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Abstract

Fe[((py)im-C16)](BF4). (1) and Fe[((py)imHj(BF4)2 (2), the Iron(Il) compounds
with C16 long alkyl chain appended (py)imH and uxified (py)imH [(py)imH=2-(2-
pyridyl)imidazole] have been synthesized and dtarzed by NMR, IR spectra and
elemental analysis. For containing C16 long alkyhin, complexl exhibits the liquid
crystalline property around room temperature. Thregmetic study suggests thhtexists
only in low spin state bu? exhibits gradual spin crossover behavior. Thesembson
suggests the possibility for synchronizing liqurgtstallinity and spin crossover behavior of
(py)imH complex in near future.
Keywords:. Iron(ll); 2-(2-pyridyl)imidazole; Liquid crysta{LC); Spin crossover (SCO);

C1l6-alkylchain

1. Introduction
Appending long alkyl chains into ligand groups oétai complexes can result in

some unique physical and chemical phenomena imgjuttie synchronicity between spin-
state transitions and crystal-liquid crystal phasasitions. The nature of magnetic metal
center and the effect of thermal motion on longylaihains play the major role for such
external stimuli aided synergetic effect [1]. Inmeore specific way, the modulation of
temperature or intensity of irradiated photon asult in some change in spin state or phase
transition process. In molecular material chemigtrg spin crossover (SCO) behavior
corresponds to spin state switching [2]. The mesiegmaterials having liquid crystalline

(LC) properties and SCO behavior have attractedidenable interest in recent years. As

these materials can exhibit spin transition signaith phase transition phenomena at
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different temperature regions, they can be usegha¢o and thermo-chromic switching
materials [3]. Iron complex possesses wide interestSCO chemistry since Camdial.
observed the SCO behavior in an iron (lll) trigagbtarbamate complex at 1930 by
studding the temperature-dependent magnetic morfinibhe first iron (II) SCO complex
was reported and recognized in 1964 and 1967, cagply [5]. SCO phenomenon
represents the external stimuli (e.g. temperaguressure, magnetic field, light etc.) aided
reversible transformation of electronic arrangenmsetiveen high spin (HS) and low spin
(LS) state in the complexes of first raw transitioatal ions having 3dn = 4-7) electronic
configuration [6]. On the otherhand, the liquid stafline property of metal complexes
having C16 long alkyl chain has been reported bxersé groups [7]. Liquid crystals of
transition-metal complexes, called metallomesogesm® well known for their
multifunctional aspects [8]. The development of alletnesogens with functionalities
including spin-crossover, mixed-valence, magnetisonductivity etc. are important for
achieving the co-occurrence of various physicalpprtes in functional molecular-based
materials. Mononuclear iron (lI) complexes with drecyclic N-donor ligands are well
known for their spin-crossover behavior and low+{penature spin-trapping phenomenon. A
significant number of such compounds undergo thespan-transitions upon cooling or
heating [9]. Todate, a number or reports on then lommplexes of (py)imH and its
derivatives has been reported so far [10]. Henem,observed the mesogenic nature and
SCO behavior in (py)imH based Iron (II) complexes.

(py)imH, a derivative of imidazole is one of the shamportant nitrogen containing
bioactive ligand. The ligand in its pure form igpahle to form hydrogen bond [11]. It is a

bidentate ligand having both the pyridinic and pyior N atoms functioning as the electron
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donors for the formation of coordination complekE2]. Compared with the closely related
2,2-bipyridine, (py)imH can coordinate as a weakedonor andr acceptor ligand [13].
Previously, N-functionalized imidazole, its derivas and complexes with some transition
metals were studied extensively for therapeutic liegions including antibacterial,
antifungal and antitubercular agents [14]. The a@oos magnetic behavior of Iron (II)
complexes with (py)imH havin@ng-lAlg equilibrium was reported long before [15]. Also
Goodgame et al. reported the cooperative thermal spin-transitioehavior of
Fe[((py)imH)X](ClO,), [16]. Later, Wilsonet al. reported the solution state equilibrium
between high and low spin state in Fe[((py)isitBFs). [17]. In recent years the
temperature dependent variable magnetic propeofidson complex of (py)imH having
phenyl derivatives have been studied by Michadteal. [18]. (py)imH can be N-
functionalized through deprotonation by base [ds&d on this previous observation in this
study, we attempt to insert long alkyl chain bylaepg H from the pyrrolic N-H. Previous
abiotic study suggested that the activity and fiometity of alkylated imidazole precursor
depends on the chain lengths. For example the digab functionality was found to be
pronounced when the alkyl chain have at least ¥YBoces [19]. Apart from biological
application, almost no efforts have been noticegustify the liquid crystalline nature and
magnetic behavior of (py)imH based materials. Iis trespect, we considered the N-
functionalization of (py)imH to devise functionaletal complexes. By replacing the proton
in basic medium, we inserted C16 alkyl chain af)ifpll and synthesized corresponding
Iron (II) complexesl and2. Complex1 and?2 exhibited the liquid crystallinity and gradual

spin crossover property, respectively.
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2. Experimental Section
2.1. Materials

Pyridine-2-carboxaldehyde, glyoxal (40%), ammor2&%), one bromohexadecane,
sodium hydride, tetra-n-butylammonium bromide (TBABethyl alcohol and
tetrahydrofuran (THF) was purchaged from Wako ClwamiCo. Ltd. Pyridine-2-
carboxaldehyde was distilled at reduced pressudeveas preserved on brown bottle by
wrapping aluminum foil until using. All other checals were used without further

purification except mentioned differently.

2.2.  Instrumentation

Elemental analysis (C, H and N) were carried odhatinstrumental Analysis Center of
Kumamoto University.'H-NMR spectra were recorded on a JEOL (500-ECX)
Instrument (500 MHz) using deuterated solvents WithS as internal reference. Magnetic
Susceptibilities were measured on a Quantum DddigMS-5S. Samples were put into a
gelatin capsules and mounted inside plastic stralWwsy were then fixed at the end of the
sample transport rod and were conveyed inside thgnet core fitted with field strength
and temperature scanning facilities. Thermal amalythrough differential scanning
calorimetry (DSC) was carried out on a SHIMADZU DD differential scanning
calorimeter. Powder X-ray diffraction (XRD) studie®re performed on a Rigaku X-ray
diffractometer RAD-2A with a 2.0 kW Cu Ka X-ray. Rdzed Optical Microscopy (POM)
was carried out on a polarization microscope (ORRL®OL with a Yanagimoto factory
model MP-J3) micromelting point meter, devised byppdén Chemical Industrial

Corporation.
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2.3. Synthesisof (py)imH

The overall route for synthesis is depictedsbyeme 1. The ligand was synthesized by
some modification of Radziszewski method [20]. Irtypical procedure, 5.0 g freshly
distilled pyridine-2-carboxaldehyde in 5.0 ml EtQ@it0°C was added dropwise into 6.75
ml glyoxal (dissolved in 5.0 ml EtOH) of &« and was stirred for 30.0 minutes. 19.2 ml
ammonia at #C was added very slowly with constant stirring &Q0for 4.0 hours. The
mixture was stirred further for 18.0 hours at rotemperature to achieve a deep brown
solution. The volume of the content was then reduce30% by rotary evaporator. The
remaining content was extracted by diethyl eth@r t{ines x 30 ml). The ether from the
extracted was removed by rotary evaporator anddaory product was found. It was
distilled at 132.0°C under low pressure. Pale yellow needle like atgsivere found. Yield
32%, melting point 136.6C. 'H-NMR (500 MHz, CDCY): 8.46 (d, J = 4.8, 1H), 8.09 (d, J
= 7.6, 1H); 7.71 (td, J= 7.6, 3.8 1H); 7.68 (s, 1AN8 (q, 1H), 7.13 (s, 1H). UV/Vis
(MeOH): 273 (11900), 294 (15600). IR (KBr): ca. 235, 1614 s, 1595 s, 1508 m, 1481 s,
1458 s, 1414 s, 1379 m, 1307 s, 1280 m, 1252 il bd, 1150 s, 1136 s, 1107 m, 991 s,

955,901 m, 789 s, 758 s, 737 s, 708 m, 6217563199 m, 462 m, 430 w.

24. Synthesisof (py)im-C16

NaH (0.024 g, 1.0 mmol) in 5.0 ml THF was cooled0t8C. (py)imH (0.145 g, 1.0
mmol) in 5.0 ml THF was added dropwise and wasestifor 30.0 hour in an ice bath. Then
the temperature of the solution was increased aonrtemperature and stirred for another

30.0 minutes. 0.01 g TBAB was then added as phassfer catalyst followed by a slow
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addition of C16-Br (0.305 g, 1.0 mmol). Finally @0nl THF was added and the mixture
was refluxed overnight at 65°C. The solvent was then removed by stirring it peio air at
65.0°C. The product was dissolved in chloroform anceféd. The solvent was removed
and the final product was washed by water and dureder vacuum. Brown oily product
was foundH-NMR (500 MHz, CDCJ): 8.46 (d, J = 4.8, 1H), 8.09 (d, J = 7.6, 1H}17(td,
J=17.6,3.8, 1H); 7.68 (s, 1H), 7.18 (q, 1H), 7(431H); 1.22 (m, 31H, -C}€H,CH,-). IR
(KBr): ca. 3448 w, 1605 s, 1578 s, 1556 m, 153514¥,2 m, 1425 s, 1371 m, 1310 m,
1263 s, 1150 m, 1123 s, 1088 m, 1063 s, 1032 4, AN03®80 s, 953 m, 920 m, 780 s, 731 m,

704 s, 612 s.

25. Synthesisof 1and 2

Previously, almost similar compound @f with different counter anion (BRhwas
reported by Wilson et al [17]. Herein, we have adinced different counter anion. In a
typical synthetic method, NaBK0.095 mg, 0.25 mmol), ascorbic acid (0.176 mg, O.
mmol) and FeGl4H,O (0.02 mg, 0.1 mmol) was dissolved in 10 ml MeOQH1B minutes
stirring at room temperature. The solution wagifédtd and added dropwise into a solution of
(py)im-C16(0.107 mg, 0.29 mmol) in 10.0 ml methanol undewoargt room temperature.
The mixture was stirred for 4.0 hours and crystatliat room temperature. The product was
filtered from methanol, washed with water and fiyabas recrystallized from methanol.
After drying, red powder of was found. Yield (0.11 g, 0.76%). Element. Anadlcd. For
CrgHi3sBoFsFeNs: C, 63.12; H, 9.17; N, 8.49 Found: C, 63.40; H,29.N, 8.56%. In a
similar way, 2 was synthesized using the ligand (py)imH. Elememial. Calcd. For

Ca4H21BoFgFeNy: C, 43.35; H, 3.18; N, 18.96 Found: C, 43.40; K223 N, 19.01%. The
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powdered and crystalline products dfand 2, respectively were obtained from slow
evaporation of solvent through the pinholes of filanacover at room temperature. The
crystals were larger in size, when they were prttgd from methanol at room temperature.
Crystals obtained from hot methanol or by rapid liogo using refrigeration were
comparatively smaller in size. Above room tempagtuhe solubility of the complexes
increases. Therefore, room temperature was preféreobtaining the products.

3. Resultsand discussion

3.1. Synthesisand structure:

For synthesizing (py)imH we followed the Debus-Radewski reaction [21], where a
dicarbonyl, an aldehyde and ammonia react to fandlazole or its derivatives. We used
glyoxal and pyridine-2-carboxaldehyde as the dioayb and aldehyde. The reaction takes
place in two steps. In the first step, dicarbomd ammonia condense to give a diimine. In
second stage, the diimine condenses with the attbehyherefore, glyoxal is necessary to
obtain diimine, which reacts with pyridine-2-carlatdehyde to form (py)imH. The
formation of (py)imH and its modification into (pg)-16 was confirmed byH-NMR and

IR spectra. The hydrogen atom attached to the layeroing is labile and was possible to
substitute by -gHs; alkyl group by base catalyzed reaction in presefideBAB. TBAB is

an ionic compound which can be deionized to foraHgLN" (TBA™) and Bi. The function

of TBAB is similar to the mechanism of phase trensfatalyst reported previously by
Starks. [22] (py)im-16 is formed through a two stepction. In the first step, (py)imH and
NaH reacts to form (py)ifNa’. lonic (py)imiNa’ is sparingly soluble in organic phase,
which prohibits its interaction with Br4@Hs; dissolved in THF. Therefore, the phase

transfer catalyst TBAB is necessary to convert i(pWa’ into (py)imTBA® complex,
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which is soluble in THF. The polar part (Nelectrostatically bounds the (py)iprecursor,
whereas the non polar part ¢H) dissolves in THF. In the final stage (py)ifBA" reacts
with Br-CieHa; to form (py)im-16 and TBAB again. The Bind Né& form insoluble NaBr
salt and precipitated out from the system. TBABréfme is necessary for successful
completion of the reaction.

The NMR spectra for (py)imH matches with theordticalculation and some previous
report [8]. Characteristic NMR peak at low field42 (m, 31H, -CHCH,CH,-)) confirms
the successful insertion of C16-long alkyl chainrinly the reaction. This NMR
spectroscopy based characterization for succesgimd alkylation process is well reported
[23]. The insertion of F& ion for formation of the complexes was followed fevious
report [12]. Unfortunately, we failed to get thengle crystals, as it is expected that the
thermal motion of long alkyl chain could prohibitlse crystal packing [24]. Even we
synthesized complex having the ligand with shaatkyl chains (C1 and C4), stable crystal
packing was not possible to avail. As some alteregelemental analysis and IR spectra
could confirm the formation of the complexdsigure 1 represents the IR spectra of
(py)imH, (py)im-C16,1 and2. In Figure 1(a), the diffused peak at 3100-3500 tmnd the
sharp peak at 1595 ¢mrises from the stretching and bending mood of atibn,
respectively for pyrrilic hydrogen atom bonded to This N-H bond is polar due to the
variation in electronegativity between N and H. rifere, the positively charged hydrogen
atom takes part in intermolecular hydrogen bond #@edresultant IR adsorption peak is
broad. The pyridinic, and pyrrilic C-N bond strataly frequencies lie within the range of
1250-1350 cil. When the pyrrilic H atom is substituted by Cléyalchain, the IR

spectrum of resulted (py)im-16 is characterizedthw appearance of peaks at 2850 and
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2920 cnt (Figure 1b). These peaks are resulted from the stretchingdnod@liphatic C-H
bond of long alkyl chain. In addition, the IR speat of (py)im-C16 shows the
disappearance of broad peak at 3100-3500 doe to the removal of pyrrilic H atom and
the breaking of the hydrogen bonded networks. Fhepectra irFigure 1c andFigure 1d
indicate the formation of compleixand2 through clear indication for the existence of Fe-N
bond. When F& was inserted near the pyridinic and pyrrilic Ne tbharacteristic IR
stretching frequencies of Fe-N bond formed at ~16®0 indicated the formation of iron
(py)imH/(py)im-C16 compounds [25]. Besides, the ksegosition and intensity for
pyridinic and pyrrilic C-N bond in the ligands ne800 cn undergo some changeirand

2. When the ligands co-ordinate to?Fén, the electron density from C-N bond is partly

shifted to C-Fe bond, which is responsible forrégspective change in the band intensity.

3.2. Liquid crystalline behavior of 1

The liquid-crystalline property of was justified firstly by phase transition enthalpy
changes, which were measured by carrying out tHesmealysis with DSC in a wide range
of temperature. As shown Figure 2, an endothermic peak at 306 XH = 53.81 kJmot)
on cooling process and an exothermic peak at 33aHK = -41.58 kJmat) on heating
process were observed. These results indicateoslylity for crystal to mesophase phase
transition near room temperature. The meso-phasetgte of1 was further studied by
powder XRD and hot-stage polarized optical micrpgc¢POM). Figure 3 shows the
powder XRD patterns of the solid and mesophasessfarl observed at 330 and 455 K,
respectively. At room temperature, the XRD patidisplays two reflections aty2= 3.06°

(d-spacing = 28.38 A) and 6.1%5(d-spacing = 14.14 A) in the small-angle region and a

10
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broad scattering halo centered at 2ldsgacing = 4.43 A) in the wide-angle region.
However at 455 K, the XRD pattern reveals thretectibns at 2 = 2.52, 5.14 and 7.74
with respectived-spacing values as 34.46, 16.91 and 11.24 A isttall-angle region. The
ratio of the d-spacing values becomes 1:1/2:1/3cait be indexed as the (001), (002) and
(003) reflections of a lamellar phase. Besidesffast and broad scattering halo centered at
4.08 A (B = 21.7° in the wide-angle region is indicative of thedid-like order of the
aliphatic chains. POM images fdr (Figure 4) show the conversion of the compounds
directly into isotropic liquid. At 330 K, typicabh shaped texture of lamellar phase during

heating and cooling process indicates the crystaldsophase phase transformation.

3.3.  Spin Crossover behavior of 1 and 2

Spin transitions between the high-spin (HS) and-$pim (LS) states fot and2 were
investigated by the measurement of the molar mageasceptibilityy, as function of the
temperature. Complek exists only in low spin state within the temperattange 5-400 K
(Figure 5a). They,T value is around 0.5 cliidimol™ at 5 K and decrease slightly at higher
temperature. The rate of this lowering is compaedyi higher at 5-25 K. Beyond 25 K, the
ymT values lie below 0.26 ciimol™ and represents the low spin state of Iron (Il)e Th
cooling process resulted in the reversible therooale. The magnetic study indicates the
diamagnetic behavior of the complex. Slightly highgT values at low temperature are
insignificant but indicate the presence of impurityl. The product seems to adsorb traces
of impurity (FeC} or related ions) during precipitation. Though tlesult of elemental
analysis indicates the close match between catmlilahd experimental values for C, H and

N content inl and 2, there exist some possibility for the existencead$orbed impurity.

11
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Especially, asl was found in powdered form, it is more likely tdsarb impurity. The
magnetic data fod was reproducible, while we repeated the experinseneral times.
Apart from the impurity effect, any other reasorhibd this slightly higher susceptibility
values at low temperature is presently unknown. élew, our future plan includes tuning
the length of alkyls chain to study the magneticayor of the series in details.

The temperature dependent magnetic susceptibibty 2f reveals a gradual SCO
behavior without hysteresis loop in the temperategion from 5 to 400 KHigure 5b).
This behavior is a typical phenomenon occurringame Iron (II) complexes [7b]. Tha T
value is equal to 0.26 ciKimol™ at 5 K and lies within the range of expecjgd value for
LS Iron (Il) ions [26]. As the temperature is inased from 5 K, thg,T value remains
constant upto 150 K. Beyond 150 K, th¢l value gradually increases to 2.7 %&mol™ at
400 K and is consistent with HS state. Upon coolingcess, the behavior of magnetic
susceptibility exhibits the reversible thermal aurv

Soft metal complexes become interesting not onlgase functional materials, but
also for the phase transitions with synchronicigmeeen the central metal complex and the
long alkyl chains [27]. The liquid crystalline betar of some metal complexes having long
alkyl chain (especially C16) is well reported [28}e propose that the observed mesophase
structure ofl around room temperature originates from the doyuilin between thermal
motion of the flexible C16 alkyl chain and its dgy in crystal packing. The packing of
polar headed moiety ((py)im) with C16 alkyl tail an atmosphere of bulk polar liquid
resulted in the diffraction pattern of lamellar ppaPreviously, some complexes of (py)imH
with F€*and CF* was reported to exhibit octahedral crystal stmec{@9]. Therefore, we

also expect similar structure far In octahedral packing the long alkyl chains ateeded

12
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and supposed to limit the tilting motion of the kiag through interchain interaction with
neighboring alkyl groups. Therefore, the liquid stafline property could sustain around
room temperature. In future, we are intending talgtfurther the liquid crystallinity, by
changing the counter anion and modulating the chemgths. Present magnetic study
suggests the possibility for SCO behavior in (pyithased F& complexes. Though the
increase in chain length renders the spin tramspiitenomenon, the liquid crystallinity was
availed with longer alkyl chain. Achieving simuleous electron transitions across all
molecules to obtain abrupt SCO behavior is highdgichble. Establishing cooperativity
among the molecules is the primary condition fochsachievement and the best way to
increase cooperativity between molecules is totfanalize the side chain by polar groups.
Our future endeavor includes such trials. The prekem of this manuscript is important
for further advancement in this filed. This manysicmdicates the possibility of both the
SCO behavior and liquid liquid crystallinity in mobased (Py)imH complex. We are

expecting the coalescence of these two functioeslib a single molecule in near future.

4. Conclusion

We have synthesized novel (py)imH based Iron(IDmptexes as [Fe((py)im-
C16)](BF4). and [Fe((py)imH)(BF4).. The DSC track, powder XRD pattern and POM
images were indicative for the liquid crystallirsriellar phase of [Fe((py)im-CLHBF4)-.
[Fe((py)im-C16)](BF,). exists only in low spin state, whereas, [Fe((py¥)eiBFa)2
exhibits gradual SCO property with respect to thedufation of temperature. All these
complexes indicate the possibility of designing)ipyd based novel multifunctional

mesogenic materials in future.

13
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Highlights
> Fe[((py)im-C16}|(BF.)2 and Fe[((py)imH(BF4)2 [(py)imH=2-(2-
pyridyl)imidazole] have been synthesized.
» Fe[((py)im-C16)](BF,). exhibits the liquid crystalline property.
» Fe[((py)im-C16)](BF4), exists only in low spin state.
» Fe[((py)imH)](BF4), exhibits gradual spin crossover behavior.
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