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ABSTRACT: This work describes the self-assembly behavior, the structure, the state, and phase diagrams of
comblike liquid-crystalline polymers obtained by supramolecular ionic complexation of cationic dendronized
polymers (PG1-PG3) and anionic sulfonated lipid surfactants. In order to characterize the influence of both the
polymer and the surfactant on the microphase separation of these complexes, dendronized polymers with generation
1 e n e 3, carrying 2n positive charges per monomer, were complexed with a stoichiometric amount of anionic
sodium alkyl monosulfate surfactants with hydrocarbon chain of C8, C12, C14, and C18 lengths. Supramolecular
complexes were obtained in water, and the complexation process was monitored by Fourier transform infrared
spectroscopy (FTIR) and nuclear magnetic resonance. After drying and thermal annealing under high vacuum,
the complexes showed thermotropic liquid-crystalline behavior as demonstrated by both cross-polarized optical
microscopy and differential scanning calorimetry. Small-angle X-ray scattering allowed determining the respective
lattice parameters and type of structures for all the complexes considered. Depending on both generation and
lipid chain length, amorphous isotropic fluid, columnar rectangular, columnar hexagonal, columnar tetragonal,
and lamellar phases were observed, each characterized by a specific order-disorder transition temperature (TODT).

1. Introduction

Block copolymers have been widely employed during the past
20 years as precursors to template well-ordered periodic
nanostructures.1,2 The most commonly used type are diblock
copolymers.3,4 As a consequence of the different chemical nature
of the two blocks, these will have a tendency to microphase
separate and self-assemble into various nanostructures such as
lamellar, cylindrical, double gyroid, and spherical phases. The
phase diagrams of these systems have been well established in
terms of the composition of the diblock as well as on the
segregation parameter, expressed as the product of the Flory-
Huggins interaction parameter and the polymerization degree
of the diblock (øN).5-8 In order to explore different possible
nanostructures, alternative polymer architectures such as comb-
like homopolymers or copolymers have been synthesized,9-12

for which both the experimental and theoretical phase diagrams
have been by far less investigated. In this type of polymer,
various liquid-crystalline phases can be induced by changing
the type of the mesogenic units attached to the main chain as
well as the nature of the polymer backbone.13,14 While in this
class of comblike polymers the main backbone was essentially
linear, other chemical architectures have been studied in recent
years. For example, hyperbranched and dendritic macromol-
ecules were used to form the backbone of comblike polymers
rather than linear chains.15-20

These highly branched macromolecules have a molecular
conformation which differs markedly from that of linear
polymers, and the flexible or rigid mesogenic units covalently
attached to the end-functional groups are selectively distributed

on the peripherical external “shell” rather than homogeneously
as in the case of linear comblike polymers. Furthermore, the
driving forces responsible for the segregation of the mesogenic
units and the branched scaffold can be tuned in these systems
by changing the generation of the dendrimers or the degree of
branching.21

Recent efforts in the design of functional comblike-type
macromolecules have focused on the synthesis of supramol-
ecules by assembling polymer chains and mesogenic units by
hydrogen bonds or ionic complexation rather than covalent
bonding.22-25 In the hydrogen-bonding strategy use was made
mostly of linear homopolymers and blocks copolymers as
polymeric building blocks.26 In the case of ionic complexation,
various polyelectrolyte architectures such as linear and hyper-
branched polymers as well as dendrimers have been explored
as macromolecular templates and complexed with ionic meso-
genes such as hydrocarbon-based surfactants and rigid rods.27-30

Biopolyelectrolytic systems have also been studied as comblike
polymers templates for complexation with ionic mesogenes in
investigations relevant to pH-responsive systems and artificial
biomembranes.31 Recently, we have reported the use of cationic
dendronized polymers as a model system to design comblike
liquid-crystalline polymers where microphase-segregated struc-
tures can be tailored by both the mesogen type and length as
well as the generation of the dendronized polymer.32-34 While
in these systems the ionically attached mesogene units are
expected to play a role similar to that of other comblike
supramolecular systems, the generation of the dendronized
polymers introduces an additional opportunity to control and
tailor the self-assembly behavior of these materials. Indeed, it
has been shown that the generation of the dendrons grafted to
the backbone of the polymer can be responsible for substantial
conformational changes of the chain and systematic increase
of the persistence length, driving the polymer from a coiled
chain at low generation to a rodlike polymer for high dendron

* Corresponding author: e-mail raffaele.mezzenga@unifr.ch, Tel+ 41
26 300 9066, Fax+ 41 26 300 9747; e-mail raffaele.mezzenga@rdls.
nestle.com, Tel+ 41 21 785 8078, Fax+ 41 21 785 8554.

† University of Fribourg, Pe´rolles.
‡ Swiss Federal Institute of Technology.
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generations.35 These effects are then expected to be further
enhanced by the complexation of the dendrons attached to the
polymer backbone with ionic surfactants.

In this work, we discuss the self-assembly, thermotropic
behavior, and liquid-crystalline structures of supramolecular
complexes formed between cationic polyelectrolytic dendronized
polymers36-38 and anionic hydrocarbon surfactants of various
lengths. Each repeat unit of the dendronized polymer carries a
dendron of generationn, with 1 e n e 3 and with 2n positively
charged ammonium units. The volume fraction of the surfactant
in the complex is controlled by both the dendron generation as
well as by the length of the surfactant tail selected. A detailed
state and phase diagram of the different liquid-crystalline phases
observed at the equilibrium for these complexes are given and
discussed in terms of temperature, generation, and alkyl tail
length.

2. Experimental Section

2.1. Materials. Deionized QMillipore water, ethanol, and 1-bu-
tanol analytical grade were used as received from Fluka. Four
different anionic sulfated surfactant salts were selected to explore
the effect of the hydrocarbon chain length on the complexes.
Sodium octyl sulfate (C8) (Fluka, 95%) represented the shortest
hydrocarbon chain considered; sodium dodecyl sulfate (C12, Fluka,
98%) and sodium tetradecyl sulfate (C14, Fluka, 95%) represented
the intermediate lengths and sodium octadecyl sulfate (C18) (Fluka,
98%) the longest one. The critical micelle concentration (cmc) is
8.3, 2, and 134 mM for C12, C14, and C8, respectively.39 The cmc
value for C18 is not reported in the literature.

2.2. Synthesis of Cationic Dendronized Polymers.The syn-
thesis of water-soluble dendronized polymers used in the present
work follows closely the procedure described elsewhere by Kase¨mi
et al.38 for similar systems, and details on first- and second-
generation dendronized polymers synthesis have been given in a
previous paper.34 The synthetic procedures for the third-generation
dendronized polymer PG3 and all data regarding its chemical
characterization are available in the Supporting Information. The
respective molecular weights of these three dendronized polymers
are 1 550 800 g/mol forPG1, 2 346 900 g/mol forPG2, and 333 000
g/mol for PG3.

2.3. Methods.Complexation and Purification Procedures.First-,
second-, and third-generation cationic dendronized polymers were
selected to form ionic supramolecular complexes, as illustrated in
Scheme 1. The glass transition temperature (Tg) of these den-
dronized polymers was measured at 59, 58, and 82°C for PG1,
PG2, andPG3 polymers, respectively. The polymersPG1-PG3
carry 2, 4, and 8, respectively, positively charged ammonium groups
per repeat unit when dissolved in acidic water (pH) 3-4 adjusted
with HCl). The entire set of complexations between sodium alkyl
monosulfate surfactants and dendronized polymers was carried out
at stoichiometric ratio of positive ammonium and negative sulfate
charges. Between 50 and 100 mg of lyophilizedPG1 to PG3 was
dissolved in 50 mL of water under continuous stirring. For
complexation with C8, C12, and C14, the equivalent molar mass
of salt surfactant needed to maintain stoichiometric conditions was
dispersed in water. In order to improve the dispersion of C14, the
solution was warmed to 50°C for 1 h under stirring. In all three
cases, the water volume was adjusted in order to maintain the
surfactant concentrations below the cmc. For the complexation with
C18, owing to its low solubility in water, a mixture of 1-butanol/
water/ethanol (87.7 wt %/10.9 wt %/1.33 wt %) was used as a
solvent for C18. The pH values of both thePG1-PG3 and the
surfactant solutions were adjusted with 2 N HCl to pH) 3-4 in
order to maintain all amines positively and the sulfates negatively
charged. The respectivePG1-PG3 solution was then added
dropwise to the surfactant solution under continuous stirring.
Progressively, the surfactant solution became turbid, indicating the
formation of complexes.40 They were collected after removal of
water from the centrifugated complex-water dispersion. In order

to remove possible excess of unbound surfactant in thePG1-C8to
PG3-C8, PG1-C12 to PG3-C12, andPG1-C14 to PG3-C14, the
collected precipitates were successively dissolved in 1-butanol and
added dropwise to large excess of acidic water (pH) 3-4) in
order to avoid 1-butanol emulsification in water. Iterating the
procedure consisting of dissolving the precipitated complex in
1-butanol and reprecipitating it in acidic water allows washing at
each step eventual excess of unbound lipid, yielding a pure
dendronized polymer-lipid complex. The second precipitate is
normally taken as final purified complex.PG1-C18 to PG3-C18
complexes were characterized without further purification, owing
to their poor solubility in organic solvents. In order to remove
residual water in the final complex, powdered samples were dried
under vacuum at room temperature for 3 days.

Fourier Transform Infrared Spectroscopy.Infrared spectra have
been recorded with a Bomem Hartmann and Braun MB 155 FTIR
spectrometer in attenuated total reflection (ATR) with a ZnSe crystal
in a spectral region of 600-4000 cm-1 with a resolution of 2 cm-1.
In order to achieve good contact with the cell, the powder of the
PGx-lipid complex was compressed at room temperature to form
a platelet and placed directly in contact with the crystal.

Nuclear Magnetic Resonance (NMR). 1H and13C NMR spectra
were recorded on Bruker AM 300 (1H: 300 MHz; 13C: 75 MHz)
and AV 500 (1H: 500 MHz;13C: 125 MHz) spectrometers at room
temperature using chloroform-d as a solvent.19F NMR spectra of
complexes were done on Bruker AB 250 (19F: 188 MHz) using
DMSO-d6 and 0.4 nmol of hexafluorobenzene (C6F6) as internal
standard. Relaxation time of 30 s was selected in order to have
good signal-to-noise ratio.

Elemental Analysis.Elemental analyses were performed on a
Leco CHN-900 and Leco CHNS-932 instrument using acetanilide/
cholesterol, atropin, and caffeine as reference for calibration. For
Cl determination 5 mM of AgClO4 was used as a reagent. The
samples were dried rigorously under vacuum prior to analysis to
remove strongly adhering solvent molecules.

Annealing Process.In order to attain the thermodynamic
equilibrium, the complexes (with the exception ofPG1-C12) were
annealed for 3 days in a high-vacuum column (10-8 mbar) at a
temperature larger than the glass transition temperature of the
dendronized polymers and the melting temperature of the lipids
but lower than the temperature of order/disorder transition (TODT)
of the liquid-crystalline structure studied. Typical annealing tem-
peratures ranged between 80 and 150°C. ThePG1-C12complex
could not be properly annealed because theTODT was very close to
the glass transition temperature ofPG1. The TODT was measured
by temperature-dependent SAXS in separate experiments. Heating
the complexes above theTODT and recovering the original structures
upon cooling below theTODT proved the observed structures to by
typical of thermodynamic equilibrium.

Cross-Polarized Optical Microscopy (CPOM).Birefringence of
the complexes was investigated using a Leica DMLB microscope
with polarizing filters equipped with a JVC digital TK-C138050
color video camera. The films were cast on a microscope glass
plate from a 4 wt %solution of complex dissolved in 1-butanol or
chloroform. The films were predried over night before being
annealed for 3 days at 10-8 mbar according to the procedure
described above. In order to study birefringence as a function of
temperature, the annealed film was finally inserted into the quartz
glass cell of a Linkam hot stage regulated by a Linkam CSS450
temperature controller.

Differential Scanning Calorimetry (DSC).Thermal analysis
measurements were performed using a Mettler Toledo DSC821
differential scanning calorimeter (DSC). Samples of a total weight
ranging between 3 and 5 mg were closed into aluminum pans of
40 µL, covered by a holed cap, and analyzed under a nitrogen
atmosphere. The DSC measurements were recorded in a temperature
range of 25-160 °C with a heating rate of 10°C/min. Since
measurements were performed on samples previously annealed and
at thermodynamic equilibrium, the first scan was sufficient to obtain
information on first- and second-order thermodynamic transitions,
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and no second scan curves were run. Different heating rates of DSC
scans yielded the same results obtained at 10°C/min.

Wide- and Small-Angle X-ray Scattering.Simultaneous wide-
and small-angle X-rays scattering (SWAXS) experiments were
performed using a SAXSess instrument (Anton Paar) with a line
collimation setup. The system used a Cu KR radiation source in a
sealed tube (λ ) 0.1542 nm). The beam was attenuated by a
semitransparent nickel foil beam stop. A highly sensitive SWAXS
imaging plate slide at 263.3 mm from the sample is used to collect
the signal under vacuum. The sample holder was temperature-
controlled in the range comprised between 10 and 200°C. Powder
samples were placed in between two mica foils clamped and
sandwiched in a steel sample holder for solids samples. Diffraction
data were acquired for 1 h exposure. For temperature-dependent
measurements, each temperature was maintained 1 h prior to data
acquisition in order to achieve thermodynamic equilibrium struc-
tures. Diffractograms of mica were acquired by SWAXS in order
to establish the backgrounds and then subtracted from the sample

diffractograms, yielding the data reported in the present paper. The
high reproducibility of SAXS measurement was demonstrated by
using a set of three different samples per each complex, which
resulted in undistinguishable measurements. All the scattering
signals were treated with SAXSquant software by Anton Paar.

3. Results and Discussion

3.1. Analytical Characterization of the Complexes.The
surfactants, the dendronized polymers, and their supramolecular
complexes were characterized individually by Fourier transform
infrared spectroscopy (FTIR). Figure 1 reports, as an example,
the spectra for C12,PG2, and their complexPG2-C12. The
absorption band at 1594 cm-1, present in the polymer and absent
in the surfactant spectra, is characteristic of protonated am-
monium groups. For each ionic complex studied, this band is
still present, while the sulfate vibration peaks at 1202 and 1237
cm-1 (both visible in the surfactant spectra) appeared. Although

Scheme 1. Schematic Representation of the Molecular Structures of the Dendronized Polymer-Lipid Complexes
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the present infrared data alone do not directly prove complex-
ation between the sulfate groups of the surfactant and the
ammonium groups of the polymer (macrophase-separated blends
of polymer and surfactants would yield the same results), the
occurrence of macrophase-separated polymer/surfactant blend
can be ruled out since the precipitate has survived multiple
washing steps in water, which would selectively remove
unbound surfactant, thus supporting ionic complexation.

Attempts to establish more accurately the degree of loading,
that is, the ratio between sulfate and ammonium groups, was
done by performing NMR and elemental analysis on the
complexes.

1H and19F NMR spectroscopy were performed on the three
samplesPG1-C12, PG2-C12, and PG3-C12, and elemental
analysis was carried out onPG3-C12. On the basis of NMR
spectroscopy alone, an accurate quantification could not be
achieved. Unfavorable differences in line widths of the1H NMR
signals of the dendronized polymers made comparative integra-
tions unreliable. A typical example is shown in Figure 2 in
which the expanded shift range fromδ ) 2-5 ppm ofPG3-
C12 is depicted. This range contains theR-CH2 signal of the

surfactant atδ ) 3.65 as well as the signal due to all CH2O
groups ofPG3 at δ ) 3.95 ppm, the intensity ratio of which
describes the degree to which dodecylsulfate was incorporated
as counterion in the polymer-lipid complex. Assuming a 100%
exchange, this ratio should be 16:28, respectively. As can be
seen, depending on the integration limits chosen for the signal
at δ ) 3.95 ppm, different ratios can be generated. On the basis
of this method, it can therefore only be concluded that the level
of exchange is considerable and may be close to or even above
80%. The19F NMR spectra of the complexes did not show any
indication of residual trifluoroacetate. This cannot be interpreted
as indication for a quantitative exchange, however, because, as
mentioned in the preparation protocol, the solution of the
dendronized polymers were acidified to pH) 3-4 prior to
complexation using hydrochloric acid. It can therefore not be
excluded that also some chlorides act as counterions for the
ammoniums.

Most insight into the complexes composition came from
elemental analysis. The values for thePG3-C12complex are
given in the following (element: calculated/found) whereby the
calculated ones refer to 100% coverage and zero incorporation
of chloride: C: 57.90/57.16; H: 8.69/8.71; N: 4.98/5.02; S:
6.51/6.56; Cl: 0.00/0.03. These experimental values match the
calculated ones almost perfectly so that a near quantitative
exchange of trifluoroacetate against dodecylsulfate is indi-
cated. It should be mentioned (a) that the sulfur value is large
enough so as to detect an eventual lower coverage and (b) the
chlorine value is so low so that chloride incorporation can
practically be excluded.

3.2. Solid-State Characterization on Ionic Dendronized
Polymer Complexes.Small- and wide-angle X-ray scattering
combined with cross-polarized optical microscopy and scanning
differential calorimetry allowed a detailed description of the
structure of the dendronized polymer-lipid complexes obtained
by changing the dendron generation and the surfactant tail
length.

In order to illustrate the effect of alkyl tail length, Figure 3a
reports representative DSC scans on dendronized polymerPG1
complexed with three lipids C8, C12, and C18, while Figure
3b highlights the effect of dendron generation by showing the
heat scan curves forPG1-C18, PG2-C18, andPG3-C18. The
most important feature apparent from these DSC scans is that
a pronounced endothermic fusion peak appeared systematically
in systems complexed with C18. These peaks were centered at
65 °C for PG1-C18, 61 °C for PG2-C18, and 51°C for PG3-
C18. They correspond in each case to the fusion of the
crystalline alkyl tails, as also confirmed by the melting of
crystalline peaks in the WAXS diffractograms. For bothPG1-
C18 and PG2-C18 this peak was followed by a smaller
endothermic one (more pronounced forPG1-C18), centered at
∼80 °C, indicative of a first-order thermodynamic transition.
This was consistent with birefringence which for bothPG1-
C18 andPG2-C18was observed up to 80°C and disappeared
above this temperature. As will be shown later in this paper,
the second endothermic peak inPG1-C18 and PG2-C18
correspond to the transition from a lamellar phase to an isotropic
fluid. The complexation ofPG3 with C18 leads to a decrease
of the melting point of the lipid’s crystalline phase and seems
to suppress the second endothermic peak. Again, it will be
shown that this is consistent with the lack of a stable lamellar
phase for thePG3-C18complex. Contrarily to the C18 case,
no first-order thermodynamic transitions could be detected by
DSC analysis in the complexes obtained with shorter alkyl tails.

Figure 1. FTIR spectra for a C12 surfactant alone,PG2 dendronized
polymer alone, and the respectivePG2-C12complex. The presence in
the complex signals of bands at 1202 and 1237 cm-1 is characteristic
of sulfate groups probing the complexation between thePG2and sulfate
surfactants.

Figure 2. 1H NMR spectrum of PG3-C12 in CDCl3 at room
temperature with the expanded range from 2.0< δ < 5.0 ppm. The
intensities of theR-CH2 signals of the surfactant atδ ) 3.65 and the
one due to all CH2O groups ofPG3 at δ ) 3.95 are compared by
employing arbitrarily chosen integration limits and ignoring the elevated
baseline to illustrate the method’s intrinsic limits.
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A better understanding and characterization of the liquid-
crystalline phases could be gained by performing small-angle
X-ray scattering. Figure 4 shows the diffractograms measured
for complexes formed byPG1, PG2, PG3, and C8 after
annealing. In the case ofPG1-C8, a single broad peak is present,
indicating that the system is in an isotropic and amorphous state.
This is consistent with cross-polarized optical microscopy, which
shows no evidence of birefringence. In this case, the alkyl chains
are too short to induce segregation between the polymer back-
boneand surfactant. The system is at equilibrium in an isotropic
homogeneous phase, in which the average chain-to-chain
distance can be calculated as 2π/q* ) 2.5 nm, withq* being
the q position corresponding to the maximum intensity of the
diffractogram. The value ofq* is very close to that characteristic
of the backbone-to-backbone distance37 previously reported for

PG1 alone, indicating that the surfactant is acting as a very
short spacer among polymer chains, lubricating the chains and
allowing an optimal packing of the complexes into a bulk
isotropic phase.

Increasing the dendron generation leads to a change in the
molecular organization of the complexes, as shown in Figure 4
by the diffractograms ofPG2-C8andPG3-C8, each character-
ized by two broad peaks, located atq1 ) 1.7 nm-1, q2 ) 2.6
nm-1 andq1 ) 1.2 nm-1, q2 ) 2.12 nm-1, respectively. Figure
4 also highlights another difference compared toPG1-C8
complex, e.g., thatPG2-C8 and PG3-C8 complexes are
birefringent at room temperature, which is indicative of aniso-
tropic materials. Considering the widths of the peaks, and since
the spacing ratio betweenq2/q1 is not typical of any regular
columnar or lamellar phase, the two peaks are attributed to the
first two reflections (h,k) ) (10) and (01) in poorly organized
P2mcolumnar rectangular liquid-crystalline phases.41 The lattice
parametersa andb can be obtained by

This gives (a; b) lattice parameters of (3.69 nm; 2.41 nm) and
(5.23 nm; 2.96 nm) for thePG2-C8andPG3-C8, respectively.
The systematic increase of the larger lattice parametera when
going fromPG1-C8f PG2-C8f PG3-C8 is consistent with
the backbone-to-backbone distances reported for first-, second-,
and third-generation dendronized polymers in bulk.33 Since the
volume fraction of lipid is expected to decrease only weakly
with generation when the lipid length is maintained constant
and the generation is increased, this change must be essentially
related to the change in possible conformations of the den-
dronized polymers. Furthermore, without precise estimates of
volume fractions of the lipid and polymeric domains, it is
impossible to predict whether the polymer and the alkyl tails
occupy the continuous and the dispersed phase, respectively,
in the PG2-C8 and PG3-C8 rectangular phases. Precise
estimates of the volume fractions of lipid and polymer domains
are possible, provided that both the degree of loading can be
accurately determined together with the densities of both the
dendronized polymers and alkyl tails. Work on this specific issue
is in progress and will be reported in due course.

Increase of the alkyl tail length has more pronounced
consequences on the volume fraction of the lipid phase and,
consequently, on the driving force toward microphase segrega-
tion. This is highlighted in Figure 5a where the SAXS
diffractograms forPG1-C12, PG2-C12, andPG3-C12at room
temperature are shown. In order to clearly show multiple
reflections, the intensities are plotted asIq2. The complexPG1-
C12shows three Bragg peaks spaced as 1:x3:2, which is typical
of a columnar hexagonal phase, as further supported by the
birefringence pattern observed under cross polarized optical
microscopy. Unlike columnar hexagonal phases obtained from
diblock copolymers, the second peak is particularly weak in
PG1-C12, which led the authors to attribute this complex to a
lamellar phase in previous work.34 However, in plots ofIq2 vs
q, this reflection appears systematically in eachPG1-C12
sample. Since thex3 reflection in columnar hexagonal phases
is vanishingly small as the volume fraction of cylinders approach
0.33, the weak reflection inPG1-C12is possibly to be attributed
to the high volume fraction of the cylinders, contrarily to the
case of diblock copolymers, where the hexagonal phase is
normally observed at a volume fraction of cylinders of typically
0.17 to 0.3. In a columnar hexagonal phase, the distance between

Figure 3. DSC scans at 10°C/min for the following annealed
complexes: (a)PG1-C8 (amorphous),PG1-C12 (hexagonal phase),
PG1-C18 (lamellar phase); (b)PG1-C18 (lamellar phase),PG2-C18
(lamellar phase),PG3-C18(birefringent disordered phase). Enthalpies
of transitions expressed as kJ/mol of alkyl tails are 23.8, 5.1, 26.8, 2.4,
and 18 for peaks 1 to 5, respectively.

Figure 4. Solid-state SAXS diffractograms showing and isotropic
homogeneous phase forPG1-C8and disordered rectangular phases for
PG2-C8 and PG3-C8. Cross-polarized optical microscopy pictures
taken at room temperature forPG2-C8 andPG3-C8.

q ) 2πxh2

a2
+ k2

b2
(1)
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Bragg diffraction planes,dhkl, is related to planes with Miller
indexes (hk0) and to the lattice parametera by

which yieldsa directly by taking the distancedhkl ) 2π/q1 for
the reflection (100) withq1 the q value of the first reflection.
In the case ofPG1-C12 this yields a value of 3.85 nm for the
lattice parameter, which is distinctly larger than the backbone-
to-backbone distance inPG1-C8 complexes, indicating a
different organization of the polymer chains, as a result of the
microsegregated morphology. By increasing temperature (Figure
5b), the hexagonal second and third reflections become progres-
sively weaker, and above 100°C, when the birefringence of
the sample gets lost, they disappear. At the same time, the first
sharp peak changes into a broader one, indicating that theTODT

has been passed and thatPG1-C12 is stable in an isotropic
homogeneous fluid above 100°C.

When the generation is increased, the liquid crystals undergo
further change in structure, as revealed by the diffractogram of
PG2-C12 in Figure 5a. Four Bragg peaks spaced as 1:x2:2:3
are visible, which are consistent with a tetragonal phase with
long-range order.

In a columnar tetragonal phase the Bragg reflections and
lattice parameter are related by

Equation 3 is a particular case of eq 1 witha ) b. The four
1:x2:2:3 Bragg peaks can then be identified with (100), (110),
(200), and (300) reflections. Equation 1 identifies both centered
columnar rectangular phases and simple columnar rectangular
phase that areC2/m andP2m lattice spaces, respectively. The
only difference in the Bragg spacing betweenC2/m andP2m
is that the centered rectangular phaseC2/m should follow an
extinction rule of the type (h + k * 2n + 1). This is not
consistent with the fourth (300) reflection observed in our case.
Furthermore, whena ) b, a centered tetragonal columnar phase
with lattice period a is equivalent to a simple tetragonal
columnar phase with lattice perioda/x2. Therefore, we can
attribute unambiguously thePG2-C12complex to aP2msimple
columnar tetragonal phase of lattice spacea ) 3.92 nm,
following eq 3 without further extinction rules. The reflection
corresponding to (210) and (220) also characteristic of columnar
tetragonal phases which forPG2-C12 are expected at 3.6 and
4.5 nm-1 are not visible in the diffractogramm of Figure 5a
(though the (220) reflection can possibly be covered by the (300)
reflection close by). It is illustrative to highlight the differences
in lattice parameters between thePG2-C12columnar tetragonal
and thePG1-C12columnar hexagonal phases. In the first case,
the columnar tetragonal complex is obtained with a dendronized
polymer of second generation andC12, while in the latter case,
the columnar hexagonal phase is obtained with a dendronized
polymer of first generation andC12. Despite the difference of
one generation between thePG1 and PG2, only a difference
of ∼0.1 nm is observed in the corresponding lattice spaces. This
reflects a different molecular organization of the tetragonal and
hexagonal phases which has to be related primarily to the
different polymer backbone structures ofPG1 and PG2 and
possibly to a small decrease of the volume fraction of the alkyl
tail when going fromPG1-C12to PG2-C12. On the other hand,
the increase in alkyl tail lengths and volume fraction is
considered to be the main cause driving the disordered
rectangularPG2-C8 into a long-range orderedPG2-C12phase.
Also in this case, without exact determination of volume
fractions of polymer and alkyl tail domains, and relying solely
on SAXS, it is not possible to argue whether the lipid forms
the cylinders or the continuous domains.

The PG2-C12 tetragonal phase proved to be stable for
temperatures up to 170°C, maintaining both the same diffrac-
togram and birefringence. Higher temperatures corresponded
to the onset of thermal degradation of the complexes, as revealed
by the yellowing of the complex powder.

When the generation was further increased to 3 and the length
of the alkyl tail maintained at C12, only two Bragg reflections
can be distinguished, spaced as 1:x2. This is still consistent
with a tetragonal phase, although the lack of further reflections
indicates that the phase is poorly organized (inset in Figure 5a).
The lattice parameter is measured at 4.72 nm, which reflects
the increase in generation of the polymer. As expected by the
poor order, thePG3-C12tetragonal phase was found to have a
lower TODT compared toPG2-C12, with loss of birefringence
at 90°C and loss of Bragg reflections at 150°C.

By increasing the length of the alkyl tail to C14, the same
liquid-crystalline structures found for thePG1-C12, PG2-C12,
and PG3-C12 complexes were observed, as demonstrated by
the SAXS diffractograms shown in Figure 6. The most surpris-
ing result is the size of the lattice parameter of thePG1-C14
hexagonal phase which went to 4.83 nm from the 3.85 nm of
the PG1-C12hexagonal phase. Moreover, theTODT for PG1-
C14 was measured at 85°C, that is 15°C less than that
measured for thePG1-C12hexagonal phase. The increase in

Figure 5. (a) SAXS diffractograms at room temperature plotted in
I(q)xq2 vs log(q) to enhance the intensity of the higher order reflection
peaks for the three liquid-crystalline phases obtained with C12:PG1-
C12 represents a columnar hexagonal phase;PG2-C12andPG3-C12
(inset) represent a columnar tetragonal phase. (b) SAXS diffractogram
of PG1-C12signal plotted inI(q)xq2 vs q at variable temperature from
20 to 120°C. Between 100 and 120°C the hexagonal phase melts into
an isotropic fluid characterized by a broad peak, and the CPOM pictures
show that the birefringence present at 20°C is lost at 100°C.
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lattice parameter when going fromPG1-C12 to PG1-C14
cannot be justified only by the increase in contour length of
the surfactant (0.26 nm) and is more likely a consequence of
the different packing of polymer and surfactant in the hexagonal
phases. A tentative explanation of this increase will be given
below. On the contrary, the columnar tetragonal phases observed
for PG2-C14andPG3-C14were consistent with the homolo-
gous C12 series, with an increase in lattice parameter of 0.26
and 0.06 nm, respectively.

When further increasing the volume fraction of the alkyl tail,
by raising the length of the surfactant from C14 to C18, the
structure of the liquid-crystalline phases obtained for thePG1-
C18, PG2-C18, and PG3-C18 complexes underwent further
changes (Figure 7a). The diffractogram ofPG1-C18shows four
Bragg peaksq1:q2:q3:q4 spaced as 1:2:3:4, which indicates a
lamellar phase with long-range order and period 4.2 nm. The
PG2-C18complex also shows a lamellar organization, with a
period of 4.62 nm. This is consistent with the increase of
generation, although only two peaks characterize the diffrac-
togram, indicating poorer ordering for thePG2-C18 phase
compared to thePG1-C18 complex. SAXS diffractograms
(Figure 7b) and Table 1 show that in both these complexes the
lamellar phase clears at 65°C, which is the melting temperature
of the lipid chains, as discussed before. These data suggest that
the lamellar phase is associated with crystalline alkyl tails and
clears as soon as the lipid tails melt. Beyond 65°C, both the
PG1-C18andPG2-C18are still birefringent, and their X-ray
diffractogram at large angles (see inset in Figure 7b) highlights
the fusion of the lipid crystalline sharp peak atq ) 15.2 nm-1.
Under these conditions, the lamellar order between polymer-
lipid interfaces is lost, but the interfaces are still prevalently
aligned along a common director, as supported by the birefrin-
gence of the complexes. Finally, by further increasing temper-
ature, to 80 and 100°C, birefringence is lost forPG1-C18and
PG2-C18, respectively, and the SAXS diffractogram becomes
characteristic of an isotropic, homogeneous fluid. Therefore, the
second endothermic peak in the DSC scans of bothPG1-C18
andPG2-C18 is consistent with the loss of birefringence and
identifies a complete isotropization of the complexes. Accord-
ingly, 65 °C can be identified as an order-nematic transition
temperature and 80°C (or 100°C for PG2-C18) as a nematic-
isotropic transition. Similar thermotropic behavior has been
reported for liquid-crystalline phases based on cationic hyper-
branched polypeptides-lipid complexes.42

Differently from the previous two complexes,PG3-C18 is
characterized by a broad peak at 1.2 nm-1, indicative of very
poor order, although it shows birefringence, which indicates that
the complex is organized into an anisotropic phase. However,
when the temperature is increased over the melting point of
the lipids and the glass transition of the polymer, the complex
starts to organize into a more ordered structure. This is revealed
by the sharpening of the first peak and appearance of a second
shoulder, spaced asq1:q2 equal to 1:2, which suggests formation
of lamellar phase (Figure 8). Upon cooling back to room
temperature, the double peak with 1:2 spacing is maintained.
Presumably, the rigidity of thePG3 chain, combined with the
crystallinity of C18, prevents the complex from forming a well-
organized liquid-crystalline phase at low temperature, whereas,
upon temperature increase, the complex gains progressively
mobility and starts to organize into a microphase-separated
complex fluid.

Based on the results discussed, the phase diagram with order-
disorder transition temperatures is shown in Figure 9. For all
complexes investigated the temperature windows are reported,
for which stable organized liquid-crystalline phases, anisotropic
fluids, and isotropic homogeneous fluids are found (see also
Table 1). The state diagram shown in Figure 10 reports the
liquid-crystalline phases thermodynamically stable at room
temperature for all the dendronized polymer-lipid complexes
studied. By comparing thePG1-C12, PG1-C14, andPG1-C18
structures in Figure 10, a tentative explanation of the increase

Figure 6. SAXS diffractograms plotted inI(q)xq2 vs q for PG1-C14,
PG2-C14, andPG3-C14 complexes at room temperature. ForPG1-
C14, the signal is characteristic of an hexagonal columnar phase with
weak second-order peak for the diffractograms ofPG2-C14andPG3-
C14 representing tetragonal columnar phases.

Figure 7. (a) SAXS diffractograms at room temperature of complexes
formed by PG1, PG2, and PG3 complexed with C18 alkyl tails.
Diffractograms indicate a lamellar phase forPG1-C18andPG2-C18
complexes, whilePG3-C18 presents a single peak accompanied by
birefringence, which is not sufficient to attribute this phase. (b)
Temperature-dependent SAXS diffractograms ofPG1-C18 lamellar
phase. Diffractograms show that the lamellar structure is cleared at
65 °C, although birefringence is present up to 80°C. The inset shows
that the characteristic peak of crystalline C18 lipid tails is cleared
beyond 65°C.
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in lattice parameter of 1 nm when going fromPG1-C12to PG1-
C14 can be formulated. When the length of the alkyl tail is
increased by two units, while remaining in a hexagonal phase,
the PG1-C14 complex starts to approach the order-to-order
hexagonal-lamellar transition and is thus characterized by
different molecular packing compared to hexagonal phases far
apart from phase boundaries (PG1-C12). Eventually, by further
increasing the length of the alkyl tail, contiguous cylinders start
to merge, leading to a lamellar phase (PG1-C18). This is
consistent with the projection of the lattice parameter ofPG1-
C14, a ) 4.83 nm, along the direction orthogonal to the planes
formed by merging cylinders. The lattice parameter arising from
this projection isa cos(30°) ) 4.18 nm, and this value closely

matches the lamellar spacing ofPG1-C18. Figure 11 illustrates
schematically the transition fromPG1-C14hexagonal toPG1-
C18 lamellar.

4. Conclusions

We have described the liquid-crystalline (LC) behavior of
supramolecular assemblies between cationic dendronized poly-
mers from generation 1 to 3 (PG1-PG3) and anionic surfactants
of four different hydrocarbon lengths, by combining small-angle
X-ray scattering, differential scanning calorimetry, and cross
polarized optical microscopy.

At short alkyl tail lengths (C8) either isotropic homogeneous
phases or short-range ordered rectangular columnar phases were
observed for the complexes, as the alkyl tail was too short to
induce long-range ordered liquid-crystalline structures. However,
by increasing the alkyl surfactant chain to C12, both columnar
hexagonal (forPG1) and columnar tetragonal phases (PG2and
PG3) could be observed, as a result of the increased segregation
between the alkyl tails and the polymer backbone. Similar results
were obtained by increasing the length of the alkyl tail to C14,

Table 1. Temperatures (in°C) Indicating the Order -Disorder Transition Temperatures As Measured by SAXS and the Loss of Birefringence
under Cross-Polarized Optical Microscopy (CPOM)

PG1 PG2 PG3

C12 C14 C18 C8 C12 C14 C18 C8 C12 C14 C18

SAXS 100 85 65 150< T° < 170 160 150< T° < 170 65 170 150 160 >170
CPOM 100 80a 105 150 100a 75 90 120

aIndicates a nematic-isotropic transition.

Figure 8. Temperature-dependent SAXS diffractograms ofPG3-C18
at various temperatures. At 120°C a shoulder centered atq2 ) 2 nm-1

appears (q2 ≈ 2q1) and becomes more pronounced while increasing
temperature up to 170°C. The birefringence is lost at 120°C.

Figure 9. Phase diagram summarizing the transition temperatures
observed by SAXS for the complexes investigated:PG1-C8 (amor-
phous, black), [PG1-C12, PG1-C14] (columnar hexagonal phases, light
blue), [PG1-C18, PG2-C18] (lamellar phases, red), [PG2-C8, PG3-
C8] (rectangular phases, dark blue), [PG2-C12, PG2-C14, PG3-C12,
PG3-C14] (columnar tetragonal phases, light green),PG3-C18(bire-
fringent disordered phase, gray).

Figure 10. State diagram summarizing the liquid-crystalline phases
stable at room temperature for the complexes investigated. For each
phase, the lattice parameters determined by small-angle X-ray scattering
are provided.

Figure 11. Sketch of the transition from the columnar hexagonal phase
(PG1-C12andPG1-C14) to a lamellar phase (PG1-C18).
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with a consistent increase in the lattice parameter of the LC
phases as a result of the increased length of the alkyl tail. In
the case ofPG1-C14, an increase of 1 nm with respect to the
PG1-C12hexagonal phase was interpreted by the approaching
of the hexagonal-lamellar transition. When the length of the
alkyl tails was increased to C18, a lamellar phase with crystalline
lipid domains was observed for both thePG1-C18andPG2-
C18complexes, while thePG3-C18complex remained, at room
temperature, stable as a birefringent disordered phase. Upon
temperature increase, the lamellar phase ofPG1-C18andPG2-
C18 complexes was rapidly lost as soon as the alkyl lipid tails
were molten, while thePG3-C18complex relaxed to a more
organized phase (with a second reflection appearing at 2q*),
presumably due to an increased mobility of both dendronized
polymer and alkyl tail chains. By combining temperature-
dependent small-angle X-ray scattering and cross-polarized
optical microscopy for the other phases, it could be established
that the columnar tetragonal phases have very high order-
disorder transition temperatures (above 170°C), while the
hexagonal columnar phases undergo an order-disorder transi-
tion at 85 or 100°C, depending on the length of the alkyl tail.
From this study, it appears evident that phase changes occur
within small changes of volume fractions compared to block
copolymer phase diagrams and that order-order transitions are
induced essentially by the length of the lipid tails and the
generation of dendronized polymers. While these findings
encourage further studies to assess more precisely the effects
of the volume fraction and molecular packing of polymer and
lipid chains on the phase diagram, they also provide a solid
framework for designing various types of liquid-crystalline
polymeric structures and finely controlling their characteristic
periodic size within a few nanometers typical length scale. In
particular, the various types of columnar phases found in this
work could be used as templates for mesopourous materials and
functional membranes where surfaces can be charged in a pH-
responsive way and pores controlled in size, packing, and
orientation.
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(38) Kasëmi, E.; Zhuang, W.; Rabe, J. P.; Fischer, K.; Schmidt, M.; Colussi,

M.; Keul, H.; Yi, D.; Colfen, H.; Schlu¨ter, A. D. J. Am. Chem. Soc.
2006, 128, 5091-5099.

(39) Quina, F. H.; Nassar, P. M.; Bonilha, J. B. S.; Bales, B. L.J. Phys.
Chem.1995, 99, 17028-17031.

(40) Goddard, E. D.Colloids Surf.1986, 19, 301-329.
(41) Komatsu, T.; Ohta, K.; Watanabe, T.; Ikemoto, H.; Fujimoto, T.;

Yamamoto, I.J. Mater. Chem.1994, 4, 537-540.
(42) Canilho, N.; Scholl, M.; Mezzenga, R.; Klok, A.-H., to be submitted

for publication.

MA062941N

2830 Canilho et al. Macromolecules, Vol. 40, No. 8, 2007


