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Two bis(unsymmetrical diimine) complexes of (Lxo, ' )(Lno,”)M"Cl, family with M = Fe and Mn, are
reported (Lyo,? = (E)-3-nitro-N-(pyridine-2-ylmethylene)aniline; ¢ = dihedral angle between the
diimine unit including pyridine ring and the phenyl ring planes). Pure fcc-(Lyoy**)(Lno,”?)Fe"Cl,-
0.5H,0 (1) and tce-(Lyoy***) (Lo, ”#)Mn'Cl,-0.5H,0 (2) isomers have been successfully isolated in high
yields and characterized by elemental analyses, variable temperature magnetic susceptibility
measurements, IR, mass, UV-vis and Mdssbauer spectra including the single-crystal X-ray structure
determinations that identified strong intermolecular non-bonding interactions in lattice (zcc refers to
trans—cis—cis positions with respect to pyridine N-imine N-CI donors). Geometries optimizations of all
possible zcc, ttt, ctc, ccc and cct isomers of iron at the B3LYP/DFT level in gas-phase have shown that
the fcc-isomer incorporating two non-equivalent ligands as in (Lyo,*)(Lxo,* )Fe"Cl,, 1 (g), is stabilized
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by 6-20 kJ mol™' compared to other isomers where two ligands are equivalent. The frozen methanol
glasses of 1 and 2 are luminescent at 77 K (1: Ao = 370, Ao = 521 nm, > = 1.3, 7,,, = 0.57 ns; 2: A =
368, Aem = 524 nm, y* = 1.1, 7,,, = 0.90 ns). The DFT calculations have identified four closely spaced
localized " orbitals comprising of two non-equivalent ligands as UPMOs. The features contrast the
tee-isomer of (L?),Fe"Cl, (3), congener of 1 without -NO, substitution and non-emissive (bpy),Fe"Cl,
(4) where two ligands are equivalent. TD-DFT calculations have assigned intra-ligand (IL) and ligand
to ligand charge transfer (LLCT) dominated excited states as the origin of luminescence of 1 and 2.

Introduction

Localization of the electronically excited charge that causes a
net dipole moment change with respect to the ground state of
a chromophore is a herald of encoding photo energy at the
molecular level. This important factor is mainly controlled by
the structure of the unoccupied photoactive molecular orbitals
(UPMOs) of the species. Evidently, the modification of the
UPMGOs is one of the important steps to tune the photoactivity.
Chemically it can be achieved by changing the substitution on
the chromophore. For this study, transition metal (source of
electron) bound conjugated fragment (electron sink) is one of
the basic units. In this unit, UPMOs are mainly centered on
conjugated diimine fragment and behave like sinks for excited
state. Enormous possibility of the activity can be developed to
such molecular unit by tuning the UPMOs. Components of the
UPMGOs affect the excited charge delocalization. Metal bound o
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diimine chromophore is photoactive due to MLCT and in some
cases due to the Mgmine tO Taimine Charge transfer.' 3

An assortment of the photophysical properties of such molecule
is possible by tuning the conjugation of the photoactive m*
orbital of the a-diimine core and substitution. Two most strong
and rigid chelating heterocyclic symmetrical o-diimines are 2,2’-
bipyridine (bpy) and 1,10-phenanthroline (phen) which form easily
tris(diimine), ML;** type of species (L = bpy, phen) with transition
metal ions. The ruthenium #ris-diimine adduct, Ru(bpy);** with its
*MLCT excited state' is strongly emissive and now is a commonly
used chromophore to build new luminophores with two and
three component systems, i.e., dyads and triads, to investigate
photoinduced charge separation (CS)."® The iron congener of
it, i.e., Fe(bpy);** is non-emissive because of its low-lying *(d-d)
state.’® cis-Dihalobis(diimine)M(11) complexes of these diimines as
M(bpy),Cl, and M(phen),Cl, are potential precursors'” but hard
to achieve with 3d metal ions.'”® They are high spin and non-
emissive."

Modification of the diimine " orbital to achieve a more
localized or delocalized excited state with higher excitation
probabilities and to change the transition energy is momentous
for photoactivity. The energy of the Mg orbital of course is
a function of the conjugation with the substituent on N atoms.
It is hard to perturb the chromophore I (Chart 1). But the
chromophore Il incorporates an unsymmetrical diimine (Ly?) and
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the energies of both the Ty and Tyimine Orbitals depend on the ¢
(¢ =dihedral angle between the diimine unit including the pyridine
ring and phenyl ring planes). In II and III, rotation of phenyl
rings around =N-C single bond as shown in Chart 1 inhibits the
conjugation and the rotation of phenyl rings makes the ligands
non-equivalent.

O@@*Q
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\/
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Chart1 (bpy)M (I), (Ly*)M (II) and (Ly*'**)M (IIT) chromophores.

Calculations at the B3LYP level of DFT on the free Ly? ligand
of I in gas phase using 6-31G basis set for all atoms have shown
that the energies of both the HOMO (T g;iine) and LUMO (Tgiimine )
depend on the dihedral angle (¢). Both the HOMO and LUMO
have the minimum energy at the dihedral angle ¢ =0 or 180° and
both have the maximum energy at ¢ = 90° where the conjugation
is less as shown in Chart 2(a). At ¢ = 90°, the contribution of the
phenyl ring to the LUMO is the minimum. Again, the calculations
show that the difference of energy of HOMO and LUMO is also
minimum at ¢=90 (Chart 2(b)). Thus, rotation in conjunction with
the solvation can have an immense impact on the photophysical
properties of such coordinated diimine systems and is a subject of
research here. In the metal bound diimine species, the absorption
and emission features are primarily controlled by the energy of
the unoccupied ©t* orbital and its spatial localization. Particularly,
for bis- or tris(diimine)M species, the orientations are important
as two or more diimines with different dihedral angle (¢) will
act as an independent chromophore. They will create a cluster of
closely-spaced UPMO. To follow in a metal complex, it demands
experimental verification.
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Chart 2 (a) Change of the energy of HOMO (Eyomo) and (b) Erymo —
Eyonmo (€V) with respect to ¢ in Ly (gas phase).

The o-diimine ligand (Lyo,’) that has been used in this
work, is (E)-3-nitro- N-(pyridine-2-ylmethylene)aniline. Recently,
Scott et al. reported the optically active fac-tris(diimine)Fe(1r)
complexes with this type of NN donor ligands.®® In this work,
we have been successful in isolating only fcc-isomers of the
(Lxo, " )(Lno,”)M"CI, family as products where the two ligands
are non-equivalent in the crystal lattice (since this is shown
by XRD), and are likewise calculated to be non-equivalent in
the gas phase, since this cannot be measured directly (dihedral
angles ¢1 and ¢2 correspond to two diimine ligands; fcc refers
to trans—cis—cis positions with respect to pyridine N-imine N—
Cl donors as shown in Fig. 1 and 2). The isomers in frozen
methanol glasses are emissive at 77 K. This finding contrasts
the (bpy),MCI, or (phen),MCl, species which are non-emissive.
The molecular stereochemistry and the purity of the isolated
isomer have been established by Mossbauer spectrum of 1 at
80 K, single-crystal X-ray structure determinations of 1 and 2
at 100 K and lifetime measurements of both in frozen methanol
glasses at 77 K. Optimizations of geometries of all possible isomers
at the B3LYP/DFT level in gas phase have shown that the two
diimine ligands in all isomers are equivalent except in fcc-isomer
which has the minimum ground state energy. Density functional

o
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Fig. 1 Single-crystal X-ray structure of 1 (50% thermal ellipsoids). The
water molecule and hydrogen atoms have been omitted for clarity.

Fig. 2 Single-crystal X-ray structure of 2 (50% thermal ellipsoids). The
water molecule and hydrogen atoms have been omitted for clarity.
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theory (DFT) calculations have elucidated the structure of the
occupied photoactive molecular orbitals (OPMOs) as well as the
UPMOs and calibrated the effect of non-equivalnce of the two
diimine ligands. Time-dependent density functional theory (TD
DFT) calculations have assigned the emissive excited states and
transition types of these luminescent members.

Experimental
Material and physical measurements

Reagents or analytical grade materials were obtained from
commercial suppliers and used without further purification.
Spectroscopic grade solvents were used for spectroscopic mea-
surements. The C, H, N contents of the compounds were obtained
from Perkin Elmer 2400 series II elemental analyzer. Infrared
spectra of the samples were measured from 4000 to 400 cm™
as KBr pellets at room temperature on a Perkin Elmer FT-IR-
Spectrophotometer Spectrum RX 1. The temperature-dependent
magnetic susceptibilities of the solid samples have been measured
by using SQUID magnetometer. Zero-field Mdssbauer spectrum
of the polycrystalline bulk sample of 1 has been recorded at
80 K. Electronic absorption spectra in solution at 298 K were
measured on a Perkin Elmer Lambda 25 spectrophotometer in the
range 200-1100 nm. Emission spectra at 77 K were recorded in
MeOH glass by using quartz sample tube on Perkin Elmer LS 55
luminescence spectrophotometer equipped with a Perkin—Elmer
low-temperature luminescence accessory.

Syntheses

tee-(Lvo, *)(Lino,”)Fe"CL-0.5H,0  (1). To 3-nitroaniline
(280 mg, 2 mmol), 2-pyridinecarbaldehyde (330 mg, 3 mmol) was
added and mixed well to form a paste. To this paste, methanol
(25 mL) was added and heated at 50 °C and stirred for 15 min.
The reaction mixture was cooled at 20 °C. To this solution mixture,
FeCl,, 4H,0 (200 mg, 1 mmol) and CH,Cl, (5 mL) were added
successively and stirred for 20 min. The solution was filtered. The
dark green filtrate was collected and allowed to evaporate slowly
in air. Within two days green crystals of 1 separated out, which
were filtered and dried in air (single-crystals for X-ray structure
were picked out from this product). Yield: 360 mg, 60% with
respect to iron. ESIMS (CH,Cl,): m/z, 545.00 {1-(0.5H,0 + Cl)}*.
Elemental anal. (%) for C,,H,,Cl,FeN O, s: calcd. C 48.84, H 3.24,
N 14.23; Found: C 49.02, H 3.10, N 14.16; IR (KBr) (V. /cm™:
3430 (m), 1630 (m), 1593 (s), 1529 (vs), 1352 (vs), 1203 (m), 820
(s), 782 (s), 739 (s), 680 (m).

tee-(Lo, ") (Lixo, ”)Mn"CL-0.5H,0 (2). Orange crystals of
2 were prepared by the same procedure as above using MnCl,,
4H,0. Yield: 350 mg, 60% with respect to manganese. ESI MS
(CH,Cl,); m/z, 545.00 {2-(0.5H,0 + Cl)}*. Elemental anal. (%)
for C,uH,,CLLMnN(O,;: calcd. C 48.92, H, 3.25, N 14.25; Found:
C 49.12, H 3.20, N 14.10; IR (KBr) (Vye/cm™: 3399 (m), 1630
(m), 1593 (s), 1529 (vs), 1352 (vs), 1201 (m), 1011 (s), 820 (s), 782
(s), 738 (s), 678 (m).

(E)-4-hydroxy-N-(pyridine-2-ylmethylene)aniline (Lon). To 4-
hydroxyaniline (215 mg, 2 mmol), 2-pyridinecarbaldehyde
(214 mg, 2 mmol) was added and mixed well to form a paste.
To this paste methanol (25 mL) was poured and heated to reflux

Table 1 Crystallographic data for 1 and 2

1 2
Chemical Formula C,,H,,CLLFeN;O,; C,;H,,Cl,MnN;O,;
FW/g mol™! 590.20 589.29
Space group P2,/c P2,/c
a/A 12.5743(9) 12.5083(3)
b//§ 14.0029(6) 14.1086(4)
c/A 15.1688(10) 15.2964(4)
pr° 113.043(4) 112.822(3)
v/A 2457.8(3) 2488.10(11)
VA 4 4
T/K 100(2) 100(2)
p./gcem™ 1.595 1.573
Reflections collected/26,,,,  12052/50.00 45198/63.06
Unique reflections 4308 8287
Rin 0.0403 0.0512
No. of parameters 343 343
A/A/p/mm™ 0.71073/0.878 0.71073/0.792
R,“/GOF* 0.0389/1.037 0.0427/1.019
‘WR, (I > 20(I)) 0.0736 0.0986
Residual density/e A= +0.44/-0.34 +1.103/-0.98

Observation criterion: I > 20(1)."R, = Z||F,| — |F.||/Z|F,|.*GOF =
EwFES? = FAPV(n = p)}'2, cwR, = [Z[W(F? — FA)2/Z[w(F )]
where w = 1/[0*(F,?) + (aP)* + bP], P = (F,>+2F)/3.

for 15 min. Immediately a yellow solid separated out. The reaction
mixture was cooled at 20 °C, filtered and the residue was dried in
air. Yield: 285 mg (73% with respect to 4-hydroxyaniline). EST MS
(MeOH): m/z, 198.93; dy4 (300 MHz; DMSO-d,; Me,Si) 9.68 (s,
O-H), 8.68 (1 H, d, 6-H), 8.60 (1 H, s, -N=CH), 8.12 (1 H, d,
3-H), 7.92 (1 H, t, 4-H), 7.48 (1 H, t, 5-H), 7.30 (2 H, d, 10-H &
14-H) and 6.83 (2 H, d, 11-H & 13-H). Elemental anal. (%) for
C,H,,N,O: calcd. C 72.72, H 5.08, N 14.13. Found: C 72.69, H
5.01, N 14.11. IR (KBr) (Vppa/cm™: 2923 (m), 1579 (vs), 1508 (vs),
1474 (m), 1438 (s), 1275 (vs), 1240 (vs), 1007 (m), 840 (s), 818 (m),
770 (s) and 546 (s).

X-Ray crystallographic data collection and refinement of the
structures

Single crystals of 1 (green) and 2 (orange) were picked up with
nylon loops and were mounted in the nitrogen cold stream
of the diffractometer. Final cell constants were obtained from
least squares fits of all measured reflections. Intensity data were
corrected for absorption using intensities of redundant reflections.
The structures were readily solved by direct methods and subse-
quent difference Fourier techniques. The crystallographic data of
1 and 2 are listed in Table 1. The Siemens SHELXTL?"* software
package was used for solution and artwork of the structure,
SHELXL-97*"® was used for the refinement. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms, except hydro-
gen atoms of the solvate water molecules, were placed at calculated
positions and refined as riding atoms with isotropic displacement
parameters. A water molecule of crystallization forms hydrogen
bonds to coordinated chloride ions of two neighbouring complex
molecules in isostructural complexes 1 and 2. The water molecule
was found to be disordered next to a crystallographic inversion
centre. The oxygen atom was therefore refined with an occupation
factor of 0.5. Due to this disorder, location of hydrogen atoms was
not successful.
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Density functional theory (DFT) calculations

All calculations reported in this article were done with the
Gaussian 03W? programme package supported by GaussView
4.1. The DFT® and TDDFT?* calculations have been performed
at the level of Becke three parameter hybrid functional with the
non-local correlation functional of Lee-Yang-Parr (B3LYP)*
In gas-phase, the geometry of 1 on X-ray coordinates, but
geometries of (L?),Fe"'Cl, (3), and (bpy),Fe"Cl, (4)®*c on the-
oretical coordinates have been optimized using Pualy’s Direct
Inversion® in the Iterative Subspace (DIIS), ‘tight’ convergent
SCF procedure? ignoring symmetry. The DFT calculations of
2 have been carried out using single crystal X-ray structural
coordinates. In all calculation, a LANL2DZ basis set along with
the corresponding effective core potential (ECP) was used for iron
or manganese metal atoms.?**° Basis set 6-31G*' for H has been
used. For non-hydrogen atoms first polarization functions have
been added. Basis set 6-31G(d,p)** for C, N, O and 6-311G(d,p)**
for Cl atoms are employed for the calculation of 1, 2, and 3.
For 4, we faced problem and have incorporated both polarization
and diffusion functions. Basis set 6-31++G**3*3 for C and N
atoms has worked successfully to converge in SCF. To compare
the ground state energies and ligand orientations, the geometries
of cce, ttt, cct and ctc isomers of iron have been optimized using
DIIS and ‘tight’ convergence in SCF. The geometry of cct isomer
failed to converge because of crowding and unexpected bonding
interactions. The percentage contribution of metal, chloride and
ligands of the frontier orbitals of 1 (g), have been calculated
using GaussSum programme package.’ The sixty lowest singlet
excitation energies on the optimized geometry of 1 (g) in methanol
have been calculated by TDDFT method using conductor-like
polarisable continuum model (CPCM).% The nature of transitions
has been calculated by adding the probability of same type among
alpha and beta molecular orbitals.

Results and discussion
Syntheses of complexes

Pre-isolation of pure aldimine ligand, (E)-3-nitro-N-(pyridine-2-
ylmethylene)aniline (Lyo,?) did not succeed. But to study, the
emission properties of the ligand backbone, (E)-4-hydroxy-N-
(pyridine-2-ylmethylene)aniline (Loy) ligand has been isolated in
good yield and characterized. The Loy ligand does not afford any
product with Fe(i1) or Mn(11) metal ions. Two tcc-isomers of iron
and manganese isolated in this work with Lyo,? ligand, are shown
in Fig. 1 and 2 (tcc refers to trans—cis—cis positions with respect
to pyridine N-imine N-CI donors). Two unsymmetrical diimine
ligands in these complexes are non-equivalent which are defined
as Lyo,? (¢ = dihedral angle between the diimine unit including
pyridine ring and phenyl ring planes). The complexes are abbre-
viated as (Lyo,” )(Lxo,”?)M"Cl, where ¢,, ¢, are dihedral angles
for two different diimine ligands. The crystalline compounds of 1
and 2 with water as a solvent of crystalization have been prepared
in high yield in a single step reaction of 2-pyridinecarbaldehyde,
3-nitroaniline and hydrated metal dichloride in methanol at room
temperature. Yield of 1 is higher in anaerobic environment. Reac-
tion of 2-pyridinecarbaldehyde with aniline in similar condition
does not afford any product. We failed to isolate any product

Table 2 Selected bond lengths (A) and angles (°) of 1 and 2

1 2
Fel-N1 2.195(2) Mnl-Nl1 2.2759(15)
Fel-N21 2.187(2) Mnl-N21 2.2843(16)
Fel-N8 2.298(2) Mnl-N8 2.4176(15)
Fel-N28 2.234(2) Mn1-N28 2.3300(15)
Fel-Cl40 2.4394(8) MnI-Cll 2.4496(6)
Fel-CIS0 2.3449(8) Mnl-CI2 2.4012(5)
NI-Fel-N21 163.54(9) NI-Mnl-N21 161.68(6)
N28-Fel-CI50 162.92(7) N28-Mnl-CI2 157.90(4)
N8-Fel-Cl40 164.29(7) N8-Mnl-Cll 161.41(4)
C150-Fel-Cl40 100.27(3) CI2-Mn1-ClI 103.82(2)

with 2-nitro or 4-nitroanilines. It is noteworthy that in both
cases, with Lyo,?, only fcc-isomer of possible five stereoisomers
crystallizes from the reaction mixtures.

Molecular structures

Single-crystal X-ray structure determinations at 100 K have
confirmed the tcc geometry of 1 and 2. Molecular geometries
of the species in crystals have been shown in Fig. 1 and 2. Selected
bond parameters of 1 and 2 are listed in Table 2. In 1, the
average Fe-N (pyridine) distance, 2.190(2) A is shorter than the
average Fe—N(imine) distance, 2.266(2) A. These bond parameters
are comparable to those of Fe(phen),Cl,. The Cl-Fe—Cl angle in
Fe(phen),Cl,, 100.26(3)° is similar to that in 1.

But the supramolecular chemistry of 1 (illustrated below)
contrasts Fe(phen),Cl, in which only the n—r stacking has been
evidenced.' The similar features have been observed in 2. The
Mn(11)-N(pyridine) distance is shorter than the average Mn-—
N(imine) distances, 2.3738(15). In all three cases, two cis-M—Cl
distances are not equal. The most important feature is that the
two diimines in the crystals of 1 and 2 are non-equivalent which
are defined by ¢. In 1, two diimine ligands are Lyo,™* and Lyo,””
as in Fig. 3. In 1, the diimine unit including the pyridine ring (A)
of Lyo,*¢ forms a good plane of mean deviation around 0.01 A.
In Lyo,”?, the mean deviation of the plane of the diimine fragment
with the pyridine ring (C) is about 0.05 A. The orientations of the
two ligands in 2 are very similar to 1. In 2, two diimine ligands
are Lyo,” and Lyo,”*. In1and 2, the " orbitals respectively of L7
and L”* ligands will be more destabilized compared to Lyo,*’
(Chart 2) leading to distinct UPMOs. In lattice, such molecular
orientation has been forced to avoid the interaction between the
two aromatic rings. To minimize the crowding, pyridine (A) and
the 3-nitrophenyl (D) rings remain parallel. The distance between

Fig.3 Non-equivalent orientations of two diimine ligands of 1 in crystals.

This journal is © The Royal Society of Chemistry 2011
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Table 3  Significant weak bonding distances (A) in crystals of 1

Table 4 Significant weak bonding distances (A) in crystals of 2

O17-N15 2.901 H5-Cl40 2.739
036-N15 2.953 HI12-CI50 2.663
H4-017 2.445 H23-Cl40 2.839
H24-036 2,516 H27-CI50 2.659
H10-O(HOH) 2.363 O(HOH)-C140 2.967
H34-O(HOH) 2.392 H7-O(HOH) 2.333

O16-NI5 2.867 H5-ClI 2734
037-N15 2.940 HI2-CI2 2.651
H4-016 2.429 H32-CI2 2.302
H24-037 2.482 H27-CI2 2.659
H7-O(HOH) 2.327 O(HOH)-CI40 2.871
H30-O(HOH) 2.302

the centres of these two rings is 3.589 and 3.962 A respectively for
1and 2.

Non-bonding assemblies

Out of the possible five stereo-isomers, ie., tcc, ctc, cce, ttt,
cct, the reaction mixtures afford only well-shaped isolable crys-
tals of the tcc-isomers as the products which display strong
intermolecular non-bonding interactions furnishing 2D and 3D
assembly. The non-bonding assemblies have been realized be-
cause of the (i) pendent NO,-NO, (ii)) NO,~-H (aromatic) (iii)
cis-MCl,—HOH(solvent) (iv) cis-MCl,—H(aldimine) (v) cis-MCl,—
H(aromatic) and (vi) HOH-H non-bonding interactions. The
different types of effective intermolecular non-bonding lengths
of 1 have been listed in Table 3.

The interligand H-bonding among aromatic hydrogen atoms
and -NO, groups results the H-bonded double-stranded orienta-
tion of the coordinated diimine ligands which are wrapped around
and helical with respect to Fe(i1)-Fe(11) axes forming dinuclear
double-stranded helical assembly as in Fig. 4. A weak bonding
centro-symmetric [2 X 2] grid type assembly has been the building
blocks of the 3D architecture of 1. The dipole of the hanging —
NO, group at the 120° angle of the aldimine function interacts with
the dipole of the -NO, group of another molecule and generates
a novel [2 x 2] parallelogram (Fe-Fe = 12.574 and 11.523 A,
Fe-Fe-Fe = 118 and 62°) grid (1a) as in Fig. 5. The assembly
1a is interlinked via Cl atoms and H,O molecules as in Fig. 5
(Fe—Fe = 9.504 A, Fe—Fe—Fe = 138.9 and 41.1°) constructing 2D
assemblies which are helical in nature and assemble to a channelled
3D architecture by strong inter-helices H-bonding interactions.
Similar to iron, the non-covalent tetranuclear [2 X 2] parallelogram
(Mn-Mn = 12.508 and 11.767 A, Mn-Mn-Mn = 117.7 and 62.3°)
grid has been stabilized as in Fig. 6. This tetranuclear assembly of
manganese is the building block of the 3D architecture of 2. The
different types of effective intermolecular non-bonding lengths
have been listed in Table 4. The assembly is interlinked via Cl atoms
and H,0 molecules as in Fig. 5 constructing 2D assemblies which
are helical in nature and results to a channelled 3D architecture
by strong inter-helices H-bonding interactions.

Fig.4 Double-stranded dinuclear helices in 1.

Fig. 5 Centrosymmetric LyFe,Cl; assembly (la) of 1 (top) and self
assembling of 1a with H,O along a particular plane (bottom) extracted
from the packing diagram along a axis.

Fig. 6 Centrosymmetric LiMn,Cls assembly of 2.

Gas phase geometry

Orientations of the two unsymmetrical diimines in the crystals
have already been confirmed by single-crystal X-ray structure
determinations of 1 and 2. Geometries of all possible isomers
of iron in gas-phase have been optimized at the DFT/B3LYP level
of the theory. The important finding is that the non-equivalence of
the two diimine ligands in fcc-isomer prevails in gas phase also. In
the optimized geometry of the isomer, the orientations of the two
aryl rings around =N-C bond are different with ¢, =42° and ¢, =
61°. Thus, in gas phase, 1is defined as 1 (g), (Lxo, *)(Lno,*')Fe" Cl,.
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Calculations have also established that compared to ¢z, ctc and ccc
isomers, 1 (g) is stabilized at least by 5.5, 12.7 and 23.1 kJ mol™,
respectively, as in Scheme 1. The minimum energy of the zcc isomer
in gas-phase correlates well with the experimental finding of the
isolated product. Further, the luminescence and lifetime data of the
species in methanol glasses as given below, predict the presence of
only one isomer in solution too. Moreover, it is to be noted that the
two diimine ligands only in 1 (g) are non-equivalent. In all other
ttt, ccc, cte isomers, the two ligands are equivalent (Scheme 1).
We failed to isolate any metal complexes without the nitro group
in the ligand. But to calibrate the effect of the nitro group, we
have optimized the structure rcc-FeL,Cl, (3), by a similar method.
It is found that the two diimine ligands in 3 are equivalent as
in Fe(bpy),Cl, (4). In 3, both the aryl rings are rotated only by
46° with respect to the diimine fragment and both the ligands
are abbreviated as L*. Unfortunately, due to strong interaction
between two aryl rings approaching to bonding distances, cct
isomer fails to converge in SCF and it appears to be the least
stable. It concludes that the non-equivalence is the selectivity of
these bis(unsymmetrical diimine) species in solids and even, in gas
phase.

XA

(

)

tee-Fe(L*)Cl, (3)

Fe(bpy).Cl; (4)

ttt-(LNoz"G O)ZFCHCIZ
-2598.62650

(LNozu)(LNozGl)Fe“C]z, 1(g)
-2598.62858

CtC-(LNozﬁ'U)zFC“Clz
-2598.62373

CCC-(LNOQQ'U)zFClIC]z
-2598.61978

Scheme 1 Optimized geometries and energies (a.u.) of possible isomers
of iron in gas phase.

Maoéssbauer spectra and magnetic measurements

Quadrupole splitting in Mdssbauer spectra is a shift in nuclear
energy levels that is induced by an electric field gradient caused
by nearby electrons, i.e. coordinated ligands.’” Different isomers
with different dipole moment, of course, produce different electric
field gradient resulting in different quadrupole splitting. The
combination of isomer shift and quadrupole splitting is thus used
to identify the valence state and site occupancy of a Mdssbauer
active element in complexes and has been a tool to follow
isomerization.*® For octahedral iron complexes, it was reported
that the quadrupole splitting of a frans-isomer is twice of that of
a cis-isomer.*

Only one doublet in Zero field Mdssbauer spectrum at 80 K of
1 (Fig. 7) has prompted the presence of one pure stereoisomer and
the identical iron centers in the isolated bulk compound. Isomer
shift, 1.096 mm s and the quadruple splitting, 3.055 mm s
parameters are corroborated with the iron(i1) high spin state.
Variable-temperature SQUID were performed on powder samples
and the temperature independent magnetic susceptibilities at the
range of 40-200 K clearly correspond to the ground state of total
spin S =2 for 1 as in Fig. 8 and S = 5/2 for 2. Thus, all these
complexes belong to high spin dihalobis(diimine)M(11) family.

1.00
0.96
0.92
0.8
0.841
4 2 0 2 4
Velocity [mms™]

Fig.7 Zero-field Mdssbauer spectrum of bulk sample of 1 at 80 K.

Relative Transmission

Photophysical properties

The absorption and emission spectral data of 1 and 2 in methanol
have been summarized in Tables 5 and 6. Absorption spectra
are shown in Fig. 9(a). All these complexes display very strong
absorption bands at 300-200 nm and moderately strong band at
above 300 nm. The absorption feature of these species is solvent

Table 5 UV-vis spectral data of 1 and 2 in MeOH and CH,Cl, solvents

Compound Solvent Amar/0M (¢/M™'cm™)

1 MeOH 425 (7250), 348 (9900), 246 (18 850)
CH,(Cl, 318 sh (28 920)

2 MecOH 366 (4110), 259 (56 510), 203 (35 000)
CH,Cl, 322 sh (28 690)

This journal is © The Royal Society of Chemistry 2011
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Table 6 Excitation (4.,), emission (A.,) maxima and luminescence life-
times of 1 and 2 in frozen MeOH glasses at 77 K

Compound A /nm A.,/nm Lifetime/ns (A at 356 nm) x> 7,/ns

1 370 521 7, =6.8 (3.0%) 1.3 0.57
7, =0.44 (97.0%)

2 368 524 7,=9.7 (2.8%) 1.1 0.90

7,=0.65 (97.2%)

0 100 200
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Fig. 8 Variable-temperature magnetic moment, [, Uy, of 1.
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Fig.9 UV-vis spectra of 1 (red), 2 (green) in (a) MeOH (b) CH,Cl,.

dependent. In dichloromethane solvent, the absorption spectra are
not well structured as in methanol. The spectra in dichloromethane
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Fig. 10 (a) Excitation (blue), emission (red) spectra of 1 and (b) emission
spectrum of 2 (green) in frozen MeOH glasses at 77 K.

have been shown in Fig. 9(b). It evidently shows that absorption
feature of 1 and 2 in dichloromethane is metal independent. The
low energy band above 350 nm is missing in dichloromethane
solvent.

In contrast to (bpy),FeCl, and (phen),FeCl,, compounds 1 and
2 are luminescent. Emission spectra of the frozen methanol glasses
with the concentration in the order of 10~ mol L™ have been
recorded at 77 K with A, at 370 and 368 nm (Table 6) for 1
and 2. The luminescence spectra are displayed in Fig. 10. The
luminescence lifetimes of the species have been measured exciting
at 356 nm. The data has been fitted well with the one component
more than 97%. All these parameters do not imply presence of any
other isomers in solution.

The compounds are not luminescent in dichloromethane—
toluene glasses. We failed to isolate the free Lyo, ligand but the
emission property of the ligand backbone has been investigated
with the isolated Loy ligand. It is observed that the free Loy ligand
is not emissive in solid, solutions even at 77 K. The origins of the
absorption and luminescence of 1 and 2 have been elucidated
by TD-DFT calculations and the results have been described
below.
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Localization of LUMOs and excited states

Ground state electronic structure and features of the molecular
orbitals of 1 have been analyzed by density functional theory
calculations at the unrestricted B3LYP level. The geometry of
1 in gas-phase was optimized with quintet spin state without
any symmetry constraint using tight convergence in SCF. The
bond parameters of the optimized structure are as follows: Fe—
N (Py) = 2.263, 2.253; Fe-N(imine) = 2.351, 2.387; Fe-Cl =
2.440, 2.392; -CH=N- = 1.281, 1.282;—~CH=N(Py) = 1.351,
1.350;, =CH-C(Py) = 1.466, 1.465 A. The calculated bond
lengths of the coordination sphere differ significantly from the
experimental single crystal structure which displays strong non-
bonding intermolecular interactions. The other bond parameters
of the ligand correlate well with the experimental bond distances.
The spin density distribution of optimized molecule of 1 is as
follows: Fe, 3.68; Cl, 0.096; N, 0.05 which are consistent with the
Fe(11) high spin state.

The calculation has established the structure of the UPMOs.
It has summed up the effect of the two non-equivalent diimine
ligands. Two halves of a ligand behave independently and two
ligands construct four closely spaced localized unoccupied molec-
ular orbitals as in Fig. 11. The alpha LUMO is localized on the
less conjugated Lyo,” ligand while the beta LUMO is localized
on Lyo,* ligand. The alpha LUMO + 1 is composed of Lyo,*
ligand but the beta LUMO + 1 is composed of Lyo,*'.

Effect of non-equivalence of two coordinated diimines has also
been noted in the LUMO + 2 and LUMO + 3 orbitals. The alpha
LUMO + 2 and LUMO + 3 are localized respectively on Lyo,*
and Lyo," ligands but the prime components of beta LUMO +
2 and LUMO + 3 are Lyo,” and Lyo,* ligands. Beta HOMO is
an iron d-orbital while alpha HOMO and HOMO - 1 have mixed
origins.

The structure of UPMO is different in 3. In compared to 1,
compound 3, has only two closely spaced unoccupied molecular
orbitals that are delocalized over two diimine ligands. LUMO
and LUMO + 1 are equally distributed over the two diimine
ligands. Each of the diimine ligands contributes 48-50% to the
LUMO and LUMO + 1 (alpha and beta) orbitals. Thus, both the
first and second excited states are delocalized over two diimine
ligands. Similar structure of the UPMOs has been noted in non-
emissive (bpy),FeCl, (4) where two bpy ligands are equivalent.
Two low-lying " orbitals of 4 are delocalized over two bpy
ligands. With the two non-equivalent diimine ligands and nitro
substituents complexes 1 and 2 are different. They possess lower
symmetry which prompts the localized excited state with higher
transition dipole moment change (Au # 0) with higher probability
of absorption.

Excitation energies

To elucidate the origin of the Iuminescence of 1 and 2, TD-
DFT calculations were carried out on 1 in methanol using
CPCM model. The transition types of the lower energy absorption
maxima are summarized in Table 7. Analyses have found out two
types of transitions for the absorptions. These are metal to ligand
charge transfer (MLCT) and intraligand (IL) or ligand to ligand
charge transfer (LLCT). Excitation energies of the transitions with
oscillator strength greater than 0.015 for the above 340 nm have

o-MO B-MO

Localized on

7N\

61
Lo,

LUMO+3
-2.46 eV

LUMO+3
-2.47 eV

LUMO+2
-2.63 eV

~

-2.57 eV

LUMO+1

61
Lo, 276V

61
Lo,

LUMO
-2.7eV

(,C HOMO-1

2" -
Lo, -6.97 eV

HOMO-1 & 61
672ev 71 Lo,
Fig. 11 Localized photoactive alpha and beta molecular orbitals of 1 (g)

(isosurface value 0.04).

been tabulated. As the range of excitation wavelength for the
emission is 340-370 nm, the absorption peak at 348 nm (A,,,,) or
longer wavelength is worthy investigating. The origin of calculated
bands at 345.97 nm (f = 0.024) and 346.52 nm (' =0.017) has given
an insight of the origin of the transition of the experimental band
at 348 nm. Simulation of the absorption spectrum from the output
file of the TD-DFT calculations of 1 in methanol has been shown
in Fig. 12 which displays similar features of the experimental
spectrum (Fig. 9(a)).

It is important to assign the origin of the observed low energy
broad band in the range of 400-490 nm with the maxima at 425 nm
of 1. TD calculation of 1 has found a weak band at 485 nm (f =
0.0084) the origin of which is MLCT (Table 7). The analyses have

This journal is © The Royal Society of Chemistry 2011
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Table 7 Excitation maxima (nm), oscillator strength (f) of dominant transitions types with probabilities (>5%) from TD-DFT calculation of 1 in

methanol
Aea/ 001 (1) Significant contributions Dominant type
486.30 (0.008) B HOMO — LUMO (61%) dg. = ©*(Lyo,™)

B HOMO — LUMO + 2 (15%)

B HOMO — LUMO + 4 (15%)

o HOMO - | — LUMO + 1 (6%)
o HOMO — LUMO (12%)

o HOMO — LUMO + 1 (14%)

B HOMO -2 — LUMO + 1 (50%)
o HOMO - | — LUMO (21%)

o HOMO - | — LUMO + 1 (11%)
0 HOMO - | — LUMO + 2 (7%)
B HOMO - | — LUMO (25%)

B HOMO - 1 — LUMO + 2 (8%)

346.52 (0.017)

345.97 (0.024)

dre = *(Lyo,®)

dp. — dre

dre +7(Lxo,”") = 7*(Lyo,™)
dre + Lyo, = 7* (Lno,*")

dg. + Lyo, = 7 (Lyo,*)
n(Lno,”) = 7* (Lno,*")

dre +7t(Lyo,”) = ©* (Lno,™)
dre +1(Lyo,”) = 7*(Lyo,®)
dre +7(Lxo,”) = 1* (Lno,™)
T(Lyo, ) = m*(Lyxo,*)
T(Lyo,*) = 7*(Lno,*)

4, ILCT
- 3
S
_'Q
£ 2
= ILCT
0 | LLCT

1 | MLCT

(& MLCT
0 - L) ; . — : =Vl L]
300 400 500 600
A/ nm

Fig. 12 Simulated electronic spectrum from TD-DFT calculation of 1 in
methanol.

shown that inter- and intra- ligand charge transfers are the major
contributions of the two calculated absorption maxima at 346 nm
(Table 7). The lower energy absorptions at higher than 340 nm thus
have mixed MLCT, ILCT and LLCT origins which are absent in
less polar non-protic solvent (Fig. 9(b)) and the compounds have
accordingly been found to be non-emissive in dichloromethane
solutions.

The calculations further have inferred that relatively higher
energy absorptions at less than 330 nm are mainly due to ILCT
transitions. As it has already been established that the UPMOs are
localized, the MLCT and IL or LLCT excited states are expected to
be solvent dependent that is observed in the experimental spectra.
Again, the luminescence features of the species have been found
to be metal independent. On the basis of these analyses, IL and
LLCT dominated excited states at 350-370 nm with a shorter
luminescence life time have been assigned to the origin of emission
for these species.

The molecular geometry of 2 has not been optimized and all
calculations have been done on single-crystal X-ray structural
coordinates. The frontiers unoccupied orbitals of these species
display similar features of localization as in 1 in methanol
solution.

Conclusion

A single, optically active isomer of bis(unsymmetrical
diimine)MCl, (M = Fe, Mn) family has been isolated in the solid
state and substantiated by various experimental techniques. DFT
calculations have established the lowest ground state energy of the
tce-isomer in gas phase too. Because of the non-equivalence of
two diimine ligands, these isomers produce a band of four closely
spaced UPMOs that are localized. In contrast, the calculations
have established that two diimine ligands of tt¢, ccc, ctc isomers
in gas-phase are equivalent and form delocalized UPMO as in
non-emissive (bpy),FeCl, species. The complexes of iron and
manganese reported here are high spin but luminescent in frozen
methanol glasses at 77 K because of ILCT and LLCT dominated
excited state. Thus, co-ordination of unsymmetrical diimine lig-
ands to 3d metal ions constituting an origin of photoluminescence
is well worth investigating.
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