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ABSTRACT: A number of ABA and BAB triblock copolymers of ethoxyethyl glycidyl ether (EEGE) and
propylene oxide (PO) were prepared by sequential anionic polymerization. The copolymers were
characterized by nuclear magnetic resonance and gel permeation chromatography. The total number-
average molecular weights were in the range 1000-9000, whereas the degrees of polymerization of the
PPO and PEEGE blocks varied from 2 to 34 and from 3 to 17, respectively. The copolymers were comprised
of blocks with different lower critical solution temperatures (LCSTs) in aqueous media. Their self-
association in aqueous environment was studied by cloud point (CP) measurements, dye solubilization,
light scattering, 1H nuclear magnetic resonance, and scanning electron microscopy. Although the behavior
of the copolymers was found to depend on their architecture, the PO/EEGE ratio, and the degrees of
polymerization of the different blocks, the role of the PEEGE blocks was decisive: it is PEEGE that
determines the LCST properties of the copolymers as well as their CP and critical micelle concentration
values. The copolymers form nanosized particles as revealed by light scattering. The aggregates exhibit
different temperature behavior depending on the copolymer architecture. The aggregates of the copolymers
of a normal, i.e., ABA, architecture were found to undergo a secondary aggregation at certain temperatures,
whereas those of the BAB copolymers gradually increased in size with increasing temperature. The
difference is attributed to the different arrangement of the chains in the corona regions, directly affecting
the continuity and thickness of the corona.

Introduction

Self-association of amphiphilic block copolymers in
selective solvents can result in the formation of various
structures with dimensions ranging from nano- to
microscopic. It has been shown that ABA block copoly-
mers, where A stands for the hydrophilic block and B
for the hydrophobic block, are able to undergo core-
shell micelle formation in aqueous solution.1-7 The self-
assembly of copolymers of a reverse, i.e., BAB architec-
ture usually results in the formation of more complex
structures, such as flowerlike and linked micelles and
networks.8-13

The preparation of nanoscale polymeric micelles from
amphiphilic block copolymers involves precise adjust-
ing of the hydrophilic-hydrophobic balance of the
system.14-18 Thus, by altering the ratio between the
hydrophilic and the hydrophobic monomeric units, as
well as the length of the hydrophobic blocks, one can
effectively control the morphology and the size of the
aggregates. In the majority of cases the hydrophilic
block is poly(ethylene oxide) (PEO), which is soluble in
water within the whole temperature interval from 0 to
100 °C. The hydrophobic block is represented by a much
wider range of polymers. Generally, they can be divided
into two basic groups: (1) truly hydrophobic polymerss
such as polystyrene, polybutadiene, etc.; (2) stimuli-
responsive polymersswater-soluble at given conditions,
but after a change in the environmental conditions they

become insoluble. The latter class includes an interest-
ing type of polymers that exhibit lower critical solution
temperature (LCST) properties in aqueous media. Re-
cently, they have attracted great attention, due to their
unique ability to undergo a temperature-induced phase
separation from the soluble state to the insoluble state.
If such a type of polymer serves as a B block, a mere
increase of the temperature induces self-association.19-23

A typical example is the oligomeric poly(propylene oxide)
(PPO),24-26 which builds the hydrophobic block in the
most extensively studied polymeric nonionic surfactants,
PEO/PPO/PEO, commercially available as Pluronics
(BASF) or Synperonics (ICI).

It is known, however, that PEO/PPO/PEO micelles
are not stable at low temperatures; they disintegrate,
which leads to reduction and even loss of their efficiency
as surfactants. Having this in mind, our attention was
focused on such triblock copolymers that would form
stable aggregates in water even at temperatures close
to 0 °C. This would benefit technological processes that
require such temperature regimes. We have recently
found that oligomeric poly(ethoxyethyl glycidyl ether)
(PEEGE) of Mn ) 2000 is water-soluble below 11 °C;
i.e., it exhibits LCST properties. On the other hand PPO
2000 has an LCST close to 19 °C,25 and therefore,
PEEGE is considered to be more hydrophobic than PPO
of corresponding molecular weight. PEEGE was syn-
thesized by anionic polymerization of EEGE using
various initiators as reported elsewhere.27 Dworak et
al. obtained triblock copolymers of EEGE and ethylene
oxide via the poly(ethylene glycol) macroinitiator tech-
nique.28 Our aim was to prepare triblock copolymers
comprising PEEGE and PPO blocks, thus obtaining
copolymers built of thermosensitive blocks, which might
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possess potentially interesting associating properties in
aqueous solution.

In the present work ABA and BAB triblock copoly-
mers of PO and EEGE were synthesized via sequential
anionic polymerization using cesium alkoxide initiators.
Their self-association in aqueous media was studied by
cloud point measurements, the dye solubilization tech-
nique, light scattering (LS), 1H nuclear magnetic reso-
nance, and scanning electron microscopy.

Experimental Section
A. Materials. All solvents were purified by standard

methods. PO (Aldrich) was freshly distilled over CaH2 before
use. PPO 2000, purchased from Aldrich, was used without
further purification. EEGE was obtained by a procedure
described elsewhere.29 It was distilled under vacuum, and
fractions with purity exceeding 99.0% determined by gas
chromatography were used for polymerizations. Cesium hy-
droxide monohydrate (99.5%, Acros Organics) was used as
received. 1,2-Propanediol was purified by vacuum distillation.

B. Synthesis of Block Copolymers. 1. Polymerization
Initiated by Cesium Alkoxide of 1,2-Propanediol. To 2
mmol of cesium hydroxide monohydrate magnetically stirred
in a reaction vessel equipped with argon and vacuum lines
was added 1 mmol of 1,2-propanediol diluted in THF at 90
°C. After 2 h of stirring, 1 mL of dry benzene was added and
the system was switched to the vacuum line (1 × 10-3 bar) for
another 2 h in order to remove released water. An appropriate
quantity of monomer (PO or EEGE) was introduced to the
initiator at 60 °C. The polymerization leading to formation of
the central block was completed in 24 h. After removal of a
sample for analysis an appropriate quantity of the other
monomer was added. The polymerization was terminated after
48 h by adding methanol.

PEEGE homopolymers were synthesized similarly.
2. Polymerization Initiated by Poly(propylene glycol)

Macroinitiator. To 1.5 mmol of PPO 2000 magnetically
stirred in a reaction vessel equipped with argon and vacuum
lines was added 3.3 mmol of cesium hydroxide monohydrate
at 90 °C. After 2 h 1 mL of dry benzene was added, and then
the vacuum line was switched on for 2 h. Then an appropriate
amount of EEGE monomer was introduced to the obtained
macroinitiator at 60 °C. The polymerization of EEGE was
terminated after 48 h by adding methanol.

3. Purification of Copolymers. The copolymer viscous
liquid was filtered from the insoluble precipitate of MeOCs
formed during the termination. Afterward the residue was
dissolved in distilled water at 0 °C and extracted with CHCl3.
After evacuation of the solvent the residue was dissolved in
benzene and freeze-dried.

C. Methods. 1. NMR. The 1H and 13C NMR spectra were
recorded at 250 and 62.5 MHz, respectively, on a Bruker WM
250, using CDCl3 or D2O as solvent.

2. Size Exclusion Chromatography (SEC). Measure-
ments were performed on a Waters system consisting of four
Styragel columns with nominal pore sizes of 100, 500, 500,
and 1000 Å, eluted with THF at 40 °C. The eluent flow rate
was 1 mL‚min-1. Toluene was used as the internal standard
for indication of elution volumes. Calibration was made with
polystyrene standards.

3. Cloud Point Measurements. Cloud point (CP) transi-
tions of 2% aqueous solutions of the samples were followed on
a Specord UV-vis spectrometer (Carl Zeiss, Jena, Germany)
switched to the transmittance regime at λ ) 500 nm using a
thermostated cuvette holder. The solutions were equilibrated
for 12 h at 0 °C and then heated slowly (0.2 °C min-1).

4. Determination of the Critical Micellization Con-
centration (cmc). Aqueous solutions (2 mL) of a triblock
copolymer in the concentration range from 0.2 to 20 g/L were
prepared at 0 °C. A 20 µL sample of a 0.4 mM solution of 1,6-
diphenyl-1,3,5-hexatriene (DPH) in methanol was added to
each of the copolymer solutions. The solutions were incubated
in the dark for 16 h at 20 °C. The absorbance in the range of

λ ) 300-500 nm was followed at 20 and 30 °C on a Specord
UV-vis spectrometer. The main absorption peak characteristic
of DPH solubilized in a hydrophobic domain was observed at
356 nm.30

5. Light Scattering Measurements. The light scattering
setup has been described previously.31 It consists of a 488 nm
Ar ion laser and detector optics with an ITT FW 130 photo-
multiplier and ALV-PM-PD amplifier discriminator connected
to an ALV-5000 autocorrelator built into a computer. The
cylindrical scattering cells were sealed and then immersed in
a large-diameter thermostated bath containing the index
matching fluid decalin. Measurements were made at different
angles in the range of 50-130° and at different temperatures.
Information about the radii of gyration, Rg, was obtained from
the dependence of the quantity 1/(I sin θ), which is proportional
to the reduced scattered intensity, on the scattering angle, θ.
Rg was determined from the ratio of the initial slope to the
intercept of such plots.

Analysis of the dynamic data was performed by fitting the
experimentally measured g2(t), the normalized intensity auto-
correlation function, which is related to the electrical field
correlation function g1(t) by the Siegert relationship:32

where â is a factor accounting for deviation from ideal
correlation. For polydisperse samples, g1(t) can be written as
the inverse Laplace transform (ILT) of the relaxation time
distribution, τA(τ):

where τ is the lag time. The relaxation time distribution, τA(τ),
was obtained by performing ILT using the constrained regu-
larization algorithm REPES, which minimizes the sum of the
squared differences between the experimental and the calcu-
lated g2(t).33 A mean diffusion coefficient D was calculated from
the second moment of each peak as D ) Γ/q2, where q is the
magnitude of the scattering vector q ) (4πn/λ) sin(θ/2) and
Γ ) 1/τ is the relaxation rate of each mode. Here θ is the
scattering angle, n is the refractive index of the medium, and
λ is the wavelength of the light in a vacuum. The diffusion
coefficients at θ ) 90°, D90, were calculated as D90 ) Γ90/q90

2,
where Γ90 and q90 are the relaxation rate and scattering vector
at 90°, respectively.

The hydrodynamic radii, Rh, and hydrodynamic radii at
θ ) 90°, Rh

90, were calculated using the Stokes-Einstein
equation:

Here, kT is the thermal energy factor, η is the temperature-
dependent viscosity of the solvent, D is either the mean
diffusion coefficient or the diffusion coefficient at θ ) 90°, and
R is either Rh or Rh

90.
6. Scanning Electron Microscopy. Nanoparticles of tri-

block copolymers were prepared via the direct dissolution
method.15 Copolymer aqueous solutions were initially equili-
brated at 0 °C and then thermostated while being magnetically
stirred for 1 h at optimal temperature determined according
to the cloud point value for a given sample. Samples for
scanning electron microscopy were prepared by removing the
solvent under vacuum followed by carbon and gold coating
under vacuum. Measurements were made with a JEOL JSM-
5300 apparatus.

Results and Discussion
A. Synthesis of PO/EEGE Triblock Copolymers.

The anionic polymerization of PO using conventional
initiators such as potassium hydroxide or potassium
alkoxides is difficult to control. PO partially isomerizes
to allyl alcohol in the presence of such initiators; hence,
the resulting polymers possess broadened molecular

g2(t) - 1 ) â|g1(t)|2 (1)

g1(t) ) τA(τ) exp(-t/τ) d ln τ (2)

R ) kT/(6πηD) (3)
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weight distributions, as well as a substantial amount
of terminal double bonds.34-36 The tendency of PO to
isomerize to allyl alcohol decreases in the following order
of alkali-metal counterions:37

Consequently, the above side reactions may be overcome
to a great extent by using cesium initiating systems.
For the synthesis of PO/EEGE block copolymers we used
an initiating system similar to that described by Simons
and Verbanc.34 Instead of KOH, we employed CsOH‚
H2O to diminish the PO side reactions. In addition, the
cesium alkoxides are very active even at low tempera-
tures, which is also important for the block copolymer
synthesis. For better control, anhydrous conditions were
kept during the polymerizations.

The anionic ring-opening polymerization of EEGE
does not involve intramolecular transitions or side
reactions.27 The synthetic routes of the cesium-initiated
anionic sequential block copolymerization of PO and
EEGE are presented in Scheme 1. When PPO macro-
initiator is used, the route described in Scheme 1b
excludes the stage of PO polymerization.

B. Characterization of the Copolymers. SEC
measurements of the copolymers obtained using cesium
alkoxide of 1,2-propanediol as an initiator gave mono-
modal distributions, implying that no homopolymeric
fractions of both PPO and PEEGE are formed during
the copolymer synthesis (not shown). In contrast, when
the macroinitiator method was used, a tiny low molec-
ular weight tail was observed (Figure 1). Most likely
this could be attributed to the presence of homo-PPO
and/or diblock copolymer impurities. Obviously, PPO
2000 is not 100% bifunctional, which is often inevitable
for commercial products.

The main characteristics of the copolymers are pre-
sented in Table 1. The molar ratio of the PO and the
EEGE monomeric units was estimated by calculating
the characteristic peak integrals from the 1H NMR
spectra of the copolymers (Figure 2). It should be
emphasized that no signals relative to allyl end groups
were detected. Thus, it was possible to calculate the
number-average molecular weights of the copolymers

regarding to the integral of the CHOH terminal group
signal at δ 3.9 ppm. Figure 3 shows a 13C NMR
spectrum of a PPO/PEEGE/PPO copolymer. Due to the
influence of the end groups as well as of the neighboring
monomeric units of the different blocks, methylene
carbon atoms 2, 3, and 5 exhibit complex patterns.
Similar and even more complex behavior was observed
by Spassky et al. for oligo[(R,S)-EEGE].27

C. Aqueous Solution Properties of PO/EEGE
Triblock Copolymers. 1. Cloud Point Measure-
ments. Clouding temperatures of a number of PEEGE
and PPO homopolymers of different molecular weights

Scheme 1

Li+ > Na+ > K+ > Rb+ > Cs+

Table 1. Molecular Weight and Composition
Characterization Data of PO/EEGE Triblock Copolymers

no. copolymer

PO/EEGE
(1H NMR)

(mol %/mol %)
Mh n

(NMR)
Mh n

a

(SEC)
Mh w/Mh n

a

(SEC)

A1 PO4EEGE5PO4 62/38 1200 1000 1.3
A2 PO2EEGE6PO2 40/60 1100 1200 1.2
A3 PO5EEGE16PO5 38/62 2900 2200 1.3
B1 EEGE3PO6EEGE3 50/50 1200 1000 1.3
B2 EEGE4PO5EEGE4 38/62 1500 1300 1.3
B3 EEGE5PO5EEGE5 33/67 1800 1500 1.3
B4 EEGE10PO17EEGE10 46/54 3900 3500 1.3
B5 EEGE13PO34EEGE13 57/43 5800 5500 1.2
B6 EEGE15PO34EEGE15 53/47 6400 6500 1.2
B7 EEGE17PO34EEGE17 50/50 7800 9000 1.2

a Determined using PS standards.

Figure 1. SEC traces of PEEGE-block-PPO-block-PEEGE (1)
and initial PPO macroinitiator (2).
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were determined by monitoring the variations of the
transmittance of 20 g/L aqueous solutions. By using the
experimental and literature24-26 data, it was possible
to construct a simple phase diagram of both homopoly-
mers (Figure 4). CPs of the homopolymers were found
to decrease with increasing molecular weight. The
dependence is almost linear (correlation coefficient of
0.998) for PEEGE. The curve of PEEGE is shifted to
lower temperatures, which indicates that the latter is
more hydrophobic than PPO.

The clouding process of the PO/EEGE copolymers is
presented by a sigmoidal curve (Figure 5a), correspond-
ing to a thermally induced phase separation that leads
to a dramatic decrease of the transmittance. The process
can be monitored visually due to the resulting milky-
white opalescence of the solution at a given critical
temperature. Clouding was observed for all of the
copolymers at a given copolymer concentration (20 g/L).
The presence of only one transition, which was rather
sharp for all copolymers, indicates that the clouding
process can be attributed mainly to the intermolecular

collapse of the more hydrophobic PEEGE blocks. This
is proved by 1H NMR measurements in D2O as seen in
Figure 5b. Even at 4 °C the signals of the acetal methyl
protons at 1.27 and 1.33 ppm are lower than the signal
of the methyl protons of the PO units. Moreover, due to
poor solubilization the signals of acetal methyl protons
are overlapped. As a consequence the signal at 1.27 ppm
completely disappears at 15 °C. This unambiguously
confirms that the aggregation process begins with
dehydratation of the PEEGE blocks.

The copolymers B1 and A2 constitute a suitable pair
to probe the effect of the chain architecture. Although
of the same molecular weight, A2, which contains more
hydrophobic EEGE units per hydrophobic block, shows
a higher cloud point than B1 (Figure 5a, Table 2). Their
clouding behavior is in line with the findings of other
authors10,13 reporting lower solubility of the copolymers
of reverse architecture.

To follow the effect of the relatively more hydrophilic
PPO block, the clouding temperatures of the copolymers
were predicted and compared to the experimental data
(Table 2). The predicted CP values were determined
from the linear fit of the dependence CP vs molecular
weight for homo-PEEGE (Figure 4) taking into account
either the molecular weight of the single PEEGE block
or the overall molecular weight of the two PEEGE
blocks. As seen from Table 2, the PPO-PEEGE-PPO
copolymers (A1, A2, and A3) clouded at temperatures
close to the predicted ones. The clouding behavior of the
copolymers of reverse architecture was more complex
and depended very much on the length of the middle
PPO block that acted as a hydrophilic spacer. Copoly-
mers with a short PPO block (B1, B2, and B3) clouded
at temperatures corresponding to a PEEGE homo-

Figure 2. 1H NMR spectrum of EEGE5PO5EEGE5 (B3) in CDCl3.

Figure 3. 13C NMR spin-echo spectrum of EEGE5PO5EEGE5
(B3) in CDCl3.

Figure 4. Influence of the molecular weight on the CP
temperatures of PEEGE (filled circles) and PPO (hollow circles)
aqueous solutions. c ) 20 g/L.

Table 2. Experimental and Predicted Cloud Points and
cmc Data for PO/EEGE Block Copolymersa

CPpr
c

no. copolymer
CPb

(°C) I II

cmc at
20 °C
(g/L)

cmc at
30 °C
(g/L)

A1 PO4EEGE5PO4 19 22 3 0.75
A2 PO2EEGE6PO2 23 21 4.9 2.6
A3 PO5EEGE16PO5 7 7 0.31 0.24
B1 EEGE3PO6EEGE3 18 25 21
B2 EEGE4PO5EEGE4 18 24 18 1.85 0.55
B3 EEGE5PO5EEGE5 11 22 15 0.64 0.27
B4 EEGE10PO17EEGE10 7 15 1
B5 EEGE13PO34EEGE13 8 11 -7 0.12 0.10
B6 EEGE15PO34EEGE15 7 8 -13 0.06 0.05
B7 EEGE17PO34EEGE17 7 5 -18 0.08 0.07

a See Figure 4 and the text for more information. b Determined
at a concentration of 20 g/L. c Predicted CP: I, CP of a PEEGE
single block; II, CP of the corresponding overall Mn of PEEGE
blocks.
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polymer of the same molecular weight as the overall
molecular weight of the side PEEGE blocks. Apparently,
the length of the PPO block was insufficient to provide
independent behavior of the PEEGE blocks. In contrast,
copolymers with a much longer PPO spacer (B5, B6, and
B7; DPPPO ) 34) cloud at temperatures very close to that
of a PEEGE homopolymer of molecular weight equal to
that of a single PEEGE block within the macromolecule.
Obviously, in this case the length of the PPO block
turned out to be critical. In conformity with these
observations an experimental CP value of 7 °C was
observed for the copolymer with an intermediate degree
of polymerization of the middle PPO block, B4. This
value lies exactly between the predicted values for the
single PEEGE block and the overall PEEGE molecular
weight (Table 2). Presumably the hydrophilicity of PPO
also has an effect on phase separation. The interplay
of length and hydrophilicity is probably reflected from
the behavior of the copolymer with an intermediate
PPO length, B4. However, limitations of sample avail-
ability prevented us from elucidating the effect of hydro-
philicity.

2. Critical Micellization Concentration Data. The
solubilization of 1,6-diphenyl-1,3,5-hexatriene in PEO/
PPO/PEO aqueous solutions for spectroscopic determi-
nation of the critical micellization concentration was
introduced by Alexandridis et al.30 and was successfully
utilized by other authors for characterization of various
amphiphilic block copolymer systems.38-40 The main
difference in our system was that the PPO blocks here
play the role of a relatively more hydrophilic part of the
macromolecule. The cmc’s were determined from the
first inflection of DPH absorption intensity as shown
in Figure 6 and collected in Table 2. The length of
hydrophobic PEEGE blocks greatly affected the micel-
lization process: the higher the DP of PEEGE blocks,
the lower the cmc at a given temperature. As shown in
Figure 6 the increase of the temperature led to a
significant change of the cmc value of PO/PEEGE
copolymers with shorter PEEGE blocks, which is typical
for common amphiphilic block copolymers.30,41 The
temperature effect weakened with the increase of the
DP of PEEGE blocks. A noticeable effect on the copoly-
mer architecture was not observed.

3. Light Scattering Measurements. To obtain
additional information on the hydrodynamic behavior
of the copolymers, static and dynamic light scattering

were carried out simultaneously within an extended
temperature range. The measurements were performed
at single concentrations which were always higher than
the cmc’s determined from the dye-solubilization method.

3.1. PPO/PEEGE/PPO Architecture. Examples of
relaxation time distributions for the copolymers with
the lowest (A1) and the highest (A3) EEGE content are
shown in Figure 7. The distributions in the investigated
temperature intervals are predominantly bimodal. The
peaks are diffusive as demonstrated in Figure 8 for both
modes of A3 at 5 °C. Their amplitudes vary within the
sample composition and the temperature. As seen in
Figure 7 at the lowest EEGE content (sample A1) the
particles responsible for the fast mode contribute about
30% of the total scattered light intensity at 7 °C,
whereas the corresponding value for A3 is less than 2%.

Upon heating, the fast mode amplitudes decrease
progressively and completely disappear at 23 and 11.5
°C for A2 and A3, respectively. In contrast, a fast mode
is still detectable at temperatures as high as 50 °C for
A1. The fast modes correspond to particles with hydro-
dynamic radii, Rh, of about 5.7, 9.3, and 12.4 Å for A1,
A2, and A3, respectively. These experimental values are
consistent with the values obtained using the power law
between Rh and molecular weight given by the empirical
relationship (eq 4) established for a polymer in good
solvent systems.42 It is conceivable, therefore, to assume
that a fraction of unassociated molecules, unimers,

Figure 5. (a) Clouding curves of EEGE3PO6EEGE3 (B1) (circles) and PO2EEGE6PO2 (A2) (triangles). c ) 20 g/L. (b) 1H NMR in
D2O of EEGE10PO17EEGE10 at 4 and 15 °C.

Figure 6. Variation of the absorbance of DPH at 356 nm with
PO4EEGE5PO4 (A1) concentration at two temperatures.
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exists. It decreases progressively upon heating, indicat-
ing that unimers are incorporated into the aggregates.

Figure 9a shows the variations of the scattered light
intensity at θ ) 90° with temperature. The effect of the
PEEGE block size is clearly seen. Although I90 slightly
increases at T > 30 °C, the I90 readings for A1 are
generally low in the whole temperature interval. A2
exhibits a similar curve pattern with three distinguish-
able differences compared to A1: (i) I90 is invariably
larger; (ii) its increase is considerably sharper (note the
logarithmic scale of I90) and (iii) is shifted toward lower
temperatures. Perhaps, the curve pattern for A3 is the
same, implying that a low-temperature interval, in
which the I90 readings are low and change only slightly
with temperature, exists. However, this temperature
interval is very narrow and not accessible in our

measurements. It is also seen that I90 for A2 and A3
reaches a maximum at certain temperatures and then
drops. Since at these temperatures the dispersions
become milky-white opalescent, this feature can be
attributed to multiple scattering.43,44 The temperatures
at which the milky-white opalescence appears are
consistent with the CP measurements. The slight dif-
ference can be attributed to the different concentration
ranges studied in the CP and LS measurements. There
is, however, discrepancy between the CP and LS data
of A1 dispersions. As shown above, A1 behaves differ-
ently from A2 and A3: it is less able to self-associate
as revealed by the presence of fast modes of high
amplitudes, and on the other hand the aggregates that
are formed are somewhat larger than those of A2 and
A3 (Figure 9b). Presumably the aggregates are formed
by copolymer molecules of high EEGE content (note the
relatively high polydispersity index). At high concentra-
tions they cause clouding at much lower temperatures
than expected for a copolymer with a composition like
that of A1.

Figure 9b shows the variations of the radii of the
particles responsible for the dominant mode with the
temperature. In the low-temperature regions, where the
dimensions of the particle do not change, the particles
are presumably of core/corona architecture with cores
consisting mainly of PEEGE moieties and coronae built
of PPO. The width of these regions depends on the
copolymer composition and is found to decrease with
increasing EEGE content. With increasing temperature,
PPO progressively becomes dehydrated, which most
probably affects the continuity and thickness of the
protective shell. At certain temperatures, which are
obviously composition-dependent, the PPO blocks are
no longer able to stabilize the aggregates and secondary
aggregation takes place. This is clearly demonstrated
in Figure 9b for the copolymers A1 and A2, whereas the
dependence of A3 is somewhat peculiar. As mentioned
above the low-temperature region in which we can
expect temperature independence of the particle size is
not accessible. Most probably, the curve pattern reflects
changes in the dimensions after the secondary aggrega-
tion has taken place. The break in the dependence
indicates that the latter proceeds with different rate
constants, which can be attributed to composition
heterogeneity.

From the simultaneous dynamic and static LS mea-
surements carried out at various angles, we can obtain
information on the hydrodynamic radii and the radii of
gyration of the particles. The diffusion coefficients were
determined as slopes of the linear fit of the relaxation
rates, Γ, versus sin2(θ/2) (Figure 8), and the correspond-
ing hydrodynamic radii were calculated using the equa-
tion of Stokes-Einstein (eq 3). The radii of gyration,
Rg, were obtained from the angular dependence of the
quantity 1/(I sin θ) (Figure 10). Note that both Rh and
Rg are not extrapolated to infinite dilution; i.e., they are
radii at a certain concentration. Note also that Rg values
are slightly overestimated since they are determined by
using the total scattered light intensity, which contains
a contribution from the unimers. For A2 and A3 that
are discussed in the following, the latter is less than
2%. The combination of Rh and Rg yields the quantity
Rg/Rh, which provides useful information about the
particle density and structure.45,46 The Rg/Rh value of
A2 at 6 °C is 1.36, which is typical for starlike polymers
or micelles.46 For A3 at 5 °C a value of 0.75 was observed

Figure 7. Relaxation time distributions measured at an angle
of 90° of (a) A1 at 4.4 g/L and 7 °C and (b) A3 at 3.2 g/L and
5 °C.

Figure 8. Relaxation rate (Γ) of the fast (squares) and
dominant (circles) modes as a function of sin2(θ/2) for A3 at
3.2 g/L and 5 °C. The lines through the data represent linear
fits to the data.

Rh ) 0.116Mw
0.566 (Å) (4)

Macromolecules, Vol. 37, No. 3, 2004 Synthesis and Properties of PEEGE/PPO Copolymers 1005



that is close to the value of 0.78 typifying hard spheres.46

It is remarkable that the Rg/Rh values of the two
copolymers are distinctly different although the tem-
peratures at which they were determined were close.
Obviously, the Rg/Rh values reflect formation of particles
of different structures, which represent typical micelles
for A2 and hard spheres for A3. A plausible explanation
could be that the two copolymers are at different stages
of aggregation. As discussed above, at 5 °C the second-
ary aggregation of the A3 particles must have already
started. Interestingly and in full accordance with the
interpretation we propose above, in the temperature
region of the step increase of Rh

90 and I90, the Rg/Rh
value of A2 was found to decrease and reach a value of
1.04 at 25 °C. This value is slightly higher than the
expected one, which is about 0.78, which can be at-
tributed to overestimation of the radius of gyration since
at this particular temperature the relaxation time
distribution function contains a low-amplitude slow
mode, which affects Rg.

In general, the aggregation behavior of the PPO/
PEEGE/PPO-type block copolymers is strongly composi-
tion and molecular weight dependent. As expected, the
copolymers of low EEGE content are less able to self-
associate than their counterparts of higher EEGE
content. In the dilute region, however, invariably above
the cmc’s, a picture of isolated core/corona micellar
particles can be derived from the data. The micelles
presumably consist of PEEGE moieties gathered in the
hydrophobic domains and PPO chains interacting with
water. One can speculate on some penetration of PPO
chains into the core since the particles are quite large
to be spanned by the relatively short copolymer mol-

ecules. The micelles are stable and temperature-
independent in a certain temperature interval. The
width of these intervals is also composition-dependent.
Presumably, for particular copolymer compositions (A3,
for example) they are extremely short and exist only
virtually. The high-temperature limit of these intervals
is set by a secondary aggregation that is found to
produce rather compact and dense particles.

3.2. PEEGE/PPO/PEEGE Architecture. The self-
assembly tendency of copolymers with a reverse archi-
tecture is largely weakened as shown by a number of
authors.10,12,13 In line with these observations, the
copolymers with a PEEGE/PPO/PEEGE sequence are
water-soluble even at temperatures as high as 65 °C
and clouding was not detected in the investigated
concentration ranges. The relaxation time distributions
of B1, B2, and B3 at concentrations higher than the
cmc’s contain invariably two diffusive modes (not shown).
The fast modes are with substantially larger amplitudes
compared to the corresponding amplitudes of the co-
polymers with a normal architecture. Their magnitudes
are temperature-dependent and found to decrease with
increasing temperature (Figure 11). As seen, the fast
mode amplitude of B1 at 65 °C is about 15%, implying
that there is a large fraction of unimers that are not
incorporated in the aggregates even at that tempera-
ture. The fast modes correspond to particles with
dimensions that are not dependent on the temperature.
The radii are somewhat lower than those, calculated
using eq 4. One can speculate that these are unimer
molecules of lower than the average degrees of polym-
erization and/or cyclic molecules formed as a result of
intramolecular hydrophobic interactions.11,44

Figure 9. Variations of (a) light scattering intensity, I90, and (b) hydrodynamic radii, Rh
90, measured at an angle of 90° of dispersions

of A1 at 4.4 g/L (squares), A2 at 5.2 g/L (circles), and A3 at 3.2 g/L (triangles) as a function of temperature.

Figure 10. 1/(I sin θ) as a function of sin2(θ/2) for A2 at 5.2
g/L and 5 °C.

Figure 11. Variation of the amplitude of the fast mode of 5.7
g/L B1 as a function of temperature.
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The dominant modes that are considered to reflect
motions of aggregates are present in the whole tem-
perature interval studied. The variations of the radii of
the aggregates with temperature are shown in Figure
12. As can be seen the results scatter more compared
to those of the copolymers with a PPO/PEEGE/PPO
sequence, and composition dependencies can be hardly
seen. This implies that the aggregation behavior is
largely influenced by composition inhomogeneities.
Nevertheless, one clear difference becomes quite obvious
by comparing Figures 9b and 12: the dimensions of the
aggregates are found to gradually increase with tem-
perature in contrast to the sharp and sudden increase
at a certain temperature, which is the case with the
PPO/PEEGE/PPO copolymers. The difference can be
explained by assuming different arrangements of the
particles. Copolymers with a middle solvent-affinitive
block are known to form branched or networklike
structures due to interchain association of the terminal
blocks.11-13 It is conceivable to assume that physically
cross-linked structures (Figure 13a) are formed at low
temperatures by the EEGE-rich macromolecules. As the
temperature increases they are easily converted into
corelike structures due to the dehydration of the chains.
At the same time, however, the changed environmental
conditions induce a net transfer from unimers to ag-
gregates. The unimers are of lower EEGE content and
consequently more hydrophilic. They are presumably
accommodated in the outer parts of the aggregates, thus
forming coronae of branched or networklike structures
that stabilize the hydrophobic cores (Figure 13b). Ad-
ditionally, the hydrophobic junctions in the corona give
rise to an effective increase of its thickness. The thicker
corona provides better surface coverage, which could be
a factor contributing to the stability of the particles by

making them less sensitive to temperature-induced
changes in the continuity and thickness of the corona.

The proposed model is not free of objections and has
several questionable features. The most serious one is
the length of the solvent-affinitive middle PPO block.
It appears to be rather short, which would preclude the
possibility of formation of associated structures. How-
ever, at the beginning of this section, we showed that a
fraction of cyclic molecules formed as a result of in-
tramolecular hydrophobic interactions involving looping
of the middle block might exist. Furthermore, computer
simulations on small symmetric triblock copolymers
showed that branched and networklike assemblies
might occur among the others.47,48 On the basis of these
findings, our model can be considered a feasible one.
Moreover, it is consistent with and explains well the
experimental data.

4. Scanning Electron Microscopy. Figure 14 shows
micrographs of aggregates prepared from the copolymer
B1 by the direct dissolution method. Before the prepa-
ration the solutions were thermostated at different
temperatures. Two populations of particles can be
distinguished in Figure 14a: particles of a radius of
about 50 nm dominate the image; there is also a
population of larger particles. At higher temperatures
the shape and size of the particles become more diverse
(Figure 14b). Small particles (ca. 50 nm in radius)
coexist with large aggregates and clusters of size that
reaches 1 µm.

D. Conclusions. Triblock copolymers of both ABA
and BAB architectures of PO and EEGE were synthe-
sized by means of anionic polymerization using cesium
alkoxide initiating systems and characterized by SEC
and NMR. The more hydrophobic block, PEEGE, was
found to determine the LCST properties of the copoly-
mers as well as their CP and cmc values. LS and SEM
showed that the copolymers can form nanosized ag-
gregates. Depending on the copolymer architecture, the
latter exhibit different temperature behavior. Models
describing different arrangements of the copolymer
chains in the aggregates are proposed.

Figure 12. Variations of hydrodynamic radii, Rh
90, measured

at an angle of 90° of dispersions of B1 at 5.7 g/L (squares), B3
at 8.2 g/L (inverted triangles), and B2 at 8.4 g/L (triangles) as
a function of temperature. The lines through the data are
drawn to guide the eye.

Figure 13. Schematic representation of possible states of
chain association of PEEGE/PPO/PEEGE copolymers at low
(a) and high (b) temperatures.

Figure 14. Particles prepared from sample B1: (a) 1%
aqueous solution thermostated at 15 °C; (b) 1% aqueous
solution thermostated at 20 °C.
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