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Hypothesis: This paper investigates the self-assembly behavior of a new amphiphilic block copolymer,
PPEGMA-PPC-PPEGMA, in dilute aqueous solution and at the air–water interface. In PPEGMA-PPC-
PPEGMA, the hydrophilic PEG moieties exist as side chains attached to the PMA backbone. Because of this
unique non-linear architecture, the morphological and conformational properties of self-assembled
PPEGMA-PPC-PPEGMA polymers are expected to be different from those of conventional linear PEG-
based polymer surfactants.
Experiments: For this study, three PPEGMA-PPC-PPEGMA samples having an identical PPC molecular
weight (5.6 kDa) and different PPEGMA molecular weights (7.2, 2.8 and 2.1 kDa on either side) (named
‘‘G7C6G7”, ‘‘G3C5G3”, and ‘‘G2C6G2”, respectively) were synthesized. The micellar self-assembly behav-
iors of these materials were investigated by cryo-TEM, rheology, DLS, and visual observation. Langmuir
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Micelle
Cryogenic transmission electron microscopy
(cryo-TEM)
Rheology
Langmuir monolayer
Surface pressure-area isotherm
monolayers of these materials were characterized by surface mechanical testing.
Findings: PPEGMA-PPC-PPEGMA micelles were found to have a spherical geometry, irrespective of
copolymer composition. Interestingly, G2C6G2 and G3C6G3 micelles formed weakly-bound clusters,
whereas G7C6G7 micelles predominantly existed as isolated micelles. Detailed analysis suggests that this
unexpected trend in micelle morphology originates from the fact that the PPEGMA blocks are only par-
tially hydrated at aqueous interfaces. Detailed features of the surface pressure-area isotherms obtained
from Langmuir PPEG-PPC-PPEGMA monolayers further supported this notion.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Poly(ethylene glycol)(PEG)-based amphiphilic block copoly-
mers are used in many industrial applications, for instance, as
detergents, dispersants, foaming agents, emulsifiers, gelling agents,
and pharmaceutical excipients (enhancing drug bioavailability and
controlled release) [1]. In dilute solutions, amphiphilic block
copolymers form micelles. Based on their dynamic/preparation
characteristics, block copolymer micelles can be grouped into three
types: (1) equilibrium micelles formed by molecularly water-
soluble block copolymers having finite (relatively high) critical
micellization concentrations (CMCs) and thus capable of exchang-
ing material between themselves (e.g., Poloxamer/Pluronic� [1],
poly(ethylene glycol)-poly(lactic-co-glycolic acid) [2]); (2) globally
non-equilibrium (‘‘non-ergodic”) micelles formed by simple hydra-
tion of molecularly insoluble block copolymers with zero CMC
(poly(ethylene glycol)-poly(butadiene) [3,4]); (3) fully non-
equilibrium (kinetically frozen) micelles of zero-CMC block copoly-
mers that can only be produced via solvent exchange processing
(e.g., poly(ethylene glycol)-poly(styrene) [5]). All three types of
polymer micelles have been extensively studied. Regardless of
polymer/micelle type, the morphology of block copolymer micelles
is known to be primarily controlled by the relative sizes of the
hydrophilic vs. hydrophobic blocks of the amphiphilic block
copolymer; block copolymers with relatively high PEG block
molecular weights prefer micelle structures with a high interfacial
curvature (i.e., spherical micelles), and as the relative size of the
PEG block is decreased, the preferred micelle shape shifts to cylin-
drical, and then to planar (i.e., vesicular/bilayered) [1,6–8]. The
preferred interfacial curvature is determined by an interplay of (in-
terfacial tension and) core/corona chain conformations, which are
influenced by the (chemistries and) relative sizes of the hydrophilic
and hydrophobic blocks [7].

Recently, a variant of the PEG chemistry, poly(poly(ethylene
glycol) methacrylate)) (PPEGMA), has become popular for use as
a hydrophilic component for amphiphilic block copolymers. The
first report of a study of PPEGMA-based block copolymers dates
back to early 2000 s [9]; PPEGMA has also been referred to as
poly(oligo oxyethylene methacrylate) (POEM). Unlike linear PEG
(which is typically synthesized by the stringent anionic polymer-
ization method), monodisperse PPEGMA blocks can be conve-
niently synthesized using controlled radical polymerization
mechanisms (such as atom transfer radical polymerization (ATRP)
and reversible addition fragmentation transfer (RAFT)). A distin-
guishing feature of PPEGMA relative to linear PEG is that in the
PPEGMA structure, PEG units are configured as side chains.
PPEGMA homopolymers are known to be completely water solu-
ble. However, the exact molecular conformations that the PEG side
chains and the poly(methacrylate) (PMA) backbone chain would
adopt within self-assembled structures formed in water by
PPEGMA-based amphiphilic block copolymers (e.g., micelles) have
not been fully elucidated. One might be tempted to assume that
similarly to the PPEGMA homopolymer situation, the entire
PPEGMA block would exist in a fully hydrated state even in a
micellar system. Also, it is an unexplored question whether
micelles formed by PPEGMA-based block copolymers would exhi-
bit similar morphological trends to those seen in linear PEG-based
block copolymer micelles (discussed above). These are the ques-
tions we attempt to address in the present article.

Specifically, in this work, we studied new amphiphilic triblock
copolymers created by combining PPEGMA with poly(propylene
carbonate) (PPC) (PPEGMA-PPC-PPEGMA). This material was cho-
sen for the following reasons. Recently, PPC has attracted signifi-
cant attention from researchers as a ‘‘green” material; PPC can be
synthesized from a renewable resource, CO2, and propylene oxide,
and it readily degrades (back to CO2 and other small compounds)
upon heating [10,11] or via biological catalysis [12]. Monodisperse
high molecular weight PPC can be synthesized, for instance, using a
cobalt-salen catalyst [13]. As this work demonstrates, PPEGMA can
be attached to PPC via RAFT. PPEGMA-PPC-PPEGMA has the poten-
tial to be used as an alternative to commercial linear PEG-based
block copolymer surfactants (such as Poloxamers) with one advan-
tage being that PPEGMA-PPC-PPEGMA is (bio)degradable and thus
more environmentally friendly. Extensive studies would be
required to establish similarities and differences between this
and other conventional PEG-based polymer surfactants.

In this paper, we report our initial study of the conformational
behavior of PPEGMA-PPC-PPEGMA triblock block copolymers in
micelle solution and at the air–water interface. For this study, three
PPEGMA-PPEC-PPEGMA materials having an identical PPC molecu-
lar weight and different PPEGMAmolecular weights were prepared
by RAFT polymerization of PEGMA from a dihydroxy PPC precur-
sor. Micelles of these polymers could be produced by simple hydra-
tion. The structural and flow properties of these micelles were
measured by DLS, cryo-TEM, and steady shear rheometry. Lang-
muir monolayers of these polymers could be prepared at the air–
water interface by spreading with a volatile organic co-solvent.
The surface pressure-area isotherms were measured on these
monolayers. Combined results suggest that at aqueous-
hydrophobic interfaces, the PPEGMA blocks are normally only par-
tially hydrated with only the PEG side chains being hydrated and
the PMA backbone remaining undissolved and collapsed at the
interface in contact with the hydrophobic domain formed by PPC.
At the air–water interface, the collapse of the insoluble monolayer
formed by the PMA backbone segments during compression is
manifested as a secondary plateau in the surface pressure-area iso-
therms of the PPEGMA-PPC-PPEGMA polymers. In micelle situa-
tions, an important consequence of the partial hydration of the
PPEGMA block is that spherical micelles with short PPEGMA chains
form van der Waals clusters because of insufficient steric protec-
tion provided by the low molecular weight PEG side chains. Inter-
estingly, unlike linear PEG-based block copolymers, PPEGMA-PPC-
PPEGMA does not form cylindrical or bilayered structures even at
low PPEGMA compositions (<50% by weight); only spherical
micelle morphologies were observed over the range of PPEGMA
compositions examined (40 – 70% by weight).
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2. Materials & methods

2.1. Materials

Dihydroxyl end functional poly(propylene carbonate) (PPC)
(Mn = 5.6 kDa) was provided by SK Innovation [14]. Poly(ethylene
glycol) methacrylate (PEGMA) (Mn = 0.5 kDa) was purchased from
Aldrich. To remove free radical inhibitors, the PEGMA was purified
using a column packed with 10 mL (apparent volume) of Al2O3

powder (�98%, Sigma-Aldrich) and 5 mL (apparent volume) of
MgSO4 powder (�99.5%, Sigma-Aldrich). 4-Cyano-4-(phenylcarbo
nothioylthio)pentanoic acid (CPCP, 97%, Aldrich), N,N’-dicyclohexyl
carbodiimide (DCC, 99%, Aldrich), 4-(dimethylamino)pyridine
(DMAP, 99%, Sigma-Aldrich), 2,20-azobis(2-methylpropionitrile)
(a,a0-azoisobutyronitrile (AIBN), 98%, Sigma-Aldrich), and dichlor-
omethane (DCM, anhydrous 99.8%, Aldrich) were used as received.
All other chemicals/solvents were purchased from Mallinckrodt
Chemicals (unless noted otherwise) and used as received. Milli-
Q-purified water (18 MX�cm�1 resistance) was used for all aque-
ous experiments.

2.2. Preparation of CPCP-PPC-CPCP

For this study, three different PPEGMA-PPC-PPEGMA block
copolymer (BCP) materials (named ‘‘G7C6G7”, ‘‘G3C6G3”, and
‘‘G2C6G2”) were prepared via reversible addition fragmentation
chain transfer (RAFT) polymerization from a common, a,x-
dihydroxy functional PPC precursor (having a number-average
molecular weight (Mn) of 5.6 kDa) (Fig. 1). Both ends of the PPC
were functionalized with CPCP via Steglich esterification. PPC
(1.16 mmol), CPCP (4.64 mmol) and DMAP (0.93 mmol) were dis-
solved in DCM (16.43 mL) in a round bottom flask at below 0 . DCC
(4.64 mmol) was dissolved in DCM (8.22 mL) in a separate flask at
Fig. 1. General scheme for the synthesis of the poly(poly(ethylene glycol) methacrylat
PPC-PPEGMA) block copolymer (BCP) materials used in the present study.
below 0 . The two solutions were mixed at below 0 under nitro-
gen purge. The mixture was sealed and then stirred at room tem-
perature for 24 h. Afterwards, the solution was filtered using a
syringe filter (0.45 lm, PTFE, Fisher Scientific) to remove the reac-
tion byproduct, N,N’-dibutylurea. The filtered solution was
dropped into excess cold ethyl ether. The precipitate and floating
material were collected by filter paper. The precipitation process
was repeated two more times to remove unreacted CPCP com-
pletely. The resulting filtride was dried under vacuum and stored
at 4 prior to use.

2.3. RAFT polymerization of PEGMA

PEGMA was polymerized via RAFT using CPCP-PPC-CPCP as the
precursor polymer. A designated amount of PEGMA (purified with
Al2O3/MgSO4 chromatography) was mixed with 1.50 g of CPCP-
PPC-CPCP in THF (20 mL); the amounts of PEGMA used were
4.43 g for G7C6G7, 1.50 g for G3C6G3, and 1.28 g for G2C6G2.
4.93 mg of AIBN was added to this reaction mixture to initiate
the polymerization (AIBN:PPC = 0.1:1.0 by mole). The mixture
was purged with nitrogen for 30 min and then heated to 80 under
magnetic stirring. The polymerization was allowed to proceed at
this temperature for 48 h. The PPEGMA-PPC-PPEGMA product
was purified and collected by precipitating it in excess cold ethyl
ether.

2.4. Characterization of PPEGMA-PPC-PPEGMA materials

The PPEGMA block molecular weights for the three BCPs
(G7C6G7, G3C6G3, and G2C6G2) were determined by 1H NMR
spectroscopy. For NMR analysis, 15 mg of the polymer was dis-
solved in 1.0 mL of CDCl3 (Cambridge Isotope Laboratories, with
0.10% v/v TMS internal reference). NMR spectra were obtained
e)-poly(propylene carbonate)-poly(poly(ethylene glycol) methacrylate)) (PPEGMA-
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using a Bruker ARX300 spectrometer operated at 300 MHz. From
the NMR data (Fig. S1 of the Supporting Material (SM)), the area
ratios between the peaks at ~3.4 ppm (corresponding to PPC pro-
tons labeled as ‘‘b” in Fig. S1(a)) and ~5.1 ppm (corresponding to
PPEGMA protons labeled as ‘‘a” in Fig. S1(a)) were estimated to
be 1.00:1.53, 1.00:0.57, and 1.00:0.46, respectively, for the
G7C6G7, G3C6G3, and G2C6G2 samples, which give estimates for
the overall PPEGMA block molecular weight (Mn) which are
14.5 kDa for G7C6G7, 5.2 kDa for G3C6G3, and 4.3 kDa for
G2C6G2; therefore, the overall block copolymer molecular weights
are estimated to be 20.1 kDa for G7C6G7, 10.8 kDa for G3C6G3, and
9.9 kDa for G2C6G2. The overall molecular weight ratios between
the PPC and PPEGMA blocks are estimated to be 28:72 for
G7C6G7, 52:48 for G3C6G3, and 58:42 for G2C6G2. PPEGMA is
composed of a hydrophobic poly(methacrylate) (PMA) backbone,
and hydrophilic short PEG side chains (0.5 kDa) (Fig. 1). Therefore,
the overall PEG side chain molecular weights are estimated to be
12.5 kDa for G7C6G7, 4.5 kDa for G3C6G3, and 3.7 kDa for
G2C6G2. These results are summarized in Table 1. Also, as shown
in the table, the NMR analysis results indicate that all RAFT poly-
merization reactions proceeded to complete conversion, and the
overall PPEGMAmolecular weights were predominantly controlled
by reaction stoichiometry.

The polydispersities of the overall molecular weight distribu-
tions of the G7C6G7, G3C6G3, and G2C6G2 materials were deter-
mined by gel permeation chromatography (GPC). For GPC
analysis, 1.0 mg of the polymer was dissolved in 1.0 mL of THF.
GPC traces were obtained using a Waters Breeze HPLC system
equipped with two Phenogel columns (0.05 and 0.4 lm pose sizes).
THF was used as the eluent at a flow rate of 0.5 mL/min at 30 ℃.
GPC traces for these polymers are presented in Fig. S2. The polydis-
persity indices (PDIs) are estimated to be 1.30 for G7C6G7, 1.28 for
G3C6G3, and 1.37 for G2C6G2 (Table 1). As shown in Fig. S2 of the
SM, all samples exhibited monodisperse peaks, suggesting that
there is no unreacted PPC precursors remaining or erroneously
produced PPEGMA homopolymers (polymerized from non-PPC-
attached RAFT agents).

2.5. Preparation & characterization of PPEGMA-PPC-PPEGMA micelles

0.3 g of dried PPEGMA-PPC-PPEGMA (G7C6G7, G3C6G3 or
G2C6G2) was placed in 14.7 g of Milli-Q water. The solution was
stirred using a magnetic stirrer for 24 h. Typically, the polymer
was completely visually dissolved in water within 24 h. The hydro-
dynamic sizes of PPEGMA-PPC-PPEGMA micelles in deionized
water were measured by DLS using a ZetaPALS instrument (Broo-
khaven Instruments). For DLS measurements, 0.03 wt% polymer
solutions were used to avoid multiple scattering effects. The poly-
mer micelles were directly visualized by cryo-TEM using a 300 kV
FEI Titan Krios electron microscope. TEM specimens were prepared
as follows. A formvar/carbon-coated TEM grid (Ted Pella) was
plasma cleaned for 30 s in a Solarus system (Gatan). The cleaned
grid was placed in a controlled environmental chamber, in which
the atmosphere was humidified to near saturation (to prevent
evaporation of water from the solution sample). Inside this cham-
Table 1
Molecular characteristics (block molecular weights and overall polydispersity indices) of
NMR. � Determined by GPC.

Sample PPC:PPEGMA
weight ratio

PPC Mn

Target Actual

PPEGMA7.2K-PPC5.6K-PPEGMA7.2K (G7C6G7) 30:70 28:72 5.6y

PPEGMA2.6K-PPC5.6K-PPEGMA2.6K (G3C6G3) 50:50 52:48 5.6y

PPEGMA2.1K-PPC5.6K-PPEGMA2.1K (G2C6G2) 60:40 58:42 5.6y
ber, a 3–4 lL droplet of the micelle solution was placed on the grid,
and excess liquid was removed by soaking with filter paper. The
solution remaining inside the grid was vitrified by plunging the
whole grid into liquid ethane. Appropriate phase contrast was gen-
erated at a nominal underfocus of about 5–10 lm. The raw images
were background subtracted and normalized using Gatan’s Digital
Micrograph software. Steady shear measurements were performed
using a DHR-2 stress-controlled rheometer (TA Instruments)
equipped with a Peltier Couette cell composed of a 30.37-mm-
diameter cup and a 27.98-mm-diameter 42.00-mm-length bob.
About 20 mL of the micelle solution was loaded in the gap between
the concentric cylinders, and the Peltier temperature was set at
25 . Measurements were performed during a steady rate sweep
from low to high shear rates (0.158–1000 1/s) in logarithmic inter-
vals. The viscosity sampling period was 100 s. At each shear rate,
steady state was defined as variations in viscosity <5% in three con-
secutive measurements. The maximum equilibration time was set
at 5000 s.

2.6. Measurement of surface pressure-area isotherms

The surface pressure-area isotherms of Langmuir PPEGMA-PPC-
PPEGMA monolayers were measured using a KSV 5000 Langmuir
trough (58.0 cm � 15.0 cm � 0.9 cm) with a subphase volume of
1,172 mL. Double symmetric Teflon barriers were positioned at
each side of the trough and moved at a constant rate of 3 mm/
min for compression of the monolayer. A platinum Wilhemly plate
was used to measure the surface tension of a PPEGMA-PPC-
PPEGMA monolayer, which was flame-cleaned and gently washed
with deionized water before use. The trough and barriers were
cleaned with ethanol and deionized water trice before measure-
ment. After filling the trough with deionized water, the water sur-
face was aspirated to remove any dust. The cleanliness of the water
surface was confirmed by the constancy of the water surface ten-
sion (within less than ±0.5 mN/m) during a blank compression.
Afterward, the surface pressure was zeroed. 1.0 or 5.0 mg of
PPEGMA-PPC-PPEGMA was dissolved in 1.0 mL of chloroform at
least 24 h before spreading. A designated amount of the polymer
solution was spread on the water surface by placing droplets at
uniformly spaced locations on the water surface using a Hamilton
micro syringe; the exact values of polymer concentration and
spreading volume used are presented in Table S1 of the SM. Com-
plete evaporation of chloroform was confirmed by monitoring the
surface pressure without compression. The constant-compression
surface pressure-area isotherm measurement was started after
the surface pressure reached a constant value under no
compression.
3. Results & discussion

3.1. Sizes of PPEGMA-PPC-PPEGMA micelles

For this study, three different PPEGMA-PPC-PPEGMA BCP

materials having an identical PPC molecular weight (5.6 kDa) and
the PPEGMA-PPC-PPEGMA BCP materials used in the present study. y Determined by

(kDa) PPEGMA Mn (kDa) PPEGMA-PPC-PPEGMA

PMA PEG PPEGMA Mn (kDa) PDI

2.0y 12.5y 14.5y 20.1y (21.5�) 1.30�

0.7y 4.5y 5.2y 10.8y (13.7�) 1.28�

0.6y 3.7y 4.3y 9.9y (11.3�) 1.37�



308 J. Lee et al. / Journal of Colloid and Interface Science 566 (2020) 304–315
different PPEGMA molecular weights (7.2, 2.8 and 2.1 kDa on

either side) (named ‘‘G7C6G7”, ‘‘G3C5G3”, and ‘‘G2C6G2”, respec-
tively) were prepared (Fig. 1). The molecular weight characteristics
of these polymers are summarized in Table 1. Micellar solutions of
the G7C6G7, G3C6G3 and G2C6G2 polymers (0.03 wt%) were pre-
pared by simple hydration of dried polymer in deionized water.
The hydration processes were monitored by DLS. As shown in
Fig. 2, the sizes of G7C6G7 and G2C6G2 micelles reached their final
values within less than a few days (i.e., within about 1 and 3 days,
respectively), whereas it took about two weeks (~13 days) for
G3C6G3 micelles to reach (apparent) equilibrium. Notably, the
final hydrodynamic radii of the G7C6G7, G3C6G3 and G2C6G2
micelles were determined to be 15.4 ± 1.4 nm (averaged from
t = 1 to 30 days post hydration), 30.9 ± 0.7 nm (averaged from
t = 13 to 30 days post hydration) and 804 ± 142 nm (averaged from
t = 3 to 30 days post hydration), respectively. In the literature, it
has been reported that block copolymer micelle sizes typically
increase with decreasing length of the hydrophilic block, if the
hydrophobic block length is fixed, because of the transformation
of the micelle shape from spheres to larger aggregates (such as
cylinders and vesicles) [7,8]. Therefore, the results displayed in
Fig. 2 are seemingly consistent with this previously reported trend
in that, as we go from G7C6G7 to G3C6G3 to G2C6G2, the hydro-
philic composition of the copolymer decreases (wPPEGMA (overall
PPEGMA weight fraction) = 0.72, 0.48 and 0.42 for G7C6G7,
G3C6G3 and G2C6G2, respectively, and wPEGðoverall PEG weight
fraction) = 0.62, 0.41 and 0.37 for G7C6G7, G3C6G3 and G7C6G7,
respectively). In order to validate the size trend observed in the
DLS data, aqueous micellar solutions of G7C6G7, G3C6G3 and
G2C6G2 (2.0 wt%) were also visually inspected. The series of pho-
tographs presented in Fig. S3 indeed support the formation of large
aggregates in the aqueous G2C6G2 solution, which renders the
solution completely turbid, whereas the G7C6G7 solution is opti-
cally transparent (G7C6G7 micelles are small enough not to
strongly scatter visible light). G3C6G3 in behavior is intermediate
between G7C6G7 and G2C6G2; the G3C6G3 solution is translucent
(Fig. S3).

3.2. Langmuir monolayers of PPEGMA-PPC-PPEGMA

An important feature that distinguishes PPEGMA-PPC-PPEGMA
from more commonly studied, linear PEG-based amphiphilic block
copolymers (such as poly(butadiene)-PEG [7,8]) is the branched
Fig. 2. Mean hydrodynamic diameters of G7C6G7, G3C6G3 and G2C6G2 micelles
(0.03 wt%) in water.
architecture of the PPEGMA segment; multiple short (500 Da)
hydrophilic PEG side chains are attached to a hydrophobic PMA
backbone chain. Therefore, an important question that arises is:
When PPEGMA-PPC-PPEGMA chains form micelles, which portions
of the PPEGMA-PPC-PPEGMA chain exist in the hydrated state? (In
other words, is it the entire PPEGMA block, or only the PEG side
chains, that become(s) hydrated?) In order to answer this question,
the molecular conformational characteristics of the G7C6G7,
G3C6G3 and G7C6G7 polymers were first examined under more
controlled environmental conditions, i.e., using the air–water
interface as a mimic for the hydrophobic core-aqueous interface
of the micelles; surface pressure-area isotherm measurements
were performed on Langmuir monolayers formed at the air–water
interface by these G7C6G7, G3C6G3 and G7C6G7 polymers. The
results are presented in Fig. 3(a) through (c). As shown in the fig-
ures, all isotherms exhibited common general features. Most nota-
bly, the isotherm curves show two surface pressure plateaus, one
at around 15 mN/m surface pressure, and the other at surface pres-
sures near/above 25 mN/m. These features were most clearly visi-
ble in the G7C6G7 data (Fig. 3(a)) because of its longest PPEGMA
block length. To understand the origin of this behavior, additional
isotherm measurements were also performed on Langmuir mono-
layers of PPC (Mn = 5.6 kDa, DPn = 55) and PPEGMA (Mn = 13.2 kDa,
DPn = 26) homopolymers (Fig. 3(d) and 3(e), respectively). As
shown in Fig. 3(d), the PPC homopolymer itself exhibits a surface
pressure plateau at monolayer collapse around ~15 mN/m during
compression in the range of monolayer area between about 510
and 120 Å2 per chain (i.e., between about 9.3 and 2.2 Å2 per PPC
monomer). At surface areas less than about 2.2 Å2 per monomer,
the PPC isotherm shows a steep rise in surface pressure in response
to compression because of the glassy nature of the PPC material at
room temperature (Tg � 35 �C for bulk PPC [15]); the compression
rate dependence of the PPC isotherm presented in Fig. S7(b) further
supports this interpretation, as discussed in detail in Ref. [16]. The
overall behavior of PPC is quite similar to that of glassy PLGA (Tg �
45 �C [17]) [16,18]. As shown in Fig. 3(e), the PPEGMA isotherm
also shows a plateau at ~12 mN/m due to the submergence of
the PEG segments, similarly to what happens with linear PEG
chains at the air–water interface [19].

The above results obtained with PPC and PPEGMA homopoly-
mers (Fig. 3(d) and 3(e), respectively) and also previous results
obtained with other polymers (such as poly(lactic-co-glycolic
acid)-poly(ethylene glycol) (PLGA-PEG) [20] and poly(n-butyl
acrylate)-poly(ethylene glycol) (PnBA-PEG) [21]) enable us to
deduce the following explanations for the occurrence of the two
distinct plateaus in the compression isotherms of the PPEGMA-
PPC-PPEGMAmonolayers (Fig. 3(a) through 3(c)). Firstly, the initial
plateau at a surface pressure of ~15 mN/m occurs due to the
surface-adsorbed-to-submerged transition of the PEG side chains,
which is reminiscent of the behavior of the PPEGMA homopolymer
shown in Fig. 3(e). The second plateau occurring at a surface pres-
sure near or slightly above 25 mN/m, on the other hand, does not
appear to be associated with the formation and collapse of a water-
free monolayer of the PPC middle block polymer for the following
two reasons. First, the plateau pressure is too high (J 25 mN/m) to
be assigned to a collapse transition in a PPC monolayer (~15 mN/m,
Fig. 3(d)). Second, the surface area per chain values at the onset of
the second surface pressure plateau are not constant among the
three PPEGMA-PPC-PPEGMA triblock materials studied (Fig. 3(a)
through 3(c)) (even though the three triblock copolymers have
the same PPC block length); the area per chain values at the onset
of the second plateau are estimated to be 500 Å2 per chain (9.1 Å2

per PPC monomer) for G7C6G7 (Fig. 3(a)), 200 Å2 per chain (3.6 Å2

per PPC monomer) for G3C6G3 (Fig. 3(b)), and 170 Å2 per chain
(3.1 Å2 per PPC monomer) for G2C6G2 (Fig. 3(c)). Note that for



Fig. 3. Constant compression rate (3 mm/min) surface pressure-area isotherms for chloroform-spread (a) G7C6G7 (Mn = 20.1 kDa, PPC:PPEGMA = 28:72 by weight), (b)
G3C6G3 (Mn = 10.8 kDa, PPC:PPEGMA = 52:48 by weight), (c) G2C6G2 (Mn = 9.9 kDa, PPC:PPEGMA = 58:42 by weight), (d) PPC (Mn = 5.6 kDa), and (e) PPEGMA
(Mn = 13.2 kDa) at the air–water interface at 25 �C. Data are redrawn in Fig. S4 in plots of surface pressure vs. concentration.
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the PPC precursor the onset occurs at 510 Å2 per chain or 9.3 Å2 per
PPC monomer (Fig. 3(d)).

A more plausible explanation is that the second plateau is
caused by the formation of a continuous water-free monolayer
by the PMA backbone chains of the PPEGMA blocks. This explana-
tion is supported by the fact that the values of surface area per
PMA monomer at the onset of the plateau are constant indepen-
dent of the length of the PMA backbone; the plateau onset areas
are estimated to be 22.8 Å2 per PMA monomer for G7C6G7
(Fig. 3(a)), 22.4 Å2 per PMA monomer for G3C6G3 (Fig. 3(b)), and
23.2 Å2 per PMA monomer for G2C6G2 (Fig. 3(c)). These results
are also consistent with literature data on similar methacrylate-
based polymers; poly(n-propyl methacrylate) (PnPMA), for
instance, has been shown to collapse at about 21 Å2 per monomer
(at ~20 mN/m) [17]. We speculate that the PPC blocks become
expelled from the interface relatively early during the compression
process, i.e., while the PMA backbone chains are still continuously
being concentrated at the interface, which causes the PPC collapse
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process to be undetectable by surface pressure measurement. It
should also be noted that the PMA backbone becomes fully
anchored to the air–water interface only in the PPEGMA-PPC-
PPEGMA situation; the Langmuir isotherm of the PPEGMA
homopolymer does not show a secondary plateau (Fig. 3(e)). The
abrupt increase in surface pressure observed at highest compres-
sion level examined (Fig. 3) is linked to the glass transition of the
collapsed PPC film formed on the air-side of the PMA monolayer;
the data in Figs. S6 and S7(a) also support this view.

One might question whether the plateaus in the surface
pressure-area isotherms could be caused by the desorption of the
polymers from the air–water interface into the subphase. It is well
documented that Langmuir monolayers (i.e., ‘‘spread” monolayers)
formed by water-soluble polymers (such as PEG) typically do not
show any additional increase in surface pressure following a pla-
teau during compression even at high polymer concentrations
[19]; of note, this behavior should not be confused with that of
Gibbs monolayers (i.e., ‘‘adsorbed” monolayers) of water-soluble
polymers (e.g., PEG), which often exhibit an upturn of surface pres-
sure under high compression, when the subphase solution is fully
saturated with the dissolved polymers [22]. Therefore, the rapid
increase in surface pressure under high compression observed with
Langmuir PPEGMA-PPC-PPEGMA monolayers suggests that the
surface pressure plateau is not caused by the desorption of the
polymers into the subphase, and also that the PPEGMA-PPC-
PPEGMA polymers are not, in fact, molecularly soluble in water
(thus these polymers likely have zero CMC, and their micelles
can be considered as type ‘‘2” micelles defined in the Introduction).

Lastly, it should be noted out that all above explanations (i.e.,
the surface pressure plateau at ~15 mN/m surface pressure due
to the submergence of the PEG chains, and the second plateau
near/above 25 mN/m due to the formation and collapse of PMA
monolayers) are also consistent with the fact that the plateau fea-
tures are most conspicuous with G7C6G7 (which has the largest
PPEGMA block length); within our picture the widths of the pla-
teaus in the surface pressure-area curve are expected to be linearly
proportional to the size of the PPEGMA block. Taken together,
these results suggest that when PPEGMA-PPC-PPEGMA chains
form Langmuir films, only the PEG side chains are hydrated, and
the hydrophobic PMA backbone is situated between the aqueous
phase and the hydrophobic domain formed by the PPC chains;
see Fig. 4 for schematic depiction of this concept.
3.3. Morphological and conformational properties of PPEGMA-PPC-
PPEGMA micelles

The PPEGMA-PPC-PPEGMA micelles were directly visualized by
cryogenic transmission electron microscopy (cryo-TEM). Represen-
tative cryo-TEM images are presented in Fig. 5. Interestingly, it was
found that changes of PPEGMA block length do not cause any
changes in basic micelle shape; all three PPEGMA-PPC-PPEGMA
materials studied (G7C6G7 (wPPEGMA = 0.72), G3C6G3
(wPPEGMA = 0.48), and G2C6G2 (wPPEGMA = 0.42)) form spherical
micelles (Fig. 5). However, as also can be seen from Fig. 5, there
appears to exist differences among the three samples in the way
the micelles are dispersed in solution. Particularly, the behaviors
are noticeably different between the G7C6G7 and G2C6G2 sys-
tems; G7C6G7 micelles are dispersed as isolated micelles, whereas
G2C6G2 micelles appear to form large clusters. The behavior of
G3C6G3 appears to be intermediate; the G3C6G3 micelles appear
to be able to form only small clusters (e.g., dimers, trimers, etc.),
although cryo-TEM images cannot be used as definitive evidence
for such a conclusion because of flow-induced artifacts associated
with sample preparation for cryo-TEM studies [23]. These observa-
tions are, however, quite consistent with the DLS data presented in
Fig. 2 and also with the visual observation of transparency/opacity
of the solutions discussed earlier with reference to Fig. S3.

These cryo-TEM results raise two important questions. First,
what causes PPEGMA-PPC-PPEGMA micelles to cluster? Second,
why do only PPEGMA-PPC-PPEGMA micelles with relatively short
PPEGMA chains (G2C6G2 micelles) form clusters while PPEGMA-
PPC-PPEGMA micelles with long PPEGMA chains (G7C6G7
micelles) do not cluster? As will be discussed in detail later, we
believe that the micelle clusters are formed because of the insuffi-
cient coverage of the micelle core surface by PEG chains under cer-
tain circumstances. In order to understand why G2C6G2 micelles
predominantly exist in clusters, whereas G7C6G7 micelles prefer
to remain dispersed as isolated micelles in water, the structural
characteristics of the micelle core domains visualized in the cryo-
TEM studies were further analyzed quantitatively; assuming that
both the PPC middle block and PMA backbone segments constitute
the core domain of the micelle (as suggested by the surface
pressure-area isotherms (Fig. 3)), the grafting densities of the
PEG chains on the micelle core surfaces were calculated. The
results are summarized in Table 2. As shown in the table, evaluated
PEG grafting densities were found to be significantly different
between the G7C6G7 and G2C6G2 systems; G7C6G7 micelles have
a much denser PEG brush layer (i.e., rPEG � pR2

g;PEG (dimensionless
PEG grafting density) � 16.8; see the table caption for the defini-
tions of the notations) than G2C6G2 micelles (rPEG � pR2

g;PEG �
6.55). The sparser surface coverage of PEG chains on G2C6G2
micelles allows a closer approach between a pair of micelles, which
may (i) result in the formation of inter-micellar PEG bridges and/or
(ii) cause the van der Waals attraction between the micelle cores to
become non-negligible (Fig. 5(e)). The dense PEG brush layer in the
case of G7C6G7 provides steric hindrance preventing micelles from
approaching closely and hence preventing any of these effects
(Fig. 5(d)).
3.4. Calculation of the attractive forces between PPEGMA-PPC-
PPEGMA Micelles: Bridging vs. Van der Waals interactions

In order to first examine the reasonableness of the PEG bridging
hypothesis, we performed a simple thermodynamic analysis as fol-
lows. The analysis starts with the assumption that PEG bridging is
caused by the hydrophobic effect; the PEG side chains have meth-
oxy end groups (–OCH3). It is known that the free energy change
associated with transferring the methyl end group (of a hydrocar-
bon chain) out of water and into the micelle’s hydrophobic interior
is Dg � �1.59 � 10�20 J (=�9.60 kJ/mol) [24]; note the room tem-
perature thermal energy (kBT) is about 4.12 � 10�21 J (=2.48 kJ/-
mol). We assume that this Dg information is applicable to the
methoxy PEG situation. Stable binding between two micelles
would require the inter-micellar binding free energy (DG) to be
greater in magnitude (more negative) than ~�5 kBT (a condition
for phase separation in colloids [25]). Therefore, in order to form
stable micelle clusters, only a couple of PEG bridges would need
to be formed between two adjacent micelles. From the cryo-TEM
image in Fig. 5(c), it is possible to estimate the (maximum likely)
number of bridging strands between two G2C6G2 micelles. From
Fig. 5(c), the mean closest core surface-to-surface separation dis-
tance between two adjacent micelles (D) is estimated to be about
3.70 nm. The fully stretched contour length of the PEG side chain
(L) is about 5.10 nm (DPn,PEG � 11.4, lEG � 4.47 Å (monomer length)
[26]). Therefore, as schematically explained in Fig. 6(b), inter-
micellar PEG bridges can only be formed in the region of the
micelle gap in which the surface-to-surface distance is less than
the fully stretched PEG length (L � 5.10 nm). The micelle surface
area within this bridging zone (A) can be calculated using the fol-
lowing formulas



Fig. 4. Schematic depiction of conformational changes that are thought to occur in PPEGMA-PPC-PPEGMA chains at the air–water interface during compression. (a) The
surface pressure-area isotherm for G7C6G7 (Mn = 20.1 kDa, PPC:PPEGMA = 28:72 by weight) redrawn from Fig. 3(a). In PPEGMA-PPC-PPEGMA cartoons, only the half of the
polymer structure is shown for simplicity. (b) ①: PPEGMA-PPC-PPEGMA chains lie flat on the water surface. ①?②: PEG side chains start submerging into the subphase.
②?③: All PEG side chains become fully submerged into the subphase. ③: PPC segments are increasingly collapsed into multilayers. ③?④: Water surface becomes fully
covered by a continuous monolayer of PMA. ④?⑤: Collapsed glassy domains formed by PPC chains start becoming interconnected into a space-spanning structure. ⑤: The
Langmuir PPEGMA-PPC-PPEGMA film is mechanically resistant to lateral compression.
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A ¼ 2pR2
c

Z h

0
sin h0dh0 ð1Þ

h ¼ sin�1 Y
Rc

� �
ð2Þ

Y � 2RcXð Þ1=2 ðChord TheoremÞ ð3Þ

X ¼ L
2
� D

2
ð4Þ

where Rc is the micelle core radius (� 12.7 nm for G2C6G2
micelles, determined from Fig. 5(c) via ImageJ analysis, Table 2),
and other notations (h, X, and Y) are defined in Fig. 6(a). We esti-
mate A � 57.5 nm2 at D = 3.7 nm, and accordingly the maximum
number of PEG bridges that can be formed between adjacent
G2C6G2 micelles is estimated to be Nb,1 (=2rPEGA) � 504; here,
the factor, 2, is introduced because of the mutual interdigitation
of the PEG chains from each micelle. The inter-micellar binding free
energy can therefore be estimated; DG (=Nb,1Dg) � �8.04 � 10�18

J = �1.95 � 103 kBT, which would indeed provide a sufficient driv-
ing force for the formation of clusters. The above model in fact
enables us to further estimate DG as a function of D in the range
3.7–5.1 nm (Fig. 7(a)); as shown in Fig. 7(a), DG was found to vary
linearly with D. The slope of this DG vs. D curve gives an estimate
of the force required to break apart the inter-micelle bonds,
F1 = dDG/dD. For G2C6G2 micelles, this breakup force is estimated
to be F1 � 5.75 � 10�9N. As will be discussed in detail later, this
result suggests that these micelle clusters would be difficult to
break apart completely using ordinary methods of mechanical agi-
tation or shear. In fact, it is more reasonable to expect that the
magnitude of the anchoring free energy of the methoxy end group
(–OCH3) of the PEG side chain is significantly smaller than that of
the methyl end group (–CH2CH3) of a hydrocarbon chain (|Dg



Fig. 5. (Top) Cryo TEM images of 0.5 wt% (a) G7C6G7 (Mn = 20.1 kDa, PPC:PPEGMA = 28:72 by weight), (b) G3C6G3 (Mn = 10.8 kDa, PPC:PPEGMA = 52:48 by weight), and (c)
G2C6G2 (Mn = 9.9 kDa, PPC:PPEGMA = 58:42 by weight) solutions in water. (Bottom) Cartoons describing the agglomeration states of (d) G7C6G7 micelles, and (e) G2C6G2
(and G3C6G3) micelles in water. G7C6G7 micelles are repulsive to each other and exist predominantly as isolated micelles because of their densely grafted PEG brush chains
that produce steric effects. G2C6G2 (and G3C6G3) micelles are weakly attracted to each other and form clusters, because the relatively low PEG grafting density allows the
micelles to approach one another closely so that the van der Waals interaction becomes important.

Table 2
Hydrodynamic radii of micelle agglomerates (Rh, estimated by viscometry (at _c = 0.159 s�1) and DLS), and micelle core radii (Rc, estimated by cryo-TEM). Ac = micelle core surface
area (=4pRc

2). Vc = micelle core volume (=4pRc
3/3). vPPC = molecular volume of the PPC block (estimated assuming a density of 1.26 g/cm3 for PPC). vPMA = overall molecular volume

of the two PMA backbones per PPEGMA-PPC-PPEGMA chain (estimated assuming a density of 1.18 g/cm3 for PMA). Nagg = number of PPEGMA-PPC-PPEGMA chains per micelle
(=Vc/(vPPC + vPMA)). NPEG = number of PEG side chains per micelle (=Nagg�(Mn,PEG/mPEG), where Mn,PEG = total molecular weight of PEG side chains per PPEGMA-PPC-PPEGMA chain
(6th column in Table 1), and mPEG = PEG side chain molecular weight (=500 g/mol)). rPEG = grafting density of the PEG side chains (=NPEG/Ac). Rg,PEG = radius of gyration of the PEG
side chain in the three-dimensional self-avoiding random-walk configuration (estimated using parameters from Ref. [33]).

Sample Rh,DLS

(nm)
Rh,vis (nm) Rc,TEM

(nm)
Ac � 103 (nm2) Vc � 103 (nm3) vPPC + vPMA (nm3) Nagg NPEG � 103 rPEG (nm�2) rPEG � pRg,PEG

2

G7C6G7 15.4 34.4 11.9 1.78 7.06 10.2 693 17.3 9.71 16.8
G3C6G3 30.9 395 12.1 1.84 7.42 8.38 885 7.89 4.29 7.43
G2C6G2 804 16,872 12.7 2.03 8.58 8.21 1046 7.66 3.78 6.55
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(–CH2CH3) | � 3.86 kBT); it is more likely that |Dg(–OCH3)| « kBT,
and thus the PEG chain end anchoring is unlikely to occur (as will
be discussed again later).

The van der Waals potential energy of attraction between two
spherical micelle cores can be estimated by [24]

U � �H121Rc

12D
ðfor D « RcÞ ð5Þ

where H121 is the Hamaker constant; the subscript, 121, indicates
two spheres made of material 1 (PPC + PMA) separated by a med-
ium of material 2 (water). Using the values, H121 = 1.05 � 10�20 J
(for poly(methyl methacrylate) in water [24] as an approximation)
and Rc = 12.7 nm (determined by cryo-TEM, Table 2), the values of U
were calculated as a function of D. The results are displayed in Fig. 7
(b). From the U vs. D curve, the force needed to separate two clus-
tered G2C6G2 micelles from each other is estimated to be F1 = dU/
dD|D�3.7nm � 4.69 � 10�13N, which is about four order of magnitude
smaller than that estimated for the PEG bridging flocculation above.
We note that a more accurate estimation of the inter-micelle poten-
tial energy would require an analysis of the steric interactions
between the micelles caused by the PEG brush chains. However,
the small size of the PEG side chains (DPn,PEG � 11.4) makes it inap-
propriate to use simple models (such as that of de Gennes [27]) for
this analysis. Nevertheless, we can predict that the actual breakup
force would be smaller than what is predicted solely based on the
van der Waals contributions (F1 � 4.69 � 10�13N), because the
steric effects only give rise to a repulsive contribution to the inter-
action potential.



Fig. 6. (a) Definitions of the parameters and variables used for the calculation of the G2C6G2 micelle dimer breaking force. D is the closest inter-micellar core surface-to-
surface distance. Rc is the core radius of the G2C6G2 micelles. h is the polar angle defining the boundary of the region in which the inter-micellar surface distance is less than
the fully stretched length of the PEG brush chain (� 5.1 nm) when D � 3.7 nm (as determined by cryo-TEM). X and Y are distances as shown in the figure. (b) Cartoon
demonstrating the conformations of PEG chains that form inter-micellar bridges.

Fig. 7. Binding free energy between two adjacent G2C6G2 micelles as a function of inter-micellar core surface-to-surface distance. It is assumed that micelle binding occurs
due to (a) the formation of inter-micellar PEG bridges or (b) the van der Waals forces. The slope of the line at the measured inter-micelle distance of 3.7 nm corresponds to the
magnitude of the micelle dimer breaking force.
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3.5. Rheological characterization of PPEGMA-PPC-PPEGMA micelle
solutions

To experimentally test these predictions, we performed steady
shear viscositymeasurements using a Couette rheometer. Fig. 8 dis-
plays the results. As shown in the figure, a G2C6G2micelle solution
exhibits shear thinning with a power-law exponent of �0.37 over
the shear rate range of _c � 1 – 100 s�1 (g ~ _c�0:37), whereas
G3C6G3 and G7C6G7micelle solutions exhibit Newtonian behavior
with constant viscosities over that same range of shear rates (g �
1.21 � 10�3 and 0.914 � 10�3 Pa�s, respectively). Note that at shear
rates higher than 100 s�1, all three samples show apparent increase
in viscosity with increasing shear rate, which is a measurement
artifact caused by non-laminar (periodic/turbulent) flows that
develop in the high shear regime [28]; at >100 _c s�1, the Reynolds
number, Re � R2Xq=g (R and X are the radius and angular velocity
of the rotating bob, respectively, and q is the density of the fluid), is
greater than 3.33� 103 (at Re� 3.33� 103, the flow is likely to be in
the double periodic flow regime [28]). The shear thinning at low
shear rates observed in the G2C6G2 micelle solution suggests that
larger micelle clusters are relatively weakly held together, and
can thus be disrupted to some extent under moderate shear. To
demonstrate consistency with other measurements, the steady
shear viscosity data were further quantitatively analyzed as fol-
lows. The hydrodynamic volume fraction of the micelle clusters
(/) can be estimated using Einstein’s equation of viscosity [29]

g ¼ goð1þ 2:5/Þ ð6Þ



Fig. 8. Shear rate dependent steady shear viscosities of 1.0 wt% G7C6G7, G3C6G3
and G2C6G2 micelle solutions in water at 25 ℃.
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where go is the viscosity of the solvent (water). The cluster volume
fraction is further related to the number and hydrodynamic radius
of the micelle clusters containing N micelles (nN and RN, respec-
tively) by

/ ¼ 4
3
pR3

N � nN

V

� �
ð7Þ

where V is the system volume. Assuming that the micelle clusters
are reaction-limited colloidal aggregates [30], RN is related to the
hydrodynamic radius of the isolated micelles, R1 (�13.75
(=11.9 + 3.7/2), 13.95 (=12.1 + 3.7/2) and 14.55 (=12.7 + 3.7/2) nm
for G7C6G7, G3C6G3 and G2C6G2 micelles, respectively, estimated
from the cryo-TEM image shown in Fig. 5(c)), by

N ¼ RN

R1

� �2:1

ð8Þ

where N is the number of micelles per cluster; the exponent, 2.1, is
the so-called fractal dimension of the micelle cluster (assuming that
the micelle clusters are formed by the reaction-limited colloid
aggregation mechanism [30]). The total number of micelles in the
system

n1 ¼ nNN ð9Þ

which can be estimated using the value of micelle core radius esti-
mated by cryo-TEM analysis (Rc,TEM, listed in Table 2); the n1/V val-
ues are estimated to be 4.26 � 1014, 6.27 � 1014 and 5.81 � 1014 per
mL of 1.0 wt% solutions of G7C6G7, G3C6G3 and G2C6G2 micelles,
respectively. Combining Eqs. (6)–(9) gives

RN ¼ 3 g� goð ÞV
10pgon1R

2:1
1

" #1=0:9

ð10Þ

in which all parameters on the right-hand side are experimen-
tally measurable. Using the measured values of g (Fig. 8), the RN

values were estimated for G7C6G7, G3C6G3 and G2C6G2 micelles;
for G2C6G2, the value of viscosity at the lowest shear rate was used
(i.e., g � 10.4 � 10�3 Pa�s at _c = 0.159 s�1). The resultant RN values
are listed in Table 2 (as ‘‘Rh,vis”). As shown in the table, the hydro-
dynamic radii of micelle clusters determined from the shear vis-
cosity data (Rh,vis) are somewhat greater than the values
determined by DLS (Rh,DLS); this discrepancy is due to the different
polymer concentrations used in the two experiments (0.03 wt% for
DLS, and 1.0 wt% for rheometry). These results further support that
G7C6G7 micelles exist as micelle unimers (or small clusters),
whereas G3C6G3 and G2C6G2 micelles form larger clusters (N �
1.11 � 103 and 2.72 � 106, respectively).

In the case of G2C6G2 micelles, the apparent viscosity reaches
(close to) a steady-state, minimum value at a critical shear rate
of _cc � 63.1 s�1. At that condition, the size of the micelle clusters
is estimated to be RN (or Rh,vis) � 469 nm (N � 1.47 � 103). The
minimum shear force required to break up the original clusters
into 1470-mers of G2C6G2 micelles can thus be estimated approx-
imately using the equation [31,32]

FN ¼ 5
2
pgo _ccR

2
N ð11Þ

The actual value of this force is calculated to be FN �
6.87 � 10�14N. Further, it is reasonable to expect that the micelle
unimer breakup force (F1) is of the same order as the N-mer
breakup force (F1 � FN); likely, F1 K FN to be more precise. This
experimental estimate for the micelle unimer breakup force is far
smaller than its predicted value based on the assumption of PEG
bridging (F1 � 5.75 � 10�9N), while it is in reasonable agreement
with the value estimated from the van der Waals interaction
potential (F1 � 4.69 � 10�13N); in fact, the experimental shear
force is smaller than the theoretical van der Waals force, which
suggests that the level of shear that can be reached reliably in a
Couette rheometer ( _c < 100 s�1) is insufficient to break apart
G2C6G2 micelle clusters completely into micelle unimers, and this
discussion thus rationalizes the observation that the minimum vis-
cosity obtained with the 1.0 wt% G2C6G2 micelle solution (g �
1.27 � 10�3 Pa�s at _c = 63.1 s�1) is somewhat higher than the vis-
cosity of the 1.0 wt% G7C6G7 micelle solution (in which G7C6G7
micelles exist in isolated micellar states) (g � 0.914 � 10�3 Pa�s
at all _c). Overall, the rheology results support that the G2C6G2
micelles stick to each other because of the van der Waals force
(strongly operative at the close-approach distance between two
short PEG-coated micelles).
4. Conclusions

We developed a new amphiphilic block copolymer, PPEGMA-
PPC-PPEGMA, which could replace current polymer surfactants.
This PPEGMA-PPC-PPEGMA material has an important characteris-
tic that distinguishes itself from conventional linear PEG-based
amphiphilic block copolymers; the hydrophilic PPEGMA block
has a branched architecture wherein PEG exists as side chains
extending from the backbone of methacrylate units. Because of this
unique non-linear architecture, the morphological and conforma-
tional properties of self-assembled PPEGMA-PPC-PPEGMA poly-
mers are expected to be different from those of linear PEG-based
polymer surfactants.

To explore this hypothesis, three different PPEGMA-PPC-
PPEGMA triblock copolymer materials having different PPEGMA
block molecular weights and an identical PPC block molecular
weight were prepared. The self-assembly behaviors of these poly-
mers, both in bulk micellar solution and at the air–water interface,
were investigated. Interestingly, we found that when PPEGMA-
PPC-PPEGMA is situated at an aqueous interface, only the PEG side
chains become hydrated and extended into the aqueous phase,
while the PMA backbone remains unhydrated in the interfacial
region in contact with the hydrophobic domain formed by PPC.
At the air–water interface, this unexpected conformational behav-
ior of PPEGMA-PPC-PPEGMA is manifested in surface pressure-area
compression isotherms as the appearance of a second surface pres-
sure plateau at high compression. In micellar situations, the partial
hydration of the PPEGMA blocks has important consequences. At
all copolymer compositions examined (wPEG = 0.62, 0.41 and
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0.37), PPEGMA-PPC-PPEGMA micelles were found to have a spher-
ical geometry, which is in contrast to what has been observed for
conventional linear PEG-based amphiphilic block copolymers; at
these PEG compositions, linear PEG-based polymer surfactants of
comparable molecular weights have been shown to predominantly
form spheres, cylinders, and vesicles, respectively [3,6,7]. Because
of the small thickness of the PEG corona layer, PPEGMA-PPC-
PPEGMA micelles are allowed to approach each other within a rel-
atively small distance; micelles with sparsely grafted PEG chains
may even approach each other to a close enough proximity that
the van der Waals force takes over and they become (weakly) clus-
tered together.

We suspect that in PPEGMA-PPC-PPEGMA systems, because of
the partial hydration of PPEGMA, the micelle geometry is not con-
trolled by the overall PEG weight fraction (as previously discovered
in conventional linear PEG-based polymer surfactants [3,6,7]), but
instead it is primarily controlled by the PEG weight fraction within
the PPEGMA block. This new notion warrants further investigation,
particularly given that the PPEGMA chemistry is becoming increas-
ingly popular as the hydrophilic component for amphiphilic block
copolymers.
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