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New Fe'' complexes of formula [Fe(3-Br-phen),(NCS),] - Solvent (Solvent = 0.5 CH30H (1), 2 CH,Cl, (2),
desolvation of 2 (3), 0.5 CH;COCHj5 (4) and 0 (5)) have been synthesized. °’Fe Méssbauer and magnetic
investigation reveal unique features atypical of classic [Fe(phen),(NCS),] polymorphs. Complex 1,
prepared by precipitation in MeOH, undergoes upon cooling below room temperature an incomplete
and gradual thermally induced spin conversion, while 4 prepared by an extraction method remains
mostly in the low-spin state. The non solvated compounds 3 and 5, display a more abrupt spin crossover
on cooling around Ty, =175K and Ty, = 198K, respectively. Defects/soft lattice inclusion due to
different methods of material synthesis, extent of aging, reaction medium and associated solvent
molecules have enormous influence on the particle size and magnetic properties of these complexes.
Scanning electron micrographs helps to establish a logical relationship among methods employed for
synthesis, texture of materials and their effect on magnetic properties. The crystal structure of
2 determined in the monoclinic space group P2/c (100K) reveals a mononuclear complex consisting of a
distorted FeNg octahedron in the low-spin state, constructed from two 3-bromo-1, 10-phenanthroline
and two isothiocyanato anions in cis position. Intermolecular interactions between mononuclear units
of the S---Br, S---C(H) and n-7 type afford a 2D supramolecular network. DFT calculations for the single
molecule 2 reveals an energy difference between high-spin and low-spin isomers of 7 kj/mol suggesting
a slight destabilization of the low-spin state compared to [Fe(phen),(NCS),]. Normal co-ordinate
analysis was also carried out for 3 and compared with experimental temperature dependent Raman
spectra for 5.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Miniaturisation of micro-electronics components by replace-
ment with molecular units, designed through a ‘bottom up

One of the current topical research areas in solid state
chemistry is the rational design of functional materials, synony-
mously termed crystal engineering [1]. While molecular crystal
engineering explores and exploits intermolecular interactions in
the frame of supramolecular chemistry [2], coordination crystal
engineering deals with fabrication of microporous, low-density,
crystalline solids known as metal-organic frameworks (MOFs).
Major interests of such materials have been in the area of high
density gas storage, fuel cell, separation and catalysis [3] which
are under industrial consideration and development [4], and also
recently in a juvenile but promising field of ‘molecular electronics’
comprising molecular magnets, opto-electronic devices, molecu-
lar switches, and smart sensors [5,6].
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approach’, for technical applications is a challenging and intri-
guing subset in molecular electronics [7]. A particularly fascinat-
ing event exploited in such ‘molecular units’ is the spin crossover
(SCO) phenomenon. In 3d® Fe' complexes this stems from the
existence of two different electronic configurations of the metal
ion. The entropy driven SCO [8] which is a reversible intra-ionic
electron transfer between a diamagnetic low-spin ('A;) state to
a thermally populated paramagnetic high-spin (°T), with tech-
nologically important properties at the crossover point, can be
induced by various external stimuli such as temperature, pressure,
magnetic field, or light irradiation. In the solid state, the presence
of short and long range interactions can promote cooperative
first order spin transitions which are of high interest. For a SCO
material to be successful in this sector of nanotechnology, some
decisive factors like an abrupt spin transition with hysteresis,
room temperature operation, chemical stability and visible
response are crucial [7,9]. The challenge here is to design strongly
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cooperative SCO assemblies consisting of molecular units with
strong through-space interactions [9,10].

In this context, the series of Fe'' bis(1,10-phenanthroline)
complexes, [Fe(phen),X;], is a particularly suitable system to look
for spin-state crossover [11]. The multiplicity of the ground state
depends on the nature of the coordinated ligand in the spectro-
chemical series. Such series includes both HS (X = halogens, N3,
OCN, CH3COO0) and LS (X =CN, CNO, NO,) complexes [12]. For
[Fe(phen),(NCX),] (X =S, Se), Baker and Bobonich first reported
the observation of an unusual change of the temperature
dependence of the magnetic moment on cooling and suggested
a dinuclear arrangement as a possible crystal structure [13]. Later,
the SCO behaviour as well as the crystal structure of these
compounds were clarified and existence of two polymorphs was
established [14,15]. Now, [Fe(phen),(NCS),] is regarded as a model
mononuclear SCO complex and has been extensively investigated
by a wide range of physical techniques. These include magnetic
susceptibility, calorimetric measurements, XPS, X-ray diffraction,
X-ray absorption, >’Fe Méssbauer, positron annihilation, muon
spin relaxation [16], UV, IR, Raman, and NMR spectroscopies for
exploring the effects of metal dilution, pressure, magnetic fields,
light, and soft X-ray irradiation on its thermal spin transition
[5¢,11]. A few theoretical studies have also been performed [17,18],
particularly related to assessment of the vibrational contribution
to the entropy [19,20].

Several attempts to modify this phen ligand were undertaken.
The nature and position of the Y substituent on the phenanthro-
line moiety can dramatically modify the ligand field strength for
[Fe(Y-phen),(NCS),] complexes with Y = 2-Me [21], 4-R (R = Me,
Cl, CN, CO,C,yH5 [22], CO,C4Hg [23]), 5-R (R = Me, Cl, NO,, CgHs
[24]) stabilising either the LS or HS state or leading to SCO
with various cooperative behaviours [12,14]. However none of
these compounds were characterized by X-ray diffraction and
thus nothing is known on the influence of the Y substituent on
the structural properties. Effect of di or poly substitution on
phenanthroline are also well documented in the literature
(Y = 4,7-R (R = (CHs), [25,26], Cl, [22,24], CO,C4Ho [23], Ci7H3s,
5-(0CygH37) [27], 5,6-(CH3), [28]; 2,9-(CHs), [28-30], 3,4,7,8-
(CH3)4 [24], 3,5,6,8-(CH3)4 [24]) but the crystal structure of only
one compound is known [28]. In the present work, a bromo
substituent has been introduced on the 3-position of the
phen ring in order to study its influence on the magnetic
properties as well as on the supramolecular organization of the
mononuclear complex in the crystal lattice. We report on the
detailed synthesis, structural, vibrational, magnetic, theoretical
and scanning electron microscopy (SEM) investigation of
new Fe!' SCO complexes of formula [Fe(3-Br-phen),(NCS),] - nSol-
vent (Solvent = 0.5 CH350H (1), 2 CH,Cl, (2), desolvated of 2 (3),
0.5 CH3COCHs (4) and O (5)). The crystal structure of 2 in
the LS state is also presented. The influence of supramolecular
interactions and solvent molecules on the SCO of this system is
discussed.

2. Experimental section

Materials: Commercially available reagent grade chemicals
and solvents were used after appropriate purification. 1,10-
phenanthroline monohydrochloride monohydrate, bromine and
nitrobenzene were purchased from ACROS Organics and used
as it is.

Physical measurements: 'H and '3C NMR spectra were recorded
at 300MHz on a Bruker AC 300 instrument. IR spectra were
recorded on a Shimadzu FTIR-84005 spectrometer using KBr
discs at r.t between 4000 and 400cm™~'. Raman spectra with
1064 nm excitation were recorded between 2300 to 400cm™!

with a Bruker RFS 100/s FT-Raman spectrometer (I = 200 mW) at
r.t using a diode-pumped, air-cooled Nd:YAG laser as the
excitation source. Temperature dependent Raman spectra were
carried out using a Senterra Raman microscope over the
temperature range 298-90K. A 785nm diode laser was used
using a power of 2 mW. Diffuse reflectance spectra were recorded
with a CARY 5E spectrophotometer using teflon as a reference.
UV-vis spectra were recorded on a CARY 50 UV-visible spectro-
photometer. Magnetic susceptibilities were measured in the
temperature range of 20-300K using a MPMS-5 SQUID magnet-
ometer. Magnetic data were corrected for diamagnetic contribu-
tions, which were estimated from Pascal’'s constants. The
variable temperature >’Fe Mossbauer measurements were
recorded in transmission geometry on a constant-acceleration
conventional spectrometer with a 45mCi >’Co(Rh) source. The
powder samples were sealed in aluminium foil and spectra were
recorded over the temperature range 106-300K using a liquid
nitrogen cryostat. The spectra were fitted using the Recoil 1.05
Mossbauer Analysis Software [31]. Equal Debye Waller factors
were assumed for the LS and HS states. The isomer shift values
are given with respect to a-Fe at r.t. Thermogravimetric analyses
were performed in Ar atmosphere from 298-1073 K at a heating
rate of 1K/min using a Mettler Toledo TGA/SDTA851¢ coupled
to a Pfeiffer ThermoStar Mass Spectrometer (TGA-MS) with an
option for evolved gas analysis. Calorimetric measurements on
compounds sealed in an aluminium sample holder were carried
out with a Perkin-Elmer DSC-7 differential scanning calorimeter
over the temperature range 298-98K both in cooling and
warming modes, with a scan rate of 5K/min. Powder X-ray
diffraction patterns were recorded on a Siemens D5000 counter
diffractometer working with a Ko radiation and operating at
293K. The samples were spread over silicon grease on the
support. CHN analyses were performed at the University College
London (UK). Melting point was determined with an oil bath
3937-S Buchi device. Atomic absorption analyses were carried
out to estimate the percentage of iron in the samples on a
Perkin-Elmer 3110 spectrometer. Samples were digested in
aqueous solutions containing nitric acid (65%). Standard solutions
were prepared with Mohr’s salt. Scanning electron microscopy
(SEM) was performed with a Gemini Digital Scanning Microscope
982 with 1kV accelerating voltage using an aluminium sample
holder.

Synthesis of the ligand: 3-Bromo-1,10-phenanthroline (3-Br-
phen) was prepared following the reported method [32] from
1,10-phenanthroline monohydrochloride monohydrate and bro-
mine in nitrobenzene. Purification by Flash column chromato-
graphy (0.6% MeOH in CH,Cl,) afforded a white solid in 30% yield.
Further recrystallization from hot water gave white needles. The
spectroscopic data were in agreement with the literature value.
M.p 165 °C (164-167 °C [32]).

Synthesis of complexes: The target compounds [Fe(3-Br-
phen),(NCS),] - n(Solvent) were prepared by precipitation and
Soxhlet extraction [33-35]. The syntheses were carried out in
freshly distilled, deoxygenated solvents, under an inert atmo-
sphere of N, using Schlenk line techniques.

2.1. Precipitation method

[Fe(3-Br-phen)(NCS),;]-0.5 MeOH (1). NH,SCN (29.37 mg,
2equiv, 0.38mmol) in 3mL of MeOH was mixed with a
methanolic solution (3mL) of FeCl,-4H,0 (38.3mg, 1equiv,
0.19 mmol) with a pinch of ascorbic acid. The suspensions were
filtered off and the clear solution was transferred by cannula
technique to a warmed methanolic solution (4mL) of 3-Br-
phen (100 mg, 2 equiv, 0.38 mmol). Immediately a brownish red
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precipitate was obtained, which slowly turns to bluish pink within
10-20 min of stirring. It was filtered and washed with 1 mL of cold
MeOH and dried in air. Yield 102mg (75%). Anal. Calcd for
C25,5H16N600_5Br252Fe (1) C, 45.06; H, 2.28; N, 11.98; Fe, 7.90%.
Found: C, 44.90; H, 2.01; N; 11.89; Fe, 8.61%. FTIR, cm~!(KBr
phase): 2068w(sh), 2065vs, 1419s, 1101m, 916m, 836m, 721s,
471w. Slow evaporation of a dark violet dichloromethane solution
of the compound gave diffraction grade crystals of [Fe(3-Br-
phen),(NCS),] - 2CH,Cl, (2) within 10 days. These crystals readily
looses solvent of crystallization in air and the desolvated crystals
are of the composition [Fe(3-Br-phen),;(NCS),] (3)

2.2. Extraction method

Preparation of the precursor complex [Fe(3-Br-phen)s](NCS), -
H,0: Ferrous ammonium sulfate (50 mg, 1equiv, 0.12 mmol) in
5mL of water was added to a warmed solution of 3-Br-phen
(100 mg, 3 equiv, 0. 36 mmol) in 8 mL of water. The solution turned
red and was stirred for 1h. A saturated aqueous solution
of NH4SCN was added to this mixture with constant stirring.
A brown precipitate was obtained immediately. After stirring for
20 min. it was filtered, washed with water and dried over P,0s.
Elemental analysis confirms the composition. Anal. Calcd for
C33H23Ng0S,BrsFe: C, 47.31; H 2.40; N 11.62; Fe 5.80%. Found: C,
47.86; H, 2.97; N, 11.98; Fe, 5.61%. Yield 101 mg (82%).

[Fe(3-Br-phen),(NCS),]-0.5CH3COCH; (4). One of the 3-Br-
phen molecule of [Fe(3-Br-phen);](NCS), - H,O (200 mg, 0.2 mol)
was extracted continuously for a period of two weeks with
acetone in a Soxhlet apparatus under nitrogen atmosphere.
A pinkish compound (Yield 57 mg, 39%) obtained after solvent
leaching was collected. Anal. Calcd for CygH14NgS2Br2Fe: C, 45.24;
H, 2.04; N, 12.26; Fe, 8.09% Found: C, 44.46; H, 1.96; N, 11.56; Fe,
8.11%. FTIR, cm~(KBr phase): 2062w(sh), 2059vs, 1421s, 1105m,
916m, 835m, 721s, 472w. From the leached solution, a dark violet
crystalline product (Yield 51 mg, 36%), probably a rearranged
complex from the leached reactants during the extraction process
was isolated and based on the composition analysis it was
formulated as [Fe'(3-Br-phen),(NCS),] (5). Anal. Calcd for
Cy6H14NgS2BryFe: C, 45.24; H, 2.04; N, 12.26; Fe, 8.09%. Found:
C, 45.17; H, 2.12; N, 11.51; Fe, 8.82%. FI-IR, cm~'(KBr phase):
2070w(sh), 2067vs, 1419s, 1101m, 916m, 838m, 721s, 476w.

X-ray crystallography: A bluish-violet single crystal of 2
with approximate dimensions 0.38 x 0.20 x 0.10mm> was
mounted in a nylon loop with paratone and transferred immedi-
ately in a nitrogen cold gas stream for flash cooling. The data
were collected at 100K with a MAR345 image plate using
MoKo (A = 0.71069 A) radiation. Attempts to collect data at higher
temperatures failed because of crystal breakdown. The unit cell
parameters were refined using all the collected spots after the
integration process. The data were not corrected for absorption,
but the data collection mode with high redundancy, partially
takes the absorption phenomena into account. (183 images, A®
=3° 21464 reflections measured for 2096 independent
reflections). The structure was solved by the Patterson method
followed by difference Fourier synthesis and refined by full-
matrix least-squares on F? using SHELXL97 [36]. All the non-
hydrogen atoms were refined with anisotropic temperature
factors. The hydrogen atoms were calculated with AFIX and
included in the refinement with a common isotropic temperature
factor; they were allowed to ride on their parent atoms. Total
reflections collected, 21464; independent reflections, 2096
(Rint = 0.085) of which 1806 were considered as observed
(I>20(I)). Data were collected up to 20=45°, com-
pleteness = 99.8%. The summary of crystallographic data and
structure analysis is given in the Table 1a and b.

Table 1
(a) Crystal data and structure refinement details for 2 (b) selected bond lengths [A]
and angles (°) for 2.

(a)
Formula Cy6H14BraFeNgS - 2CH,Cl,
M 860.08 g/mol

Crystal system monoclinic
Space group P2/c (No. 13)
a(A) 10.384(4)
b (A) 10.002(4)
c(A) 16.975(7)
o (%) 90

B () 113.97(3)
v () 90

V (A3) 1611(1)

VA 2

Deatea (g€m—2) 177

F (000) 848

u (mm~1) 3.44
Data/restraints/parameters 2096/0/198
GOF 1.061

Ry [I>20(I)], wR; (all data) 0.071, 0.198
Ap (max/min) (e A%) 1.58/—0.91
(b)

Fe-N(15)? 1.948(9)
Fe-N(15)#1 1.948(9)
Fe-N(1)#1 1.976(8)
Fe-N(1) 1.976(8)
Fe-N(4)#1 1.986(7)
Fe-N(4) 1.986(7)
N(15)-Fe-N(15)#1 93.1(4)
N(15-Fe-N(1)#1 174.0(3)
N(15)#1-Fe-N(1)#1 87.7(3)
N(15)-Fe-N(1) 87.7(3)
N(15)#1-Fe-N(1) 174.0(3)
N(1)#1-Fe-N(1) 92.1(4)
N(15)-Fe-N(4)#1 91.7(3)
N(15)#1-Fe-N(4)#1 94.2(3)
N(1)#1-Fe-N(4)#1 82.4(3)
N(1)-Fe-N(4)#1 91.7(3)
N(15)-Fe-N(4) 94.2(3)
N(15)#1-Fe-N(4) 91.7(3)
N(1)#1-Fe-N(4) 91.7(3)
N(1)-Fe-N(4) 82.4(3)
N(4)#1-Fe-N(4) 171.5(4)
C(16)-N(15)-Fe 173.1(8)
C(14)-N(1)-Fe 130.6(6)
C(2)-N(1)-Fe 113.8(6)
C(5)-N(4)-Fe 130.2(6)
C(3)-N(4)-Fe 112.4(6)

Symmetry transformation: #1 -x+1, y, —z+3/2
2 Numbers in parentheses are estimated standard deviations in the least
significant digits.

DFT calculations: The total energy electronic E.; of the isolated
HS and LS isomers as well as the normal vibration modes were
calculated after full geometry optimization of the respective spin
state isomer. No symmetry constraints were applied for the LS
isomer, the calculation for the HS isomers were done for the C,
symmetry. All calculations were performed with the GAUSSIANO3
programme system [37]. Becke’s three-parameter hybrid func-
tional B3LYP (Becke’s exchange functional [38] together with a
local spin density correlation functional III [39] and a non-local
correlation functional LYP [40,41]) was used for geometry
optimization and the calculation of Raman and IR spectra. The
split valence basis set CEP-31G [42,43] was used. To obtain the
energies of the HS and LS isomers the reparametrized version
B3LYP* was used [44,45] upon the optimisation with the same
functional. Tight option of integration of Gaussian package was
applied for all calculations. No imaginery frequencies were
obtained confirming that the used geometries correspond to true
energy minima.
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Fig. 1. X-ray powder diffractograms for 1, 3-5 and calculated for 2 at 293 K.

Fig. 2. SEM images of 1 (a, b), 3 (c); 4 (d, e), 5 (f).
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3. Results and discussion
3.1. Synthesis

Several synthetic routes for [FeL,(NCS),] complexes with
phenanthroline based ligands L have been reported. The methods
of preparation, workup treatment, quality of the isolated batches,
solvents of preparation/crystallization have a dramatic influence
on the composition and properties of the resulting complexes
[33-35]. Here, we have used two preparation methods: (i) a
precipitation method (ii) a Soxhlet extraction method. (i) A
precipitation method in MeOH afforded immediately a brownish
red precipitate which slowly turns to a bluish pink powder of
formula [Fe(3-Br-phen),;(NCS),]-0.5MeOH (1). Rapid colour
change from bluish pink to red is observed for 1 in MeOH and
MeCN possibly due to isomerisation by solvolytic effect of these
solvents [35]. Compound 1 is crystalline as shown by X-ray
powder diffraction (Fig. 1). This feature is confirmed by SEM
which reveals a mixture of microcrystals and an amorphous
powder (Fig. 2a). The thickness of these crystals ranges between
450-790 nm (Fig. 2b). This crystalline character prompted us to
investigate the possibility to get single crystals by recrystalli-
zation. Indeed, recrystallisation of 1 in dichloromethane afforded
bluish-violet plate shaped single crystals of [Fe(3-Br-phen),
(NCS)2]-2CH,Cl; (2), which were used for X-ray analysis. These
crystals were highly sensitive to air and immediately break when
deprived of the mother liquor due to dichloromethane release.
Fig. 2c shows a SEM image of a broken crystal of 2 after exposure
to air. Vertical fragmentation and lateral cracking are observed.
The resulting desolvated crystals labelled as [Fe(3-Br-phen),
(NCS);] (3) do not have affinity for moisture, as checked by IR
spectroscopy. These crystals reveal a poorly resolved X-ray
powder diffractogram (Fig. 1) because of the use of small quantity
of crystals. (ii) An extraction procedure in acetone afforded a
pinkish powder of formula [Fe(3-Br-phen),(NCS),] - 0.5 CH3COCH3
(4), whose solvent composition was fixed by TGA, that reveal
a fibrous character (Fig. 2d). Texture as seen by SEM imaging
thus clearly indicates the effect of continuous solvent leaching
method on the particles size and morphology. The parallelepiped
crystals have an average thickness of 260 nm (Fig. 2e). A second
compound was also obtained during the extraction procedure.
Indeed, acetone leached reactants form a violet solution from
which a dark violet crystalline product was isolated [Fe(3-Br-
phen),(NCS),] (5). SEM shows a highly crystalline character with
large size crystals (2.7-6.3 pm) (Fig. 2f). Thus in the extraction
method two complexes were obtained whereas only one com-
pound was obtained for the parent complex [Fe(phen);(NCS),].

All these compounds are soluble in CH,Cl,, CHCl;, MeOH,
EtOH, CH3COCH3, MeCN, DMF and pyridine but sparingly soluble
in H,O. The formulas of all the complexes were confirmed by
elemental analysis and TGA analysis.

4. Spectroscopic and thermal characterization

Study of IR, Raman, and UV-vis spectra of these complexes
reveals that except subtle changes in the peak/band positions,
spectra for one complex are analogous to the correspond-
ing spectra of other complexes. IR and Raman spectra for the
complexes 1 and 3-5 are depicted in Fig. 3a and assignment of
experimentally observed vibrational modes for 3, 4 and 3-Br-phen
are summarized in Table S1. The thiocyanate group, which is
potentially bidentate exhibits three fundamental frequencies, i.e.,
v1(C-N stretch), v,(N-C-S), and v3(C-S), the positions of which
indicate the mode of coordination [46]. The absorptions for
v1~2059-2067 cm~', v,~465-482cm~' and v3~835-840cm™!
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Fig. 3. (a) IR (upper, for 1, 3-5) and Raman (lower, for 1, 3, 4) spectra recorded at
293 K. (b) Electronic spectrum of 1 in CH,Cl, solution (C = 1.14 x 10> M). The inset
highlights the charge transfer transition at Ap.x~555nm (C=5.6x10"°M,
e=4411M'cm™).



1370 A.D. Naik et al. / Journal of Solid State Chemistry 182 (2009) 1365-1376

for all the complexes fall in the expected range of N-bonded
thiocyanate. The symmetric and antisymmetric stretching vibra-
tion of the C-N band of the isothiocyanato anion observed around
2059-2067 cm~!, accompanied by a weak shoulder at higher
wavenumber separated by lower than 10cm™! is taken as an
indication of cis configuration due to stereochemical reasons. This
is supported by the presence of a strong band around the same
region in the Raman spectra (2062cm™') (Table S1) [20]. This
preference for cis arrangement is evident on the basis of molecular
models, since two phenanthroline ligands cannot be accommo-
dated in the same plane without non-bonded H-H interactions in
the 2,9 position [47]. This preference is also confirmed by the
crystal structure of 2 (see next section). Upon quench cooling of
the sample in liquid nitrogen, no thermochromism occurs because
of the dark colour of the products. Therefore no visible indication
of SCO is observed. An intense visible absorption band around
555nm (Inset to Fig. 3b), detected by UV-visible spectroscopy,
in CH,Cl, as shown in Fig. 3b for 1, was assigned to a charge
transfer transition while the bands observed at higher energies
are essentially due a to m-m* internal ligand transition. In the
region characteristic for d-d transitions, the room temperature
diffuse reflectance spectra of all complexes do not show the
multiplicity allowed band corresponding to the °T, — °E transition
due to intense charge transfer bands tailing into the visible region.

TGA-mass spectrometry confirms the presence of solvent
molecules and thermal stability of the complexes. From the
thermogram shown in Fig. 4, we confirm that 0.5 solvent
molecules (MeOH for 1 and acetone for 4) are present in the
samples which are presumably trapped in the voids/interstitial
spaces of the crystal lattice as found for 2 (See Fig. 7).
An insignificant loss of mass until 573K is found for 5 thus
confirming the absence of solvent molecules in the crystal lattice.
All the complexes are remarkably thermally stable up to ~580K,
and begin to decompose above this temperature. The fact that
respective solvent molecules did not escape at their boiling point
during the thermogravimetric measurements indicates a strong
interaction of these species with the complex molecule through
supramolecular bonds [48]. Other steps in the thermogram
correspond to the loss of ligands and decomposition of the
complexes. The X-ray powder diffractogram (Fig. 1) of 1-5 are not
similar indicating that the complexes are not isostructural. This is
attributed to the different preparation methods, presence or
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Fig. 4. Thermograms of 1, 4, 5 and an aged sample of 4 (4%).

Fig. 5. Molecular structure of [Fe(3-Br-phen),(NCS),]-2CH,Cl, (2) at 100K.
Hydrogen atoms and CH,Cl, molecules are omitted for clarity.

Fig. 6. Projection of the molecular structure of 2 showing n-m stacking and S---Br
interaction supporting an extended supramolecular 2D network.

absence of solvent molecules and the network reorganization
induced by the loss of guest solvent molecules in the desolvated
complex without modifying the structural integrity. However,
compounds 4 and 5 apparently present the same structure which
is due to the fact that a large time gap was taken between the
synthesis and the recording of the X-ray pattern of 4. Indeed,
desolvation of acetone molecules occurred and as a result,a 4—5
transformation took place. This hypothesis was checked by TGA
measurement of an aged sample of 4 (4*) that indicated no mass
loss (Fig. 4).

5. X-ray crystallography

Complex 2 has been structurally characterized by X-ray
crystallography at 100K. Fig. 5 shows a perspective drawing
of the molecule. Structural analysis revealed a monoclinic crystal
system (P2/c space group) with one half of the complex in
the asymmetric part of the unit cell; the iron lying above the
crystallographic two-fold axis. Two CH,Cl, molecules, each one
also on the two fold axis complete the structure. There are thus
two CH,Cl, solvent molecules per iron atom. Crystal data and
refinement details for complex 2 can be found in the Table 1a.
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Fig. 7. Illustration of crystal packing of 2 showing trapped solvent molecules in the
helical channel between the molecular units as viewed along the a axis.

Table 2

Observed and calculated (DFT

) Raman bands for 5 in the HS and LS states. Each

mode is given for both spin isomers unless differently specified for the LS one.

Raman (exp) DFT Mode
HS LS HS LS
298K 90K
135 145 201, 204 NNCS_Fe-NNC bending
154 175 216 NNCS_Fe—NPhe" hending
175 178 193 231, 237 Fe-N stretching and bending
235 366 252 330 Fe-N stretching
314 383 274 379 Fe-N stretching
392
334 427 332 Fe-N stretching and bending
406 489 451 429, 435, 443 SCN bending
451 530 474 Phen out-of-plane C-C-C bending
481 567 539 558 Phen out-of-plane C-C-C/in-
phase bending
560
673 654 672 Fe-N stretching, phen breathing
730 743 712 735
753 754 753 741
792 761 759 Phen C-H in-phase out-of-plane
bending
781 770, 773 Fe-NNCS/NC-S stretching
882 879 833, 894 Phen breathing, C-H out-of-plane
bending
881
899
1066 927 1066 923 Phen C-C bending
Phen breathing
Fe-N stretching
962 1104 939, 968 Phen C-H in-plane bending
Phen C-H out of plane
C-H bending
1069 1171 Phen C-H in-plane bending
1115 1211 1120-1173 Phen C-H in-plane bending
1142 1234 Phen C-H in-plane bending
1151 1244 Phen C-H in-plane bending
1204 1205 1279 1216-1244 Phen C-H in-plane bending
1300 1249 1331 1335 Phen ring stretching (Kekule)
1338 1299 1392 1439, 1449 Phen ring stretching (Kekule)
C-H in-plane bending
1386 1338 1439 1506 Phen ring stretching

1416 1452 1447

1440 1473
1503 1507

1504 1519
11575 1565 1585
1598 1603
1631

1655

2070 2113 2046
2063

1525
Ring stretching
1591

2102
2110

C-H in-plane bending

Ring stretching
C-H in-plane bending
C-H in-plane bending
Ring stretching
Ring stretching
Ring stretching

SC-N asymmetric stretching
SC-N symmetric stretching

Inter-atomic distances and bond angles are listed in Table 1b.
Each iron atom is octahedrally coordinated to four nitrogen atoms
from two 3-Br-phen bidentate ligands and nitrogen atoms of two
isothiocyanato anions in a cis arrangement. The Fe-N(CS) bond
lengths (1.948 A on average) are shorter than Fe—N(3-Br-phen)
(1.981A on average). These bond lengths are typical for a LS
complex. A comparison of the bond lengths and bond angles
around the coordination sphere of this LS complex illustrates a
distortion of the FeNg octahedron with a distortion parameter,
Y15 =40 (2)°. The two 3-Br-phen ligands are nearly planar but
orient themselves more or less perpendicular to each other
around the metal ion and the maximum deviation from the
best mean plane through the 14 ring atoms is 0.063(7)A. The
dihedral angle between two planes is 86(1)°. The NCS groups are
nearly linear (177.4 (8)°) while Fe-N-C(S) linkages are slightly
bent (173.1(8)°). The geometric constraints of the bidentate
ligands cause reduction of N(3-Br-phen)-Fe-(3-Br-phen) bond
angles from the ideal 90° value. The hetero aromatic planar ligand
with corresponding 7 electrons has a potential ability to interact
with the neighbouring 3-Br-phen ligand by m-m interaction [49].
Introducing bromide on the aromatic ring affords a 2D pseudo-
supramolecular network constructed principally from three types
of interaction around the molecule. The molecules are arranged
in infinite 1D chains supported by intrachain slipped 7 stacking
interactions between neighbouring 3-Br-phen units along c
direction, (distance between centroids of planes N4, C3, C8, C7,
C6, C5 and C2, C3, C8, C9, C10, C11 [1—x, —y, 1-z] = 3.759A,
dihedral angle = 2 (1)°), a S---Br short intermolecular interaction
(Fig. 6) in a direction (3.324(4)A and weak intermolecular
hydrogen bonding of type S---C(H) (3.675 (11)A) in b direction
[49]. Such S---Br-C interactions are rather uncommon [50] and
have been rarely introduced in SCO complexes. The Fe-..-Fe
separation within each chain shown in Fig. 6 is 8.49 A which is
less than between chains 10.38 A. There are voids between the
chains forming helical channels where solvent CH,Cl, molecules
are trapped with short contact around them (Fig. 7). Attempts
to record the structure on warming was unsuccessful due to
desolvation and subsequent breakdown of the crystals.

Table 3
Overview of the >’Fe Méssbauer parameters [mmy/s] for 1, 4, and 5.

Entry T[K]t HS LS Auis/Acor
5 AEq r b AEq r

1 143 119(1) 3.31(2) 019(1) 0.42(3) 0.32(1) 017(1) 0.36
163 1.16(1) 317(2) 026(2) 0.43(1) 031(1) 019(1) 0.49
183  117(1) 319(1) 019(2) 0.40(2) 0.31(3) 016(1) 0.51
203 116(3) 3.12(2) 020(4) 037(6) 029(1) 016(1) 0.58
223 115(4) 3.07(1) 023(1) 034(4) 027(1) 017(1) 0.63
243 114(1) 3.02(1) 024(1) 032(4) 026(1) 018(1) 0.66
273 111(2) 2.89(1) 021(1) 027(4) 025° 017(1) 0.65
203 1.09(1) 2.81(2) 023(1) 025(3) 032 0.20(1) 0.74

4 143 117(1) 335(2) 018(1) 038*  032(3) 019(3) 0.02
163 116  3.02(1) 018(1) 041(3) 031(1) 018(1) 0.0
183  115(2) 3.12(1) 018  036(1) 030(2) 017(2) 0.11
203 115(2) 3.13(4) 018%  034(1) 0.30(6) 017(4) 0.2
223 115(1) 3.03(4) 018(1) 032(1) 030(1) 017(2) 0.4
243 115(2) 2.95(4) 020(3) 029(3) 030(2) 017(4) 0.6
273 114(2) 2.81(1) 022(3) 026(4) 030(4) 018  0.16
203 1.14(3) 2.5° 0.21(1) 0.24(3) 0.30(1) 0.16(1) 0.6

5 106 1.12(1) 3.24(2) 02° 0.23(2) 027(2) 022 0.12

0.59(2) 025(2) 0.2°

203 1.02(1) 2.62(2) 0.18(2) 024(2) 030(2) 017(2) 0.5

o: isomer shift (with respect to a-Fe at 293 K); AEq: quadrupole splitting; I': full
width at half maximum; Ays: Area of HS doublet; A total area.
¢ Fixed parameter.
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Fig. 8. Representative °’Fe Mossbauer spectra of (a) 1; (b) 4; (c) 5 at selected temperatures. Black and grey signals correspond to the LS and HS doublets, respectively.
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6. 57Fe Mossbauer spectroscopy and SQUID measurements

57Fe Mossbauer spectra were recorded on warming over the
temperature range 106-293 K for complexes 1,4 and 5. M6ssbauer
parameters are gathered in Table 3. Two quadrupole doublets are
observed at 293K for 1 with an isomer shift 6 characteristic of
the HS (6"'S = 1.09(1)mm/s) and LS states (65 = 0.25(3)mm/s)
(relative to a-Fe) (Fig. 8a). On cooling, an increase in the intensity
of the LS doublet at the expense of the HS doublet is observed
indicating an incomplete spin state crossover. A different be-
haviour is found for a fresh sample of 4 which shows a major LS
signal (65 = 0.24(3) mm/s), and a minor HS signal at 293 K whose
intensity decreases on cooling thus indicating a very gradual spin
conversion for a few Fe' ions (Fig. 8b). The Mdssbauer spectrum
of 5 reveals an Fe site in equal spin state population at 293 K.
On cooling to 106 K, a spin conversion to the LS state is observed,
that remains however not complete because a few Fe!' ions are not
switched. Interestingly, this spectrum had to be fitted with two
LS sites at 106 K. Careful inspection of Mossbauer parameters
shows an almost linear increase of isomer shifts with decrease
of temperature due to second order Doppler effect [51]. More
interestingly, the isomer shifts for the LS state for 1 and 4 are
identical, as are those for the HS state. This indicates that there is
no appreciable change in the electronic distribution around each
individual iron atom. Interestingly, the local distortions revealed
by the quadrupole splitting, Ango.B mmy/s, is practically iden-
tical for 1, 4 and 5. Such a distortion for the LS octahedron was
noted in the crystal structure of 2. The HS molar fraction, ygs,
assuming equal Debye-Waller factors for the LS and HS states,
is plotted as a function of temperature in Fig. 9a. The spin
conversion is gradual and not complete at room temperature for 1
and 4. This gradual SCO behaviour was supported by the absence
of an anomaly in the DSC measurements recorded over the
temperature range 298-98 K in both cooling and warming modes
for both 1 and 4. This magnetic behaviour could stem from soft
inclusions and defects that significantly decrease the propagation
of spin state modifications throughout the whole lattice. In this
instance, guest solvent molecules not only play a role on the
spin state but also on the structural organization as shown by the
dissimilar X-ray powder diffractograms among 1-5 (Fig. 1).

The magnetic properties of 3 were recorded on cooling and
warming over the temperature range 20-300K (Fig. 9b). The plot
of ymT vs. T, where y is the molar magnetic susceptibility
corrected for diamagnetic contributions, shows a gradual decrease
on cooling from 3.43 cm®mol~' K at 293 K, corresponding closely
to the expected value for HS Fe!' centres (S =2), to the lower
limit of 0.46 cm® mol~' K at ~20K corresponding to LS Fe'' centres
(S=0) with a few remaining HS Fe' ions. The complex thus
undergoes a gradual and incomplete spin conversion with a
transition temperature T;,; = 175K. This more cooperative spin
conversion behaviour compared to 1 and 4 suggest a framework
reorganisation after solvent release where the molecular units are
brought more closely in the crystal packing, thus enhancing
cooperative effects. Interestingly, the transition temperature is
preserved for 3 compared to [Fe(phen),(NCS),] (polymorph I,
obtained by extraction, Ty =177(1)K [10,11,13]), which is
surprising since it would indicate that the bromo substitution
on the phen ring has no significant effect on the spin state. This
statement cannot be accounted for 5 as the SCO is shifted to a
higher value (T, = 198 K), thus supporting that the methods of
synthesis can drastically influence the magnetic properties.
Compound 5 shows indeed a gradual decrease of yyT on cooling
from 2.98 cm® mol~' K at 300K, corresponding to a HS state with
presence of LS Fe" centres (S = 0) to the lower limit of 0.18 cm3
mol 'K at ~100K corresponding to LS Fe!' centres (S =0).
Although, the two polymorphs 3 and 5 show similar SCO
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Fig. 9. (a) Temperature dependence of Ays/Aco: for 1 and 4 as deduced from °’Fe
Méssbauer spectroscopy (Top). (b) Thermal variation of yyT for 3 and 5 over the
temperature range 20-300K in both cooling and warming modes (Bottom). The
arrow indicates the transition temperature Ty, = 175K for 3; 198K for 5.

behaviour, the incompleteness of the transition at higher
temperature differ significantly (Fig. 9b). The difference of spin
state population at room temperature for 5 as deduced by the
Mossbauer and the SQUID techniques (Figs. 8c and 9), though
indicating an incomplete spin conversion, may stem from
inequivalent Debye-Waller factors for the LS and HS states.
Accurate determination of Lamb Mossbauer factors would require
recording a large number data at selected temperatures for both
spin states [52], which was beyond the scope of the present study.

7. DFT studies and temperature dependent Raman spectra

The computed structural parameters for [Fe(3Br-phen),(NCS);]
in the LS and HS states (B3LYP, CEP-31G) are collected in Table 4.
The X-ray data for 2 as well as the X-ray data and the analogously
calculated values for the parent [Fe(phen),(NCS),] complex are
given for comparison. The calculated bond lengths and angles for
LS isomer are in reasonable agreement with those found by X-ray
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Table 4
Principal bond lengths [A] and bond angles [°] for the optimized structure of
[Fe(3-Br-phen),;(NCS),] in the HS and LS states.

Method DFT X-ray® DFT X-ray?  X-ray”

Spin state HS HS LS LS LS

Fe-N(ncs) 2.041, 2.057 1.956, 1.958 1.948(9)
2.035¢ 1.957, 1.946¢

Fe—N(ring) trans Ncs 2.287, 2.213 1.999, 1.995° 2.005 1.976(8)
2.272¢

Fe—N(ring) trans phen 2.219, 2.199 2.015, 1.988¢ 2.014 1.986(7)
2.201¢

Novesy-Fe-Noxcs) 1109 94.0 93.1(4)

Niring)~Fe-Niring) (€is/ 75.0 82.7 91.7(3)

bite)

Niring-Fe-Nincs) (irans) 160.3 174.8 173.1(8)

Niring)—Fe~Nring) (rans) 175.9 1791 171.5(4)

Nring)-Fe-Nising) (cis)  101.9 96.7 82.4(3)

Neringy-Fe-Nncs) ey 84.1/ 88.4/87.2/ 91.7(3)/
90.7/ 923 87.7(3)/94.2(3)
91.6

2 For [Fe(phen),(NCS),] [15].
b For 2.
¢ For [Fe(3-Br-phen),(NCS),].

diffraction. Interestingly enough, the obtained Fe-N distances fit
even better to those determined for the parent [Fe(phen),(NCS);]
particularly in the LS state [20].

The calculated multiple splitting E, i.e. the difference between
the calculated electronic energy of HS and LS isomers (B3LYP*,
CEP-31G) is 7 kJ/mol, compared to 12 kJ/mol for [Fe(phen),(NCS);]
[20]. Thus, for the isolated molecule the DFT calculations predict a
minor destabilisation of the LS state upon the substitution of the
3 position of phenanthroline with bromine. This situation reflects
a polar (inductive) effect of the Br substituent in meta position.
The normal co-ordinate analysis yielded all normal modes of
compound 5 as well as the IR and Raman intensities. This allowed
the assignment of most of IR vibrations as given in Table 2.
The most intensive bands observed at room temperature at 2060,
1419 and 721 cm™}, are accordingly assigned to N-CS stretching of
thiocyanate, C-H in-plane bending of phen ligand and in-phase
C-H out-of-plane bending of phen, respectively. DFT calculations
predict these modes to give the intensive signals at 2063, 1439
and 762 cm™! for the HS isomer.

The temperature dependent Raman spectra allowed the
discussion of vibrational pattern in both spin isomers. All systems
reveal in an almost pure HS character at room temperature with
onset of LS bands below ~243K. The experimental results
obtained for 5 combined with the DFT results are summarized
in Table 2. The observed Raman vibrations for 1, 3 and 4 are
given as supplementary material (Table S2). The lines which
either occur at low-temperature or significantly change their
intensities upon cooling were assigned to that of the LS isomer.
The comparison of room temperature and low-temperature
Raman spectra for 5 is given in Fig. 10a (190K) and in
Fig. 10b (90K). The most clear differences concern the area of
2000-2150cm~! (SC-N stretching coupled with the Fe-N one),
where a new peak due to LS isomer appears at low temperature at
ca. 2100cm™!, while the splitted HS one is seen at ca. 2070cm ™.
The spectral pattern is reproduced by DFT calculations which give
two bands at 2102 and 2110cm ™! for LS isomer and two at 2046
and 2063 cm™! for the HS one (Fig. 10b).

The Raman spectra in 600-850cm™! area are more difficult to
interpret. With use of a 785 nm laser a strong band is observed at
room temperature at ca. 735cm™! similarly to the Raman spectra
obtained with a 1064 nm laser (see Table S1), accompanied by a
weaker one at 753 cm~ . Upon cooling to 190 K the new bands due

(@)

5 293 K
HS

A
b-\"\-«-"/ \H_w__.,n._M-Jx
190 K s

(]

@

=]

=
Intensity (a.u)

| uﬂ"uwuwxj Lu&fwnw\,wlb I‘(E[UMUMLWM

E—— ——

T
K | 2000 2050 2100 2150 2200
|| ‘ | Frequency (cm™)

Ul

Raman Intensity (a.u)

[190 K

Mr_iﬁu%

600 700 800 %00 1000
Frequency (cm™)

Intensity {a.u)

1 1 1 1 1 1

400 800 1200 1600 2000 2400

Frequency (cm'w)

3 \
r /'\
3 / \J\ cal, Hs
A
&
= r Cal, LS
c
b
g
g Expt, 90K 5
@
5 g Expt, 293K 5
B ! ‘kf/_l | ] .\’\7|7k""“r’/.“ o Sl Tt <A Mt

2000 2020 2040 2060 2080 2100 2120 2140 2160 2180 2200
Frequency (cm'w)

Fig. 10. (a) Raman spectra of 5 recorded at 293K (top) and 190K (bottom). The
inset shows enlarged pictures of frequencies ranges 2000-2200cm™"! (top) and
500-1000cm~" (bottom). (b) The observed and calculated DFT Raman spectra of 5
in the 2000-2220cm™! region. Red and blue lines depict the calculated Raman
spectra of HS and LS isomers, respectively. The red and green dashed lines are the
experimental spectra measured at 293 K and 90K, respectively. (For interpretation
of the references to colour in this figure, the reader is referred to the web version of
the article.)

to LS isomer appear at 673, 743 and 792cm™. For the parent
[Fe(phen),(NCS),] the bands in 765-775cm™~' were previously
interpreted to be due to NC-S stretching [20] in both spin
isomers. Our calculations predict these vibrations to occur at
770-780cm~! with no significant difference between LS and HS
state. On the other hand, the foregoing DFT results (see Table 2)
predict few vibrations in the 650-750cm™~! region being due to
phenantroline ring stretching and the coupled Fe-N stretching, as
well as C-H out-of-plane bending at 760 cm~". Thus an unambig-
uous assignment of the bands in this region is rather difficult.
Overall, there are no significant differences of the vibrational
pattern between the title system and the parent [Fe(phen),
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Table 5

Survey of key structural and magnetic data among members of [Fe(L,)(NCS),] complexes of the 1, 10 phenanthroline (phen) family.

Complexes Space group Fe-N(CS) Fe-N(L) Tyj2 (K) Spin state 2 (°) Interactions Reference

[Fe(bipy)2(NCS),] Pcbn 1.945(3) 1.966(3) 213 LS 45 S---C, m—m [61]
110K

[Fe(phen),(NCS),] Polymorph II Pcbn 1.958(4) 2.009(4) 176 LS 35 S---C; m—m [15]
130K

[Fe(btz),(NCS),] Pcbn 1.948(8) 1.973(7) 225 LS 47 S---C; [62]
130K S---S; m—m

[Fe(3-Br-phen),(NCS),] - 2CH,Cl, P2/c 1.948(9) 1.980 175 LS 40 S---C; This work
100K S---Br; S---S; m—m

[Fe(dpp)2(NCS)2] - py Pn 2.10 2.20 1631, HS 76 S-.C; S---S; m—T [49]
293K 123

L = respective ligand; bipy = 2,2’-bipyridine; btz = 2,2’-bi-4,5-dihydrothiazine, dpp = dipyrido[3,2—a:2'3'—c]phenazine.

Y = sum of deviation of each of the 12 cis angles from 90°.
1 or | refer to heating or cooling modes, respectively.

(NCS);], also with respect to frequencies of the NCS fragments
involved in a network of interactions with Br atoms as seen by
single crystal X-ray diffraction.

8. Conclusions

The brief comparison of the magnetic properties of poly-
morphs I and II of [Fe(phen),(NCS),] [10] with those of our
complexes reveals that the incomplete but abrupt SCO behaviour
in polymorph II of the parent system (obtained by precipitation)
can not be comparable with that of complex 1 due to the presence
of MeOH molecules in the crystal lattice, that can dramatically
influence the spin state [5]. Similarly, the complete and abrupt
SCO in polymorph I (obtained by extraction) should be better
compared to the non solvated compound 5 rather than compound
4 which is solvated. Nevertheless, solvent removal is beneficial for
this system since it results in a more abrupt SCO behaviour and a
better transmission of elastic cooperative effects (3, 5 compared to
1, 4). Interestingly, these compounds are made of larger particles
than the ones presenting a smoother spin conversion (i.e. 1, 4) as
shown by SEM imaging. Thus, reducing particle size results in
reducing cooperative effects as predicted by a recent theoretical
model for SCO nanoparticles [53] and noted for [Fe(pz)Pt(CN)4]
(pz = pyrazine) [54]. This result is particularly attractive in the
frame of the current miniaturization of SCO molecular units at
the nanometer scale [54-58] in view of their potential use in
information storage devices thanks to micro and nanopatterning
[59,60].

From a crystal engineering point of view, the introduction of a
bromine onto the periphery of the phen ring strengthen
intermolecular interactions between complex molecules affording
a 2D supramolecular network. Indeed, in addition to S---C-C
(3.675(11)A) and m-m stacking interactions also present in
[Fe(phen)»(NCS),] [10], S---Br-C =3.324(4)A interactions are
added for 2 for the first time in this system. The strength and
directionality of such intermolecular interactions is essential
to observe a cooperative spin transition. Indeed, in the case of
[Fe(dpp)2(NCS),2] - py (dpp = dipyrido[3,2-a:2'3'—c]phenazine)
[49] that present strong m-m stacking and van der Waals
interactions (Table 5), a fairly abrupt spin transition with a
thermal hysteresis of 40K was observed contrary to [Fe(3-Br-
phen),(NCS),] - nSolvent.

The DFT calculations for the isolated molecule reveal that the
energy difference between the spin isomers is slightly less (ca.
5k]J/mol) than that for the parent compound [Fe(phen),(NCS),]
(T1/2 = 175K, polymorphs I and II), suggesting a slight destabiliza-
tion of the LS isomer by means of polar effect of bromine.

However, the transitions temperatures for polymorphs [Fe(3-Br-
phen),(NCS),] appear to be identical or slightly higher {T;, =
175K (3) and 198 K (5)}. Such differences that cannot be yet taken
into account by computations on single molecules result from
intermolecular Fe-NCS---Br interactions that directly influence
the electronic density at the ligand site and thus the spin state.

Supplementary material

CCDC 687148 for 2 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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