
Multimorphological Self-Assemblies of
Amphiphilic Graft Polyphosphazenes with
Oligopoly(N-isopropylacrylamide) and Ethyl
4-Aminobenzoate as Side Groups

Jian Xiang Zhang,†,‡ Li Yan Qiu,*,† Yi Jin,† and
Kang Jie Zhu‡

College of Pharmaceutical Sciences, Zhejiang University,
Hangzhou 310031, China, and Institute of Polymer Science,
Zhejiang University, Hangzhou 310027, China

Received October 4, 2005
Revised Manuscript Received October 14, 2005

Introduction
Polymeric aggregates self-assembled from amphiphilic

block copolymers have received increasing attention in
the past few years. A variety of aggregate structures,
including spherical micelles, rodlike micelles, vesicles,
or lamellae, can be self-assembled from block copolymer
at the mesoscopic level.1 Compared to supramolecular
aggregates based on low molecular amphiphiles, poly-
meric self-assemblies not only exhibit the advantage of
superior stability and toughness,2 but also offer numer-
ous possibilities to tailor physicochemical and biological
properties by varying block length and chemical struc-
ture and conjugating with biomolecules. This makes
copolymer assemblies highly interesting as transfection
vectors,3 protective shells for sensitive enzymes,4 drug
delivery systems,5 or as microreactors where chemical
reactions can be performed at the molecular level.6 In
addition to block copolymers,7 giant vesicle formation
through self-assembly of complementary random co-
polymer was reported by Ilhan et al.8 Furthermore,
generation-dependent aggregation and molecular self-
assembly were also observed for dendrimers, hyper-
branched copolymers and dendrigraft copolymers.9 How-
ever, few researchers have focused the study on self-
assembly behaviors of graft copolymers, particularly
those of the same series of copolymers in various
aqueous solutions. Our attention has been concentrating
on the preparation and potential application of graft
polyphosphazenes and their assemblies. In this paper,
we report the assembly morphologies of amphiphilic
graft polyphophazene containing oligopoly(N-isopropyl-
acrylamide) and ethyl 4-aminobenzoate as co-side groups
(PNIPAm/EAB-PPPs) with different hydrophobic/hy-
drophilic balance in aqueous solution.

Experimental Section
Materials. Amphiphilic graft copolymers PNIPAm/EAB-

PPPs with different hydrophilic/hydrophobic balances were
synthesized according to the literature.10 The physicochemical
characteristics of copolymers were presented in Table 1

Preparation of PNIPAm/EAB)PPP Aggregates. Since
copolymers 1 and 2 are easily dissolved in water, their
aggregates were obtained by directly dissolving the copolymer
into distilled water (5 mg/mL). Supramolecular aggregates
from copolymer 3, on the other hand, were prepared by dialysis
method. Briefly, 20 mg of copolymer 3 was dissolved in 2 mL
of organic solvent, and the solution was dialyzed against
distilled water using a dialysis membrane tube (MW cutoff

3500) for 2 days at 15 °C. Organic solvents including DMF,
dimethylacetamide (DMAc), DMSO, and THF were employed
in this experiment. The outer solution was exchanged at
appropriate intervals. All the sample solutions were diluted
to a final copolymer concentration of 2.0 mg/mL, and these
samples were used without further treatment for TEM char-
acterization.

Morphology Observation. TEM images were obtained
using a JEM 1230 operating at an acceleration voltage of 80
kV. Copper EM grids were coated with a thin film of Formar.
Unless stated otherwise, all TEM samples were prepared at
15 °C by dipping a TEM grid into a copolymer solution, and
the extra solution was blotted with filter paper. To observe
the internal morphology of the aggregates derived from DMAc
and DMSO, a powder sample of nanoparticles was embedded
in epoxy resin, and thin sections of ∼150 nm in thickness were
obtained by microtoming the resin sample at room tempera-
ture.

Samples for AFM were prepared by coating aqueous copoly-
mer solution onto freshly cleaved mica. AFM images were
obtained using a Nanoscope III microscope (Digital Instru-
ments) in the tapping mode with a silicon cantilever.

Fluorescence Measurements. The quenching of pyrene
solubilized in copolymeric aggregates by I- (KI) was also
investigated. NaCl was used to keep the ionic strength
constant.11 A small amount of S2O3

2- (ca. 10-4 M) was added
to prevent oxidation of I- into I3

-. The solutions were equili-
brated at 10 °C before the measurements. Polymer concentra-
tion was 1 mg/mL. For copolymer 3, the sample was prepared
using THF as solvent in the dialysis procedure.

Results and Discussion
The chemical structure of amphiphilic graft copoly-

mers PNIPAm/EAB-PPPs was illustrated by Figure 1,
and their physicochemical properties were presented in
Table 1.

Eisenberg and co-workers have studied multimorpho-
logical self-assemblies of bock copolymers in detail.12

However, few systematic researches have been focused
on aggregates produced by graft copolymers. TEM and
AFM were applied to offer the information about the
morphologies of copolymer aggregates in this study. As
shown in Figure 2a, physically cross-linked network
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Table 1. Physicochemical Properties of PNIPAm and the
Copolymers PNIPAm/EAB-PPPs

mole ratioa

polymer
PNIPAm

x
EAB

y Mn Mw

LCST
(°C)

CAC
(g/L)

KSV

(M-1)

PNIPAm 1900b 2200 33.8
1400c

copolymer 1 1.80 0.20 22 000 43 000 32.6 0.037 2.0
copolymer 2 1.00 1.00 18 589 38 035 36.0 0.028 1.7
copolymer 3 0.68 1.32 12 344 21 215 35.0 0.015 0.9

a x + y ) 2.0. b Obtained by GPC. c Determined by elemental
analysis..

Figure 1. Chemical structure of amphiphilic graft copolymer
PNIPAm/EAB-PPPs.
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aggregates were observed for copolymer 1, which were
produced by dissolving the polymer into an aqueous
solution. Similar morphology was also observed by AFM
(Figure 3). In addition, as the copolymer concentration
was diluted from 5 to 2 mg/mL, a “loose” network
structure originated from partial dissociation of copoly-
mer chains was formed (Figure 2b), since this aggregate
was kinetically instable. For the copolymer 2, however,
sphere-shaped and network structure aggregates co-

existed (Figure 2c). Interestingly, copolymer 3 based
aggregates exhibited solvent-dependent morphologies.
When DMF was employed as an organic solvent in
dialysis procedure, nanospheres in an average diameter
of 50 nm with a low polydispersity were obtained
(Figure 2d). This micelle-like aggregate of spherical
geometry has been identified in many studies on both
block and graft copolymers.13 As DMAc was employed,
however, both spherical nanoparticles and network

Figure 2. TEM images of aggregates made from amphiphilic copolymers (a) copolymer 1, 5 mg/mL; (b) copolymer 1, 2 mg/mL;
(c) copolymer 2, 5 mg/mL; (d) copolymer 3, DMF as solvent; (e) copolymer 3, DMAc as solvent; (f) copolymer 3, DMAc as solvent,
cutoff aggregates after being filtered through a 0.22 µm microporous membrane; (g) copolymer 3, DMAc as solvent, filtrate after
being filtered through a 0.22 µm microporous membrane; (h) copolymer 3, DMSO as solvent; (i) copolymer 3, THF as solvent.

Figure 3. AFM images of assemblies from copolymer 1 (5 mg/mL). The sample was prepared at 15 °C.
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micelles were observed shown in Figure 2e. More
clearly, after this aggregates solution was filtered
through 0.22 µm microporous membrane, the cutoff
aggregates were nanoparticles while self-assemblies
remaining in the filtrate displayed network morphology
(Figure 2, parts f and g). The network structure was
also confirmed by AFM as shown in Figure 4a. In the
case of DMSO, well-defined microspheres were produced
as presented in Figure 2h. In addition, high-genus
nanoparticles were obtained as THF was employed as
an organic solvent, which seems a new morphology for
graft copolymers assemblies (Figure 2i).2b,14

In the case of amphiphilic graft polyphosphazenes, the
type of hydrophobic side group and copolymer composi-
tion significantly influenced multiple morphology for-
mation. When another amphiphilic graft polyphospha-
zene PNIPAm/GlyEt-PPP (ethyl glycinate (GlyEt) as
hydrophiobic groups) was studied previously, it was
found that the self-assemblies’ morphology was not
related to the solvent used for dialysis, but would change
from nanoparticles to network upon the GlyEt content
decreased.15 This effect of copolymer composition on
multimorphology formation was also demonstrated for
PNIPAm/EAB-PPPs as clearly shown in TEM pictures
in Figure 2. Network structure was assembled from the
copolymers with low EAB content, while both network
aggregates and sphere-shaped particles were observed
for copolymer 2 with medium EAB content. In addition,
the aggregate morphologies of copolymers 1 and 2 seem
to be independent of preparation procedure. That is, as
dialysis method was adopted, solvent type did not effect
the assembly morphology. Interestingly, the aggregates
of copolymer 3 containing higher EAB content exhibited
versatile morphologies, which ranged from network,
sphere to high-genus particles, depending on solvent

type employed in aggregates preparation procedure.
Where the aggregates prepared using DMAc or DMSO
are concerned, note should be taken that these large
spheres also exhibited an internal network structure
(Figure 5), which was similar to the aggregate morphol-
ogy observed for the copolymer with low EAB content.
Consequently, this type of large particles are different
from that reported by Eisenberg and co-workers, since
their large complex micelles were filled with bulk
reverse micelles.16

Moreover, repulsive interactions among the corona
chains may also be a main factor to dominate aggregate
morphology. The corona chains of aggregates studied
here were composed of PNIPAm, which is highly hy-
drated and exhibits an extended conformation at
temperatures below its LCST, while dehydrates and
therefore collapses at temperature near or above its
LCST. Accordingly, corona chain repulsion varied con-
comitantly with temperature variation, which in turn
led to the change in aggregate morphology. This was

Figure 4. AFM images of aggregates based on copolymer 3. The samples were prepared using DMAc at (a) 15 °C and (b) 50 °C,
respectively.

Figure 5. Internal morphology of the aggregates from co-
polymer 3 using various solvents (a) DMAc and (b) DMSO.
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indeed the case. As shown in Figure 6, parts a and b,
network aggregates of copolymer 1 were transformed
into a loosely cross-linked structure, when the sample
preparation temperature increased from 15 to 30 °C,
and even nearly into particles for aggregates at about
50 °C (Figure 6c). This was consistent with our previous
result, where sphere-shaped particles were observed for
amphiphilic polyphosphazene with 92 mol % PNIPAm
and 8% EAB once the temperature increased from 25
to 45 °C.10 Similarly, as illustrated in Figure 4 of AFM
images of copolymer 3 based aggregates derived from
DMAc, network morphology at 15 °C was transformed
into sphere particles, which were obtained at 50 °C.

Further information regarding the nature of the
polymeric aggregates was obtained by fluorescence
quenching measurements of pyrene solubilized in the
hydrophobic domains of the graft copolymers.17 I- was
used as a quencher, which is negatively charged and
highly hydrated and cannot access hydrophobic micro-
domains (e.g., micellar cores). Assuming a collisional
quenching mechanism, the following equation describes
the quenching process

where F and F0 are the total fluorescence intensities of
pyrene with and without I- respectively. KSV is the
Stern-Volmer quenching constant and is defined as

where kq is the bimolecular rate constant and τ0 is the
fluorescence lifetime of pyrene in the absence of quench-
er.11

The variation of fluorescence intensity with [I-] at
constant ionic strength followed the Stern-Volmer
formulation without change in the spectra shape for
pyrene solubilized in water or in copolymer solutions.
This is illustrated in Figure 7 by the straight-line plots
of F0/F vs [I-] for pyrene in water and in the graft
copolymers with various compositions. The ionic quench-
er I- that can readily quench pyrene in water had
almost no effect on the intensity of the steady-state
pyrene fluorescence in copolymer solutions. KSV values
of 93.4, 2.0, 1.7, and 0.9 M-1 were determined for pyrene
in water and pyrene in aqueous solutions of copolymers
1, 2, and 3, respectively. Consequently, it can be
concluded that each copolymer system had hydrophobic
sites to restrict solute mobility, which inhibited the
quencher-probe interaction. Repulsion between highly
hydrated iodide ion and PNIPAm chains might be also
responsible for the marked decrease in the accessibility
of I- in the case of copolymer system. In addition, for

the copolymer with various compositions, KSV was
slightly decreased as EAB content was increased,
indicating more compact hydrophobic domains were
formed due to enhanced hydrophobic interaction be-
tween EAB groups for copolymer with higher EAB
content. This was consistent with the above-mentioned
morphology studies on copolymer aggregates. Different
hydrophilic/hydrophobic balance of the copolymers led
to various morphologies ranging from network to par-
ticles in aqueous solution, which means to establish
microdomains with different hydrophobicity, and hence
gave rise to distinct accessibility to ionic quencher.
Similar result was reported for acrylamide-styrene block
copolymers,17 where KSV was decreased with an increase
in hydrophobic styrene block length.

Conclusions

Both TEM and AFM observations indicated that the
self-assembly morphologies of PNIPAm/EAB-PPPs were
regulated along with the variation of copolymer com-
position which can be achieved due to the synthetic
flexibility and versatility of polyphosphazene. On the
other hand, depending on various solvents employed in
aggregate preparation procedure, multimorphological
assemblies ranging from network structure and nano-
spheres to high-genus particles were observed for the
copolymer containing a relatively high EAB content. It
seems a novel protocol to architecture supramolecular
assemblies with multiple morphologies from graft co-
polymer. Also, the temperature would induce the mor-
phology change of aggregates, which was resulted from
the thermosensitivity of PNIPAm segments in the
copolymers. These aggregates may find wide applica-

Figure 6. TEM images of aggregates from copolymer 1 at (a) 15, (b) 30, and (c) 50 °C. The polymer concentration was 4 mg/mL.

F0/F ) 1 + KSV[I-]

KSV ) kqτ0

Figure 7. Quenching of pyrene by I- in aqueous copolymer
solutions and water. [pyrene] ) 6.0 × 10-6 M.
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tions in pharmaceutics, bioengineering and other related
field as well.
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(14) (a) Döbereiner, H.-G. In Giant Vesicles; Luisi, P. L., Walde,
P., Eds.; John Wiley & Sons: New York, 2000; p 150. (b)
Haluska, C. K.; Gozdz, W. T.; Döbereiner, H. G.; Förster,
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