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ABSTRACT: Aqueous solutions of poly(2-oxazoline) block
copolymers consisting of a 2-ethyl-2-oxazoline block and a
block consisting of a random copolymer of 2-ethyl-2-oxazoline
and 2-n-propyl-2-oxazoline (PEtOx-block-P(EtOx-stat-Pro-
pOx)) have been studied by dynamic light scattering (DLS),
static light scattering (SLS), and turbidimetry. Even at
temperatures significantly below the lower critical solution
temperature (LCST), polymer unimers are found to coexist
with a few large aggregates with an open structure. When heated, the systems exhibit an intricate transmittance behavior whereby
the samples becomes visually clear again after an initial cloud point and then exhibit a second cloud point at even higher
temperatures. The DLS data indicate that the aggregates formed around the first cloud point restructure and fragment into
smaller micelle-like structures ascribed to further dehydration of the more hydrophobic PPropOx containing block, causing the
samples to become optically clear again. The observed fragmentation is confirmed by the SLS experiments. At even higher
temperatures, both blocks become hydrophobic, causing the formation of large, compact aggregates, resulting in a second cloud
point.

■ INTRODUCTION
Thermoresponsive polymers with a lower critical solution
temperature (LCST) are interesting for various applications
such as controlled drug delivery,1−4 enhanced oil recovery,5

sensors,6−8 water purification,5,9 and in vivo imaging for, e.g.,
tumor diagnosis.10 Solutions and suspensions of polymers with
a LCST behavior are characterized by a transition from clear to
turbid solutions when heated, and this transition temperature is
denoted the cloud point temperature of the solution. The
temperature-induced phase transition is an entropically driven
process, which is based on the increased mobility of the water
molecules that are released into the bulk water upon
dehydration. The cloud point temperature generally depends
on various factors such as polymer concentration,11−15

molecular weight of the polymer,12−14,16 grafting17 or
branching18 of the polymer, copolymerization with other
monomers,2,12,13,16,19−23 the architecture of the resulting
copolymers,19 and the addition of cosolvents24,25 or cosolutes
such as salts11,26 or surfactants.11,26 The decreased trans-
mittance of the samples is due to the self-assembly of the
partially dehydrated polymers into large, compact aggregates.
For some, mostly block copolymer, systems, a continued
heating after the cloud point causes the samples to become

more transparent again over a limited temperature range before
a second transition into more turbid samples occur at even
higher temperatures.15,27−30 Both cloud points indicate the
formation of large aggregates, while the reappearance of a more
transparent region at intermediate temperatures has been
contributed to the formation of compact micelles that are too
small to scatter the light.27 On the basis of theoretical
considerations,31,32 it can be shown that a temperature-induced
increase of the transmittance values can be due to swelling of
the polymer entities, fragmentation into smaller structures, or
the formation of very large and compact structures which bring
the samples into a range where the Mie theory predicts an
oscillation of the transmittance values as the aggregates
becomes even larger and/or more compact. In order to reach
the latter stage, the aggregates need to be both large (typically
at least 1 μm) and very compact at the same time.
One of the most popular thermoresponsive polymers is

poly(N-isopropylacrylamide) (PNIPAAM), which has a LCST
of about 32 °C. Even though the cloud point of PNIPAAM can
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be tuned by copolymerization with various comonomers,2,20−22

other thermoresponsive polymers exhibiting LCST behavior
can offer interesting alternatives. A class of polymers with
promising properties is poly(2-oxazoline)s33,34 which have
cloud points that are easily tunable over a wide range of
temperatures.13,35,36 These polymers have the additional
advantage of exhibiting low toxicity,37,38 being biocompat-
ible,39−41 and provide stealth behavior similar to poly(ethylene
glycol).39,40 They have also been found to have a very high
solubilization capacity for highly water insoluble drugs.37

In this contribution, we describe the temperature-induced
changes in aqueous solutions of copolymers of 2-ethyl-2-
oxazoline (EtOx) and 2-n-propyl-2-oxazoline (PropOx). The
copolymers consist of a PEtOx block and a block that is a
random copolymer of EtOx and PropOx, denoted PEtOx80-
block-P(EtOxx-stat-PropOx40−x). Three different copolymers
with a high amount of PropOx in the second block (x = 0, 4,
or 8) have been studied. PEtOx has a cloud point which is
significantly higher than what is observed for PPropOx.13

Accordingly, at low temperatures the entire polymer is
relatively hydrophilic. When the temperature is raised to
intermediate temperatures, the block containing mostly
PropOx partially dehydrates and becomes more hydrophobic
while the EtOx block is still quite hydrophilic. At higher
temperatures, both blocks are partially dehydrated and, thus,
hydrophobic. Consequently, when the samples are heated, the
polymers exhibit a gradual transition from hydrophilic to
amphiphilic to hydrophobic. In this contribution we will
employ dynamic light scattering (DLS) in combination with
turbidity data to scrutinize the intricate temperature-induced
transformations and the aggregation behavior of these
copolymers. In addition, static light scattering (SLS) has been
conducted on one of the samples, confirming the results found
by the DLS and turbidity experiments.

■ MATERIALS AND METHODS
Materials. Block copolymers consisting of a first block of 2-ethyl-2-

oxazoline and a second block consisting of a random copolymer of 2-
ethyl-2-oxazoline and 2-n-propyl-2-oxazoline denoted PEtOx80-block-

P(EtOxx-stat-PropOx40−x) (x = 0, 4 or 8) (see Figure 1) have been
synthesized by a sequential monomer addition procedure following
our previously reported methodologies.13,42 After the polymerization,
the polymers were isolated by drying in a vacuum oven. 1H NMR
spectroscopy (Varian Mercury 400 MHz spectrometer in CDCl3; the
residual protonated solvent signals were used as reference) confirmed
the absence of trace amounts of solvents and residual monomers. Size
exclusion chromatography (SEC) was performed on a Shimadzu
system with a SCL-10A system controller, a LC-10AD pump, a RID-
10A refractive index detector, and PSS gram 30 (pore size 30 Ǻ; bead
size 10 μm; 100−10 000 Da) and PSS gram 1000 (pore size 1000 Ǻ;
bead size 10 μm; 1000−1 000 000 Da) columns in series at 60 °C. A
solution of N,N dimethylacetamide (DMAc) containing 2.1 g LiCl/L

was used as an eluent at a flow rate of 1 mL/min. The average
molecular weights were calculated against poly(styrene) (PS)
calibration standards.

PEtOx80-block-PPropOx40. SEC PEtOx first block: Mn = 6800 g/
mol, PDI = 1.10; SEC block copolymer: Mn = 8700 g/mol, PDI =
1.22. 1H NMR: DPEtOx = 78, DPblock copolymer = 114, PropOx content
second block: >96%.

PEtOx80-block-P(EtOx4-stat-PropOx36). SEC PEtOx first block: Mn
= 6500 g/mol, PDI = 1.09; SEC block copolymer: Mn = 8200 g/mol,
PDI = 1.23. 1H NMR: DPEtOx = 79, DPblock copolymer = 113, PropOx
content second block: ∼91%.

PEtOx80-block-P(EtOx8-stat-PropOx32). SEC PEtOx first block: Mn
= 6600 g/mol, PDI = 1.09; SEC block copolymer: Mn = 9200 g/mol,
PDI = 1.20. 1H NMR: DPEtOx = 79, DPblock copolymer = 119, PropOx
content second block: ∼79%.

Transmittance Measurements. The transmittance of the
polymer solutions (5 mg/mL) were determined by turbidity
measurements using a Crystal 16 (Avantium Technologies, The
Netherlands) connected to a Julabo FP40 cryostat. Turbidity of the
solutions was measured by the transmission of red light through the
sample vial as a function of the temperature while stirring. Solutions of
the polymers were prepared in deionized water (Laborpure, Behr
Labor Technik) and were stirred at room temperature until all
polymer was dissolved or dispersed. The samples were measured from
20 to 80 °C with a heating rate of 1 °C/min.

Dynamic Light Scattering. The dynamic light scattering (DLS)
experiments were carried out by an ALV/CGS-8F goniometer system,
with 8 fiber-optical detection units, from ALV-GmbH, Langen,
Germany. The polymer solutions (5 mg/mL) were filtered in an
atmosphere of filtered air through a 5 μm filter (Millipore) directly
into precleaned 10 mm NMR tubes (Wilmad Glass Co.).

Assuming that the scattering of the incoming light exhibit Gaussian
statistics, the experimentally recorded intensity autocorrelation
function g2(q,t) is directly linked to the theoretically amenable first-
order electric field autocorrelation function g1(q,t) through the
Siegert43 relationship g2(q,t) = 1 + B|g1(q,t)|2, where B (≤1) represents
an instrumental parameter, and the magnitude of the wave vector, q, is
q = (4πn/λ) sin(θ/2), λ is the wavelength of the incident light in a
vacuum, θ is the scattering angle, and n is the refractive index of the
medium.

Depending on the conditions, the correlation functions were found
to exhibit either one or two relaxation modes. The correlation
functions with two relaxation modes were fitted by the sum of a single
and a stretched exponential:

τ τ= − + − βg q t A t A t( , ) exp( / ) exp[ ( / ) ]1
f f s se (1)

where Af + As = 1. The parameters Af and As are the amplitudes and τf
and τse are the relaxation times for the fast and the slow relaxation
modes, respectively. The parameter τse is an effective relaxation time,
and the stretched exponent β (0 < β ≤ 1) is a measure of the width of
the distribution of the relaxation times. The mean slow relaxation time
is given by τs = (τse/β)Γ(1/β), where Γ is the gamma function. We
also tried fitting the correlation functions using the sum of two
stretched exponentials. However, this always resulted in a stretched
exponent of the fast mode which was very close to one, and therefore a
single exponential was used in order to reduce the number of fitting
parameters. The single-exponential nature of the fast mode shows that
it probes entities with a narrow size distribution.

The correlation functions where only one mode was evident were
fitted by

τ= − βg q t t( , ) exp[ ( / ) ]1
se (2)

where the symbols have the same meaning as for eq 1.
In order to determine the number of relaxation modes for each

correlation function, residual plots have been employed. If a fit to eq 1
gives much better residuals than eq 2, as shown for the system in
Figure 2a, the correlation functions have been deemed to contain two
relaxation modes. The correlation functions were fitted using one
mode when they exhibited similar residual plots from eqs 1 and 2, like

Figure 1. Schematic representation of the chemical structure of the
PEtOx80-block-P(EtOxx-stat-PropOx40−x) copolymers. The amount of
EtOx in the second block is: x = 0, 4, or 8.
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the system in Figure 2b. At these conditions, a fitting using eq 1 also
resulted in effects such as τf and τs values very close to each other, very
low amplitudes for one of the relaxation modes, and/or large errors in
the fitting parameters.
The q-dependency of the fast and slow relaxation times can be

quantified by τf
−1 ∼ qαf and τs

−1 ∼ qαs. It was found that αf ≈ 2 at all
conditions. This shows that this relaxation mode is diffusive, and the
Stokes−Einstein relationship can be used to calculate the hydro-
dynamic radius of the fast relaxation mode: Rh,f = (kBT)/(6πηDf),
where kB is the Boltzmann constant, T is the absolute temperature, and
η is solvent viscosity. The mutual diffusion coefficient of the fast mode
can be expressed as Df = 1/(τfq

2). The values of αs were found to be
higher than 2 at some temperatures (see Figure 3). A q-dependency
higher than 2 might be caused by interactions between the
particles44,45 or if qR ≫ 1 by the influence of internal motions within
the particles.46 The Stokes−Einstein relationship is not valid when αs
> 2, and using it under these conditions will result in different sizes
depending on the scattering angle employed in the measurements.
However, even though the absolute values will not be correct, the
trends in the data should indicate whether the sizes are increasing or
decreasing. We have therefore chosen to represent the values
calculated from the slow relaxation mode as an apparent hydro-
dynamic radius, Rh,s, using a scattering angle of 107°: Rh,s = (kBT)/
(6πηDs), where the mutual diffusion coefficient of the slow mode is Ds
= 1/(τsq

2). The amplitudes of the two relaxation modes are angle
dependent (the slow mode becomes more dominant at low angles).
The scattering angle of 107° was chosen since it was found to give the
best resolution of both of the two modes.
Static Light Scattering. The static light scattering (SLS)

experiments were carried out by an ALV/CGS-8F goniometer system,
with 8 fiber-optical detection units, from ALV-GmbH, Langen,
Germany. The polymer solutions (5 mg/mL) were filtered in an

atmosphere of filtered air through a 5 μm filter (Millipore) directly
into precleaned 10 mm NMR tubes (Wilmad Glass Co.). The heating
rate of 1 °C/min used for the transmittance measurements and the
DLS experiments could not be used for the SLS experiments, since the
temperature of the sample would significantly change during the time
it takes to perform a measurement. The SLS experiments were
therefore conducted at selected fixed temperatures. The samples were
heated from 25 °C to the considered temperature with a heating rate
of 1 °C/min and then measured after the sample had stabilized at the
considered temperature. The standard (toluene) and solvent (water)
used to calculate the Rayleigh ratio, Rvv(q), were also measured at each
of the considered temperatures. Since the aggregation process is
expected to be concentration dependent, the radius of gyration, Rg,
and the weight-average molecular weight of the aggregates, Mw, could
not be measured using a concentration series. We have therefore made
the approximation that the relatively low concentration (c) of 5 mg/
mL is in the region where c → 0. In the low-q region, this
approximation yields47,48

≈ +⎜ ⎟⎛
⎝

⎞
⎠

Kc
R q M

R q
( )

1
1

1
3vv w

g
2 2

(3)

where K = (4π2n2)/(NAλ
4)(dn/dc)2, NA is Avogadro’s constant, and

dn/dc is the refractive index increment.

■ RESULTS AND DISCUSSION
For PEtOx and PPropOx homopolymers, a single transition
from clear to turbid samples have been reported.13,35

Interestingly, PEtOx80-block-P(EtOxx-stat-PropOx40−x) with x
= 0, 4, or 8 revealed an initial drop in transmittance upon
heating followed by an unexpected increase in the trans-
mittance data upon further heating (see Figure 4). The
minimum in the transmittance curves becomes deeper as the
amount of PropOx in the copolymers is raised. At even higher
temperatures, the transmittance decreases again resulting in a
second cloud point transition. Visual inspection of the

Figure 2. Residual plots (differences between the fitted and measured
data) for some representative systems fitted with both eq 1 (two
modes) and eq 2 (one mode). (a) For a system that exhibits two
relaxation modes and (b) for a system that exhibits only one relaxation
mode.

Figure 3. The q-dependency of the slow relaxation mode of the
indicated systems at a polymer concentration of 5 mg/mL.
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copolymer solutions revealed that they are visually clear at low
temperatures. PEtOx80-block-P(EtOx4-stat-PropOx36) and
PEtOx80-block-PPropOx40 have a cloudy appearance around
the minimum in the transmittance values and then become
visually clear again at higher temperatures. The smaller drop in
transmittance observed for PEtOx80-block-P(EtOx8-stat-Pro-
pOx32) is not very obvious to the naked eye. At high
temperatures all three samples look completely opaque. No
precipitation was observed in the considered temperature range
using a heating rate of 1 °C/min. In order to gain a better
understanding of what causes these particular transmittance
versus temperature profiles, dynamic light scattering measure-
ments were conducted on the copolymer solutions.
Figure 5 show the measured correlation functions obtained

by DLS at a scattering angle of 107°. The data have been
normalized to compensate for the temperature dependency of
the solvent viscosity. At low temperatures, the correlation
functions clearly exhibit two relaxation modes. As the
temperature is increased, only one relaxation mode is observed
in the correlation functions. At even higher temperatures there
is a reappearance of two modes, and at very high temperatures,
only one mode is evident again. It is also clear from Figure 5
that the relaxation times are changing in a very complex manner
when the temperature is increased; i.e., there is not a logical
continuous shift from fast to slow relaxation upon heating. In
order to quantify these effects, the correlation functions have
been fitted with eq 1 or eq 2 depending on the number of
relaxation modes observed.
In order to interpret the results from the DLS measurements,

it is important to understand the various effects that can affect
the sizes of associative polymer systems. The comparison with
the transmittance data can be of great help in the interpretation
of the data, too. Basically, the transmittance of a dilute polymer
sample is dependent on the polymer concentration and on the
size and compactness of the polymer entities in the sample.31,32

By using the equations described in ref 32, it can be found that
unless the polymer aggregates are both very large (typically Rh
> 1 μm) and very compact at the same time, the changes in size
and transmittance are caused by a limited number of different
processes as summarized in Table 1. Generally, larger objects
with similar refractive index will scatter more light; thus,
aggregation leads to a decrease in transmittance and
fragmentation will increase the transmittance. In contrast,
swelling results in larger objects that have a refractive index
closer to the medium yielding higher transmittance. Similarly,
shrinking due to dehydration leads to a higher difference in

refractive index between the objects and the solvent giving rise
to stronger scattering and, thus, lower transmittance. However,
it is of course important to remember that the forces that
causes aggregation, e.g., enhanced hydrophobicity due to partial
dehydration, will often also be accompanied by shrinking of the
same aggregates. Therefore, these two effects often occur
simultaneously.20,48−51 Even though both effects will give rise
to lower transmittance values, the overall size change will
depend upon whether the size increase from the aggregation
process or the size decrease from shrinking is most dominant.
It is also important to keep in mind that thermosensitive

polymers are sometimes found to exhibit associative
interactions even at temperatures significantly below their
lower critical solution temperature.22,52,53 In addition, a
temperature increase will render the polymers more hydro-
phobic over a wide range of temperatures both before and after
the cloud point temperature is reached.30,48,49,52 Keeping these
general considerations in mind, we will now examine the size
changes in our poly(2-oxazoline) systems.

Figure 4. Transmittance versus temperature plots of the block
copolymers at a polymer concentration of 5 mg/mL.

Figure 5. First-order electric field correlation functions (at a scattering
angle of 107°; every second data point is shown) versus the quantity
tT/η (trivial changes of the solvent viscosity with temperature are
thereby accounted for) for the indicated systems at a polymer
concentration of 5 mg/mL.

Table 1. Overview over How Different Processes Will Affect
the Size and Transmittance Data of a Dilute Polymer Sample
at a Constant Polymer Concentration, Provided the Polymer
Entities Are Not Both Very Large and Very Compact at the
Same Time

aggregation decreasing transmittance, ↓ increasing size, Rh ↑
swelling increasing transmittance, ↑ increasing size, Rh ↑
fragmentation increasing transmittance, ↑ decreasing size, Rh ↓
shrinking decreasing transmittance, ↓ decreasing size, Rh ↓
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The apparent hydrodynamic radii of the three copolymers
are plotted together in Figure 6, illustrating how the radii are

affected by the amount of PropOx in the second block. For
clarity, each of the polymer systems is also displayed separately
in Figure 7 together with the corresponding transmittance data.
From the DLS data, the behavior of these copolymer systems
can be divided into five different temperature regions:
Region i. In this region, which occurs at low temperatures,

the transmittance of the samples is high and decreases slightly
with temperature (see Figure 7). As can be seen from Figure 7,
the correlation functions display two relaxation modes. The first
mode (open symbols) gives a hydrodynamic radius of about 3
nm, independent of the amount of PropOx in the copolymer
(see Figure 6), suggesting that we are probing the copolymer
unimers, i.e., single polymer chains. These have a constant size
since the different copolymers have approximately the same
molecular weight and a fairly similar composition. When the
temperature is increased, the size of the unimers remains
constant. As region ii is approached, there is a slight increase in
sizes indicating an incipient aggregation of the unimers due to
the temperature-induced enhanced hydrophobicity of the
samples.
The existence of a second mode with a much longer

relaxation time indicates that the unimers are coexisting with
large aggregates. This illustrates that the copolymers exhibit a
somewhat hydrophobic nature even at these low temperatures.
The sizes of the aggregates are in the range of about 100−300
nm. The high transmittance values in Figure 7 suggest that
these aggregates have an open transparent structure. The ratio
between the amplitudes of the slow and the fast relaxation
modes is displayed in Figure 8. At low temperatures, the
amplitudes are fairly independent of the temperature. The slow
mode is more dominant for the samples with the higher
amount of PropOx, indicating that these have a greater
tendency to form aggregates due to the more hydrophobic
nature. When the temperature approaches region ii, the slow
mode is becoming more dominant (increasing values of As/Af),
suggesting that the number of unassociated polymer chains in
the samples is reduced as aggregation is promoted at higher
temperatures.

As mentioned above, a temperature increase will cause the
polymers to become more hydrophobic, even below their
LCST, which is why the transmittance data are gradually
decreasing throughout this temperature region (see Figure 7).
This enhanced hydrophobicity will promote both shrinking of
the aggregates and further aggregation, both of which will cause
a reduction in the transmittance data (Table 1). It is reasonable
to assume that both processes are occurring simultaneously for
each of the three polymers. The overall change in aggregate
sizes displayed in Figure 7 (closed symbols) will then be the

Figure 6. Apparent hydrodynamic radius of the indicated systems as a
function of temperature at a polymer concentration of 5 mg/mL.
Open symbols represent sizes calculated from the fast relaxation mode,
closed black symbols represent sizes calculated from the slow
relaxation mode, and closed gray symbols represent sizes calculated
from correlation functions that exhibit only one relaxation mode.

Figure 7. Apparent hydrodynamic radius of the indicated systems as a
function of temperature at a polymer concentration of 5 mg/mL.
Open symbols represent sizes calculated from the fast relaxation mode,
closed black symbols represent sizes calculated from the slow
relaxation mode, and closed gray symbols represent sizes calculated
from correlation functions that exhibit only one relaxation mode. The
solid lines show the transmittance values for the same systems.

Figure 8. Ratio between the amplitude of the slow and the fast
relaxation mode for the conditions where two relaxation modes are
observed.
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result of the combined effect of these two phenomena. As can
be seen from Figure 6, the aggregates formed by PEtOx80-block-
P(EtOx4-stat-PropOx36) is somewhat larger than the aggregates
formed by the two other samples. This is probably because this
polymer has a higher tendency to aggregate than the more
hydrophilic PEtOx80-block-P(EtOx8-stat-PropOx32), but it is not
as prone to contraction as the more hydrophobic PEtOx80-
block-PPropOx40.
The stretched exponent, β, for the slow mode is displayed in

Figure 9. This quantity is a measure of the width of the

distribution of relaxation times. Accordingly, it provides
information about how broad the size distribution of the
aggregates is. β = 1 indicates a monodisperse distribution, and a
broader size distribution will give lower values of β. The β
values in region i vary between 0.6 and 0.7 for PEtOx80-block-
PPropOx40 and between 0.6 and 0.8 for the two other
polymers. This suggests that the aggregates formed in this
temperature region have a fairly broad size distribution,
especially for the polymer with the highest content of PropOx.
Region ii. When the temperature is increased further, only

one mode is evident in the correlation functions. The
disappearance of the unimers from the correlation functions
is most likely caused by the increased hydrophobicity of the
polymers at elevated temperatures. This gives rise to enhanced
aggregation, leaving none or very few unassociated polymer
chains in the solution. As discussed above, the gradual
disappearance of the unimers is observed already at the end
of region i. In region ii, the sizes of the aggregates are increasing
slightly when the temperature is raised. At the same time,
Figure 7 shows that there is a pronounced drop in the
transmittance of the samples. The combined size increase and
transmittance decrease show that the samples are aggregating

(Table 1). However, the moderate increase in sizes is not
sufficient to cause the drastic fall in the transmittance data. It is
therefore reasonable to assume that while the polymer
aggregates are sticking together into larger aggregates, they
are also further dehydrated, leading to contraction and thereby
reducing the overall size increase and enhancing the drop in the
transmittance data.
From Figure 6, it is evident that the sizes of the aggregates

become larger as the amount of PropOx in the copolymers is
increased, showing that the higher hydrophobicity of these
samples promotes aggregation. As can be seen from Figure 4,
the enhanced associative forces caused by a higher content of
PropOx also give rise to a more pronounced drop in the
transmittance data. This is because both aggregation and
contraction of the polymer species are promoted by the higher
hydrophobicity. In addition, the onset of the drop in
transmittance data occur in the middle of region ii for
PEtOx80-block-P(EtOx8-stat-PropOx32), while it coincides with
the transition from region i to region ii for the polymers with a
higher content of PropOx. The transition between region i and
region ii marks the point where the unimers are no longer
detectable in the samples. This suggests that for the most
hydrophobic copolymers with a high content of PropOx the
enhanced hydrophobicity will also cause a pronounced
aggregation and contraction of the aggregates at this point,
causing the onset of the first cloud point. However, for the
more hydrophilic PEtOx80-block-P(EtOx8-stat-PropOx32), the
higher content of EtOx in the second block delays the onset of
the cloud point.
At the start of region ii, the β values are increasing toward 1

(see Figure 9), indicating that the size distribution of the
aggregates are becoming more monodisperse. The appearance
of relatively monodisperse aggregates has also been observed
for other thermoresponsive systems.15,48 A possible explanation
for this phenomenon is that while enhanced hydrophobicity of
the polymer will increase the sticking probability, the sticking
probability of the particles is reduced when the volume fraction,
φ, of polymer inside the aggregates and the aggregation
number, Nagg, is increased.

32,54−56 If the balance between the
hydrophobicity, φ and Nagg reaches a state where the sticking
probability goes toward zero for a certain aggregation number,
smaller particles will continue to aggregate until this
aggregation number is reached. Particles with a higher
aggregation number will have a very low sticking probability
and mostly stay at their current size. As a result the overall size
of the particles will go toward a constant value, above which
aggregation is suppressed. Consequently the particle size
distribution becomes practically monodisperse. Changing the
hydrophobicity of the aggregates by varying the temperature
will result in a shift in the optimum size, but the monodisperse
nature of the aggregates will be retained. At the end of region ii,
the β-values of PEtOx80-block-PPropOx40 and PEtOx80-block-
P(EtOx4-stat-PropOx36) are decreasing again. At this stage
PropOx is becoming very hydrophobic, and as a result the
stickiness of the aggregates increases significantly. The
aggregation process is no longer limited by an optimal value
of Nagg, and the aggregates therefore become more polydisperse
again. PEtOx80-block-P(EtOx8-stat-PropOx32) does not contain
enough PropOx to render the aggregates sufficiently hydro-
phobic, and thus the β-values continues to increase throughout
region ii (see Figure 9a).

Figure 9. Stretched exponent β (representing the width of the
distribution of relaxation times) of the indicated systems at a polymer
concentration of 5 mg/mL.
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The transition from region i to region ii occurs earlier as the
amount of PropOx in the copolymers is raised due to the
higher hydrophobicity.
Region iii. At even higher temperatures, a second mode

reappears in the correlation functions. However, the sizes of
both modes are much larger than the unimers, suggesting that
there is a coexistence of aggregates of two different sizes. One
size is very close to the size observed at lower temperatures in
region ii, while the other particles are about 10 times smaller.
As can be seen from Figure 8, the ratio between the amplitude
of the slow and the fast mode is decreasing as the temperature
is raised. This indicates that the amount of small aggregates is
increasing. Accordingly, the large particles are gradually
changing into smaller particles. Such a size decrease can either
be caused by contraction of the aggregates into smaller and
more compact particles, or it can be due to a fragmentation of
the aggregates into smaller entities. The sizes are decreased
with a factor of ∼10. This would indicate that if the particles
were contracting they would become 1000 times more
compact, which is rather unlikely. Also, in this temperature
region, the transmittance of the sample is increasing (see Figure
7). Since contraction, resulting from dehydration, of the
particles into such small sizes would cause a further decrease of
the transmittance data (see Table 1), it is clear that the large
aggregates are actually gradually fragmenting into smaller
structures. Considering that the polymers are expected to
become more hydrophobic as the temperature is raised, the
fragmentation of the large aggregates is somewhat surprising.
However, in this temperature region, the PropOx block is much
more hydrophobic than the EtOx block.13 This will cause a
gradual rearrangement of the polymer chains into structures
where several PropOx blocks are clustering together,
surrounded by EtOx blocks. Since the EtOx block is still
quite hydrophilic in this temperature region,12,13 they will form
a relatively hydrophilic shell around the hydrophobic PropOx
core, leading to the formation of micelle-like structures with a
much smaller size than the original clusters. The fast mode can
be represented by a single exponential, illustrating that these
micelle-like structures have a narrow size distribution.
As can be seen from Figure 7, the size of the micelle-like

clusters (open symbols in region iii) is becoming smaller as the
temperature is increased, suggesting that they are contracting.
This is probably due to a dehydration of the EtOx block as it
gradually becomes more hydrophobic at elevated temperatures.
The temperature effect on the size of the larger aggregates is
more complex and is probably caused by an interplay between
aggregation, contraction, and possibly also fragmentation. This
combination of different effects also causes the β-values in
Figure 9 to vary throughout this region.
Since the transition from region ii to region iii is caused by

the incipient fragmentation of the aggregates, it is expected to
coincide with the minimum in the transmittance data. From
Figure 7 it can be seen that the transmittance minimum for the
two copolymers with the highest amounts of PropOx occur at
somewhat lower temperatures than the transition from region ii
to region iii. The reason for this is probably that when very few
micelle-like structures are present in the samples, the scattering
from the larger aggregates is dominating the correlation
functions. Accordingly, only one relaxation mode is observed
until the amount of micelle-like structures is high enough to be
detected. Therefore, the transition from region ii to region iii
occurs at higher temperatures than the minimum in the
transmittance data. For PEtOx80-block-P(EtOx8-stat-PropOx32)

the transmittance minimum is located at a slightly higher
temperature than the transition from region ii to region iii. As
can be seen from Figure 7a, the large aggregates are still
growing at this stage. Therefore, in a limited temperature range
the decreased transmittance due to the growth of the large
aggregates dominates over the rise in transmittance caused by
the fragmentation into smaller structures. The minimum in the
transmittance data is shifted toward lower temperatures as the
amount of PropOx is raised due to the higher hydrophobicity.

Region iv. For PEtOx80-block-PPropOx40 all the large
aggregates are eventually fragmented into the smaller micelle-
like structures, and accordingly only one relaxation mode is
then observed in the correlation functions. The β-values
(Figure 9c) are very close to one, indicating that the micelle-
like structures have a narrow size distribution. The trans-
mittance data are continuing to increase throughout this region,
while the sizes observed by DLS are becoming slightly larger
(Figure 7c). A combined size and transmittance increase
indicates that the micelle-like structures are swelling (Table 1),
possibly due to a rearrangement of the polymer entities causing
the EtOx chains located at the surface to extend further out
from the particles.
This stage (region iv) is not observed for PEtOx80-block-

P(EtOx8-stat-PropOx32) and PEtOx80-block-P(EtOx4-stat-Pro-
pOx36), probably because the P(EtOx-stat-PropOx) block in
some cases contains too much EtOx to form a sufficiently pure
hydrophobic core to rearrange the copolymers into the micelle-
like structures.

Region v. At very high temperatures, there is an abrupt
drop in the transmittance data. At this stage we observe
multiple scattering in the DLS data, and accordingly the data
cannot be analyzed. The drop in transmittance data and the
multiple scattering suggest the formation of large and compact
particles. At this stage EtOx is also becoming very hydrophobic
due to dehydration, causing a pronounced association of the
samples. Interestingly, as can be seen from Figure 4, this second
cloud point is occurring at a higher temperature for PEtOx80-
block-PPropOx40 than for the other two samples even though it
is more hydrophobic. Since PEtOx80-block-PPropOx40 reaches a
state where all of the large polymer aggregates are split into
smaller micelle-like structures in region iv, the more hydrophilic
shell of these structures probably suppresses further aggregation
causing the cloud point to shift to a higher temperature.

Static Light Scattering. Since PEtOx80-block-PPropOx40
has a region where all the larger aggregates are split into the
micelle-like structures (region iv), it is also possible to examine
the fragmentation process by SLS. For the other samples, the
coexistence of micelle-like structures and larger aggregates
would make the interpretation of the SLS data ambiguous,
since the scattered intensities would be influenced by structures
of two different sizes. We have therefore conducted SLS
experiments on PEtOx80-block-PPropOx40 at 45 °C, where the
DLS data show that only the large aggregates are present, and
at 55 °C, where the DLS data indicate that the sample only
contains the micelle-like structures. For comparison, the sample
was also measured at 25 °C. The results from the SLS
experiments are displayed in Figure 10. The data are analyzed
using eq 3, where the intercept with the y-axis gives 1/Mw. At
25 °C, the scattering from the sample is influenced by both the
large aggregates (Rh,s = 221 nm) and the copolymer unimers
(Rh,f = 3.0 nm). Accordingly, the results from the SLS
measurements give sizes (Rg ≈ 14 nm) and molecular weights
(Mw ≈ 1 × 104) that have values in the between these two
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structures. At 45 °C, large aggregates with Mw ≈ 1 × 109 are
formed. The huge structures formed at this temperature make it
difficult to give a reasonable estimate of Rg. When the
temperature is raised to 55 °C, the molecular weight of the
associated structures is decreased to Mw ≈ 1 × 106, confirming
that the large structures formed at 45 °C have fragmented into
smaller structures. At 55 °C, Rg ≈ 15 nm, and the ratio between
the radius of gyration and the hydrodynamic radius is Rg/Rh ≈
0.9. This is in good agreement with spherical micelles that
usually have a value of Rg/Rh in the range 0.8−1.0.57

■ CONCLUSIONS
PEtOx80-block-P(EtOxx-stat-PropOx40−x) block copolymers
with x = 0, 4, or 8 reveal a complex aggregation behavior
whereby the transmittance data go through a minimum before
it falls off again at high temperatures. Figure 11 shows a

schematic illustration of the different temperature regions
observed for these copolymers. At low temperatures in region i,
polymer unimers coexist with large polymer aggregates that
have an open structure. This illustrates that the copolymers
have a somewhat hydrophobic nature even at low temperatures.
At higher temperatures (region ii), the hydrophobicity of the
copolymers are increasing and practically all of the polymer
units are in the form of aggregates. These aggregates are more
compact than the aggregates observed in region i, and both
continued aggregation and contraction of the aggregates are
observed throughout region ii.

When the temperature is further increased to region iii, the
aggregates are gradually fragmenting into micelle-like struc-
tures. This is due to a restructuring of the polymer aggregates
into entities containing a core consisting mostly of PropOx
(which is very hydrophobic in this temperature range)
surrounded by a relatively hydrophilic EtOx shell. For
PEtOx80-block-PPropOx40 all the large aggregates are split
into these micelle-like structures in region iv. For PEtOx80-
block-P(EtOx8-stat-PropOx32) and PEtOx80-block-P(EtOx4-stat-
PropOx36) such behavior is not observed. This is probably
caused by a too high content of EtOx in the P(EtOx-stat-
PropOx) block, preventing the formation of a core that is
hydrophobic enough to form the micelle-like structures. Finally,
at high temperatures in region v, the enhanced hydrophobicity
of the copolymers due to collapse of the EtOx block causes
them to form large, compact aggregates.
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