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ABSTRACT: Poly(amidoamine) (PAMAM) dendrimers of third and fourth generation (G3 and G4) are
peripherally modified with hydrophobic stearyl acrylate via the Michael addition reaction. The hydro-
phobically modified dendrimers (P3 and P4) are investigated to mimic the conventional inverse micelles
in toluene medium by encapsulating organic polar dye Acid Red 1 (AR-1) and copper(ll) salt from water
phase to afford red and blue toluene phase, respectively. The efficacies of micelle-assisted transfer of
AR-1 from aqueous solution into toluene phase are investigated, and the maximum numbers of dye loading
per dendritic core are determined to be approximately 8 for P3 and 24 for P4. The unimolecular natures
as well as the structural characterizations of these dendritic inverse micelles in toluene before and after
encapsulation of polar guest molecules such as water, AR-1, and copper(ll) salt are studied by small-
angle X-ray scattering (SAXS) experiments at 25 °C. The initial amphiphilic dendrimers of P3 and P4
have a globular structure in toluene and show scattering patterns similar to oblate ellipsoid of revolution
with 17.7 and 25.9 A in radius of gyration (R), respectively. Encapsulation of the polar guests such as
water and AR-1 into the amphiphiles expands their chain conformation in toluene, and copper(ll) salt
increases the Ry value up to 34.5 A for P3 and 43.2 A for P4. The scattering profiles of the expanded

dendrimers are well described by those calculated from the sphere with a constant density.

Introduction

Dendrimers=* with well-defined, highly branched
architectures are potential candidates for well-varied
technological applications including drug delivery, ca-
talysis, gene therapy, light-harvesting antennae, chemi-
cal sensors, etc.5~° Most of the intended uses of dendritic
macromolecules are designed on the basis of their two
unique structural properties, namely large number of
end functional groups and the nanoporous nature of the
interiors. The possibilities of modification of the reactive
peripheral groups with various functionalities have
found enormous interest as a new model of potential
amphiphilic materials having void space within their
interiors. This can be used as a host to many nanosized
chemical and biological molecules, catalytic sites of
nanoscale reactions, and/or sequester ions.19 The am-
phiphiles containing dendritic wedges also have found
to act as unimolecular micelles,1~12 exhibiting nanoen-
vironments similar to those encountered in conventional
direct or inverse micelles from polymeric systems such
as amphiphilic block or graft copolymers in a selective
solvent, although the micelle formation by dendritic
amphiphiles is thought to be independent of the con-
centration. Some normal*~16 and reversed!’~2! dendritic
unimolecular micelles have recently been reported in
the literature. These compounds have also been recog-
nized as effective tools for molecular encapsulation of
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guest, solubilizing the latter in a solvent of different
polarity.1720.22=25 |n reversed micelle category the most
remarkable work was done by Meijer’s group using poly-
(propyleneimine) dendrimers as the hydrophilic core.l”

Another class of popularly available, commercial
dendrimer, starburst poly(amidoamine)! (PAMAM) has
a large enough interior to accommodate small mol-
ecules?® and can also be easily modified peripherally,
owing to the presence of a large number of reactive
amino groups.2927.28 Furthermore, the presence of ter-
tiary amine structure in the dendrimer building blocks
makes this dendrimer a good sequester.2®

In recent years studies have appeared in the litera-
ture about the hydrophobic surface modification of the
dendrimers and their behavior at the air—water inter-
face.20.2830 However, very little on their structural
characterizations in solution state, especially in the
presence of encapsulated guest molecules is docu-
mented. Amis and co-workers have reported cylindrical
core—shell structural transformation of fifth generation
poly(propyleneimine) dendrimer with stearyl groups
filled with a gold salt hydrate HAuCl4-4H,0 in toluene
by small-angle neutron scattering (SANS) and small-
angle X-ray scattering (SAXS) experiments.?!

This paper reports synthesis of hydrophobically modi-
fied third (P3) and fourth (P4) generation PAMAM
dendrimers with stearyl acrylates (SA) as hydrophobes
via the Michael addition reaction (Scheme 1) and
micelle-assisted transfer of polar guest molecules of Acid
Red 1 (AR-1) and Cu(ll) salt from aqueous phase to
nonpolar organic phase, toluene. The structural char-
acterizations of these amphiphilic dendrimers in a
selective solvent, toluene, before and after encapsulation
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Scheme 1. Surface Modification of Starburst PAMAM
Dendrimer (G3, 32 Surface NH, Groups) with Stearyl
Acrylate via the Michael Addition Reaction
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of water, AR-1, and Cu(ll) salt have also been investi-
gated by SAXS measurements and compared to the
results of transfer experiments.

Experimental Section

Materials. PAMAM dendrimers, G3, 20.0 wt % solution in
methanol, G4, 10.0 wt % solution in methanol (from Aldrich
Chemical Co.), and SA (from TCI, Japan) were used as
received. THF and toluene were distilled and dried by standard
method just prior to use. Water purified by a Millipore Milli-Q
purification system was used. Other chemicals like Acid Red
1 (Azophloxine, AR-1) (from TCI, Japan) and cupric nitrate
trihydrate, Cu(NO3).:3H,0 (from Kanto Chemical Co. Inc.)
were used without further purification.

Synthesis. All the glassware was dried before use. 1.25 g
of 20.0% G3 PAMAM dendrimer solution in methanol (3.6 x
1075 mol) or 2.5 g of 10.0% G4 in methanol (1.8 x 107° mol),
a sufficiently molar excess of SA (1.0 g, 3.08 x 102 mol), and
50 mL of dry THF were introduced in the reaction vessel, fitted
with a condenser. The reaction was carried out under a
nitrogen atmosphere and with magnetic stirring in a water
bath at 50 °C. After 7 days reaction the solvent was evapo-
rated, and the mixture was heated under reflux in 50 mL of
diethyl ether for 30 min. It was then filtered to remove excess
SA, and the same process was repeated thrice. The residue
was treated thrice, each time with 50 mL of water under
refluxing condition, to remove any water-soluble unreacted
dendrimers present in it. The residue was then dried in a
vacuum oven at 40 °C for 48 h, and the products were obtained
as white solid materials. The products obtained (P3 and P4)
were insoluble in water, methanol, or diethyl ether but were
highly soluble in chloroform, THF, and toluene.
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Structural elucidation of P3: 'H NMR3! (CDCls): 6 (ppm)
0.9 (t, CH3), 1.2-1.75 (m, —CH>—)15, 1.6 (b, —COO—CH,—
CH,—), 2.2—3.0 (m, all other —CH; of dendrimers if not
specified otherwise), 3.2—3.4 (m, —CONH-CH;-), 4.1 (t,
—COO—CHy). From the proton peak intensity ratio of CONH—
CH; (of dendritic core) and —CHj; (of hydrophobic chain) we
quantified the presence of average 46 numbers of hydrocarbon
chains per dendritic core (~72% coverage, considering the
defect-free starting dendrimer having 32 numbers of —NH,
on the periphery as per the supplier specification). 13C NMR
(CDCl3): 6 (ppm): 13.95, 22.54, 25.86, 28.52, 29.23, 29.49, 29.53,
29.59, 31.79, 32.61, 37.22, 49.12, 52.82, 64.66, 172.52, 172.79.
FT-IR (KBr) peaks: (v cm™!) 3289, 3081, 2850, 1733 (C=0
stretching vibration of —CH,—CH,—COO—(CHy,)17—CHj3), 1645
(C=0 stretching vibration of NH-CO), 1558, 1254, 1046, 721.
Elemental analysis (CizesH2445N122062): Calcd: C, 69.70; H,
11.21; N, 7.82. Found: C, 67.26; H, 10.96; N, 7.84. DSC: phase
transition at 54.2 °C. Average molecular weight calculated
from elemental analysis and *H NMR (46 hydrophobic
chains): (21.8 + 1.0) x 103 (GPC measurement with styragel
column and THF as solvent was found to be difficult as the
product stuck to the GPC column and not eluted properly.)

P4: 'H NMR (CDCls): 6 (ppm) 0.8 (t, CH3), 1.2—1.5 (m,
_CHz—)15, 1.8 (b, —COO—CHZ_CHZ—), 2.0-3.0 (m, all other
—CHy; of dendrimers if not specified otherwise), 3.2—3.5 (m,
—CONH-CH,—), 4.1 (t, —COO—-CHy,), 7.0—8.2 (broad t,
—CONH-). From the proton peak intensity ratio the presence
of average 66 numbers of hydrocarbon chains per dendritic
core were quantified (~51% coverage, considering the defect-
free starting G4 dendrimer having 64 numbers of —NH; on
the periphery as per the supplier specification). Elemental
analysis (C2008H3833N2500255): Calcd: C, 6768, H, 1100, N,
9.82. Found: C, 64.94; H, 10.95; N, 9.45. DSC: phase transi-
tion at 54.9 °C. Average molecular weight calculated from
elemental analysis and *H NMR (66 hydrophobic chains):
(35.6 £ 2.0) x 10%.

Measurements. 'H NMR spectrum of the product was
recorded on a JEOL 270 MHz NMR instrument using CDCl3
as solvent. The Fourier transformation infrared (FT-IR)
spectrum was recorded on a HORIBA FT-720 instrument. The
elemental analysis data were obtained from a Perkin-Elmer
2400 11 CHN analyzer. The phase transition temperature was
measured in a Perkin-Elmer differential scanning calorimeter
(DSC 7) at a heating rate of 10 °C/min. Karl Fischer titration
experiments were carried out by laboratory made titration
equipment under a nitrogen atmosphere. The micelle-assisted
transfer of AR-1 and the complexing ability with copper ions
were studied by using a UV-1600 UV—vis spectrophotometer
(SHIMADZU). SAXS measurements were carried out at 25 °C,
using BL-10C with a synchrotron orbital radiation as an X-ray
source set up in the Photon Factory of the High Energy
Accelerator Organization at Tsukuba, Ibaraki, Japan. The
wavelength of the X-ray was 1.488 A. The scattered intensity
was recorded by a position-sensitive proportional counter
(PSPC) with 512 channels over a scattering vector range from
0.02 to 0.30 A1, The scattered vector was calibrated using a
sixth peak of dry collagen. The details of the instrumentation
and the procedure are described elsewhere.??

Results and Discussion

Micelle-Assisted Transport of Polar Dye AR-1
from Aqueous to Organic Phase. Guest—host prop-
erties of dendrimers or dendritic fragments are of great
interest, and there are a lot of publications about this
aspect, as summarized in a recent review.32 A permeable
dendritic core can accept guest molecules by construct-
ing a dense shell around the impregnated core and
forming a “dendritic box”.34736 Another possibility is that
the dendritic core of a preformed micelle-like host can
be loaded with guest molecules in a homogeneous
solution of both host and guest molecules.’” Further-
more, some of the recent studies showed the dendritic
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Figure 1. (a) UV—vis spectra of AR-1 aqueous solution (series
1) as well as in toluene phase after diffusion from aqueous
phase with the help of P3 and P4. (b) Occupancy of maximum
number of dye molecules (Nmax) per dendritic core with the
varying initial molar ratio (Ninit) of AR-1 and P3 or P4 in the
aqueous/toluene phase.

micelle-assisted transfer of guest molecules between two
immiscible phases.20-25

P3 and P4 completely dissolve in toluene at room
temperature, owing to the presence of hydrophobic
stearyl chains on the periphery and might form reversed
micelle-like structure, as will be discussed later. In this
study we observed the transfer efficiency of P3 and P4
via their dendritic cores to a polar organic dye AR-1,
from aqueous solution to an aromatic hydrocarbon
solvent, toluene. When a clear toluene solution of P3
or P4 was layered on aqueous AR-1 solution, the color
of the organic phase gradually changed to red, indicating
the solubilization of the polar AR-1 with the dendrimers.
UV—vis spectroscopic analysis was conducted to eluci-
date the amount of ionic dye AR-1 in the organic phase.
A small red shift from 533 nm, the Amax of aqueous AR-1
solution, to 544 nm in toluene phase is noticed as shown
in Figure 1a, and it is attributed to the change of the
polarity of the environment (solvent). The control ex-
periment showed no dye transfer to toluene phase in
the absence of P3 or P4.

We estimated the maximum number of dye loading
(Nmax) per dendritic cores of P3 and P4 in toluene phase.
Different molar ratios of AR-1 and P3 or P4 (polymer
concentration, Cy, is from 0.1 to 15 uM) in water/toluene
phases were shaken for 30 min and kept standing for 7
days at room temperature (to reach the constant ab-
sorbance value); the toluene phase was separated from
the binary mixture and studied by UV—vis spectroscopic
measurements. The concentrations of AR-1 solubilized
in toluene phase were calculated from the maximum
absorbance (Amax) value at 544 nm by assuming the
molar extinction coefficient (18 057 L mol~? cm™1)
obtained for AR-1 in aqueous solution. From the AR-1
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concentration in toluene, [AR-1]y and the corresponding
known P3 or P4 concentrations, [P]y, one can calculate
the number of dye molecules per dendritic micelle,
Nmax = [AR-1]+/[P]+. Figure 1b shows the plots of Npmax
with initial molar ratio of AR-1 in water phase, [AR-
1]w, to [P]t, Ninit = [AR-1]W/[P]r. The maximum number
of dye loading per dendritic core first increased with
increasing Ninit, reached a maximum, and tapered off
to constant values at approximately 8 and 24 AR-1
molecules per dendritic core of P3 and P4, respectively.
From the above experiment it is evident that P4 is a
superior transporter to P3. It is also worth noting that
at low dye to micelle ratio (1:1), P4 effectively extracts
all of the dye molecules from the aqueous layer, but P3
extracts only approximately 40% (~0.4 dye per micelle).
The change of generation (size) of the dendritic cores is
likely a crucial cause for this 3-fold increase in the dye
transfer efficiency of P4 against P3. This result is
consistent with SAXS experimental facts that the
volume of P4 in toluene is 3-fold higher than that of
P3. Another reason is likely due to that the higher
hydrophobic coverage on the periphery of P3 (~72%
against ~51% on P4, as shown in the Experimental
Section) might shield the entry of the polar dyes more
effectively than for P4.

Although the transfer mechanism of dyes from aque-
ous phase to hydrophilic dendritic cores in nonpolar
organic medium is not yet well-known, the most con-
ceivable explanation as adopted by Cooper et al.?® is that
the hydrophilic core of highly plasticized dendritic
micelle comes to the close proximity in the interface
between two immiscible liquids, the water molecules
diffuse into the dendritic cores, and the former ac-
companies the phase transfer of polar dye molecules.
To estimate the role of water molecules two experiments
were carried out. First is that AR-1 in dry powder form
was directly added into toluene solution containing P3,
and the solution was thoroughly shaken for 1 day at
room temperature. One observed little entry of dye
molecules into the supernatant toluene solution. The
second experiment was to determine the number of
water molecules inside P4 by the Karl Fischer titration
method. The toluene solution of P4 (15—57 uM) was
shaken for 30 min and kept for 7 days against excess
amounts of water at room temperature. A blank experi-
ment was also done for toluene in the absence of P4.
After subtracting the quantity of water in the blank
toluene solution (3.48 mM), one determines that a P4
molecule in toluene contains 482—581 H,O molecules.

Transport of Copper(ll) Salt into Organic Phase
via Complex Formation. The complexing ability of
dendrimers to many different transition metal ions
leads to the development of a new class of metalloden-
drimers.2137 poly(amidoamine) (PAMAM) has a genera-
tion-dependent number of interior tertiary amines and
is able to complex a range of metal ions including Cu-
(1), PA(11), Pt(11), Ru(ll), and Ni(l1).38~40 Here we report
the sequestering ability of the PAMAM amphiphilic
dendrimer to Cu(ll) ions and effective removal of the
latter from aqueous solution. 70.0 mg (3.2 umol) of
powdered P3 was directly soaked into 10 mL of 10 mM
Cu(ll) salt solution for 7 days with constant stirring.
After removal of the deep blue complex precipitated
from the aqueous solution, the concentration of Cu2* in
the residual water phase was measured by UV-—vis
spectroscopy (using the Amax at 810 nm and e = 12.07 L
mol~! cm™1). A decrease in Cu(ll) salt concentration
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Figure 2. Absorption spectra of 10 mM aqueous Cu?* solution
before (spectrum a) and after (spectrum b) soaking with 70.0
mg of P3 for 7 days [water as reference]. Spectrum c is the
absorption spectra of the Cu(ll) ions in toluene phase, trans-
ferred from the aqueous phase via the formation of complex
with the dendrimer core in the presence ([Cu(l1)]w/[P3]+ = 200
in aqueous/toluene phase), and spectrum d is that in the
absence (blank) of amphiphilic dendrimer P3 [toluene as
reference].

(2.7 mM) in agueous phase was noticed as shown in
Figure 2 (curves a, b), and the capacity of encapsulation
of Cu(ll) salt by amphiphilic dendrimer solid was
calculated to be 5.3 Cu(ll) molecules per P3. The color
of the complex remained unchanged after washing with
water several times. We also examined the transfer of
Cu(ll) ions from aqueous phase to toluene phase con-
taining P3 via complex formation. Cu(ll) salt and P3
were mixed with a molar ratio of [Cu(ll)], = [8.0 mM]
to [P3] = [40 uM] (mixed in equal (10 mL) volume of
water to toluene phase) in aqueous/toluene medium and
kept for 7 days at room temperature, after initial 30 min
stirring. The transparent deep blue organic layer was
separated from the mixture and studied by UV-—vis
spectroscopy. A new absorption peak was clearly ob-
served at 646 nm (spectrum c in Figure 2), implying the
effective transfer of Cu?* ions from aqueous phase to
organic phase. The blue shift of Amax from 810 nm (d—d
transition of Cu?* ions in H,O ligand field) to 646 nm
and the appearance of a highly intense peak centered
at 290 nm (ligand-to-metal charge transfer) prove the
formation of complex of Cu?* ions with PAMAM den-
dritic core.*

General Features of SAXS Profiles of P3 and P4
before and after Encapsulation of Polar Guest
Molecules. SAXS is a well-accepted characterization
tool, which allows one to study the internal structure
as well as the interactions of polymer particles in
solution phase. A relatively small number of reports on
the intramolecular and/or intermolecular organization
of dendritic structure by SAXS have been found in the
literature.4243

Scattering curves obtained from polymer solutions,
after corrections for instrumental and solvent scattering
effects, consist of scattering contributions from molec-
ular size, shape, and intermolecular correlations.*445
The scattering from a group of monodisperse, globular
particles in diluted solution can be expressed generally
in terms of

Al(g) = kK*NP(q) 1)
P(q) = Al(Q)/K’N )
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Table 1. Size of P3 in Toluene and Its Patent Dendrimer
G3 in Methanol As Determined by SAXS at 25 °C?2

P3 in toluene G3 in methanol

Cp/mg/mL Ry/A Cp/mg/mL Ry/A
0.818 17.4 0.920 16.1
4.28 17.8 1.65 16.2
8.70 17.7 2.97 16.1

4.84 15.9

(Ro)c,=0 =17.7 A (Rg)e,=0 = 16.2 A
Az = 2.9, x 1074 mL mol/g? Ay = 6.49 x 1073 mL mol/g?
Az caled = 2.53 x 1074 mL mol/g2 Az caicd = 1.92 x 1073 mL mol/g?2

2 Az calcd Was calculated for a rigid sphere of radius R with the
equation Azcaica = 16NaA7R%/(3M?), R = (5/3)2R,.

with the scattering vector, g, defined by

_4msin6

where 6 is the scattering angle, 1 the wavelength, Al(q)
the experimental excess scattering intensity, k an
electron density contrast factor, N the number of par-
ticles, and P(q) the single particle scattering function.

Figure 3a,b displays representative SAXS profiles for
amphiphilic dendrimers P3 and P4 in toluene without
and with H,0, AR-1, and Cu(ll) salt solubilized inside
the cores and also the corresponding parent dendrimers
G3 and G4 in methanol at 25 °C. The SAXS profile of
P3 and P4 in toluene is very similar to that of corre-
sponding parent G3 and G4 in methanol, implying little
structural difference between them. The scattering
profile, however, significantly varies upon solubilizing
polar guest molecules into P3 and P4 cores in toluene.
The SAXS curves for the dendrimers after addition of
polar guest molecules experience a shift of the first
minimum to lower scattering vector magnitude, q,
indicating the increase in the size of dendritic struc-
tures. This may be likely due to the swelling of the
dendrimers in toluene upon solubilization of the water
and polar molecules. In what follows, we first character-
ize some of the fundamental aspects of the hydropho-
bically modified dendrimers, P3 and P4, in a selective
solvent toluene, together with their parent dendrimers,
G3 and G4, in methanol as a good solvent by SAXS
experiments. Subsequently, the conformational change
upon the solubilization of polar guest molecules will be
discussed.

Structural Characterization of Inverse Micelles
of P3 and P4 in Toluene by SAXS. In the range
where gRy < 1, the intensity decay may be represented
by Guinier's approximation and relate the radius of
gyration Ry of the amphiphilic dendrimers via the
following equation:

Al(q) = AI(0) exp(— %Rgzqz) 4)

Figure 4a,b shows Guinier plots of the amphiphilic
dendrimers P3 and P4 in toluene along with the
corresponding parents G3 and G4 in methanol at 25
°C. It may be worth noting that straight line region in
the plots appears to be held up to gRy ~ 2.5 for P3 and
G3 and ~ 3.0 for P4 and G4, respectively, to suggest
particle anisotropy. From the initial slope of these plots,
one can determine the values of Ry for all the macro-
molecules under study, and the data are listed in Tables
1 and 2. Figure 5a shows the plots of the Ry values
against C, for all corresponding dendritic macromol-
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Table 2. Size of P4 in Toluene and Its Patent Dendrimer
G4 in Methanol As Determined by SAXS at 25 °C?2

P4 in toluene G4 in methanol

Cp/mg/mL Ry/A Cp/mg/mL Ry/A
1.77 25.6 1.07 20.3
3.91 25.6 1.62 20.4
6.70 251 2.46 20.0
9.12 24.8 4.05 19.8

(Rg)c,~0 =25.9 A (Rg)e,=0 = 20.6 A
Az = 7.04 x 1074 mL mol/g? A =1.95 x 103 mL mol/g?
Az,caled = 2.98 X 1074 mL m0|/gz Az,caled = 9.41 x 1074 mL moI/92

a Az caica Was calculated for a rigid sphere of radius R with the
equation Az caicd = 16NaR%/(3M?), R = (5/3)Y2R,.
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Figure 3. Small-angle X-ray scattering curves at 25 °C: (a)
G3 in MeOH (&), Cp, = 4.84 mg/mL,; P3 in toluene (O), Cp, =
8.70 mg/mL; P3 in toluene (H,0) (®), C, = 8.55 mg/mL; P3in
toluene (AR-1) (O), C, = 8.55 mg/mL; P3 in toluene (Cu(ll))
(0), Cp = 8.55 mg/mL: (b) G4 in MeOH (a), C, = 4.05 mg/mL;
P4 in toluene (O), C, = 9.12 mg/mL; P4 in toluene (H.0) (@),
Cp, = 8.60 mg/mL; P4 in toluene (AR-1) (O), C, = 8.60 mg/mL;
P4 in toluene (Cu(ll)) (0), C, = 8.60 mg/mL.

ecules. In this figure, a slight decrease of Ry values with
increasing C, is being noticed, and this is due to positive
second virial coefficient in these solutions. To eliminate
the concentration effects, the Ry value at infinite
dilution is determined via extrapolation to zero concen-
tration. The values determined are also listed in Tables
1 and 2. It should be noted that the Ry value of P3 in
toluene increases by 1.5 A when compared to that of
G3 in methanol and that of P4 increases by 5.3 A
against G4. The very slight increase in Ry by addition
of long octadecyl chains on the periphery of parent
dendrimers might be explained by considering that
either the alkyl chains are buried inside the dendritic
cores or the dendritic core shrinks or collapses in toluene
to show smaller Ry values than those for the original
dendrimers in methanol as a good solvent.

Figure 5b shows the plots of (Cy/Al(Q))g=0 VS Cp. From
the intercept and slope one can determine second virial
coefficient A,. In this calculation one has to have a
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Figure 4. Guinier plots of the dendrimer solutions with
different concentrations at 25 °C: (a) G3 in MeOH and P3 in
toluene; (b) G4 in MeOH and P4 in toluene.
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Figure 5. (a) Plots of Ry against C, for the various dendri-
mers: (®) G3, (O) P3, (W) G4, and (O) P4. (b) Plots of
(Co/Al(q))q=0 Vs Cp: (@) G3, (O) P3, (W) G4, and (O) P4.

assumption for the molecular weight of P3 and P4,
although we did not experimentally determine it. One
used the calculated molecular weights (shown in the
Experimental Section). The experimental data of A, and
theoretical values calculated for rigid sphere are sum-
marized in Tables 1 and 2. The positive A; values of
both P in toluene and corresponding G in methanol are
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Table 3. Characteristics of P3 and P4 with Encapsulated Polar Guest Molecules Inside the Dendritic Cores at 25 °C

P3in toluene

P4 in toluene

Cp/mg/mL guest molecule Ry/A Al(0)/au Cp/mg/mL guest molecules Ry/A Al(0)/au
0.00 17.7 0.00 25.9
8.55 AR-1 27.6 0.149 8.60 AR-1 37.6 0.12,
8.55 Cu 34.5 0.177 8.60 Cu 43.2 0.347
8.55 H,O 28.0 0.15¢ 8.60 H>0 37.0 0.20g

experimentally obtained, and these are larger than ones
calculated for a hard sphere.

The scattering form factor P(q) = Al(q)/AI(0) of SAXS
data for the dendrimer molecules may be compared with
a monodisperse system of sphere and ellipsoids of
revolution. For sphere with radius R

P(@)egpere = P2(G) = [3(5"‘ e X)r (5)
RS = gRZ ©6)

where x = gR. Similarly, for monodisperse ellipsoids of
revolution with a and va

P(@etipsoid = 0'7/2(132(qa«/0052 6 + v*sin® ) cos 6 d§
(@)

a (8)

Comparison in Kratky plots between experimental
data and the theoretical curves calculated from eqs 5—8
of third generation dendrimers as well as their am-
phiphilic derivatives are shown in Figure 6a,b. When
compared directly to the experimental scattering curve
in these figures, the sphere and ellipsoids of revolution
model with constant density are not able to fit the data
very well. It may be fair to say, however, that the simple
ellipsoids of revolution models at least qualitatively
describe SAXS experimental scattering profiles for low
generation dendrimers. When the soft-sphere model like
star model*® is also applied to the present experimental
profiles, similar disagreement between the model scat-
tering prediction and experimental results is obtained.*?
Since the polydispersity of the present dendrimer
samples significantly influences the scattering profile,
the effect should be carefully taken into account assum-
ing an appropriate distribution function with other
parameters.*3 It may be concluded from the comparison
in the experimental profiles between G3 and P3 that
P3 assumes more globular spherical conformation in
selective solvent than G3 in good solvent. Similar
results are also obtained for fourth generation dendri-
mers, G4 and P4.

Structural Characterization of P3 and P4 Hav-
ing Polar Guest Molecules Inside. The SAXS profiles
for the dendrimers after loading polar guest molecules
such as water, AR-1, and Cu(ll) salt significantly differ
from that before loading, as shown in Figure 3. It is
clearly seen that the encapsulation of polar molecules
increases the size of dendrimer molecules. Table 3 shows
the values of Ry for P3 and P4 in toluene after
solubilization of H,O, AR-1, and Cu(ll) salt. In fact, the
Ry values of the amphiphilic dendrimer molecules in
toluene are remarkably increased by encapsulation of
the polar molecules. Water molecules, good solvent for
the core but not solvent for long alkyl chain, increase

(a)G3 in MeOH

0.004

0.002

Allq)q*/Al(0)

(b)P3 in Toluene
o004 T T T T T

0.002

Allq)q’/Al(0)

Figure 6. Comparison of experimental SAXS data with
theoretical curves calculated from egs 5—8. (a) G3 in MeOH,
Cp = 4.84 mg/mL, thin solid line: sphere (v = 1), chain lines:
v = 0.4, thick solid line: v = 0.5, and broken lines: v = 0.6.
(b) P3 in toluene, C, = 8.70 mg/mL: thin solid line, sphere
(v = 1); chain lines, v = 0.5; thick solid line, v = 0.6; broken
lines, v =0.7.

the volume of P3 by 4-fold and P4 by 3-fold. They may
diffuse into the originally globular core in toluene to
solvate the dendritic segments and swell it. They may
also concurrently push the buried long alkyl chains out
the toluene phase to transform the definite core—shell
sphere consisting of a dendritic core swollen by water
and alkyl chains swollen by continuous solvent. Since
the numbers of AR-1 molecules inside the core are
mostly 8—24, AR-1 molecules are thought to be not so
effective in the core chain expansion. Interestingly,
further chain expansion by the presence of Cu(ll) ions
is observed and most likely due to complex formation
with amine groups in the dendritic core or increase of
water content. The discussion of the partial oligomer-
ization with N—Cu—N bridges occurred may be roughly
carried out by comparing the values of Al(0) at the
constant C, as listed in Table 3. It can be inferred that
P3 molecules do not take place any intermolecular
oligomerization upon the complexation with Cu(ll) in
toluene within experimental error. In the case of P4, a
slight increase in Al(0) with Cu(ll) and decrease in Al(0)
with AR-1 are most likely due to the difference in the
electron density contrast factor, k, in eq 1 between H,O
only and H,O + polar materials. Eventually, the partial
oligomerization of the present low generation dendri-
mers by complexing with Cu ions seems unlikely. Light
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Figure 7. Comparison of experimental SAXS data of am-
phiphilic dendrimers in toluene in the presence of polar guest
molecules with theoretical curves calculated with sphere
model: (a) P3, C, =8.55 mg/mL, H,O (O), AR-1 (O), and Cu(ll)
(2); (b) P4, C, = 8.60 mg/mL, H,O (O),AR-1 (O), Cu(ll) ().

scattering experiments about this subject are now under
study.

Figure 7 shows comparison in the Kratky plots of the
experimental data of P3 and P4 with the theoretical
curve calculated for the sphere model with constant
density by using eq 5. The figures clearly demonstrate
that the experimental scattering profile of P3 and P4
molecules after solubilization of polar molecules can be
semiquantitatively described in terms of the sphere
model. The core—shell model*” with four new param-
eters, electron density of core and shell, and their sizes

Macromolecules, Vol. 36, No. 24, 2003

may also describe the present experimental data. The
slight deviations from a theoretical curve in the region
of 3 < gRg < 4.3 are likely due to the polydispersity of
the sample or/and simple sphere model with constant
density.

A conclusive picture that comes from all experiments
mentioned in this study is presented in Figure 8. P3
and P4 molecules in toluene assume a conformation
similar to G3 and G4 in methanol, irrespective of the
presence of long alkyl chains in the formers. The SAXS
scattering profiles of these particles are likely described
by the ellipsoids of revolution. Water molecules solubi-
lized into the core of P3 and P4 remarkably expand
their chain conformation in toluene. The chain confor-
mation was further expanded by the presence of Cu?™,
probably due to complex formation. The number of
water molecules inside a P4 is 482—581, which corre-
sponds to water droplet with 15—16 A in radius and 10—
12% of the increase in volume. Water molecules encap-
sulated push the long stearyl chains originally buried
inside the dendritic cores out toluene phase to afford a
definite core—shell sphere. The scattering profiles of
expanded P3 and P4 are semiquantitatively described
in terms of sphere model with constant density. The
dendritic box can effectively transfer AR-1 molecules
from water to toluene phase and the maximum number
per dendrimer is 8 for P3 and 24 for P4. The increase
in dye loading from P3 to P4 is consistent with the
relation of the particle volume before and after loading.

Conclusions

Hydrophilic PAMAM dendrimers of G3 and G4 were
successfully converted to amphiphilic units P3 and P4,
respectively, by hydrophobic surface modification with
stearyl acrylates. Amphiphilic dendrimers form unimo-
lecular inverse micelle structure in toluene solution and
effectively hosted the transfer of polar organic dye AR-1
as well as Cu(ll) salt from aqueous phase to toluene
phase. The maximum number of dye loading per den-
dritic core was estimated and almost 3-fold increase in
efficacy of P4 having higher generation (size) cores over
P3 was found. The SAXS data revealed the unimolecu-
lar nature of the inverse micelles formed by P3 and P4

Polar Guest Molecule
| |
G3 P3 H20 (o) H2O (s) + AR-1(¢) H,O+Cu™
Alkyl l:hain
C13H3?- Dendrltic core
Rgo=16.2 A Rgo=17.7 A Rg=28.0 A Rg=276 A Rg=34.5 A
ca. 8 AR-1
C18H3? o .
RgU—ZDBA Rgo—259f\ Rg—370ﬁ\ —ST.EA Rg=43.2A
480-580 H-0O ca. 24 AR-1
In MeOH In Toluene

Figure 8. Schematic representations of developments of amphiphilic dendrimer molecules by encapsulation of polar guest

molecules in toluene.
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in toluene, with a collapsed core of ellipsoids of revolu-
tion having an average radius of gyration 17.7 and 25.9
A, respectively. The solubilization of water and AR-1
molecules expands the core to assume to be almost
matching with sphere model. Pronounced effects of
encapsulated Cu(ll) ions on the chain expansion were
observed and attributed to the complex formation of
dendritic cores with Cu(ll) ions.
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