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ABSTRACT: In this study, we synthesized a series of amphiphilic dumbbell-shaped dendrimers through the addition reactions
of a hydrophilic poly(oxyalkylene) with hydrophobic dendrons based on 4-isocyanate-4'-(3,3-dimethyl-2,4-dioxo-azetidine)-
diphenylmethane with different numbers of branching generations. The addition reaction of azetidine-2,4-diones of dendrons to
amines of poly(oxyalkylene) was proceeded by stirring the reactants in dry tetrahydrofuran (THF) under nitrogen at 60 °C. In
aqueous media, the dumbbell-shaped dendrimers self-assembled into micelles with their hydrophobic dendrons in the core and
their hydrophilic poly(oxyalkylene) segments forming loops in the corona shell. Employing the unique self-assembled micelle
structures as templates for subsequent chemical reduction of the Ag* ions, we generated new types of organic/metallic [silver
nanoparticle (AgNP)] nanohybrid clusters. The long poly(oxyalkylene) loops that extended into the aqueous phase complexed
with the Ag” ions, providing the suspension with steric stabilization to prevent the AgNPs from collision and flocculation. After
reduction, the AgNPs were present in a homogeneous distribution in the round dendrimer micelle—stabilized nanoclusters. The
diameter of each AgNP was less than 10 nm; the diameter of each round nanocluster was in the range of 50—200 nm. The
encapsulation efficiency of the AgNPs in micelles was about 54—69% for the dumbbell-shaped dendrimer based organic/AgNP

nanohybrid.
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B INTRODUCTION

The self-assembly of low-molecular-weight amphiphiles," linear
block copolyrners,z_4 dendrimers,® dendronized polymers,6’7
and hyper-branched polymers®™'" with well-defined molecular
structures continues to attract much attention. Molecular self-
assembly is a spontaneous process in which molecules form
ordered nanostructures mediated by noncovalent driving forces,
typically Coulombic electrostatic interactions, van der Waals
forces, m—m stacking interactions, hydrogen bonding, ion-
exchange, and ionic adsorption.'””"> Combinations of solution
self-assembly, interfacial self-assembly, and hybrid self-assembly
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processes have led to the preparation of many elaborate nano-
scopic supramolecular materials, including nano- and micro-
scale spherical micelles and vesicles, cylindrical tubules and
fibers, and monolayer and multilayer arrays.l‘s_19 The
preparation of such nanoscopic materials has been a major
research area in nanoscience and -engineering. Especially, the
dendritic macromolecules with specific nanostructures exhibit
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promising apzplications in fields ranging from green chemistry,*
biochemistry,” ~>* and opto-electronics™ to nanotechnology.***"

The dendritic macromolecules possess highly branched, globular
geometric shapes and an exponentially increasing number of
terminal groups. Because of this, dyes, drugs, and metal ions
were encapsulated by the terminal groups through ligand
chelation, hydrogen bonding interaction, or electrostatic
adsorption.*"**** Moreover, amphiphilic dendrimers that
could self-assemble in aqueous media to form hydrophobic
micelle cores were applicable in encapsulation and drug delivery
systems.”"*>***533 In addition, the dendritic architectures of
dendrimers were also used as gates and molecular gradients for
the preparation of well dispersed metal nanoparticles (NPs) in
polymer solutions.*>*' The growth of metal nanoclusters could
be controlled during the formation of interdendrimer
complexes, resulting in larger metal nanoclusters protected by
the exterior functional groups of the dendrimers.’®>' The
stabilization and assembly of these organic/metallic nano-
hybrids were attributed to either the metal particles being
attached to the protecting polymers or the protecting molecules
covering or encapsulating the metal NPs.>*3! In fact, the silver
nanoparticles (AgNPs) have been prepared by the chemical
reduction of the silver ions in linear polymer,**** comb-like copoly-
mer,*® or dendrimer solution.’**" Apart from that, poly-
(ethylene oxide) (PEO) or polyethylene glycol (PEG) based
dumbbell-shaped dendrimers have been reported for bio-
material ::1pplications.3'2’37_45 However, the PEO or PEG based
dumbbell-shaped dendrimers have not been used as the
surfactant for the preparation of the homogeneously distributed
AgNP aqueous solution. It is important to note that the
preparation of the AgNPs through the chemical reduction of
silver ions in micelles has not been reported.

Recently, we synthesized a series of polyurea/malonamide
dendrons using 4-isocyanato-4"-(3,3-dimethyl-2,4-dioxo-
azetidino)diphenylmethane (IDD) as a building block.** Our
synthetic approach toward the polyurea/malonamide dendrons,
consisting of alternating addition reactions to the isocyanate
and azetidine-2,4-dione groups of IDD, allowed the rapid and
selective synthesis of dendrons without the need for traditional
protection or activation chemistry. Such dendrons containing
hydrogen bond-rich malonamide linkages along with long alkyl
chains at their peripheries have served as surfactants for the
surface modification of montmorillonite.*”*® The azetidine-2,4-
dione functional group of IDD undergoes ring-opening
reactions with aliphatic primary amines to form malonamide
linkages.** In order to prepare a well dispersed AgNP in micelle
solution, we designed and synthesized a series of novel
dumbbell-shaped dendrimers based on IDD and PEO. A two-
step approach was taken to prepare these dumbbell-shaped
dendrimers for the dendron synthesis, we selected IDD as the
building block to prepare dendrons via a convergent route; for
the synthesis of the dumbbell-shaped dendrimers, we employed
hydrophilic PEO (Jeffamine ED-2003) as the coupling agent
for selective ring-opening additions of azetidine-2,4-dione units.
In addition, the dumbbell-shaped dendrimer based oil-in-water
(O/W) micelles were prepared using a cosolvent method.”*
The surface tension measurements were used to evaluate the
concentrations of micelles of the dumbbell-shaped dendrimers.
Moreover, we employed atomic force microscopy (AFM) and
transmission electron microscopy (TEM) to characterize the
morphologies of the micelles derived from the dumbbell-
shaped dendrimers. The morphologies obtained after the self-
assembly of amphiphilic dendritic macromolecules are
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influenced by the chemical structures and the processing
conditions (e.g., solution concentration, temperature, pH, and
medium). After loading Ag* ions into the self-assembled
supramolecules, followed by chemical reduction, we obtained a
new type of organic/silver nanoparticle (AgNP) nanohybrid.
We examined the effects of various relevant parameters on the
sizes and shapes of these organic/AgNP nanohybrids. More
importantly, better dispersion of AgNPs in micelles was
achieved as compared to the ones prepared in the medium
without the presence of micelles.

B EXPERIMENTAL SECTION

Materials. Isobutyryl chloride, triethylamine (TEA), diethyltri-
amine (DETA), stearyl alcohol (C18-OH; purity = 97.0%), and PEO
Jeffamine XTJ-502 (ED-2003) (M, = 2000 kg/mol) were purchased
from Sigma—Aldrich. All chemicals were purchased and used as
received, unless otherwise stated. N,N-Dimethylacetamide (DMAc)
was purchased from Tedia, distilled over CaH,, and then stored over
4-A molecular sieves. Tetrahydrofuran (THF, Tedia) was distilled over
Na/benzophenone under a N, atmosphere prior to use. Scheme 1
displays the chemical structures of the stearyl group—functionalized
IDD derivatives featuring different numbers of branched generation
dendrons (from G0.5-C18 to G2.5-C18). The building block IDD and
the dendrons (from GO0.5-C18 to G2.5-C18) were synthesized
according to previous reports.*™*%%075% Gcheme 2 presents the
synthetic route toward the amphiphilic dumbbell-shaped dendrimers.
The dumbbell-shaped dendrimers (D-G0.5-C18, D-G1.5-C18, and
D-G2.5-C18) were synthesized through the end-capping of ED-2003
with dendrons having different branched generations (G0.5-C18,
G1.5-C18, G2.5-C18).*%%°

Dumbbell-Shaped Dendrimer D-G0.5-C18. A solution of GO.5-
C18 (0.6 g, 1.0 mmol) and ED-2003 (1.0 g, 0.5 mmol) in dry THF
(15 mL) was stirred at 60 °C under a N, atmosphere for
approximately 4 h. After cooling to room temperature, the volatiles
were evaporated under reduced pressure. The crude product was
purified through column chromatography (SiO,; EtOAc/hexanes) to
obtain D-G0.5-C18 as a yellowish viscous liquid (0.50 g, 35%). M, =
4590 g mol™'; PDI = 1.09. 'H NMR (400 MHz, DMSO): 5 0.70—0.92
(t, 6H, CH;), 0.93—1.50 [br, 81H, CH,, OC(CH,)C, OCC(CH,)],
1.30—1.40 [s, 12H, C(CHj;),], 1.40—1.50 (m, 4H, OCH,C), 3.0-3.7
(br, 176H, OCH,CH,, OCHCH,, OCH,CH), 3.78—3.94 (s, 4H,
ArCH,Ar), 3.95—4.15 (t, 4H, COOCH,), 6.90—6.71 (d, 4H, ArH),
7.10-7.30 (d, 8H, ArH), 7.35—7.45 (d, 4H, ArH). FTIR: v,,, 3313
(NH), 1656 [C=0(NH)] cm™". Anal. Calcd. for C;,;H;,3N¢Os;: C,
62.81%; H, 9.18%; N, 2.54%; O, 25.60%. Found: C, 63.12%; H, 8.95%;
N, 2.61%; O, 25.30%.

Dumbbell-Shaped Dendrimer D-G1.5-C18. D-G1.5-C18 was
synthesized, using the same procedure as that described above for
D-G0.5-C18, as a yellowish solid (0.81 g, 30%). M, = 5990 g mol™%;
PDI = 1.04. '"H NMR (400 MHz, DMSO): § 0.78—0.91 (t, 12H,
CH,), 1.10—1.30 [br, 177 H, CH,, OC(CH,)C, OCC(CHS,), C(C,Hy)-
CON], 1.43-1.70 (m, 8H, OCH,C), 3.10—3.60 (br, 208 H,
OCH,CH,, OCHCH,, OCH,CH, CONHAr), 3.70-3.90 (s, 8H,
ArCH,Ar), 3.90—4.10 (t, 8H, COOCH,), 7.00—7.20 (d, 8H, ArH),
7.20—7.40 (d, 16H, ArH), 7.40—7.60 (d, 8H, ArH), 7.82—8.00 (b, 4H,
NH), 8.40—8.60 (s, 2H, NH), 9.20—9.40 (b, 4H, NH), 9.40—9.60 (br,
4H, NH). FTIR: v, 3312 (NH), 1659 [C=O(NH)] cm™. Anal.
Caled. for CroyH,oNyOg: C, 65.89%; H, 8.79%; N, 525%; O,
20.10%. Found: C, 65.90%; H, 8.60%; N, 5.21%; O, 19.80%.

Dumbbell-Shaped Dendrimer D-G2.5-C18. D-G2.5-C18 was
synthesized, using the same procedure as that described above for
D-GO0.5-C18, as a yellowish solid (0.62 g, 25%). M, = 7453 g mol™’;
PDI = 1.11. '"H NMR (400 MHz, DMSO): § 0.78—0.90 (t, 24H, CH,),
0.90—1.40 [br, 345 H, CH, OC(CH,)C, OCC(CH,), C(C,Hy)-
CON], 1.40-1.63 (m, 16H, OCH,C), 3.10-3.60 (br, 224 H,
OCH,CH,, OCHCH,, OCH,CH, CONHAr), 3.70—3.90 (s, 28H,
ArCH,Ar), 3.90—4.10 (t, 16H, COOCH,), 6.90—7.20 (d, 28H, ArH),
7.30—7.60 (d, 84H, ArH), 7.820—-8.0 (b, 16H, NH), 8.40—8.60
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Scheme 1. Synthesis of Dendrons from Building Block IDD
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Scheme 2. Synthesis of Dumbbell-Shaped Dendrimers
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Dumbbell shaped dendrimers

(s, 10H, NH), 9.20—-9.40 (b, 20H, NH), 9.40—9.60 (b, 20H, NH). Micelles Derived from Self-Assembly of Dendrimers. To
FTIR: v, 3316 (NH), 1654 [C=O(NH)] cm™. Anal. Calcd. for study the self-assembly behavior of micelles based on amphiphilic
Cy33Hg31N45005: C, 67.90%; H, 8.81%; N, 7.13%; O, 16.13%. Found: dumbbell-shaped dendrimers, dendrimer based oil-in-water (O/W)
C, 67.85%; H, 8.21%; N, 7.05%; O, 16.07%. micelles were prepared using a cosolvent method.>* This is due to the
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fact that better solubility was observed for the dendrimer in a mixed
solvent (THF/water) than in the pure water.® For the dumbbell-
shaped dendrimers (D-G0.5-C18, D-G1.5-C18, D-G2.5-C18), gelation
and precipitation occurred when directly added to water. No micelle
was formed in the pure water. On the other hand, a solution of a
dumbbell-shaped dendrimer in THF was added slowly into vigorously
stirred deionized water such that the final THF /water ratio was 1:50 (v/v).
Micelles based on the dumbbell-shaped dendrimer were formed in
solutions containing various contents of the dendrimer (1072, 1073,
107,107, and 107 wt %). To study the self-assembly behavior of micelles
on the plates of glass cells, solutions with various micelle concentrations
were placed into glass cells and left to allow the solvent to evaporate,
thereby inducing the self-assembly of the micelles on the glass cell plates.

AgNP Dispersal in Micelles of Dumbbell-Shaped Den-
drimers. Silver nitrate (AgNO;) was added [at various AgNOj-to-
dendrimer mole ratios (from 1 to 100 000)] to an aqueous solution
containing micelles of a dumbbell-shaped dendrimer. Furthermore,
four equivalents of reduction agent NaBH, were added to the solution
with vigorous stirring. During the reduction process, the color of
solution changed from transparent to yellowish, indicating that
reduction of Ag* to Ag” was occurring in the micelle solution. The
UV—vis absorption spectrum of the AgNP-dispersed micelle solution
was measured to evaluate the reduction of the Ag colloid in solution.
In addition, the encapsulation capacity of the AgNPs in the dumbbell-
shaped dendrimer based micelles was calculated according to the
literature."" The organic/AgNP nanohybrid solution was prepared by
the reduction of the AgNO; (AgNO,;/D-G2.5-C18 molar ratio:
1000:1) in the dumbbell-shaped dendrimer based micelle (10™* wt %,
1.34 X 1077 M) solution. The organic/AgNP nanohybrid solution was
then dialyzed against deionized water with a dialysis membrane
(molecular weight cut off: 12000—14000 g/mol) for 24 h. The
encapsulation efficiency of the AgNPs in the dumbbell-shaped
dendrimer based micelles was calculated by measuring the absorption
intensity of AgNPs at 389 nm before and after the dialysis of the
aqueous solution of the dumbbell-shaped dendrimer based organic/
AgNP nanohybrid."" The encapsulation efficiency of AgNPs in the
dendrimer based micelles was calculated as follows:

IUV absorbance after dialysis

X 100%
IUV absorbance before dialysis

Measurements. '"H NMR spectra were recorded using a Varian
Gemini-400 (400 MHz). Fourier transform infrared (FTIR) spectra
were recorded using a PerkinElmer Spectrum spectrometer. Ultra-
violet—visible (UV—vis) spectra were recorded using a Shimadzu UV-
1240 spectrometer. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) were performed using a Seiko SSC-
5200 apparatus operated at a heating rate of 10 °C/min under a N,
atmosphere. The thermal degradation temperature (T3) was taken to
be the temperature at which 5% weight loss occurred. Gel permeation
chromatography (GPC) was performed using a Waters chromatog-
raphy system (Waters, 717 plus Autosampler), two Waters Styragel
linear columns, polystyrene as the standard, and THF as the eluent.
Elemental analysis was performed using a Heraeus CHN-OS Rapid
Analyzer. The surface tension was measured using a FTA100
tensiometer and the pendant drop method. The critical micelle
concentrations (CMCs) were the transition points obtained through
extrapolation of the surfactant concentrations plotted with respect to
the surface tension. X-ray diffraction (XRD) analysis was performed
using a 3-kW Rigaku III diffractometer with a Cu target (1 = 1.542 A),
operated at a scanning rate of 2°/min. The d spacing of the sample was
analyzed using Bragg’s equation (nd = 2d sin 6). Transmission electron
microscopy (TEM) was performed using a Zeiss EM 902A instrument
operated at 120 kV. Scanning electron microscopy (SEM) images were
recorded using a Hitachi S-5200 field-emission scanning electron
microscope after sputtering the films with a thin layer of Au/Pt alloy.
Atomic force microscopy (AFM) images were recorded under ambient
conditions using a Seiko SPI3800N Series SPA-400 operated in the
tapping mode. The particle size and distribution of micelles in solution
were estimated using a dynamic laser light scattering particle size
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analyzer (90 Plus Brookhaven Instrument Corp.) equipped with a
15 mW solid-state laser (675 nm).

B RESULTS AND DISCUSSION

Scheme 1 presents the route that we used to synthesize
different branched generation dendrons (from GO0.5-C18 to
G2.5-C18) with peripheral octadecyl chains.***” The azetidine-
2,4-dione functional group of IDD reacted only with aliphatic
primary amino groups under the synthetic conditions employed
herein. FTIR spectra of the dendrons indicated that the signals
of the azetidine-2,4-dione units (1738 and 1856 cm™')
disappeared, and a peak for the malonamide units appeared
at 1675 cm™! after the reaction between IDD and DETA. 'H
NMR spectra confirmed the chemical structures of the
dendrons. The chemical shifts and relative intensities of the
signals were in agreement with the proposed structures for
these dendrons. As illustrated in Scheme 2, we synthesized the
dumbbell-shaped dendrimers (dendron—coil—dendron; ABA-
type) through end-capping ring-opening reactions of ED-2003
with the different branched generations of the azetidine-2,4-
dione group-containing dendrons. "H NMR spectra confirmed
the chemical structures of the dumbbell-shaped dendrimers
(from D-GO0.5-C18 to D-G2.5-C18); the chemical shifts and
relative intensities of the signals (Figure 1) were in agreement
with the proposed structures of these dendrimers. In addition,
GPC provided valuable information confirming the purity of
these dendrimers. Evolution of GPC traces (see the Supporting
Information, Figure S1) shows that all dendrimers were one-
peak distribution, confirming the absence of side products.
Table 1 summarizes the average molecular weights of the starting
ED-2003 and the dumbbell-shaped dendrimers. The molecular
weights of the dumbbell-shaped dendrimers were closely related to
their theoretical molecular weights, with polydispersities (PDI =
1.04—1.11) narrower than that of the starting material (ED-2003),
indicating that their molecular sizes could be controlled to serve as
an effective encapsulant for guest molecules.

Table 2 summarizes the TGA data of the dendrons and
dumbbell-shaped dendrimers. The values of Ty (5% weight
loss) of the dendrons G0.5-C18 to G2.5-C18 ranged from 250
to 278 °C. Thermal properties of the dendrons were dependent
on the degree of branching and the molecular weight. Dendrons
with intermediate generations (G0.5-C18, G1.5-C18, G2.5-C18)
exhibited higher thermal stabilities than the dendrons with
integer generation (G1.0-C18, G2.0-C18). We attribute the
lower values of T, of the dendrons G1.0-C18 and G2.0-C18 to
the presence of poor thermal stability of the exposed diethyl-
amine units in the dendrons. Moreover, the values of T of the
dendrons increased slightly upon increasing the molecular
weight. In addition, the values of T4 of the dumbbell-shaped
dendrimers (from D-G0.5-C18 to D-G2.5-C18) were all in the
range of 181—252 °C. It is important to note that the values of
T, of the dendrimers were lower than those of the dendrons,
due to the molecular interactions between the dendritic
moieties and ED-2003 segments. The molecular interaction
resulted in the reduction of packing order and crystallinity of
dendron based domains. Therefore, lower thermal stability was
observed for the dendrimers as compared to that of the cor-
responding dendrons. Typically, dendrimers with higher
molecular weights and higher degrees of branching dendrons
exhibit higher values of Ty we found, however, that the value
of Ty of D-G2.5-C18 was lower than that of D-G1.5-C18,
indicating that the high content of stearyl groups decreased the
thermal stability of this dendrimer.
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Figure 1. "H NMR spectra of (a) the ED-2003, (b) the dendron G2.5-C18, and (c) the dumbbell-shaped dendrimer D-G2.5-C18.

Table 1. Average Molecular Weights of the Dumbbell-
Shaped Dendrimers”

sample M, (g/mol) M,, (g/mol) PDI
ED-2003 2700 3200 1.18
D-G0.5-C18 4590 5005 1.09
D-G1.5-C18 5990 6217 1.04
D-G2.5-C18 7453 8298 1.11

“Determined through GPC analysis with THF as eluent (calibration:
polystyrene standards).

Table 2. Thermal Properties of the Dendrons and Dumbbell-
Shaped Dendrimers

sample T,* (°C) 7% (°C) T,b (°C)
ED-2003 276 —65 27
G0.5-C18 272 —c 108
G1.0-C18 250 - 167
G1.5-C18 277 55 -
G2.0-C18 271 68 -
G2.5-C18 278 70 -
D-G0.5-C18 181 - 18/48
D-G1.5-C18 252 - 18/88
D-G2.5-C18 233 - 27/74

“Temperature at which 5% weight loss occurred, recorded through
TGA at a heating rate of 10 °C/min. Heatmg rate of 10 °C/min
under N,. “Not detectable.

Table 2 summarizes the glass transition temperatures (T)
and melting points (T,,) of the dendrons and dendrlmers

D-G2.5C18
,\l /—//
::: D-G1.5-C18
= ]
2 3
G =
= S5
K]
2 D-G0.5-C18
—
T T T T T T T T T
=100 =50 0 50 100 150

Temperatuze ('C)
Figure 2. DSC thermograms of the dumbbell-shaped dendrimers.

According to the DSC thermograms, the dendrons G0.5-C18
and G1.0-C18 exhibited values of T, of 108 and 167 °C, while
the dendrons G1.5-C18, G2.0-C18, and G2.5-C18 possessed
values of T, of 55, 68, and 70 °C, respectively. We observed a
crystalline phase for the dendron with the lower branching
generation but amorphous phases for the dendrons of higher
branching generation. Moreover, the value of T, of the
dendrons 1ncreased upon increasing the molecular weight and

generation.””*" Figure 2 displays the DSC thermograms of the
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dumbbell-shaped dendrimers D-G0.5-C18 to D-G2.5-C18.
Because the dendrimers comprised soft (ED-2003) and hard
(dendron) blocks, all of the dumbbell-shaped dendrimers
displayed two values of T, pertaining to the partial micro-
separation of poly(oxyalkylene) and dendron based domains,
respectively. The lower value of T, of the dendrimer was
assiged to the ED-2003 based domains because the value of T,
of ED-2003 was as low as 27 °C. The values of T,
corresponding to the ED-2003 based domains in the
dendrimers D-GO0.5-C18, D-G1.5-C18, and D-G2.5-C18 were
18, 18, and 27 °C, respectively. The exothermic heat of T,
decreased upon increasing the branching generation of the
dendrons in the dendrimers, revealing that the crystal capacity
with respect to the ED-2003 based domains decreased upon the
incorporation of the dendrons. The presence of the dendrons
limited the molecular motion of the ED-2003 chains required
for crystal organization. The chain mobility of ED-2003 would
be restricted further by the presence of more highly branched
generations of dendron. On the other hand, the values of T,
corresponding to the dendron based crystal domains of the
dendrimers D-G0.5-C18, D-G1.5-C18, and D-G2.5-C18 were 48,
88, and 74 °C, respectively. Relative to D-G1.5-C18, the higher
content of stearyl groups led to the lower value of T, of D-G2.5-
C18. In addition, as revealed in Figure 2, the exothermic heat of
the melting transitions corresponding to the dendron based
domains decreased upon increasing the branching generation of
the dendrons. Thus, a high branching generation did not favor the
formation of crystal domains of the dendrimers.

Table 3 lists the solubilities of the stearyl group-containing
dendrons and dumbbell-shaped dendrimers in common organic

Table 3. Solubility Behavior of the Dendritic Compounds®

sample THF acetone ~ MeOH DMF® DMAc”
G0.5-C18 + + + = - = + + + +
G1.0-C18 - - - - - ++ o+
G1.5-C18 + + + - _— + + + +
G2.0-C18 + = - — - - + 4 + o+
G2.5-C18 + + + = - + + ++
D-G0.5-C18 + + ++ + = + + ++
D-G1.5-C18 + + ++ - - + + ++
D-G2.5-C18 + + + + - - + + + +

“Solubility determined from 10 mg of sample in 1 mL of solvent. + +:
Soluble at room temperature. + — Soluble after heating at 60 °C. — —
Insoluble even after heating at 60 °C. *DMF: Dlmethylformamlde,
DMAc: N,N-dimethylacetamide.

solvents, at a concentration of 10% (w/v). Each compound
exhibited good solubility in polar solvents, especially in DMAc
and dimethylformamide (DMF), because of the flexible alkyl
chains at the periphery of the dendrons and the polar groups of
the dendrimers, including the stearyl groups, urethane, and
malonamide linkages. None of the samples was soluble in
MeOH, even the dendrimers containing hydrophilic poly-
(oxyalkylene) segments. We attribute the partial solubility of the
integer-generation dendrons G1.0-C18 and G-2.0-C18 in THF and
acetone to the presence of the flexible or expansible diethylamine
(CH,CH,NHCH,CH,) linker between the aromatic-rich building
blocks, allowing the conformations of G1.0-C18 and G2.0-C18 to
be more linear than those of the dendrons G0.5-C18, G-1.5-C18,
and G-2.5-C18. Taken together, strong 7—7 stacking interactions
between the aromatic building blocks, van der Waals forces
between the long alkyl chains, and hydrogen bonding interactions
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between the malonamide linkages decreased the solubility of the
integer-generation dendrons G1.0-C18 and G2.0-C18.

To further monitor their intermolecular self-assembly behavior,
the dendrons were dissolved in THF at various weight ratios (1, 10,
and 20 wt %). We observed molecular aggregation and gelation
only for the dendron G1.0-C18 in THF. The high branching
dendron G2.0-C18 and its strong intramolecular interactions
inhibited intermolecular aggregation, while the IDD units with
kinked linkages inhibited the intermolecular aggregation and self-
assembly of the dendrons G1.5-C18 and G2.5-C18. Therefore,
gelation did not occur for the dendrons G1.5-C18, G2.0-C18, and
G2.5-C18 in THF. Subsequently, we studied the molecular
aggregation and gelation phenomena of the dendron G1.0-C18
in THF upon changing its concentration. As revealed in Figure 3,
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Figure 3. XRD patterns of the dried gels prepared from different
weight percentages of G1.0-C18 in THF.

emulsion and gelation of the THF solution occurred when the
concentration of dendron G1.0-C18 was greater than 10 wt %.
We used XRD spectroscopy to further characterize the self-
assembly behavior of the dendron G1.0-C18 in the gel state.
Figure 3 indicates that only a high content of dendron G1.0-
C18 (>S5 wt %) in THF solution resulted in a gelation state.
After drying the gel solution under vacuum, the XRD patterns
of dried gels prepared from different concentrations of G1.0-
C18 in THF revealed that the dendron molecules were
integrated into regular nanostructures stabilized through strong
intermolecular interactions. Two diffraction peaks with d
spacings of 64—68 and 11 A were evident in the spectra.
Similar results have been reported for hydrogen bond-rich alkyl
bis-acylurea derivatives;*’ their XRD patterns also provided
evidence of 2D regular molecular packing in the organogel
state. As illustrated in Figure 4, we propose that G1.0-C18
molecules self-assembled into multilayer structures, mediated
by hydrogen bonds between the extended dendron molecules.
The thickness of the layers of extended molecules was
approximately that of the value of the d spacing (64—68 A).
On the other hand, we observed good solubility for the
dumbbell-shaped dendrimers D-G0.5-C18 to D-G2.5-C18 in
THEF. Gelation did not occur for these dendrimers in THEF,
even though the dendron G1.0-C18 readily self-assembled into
regular nanostructures through strong intermolecular inter-
actions. Only a few dendrimers have been reported to exhibit
well-defined mesophase behavior.'” The ability of a dendrimer
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Figure 4. Schematic representation of the self-assembled lamellar structure

formed from the dendron G1.0-C18.

to self-assemble is related to the shapes of its dendrons, the
volume fractions of its hydrophilic and hydrophobic moieties,
and the packing density of the dendritic structures.

We investigated the hydrophilic/hydrophobic balance,
micellization behavior, and assembly behavior of the
dendrimers with respect to their ability to decrease the surface
tension of water. Figure S presents the concentration-
dependent surface tension in the presence of the amphiphilic
dumbbell-shaped dendrimers. In surface and colloid chemistry,
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Figure S. Surface tension as a function of concentration for the
dumbbell-shaped dendrimers in aqueous solutions.
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the CMC is the threshold concentration at which micellization
begins; it appears as a discontinuity in the plot of the surface
tension against the solution concentration. The experimental
CMCs of our amphiphilic dumbbell-shaped dendrimers,
determined from the turning points, ranged from 107 to
1073 wt % (from ca. 2 X 107° to 2 X 10~° M). The surface
tension decreased from 72 to approximately 54—60 mN/m
upon increasing the dendrimer content up to the CMC. The
decrease in surface tension was more significant for the D-GO.5-
C18 solution relative to those of the D-G1.5-C18 and D-G2.5-
C18 solutions, presumably because the hydrophilicity of the
dendron G0.5-C18 was greater than those of the dendrons
G1.5-C18 and G2.5-C18. The hydrophilicity decreased upon
increasing the contents of the building block IDD and the
stearyl groups in the higher-generation dendrimers.
Compounds that form micelles are typically amphiphilic,
meaning that they are soluble not only in protic solvents (e.g.,
water) in oil-in-water (O/W) systems but also in aprotic
solvents as reverse micelles in water-in-oil (W/O) systems. A
recent report suggested that spherical and relatively narrowly
distributed micelles/vesicles are typically constructed through
self-assembly of dendritic moieties and that they are more
stable than the conventional ones obtained from linear
blocks.*”** In aqueous media, the dumbbell-shaped dendrimers
will self-assemble into O/W micelles with their hydrophobic
dendrons in the core and their hydrophilic poly(oxyalkylene)
segments forming loops in the corona shell, on account of the
favorable hydrophilic/hydrophobic balance. Conversely, water-
induced reverse micelles in nonpolar solvents (e.g., toluene)
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will exhibit reverse core/shell structures relative to the micelles.
Figure 6 presents graphical representations of the structures of

(b)

(a)

Figure 6. Schematic representations of (a) micelles and (b) reverse
micelles formed from dumbbell-shaped dendrimers.

micelles and reverse micelles. Figure 7 presents SEM images of
the dendrimer based micelles (10™* wt %), indicating that the

(b)
200 nm 200 nm

Figure 7. SEM images of micelles formed from the dendrimers (a) D-
G0.5-C18, (b) D-GL.5-C18, and (c) D-G2.5-C18.

diameters of the micelles are in the range of 50—100 nm. The
micelles of D-G2.5-C18 were distributed individually, while the
agglomeration was observed for the micelles based on D-GO.5-
C18 and D-G1.5-C18. The agglomeration of micelles implies
that the micelles are not thermodynamically stable in aqueous
solution. The suspension stability of micelles is related to the
balance of the hydrophobicity and hydrophilicity of the
dendrimer in aqueous solution. In order to investigate the
dispersion of micelles in aqueous solution, the particle size and
distribution of micelles were estimated using a dynamic laser
light scattering particle size analyzer (as shown in Supporting
Information, Figure S2). Two peak distributions of particle
sizes were observed for the micelles based on D-0.5G-C18
(average size: 35 and 471 nm) and D-1.5G-C18 (average size:
60 and 614 nm), while the average particle size of D-2.5G-C18
based micelles with monodispersity was about 157 nm. The
result is congruent with the observation of SEM images. The
agglomeration of micelles led to two different particle size
distributions for the D-0.5G-C18 and D-1.5G-C18 based
micelles. On the other hand, the particle size peak distribution
with monodispersity indicates that the D-2.5G-C18 based
micelles exhibited excellent dispersion in aqueous solution. In
addition, the particle size of the micelle was dependent on the
volume fractions and molecular interactions of its hydrophilic
and hydrophobic moieties."*”'*'****” The average particle
size of D-2.5G-C18 based micelles is larger than those of the
micelles based on D-0.5G-C18 and D-1.5G-C18. The average
particle size and distribution of dendrimer based micelles in
aqueous solution play an important role for the preparation of
organic/metallic nanohybrids.
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The nano- to micrometer-scale secondary structures of
aggregates (e.g., micelles, vesicles, fibers, ribbons, sheets) are
dependent on the molecular structure, concentration, solvent
solubility, and other solution variables (e.g., pH, ionic strength).
Figure 8 presents a possible mechanism for the formation of
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Figure 8. Surface tension as a function of concentration for D-G2.5-C18
in aqueous solution and schematic representation of micelle formation.

micelles from the amphiphilic dendrimer D-G2.5-C18 in
aqueous solution. When the concentration of D-G2.5-C18
was less than CMC (ca. 107 wt %), the molecules of D-G2.5-
C18 adsorbed and aggregated at the surface of the solution,
thereby decreasing the surface tension; indeed, the surface
tension decreased from 72 to approximately 60 mN/m upon
increasing the concentration of D-G2.5-C18 in the aqueous
solution up to CMC. Moreover, the molecules of D-G2.5-C18
could simply dissipate individually at the concentration below
CMC and formed small aggregates or partially sank from the
interface into the bulk of the aqueous solution when the
concentration was close to CMC, at which point the adsor}s)tion
of D-G2.5-C18 was saturated at the surface of the solution.”® By
definition, micelles will begin to form in a solution at CMC, the
structures of which will depend on the structures of the
amphiphilic molecules. When the concentration is greater
than the CMC, these molecules spontaneously aggregate to
form clusters (micelles), which result from physical interac-
tions among the amphiphilic molecules rather than covalent
bonding.

To further study the formation of micelles in aqueous
solution, we prepared adsorbed D-G2.5-C18 substrates by
dipping a glass plate into its solution for 24 h and then allowing
the water to evaporate under ambient conditions. Figure 9a—d
presents SEM images of the adsorbed substrates prepared from
various concentrations of D-G2.5-C18 in aqueous solutions.
When the concentration of D-G2.5-C18 in the aqueous
solution was much less than CMC, only a few micelles formed
in solution; the molecules of D-G2.5-C18 aggregated to form a
colloidal material on the substrate (Figure 9a). When the con-
centration of D-G2.5-C18 increased to near CMC (10™* wt %),
symmetrical deformed (donut-shaped) micelles (outer dia-
meter: 50—150 nm) formed on the glass plate (Figure 9b). It
has been reported that the micelles with about 100 nm size
were formed by the amphiphilic dumbbell-shaped dendrimers*”
and hyper-branched polymers.® We attribute the deformation
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Figure 9. SEM images of micelles on glass plates, prepared from
various concentrations of the dumbbell-shaped dendrimers (a—d)
D-G2.5-C18, () D-G0.5-C18, and (f) D-G1.5-C18.

of the micelles to the collapse of hemispherical micelles on the
glass plate upon evaporation of the water. Figure 10 provided a
schematic illustration of the formation of D-G2.5-C18 based
spherical micelles and their assembly on the substrate. Because
of hydrophobic/hydrophilic balance, the center of each
hemispherical micelle comprised mainly dendritic fragments
(C18-dendron periphery). The formation of the donut shape
was due to the lack of interpenetration and entanglement of the
dendritic fragments in the middle of the hemispherical
micelles.” As a result, donut-shaped micelles were formed on
the substrate. This observation is consistent with the formation
of micelles in aqueous solution. Furthermore, the micelle
content increased with increasing concentration of D-G2.5-C18
in solution; as a result, aggregation of the micelles occurred on
the substrate. As revealed in Figure 9c¢,d, greater degrees of
adsorption of the micelle based clusters occurred on the

substrate for aqueous solutions containing higher concen-
trations of D-G2.5-C18 (107% and 10~ wt %, respectively). In
contrast, the dendrimers D-GO0.5-C18 (Figure 9e) and D-GL1.5-
C18 (Figure 9f) did not form donut-shaped micelles on the
glass plates. Bulk solid particles were formed on the glass plate
for the dendrimers D-G0.5-C18 and D-G1.5-C18. The
formation of bulk solid particles was presumably attributed to
the high molecular interaction and agglomeration of the
dendrimers on the glass plate.

Recently, poly(ethylene glycol)s of various chain lengths
have been reported to play greater roles as stabilizers than
as reducing agents for Ag" ions.”’ The favorable complexa-
tion of ethoxy (CH,CH,0) groups with Ag" ions is well
established.*>®* In each ethoxy-containing micelle colloid, we
postulated that the hydrophobic dendrons were sequestered
and solvated with THF in the core. Apart from that, the
hydrophilic poly(oxyalkylene) loops were extended away from
the center and bound to water molecules through hydrogen
bonds. Therefore, we expected the corona exterior of the
micelles, presenting poly(oxyalkylene) segment functionalities,
to be capable of chelating Ag® ions and mediating their in situ
reduction to form AgNPs. The long poly(oxyalkylene) loops
extending into the aqueous phase and complexing the Ag" ions
would provide suspension and steric stabilization to efficiently
prevent the resulting AgNPs from collision and flocculation.

In aqueous solutions containing D-G2.5-C18 based micelles
(107" wt %, 1.34 X 1077 M), we used NaBH, as a reducing
agent to transform various molar ratios of AgNO; into zero-
valence AgNPs. During the reduction process, we confirmed
the formation of micelle-stabilized AgNPs by observing color
changes from colorless to yellowish, without precipitation. The
yellow color of the colloidal sample (inset to Figure 11) is
indicative of the presence of spherical AgNPs and the formation
of Ag nanoclusters in solution. Furthermore, by varying the
molar ratio of AgNO; to D-G2.5-C18 and monitoring the
maximum UV—vis absorption of the solution, we established
the reaction profile and optimal conditions for the trans-
formation. Figure 11 presents the UV—vis spectra of the
micelle-stabilized AgNPs prepared at various AgNO;/D-G2.5-
C18 ratios. The maximum absorption appeared at a wavelength
of 389 nm, corresponding to the dipole resonance of Ag
nanospheres.>*®* The intensity of the absorption peak
increased upon increasing the molar ratio of AgNO; to
D-G2.5-C18. The absorption reached its maximum intensity

Figure 10. Schematic representation of spherical micelles assembled from the dendrimer D-G2.5-C18 on a substrate.
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Figure 11. UV—vis spectra of micelle-stabilized AgNPs prepared at
various AgNO;/D-G2.5-C18 ratios; inset: photograph of the sample
prepared at a AgNO;/D-G2.5-C18 ratio of 1000:1.

when the AgNO;/D-G2.5-C18 molar ratio was 1000:1,
gradually decreasing thereafter up to a ratio of 10° because of
the lower loading of D-G2.5-C18. In addition, the colloid based
on the reduced AgNO;/D-G2.5-C18 (molar ratio: 1000:1)
system remained well dispersed in the aqueous solution. No
aggregation of the Ag nanocomposite occurred in the colloid
(inset to Figure 11).

Figure 12 provides a schematic representation of the self-
assembly, with controllable particle size, of the AgNPs in the
D-G2.5-C18 based micelles. After the addition of an appro-
priate amount of reducing agent, the AgNPs that formed were
positioned initially between the extended poly(oxyalkylene)
loops, but they gradually diffused into the dendron-rich core.
SEM images reveal that the micelle particles had an average
diameter of approximately 50—100 nm; TEM indicates that the
average diameter of the spherical AgNPs was approximately
10—30 nm. Figure 13 presents TEM micrographs of the ED-

2003-stabilized and dendrimer (D-GO0.5-C18 to D-G2.5-C18)-
stabilized AgNPs. The AgNPs aggregated into large particles
(average diameter: 20 nm) when we used ED-2003 as the
template (Figure 13a); their dispersion was not uniform. We
observed similar behavior for the D-G0.5-C18- and D-GL.5-
C18-stabilized AgNPs (Figure 13b,c, respectively). We attribute
the aggregation of these AgNPs to the agglomeration of
micelles in the aqueous solutions containing D-G0.5-C18 and
D-G1.5-C18. In contrast, the AgNPs obtained after reduction
of the AgNO,/D-G2.5-C18 micelles (Figure 13d) featured a
homogeneous dispersion in the form of round nanoclusters; the
average diameter of these AgNPs was much lower than 10 nm,
while the average diameter of the round nanoclusters was
approximately 50—200 nm. Almost all of the AgNPs were
spherical. These results indicate that micelles of the amphiphilic
dumbbell-shaped dendrimer D-G2.5-C18 were the more
effective templates for hosting nanoclusters and stabilizing
AgNPs to form unique organic/metallic nanohybrids. In
addition to the distribution of AgNPs in the organic/AgNP
nanohybrid, the encapsulation efficiency of the AgNPs in the
micelles of dumbbell-shaped dendrimer was also inves-
tigated. The absorption intensity of AgNPs at 389 nm was
reduced after the dialysis of the aqueous solution of the
organic/AgNP nanohybrid (see the Supporting Information,
Figure S3). According to the absorption intensity of AgNPs
in the organic/AgNP nanohybrid, the encapsulation
efficiencies of AgNPs were about 69.04, 56.48, and 54.07%
for the micelles of D-G0.5-C18, D-G1.5-C18, and D-G2.5-
C18, respectively. The encapsulation efficiency of AgNPs
was closely related to the steric effect of the dendritic
structure and the number of reduction groups of amines and
oxyethylenes.>"3*3¢

B CONCLUSION

We have synthesized structurally symmetrical dendrimers
(D-G0.5-C18 to D-G2.5-C18) featuring dendron—coil—dendron
structures comprising an identical poly(oxyalkylene) middle block
and different generation dendrons with peripheral octadecyl alkyl

o
s =

Dumbbell shaped dendrimers

Self-assembling

b AgNO,
ilala———===
NaBH,
Micelle Dendrimer/Metallic nanohybrids
Figure 12. Schematic representation of micelle-stabilized AgNPs.
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Figure 13. TEM micrographs of the micelle-stabilized AgNPs prepared using (a) ED-2003, (b) D-G0.5-C18, (c) D-G1.5-C18, and (d) D-G2.5-C18

as templates (107* wt % in aqueous solution).

chains. The thermal stability and solubility of these dendrimers
was closely related to the generation of the dendrons. We
observed a crystalline phase for the dendron with the lowest
branching generation; the other dendrons with higher branching
generations exhibited amorphous phases. A combination of strong
7—n stacking between the aromatic building blocks, van der Waals
forces between the long alkyl chains, and hydrogen bonding
interactions between the malonamide linkages resulted in the
lower solubility of the integer-generation dendrons. A correlation
between the structure and surface tension revealed that the
amphiphilic dumbbell-shaped dendrimer D-G2.5-C18 could self-
assemble into micelles or large particles depending on its
concentration in water. In aqueous media, the dumbbell-shaped
dendrimers self-assembled into micelles with their hydrophobic
dendrons in the core and their hydrophilic poly(oxyalkylene)
segments forming the loops in the corona shell, on account of
favorable hydrophilic/hydrophobic balance. SEM images revealed
that the dendrimer D-G2.5-C18 was robust at forming micelles in
aqueous media; these micelles, which featured hydrophobic cores
surrounded by hydrophilic exterior poly(oxyalkylene) loops, were
effective at stabilizing and assembling AgNPs to form organic/
metallic nanohybrids. After the reduction of AgNO;, the AgNPs
were distributed homogeneously in the dendrimer micelle—
stabilized AgNP nanoclusters. High encapsulation efficiency of
AgNPs was also observed for the dumbbell-shaped dendrimer

based micelles.

B ASSOCIATED CONTENT

© Supporting Information
Figures of GPC traces of the dumbbell-shaped dendrimers and
starting material PEO ED-2003, the particle size of the
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dendrimer based micelles in aqueous solution, and the
absorption intensity of AgNPs before and after dialysis of the
aqueous solution of the dumbbell-shaped dendrimer based
organic/AgNP nanohybrid. This material is available free of
charge via the Internet at http://pubs.acs.org.
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