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ARTICLE

Light and thermally activated spin crossover
coupled to an order-disorder transition of a
propyl chain in an iron(i) complext

Theerapoom Boonprab, @;ta Upeksha Habarakada,® Guillaume Chastanet, ©¢
Phimphaka Harding @ *2 and David J. Harding @ $*@

A series of three solvates [Fe(naphPren),]I-CH,CLl, 1, [Fe(naphPren),]I-CHClz 2 and [Fe(naphPren),]l-acetone
3 with the novel ligand HnaphPren {2-([(2-(propylamino)ethyllimino)methyl)naphthalen-2-ol} is reported.
Magnetic studies of these complexes reveal that 1 exhibits an abrupt SCO at 162 K, whereas 2 possesses a
more gradual SCO centred at 172 K. 3 is trapped in the HS state, but irradiation at 980 nm enables

DOI: 10.1039/XXXXXXXXXX

accessibility to a hidden LS state via reverse-LIESST. The structures of 1-3 reveal that 1 and 2 show

reversible disorder in the propyl group that is coupled to SCO which is absent in the acetone solvate. This
study demonstrates how solvent subtly alters the packing impacting the potential flexibility of the propyl
chain and thereby switching SCO on or off.

Introduction

Spin crossover (SCO) materials exhibit a reversible spin-
transition between the high- and low-spir. siate upoon
application of an external stimulus including temperature,
pressure or light irradiation."™ This can occur in d*-d’
transition metal complexes in which the two spin states are
close in energy. Among these, Fe(u) spin crossover
compounds are promising, owing to their robustness, an
increasingly large number of hysteretic SCO systems, and
demonstrated use in devices.”® Nevertheless, the
development of light activated Fe(m) SCO materials through
the LIESST effect (Light-Induced Excited Spin-State Trapping)
remains challenging due to the smaller change in Fe-ligand
bond lengths compared to Fe(n) systems.'®'' To date, only
handful of ligand systems has been found to support LIESST
including pap (pap = 2-((pyridin-2-ylmethylene)amino)
phenolate),’> qgnal (gnal = 1-((quinolin-8-ylimino)methyl)
naphthalen-2-olate),”*™® azp (azp 2,2'-(diazene-1,2-diyl)
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diphenolate),”” qsal (gsal = 2-((quinolin-8-ylimino)methyl)
phenolate)'® and naphBzen (naphBzen = 1-(((2-(benzylamino)
ethyl)imino)methyl)naphthalen-2-olate).®

Despit= this there appears to be no real correlation
between the abruptness of SCO or the presence of hysteresis
and light activated SCO, and the discovery of new systems
continues to be largely serendipitous.

Abrupt spin crossover occurs when there is strong
cooperativity between the spin centres, aided by
supramolecular interactions. In some cases, it can also be
tied to order-disorder transitions in either the anions'" or
parts of the ligand.'>**™>* One of the first examples was in
2003 in [Fe(2-picolylamine);](Cl), where an order-disorder
transformation coupled to the spin state change resulted in
stepped SCO.>® In systems with alkyl groups such as [Fe(n-Bu-
im);(tren)](PFs), the unusually long relaxation time of the
LIESST activated HS state is intimately tied to an order-
disorder transition in two of the butyl groups.”* This
demonstrates that, not only the abruptness of SCO, with or
without hysteresis, but also the LIESST properties can be
influenced by such order-disorder changes.

Tridentate ligands such as HsalRen (2-(((2-(R-amino)ethyl)
imino)methyl)phenol) are among the most common in Fe(i)
SCO complexes. Complexes of this family feature
intermediate HS-LS states,”*® abrupt SCO,>’>**° abrupt
SCO with hysteresis,®® thermosalient behaviour,*** near
room temperature SCO**** and even hidden hysteresis.® An
attractive feature of salRen complexes is that the N-H:--anion
interaction is predictable and robust and the group on the
amine can be readily modified. Despite this, most reported
compounds use the ethyl group such as [Fe(naphEen),]"

Journal Name XXXXXXX


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ce00425b&domain=pdf&date_stamp=2023-07-20
http://orcid.org/0000-0001-6474-8999
http://orcid.org/0000-0001-6829-4066
http://orcid.org/0000-0002-7253-316X
http://orcid.org/0000-0001-8866-2401
https://doi.org/10.1039/d3ce00425b

complexes (naphEen = 1-{[2-(ethylamino)ethylimino]methyl}-
2-naphtholate) which are trapped in the LS state.*> In

contrast, use of a benzyl group allows access to
[Fe(naphBzen),]" complexes which exhibit a range of
hysteretic and gradual SCO behaviour.®?® It follows that
further exploration of the impact of the alkyl group is
warranted. In this work, we report the synthesis and
characterization of [Fe(naphPren),|I (naphPren = 1-{2-
(propylamino)ethylimino]methyl}-2-naphtholate) which was
recrystallized to yield three different solvates; CH,Cl, 1,
CHClj;, 2, and acetone 3. We demonstrate that the thermo-
and photo-induced properties of the compounds are solvent
dependent with thermal SCO coupled to an order-disorder
transition in the propyl chain.

Experimental section
Materials

All reactions were carried out in aerobic conditions using
commercial grade solvents for the synthesis of all
compounds. All chemicals were purchased from TCI
Chemicals or Sigma-Aldrich and used as received.

Synthesis of [Fe(naphPren),]I-CH,Cl, 1

A solution of 2-hydroxy-1-naphthaldehyde (344.5 mg, 2.0
mmol) in EtOH (3 mL) was charged with
N-propylethylenediamine (204.4 pL, 2.0 mmol) and stirred
under ambient conditions for 1 h. 1,8-diazabicyclo[5.4.0]
undec-7-ene, DBU (150 pL, 2.0 mmol) was then added and
the resulting mixture was stirred for a further 15 minutes. A
solution of Fe(NOj3);-9H,O (0.403 g, 1.0 mmol) in EtOH (3
mL) was added dropwise. The solution turned green
immediately indicating formation of [Fe(naphPren),]NO; and
intensified over 15 minutes. The reaction mixture was left
stirring for 1 h, before heating to 60 °C. A solution of
Potassium iodide (415 mg, 3.0 mmol) in EtOH (14 ml) was
added and the solution stirred at this temperature in a sealed
vessel for 2 h. The resulting reaction mixture was then
allowed to cool to room temperature and stirred for a further
16 h. The crude solution was reduced in vacuo to 3 ml and a
green solid precipitated with addition of distilled water (5
ml). The green suspension was filtered through a Buchner
funnel and dried in air for 2 h. The greenish brown powder
of [Fe(naphPren),] was then recrystallized via slow
evaporation from 1:1 CH,Cl,:hexane over 14 days to
produce [Fe(naphPren),|I-CH,Cl,, 1 as black crystals (173 mg,
50% over 2 steps). IR spectroscopy: 3105 (vN-H), 2961, 2930,
2871 (vC-H), 1608 (vC=N). UV-visible absorption (CH,Cl,):
603 nm (2512 M ' em™), 695 nm (3336 M~ cm ™). Elemental
analysis: C3,H3gFeIN,0,-CH,Cl, theoretical: C (50.92), H
(5.18), N (7.20) Experimental: C (50.83), H (5.23), N (7.40).

Synthesis of [Fe(naphPren),|I-CHCI; 2

Black crystals of 1 (60 mg) were dissolved in CHCl; (2 ml)
and filtered through a pad of Celite® into a sealable vial. The

solution was then layered above with hexane (10 ml). The vial
was sealed and left at room temperature to complete slow
diffusion. After 7 days, black crystals of [Fe(naphPren),]
I-CHCl; 2 formed and were collected (51 mg, 85%). IR
spectroscopy: 3115 (vN-H), 2961, 2929, 2870 (vC-H), 1612
(vC=N). Elemental analysis: C3,H;3FeIN,0,-CHCI,
theoretical: C (48.77), H (4.84), N (6.89) Experimental: C
(48.44), H (4.90), N (6.72).

Synthesis of [Fe(naphPren),]I-acetone 3

Black crystals of 1 (50 mg) were dissolved in acetone (2 ml)
and filtered through pad of Celite® into a sealable vial. The
solution was then sealed in a container of Et,O (5 ml) and
left at room temperature to complete slow evaporation-
diffusion. After 10 days, black crystals of [Fe(naphPren),]
I-acetone 3 formed and were collected (34.5 mg, 69%). IR
spectroscopy: 3066 (vN-H), 2964, 2933, 2871 (vC-H), 1616
(vC=N), 1533, 1508 (vC=C). Elemental analysis: Cj,Hjg-
FeIN,0,-C,H¢O theoretical: C (55.22), H (6.00), N (7.58)
Experimental: C (55.39), H (5.85), N (7.81).

Physical measurements

Infrared spectra (4000-400 cm™") were recorded as KBr pellets
on a Bruker Tensor 27 FT-IR spectrometer with OPUS data
collection program (Table S1; Fig. S11). Absorption spectra was
collected on PG Instruments T80+ UV/vis spectrometer from a
solution of 1 in CH,Cl, (Fig. S21) elemental analyses were
carried out by using a Eurovector EA3000 analyzer. ESI-MS were
carried out on a Bruker AmaZon X LCMS Mass Spectrometer.
Thermogravimetric analyses were performed on Mettler Toledo
TGA/DSC1 in the range of 35-300 °C (Fig. S31). Magnetic
measurements were carried out with a Quantum Design SQUID
MPMS 7XL device operating from 10 K to 300 K at 20 kOe of
applied magnetic field. A known amount of freshly
recrystallized crystals was introduced into a polypropylene bag
whose diamagnetic contribution is known. The temperature
scan rate was fixed at 0.5 K min™" from 10 K to 300 K after a
fast cooling from room temperature. The diamagnetic
corrections for the measured compounds were estimated from
Pascal tables. For the photomagnetic measurements, a thin
layer of these samples was irradiated in the SQUID
magnetometer using an optical fiber guiding the light with a
given wavelength onto the sample.

X-ray crystallography

The diffraction data of 1-3 were collected on a Rigaku
SuperNova diffractometer with a HyPix 3000 detector using
CuKo radiation (1 = 1.54184 A)*” at the temperatures
indicated in the ESIT (Table S2). Data reduction, scaling, and
absorption corrections were performed using CrysAlisPro.*®
The structures were solved, and the space group P2,/c was
determined by intrinsic phasing using ShelXT and refined by
full matrix least-squares minimization on F> using
SHELXL.>**° All non-hydrogen atoms were refined
anisotropically. Disorder was found in the propyl groups of 1



and 2 at higher temperatures and these were modelled in two
parts with appropriate SADI and RIGU restraints. In the case
of 1, the CH,CI, molecule was also found to be disordered at
200 K and similar restraints were used to model this
disorder. Hydrogen atoms were included in calculated
positions and refined with isotropic thermal parameters,
which were 1.2x or 1.5x the equivalent isotropic thermal
parameters of their parent carbon or oxygen atoms. All
pictures were generated with OLEX2.*! Crystallographic data
for the structures have been deposited with the Cambridge
Crystallographic Data Centre (CCDC) 2259253-2259259.
Powder X-ray diffraction data were measured on a Rigaku
SuperNova diffractometer with a HyPix 3000 detector using
Cu Ka radiation (1 = 1.54184 A). The samples were ground
and then suspended in Fomblim Y oil, and the data were
collected between 20 = 5-80°.

Results and discussion
Synthesis and characterization

The Schiff base ligand, HnaphPren was prepared in a similar
manner to HnaphEen and HnaphBzen and used in situ.®*®
The synthesis of [Fe(naphPren),]I was made in good yield via
post-complexation anionic exchange from the nitrate complex
as shown in Scheme 1. The resulting green solid was purified
by recrystallization from CH,Cl,:hexane to yield
[Fe(naphPren),|I-CH,Cl, 1. In order to study impact of
solvent, 1 was also recrystallized by slow diffusion from
either ~ CHCl;:hexane or  acetone:Et,0O to yield
[Fe(naphPren),|I-CHCl; 2 and [Fe(naphPren),]I-acetone 3,
respectively. All compounds were characterized by IR and UV-
visible spectroscopy, mass spectrometry (Fig. S4 and S57),
elemental analysis, and TGA (Fig. S31). In all cases the results
are consistent with the proposed degree of solvation.

IR spectroscopy of 1-3 shows peaks corresponding to the
amino group, aromatic rings, aliphatic backbone and
coordinating imine (Table S1, Fig. S1f). The imine stretch is
observed between 1609-1614 cm™' and close to that of
[Fe(naphEen),]halide,®® but significantly lower than
[Fe(naphBzen),JI.® This might reflect the different electron
donating efficacy of the amine for the benzyl and aliphatic
propyl group in these structures. The absorption spectra of 1 in
CH,Cl, exhibits a broad peak at 695 nm, matching the LMCT
band reported in [Fe(naphEen),]halide®*>** (Table S1, Fig. S21).

T]* iodide-
o 1.DBU
‘ y HNR - 2.Fe(NOs)s
4 FeNOs)s O
N 3.KI |
Q) iy

[Fe(naphPren),]l - solvent

1 solv = CH,Cl,
2 solv=CHCl;
3 solv =acetone

Scheme 1 Synthesis of 1-3.

The position of Ay is consistent with LS Fe(ur) as found in a
range of [Fe(salRen),]" and [Fe(naphRen),]" complexes.

Magnetic measurements

The spin crossover profiles of 1-3 were determined by SQUID
magnetometry and are shown as yuT vs. temperature plots in
Fig. 1 (ym being the molar magnetic susceptibility). In 1 below
140 K yuyT =~ 0.4 cm’® mol™ K, corresponding to LS Fe(u).
Heating results in an abrupt SCO with yuT reaching 3 cm’®
mol™ K at 165 K, before levelling out to 4.1 cm® mol™ K,
corresponding to HS Fe(m) after 220 K, giving a Ty, = 162 K.
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Fig. 1 ymT versus T plots of 1-3, in the dark before any light
irradiation (0), under 830 nm light irradiation (v), in the dark after
light irradiation (e).
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The magnetic profile upon cooling is found to be identical,
indicating an abrupt complete SCO with no hysteresis.
Compound 2 shows a similar increase from 0.4 cm® mol™ K at
100 K before reaching 4.8 cm® mol™ K at
suggesting a more gradual but complete SCO with T3, = 172 K.
In both 1 and 2, no thermal quenching was observed upon fast
cooling. Neither compound is sensitive to light irradiation at
low temperature, showing an inefficient LIESST effect.

In contrast, 3 shows a very gradual decrease from 4.0 cm®
mol ™" K at 300 K to 3.7 em® mol ™" K at 30 K, before declining
more sharply at 10 K indicative of zero-field splitting. This
suggests little to no SCO in this compound. However, the LS
state of 3 can be accessed via light irradiation at either 830 or
980 nm (4 mW em™ was chosen to prevent temperature
destabilisation) characteristic of reverse-LIESST. The decrease
in magnetic susceptibility from 3.5 to 1.2 cm® mol™ K at 15
K shows that the reverse-LIESST is 60% complete after two
hours of irradiation (assuming the fully LS state to have a
xmT value of around 0.375 cm® mol™ K). Reverse-LIESST is
extremely uncommon in Fe(m) and to the best of our
knowledge there are only a handful of reported
examples.>**™*° Heating causes a gradual increase in
magnetic susceptibility up to the initial HS curve at 45 K. An
additional photocrystallographic study would be needed to
identify the phases and their dynamics.

Structural studies

Suitable dark green crystals for SCXRD of 1-3 were prepared
from slow diffusion of either CH,Cl, or CHCI; with hexane or
acetone with Et,O (Table S3T). PXRD confirms that the crystal
structures are reflective of the bulk materials (Fig. S7t) The
structures of all complexes are found in the monoclinic P2,/c
space group at all temperatures.

The asymmetric unit of 1-3 contains a 2:1 octahedral
complex of the deprotonated naphPren ligand to the Fe(ur)
center in a mer configuration, an iodide anion and single
molecule of solvent (Fig. 2 and S671). The N-H---I interaction
is present in all complexes with distances ranging from 2.6—
2.9 A. At 150 K, the Fe(m) centre in 1 has average bond
lengths and distortion parameters indicative of the LS state,
while in 2, access to the full LS state requires further cooling

Fig. 2 Asymmetric unit in 1 at 150 K. Ellipsoids are drawn at 50%.

around 250 K,

Table 1 Selected bond lengths and octahedral distortion parameters for
[Fe(naphPren),]l-solv complexes where solv = CH,Cl,, 1, CHCls;, 2 and
acetone, 3

1 2 3
T (K) 150 200 130 150 200 298 150
Fel-Oye (A) 1.89 1.93 1.89 1.89 1.93 193 1.93
Fel-Nimine ()  1.93 2.06 1.92 1.93 2.05  2.07 2.07
Fel-Namine (A)  2.05 221 2,06 2.08 220 222 2.23
Fel-N/Oue (A)  1.96 2.06 1.96 1.97 2.06  2.07 2.08
AFe-O/N (A) 0.109 0.117 (298-130 K) —

() 426 69.6 42.6 424 623  69.3 70.7
o () 125 221 132 137 208 228 232
AZ, AG (°) 27.0, 96 26.7, 96 —

Spin state LS HS LS mLS mHS HS HS

to 130 K (Table 1).*° Upon warming the bonds elongate and
distortion in 1 is observed and plateaus at 200 K, indicating
the transition to HS state. In contrast, while 2 starts to level
out at 200 K it does not reach the full HS state until 298 K.
Upon complete LS to HS crossover, 1 and 2 exhibit an average
elongation of the Fe-N/O bonds by 0.11-0.12 A, and an
increase in 2 and @ of 27° and 96°, alongside an expansion
of the unit cell by approximately up to 3-4% (ref. 31, 46 and
47) Unlike the full SCO observed in 1 and 2, the Fe(m) centre
in 3 is HS at 150 K. The structural data are entirely consistent
with the magnetic studies reported above.

Apart from the change within the coordination sphere,
there are also substantial differences in the N-H--I
interactions. While for 2 and 3 the N-H--I interactions are
relatively symmetrical and elongate evenly upon SCO in 2,
they are less symmetric in 1 and become increasingly
asymmetric upon SCO (Table S3f). However, the most
obvious change in 1 and 2 is an order-disorder transition of

a) o

Fig. 3 Order-disorder transition of the propyl substituent and solvent
in 1 at a) 150 K and b) 200 K. Ellipsoids are drawn at 50%.
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the propyl group that is clearly linked to SCO (Fig. 3 and
S8t). Upon heating, we find that the propyl group is
disordered over two sites, principally via rotation around the
N2-C14 bond as observed in the torsion angles. This
difference is greatest in 1 and may be factor in the more
abrupt SCO observed in this compound. Interestingly, in 3
the Fe-N2-C14-C15 torsion angle is the lowest in the group
and as the compound is trapped in the HS state, this
suggests that there may be a limit beyond which thermal
SCO becomes impossible. Unlike in compounds 2 and 3, in 1
there is also disorder of the CH,Cl, molecule at 200 K, but
the presence of an ordered CHCIl; molecule in 2 shows that it
is disorder in the propyl group that is key to the observation
of SCO.

Structural packing

Examining the broader structural features, despite the
different lattice solvents, the complexes all pack into 1-D
chains along the b-axis. The 1-D chain from each structure is
generated through a series of N-H--I, I---Cl (or I'--H)
contacts involving the solvent, and C-H---O interactions
(Fig. 4, 5 and S97). This motif is also supported by several C-
H--'m contacts from the naphthyl and propyl groups,
resulting in a robust structural motif which is mostly
preserved upon SCO. Interestingly, the CH,Cl, molecule in
the LS state bridges the Fe(u) spin centres in the 1-D chain
via C-H---O interactions. However, upon SCO one of the C-
H---O interactions is replaced by a weak Cl---O interaction.

A similar interaction is observed in 2 with alternating C-
H---O and Cl---O contacts, which weaken upon SCO. These
changes in the interactions influence the Fe---Fe distances in

3-D Structure

Fig. 5 View along the b-axis of the 1-D chain in 1 at a) 150 K and b)
200 K showing the change in the supramolecular interactions involving
the CH,Cl, molecule.

the 1-D chain, which become shorter by up to 0.19 and 0.11
A in 1 and 2, respectively. It is possible that this difference in
1 and 2 impacts the overall cooperativity and hence the
abruptness of SCO. The 1-D chains in 1-3, are linked into
2-D sheets by C-H---m interactions involving the naphthyl
and propyl groups along the crystallographic c-axis (see

1-D Chain

Interchain C-H---1t

Interchain C-H--I

Fig. 4 Schematic illustration of the packing from the asymmetric unit to the final supramolecular 3D structure for [Fe(naphPren),]I-CHClz 2 at 150

K. This figure is intended as a guide to the discussion only.
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Fig. 4). In addition, relatively weak C-H---I interactions
connect the chains along the g-axis completing the 3-D
structure. It is interesting to note that it is the a- and c-axes
that show the most significant changes upon SCO (0.16-0.56
A, Table S21). This suggests that the expansion of the lattice
upon conversion to the HS state takes places between the
chains and not within them.

Conclusions

We present three solvates of [Fe(naphPren),|]I which are
readily prepared by recrystallization from CH,Cl,, CHCl; and
acetone and suitable antisolvents. Magnetic studies reveal
that 1 and 2 exhibit abrupt and moderately abrupt SCO,
respectively. In contrast, 3 remains HS at all recorded
temperatures. However, it does exhibit reverse-LIESST to a
hidden LS state with either 830 or 980 nm light, marking a
growing trend in Fe(m) SCO chemistry where hidden spin
states are accessible in systems that undergo incomplete
thermal SCO. The flexibility of the propyl group and
subsequent order-disorder transition is intimately associated
with SCO in these complexes. The degree of change in the
SCO cation-solvent interaction in the 1-D chain, the larger
change in the Fe---Fe distances and the additional order-
disorder in the CH,Cl, solvent are likely factors in the more
abrupt SCO observed in 1 compared with 2. The current
results suggest that further SCO systems with improved
properties are waiting to be discovered by extra variations in
the alkyl chain in the salRen and naphRen families and
further work along these lines is currently in progress.
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