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Imidazo[4,5-f]-1,10-phenanthrolines: Versatile Ligands for the
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2-Aryl-substituted imidazo[4,5-f]-1,10-phenanthrolines were used as building blocks for metal-containing
liquid crystals (metallomesogens). Imidazo[4,5-f]-1,10-phenanthrolines are versatile ligands because they
can form stable complexes with various d-block transition metals, including platinum(II) and rhenium(I),
as well as with lanthanide(III) and uranyl ions and they can easily be structurally modified by a judicious
choice of benzaldehyde precursor. None of the ligands designed for this study were liquid-crystalline.
However, mesomorphism could be induced by their coordination to various metallic fragments. The
thermal behavior of the metal complexes depended on the metal-to-ligand ratio and the substitution pattern
of the coordinating ligands. Complexes with a metal-to-ligand ratio of 1:1 [ML, with M = Pt(II), Re(I)]
were not liquid-crystalline. The lanthanide(III) complexes with a metal-to-ligand ratio of 1:2 [ML,, with
M = Ln(IIl)] formed an enantiotropic cubic mesophase or were not liquid-crystalline, depending on the
nature of the lanthanide(III) ion and the substitution pattern of the ligands. A 1:3 uranyl complex of the
type [ML3]*" exhibited a hexagonal columnar mesophase over a broad temperature range. Self-assembled
monolayers of a europium(IIl) complex were investigated by scanning tunneling microscopy, which
revealed that the complex formed well-ordered structures over long distances at the 1-octanoic
acid—graphite interface. The rhenium(I) complexes and the europium(IIl) complexes with 2-thenoyltri-
fluoroacetonate or dibenzoylmethanate and imidazo[4,5-f]-1,10-phenanthroline showed good luminescence

properties.

Introduction

The rationale for incorporation of transition metals into
liquid crystals is the opportunity to combine the properties
of liquid crystals (which are anisotropic fluids) with the
unique properties of d-block and f-block transition metals
(e.g., their magnetic and photophysical properties and redox
behavior).'™ The design of metal-containing liquid crystals
(metallomesogens) is a challenge, because the presence of a
metal center often modifies the mesomorphic behavior of
the free ligand (e.g., by stabilization, modification, or
suppression of existing mesophases of the ligand or induction
of new mesophases).s’6 On the other hand, transition metals
aid in the construction of mesogenic materials with original
molecular architectures that cannot be obtained by the use
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of pure organic systems. Examples are lanthanide(II)
complexes,%11 gold metallacrowns, ' macrocyclic azacrown
complexes,'*™'> and long-chain carboxylate metal salts.>'®
Additionally, the radius of the metal ion can influence the
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transition temperatures and even the type of mesophase. This
effect has been studied in mesogens of trivalent lanthanide
ions'’' and of divalent transition metal ions.'>2°2¢ By
taking advantage of the variation of the coordination number
through a proper choice of the metal ion, one can obtain
complexes with different metal-to-ligand ratios and molecular
geometries, and thus, modifications in the mesophase be-
havior are expected. However, in order to study the influence
of the metal ion on the thermal behavior of metallomesogens,
it is necessary to have ligand systems that are able to form
complexes with many different types of metal ions. Good
examples are provided by the metal alkanoates, for which
covalent or ionic bonding between the metal and the
carboxylate groups is observed, depending on the choice of
the metal.>'® Also, varying the oxidation state of the metal
yields ML, ML, and M,L4, and ML; complexes having
metal-to-ligand ratios of 1:1, 1:2, and 1:3, respectively.
Another versatile system is provided by metal -diketonates,
for which complexes with metal-to-ligand ratios varying
between 1:1 and 1:4 have been prepared.?’ >

It is known that 1,10-phenanthrolines are able to form
complexes with a variety of metal ions.*® However, there
are only a few examples of metallomesogens with 1,10-
phenanthroline derivatives as ligands,>” ™ and the number
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of mesomorphic metal-free 1,10-phenanthrolines is also
limited.*®*' The development of liquid-crystalline 1,10-
phenanthrolines has been hampered by synthetic difficulties,
mainly involving solubility problems and the formation of
unwanted side products. We explored a published approach
for functionalizing 1,10-phenanthrolines that is based on
2-arylimidazo[4,5-f]-1,10-phenanthroline heterocycles.****4>
2-Arylimidazo[4,5-f]-1,10-phenanthroline can easily be pre-
pared in one step, and the possibility of varying the
substitution pattern directly at the benzaldehyde-precursor
stage provides easy access to a rich variety of building
blocks. These ligands have been used in the past for
formation of complexes with ruthenium(Il)** and as a
coligand in luminescent lanthanide(II) complexes.44

Here we discuss the influence of the metal ion and the
geometry of the complex, the substitution pattern, and the
length of the alkoxy chain on the mesomorphic properties
of imidazo[4,5-f]-1,10-phenanthroline-based derivatives. The
structure and thermal behavior of these compounds differed
from those of the related imidazo[4,5-f]-1,10-phenanthrolines
bearing 4-cyanobiphenyl groups connected via a long alkyl
spacer, on which we have reported previously.”® The
compounds presented in this paper had a metal-to-ligand ratio
of 1:1 or 1:2, depending on the metal ion: a 1:1 square-
planar platinum(II) complex, 1:1 octahedral rhenium(I)
complexes, and 1:2 trivalent lanthanide complexes were
studied. A 1:3 uranyl complex of the type [ML;]*" that was
described in an earlier communication®® has also been
included here, in order to facilitate the discussion of the
relationship between molecular structure and mesomorphism.
Self-assembled monolayers of a europium(IIl) complex were
studied by scanning tunneling microscopy (STM), and the
photophysical properties of the rhenium(I) complexes and
lanthanide(III) complexes were investigated.

Experimental Section

General Procedures. Nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Avance 300 spectrometer
(operating at 300 MHz for 'H) or a Bruker AMX-400 spectrometer
(operating at 400 MHz for "H). Elemental analyses were obtained
using a CE Instruments EA-1110 elemental analyzer. Optical
textures of the mesophases were observed with an Olympus BX60
polarizing microscope equipped with a Linkam THMS600 hot stage
and a Linkam TMS93 programmable temperature controller.
Differential scanning calorimetry (DSC) traces were recorded with
a Mettler-Toledo DSC822e module. Electrospray ionization (ESI)
spectra were recorded on a Thermo Finnigan LCQ Advantage mass
spectrometer.

All STM experiments were performed at 20-22 °C using a
PicoSPM apparatus (Molecular Imaging). STM tips (80:20 Pt/Ir,
0.2 mm diameter) were prepared by mechanical cutting. Prior to
imaging, the compound was dissolved in 1-phenyloctane or octanoic
acid at a concentration of 1 mg g~ '. A drop of the solution was
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applied onto a freshly cleaved surface of highly oriented pyrolytic
graphite (HOPG, grade ZYB, Advanced Ceramics Inc., Cleveland,
OH). The STM tip was immersed in the solution, and images
were recorded at the liquid—solid interface. The STM images were
acquired in variable-height mode. The measured heights were
converted into a gray scale. To check for reproducibility and avoid
artifacts, the experiments were repeated over several sessions using
several tips. To facilitate analysis, recording of a monolayer image
was followed by imaging of the underlying graphite substrate using
the same experimental conditions, except for a lower bias voltage.
The images were corrected for drift via Scanning Probe Image
Processor (SPIP) software (Image Metrology ApS), using the
recorded graphite images for calibration purposes, allowing a more
accurate unit-cell determination. The imaging parameters (bias
voltage and tunneling-current setpoint) are indicated in the figure
captions.

X-ray diffraction (XRD) patterns were obtained using two
different experimental setups, and in all cases, the powdered sample
was contained in Lindemann capillaries having a diameter of 1 mm
and a wall thickness of 10 um. A linear monochromatic Cu Ka,
beam (A = 1.5405 A) obtained with a sealed-tube generator (900
W, Inel) and a bent quartz monochromator (Inel) were used. One
set of diffraction patterns was registered with an Inel CPS 120
curved counter, for which the sample temperature was controlled
within £0.05 °C from 20 to 200 °C; periodicities up to 60 A could
be measured. The other set of diffraction patterns was registered
on an image plate. Periodicities up to 90 A could be measured,
and the sample temperature was controlled within 0.3 °C from
20 to 350 °C.

Crystal Data for Compounds [Eu(tta);Lxmi], [ReBr(CO);
Lxml, and L;. Yellow single crystals of [Eu(tta)sLxm]-MeOH
(where tta is 2-thenoyltrifluoroacetonate), [ReBr(CO);Lxi]  DMF,
and L;EtOH were obtained by slow evaporation of solutions of
the compounds in methanol (MeOH), dimethylformamide (DMF),
and ethanol (EtOH), respectively, in a refrigerator at 4 °C. X-ray
intensity data were collected on a SMART 6000 diffractometer
equipped with a CCD detector using Cu Ka radiation (1 = 1.54178
A). The images were interpreted and integrated with the program
SAINT from Bruker.*’

[Eu(tta);Lxi ]+ MeOH: CyH3EuFgN4OoS;, M = 120524 ¢
mol ', triclinic, PT (No. 2), a = 10.8917(8) A, b = 15.6770(11)
A, ¢ =159877(8) A, o = 117.819(3)°, B = 97.656(4)°, y =
93.066(5)°, V= 2371.93) A3, T=10012) K, Z= 2, Pealc = 1.688
gcem 2, u(Cu Ko) = 11.548 mm ™', F(000) = 1205, crystal size
0.4 x 0.25 x 0.2 mm, 8621 independent reflections (R;,, = 0.0951).
Final R = 0.0581 for 7168 reflections with I/ > 20(/) and wR2 =
0.1454 for all data.

[ReBr(CO);Lyy;]* DMF: Cy5HoBrNsO4Re, M = 719.56 g mol ',
triclinic, PT (No. 2), a = 8.890(6) A, b = 10.729(7) A, ¢ =
13.263(8) A, o = 81.23(4)°, f = 71.34(4)°, y = 80.52(4)°, V =
1175.4(13) A3, T=1002) K, Z = 2, Peale = 2.033 g cm™?, u(Cu
Ko) = 12.479 mm ™', F(000) = 692, crystal size 0.4 x 0.2 x 0.2
mm, 3796 independent reflections (R;, = 0.0734). Final R = 0.0556
for 3236 reflections with I > 20(I) and wR2 = 0.1803 for all data.

L;*EtOH: C37H5oN4Oo, M = 582.81 g mol ', triclinic, PT (No.
2), a =9.9760(13) A, b = 11.2810(13) A, ¢ = 15.387(2) A, a. =
70.760(8)°, = 81.138(8)°, v = 84.700(9)°, V = 1613.8(4) AT
= 1002) K, Z = 2, peare = 1.199 g cm ™3, u(Cu Ka) = 0.577
mm~ ', F(000) = 632, crystal size 0.4 x 0.25 x 0.15 mm, 5869
independent reflections (Riy = 0.0741). Final R = 0.0682 for 3358
reflections with 7 > 20(I) and wR2 = 0.1960 for all data.

(45) SAINT, version 5/6.0; Bruker Analytical X-ray Systems Inc.: Madison,
WI, 1997.
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All three structures were solved by direct methods and refined
by full-matrix least-squares analysis on F? using the SHELXTL
program package.*® Non-hydrogen atoms were anisotropically
refined, and the hydrogen atoms in the riding mode with isotropic
temperature factors were fixed at 1.2 x U,q of the parent atoms
[1.5 x Ueq for methyl groups]. Crystallographic information files
are provided in the Supporting Information.

Synthetic Procedures. All chemicals were purchased from Acros
Organics.

(1) Synthesis of Ligands L,—Ly;. The appropriate alkoxybenzal-
dehyde (1 equiv) was added to a warm solution of 1,10-phenan-
throline-5,6-dione** (2) (1 equiv) and ammonium acetate (8.5 equiv)
in glacial acetic acid, and then the mixture was heated to 85 °C for
5 h. After the reaction mixture was cooled to room temperature, it
was poured into 100 mL of water and neutralized to pH 7 with an
aqueous ammonia solution. The precipitate was filtered off, washed
with distilled water, and dried. The crude product was purified on
a silica column using 50:50:10 CHCls/hexane/MeOH as the eluent.
Because the compound held solvents firmly, it was dried in a
vacuum oven at 50 °C. Analytical data for ligands Li—Lx; are
available in the Supporting Information.

(2) Synthesis of Ligand Lyy. Under a nitrogen atmosphere, sodium
hydride (0.75 mmol, 0.030 g of a 60% dispersion in mineral oil)
was added to a solution of ligand Ly (0.36 mmol, 0.28 g) in dry
DMF (10 mL), and the mixture was heated to 100 °C under a
nitrogen atmosphere. Ethylbromide (0.46 mmol, 0.050 g) was then
added dropwise, and the mixture was heated to reflux for 12 h under
a nitrogen atmosphere. NaBr that formed upon cooling was filtered
off, and the solvent was removed under reduced pressure. The crude
product was purified on a silica column using 50:50:10 CHCls/
hexane/MeOH as the eluent. Analytical data for ligand Ly are
available in the Supporting Information.

(3) Synthesis of the Platinum(Il) Complex [PtCl;Lx;]. A solution
of [PtCIy(NCPh),] (0.140 mmol, 0.066 g) in chloroform was added
to a solution of ligand Lx; (0.107 mmol, 0.100 g) in chloroform,
and the mixture was refluxed for 5 h. The solvent was then removed
under reduced pressure, and diethyl ether was added. Excess
[PtCl,(NCPh),] was removed by filtration, and ethanol was added
until precipitation occurred. The orange precipitate was filtered off
and dried in a vacuum oven at 50 °C. Analytical data for the
platinum(II) complex are available in the Supporting Information.

(4) Synthesis of the Rhenium(I) Complexes. Rhenium(I) pentac-
arbonyl bromide (1 equiv) was added to a solution of the appropriate
ligand (1 equiv) in toluene, and the mixture was refluxed for 3 h.
The solvent was then removed under reduced pressure, and the
crude product was purified on a silica column using 50:50 CHCIs/
hexane as the eluent. The complex was dissolved in a minimum
amount of CHCl; and precipitated in hexane or ethanol. The yellow
precipitate was filtered off and dried in a vacuum oven at 50 °C.
Analytical data for the rhenium(I) complexes are available in the
Supporting Information.

(5) Synthesis of the Lanthanide(Ill) Complexes. A solution of
LnCl3-xH,0 (1 equiv) in ethanol was added to a solution of the
appropriate ligand (2 equiv) in hot ethanol, and the solution was
stirred for 30 min at 65 °C. The yellow/orange precipitate that
formed was filtered off, washed with ethanol, and dried in a vacuum
oven at 50 °C. Analytical data for the lanthanide(III) complexes
are available in the Supporting Information.

(6) Synthesis of the Uranyl Complex. A solution of
UO,(CF5S05),*” (0.036 mmol, 0.020 g) in ethanol was added to a

(46) SHELXTL-PC, version 5.1; Bruker Analytical X-ray Systems Inc.:
Madison, WI, 1997.

(47) Berthet, J. C.; Lance, M.; Nierlich, M.; Ephritikhine, M. Eur. J. Inorg.
Chem. 2000, 1969-1973.
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Scheme 1. Synthesis of the
Imidazo[4,5-f]-1,10-phenanthroline Ligands
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warm solution of ligand Ly; (0.107 mmol, 0.100 g) in ethanol, and
the mixture was stirred for 30 min at 65 °C. The orange precipitate
that formed was filtered off, washed with ethanol, and dried in a
vacuum oven at 50 °C. Analytical data for the uranyl complex are
available in the Supporting Information.

(7) Synthesis of the Europium(Ill) Complex [Eu(tta)s;Ly].
[Eu(tta)3(H,0),]*® (1 equiv) was dissolved in ethanol and added
slowly to a solution of ligand Ly (1 equiv) in hot ethanol, and the
mixture was stirred for 30 min at 65 °C. After the mixture was
cooled to room temperature, a yellow precipitate formed and was
filtered off, washed with ethanol, and dried in a vacuum oven at
50 °C. Analytical data for the europium(IIl) complex are available
in the Supporting Information.

Results and Discussion

Synthesis and Characterization of the Ligands. Each
2-arylimidazo[4,5-f]-1,10-phenanthroline was prepared by a
condensation reaction between 1,10-phenanthroline-5,6-dione
2 and the appropriate polyalkoxylated benzaldehyde in the
presence of ammonium acetate and glacial acetic acid
(Scheme 1). The synthetic route was similar to the method
reported by Steck and Day for the preparation of 2-substituted
phenanthrimidazoles.*’ 1,10-Phenanthroline (1) was oxidized
to 2 according to a method described by Hiort et al.*?
Structure variations included the choice of different chain
substitution patterns for the benzaldehyde as well as variation
of the alkoxy chain length. 4-Hydroxybenzaldehyde (3), 3,4-
dihydroxybenzaldehyde (4), 3,5-dihydroxybenzaldehyde (5),
2,3,4-trihydroxybenzaldehyde (6), 2.4,5-trihydroxybenzal-
dehyde (7), and 3,4,5-trihydroxybenzaldehyde (8) were used
as starting products. They were prepared as their tetradecy-
loxypolyether (Lvy, Ly, Lix, Lx, Lxi) or hexadecyloxyether
(Ly) homologues. The 3,4-dialkoxybenzaldehyde series was
prepared with the alkoxy chains OC,;Hs, OC¢H,3, OCoHz,
OC4Hy9, OC;6Hs3, and OCsHs7 (L, L, Liv, Ly, Lvi, and
Lvi, respectively). We also investigated the influence of
alkylation of the N atom of the five-membered imidazole
ring. An overview of the different ligands is given in Figure
1. All of the imidazo[4,5-f]-1,10-phenanthrolines were
characterized by CHN analysis, 'H and '*C NMR spectros-
copy, and mass spectrometry (see the Supporting Informa-
tion).

(48) Melby, L. R.; Rose, N. J.; Abramson, E.; Caris, J. C. J. Am. Chem.
Soc. 1964, 86, 5117-5125.
(49) Steck, E. A.; Day, A. R. J. Am. Chem. Soc. 1943, 65, 452-456.
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Figure 1. Overview of the imidazo[4,5-f]-1,10-phenanthroline ligands.

Recently, we reported on the synthesis of liquid-crystalline
imidazo[4,5-f]-1,10-phenanthrolines containing mesogenic
4-cyanobiphenyl groups.®® This synthesis was successfully
applied for imidazo[4,5-f]-1,10-phenanthrolines containing
only aliphatic chains. However, the solubilities of these two
classes of ligands are very different. The imidazo[4,5-f]-1,10-
phenanthrolines containing mesogenic 4-cyanobiphenyl groups
are soluble only in dichloromethane, chloroform, tetrahy-
drofuran, and hot toluene. Therefore, metal complexes
involving the 4-cyanobiphenyl-substituted ligands were
prepared for only those cases in which the corresponding
metal salt precursors were soluble in solvents that can
dissolve the ligand: complexes of lanthanide(III) ions (with
tta as coligand) and rhenium(I). The corresponding metal
precursors [Ln(tta);(H,0),] and [ReBr(CO)s] are soluble in
chloroform and toluene, respectively, which are solvents that
also dissolve the ligands. Unfortunately, many metal salts,
such as cis-[RuCl,(bipy),], LnCls*xH,0, and UO,(CF;S03),,
are soluble only in water, methanol, or ethanol, rendering
the preparation of the corresponding coordination complexes
rather difficult. The imidazo[4,5-f]-1,10-phenanthrolines
containing only aliphatic chains are soluble in diethyl ether,



1282  Chem. Mater., Vol. 20, No. 4, 2008

Cardinaels et al.

Figure 2. Molecular structure of dimers of ligand L;. The bridging by ethanol molecules in dimers of the ligand is shown.

Figure 3. Molecular structure of dimers of ligand L;. The ligands are bridged
to form dimers via hydrogen bonding by ethanol molecules. This view
focuses on the hydrogen-bonding region of the dimers; the ligand alkyl
chains extend to the left and right beyond the edges of the figure.

hexane, and warm ethanol in addition to dichloromethane,
chloroform, tetrahydrofuran, and toluene, enabling complexes
of the lanthanide(III) and uranyl ions to be prepared without
experiencing solubility problems. We tried to obtain Ln(tta);
complexes with ligand Lyx;, but all of the trials were
unsuccessful because of the high solubility of this type of
lanthanide(III) complex; the complexes could not be selec-
tively precipitated, and as a result, the complexes obtained
by precipitation upon addition of ethanol were always
contaminated by traces of free ligand. The Eu(tta); complex
of ligand Ly could be obtained in good purity, but this
europium(IIl) complex is not mesomorphic. For the ligands
with short alkyl chains, the lanthanide(III) complexes had
lower solubilities than the ligands, which meant that these
complexes could be selectively precipitated.

It should be mentioned that all the ligands bound 0.5 equiv
of water (determined by CHN analysis). The bonded water
molecule could not be removed, even after a long drying
period in a vacuum oven at a temperature lower than the
melting point of the compounds. On the basis of the
molecular structure of L; (Figures 2 and 3), which was
determined by single-crystal X-ray diffraction, it is very
likely that all of the ligands form dimers in which a water
molecule connects two ligands via strong hydrogen bonds.
A strong intermolecular N—H-++O hydrogen bond appears
between the hydrogen atom attached to the imidazo nitrogen
of one ligand and an ethanol solvent molecule (H+:-O
distance: 2.01 A). This ethanol molecule is also connected
by hydrogen bonds to the nitrogens of the phenanthroline
part of a second L ligand (H++N distance: 2.26 A), and
the resulting dimer is arranged with the alkyl chains pointing
in opposite directions. The asymmetric unit contains one
crystallographically independent molecule.

The 'H and '*C NMR spectra of Ly (in which one of the
N atoms of the imidazole ring is alkylated with an ethyl
group) were compared with the spectra of all of the other

ligands (in which there is no alkylation of the N atoms of
the imidazole ring). For Ly, all of the heteroaromatic
carbons (six tertiary and seven quaternary carbon atoms of
imidazo[4,5-f]-1,10-phenanthroline) could be assigned via
two-dimensional (2D) 'H—'3C correlation spectroscopy
(HMQC and HMBC). For the other ligands, an intermolecu-
lar exchange reaction involving the N—H hydrogen atom
occurs between the two N atoms of the imidazole ring
(prototropic tautomerism).>® The rate of this exchange
reaction depends on many factors, such as concentration,
solvent, and temperature. In the case of a fast exchange
reaction, three resonances assigned to tertiary carbon atoms
and four resonances assigned to quaternary carbon atoms
should have been observed in the '>*C NMR spectrum, and
their chemical shifts should have been the averages of the
corresponding values for ligand Lxj. For a very slow
exchange reaction, the chemical shift values were expected
to be similar to those of the ligand Lx;. For an intermediate
exchange rate (the most frequently observed situation),
broadened resonances for the tertiary and quaternary carbon
atoms were observed at an average value, but usually the
two resonances of quaternary carbon atoms of the imidazole
ring were broadened beyond detection. The resonance of the
quaternary carbon atom between the two N atoms (i.e., in
the 2-position of the imidazole ring) was not affected by the
exchange process and produced a sharp signal at 152—-154
ppm. For all of the ligands, the carbons of the substituted
aryl group attached to the imidazo[4,5-f]-1,10-phenanthroline
gave sharp signals.

Synthesis and Characterization of the Metal Com-
plexes. The platinum(Il) complex was synthesized by a ligand-
exchange reaction between ligand Ly; and [PtCl,(NCPh),]
(1:1.3 molar ratio) in chloroform. The rhenium(I) complexes
were synthesized by reaction between the corresponding ligand
and [ReBr(CO)s] (1:1 molar ratio) in toluene. The lanthanide(III)
complexes were prepared by reaction between the corresponding
ligand and LnCl; + xH,O (2:1 molar ratio; Ln = La, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho) in ethanol. The [Eu(tta);L;] complex
was synthesized by reaction between ligand Ly and
[Eu(tta)s(H,0),] (1:1 molar ratio) in ethanol. The uranyl
complex was prepared by reaction between ligand Lyx; and
uranyl triflate (3:1 molar ratio) in ethanol.*® All of the metal
complexes were characterized by CHN analysis and mass
spectrometry (see the Supporting Information). The uranyl
complex was additionally characterized by IR spectroscopy and
'H and "*C NMR spectroscopy (see the Supporting Informa-
tion). Except for the uranyl complex, all of the metal complexes
contained water (the amounts of which were determined by
CHN analysis), for the same reason as that given for the ligands.

(50) Katritzky, A. R.; Karelson, M.; Harris, P. A. Heterocycles 1991, 32,
329-369.
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Figure 4. Overview of the different types of metal complexes, with ligand
Lx1 as the complexing ligand.
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Figure 5. Structure of the uranyl complex. The two noncoordinating triflate
counterions have been omitted.

Due to its unconventional propeller-like structure, it was possible
to obtain the uranyl complex free of bonded water molecules.
An overview of the different types of metal complexes (with
ligand Lyx; as the complexing ligand) is given in Figure 4. Figure
5 shows the structure of the uranyl complex.

Single crystals of the rhenium(I) complex [ReBr(CO);Lx]
and the europium(IIl) complex [Eu(tta);Lxi] (where Lxm
is phenylimidazo[4,5-f]-1,10-phenanthroline) were obtained
and examined by XRD. In the molecular structure of the
rhenium(I) complex [ReBr(CO)sLxy], three carbonyl ligands,
one bromide ion, and one Ly ligand are coordinated to the
rhenium(I) ion (Figure 6). The coordination number of the
rhenium(l) ion is 6, and the coordination polyhedron can be
described as a slightly distorted octahedron. Strong inter-
molecular N—H-++O hydrogen bonds appear between the
hydrogen atom of the imidazo nitrogen and the oxygen of a
DMF solvent molecule (H-+-O distance: 1.93 A). In addition,
pairs of complexes show weak, antiparallel w—s-stacking
interactions within a distance of about 3.5 A (Figure 7).

The molecular structure of [Eu(tta);Lxm] shows very
clearly that three bidentate tta ligands and one Lxyy ligand
are coordinated to the europium(Ill) ion (Figure 8). The
coordination number of the europium(IIl) ion is 8, and the
coordination polyhedron can be described as a distorted
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Figure 6. Molecular structure of the rhenium(I) complex [ReBr(CO);3
Lxm]+DMF.

Figure 7. Antiparallel —z-stacking of rhenium(I) complexes [ReBr(CO)3
Lxu-

Figure 8. Molecular structure of the europium(IIl) complex [Eu(tta)sLxmi]
+ MeOH. The hydrogen bonding by solvent molecules is shown.

square antiprism. Strong intermolecular N—H-+++O and
N--*H—O hydrogen bonds appear between the imidazo
nitrogens and methanol solvent molecules (average H++O
distance: 1.94 A). These methanol molecules are also bridged
by hydrogen bonds to those of a second [Eu(tta);Lxmu]
complex, and the resulting dimers are arranged with the Lxyy
ligands pointing in opposite directions (Figure 9). The
packing of [Eu(tta)sLxm] in the crystal structure is shown in
Figure 10.

All attempts to grow single crystals for the other com-
plexes failed. Actually, very few examples of crystal
structures of imidazo[4,5-f]-1,10-phenanthrolines have been



1284  Chem. Mater., Vol. 20, No. 4, 2008

Figure 9. Molecular structure of dimers of the europium(IIl) complex
[Eu(tta)sLxm] *MeOH. The bridging by hydrogen-bonded solvent molecules
and the arrangement in the dimers are shown.

published.’"3* The platinum(Il) complex is very likely to
have a square-planar geometry, because all of the reported
crystal structures of platinum(Il) complexes with 1,10-
phenanthroline show a square-planar coordination sphere for
platinum(H).5 354 As for the lanthanide(III) complexes, the
reported structure with the closest similarity is that of
[LaCls(phen),(H,0)]-MeOH.> In this compound, the lan-
thanum(III) ion is coordinated to three chloride ions, one
water molecule, and two 1,10-phenanthroline ligands. The
two 1,10-phenanthroline rings are positioned approximately
perpendicular to each other. In the lanthanide(IIl) chloride
complexes presented in this work, there is very likely one
molecule of water directly coordinated to the lanthanide(III)
ion. If there is no water molecule present in the first
coordination sphere, the coordination number of the lan-
thanide(II) ion would be only 7, which is rather low (the
coordination number is usually 8 or 9). Also, in the crystal
structure of [LaCl;(phen)»(H,O)]*MeOH, one water molecule
is present in the first coordination sphere. For the uranyl
complex, it is reasonable to assume that the first coordination
sphere is comparable to that observed for the [UO,(phen)s]-
(OTft), complex, with an equal population of right- and left-
handed helices.’®>” The coordination polyhedron can be
described as a bi-end-capped trigonal antiprism.

Scanning Tunneling Microscopy. Alkylated molecules
are known to show a good affinity for HOPG. Upon their
adsorption, STM often provides structural information with
submolecular resolution. As an example, we investigated self-
assembly of EuCls(Lx).(H>0) at the solid-liquid interface.
Figure 11 shows STM images of a self-assembled monolayer
of EuCl;(Lx1)2(H,O) formed at the graphite— 1-phenyloctane
interface. A regular pattern of bright and dark areas was
observed. In these current images, bright (dark) areas
correlated with large (small) tunneling currents. Generally,
aromatic moieties are characterized by a relatively large
tunneling current, while alkyl chains are typically less

(51) Chao, H.; Yuan, Y. X.; Ji, L. N. Transition Met. Chem. 2004, 29,
774-779.

(52) Xu, H.; Zheng, K. C.; Chen, Y.; Li, Y. Z; Lin, L. J.; Li, H.; Zhang,
P. X.; Ji, L. N. Dalton Trans. 2003, 2260-2268.

(53) Gaballa, A.; Wagner, C.; Schmidt, H.; Steinborn, D. Z. Anorg. Allg.
Chem. 2003, 629, 703-710.

(54) Fanizzi, F. P.; Intini, F. P.; Maresca, L.; Natile, G.; Lanfranchi, M.;
Tiripicchio, A. J. Chem. Soc., Dalton Trans. 1991, 1007-1015.

(55) Mao, J.-G.; Jin, Z.-S.; Ni, J.-Z. Chin. J. Struct. Chem. 1994, 13, 377—

381.

(56) Berthet, J. C.; Nierlich, M.; Ephritikhine, M. Chem. Commun. 2003,
1660-1661.

(57) Berthet, J. C.; Nierlich, M.; Ephritikhine, M. Dalton Trans. 2004,
2814-2821.
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transmissive for tunneling electrons. Thus, in these images
the bright features were attributed to the aromatic moieties
of the ligands and the central ion, while the darker areas
corresponded to the aliphatic chains. The high contrast of
the central core of this molecule resulted from both the high
electron density and the specific morphology, since the Lx;
ligands in the complex were not expected to be fully coplanar
with the surface. The complex formed clusters and curved
lamellae. The surface layer lacked long-range order. The size
of these clusters ranged from 3.3 to 5.5 nm, suggesting that
they did not correspond to single molecules but were
composed of 2—5 molecules. In some areas alkyl chains
could be visualized.

In contrast, when the solvent was changed to octanoic acid,
a regular well-ordered pattern appeared almost immediately
(Figure 12). Rhombus-shaped bright features were visible:
their long and short axes measured 4 and 2 nm, respectively.
After calibration versus the graphite lattice, the unit-cell
parameters of this 2D crystal were found to have the
following values: @ = 4.8 & 0.2 nm, b = 5.0 & 0.2 nm, and
6 = 55 £ 3°. From the high-resolution image, the aliphatic
chains were resolved with near atomic resolution. There were
16 alkyl chains per bright thombus, four of which ran along
the a axis of the unit cell. This clearly indicated that the
bright features were not single molecules. In view of the
core size of the complex (nearly 2.5 nm in length and 1 nm
in width) and the number of alkyl chains, the bright features
were attributed to dimers of the complex. Four of the alkyl
chains were considered to be coadsorbed solvent molecules.
Coadsorption is believed to have been promoted by hydrogen-
bonding interactions between the carboxylic acid groups of
the solvent molecules and the nitrogen atoms of the aromatic
ligands. These observations are in line with the lack of
ordering observed at the graphite—1-phenyloctane interface.

Thermal Behavior of the Ligands. The thermal behavior
of the ligands was studied using polarizing optical micros-
copy (POM), DSC, and XRD. The results of these investiga-
tions are given in Table 1.

Essentially all of the ligands were devoid of mesomor-
phism. In the solid state, the molecules were arranged into
dimers, which were stabilized by water molecules via
hydrogen bonding (as described above). Such supramolecular
dimers can be considered as polycatenar systems in which
alkoxy chains are attached at both sides of the rodlike core
built up by two phenylimidazo[4,5-f]-1,10-phenanthroline
units. Polycatenar systems have been well investigated in
the past, and it is known that in order to induce mesomor-
phism, the rodlike core should contain at least four aromatic
rings.”®®° In the present study, the aspect ratio of the ligands
was rather small, primarily because of the bulky imida-
zophenanthroline core; this was a likely factor limiting the
tendency to form liquid-crystalline phases.

(58) Malthete, J.; Nguyen, H. T.; Destrade, C. Lig. Cryst. 1993, 13, 171—
187.

(59) Nguyen, H. T.; Destrade, C.; Malthéte, J. Adv. Mater. 1997, 9, 375—
388.

(60) Nguyen, H. T.; Destrade, C.; Malthéte, J. Phasmids and Polycatenar
Mesogens. In Handbook of Liquid Crystals; Demus, D., Goodby, J. W.,
Gray, G. W, Spiess, H.-W., Vill, V., Eds.; Wiley-VCH: Weinheim,
Germany, 1998; pp 865-886.
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Figure 11. STM images of a self-assembled monolayer of EuCl3(Lx1)»(H>O) at the graphite—1-phenyloctane interface. The bias voltage was —1.04 V, and

the setpoint tunneling current was 258 pA.

Figure 12. STM images of a self-assembled monolayer of EuCls(Lx)2(H20) at the graphite—octanoic acid interface. In the right-hand image, a unit cell has
been marked, and a tentative molecular model of the dimer structure is shown on top of the STM image. The bias voltage was —1.04 V, and the setpoint

tunneling current was 258 pA.

The most striking feature of these results was the influence
of water molecules on the thermal behavior of the ligands.
As mentioned above, all of the ligands contained 0.5 equiv
of water, which led to the formation of dimers. To examine
the influence of solvent molecules, Ly; was recrystallized

from ethanol. After the compound was (insufficiently) dried
under reduced pressure, a 1:2 water adduct Ly;*2H,0 was
obtained. "H NMR spectroscopy confirmed the presence of
water and not ethanol; the amount of water was determined
by CHN analysis. The presence of water molecules changed
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Table 1. Transition Temperatures and Phase Behavior of the
Imidazo[4,5-f]-1,10-phenanthroline Ligands

phases” and transition

ligand temperature(s) (°C)
L; Crl1621
Lu Cr3451
Lm g911l
L]v g 601
Lv g641
Lvi Cr1131
Lvi+2H,O Cr 135 Colj, 140 SmX 190 1
LVII Crl161
Lvm Cr 158 1
L]X Cr771
Lx Cr8l11
LXI Cr831
LXII Crl1221

“ Abbreviations: Cr = crystalline or partially crystalline phase; g =
glass; Col, = hexagonal columnar phase; SmX = disordered smectic
phase (SmA or SmC); I = isotropic liquid.

Figure 13. Optical texture of the smectic phase of Ly;*2H,0 at 160 °C
(500x magnification).

the thermal behavior of Ly; dramatically. Ligand Ly; was
not liquid-crystalline, whereas the 1:2 water adduct showed
two liquid-crystal phases, as first confirmed by POM, which
revealed clear changes of the optical texture of the sample
on heating between the lower- and higher-temperature
mesophases. XRD analysis identified these two mesophases
as a hexagonal columnar (Coly) phase and a smectic phase,
respectively. Figure 13 shows the texture obtained for the
smectic mesophase, which precedes the isotropic liquid
phase. At 135 °C, in the small-angle region of the X-ray
pattern, seven sharp reflections were observed, having
reciprocal spacings in a 1:4/3:2:4/7:3:4/12:4/13 ratio. They
were indexed as the hk = 10, 11, 20, 21, 30, 22, and 31
reflections, respectively, of a 2D hexagonal lattice with a
lattice parameter a = 52.9 A. In addition, a broad scattering
halo was observed at 4.6 A, corresponding to the liquidlike
order of the molten aliphatic chains, and another weak halo
was seen at 8.0 A, which likely corresponded to an
alternating stacking periodicity along the columnar axis (see
below). At 140 °C, two additional sharp small-angle reflec-
tions in a 1:2 ratio were observed. After analysis of their
profiles, it appeared that these two reflections belonged to
another family of planes different from those of the Coly
phase and consequently were associated with another me-
sophase that coexisted with the Col,, phase; this phenomenon
is rare in low-molar systems but not unusual in macromo-
lecular materials and may be due to viscosity-induced
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Figure 14. X-ray diffraction pattern of Lyy*2H,O in the smectic phase at
160 °C.

slowness of the phase-transformation kinetics. At 160 °C,
only the two sharp reflections in a 1:2 ratio were observed
(Figure 14). They were indicative of a lamellar structure and
indexed as the 001 and 002 reflections, respectively. As
above, the signal at 4.6 A (hepn) corresponded to the liquidlike
order of the molten aliphatic chains, whereas the signal at
8.0 A (W) likely was associated with the formation of
supramolecular pairs or dimers, reminiscent of those in the
crystalline and Coly, phases. It should be mentioned that the
hexagonal columnar phase was transient and existed over a
temperature range of only a few degrees. Once the smectic
phase was formed at higher temperatures, the hexagonal
columnar phase was not re-formed upon cooling on the time
scale of the experiment.

Such an antiparallel pairing of the molecules within the
smectic phase was confirmed simply by evaluating the
molecular area (and supported by the cystal structure of L;
shown in Figures 2 and 3). Indeed, the value of the molecular
area, Ay = 36.36 Az, which was obtained by dividing the
molecular volume (estimated to be 1500 A®) by the layer
periodicity (d = 41.25 A), was too small and not compatible
with the cross-sectional area of two aliphatic chains [6(CH,)
=20.915 + 0.015937 ~ 23.45 A? per chain]. Thus, a head-
to-head arrangement of the molecules in the lamellar structure
(2 x Ay = 72.72 A?) is more likely than a head-to-tail order
in a monolayer. Obviously, partial interdigitation of the
chains between successive sublayers and tilting of the cores
with respect to the layer normal must occur in order to
compensate the molecular area and enhance the arrangement
stability.

In regard to the packing within the Col, phase, ap-
proximately six or seven imidazophenanthrolines are ar-
ranged within a columnar slice 4 A thick (see the Supporting
Information). The phenanthroline segments of the molecules
form the columnar core, but because of spatial constraints
and enhanced intermolecular interactions, the molecules must
be tilted with respect to the columnar axis (i.e., the
phenanthroline segments can neither lie flat in the lattice
plane nor be perpendicular to it); consequently, this molecular
assembly resembles a supramolecular propeller (as for the
uranyl complexes). As for the aliphatic chains, they radiate
out from the rigid columnar cores. The band at 8 A indicated
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an alternating (and regular) stacking of these propellers
(rotated by 30°), guaranteeing efficient space-filling packing
(as for the uranyl complexes).*

Thermal Behavior of the Metal Complexes. (/)
Platinum(Il) Complex. The platinum(II) complex [PtCl,Lx]
was not liquid-crystalline and melted at high temperature.

(2) Rhenium(I) Complexes. The rhenium(I) complexes
containing the bulky [ReBr(CO);] fragment had an ap-
preciable dipole moment due to the polar Re—Br bond
(Figure 6). This dipole was expected to influence the
arrangement of the molecules in the mesophase and the solid
phase. Complexation with rhenium(I) led to an increase in
the melting temperatures, and none of the rhenium(I)
complexes were mesomorphic.

(3) Lanthanide(1ll) Complexes. Complexes of the ligands
L;, Lim, L, Lv, Lvy, Lvi, Lix, Lx, and Lx; with
lanthanum(III) were prepared in order to examine the
influence of the substitution pattern and alkoxy chain
length on the thermal behavior of the metal complexes
[LaCl3(L)2(H,0)] (L = Ly, L, Liv, Lv, Ly, Ly, Lix,
Lx, Lxi). Except for the lanthanum(IIl) complex
[LaCls(Lx1)2(H20)], which exhibited a cubic phase (see
below), none of the lanthanum(IIl) complexes were liquid-
crystalline. Complexes of the ligands having 2,3,4- and
2,4,5-trisubstitution patterns ([LaCli(Lix).(H.O)] and
[LaCl5(Lx)2(H20)], respectively) melted directly to the
isotropic liquid. Complexes of the ligands with fewer than
three alkoxy chains ([LaCls(L),(H,O)], L = Ly, Ly, Ly,
Ly, Lvi, Lvm) all decomposed before melting at temper-
atures above 300 °C. A comparison of the thermal
behavior of the complexes [LaCls(Lix)2(H2O)], [LaCl3(Lx).
(H,0)], and [LaCls(Lx1)2(H,O)] shows that the long
tetradecyloxy chain at the 2-position prohibited the
formation of a mesophase. The lateral alkoxy chain at the
2-position strongly reduced lateral interactions between
the molecules and also reduced microsegregation.

Complexes of ligand Lx; with lanthanum(III), praseodym-
ium(II), neodymium(III), samarium(III), europium(III), gad-
olinium(III), terbium(III), dysprosium(III), and holmium(III)
were synthesized in order to study the influence of the
lanthanide contraction on the thermal behavior of the metal
complexes [LnCls(Lx1)2(H,O)] (Ln = La, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho). The lanthanide contraction is the gradual
decrease in the ionic radii of the trivalent lanthanide ions as
one moves across the lanthanide series. The thermal behavior
of the lanthanide(III) complexes is summarized in the phase
diagram shown in Figure 15. As the metal ion changed from
lanthanum(III) to holmium(III), there was a gradual increase
in the melting temperature and a strong decrease in the
clearing temperature. The La—Eu complexes formed an
enantiotropic cubic mesophase, whereas the Gd—Ho com-
plexes were not liquid-crystalline. A monotropic (cubic)
mesophase was expected for the complexes of the heavy
lanthanides, but because of the fast crystallization of the
complexes on cooling from the isotropic liquid, such a
monotropic mesophase could not be observed. Thus, the
lanthanide(IIl) ion had a great influence on the thermody-
namic stability of the mesophase, which decreased across
the lanthanide series until the the liquid-crystalline properties

Chem. Mater., Vol. 20, No. 4, 2008 1287

300

280

260

Tr°C

240

220 -

T T T T T T T T T T T
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho
Ln

Figure 15. Phase diagram of the lanthanide(Ill) complexes [LnCl3
(Lx1)2(H20)] (Cr = crystalline phase, Cub = cubic phase, I = isotropic
liquid).

were completely lost for complexes of lanthanide(III) ions
having an ionic radius smaller than that of europium(III).
The strong effect of the lanthanide(III) ion on the transition
temperature is in agreement with that observed for lantha-
nide(IT) alkanoates®' and for Schiff base complexes with
nitrate counterions, for which either the mesophase stability
was considerably decreased or the liquid-crystalline proper-
ties were totally suppressed as one moved across the
lanthanide series from lanthanum(III) to lutetium(III)."”

Other polycatenar lanthanidomesogens were also reported
to exhibit a cubic phase having an Im3m cubic space group.'’
In these cases, the polycatenar ligands L; possessed either a
linear or a bent shape, and upon complexation with Ln(NO3)3,
the corresponding nitrato complexes [Ln(L;)(NOs3)s] adopted
either a bent or a linear shape, respectively. They showed a
lamellar mesophase (Ln = Pr, Nd for the bent complexes
and Ln = Pr—Gd, Dy, Tm for the linear ones), an Im3m
cubic phase for Ln = Pr—Ho, and a Col,, phase for Ln =
Er—Lu. Thus, the mesomorphic behavior was also found to
be sensitive to the lanthanide contraction, although in a more
spectacular way than in the presently described lanthani-
domesogens, as lamellar and cubic phases were favored for
the light lanthanides as opposed to the Col, phase induced
for the heavier lanthanides. In the case of the
[LnCl3(Lx1)2(H20)] complexes, the thermal stability was
considerably enhanced compared with that of the [Ln-
(L)(NO3)3] complexes.

Cubic mesophases are rather uncommonly observed in
thermotropic systems and are not easy to detect and
characterize.*%!%627 No texture could be observed, only
the formation of large black (optically isotropic) viscous

(61) Binnemans, K.; Jongen, L.; Gorller-Walrand, C.; D’Olieslager, W.;
Hinz, D.; Meyer, G. Eur. J. Inorg. Chem. 2000, 1429-1436.

(62) Diele, S. Curr. Opin. Colloid Interface Sci. 2002, 7, 333-342.

(63) Imperor-Clerc, M. Curr. Opin. Colloid Interface Sci. 2005, 9, 370—
376.

(64) Kutsumizu, S. Curr. Opin. Solid State Mater. Sci. 2002, 6, 537-543.

(65) Tschierske, C. Curr. Opin. Colloid Interface Sci. 2002, 7, 69-80.

(66) Diele, S.; Goring, P. Thermotropic Cubic Phases. In Handbook of
Liquid Crystals; Demus, D., Goodby, J. W., Gray, G. W., Spiess, H.-
W., Vill, V., Eds.; Wiley-VCH: Weinheim, Germany, 1998; pp 887—
900.
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Table 2. Bragg Reflections Collected from the X-ray Diffraction Patterns of the Cubic Lanthanide(III) Complexes

parameters at

compound dimeas (A)” PH+E+ P hkl® I deae (A)*4 temperature T
[LaCls(Lx1)2(H20)] 41.01 4 200 S 40.89 T =260 °C
36.43 5 210 VS 36.58 a=281.78 A
3341 6 211 S 33.39 Cub-Pm3n
25.88 10 310 w 25.86 N=136.7
8.25 br
4.6 br
[PrCls(Lxy)2(H20)] 41.15 4 200 M 41.18 T =240 °C
36.85 5 210 VS 36.83 a=28236A
33.63 6 211 S 33.62 Cub-Pm3n
8.3 br N=139.7
4.6 br
[NACL(Lx1)2(H20)] 41.19 4 200 M 41.07 T=240°C
36.68 5 210 VS 36.73 a=282.14 A
33.49 6 211 S 33.53 Cub-Pm3n
8.25 br N=138.5
4.6 br
[SmCl3(Lx)2(H20)] 40.12 4 200 S 40.0 T=1220°C
35.66 5 210 VS 35.78 a=280.0A
32.65 6 211 S 32.66 Cub-Pm3n
8.25 br N=128
4.6 br
[EuCly(Lxn)a(H20)] 39.9 4 200 W 39.62 T=230°C
3542 5 210 VS 35.44 a=7925A
32.14 6 211 VS 32.35 Cub-Pm3n
8.38 br N=124.5
4.7 br

“ dmeas and deqe are the measured and calculated diffraction spacings, respectively. ” ikl are the indices of the reflection. “1 is the intensity of the
reflection: VS, very strong; S, strong; M, medium. The abbreviation br stands for broad reflection.  deate (=[dpuD and the lattice parameter a were
deduced from the following mathematical expressions: a = [Sdju(h* + k> + [%)'*)/Ni, where Ny is the number of Kkl reflections, and [dj0= a/(h* +
k2 4 1»)'2. N is the number of molecules per cubic cell: N = a*/Vio, where Vg &~ 4000 A%,

areas. They were distinguished from the corresponding
isotropic liquids by their higher viscosities and often by the
faceting of air bubbles having distorted polygonal shapes
entrapped in the sample. In other cases, applying some
pressure with a spatula on the coverslip induced flashes of
light, which immediately disappeared when the pressure was
released. However, no precise structural information could
be deduced from this technique only, and unequivocal
mesophase assignment was achieved by X-ray diffraction.
The Bragg reflections collected from the X-ray diffraction
patterns of the cubic mesophases of all of the lanthanide(III)
complexes are listed in Table 2.

The cubic structure of each of these mesophases was
deduced from a set of four or three sharp small-angle
reflections for which the reciprocal spacings were in a
V4:4/5:4/6:4/10 (Ln = La) or +/4:+/5:4/6 (Ln = Pr, Nd,
Sm, Eu) ratio (Table 2), although with such a small number
of reflections, the determination of the cubic space group
was very difficult. Along with these sharp reflections, two
broad scattering features were observed, a weak one at
8.2-8.4 A and a strong one at 4.6-4.7 A, corresponding to
some weak intermolecular correlations and molten aliphatic
chains, respectively. Nevertheless, these reflections were
indexed as the 200, 210, 211, and 310 reflections of a
primitive cubic cell on the basis of the following analysis.
For a body-centered (I-type) cubic lattice, the considered
ratios in this case would be v/8:4/10:4/12:4/20 for Ln = La
and +/8:4/10:4/12 for Ln = Pr, Nd, Sm, Eu (the general
condition for the hkl reflections is h + k + [ = 2n), all
compatible with this symmetry. These reflections could then

(67) Fazio, D.; Mongin, C.; Donnio, B.; Galerne, Y.; Guillon, D.; Bruce,
D. W. J. Mater. Chem. 2001, 11, 2852-2863.

be indexed as 220, 310, 222, and 420. However, quite a large
number of reflections (7) were missing, and not all of these
absences were explained by the reflection conditions (the
only absence so explained was the 200 reflection in the 74,32
group). Among the 10 body-centered space groups, Ia3 and
Ia3d were excluded because of the presence of the 310
reflection, and 743d was excluded because of the 222
reflection, leaving seven possible but unlikely space groups
(123, 12,3, Im3, 1432, 14,32, I43m, and Im3m). In the case
of a face-centered (F-type) space group, the compatible
reflection ratio ~/16:4/20:4/24:4/40 (with conditions & + k,
h+ 1, k+ [ =2n) would allow the reflections to be indexed
as 400, 420, 422, and 620. The presence of /20 automati-
cally excluded the diamond structure. Only six of 11 face-
centered space groups were compatible (F23, Fm3, F432,
F4,32, F43m, and Fm3m). However, the 10 intermediate
reflections that were missing and could not be explained by
the reflection conditions of these six space groups (k, [ = 2n
for Okl, h = 2n for h00, and h + [ = 2n for hhl) did not
favor the assignment of a face-centered space group. As far
as the 15 primitive (P-type) cubic space groups were
concerned, several could be immediately disregarded because
of the presence of some particular reflections, such as the
200 reflection (which excluded P4332 and P4,32), the 210
reflection (which excluded Pn3, Pn3n, and Pn3m), and the
310 reflection (which excluded Pa3). Among the nine
remaining primitive space groups, the most probable ones
were Pm3n and P43n, since three of the five absent
reflections, namely 100, 300, and 221, were explained by
the space-group conditions (2 = 2n for h00 and / = 2n for
hhl); the least probable space groups were P2;3 and P4,32
(h = 2n for h00) and P23, Pm3, P432, PA43m, and Pm3m
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Figure 16. Small-angle X-ray patterns of four of the lanthanide(III)
complexes [LnCl3(Lxr)2(H,0)], recorded at 240 °C (Ln = Pr, Nd), 230 °C
(Ln = Sm), and 220 °C (Ln = Eu).

(no conditions). None of the space groups retained in this
list have yet been found for a liquid-crystalline cubic phase,
except for the Pm3n cubic space group (No. 223).627%

Thus, we were left with nine primitive, seven body-
centered, and six face-centered (the least probable) space
groups. An interesting piece of evidence for considering
primitive rather than body-centered space groups was the
distribution of the intensity of the reflections in the XRD
pattern as a function of the diffraction angle. In essentially
all of the reported body-centered cubic structures,®**® the
intensity decreased progressively with increasing diffraction
angle in the corresponding X-ray patterns, but this was not
the case for primitive cubic cells.®® Here, we did not observe
this progressive decrease of reflection intensity with increas-
ing diffraction angle (Figure 16): the strongest reflection, 210,
was always found between the 200 and 211 reflections. From
these simple arguments (distribution of reflection intensities,
reflection absences unexplained by the space-group condi-
tions), both the body-centered and face-centered symmetries
were excluded, and thus we assigned the most probable
primitive cubic space group, Pm3n, as the space group of
the mesophases.

Recently, a model for the Pm3n cubic phase, intermediate
between micellar and bicontinuous topologies, was suggested
and found to give a fair account of the organization of
semirigid dendrimers within this mesophase (Figure 17).°®
Such a model can be fully applied here and consists of the
formation of an infinite 3D interlocking network of mutually
perpendicular, evenly pinched columns, compatible with the
symmetry of the space group [three pairs of column sites
evenly spaced along the bisectors of the cubic cell faces and
two interstitial sites at the center and corners of the cubic
lattice (Figure 17; also see the Supporting Information). This
model imposes some constraints on the molecular disposition,
as evidenced by the broad band at 8.2-8.4 A.

(4) Summary. An overview of the transition temperatures
and phase behavior of all of the metal complexes is given
in Table 3. It is somewhat surprising that many of the metal
complexes were not liquid-crystalline. However, upon com-
plexation with rhenium(I), platinum(II), and europium(III)
([Eu(tta)sLxm] complex), a bulky metal fragment was
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Figure 17. Schematic representation of the model lattice consisting of 3D
interlocking pinched columns. The arrows indicate the growth directions
of the evenly pinched columns.

Table 3. Transition Temperatures and Phase Behavior of the Metal
Complexes

phases” and

compound transition temperature(s) (°C)
[PtClLxi] Cr1951
[ReBr(CO);Ly] Cr3711
[ReBr(CO)sLm] Cr2441
[ReBr(CO);L1v] Cr2l161
[ReBr(CO)sLv] Cr1971
[ReBr(CO)sLyul Cri831
[ReBr(CO)sLym] Cr921
[ReBr(CO)sLix] Cr1781
[ReBr(CO)sLx] Cri1801
[ReBr(CO)sLxi] Crol1
[LaCls(Lp)2(H20)] Cr dec >300
[LaCl3(Lim)2(H20)] Cr dec >300
[LaCls(Liv)2(H20)] Cr dec >300
[LaCl3(Lv)2(H20)] Cr dec >300
[LaCl3(Lvm)2(H20)] Cr dec >300
[LaCl3(Lyvm)2(H20)] Cr dec >300
[LaCls(Lix)2(H20)] Cr2341
[LaCl3(Lx)2(H20)] Cr2421
[LaCls(Lx1)2(H20)] Cr 220 Cub 298 1
[PrCl3(Lx1)2(H20)] Cr215Cub2901
[NACl3(Lxn)2(H20)] Cr220 Cub 290 1
[SmCl3(Lxn)2(H20)] Cr215Cub 2751
[EuCl3(Lx1)2(H20)] Cr228 Cub 2551
[GACl3(Lxn)2(H20)] Cr2351
[TbCl3(Lx1)2(H20)] Cr2431
[DyCl3(Lxn)2(H20)] Cr2451
[HoCl3(Lx1)2(H20)] Cr2451
[UO(Lx1)3](CF5S03)2 Cr95 Coly, 1811
“ Abbreviations: Cr = crystalline or semi or partially crystalline

phase; Col, = hexagonal columnar phase; Cub = cubic phase; I =
isotropic liquid; dec = decomposition.

introduced. Siting the bulky metal fragment at one extremity
of the molecule precluded the formation of a mesophase.
This was also observed for the ortho-metallated imine
complexes of rhenium(I) prepared by Bruce and co-work-
ers,” where the introduction of the bulky rhenium(I)
fragment at one end of the molecule destabilized but did
not suppress the mesomorphism. For metal complexes with
a higher metal-to-ligand ratio, such as the lanthanide(III)
complexes of ligand Lx; with a 1:2 metal-to-ligand ratio and
the uranyl complex with a 1:3 metal-to-ligand ratio, meso-
phases with a broad temperature range were observed. This

(68) Bury, I.; Heinrich, B.; Bourgogne, C.; Guillon, D.; Donnio, B.
Chem.—Eur. J. 2006, 12, 8396-8413.

(69) Guillevic, M. A.; Danks, M. J.; Harries, S. K.; Collinson, S. R.; Pidwell,
A. D.; Bruce, D. W. Polyhedron 2000, 19, 249-257.
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Figure 18. Normalized emission spectra for rhenium(I) imidazo[4,5-f]-1,10-
phenanthroline and rhenium(I) 1,10-phenanthroline powders between two
glass plates at room temperature (Lxyp is phenylimidazo[4,5-f]-1,10-
phenanthroline). The influences of (A) the substitution pattern and (B) the
length of the alkyl chains are shown. The excitation wavelength was 350
nm.

can be attributed to the higher number of ligands that
coordinate to the metal ion, to the geometry of these
complexes, and, in the case of the uranyl complex, to its
ionic character.'® In the uranyl complex, the uranyl ion acts
as a template to bring the ligands into the correct position,
so that the propeller-like units can arrange into columns.
These metallomesogens stack in such a way that the polar
order is annihilated.

Photophysical Properties. It is well known that rhe-
nium(I) tricarbonyl halide complexes containing a bidentate
a-diimine ligand can display intense photoluminescence in
the visible spectral region.”” Normalized luminescence
spectra for powdered samples of the rhenium(I) complexes
between two glass plates are shown in Figure 18. All of the
rhenium(I) tricarbonyl halide complexes with an imidazo[4,5-

(70) Sacksteder, L.; Zipp, A. P.; Brown, E. A.; Streich, J.; Demas, J. N.;
Degraff, B. A. Inorg. Chem. 1990, 29, 4335-4340.
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f1-1,10-phenanthroline ligand emitted yellowish light. The
broad emission band had a maximum around 590 nm. The
luminescence band was red-shifted in comparison with
the emission band of the analogous complex with 1,10-
phenanthroline [ReBr(CO)s(phen)]. The imidazo[4,5-f]-1,10-
phenanthroline ligand possesses a more delocalized 7z system,
which lowers the energy of the intraligand excited state. The
character of the lowest excited state of tricarbonyl halide
complexes [ReX(CO);(a-diimine)] can change from metal-
to-ligand charge transfer (MLCT) for X = ClI to ligand-to-
ligand charge transfer (LLCT) for X = I.”' The complexes
with X = Br have an intermediate character. The emission
maximum and the shape of the emission band changed
slightly when the positions and lengths of the alkyl-chain
substituents were altered, but it was difficult to find a
systematic trend. The influence of methyl substituents of
1,10-phenanthroline on the emission spectra of the
[ReCI(CO);(phen)] and [Re(CO)3(phen)(pyridine)]Jr com-
plexes was described previously.”*"?

The trivalent lanthanide ions are also well-known for their
luminescence properties.”* Because of the low molar ab-
sorptivities (<10 L mol™' cm™") of f—f transitions, it is
difficult to efficiently excite the lanthanide ions directly in
the 4f levels, so the so-called “antenna effect” is used to
increase the luminescence intensity. The antenna effect is
based on strong light absorption by organic ligands sur-
rounding the lanthanide ions and on the subsequent transfer
of the excitation energy from the ligand triplet state to the
4f levels of the lanthanide ion. S-Diketonates are excellent
ligands for lanthanides because of the formation of six-
membered chelate rings.”” The binding of three S-diketonate
ligands to the lanthanide ion leaves enough space around
the ion for the binding of two additional water molecules,
so that the lanthanide ion can expand its coordination number
to 8. These water molecules can easily deactivate the excited
states of the lanthanide ion and thus partially or totally
quench the photoluminescence. However, the water mol-
ecules can be expelled from the lanthanide ion by reaction
with a bidentate ligand such as 1,10-phenanthroline. The
resulting Lewis base adduct of the lanthanide tris(3-diketo-
nate) complex has a higher luminescence efficiency than the
hydrated lanthanide tris(3-diketonate) complex. The normal-
ized luminescence spectra for the europium(IIl) complexes
with tta or dibenzoylmethanate (dbm) and imidazo[4,5-f]-
1,10-phenanthroline are shown in Figure 19. Excitation was
done at 350 nm in the [-diketonate ligands. The eu-
ropium(III), neodymium(III), and samarium(III) imidazo[4,5-
f1-1,10-phenanthroline chloro complexes [LnCls(Lx;)2(H2O)]
showed only a very weak luminescence. Two reasons for
this behavior can be given. First, the triplet levels of Ly
were not as well positioned as those of the S-diketonates to
excite the europium(IIl) levels. Second, the chloro complexes
had a water molecule directly attached to the lanthanide ion,

(71) Stufkens, D. J.; Vicek, A. Coord. Chem. Rev. 1998, 177, 127-179.

(72) Striplin, D. R.; Crosby, G. A. Coord. Chem. Rev. 2001, 211, 163—
175.

(73) Wallace, L.; Rillema, D. P. Inorg. Chem. 1993, 32, 3836-3843.

(74) Biinzli, J. C. G.; Piguet, C. Chem. Soc. Rev. 2005, 34, 1048-1077.

(75) Binnemans, K. Rare-Earth 3-Diketonates. In Handbook on the Physics
and Chemistry of Rare Earths; Gschneidner, K. A., Biinzli, J. C. G.,
Pecharsky, V. K., Eds.; Elsevier: Amsterdam, 2005; pp 107-272.
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Figure 19. Normalized emission spectra at room temperature for powders
of the europium(III) imidazo[4,5-f]-1,10-phenanthroline tta, dbm, and chloro
complexes. The excitation wavelength was 350 nm.

and this water could easily quench the luminescence. The
luminescence spectrum for the europium(IIl) chloro complex
is also shown in Figure 19.

Conclusions

Transformation of 1,10-phenanthroline into substituted
2-arylimidazo[4,5-f]-1,10phenanthroline via condensation of
1,10-phenanthroline-5,6-dione with a substituted benzalde-
hyde in the presence of ammonium acetate is a facile route
to functionalize 1,10-phenanthrolines. By a proper choice
of the substitution pattern of the substituted benzaldehydes,
it is possible to obtain lipophilic 1,10-phenanthroline ligands,
which are useful for the design of metallomesogens. De-
pending on the nature of the metal ion, complexes with 1:1,
1:2, or 1:3 metal-to-ligand ratios are possible, and these
structural variations lead to a modification of the thermal
behavior. More specifically, the easy access to variously
substituted ligands and the fact that these ligands can form
complexes with a wide variety of metal ions provide the
opportunity to tune the mesophase behavior by altering the
space-filling abilities (and thus the packing constraints) via
the complex geometry and/or the substitution pattern and
chain length. In the present work, although the ligands were
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not liquid-crystalline, some of the metal complexes showed
a mesophase over a broad temperature range. The most stable
mesophases were observed for the lanthanide(III) complexes
of ligand Lx; and the uranyl complex, for which the metal-
to-ligand ratios were 1:2 and 1:3, respectively. The enhanced
mesophase stability of these complexes was due to the higher
number of ligands, which resulted in a different geometry,
although it is interesting to point out the ionic character of
the uranyl complex. The EuCl3(Lx;)>(H2O) complex formed
self-assembled monolayers at the graphite—solution interface.
An STM study indicated that the order of these monolayers
strongly depended on the solvent. Whereas rather disordered
monolayers were obtained at the graphite— I-phenyloctane
interface, well-ordered monolayers were observed at the
graphite—octanoic acid interface. All of the rhenium(I)
complexes showed a yellow photoluminescence. Europium-
(III) complexes with tta or dbm and imidazo[4,5-f]-1,10-
phenanthroline showed an intense red photoluminescence,
whereas lanthanide(III) complexes of the type [LnCl3(Lxi)2
(H20)] (Ln = Nd, Sm, Eu) showed only a very weak
photoluminescence.
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