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Structural, magnetic and Mössbauer spectroscopic
studies of the [Fe(3-bpp)2](CF3COO)2 complex:
role of crystal packing leading to an incomplete
Fe(II) high spin ⇋ low spin transition†

Kristian Handoyo Sugiyarto, a Djulia Onggo, b Hiroki Akutsu, c

Varimalla Raghavendra Reddy, d Hari Sutrisno, a

Yasuhiro Nakazawa c and Ashis Bhattacharjee *e

Single crystal X-ray diffraction, magnetic and 57Fe Mössbauer spectroscopic studies of a new iron(II)-based

spin transition complex – [Fe(3-bpp)2](CF3COO)2 (bpp = 2,6-bis(pyrazol-3-yl)pyridine) are reported. The

complex exhibits an incomplete thermal high spin (HS) ⇋ low spin (LS) transition at ∼226 K which is not

associated with any crystallographic transition. Only one of the two crystallographic iron(II) sites undergoes

the spin transition, while the other HS site remains invariant of temperature down to 10 K. The origin of the

incomplete spin transition is understood by analysing the nature of crystal packing below and above the

transition temperature with special attention to the degree of distortion. The present study shows the role

of the degree of distortion associated with the cations in the [Fe(3-bpp)2]
2+ spin transition complexes.

Introduction
Though known for decades, iron(II) high spin (HS, 5T2, S = 2)
⇋ low spin (LS, 1A1, S = 0) transition (ST) materials1,2

continuously draw research interest from both fundamental
and applied disciplines.3–9 These materials reversibly switch
their spin state under the influence of temperature, pressure
and irradiation with light. In the solid state, cooperative
interactions between spin-changing molecules influence the
nature of the spin transition process. Generally, cooperativity
originates from the difference in the metal–donor atom bond
lengths in two different spin states, where the solid lattice
provides the communication mechanism between the
different spin sites. Besides the bridging ligands' important
role in influencing this mechanism,10 the hydrogen bonding
interactions also significantly modulate the cooperativity and
hence, influence the nature of spin transition.11,12

One extensively studied and flexible spin transition system,
where hydrogen bonding strongly influences the cooperativity,

is the [Fe(3-bpp)2]
2+ family of complexes (bpp = 2,6-bis(pyrazol-

3-yl) pyridine). Goodwin and his co-workers synthesized a large
number of [Fe(3-bpp)2]X2·nH2O spin transition complexes (X =
NO3, Br, I, ClO4, BF4, PF6, CF3SO3, NCS, NCSe, and X2 =
[Fe(CN)5(NO)]) and explored their magneto-structural
correlations.13–21 It is this system which is hydrogen bonded to
associate anions and/or solvate molecules present in the solid,
and this interaction is the medium of propagation of the
cooperativity of spin transition.22 This spin transition system
provides huge flexibility in synthetic and structural chemistry,23

and this is why the [Fe(3-bpp)2]
2+ system still draws large

research interest22–29 in the search of spin transition materials
with application potential.

In this light, as trifluoroacetate is considered to be a suitable
monovalent counteranion,30 we have synthesized a new complex
of this family – [Fe(3-bpp)2](CF3COO)2, 1. In the present paper,
we report the crystal structure of this complex and its spin
transition properties are revealed with the help of temperature-
dependent magnetic and Mössbauer spectroscopic studies. The
complex exhibits an incomplete (HS + HS)⇋ (HS + LS) transition
at ∼226 K which has been understood by an in-depth analysis of
the crystal structure above and below the spin transition
temperature taking into account the degree of distortion.

Results and discussion
Crystal structure of [Fe(3-bpp)2](CF3COO)2, 1

Single crystal X-ray diffraction patterns of 1 were obtained at
300, 250, 200 and 100 K, and the estimated crystal
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parameters are compared in Table 1. Fig. 1 shows the
asymmetric unit of 1 at 300 K with the atom numbering
scheme where two halves of the divalent cations (Cation1
and Cation2) of Fe(3-bpp)2 and two monovalent anions of
CF3COO

− are crystallographically independent. The
crystallographically independent part of Cation1 has one
ligand (bpp1 in Fig. 2) and one iron atom (Fe1). Fe1 is
located on a two-fold axis, the symmetry operation of which
generates another ligand on Fe1 to form Fe(3-bpp)2. The
dihedral angle between the two bpp ligands in a molecule is
observed to be 69.32°. The asymmetric part of Cation2 has
two halves of the ligands (bpp2 and bpp3 in Fig. 2) and an
iron atom (Fe2). Fe2 along with C18, N9, N6, and C12 are
located on a two-fold axis, the operation of which generates
the other two halves of ligands to form Fe(3-bpp)2. The crystal
structure at 300 K is shown in Fig. 2. The dihedral angle
between the bpp ligands of Cation2 is calculated as 83.98°,
suggesting that Cation1 is more distorted from ideal
octahedral coordination than that of Cation2 (see θ values in
Table 2). Four crystallographically independent N–H groups
of the bpp ligands are connected with four independent O
atoms of the carboxylic groups of the two independent
anions via relatively short hydrogen bonds (see Table 2). Each
anion is bridged between Cation1 and Cation2 to form a
strong 3D hydrogen bond network. There are two
crystallographically independent CF3COO

− anions, both –CF3
groups of which are disordered as shown in Fig. 1, where
each anion has six partially occupied F atoms whose total
occupancy is 3. Relatively large thermal ellipsoids of F atoms
of both anions indicate that the –CF3 rotation exists at 300 K.

Upon solving the crystal structure of 1 at 250, 200 and 100
K, it is found that the space group (C2/c) and the cell

parameters are similar to those obtained at 300 K. This
indicates that no structural phase transition occurs in 1 in
the 300–100 K range. Fig. 3 shows the 3D hydrogen bond
network in 1 at 100 K. At this temperature, the
intramolecular ligand–ligand dihedral angles of Cation1 and
Cation2 are 66.61° and 81.03°, respectively, and these values
are similar to those obtained at 300 K. The N–H⋯O hydrogen
bonds between the cation and anion at 100 K (see Table 2)
are not significantly different from those at 300 K (Fig. S1†).
A strong difference between the structures of 1 at 100 K and
300 K is observed in the Fe–N distances. The Fe–N distances
of Cation1 are almost same at 300, 250, 200 and 100 K, the
average Fe–N distances being 2.1709(19), 2.1682(17),
2.1715(18) and 2.1741(16) Å, respectively. These values
indicate that Cation1 is in the HS state from 300 K down to
100 K.31 On the other hand, the Fe–N distances of Cation2
are different at different temperatures, especially at 250 K

Table 1 Crystal data for compound 1

Temperature 300 K 250 K 200 K 100 K

Composition [Fe(3-bpp)2](CF3COO)2
Formula C26H18O4N10F6Fe
Fw 704.33
Space group C2/c C2/c C2/c C2/c
a (Å) 19.4312(8) 19.3817(6) 19.2114(7) 19.2154(4)
b (Å) 21.9435(8) 21.9198(7) 21.9406(9) 21.7934(4)
c (Å) 14.1557(7) 14.0784(5) 13.9778(5) 13.8564(4)
β (°) 92.787(7) 92.693(3) 92.151(3) 92.334(7)
V (Å3) 6028.7(4) 5974.5(3) 5887.6(4) 5797.8(2)
Z 8 8 8 8
dcalc (g cm−1) 1.552 1.566 1.589 1.614
μ (cm−1) 5.880 5.933 6.021 6.114
F(000) 2848 2848 2848 2848
2θ range (°) 4–55 4–55 4–55 4–55
Total ref. 28 828 21 549 19 363 27 656
Unique ref. 6880 6744 6668 6595
Rint 0.0331 0.0216 0.0335 0.0340
Parameters 447 447 437 437
R1 (I > 2σ(I)) 0.046 0.043 0.044 0.039
wR2 (all data) 0.128 0.125 0.126 0.093
S 1.025 1.066 1.070 1.072
Δρmax (e Å−3) 0.44 0.51 0.81 0.63
Δρmin (e Å−3) −0.58 −0.63 −0.57 −0.58
Machines Rapid Auto XtaLAB XtaLAB Rapid Auto
CCDC 2031403 2061475 2061474 2031405

Fig. 1 ORTEP diagram of the asymmetric unit of 1 at 300 K with the
atom numbering scheme.

Fig. 2 Crystal structure of 1 at 300 K.
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and 200 K. The average Fe–N distance at 200 K is 1.9656(19)
Å, which is similar to that at 100 K (1.9600(15) Å), but is
shorter than that at 250 K (2.1345(19) Å) and at 300 K
(2.160(2) Å) by 0.17 Å and 0.19 Å, respectively. This definitely
indicates that Cation2 is in the HS state at 300 and 250 K,
and is in the LS state at 200 and 100 K, while Cation1
remains in the HS state down to 100 K. Thus, the structural
data analysis indicates that complex 1 undergoes a thermal
HS ⇋ LS transition of Fe(II). As shown in Fig. 3, at 100 K, a
crystallographically independent anion (Anion1, consisting of
C25–26, O1–2 and F1–3) has an ordered –CF3 group and the
other anion (Anion2, consisting of C27–28, O3–4, F4–6 and
F14–16) has a disordered –CF3 group. We guess that the
rotation of Anion1 definitely stops at least at 100 K. The
rotation of Anion2 also stops at 100 K with positional
disorder. In addition, two crystallographically dependent
Anion1 molecules (x, y, z and 1 − x, y, 3/2 − x) sandwich the
bpp3 ligand of Cation2 as shown in Fig. S2,† whilst Anion2 is
surrounded by both Cation1 and Cation2.

Magnetic properties

Experimentally measured magnetic data for 1 obtained under
ambient pressure and a 10 kOe magnetic field in the 10–300
K range in a cooling–heating cycle were converted to molar
magnetic susceptibility χM(T) data. Fig. 4(a) shows the χMT vs.
T plots obtained using cooling and heating protocols. At 300
K the χMT has a value of 3.46 emu mol−1 K, which is close to
that expected for an isolated HS hexacoordinated Fe(II) ion
with S = 2 and g = 2.19,32 The χMT value decreases very slowly
when the temperature is lowered from 300 K down to 250 K
and below this temperature, it undergoes a gradual decrease
to a plateau of ca. 1.78 emu mol−1 K at ca. 180 K indicating a
gradual but incomplete thermal (HS + HS) ⇆ (HS + LS)
transition of Fe(II) in 1. With further lowering of temperature,
the χMT value exhibits a wide plateau down to 30 K. Below 30
K the χMT value decreases owing to the zero-field-splitting
(ZFS) effect in the remaining HS fraction of Fe(II) and reaches
χMT = 1.76 emu mol−1 K at 10 K.33,34 When the sample is
heated above 10 K, the χMT(T) plot retraces almost the same
path as observed while cooling indicating no hysteresis. The
(HS + HS) ⇋ (HS + LS) transition temperature T1/2 (average)
is ∼226 K, measured from the maximum of the d(χMT)/dT vs.
T plots (inset in Fig. 4a).

Table 2 Selected bond and hydrogen bond lengths (Å) for 1 estimated at
different temperatures

300 K 250 K 200 K 100 K

Fe1–N1 2.1297(18) 2.1322(16) 2.1360(17) 2.1394(15)
Fe1–N2 2.193(2) 2.1906(18) 2.1965(18) 2.2017(16)
Fe1–N4 2.190(2) 2.1819(18) 2.1821(18) 2.1810(16)
Fe2–N6 2.123(2) 2.095(2) 1.935(2) 1.931(2)
Fe2–N7 2.1624(19) 2.1372(17) 1.9817(16) 1.9742(15)
Fe2–N9 2.124(3) 2.104(2) 1.930(2) 1.927(2)
Fe2–N10 2.193(2) 2.1667(18) 1.9825(17) 1.9764(15)
N3⋯O4 2.759(3) 2.750(3) 2.739(2) 2.730(2)
N5⋯O1 2.668(3) 2.663(3) 2.676(3) 2.675(2)
N8⋯O2 2.731(3) 2.723(2) 2.701(2) 2.695(2)
N11⋯O3 2.693(4) 2.690(4) 2.689(3) 2.703(2)

Fig. 3 3D hydrogen bond network of 1 at 100 K, where all carbon and
hydrogen atoms of the bpp ligands are omitted for clarity.

Fig. 4 (a) Variation of χMT with temperature for 1 during cooling and
heating under a 10 kOe magnetic field. Inset shows the variation of
d χMTð Þ
dT

vs. T plot. (b) Variation of the high spin fraction (γHS) obtained

using eqn (1) with temperature for 1 during cooling and heating.
Arrows are a guide to the eye. The γHS(T) data obtained from the χMT
data below ca. 30 K reflect the effect of zero-field splitting and are,
thus, omitted.
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The molar high spin fraction γHS is evaluated from the
estimated χM(T) data for 1 by application of the following
relationship:19

γHS Tð Þ ¼ χMTð Þobserved Tð Þ − χMTð ÞLS
χMTð ÞHS Tð Þ − χMTð ÞLS

: (1)

The value of (χMT)HS is calculated using the spin only
effective magnetic moment value for high spin Fe(II)

[μeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8χMTð Þp ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S Sþ 1ð Þp

, where S = 2 for high spin
Fe(II)] and the (χMT)LS value is taken to be 2 × 10−4 emu mol−1

K.35 The temperature dependence of γHS estimated using
cooling and heating protocols for the 10–300 K range is
shown in Fig. 4(b) which confirms that complex 1 undergoes
a half-spin transition [(HS + HS) ⇋ (HS + LS)] of Fe(II). The
value of γHS at 300 K is 0.99 whereas in the 180 K to 30 K
plateau γHS ranges between 0.55 and 0.51. The γHS vs. T plot
shows that both HS and LS Fe(II) states are present at ∼1 : 1
ratio in the 180–30 K range, and this gives rise to the plateau
region observed in the χMT vs. T plot. The TG-DTA study
confirmed the thermal stability of 1 in the working range of
temperature (Fig. S3†). Thus, the cooling and heating
processes during the magnetic studies do not lead to any loss
of solvent molecules affecting the nature of spin transition as
reported for [Fe(3-bpp)2](NCS)2·2H2O.

19 Further, as suggested
by the variable temperature crystal structure analysis, the
magnetic observations also lead to the fact that only Fe(2)
species associated with Cation2 change the spin state from
HS to LS during cooling from 300 K under ambient pressure
and vice versa, while the [Fe(1)N6] coordination environment
is quite rigidly maintained in the HS state for the whole
range of working temperatures.

Mössbauer spectroscopy of 1

The Mössbauer spectrum of 1 was recorded at two different
temperatures 300 and 100 K (Fig. 5). Mössbauer spectra at
300 K were resolved into two doublets of equal areal intensity
(∼48%). These doublets can be characterized by the
quadrupole splitting, EQ = 2.22(0.01) mm s−1, and isomer
shift, δ = 0.95(0.01) mm s−1 (relative to α-iron), and EQ =
2.46(0.01) mm s−1 and isomer shift, δ = 0.99(0.02) mm s−1

(relative to α-iron), respectively, where both doublets
correspond to the HS (S = 2) ground state of Fe(II).
Contribution from a small singlet (areal intensity = ∼4%)
with δ = 0.32 mm s−1 was evident in this spectrum and this
may be due to iron(III) impurities present.36 The powder X-ray
diffraction (PXRD) pattern of the bulk sample is compared
with the calculated result obtained using the 300 K single
crystal X-ray diffraction data in Fig. S4† where both spectra
matched perfectly well and no extra peak in the PXRD pattern
is noticed. This suggests that the impurity present in 1, if
any, is negligible which is in consistent with the observation
made from the Mössbauer spectroscopic study.

With lowering of the temperature of the sample to 100 K,
a doublet due to Fe(II) HS appears with EQ = 3.23(0.01) mm
s−1 and δ = 1.08(0.01) mm s−1 along with another doublet

with EQ = 0.67(0.01) mm s−1 and δ = 0.39(0.01) mm s−1 due to
Fe(II) LS.19 The ratio of the areal intensity of the HS and LS
doublets observed at 100 K is ca. 1 : 1. Thus, the Fe(II)
doublets observed at 300 K change their position
significantly. At this point, it may be noted that, in general, a
more positive isomer shift value implies a reduction in the
s-electron density which reflects an increase in the Fe(II)–N
bond length, and an increment of the quadrupole splitting
may indicate an enhancement in the intra-ligand distortion
of the HS Fe(II) complex.37 It is interesting to note that the
Mössbauer spectroscopic study identifies two distinguishable
Fe(II) HS sites in 1 at 300 K. With lowering of the
temperature, one of those Fe(II) (i.e., Fe(2) from structural
analysis) undergoes the HS ⇋ LS transition, while the other
(i.e., Fe(1)) remains in the HS state till 100 K.

The quantitative determination of the molar HS fraction
γHS [=AHS/(AHS + ALS)] from the Mössbauer spectra was
obtained based on the evolution of the area fractions AHS and
ALS of the resonance lines.19 The area fractions are
proportional to the products fHS·γHS and fLS·γLS, respectively,
where γ and f are the molar fraction and Lamb–Mössbauer
factor of the corresponding spin states.38,39 The area
fractions of the resonance signal in the Mössbauer spectra do
not necessarily reflect the actual concentrations of the
different iron spin states, as different bond strengths of the
Mössbauer nuclide in its lattice position lead to different
Lamb–Mössbauer factors, which in turn give rise to different
intensities of the corresponding Mössbauer resonance
signals. However, in the present analysis, we presumed
identical Lamb–Mössbauer factors for the HS and LS states,
where the HS and LS fractions just correspond to their area
fractions AHS and ALS, respectively. Though in most of the
cases fHS < fLS, the error involved in the assumption of fHS =

Fig. 5 Mössbauer spectra of 1 obtained at two different temperatures
– above and below the spin transition temperature.
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fLS is unlikely to be very high.19 Thus, the value of γHS was
obtained for the two temperatures of the study by directly
relating the HS fraction to the area fraction of the doublets
due to the HS species. The γHS value thus estimated at 100 K
(≃0.5) is comparable with that obtained in the 180–30 K
region from the magnetic studies (Fig. 4(b)). This result
obtained from the Mössbauer spectroscopic study
supplements the observations made from the magnetic
studies as well as observations made from the crystal
structure analysis. Thus, the results obtained from the
magnetic and Mössbauer spectroscopic studies unequivocally
establish that complex 1 under ambient pressure undergoes
a thermally induced incomplete (half) spin transition [(HS +
HS) ⇋ (HS + LS)] of Fe(II) at ca. 226 K and remains in the
same (HS + LS) state till the lowest temperature of the study.

Origin of incomplete spin transition in 1

In search of the origin of the incomplete half-spin transition
of Fe(II) in 1 and the reason why only Cation2 undergoes the
transition, the crystal packing was analysed with attention to
the π–π interactions between the bpp ligands as well as the
degree of distortion. There are two crystallographically
independent aryl–aryl π–π stacks as shown in Fig. 6 where
one is between the bpp1 ligands while the other is between
the bpp2 ligands. In both stacks only each edge of the
pyrazolyl unit (C6–C7 for bpp1 and C16–C17 for bpp2)
overlaps with each other, suggesting that the aryl–aryl
interactions are considerably weak. Through the stacks, each
of Cation1 and Cation2 forms a 1D π–π network along the c
axis as shown in Fig. 6. The temperature-dependent interlayer
distances are estimated as – bpp1–bpp1 = 3.253, 3.252, 3.304,
and 3.297 Å, and bpp2–bpp2 = 3.225, 3.214, 3.193, and 3.184
Å at 300, 250, 200, and 100 K, respectively.

In contrast, the bpp3 ligands of Cation2 are free from any
π–π stacking interactions, suggesting that they can move
more freely than bpp1 and bpp2 ligands. Spin transition
from the HS to LS state involves deformation and shrinkage,
at which bpp3 of Cation2 will move more actively than bpp1
and bpp2 ligands. This appears to be the reason why Cation2
only shows the spin transition. A similar situation was observed
in [Fe(3-bpp)2][Cr(bpy)(ox)2]2 containing both HS and LS Fe2+

cations in a 1 : 1 ratio.40 The presence of π–π stacking
interactions between the pyrazolyl units organized the dimers
separated by a distance lying in the range 3.273(2)–3.490(4) Å.

As discussed above, the chemical environments of Cation1
and Cation2 are very similar but the degrees of distortion are
significantly different. Halcrow et al.41 derived some indices
and put forward a relationship between those indices and the
occurrence of spin transition in [Fe(3-bpp)2]

2+-based complexes.
Table 3 shows such common indices estimated for 1. Here, the
angle α is an average of four internal N–Fe–N angles where the
complexes with 72° < α < 74° exhibit spin transition.41 As
shown in Table 3, the values of α for Cation1 and Cation2 fall
well within this range. However, the value of α of Cation2 is a
little more than the higher edge of this range, suggesting
Cation2 as one of the least distorted complexes. The two other
indices – the angle between two bpp ligands, θ and that on
Npyridine–Fe–Npyridine, ϕ are also noted. It was proposed that all
HS complexes remain in the HS state at all temperatures in the
solid state if θ < 76° and/or ϕ < 172°.42 In this work, the
observed values of θ (=69.32°) and ϕ(=167.04°) at 300 K for
Cation1 (see Table 3) definitely satisfy the criteria so that
Cation1 remains in the HS state in the whole temperature
range of the study,42 as is evident from the average of the Fe–N
bond lengths (Table 2). On the other hand, the θ and ϕ values
at 300 K for Cation2 are larger than those values, and therefore
Cation2 can exhibit the spin transition behaviour.

In describing the degree of distortion from regular
octahedral configuration, two parameters Σ and Θ are
introduced. The first is the sum of the deviations from 90° of
the average of 12 N–Fe–N angles (αi), which is formulated as

Σ ¼
X12

i¼1

90 −αij j, whereas the second is the specific degree of

trigonal distortion of the coordination geometry from an
octahedron towards a trigonal prism given by

Θ ¼
X24

i¼1

60 − βij j, where βi are the 24 torsion angles between

adjacent N atoms on opposite triangular faces of the
octahedron, measured along their common pseudo-three fold
axis.41,43 The results are collected in Table 3 together with
other common indices. According to Halcrow et al.,41,43 for a
ST complex the values of Σ and Θ should lie in the 147 < Σ <

159° and 454 < Θ < 480° ranges. As shown in Table 3, the
values of Σ and Θ for Cation1 (161.8 and 535°) are on the
upper edge and out of the predicted range, respectively, but
those for Cation2 (145.22 and 467°) are near the lower edge
and at the midpoint of the ranges predicted, respectively.
This once again suggests that Cation2 is less distorted than

Fig. 6 View of the crystal structure of 1 at 100 K with π–π stacking as
shown by dashed lines.
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Cation1. The values of Σ and Θ for Cation1 indicate a large
distortion, but the smaller θ and ϕ values bring in
unfavourable conditions to occupy a LS state. The structural
rearrangement required in 1 to make the θ and ϕ indices for
Cation1 suitable (as per the range of values predicted41,43) for
a LS state is too large to be accommodated by the 3D
hydrogen-bonded rigid solid lattice.41 On the other hand,
Cation2 has definitely smaller values of Σ and Θ, suggesting
that the degree of distortion of Cation2 is smaller than that
of Cation1. The values of θ and ϕ for Cation2 are also slightly
smaller than the range of predicted values.41,43 Further,
Cation2 has the smallest degree of distortion among the
[Fe(3-bpp)2]

2+ complexes reported so far.41

Finally, we discuss the temperature dependence of the
structures of Cation1 and Cation2. As stated above, Cation1
shows no ST behaviour in the whole temperature range. The
indices corresponding to Cation1 estimated from 300 K to
100 K are almost similar (Table 3). With lowering of the
temperature, the values of Σ and Θ decrease by 6.48° and 41°,
respectively, suggesting slight release of distortion. On the
other hand, with lowering of the temperature, the values of θ
and ϕ decrease by 3.12° and 2.71°, respectively, though the
values usually do not change before and after spin
transition.41 In addition, the octahedrally undistorted
complex should have θ = 90° and ϕ = 180°. The larger
deviations make the angular Jahn–Teller distortion of HS
Fe(II) stable.41 Therefore, these increases make the HS state
more stable, which prevents Cation1 from changing its spin
state to the LS state. Further, the average bond lengths of
Fe–N measured at 300, 250, 200 and 100 K indicate that
Cation2 is in the HS state at 300 and 250 K and is in the LS
state at 200 and 100 K, respectively. Usually, LS states of Fe(II)
have less distorted structures41 as suggested by its electronic
configuration (t2g)

6. Actually, with lowering of the
temperature, the Σ and Θ values significantly decrease,
suggesting that the LS state of Cation2 is less distorted than
the HS state. The value of θ of Cation2 increases by 2.95° from
300 K to 100 K and the value of θ = 81.03° in the LS state is
near and slightly less than the lower edge of the prescribed
range (81.3–90.0°), which suggests that the LS state of Cation2
is more distorted than that found in normal [Fe(3-bpp)2]

2+-
based ST complexes. In addition, the ϕ value of Cation2 has
no temperature dependence as the N–Fe–N lies on a two-fold
axis. The estimated values of ΔΣ, ΔΘ, and Δθ are smaller than
those reported so far.44 Moreover, the value of Σ = 104.18° is
out of the range of the LS state (80.1–96.1°).41 Again, α =
79.06° is also on the lower edge of the reported range (79° <

α < 81°), suggesting that Cation2 is more distorted than the
reported complexes in the LS state.41 Thus, with lowering of
the temperature, Cation2 changes from a relatively less-
distorted HS state to a more-distorted LS state. The present
observations demonstrate that complex 1 exhibits the least
structural change during spin transition as compared to
Fe(bpp)2

2+-based spin transition complexes reported so far
owing to the strong 3D hydrogen bond network of 1 (Fig. 3)
which does not favour large structural changes.T
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Conclusions

In conclusion, presently temperature-dependent single crystal
X-ray diffraction, magnetization and 57Fe Mössbauer
spectroscopic studies are performed to understand the nature
of the thermal HS ⇆ LS transition in the [Fe(3-bpp)2](CF3CO2)2
complex. Structure analysis finds that only one of the two
crystallographic Fe(II) sites undergoes the thermal spin
transition not associated with any structural phase change. The
magnetic study observes that the complex undergoes a
transition from a full high-spin state at room temperature to a
mixed spin (50% HS–50% LS) state making the spin transition
incomplete. This is supplemented by the Mössbauer study
which quantitatively detects the existence of HS Fe(II) sites at
high temperatures and a mixed spin state at low temperatures.
Further, the chemical environments of Cation1 and Cation2
are very similar but the degrees of distortions are significantly
different. While discussing the temperature dependence of 1, it
is found that Cation1 shows no spin transition in the whole
temperature range due to the stable HS Fe(II) state supported
by angular Jahn–Teller distortion, while with decreasing
temperature Cation2 moves from a relatively less-distorted HS
state to a more-distorted LS state favoring the thermal spin
transition giving rise to a mixed spin state below the spin
transition temperature. Furthermore, the present complex
exhibits the least structural change during spin transition as
compared to [Fe(3-bpp)2]

2+-based complexes reported in the
literature indicating a strong 3D hydrogen bond network.

As the LS state is favored at higher pressures or at very
low temperatures,34 a study on the effect of pressure on the
course of spin transition in [Fe(3-bpp)2](CF3COO)2 attracted
our attention to determine if a complete spin transition could
be induced. Further, the counter anion plays an important
role in determining the nature of spin transition in Fe(II)
complexes, synthesis of another complex with
trichloroacetate as a monovalent counteranion in place of
trifluoroacetate attracts our attention.

Experimental
Synthesis of [Fe(3-bpp)2](CF3COO)2

The reagents used for synthesis – iron(II) sulfate
heptahydrate, FeSO4·7H2O, barium chloride dihydrate,
BaCl2·2H2O, sodium trifluoroacetate (CF3COONa), and
ethanol C2H5OH were purchased from Sigma Aldrich and
were used without further purification. The bpp ligand was
prepared by a literature method45 using the direct reaction of
N,N-dimethyl formamide dimethyl acetal with 2,6-diacetyl
pyridine followed by the subsequent reaction of the
enaminone intermediate with hydrazine hydrate.

The [Fe(3-bpp)2](CF3COO)2 complex in bulk was prepared
from aqueous iron(II)sulphate heptahydrate (0.28 g, 1 mmol)
with a slight excess of barium chloride dihydrate (0.27 g, 1.1
mmol) in 5 mL of water under an argon atmosphere. The
reaction mixture was placed in a centrifuge for about 30
minutes. The clear solution containing iron(II) ions was

decanted from the white barium sulphate precipitate using a
syringe and the solution was reacted with a slight excess of
3-bpp (0.43 g, 2.2 mmol) in 20 mL warm ethanol. While the
mixture was stirred under an argon atmosphere, the
saturated aqueous solution of sodium trifluoroacetate (1 g) in
1 mL of water was added, whereupon the bright orange
precipitate came out readily on reducing the volume while
scratching. This was then filtered off, washed with a small
amount of cold water and dried in air. A similar procedure,
as described above, was adopted for the preparation of the
single crystal of 1 where more excess bpp (0.85 g, 4.3 mmol)
was used. The orange-brown single crystals were grown after
the mixture was left at RT over a few days.

Elem. anal. calculated for FeC26H18N10O4F6: C, 44.30; H,
2.56; N, 19.88. Found: C, 43.83; H, 2.93; N, 19.47.

The stability of the complex in the working range of
temperatures was verified by thermogravimetric studies (Fig.
S3†). At room temperature the complex has orange colour
whereas it changes to dark brick red at 77 K (Fig. S5†).

Characterization

Single crystal X-ray diffraction data of 1 were collected with a
Rigaku Rapid II imaging plate system (at 300 K and 100 K)
and a Rigaku XtaLAB Synergy Custom (at 250 K and 200 K)
with a MicroMax-007 HF/VariMax rotating-anode X-ray
generator with confocal monochromatic Mo-Kα radiation.
Data reduction, cell refinement, and absorption collection
were performed using RAPID AUTO and CrysAlis, respectively.
The structure was solved with SHELXT46 and refined with
SHELX201847 within CrystalStructure version 4.3.1. Powder
X-ray diffraction data of the bulk sample were recorded using
a Rigaku Miniflex 600 40 kW 15 mA benchtop diffractometer
with Cu-Kα radiation in the 2–90° range. For calculation of Θ
(the degree of trigonal distortion of the coordination
geometry from an octahedron towards a trigonal prism) we
used OctaDist 2.6.1 software.48 Variable temperature
magnetic measurements in the 10–300 K range were carried
out using a Quantum Design MPMS2 magnetometer with
twenty randomly oriented single crystals placed inside a thin
plastic film as a holder. Necessary correction was made for
the contribution from the sample holder. No difference in
the magnetic data was obtained when measured with
polycrystalline samples. 57Fe Mössbauer spectra of 1 (single
crystalline samples) were recorded using a conventional
constant-acceleration spectrometer with a 57Co Mössbauer
source and a constant low temperature bath.
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