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ABSTRACT: We have prepared a series of amphiphilic dendrimers with hydrophilic aliphatic polyether-
type dendritic core and hydrophobic docosyl peripheries. All dendrimers from first up to fourth generation
1-4 were synthesized in good yield and high purity by a stepwise convergent approach consisting of a
combination of Williamson etherification and hydroboration/oxidation steps. Differential scanning
calorimetry (DSC) measurements show that the docosyl peripheries melting temperatures and corre-
sponding heats of fusion decrease only slightly with each generation, indicative of a strong segregation
between hydrophilic dendritic core and hydrophobic docosyl periphery. The DSC derived docosyl periphery
crystallinity shows a gradual reduction with each generation and is corroborated by wide-angle X-ray
scattering (WAXS) experiments. Amphiphilic dendrimer self-assembly in the solid state is investigated
by small-angle X-ray scattering. Data from 1, 2, and 3 suggest a bilayer lamellar structure with
interdigitated dendritic core packing. In contrast, data from 4 are consistent with a 2-dimensional oblique
columnar assembly with hydrophilic core structure. The observed thermal and morphological behaviors
are rationalized in terms of high incompatibility and intrinsic interfacial curvature between hydrophilic
dendritic core and hydrophobic docosyl periphery arising from the unique dendritic molecular architecture.
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Introduction

Molecular amphiphiles have great application poten-
tial, e.g., as nanocarriers,! as structure directing agents
for nanostructure formation,? or in catalysts.® Recently,
macromolecular amphiphiles made from linear-type
block copolymers with various molecular compositions
have been extensively studied due to their simple
architecture and facile synthetic accessibility.2>="4 In
these systems poly(ethylene oxide) (PEO) has been
widely used as the hydrophilic component because of
its high polarity, ion-transporting ability, and biocom-
patibility, resulting in self-assembling materials,* ion-
conducting polyelectrolytes,® and drug-delivery® appli-
cations. Typical examples for the hydrophobic block
incompatible with PEO are polystyrene,*ab poly(hexyl
methacrylate),* polyisoprene,* and polyethylene (PE).%¢”

Besides linear macromolecules, dendrimers with a
core—shell architecture are attractive as amphilphiles
and self-assembling materials due to notable features
like well-defined molecular weight and shape persis-
tence.® Considering the synthetic approach to an am-
phiphilic dendrimer, the synthesis of the dendritic core
is more difficult than that of the shell due to the
branched architecture. This is why only a few chemically
distinct dendritic cores of amphiphilic dendrimers have
been reported in the literature.® Among them, aliphatic
amines as poly(amidoamine) (PAMAM) and poly(pro-
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pyleneimine) (PPI) are most common and have been
used in combination with hydrophobic coils in the
construction of nanoassembling materials in solution,
in the bulk state, and at the air—water interface.%2—¢
To utilize these aliphatic amines as hydrophilic den-
dritic cores, chemical modifications have been performed
to increase their hydrophilicity, leading to well-defined
microphase separation. For example, Meijer et al.
functionalized hydrophilic carboxylic acid groups onto
the surface of PPI or protonated the amine functional
groups.®¢ Crooks et al. introduced ion pairs between
the hydrophobic alkyl chains and the PAMAM dendritic
core through acid—base chemistry, which prevents both
blocks from mixing.3¢ However, pristine aliphatic amine-
based dendritic cores are considered to be hydrophobic
rather than hydrophilic. For example, Hammond et al.
have used PAMAM as a hydrophobic dendritic block
with linear coil-type chains in diblock copolymers which
can form ultrathin layered films.°d¢ Meijer et al. have
pointed out the hydrophobic character of amine-termi-
nated PPI in their polystyrene—PPI dendritic polymers
which did not show any microphase separation between
polystyrene and PPI in the bulk.®

Comparing linear block copolymer and dendritic mac-
romolecular systems strongly suggests the use of PEO/
polyether-type dendritic cores for the development of the
next-generation dendritic amphiphiles. Surprisingly, to
the best of our knowledge, this has not been described
in the literature.10

In this paper based on the convergent polyether-type
dendrimer synthesis devised by Fréchet et al.,1* we will
describe the synthesis of a series of amphiphilic den-
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Scheme 1. Synthesis of Amphiphilic Dendrimers 1-4
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drimer generations 1—4 containing a hydrophilic ali-
phatic polyether-type dendritic core and hydrophobic
docosyl peripheries (Scheme 1). After full characteriza-
tion their self-assembly behavior in the solid state will
be elucidated using small-angle X-ray scattering.

Experimental Section

Materials. 1-Docosanol (98%), NaH (95%), 9-BBN (all from
Aldrich), and other conventional reagents were used as
received. Methallyl dichloride (3-chloro-2-chloromethyl-1-pro-
pene) (99%) from Aldrich was distilled and stored over type 4
A molecular sieve. N,N-Dimethylformamide (DMF) was dis-
tilled under vacuum and stored over type 4 A molecular sieve.
Tetrahydrofuran (THF) was dried by distillation from sodium
metal and stored over type 4 A molecular sieve.

Techniques. 'H NMR spectra were recorded from CDCl;
solutions on a Varian INOVA 300 spectrometer. The purity of
the products was checked by thin-layer chromatography (TLC;
Merck, silica gel 60). A Perkin-Elmer DSC-7 differential
scanning calorimeter equipped with 1020 thermal analysis
controller was used to determine the thermal transitions and
the heat of fusion. In all cases, the heating and cooling scan
rates were 10 °C/min. Gel permeation chromatography (GPC)
measurements were carried out in 98% THF and 2% N,N-
dimethylacetamide at ambient temperature using 5 um Waters
Styragel columns (103, 104, 10%, 10¢ A, 30 cm each; Waters

Corp., Milford, MA) at a flow rate of 1.0 mL/min. Elemental
analysis was performed at Desert Analytics Co. in Tucson, AZ.

Small-angle X-ray scattering measurements were performed
in transmission mode with a Rigaku rotating anode X-ray
generator (Cu Ko, A = 1.54 A) focused by Franks mirror optics
and operated at 40 kV and 50 mA.*22 A 2-D X-ray detector
based on a 512 x 512 pixel Thomson CCD'? was used to
acquire scattering patterns. The diffraction patterns were
concentric powder pattern rings. The raw data were corrected
for distortion and nonlinearity of the detector after background
subtraction. It was then azimuthally integrated to obtain 1-D
plots of intensity vs scattering vector q

= 4—7[ Sln(e)
a=73"3

where 0 is the scattering angle and 1 the wavelength of
incident radiation.

Wide-angle X-ray diffraction was performed on a Scintag
0—0 diffractometer (Cu Ka, 2 = 1.54 A) operated at 45 kV and
40 mA to determine the crystallinity of docosyl periphery. In
the crystallinity determination, the same range of 26 (12° <
26 < 30°) was chosen for the analysis of all samples. A common
amorphous background was assigned by superimposing the
X-ray data of all dendrimers. The crystallinity was then
calculated by subtracting the amorphous region from the peak
area (see Figure 3).
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Figure 1. MALDI-TOF MS spectra of (a) 2, (b) 3, and (c) 4.
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Figure 2. DSC traces (10 °C/min) of amphiphilic dendrimers
1-4 recorded during the second heating scan (a) and the first
cooling scan (b).
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Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectra were recorded using a Bruker
Reflex Il mass spectrometer (Bremen, Germany) equipped
with a N laser (A = 337 nm) operating at a pulse rate of 3 Hz.
The ions were accelerated with pulsed ion extraction by a
voltage of 20 kV and detected using a microchannel plate
detector. The analyzer was operated in reflection mode. Sixty
shots were accumulated for each mass spectrum. The mass
spectrometer was calibrated prior to measurement with a
mixture of Ceo and Cyo fullerenes. The dendrimer samples were
dissolved in THF and mixed with 1,8,9-trihydroxyanthracene
(dithranol) and potassium trifluoroacetate in a molar ratio of
1/500/10 (analyte/matrix/salt). Matrix and cationizing salt were
purchased from Aldrich (Steinheim, Germany) and used
without further purification. The solvent tetrahydrofuran
(THF, 99.8%) was obtained from Fluka (Buchs, Switzerland).

Synthesis. The synthesis of the dendrimers is outlined in
Scheme 1.

Synthesis of 1-ene. 1-Docosanol (300.0 g, 919 mmol), NaH
(36.7 g, 1529 mmol), and methallyl dichloride (63.8 g, 510
mmol) were dissolved in 1000 mL of a THF/DMF solvent
mixture. The mixture was heated at reflux for 63 h under N,
atmosphere and then quenched with water. After cooling to
room temperature, the mixture was poured into ethyl acetate.
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Figure 3. Wide-angle X-ray scattering patterns of dendrimers
1 (@), 2 (b), 3 (c), and 4 (d) in the solid state. WAXS patterns
from dendrimers were normalized to the same area of the
amorphous halo; see (d). For reference, the pattern of pure
docosanol is also depicted; see (e).

The resulting precipitate was collected using a glass filter and
passed through a column of silica gel with chloroform as an
eluent to remove the dark-brown color. The obtained compound
was purified by several recrystallizations from n-hexane to
yield 194 g (60%) of a white crystal. *H NMR (CDClj, 6, ppm):
5.17 (s, 2H), 3.97 (s, 4H), 3.41 (t, 4H, J = 6.8 Hz), 1.02—-1.70
(m, 80H), 0.89 (t, 6H, J = 6.8 Hz); MW/M, = 1.03 (GPC).

Synthesis of 1. 1-ene (180 g, 255 mmol) was dissolved in
1000 mL of THF under a N, atmosphere, and 800 mL of 0.5
M of 9-BBN solution in THF was added dropwise at room
temperature. The reaction mixture was stirred for 45 min, was
then cooled to 0 °C in an ice bath, then carefully quenched
with 210 mL of 3 M NaOH aqueous solution, and then stirred
for 30 min at room temperature. The reaction mixture was
cooled again to 0 °C, and 210 mL of 30% H,0- aqueous solution
was carefully added. The mixture was stirred at room tem-
perature 3 h, and THF was then removed in a rotary evapora-
tor. The mixture was saturated with K,CO3; and extracted with
chloroform. After removing chloroform in a rotary evaporator,
the resulting solid was purified by several recrystallizations
from ethyl acetate to yield 175 g (95%) of a white solid. *H
NMR (CDCls, 6, ppm): 3.77 (m, 2H), 3.53 (m, 4H), 3.42 (t, 4H,
J = 6.8 Hz), 2.13 (m, 1H), 1.02—1.70 (m, 80H), 0.89 (t, 6H, J
= 6.8 Hz). Anal. Calcd for CusHgesOs: C, 79.71; H, 13.66.
Found: C, 79.70; H, 13.36; M\/M, = 1.03 (GPC).

Synthesis of 2-ene. 1 (175.0 g, 242 mmol), NaH (10.3 g,
431 mmol), and methallyl dichloride (16.8 g, 135 mmol) were
dissolved in 600 mL of a THF/DMF solvent mixture. The
mixture was heated at reflux for 26 h under a N, atmosphere
and then quenched with water. After cooling to room temper-
ature, the mixture was poured into ethyl acetate. The resulting
precipitate was collected using a glass filter and passed
through a column of silica gel with chloroform as an eluent to
remove the dark-brown color. The obtained compound was
purified by several recrystallizations from a n-hexane:ethyl
acetate = 1:2 solvent mixture to yield 120 g (66%) of a white
crystal. '"H NMR (CDCls, 8, ppm): 5.15 (s, 2H), 3.95 (s, 4H),
3.35—3.52 (m, 20H), 2.16 (m, 2H), 1.02—1.70 (m, 160H), 0.89
(t, 12H, J = 6.8 Hz); MW/M, = 1.04 (GPC).

Synthesis of 2. 2-ene (120 g, 80 mmol) was dissolved in
500 mL of THF under a N, atmosphere, and 240 mL of 0.5 M
of 9-BBN solution in THF was added dropwise at room
temperature. The reaction mixture was stirred for 45 min,
cooled to O °C in an ice bath, then carefully quenched with 67
mL of 3 M NaOH aqueous solution, and stirred for 30 min at
room temperature. The reaction mixture was cooled again to
0 °C, and 67 mL of 30% H,0O, aqueous solution was carefully
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Table 1. Characterization of Dendrimers

weight fraction of

crystallinity of

melting transitions (°C) and
corresponding enthalpy changes (J/g)

amphiphilic mol wt (g/mol) docosyl periphery PE (%) correlation
dendrimer a b f(docosyl) c d length t (nm)® heating’ cooling
1 723.3 0.86 56.5 61.1 24.0 k 65.6 (141.2) i k 57.7 (140.1) i
k 64.6 (140.8) i
2 1516.7 1515.9 0.82 51.1 53.2 12.2 k 62.6 (121.8) i k 55.6 (118.4) i
k 62.3 (118.2) i
3 3103.4 3103.6 0.80 49.8 50.1 8.8 k 61.7 (116.1) i k 54.9 (113.2) i
k 61.7 (113.1) i
4 6276.9 6275.5 0.79 449 45.8 8.1 k 61.1 (103.5) i k 54.7 (100.7) i

k 61.1 (103.4) i

a Theoretical molecular weight. ® Determined by MALDI-TOF MS. ¢ Calculated from heats of fusion on the first heating. Degree of
crystallinity = experimental heat of fusion of a single docosyl group/heat of fusion of a perfect crystalline docosyl group. Experimental
heat of fusion of a single docosyl group (kJ/mol) = heat of fusion (J/g) from first heating x mass of a single docosyl group (309.6 g/mol)/
f(docosyl). The heat of fusion of a single perfect crystalline docosyl group is 90.4 kJ/mol and was calculated from the heat of fusion of a
methylene unit in the perfect crystalline polyethylene of 4.11 kJ/mol. 9 Calculated from wide-angle X-ray diffraction. ¢ Correlation length
(t) = 0.94/(B cos 0g), where 1 is the wavelength of the X-ray beam (Ko = 0.154 nm), B is an angular width at half the maximum intensity,
and 265 is a scattering angle. f For each generation, the isotropic temperature was obtained from the first (first value) and second (second

value) heating scans (k = crystal, i = isotropic liquid).

added. The mixture was stirred for 3 h at room temperature,
and THF was then removed in a rotary evaporator. The
mixture was saturated with K,CO3; and extracted with chlo-
roform. After removing chloroform in a rotary evaporator, the
resulting solid was purified by several recrystallizations from
ethyl acetate to yield 117 g (96%) of a white solid. *H NMR
(CDCls, 6, ppm): 3.74 (m, 2H), 3.30—3.60 (m, 24H), 2.13 (m,
3H), 1.02—-1.70 (m, 160H), 0.89 (t, 12H, J = 6.8 Hz). MS
(MALDI-TOF): m/z calcd for (CigoH20207) 1516.67; found
1515.89. Anal. Calcd for CyooH20207: C, 79.19; H, 13.42.
Found: C, 78.85; H, 13.26; My/M,, = 1.04 (GPC).

Synthesis of 3-ene. 2 (83 g, 55 mmol), NaH (1.8 g, 76
mmol), and methallyl dichloride (3.8 g, 30.4 mmol) were
dissolved in 400 mL of a THF/DMF solvent mixture. The
mixture was heated at reflux for 26 h under a N, atmosphere
and then quenched with water. After cooling to room temper-
ature, the mixture was poured into ethyl acetate. The resulting
precipitate was collected using a glass filter and passed
through a column of silica gel with chloroform as an eluent to
remove the dark-brown color. The obtained compound was
purified by several recrystallizations from a n-hexane:ethyl
acetate = 1:2 solvent mixture to yield 62 g (66%) of a white
solid. 'H NMR (CDCls, 6, ppm): 5.17 (s, 2H), 3.93 (s, 4H),
3.22—3.60 (m, 52H), 2.16 (m, 6H), 0.80—1.62 (m, 344); My/M,
= 1.03 (GPC).

Synthesis of 3. 3-ene (61.5 g, 20 mmol) was dissolved in
500 mL of THF under a N, atmosphere, and 60 mL of 0.5 M
of 9-BBN solution in THF was added dropwise at room
temperature. The reaction mixture was stirred for 45 min,
cooled to 0 °C in an ice bath, then carefully quenched with 17
mL of 3 M NaOH aqueous solution, and then stirred for 30
min at room temperature. The reaction mixture was cooled
again to 0 °C, and 17 mL of 30% H,O. aqueous solution was
carefully added. The mixture was stirred for 3 h at room
temperature, and THF was then removed in a rotary evapora-
tor. The mixture was saturated with K,COj3 and extracted with
chloroform. After removing chloroform in a rotary evaporator,
the resulting solid was purified by several recrystallizations
from a n-hexane:ethyl acetate = 1:2 solvent mixture to yield
59 g (95%) of a white solid. *H NMR (CDCls, 6, ppm): 3.72 (d,
2H, J = 5.0 Hz), 3.20—3.60 (m, 56H), 2.13 (m, 7H), 0.80—1.65
(m, 344) MS (MALDl_TOF) m/z calcd for (C204H410015)
3103.43; found 3102.77. Anal. Calcd for Co04H410015: C, 78.95;
H, 13.32. Found: C, 78.86; H, 13.08; M,,/M,, = 1.02 (GPC).

Synthesis of 4-ene. 3 (50 g, 16.2 mmol), NaH (0.58 g, 24.3
mmol), and methallyl dichloride (1.0 g, 8.1 mmol) were
dissolved in 200 mL of a THF/DMF solvent mixture. The
mixture was heated at reflux for 30 h under a N, atmosphere
and then quenched with water. After cooling to room temper-
ature, the mixture was poured into ethyl acetate. The resulting
precipitate was collected using a glass filter and passed
through a column of silica gel with chloroform as an eluent to
remove the dark-brown color. The obtained compound was

purified by several recrystallizations from a n-hexane:ethyl
acetate = 1:1 solvent mixture to yield 28 g (55%) of a white
solid. *H NMR (CDCls, 6, ppm): 5.17 (s, 2H), 3.91 (s, 4H),
3.10—3.70 (m, 116H), 2.13 (m, 14H), 0.80—1.67 (m, 688); M/M,
= 1.03 (GPC).

Synthesis of 4. 4-ene (21.0 g, 3.4 mmol) was dissolved in
300 mL of THF under a N, atmosphere, and 50 mL of a 0.5 M
of 9-BBN solution in THF was added dropwise at room
temperature. The reaction mixture was stirred for 45 min, then
cooled to 0 °C in an ice bath, then carefully quenched with 11
mL of 3 M NaOH aqueous solution, and then stirred for 30
min at room temperature. The reaction mixture was cooled
again to 0 °C, and 11 mL of 30% H,O, aqueous solution was
carefully added. The mixture was stirred for 3 h at room
temperature, and then THF was removed in a rotary evapora-
tor. The mixture was saturated with K,CO3; and extracted with
chloroform. After removing chloroform in a rotary evaporator,
the resulting solid was purified by several recrystallizations
from a n-hexane:ethyl acetate = 1:2 solvent mixture to yield
19.5 g (93%) of a white solid. *H NMR (CDClg, ¢, ppm): 3.72
(d, 2H, 3 = 5.0 Hz), 2.98—-3.62 (m, 120H), 2.13 (m, 15H), 0.80—
1.65 (m, 688). MS (MALDI-TOF): m/z calcd for (C412Hg26031)
6276.95, found 6275.46. Anal. Calcd for Cs12Hg260s1: C, 78.83;
H, 13.26. Found: C, 78.82; H, 13.54; M,/M,, = 1.02 (GPC).

Results and Discussion

Synthesis and Characterization. The present de-
sign of amphiphilic dendrimers was focused on the
construction of a PEO-like aliphatic dendritic core. This
chemistry should provide a stronger hydrophilic char-
acter than observed for the more common poly(benzyl
ether) dendritic cores. As shown in Scheme 1, the repeat
unit of the aliphatic dendritic core is CH,CH(CH,0),.
With respect to molecular composition, this is almost
identical to twice a linear PEO repeat unit: 2 x
(CH2CH,0). As a hydrophobic periphery, a docosyl
group with 22 methylene units was employed in order
to provide maximum incompatibility with the hydro-
philic dendritic core. The basic synthetic methodology
to generate such amphiphilic dendrimers employs a
facile convergent route developed by the Fréchet group
in order to control the dendritic architecture precisely.!!
The first growth step is performed by a Williamson
etherification reaction of an alcoholic precursor in each
generation with methallyl dichloride, while the activa-
tion step of the resulting olefin is carried out through a
hydroboration—oxidation reaction. All the dendrimers
1-4 have been obtained in good yields and high purity
as described in the Experimental Section. The synthetic
procedure is outlined in Scheme 1. The etherification
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reaction of the primary alcoholic precursor in each
generation with methallyl dichloride was performed in
a THF/DMF solvent mixture and NaH as base. For
comparison, THF or DMF was also used individually
as solvents for the etherification reaction under the
same experimental conditions, but only very poor yields
(<10%) were observed. In the THF/DMF solvent mix-
ture, polar DMF can be considered to play a better role
in dissociating the oxyanion and sodium cation than
pure THF, which facilitates the nucleophilic attack of
the oxyanion toward methallyl chloride, resulting in
high yields. On the other hand, the PE units show poor
solubility in pure DMF, and this reaction therefore
results in a poor yield. In all the etherification reactions,
the DMF volume fraction was 30%. Because of the
crystalline nature of docosyl peripheries, the purifica-
tions of the olefins 1-ene, 2-ene, 3-ene, and 4-ene were
performed simply using repetitive recrystallizations
from hexanes—ethyl acetate mixtures with various
compositions depending on the generation. This afforded
yields between 55% and 66% for all generations. The
purity of each olefin compound was checked using GPC
and NMR techniques. The polydispersity of the molec-
ular weights of all the olefin compounds as determined
by GPC is less than 1.04. In addition, NMR data are in
full agreement with the expected structures in which
the characteristic two singlet peaks corresponding to the
olefinic protons and the allylic protons appear at 5.2 and
3.9 ppm, respectively.’1 On the other hand, the activa-
tion step was achieved by a hydroboration—oxidation
reaction with 9-BBN as the borane reagent which expels
unwanted tertiary alcohol due to its high steric hin-
drance. Purification of the resulting dendrimers 1—4
with primary alcoholic groups was carried out using
repetitive recrystallizations from a hexanes—ethyl ac-
etate mixture and gave high yields (>90%) in all cases.
The amphiphilic dendrimers 1—4 were characterized by
NMR, GPC, and elemental analysis. All dendrimers
show narrow polydispersities of less than 1.03 in GPC
and give signals for the a-protons to the hydroxy group
at 3.7 ppm and methine protons at 2.1 ppm in the NMR
spectra.l’ Elemental analysis data of 1—4 are also in
good agreement with the theoretical values.

Molecular weights (MWSs) of 2, 3, and 4 were deter-
mined by MALDI-TOF MS (Table 1 and Figure 1). In
all cases, only a single peak corresponding to [dendrimer
+ K]* was observed, and the calculated MWs based on
the peak positions are in good agreement with the
theoretical MWs (see Table 1), confirming the successful
synthesis of the amphiphilic dendrimers in high purity.

Thermal Properties and Degree of Crystallinity.
Thermal properties like melting transitions and heats
of fusion of the amphiphilic dendrimers 1—4 were
determined by differential scanning calorimetry (DSC).
All the heating and cooling scans were performed at a
rate of 10 °C/min. As shown in Figure 2, only a single
peak (i.e., no glass transition) is observed in both
heating and cooling scans of 1—4, which corresponds to
a transition from solid to isotropic liquid. It can be
attributed to the melting transition of the docosyl
peripheries because the hydrophilic dendritic core is not
expected to crystallize due to its branched architecture.
The position of the melting transitions as well as the
heats of fusion of the docosyl peripheries decreases
slightly from generation to generation. The melting
behavior also demonstrates that the hydrophobic region
is well-segregated from the hydrophilic dendritic core
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Figure 4. Small-angle X-ray scattering patterns of 1 (a), 2
(b), and 3 (c) in the solid state. The tic marks are for a lamellar
lattice. The inset of (a) shows the magnified (x70) (002)
reflection.
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Figure 5. Dependence of d spacing of primary peak on
generation.

region. The melting temperatures and heats of fusion
on both first and second heating scans are almost
identical, indicating that the crystallization of the
docosyl periphery occurs reversibly at the rate of 10 °C
on heating and cooling. The degree of crystallinity of
the docosyl peripheries in 1—4 can be determined by
comparing the heats of fusion on the first heating to that
of a perfect crystalline PE (Table 1).23 It decreases
gradually from 56% to 45% with increasing generation.
Alternatively, wide-angle X-ray scattering (WAXS) was
employed to estimate the degree of crystallinity. To this
end, Figure 3 shows room temperature WAXS spectra
for all dendrimers 1—4 in comparison to the correspond-
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Figure 6. Small-angle X-ray scattering patterns of 4 in the
solid state. (a) Pattern obtained through azimuthal integration
of the full 2D diffractogram (see inset) and exhibiting five of
the six reflections observed for this compound. This pattern
was collected with a sample-to-detector distance of 59.4 cm.
Prior to data collection, the sample was annealed for about
24 h at 55 °C. (b) 2D diffractogram obtained with a sample-
to-detector distance of 40.7 cm. Prior to data collection, this
sample was annealed for only an hour, resulting in a variation
of peak intensities compared to (a). For these conditions a sixth
peak indexed (3—30) can clearly be identified at high g values.

ing spectrum of the parent docosanol. Dendrimer spec-
tra were normalized to the same area of the amorphous
halo (see shaded area in spectrum d of Figure 3) to allow
for quantitative comparison of the degree of crystallin-
ity. As is obvious, the crystallinity decreases gradually
with increasing generation. Quantitative analysis shows
good agreement with the DSC results (see Table 1). On
the basis of the line width of the peaks at around 21.5°
(20) in the WAXS spectra, the correlation length, t, could
be determined to estimate the lateral regularity of
docosyl peripheries as a function of dendrimer genera-
tion (Table 1). The correlation length decreases sig-
nificantly from 1 to 2 and then only gradually reduces
further with generation. It is interesting to note that
for generations 1—3 the correlation length is larger than
the lamellar spacing (see next section), indicating that
crystalline lamellar hydrocarbon sheets are separated
by amorphous PEO-type dendritic cores. All these
trends can be explained considering interfacial curva-
ture arising from the molecular shape as a function of
the generation. It is well-known that the shape of a
dendrimer approaches more and more a globular shape
with each generation.® Thus, the interface between the
hydrophobic docosyl periphery and hydrophilic dendritic
core changes from a more flat surface to a curved
surface, causing a large interfacial area and resulting
in the reduction of the melting transition and heat of
fusion.

1=6.5nm
2=6.8 nm
3=70nm

[l
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Amphiphilic Dendrimer Self-Assembly. As con-
cluded form the thermal properties, the present den-
dritic amphiphile architecture with PEO-type dendritic
cores and PE-like docosyl peripheries leads to segrega-
tion between hydrophilic and hydrophobic moieties. To
investigate this self-assembly behavior in more detail,
small-angle X-ray scattering (SAXS) experiments have
been performed in the solid state. Compounds 1—3
exhibit very similar SAXS patterns (Figure 4), showing
two strong reflections with position ratios of 1:3. The
weak intensity or lack of a second-order peak might be
due to the degree of crystallinity of about 50%, leading
to a minimum in the structure factor (F) of 1—3 at that
position. This could be confirmed by separate Fourier
transformations of electron density profiles consisting
of three blocks corresponding to amorphous docosyl
periphery, crystalline docosyl periphery, and dendritic
core. In these model calculations, simply assuming
electron densities proportional to mass densities, indeed
F2 of the second-order peak showed a relatively weak
intensity for dendrimer compositions 1—3 and their
respective degrees of crystallinities as observed by DSC/
XRD.

From the observed primary peak, d spacings for 1, 2,
and 3 can be estimated to be 6.5, 6.8, and 7.0 nm,
respectively. In Figure 5, the d spacing is plotted as a
function of generation, suggesting a linear dependence
for 1—3. Extrapolation to zero generation results inad
spacing of about 6 nm. This value can be considered as
the hypothetical lamellar dimension constructed from
docosyl blocks since only the dendritic core length
increases as a function of the generation. Since the fully
stretched length of docosyl as calculated from the
Corey—Pauling—Koltun (CPK) model is approximately
3 nm, it can be concluded that 1—-3 are self-organized
into a bilayered lamellar structure rather than an
interdigitated lamellar structure in the solid state. This
result can be easily rationalized since a bilayer config-
uration is more suitable to minimize interfacial area.
On the other hand, the increase in periodicity derived
from the d spacing is 0.3 nm from 1 to 2 and 0.2 nm
from 2 to 3. These values are significantly smaller than
0.47 nm, corresponding to the increase of length of the
dendritic core edge when moving to the next generation
as calculated from the CPK model. Therefore, the
hydrophilic dendritic cores probably pack in a somewhat
interdigitated fashion and distort conformationally.
Considering the space-filling requirement and taper-
shaped dendrimer, the interdigitated fashion is expected
to be the best way to close-pack the dendritic cores while

100.3° 102 nm

VA

T

v

(b)

Figure 7. Schematic representation of (a) the bilayered lamellar morphology of 1, 2, and 3 and (b) the 2-dimensional oblique

columnar morphology of 4.



Macromolecules, Vol. 37, No. 11, 2004

maintaining the bilayered lamellar structure (Figure
7a).

The amphiphilic dendrimer 4 does not follow the
linear trends in structure of the smaller homologues.
The SAXS pattern of this compound shows six peaks
(the sixth peak at high g values was only observed by
going to a shorter sample-to-detector distance; see
Figure 6b and caption). The d spacing of 10.0 nm
estimated from the primary peak in the SAXS pattern
of this compound (Figure 6) deviates far from the
expected value obtained from a linear extrapolation of
the data of generations 1—3 (see Figure 5). Further-
more, this SAXS pattern does not fit to a conventional
lamellar lattice. It was analyzed in terms of a general
oblique planar lattice. The equation for peak positions
for such a lattice in reciprocal space is given by!®

q2 h2

_ _2hkcosy K
(2n)?  (asiny)?

absin?y (b sin y)?

where h and k are Miller indices of the scattering
planes, a and b are unit cell basis vectors, and v is the
angle between a and b (0° < y < 180°).

Using this relation, the six peaks could be consistently
indexed as (100), (010), (110), (200), (020), and (3—30),
which agrees with a 2-dimensional oblique columnar
lattice with lattice parametersa = 10.2 nm, b = 7.1 nm,
and y = 100.3°. Based on the CPK model, the length of
the fully stretched molecule from focal point to docosyl
chain end is approximately 5.0 nm. This suggests that
dendritic cores as well as docosyl peripheries pack in a
noninterdigitated fashion. Considering the taper-shaped
molecular architecture of 4 with highly curved interface,
4 can be considered to form a cylinder more preferen-
tially than the other dendrimers, also consistent with
earlier findings.84-h Thus, from the SAXS results and
assuming a noninterdigitated molecular packing, we
propose a structure in which the amphiphilic dendrimer
4 self-assembles into columns packed into an oblique
lattice, as illustrated in Figure 7b. The cross section of
the column can be considered elliptical instead of
circular to satisfy the nonsymmetrical oblique packing
of columns. The driving force for this distortion of the
cross section is attributed to the crystallization of
docosyl peripheries, similar to what was found in
another system.® At this point, we speculate that
docosyl chains are more crystalline along the longer axis
of the elliptical cross section than along the shorter axis,
as illustrated in the sketch in Figure 7b.

Conclusions

A novel series of amphiphilic dendrimer generations
1-4 with hydrophilic aliphatic polyether-type den-
drimer cores and hydrophobic docosyl peripheries have
been synthesized in high purity and yield by iterative
Williamson etherification and hydroboration/oxidation
reactions. Melting transitions and corresponding heats
of fusion of docosyl peripheries decrease slightly as a
function of generation. Structural parameters of 1-3
in the solid state are consistent with bilayered lamellar
structures with interdigitated dendritic core packing.
In marked contrast, X-ray data of 4 suggest a 2-dimen-
sional oblique columnar arrangement. The thermal and
morphological properties can be rationalized in terms
of microphase separation between hydrophilic dendritic
core and hydrophobic docosyl peripheries and the change
of molecular architecture and interfacial curvature from
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generation to generation. Because of its chemical na-
ture, i.e., a PEO-like core, and its high hydrophilicity
and chemical stability, this novel system may overcome
a number of short comings of previous dendritic am-
phiphiles and therefore holds scientific as well as
technological promise in areas ranging from microelec-
tronics all the way to nanobiotechnology. Work along
these lines is now in progress in our laboratories.
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