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Introduction

For almost two decades, interest in the use of luminescent
molecules embedded in soft materials to create new elec-
tronic devices has gradually grown.[1] The design of lumines-
cent and photoresponsive liquid crystals is particularly ap-
pealing owing to their potential applications in organic light-
emitting diodes (OLED),[2] photovoltaic solar cells,[3] and or-
ganic field-effect transistors (OFET).[4] Amongst the various
families of liquid-crystalline materials,[5] columnar meso-
phases engineered from disk-shaped molecules are particu-

larly attractive owing to their unique charge transport prop-
erties, which include high mobility along the main axis of
the column, and low intercolumn mobility owing to molecu-
lar segregation.[6] Additional advantages of columnar discot-
ic liquid crystals over inorganic materials include their ease
of processing (by using solution techniques), the possibility
of alignment by means of shear forces or application of elec-
trical or magnetic fields, and their capacity for self-healing.
In most cases, molecules that form discotic liquid crystals

have a structure that consists of a flat central core with sev-
eral carbon chains attached to the outside edge of the core.
In some cases, discotic liquid-crystalline materials can also
be formed by means of constructing a disk from two half-
disk-shaped molecules.[7] The efficient use of discotic liquid-
crystalline materials requires fine tuning of their mesogenic
properties and phase symmetries, which are mainly control-
led by the number of hydrocarbon chains and their posi-
tions. Typically, these materials have been produced by
using conventional organic syntheses, which necessitates the
complete development of a procedure for each structural
variation.
Recently, a facile route to produce of highly organized

supramolecular materials from a variety of charged building
blocks, by means of complexation with surfactants, was in-
troduced.[8] In general, ionic self-assembly (ISA) is a tech-
nique that organizes multiply charged organic species by
means of their association with oppositely charged counter-
ions, with the latter (e.g., surfactants) being functionalized
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to have desirable properties. Hierarchical superstructures
can then be generated in an ISA process, primarily through
electrostatic interactions between charged surfactants and
oppositely charged oligoelectrolytes. Hydrophobic and p–p
interactions act as the secondary driving forces to promote
self-organization. Additional interactions, such as hydrogen
bonding, can also be introduced to further stabilize and con-
trol the organization of the assemblies.[9] The construction of
liquid-crystalline materials based on stepwise noncovalent
interactions allows the properties of the new structures to
be easily tuned through the careful choice of the alkyl
volume fraction (“internal solvent”) by simply exchanging

the cation in the assembly step without tedious synthetic op-
erations. For example, introduction of double-tail surfac-
tants, which enlarge the alkyl volume fraction within the
materials, produces soft materials that display thermotropic
liquid-crystalline materials from very rigid tectonic units.[10]

Thus, ISA has been successfully used to organize various
types of charged oligomeric species, such as dyes,[10a,11] den-
drimers,[12] oligoanilines,[13] inorganic polymetallic mole-
cules,[14] perylene derivatives,[15] and coordination com-
plexes,[16] into well-ordered liquid-crystalline materials.
In most cases, standard, commercially available, charged

surfactants have been used, however, more elaborate amphi-
philic molecules that are able to introduce new functionali-
ties, such as hydrogen bonding, chirality, or polymerizable
groups inside the ionic self-assembled materials, remain elu-
sive. A limited number of papers have described the use of
functional synthetic surfactants in ISA processes.[17] Recent-
ly, wedge-shaped molecules with sulfonic acid groups at the
focal point were found to display self-assembling capabilities
to form mesomorphic materials or an extended network of
fibers that form a gel in organic solvents.[18]

Liquid-crystalline porphyrins have received considerable
attention as materials for molecular electronics owing to
their ability to act as unidimensional conductors and semi-
conductors.[19] However, 4,4-difluoro-4-bora-3a,4a-diaza-s-in-
dacene (F-bodipy) derivatives are known to exhibit remark-
able optoelectronic properties, such as strong absorption in
the visible region, high fluorescence quantum yields, and
narrow emission bandwidths with high peak intensities, and
rarely produce liquid-crystalline materials and supramolec-
ular gels.[20]

In the present work, we wish to describe the synthesis of
new, charged, wedge-shaped amphiphilic molecules with am-
monium groups at the tip that are able to use ISA processes
to organize negatively charged, luminescent dyes into col-
umnar liquid-crystalline materials. These charged amphi-
philes were specially designed to contain an amide linkage
to direct, control, and stabilize the molecular architecture of
oppositely charged functional molecules. The ability of these
charged ammonium amphiphiles to organize anionic fluoro-
phores into liquid-crystalline materials by using ionic inter-
actions was tested with 4,4-difluoro-1,3,5,7,8-pentamethyl-
2,6-disulfonato-4-bora-3a,4a-diaza-s-indacene (sulfobo-
dipy2�) and tetrakis(4-sulfonatophenyl)porphyrin (TPPS4�).

Results and Discussion

Synthesis : The preparation of the ammonium amphiphiles is
outlined in Scheme 1. 3,4,5-Tri(n-alkyloxy)benzoic acid
chlorides (n=8, 12, 14, 16)[21] were treated with N,N-dimeth-
yl-1,4-phenylenediamine dihydrochloride in dry dichloro-
ACHTUNGTRENNUNGmethane by using triethylamine as the base. The amido de-
rivatives were isolated by means of chromatography on
silica gel and subsequent methylation was achieved by heat-
ing the amido derivatives at reflux in neat iodomethane to
give the ammonium iodine salts in quantitative yields. Note
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sulfonato-tetrafenilporfirina (TPPS4�). Los complejos lumi-
niscentes neutros obtenidos por auto-ensamblaje i4nico
forman mesofases columnares con simetr1a hexagonal. La
modelizaci4n molecular aporta una descripci4n estructural
de las mesofases disc4ticas con los lumin4foros ani4nicos
apilados en el centro de los discos. La espectroscopia infra-
rroja ha demostrado el papel decisivo del enlace amida en la
estabilizaci4n de la arquitectura molecular. La microscopia
de fluorescencia ha mostrado que los complejos son luminis-
centes tanto en el estado s4lido como en el mesomorfo.
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that the NH group of the amide is not affected by using a
large excess of CH3I. Anion exchange from iodine to tetra-
fluoroborate was assured by treating the iodo salt with
AgBF4 in ethanol.
Complexes formed by means of ion association between

sulfobodipy2�[22] and TPPS4� anions and the various ammo-
nium cations were obtained from metathesis reactions,
which resulted in their precipitation as their iodide or
sodium salts when water was added to solutions of the
anions in DMF. The resulting adducts (complexes) were re-
crystallized from a mixture of dichloromethane/acetonitrile.
Complexation ratios of 2:1 for sulfobodipy2� and 4:1 for
TPPS4� were confirmed by means of elemental analyses and
NMR spectroscopy. The sulfobodipy2� complexes were iso-
lated with ammonium salts that contained C12, C14, and C16
paraffin chains, whereas the TPPS4� complexes could only
be readily isolated with ammonium salts that contained C8
and C12 paraffin chains.

Optical properties in solution : Solutions of bodipy com-
pounds in dichloromethane showed an intense S0!S1 (p–
p*) transition at around l=510 nm with an extinction coef-

ficient of e=25000–
30000m�1 cm�1, which was un-
ambiguously assigned as p–p*
transitions of the boradiazain-
dacene chromophore (Table 1).
A weak, broad band located at
l=375 nm was attributed to the
S0!S2 (p–p*) transition of the
boradiazaindacene core.[23] For
the porphyrin derivatives, a
strong Soret band was observed
at l=418 nm and characteristi-
cally weak Q bands were ob-
served between l=515 and
648 nm, with a Qx ACHTUNGTRENNUNG(0–0) band at
648 nm.[24] For all the solutions
of bodipy complexes in di-
chloromethane, excitation in
the band at l=510 nm (S0!S1
transition) led to a strong emis-
sion in the l=538–540 nm
region with quantum yields in
the range of 20 to 30%, which
is typical for bodipy dyes. The
fluorescence spectrum shows
good mirror symmetry in which
the lowest energy absorption
transition and the quantum
yield are not sensitive to the
presence of oxygen. Both
trends are consistent with the
radiative relaxation of a singlet
excited state. Furthermore, the
fluorescence decay profiles can
be described by means of a

single exponential fit, with fluorescence lifetimes in the
range of four to six nanoseconds, which is also in accordance
with a singlet excited state. Excitation in the lowest-energy
Q band of the porphyrin systems produces weak lumines-
cence bands at l�660 and 721 nm (f�3%).

Thermal studies : The thermal behavior of Cnamine,
Cnammonium, and the ionic complexes was investigated by
means of polarizing optical microscopy (POM) and differen-
tial scanning calorimetry (DSC). The transition tempera-
tures and enthalpies are gathered in Table 2.

Cnamine : All the Cnamine compounds displayed a single re-
versible transition in the DSC curves that were unambigu-
ously assigned by means of POM to the direct melting of
the crystalline phase into the isotropic phase.

Cnammonium : All the as-prepared Cnammonium iodide
salts appeared to be unstable above 120 8C. However, ex-
changing the I� counteranion for BF4

� enhanced their stabil-
ity, and, for example, the C14ammonium compound was then
stable up to 185 8C. On heating to 172 8C, it can be observed

Scheme 1. Reagents and conditions: i) anhydrous CH2Cl2, NEt3 (4 equiv), RT; n=8 (46%), n=12 (58%), n=
14 (56%), n=16 (76%); ii) CH3I, reflux (99%); iii) AgBF4, ethanol.
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that the compound melts into an isotropic state (Figure 1a).
On cooling from the isotropic state, a characteristic texture
develops between crossed-polarizers, and the concomitant
observation of the soft nature of the material indicates the
existence of a mesomorphic state (see below).

Sulfobodipy–Cnammonium (n=12, 14, 16): DSC measure-
ments and NMR spectroscopic analyses revealed that these
complexes are stable above 180 8C. Before heating, powders

of all the compounds were bire-
fringent between crossed-polar-
izers. The sulfobodipy–
C12ammonium complex does
not show a transition on the
DSC curves. POM observations
showed that this compound was
birefringent and a gel above
120–130 8C. The clearing point
of this compound could not be
precisely determined because
degradation occurred above
180 8C, which prevented any
clear textural assignment of the
phase symmetry. The observa-
tion of birefringence in the gel
at high temperatures confirmed
its liquid-crystalline nature.
After the first heating cycle, the
sulfobodipy–C14ammonium and
sulfobodipy–C16ammonium
complexes displayed a broad,
reversible transition that was
centered at �2 and 11 8C, re-
spectively (Figure 1b). This
broad transition is typical for
structural rearrangements of
the aliphatic chains (melting of
the carbon chains). Above
100 8C, these compounds also
become highly viscous and bire-
fringent, which are good indica-
tions of their mesomorphic
nature (Figure 2a and b).

TPPS–Cnammonium (n=8, 12):
DSC measurements and NMR
spectroscopic analysis showed
that degradation occurred at
around 170 8C. For both com-
plexes (C8 and C12), no transi-
tion was apparent on the DSC
curves. Before heating, these
compounds were slightly bire-
fringent powders. An increase
in temperature rendered these
materials less viscous and more
birefringent. The gel-like nature

of these birefringent materials at high temperatures reflects
their mesomorphic state (Figure 2c and d).

XRD characterization and mesomorphic behavior: Exclud-
ing the crystalline Cnamine compounds, BF4–C14ammonium
and associated ISA complexes were subjected to a range of
temperature-dependent wide/small-angle X-ray scattering
(WAXS/SAXS) measurements to elucidate their morpholo-
gies.

Table 1. Spectroscopic data for the various associated compounds.

Compounds labs
[a]

[nm]
e[a]

ACHTUNGTRENNUNG[m�1 cm�1]
lF
[a]

[nm]
fF
[b] tF

[ns]
kr
[c]

ACHTUNGTRENNUNG[107 s�1]
knr

[c]

ACHTUNGTRENNUNG[108 s�1]

sulfobodipy–C12ammonium 510 39500 540 20 4.9 4.08 1.63
sulfobodipy–C14ammonium 509 35500 538 30 5.1 5.88 1.37
sulfobodipy–C16ammonium 510 32500 539 25 5.1 4.90 1.47

TPPS–C8ammonium
648 2450 658/721 4

– – –
418 300000 658/721 3

TPPS–C12ammonium
648 3200 662/721 2

– – –
418 360000 664/721 3

[a] Measured in CH2Cl2 at RT. [b] Determined in dichloromethane (ca. 5U10
�6
m) by using rhodamine 6G as a

reference for bodipy compounds and cresyl violet as a reference for TPPS4�. All fF are corrected for changes
in refractive index. [c] Calculated by using kr=fF/tF, knr= (1�fF)/tF, and assuming that the emitting state is
produced with unit quantum efficiency.
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BF4–C14ammonium : The XRD pattern recorded at 100 8C
was characteristic of a hexagonal columnar (Colh) meso-
phase (Figure 3a). It contained a set of three sharp maxima
in the low-angle region: a strong reflection at 42.0 V and
two weaker reflections at 24.5 and 20.8 V. These spacings
were in the reciprocal ratio of 1:

ffiffiffi
3

p
:2, and could be indexed

as the (10), (11), and (20) reflections of a two-dimensional

hexagonal lattice, respectively, with a lattice constant of a=
48.5 V. Aside from this, a characteristically diffuse halo was
found at around 4.5 V. The same kind of XRD pattern,
characteristic of a Colh mesophase, was obtained at 150 8C.
However, the three low-angle maxima were shifted to
higher angles and the diffuse halo became broader and shift-
ed to lower angles. Thus, the hexagonal lattice constant at

Table 2. Thermal behavior and X-ray characterization of the liquid-crystalline phases.

Compound Tonset [8C]
[a]

ACHTUNGTRENNUNG(DH ACHTUNGTRENNUNG[kJmol�1])
dmeas
[V][b]

I[c] hk[d] dcalcd
[V][b]

mesophase
parameters[e]

Vm

[V3][f]
Mr

ACHTUNGTRENNUNG[gmol�1]

BF4–C14ammonium Colh 172 (0.9) Iso 41.1 vs 10 41.0 T=150 8C 1716 979
Iso 160 (�1.1) Colh 23.5 m 11 23.7 a=47.4 V

20.6 w 20 20.5 S=1943 V2

4.65 br A
42.0 vs 10 42.0 T=100 8C 1777
24.5 m 11 24.3 a=48.5 V
20.8 w 20 21.0 S=2037 V2

4.5 br A
sulfobodipy–C12ammonium Colh 180 (decomp) 45.7 vs 10 45.7 T=125 8C 3637 2038

26.8 m 11 26.4 a=52.8 V
22.5 w 20 22.9 S=2413 V2

4.5 br A
44.0 vs 10 44.3 T=25 8C 3384
25.8 m 11 25.6 a=51.2 V
22.1 w 20 22.2 S=2268 V2

4.4 br A
sulfobodipy–C14ammonium Cr �2 (10.4) Colh 180 (decomp) 50.0 vs 10 49.5 T=100 8C 3870 2207

28.7 m 11 28.6 a=57.2 V
24.3 w 20 24.8 S=2831 V2

4.5 br A
51.9 vs 10 51.8 T=25 8C 3665
30.1 m 11 29.9 a=59.8 V
25.6 w 20 25.9 S=3098 V2

4.4 br A
sulfobodipy–C16ammonium Cr 11 (6.9) Colh 180 (decomp) 51.7 vs 10 51.4 T=100 8C 4164 2375

29.8 m 11 29.7 a=59.4 V
25.4 w 20 25.7 S=3053 V2

4.5 br A
50.7 vs 10 50.4 T=25 8C 3944
29.1 m 11 29.1 a=58.2 V
25.0 w 20 25.2 S=2933 V2

4.4 br A
TPPS–C8ammonium Colh 170 (decomp) 40.1 vs 10 40.1 T=140 8C 6293 3490

20.0 m 20 20.05 a=46.3 V
16.2 w – – S=1857 V2

4.6 br A
39.0 vs 10 39.0 T=25 8C 5795
19.5 m 20 19.5 a=45.0 V
15.5 w – – S=1755 V2

4.6 br A
TPPS–C12ammonium Colh 170 (decomp) 47.7 vs 10 47.8 T=140 8C 7509 4164

27.6 m 11 27.6 a=55.2 V
24.0 w 20 23.9 S=2639 V2

4.5 br A
47.4 vs 10 47.4 T=25 8C 6915
27.2 m 11 27.35 a=54.7 V
23.8 w 20 23.7 S=2593 V2

4.4 br A

[a] Cr: crystalline phase, Iso: Isotropic liquid, Colh: hexagonal columnar mesophase, decomp: decomposition temperature (evaluated from the deviation
of the baseline on the DSC and confirmed by means of POM observations) [b] dmeas and dcalcd are the measured and calculated diffraction peak spacings,
respectively. [c] I is the intensity of the reflection; vs: very strong, m: medium, w: weak, br: broad. [d] The indexation of the reflections corresponding to
Colh phase. [e] Measured at temperature T, a is the lattice parameter of Colh (a=

2ffiffi
3

p U<d10> , in which <d10>=
1

Nhk
(
P

h,k
dhk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ hk

p
) and Nhk is the

number of hk reflections); S is the lattice area (S=aU<d10> for Colh). [f] The molecular volume Vm was measured at temperature T and is defined by
Vm= (Mr/0.6022)/(VCH2(T)/VCH2(T0)) in which VCH2(T)=26.5616+0.02023T (T in 8C, T0=25 8C).
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this temperature decreased to a=47.4 V and the average
lateral distance increased to about 4.65 V. The variations in
distance with temperature are consistent with the higher
conformational disorder of the hydrocarbon chains, which
occurs as the temperature increases.

It seems likely that the columns are generated through
anion stacking, in which the cations are attached perpendic-
ularly to the column axis so that their charged heads lie
close to that axis and the aliphatic chains lie on the periph-
ery (see below).

Sulfobodipy–Cnammonium (n=12, 14, 16): The XRD pat-
terns of sulfobodipy–C12ammonium, recorded at 125 8C and
at room temperature (after heating at 150 8C), were typical
for a hexagonal columnar (Colh) mesophase. The low-angle
region contained a set of three sharp maxima with scattering
vectors in the ratio of 1:

ffiffiffi
3

p
:2 and were indexed as the (10),

(11), and (20) reflections of a two-dimensional hexagonal
lattice. From the spacing of these reflections, it was deduced
that the hexagonal lattice constant was a=52.8 V at 125 8C
(Figure 3b). Aside from the low-angle reflections mentioned
previously, no other Bragg spots were detected by using X-
rays. A diffuse, wide halo was observed in the high-angle
region at 4.4 to 4.5 V and is characteristic of the conforma-
tional disorder of the hydrocarbon chains. A similar pattern
was obtained at 25 8C and confirmed that sulfobodipy–
C12ammonium is a columnar liquid crystal with hexagonal
symmetry at room temperature. The X-ray results for the
C14ammonium complex are similar to those obtained for the
C12ammonium complex. Its XRD patterns displayed a set of

Figure 1. DSC traces of a) BF4–C14ammonium and b) sulfobodipy–
C14ammonium. In each case, the top curve shows the second heating
curve and the bottom curve shows the first cooling curve.

Figure 2. a) Gel state of sulfobodipy–C16ammonium observed by using
optical microscopy without polarizers at 150 8C. b) Same birefringent
area observed by using optical microscopy between crossed-polarizers
(indicated by the cross in the corner of the picture). c) TPPS–
C12ammonium in its gel state at 150 8C. d) Same birefringent area ob-
served between crossed-polarizers.

Figure 3. XRD patterns of a) BF4–C14ammonium in the hexagonal colum-
nar mesophase at 100 8C, b) sulfobodipy–C12ammonium in the hexagonal
columnar phase at room temperature after heating at 125 8C, and
c) TPPS–C12ammonium in the hexagonal columnar phase at room tem-
perature after heating at 161 8C.
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three sharp maxima with scattering vectors in the ratio of
1:

ffiffiffi
3

p
:2, but were shifted to lower angles, which implied that

the compound has a larger hexagonal lattice constant (a=
57.2 V) at 100 8C. The diffuse, wide halo observed at 4.4 to
4.5 V in the high-angle region also confirmed the liquid-
crystalline nature of this compound both at room and high
temperatures. The XRD patterns recorded for sulfobodipy–
C16ammonium were also typical of a columnar hexagonal
phase (Colh) and the deduced hexagonal lattice constant at
high temperature was a=59.4 V. The increase in the lattice
constant observed when going from the C12 to the C16 com-
plexes appeared to be consistent with the increase in the
chain length. The XRD results obtained confirm that all of
the sulfobodipy–Cnammonium complexes studied are meso-
morphic with (Colh) mesophases from room temperature up
to 150 8C.

TPPS–Cnammonium (n=8, 12): The X-ray pattern recorded
on a TPPS–C12ammonium sample cooled from 161 8C to
room temperature was typical of a Colh mesophase. The
low-angle region contained a set of three sharp maxima with
reciprocal spacings in the ratio of 1:

ffiffiffi
3

p
:2 and a hexagonal

lattice constant (a=54.7 V) could be deduced from this set
of reflections (Figure 3c). A broad halo was also observed at
4.4 V in the wide-angle region and confirmed the fluidlike
nature of this phase at room temperature. For the TPPS–
C8ammonium complex, the X-ray patterns recorded at
140 8C and on a sample cooled from 163 8C to room temper-
ature were very similar. The low-angle region contained a
set of two sharp maxima with scattering vectors in the ratio
of 1:2, with d-spacing values of 39 and 19.5 V, respectively.
This ratio has two possible interpretations: 1) the two peaks
are the first- and second-order reflections, respectively, from
a layered structure (smectic mesophase). The spacing of the
first reflection is the layer thickness; 2) the two peaks are
the (10) and (20) reflections from a Colh mesophase, respec-
tively, and the (11) reflection is absent. The mesophase was
assigned as a Colh phase after considering the results ob-
tained with TPPS–C12ammonium, the molecular shape, and
the mesomorphic behavior of structural analogues.[26] This
interpretation was also supported by comparing the mea-
sured spacings with the molecular dimensions estimated by
using Dreiding stereomodels. Thus, the diffraction peak ob-
served at lower angles in the X-ray pattern would corre-
spond to the fundamental reflection of a hexagonal lattice
with a lattice parameter of a=45.0 V at room temperature.

Infrared spectra of the mesophases : The role of the amide
functionality in intermolecular hydrogen bonding within the
different architectures encountered was studied by using
FTIR spectroscopy, which is a powerful tool to probe hydro-
gen bonding and hydrocarbon chain ordering in various
states of matter. The frequencies of the bands that corre-
spond to CH2 antisymmetric and symmetric modes (na ACHTUNGTRENNUNG(CH2)
and ns ACHTUNGTRENNUNG(CH2)) of the alkyl chains appear in the ranges ñ=

2916 to 2924 and 2848 to 2854 cm�1, respectively, for all the
compounds in crystalline or mesophase states and corre-

spond to some ordering of the hydrocarbon chains with an
all-trans conformation.[27] Band shifts to higher frequencies
occur as the chain packing tends to become more disor-
dered.
At room temperature in the crystalline state, all the

amide groups of the Cnamine compounds are involved in
forming strong hydrogen bonds, as clearly indicated by the
nNH and nCO stretching vibrations that lie in the ranges of ñ=
3206 to 3247 and 1633 to 1636 cm�1, respectively.[28,29] Note
that values for free amides usually lie between ñ=3500 and
3400 cm�1 for nNH and at around 1680 cm

�1 for nCO.
[29] The

presence of single nNH and nCO stretching bands in the IR
spectra suggests the formation of a well-organized hydro-
gen-bonded network in which only one type of hydrogen
bond is effective.
For BF4–C14ammonium, the FTIR spectra obtained before

and after heating at 110 8C were almost identical, with one
nCO stretching vibration centered at ñ=1656 cm

�1 and one
nNH stretching vibration centered at ñ=3343 cm

�1, which are
clear signatures of amide functions engaged in hydrogen
bonds.
For sulfobodipy–Cnammonium complexes in which n=12,

14, or 16 and TPPS–Cnammonium complexes in which n=8
or 12, the FTIR spectra obtained are essentially identical to
that of the BF4–C14ammonium compound. The as-prepared
complexes display a single broad nCO stretching vibration
centered at ñ= (1654�4) cm�1 and two nNH stretching vibra-
tions centered at ñ= (3294�20) and (3403�6) cm�1 with
equal intensities. The FTIR spectra are characteristic for
materials in which some of the NH groups are not involved
in hydrogen bonds. After the samples have been heated, the
FTIR spectra measured at room temperature display one
nCO stretching vibration centered at ñ= (1644�6) cm�1 and
one nNH stretching vibration centered at (3304�4) cm�1,
which indicate the formation of a hydrogen-bonded network
that involves all of the amide functions. Finally, the S�O
stretching vibration and deformation bands of the sulfonate
groups found at around ñ=1190 and 1117 cm�1 for the sul-
fobodipy–ammonium complexes and at around ñ=1200 and
1114 cm�1 for the TPPS–ammonium complexes differ signif-
icantly from those of the starting (Na2–sulfobodipy) (ñSO=
1180 and 1094 cm�1) and (Na4–TPPS) (ñSO=1183 and
1119 cm�1) salts.

Packing study of the ISA complexes : To gain some insight
into the packing of the ISA complexes inside the columnar
liquid-crystalline phases, a standard geometric treatment
was applied.[30] Columnar packing is characterized by using
two structural parameters,[31] the columnar cross-section Scol,
and the stacking periodicity h along the columnar axis. Both
parameters are analytically linked through the relationship
shown in Equation (1):

hScol ¼ ZVm ð1Þ

in which Z is the number of molecules within a columnar
stratum (disk) and Vm is the molecular volume. On XRD
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patterns, neither peaks nor halos, related to the stacking pe-
riodicity h, have been observed. In this situation, it is diffi-
cult to determine the number of molecules per disk and
only rough estimations can be made. From the previous ana-
lytical relationship, the thickness of the disk can be estimat-
ed by considering the number of molecules per disk (Z) as a
variable, as shown in Equation (2):

h ¼ Z 
 Vm

a 
 d10
ð2Þ

For example, for the BF4–C14ammonium complex at
100 8C, there must be between four and five molecules per
disk (for Z=4, h=3.4 V; for Z=5, h=4.2 V). At 150 8C,
the estimates obtained for Z=4 and 5 were, h=3.7 and
4.6 V, respectively. This implies that each disk, which gener-
ates columns through stacking, is generated by several mole-
cules (Figure 4). The ionic groups are located in the center

of the disk and the peripheral chains surround the central
ionic region. In this way, an optimal microsegregation be-
tween the aliphatic parts and the polar parts inside a disk is
guaranteed. The hydrocarbon chains are able to efficiently
fill the peripheral space around the columnar core. The
mutual organization of these columns into a hexagonal lat-
tice leads to the formation of the mesophase.
For sulfobodipy–Cnammonium complexes, the same type

of calculation leads to the conclusion that there must be
about three to four molecules per disk at room temperature
(sulfobodipy–C12ammonium: h=3.0 V for Z=2 (too small)
and h=4.5 V for Z=3; sulfobodipy–C14ammonium: h=
3.6 V for Z=3 and h=4.7 V for Z=4; sulfobodipy–
C16ammonium: h=4.0 V for Z=3 and h=5.4 V for Z=4).
In regards to their overall shape, which can be compared to
a large rod that has an electrostatically assembled core and
three chains at each end, sulfobodipy2� compounds behave
as phasmidic liquid crystals.[5b] The molecules generate clus-
ters of about three to four molecules that are able to stack
in columns (Figure 5).[32] However, this is a simplified model
because the molecules can in fact aggregate in such a way
that the cations are randomly oriented, and just their tips
point towards the stacked anion column that is built up
from sheets of more than one anion without the need to

form discrete disks. Because of its particular shape, each
molecule is able to fill a portion of the column cross-section
without necessarily lying coplanar with the anion sheet and
it is these columns that assemble to form a two-dimensional
hexagonal lattice.[33]

TPPS derivatives are known to form extended one-dimen-
sional rodlike structures in solution and in solid states
through the formation of J-type aggregates (face-to-face
stacking).[34] A typical stacking distance between porphyrin
fragments of �3.5 V is usually observed. This distance is
also typical in liquid-crystalline porphyrin phases.[35] Taking
this value as the stacking periodicity h, a value of Z=1 is
determined for the TPPS–Cnammonium complexes. This
value indicates that each disk forming the column is com-
posed of one TPPS4� molecule with its four surrounding am-
monium counterions. Rotation of a molecule with respect to
the adjacent one inside the column may give rise to better
space filling and organization of the pendant phenyl frag-
ments carrying the sulfonate functions. It is likely that a
mutual rotation of 458 occurs between two consecutive mol-
ecules to optimize molecular packing within the mesophase
(Figure 6). This process allows a better arrangement of the
chains around the central core of the columns, and thus, pre-
vents the steric mismatch that could otherwise occur be-
tween the preferred core–core (3.5 V) and chain–chain
(4.5 V) distances.

Solid-state luminescence : The luminescence properties of
the ISA complexes were evaluated in the solid and meso-
phases states by using a fluorescence microscope equipped
with a heating stage. All the compounds appear highly lumi-
nescent in the solid state when observed under UV light
(300<lex<350 nm; Figure 7). Solid-state measurements on
sulfobodipy–Cnammonium at room temperature, in a quartz
capillary, revealed overlapping multiple emissions in the l=

520 to 650 nm range. Several solid-state aggregates are prob-
ably responsible for these broad emission envelopes
(Figure 8). At room temperature, after heating at 150 8C, no
significant changes to the emission spectra of the sulfobodi-

Figure 4. Suggested molecular organization inside the hexagonal colum-
nar phase based on X-ray data obtained for BF4–C14ammonium.

Figure 5. Suggested molecular organization inside a single disk based on
X-ray data obtained for sulfobodipy–C12ammonium.
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py–C16ammonium, in the liquid-crystalline phase, were ob-
served. This observation also supports the formation of ag-
gregated species, even in the liquid-crystalline phase, and is
in agreement with the proposed packing model of three to
four molecules close-packed within a disk.
Upon heating, the materials become liquid-crystalline,

which enables thin films to be formed readily. An unusual
birefringent texture was observed by using POM (Fig-
ure 9a). The luminescence observed upon irradiation at

300<lex<350 nm without using a polarizer is not uniform
and domains with different “real” color emissions can be
observed (Figure 9b). The domains that emit green light
appear redder by using POM, whereas the domains that
emit pale orange light appear deep green between crossed
polarizers. Thus, the emissions can be correlated to different
molecular orientations inside the mesophase. It is notewor-
thy that the luminescence remains, even at elevated temper-
atures. The color modulation of the emitted light is correlat-
ed to the orientation of the domains, and therefore, to the
column extension and orientation. These ISA complexes can
be used as luminescent layers or thin films in which the ho-
mogeneity and the quality of the luminescent thin films can
be easily checked by using fluorescence microscopy.

Conclusion

Our results show that the use of a central negatively charged
sulfobodipy2� or TPPS4� template can provide mesomorphic
materials through an ionic self-assembly process. Ammoni-
um salts of amido derivatives of 3,4,5-trialkyloxybenzoic
acid allow carbon chains of various lengths to be used with-
out resynthesizing the key fluorescent molecule, which is

Figure 6. Organization of the TPPS–C12ammonium complex inside a) a
disk and b) along the column.

Figure 7. Solid-state emission observed for a) sulfobodipy–C16ammonium
and b) TPPS–C12ammonium upon excitation at 300<lex<350 at room
temperature.

Figure 8. Solid-state emission spectrum of sulfobodipy–C16ammonium
(lex=370 nm).

Figure 9. Textures of sulfobodipy–C16ammonium observed by using opti-
cal microscopy at 150 8C with a) white light transmitted between crossed-
polarizers (classical texture) and b) upon irradiation at 300<lex<350 nm
without the polarizer.
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necessary for covalent architectures.[7c ,d ,20,21] The use of
highly luminescent platforms allows the observation of the
mesophase texture by means of fluorescence microscopy
without using crossed-polarizers. In all cases, columnar mes-
ophases with hexagonal symmetry were clearly identified by
means of X-ray scattering measurements at various temper-
atures. From these data, it is estimated that for sulfobodipy–
Cnammonium complexes, three to four associated pairs form
disks that then stack to form the column. Likewise, for the
TPPS–Cnammonium complexes, a single associated tetramer
(one porphyrin and four surrounding ammonium deriva-
tives) forms a disk. As confirmed by using infrared studies,
the amido subunit in the ammonium framework is engaged
in a supramolecular hydrogen-bonded network that stabiliz-
es the thermotropic mesophases. Ionic self-assembled com-
plexes provide a relatively easy way to produce liquid-crys-
talline materials and thin films that are stable over a large
temperature range (RT to 180 8C), and are possibly useful
for applications in energy-conversion devices. The flexibility
resulting from the easy exchange of ionic components
means that this method offers many additional possibilities
to produce various soft materials, which incorporate more
sophisticated scaffolding with particular optical, magnetic,
and electronic properties. Work along these lines is currently
in progress.

Experimental Section

General : The 1H (300.1 MHz) and 13C NMR (75.5 MHz) spectra were re-
corded at room temperature by using perdeuterated solvents as internal
standards and are reported relative to the residual solvent. Mass spec-
trometry data were collected by using a ZAB-HF-VB instrument in
FAB+ mode with m-nitrobenzyl alcohol as the matrix. Chromatographic
purification was conducted by using 40–63 mm silica gel. Thin-layer chro-
matography was performed on silica gel plates coated with fluorescent in-
dicator. FTIR spectra were recorded by using a Perkin–Elmer Spectrum
One spectrometer as thin films deposited onto dry KBr pellets. UV-visi-
ble spectra were recorded by using a UVIKON 940/941 dual-beam gra-
ting spectrophotometer (Kontron Instruments) with a 1 cm quartz cell.
Fluorescence spectra were recorded by using a Perkin–Elmer LS50B
spectrofluorimeter. All fluorescence spectra were corrected. The fluores-
cence quantum yield (fexptl) was calculated from Equation (3):

�expl ¼ �ref ¼
Ff1�expð�Aref ln 10Þgn2

Freff1�expð�A ln 10Þgn2ref
ð3Þ

in which F denotes the integral of the corrected fluorescence spectrum,
A is the absorbance at the excitation wavelength, and n is the refractive
index of the medium. Rhodamine 6G (fref=0.78, lex=488 nm) and cresyl
violet (fref=0.51, lex=578 nm)

[25] were used as reference systems in air-
equilibrated water.

Luminescence lifetimes were measured by using a PTI QuantaMaster
spectrofluorimeter with TimeMaster software in Time-Correlated Single-
Photon Mode coupled to a Stroboscopic system. The excitation source
was a thyratron-gated flash lamp filled with nitrogen gas. No filter was
used for the excitation. An interference filter centered at l=550 nm se-
lected the emission wavelengths. The instrument response function was
determined by using a light-scattering solution (LUDOX). Differential
scanning calorimetry (DSC) was performed by using a Netzsch DSC 200
PC/1/M/H Phox instrument equipped with an intracooler, which allowed
measurements from �65 up to 450 8C to be recorded. The samples were

examined at a scanning rate of 10 Kmin�1 by applying two heating and
one cooling cycles. The apparatus was calibrated with indium (156.6 8C).
Phase behavior was studied by means of POM by using a Leica DMLB
microscope or a Leica DMLB fluorescence microscope equipped with a
continuous 100 W mercury lamp, a Linkam LTS350 hot stage, and a
Linkam TMS94 central processor. The XRD patterns were obtained with
a pinhole camera (Anton-Paar) operating with a point-focused Ni-filtered
CuKa beam. The samples were held in Lindemann glass capillaries
(0.9 mm diameter) and heated, when necessary, with a variable-tempera-
ture oven. The patterns were collected on flat photographic film perpen-
dicular to the X-ray beam. Spacings were obtained by using BraggWs law.

Materials : 3,4,5-Trialkyloxybenzoic acid chloride (n=8, 12, 14, 16) and
4,4-difluoro-1,3,5,7,8-pentamethyl-2,6-disulfonato-4-bora-3a,4a-diaza-s-in-
dacene (sulfobodipy2�) were synthesized as previously described. N,N-Di-
methyl-1,4-phenylenediamine dihydrochloride (99%) and tetrakis(4-sul-
fonatophenyl)porphyrin (Na4–TPPS) were purchased from Aldrich and
used as received.

General procedure for the preparation of ammonium compounds :
Cnamine was heated at 60 8C in CH3I, under argon overnight. The reac-
tant/solvent was removed under vacuum, and recrystallization in di-
chloromethane afforded the desired Cnammonium compound.

I–C8ammonium : Reagents: C8amine (1 g, 1.6 mmol), CH3I (20 mL);
yield: 89% (1.1 g); 1H NMR (CDCl3, 300 MHz): d=9.30 (s, 1H), 7.88
(AB, JA,B=9.4 Hz, n0=55.9 Hz, 4H), 7.28 (s, 2H), 4.08 (t,

3J=6.3 Hz,
4H), 3.98 (t, 3J=6.7 Hz, 4H), 3.85 (s, 9H), 1.78–1.72 (m, 6H), 1.42–1.25
(m, 30H), 0.87–0.83 ppm (m, 9H); 13C NMR (CDCl3, 75 MHz): d=166.3,
153.0, 141.8, 141.5, 140.5, 128.3, 122.3 (CH), 120.3 (CH), 106.5 (CH), 73.5
(CH2), 69.6 (CH2), 57.9 (CH3), 31.9 (CH2), 31.8 (CH2), 30.3 (CH2), 29.5
(CH2), 29.4 (CH2), 29.3 (CH2), 26.2 (CH2), 26.1 (CH2), 22.6 (CH2),
14.1 ppm (CH3); IR (KBr): ñ=3426 (brm), 3293 (brm), 2923 (s), 2854
(m), 1656 (m), 1582 (m), 1496 (s), 1334 (s), 1113 cm�1 (s); FABMS: m/z
(%): 639.3 (100) [M�I]+ ; elemental analysis calcd (%) for C40H67IN2O4:
C 62.65, H 8.81, N 3.65; found: C 62.42, H 8.41, N 3.27.

I–C12ammonium : Reagents: C12amine (0.43 g, 0.54 mmol), CH3I (10 mL);
yield: 99% (0.5 g); 1H NMR (CDCl3, 400 MHz): d=9.40 (s, 1H), 7.88
(AB, JA,B=9.2 Hz, n0=79.5 Hz, 4H), 7.29 (s, 2H), 4.09 (t,

3J=6.3 Hz,
6H), 3.96 (t, 3J=6.4 Hz, 3H), 3.84 (s, 9H), 1.81–1.74 (m, 6H), 1.25 (br s,
54H), 0.87 ppm (t, 3J=6.2 Hz, 9H); 13C NMR (CDCl3, 100 MHz): d=
166.7, 153.5, 142.1, 141.9, 140.9, 128.7, 122.6 (CH), 120.7 (CH), 106.9
(CH), 73.9 (CH2), 70.0 (CH2), 58.4 (CH3), 32.3 (CH2), 30.8 (CH2), 30.2
(CH2), 30.15 (CH2), 30.1 (CH2), 30.05 (CH2), 30.0 (CH2), 29.9 (CH2), 29.8
(CH2), 26.7 (CH2), 26.5 (CH2), 23.1 (CH2), 14.5 ppm (CH3); IR (KBr):
ñ=3442 (brm), 3293 (m), 2919 (s), 2850 (m), 1650 (s), 1582 (s), 1467 (s),
1424 (s), 1339 (m), 1121 cm�1 (s); FABMS: m/z (%): 808.2 (100) [M�I]+ ;
elemental analysis calcd (%) for C52H91IN2O4: C 66.78, H 9.81, N 3.00;
found: C 66.49, H 9.62, N 2.64.

I–C14ammonium : Reagents: C14amine (0.84 g, 0.95 mmol), CH3I (10 mL);
yield: 74% (0.71 g); 1H NMR (CDCl3, 300 MHz): d=9.38 (s, 1H), 7.85
(AB, JA,B=8.7 Hz, n0=34.7 Hz, 4H), 7.28 (s, 2H), 4.10–3.90 (m, 6H),
3.83 (s, 9H), 1.81–1.72 (m, 6H), 1.23 (br s, 66H), 0.85 ppm (m, 9H);
13C NMR (CDCl3, 75 MHz): d=166.2, 153.1, 141.5, 128.4, 122.1 (CH),
120.2 (CH), 106.5 (CH), 73.5 (CH2), 69.5 (CH2), 57.9 (CH3), 31.9 (CH2),
30.4 (CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.55 (CH2), 29.5 (CH2),
29.4 (CH2), 26.2 (CH2), 26.1 (CH2), 22.7 (CH2), 14.1 ppm (CH3); IR
(KBr): ñ=3412 (brw), 3293 (brm), 2918 (s), 2849 (s), 1648 (s), 1580 (m),
1533 (s), 1468 (s), 1424 (m), 1342 (m), 1122 cm�1 (s); FABMS: m/z (%):
892.0 (100) [M�I]+ ; elemental analysis calcd (%) for C58H103IN2O4: C
68.34, H 10.18, N 2.75; found: C 67.84, H 9.82, N 2.43.

I–C16ammonium : Reagents: C16amine (0.81 g, 0.84 mmol), CH3I (10 mL);
yield: 92% (0.86 g); 1H NMR (CDCl3, 300 MHz): d=9.15 (s, 1H), 7.85
(AB, JA,B=9.3 Hz, n0=57.7 Hz, 4H), 7.27 (s, 2H), 4.09 (t,

3J=6.3 Hz,
4H), 3.99 (t, 3J=6.6 Hz, 2H), 3.88 (s, 9H), 1.80–1.75 (m, 6H), 1.24 (br s,
H), 0.87 ppm (t, 3J=6.7 Hz, 9H); 13C NMR (CDCl3, 75 MHz): d=166.2,
153.1, 141.6, 140.6, 128.3, 122.1 (CH), 120.3 (CH), 106.4 (CH), 73.6
(CH2), 69.6 (CH2), 57.9 (CH3), 31.9 (CH2), 30.4 (CH2), 29.8 (CH2), 29.7
(CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 26.2 (CH2), 26.1 (CH2), 22.7
(CH2), 14.1 ppm (CH3); IR (KBr): ñ=3393 (brm), 3293 (brm), 2916 (s),
2848 (s), 1648 (s), 1581 (m), 1468 (s), 1341 (m), 1275 (s), 1123 cm�1 (s);
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FABMS m/z (%): 976.0 (100) [M�I]+ ; elemental analysis calcd (%) for
C64H115IN2O4: C 69.66, H 10.50, N 2.54; found: C 69.41, H 10.19, N 2.09.

BF4–C14ammonium : C14ammonium compound with iodine as counterion
(201.3 mg) was dissolved in ethanol (50 mL) and AgBF4 (1.1 equiv) was
added to the solution to precipitate AgI. The solution was stirred for 4 h
to complete the exchange. The AgI precipitate was removed by means of
filtration and the solvent evaporated. The C14ammonium compound with
BF4

� as the counterion was recrystallized from a mixture of CH2Cl2/
CH3CN by means of slow evaporation of dichloromethane. The effective-
ness of the exchange was confirmed by means of elemental analysis: ele-
mental analysis calcd (%) for C58H103BF4N2O4: C 71.14, H 10.60, N 2.86;
found: C 70.86, H 10.40, N 2.58.

General procedure for the preparation of the adduct (complex): The sul-
fonate salt (1 equiv) was dissolved in DMF and Cnammonium (1 equiv
per negative charge) was added. The mixture was stirred at RT for one
day. Water was then added, the precipitate was washed with water, and
dried under vacuum. Recrystallization in a mixture of CH2Cl2/CH3CN
gave the complexes as powders.

Sulfobodipy–C12ammonium : Yield: 75%; 1H NMR (CDCl3, 200 MHz):
d=9.86 (br s, 2H), 7.63 (brAB, JA,B=7.7 Hz, n0=64.2 Hz, 8H), 7.33 (s,
4H), 4.06–3.96 (m, 12H), 3.47 (br s, 18H), 2.65–2.56 (m, 12H), 2.01 (br s,
3H), 1.72 (br s, 12H), 1.24 (br s, 108H), 0.86 ppm (br s, 18H); IR (KBr):
ñ=3400 (brm), 2920 (s), 2916 (s), 2851 (m), 1659 (brm), 1582 (m), 1537
(s), 1497 (s), 1334 (s), 1199 (s), 1114 cm�1 (s); UV/Vis (CH2Cl2): l (e)=
510 (39500), 360 (4400), 284 (36000), 229 nm (35000 m�1 cm�1); elemental
analysis calcd (%) for C118H199BF2N6O14S2: C 69.51, H 9.84, N 4.12;
found: C 69.92, H 9.99, N 4.37.

Sulfobodipy–C14ammonium : Yield: 82%; 1H NMR (CDCl3, 200 MHz):
d=9.83 (br s, 2H), 7.78 (br s, 4H), 7.48 (br s, 4H), 7.33 (s, 4H), 4.06–3.97
(m, 12H), 3.50 (br s, 18H), 2.64–2.60 (m, 12H), 1.90 (br s, 3H), 1.73 (br s,
12H), 1.24 (br s, 132H), 0.87 ppm (br s, 18H); IR (KBr): ñ=3398 (brm),
3270 (brm), 2917 (s), 2849 (s), 1652 (brm), 1582 (m), 1538 (m), 1467 (s),
1335 (s), 1193 (s), 1117 cm�1 (s); UV/Vis (CH2Cl2): l (e)=509 (35500),
362 (4200), 285 nm (3400 m�1 cm�1); elemental analysis calcd (%) for
C130H223BF2N6O14S2: C 70.74, H 10.18, N 3.81; found: C 71.14, H 10.42, N
4.12.

Sulfobodipy–C16ammonium : Yield: 72%; 1H NMR (CDCl3, 300 MHz):
d=9.84 (br s, 2H), 7.77 (br s, 4H), 7.43 (br s, 4H), 7.33 (s, 4H), 4.06–3.97
(m, 12H), 3.46 (br s, 18H), 2.62 (br s, 12H), 1.90–1.72 (m, 15H), 1.24
(br s, 156H), 0.87 ppm (br s, 18H); IR (KBr): ñ=3398 (brm), 3270 (brm),
2915 (s), 2848 (s), 1645 (brm), 1583 (m), 1538 (m), 1469 (s), 1337 (s),
1191 (s), 1120 cm�1 (s); UV/Vis (CH2Cl2): l (e)=510 (32500), 360 (4500),
285 (24000), 229 nm (23000 m�1 cm�1); elemental analysis calcd (%) for
C142H247BF2N6O14S2: C 71.80, H 10.48, N 3.54; found: C 72.14, H 10.67, N
3.84.

TPPS–C8ammonium : Yield: 42%; 1H NMR ((CD3)2CO, 300 MHz): d=
10.38 (s, 4H), 8.82 (s, 8H), 7.85 (AB, JA,B=7.3 Hz, n0=26.3 Hz, 16H),
7.96 (s, 16H), 7.21 (s, 8H), 3.96–3.86 (m, 24H), 3.60 (s, 36H), 1.70–1.61
(m, 24H), 1.24 (br s, 120H), 0.85 ppm (br s, 36H); IR (KBr): ñ=3401
(brm), 3312 (brm), 2919 (s), 2848 (s), 1655 (s), 1582 (m), 1495 (s), 1468
(s), 1333 (s), 1202 (s), 1185 (s), 1113 (s), 1033 cm�1 (s); UV/Vis (CH2Cl2):
l (e)=648 (2500), 592 (3150), 552 (5300), 516 (10800), 418 (300000), 400
(112000), 285 nm (106300 m�1 cm�1); elemental analysis calcd (%) for
C204H294N12O28S4: C 70.19, H 8.49, N 4.81; found: C 70.49, H 8.79, N 4.90.

TPPS–C12ammonium : Yield: 25%; 1H NMR ([D6]DMSO, 300 MHz): d=
10.38 (s, 4H), 8.87 (s, 8H), 8.01 (AB, JA,B=8.1 Hz, n0=38.4 Hz, 16H),
7.99 (s, 16H), 7.26 (s, 8H), 4.03 (t, 3J=5.9 Hz, 18H), 3.92 (t, 3J=6.5 Hz,
6H), 3.63 (s, 36H), 1.74–1.64 (m, 24H), 1.27 (br s, 216H), 0.87 ppm (t,
36H, 3J=6.0 Hz); IR (KBr): ñ=3419 (brm), 3308 (brm), 2919 (s), 2851
(s), 1656 (s), 1581 (m), 1495 (m), 1424 (m), 1332 (s), 1190 (s), 1114 cm�1

(s); UV/Vis (CH2Cl2) l (e)=648 (3200), 592 (4000), 552 (6600), 517
(12600), 418 (360000), 285 nm (110000 m�1 cm�1); elemental analysis
calcd (%) for C252H390N12O28S4: C 72.69, H 9.44, N 4.04; found: C 72.41,
H 9.13, N 3.82.
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