventional spectrometer
equipped with a 50 mCi *’Co(Rh) source and a Reuter Stokes proportional counter.
The powdered samples were sealed in aluminum foil and spectra were recorded at
298 and 78 K. All samples were grounded because spectra of fresh crystals
systematically afforded line dissymmetry due to texture. The spectra were fitted using
Recoil 1.05 Méssbauer Analysis software®’. The isomer shift values are given with
respect to a-Fe at 298 K.

Single Crystal X-ray Analyses. Suitable single crystals were selected for single-
crystal X-ray diffraction analysis. 20 K data for complexes 1 and 3 were collected with
an Oxford Diffraction Xcalibur3 diffractometer, using monochromated Mo-Ka
radiation (A = 0.71073 A). The diffractometer was fitted with a liquid helium low-
temperature device, Helijet Oxford Diffraction Cryostat. Crystallographic data at other
temperatures were collected on a MAR345 image plate using MoKa radiation (A =
0.71073A). The crystals were selected, mounted in inert oil and transferred to the
cold gas stream for flash cooling. Data were integrated by CrysalisAlisPro (Agilent
Technologies (2014), Agilent Technologies UK Ltd., Oxford, UK, Xcalibur/SuperNova
CCD system, CrysAlisPro Software system, Version 1.171.37.35 and 1.171.38.41 ).
Absorption correction was applied using the integrated multi-scan absorption
algorithm. The structures were solved by direct methods (SHELXS) and refined by
full-matrix least-squares on F? using SHELXL2014%®. The location of Fe atom was
easily determined, and O, N, and C atoms were subsequently located in the
difference Fourier maps. The non-hydrogen atoms were refined anisotropically. The
H atoms were introduced in calculated positions and refined with fixed geometry with
respect to their carrier atoms. DFIX, FLAT, DELU, SAME, ISOR and EADP
constrains were applied in the refinement of the disordered boron-containing pyrazoyl
group and alkyl ester substituents. CCDC 1829354 (1_95 K), 1832091 (2_20 K),
1829355 (3_296 K), 1829358 (3_92 K), 1832092 (3_20 K), 1829356 (4_297 K),
1829357 (4_90 K), 1832660 (3B_150 K), 1829660 (3B_100 K) and 1829661
(4B_175 K) are the supplementary crystallographic data for this paper. They can be
obtained free of charge from the Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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DFT calculations. All calculations were performed using the ORCA 4.0.0.program®’.
Geometry optimizations were started from the X-ray structure data using the BP86
functional in combination with the def2-SVP basis set on all atoms with the exception
of Fe, for which the triple-{ def2-TZVP basis set was used. These calculations made
use of the RI density fitting approximations implemented in ORCA, using def2/J
auxiliary basis set®. Based on the optimized geometries single-point energy
calculations were carried out with the B3LYP functional in conjunction with the def2-
TZVP basis set. All calculations employed the relativistic recontracted version of the
def2 basis sets*®®, the zeroth order relativistic approximation (ZORA)*' and D3
dispersion correction with Becke-Johnson damping function (D3(BJ))*2. Second-
derivative calculations were carried out for all structures to ensure that they are
minima on the potential energy surface. The DFT calculations predicted a very stable
LS ground state for all the complexes using BP86 while B3LYP predicted the HS
state to lie below the LS state by about 3 kcal/mol**.
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The combination between electronic substituent effect isopropyl acetate group and C-
H---O interactions provides relatively high cooperativity, which leads to an abrupt SCO
9 behavior in [Fe(H,Bpz,),(i-PrObpydc)] .
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