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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 < n = 3, carrying 2 positive charges per monomer, were complexed with a stoichiometric amount of anionic
sodium alkyl monosulfate surfactants with hydrocarbon chainfGg, Ci4, and Gglengths. 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 specificdisdeder transition temperaturé4pr).

1. Introduction on the peripherical external “shell” rather than homogeneously

Block copolymers have been widely employed during the past S In the case of I|nez?1r comblike ponmers. Furthermore, thg
20 years as precursors to template well-ordered periodic dnylng forces responsible for the segregation o_f the mesogenic
nanostructures2 The most commonly used type are diblock units and_the branched s_caffold can be t_uned in these systems
copolymers4 As a consequence of the different chemical nature PY changing the generation of the dendrimers or the degree of
of the two blocks, these will have a tendency to microphase Pranching:
separate and self-assemble into various nanostructures such as Recent efforts in the design of functional comblike-type
lamellar, cylindrical, double gyroid, and spherical phases. The macromolecules have focused on the synthesis of supramol-
phase diagrams of these systems have been well established ircules by assembling polymer chains and mesogenic units by
terms of the composition of the diblock as well as on the hydrogen bonds or ionic complexation rather than covalent
segregation parameter, expressed as the product of theFlory bonding??-2% In the hydrogen-bonding strategy use was made
Huggins interaction parameter and the polymerization degreemostly of linear homopolymers and blocks copolymers as
of the diblock §N).5-8 In order to explore different possible  polymeric building block$® In the case of ionic complexation,
nanostructures, alternative polymer architectures such as combvarious polyelectrolyte architectures such as linear and hyper-
like homopolymers or copolymers have been synthesiz&d, branched polymers as well as dendrimers have been explored
for which both the experimental and theoretical phase diagramsas macromolecular templates and complexed with ionic meso-
have been by far less investigated. In this type of polymer, genes such as hydrocarbon-based surfactants and rigiéTédis.
various liquid-crystalline phases can be induced by changing Biopolyelectrolytic systems have also been studied as comblike
the type of the mesogenic units attached to the main chain aspolymers templates for complexation with ionic mesogenes in
well as the nature of the polymer backbd@é? While in this investigations relevant to pH-responsive systems and artificial
class of comblike polymers the main backbone was essentially biomembraned! Recently, we have reported the use of cationic
linear, other chemical architectures have been studied in recentdendronized polymers as a model system to design comblike
years. For example, hyperbranched and dendritic macromol-liquid-crystalline polymers where microphase-segregated struc-
ecules were used to form the backbone of comblike polymers tures can be tailored by both the mesogen type and length as
rather than linear chair§:2° well as the generation of the dendronized poly#&fe#* While

These highly branched macromolecules have a molecularin these systems the ionically attached mesogene units are
conformation which differs markedly from that of linear expected to play a role similar to that of other comblike
polymers, and the flexible or rigid mesogenic units covalently supramolecular systems, the generation of the dendronized
attached to the end-functional groups are selectively distributed polymers introduces an additional opportunity to control and

tailor the self-assembly behavior of these materials. Indeed, it
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generations® These effects are then expected to be further to remove possible excess of unbound surfactant ifPtaé-C8to
enhanced by the complexation of the dendrons attached to thePG3-C8 PG1-C12to PG3-C12 andPG1-Cl4to PG3-C14 the
polymer backbone with ionic surfactants. collected precipitates were successively dissolved in 1-butanol and
added dropwise to large excess of acidic water §+H—4) in

. P . order to avoid 1-butanol emulsification in water. lIterating the
behavior, and liquid-crystalline structures of supramolecular procedure consisting of dissolving the precipitated complex in

complexesﬁformed be_twgen cationic polyelectrolytic dendromzed 1-butanol and reprecipitating it in acidic water allows washing at
polymers6-38 and anionic hydrocarbon syrfactants of Various each step eventual excess of unbound lipid, yielding a pure
lengths. Each repeat unit of the dendronized polymer carries agendronized polymetlipid complex. The second precipitate is
dendron of generation, with 1 < n < 3 and with 2 positively normally taken as final purified compleRG1-C18to PG3-C18
charged ammonium units. The volume fraction of the surfactant complexes were characterized without further purification, owing
in the complex is controlled by both the dendron generation as to their poor solubility in organic solvents. In order to remove
well as by the length of the surfactant tail selected. A detailed residual water in the final complex, powdered samples were dried
state and phase diagram of the different liquid-crystalline phasesunder vacuum at room temperature for 3 days.
observed at the equilibrium for these complexes are given and Fourier Transform Infrared Spectroscopfrared spectra have
discussed in terms of temperature, generation, and alkyl tail Peen recorded with a Bomem Hartmann and Braun MB 155 FTIR
length. spectrometer in attenuated total reﬂect_lon (ATR) w_|th a ZnSe crystal
in a spectral region of 6604000 cnt?! with a resolution of 2 cmt.
In order to achieve good contact with the cell, the powder of the
PGx—lipid complex was compressed at room temperature to form
2.1. Materials. Deionized QMillipore water, ethanol, and 1-bu-  a platelet and placed directly in contact with the crystal.
tanol analytical grade were used as received from Fluka. Four  Nyclear Magnetic Resonance (NYIRH and3C NMR spectra
different anionic sulfated surfactant salts were selected to exploreyere recorded on Bruker AM 300H: 300 MHz; 13C: 75 MHz)
the effect of the hydrocarbon chain length on the complexes. gnq Av 500 {H: 500 MHz;13C: 125 MHz) spectrometers at room
Sodium octyl sulfate (C8) (Fluka, 95%) represented the shortest iemperature using chloroformhas a solventi9F NMR spectra of
hydrocarbon chain considered; sodium dodecyl sulfate (C12, Fluka, complexes were done on Bruker AB 250R: 188 MHz) using
98%) and sodium tetradecyl sulfate (C14, Fluka, 95%) representedp\1SO-ds and 0.4 nmol of hexafluorobenzenesfg) as internal

the intermediate lengths and sodium octadecyl sulfate (C18) (Fluka, standard. Relaxation time of 30 s was selected in order to have
98%) the longest one. The critical micelle concentration (cmc) is good signal-to-noise ratio.

8.3, 2, and 134 mM for C12, C14, and C8, respectiv@ljhe cmc
value for C18 is not reported in the literature.

2.2. Synthesis of Cationic Dendronized PolymersThe syn-
thesis of water-soluble dendronized polymers used in the presen
work;gllows closely the procedure described elsewhere byiase o, 0105 were dried rigorously under vacuum prior to analysis to
et al: _for similar systems, and details on first- and sgconq- remove strongly adhering solvent molecules.
generation dendronized polymers synthesis have been given in a . . .
previous papet The synthetic procedures for the third-generation _Annealing Processin order to attain the thermodynamic

equilibrium, the complexes (with the exceptionRB1-C12 were

dendronized polymer PG3 and all data regarding its chemical ) :
characterization are available in the Supporting Information. The annealed for 3 days in a high-vacuum columnfltbar) at a
temperature larger than the glass transition temperature of the

respective molecular weights of these three dendronized polymers

are 1 550 800 g/mol fdPGL1, 2 346 900 g/mol foPG2, and 333 000 dendronized polymers and the melting temperature o_f the lipids
g/mol for PG3. but lower than the temperature of order/disorder transitia-)

2.3. Methods.Complexation and Purification Procedurdsrst-, of the liquid-crystalline structure studied. Typical annealing tem-
second-, and third-ggneration cationic dendronized polymers Wereperatures ranged between 80 and 160 The PG1-C12complex
selected to form ionic supramolecular complexes, as illustrated in could not be properly annealed becauseTigr was very close to
Scheme 1. The glass transition temperatuFg 0f these den-  N€ 91ass transition temperature RG1. The Topr was measured
dronized polymers was measured at 59, 58, and@Zor PG1, by temperature-dependent SAXS in separate experiments. Heating
PG2, andPG3 polymers, respectively. The polymePS1—PG3 the complexes above tAgpr and recovering the original structures

carry 2, 4, and 8, respectively, positively charged ammonium groups UPON cooling below th&opy proved the observed structures to by
per repeat unit when dissolved in acidic water (F—4 adjusted typical of thermodynamlc eqylllbrlum. o

with HCI). The entire set of complexations between sodium alkyl  Cross-Polarized Optical Microscopy (CPOMjirefringence of
monosulfate surfactants and dendronized polymers was carried outhe complexes was investigated using a Leica DMLB microscope
at stoichiometric ratio of positive ammonium and negative sulfate With polarizing filters equipped with a JVC digital TK-C138050
charges. Between 50 and 100 mg of lyophilize@1 to PG3 was color video camera. The films were cast on a microscope glass
dissolved in 50 mL of water under continuous stirring. For Plate fran a 4 wt %solution of complex dissolved in 1-butanol or
complexation with C8, C12, and C14, the equivalent molar mass chloroform. The films were predried over night before being
of salt surfactant needed to maintain stoichiometric conditions was annealed for 3 days at 1® mbar according to the procedure
dispersed in water. In order to improve the dispersion of C14, the described above. In order to study birefringence as a function of
solution was warmed to 58C for 1 h under stirring. In all three ~ temperature, the annealed film was finally inserted into the quartz
cases, the water volume was adjusted in order to maintain theglass cell of a Linkam hot stage regulated by a Linkam CSS450
surfactant concentrations below the cmc. For the complexation with temperature controller.

C18, owing to its low solubility in water, a mixture of 1-butanol/ Differential Scanning Calorimetry (DSC)Thermal analysis
water/ethanol (87.7 wt %/10.9 wt %/1.33 wt %) was used as a measurements were performed using a Mettler Toledo DSC821
solvent for C18. The pH values of both tf&G1-PG3 and the differential scanning calorimeter (DSC). Samples of a total weight
surfactant solutions were adjusted w2 N HCI to pH= 3—4 in ranging between 3 and 5 mg were closed into aluminum pans of
order to maintain all amines positively and the sulfates negatively 40 uL, covered by a holed cap, and analyzed under a nitrogen
charged. The respectivBeG1-PG3 solution was then added atmosphere. The DSC measurements were recorded in a temperature
dropwise to the surfactant solution under continuous stirring. range of 25-160 °C with a heating rate of 10C/min. Since
Progressively, the surfactant solution became turbid, indicating the measurements were performed on samples previously annealed and
formation of complexe& They were collected after removal of  at thermodynamic equilibrium, the first scan was sufficient to obtain
water from the centrifugated complewater dispersion. In order  information on first- and second-order thermodynamic transitions,

In this work, we discuss the self-assembly, thermotropic

2. Experimental Section

Elemental AnalysisElemental analyses were performed on a
Leco CHN-900 and Leco CHNS-932 instrument using acetanilide/
t(:holesterol, atropin, and caffeine as reference for calibration. For
Cl determination 5 mM of AgCl@was used as a reagent. The
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Scheme 1. Schematic Representation of the Molecular Structures of the Dendronized Polymdripid Complexes
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and no second scan curves were run. Different heating rates of DSCdiffractograms, yielding the data reported in the present paper. The
scans yielded the same results obtained atQ/nin. high reproducibility of SAXS measurement was demonstrated by
Wide- and Small-Angle X-ray Scatterin§imultaneous wide- using a set of three different samples per each complex, which
and small-angle X-rays scattering (SWAXS) experiments were resulted in undistinguishable measurements. All the scattering
performed using a SAXSess instrument (Anton Paar) with a line signals were treated with SAXSquant software by Anton Paar.
collimation setup. The system used a Ca Kadiation source in a . .
sealed tube A = 0.1542 nm). The beam was attenuated by a 3- Results and Discussion
semitransparent nickel foil beam stop. A highly sensitive SWAXS ~ 3.1. Analytical Characterization of the Complexes.The
imaging plate slide at 263.3 mm from the sample is used to collect syrfactants, the dendronized polymers, and their supramolecular
the signal under vacuum. The sample holder was temperature-complexes were characterized individually by Fourier transform
contrtl)lled in the rlangz Qombpr'sed between 10 afnq:"mclPowdzr 4 infrared spectroscopy (FTIR). Figure 1 reports, as an example,
samples were placed In between two mica folls clamped an the spectra for C12°G2, and their compleXPG2-C12 The

sandwiched in a steel sample holder for solids samples. Diffraction . .

data were acquired fal h exposure. For temperature-dependent gbsorptlon band at 1594 crh. presentin the polymer and absent
measurements, each temperature was mairtdire prior to data in th_e surfactant spectra, is (_:haractenstlc of_ protor_lated am-
acquisition in order to achieve thermodynamic equilibrium struc- Monium groups. For each ionic complex studied, this band is

tures. Diffractograms of mica were acquired by SWAXS in order still present, while the sulfate vibration peaks at 1202 and 1237
to establish the backgrounds and then subtracted from the sampleem™? (both visible in the surfactant spectra) appeared. Although
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Figure 1. FTIR spectra for a C12 surfactant alof&2 dendronized
polymer alone, and the respectiR&2-C12complex. The presence in
the complex signals of bands at 1202 and 1237cis characteristic

of sulfate groups probing the complexation betweerR82 and sulfate
surfactants.
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Figure 2. *H NMR spectrum of PG3-C12 in CDCl at room
temperature with the expanded range from 2.6 < 5.0 ppm. The
intensities of then-CH; signals of the surfactant at= 3.65 and the
one due to all ChD groups ofPG3 at 6 = 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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surfactant a® = 3.65 as well as the signal due to all g
groups ofPG3 at 6 = 3.95 ppm, the intensity ratio of which
describes the degree to which dodecylsulfate was incorporated
as counterion in the polymetipid 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
ato = 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%. The'%F 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 tR&3-C12 complex 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 lonic 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 polymdipid 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 poly@ér
complexed with three lipids C8, C12, and C18, while Figure
3b highlights the effect of dendron generation by showing the
heat scan curves fd(*G1-C18 PG2-C18 andPG3-C18 The
most important feature apparent from these DSC scans is that

the present infrared data alone do not directly prove complex- & Pronounced endothermic fusion peak appeared systematically
ation between the sulfate groups of the surfactant and thein Systems complexed with C18. These peaks were centered at
ammonium groups of the polymer (macrophase-separated blend$5 °C for PG1-C18 61 °C for PG2-C1§ and 51°C for PG3-

of polymer and surfactants would yield the same results), the C18. They correspond in each case to the fusion of the
occurrence of macrophase-separated polymer/surfactant blen@rystalline alkyl tails, as also confirmed by the melting of
can be ruled out since the precipitate has survived multiple crystalline peaks in the WAXS diffractograms. For b&t®1-
washing steps in water, which would selectively remove C18 and PG2-C18 this peak was followed by a smaller

unbound surfactant, thus supporting ionic complexation.

endothermic one (more pronounced RG1-C18, centered at

Attempts to establish more accurately the degree of loading, ~80 °C, indicative of a first-order thermodynamic transition.
that is, the ratio between sulfate and ammonium groups, was This was consistent with birefringence which for bdfs1-
done by performing NMR and elemental analysis on the C18andPG2-C18was observed up to 8 and disappeared

complexes.

above this temperature. As will be shown later in this paper,

1H and!°F NMR spectroscopy were performed on the three the second endothermic peak PG1-C18 and PG2-C18

samplesPG1-C12 PG2-C12 and PG3-C12 and elemental
analysis was carried out dAG3-C12 On the basis of NMR

correspond to the transition from a lamellar phase to an isotropic
fluid. The complexation oPG3 with C18 leads to a decrease

spectroscopy alone, an accurate quantification could not beof the melting point of the lipid’s crystalline phase and seems

achieved. Unfavorable differences in line widths of tReNMR

to suppress the second endothermic peak. Again, it will be

signals of the dendronized polymers made comparative integra-shown that this is consistent with the lack of a stable lamellar
tions unreliable. A typical example is shown in Figure 2 in phase for the?G3-C18 complex. Contrarily to the C18 case,

which the expanded shift range froon= 2—5 ppm of PG3-
C12is depicted. This range contains theCH, signal of the

no first-order thermodynamic transitions could be detected by
DSC analysis in the complexes obtained with shorter alkyl tails.
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Figure 3. DSC scans at 10C/min for the following annealed
complexes: (aPG1-C8 (amorphous)PG1-C12 (hexagonal phase),
PG1-C18(lamellar phase); (bPG1-C18(lamellar phase)PG2-C18
(lamellar phasePG3-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.
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Figure 4. Solid-state SAXS diffractograms showing and isotropic
homogeneous phase BG1-C8and disordered rectangular phases for
PG2-C8 and PG3-C8 Cross-polarized optical microscopy pictures
taken at room temperature f&G2-C8 and PG3-C8.

A better understanding and characterization of the liquid-
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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 oPG2-C8andPG3-C8 each character-
ized by two broad peaks, located@t= 1.7 nnT?, g, = 2.6
nmtandqg = 1.2 nn?, gp = 2.12 nn1l, respectively. Figure
4 also highlights another difference compared RG1-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 betweemp/q; is not typical of any regular
columnar or lamellar phase, the two peaks are attributed to the
first two reflections [,k) = (10) and (01) in poorly organized
P2m columnar rectangular liquid-crystalline phad&$he lattice
parameters andb can be obtained by

nLK

a’ b’

q=2r7 (1)

This gives &; b) lattice parameters of (3.69 nm; 2.41 nm) and
(5.23 nm; 2.96 nm) for theG2-C8andPG3-C8 respectively.

The systematic increase of the larger lattice paransetenen
going fromPG1-C8— PG2-C8— PG3-C8is consistent with

the backbone-to-backbone distances reported for first-, second-,
and third-generation dendronized polymers in bidl8ince 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 folPG1-C12 PG2-C12 andPG3-C12at room
temperature are shown. In order to clearly show multiple
reflections, the intensities are plottedigd The compleXPG1-
C12shows three Bragg peaks spaced aé312, which is typical

crystalline phases could be gained by performing small-angle of a columnar hexagonal phase, as further supported by the
X-ray scattering. Figure 4 shows the diffractograms measured birefringence pattern observed under cross polarized optical

for complexes formed byPG1l, PG2 PG3 and C8 after
annealing. In the case BiG1-C8 a single broad peak is present,

microscopy. Unlike columnar hexagonal phases obtained from
diblock copolymers, the second peak is particularly weak in

indicating that the system is in an isotropic and amorphous state.PG1-C12 which led the authors to attribute this complex to a

This is consistent with cross-polarized optical microscopy, which

lamellar phase in previous wofk However, in plots olg? vs

shows no evidence of birefringence. In this case, the alkyl chainsq, this reflection appears systematically in eae®1-C12
are too short to induce segregation between the polymer back-sample. Since the/3 reflection in columnar hexagonal phases
boneand surfactant. The system is at equilibrium in an isotropic is vanishingly small as the volume fraction of cylinders approach
homogeneous phase, in which the average chain-to-chain0.33, the weak reflection iRG1-C12is possibly to be attributed

distance can be calculated as/@ = 2.5 nm, withg* being
the q position corresponding to the maximum intensity of the
diffractogram. The value af* is very close to that characteristic
of the backbone-to-backbone distafiqareviously reported for

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 t0 0.3. In a columnar hexagonal phase, the distance between
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a LR B B I Equation 3 is a particular case of eq 1 wiah= b. The four
1 1 s/ | 1:4/2:2:3 Bragg peaks can then be identified with (100), (110),
o1y (200), and (300) reflections. Equation 1 identifies both centered
columnar rectangular phases and simple columnar rectangular
- PG;""": — phase that ar€2/m and P2m lattice spaces, respectively. The

only difference in the Bragg spacing betwe@2/m and P2m
is that the centered rectangular ph&2m should follow an
extinction rule of the typeH + k = 2n + 1). This is not
consistent with the fourth (300) reflection observed in our case.
Furthermore, whea = b, a centered tetragonal columnar phase

q, nm

I(a)xa® (A.U.)

PG2-C12

— .PC?1'C.:1.2 — .\I3 .2. T with lattice perioda is equivalent to a simple tetragonal

1 2 \ 3 4 5 columnar phase with lattice pericalyv/2. Therefore, we can
g, nm’ attribute unambiguously tHeG2-C12 complex to @2m simple
columnar tetragonal phase of lattice spawe= 3.92 nm,

w

65°C following eq 3 without further extinction rules. The reflection
50°C - corresponding to (210) and (220) also characteristic of columnar
: tetragonal phases which f®G2-C12 are expected at 3.6 and
4.5 nnT! are not visible in the diffractogramm of Figure 5a
(though the (220) reflection can possibly be covered by the (300)
reflection close by). Itis illustrative to highlight the differences
in lattice parameters between tA&2-C12columnar tetragonal
and thePG1-C12columnar hexagonal phases. In the first case,
the columnar tetragonal complex is obtained with a dendronized
polymer of second generation a@d 2, while in the latter case,
the columnar hexagonal phase is obtained with a dendronized
polymer of first generation an@12. Despite the difference of
one generation between tiRG1 and PG2, only a difference
of ~0.1 nm is observed in the corresponding lattice spaces. This

()’ (A.U.)

qnm’

Figure 5. (a) SAXS diffractograms at room temperature plotted in

1(g)xg? vs log(@) to enhance the intensity of the higher order reflection ) >pPO!
peaks for the three liquid-crystalline phases obtained with @G- reflects a different molecular organization of the tetragonal and

Cl2represents a columnar hexagonal ph&#$g2-C12andPG3-C12 hexagonal phases which has to be related primarily to the
(inset) represent a columnar tetragonal phase. (b) SAXS diffractogram gifferent polymer backbone structures B61 and PG2 and

: ! ; 1 :
SBFEOG %2%"15.Sllagent€\lepekr)1n1egolggg%’(\g t(ﬂ]:thveaxr%bc!ﬁ ;th%esr:t#]r;tfsr?mo pqssibly toa small decrease of the volume fraction of the alkyl
an isotropic fluid characterized by a broad peak, and the CPOM pictures tail when going fronPG1-C12to PG2-C12 On the other hand,
show that the birefringence present at°ZDis lost at 100°C. the increase in alkyl tail lengths and volume fraction is

. . . ) ) considered to be the main cause driving the disordered
Bragg diffraction planesghy, is related to planes with Miller rectangulaPG2-C8into a long-range ordere@G2-C12phase.

indexes (k0) and to the lattice parametarby Also in this case, without exact determination of volume
fractions of polymer and alkyl tail domains, and relying solely
1 [4h®+ hk+ K ) on SAXS, it is not possible to argue whether the lipid forms

dy N3 ) @ the cylinders or the continuous domains.

The PG2-C12 tetragonal phase proved to be stable for
which yieldsa directly by taking the distancenq = 27/, for temperatures up to 17T, maintaining both the same diffrac-
the reflection (100) withoy the g value of the first reflection.  togram and birefringence. Higher temperatures corresponded
In the case oPG1-C12this yields a value of 3.85 nm for the  to the onset of thermal degradation of the complexes, as revealed
lattice parameter, which is distinctly larger than the backbone- by the yellowing of the complex powder.

tq-backbone o!istqnce IPG1-C8 complgxes, indicating a When the generation was further increased to 3 and the length
dnfferent organization of the pOIVmer chalns, as a result Of. the of the alkyl tail maintained at C12, only two Bragg reflections
microsegregated morphology. By Increasing temperature (F'gurecan be distinguished, spaced as/2: This is still consistent
5_b),|the heiagonaldse(t:)ond T(]y%:thlrdhreﬂ?ﬁtlog_s t;e_come progf]res-with a tetragonal phase, although the lack of further reflections
SIvely weaker, and above U, when the DIFEINNgence ol i, qicates that the phase is poorly organized (inset in Figure 5a).
the sample gets Iost,'they disappear. At t'he.sar'ne time, the fIrS’[The lattice parameter is measured at 4.72 nm, which reflects
ﬁhar% peak changes 'gt?&)?gﬂ?.oni’ g]ldlc_atlng tha:.‘ctdsre the increase in generation of the polymer. As expected by the
as been passed an . IS stable In an isotropic poor order, thd?G3-C12tetragonal phase was found to have a

homogeneous fluid above 10C. . e
A - lower Topt compared tdPG2-C12 with loss of birefringence
When the generation is increased, the liquid crystals undergoat 90°C and loss of Bragg reflections at 15G.

further change in structure, as revealed by the diffractogram of . ) .
PG2-C12in Figure 5a. Four Bragg peaks spaced ag2t2:3 ~ By increasing the length of the alkyl tail to C14, the same
are visible, which are consistent with a tetragonal phase with liuid-crystalline structures found for tfG1-C12 PG2-C12
long-range order. and PG3-C12 complexes were o_bse_rved, as demonstrated_by
In a columnar tetragonal phase the Bragg reflections and e SAXS diffractograms shown in Figure 6. The most surpris-
lattice parameter are related by ing result is the size of the lattice parameter of R@1-C14
hexagonal phase which went to 4.83 nm from the 3.85 nm of
PR the PG1-C12hexagonal phase. Moreover, thigpr for PG1-
q=2m, [ 5+ 3) C14 was measured at 85C, that is 15°C less than that

a® a measured for th®G1-C12 hexagonal phase. The increase in
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Figure 6. SAXS diffractograms plotted it(qg)«q? vs q for PG1-C14
PG2-C14 andPG3-C14 complexes at room temperature. FRG1- b

C14, the signal is characteristic of an hexagonal columnar phase with
weak second-order peak for the diffractogram®6f2-C14andPG3-
C14 representing tetragonal columnar phases.

lattice parameter when going frolG1-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-C1l4andPG3-Cl4were consistent with the homolo-
gous C12 series, with an increase in lattice parameter of 0.26

and 0.06 nm, respectively. Figure 7. (a) SAXS diffractograms at room temperature of complexes
When further increasing the volume fraction of the alkyl tail, formed by PG1, PG2, and PG3 complexed with C18 alkyl tails.
by raising the length of the surfactant from C14 to C18, the Diffractograms indicate a lamellar phase fG1-C18andPG2-C18

I - - ) complexes, whilePG3-C18 presents a single peak accompanied by
structure of the liquid-crystalline phases obtained forRiGeL birefringence, which is not sufficient to attribute this phase. (b)

C18, PG2-C18 and PG3-C18 complexes underwent further  temperature-dependent SAXS diffractogramsP@1-C18 lamellar

changes (Figure 7a). The diffractogramRi 1-C18shows four phase. Diffractograms show that the lamellar structure is cleared at

Bragg peaksji:02:0z:0s spaced as 1:2:3:4, which indicates a 65 °C, although birefringence is present up to®® The inset shows

lamellar phase with long-range order and period 4.2 nm. The that the characteristic peak of crystalline C18 lipid tails is cleared
o ; beyond 65°C.

PG2-C18complex also shows a lamellar organization, with a

period of 4.62 nm. This is consistent with the increase of  Differently from the previous two complexeBG3-C18is
generation, although only two peaks characterize the diffrac- characterized by a broad peak at 1.2 Apindicative of very
togram, indicating poorer ordering for teG2-C18 phase  poor order, although it shows birefringence, which indicates that
compared to thePG1-C18 complex. SAXS diffractograms  the complex is organized into an anisotropic phase. However,
(Figure 7b) and Table 1 show that in both these complexes thewhen the temperature is increased over the melting point of
lamellar phase clears at 66, which is the melting temperature  the lipids and the glass transition of the polymer, the complex
of the lipid chains, as discussed before. These data suggest thatarts to organize into a more ordered structure. This is revealed
the lamellar phase is associated with crystalline alky! tails and by the sharpening of the first peak and appearance of a second
clears as soon as the lipid tails melt. Beyond°€5 both the shoulder, spaced &g.q, equal to 1:2, which suggests formation
PG1-C18andPG2-Cl8are still birefringent, and their X-ray  of lamellar phase (Figure 8). Upon cooling back to room
diffractogram at large angles (see inset in Figure 7b) highlights temperature, the double peak with 1:2 spacing is maintained.
the fusion of the lipid crystalline sharp peakegt 15.2 nnm?. Presumably, the rigidity of thBG3 chain, combined with the
Under these conditions, the lamellar order between polymer crystallinity of C18, prevents the complex from forming a well-
lipid interfaces is lost, but the interfaces are still prevalently organized liquid-crystalline phase at low temperature, whereas,
aligned along a common director, as supported by the birefrin- upon temperature increase, the complex gains progressively
gence of the complexes. Finally, by further increasing temper- mobility and starts to organize into a microphase-separated
ature, to 80 and 108C, birefringence is lost foPG1-C18and complex fluid.

PG2-C18 respectively, and the SAXS diffractogram becomes  Based on the results discussed, the phase diagram with-order
characteristic of an isotropic, homogeneous fluid. Therefore, the disorder transition temperatures is shown in Figure 9. For all
second endothermic peak in the DSC scans of B#1-C18 complexes investigated the temperature windows are reported,
andPG2-C18is consistent with the loss of birefringence and for which stable organized liquid-crystalline phases, anisotropic
identifies a complete isotropization of the complexes. Accord- fluids, and isotropic homogeneous fluids are found (see also
ingly, 65 °C can be identified as an ordenematic transition Table 1). The state diagram shown in Figure 10 reports the
temperature and 8TC (or 100°C for PG2-C18 as a nematic liquid-crystalline phases thermodynamically stable at room
isotropic transition. Similar thermotropic behavior has been temperature for all the dendronized polymépid complexes
reported for liquid-crystalline phases based on cationic hyper- studied. By comparing theG1-C12 PG1-C14 andPG1-C18
branched polypeptidedipid complexes*? structures in Figure 10, a tentative explanation of the increase

I(q) (A.U.)




Macromolecules, Vol. 40, No. 8, 2007 Comblike Liquid-Crystalline Polymers 2829

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 Cl4 C18 c8 C12 Cl4 C18 c8 C12 C14 C18
SAXS 100 85 65 156< T° < 170 160 150< T° < 170 65 170 150 160 >170
CPOM 100 86 105 150 108 75 90 120
andicates a nematieisotropic transition.
e e E e M e pr-A b=29nm @—@
170°C E O—0
PG3 |2 Birefringent
e ') .:,,. - -
\ Il
2 w0 'O—O | a=472nm | a=478nm
b E O—C o—0
= @
PG2 E'%' t
b=241nm| a=3.92nm a=418nm | d =462 nm
M PG1 |Amorphous *{/
1 2 <l 4 |
il a=385nm | a=483nm | d=422nm
Figure 8. Temperature-dependent SAXS diffractogram®6f3-C18 c8 C12 C14 c18

at various temperatures. At 12Q a shoulder centered gt = 2 nnt?

appears d; ~ 2q;) and becomes more pronounced while increasing Figure 10. State diagram summarizing the liquid-crystalline phases

temperature up to 178C. The birefringence is lost at 12C. stable at room temperature for the complexes investigated. For each
phase, the lattice parameters determined by small-angle X-ray scattering

are provided.

o0
@« s @
180 ) o ¥dy = 4,22 nm
Fdy=3,33
o 160 G heanm
% 140 s . oo
s 120 = o p-dop
s 100 s o & p—o —
g = e v4 o>
»-8 @ B9
4(% L‘: _.
Ge PG2 ‘g PG1-C12 PG1-C14 PG1-C18
Dend ﬂera&.o PG3 Figure 11. Sketch of the transition from the columnar hexagonal phase
roﬂizGd " of (PG1-C12andPG1-C14 to a lamellar phasePG1-C19.
Ofym
er matches the lamellar spacingPG1-C18 Figure 11 illustrates

Figure 9. Phase diagram summarizing the transition temperatures

observed by SAXS for the complexes investigat€d51-C8 (amor-

phous, black),PG1-C12 PG1-C14 (columnar hexagonal phases, light

blue), [PG1-C18 PG2-C1§ (lamellar phases, red)P[G2-C8 PG3-
C8] (rectangular phases, dark bluepG2-C12 PG2-C14 PG3-C12
PG3-C14 (columnar tetragonal phases, light gredn§3-C18 (bire-
fringent disordered phase, gray).

in lattice parameter of 1 nm when going fradG1-C12to PG1-

schematically the transition froRG1-Cl4hexagonal td°?G1-
C18 lamellar.

4. Conclusions

We have described the liquid-crystalline (LC) behavior of
supramolecular assemblies between cationic dendronized poly-
mers from generation 1 to ®G1—-PG3) and anionic surfactants

C14 can be formulated. When the length of the alkyl tail is of four different hydrocarbon lengths, by combining small-angle
increased by two units, while remaining in a hexagonal phase, X-ray scattering, differential scanning calorimetry, and cross
the PG1-C14 complex starts to approach the order-to-order polarized optical microscopy.

hexagonatlamellar transition and is thus characterized by At short alkyl tail lengths (C8) either isotropic homogeneous
different molecular packing compared to hexagonal phases farphases or short-range ordered rectangular columnar phases were
apart from phase boundaridd@1-C12. Eventually, by further observed for the complexes, as the alkyl tail was too short to
increasing the length of the alkyl tail, contiguous cylinders start induce long-range ordered liquid-crystalline structures. However,
to merge, leading to a lamellar phase@1-C18. This is by increasing the alkyl surfactant chain to C12, both columnar
consistent with the projection of the lattice parametePGf1- hexagonal (foPG1) and columnar tetragonal phas®32 and

C14, a= 4.83 nm, along the direction orthogonal to the planes PG3) could be observed, as a result of the increased segregation
formed by merging cylinders. The lattice parameter arising from between the alkyl tails and the polymer backbone. Similar results
this projection isa cos(30) = 4.18 nm, and this value closely  were obtained by increasing the length of the alkyl tail to C14,
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with a consistent increase in the lattice parameter of the LC (4) Stagler, R.;Auschral, C.;I Beckmann, J.; Krappe, U.; Voigt-Martin, I.;
phases as a result of the increased length of the alkyl tail. In Iéer;nk%’al;]}\ Mgfrgg‘él‘;fus'ﬂgﬁg n$a8'53|(5)?\u0;§r%9nzélecule 4908 31
the case oPG1-C14 an increase of 1 nm with respect to the 6566-6572. Y ’

PG1-Cl2hexagonal phase was interpreted by the approaching (6) Lee, M.; Cho, B. K.; Zin, W. CChem. Re. 2001, 101, 3869-3892.

of the hexagonatlamellar transition. When the length of the  (7) Olsen, B. D.; Segaiman, R. Macromolecules2005 38, 10127~

alkyl tails was increased to C18, a lamellar phase with crystalline g, é%tf'r H.: Bates, F. Sdacromolecule006 39, 2676-2682.
lipid domains was observed for both tR&1-C18and PG2- (9) Fischer, H.; Poser, S.; Arnold, M.; Frankt, Wacromoleculed.994
C18complexes, while th®G3-C18complex remained, at room 10) ZG7 II71338—;138- bol SCi1996 21 10351088

; ; ; allot, B.Prog. Polym. Sci .
temperature,_ stable as a birefringent disordered phase. Upo 11) Mao, G.. Wang, J.; Clingman, S. R.; Ober, C. K. Chen, J. T.; Thomas,
temperature increase, the lamellar phase®1-C18andPG2- E. L. Macromolecules1997 30, 2556-2567.

C18 complexes was rapidly lost as soon as the alkyl lipid tails (12) Nap, R. J.; ten Brinke, Gvlacromolecule002 35, 952-959.

were molten, while thG3-C18 complex relaxed to a more (13) Schlaada, H.; Kukulaa, H.; Smarslya, B.; Antonietti, M.; Pakula, T.
ized ph ith d reflecti . 2 Polymer2002 43, 5321-5328.

organized phase (wi _a second re ec ion appearingygt - (14) Ganicz, T.; Pakula, T.; Fortuniak, W.; Bialecka-Florjanczyk, E.

presumably due to an increased mobility of both dendronized Polymer2005 46, 11380-11388.

polymer and alkyl tail chains. By combining temperature- (15) Efulegég:lgggsdorf, H.; Fischer, Angew. Chem,, Int. EAL993

dependept small-angle X-ray scattering and cross-pola_mzed(lG) Lorenz, K.: Hiter, D.: Stihn, B.: Midhaupt, R.: Frey, HAdy. Mater.

optical microscopy for the other phases, it could be established 1996 8, 414-4186.

that the columnar tetragonal phases have very high erder (17) Percec, V.; Johansson, G.; Ungar, G.; Zhou].JAm. Chem. Soc.

. o ; 1996 118 9855-9866.
disorder transition temperatures (above 1°IQ, while thg (18) Pesak, D. J.: Moore, J. 8ngew. Chem., Int. EQ.997, 36, 1636
hexagonal columnar phases undergo an erdeorder transi- 1639.

tion at 85 or 100°C, depending on the length of the alkyl tail. ~ (19) Percec, V.; Cho, W.-D.; Moller, M.; Prokhorova, S. A.; Ungar, G.;
From this study, it appears evident that phase changes oceur, ;‘;?Izmg% CDH gi- iJ'sA-ms'o?]gen\;'-Sngr?Oa 1J22 S‘fﬁgﬁzi?; Chang, 3
within small changfes of volume fractions compar_e_d to block Y. Kim. C. Langmuir 2006 22, 3812-3817. R e
copolymer phase diagrams and that orelender transitions are  (21) Ponomarenko, S. A.; Boiko, N. I.; Shibaev, V. P.; Richardson, R. M.;
induced essentially by the length of the lipid tails and the \Zl\éfgéeggugghlgg% ggbrov, E. A.; Muzafarov, A. Miacromolecules
generation of dendron.lzed polymers. While these findings §22) Ruokola'inen,J.;ten Brinke,G.; Ikkala, &dv. Mater.1999 11, 777—
encourage further studies to assess more precisely the effect 780.
of the volume fraction and molecular packing of polymer and (23) vValkama, S.; Lehtonen, O.; Lappalainen, K.; Harri Kosonen, H.;
lipid chains on the phase diagram, they also provide a solid Castro, P.; Repo, T.; Torkkeli, M.; Serimaa, R.; ten Brinke, G.; Léskela
fp .p . .g y . p. . M.; Ikkala, O.Macromol. Rapid Commur2003 24, 556-560.
ramework for designing various types of liquid-crystalline (24) Kato, T.Science2002 295, 2414-2418.
polymeric structures and finely controlling their characteristic (25) Kato, T.; Mizoshita, N.; Kishimoto, KAngew. Chem., Int. EQ006
periodic size within a few nanometers typical length scale. In - ;15, 3B8_—?(8. 6. Ikkala, OChem. Rec2004 4. 219-230

H : H H en porinke, G.; ala, em. Rec y .
particular, the various types of columnar phases found in this (273 Antonietti, M.. Conrad, J.: Thunemann, Macromoleculed 994 27,
work could be used as templates for mesopourous materials ané 6007—6011.
functional membranes where surfaces can be charged in a pH<28) Antonietti, M.; Burger, C.; Effing, JAdv. Mater. 1995 7, 751-753.

responsive way and pores controlled in size, packing, and (29 %ﬁ”v Y.; Antonietti, M.; Faul, C. F. Langmuir2002 18, 5939~
orientation. (30) Martin-Rapun, R.; Marcos, M.; Omenat, A.; Barbera, J.; Romero, P.;
Serrano, J. LJ. Am. Chem. So@005 127, 7397-7403.
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