ROYAL SOCIETY
OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

The relationship between the strength of hydrogen
bonding and spin crossover behaviour in a series
of iron(i1) Schiff base complexes+

CrossMark
& click for updates

Cite this: Dalton Trans., 2015, 44,
4474

lvan Nemec, Radovan Herchel and Zdenék Travnicek*

X-ray crystal structures and magnetic properties of an isostructural series of iron(i) Schiff base complexes
with the general formula [Fe(L%)(NCX)]-Solv (where H,L® = N,N'-bis(2-hydroxy-naphthylidene)-1,6-
diamino-4-azahexane, X = S, Solv = tetrahydrofuran, 1a; X = S, Solv = methanol and 0.5 pyrazine, 1b; X =
S, Solv = butanone, 1c; Solv = N,N'-dimethylformamide, X = S (1d) or X = Se (1d"); X = S, Solv = dimethyl
sulfoxide, 1e) are reported. In the crystals, the individual [Fe(L®)(NCX)] molecules are connected through
weak C-H---O, C-H--.x or C-H---S non-covalent contacts into 2D supramolecular networks, while the
guest-solvent (Solv) molecules are trapped in the cavities between two adjacent layers, which are further-
more stabilized by N-H---O hydrogen bonds connecting the Solv oxygen atom with the amine group of
the [Fe(L®)(NCX)] molecule, with the N---O distances varying from 2.921(6) A (in 1d’) to 3.295(2) A (in 1a).
The magnetic properties of the complexes were tuned by the different Solv molecules and as a result of
this, four new spin crossover (SCO) compounds with cooperative spin transitions are reported, which are
accompanied by thermal hysteresis in two cases (1d and 1e): 1c, Ty, = 84 K; 1d, Ty, = 232 K, Tyop =
235K and le, Ty5; = 127 K, Ty/21 = 138 K. The role of the N-H---O hydrogen bonding in the occurrence
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of non-covalent interaction (NCI) indexes. Both theoretical approaches showed a clear relationship
between the strength of the N-H---O hydrogen bonds and Ty,,, as already inferred from X-ray structural
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Introduction

The spin crossover (SCO) phenomenon, as a well-known
example of molecular bistability, attracts the attention of
material chemists due to its potential applications in mole-
cular switches, memory, displays or hybrid materials." It rep-
resents the spin transition between the low-spin (LS, in the
case of Fe'" octahedral complexes, S = 1/2, *T,,) and high-spin
(HS) states (S = 5/2, °A,g) upon external perturbations such as
thermal and/or pressure changes or light irradiation.> Such a
dramatic change in the electronic structure is accompanied by
changes in the magnetic and structural properties, which can
be detected and monitored by basic experimental techniques
such as magnetometry, various kinds of spectroscopy or X-ray
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structural analysis.> The SCO phenomenon is very sensitive to
the environment of the SCO molecule. In isolated systems, the
spin state conversion follows the Maxwell-Boltzmann statistics
in most cases,’ but when cooperative interactions (represented
by non-covalent contacts such as hydrogen bonding and/or
n—n stacking interactions) come into play, the transition might
be very abrupt (within the interval of a few kelvins). Further-
more, if these interactions are able to propagate large changes
in the crystal structure upon SCO, then thermal hysteresis may
appear.*

In general, the role of solvent molecules of crystallization
(Solv) in the SCO process is still not clear, because there are
several contrasting examples describing the influence of sol-
vents. The presence of the guest molecules in the crystal lattice
of the SCO compounds can dramatically affect their magnetic
behaviour’ by changing the cooperative interactions with
respect to the parent compound and therefore the lattice
phonon distribution is affected.” It can be also rationalized
that non-covalent interactions, such as hydrogen bonds, may
cause a charge redistribution on the ligands and consequently,
a change in the ligand field strength can occur.® The stabiliz-
ation of the LS state is usually observed for the solvated

This journal is © The Royal Society of Chemistry 2015
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samples and there are many examples of a downward shift of
Ty, (or just occurrence of SCO in the formerly LS-only solvated
compounds) upon desolvation of the sample.”

In accord with these observations, the solvation of a sample
usually tends to increase Tj,. Alternatively, upon guest mole-
cule exchange, the variation in T, and in steepness of the
transition is observed, as has been reported recently in the
remarkable  single-crystal-to-single-crystal ~ transformation
studies.® Rational tuning of the SCO behaviour by the lattice
solvent exchange was reported first for the nanoporous metal-
organic frameworks (MOFs) built by [Fe,(azpy)(NCS),] mole-
cules (azpy = trans-4,4"-azopyridine) in 2002 by Kepert et al.,’
and then, other similar studies have followed.'® The vapour
and gas adsorption studies on {[Fe(PYZ)Ni(CN),]} Hoffmann-
type metal-organic frameworks (MOFs) revealed the relation-
ship between the guest size and T, (PYZ = pyrazine),'" and
similar relationships were reported also for 0D supramolecular
systems such as [Fe(4ditz);](PF¢),-Solv (4ditz = 1,4-bis(tetrazole-
1-yl)butane, Solv = CH3;0H, CH3CH,OH) or [Fe(bdpt),]-Solv
(Hbdpt = 3-(5-bromo-2-pyridyl)-5-(4-pyridyl)-1,2,4-triazole), Solv
= CH30H, CH;CH,OH)."* Another possible Solv-SCO relation-
ship was found in MOFs such as [Fe(bpbd),(NCS),]-Solv (bppd
= 2,3-bis(4’-pyridyl)-2,3-butanediol, Solv = CH3;CN, CH3;0H,
CH;3;CH,OH, CH3;CH,OH (CHj3),CO), and it was shown that
lower values of the Solv dielectric constants (¢,) result in the LS
state being more stabilized."® The solvent-SCO relationship
was documented also for Fe(ur) SCO compounds several times
but the systematic study is still missing."*

Recently, we have reported on the SCO phenomenon
observed in a series of [Fe(L5)(L")]-Solv compounds (Scheme 1,
H,L° = N,N'-bis(2-hydroxy-naphthylidene)-1,6-diamino-4-aza-
hexane, L' stands for pseudohalide ligands)."> The thiocyanate
and selenocyanate complexes from the mentioned series,
[Fe(L*)(NCX)]-CH3CN and [Fe(L*)(NCS)]-(CH;),CO (X = S, Se),
exhibited magnetic behaviour dependent on the presence of a
solvent molecule incorporated into the crystal structure: the
acetonitrile solvate showed SCO while the latter compound
stayed in the HS state down to 2 K. In both cases, the solvent
molecule is connected with the donor nitrogen amine atom
from the L’ ligand via a hydrogen bond (the nitrogen/oxygen
atom from the Solv molecules serves as an acceptor). In order
to explore the influence of the co-crystallized Solv molecules
on SCO in greater detail, we decided to investigate the pro-
perties of the aforementioned system utilizing various Solv
molecules. In this work, we report on the crystal structures
and magnetic properties of an isostructural (for bond lengths
and selected structural parameters see Table 1, for crystallo-
graphic data see Table 2) series of [Fe(L*)(NCX)]-Solv com-

/ \NH/\‘
N N
OO e®

Scheme 1 Schematic representation of the H,L> ligand.
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Table 1 Bond lengths (in A) in the vicinity of the iron atom and selected
structural parameters for la—g

Fe-N.n, Fe-Nyncx Fe-Ni,* Fe-O% af° /e
1a 2.2137(14)  2.0849(15)  2.082 1.939  84.5 59.3
1b 2.209(2) 2.085(2) 2.080 1.945 85.8 61.5
1c 2.1937(14)  2.0908(16)  2.069 1.942 847 56.8
1d298 K  2.183(3) ~ 2.086(3)  2.068 1.941  82.5 58.8
1d 150 K 2.0087(16) 1.9447(17) 1.925 1.884 84.6 25.5
1d’' 308 K 2.173(3) 2.096(4) 2.064 1.935 82.0 56.6
1d' 150 K 2.003(4) 1.942(4)  1.927 1.884 83.3 25.3
1e 2.185(2)  2.077(2)  2.077 1.940 87.5 56.1
1f Fel 2.218(3)  2.094(3)  2.080 1.940 843 65.7
1f Fe2 2.210(3)  2.082(3)  2.078 1.944  81.0 56.6
1g 2.205(2)  2.088(2)  2.077 1.941 832  60.0

“The average values calculated from two bond lengths.

plexes, where X = S, Solv = tetrahydrofuran (THF) (1a); X = S,
Solv = methanol (MeOH) and 0.5 pyrazine (PYZ) (1b); X = S,
Solv = butanone (MEK) (1¢); X = S, Solv = N,N'-dimethylform-
amide (DMF) (1d); X = Se, Solv = DMF (1d'); X = S, Solv =
dimethyl sulfoxide (DMSO) (1e). Moreover, previously pub-
lished compounds 1f (X = S, Solv = 0.5 MeOH and 0.5 MEK)
and 1g (X = S, Solv = acetone) were included in the discussion
for comparative purposes.'®'® Apparently, the use of PYZ as a
guest molecule deviates from the series because PYZ can
potentially form a N-H:--N hydrogen bond, while the other
guests from the series are O-acceptors of hydrogen bonding.
However, the use of this guest allowed us to study the influ-
ence of a methanol molecule on the magnetic behaviour of the
[Fe(L*)(NCS)] molecule (vide infra), since the preparation of the
pure methanol solvate is impossible by direct synthesis in
methanol."”” The previously reported [Fe(L*)(NCX)]-CH;CN
compounds were not included because they are not isostruc-
tural with compounds 1a-1g.

The presented series of the [Fe(L*)(NCX)]-Solv compounds
is unique due to very similar structural frameworks of constitu-
tive [Fe(L°)(NCX)] molecules (Fig. 1, see ESI, Fig. S1-S77). Due
to only very tiny structural differences (both at the molecular
and supramolecular level) between the particular members of
the series, the [Fe(L*)(NCX)] framework cannot be responsible
for the differences in their magnetic behaviours, but the pro-
perties of the Solv molecules must be considered as the main
perturbative term responsible for the (non)occurrence and
characteristics of SCO.

Results
Synthesis and infrared spectroscopy

The synthesis of compounds 1a-1e is uncomplicated and it
can be performed in two consecutive steps: (1) the preparation
of the [Fe(L*)Cl] precursor complex;"” (2) the reaction between
the precursor and potassium pseudohalide in methanol in the
presence of the Solv molecules.

Infrared spectra of 1la-le are very similar for all the com-
pounds in the series. The only differences between them orig-
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Fig. 1 Perspective view of fragments of the crystal structures of the complexes 1la—d, with the guest molecules highlighted in the space-fill model
(left). Parts of the crystal structures of the complexes 1la—d, showing selected non-covalent contacts (black dashed lines) (right). Selected hydrogen
atoms of the complex molecules were omitted for clarity, except for those involved in the selected non-covalent contacts. The lengths of the non-
covalent contacts (in A): 1a, d(C21---O1) = 3.475(2), d(C8---S1) = 3.753(2); 1b = d(C21---O1) = 3.507(3), d(C8---S1) = 3.818(3); 1c, d(C21---O1) = 3.623(2),
d(C8---S1) = 3.826(2); 1d 298 K, d(C21...01) = 3.546(5), d(C8...S1) = 3.816(4); 1d 150 K, d(C21...01) = 3.456(2), d(C8...S1) = 3.819(2); 1d’ 308 K, d(C21...
0O1) = 3.552(5), d(C8...Sel) = 3.914(4); 1d’ 150 K, d(C21...01) = 3.468(6), d(C8...Sel) = 3.882(5); 1e, d(C21...01) = 3.448(3), d(C8...51) = 3.801(3); 1f, Fel,
d(C21...01) = 3.475(2), d(C8...51) = 3.754(2); 1f, Fe2, d(C48...03) = 3.519(3), d(C8...S1) = 3.796(3); 1g, d(C21...01) = 3.474(3), d(C8...S1) = 3.843(2).

present series: two CH3OH and one PYZ molecules in 1b, MEK
and CH;O0H in 1f. The Solv guests from the cavity are hydrogen
bonded to the amine groups of the [Fe(L’)(NCX)] molecules
from the upper, or lower {[Fe(L’)(NCX)],}, layer. The cavities
are of similar size with the volumes ranging from 224.4 A* in
1b to 295 A® in 1d'. The contraction of the framework induced
by SCO is documented also by a change in the cavity size by
approximately 13% (1d, 247.3 at 150 K vs. 283.3 A® at 298 K)
and 16% (1d’, 247.0 A® at 150 K vs. 294.8 A® at 308 K).
Additional stabilization of the Solv molecule is provided by
weak contacts such as C-H---O and C-H:--n interactions. In
particular, the C-H---O contact between the CH group from
Solv and the phenolic oxygen atom from the [Fe(L’)(NCX)]
molecule is of importance, because together with the N-H:--O
hydrogen bond, these two contacts form ring synthons (Fig. 2):
R3(6) in 1b and 1f (CH;0H molecules), R3(8) in 1c, 1f (MEK
molecule), 1e and 1g, R3(9) in 1d and 1d'. It must be noted
that the aliphatic chain (in most of the cases the C-H---O
contact provided by the carbon atom C12, Fig. 2) from the L5
ligand also interacts with the solvent oxygen atom. Besides
these dominant contacts other weak non-covalent C-H---O,
C-H:---S and C-H---x interactions can be found in the crystal
structures of 1a-g.

Magnetic properties

The compounds of the presented series can be divided into
two subgroups according to their magnetic behaviour, ie.
purely HS compounds and SCO compounds.

The magnetic data for the purely HS compounds, 1la-c, 1f,
are shown in ESI, Fig. S9-S11 and Table S1.7 The magnetic
behaviours observed for 1a-c, 1f and 1g are essentially similar.
The effective magnetic moment at room temperature adopts
slightly higher values (uegr ~ 6.0-6.1up) than the spin-only
value calculated for S = 5/2 and g = 2.0 (5.92ug). The u.g values
stay almost constant down to 20 K, where the zero-field split-
ting (ZFS) and/or weak magnetic interactions mediated
through the non-covalent interactions start to dominate the

This journal is © The Royal Society of Chemistry 2015

magnetic behaviour and this is observed as an abrupt drop in
the ucp values to ca. 5up. The magnetic data were analysed
using the following eqn (1),

H = D(S,” — $%3) — 2j(S)Sa + upBgiSia (1)

comprising the spin Zeeman term, ZFS term and the mole-
cular field correction term for the parallel (a = z) and perpen-
dicular (a = x, y) directions.*" The obtained results can be
found in ESI, Fig. S11.f The magnetic data for the SCO com-
pounds (1c, 1d, 1d’, 1e) are shown in Fig. 3. In accord with the
previous observations for this group of compounds,'>' the
typical pegr value for the LS state is higher (2.0-2.1ug) than the
spin-only value (1.73u3) calculated for g = 2.0 and S = 1/2. This
is due to the orbital angular momentum present in the *T;,
electronic state for the octahedral coordination environment.
The presented SCO behaviours are of a cooperative character,
which is especially apparent in the case of the DMF and DMSO
solvates, where the spin transition is accompanied by thermal
hysteresis (1d, Ty, = 232 K, Ty = 235 K and 1e, Ty, = 127 K,
Ti21 = 138 K). Less cooperative SCO behaviours are observed
for 1d' (T4, = 244 K) and in particular for 1c (73, = 84 K),
which has a considerably incomplete transition with peg (20 K)
= 3.80pu; (Fig. 3).

Discussion
Magnetostructural relationship

When looking for the reason for such a striking difference in
the magnetic behaviours found in this isostructural series,
attention must be focused on the role of the guest solvent
molecules, which are the major variable within the present
series. If one inspects the relationship between the length of
the N-H---O contact and occurrence of SCO, or even more, its
correlation with T, a possible association can be found. The
donor-acceptor (D-A) distances of the N-H-O hydrogen bonds
are summarized in Table 3, together with the values of T, of

Dalton Trans., 2015, 44, 4474-4484 | 4477
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1fA

1fB

Fig. 2 Perspective view of non-covalent interactions of the Solv molecule with [Fe(L®>)(NCS)] in 1a—f. Most of hydrogen atoms were omitted for
clarity, except for those involved in hydrogen bonding and non-covalent contacts (black dashed lines). The lengths of selected non-covalent con-
tacts (in A): 1a, d(N2-.-O1S) = 3.295(2), d(C1S.--02) = 3.120(2), d(C12---O1S) = 3.591(2); 1b, d(N2.--O1S) = 3.110(3), d(O1S--N1S) = 2.839(4); 1c, d
(N2.--01S) = 2.989(2), d(C3SA---O2) = 3.705(6), d(C12---O1S) = 3.448(3); 1d 298 K, d(N2.--O1S) = 2.944(5), d(C2S---O2) = 3.965(8), d(C12---01S) =
3.512(6); 1d 150 K, d(N2.--O1S) = 2.941(2), d(C2S---02) = 3.586(3), d(C12---O1S) = 3.576(3); 1d" 308 K, d(N2---O1S) = 2.935(6), d(C3SA.--O2) = 3.972(9),
d(C12.--01S) = 3.524(6); 1d' 150 K, d(N2---O1S) = 2.921(6), d(C3SA---O2) = 3.623(7), d(C12..-O1S) = 3.571(6); 1e, d(N2.--O3) = 3.004(3), d(C29---02) =
3.499(4), d(C12---S2) = 3.797(3); 1f, d(N2-.-02S) = 3.152(4) A, d(C2S---02) = 3.526(5) A, d(C12-.-02S) = 3.357(4) A, d(O1S---O4) = 2.771(3) A, d(N6.--O1S)

= 3.264(4) A, d(C39---O1S) = 3.493(4) A.

the SCO compounds and several basic properties of the guest
molecules. It is apparent that SCO occurs only in the com-
pounds with the D-A distance shorter than ca. 3.0 A and more-
over, the compounds with the shortest D-A distance have the
highest Ty, (1d, 1d’). Comparison between the crystal structure
and magnetic properties of the compounds 1c¢ and 1f might
serve as a good example of such a relationship. Both com-
pounds have the MEK guest molecules and 1f has additional
CH;3;O0OH molecules in the cavities. In 1f (purely HS) the D-A
distance is 3.154(4) A, while this distance is significantly
shorter in 1c (SCO, Fig. 3): 2.988(2) A. From the magnetic and
structural data presented for compounds 1a-1g, the relation-

4478 | Dalton Trans., 2015, 44, 4474-4484

ship between T,,, and hydrogen bonding might seem to be
straightforward. However, as is well established, the T/, value
is thermodynamically defined as the ratio of the enthalpy and
entropy of SCO. In particular, the entropy originates in the
molecular and lattice vibrations** which cannot be purposely
modulated but can be easily influenced by chemical modifi-
cations (such as ligand substitution, different lattice solvent
etc.).” Therefore, the rational tuning of the SCO phenomenon
is always a challenging task which involves simultaneous
changes of entropy and enthalpy.

For example, any prediction fails in the case of the isostruc-
tural series, where the SCO complexes [Fe(pa);]Cl,-Solv (pa =

This journal is © The Royal Society of Chemistry 2015
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Table 3 The N---O (donor—acceptor) hydrogen bond distances in
la-1f, critical temperatures of the SCO transition (Ty/,), and solvent of

@ NCs
@ NCSe

crystallization molecular volumes (V) and their relative permittivity (e,)

T 29 3.0 3.1 3!2 3.3
7K AN...0)10™m

6] © 1e 6 o 1d
o &
0@
£ 5 ) 5 oo
Ny < o
3 f o
< 4 4 -
o0
3 3
2+ T T T 2+ T T
80 100 120 140 160 220 230 240 250
TIK TIK

Fig. 3 Temperature dependence of effective magnetic moment for
compounds 1c, 1d, 1d’ and 1e (top left). Plot of possible T;,, dependence
on the length of the hydrogen bond between the amine group and the
acceptor atom from the guest solvent molecule (top left). The Ty,
values for the purely HS compounds were set to zero and highlighted by
a red rectangle. Detailed view of the thermal hysteresis in 1e and 1d
(below).

2-picolylamine)* have very similar surroundings of the [Fe-
(pa)s]** cation consisting of relatively strong N-H---Cl hydro-
gen bonds, and different Solv guests are involved in the supra-
molecular system only by weak non-covalent contacts.
However, the difference between the aforementioned system
and the present series must be emphasized. In contrast to the
[Fe(pa);]Cl,-Solv series, the 1a-1g compounds have a complex
framework built by weak non-covalent contacts and the stron-
gest contact is formed between the solvent molecule and the
amine group, which is directly involved in the coordination of
the metal centre. Therefore, a dominant role of this contact in
influencing the ligand field strength might be expectable due
to the charge transfer of the electron density from the acceptor
to hydrogen bonding donor upon formation of the hydrogen
bond.”?

Finally, it should be pointed out that each solvent molecule
has different intrinsic properties such as electron density dis-
tribution, vibrational states, basicity, polarity etc., which might
affect the SCO behaviour or Solv::-SCO complex interaction.
Therefore, the accurate T/, prediction based only on the D---A
distance is not expectable and this can be also documented
within the 1a-g series in which 1e has a longer D-A distance
but a higher T}/, than 1c (Table 3).

Abruptness of SCO

We proposed previously,'® inspired by findings reported by
Halcrow et al.,** that the dihedral angle between the least-

This journal is © The Royal Society of Chemistry 2015

d(N---O)/A Ty0/K Vool /A% e ?

1a 3.295(2) HS 78.0 7.5
1b 3.110(3) HS 37.2 33.0
1c 2.988(2) 84 81.5 18.6
1d 308 K 2.941(2) 232] 2351 77.5 38.3
1d 150 K 2.944(4)

1d’' 308 K 2.935(5) 244 77.5 38.3
1d’' 150 K 2.921(6)

le 3.004(3) 127] 1381 71.4 47.2
1f Fel 3.272(4) CH;0H HS 37.2 33.0
1f Fe2 3.154(4) MEK 81.5 18.6
1g 3.143(3) HS 64.7 21.0

“Molecular volumes calculated by the Molinspiration program
predictions.?® ” According to ref. 29.

square planes of the aromatic rings (a)** could be a valuable
structural parameter to characterize the cooperativeness of the
spin transition in this group of compounds. By comparison of
the LS and HS values, one can expect larger differences (Aa)
for the compounds with more abrupt transitions. In the case
of 1d and 1d', a larger a(LS) - a(HS) difference is found for 1d
(Aa = 2.1°) than for 1d’ (Aa = 1.3°) and from Fig. 3 it is appar-
ent that the spin transition is indeed more abrupt for 1d.
Another parameter (6,,,) which might be useful in the charac-
terization of the structural changes observed upon spin tran-
sition can be defined as a sum of the absolute values of LS
and HS coordinate differences (x; y;, z;, only non-hydrogen
atoms) divided by the number of the atoms (N) involved in the
calculation:

N |xl;s_x}1s|+|ylps_yns|+|zlps_z}1s|

5xyz = Z N : (2)

i=1

This parameter literally measures the difference between
the LS and HS crystal structure of the SCO compound. It could
be expected that the compounds exhibiting cooperative SCO
behaviours might have changes in the crystal structure that are
more pronounced (and the &, values higher) than those exhi-
biting gradual transitions. This can be understood on the
basis of the elastic interaction model developed by Spiering
et al.*® where the cooperativity is defined as the interaction
between the LS and HS species in the SCO solids, which are
expected to be stronger for molecules capable of forming a
“larger” point defect in the crystal lattice upon spin transition.
Furthermore, it can be expected that the use of this parameter
should be valid for the compounds consisting of the SCO
molecules with a similar second coordination sphere, i.e. with
non-covalent interactions of similar strength, which is, as
mentioned above, the case of the herein studied series of com-
pounds. The LS and HS structures are available for two com-
pounds in this work: 1d and 1d'. The &), values calculated for
these compounds differ significantly: 0.0526 (1d) and 0.0463
(1d’). Only one SCO compound with determined LS and HS
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structures belonging to the group of [Fe(L*)(NCX)] compounds
was reported previously: [Fe(L’)(NCSe)-CH;CN."” The &,
value calculated for this compound is equal to 0.0300. Again,
as in the case of the a parameter, the largest 6y, value is
found for the most abrupt transition in 1d. In order to
compare these values properly, it is necessary to define the
abruptness of SCO. This can be done by utilizing a modifi-
cation of the previously published SCO smoothness
equation:*” Tg = T(xpys = 0.9) — T(xus = 0.1): Ts(1d) = 24 K,
Ts(1d’) = 45 K and Ts([Fe(L*)(NCSe)]-CH5CN) = 76 K. The T
values found for 1d, 1d’ and [Fe(L*)(NCSe)]-CH;CN agree with
expected changes of abruptness in above mentioned
compounds.

Theoretical insight into intermolecular interactions

With the aim of quantitatively analysing the impact of the N-
H---O contact on the SCO behaviour, or more precisely, on
critical temperature T,,,, we analysed the bonding properties
between [Fe(L’)(NCX)] and the solvent molecule in {[Fe(L’)-
(NCX)]---Solv} moieties. All the calculations were based on geo-
metries following from the experimental X-ray structures, but
all the hydrogen atom positions were optimized using the
B3LYP functional®® together with the atom-pairwise dispersion
correction to the DFT energy with Becke-Johnson damping
(D3BJ)*' using ORCA 3.0.1.>> The polarized triple-{-quality
basis set, def2-TZVP(-f), was used for iron, nitrogen, sulphur
and selenium atoms, while the def2-SVP basis set was used for
carbon and hydrogen atoms.>® The calculations also utilized
the RI approximation with the decontracted auxiliary def2-
TZV/] and def2-SVP/J] Coulomb fitting basis sets®® and the
chain-of-spheres (RIJCOSX) approximation to exact exchange®”
as implemented in ORCA.

First, the non-covalent interaction (NCI) index was utilized
to visualize both attractive (hydrogen bonding, van der Waals)
and repulsive (steric) interactions based on the properties of
the electron density using program NCIPLOT.*® The method is
based on the analysis of the reduced gradient of density s,
defined as

s 1 [Vpl
2v/3m2 J/ pt

where p is the electron density. A weak intermolecular or intra-
molecular interaction causes a radical change in the reduced
gradient of density (s) between the interacting atoms resulting
in density critical points between interacting fragments. These
critical points are represented by troughs in 2D plots of s vs.
p.>% In order to judge whether the non-covalent interaction is
attractive or repulsive, the sign of an eigenvalue 1, of the elec-
tron density Hessian matrix, V2p = A; + 4, + 43 (11 < 1, < 43) can
be utilized. The 4, is negative in the case of bonding inter-
actions (e.g. hydrogen bonds), which is characterized by an
accumulation of the electron density perpendicular to the
bond. In contrast, positive 1, means that there are non-bonded
interactions (e.g. steric repulsions) which result in electron
density depletion. In summary, the troughs of the reduced

(3)
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gradient of density s are used to identify non-covalent contacts,
and at the point where s is approaching zero, the quantity sign
(42)p defines their strength (the larger the value, the stronger
the interaction) and nature (negative sign - attractive inter-
action vs. positive sign — repulsive interaction).

In order to accomplish our intention, the NCIPLOT was
used to calculate the NCI index for all available {[Fe(L’)(NCX)]
---Solv} moieties 1la-g, utilizing their HS experimental single-
crystal X-ray structures with optimized hydrogen atom posi-
tions. The keyword LIGAND was used to address only NCI
between the complex and the solvent requiring the use of pro-
molecular densities. The results are divided into two groups,
purely HS compounds (1a, 1b, 1f, 1g) and SCO compounds
(1c-e) - Fig. 4. As an example of NCI calculation, the molecular
structure of {[Fe(L’)(NCS)]---DMF} (1d) is shown in Fig. 4c,
together with NCI isosurfaces coloured according to the nature
and strength of these interactions showing the N-H:--O
contact (orange-red colour), C-H---:O and C-H---m contacts
(green-blue colour) and O-lone-pair---O-lone-pair contact (blue
colour). This 3D plot of NCI then can be transformed into a
2D plot, in which the above mentioned NCIs are represented
by troughs (Fig. 4a and b). The troughs found approximately in
the region of —0.015 < sign(4,)p < +0.015 represents weak inter-
actions. In the group of SCO compounds, the strongest and
attractive interactions belonging to the N-H:--O contact are
found in the region of —0.027 < sign(4,)p < —0.024 (Fig. 4d).
Furthermore, the sign(4,)p values of these troughs, corres-
ponding to the strength of the N-H---O contact, nicely corre-
late with T, (Fig. 5).

The indispensable role of this N-H:--O contact is further
demonstrated in Fig. 4b for purely HS compounds, in which
there are no troughs in the region of —0.027 < sign(4,)p <
—0.024, which means that there are no N-H---O contacts that
are strong enough. We can only observe the strong and attrac-
tive O-H---O contact in 1f between MeOH and phenolic oxygen
atoms. This contact should act in an opposite direction (than
the N-H---O contact) in charge transfer due to hydrogen
bonding because the solvent molecule acts as a hydrogen
bond donor. The strongest N-H---O contact is found in 1b,
sign(4,)p = —0.020, but evidently the strength of this contact is
not sufficient to induce SCO behaviour.

To push further our effort to substantiate the role of the N-
H---O contact in SCO behaviour within the presented series of
complexes, we used another approach based on topological
analysis using the total molecular electronic density p(r) and
the Laplacian of p(r) (V?p(r)) based on atoms in molecule
(AIM) calculations.?” The single point energy DFT calculations
on {[Fe(L’)(NCX)]--Solv} moieties resulted in the geometry-
basis-wavefunction (GBW) files, which were then transformed
to the MOLDEN format and analysed using a program Multi-
wfn 3.3.5 (A Multifunctional Wavefunction Analyzer).*® The
so-called bond critical points (BCP) of the type (3,—-1) were
located in the N-H---O contacts and in these points, the poten-
tial energy density V(r) was calculated, because it was shown
that the energy of hydrogen bonds (Eyg) can be approximated
as Eyg = V(r)/2.%° The results depicted in Fig. 5 (right) proved

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Left: (a) non-covalent interaction (NCI) analysis of SCO compounds (1c—e). (b) NCI analysis of HS compounds (1a, 1b, 1f, 1g). Right: (c) Plot
of the NCl isosurface (s = 0.3) coloured according to the RGB scheme over the range of —0.03 < sign(4,)p < 0.01 for {[Fe(L*)(NCS)]---DMF} (1d). Red
indicates strong attraction; green indicates very weak interaction and blue indicates weak repulsion. (d) NCI analysis of SCO compounds (1c—e)

zoomed to the N—H---O contact region.
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Fig. 5 The plot of spin transition temperature T,,, of SCO compounds
(1c—e) as a function of strength of N—H---O contacts quantified either by
sign(4,)p through NCI analysis (red squares) or by the potential energy
density V(r) calculated at BCP points (Eyg = V(r)/2) (blue circles).

This journal is © The Royal Society of Chemistry 2015

that the energy of the N-H:--:O hydrogen bonds within the
series of SCO compounds correlates with T;,,, showing that
the stronger the N-H---O hydrogen bond in the HS X-ray struc-
ture is formed, the higher T, is observed.

To summarize, both theoretical approaches based on
ab initio calculations identified the N-H---O hydrogen bond
strength (energy) as the key driving force for observing SCO in
the isostructural series of the [Fe(L*)(NCX)]-Solv complexes.

Conclusions

In this article the crystal structures and magnetic properties of
the compounds belonging to an isostructural series of iron(ur)
Schiff base complexes were reported. From the magnetic and
structural data, a possible relationship between the occurrence
of SCO (and its critical temperature) and the strength of the
hydrogen bonding between the guest solvent molecules and
the amine group from the [Fe(L’)(NCX)] molecules was out-
lined. Remarkably, there is no apparent correlation of the SCO
behaviour with the other parameters such as the size of the
host cavity, the guest volume or its dielectric constant

Dalton Trans., 2015, 44, 4474-4484 | 4481
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(Table 3), and the guest molecule substitution affects Ty,
much more significantly than the substitution in the mono-
dentate NCX ligand, as was documented on compounds 1d
and 1d'. The N-H---O hydrogen bonding in 1a-f compounds
was studied by combined DFT and Bader charge analysis cal-
culations in greater detail, and these calculations identified a
correlation between the strength of the N-H---O hydrogen
bond and Tj, in the SCO compounds of this series. More con-
cretely, the stronger N-H---O hydrogen bond (i.e. the shorter
distance) implies a higher value of T}, This hypothesis can be
supported also by previous work where a similar relationship
was observed for solution studies of anion binding Fe(n) SCO
cations.*® However, further research involving a preparation of
the [Fe(L’)(NCX)]-Solv compounds with a different type of the
guest Solv molecules is inevitable in order to prove this
hypothesis.

Furthermore, the group of [Fe(L*)(NCX)]-Solv compounds is
interesting not only for the above mentioned relationship in
the host-guest system. These compounds are promising also
due to the capability of the host [Fe(L’)(NCX)] framework to
propagate cooperative interactions resulting in the occurrence
of abrupt SCO with thermal hysteresis (1d, AT = 3 K, 1e, AT =
11 K). This, along with the possibility of exploiting the Solv
guests as Ty, tuners, gives an opportunity to prepare coopera-
tive Fe(ur) SCO compounds with T;,, at ambient temperature.

Experimental
Synthesis

All reagents and solvents were purchased from commercial
sources (Sigma Aldrich, Acros Organics) and used as received.

The complex 1a was prepared by the reaction of [Fe(L*)CI]"
(100 mg, 0.186 mmol) with KNCS (20 mg, 0.206 mmol) in
tetrahydrofuran (10 cm®) and methanol (20 em?®). This solution
was stirred and heated for 10 minutes. Then it was filtered
through a paper filter and left to crystallize for several days.
Yield (based on [Fe(L’)Cl]) = 74%.

The complex 1b was prepared by the reaction of [Fe(L*)Cl]
(100 mg) with KNCS (20 mg, 0.206 mmol) in methanol
(25 ecm®) and 4 g of pyrazine was added afterwards. This solu-
tion was stirred and heated for 10 minutes. Then it was filtered
through a paper filter and left to crystallize for several days.
Yield (based on [Fe(L’)Cl]) = 12%.

The complexes 1c, 1d, 1d’ were prepared in the very same
way. The precursor complex [Fe(L*)Cl] (100 mg, 0.186 mmol)
was reacted with KNCS/Se (20 (S) or 30 (Se) mg, 0.206 mmol)
in 20 cm® of methanol and X ml of Solv (X = 10 cm® MEK (1c),
X = 3 cm® DMF (1d, 1d’) and the resulting mixture was stirred
and heated for 10 minutes. Then it was filtered through a
paper filter and left to crystallize for several days. In the case of
1d and 1d’ the suitable single-crystals were obtained by slow
diffusion of diethyl ether to the solution. Yields (based on
[Fe(L*)Cl]) = 67% for 1¢, 35% for 1d, 24% for 1d'".

The complex 1e was prepared by the reaction of [Fe(L*)Cl]
(100 mg, 0.186 mmol) and KNCS (20 mg, 0.206 mmol) in the
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mixture of CH;0H and DMSO (5 cm?®). This solution was
stirred and heated for 10 minutes. Then it was filtered through
a paper filter and the solution volume was reduced by nitrogen
gas flow. When the first microcrystals appeared, the solution
was left to crystallize for several days at —18 °C. Yield (based
on [Fe(L)Cl]) = 25%.

All prepared samples are of dark violet colour when
ground. In liquid nitrogen, the samples exhibiting SCO turned
green as reported previously for this group of compounds.**
Elemental analysis: 1a, M, = 609.54, C3,H33Fe;N,05S;, Found:
C, 62.9; H, 5.5; N, 9.1, requires C, 63.1; H, 5.5; N, 9.2%, IR mid
(in em™): ¢(N-H) = 3240 (W), (C-H)aromatic = 3039 (W), 1(C-
H)atiphatic = 2974, 2926, 2871 (m), »(NCS) = 2061 (vs), ©(C=N)
and »(C=C) = 1603, 1536, 1506 (vs); 1b, M, = 609.52,
C3,H;3,Fe;N505S,, Found: C, 61.3; H, 5.3; N, 11.4, requires C,
61.1; H, 5.1; N, 11.5%, IR mid (in cm™): »(O-H) = 3272 (w),
V(N-H) = 3204 (W), (C-H)aromatic = 3049 (W), 1(C-H)aliphatic =
2973, 2926, 2865 (m), 1(NCS) = 2053 (vs), (C=N) and (C—C)
= 1602, 1538, 1506 (vs); 1c, M; = 609.53, C3,H;3Fe;N,05S;,
Found: C, 62.9; H, 5.4; N, 9.2, requires C, 63.1; H, 5.5; N, 9.2%,
IR mid (in em™): »(N-H) = 3242 (W), 2(C-H)aromatic = 3050 (W),
U(C-H)atiphatic = 2973, 2924, 2871 (m), y(NCS) = 2057 (vs),
1(C=0) = 1699, 1(C=N) and »(C=C) = 1603, 1537, 1505 (vs);
1d, M, = 610.53, Cs;H;,Fe;N505S;, Found: C, 61.1; H, 5.2; N,
11.4, requires C, 61.0; H, 5.3; N, 11.5%, IR mid (in cm™"): »(N-
H) = 3166 (W), (C-H)aromatic = 3049 (W), (C-H)atiphatic = 2967,
2924, 2861 (m), ¥(NCS) = 2058 (vs), ¥(C=0) = 1663, v(C=N)
and y(C=C) = 1605, 1539, 1506 (vs); 1d’ M, = 657.42,
C3;H3,Fe;N503Se;, Found: C, 56.7; H, 5.0; N, 10.5, requires C,
56.6; H, 4.9; N, 10.7%, IR mid (in em™): y(N-H) = 3163 (w),
UC-H)aromatic = 3046 (W), Y(C-H)aliphatic = 2967, 2926, 2859 (m),
V(NCSe) = 2060 (vs), ©(C=0) = 1665, 1(C=N) and »(C=C) =
1602, 1536, 1506 (vs); le, M, = 615.57, CzoHz;Fe;N,40;S,,
Found: C, 58.6; H, 5.1; N, 9.3, requires C, 58.5; H, 5.1; N, 9.1%,
IR mid (in em™): »(N-H) = 3167 (W), 2(C-H)aromatic = 3049 (W),
UC-H)aliphatic = 2969, 2925, 2867 (m), »(NCS) = 2060 (vs),
¥(C=N) and v(C—=C) = 1603, 1537, 1506 (vs).

Equipment, measurements and software

Elemental analysis (CHN) was performed on a FLASH 2000
CHNS Analyzer (ThermoFisher Scientific). Magnetic data were
measured on powdered samples pressed into the pellets using
an MPMS XL-7 Quantum Design SQUID magnetometer. The
experimental data were corrected for the diamagnetism of the
constituent atoms using Pascal’s constants.

Magnetic susceptibility and magnetization measurements
were done using a SQUID magnetometer (MPMS, Quantum
Design) from T=2 K at B = 0.1 T. The magnetization data were
taken at 7= 2.0 and 4.6 K. The effective magnetic moment was
calculated as usual: peg/us = 798(x'T)"> when SI units are
employed. Analysis of magnetic data was done with the
package POLYMAGNET.**> The visualization of non-covalent
interactions based on NCIPLOT calculation was done with the
help of a VMD program.*?

Single crystal X-ray diffraction data were collected using
an Oxford diffraction Xcalibur2 CCD diffractometer with a

This journal is © The Royal Society of Chemistry 2015
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Sapphire CCD detector installed in a fine-focus sealed tube
(Mo-Ka radiation, 2 = 0.71073 A) and equipped with Oxford
Cryosystems nitrogen gas-flow apparatus. All structures were
solved by direct methods using SHELXS97** and SIR-92*° incor-
porated into the WinGX program package.*® For each structure,
its space group was checked by the ADSYMM procedure of the
PLATON" software. All structures were refined using full-
matrix least-squares on F,> — F.” with SHELXTL-97** with an-
isotropic displacement parameters for non-hydrogen atoms.
All the hydrogen atoms were found in differential Fourier
maps and their parameters were refined using a riding model
with Uiso(H) = 1.2 or 1.5 Ueq (atom of attachment). All the
crystal structures were visualized using the Mercury software.*®

Non-routine aspects of the structure refinement are as
follows: some parts (carbon atoms) of the solvent molecules in
the compounds 1¢, 1d and 1d’ are disordered over two posi-
tions: 1¢, C1SA/B, C2SA/B, C3SA/B, C4SA/B (occupancy factors,
A:B=0.51:0.49).
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