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liquid crystal properties

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C,
2026, 14, 1933

2 Ranjan Kharel, (2@ Ritobrata De,® Santanu Kumar Pal, 2 °

9 Pradip Kumar Mondal® and Sanjit Konar (2 *@

Jyoti Yadav,
Bhart Kumar,

Mesostructuring of Prussian blue analogues (PBAs) can impart high surface area and anisotropic
magnetic behavior, making them desirable for practical applications as switches, sensors and display
devices. Herein, we present the first report of alkylated {[FesCos],Co} tridecanuclear PBAs exhibiting
magnetic bistability co-existing with thermochromism (green — red) and crystal to liquid—crystal phase
change. The rational design strategy led to the isolation of these tridecanuclear complexes with general
formula {[Fe"Tp(CN)sls[Co"(L-C,),]5},Co"-A™-ysolvents (For 1-C,; A~ = 7BF,-[Fe"Tp(CN)sl~, y = 64H,0
and for 2-C,,; A~ = 8ClO,4 ", y = 8H,0), where n = carbon chain length, i.e. 4, 6, 8, 10, 12, 14, 16; Tp =
hydrotris(1-pyrazolyl)borate and L-C,, = N-alkylated 2,2’-dipyridylamine with the respective carbon chain
lengths. The transition and melting temperatures of the complexes are in synchronisation and decrease
with increasing carbon chain length. This occurs due to higher flexibility of longer alkyl chains. The
flexible chains not only induce liquid crystalline properties in the complexes, but also allow their
fabrication into thin films with nearly no compromise in the magnetic bistability and thermochromic
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behavior. This strategy to functionalise PBAs with flexible alkyl chains provides an array of
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Introduction

Molecular magnetic bistability represents one of the most
compelling aspects in chemistry, with potential applications in
high-density storage devices, switches, displays, and sensors."?
Achieving bistability in metal complexes is primarily accom-
plished through (a) spin crossover (SCO) phenomena, character-
ized by interconversion between low-spin (LS) and high-spin (HS)
states,” or (b) electron transfer (ET) phenomena,” in response to
external stimuli such as temperature, pressure, light, or chemical
stimuli.’>™® Significant research has focused on the nanostructur-
ing and processability of these bistable compounds to facilitate
their integration into technological devices.'™'' One effective
approach involves modifying ligands with long alkyl chains,
which confer low melting temperatures, high solubility, and
amphiphilic properties, enabling the formation of liquid crystals
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mesostructures with tunable magnetic, optical, and electronic properties.

(LCs), gels, films, and polymers.'*® The rational design of multi-

functional materials that combine magnetic switchability with LC
behavior is particularly attractive due to the variable spin states,
magnetic anisotropy, and coordination flexibility of metal ions
within the anisotropic phases.'*™” The first report of an iron(m)
complex exhibiting both SCO and LC properties was documented
by Galyametdinov and co-workers, but the two phenomena were
not synchronised.'® Thereafter, only a limited number of studies
have reported SCO events coupled with any extrinsic phase
transitions.'®>> In most cases, the melting of the complexes leads
to structural modifications that influence ligand field strength
and cooperative interactions between SCO centers,'>'%*32*
Besides the investigation of bifunctionality in Fe(wm/u) complexes
with synchronised LC and SCO behavior, to the best of our
knowledge, there are no reports combining LC properties with
electron transfer processes. MacLachlan and co-workers reported
the first mesostructured Prussian blue analogues (PBAs); however,
these complexes lacked both spin-crossover (SCO) and electron
transfer behavior.?> The phenomenon of electron transfer coupled
spin transition (ETCST) has gained significant attention in recent
decades, particularly in [FeCo] PBAs, due to their unique inter-
metallic electron transfer through bridged cyanide groups.**® No
significant progress has been made in the development of alkyl
chain-functionalized PBAs, which could yield easily processable
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Scheme 1 Representation of the designed bifunctional Prussian blue
analogues using alkyl chain functionalized capping ligands that may give
rise to mesogenic/liquid crystal properties along with thermochromic and
ETCST behavior.

materials with thermo-/photochromic properties and electron
transfer coupled magnetic switchability, enhancing their potential
for practical applications.

We focused on functionalizing the [FeCo] cyanide-bridged
system with long alkyl chains to explore bifunctionality in PBAs.
This effort of rational design and synthesis led to the isolation
of a series of discrete tridecanuclear [FesCo,] PBAs decorated
with alkyl chains of varying lengths (C,; n = 4, 6, 8, 20, 12, 14
and 16) (Scheme 1). All the complexes exhibited ETCST beha-
vior at their melting points and demonstrated thermochromic
properties. Interestingly, the complex 1-C;¢ with comparatively
longer alkyl chains was observed to exhibit a columnar hex-
agonal (Col,) mesophase, which subsequently underwent a
phase transition to a glassy state, synchronised with the ETCST
phenomenon.

Results and discussion
Synthetic procedures

All complexes 1-C,, were synthesised from a CH;OH solution
containing the respective alkyl-substituted capping ligand
(N-alkyl-N-(pyridin-2-yl)pyridin-2-amine, L-C,), Co(BF,),-6H,0,
and Na[Fe""Tp(CN);]. Solutions with 7 = 4 and 6 carbon chains
produced a clear dark green color, which upon slow evapora-
tion yielded block-shaped and plate-like crystals, respectively.
In contrast, the reaction mixtures with longer alkyl chains
(n =8, 10, 12, 14, and 16) resulted in a dark green precipitate.

Structural analysis of complex 1-C, was performed using
single-crystal X-ray diffraction, but the poor crystal quality of
complex 1-C¢ led to weak diffraction, limiting its structural
study. With a similar synthetic procedure, a series of com-
plexes {[Fe"Tp(CN);];[Co™(L-Cn),];},Co"-8Cl0O,-8H,O (2-C,)
were synthesised using Co(ClO,),-6H,0, Na[Fe'"Tp(CN),] and
the alkylated dpa ligands with even carbon chain lengths
(n = 4-16). The structural analysis of complex 2-C, was con-
ducted using synchrotron X-ray diffraction and further details
are provided in the SI.

Structural description

The single-crystal structural analysis of complex 1-C, at 100 K,
revealed the formation of {[Fe""Tp(CN);]s[Co™(L-C,),]5}.Co™
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7BF,-[Fe""Tp(CN);]-64H,0, crystallizing in the triclinic P1 space
group (Fig. 1a). This complex, with a simplified molecular
framework of [Fe;(pu-CN)sCo;(CN)],(n-CN),Co, consists of two
hexanuclear cyclic rings (I and II) resembling a distorted boat-
like conformation (Fig. 1b). Each cyclic ring comprises three
[Co(L-C,),] and three [FeTp(CN);] subunits positioned alter-
nately and linked via cyanide groups. Two cyanide groups from
each [FeTp(CN);] are involved in bridging with the [Co(L-C,),]
subunits, forming the hexanuclear cyclic ring. The third cya-
nide group of Fel and Fe3 of the [FeTp(CN);] subunits bridges
to a tetrahedral Co center (Co4), which links the two cyclic
rings. The remaining cyanide group of Fe2 is non-bridged
(terminal) and is oriented outward from the ring (Fig. 1b). Only
the tetrahedral Co4 center is in an N, coordination environ-
ment, while the remaining Co and Fe centers are in Ny and
C3N; coordination environments, respectively (Fig. 1). The
crystallographic details are provided in the SI.

The average Fe-C and Fe-N bond lengths for all the Fe
centers were found to be 1.86 A and 1.988 A, respectively,
indicating that the Fe ions are in the 2+ low-spin (LS) state.
And, the average Co-N bond lengths of ~1.921 A for Co1, Co2,
and Co3 are consistent with Co ions in the 3+ low-spin (LS)
state. Thus, the Fe and Co centres of the hexanuclear cyclic
rings are in the [Fef's(u-CN)Cols] diamagnetic electronic
configuration.”” The Co4-N bond length ranges between
1.953-1.974 A suggesting the 3+ LS state (bond length con-
siderations), while the tetrahedral geometry suggests a 2+

Fig. 1 (a) Structure of 1-C,4, (b) simplified structure of 1-C4 showing only
the structural framework of the tridecanuclear complex with two hexa-
nuclear rings | and I, and a central tetrahedral Co4 metal ion bridging the
two rings via cyanide groups and (c) the coordination environment of all
the Fe(1,2,3), Co(1,2,3) and Co4 metal centres. Color code: Fe (brown),
Co (pink), N (blue), B (yellow) and C (grey).

This journal is © The Royal Society of Chemistry 2026
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high-spin (HS) state. Therefore, given that the complete struc-
ture contains seven BF,  ions (6 assigned and 1 masked) and
one non-bridged [FeTp(CN);]~ unit, resulting in a total of eight
anions in the crystal lattice, the Co4 ion is supposed to be in the
2+ oxidation state to make a charge neutral molecule (compris-
ing 6Fe", 6Co", and 1Co™). Additionally, due to its tetrahedral
geometry, the Co4 ion can be assigned to the HS state. Overall,
the complete molecular structure has two hexanuclear cyclic
rings (diamagnetic, 6Fels, 6Cors) and Co4 as the only magne-
tically active center present in the framework, along with the
non-bridged [FeTp(CN);]” units present in the lattice. The
complex formed extensive intramolecular and intermolecular
n-m interactions varying with a distance of 3.538-3.828 A,
between the pyridine rings of the coordinated dpa ligands
and the pyrazolyl rings of the bridged and non-bridged
[FeTp(CN);] subunits (SI, Fig. 54).

Due to the reduced crystallinity for the complexes with long
alkyl chain lengths, the structural characterizations of these
complexes were performed using spectroscopic techniques.
The similar vibrational peaks and electronic absorption bands
in the infrared and UV-Visible spectra, respectively, indicate the
isostructural and isoelectronic nature of complex 1-C, with its
high alkyl chain substituted analogues (SI, Fig. S7-510).

Magnetic property study

The magnetic measurement of complexes 1-C,, was performed
using a SQUID magnetometer at 10 000 Oe applied DC field. At
300 K, the y\T value of complex 1-C;¢ was observed to be
3.39 cm® K mol ", which corresponds to the presence of Co4 in
the Colis (S = 3/2) state and one Fe[ (S = 1/2) of a non-bridged
[FeTp(CN);]~ anion. This confirms the [Fel's(-CN)Cols]; dia-
magnetic pairs in the hexanuclear cyclic rings, and the
electronic configuration of the complex can be represented as
{[Fel's(u-CN)Col'§]s},Colis. With increasing temperature, the
ymT value shows a gradual increase to 6.35 cm® K mol ' until
450 K, which further increases very abruptly to 24.53 cm® K mol
above 476 K. The yuT value at 476 K corresponds to the
presence of seven Fers (S = 7/2) and seven Cojys (S = 21/2) with
significant spin-orbit coupling. Hence, the abrupt transition
indicates the occurrence of the ETCST phenomenon in the
complex with one electron transfer from the Fels to the Corg
followed by the spin transition at the Co-centre to Cojjs. Here,
the Co4 centre is expected to retain its 2+ HS electronic state,
while the ETCST phenomenon is expected to occur exclusively
in the two cyclic hexanuclear rings I and II. The overall
electronic states for the metal centres can be represented as
{[Fel'§(1-CN)Colis]st»Coris. Additionally, the gradual increase of
wmT between 400-450 K is anticipated for the reorientation of
the highly flexible long alkyl chains, which leads to phase
transition.'> During the cooling mode, a constant y\T value
of ~24.56 cm® K mol~ " was observed up to 300 K representing
the paramagnetic {[Fe[§(1-CN)Copis]s},Colis state of the
complex. Hence, the magnetic susceptibility measurement
revealed the irreversible ETCST in the complex 1-C;¢ (Fig. 2).
For the complexes 1-C, with different alkyl chain lengths, a
similar irreversible high-temperature abrupt ETCST phenomenon

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

Q
~—"
\S]
(%)}
1

7T (em® K mol™)
= & 8

(93]
1

350 400 450 500

Temperature (K)

300

T1——1<c,

1——1C;

1 d 1 v 1 v 1 v 1 1
350 400 450 500 550 600

Temperature (K)

1
300

Fig. 2 (a) ymT vs. temperature plot for complex 1-C4¢ during heating
(black) and the cooling mode (red); the inset shows the color and the
nature of the sample during measurement of the melting point and (b) ymT
vs. temperature plots for the complexes 1-C,, with varying alkyl chain
lengths in the heating mode at a scan rate of 3 K min~! and 1 T applied
magnetic field.

was observed. However, with an increase in the alkyl chain
lengths, the electronic transitions (Ty/,) shift to lower tempera-
tures (Fig. 3 and Table S9). The ETCSTs in each complex co-exist
with their respective melting temperatures. The higher alkyl chain
lengths impart more flexibility into the system, resulting in lower
melting temperatures. Therefore, the inverse relation of T/, with
the alkyl chain length can be attributed to the change in the
melting temperatures of the complexes.

Physical property study

The magnetic transitions observed for the complexes 1-C,, were
accompanied by an irreversible thermochromic behaviour
(dark green — red) in the solid state, which is due to the
different absorption patterns of the two distinct electronic
configurations. The spectroscopic studies of the freshly pre-
pared green samples showed vy at 2071, 2094 and 2120 cm ™

J. Mater. Chem. C, 2026, 14,1933-1939 | 1935
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with respect to the alkyl chain lengths for the complexes 1-C,, (n = 4, 6, 8,
10, 12, 14 and 16).

and vgy- at 2478 cm™ ! representing [Fel's(1-CN)Col's] diamagnetic

pairs, while heating resulted in conversion to the red phase with a
shift in stretching frequencies to a higher wavenumber (vcy at
2149 and 2156 cm ™' and vy;- at 2510 ecm ') corresponding to the
formation of the [Fe[§(1-CN)Copis] paramagnetic phase (Fig. 4a).*
Similarly, the solid-state UV-visible spectra showed the presence of
a metal-to-metal-charge transfer (MMCT) band at 650 and 740 nm
in the as synthesised complexes. However, these bands dimin-
ished with the emergence of a new MMCT band at 480 nm upon
heating to their melting temperatures (Fig. 4b). The dehydrated
solid samples (red products) upon rehydration didn’t revert to
their original green-colored state, indicating that the dehydration—
rehydration process is irreversible.

Interestingly, a reversible thermochromic phase conver-
sion of the complexes was observed in the solution (green
({[Fel's(u-CN)Cors]s}.Colis) <> red ({[Fels(n-CN)Cofisls}-Cotis)-
Additionally, the ETCST and thermochromism in complexes
1-C,, occur at lower temperatures in contrast to the solid-state
transitions (Fig. 4c and Fig. S11).

View Article Online
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The irreversibility of the structural phase transition and the
ETCST property of the complex 1-C;¢ in the solid state were
further justified by the presence of endothermic peaks and the
absence of exothermic peaks in the DSC thermogram (Fig. 5a
and Fig. S14). For complexes with smaller alkyl chains (1-C,,
1-C¢ and 1-Cg), an exothermic peak was observed, corres-
ponding to solidification of the melted sample, while for
complexes with higher alkyl chains (1-Cyo, 1-Cy,, 1-Cy4 and
1-C;¢) the complexes remain in the glassy phase. The endother-
mic peak in the DSC thermograms during the heating mode
reveals small discrepancies in the transition temperatures of
the complexes compared to those observed in the magnetic
measurements. These are likely attributed to the effect of
applied pressure during the preparation of pellets from the
powdered samples for high-temperature magnetic measure-
ments. The thermal stability and decomposition temperatures
for all the complexes were evaluated by thermogravimetric
analysis (TGA) (Fig. S15 and S16).

Following the DSC thermograms, where the complexes with
higher alkyl chains are more prone to show the existence of an
intermediate phase, the complex 1-C;¢ was chosen as the
representative compound for extensive studies regarding the
presence of the LC phase. A narrow range of temperature was
observed between the two endothermic peaks for complex
1-C,6, which indicated phase transitions with considerable
low values of enthalpy change, characteristic of the LC phase.
Hence, polarised optical microscopy (POM) images for the
complex 1-C;4 were recorded during both heating and cooling
cycles. It was observed that during the first heating cycle, a
crystalline to LC phase transition occurred at 493 K. The
shearable birefringence pattern was typical of that of a colum-
nar mesophase (Fig. 5¢(i)-(iii)).

However, upon subsequent heating, instead of attaining the
isotropic phase, the sample assumed an immovable glassy
phase at 521 K. During the cooling cycle, the reappearance of
the birefringent textures was not observed, and the glassy phase
persisted until room temperature (Fig. 5¢(iv)-(vi)). This glassy
phase continued through the second heating cycle as well, and
neither the crystalline nor the LC properties were restored in

3) 100+ b) 1.0+ ——1-C,4 as synthesized ‘) 1.0
o ——1-C, after melting
—~ Q 16 Q
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Fig. 4

(a) Infrared and (b) solid state UV-visible spectroscopy of complex 1-Cyg for the fresh (green) and heated (red) sample, and (c) variable

temperature UV-visible spectrum of complex 1-Cyg in methanol; MMCT bands at | correspond to [Fel's(u-CN)Col's], Il is assumed for [Fel'4"(-CN)Cofis]

(for Co4) and Ill shows the appearance of MMCT for [FeLS(p—CN)Co}LSI. The colour change behavior in the solid and solution phases is shown in the insets

of (b) and (c) UV-visible spectra, respectively.
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Fig. 5 (a) DSC thermogram of complex 1-C;6 showing the first heating
and cooling cycles (phases: Cr = crystalline; LC = liquid crystal; G = glassy),
(b) X-ray scattering pattern of 1-Cy4 in its mesophase, recorded at 493 K
during the heating cycle, where 20 is in degrees and d-spacing values are
in A (inset: 2D diffraction pattern). (c) POM textures of 1-C;6 during heating
mode (i—iii) and during cooling mode (iv-vi).

the material, making it a monotropic LC. The inferences from
the POM studies corroborated with the preliminary observation
from DSC, wherein the slight difference in the transition
temperatures obtained from the two different methods can be
attributed to the difference in experimental conditions (while
DSC is carried out in a completely inert closed atmosphere,
POM images are recorded in an open hot-stage). This observa-
tion was fully supported by DSC, where the enthalpy changes
were much lower than the crystal-isotropic transitions (which
generally have values above 35 kJ mol '), with the crystal-LC
and LC-glassy state transition enthalpies of 17.34 and
20.48 kJ mol ™', respectively. These fall well within the range
of mesophase transition enthalpies. Also, the monotropic nat-
ure of the columnar phase is supported by DSC thermograms.

Further insights into the intricacies of these phases
observed in complex 1-C;¢ are provided by temperature-

\

EHT=20004V
W= 63mm
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dependent X-ray scattering, which supports the observations
of the POM. As shown in Fig. 5b, the sample during heating
showed a crystal-to-LC transition at 493 K. Although several
quasi-Bragg reflections were visible in the sample, the lowered
intensity and broadening of the peaks, along with the shearable
textures observed in POM, denoted a columnar LC phase. The
peaks in the small angle region could be indexed to a two-
dimensional hexagonal lattice and the lattice parameter was

av3

2Vh? + hk + k2

are the Miller indices and a is the lattice parameter. The
calculated lattice parameter was found to be a = 45.4 A as
shown in Table S11. In the wide-angle region, a broad alkyl
chain correlation peak &, (d = 4.7 A) was observed along with a
weak core-to-core stacking peak /. (d = 3.8 A, corroborating well
with the n-m interactions between the pyridine and the pyr-
azolyl rings of the ligand and the subunits). An additional weak
peak A, (d = 4.1 A) was observed, which can be attributed to the
partial crystallisation of the alkyl chains owing to a highly
intercalated ordered structure. All these observations confirm
a monotropic Col, mesophase in complex 1-C;¢. During the
cooling cycle, the obtained pattern (Fig. S17) remained iden-
tical up to room temperature. The intense narrow peak in the
small angle region, combined with the alkyl chain-chain corre-
lation peak and the persisting core-core interaction peak in the
wide-angle region, confirm a persistent glassy columnar
phase.®?

The pronounced thermochromic properties and excellent
solubility of the complexes in many organic solvents encour-
aged us to check for the possibility of thin film fabrication and
investigate the effect or alteration in the magnetic and thermo-
chromic behavior of the films compared to the bulk sample.
Here, the complex 1-C;4 was chosen due to the presence of
longer alkyl chains and the thin film was prepared by a spin-
coating technique using acetonitrile solution of the complex
and studied by scanning electron microscopy (SEM) (Fig. 6a
and b, Fig. S18 and Table S12). The magnetic properties of the
film (mechanically peeled from the glass substrate) are retained
when compared with the y\T vs. T curve of the bulk powder
sample (Fig. 6c¢). This study demonstrates the ease of

calculated using the relation dg, = , where (hk)

T ——1-c,s Bui

—e—1-C,¢ Film

—_—

Date 24 Nov 2023
Time :17:15.07

=}

T T T T T
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ignal
Mag= 17630KX

5

o { )
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Fig. 6

Temperature (K)

(a) Plausible schematic representation of the micelle-like molecules of the complex 1-C;¢ forming the thin film on a glass surface using the spin

coating method, (b) thin film obtained from the spin coating and studied by scanning electron microscopy (SEM) and (c) ymT vs. temperature plots for the

bulk and the thin film during the heating mode.
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processability of the metallomesogens for thin film prepar-
ation without using the sophisticated Langmuir-Blodgett
technique' and with no substantial deterioration of ETCST.
The thermochromic behavior was also retained in the thin film
which was studied by UV-visible and infrared spectroscopy
studies (Fig. S19).

Conclusions

In summary, we present the first report of a series of long-chain
alkylated PBAs with a tridecanuclear [FesCo-] structure, which
exhibit coupled bifunctional properties: LC and ETCST, syn-
chronised with the melting temperatures of each of the respec-
tive complexes. The magnetic transitions were accompanied by
thermochromic behavior in both the solid and solution phase
(green « red). In the solid state, the conversion was irrever-
sible; in contrast, it was found to be reversible in the solution
phase with comparatively lower transition temperatures. The
functionalisation of the complexes with long alkyl chains
makes them more suitable for thin film fabrication without
using any polymer matrix, and furthermore the effective shield-
ing of the magnetic core from the surface of the substrate helps
in retaining the inherent property of the complex in the thin
film. Being the first report on this class of alkylated trideca-
nuclear PBAs, the representative compound 1-C,¢, the one with
the highest chain length, was investigated for the LC behavior.
The mesophase was inferred from three mutually exclusive
studies—DSC, POM, and P-XRD. This work highlights the
strategy of introducing LC behavior in PBAs to achieve the
desired electronic properties, enabling new applications for
these materials in electronic devices. Our group is further
involved in the optimization of ligand field strength around
the metal centres to tune their transitions near room tempera-
ture without compromising their LC property followed by
fabrication into thin films.
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