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ABSTRACT: Ionic complexes of linear poly(ethylenimine) (/PEI) and poly(allylamine hydrochloride) (PAH)
with 3.,4,5-tris(n-alkan-1-yloxy)benzoic acid [(3,4,5)nG1-COOH, n = 8, 10, 12, where n is the number of carbon
atoms in the alkyl tail) or 3.4,5-tris[(p-(n-dodecan-1-yloxy)benzyloxy]benzoic acid [(4-3,4,5)12G1-COOH]
dendrons [or the corresponding potassium salts (3,4,5)rG1-COOK and (4-3,4,5)12G1-COOK] were prepared.
The complexes were characterized with XRD, FTIR, TG, DSC, and polarized optical microscopy (POM). The
complexes of IPEI-(3,4,5)nG1 were found to be in the lamellar smectic A or C (SmA and SmC) phase, while
the PAH-(3,4,5)rnG1 complexes were in the hexagonal columnar (@) phase. All of these complexes were in the
ionic thermotropic liquid crystal state at room temperature because their melting temperature, if had, was much
lower. Interestingly, the complexes /IPEI-(4-3,4,5)12G1 and PAH-(4-3,4,5)12G1 were also in the same SmA or
SmC phase and @}, phase, respectively, regardless of whether there was an additional mesogen unit benzenyloxy
moiety (—C¢H4CH,O—) in the dendron, increasing the long period and adjustability of the alkyl tails. This study
demonstrates that the binding site plays an important role in determining the mesomorphous structure of the
polymer—dendritic amphiphile complexes. Furthermore, the PAH complexes exhibited a higher clear point than
the corresponding /PEI complexes due to the different binding sites in these two polymers. The alkyl chain
length (n = 12) of the dendron and the difference in dendron chemical structure had little effect on the
mesomorphous structure and clear point of the polymer—dendritic amphiphile complexes. The present results
provide a profound insight into the role of polymer topological structure in controlling the supermolecular structure

for the polymer—dendritic amphiphile complexes.
1. Introduction

Polymer—amphiphile complexes based on specific noncova-
lent interactions, such as hydrogen bonding, charge transfer,
ion binding, or coordination complexation, are attracting
substantial attention in the past years due to their unique
supermolecular structures and potential functions, such as low
surface energy, optical and electrical devices, drug and gene
delivery, etc.! Various nanostructures, such as lamella, rodlike,
and column, have been achieved by this approach, depending
on the nature of both polymers and amphiphiles, such as polar
groups, alkyl side chains, and volume ratio of hydrophobic to
hydrophilic moieties.' Hence, the complexation of polymers
with amphiphiles promises a simple and feasible way to
construct various materials with specified nanostructures and
functions.

Generally, linear polymers and copolymers are most used for
the complexation with amphiphiles.'™ Hyperbranch polymers,
such as branched poly(ethylenimine) (bPEI)? and hyperbranched
polylysine (HBPL),** are also used in many cases. Recently,
dendrimers as a macromolecular species instead of the conven-
tional polymer have been explored to complex with various
amphiphiles for the construction of supramolecular systems with
complex architectures.* For an example, Ujiie et al. reported
ionic liquid crystal dendrimer—amphiphile complexes by the
ion binding between the third generation of poly(amidoamine)
(PAMAM) dendrimer and alkanoic acids (tetradecanoic, hexa-
decanoic, and octadecanoic acid), forming smectic A phase
complexes.’ Serrano and co-workers made a comprehensive
study on the liquid crystal behavior of two series of ionic liquid
crystal dendrimer—amphiphile complexes based on the am-
monium salts of (PAMAM) (G = 1-5) and poly(propylenimine)
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(PPI) dendrimers (G = 1—5) binding with three aliphatic
carboxylic acids.® All the complexes of PAMAM dendrimers
with these carboxylic acids and most complexes of PPI
dendrimers with the same carboxylic acids showed the smectic
A phase, whereas the complexes of PPI (G = 5) exhibited square
and hexagonal column mesomorphous structures with octade-
canoic acid and tetradecanoic acid, respectively. Serrano et al.
further investigated the ionic liquid crystal dendrimer—amphiphile
complexes of the ammonium salts of PPI dendrimers (G = 1—5)
and 4-decyloxy-, 3,4-didecyloxy-, and 3,4,5-tridecyloxybenzoic
acids.” Interestingly, the complexes of the PPI dendrimers with
4-decyloxy- or 3,4-didecyloxybenzoic acids showed a smectic
A phase, whereas the complexes of PPI with 3,4,5-tridecyloxy-
benzoic acid showed square and hexagonal columnar meso-
morphisms. These results implied the mesomorphous structures
of the complexes varying with the alkyl substitution degree of
the benzoic acids. The ionic complexes of PPI dendrimers with
3-cholesteryloxycarbonylpropanoic acid reported by Tsiourvas
et al. exhibited smectic C* and smectic A phases depending on
dendrimer generation.® Analogously, Canilho et al.** also found
that the ionic complexes of cationic dendronized polymers and
anionic sulfonated lipid surfactants menifested a thermotropic
liquid crystalline behavior and nanostructures such as lamella,
column rectangular, column hexagonal, and column square,
depending on both the generation of dendrimers and lipid chain
length.

Although macromolecular dendrimers are powerful building
blocks to construct complexes with abundant supramolecular
structures than conventional polymers, the synthesis of these
dendrimers usually takes much more time and cost. The
dendritic amphiphiles would be a better alternative for preparing
the complexes of various structures and functions with linear
polymers due to the facility of synthesizing dendritic am-
phiphiles and due to their abundant compositions and structures.
Thus, use of the dendritic amphiphiles as building blocks will
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provide much more space to tune mesomorphous structures and
properties for the polymer—amphiphile complexes. However,
few studies on the polymer—dendritic amphiphile complexes
have been reported up to date. Very recently, Beginn and co-
workers prepared the ionic complex of poly(4-vinylpyridine)
and mesognic wedge-shaped sulfonic acid.” It was found that
the complex behaved as a liquid crystal lamella phase at low
degree of substitution, while a hexagonal columnar phase was
observed at binding degree of 80% and higher.

The main goal of this work was to illustrate the mesomor-
phous phase change in the ionic complex caused by both the
structure of dendritic amphiphiles and polymers. Especially
the effect of the binding site position at the polymer chain and
the dendritic generation as well as the alkyl tail length was
investigated with X-ray diffraction (XRD), thermogravimetry
(TG), differential scanning calorimetry (DSC), and polarized
optical microscopy (POM). For this purpose, the complexes
made of linear poly(ethylenimine) (/PEI) were compared with
those made of poly(allylamine hydrochloride) (PAH) containing
the same dendritic amphiphiles because the charged amino
groups loacated at backbone in /PEI and side chain in PAH.
On the other hand, a series of trisubstituted benzoic acids
dendrons with different lengths of alkyl tails were systhesized
in this work with or without the benzenyloxy (—CsHsCH,O—)
spacer.

2. Experimental Section

Materials. Linear poly(ethylenimine) (/PEI, Alfa, M,, =25 000
g/mol, purity 98+%), poly(allylamine hydrochloride) (PAH, Alfa,
Mw = 25 000 g/mol, purity 98+%), and methyl 3,4,5-trihydroxy-
benzoate (Aldrich, purity 98%) were used as received. 1-Bromo-
octane (purity 98%), 1-bromodecane (purity 98%), and 1-bromo-
dodecane (purity 98%) (all from Yancheng Longsheng Fine
Chemical Factory, China) were distilled before use. Other reagents,
such as SOCl,, pyridine, Et,0, tetrahydrofuran (THF), CH,Cl,, and
N,N'-dimethylformamide (DMF), were all analysis grade chemicals
and freshly distilled prior to use. The trisubstituted benzoic acid
dendrons, i.e., 3,4,5-tris(n-alkan-1-yloxy)benzoic acid [(3,4,5)nG1-
COOH, n = 8§, 10, 12], 3,4,5-tris[(p-(n-dodecan-1-yloxy)benzyl-
oxy]benzoic acid [(4-3,4,5)12G1-COOH], and their corresponding
potassium salts [(3,4,5)nG1-COOK and (4-3,4,5)12G1-COOK]
were synthesized mainly according to the method reported by Percec
and co-workers'%*" with slight modifications (Schemes 1 and 2).

Syntheses of 3,4,5-Tris(n-octane-1-yloxy)benzoic Acid [(3,
4,5)8G1-COOH]. First, methyl 3,4,5-tris(n-octane- 1-yloxy)benzoate
[(3,4,5)8G1-CO,CH3] was synthesized (Scheme 1). To a three-
neck 100 mL round-bottom flask with a stirring bar, a mixture of
2.2 g (12.0 mmol) of methyl 3,4,5-trihydroxybenzoate and 12.5 g
(90.0 mmol) of K,CO3 in 70 mL of DMF and 9.3 g (48.0 mmol)
of 1-bromooctane were added. The mixture was heated to 85 °C
under vigorous stirring under an Ar atmosphere. After about 24 h,
the reaction end point was determined by TLC analysis. The
reaction mixture was filtered at 50—60 °C, and the filtrate was
cooled to room temperature, diluted with 100 mL of Et,O, and
transferred to a separatory funnel. The organic phase was washed
three times in total with 100 mL of H,O as 20 mL of dilute HCI,
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50 mL of H,O, and 50 mL of saturated NaCl solution. Then, the
organic phase was separated, dried over MgSOy, and filtered, and
the solvent was evaporated. The crude product was then purified
by silica gel column chromatography (eluent: petroleum ether/ethyl
acetate = 10:1 in volume) to yield 5.1 g (81.6 wt %) of gold-like
viscous liquid. 'H NMR (CDCls;, TMS, 6, ppm): 0.88 (t, 9H,
—CHs3), 1.29 (m, 24H, —(CH»)s—), 1.47 (m, 6H, —CH,—CH,—
CH,—0O—Ar), 1.79 (m, 6H, —CH,—CH,—0—Ar), 3.89 (s, 3H,
—CO,—CHj3), 401 (m, 6H, —CH,—O—Ar), 7.25 (s, 2H,
—ArH—CO,—CHz); Ry = 0.68 (eluent: petroleum ether/ethyl acetate
= 10:1).

Second, (3,4,5)8G1-CO,CHj3 was hydrolyzed to produce (3,4,5)8G1-
COOK and (3,4,58G1-COOH. A three-neck 100 mL round-
bottom flask with a stirring bar was filled with 4.0 g (7.6 mmol) of
(3,4,5)8G1-CO,CH3, 40 mL of 80% EtOH, and 4.3 g (76.0 mmol)
of KOH pellets. The mixture was heated at 80 °C for about 10 h
with stirring and hydrolysis was judged by TLC analysis. The
reaction mixture was concentrated, and the residue was washed
four times with 20 mL of H,O, resulting in (3,4,5)8G1-COOK.
2.0 g (3.7 mmol) of (3,4,5)8G1-COOK was then transferred into
a 150 mL Erlenmeyer flask and dissolved in 30 mL of THF under
stirring at ca. 60 °C. The solution was acidified with dilute HCI up
to pH = 1, reacted for 2 h, cooled to room temperature, and then
poured into 80 mL of Et,O. The organic phase was washed two
times with 50 mL of H,O and saturated NaCl solution, and then
the organic phase was separated and dried over MgSO,. After
filtration and concentration, the crude product was recrystallized
twice from ethanol, resulting in 1.7 g (95%) of white crystal of
(3,4,5)8G1-COOH. 'H NMR (CDCl;, TMS, 6, ppm): 0.88 (t, 9H,
—CHj3), 1.29 (m, 24H, —(CH)s—), 1.47 (m, 6H, —CH,—CH,—
CH,—0—Ar), 1.79 (m, 6H, —CH,—CH,—0O—Ar), 4.02 (m, 6H,
—CH,—0—Ar), 7.32 (s, 2H, —ArH,—CO,H). Anal. Calcd for
C;3Hs40s: C, 73.47; H, 10.74. Found: C, 73.29; H, 10.70.

3,4,5-Tris(n-decane- 1-yloxy)benzoic acid, (3,4,5)10G1-COOH,
and 3,4,5-tris(n-dodecan-1-yloxy)benzoic acid, (3,4,5)12G1-
COOH, were synthesized following a similar procedure to that for
(3,4,5)8G1-COOH. For (3,4,5)10G1-COOH: 'H NMR (CDCl;,
TMS, 6, ppm) 0.88 (t, 9H, —CH3), 1.29 (m, 36H, —(CH»)s—), 1.47
(m, 6H, _CHZ_CHZ_CHZ_O_AI‘), 1.77 (m, 6H, _CHZ_CHZ_
O—Ar), 4.02 (m, 6H, —CH,—0O—Ar), 7.34 (s, 2H, ArH,—CO,H).
Anal. Calcd for C37HgOs: C, 75.20; H, 11.26. Found: C, 75.42; H,
11.23. For (3,4,5)12G1-COOH: 'H NMR (CDCl;, TMS, 6, ppm):
0.88 (t, 9H, —CHs;), 1.28 (m, 48H, —(CH,)s—), 1.47 (m, 6H,
—CH,—CH,—CH,—0—Ar), 1.79 (m, 6H, —CH,—CH,—0O—Ar),
4.02 (m, 6H, —CH,—0—Ar), 7.32 (s, 2H, —ArH,—CO,H). Anal.
Calcd for C43H750s: C, 76.50; H, 11.65. Found: C, 76.54; H, 11.72.

Syntheses of 3,4,5-Tri[p-(n-dodecan-1-yloxy)benzyloxy]ben-
zonic Acid [(4-3,4,5)12G1-COOH] and [(4-3,4,5)12G1-COOK].
(4-3,4,5)12G1-COOH was synthesized according to the procedure
reported by Percec and co-workers (Scheme 2).' "H NMR (CDCls,
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TMS, 9, ppm): 0.88 (t, 9H, —CH3;), 1.28 (m, 48H, —(CH»)s—),
147 (m, 6H, —CH,—CH,—CH,—O—Ar), 1.79 (m, 6H,
—CH,—CH,—0—Ar), 3.96 (two overlapped t, 6H, —CH,—0O—Ar),
5.02 (s, 2H, —CH,—0O—Ar—COOH from para position of benzoic
group), 5.05 (s, 4H, —CH,—O—Ar—COOH from 3- and 5 -positions
of benzoic group), 6.77 (d, 2H, —O—Ar—H—CH,—O—Ar—COOH
from 3- and 5-positions of center benzylic unit), 6.91 (d, 4H, —O—
Ar—H—CH;—0O—Ar—COOH from 3- and 5-positions of external
benzylic units), 7.28 (d, 2H, —O—Ar—H—CH,—0O—Ar—COOH
from the 2- and 6-positions of the internal benzylic unit), 7.34 (d,
4H, —O—Ar—H—CH;—0O—Ar—COOH from 2- and 6-positions of
the external benzylic units), 7.45 (s, 2H, —Ar—H—COOH from
the 2- and 6-positions). IR (KBr plate): 1670 cm™! (v—c=o). Anal.
Calcd for CesHosOs: C, 77.37; H, 9.74. Found: C, 77.42; H, 10.09.

Complex Preparation. The /PEI complexes /PEI-(3,4,5)nG1
and [PEI-(4-3,4,5)12G1 were respectively prepared by mixing
3.,4,5-tris(n-alkan-1-yloxy)benzoic acid, [(3,4,5)nG1-COOH, n =
8, 10, 12], and 3,4,5-tris[(p-(n-dodecan-1-yloxy)benzyloxy]benzoic
acid, [(4-3,4,5)12G1-COOH], dendrons with [PEI in ethanol
solution at about 75 °C just below its boiling temperature under
reflux (Scheme 3). A general procedure was as follows: 1 mmol of
dendron was dissolved in 20 mL of ethanol at about 75 °C and
slowly added dropwise into the 1:1 stoichiometric /PEI ethanol
solution under stirring for 5 h. The solvent was slowly vaporized
until white solid appeared. The resulting solid complex was
separated by filtration, washed with hot ethanol, and then dried
under vacuum for 48 h at room temperature.

The PAH complexes PAH-(3,4,5)nG1 and PAH-(4-3,4,5)12G1
were prepared by respectively mixing the potassium salt of 3,4,5-
tris(n-alkan-1-yloxy)benzoic acid [(3,4,5)nG1-COOK, n = 8§, 10,
12] and 3.4,5-tris[(p-(n-dodecan-1-yloxy)benzyloxy]benzoic acid
[(4-3,4,5)12G1-COOK] dendrons with PAH in 90% ethanol/H,O
solution at about 75 °C (Scheme 3). As a general procedure, 1 mmol
of dendron was dissolved in 20 mL of 90% ethanol aqueous solution
at about 75 °C and slowly added dropwise into 90% ethanol/water
mixture containing a 1:1 stoichiometric PAH under stirring. A white
solid appeared in the mixture. Then the mixture was cooled to room
temperature and filtered. The precipitate was washed with hot water
and ethanol and then dried under vacuum for 48 h at room
temperature.

For preparing complex films, a THF solution of the complex of
30 g/L was coated on a quartz glass at room temperature and dried
under vacuum at 40 °C for 24 h.

Measurements. Fourier transform infrared (FTIR) spectra of the
complexes were recorded on a Bruker Vector 33 FTIR spectrometer
using KBr pellets at room temperature. X-ray diffraction (XRD)
of the complex powder was performed in transmission geometry
with an X’pert PRO diffractometer (40 kV and 40 mA) using Cu
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Figure 1. FT-IR spectra of the IPEI, (3,4,5)12G1COOH, and /PEI-
(3,4,5)12G1 complex. The curves were vertically shifted to avoid
overlapping.

Ka radiation (wavelength A = 0.154 nm) at room temperature. The
20 ranged from 1° to 30°, and the scan step was 0.01° in 26 with
a counting time of 1 s/step. The differential scanning calorimetry
(DSC) experiment was carried out with 3-5 mg of sample in a 6
mm aluminum pan on a Netzsch DSC 204 under a nitrogen
atmosphere at heating or cooling rate of 10 °C/min following the
temperature sequence as room temperature — 140 °C — —60 °C
— 140 °C for the IPEI series complexes and room temperature —
220 °C — —60 °C — 220 °C for the PAH series complexes,
respectively. Thermogravimetry (TG) was measured with a Netzsch
TG 209 under a nitrogen atmosphere at heating rate of 10 °C/min
starting from room temperature to 800 °C. The C, H, and N contents
(Wt %) of the complex were determined with a Vario EL elemental
analyzer. '"H NMR spectra were recorded on a Varian INOVA
500NB spectrometer. A polarized optical microscope (POM) of
Zeiss Axiophot was used with a Linkam hot stage. The sample
was heated from room temperature to 140 °C for the IPEI series
complexes or 220 °C for the PAH series complexes and held for 3
min to remove the heat history, then cooled to room temperature,
and subsequently heated again to 80 °C at the rate of 10 °C/min.
The POM photos were taken at 80 °C for IPEI series and 160 °C
for PAH series complexes.

3. Results and Discussion

Complex Formation. The formation of ionic complexes of
[PEI or PAH with (3,4,5)rG1-COOH or (4-3,4,5)12G1-COOH
(or their potassium salts) was observed as white precipitates
during mixing. The IPEI series complexes were also observed
with FT-IR spectra as shown in Figure 1 for [PEL (3,4,5)12G1-
COOH, and IPEI-(3,4,5)12G1 complex for examples. The
strong absorption band at ca. 1552-1557 cm™! corresponded
to the asymmetric stretching of the carboxylate groups of
dendrons, and the carbonyl stretching band at about 1682—1687
cm™! disappeared. A weak absorption band appearing at ca.
1610 cm™! is assigned to deformation vibration of the H;N"—
or —H,N™— groups, indicating the presence of protonated amino
groups.

The composition of the ionic complex y, as the mole ratio of
carboxyl to amino groups, was estimated on N content
determined by elemental analysis and listed in Table 1. As
known from the y values of 0.79—1.0 with reasonable error,
the composition of the complexes approached to a 1:1 stoichi-
ometry in respect to the ionic groups, suggesting that the
dendrons had a strong binding capability to the polymer chains.
The deviation from the 1:1 stoichiometry seems to be resulted
from the steric hindrance due to the larger volume of the bound
dendritic amphiphiles.

Mesomorphous Structure of 1IPEI-(3,4,5)nG1 and PAH-
3,4,5)nG1 Complexes. XRD measurements were performed
to reveal mesomorphous structure of the complexes. Figures 2
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Table 1. Composition and Thermal Properties of the Complexes IPEI-(3,4,5)nG1, IPEI-(4-3,4,5)12G1, PAH-(3,4,5)nG1, and PAH-(4-
3,4,5)12G1 (n = 8, 10, 12)

complex N (wt %) X T (°C) AH, (J/g) T, (°C) T (°C) AHP (J/g) T4 (°C)
IPEI-(3,4,5)8G1 2.55 1.00 102 1.06 384
IPEI-(3,4,5)10G1 226 0.98 103 0.96 402
IPEI-(3,4,5)12G1 2.20 0.88 8 16.47 111 1.04 406
IPEI-(4-3,4,5)12G1 1.60 0.79 —-13 13.58 153 0.74 398
PAH-(3,4,5)8G1 278 0.88 79 189 1.54 415
PAH-(3,4,5)10G1 242 0.87 79 192 1.32 427
PAH-(3,4,5)12G1 1.93 0.99 —11 21.79 83 197 1.43 428
PAH-(4-3,4,5)12G1 1.35 1.00 —-12 16.41 92 211 2.04 395

“ DSC peak value. * Melting heat at the second heating run.

d
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Figure 2. XRD patterns of the /PEI-(3,4,5)nG1 (n = 8, 10, and 12)
complexes at room temperature.

d100
—~
3
©
o
>
g d110
[ hd
o
£

PAH-(3,4,5)8G1
PAH-(3,4,510G1

PAH-(3,4,5)12G1

"4 8 12 16 20 24 28 32 36
26(°)

Figure 3. XRD patterns of the PAH-(3,4,5)nG1 (» = 8, 10, and 12)
complexes at room temperature.

and 3 illustrate the XRD patterns at room temperature for the
IPEI-(3,4,5)nG1 and PAH-(3,4,5)nG1 complexes, respectively.
In the wide-angle range, only one broad peak appears at 20 ~
20° corresponding to the distance between the conformationally
disordered alkyl chains. This indicates noncrystalline structure
in these solid complexes at room temperature. In the small-
angle range, there are several reflection peaks, suggesting the
existence of mesomorphous structures in the complexes at room
temperature.

For the IPEI-(3,4,5)nG1 complexes in Figure 2, one or two
reflections at the equidistant position in d~! scale as 1:2 implies

Table 2. X-ray Data for the Complexes /PEI-(3,4,5)nG1 (n = 8,
10, 12), and /PEI-(4-3,4,5)12G1 at Room Temperature

complexes door (A) doo> (A) mesophases
IPEI-(3,4,5)8G1 27.0 13.4 lamellar
IPEI-(3,4,5)10G1 30.2 15.1 lamellar
IPEI-(3,4,5)12G1 34.6 lamellar
IPEI-(4-3,4,5)12G1 41.3 20.6 lamellar

the lamella smectic A or smectic C (SmA or SmC) mesomor-
phous structure existing in these complexes.” As expected, the
corresponding long period increases with n (Table 2). Normally,
surfactants are organized in two different ways in the
polymer—surfactant complex as bilayer with opposite chain ends
and monolayer with interdigitated alkyl tails.'®" We take the
(3,4,5)8G1-COOH as an example to estimate total length of
the dendrons. The increment of one carbon atom in a stretched
alkyl chain is about 1.25 A, and the length of a phenoxy moiety
(C¢Hs—O0) is about 5.3 A.” Therefore, the length of (3,4,5)8G1-
COOH should be about 15.3 A. This value is slightly larger
than a half of the long period of the IPEI-(3,4,5)8G1 complex
(13.5 A). Usually, the alky tails take somewhat coiled confor-
mation not completely stretched and ordered arrangement in
the complex as judged from the XRD profiles in wide-angle
range. This implies that the actual length of (3,4,5)8 G1-COOH
in the complex should be shorter than 15.3 A. Therefore, we
consider that bound dendrons in the complexes are stacked into
a bilayer arrangement.

In our previous study, we reported that the branching of
polymer backbone significantly altered the crystal and meso-
morphous structures of the complex made of linear or branching
PEI and long-chain aliphatic acid of octadecanoic acid.’
Recently, Serrano and co-workers also demonstrated that the
chemical structure and generation number of dendrimers led to
different mesomorphism for the ionic complexes of dendrimers
and long-chain alkanoic acids.® Hence, in order to reveal the
backbone effect on the complex mesomorphous structure, we
further studied the PAH-(3,4,5)nG1 complexes, where the
binding sites were at side chains in PAH but at backbone in
linear PEI. For the PAH-(3,4,5)nG1 complexes, the XRD
profiles in small-angle range in Figure 3 exhibit reflections
different from those for the IPEI-(3,4,5)nG1 complexes. Three
reflections were observed at the ratio of djgo~":d110™ :dago ™! =1:
+/3:2, indicating a hexagonal columnar mesophase (®y). Similar
results have been reported by Percec et al.'' Moreover, these
PAH-(3,4,5)nG1 complexes behave birefringent texture differ-
ent from that of the IPEI-(3,4,5)nG1 complexes under POM at
room temperature. For the hexagonal phase, the lattice parameter
a can be calculated from the g value corresponding to the
reflection of (hkl) as*

_ 4
a=—=

q\/3
The measured djy (= 2m/q) value and lattice parameter so
calculated for the PAH-(3,4,5)nG1 complexes in the hexagonal
columnar phase are listed in Table 3. Taking PAH-(3,4,5)8G1
as an example (e.g., dioo = 33.3 A, di10 = 19.2 A, dogo = 16.6

V2 + hik + 1) (1)
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Table 3. X-ray Data for the Complexes PAH-(3,4,5)nG1 (n = 8, 10, 12) and PAH-(4-3,4,5)12G1 at Room Temperature

complexes dioo (A) diio (A) daoo (A) mesophase dioe” (A) a’ (A)
PAH-(3,4,5)8G1 33.3 19.2 16.6 hexagonal 33.2 38.3
PAH-(3,4,5)10G1 35.0 20.0 17.3 hexagonal 34.7 40.1
PAH-(3,4,5)12G1 37.2 21.5 18.5 hexagonal 37.1 42.8
PAH-(4-3,4,5)12G1 43.2 24.5 21.6 hexagonal 42.9 49.5

“ WhooT= (dioo + ~/3di1o + 2da00)/3. * a = 2[d100IV/3.

A), the lattice parameter a is 38.3 A, which is much larger than
the twice of total length of the bound dendron (3,4,5)8G1-
COOK (ca. 30.6 A). It is worth noting from Table 3 that the
lattice parameter a increases with increasing length of the
dendron alkyl tails. This means that the column was formed
with a PAH core surrounded by bound dendrons and stacked
in a loose hexagonal form. Recently, Canilho et al. demonstrated
that the comblike supramolecular dendronized polymer—surfactant
complexes formed columnar and lamellar nanostructures, de-
pending on generations of the dendronized polymers and alkyl
chain length of the surfactants.*>* A transition from columnar
to lamellar mesomorphous stack was observed with decreasing
the volume ratio of dendrons to surfactants. For their complexes
in the columnar phase, the dendrons pack in the continuous
phase, and the attached surfactants pack in the cylinders due to
larger volume ratio of dendrons to surfactants. In the percent
work, the linear polymer PAH forms the core of the cylindrical
phase, and the bound dendrons form the continuous phase
because the bound dendrons have a much larger volume than
PAH.

In order to understand the nature of these mesomorphous
structures in the IPEI-(3,4,5)nG1 and PAH-(3,4,5)nG1 com-
plexes, we determined their thermal properties with TG and
DSC. The TG shows that there is no significant weight loss up
to 220 °C for these complexes (data are not shown here). The
temperature of maximum weight-loss rate T4 in Table 1 is higher
for the PAH-(3,4,5)nG1 complexes than that for the /PEI-
(3,4,5nG1 complexes. All the complexes exhibit a higher
thermal stability than the corresponding pure dendrons and
polymers, and Ty increases with increasing aliphatic chain length
of the dendrons as n from 8 to 12. The enhanced thermal stability
should be attributed to the strong ionic interaction between the
polymers and dendrons, as previously reported for the complexes
based on PEI and alkanoic acids.?

For the IPEI-(3,4,5)nG1 and PAH-(3,4,5)nG1 complexes
with n = 8§ and 10, no melting transition was observed from
the DSC trace above —60 °C, but a melting point T, was
determined for the /PEI-(3,4,5)12G1 and PAH-(3,4,5)12G1 as
8 and —11 °C (Table 1), respectively, due to the melting of the
dendron alkyl chain crystal. This fact implies that there should
be no crystalline phase in the complexes at room temperature
owing to the short alkyl chains and a centered phenoxy moiety
in the dendrons. What interesting is that there exists a weak
endothermic peak in each heating curve between 102 and 111
°C for the IPEI-(3,4,5)nG1 complexes and between 189 and
197 °C for the PAH-(3,4,5)nG1 complexes. Combining with
the finding from XRD in Figures 2 and 3, we consider that these
complexes are in the liquid crystal state at room temperature,
and the weak endothermic transition 7; corresponds to the
transition from liquid crystal to isotropic phase. As seen from
Table 1, 7; of the IPEI-(3,4,5nG1 and PAH-(3,4,5nG1
complexes increases slightly with increasing n, indicating that
the alkyl chain length of the dendrons has no significant effect
on T;. But the T; for the PAH-(3,4,5)nG1 complexes (from 189
to 197 °C) is much higher than that for the /PEI-(3,4,5)nG1
complexes (from 102 to 111 °C). The reason for this is still
unknown.

It is therefore important to directly observe the liquid crystal
phase in the complexes with POM. Figure 4 illustrates POM
photographs of the complexes taken at 80 °C. As expected, the

Figure 4. Polarized optical micrographs taken at 80 °C for the
complexes: (a) IPEI-(3,4,5)8G1; (b) IPEI-(3,4,5)10G1; (c) IPEI-(3,4,-
5)12G1; (d) PAH-(3,4,5)8G1; () PAH-(3,4,5)10G1; (f) PAH-(3,4,-
5)12G1.

Figure 5. Polarized optical micrographs for the complex [PEI-
(3,4,5)12G1: (a) 80 °C after shearing; (b) 115 °C above T;.

birefringent random polygon-like texture was observed under
POM above room temperature for these complexes. This
birefringence only appears at temperatures between Ty, and T;
and disappears when temperature is above 7; (Figure 5).
Therefore, the IPEI-(3,4,5)nG1 and PAH-(3,4,5)nG1 complexes
are found in the liquid crystalline state of ionic thermotropic
SmA (or SmC) and hexagonal columnar phases between room
temperature and T;.

The above results seem to suggest that the same amphiphilic
dendron induces different mesomorphous structures of liquid
crystal when forming the ionic complex with polyelectrolytes,
e.g., the lamellar SmA or SmC phase for the IPEI-(3,4,5)nG1
and the hexagonal columnar ®;, phase for the PAH-(3,4,5)nG1
complexes. Thus, the location of binding sites at the polymer
chain plays a key role to determine the mesomorphous structure
when the dendrons have short alkyl tails as n < 12 because the
amino groups are at backbone for /PEI and at side chain for
PAH. Figure 6 shows the stacking model for the complexes at
room temperature: lamella phase for /[PEI-containing complexes
and hexagonal column phase for PAH-containing complexes.
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Figure 6. Stacking models for the complexes at room temperature:
lamella phase for /PEI series complexes and hexagonal column phase
for PAH series complexes.
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Figure 7. XRD patterns of the /PEI-(4-3,4,5)12G1 and PAH-(4-
3,4,5)12G1 complexes at room temperature.

Comparison of /PEI-(4-3,4,5)12G1 and PAH-(4-34,5)-
12G1 Complexes. As discussed above, different binding lo-
cations at the polymer chain cause different liquid crystalline
phases for the polyelectrolyte—amphiphilic dendron complex.
We were still interested in whether the dendron structure affected
the complex structure, so the ionic complexes of /PEI and PAH
with (4-3,4,5)12G1-COOH or (4-3,4,5)12G1-COOK dendron
were investigated. Figure 7 depicts the XRD patterns of the
IPEI-(4-3,4,5)12G1 and PAH-(4-3,4,5)12G1 complexes at
room temperature. In the wide-angle range, the broad diffraction
peak at 260 =~ 20° indicates their amorphous structure at room
temperature. This is also understood from their melting point
of ca. —13 and —12 °C (Table 1). While in the small-angle
range, some characteristic reflections suggest some mesomor-
phous structure in these complexes. For the I[PEI-(4-3,4,5)12G1,
two reflections appeared at the equidistant positions in d~! scale
as 1:2 (e.g., doo1 = 41.3 A and dopy = 20.6 A), implying a
lamella SmA or SmC stacking. The long period dyo; increases
when compared with that of 34.6 A for the corresponding IPEI-
(3,4,5)12G1 complex (Table 2). The presence of a benzenyloxy
moiety (—C¢HsCH,O—) in the dendrons tends to increase the
long period. In contrast, the XRD pattern for the PAH-(4-
3,4,5)12G1 complex shows amorphous structure and three
reflections at position of dyoo™ :di10 idaoo ! = 1:/3:2 (dioo =
43.2 10%, dyo = 24.5 A, and droo = 21.6 A) at room temperature
(Figure 7 and Table 3). This implies a hexagonal column
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Figure 8. Polarized optical micrographs taken at 160 °C for the
complexes: (a) IPEI-(4-3,4,5)12G1; (b) PAH-(4-3,4,5)12G1.

mesomorphous (®,) phase similar to that in the PAH-
(3,4,5)12G1 complexes. The lattice parameter a was estimated
as 49.5 A due to the increase in the dendron size.

Tm and T; are listed in Table 1 for these two complexes. It is
worth noting that the /PEI-(4-3,4,5)12G1 complex has much
lower T; (153 °C) than that of the PAH-(4-3,4,5)12G1 complex
(211 °C). POM photographs in Figure 8 illustrate the evident
birefringent random polygon-like texture for the IPEI-(4-
3,4,5)12G1 complex similar to the /PEI-(3,4,5)12G1 complex.
It should be mentioned that the oriented texture was also
observed after being sheared in one direction between Ty, and
T;, and the birefringence disappeared when the temperature was
above T;. Consequently, the IPEI-(4-3,4,5)12G1 complex is also
in the same lamella SmA or SmC liquid crystalline phase at
room temperature as the IPEI-(3,4,5)nG1 complexes.

A similar birefringent texture was observed under polarized
light between T}, and T; (Table 1) for the PAH-(4-3,4,5)12G1
complex (Figure 8), which was oriented if being sheared. Hence,
the PAH-(4-3,4,5)12G1 complex forms the hexagonal @y, liquid
crystalline phase at room temperature. The above facts also
support our opinion that the mesomorphous structure of the
polyelectrolyte—amphiphilic dendron complex is determined
mainly by the location of binding sites on the polymer chain,
which also changes the clear point 7; substantially.

4. Conclusions

In conclusion, the polymer—amphiphilic dendron complexes
prepared through the ionic binding of trisubstituted benzoic acid
dendrons on linear poly(ethylenimine) or poly(allylamine hydro-
chloride) exhibit two mesomorphous structures: lamella for the
IPEI series and hexagonal column for the PAH series complexes
irrespective of the chemical structure and alkyl tail length (n <
12) of the dendrons. This research demonstrates that the binding
sites play an important role in determining the mesomorphous
structure for the polymer—dendritic amphiphile complexes. The
present results also provide profound insights into the role of
the topological structure of polymers in the formation of various
supermolecular structures in polymer—amphiphile complexes.
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