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Aggregation Behavior of Amphiphilic Dendritic Block Copolymer with
Butanediyl-a,m-bis(tetr adecyldimethylammonium bromide) in Aqueous Solution’
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Aggregation behavior of an amphiphilic dendritic block copolymer, a generation 1.0 poly(amidoamine)
(G1.0 PAMAM) dendrimer based poly(propylene oxide) (PPO)-block-poly(ethylene oxide) (PEO) copolymer
that was abbreviated as PPP, with a cationic gemini surfactant butanediyl-o.,w-bis(tetradecyldimethylam-
monium bromide) (14-4-14) in aqueous solution was investigated by the measurements of steady-state
fluorescence (FL), cloud point (CP), transmission electron microscope (TEM), and dynamic light scattering
(DLS). Through FL method, the critical aggregation concentration (CAC) of PPP in the absence and presence
of 14-4-14 was determined. As the concentration of 14-4-14 increases, CAC values increase, suggesting the
participation of copolymer—surfactant complexes in aggregate formation. The CP temperature of PPP increases
as the content of 14-4-14 increases in the mixed system, which indicates that 14-4-14 increases the solubility
of PPP. From TEM and DLS, the morphology and size distribution of the aggregates were obtained. The
spherical aggregates are found to be larger in size and narrower in distribution with the addition of 14-4-14,
which confirms further the formation of mixed aggregates. All of the above are explained on the basis of
strong interactions between PPP and 14-4-14. Through hydrophobic interactions, 14-4-14 molecules can

associate with PPP molecules to form copolymer—surfactant complexes that can aggregate further.

I ntroduction

Dendrimers, possessing distinctive properties such as globular
architectures, narrow polydispersity (often uniquely monodis-
perse), compatibility, and tunability of surface functional groups,
are a novel series of highly branched macromolecules, consisting
of a central core and radial attached branching units which lead
to a spherical periphery and controlled terminal groups.*? Since
the successful synthesis in 1985, dendrimers have attracted
considerable attention because of their various chemical com-
positions, available synthetic methodologies, unique structures,
and versatility, which render them a reliable alternative to
traditional linear polymers in a wide range of applications.>*
Up to now, they have been used as hosts in host—guest systems,
drug capsules, gene delivery vehicles, cancer targeting platforms,
nanomaterial synthesis templates, catalyst carriers, and so
forth. 251

Among the variety of dendrimers, the poly(aminoamide)
(PAMAM) family is the most thoroughly investigated group.
With a star-like shape, they have primary amine functional
groups at each branch end point and tertiary amine groups at
each branch dividing point, with the arms functionalized via
covalent modifications further.®>™** In recent years, interest is
focused on the interactions between PAMAM dendrimers (or
the derivatives) and surfactants due to the widespread applica-
tions of these mixed systems.*>*® The morphology, nature, and
interaction mechanism of the PAMAM/derivative surfactant
aggregates have been reported by a few scientists.*”~%° For the
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mixed system of PAMAMY/derivative and oppositely charged
surfactant, through electrostatic interactions, a template-assisted
supramolecular assembly consisting of a dendrimer/derivative
at the core and amphiphilic surfactants on the surface is
formed.*® Surfactants can also penetrate the surface charge
barriers of PAMAM dendrimers/derivatives and localize in their
interior cavities by hydrophobic interactions or hydrogen-
bonding interactions.?* For systematic investigation and practical
application,?>?® it is worthwhile to study the aggregation
behavior of PAMAM dendrimers branched with amphiphilic
block copolymers with surfactants. To our knowledge, however,
there is no report available. We have synthesized a series of
PAMAM dendrimer based block copolymers and studied their
aggregation properties in aqueous solutions in our earlier
work.242% To further our research, in the present work, we have
characterized the aggregation behavior of an amphiphilic
dendritic block copolymer (abbreviated as PPP) with a gemini
surfactant (14-4-14) for the first time, with the methods of cloud
point (CP), steady-state fluorescence (FL), dynamic light
scattering (DLS), and transmission electron microscope (TEM).
Interesting results from this study are expected to help us further
understand the complex nature of copolymer—surfactant interac-
tions from a fundamental point of view, which may be useful
for potential applications.

Experimental Section

Materials. Pyrene was purchased from Aldrich and recrystal-
lized from ethanol before use. N,N-Dimethyltetradecylamine was
purchased from Tokyo Chemical Industry Co., Ltd. Ethylene-
diamine (EDA), methyl acrylate (MA), propylene oxide (PO),
ethylene oxide (EO), o,w-dibromobutane, and other chemicals
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Table 1. Polydispersity (My/M,), Molecular Weight (M), Numbers
of Propylene Oxide Unit (x), and Ethylene Oxide Unit (y) per Chain
of PPP

Muw/Mj, My/g-L™? X Y
1.22 26700% 30 10

2 Apparent molecular weight which is obtained from GPC.

were obtained from Beijing Chemical Co. and were of analytical
grade. All of the solutions were prepared with triply distilled
water.

Synthesis and Characterization. G1.0 PAMAM dendrimer
was synthesized through a divergent approach.?® Briefly, EDA
was dissolved in methanol and added dropwise to purified MA
(excess) under N, atmosphere. The reaction was carried out for
24 h at 303.15 K with an agitator. The methanol and unreacted
MA were removed under vacuum, and G0.5 PAMAM den-
drimer was obtained. Then, the G0.5 PAMAM dendrimer was
dissolved in methanol and added dropwise to EDA (excess).
After keeping for 24 h at 303.15 K with an agitator, the methanol
and unreacted EDA were removed under vacuum, and G1.0
PAMAM dendrimer was obtained. PPP was synthesized by
anionic polymerization.? In brief, PO was added into a reacting
kettle containing G1.0 PAMAM dendrimer as initiator and
potassium hydroxide as catalyst at 408.15 K and 0.4 MPa under
N, atmosphere. Keeping the reaction for (3 to 5) h, EO was
added, and the reaction was kept for another (3 to 5) h at 403.15
K and 0.4 MPa. After cooling down to 333.15 K, phosphoric
acid was added to neutralize the added catalyst, and the product
was obtained. Characterization of PPP was carried out as
described in our earlier work.?* The molecular weight distribu-
tion of PPP was determined by gel permeation chromatography
(GPC) using a set equipped with a Waters 515 pump, a Waters
2414 refractive index detector, and a combination of three
Styragel columns (HT2, HT3, and HT4). Tetrahydrofuran was
used as eluent at a flow rate of 1.0 mL-min™! at 308.15 K.
Polystyrene standards were used for calibration. The key
characteristic parameters of PPP were listed in Table 1. 14-4-
14 was synthesized according to the literature method.?’ Briefly,
o,w-dibromobutane was refluxed with N,N-dimethyltetradecyl-
amine in dry acetone for 24 h. The product was obtained through
filtration and recrystallized thrice from acetone. The purity was
checked by *H NMR using a Bruker AV-400 NMR spectrom-
eter, which gave corrected chemical shifts and expected proton
contents according to the ratios of integration areas. No impurity
peak was found. From the ratios of integration areas, the purity
of 14-4-14 was estimated to be no less than 0.98 (mole fraction).
Structures of PPP and 14-4-14 were shown in Figures 1 and 2,
respectively.

Cloud Point (CP) Measurement. The CP measurement was
carried out on a Brinkmann PC920 colorimeter equipped with
a Shimadau 1601 PC UV —vis spectrometer. The turbidity of 1
g-L~! PPP solution was monitored by UV transmittance at 450
nm. The temperature of the PPP solution was controlled by a
thermostatted water-circulating bath and raised gradually under
constant stirring. The data were reported as turbidity = 100 —
T, where T is transmittance (percent). The turbidity reading was
checked at intervals of 0.2 K after it reached a steady value.
CP temperature was obtained from the break of 100 — T versus
temperature curve.

Steady-State Fluorescence (FL) Measurement. Pyrene was
employed as a fluorescence probe at the concentration of 1 M.
It was excited at 335 nm, and the emission spectrum was
scanned from (350 to 550) nm. I,/15 is the ratio of fluorescence
intensities of pyrene emission spectrum at 373 nm (the first peak)
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Figure 1. Scheme of PPP.
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Figure 2. Scheme of 14-4-14.

and 384 nm (the third peak), which was used to evaluate the
variations of micropolarity of aggregates. Tests were carried
out on a Hitachi F-4500 fluorescence spectrophotometer at
298.15 + 0.5 K.

Dynamic Light Scattering (DLS). DLS measurement was
introduced, using a laser light scattering (LLS) spectrometer
(ALV/SP-125) with a multi-r digital time correlator (ALV-
5000). Light (1 = 632.8 nm) from a cylindrical UNIPHASE
He—Ne laser (22 mW) was used as the incident beam. The
scattering angle was selected to 90°, and the correlation function
was analyzed with the commercial CONTIN software provided
by ALV.?8 Aqueous solutions of PPP (1 g-L ') with different
concentrations of 14-4-14 were filtrated through 0.45 um
Millipores to leach dust before measurement.

Transmission Electron Microscope (TEM). Samples were
prepared from 1 g-L~* of PPP solution using a negative-staining
method, and 5 g-L™* of uranyl acetate aqueous solution was
used as a staining agent. A drop of the solution was placed on
a carbon Formvar-coated copper grid (300 mesh), and the excess
liquid was sucked away by a filter paper. Then, the sample was
negatively stained with the uranyl acetate aqueous solution. After
drying, the samples were imaged under a JEM-200CX electron
microscope at a working voltage of 100 kV.

Results and Discussion

The intensity ratio I;/13 is used to investigate the polarity
of the microenvironment of aggregates and determine the
critical aggregation concentration (CAC).2°! Figure 3
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Figure 3. Variations of 1,/I5 with the concentration (C) of PPP at different concentrations of 14-4-14: @, 0 mM; @, 0.0375 mM; 4, 0.15 mM; v, 0.6 mM.

exhibits the variation of 1,/l; value as a function of PPP
concentration in the absence and presence of 14-4-14. With
the concentration of PPP increasing, I1/I3 of pyrene decreases
slowly at the concentration below CAC and rapidly at higher
concentration. The sharp break in the curve represents the
transfer of pyrene from higher polar to lower and more
hydrophobic environment, which corresponds to the forma-
tion of aggregates.>®=° Thus, CAC can be determined through
the break point, and the results are listed in Table 2. As the
concentration of 14-4-14 increases from (0 to 0.6) mM (four
times CMC of 14-4-14%%), CAC values increase from (0.038

Table 2. Critical Aggregation Concentration (CAC), Hydration
Radius (Rp), and Cloud Point (CP) for PPP Solution with Different
Concentrations of 14-4-14

Ciga14 CAC R CP
mM g-L? nm K

0.0 0.038 2.5 297.25

0.0375 0.044 1,44 309.45

0.15 0.17 70 > 343.15%

0.60 0.38 90 > 343.15%

21t was not possible to measure the CP of PPP solution at 14-4-14
concentrations of (0.15 and 0.6) mM.
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Figure 4. Turbidity (100 — T) versus temperature (T) curve of 1 g-L™*
PPP solution with different concentrations of 14-4-14: ®, 0 mM; OJ, 0.0375
mM; @, 0.15 mM; O, 0.6 mM.

to 0.38) g-L~*. PPP molecules and 14-4-14 molecules may
form copolymer—surfactant complexes with one PPP mol-
ecule associated with several 14-4-14 molecules through
hydrophobic interactions, which corresponds to the slowly
decreasing portion of the curve in Figure 3. The complexes
can further form larger aggregates. With the concentration
of 14-4-14 increasing, the loaded charges per complex
increase, so the electrostatic repulsions between polar heads
of the complexes increase, which leads to the higher
aggregation concentration.

Figure 4 shows the variation of 100 — T versus temperature
of PPP aqueous solution in the absence and presence of
different concentrations of 14-4-14. CP temperature is
determined from the break in the curve, and the values are
listed in Table 2. Generally, as the temperature increasing,
the hydrogen bonds between hydrophilic ethylene oxide units
in the hydrophilic head groups of nonionic copolymer and
water molecules are gradually destroyed, resulting in the
decreasing of the solubility of nonionic copolymer. To a
certain temperature, phase separation occurs, and the solution
turns cloudy.®** From Figure 4 and Table 2, it can be seen
that the CP temperature of PPP increases as the concentration
of 14-4-14 increases, indicating the solubility of PPP
increases. This is most likely caused by increasing number
of PPP molecules involved in the aggregation, which is
consistent with the results from FL measurement. With the
addition of 14-4-14 to PPP solution, more 14-4-14 molecules
may penetrate into the interior of PPP molecules and associate
cooperatively with the latter by replacing water molecules
in the hydrophobic domains. The hydrophilic heads of 14-
4-14 localize near PEO blocks, and the long hydrophobic
tails of 14-4-14 localize near PPO blocks or in the relative
nonpolar pockets of PPP core, which enhanced the hydro-
philicity of PPP, and more PPP molecules participated in
the formation of aggregates. The association is similar to that
of PEO-PPO-PEO copolymers and gemini surfactants,®3°
but different from that of charged block copolymers and
oppositely charged gemini surfactants. For the latter, the
association is induced by the electrostatic attraction.®":®

Representative TEM images of aggregates of PPP aqueous
solution with and without different concentrations of 14-4-
14 are shown in Figure 5. With the concentrations of 14-4-
14 at (0.0375, 0.15, and 0.6) mM, spherical aggregates with

Figure 5. TEM images of the aggregates of 1 g-L~* PPP solution with
different concentrations of 14-4-14: (a) 0.0375 mM, (b) 0.6 mM.

about (100, 150, and 200) nm in diameter are observed,
respectively, which suggests that larger aggregates should
form with higher concentrations of 14-4-14. This is attributed
to the structural transformation. With more 14-4-14 molecules
penetrating into the interior of PPP, the enhanced electrostatic
repulsions may lead to swollen conformation of PPP molecule.

To obtain the size and distribution of aggregates, PPP
aqueous solution in the absence and presence of different
concentrations of 14-4-14 is determined by DLS, as shown
in Figure 6 and Table 2. It can be observed that the size of
the aggregates of PPP in the absence of 14-4-14 shows a
relatively broad distribution, with the average hydration
radius (R,) of about 2.5 nm. For PPP and 0.0375 mM 14-
4-14, two R, distributions are observed, with one centered
at around 1 nm and the other at around 44 nm. The former
may corresponds to aggregates of PPP, while the latter
corresponds to mixed aggregates. When the concentration
of 14-4-14 increases from (0.15 to 0.6) mM, R, distributions
become narrow, with R, increasing from around (70 to 90)
nm. The results agree well with that of TEM, indicating that
14-4-14 can interact with PPP and the content of the former
has an important effect on morphology of the mixed
aggregates. PPP molecules and 14-4-14 molecules may be
able to form copolymer—surfactant complexes through
hydrophobic interactions, and the complexes can form bigger
aggregates. With the concentration of 14-4-14 increasing,
more 14-4-14 molecules may participate in the formation of
complexes, which leads to the higher values of CAC and CP
temperature, as well as larger size and narrower distributions
of the aggregates. It is worth mentioning that, at (0.15 and
0.6) mM, 14-4-14 can form free gemini micelles and vesicles
itself. In Figure 6, the very weak peaks may attribute to the
gemini micelles, while the peak of gemini vesicles (at around
35 nm, data not shown) may be overlapped by the peak of
mixed aggregates.

Conclusions

The aggregation behavior of PPP with 14-4-14 in aqueous
solution has been investigated at different concentrations of
14-4-14. As the concentration of 14-4-14 increases, FL results
show an increase of CAC, and TEM and DLS results reveal
that larger spherical aggregates with narrower distributions
are formed. From CP measurement, it is found that the
solubility of PPP is increased by 14-4-14. All of the present
results indicate that there are strong interactions between PPP
and 14-4-14, which can be explained that long hydrophobic
tails of 14-4-14 may be able to associate with PPP through
hydrophobic interactions, with the hydrophilic heads local-
izing near PEO blocks and the hydrophobic tails near PPO
blocks or in the relative nonpolar cavities of PPP core to
form copolymer—surfactant complexes that can form larger
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Figure 6. R, distribution of 1 g-L~* PPP solution with different concentrations of 14-4-14: 00, 0 mM; O, 0.0375 mM; 4, 0.15 mM; v, 0.6 mM.

aggregates further. The interactions are strengthened by the
addition of more 14-4-14.
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