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We present here the syntheses, crystal structures, and thermal and magnetic properties of a series of
mononuclear Fe?* spin crossover (SCO) complexes of the formula [Fe(bamp),]-Anion-Solv (Anion =
NDS?", Solv = 2H,0, 1yps; Anion = BPDS?", Solv = 4.4H,0, 2gpps; Anion = ABDS?~, Solv = Et,O and H,O0,
3asps, Anion = DNDS?", Solv = MeCN, 4pnps; bamp = 2,6-pyridinedimethanamine, H,NDS = 1,5-
naphthalenedisulphonic acid, H,BPDS = 4,4'-biphenyldisulphonic acid, H,ABDS = 4,4'-azobenzenedi-
sulfonic acid, H,DNDS = 4,4'-dinitrostilbene-2,2'-disulfonic acid). The structures and SCO properties of
these complexes can be finely modified by organodisulfonate couteranions. Single-crystal X-ray analyses
revealed that all these compounds are hydrogen-bonded three-dimensional frameworks constructed
from the charge-assisted hydrogen bonds between bamp donors, organodisulfonate acceptors, and/or
crystallized solvent molecules. SCO behavior was observed in all four complexes and has been evidenced
by detailed structural and magnetic investigations. While 1yps exhibits a sharp cooperative SCO transition
with a transition temperature Ty, of 247 K, 2gpps, 3asps, and 4pnps undergo more gradual SCO transitions
with Ty, values of 176, 171 and 158 K, respectively. Magneto-structural relationship studies revealed that
the tunable SCO properties, including the trend of the transition temperatures and the cooperativity of
the SCO transition, are mainly attributable to the size of the organodisulfonate anions. This study shows
that in order to exhibit cooperative SCO properties, “efficient” hydrogen bonds directly connecting the
SCO centers, rather than those between the SCO centers and the innocent neighboring groups, are
preferred.
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and hysteretic effect of the transition. While the ligand field
strength is mainly governed by the local coordination environ-
ment of the metal centers, the cooperative effect depends on
the communication between the metal centers. On the one

Introduction

The spin crossover (SCO) transition between the low-spin (LS)
and high-spin (HS) states can be triggered by a given external

stimulus, such as temperature, light irradiation, pressure or
magnetic field change." Many physical properties, including
colors, magnetic moments or dielectric constants, of the SCO
materials can be thus finely tuned, which leads to potential
applications such as sensors, memory devices, optical switches
or display devices.>?

For the design of superior SCO materials, both the ligand
field strength and the cooperative effect play critical roles in
modifying the transition temperatures, transition sharpness
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hand, the strong interaction between the metal centers can be
transmitted by the coordination bonds in many SCO com-
pounds of the extended frameworks, ranging from one-dimen-
sional (1D) complexes such as Fe(u)-1,2,4-triazole coordination
polymers,* to two- and three-dimensional complexes illus-
trated by the well-known Hofmann type SCO materials.” On
the other hand, intermolecular interactions such as n-n stack-
ing and hydrogen bonding are also very effective to enhance
the cooperativity.® In fact, the SCO materials of very wide hys-
teresis loops are mainly isolated molecular compounds with
these intermolecular interactions.”

In complexes with conjugated ligands, n-rn interactions
between the adjacent complexes can be used to increase the
cooperativity and sometimes are responsible for hysteresis.*’
For example, in the series of [Fe(1-bpp-R),]>* (1-bpp-R = 2,6-bis
(pyrazol-1-yl)pyridine and its derivatives) species reported by
Halcrow et al., four-fold n-n stacking was found in six structu-
rally characterized complexes, which is believed to lead to
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their similar abrupt thermal spin transitions.® On the other
hand, hydrogen bond (H-bond) interactions are also very
helpful for the increase in cooperativity,'® especially in com-
plexes with no efficient n-n stacking. For example, for the com-
plexes [Fe(NCS),(PM-R),] (PM = N-(2-pyridylmethylene), R =
aryl) reported by Marchivie et al.,"* a very good linear relation-
ship between the width of the spin transition and the length
of the shortest S---H-C intermolecular distances was noticed.
Also, detailed studies have been performed to investigate the
influence of the H-bond interactions on the SCO properties in
the family of [Fe(2-pic);]-A,-Solv (2-pic = 2-picolylamine, A =
anions, Solv = Solvent) complexes.'” Besides the molecular
compounds, the H-bond interactions also have a great impact
on the SCO properties in some extended frameworks. For
example, the H-bond interactions between the 1D chains in
the 1D coordination polymers of [Fe(p-Rtz);]X,-nH,0 lead to a
wide hysteresis loop of 20-40 K around room temperature.’
Also, the H-bond interactions between the guest molecules
and host frameworks are responsible for the multi-step tran-
sitions in the Hofmann type SCO frameworks.>

Although the H-bond interactions have been recognized as
important, and sometimes very powerful, synthetic tectons in
supramolecular chemistry,'® the design and even the control
of these weak interactions in the SCO complexes are still chal-
lenging. Experimentally, to introduce H-bonds of N-H---X or
O-H---X in SCO materials, it is necessary to rationally design
or choose the ligands, anions and even crystallized solvents
with rich H-bond acceptors or donors. For example, different
dicarboxylate anions in the [Fe(bpp),]X, compounds lead to
intricate networks of H-bonds between the bpp ligands and
the carboxylate dianions.'* Similar results can be found in Fe"
SCO complexes, [Fe(L),]-Acid (HL = 2-acetylpyridine isonicoti-
noylhydrazonen; Acid = 2,5-dibromoterephthalic acid and 2,5-
dichroloterephthalic acid), where the H-bonds between the co-
ordinated ligand and the lattice dicarboxylate acids have a pro-
nounced effect on the resulting structures and Ty, values."

Recently, we and some other groups have introduced orga-
nosulfonate anions into the SCO complexes as efficient
H-bond acceptors, aiming to study the effect of the H-bonds
on their SCO properties.'® Surprisingly, although the organo-
sulfonate anions have been widely used as the H-bond accep-
tors for the construction of charge-assisted H-bond networks
and hundreds of inclusion compounds have been reported,"”
inclusion of these anions in the SCO materials is still quite
limited as compared to the commonly used anions such as
the halogen anions, BF,” and PFs anions. In our previous
work,'®® we reported the studies of three [Fe(2-pic);]** com-
pounds with different mono-organosulfonate anions of
different sizes and shapes (see Scheme 1). The charge-assisted
H-bonds between the -NH, groups of the 2-pic ligands and the
-S0O; groups of the organosulfonates can not only lead to the
hydrogen-bonded networks but also finely modify the coordi-
nation configuration, namely meridional (mer-) or facial (fac-)
configurations, of the [Fe(2-pic);]*" cations. As a result, the
SCO properties including the transition temperatures and also
the hysteresis effects of these complexes can be modified by
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Scheme 1 Structures of mer-[Fe(2-pic)s]?*, fac-IFe(2-pic)s]>*, and
[Fe(bamp),]** cations and the organosulfonate anions.

the organosulfonate anions. Unfortunately, no direct connec-
tion between the configuration and the specific organosulfo-
nate anions was established in that work.

To continue our work on this strategy, we targeted a new
SCO family consisting of [Fe(bamp),]*" (bamp = 2,6-pyridinedi-
methanamine) cations and organodisulfonate derivatives as
the counteranions (Scheme 1). In this work, a new tridentate
ligand bamp similar to the ligand 2-pic was chosen. On the
one hand, it has a suitable ligand field strength for the Fe*"
center to result in the SCO transition. On the other hand, every
tridentate bamp ligand contains two -NH, groups, which
means that there are in total four -NH, groups in the cationic
[Fe(bamp),]** complex. These abundant -NH, groups can
provide a lot of protons for the H-bonds between the organo-
sulfonates. As for the counteranions, we chose the organodi-
sulfonates as shown in Scheme 1 for the following reasons. (i)
These organodisulfonates have relatively strong acidity and the
-SO; groups are usually of poor coordination ability, which
ensure that they will not replace the bamp ligands of the
[Fe(bamp),]*" cations. This point is quite important because
otherwise the resulting Fe center with coordinated -SOj;
groups will lose its SCO properties. (ii) Compared to the mono-
organosulfonates in the [Fe(2-pic);]*" systems, these anions
containing two sulfonic groups can provide more H-bond
acceptors and might lead to structures of higher cooperativity.
(iii) These organodisulfonates have different sizes and shapes,
which can be used to modify the structures and SCO pro-
perties of the resulting complexes. And (iv), with two sulfonate
groups in the same molecule, these anions might act as a
spacer between the [Fe(bamp),]*" cations to form the
H-bonded frameworks. Herein, we report the syntheses,
structures and magnetic studies of four complexes
[Fe(bamp),]-Anion-Solv, namely 1xps, 2ppps, 3asps and 4pnps-
Single-crystal X-ray analyses show that all four compounds are
of H-bonded 3D networks constructed from the charge-
assisted H-bonds between the cations and organodisulfonates.
Detailed structural and magnetic investigations revealed that
Inps—4pnps all exhibit SCO behaviors. Combined with our pre-
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viously reported [Fe(2-pic);]-Ay-Solv complexes, these results
indicated that the shapes, sizes and charges of organosulfo-
nate anions have a significant impact on the H-bond inter-
actions and also the structures and SCO properties, such as
the transition temperatures and the abruptness of the SCO
transition.

Results and discussion
Syntheses

From the reaction of bamp and Fe" salts with organodisulfo-
nate anions under a nitrogen atmosphere, four mononuclear
complexes [Fe(bamp),]-Anion-Solv, 1xps—4pnps, have been pre-
pared. The block single crystals suitable for X-ray analysis were
all obtained in the glovebox. Experimental PXRD patterns of
complexes 1nps—4pnps agree well with the simulated patterns
from the single crystal data (ESI, Fig. S1-S47), confirming the
phase purities of these complexes. TGA analyses were per-
formed to check the thermal stability of these complexes. We
noticed that the temperatures at which these complexes start
to lose weight are 100 °C for 1nxps, 50 °C for 2gpps, 30 °C for
3aBps, and 200 °C for 4pnps. The ether molecules in 3pps are
the easiest to remove, while the acetonitrile molecules in
4pnps have the highest stability. Different stabilities of these
crystallized solvent molecules might be related to their frame-
work structures. The weight loss agrees well with that calcu-
lated corresponding to the removal of all the crystallized sol-
vents in these structures (see Fig. S5-S87). After the removal
of the crystallized solvents, the complexes seem to be stable
for complexes 1nps t0 3apps as judged by the existence of a
plateau in their TGA curves.

Crystal structures

To explore the structural changes accompanied by the SCO,
structures of all four complexes have been examined at both
123 and 298 K. Relevant crystallographic parameters are
shown in Table 1. Selected significant bond lengths, angles
and H-bond distances with their estimated standard deviations
are given in Tables S2-S9.1 Since there are no structural phase
changes for all four complexes and their space groups remain
the same at both temperatures, the following structural
descriptions are based on the data at 123 K.

Complex 1yps crystallizes in the monoclinic space group
C2/c. The asymmetric unit of 1xps, depicted in Fig. 1a, consists
of one half of the Fe" centre sited in a special position, one
bamp ligand, one free water molecule, and one half of the
NDS>~ anion. The Fe" ion is in a distorted octahedral coordi-
nation environment with a Ny donor set from two bamp
ligands in a bis-meridional fashion. The axial Fe-Npyridine
bonds (Fe-N2 = 1.890(4) A) from the pyridine moieties of the
ligand bamp are about 7% shorter than the equatorial
Fe-N,mine bonds (Fe-N1 = 2.023(5) A and Fe-N3 = 2.028(5) A).
This fact is consistent with the reported examples and reflects
the significant interaction between the t,, orbitals (d, and d,)
of the LS Fe" with the pyridine n orbital."® As anticipated,
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abundant H-bonds between the [Fe(bamp),]*" cation, the
NDS>~ counteranion and the lattice H,O molecule were found
in the structure (Fig. 2, Table S6}). The solvated water mole-
cule participates in the formation of three H-bonds: two
between the O atoms of the -SO; groups as a hydrogen donor
(O1W---03 = 2.940 A, O1W---O1A = 2.804 A) and one between
the -NH, group of the bamp as a hydrogen acceptor
(N3---O1WB = 2.762 A) (Fig. 1a). Each -NH, group of the bamp
ligands participates in two H-bonds with either two O atoms
of the -SO; groups of the anion (for N1, N1---O1 = 3.179 and
N1---O2 = 2.915 A) or one O atom from -SO; and O atom from
water (for N3, N3---O1WA = 3.208 A). Therefore, all of the eight
hydrogen atoms from the four -NH, groups in the
[Fe(bamp),]*" cation are involved in the H-bond interactions
between the neighboring groups, which formed a 2D
H-bonded network along the ab plane (Fig. 2b). These 2D
layers were further connected by the organic part of the NDS*~
along the ¢ direction, forming the 3D framework structure
(Fig. 2b).

As for 2gpps, it crystallizes in the monoclinic space group
P2,4/n, and the asymmetric unit consists of one [Fe(bamp),]**
cation, one BPDS>~ counteranion and five crystallized water
molecules (Fig. 1b). The [Fe(bamp),]** cation has a similar
structure to that in 1yps, with the Fe-N bond length ranging
from 1.952(3) to 2.088(3) A, indicating its LS state at 123 K.
Similarly, abundant H-bonds between the cations, anions and
crystallized water molecules were found. As depicted in Fig. 3a,
each of the -NH, group in the [Fe(bamp),]** cation participates
in the formation of two H-bonds with the O atoms of the —-SO;
groups and/or water molecules with the N---O distances in the
range of 2.920 to 3.152 A. In addition, the crystallized water
molecules also have abundant H-bonds between themselves
and with the -NH, and -SO; groups, both as hydrogen donors
and acceptors (O1W---03 = 2.741 A, O1W--04 = 2.803 A,
O3W---04 = 2.873 A, O5W---O1 = 2.937 A and O5W---O3 W =
2.528 A, O4W--01 = 3.107 A, and O4W...O5 = 3.103 A).
Connected by these H-bonds, a 2D H-bonded network of the
cation, -SO; groups and water molecules are formed along the
ab plane. Similar to 1nps, these 2D layers were further con-
nected by the organic part of the BPDS anion along the ¢ direc-
tion, forming the 3D framework structure (Fig. 3b).

Complex 3apps crystallizes in the triclinic space group P1,
and its asymmetric unit in Fig. 1c consists of one [Fe(bamp)]**
unit, one ABDS>” anion, one water molecule, and an ether
solvent molecule. The Fe-N distances in the [Fe(bamp)]*" unit
are in the range of 1.900(3)-2.057(2) A, clearly indicating its LS
state. Although both water and ether molecules crystallize in
the structure, only water molecules are involved in the for-
mation of hydrogen bonds (O1W---O2 = 2.880 A, N4---O1 W =
3.120 A). As we can see in Fig. 4, the [Fe(bamp)]*" unit uses all
eight N-H groups to form hydrogen bonds with the neighbor-
ing O atoms from -SO; groups and H,O. As for the -SO;
groups at each end of ABDS®>™, they use only two O atoms to
form the H-bonds with the -NH, groups and with the N---O
distances of N1::-:O5 = 3.126, N1---:O3 = 3.216, N3---O1 = 2.891,
N3---05 = 3.127, N4---06 = 3.010, N6---O3 = 3.224, and
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Table 1 Crystallographic data and structure refinement parameters for complexes 1yps—4pnps

1nps 2gpDs 3ABDS 4pNDs
Formula Cy4H3,FeNgOgS, Cy6H3g.78FeNO10.305, C30H42FeNgOgS, C30H33FeNgO14S,
Mr/g mol ™’ 652.52 721.62 762.68 799.62
T [K] 123 298 123 298 123 298 123 298
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic Triclinic Triclinic Triclinic
Space group C2/c Cc2/c P2,/n P2,/n P1 P1 P1 P1
a[A] 11.684(4) 11.852(3) 15.7344(10)  15.888(5) 8.1701(14) 8.2237(11) 10.2373(7) 10.291(3)
b[A] 11.091(4) 11.240(2) 11.9200(7) 12.054(4) 11.0096(19) 11.4238(16) 10.3544(7) 10.517(3)
c[A] 20.735(10) 21.146(4) 17.1552(10)  17.256(5) 18.9960(3) 18.808(2) 16.2287(11)  16.442(4)
a°] 90 90 90 90 81.957(4) 83.426(4) 103.854(2) 104.274(4)
A1 90.096(7) 92.452(4) 94.785(2) 94.843(5) 82.960(4) 81.647(4) 92.541(2) 92.164(4)
r[°] 90 90 90 90 83.269(4) 82.658(4) 93.254(2) 93.929(5)
V[A®] 2687(19) 2814.3(10) 3206.3(3) 3292.9(18) 1670.4(5) 1725.5(4) 1664.5(2) 1717.9(8)
V4 4 4 4 4 2 2 2 2
F (000) 1360 1360 1536 1536 800 800 828 828
Refl. collected 12 068 9438 27998 22298 12377 11 868 13419 11968
Refl. unique 3498 3265 7380 7732 7562 7812 7538 7951
R LI > 206(I)] 0.0858 0.0518 0.0494 0.0394 0.0545 0.0638 0.0603 0.0462
WRy” [I> 26(1)] 0.1925 0.1404 0.1197 0.1106 0.1528 0.1763 0.1594 0.1277
R, (all data) 0.1023 0.0644 0.0708 0.0549 0.0698 0.0910 0.0704 0.0589
WR,, (all data) 0.2008 0.1517 0.1314 0.1231 0.1633 0.1948 0.1678 0.1373
GOF on F* 1.059 1.029 1.031 1.042 1.031 1.035 1.050 1.028
“Ry = T |Fo| = el [/ ZIFo|- * WRy = {E[W(ES" = F2)*Y ZIw(Fo")TH.

along the ab plane (Fig. 5a). Each [Fe(bamp),]*" cation has

Fig. 1 The asymmetric units of complexes 1nps (a), 2gpps (b), 3aps (€)
and 4pnps (d). Hydrogen atoms are omitted for clarity.

N6---0O3A = 3.013 A. Connected by these H-bonds between the
[Fe(bamp)]*" units, the -SO; groups and water molecules, a 2D
hydrogen bonded network is formed along the ab plane
(Fig. 4a), which are further connected by the organic part of
the ABDS”™ anion along the ¢ direction (Fig. 4b). Interestingly,
the ether molecules in the cavity of the framework have no
H-bonds with the neighbors. Therefore, they can be easily
removed from the structure as confirmed by the TGA analysis.
4pnps also crystallizes in a triclinic space group P1. The
asymmetric unit contains a LS state [Fe(bamp),]*" cation with
the averaged Fe-N bond length of 2.07 A, two half DNDS*~
anions, and one solvated acetonitrile molecule. Similarly, the
[Fe(bamp),]*" cations are connected by the ~SO; groups by the
abundant hydrogen bonds and form a very regular (4, 4) layer

8818 | Dalton Trans., 2019, 48, 8815-8825

four neighboring -SO; groups connected by eight N-H:--O
H-bonds, while each -SO; group connects two [Fe(bamp),]**
cations using H-bonds. Then, the (4, 4) layers were connected
by the organic part of the DNDS>™ anions along the ¢ axis to
form the 3D framework. Although there are two crystallo-
graphic unique DNDS>” anions with different orientations
(denoted with different colors in Fig. 5b), each DNDS>~ anion
is connected to four [Fe(bamp),]** cations using the two -SO;
groups. As for the crystallized MeCN molecules, we noticed
that there are two short C-H---O H-bond interactions between
the -CH; group and the -SO; groups (C29---O5 = 3.171,
C29---08 = 3.133 A and C29---09 = 3.151 A, Fig. 5), which
might be responsible for the high thermal stability (up to
200 °C) of the MeCN molecules.

As we have stated above, the space groups of all four com-
plexes remain the same at 123 and 298 K, indicating no temp-
erature induced phase transitions. However, due to the SCO,
significant changes of some structure parameters around the
Fe! centers are observed and listed in Table 2. At 123 K, the
average Fe-N distances are 1.98, 2.03, 2.00, and 2.07 A for
1nps—4pnns, Which increase to 2.18, 2.19, 2.18, 2.19 A at 298 K,
respectively. The change of the Fe-N bond lengths (Ar = 0.20,
0.16, 0.18, 0.12 10\) is consistent with the SCO transition of the
Fe! center from LS to HS. In addition, we noticed that the Ar
values for 1xps—4pnns are different and are in the order of 1ypg
(0.20) > 2gpps (0.16) = 3apps (0-18) > 4pnps (0.12). This obser-
vation should be related to the percent of the HS residue at
123 K. From the magnetic measurement (see the section
below), we found that at 123 K, only complex 1xps is comple-
tely in the LS state, while 8.2%, 8.5% and 29.1% of complexes
2ppps, 3aps and 4pnps are still in the high spin states, respect-
ively. Therefore, the largest Ar is found for 1xpg wWith complete

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The H-bonded 2D layers of 1yps along the ab plane; (b) the
crystal packing of 1yps along the c axis. Dashed lines represent hydrogen
bonds.

SCO, while the smallest Ar is found for 4pnps With the highest
HS residue. As for 2gpps and 3,pps With a similar HS residue at
123 K, their Ar values are also close to each other.
Furthermore, the parameters X (defined as the sum of the
deviation from 90° of the 12 N-Fe-N angles of the FeN, octa-
hedron), @ (defined as the sum of the deviation from 60° of
the 24 trigonal angles of the projection of the FeNg octahedron
onto its trigonal faces),""”'® CShM (continuous shape
measures, relative to the ideal octahedron calculated using the
program SHAPE 2.1)*° and the octahedral volumes (V,.) of the
Fe' centers''”'® observed at 298 K are all significantly larger
than those at 123 K (list in Table 2). These results indicate that
the Fe" centers have a much more regular octahedral geometry
at 123 K and a high degree of distortion from the octahedron
at 298 K. All changes of these parameters are consistent with
the reported results in the SCO compounds and are also in
agreement with the magnetic measurements (vide post).>' In
addition, we also listed in Table 2 the ¢ and ¢ parameters
related to the Jahn-Teller distortion (@ is the dihedral angle

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) The H-bonded 2D layer of 2gpps along the ab plane; (b) the
crystal packing of 2gpps along the c axis. Dashed lines represent hydro-
gen bonds.

between the two bamp ligands around Fe'" and ¢ is the
Npyridine=Fe~Npyiidine bond angle). We noticed that for 1xps, the
differences of these parameters between the LS and HS states,
namely (Ar, AX, AO, A6, A¢, ACShM, AV,.), are generally
larger than these differences for the other three complexes
(except for AX, A@, and A6 value for 3,pps). This indicates that
complex 1nxps has a larger structural change during the SCO
and it should have a greater cooperativity than the others.

Magnetic properties

The magnetic behaviors of 1xps—4pnps Were probed by vari-
able-temperature dc susceptibility measurements on the well-
ground single crystal samples under an applied dc field of 1
kOe. For all complexes, the measurements were performed
first in the cooling mode from 300 to 5 K, followed by the
heating mode from 5 to 400 K and down to 5 K again, with the
temperature sweep rate of 5 K min~" (Fig. 6). The y\T values at
300 K are 3.25, 3.23, 3.36, and 3.18 cm® mol™' K for 1nxps—
4pnps, respectively. These values are consistent with an HS
state (S = 2) of the hexa-coordinated Fe' centers.”” As the temp-
erature decreases, the y,,T values all remain almost constant at
first, and then start to decrease at around 275, 220, 250 and
250 K. Then, they decrease more quickly to reach a much
lower value at a low temperature (0.23 cm® mol™ K at 200 K

Dalton Trans., 2019, 48, 8815-8825 | 8819



Fig. 4 (a) The H-bonded 2D layer of 3agps along the ab plane; (b) the
crystal packing of 3agps along the c axis. Dashed lines represent hydro-
gen bonds.

for 1xps, 0.24 cm® mol™" K at 125 K for 2gpps, 0.19 cm® mol™
K at 100 K for 3,pps, and 0.17 em® mol™" K at 75 K for 4pxps)-
The lowest values at 5 K are 0.02, 0.03, 0.03 and 0.07 cm®
mol ™" K for 1xps—4pnps, respectively. Clearly, these y\T curves
indicate the occurrence of a complete HS — LS transition with
a transition temperature T;, (which is obtained from the
maximum of d(y\7)/dT) of 247, 176, 171 and 158 K for 1xps—
4pnps, respectively. In the heating mode, similar yy7T curves
were obtained from 5 to 400 K with no observable hysteresis
loops for all four complexes. In addition, after the samples
were maintained at 400 K, the magnetic data upon further
cooling indicate that the lattice solvent molecules have no

8820 | Dalton Trans., 2019, 48, 8815-8825
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Fig. 5 (a) The hydrogen-bonded 2D layers of 4pnps along the ac plane;
(b) the crystal packing of compound 4pnps along the b axis at 123 K.
Dashed lines represent hydrogen bonds.

effects for complexes 1nps, 3asps and 4pnps, While for complex
2ppps, both the transition temperature and the abruptness
decrease after dehydration. Concerning the change of the SCO
properties for these four complexes, we noticed that besides
their different T}, values (Ty/5(1nps) > T1/2(2pps) > T1/2(3aeps) >
T15(4pnps)), the abruptness of the transition decreases from
Inps t0 4pnps. To quantitatively describe the cooperativity, the
susceptibility data of 1xps—4pnps can be fitted with the regular
solution model proposed by Slichter and Drickamer using the
following equation (1):**

ln( 1o st ) =
Yus ~ Tus

where yys is the molar fraction of HS molecules, I' is the para-
meter accounting for the cooperativity of the spin conversion,
R is the molar gas constant, and AH and AS represent the
enthalpy and entropy changes. The y,T curves for all four
compounds can be fitted well with the coefficients listed in

Table 3. These values are reasonable and comparable to those
of the reported SCO complexes.”* In addition, the I' values

AH + (1 +rfjs — 2rus)  AS
RT R

(1)

This journal is © The Royal Society of Chemistry 2019
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Table 2 Structure parameters of 1yps—4pnps at temperatures of 123 and 298 K

Inps 2gppDs 3aBDS 4pNps
123 K 298 K 123 K 298 K 123 K 298 K 123 K 298 K
Average Fe-N [A] 1.98 2.18 2.03 2.19 2.00 2.18 2.07 2.19
2 [0] 67.08 124.84 78.42 123.79 66.04 125.48 92.80 127.19
e [o] 227.69 401.60 262.12 396.78 209.88 401.25 305.70 407.33
¢ [O] 178.59 171.33 179.22 178.84 177.46 177.44 176.49 175.49
0 [O] 89.62 89.85 89.83 89.86 88.65 89.42 89.41 89.64
CShM 1.41 4.36 1.79 3.97 1.27 4.10 2.43 4.09
Voet [As] 10.97 13.95 12.18 14.59 10.45 13.07 12.59 14.65
()" Tcompiens = (<) i pow— = also be fitted by a domain model using the following
3.0 30 . 25
- < equation (2):
o o [=}
E < —o— coolin_g 5 =
ME“- iZ::/ea;::r;:lr;agted,conling mgzn l (1 B }/HS) _ nAH nAs
I§1.5 fitting I:1,5 # —o—cooling niy = 7RT — 7R (2)
o N f —Z— ‘:iv:srg:\l/r;gled. cooling HS
0% degolva(ed. warmling . . .
——fiting where n is the number of molecules per domain. This model
0. 0.0

0 5 100 150 729(‘( 250 300 350 400 0

(C) 3.54 Complex 3

50 100 150 725)(1( 250 300 350 400

= (d)3.=
Complex 4
3.0 =
_ 30
° 5254
825 g 25
X
] X201
§ ] 5
<15 " —o—cooling ik "
5, iR s —o—ooolng
Ni.04 —&— desolvated, cooling | N0 R0 cacil
desolvated, warmling 05 fz.s olvatec.ico0ing
05 fiting ——fitting
0,045 0.0 e

TZ;I?( 250 34')0 3%0 400 0 5’0 100 150 Tz;)oK 25‘)0 300 350 400
Fig. 6 Temperature plot of yuT vs. T for 1yps (a), 2gpps (b), 3asps (c) and
4pnps (d) under an applied external magnetic field of 1 kOe. The red
solid lines indicate the fitting using the Slichter—Drickamer model.

Table 3 Parameters of 1yps—4pnps derived from the regular solution
model

AH (k] mol™) AS (Jmol™ K1) I (k] mol™)
1nps 17.21 70.75 3.37
25pDs 12.22 69.22 0.66
3amDs 10.87 64.09 0.09
Apps 9.67 62.72 ~2.09

clearly show a decrease in the cooperativity from 1nps to
4pnps. Among all four complexes, 1xps iS more cooperative
with the I' value of 3.37 k] mol™', while complexes 2gpps—
4pnps are clearly of poorer cooperativity with much smaller I
values (0.66, 0.09 and —2.09 kJ mol™"). In addition, as the phe-
nomenological coefficient I" represents the interaction energy
between the molecules of different spin states with respect to
the average interaction energy between the molecules of the
same spin state,> the obtained negative I" value of compound
4 indicates that in this compound the molecules of one type
(HS or LS states) are preferred to be surrounded by molecules
of different spin states rather than by molecules of the same
spin states.

In addition, with the experimentally obtained AH (see
below for the DSC measurement), the y\7 curve of 1yps can

This journal is © The Royal Society of Chemistry 2019

also gives a measure of cooperativity through the number of
like-spin SCO centers per interacting domain. The large n
values indicate that the coupled spins in a domain is large and
the spin transitions are more cooperative. For 1nps, the
obtained n value is 3.0 and AS = 71.80 J mol™* K™%, which is
also consistent with the above results. No similar treatments
were performed for complexes 2gpps—4pnps as there are no
experimental AH values.

Differential scanning calorimetry measurements

Furthermore, DSC (differential scanning calorimetry) measure-
ments of 1xps were performed to determine the enthalpy and
entropy changes associated with the SCO. Since complexes
2ppps, 3aeps and 4pnps undergo a more gradual SCO transition
with a relatively low transition temperature (lower than the
low-temperature limit of our DSC instrument), no relevant
measurements were performed on them. As shown in Fig. 7,
upon cooling at 5 K min™", the DSC curve showed a sharp

0.20

0.15 1 Cooling
i Ll

1 Exo
0.10
0.05 4
0.00
-0.05
-0'10__ Warming
Endo

Heat flow / (mW/mg)

-0.15 1

-0.20 —_—
200 210 220

T T T T T T T T T T T
230 240 250 260 270 280

T/K

Fig. 7 DSC curves of complex 1yps in the heating and cooling modes
(5 K min™).
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endothermic peak at 246 K, corresponding to the HS to LS
transition. Upon warming, a similar peak at 248 K corres-
ponding to the LS to HS spin transition was observed. The
transition temperatures are almost identical to the results of
the magnetic measurements. The slight temperature difference
(2 K) between the cooling and heating results should be the
time lag during the temperature sweeping process. The inte-
grated enthalpy and entropy values were 17.85/—17.79 kJ mol ™
and AS = 72.58/—71.75 ] mol™" K. These values obtained are
close to the values obtained above and similar to the Fe'" SCO
complexes with abrupt spin transition.>*

Magneto-structural relationships

Since intermolecular interactions, such as hydrogen bonding,
halogen bonding, aromatic = interactions and so on, have
important impacts on the SCO properties, it is important to
investigate the relationship between the SCO properties and
the structures, hoping to gain more insights into the struc-
ture-function relationship and to guide future studies. In our
previous work, we chose the organomonosulfonates as coun-
teranions and H-bond acceptors for the well-known [Fe(2-
pic);]*" system to investigate the H-bonding effect on the SCO
properties. Hydrogen-bonded networks were constructed and
the idea of the utilization of organosulfonate has been demon-
strated effectively.'®® However, a clear structure-function
relationship between the SCO properties and the organosulfo-
nate anions can’t be established for the [Fe(2-pic);]*" system.
Besides the complexity of the H-bond interactions, different
organosulfonate anions led to different geometric configur-
ations (mer- or fac-) of the [Fe(2-pic);]** cation, which are of
significantly different SCO properties. On the basis of the
previous work, the ligand bamp was designed to replace
2-pic to increase the number of protons, and the organodi-
sulfonates were selected as counteranions to increase the
number of hydrogen acceptors. In addition, the ligand bamp
and organodisulfonate anions can avoid the multi-configur-
ation problem in the [Fe(2-pic);]*" system, as the configur-
ation of the [Fe(bamp),]** will not be affected by the counter
anions.

By careful inspection of the structures of complexes 1xps—
4pnps, We noticed that the determining factor for their SCO
properties might be the size of the anions. First of all, the spin
transition temperatures (7}, values) of these compounds seem
to be in line with the size of the organosulfonate anions. The
calculated sizes of the organodisulfonate anions are 169.2,
200.4, 214.1, and 242.1 cm® mol™" for NDS*~, BPDS>~, ABDS>",
and DNDS?™, respectively.>® The trend of the increase of their
sizes is opposite to their Ty, values, as a regular decrease in
Ty, is observed in the sequence 1nps (247 K) > 2gpps (176 K) >
3apps (171 K) > 4pnps (158 K). It seems that the larger anions
stabilize the HS state of the [Fe'(bamp),]*" cation, consistent
with some reported SCO compounds.”” In addition, the hys-
teretic effect in these compounds is also related to the size of
the anions: the anions of smaller size seem to lead to steeper
SCO transition in compounds 1nps and 2gpps. This effect is
reasonable as larger anions will isolate the Fe'' cations more
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efficiently and diminish the synergic effect between the SCO
metal centers.”® As for the H-bonds, we didn’t notice any
specific trends for these complexes. The [Fe(bamp),]*" cations
in all four complexes have eight H-bonds between the sur-
rounding groups and the strength of these H-bonds are all
similar with similar D---A distances. Therefore, no direct con-
nections between the SCO properties and the strength of the
H-bonds can be established.

Finally, we have some comments on the SCO properties of
the compounds built from the H-bonds between the Fe"
cations and the organosulfonates. First of all, we can see that
by using the organodisulfonates, a series of structures with
different H-bonded networks and SCO properties can be suc-
cessfully synthesized as exemplified by the [Fe(2-pic);]*" and
[Fe(bamp),]** systems. Considering the large amount of orga-
nosulfonates, more compounds of different anions and pro-
perties are thus anticipated. However, from these reported
results, we can see that their SCO properties are not very good,
especially in terms of hysteretic effects. In all these com-
pounds that we reported, only the fac-[Fe(2-pic);](OTf), com-
pound exhibits a clear hysteresis loop of width about 10 K,
which is attributed to the order-disorder phase transition of
the CF;SO;~ groups. In contrast, the hysteresis effect for the
other complexes, including two mer-[Fe(2-pic);]*" complexes
and four [Fe(bamp),]** complexes in this work, is generally
rather weak. At a first glance, it seems not rational as all these
complexes were designed on purpose to enhance the coopera-
tivity by wusing the abundant charge-assisted H-bonds.
However, on second thought, this is actually reasonable. In
these complexes, the cationic complexes only provide the
hydrogen atoms and act only as H-bond donors. Therefore, the
H-bonds are only formed between the cations and their sur-
rounding groups, such as the anions and the solvent mole-
cules, while no direct H-bonds were found among the cations
themselves. In this circumstance, the communication between
the SCO Fe' centers has to be transmitted by the H-bonds
involving the anions as bridges, which is clearly not efficient.
In addition, the large organic parts of the organosulfonate
anions make the situation even worse as they separate the
cations further away. We believe this should be responsible for
the observed gradual SCO in all these complexes. Therefore, to
achieve SCO compounds with strong cooperativity, direct
supramolecular interactions between the adjacent SCO cat-
ionic parts without involving any additional surrounding
groups, such as direct n-n interactions or H-bond interactions,
are thus desired. In another word, for the realization of the
SCO materials with strong cooperativity, what matters the most
is not the existence of many H-bond interactions, but the exist-
ence of “efficient” H-bond interactions. In fact, many SCO
compounds with wide hysteresis loops are constructed by
strong n-m interactions between the cations, such as the
[Fe(gsal),]” and so on.” For the direct H-bond interactions
between the cations, one best example is the compound
[FeL(HIm),] reported by Weber et al., where the adjacent Fe"
centers are connected by the H-bonds between two O atoms of
the L ligand and the N-H group of the coordinated imidazole
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molecule in the adjacent Fe' center.'® The thermal hysteresis
loop of 70 K width was achieved in this compound. Based on
the above discussion, ligand systems containing both the
hydrogen donors and hydrogen acceptors are promising to
prepare SCO compounds with strong cooperativity in the
future.

Conclusions

In summary, we reported here the syntheses, structural charac-
terization and magnetic properties of a new Fe"" spin crossover
system with organodisulfonate anions of different sizes and
shapes. Connected by the abundant hydrogen bonds formed
between the cationic [Fe(bamp),]*, the solvent molecules and
the organodisulfonate counteranions, extended hydrogen
bonded frameworks were constructed. Magnetic and structural
studies at both high and low temperatures have confirmed the
existence of the complete, gradual SCO transition for all four
complexes. Although no clear relationship between the hydro-
gen bond interactions and the SCO properties can be estab-
lished, the sizes of the organodisulfonates were found to be
correlated to their SCO properties, such as the transition temp-
eratures and the abruptness of the transition. As the hydrogen
bonds are found between the cations and the surroundings,
but not among the cations themselves, no strong cooperativity
effect in these compounds was observed. Further work is
ongoing in the synthesis of derivatives of the organic ligands
containing both the hydrogen bond donors and hydrogen
bond acceptors in order to prepare SCO materials of enhanced
cooperative effect.

Experimental
Materials and physical measurements

All reagents were of analytical grade. All the syntheses pro-
cedures and all product-handling were performed in a nitro-
gen atmosphere to avoid the possible oxidation of the Fe' ion.
The deoxygenated solvents were prepared by bubbling with
nitrogen for several hours or distilling under nitrogen. The
starting materials, including FeSO,-7H,0O, 2,6-pyridinedi-
methanamine (bamp), 1,5-naphthalenedisulphonic acid
(H,NDS), 4,4-biphenyldisulphonic acid (H,BPDS), and 4,4'-
dinitrostilbene-2,2'-disulfonic acid disodium salt (Na,DNDS)
were used as purchased without further purification.
Disodium azobenzene-4,4-disulfonate (Na,ABDS) was pre-
pared according to the literature method.>® The starting
materials [Fe(H,O)s'NDS and [Fe(H,O)s|-BPDS were syn-
thesized according to the reported method for the synthesis of
[Fe(H,0)e]-(m-ABS),."* The details of the syntheses of these
two materials are provided in the ESI.j Details of the physical
measurements (elemental analysis, IR spectra, powder X-ray
diffraction (PXRD), DSC measurements, TG analyses, magnetic
measurements) and X-ray crystallography on these four com-
plexes can be found in the ESLf
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Synthetic procedures

[Fe(bamp),]-NDS-H,O (1nps)- A suspension of bamp (55 mg,
0.04 mmol) in 5 mL of H,O was added dropwise with stirring
to a 5 mL aqueous solution of [Fe(H,O)¢]-NDS (95 mg,
0.02 mmol). The resulting green solution was stirred for
10 min at room temperature and then filtered. Dark red single
crystals suitable for X-ray structure analysis were obtained after
several days by slow evaporation. Yield: 125 mg (~48%, based
on Fe). Elemental analysis (%) calc. for C,,H3,FeNgOgS,: C,
44.18; H, 4.94; N, 12.88; found: C, 44.29; H, 4.81; N, 12.90.
IR (KBr, cm™): 3319(s), 3264(s), 3171(w), 3093(w), 2922(w),
2859(w), 1603(m), 1497(m), 1468(w), 1437(m), 1377(w),
1332(w), 1239(s), 1211(s), 1193(s), 1177(s), 1159(m), 1109(w),
1033(s), 1010(m), 964(w), 922(w), 884(w), 796(m), 764(m),
666(w), 611(s), 567(w), 522(W), 466(W), 424(W).

[Fe(bamp),]-BPDS-4.4H,0 (2gpps). Single crystals of 2gpps
were synthesized by a similar method to that for 1xps by using
[Fe(H,0)s)-BPDS (86 mg, 0.02 mmol). Yield: 105 mg (~36%,
based on Fe). Elemental analysis (%) calc. for C,¢Hzg sFeNg
010.4S5: C, 43.27; H, 5.42; N, 11.65; found: C, 43.18; H, 5.43; N,
11.95. IR (KBr, cm™'): 3445(v, s), 3379(s), 3324(s), 3085(w),
2924(w), 1647(w), 1602(m), 1581(m), 1557(w), 1469(m),
1437(m), 1385(w), 1202(s), 1126(s), 1034(s), 998(s), 957(w),
923(w), 902(w), 822(s), 792(m), 726(s), 617(s), 565(m), 424(w).

[Fe(bamp),]-ABDS-Et,0-H,O  (3apps)- A solution of
FeCl,-4H,0 (80 mg, 0.04 mmol) and Na,ABDS (155 mg,
0.04 mmol) in H,O (10 mL) was prepared and stirred for
15 min. A 10 mL of MeCN containing bamp (110 mg,
0.08 mmol) was added, and the resulting solution was contin-
ued to stir for 30 min and then filtered. Yellow block-shaped
X-ray quality crystals were obtained after 3 days by the
diffusion of ethyl ether into the above solution. Yield: 118 mg
(~39%, based on Fe). Elemental analysis (%) calc. for
C30H4,FeNgOgS,: C, 47.24; H, 5.55; N, 14.69; found: C, 47.35;
H, 5.49; N, 14.62. IR (KBr, cm™"): 3485(b, m), 3321(s), 3278(s),
3187(m), 3070(w), 2928(w), 1603(s), 1583(s), 1470(m), 1438(m),
1398(w), 1201(s), 1121(s), 1908(m), 1030(s), 1006(s), 923(w),
855(w), 814(w), 783(w), 684(s), 636(w), 580(s), 555(m), 529(w),
424(w).

[Fe(bamp),]- DNDS-MeCN (4pnps). This complex was syn-
thesized by a similar method to that for 3,gps by using
Na,DNDS (94 mg, 0.02 mmol). Dark red block-shaped X-ray
quality crystals were obtained by placing the above solution in
a fridge (0-5 °C) after one week. Yield: 134 mg (~42%, based
on Fe). Elemental analysis (%) calc. for C3oH3z3FeNgO;0S,: C,
45.06; H, 4.16; N, 15.77; found: C, 44.98; H, 4.22; N, 15.81.
IR (KBr, cm™'): 3478(v, s), 3298(s), 3275(s), 3185(m), 3098(w),
3074(w), 2940(s), 2841(w), 1598(s), 1580(s), 1519(s), 1470(m),
1438(m), 1343(s), 1202(s), 1146(m), 1117(w), 1069(m), 1022(s),
966(w), 920(m), 892(m), 847(w), 814(m), 787(w), 753(m),
729(m), 647(s), 625(s), 573(m), 534(m), 495(w), 424(w).
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