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The paper reports on the synthesis, crystal structure, thermal and magnetic properties of spin crossover

(SCO) salts containing the [Fe(bpp)2]
2+ cation (bpp = 2,6-bis(pyrazol-3-yl)pyridine) and different rigid

polycarboxylate anions, such as anthracene-9,10-dicarboxylate (ADC), benzene-1,3,5-tricarboxylate

(BTC) and biphenyl-4,4’-dicarboxylate (BPDC). Compound [Fe(bpp)2](ADC)·9H2O (1) shows a porous

hydrogen-bonded structure with water molecules sitting in the channels. It contains low-spin (LS) Fe2+

cations that undergo crossover to the high-spin (HS) state upon dehydration. Anhydrous 1 remains HS on

cooling at low temperatures. A similar magnetic behaviour is obtained for the partially protonated BTC

salt [Fe(bpp)2](HBTC)·5H2O (2), showing a spin change concomitant with dehydration to a HS phase that

undergoes gradual and partial SCO on cooling, affecting 25% of the Fe2+ cations. Instead, the BPDC salt

[Fe(bpp)2](BPDC)·5H2O (3) has a ground HS state in its fully hydrated form.

Introduction

Iron(II) complexes that undergo spin crossover (SCO) between
their low-spin (LS, S = 0) and high-spin (HS, S = 2) states are
certainly the most studied switchable molecular materials.1 As
a response to external physical stimuli (light irradiation, temp-
erature, pressure, and magnetic or electric fields),2–4 these
compounds are able to show drastic changes in many of their
physical properties, such as colour, magnetic susceptibility,
dielectric constant, vibrational properties and crystal structure.
In addition, solvent molecules strongly influence SCO pro-
perties.5 These features make SCO materials promising candi-
dates for a wide variety of applications such as molecular
switches, memory devices, thermometry, sensors and
spintronics.6

Among the different compounds exhibiting SCO behaviour,
we turned our attention to [Fe(bpp)2]

2+ complexes (bpp = 2,6-
bis(pyrazol-3-yl)pyridine, Chart 1).7–9 The main reason is that
these iron(II) complexes have four pyrazolyl N–H moieties that
can act as hydrogen-bond donors towards solvent and/or
anionic hydrogen-bond acceptors, yielding two interesting fea-
tures: (i) a marked dependence of SCO properties on the pres-
ence of solvent molecules in the crystal lattice; (ii) the possi-
bility of using the high directionality of hydrogen bonds in the

design of crystalline assemblies. For instance, we have shown
that it is possible to use the principles of hydrogen bonding in
the preparation of SCO salts with non-centrosymmetric struc-
tures.10 Inversely, the structural changes that accompany the
SCO phenomenon can have an impact on the hydrogen-
bonding connectivity inside the crystal, leading to exciting
effects, such as supramolecular H-bond isomerization11 or
proton migration along short-strong H-bonds.12 Years ago, we
started a systematic study of [Fe(bpp)2]X SCO salts containing
polycarboxylate anions, since the latter have been extensively
used in the design of metal–organic13 and hydrogen-bonded14

nanoporous frameworks with interesting sorption properties.15

The aim was the obtention of porous H-bonded structures

Chart 1 Structures of the bpp ligand and several rigid polycarboxylate
anions.

†Electronic supplementary information (ESI) available. CCDC 2335499, 2335500
and 2335503. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d4dt00579a
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where the SCO properties are affected by the nature of the
encapsulated solvent/guest,16 as an alternative to more
complex SCO nanoporous materials based on coordination
chemistry, paving the way to applications like solvent/small
molecule sensing or humidity control. We have now focused
on hydrogen-bonded [Fe(bpp)2]

2+ salts containing different
rigid polycarboxylate anions, such as anthracene-9,10-dicar-
boxylate (ADC), benzene-1,3,5-tricarboxylate (BTC) or biphenyl-
4,4′-dicarboxylate (BPDC). In this paper, we report on the struc-
tural, thermal and magnetic properties of salts [Fe(bpp)2]
(ADC)·9H2O (1), [Fe(bpp)2](HBTC)·5H2O (2) and [Fe(bpp)2]
(BPDC)·5H2O (3).

Experimental section
Synthesis

Ligand bpp was prepared as previously published.17 All other
reagents and solvents were used as received.

Ag2(BPDC). Ag2CO3 (1.37 g, 5 mmol) was added as a solid to
a solution of H2BPDC (1.21 g, 5 mmol) in 50 mL of a 30%
EtOH/H2O mixture. The resulting suspension was heated at
80 °C until the evolution of CO2 ceased. The mixture was then
filtered and the off-white solid was dried under vacuum. Yield:
1.75 g (77%). Found: C, 36.73; H, 1.81. C14H8Ag2O4 requires C,
36.88; H, 1.77%; νmax/cm

−1 3404, 3064, 1584, 1566, 1539, 1513,
1386, 1172, 1131, 1095, 1005, 861, 836, 764, 700, 677, 515, 438.
Thermogravimetric analysis: see ESI (Fig. S1†) for details.

[Fe(bpp)2](ADC)·9H2O (1). A 0.25 M NaOH aqueous solution
was added dropwise to a suspension of H2ADC (0.067 g,
0.25 mmol) in 15 mL H2O until the pH reached a value of 7.11.
In a separate Schlenk flask, FeSO4·7H2O (0.070 g, 0.25 mmol)
was added as a solid to a degassed solution of bpp (0.106 g,
0.5 mmol) in 10 mL MeOH. A deep red colour appeared. After
stirring for 1 h, the solution containing the ADC salt was
added. The mixture was stirred for 90 min and the dark orange
precipitate was filtered. The precipitate was dissolved in
aqueous methanol and concentrated in a rotary evaporator.
The resulting aqueous solution was left undisturbed. Red
needles suitable for X-ray analysis were obtained after three
days. Yield: 61 mg (27%). Found: C, 50.62; H, 4.55; N, 15.59.
C38H44FeN10O13 requires C, 50.45; H, 4.90; N 15.48%; νmax/
cm−1 3388, 3119, 1615, 1562, 1541, 1519, 1440, 1416, 1353,
1320, 1278, 1221, 1149, 1107, 1085, 1059, 1001, 955, 907, 814,
776, 680, 620, 602, 488, 448.

[Fe(bpp)2](HBTC)·5H2O (2). A 0.25 M NaOH aqueous solu-
tion was added dropwise to a suspension of H3BTC (0.018 g,
0.08 mmol) in 7.5 mL H2O until the pH reached a value of
7.15. In a separate Schlenk flask, FeSO4·7H2O (0.035 g,
0.125 mmol) was added as a solid to a degassed solution of
bpp (0.053 g, 0.25 mmol) in 5 mL MeOH. A deep red colour
appeared. After stirring for 1 h, the solution containing the
BTC salt was added. The mixture was stirred for 90 min and
the orange precipitate was filtered. The precipitate was taken
up in aqueous methanol and left undisturbed. Red plates suit-
able for X-ray analysis were obtained after partial evaporation.

Yield: 29 mg (48%). Found: C, 47.65; H, 4.32; N, 18.08.
C31H32FeN10O11 requires C, 47.95; H, 4.15; N 18.04%; νmax/
cm−1 3417, 3143, 2922, 1612, 1571, 1562, 1436, 1358, 1281,
1236, 1151, 1105, 1086, 1068, 1020, 996, 767, 708, 689, 618,
554, 446.

[Fe(bpp)2](BPDC)·5H2O (3). FeCl2·4H2O (0.025 g,
0.125 mmol) was added as a solid to a degassed solution of
bpp (0.053 g, 0.25 mmol) in 5 mL MeOH. A deep red colour
appeared. After stirring for 1 h, a degassed solution of
Ag2(BPDC) (0.057 g, 0.125 mmol) in 5 mL H2O was added. The
mixture was stirred for 90 min and the yellow precipitate con-
taining AgCl was filtered. The precipitate was washed with
aqueous methanol and the combined filtrate and washings
were left undisturbed. Yellow plates suitable for X-ray analysis
were obtained after partial evaporation. Yield: 34 mg (34%).
Found: C, 52.84; H, 4.62; N, 17.11. C36H36FeN10O9 requires C,
53.48; H, 4.49; N 17.32%; νmax/cm

−1 3406, 3111, 2915, 1612,
1576, 1532, 1472, 1435, 1379, 1284, 1231, 1171, 1147, 1104,
1086, 1061, 996, 959, 771, 702, 673, 619, 526.

Characterization techniques

Magnetic susceptibility measurements were performed on
polycrystalline samples using a magnetometer (Quantum
Design MPMS-XL-5) equipped with a SQUID sensor. Variable-
temperature measurements were carried out in the tempera-
ture range 2–400 K in a magnetic field of 0.1 T. The tempera-
ture sweeping rate for compound 1 in the cooling and heating
modes was as follows: 0.5 K min−1 (2–10 K), 3 K min−1

(10–400 K). For compounds 2 and 3, the sweeping rate in the
10–400 K temperature range was 2 K min−1. In all cases, for
the first heating, the temperature of the sample was held at
400 K for 2 h to ensure complete dehydration. Measurements
were performed on perforated plastic capsules in order to
favour solvent loss.

Thermogravimetric measurements were carried out in a
Setaram Setsys TGA-ATD16/18 apparatus in the 295–1277 K
temperature range (296–967 K for 2) under a nitrogen atmo-
sphere and at a scan rate of 10 K min−1.

Differential scanning calorimetry measurements under
nitrogen atmosphere were performed in a Mettler Toledo DSC
821e apparatus with warming and cooling rates equal to 10 K
min−1 between 300 K and 450 K. A correction from the sample
holder was automatically applied.

IR transmission measurements of KBr pellets were recorded
at room temperature with a Nicolet Avatar 320 FT-IR spectro-
photometer in the range 4000–400 cm−1.

CHN elemental analyses were carried out in a CE instru-
ments EA 1110 CHNS analyzer.

Powder X-ray diffraction (PXRD) measurements were col-
lected using Cu Kα radiation (λ = 1.54056 Å) at room tempera-
ture in a 2θ range from 2 to 40°. Polycrystalline samples of 1–3
were lightly ground in an agate mortar and filled into a
0.5 mm borosilicate capillary prior to being mounted and
aligned on an Empyrean PANalytical powder diffractometer.
The simulated diffractograms were obtained from single
crystal X-ray data using the CrystalDiffract software.
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Crystal structure determination

X-ray diffraction data of compounds 1–3 were collected at
120 K with a Rigaku Oxford Supernova diffractometer using a
graphite monochromated Mo Kα radiation source (λ =
0.71073 Å). The CrysAlisPro program18 was used for cell refine-
ments and data reduction. The structures were solved by direct
methods using the SIR201419 program with the WinGX20

graphical user interface. The structure refinements were
carried out with SHELXL-2018/3.21 A multiscan absorption cor-
rection, based on equivalent reflections22 was applied to the
data using the program CrysAlisPro.

H atoms on water molecules and N atoms were found in
difference maps and refined positionally with geometric
restraints (O–H = 0.82 Å, N–H = 0.89 Å and H⋯H = 1.30 Å) and
with Uiso(H) = 1.5Ueq(O) for the H atoms on water molecules.
The remaining H atoms were placed in calculated positions
and refined with a riding model, with C–H = 0.95 Å, and
Uiso(H) = 1.2Ueq(C,N). Four individual antibumping restraints
were applied in 1, and one in 3, to prevent some hydrogen
atoms on water molecules approaching too close to one
another. One of the water molecules in 1 (O6W) had a refined
occupancy close to 0.5, therefore their occupancy was fixed to
that value in the final refinement cycle. All non-hydrogen
atoms were refined anisotropically in all the structures.

The X-ray crystallographic structures have been deposited at
the Cambridge Crystallographic Data Centre (deposition
numbers CCDC 2335499 (1), 2335500 (2) and 2335503 (3)).†

Results and discussion
Synthesis and thermal properties

The synthetic method that has been generally applied for the
synthesis of hydrogen-bonded networks containing the [Fe
(bpp)2]

2+ SCO units consists in a metathesis reaction of
barium carboxylates with [Fe(bpp)2]SO4.

16 This eliminates the
presence of any other hydrogen-bond acceptor that could be in
competition with the polycarboxylate anions (with the excep-
tion of the solvents). In the present case, probably due to the
insolubility of the desired salts, the metathesis reaction was
not necessary for 1 and 2 and these compounds were obtained
by direct reaction from the sodium carboxylates obtained
in situ by deprotonation of the corresponding carboxylic acids.

The reaction outcome depends strongly on pH conditions
after deprotonation. In the case of BTC (pH = 7.15), these con-
ditions resulted in 2, a compound containing the monoproto-
nated dianion HBTC. Instead, for ADC, the same conditions
(pH = 7.11) yielded 1, containing fully deprotonated ADC.
However, lowering the pH after deprotonation to a value of
6.52 resulted in monoprotonated [Fe(bpp)2](HADC)2·5H2O.
This compound is still under study and will be reported
separately.

Concerning 3, the direct reaction gave unsatisfactory results
and metathesis involving [Fe(bpp)2]Cl2 and Ag2(BPDC) as start-
ing materials was used.

Thermogravimetric analyses of 1–3 have been performed.
For 1, loss of the water molecules of crystallization takes place
gradually from room temperature until 385 K (Fig. S2†). A
weight decrease of 17% is observed (expected value for 9 H2O
molecules: 18%). The huge mass loss at relatively low tempera-
tures is in agreement with the presence of water sites in chan-
nels, loosely bound in an equivalent manner, as we shall see
later. The dehydrated compound is stable at temperatures
below 550 K. Above this temperature, it decomposes in several
steps. In the case of 2, the loss of water molecules occurs in
two smooth steps between room temperature and 440 K
(Fig. S3†). The weight decrease (about 13.9%) is slightly higher
than expected for the loss of five H2O molecules (12.3%).
Decomposition of the sample starts at lower temperatures
(520 K) as compared to the ADC salt. Finally, for 3, dehydration
takes place in two steps at temperatures in the 345–415 K
range, with a mass decrease of 10%. The sample keeps its
integrity up to 520 K and decomposition occurs on further
heating (Fig. S4†). The results indicate a good agreement with
the formulation deduced from elemental analysis and X-ray
crystal structure determinations (see below).

The differential scanning calorimetry (DSC) measurement
of 1 is consistent with the thermogravimetric data. In the first
heating process (Fig. S5,† curve 1), a broad endothermic
feature centred at 350 K is observed, superposed with another
endothermic peak located at 383 K. By comparison with TGA
data, it can be deduced that the first feature corresponds to
the loss of 4 H2O molecules, while the latter can be attributed
to the loss of five additional molecules. In the case of 2, a very
intense and large peak located around 345 K was recorded.
This peak contains a high-temperature tail, in agreement with
the gradual character of this dehydration process (Fig. S6,†
curve 1). At last, for 3, two clearly separated endothermic pro-
cesses are registered as peaks located at 344 and 392 K
(Fig. S7,† curve 1). They correspond to the loss of 3 and 2 H2O
molecules, respectively. Upon further heating, the already de-
hydrated compound exhibits a sharp and less intense peak at
425 K. For the three compounds, the DSC measurements in
the subsequent cooling and heating cycles (Fig. S5–S7,† curves
2–3) show an essentially featureless plot, indicating that all the
endothermic processes are irreversible. This is what should be
expected for dehydration processes recorded in open sample
holders. It indicates also that the sharp peak observed for 3 at
425 K is probably due to an irreversible structural rearrange-
ment from a metastable phase.

Crystal structure analyses

[Fe(bpp)2](ADC)·9H2O (1). 1 crystallizes in the orthorhombic
P212121 space group (Table 1). The structure contains one crys-
tallographically independent ADC anion and one Fe2+ site,
with Fe–N bond lengths that are shorter for the pyridine moi-
eties (mean value Fe–Npy: 1.925 ± 0.003 Å) as compared to pyra-
zoles (mean value Fe–Npyr: 1.977 ± 0.004 Å). Bond distances in
this range are characteristic of a LS configuration. Octahedral
distortion parameters (Table S1†) are also typical of LS
species.23 This is the common ground spin state found in
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hydrated [Fe(bpp)2]X2 salts.8,24 The two tridentate bpp ligands
occupy meridional positions of a distorted octahedron in such
a way that their mutual orientation is almost perpendicular
(angle between bpp mean planes: 82.5°). One of the bpp
ligands is hydrogen-bonded through its non-coordinating NH
groups to two ADC anions, with very short distances between
heteroatoms (N5⋯O1: 2.696(5) Å; N1⋯O2: 2.675(5) Å), while
the second bpp ligand is connected through hydrogen
bonding to one ADC anion (N10⋯O4: 2.728(4) Å) and one
water molecule (N6⋯O1W: 2.769(5) Å). Thus, three ADC
anions are present in the second coordination sphere of the
iron(II) complex (Fig. 1).

Each ADC anion is in turn hydrogen-bonded to three
[Fe(bpp)2]

2+ cations. One of the carboxylate units (O1–C37–O2)
acts as a bidentate syn, anti hydrogen-bond acceptor, bridging
two [Fe(bpp)2]

2+ complexes and organizing helical chains along
the x axis (Fig. 2). The other carboxylate moiety (O3–C38–O4) is
H-bonded to two water molecules (O3⋯O7W: 2.721(5) Å;
O4⋯O1W: 2.667(5) Å) but it is also establishing an additional
intrachain bifurcated hydrogen bond with a [Fe(bpp)2]

2+ site.
This dissimilar H-bonding interaction is translated in a less
symmetric distribution of the electron density over the –CO2

fragment (C38–O3 = 1.246(5) Å and C38–O4 = 1.277(5) Å) with
respect to the carboxylate bridging two [Fe(bpp)2]

2+ complexes
(C37–O1 = 1.253(6) Å and C37–O2 = 1.247(5) Å).

The hydrogen-bonded helical chains are held together by
N6⋯O1W⋯O4 bridges, forming hexagonal-shaped channels
that run parallel to the x screw axis (Fig. 3). Water molecules

fill these channels, establishing hydrogen bonds between
them and with the chains. Indeed, the four carboxylate oxygen
atoms are making additional H-bond interactions with the
water molecules sitting in the cavities. Relevant hydrogen-
bonding parameters are gathered in Table S2.†

A distinctive feature of the structure of 1 is the absence of
π–π stacking interactions of any kind, despite the planar aro-
matic character of cations and anions. Thus, the typical terpyri-
dine embrace interaction7 between [Fe(bpp)2]

2+ complexes is
prevented, the structure being governed mainly by H-bonding
interactions. As a consequence, the iron(II) sites are well separ-
ated, the minimum Fe1–Fe1 distance being 9.0105(8) Å, much
higher than the typical value commonly found in the terpyri-
dine embrace packings (ca. 8 Å).

Table 1 Summary of crystal data

Compound 1 2 3

Formula C38H44FeN10O13 C31H32FeN10O11 C36H36FeN10O9
Formula weight 904.68 776.51 808.60
Crystal system Orthorhombic Monoclinic Orthorhombic
Space group P212121 (no. 19) P21/n (no. 14) P21212 (no. 18)
a/Å 11.9374(2) 8.1212(2) 28.8805(5)
b/Å 14.5137(2) 31.2063(8) 15.3810(2)
c/Å 23.8247(3) 13.5547(4) 8.49297(12)
α/° 90 90 90
β/° 90 96.059(3) 90
γ/° 90 90 90
V/Å3 4127.77(10) 3416.03(17) 3772.67(10)
Z 4 4 4
T/K 120.00(10) 120.00(14) 120.00(10)
Dcalcd/g cm−3 1.456 1.510 1.424
λ/Å 0.71073 0.71073 0.71073
θ-range/° 3.285–29.923 1.997–29.919 3.391–29.761
No. of rflns
collected

11 400 9255 10 240

No. of indep.
rflns/Rint

9136/0.1169 4236/0.2391 8885/0.0833

Restraints/
parameters

35/629 20/528 22/560

R1/wR2 (I >
2σ(I))a

0.0613/0.1145 0.0750/0.1474 0.0554/0.1011

R1/wR2 (all
data)a

0.0879/0.1238 0.1994/0.2055 0.0710/0.1061

Δρmax and
Δρmin/e Å

−3
1.108/−0.422 0.599/−0.667 0.931/−0.895

a R1 = Σ (Fo − Fc)/Σ(Fo); wR2 = [Σ[w(Fo2 – Fc2)2/Σ[w(Fo2)2]]1/2.

Fig. 1 Thermal ellipsoid plot of the crystal structure of 1 showing the
hydrogen-bonding connectivity of the [Fe(bpp)2]

2+ complex.

Fig. 2 View of the crystal structure of 1 perpendicular to the xz plane,
showing a double helical chain of [Fe(bpp)2]

2+ cations and ADC anions
alternating along the x axis. Only water molecules (O1W and O7W)
directly connected to the chains are shown. Dashed lines refer to hydro-
gen bonds.
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[Fe(bpp)2](HBTC)·5H2O (2). The crystal structure of 2 at
120 K (monoclinic space group P21/n, Table 1) contains a
single [Fe(bpp)2]

2+ cation (Fig. 4) in its asymmetric unit, five
H2O molecules and a monoprotonated BTC anion. Again, the
two terdentate bpp ligands bind in meridional positions of the
iron(II) coordination sphere in a quasiperpendicular arrange-
ment (angle between mean planes: 85.66 Å). The Fe–N bond
lengths (Fe1–Npy: 1.935 ± 0.004 Å; Fe1–Npyr: 1.977 ± 0.004 Å)
are characteristic of a LS configuration. This is confirmed by
the values of the octahedral distortion parameters (Table S1†).
The [Fe(bpp)2]

2+ complex is H-bonded to two BTC anions
(N1⋯O2: 2.688(5) Å; N6⋯O6: 2.702(5) Å) and two H2O mole-
cules (N5⋯O3W: 2.637(5) Å; N10⋯O1W: 2.694(5) Å). In turn,
the BTC anion interacts with two [Fe(bpp)2]

2+ units, using only
two of the three carboxylate functions. These two functions

interact also mutually by a short strong hydrogen bond
(SSHB),25 with a relatively short distance between the two O
atoms (O1⋯O5: 2.499(4) Å). The proton is located between
these heteroatoms but seems to be localized close to O5. This
is confirmed by the dissymmetric distribution of the electron
density across the O5–C30–O6 carboxylate fragment, with two
very different C–O bonding distances (C30–O6: 1.240(5) Å;
C30–O5: 1.295(5) Å) corresponding to CvO and C–OH moi-
eties, respectively. Instead, the O1–C23–O2 carboxylate frag-
ment is more symmetric (C23–O1: 1.265(5) Å; C23–O2: 1.254(5)
Å), as expected for a deprotonated function. Further, the geo-
metry around these two carboxylates corresponds to a syn, syn
bridging mode. All these characteristics are similar to those
previously found in [Fe(bpp)2](isonicNO)2·HisonicNO·5H2O
(isonicNO = isonicotinate N-oxide anion), a compound
showing an interplay between SCO and proton migration
along SSHBs.12

The direct H-bonding interactions (Table S3†) between
cations and anions organize alternating chains running along
the [101] direction. These chains are further linked by the
SSHBs to yield double helical chains (Fig. 5).

The chains are assembled along the a axis to form double
chains, owing to the existence of weak π–π stacking inter-
actions between the pyrazolyl moieties of adjacent iron(II) com-
plexes (Fig. S8†). Equivalent bpp ligands related by a trans-
lation along the x direction form stacks with a distance
between adjacent bpp mean planes equal to 3.432(12) Å. The
second interaction concerns bpp ligands related by a centre of
symmetry (interplane distance: 3.897(10) Å). Since only three
ligands are involved in π–π interactions, the formation of the
classical square planar terpyridine embrace motif is prevented.

[Fe(bpp)2](BPDC)·5H2O (3). The crystal structure of 3 (ortho-
rhombic space group P21212, Table 1) contains a single inequi-
valent Fe2+ site, with Fe–N bond lengths longer than those
observed for the previous compounds (Fe1–Npy: 2.130 ±

Fig. 3 Projection of the crystal structure of 1 onto the bc plane
showing the pseudohexagonal cavities filled with water molecules.
Adjacent double helical chains are depicted in different colours. H
atoms are omitted. Dashed lines refer to H bonds.

Fig. 4 Thermal ellipsoid plot of the crystal structure of 2 showing the
hydrogen-bonding connectivity of [Fe(bpp)2]

2+ cations and HBTC
anions. The O1⋯H1O⋯O5 SSHB interaction is depicted as red solid
bonds. Dashed lines refer to N–H⋯O hydrogen bonds.

Fig. 5 Perspective view of the crystal structure of 2 along the a axis,
showing two double helical chains consisting of HBTC anions alternat-
ing with [Fe(bpp)2]

2+ cations. Water molecules sit in the structure chan-
nels. Dashed lines refer to hydrogen bonds.
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0.003 Å; Fe1–Npyr: 2.195 ± 0.003 Å) and characteristic of a HS
configuration. Octahedral distortion parameters also differ
from the values observed for the LS compounds 1 and 2
(Table S1†). A HS phase stable at low temperatures is quite
unusual for [Fe(bpp)2]

2+ complexes in their hydrated forms.26

Two inequivalent BPDC anions, denoted BPDC(O1O2) and
BPDC(O3O4) in reference to the numbering of the carboxylate
O atoms, are found in the asymmetric unit. These two anions
exhibit a nonplanar conformation, with torsion angles
between phenyl rings of 22.73(7)° and 51.70(11)°, respectively.
Both are located in special twofold positions, with the binary
axis containing their geometric centres, thus intersecting the
central C–C bond of the biphenyl units. BPDC(O1O2) connects
two neighbouring [Fe(bpp)2]

2+ cations in a syn, syn bridging
mode, while BPDC(O3O4) is H-bonded to H2O molecules
(Table S4†). As a result, the second coordination sphere of Fe1
is occupied (Fig. 6) by only two BPDC anions, with short
H-bonding distances (N5⋯O1: 2.637(4) Å; N10⋯O2: 2.676(4)
Å). These contacts propagate in the crystal to build layers con-
sisting of chains of [Fe(bpp)2]

2+ units that are pillared by the
BPDC anion (Fig. 7). The layers lie parallel to the xy plane and
are connected along the z direction by strong π–π stacking
interactions (Fig. 8) between bpp ligands belonging to adjacent
[Fe(bpp)2]

2+ cations (interplane distance: 3.41(3) Å).
Powder X-ray diffraction (PXRD) experiments have been per-

formed for microcrystalline samples of 1–3. A comparison
between the X-ray diffractograms measured at room tempera-
ture and the simulated diffractogram from the single crystal
data recorded at 120 K (Fig. S9–S11†) shows that there is a
good agreement between both patterns, excluding the exist-
ence of a phase transition between 120 K and room tempera-
ture, at least for compounds 1 and 3. In the case of the HBTC
derivative (2), an important discrepancy between recorded and
simulated data is observed, probably due to partial or com-
plete dehydration of the sample (2 is the compound that has
the lowest temperature of dehydration).

Magnetic properties

The temperature dependence of the χT product of 1 (χ = molar
magnetic susceptibility; T = absolute temperature) is shown in
Fig. 9. At low temperatures, the sample is diamagnetic, as
expected for a low-spin ground state for this Fe(II) complex.
Above 250 K (curve 1), χT increases continuously on heating up
to 400 K, where it equals 3.03 emu K mol−1. This value is the

one expected for one HS Fe2+ cation per formula unit (≈3.0
emu K mol−1), indicating a complete spin crossover that seems
to initiate for the original nonahydrate sample but continues
taking place simultaneously with dehydration. On cooling

Fig. 6 Thermal ellipsoid plot of the crystal structure of 3 showing the
hydrogen-bonding connectivity of the [Fe(bpp)2]

2+ complex.

Fig. 7 View of the crystal structure of 3 along the c axis, showing a
single layer of high-spin Fe1 sites connected by BPDC anions (in
orange). BPDC anions non-connected to the cationic sites are also
shown (in pink). Water molecules are omitted. Dashed lines refer to
hydrogen bonds.

Fig. 8 View of the crystal structure of 3 along the a axis, showing the
stacking of three layers of [Fe(bpp)2]

2+ cations along the z direction.
Water molecules and BPDC anions are omitted. Dashed lines refer to
π–π stacking interlayer interactions.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 7848–7856 | 7853

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

7.
10

.2
5 

19
:0

3:
18

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00579a


(curve 2), χT shows a nearly constant value around 3 emu K
mol−1 down to 50 K, in agreement with a HS ground state for
the anhydrous sample in the whole temperature range. Below
50 K, χT decreases sharply due to zero-field splitting (ZFS) of
the S = 2 ground state. The second heating curve deviates
slightly from the cooling plot in the low-temperature region
but it is very similar in the region of interest. Clearly, the de-
hydrated sample is a HS phase lacking SCO behaviour, in
agreement with DSC measurements.

Fig. 10 shows the thermal variation of χT of 2. The diamag-
netic behaviour observed at low temperatures (curve 1) corres-
ponds to a LS state (S = 0) for the Fe2+ cation. Above 200 K, χT

starts to increase. First, with a small jump in the 200–250 K
region; then more steadily until 330 K, and finally with a
stepped behaviour at higher temperatures to reach a constant
value of 3.12 emu K mol−1 at 400 K. Again, it seems that SCO
starts prior to dehydration but accelerates as the sample is de-
hydrated. Cooling the compound (curve 2) results in a gradual
decrease of χT to a value of 2.45 emu K mol−1 at 80 K, corres-
ponding to a fraction of high-spin Fe2+ sites γHS = 0.75. Then,
at lower temperatures, ZFS effects are clearly evidenced by a
sharper decrease of χT. The second heating curve matches per-
fectly the behaviour upon cooling, indicating that the gradual
SCO affecting ≈25% of the iron(II) sites is completely
reversible.

The χT = f (T ) plot for 3 (Fig. 11) shows an almost constant
value of 3.75 emu K mol−1 in the 40–325 K range for the first
heating measurement (curve 1). This corresponds to a HS state
for the Fe2+ cations, a situation that is rather uncommon for
hydrated [Fe(bpp)2]

2+ salts. Between 2 K and 40 K, the mag-
netic moment increases very rapidly due to ZFS effects. At T >
325 K, dehydration is causing a small decrease of χT, reaching
a minimum at 365 K and increasing again up to 400 K. The
minimum can be attributed to a LS phase that is stable after
the first dehydration process (see DSC). This phase is then
destabilized after full dehydration. In the first cooling (curve 2)
χT shows a gradual decrease to a value of 2.5 emu K mol−1 at
40 K. This means that one third of Fe2+ cations have under-
gone SCO at low temperatures (γHS = 0.66). The process is
entirely reversible (curve 3).

Conclusions

Three hydrogen-bonded assemblies of [Fe(bpp)2]
2+ cations and

polycarboxylate anions have been obtained by direct combi-

Fig. 9 Thermal variation of the χT product of 1. Curve 1: first heating.
Curves 2 and 3: subsequent temperature cycle (cooling and heating,
respectively).

Fig. 10 Thermal variation of the χT product of 2. Curve 1: first heating.
Curves 2 and 3: subsequent temperature cycle (cooling and heating,
respectively).

Fig. 11 Thermal variation of the χT product of 3. Curve 1: first heating.
Curves 2 and 3: subsequent temperature cycle (cooling and heating,
respectively).
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nation or metathesis reactions. The crystal structures of the
compounds have been elucidated. Two of them crystallize in
noncentrosymmetric space groups and can be interesting for
the study of cross effects between SCO and chirality.27,28 It is
worth noting that the three crystal structures show a high
degree of hydration, especially for 1, that results in the for-
mation of channels. Preliminary assays have shown that it is
possible to use a chemically-induced SCO phenomenon to
detect selectively anionic species, such as nitrate salts.
However, despite the rigidity of the anions, the thermal spin
crossover of the reported materials is very gradual and con-
cerns only a small fraction of metal sites, in contrast with
other dehydrated compounds of this family.
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