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ABSTRACT: Wepresent a study on the formation of stablemesoglobules by a thermosensitive dendronized
polymer in aqueous solution. The polymer consists of a polymethacrylate backbone (Mn=0. 34�106,Mw=
1.1�106 g/mol) with ethoxy-terminated oligoethylene oxide (OEO) dendrons of second generation appended
onto each repeat unit. The collapse of the dendronized chains as well as their aggregation with increasing
temperature is followed by monitoring the hydrodynamic radius Rh as a function of temperature with
dynamic light scattering. The aggregation of the polymer stops at a certain size that depends on the heating
rate leading to the formation of stable mesoglobules. Cryogenic transmission electron microscopy demon-
strates that thesemesoglobules adopt a spherical shape and are rathermonodisperse. It is found that for dilute
concentrations the size of the mesoglobules at 50 �C only weakly depends on concentration. Moreover, no
hysteresis of the formation of mesoglobules is found; that is, Rh is solely a function of temperature for both
heating and cooling runs. The kinetics of the early stage of mesoglobule formation can be monitored by
measurements of Rh as the function of time. It can be modeled in terms of diffusion-limited colloid
aggregation (DLCA). The transition from the DLCA to the stable mesoglobules is found to be well-defined.
Different possible origins of the stability that prevents further aggregation are discussed. Aweak electrostatic
stabilization caused by charges that are complexed by theOEOdendrons is the primary reason for themarked
transition from the DLCA to the stable mesoglobules. Most probably, an additional slowing down of the
coalescence of the mesoglobules is effected by vitrification.

Introduction

Phase separation of polymers in poor solvents is among the
classical subjects of polymer science.1 Homopolymers dissolved
in a poor solvent will undergo phase separation below the
θ-temperature, leading to the formation of macroscopic phases.
In an early stage of this process, the polymer chains will associate
and form larger and larger globular structures. The process of
association will continue until all globules have been associated
to form a macroscopic phase. However, copolymers composed
of hydrophilic repeat units together with a certain percentage of
hydrophobic units can associate to an intermediate state termed
mesoglobule.2,3 The resulting micelle-like structures have been
intensively studied in the past years.4-7 The more hydrophilic
parts are located preferably at the periphery of the mesoglobule,
thus providing sufficient steric stabilization. The more hydro-
phobic parts are buried inside of the globule, and the formation of
mesoglobules can be compared with the folding transition of
globular proteins.8 Up to now, light scattering,9-11 differential
scanning calorimetry,12 fluorescence spectroscopy13,14 and
turbidity studies15 have been successfully used as analytical tools
to follow the process of mesoglobule formation. The kinetics of
the globule formation is fairly well understood in terms of

analytical theory16 and by Monte Carlo simulation.17 Thus, a
multistage process for mesoglobule formation18 subdivided into
nuclei formation, growth of the nuclei into clusters, and clus-
ter-cluster aggregation has been proposed to explain the forma-
tion of mesoglobules.16 Using a stopped flow device and
fluorescence,19 Liu et al. successfully identified the different
stages during the formation of mesoglobules as proposed by
theory. The influence of temperature on the formation of
mesoglobules was investigated in these experiments as well.19,20

Recently, we demonstrated that the thermoresponsive dendro-
nized polymer PG2 (Figure 1) undergoes a sharp, fast and fully
reversible phase transition in aqueous solution at 36 �C.21 More-
over, itwas shownby opticalmicroscopy that this transition leads
to the formation of globular structures. However, given the
techniques used in this study, only the later stage of the mesoglo-
bule formation could be studied. Here we present the study of the
early stage of the coil-to-globule transition of dilute solutions of
PG2. Using dynamic light scattering (DLS), we demonstrate that
the association of the PG2 in aqueous solution leads to well-
defined and stable mesoglobules. Special attention is paid to the
transition from the early stage in which the dendronized polymer
coagulates to the final stage in which stable mesoglobules are
suspended in the solution. Thus, the kinetics of aggregation in the
early stage is analyzed using dynamic light scattering. The
formation ofmesoglobules can bemonitored with great precision
by following their hydrodynamic radius as a function of time.
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de (M.B.); afang.zhang@mat.ethz.ch (A.F.).
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These data can be modeled using the theory of Wagner and
co-workers.22 The result of this evaluation allows us to distin-
guish between the different states of the formation of mesoglo-
bules. Moreover, the polymer in solution as well as the resulting
mesoglobules are visualized by cryogenic transmission electron
microscopy (cryo-TEM)23 which allows us to study systems in
situ, that is, directly in solution.

Experimental Section

Materials. The details of the synthesis ofPG2 can be found in
ref 21. Themolecular weight of the sample used here wasMn=0.
34�106, Mw=1.1�106 g/mol.

Cryo-Transmission Electron Microscopy. Initially, the stock
solution contained 0.01 wt % of dissolved dendronized poly-
(methacrylate) and was kept at constant temperatures of 25 and
60 �C using a water bath controlled by a thermostat. For the
cryosample preparation at a temperature of 60 �C, the chamber
was kept at 60 �C and vitrified rapidly by the method described
in ref 23. The samples were prepared by adding a 2 μL solution
droplet on a TEM lacey carbon copper grid (200 mesh, Science
Services, Munich, Germany) and removing most of the liquid
with blotting paper, thus leaving a thin film stretched over the
lace. The specimens were prepared by verification of thin liquid
films of the desired temperature in liquid ethane at its freezing
point to ∼77 K in a temperature-controlled freezing unit (Zeiss
cryo box, Zeiss NTS GmbH, Oberkochen, Germany). After
freezing, the specimen was placed into a cryo-transfer holder
(CT 3500, Gatan, M€unchen, Germany) and transferred to a
Zeiss 922 OMEGA EFTEM (Zeiss NTS GmbH, Oberkochen,
Germany). The TEMwas operated at an acceleration voltage of
200 kV. Zero-loss filtered images were taken under reduced dose
conditions (500-2000 e/nm2). All images were recorded digi-
tally by a bottom-mounted CCD camera system (UltraScan
1000, Gatan, Munich, Germany) and processed with a digital
imaging processing system (Digital Micrograph 3.9 for GMS
1.4, Gatan, Muenchen, Germany).

Light Scattering. The static and dynamic light scattering
experiments were carried out by using the ALV/DLS/SLS-
5000 compact goniometer system with a multiple tau digital
correlator system, equipped with a He-Ne laser (λ=632.8 nm).
The temperature of the sample cell was maintained exactly
by using a program-controlled thermostat within the error of
0.1 �C. The solutions were filtered into dust-free optical cells
using 0.2 μm nylon syringe filters. The normalized intensity
correlation functions were evaluated using the CONTIN 2DP
program. The hydrodynamic radius of the thermosensitive
dendronized polymer was calculated using the Stokes-Einstein
relation at the corresponding temperature.Measurements of the

time-resolved aggregation kinetics were performed at a scatter-
ing angle of 90� at regular interval of 10 s.

Modeling of the Data

In order to follow the aggregation in a quantitative man-
ner, we measured the hydrodynamic radius Rh of the aggre-
gates as a function of time. This procedure leads directly to
the rate constant of binary collisions between the dissolved
polymers if the concentration is low enough.24 Thus, Borko-
vec and co-workers were able to study the rate of doublet
formation of latex particles with great precision.25,26 How-
ever, it was found that the process of aggregation ismuch too fast
for the present system to be able to attain the regime in which
aggregation has not proceeded much beyond the stage of dimer-
ization. Dilution of the solution is not possible since it would
reduce the scattering intensity of the system toomuch. Hence, the
approach devised byWagner and co-workers22 was usedwhich is
valid at a later time as well. It is based on earlier work by Lin
and colleagues that considers the aggregation of spherical col-
loids in dilute suspension.27-29 In short, two limiting cases must
be considered: The diffusion-limited colloid aggregation (DLCA)
occurs when the particles have no repulsive interaction. More-
over, it is assumed that aggregation is irreversible. In the reaction-
limited colloidal aggregation (RLCA) the particles have a weak
but finite repulsive interaction that may be overcome by Brow-
nianmotion. In both cases, the aggregates have a fractal structure
characterized by a fractal dimension df of the aggregates. For
DLCA df equals 1.86 whereas df = 2.1 results for the RLCA
regime.28 The number of particles in an aggregateN is related to
the radius of gyration Rg of the aggregates and single particle
radius a as22

N ¼ ðRg=aÞdf ð1Þ
In the case of theDLCA, vonSmoluchowski30 has shown that the
Brownian aggregation time tp is related to the aggregate number
concentrationC at time t and the initial particle concentrationC0:

C0

CðtÞ ¼ 1þ k11

2W
C0t¼ 1þ t

tp
ð2Þ

The initial particle concentration can be calculated using the
particle volume fraction Φ and the initial particle radius a with
C0=3Φ/4πa3. Here tp is the Brownian aggregation time andW is
the stability ratio given by the ratio of the coagulation rate
constant k11 in the limit of the DLCA to the rate constant
measured in case of the RLCA.24,25 The coagulation rate con-
stant for binary collisions in the DLCA regime results to k11=
8kBT/3η, where kBT denotes the thermal energy of the particles
and η the viscosity of the solvent. Approximating k11 in eq 4 by
the von Smoluchowski rate constant k11,Sm and substituting C0

yields a theoretical Brownian aggregation time tp=ηπRh,0
3W/

ΦkBT.Combining eq 1 and 2, one gets for the average sizeRg

in the limit of long aggregation times (t/tp . 1)22,27

Rg=a¼ ð1þt=tpÞ1=df ≈ ðt=tpÞ1=df ð3Þ
In what is to follow, the average size of the particles and the
aggregates will be measured by DLS. Thus, we approximate
a as the initial hydrodynamic radius Rh,0 of the dissolved
polymers. Moreover, the size of the polydisperse aggregates
Rg must now be replaced by their hydrodynamic radius
Rh(t). In principle, this step requires precise knowledge
about the size distribution of the aggregates. Since the
present experiments are conducted practically in the limit
of the DLCA or near to this limit, the relationship between

Figure 1. Chemical structure of ethoxy-terminated dendronized poly-
methacrylate PG2. The polymer’s lateral substituent has two consecu-
tive branching points (second generation, G2).
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the radius of gyration and the hydrodynamic radius can be
calculated31 and used for the evaluation of the DLS data:22

RhðtÞ
Rh, 0

≈1:129
t

tp

 !1=df

ð4Þ

whereas Rh(t) is the hydrodynamic radius at time t and Rh,0

the initial particle hydrodynamic radius at time t=0.
The foregoing approach suggests the following experiments:

For a given polymer concentration, the analysis of the aggrega-
tion can be done by precise measurements of the hydrodynamic
radius Rh as the function of time at a given temperature T. In the
limit of DLCA the ratio ofRh/Rh,0 as the function of aggregation
time t reduced by the Brownian aggregation time tp should be
given by a power law as stated in eq 3.22 Following the prescrip-
tion of Wagner et al.,22 a master curve can be constructed by
plottingRh/Rh,0 as a function of t/tp.We therefore determine first
the temperature in which the limit of the DLCA is reached. Here,
W is unity at all temperatures, and the theoretical Brownian
aggregation time simplifies to tp,fast=ηπRh,0

3/ΦkBT. Now the
dimensionless stability parameter W for the temperatures in the
RLCA regime is obtained by shifting the curves in the slow
coagulation regime until they overlap with the curves measured
for the diffusion-limited case. Thus, tp=ηπRh,0

3W/ΦkBT in this
case or tp = Wtp,fast. In this way W provides a measure for
slowing down of the coagulation rate.

Results and Discussion

Dilute solutions containing 0.016 wt % of the dendronized
polymer PG2 were analyzed by dynamic light scattering at a
temperature of 25 �C. Figure 2 shows the normalized intensity
autocorrelation function measured at a scattering angle of
90�. The hydrodynamic radius was calculated using the
Stokes-Einstein relation, and the particle size distribution was
determined using the CONTIN program. The inset of this figure
shows the particle size distribution with an average hydrody-
namic radius of 18 nm.

Using the relative width of the peak the polydispersity of the
particles was estimated to 1.2. Figure 2 therefore demonstrates
that there is no association of polymer chains at lower tempera-
tures, and the aggregation starts from a well-defined solution
state, that is, from single molecules.

This result is supported by cryogenic transmission electron
microscopy (cryo-TEM) which allows us to study the size and the
possible association of the polymers and colloids in solution, that
is, in situ.23,32,33 Figure 3 shows cryo-TEM images of the
dendronized polymer solutions taken at temperatures of 25 and
60 �C. Figure 3a, which has been taken at room temperature,

suggests that virtually no association takes place under these
conditions. The diameter of the dendronized polymers is 35 (
5 nm and thus compares well to the size determined byDLS. It is
remarkable that the single polymer chains assume a more or less
globular structure even in the fully dispersed state. This finding
points to a rather small persistence length of these dendronized
polymers.

Figure 3b shows a cryo-TEM image of the same solution
heated to 60 �C within 10 min. The formation of the spherically
shaped, stable mesoglobules at 60 �C is clearly visible. The size of
themesoglobules is 220( 15nm.The inset ofFigure 3b shows the
close-up image of one individual mesoglobule. It clearly confirms
the almost spherical shape at 60 �C.Moreover, close inspection of
these globules reveals that they consist of small spherical objects
that have been precipitated on their surface. Thus, cryo-TEM
suggests that the mesoglobules have been generated by aggrega-
tion of small spherical objects.

Figure 3b shows two further points to be discussed in the
sequel: (i) The mesoglobules exhibit a rather narrow size
distribution. If the aggregation would have occurred at random,
a most probable distribution should have resulted which is much
broader than the breadth distribution that can be estimated
from Figure 3b. (ii) The volume fraction of the mesoglobules is
quite high, but no aggregation of the globules occurs anymore.
Thus, the stability of the mesoglobules cannot be traced back
to the slowing down of coagulation by a sufficiently small
concentration.

In order to elucidate the formation of mesoglobules in further
detail, the hydrodynamic radius of the PG2 polymer and
the resulting mesoglobules was determined by dynamic light
scattering while raising the temperature in a well-defined fashion.

Figure 2. Intensity auto correlation functionmeasured at 25 �Cand 90�
angle. The inset shows the particle size distribution calculated by using a
CONTIN fit.

Figure 3. Cryo-TEM images of the dendronized polymer at different
temperatures. (a) Image taken at a solution temperature of 25 �C. The
individual dendronized polymers are clearly visible. (b) At 60 �C the
dendronized polymer chains aggregate and form stable spherical
mesoglobules. The inset shows the individual single mesoglobule.

Figure 4. Hydrodynamic radius of the dendronized polymer after a
sudden raise of the temperature from 25 to 35.3 �C (heating rate: 1 �C/
min) using a polymer solution with a concentration of 0.016 wt %.
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Cryo-TEM has shown that the monomeric PG2 as well as the
mesoglobules are spherical. Therefore, the hydrodynamic radius
leads directly to the size of the object as the function
of temperature. Figure 4 displays the increase of the hydrody-
namic radius with time if the sample is heated with a heating rate
of 1 �C/min from 25 to 35.3 �C. There is a strong increase of Rh

which points to the rapid formation of aggregates. However, Rh

levels off after ca. 1000 s, and a plateau value is reached. This
situation remains stable for hours. It demonstrates that the
polymer under consideration here forms well-defined mesoglo-
bules in the size range of∼300 nm in radius. This is in qualitative
agreement with the micrographs obtained under similar condi-
tions by cryo-TEM (Figure 3). A quantitative agreement cannot
be expected since the size of the mesoglobule depends on the
heating rate (see below).

Figure 5 shows the hydrodynamic radius of the dendronized
polymer in equilibrated states during several heating and cool-
ing cycles. The solution was first heated slowly with a rate of
0.1 �C/min starting from 24 �C until the temperature of 34.9 �C
was reached. First, the chains shrink as indicated by the small
change in the hydrodynamic radius from18 to 16 nm, as shown in
Figure 5a. This is to be expected because the solvent quality
decreases slowly when going from 24 to 34.9 �C. However, a
further raise of the solution temperature to 35 �C results in a
sudden increase of the hydrodynamic radius of the polymer
particles to ∼317 nm. This state is found to be stable and may
thusbe regarded as a local equilibrium.The temperaturewas then
raised further in small steps (0.3 �C) which resulted in even larger
aggregates. Each state corresponds to a stable mesoglobule at the
given temperature. Finally, between 38 and 40 �C the aggregates
reach a hydrodynamic radius of 600 nm, which remains constant
up to 50 �C. Raising the temperature further, the mesoglobules
are found to shrink to well-defined, nearly monodisperse aggre-
gates of ∼450 nm, shown in the inset of Figure 5a.

Cooling runs were performed in the same way. The tempera-
ture was decreased at a rate of 0.1 �C/min to the given tempera-
ture and then kept constant until a stable state of the aggregates
was reached again. The cooling process was interrupted at the
same temperatures adjusted in the heating process before. In this
way the measured hydrodynamic radii Rh obtained for heating
and cooling runs could directly be compared. Rh was found to
depend hardly on the direction in which the temperature was
reached. The heating/cooling cycles were repeated several times
leading always to the same results. The heating experiment was
repeated by using a higher heating rate of 1 �C/min. The triangles

in Figure 5a indicate that again well-defined aggregates were
formed the size of which, however, was smaller than the size
obtained at a slower heating rate (0.1 �C/min).

Figure 5 hence demonstrates that there is virtually no hyster-
esis between the cooling and heating process. This finding is
remarkable since considerable hysteresis is commonly observed
for other systems: Kujawa et al., e.g., found a marked hysteresis
formesoglobules formedbypoly(N-isopropylacrylamide).5Also,
Cheng et al. studying the association and dissociation of the same
polymer in aqueous solution reported similar findings.7 They
explained the hysteresis by assuming additional hydrogen bonds
between the densely packed chains in the globule. Such additional
bonds resemble cross-linking points that render the globules
more stable against dissociation. Recently, Wu and co-workers
found that poly(N,N-diethylacrylamide) (PDAEAM) changes
from the coiled to single-chain globule state without any hyster-
esis in the cooling and heating cycles.34 The author state that this
finding is due to the lack of intrachain hydrogen bonding in the
single-chain globules. The absence of a hysteresis for the present
system thus points to the absence of strong hydrogen bonding
within themesoglobule, which is in agreement with the polymer’s
chemical structure lacking any site capable of hydrogen bond
formation.

The apparent lower critical solution temperature (LCST)
depends only slightly on concentration. Figure 5b shows the
change of the hydrodynamic radius as a function of temperature
depending on the concentration of the solution. For more highly
concentrated solutions, increasingly larger aggregates are formed
which at∼50 �Cmerge to a globules of a size of∼500 nm. In the
present system the formation of stable mesoglobules of similar
sizes seems to be a robust phenomenon that does not depend
strongly on concentration.

In order to further estimate the conformation of the mesoglo-
bules the ratio of Rg/Rh has been calculated. The value of the
radius of gyration Rg was determined by performing additional
static light scattering measurements. The static light scattering
intensities were measured at scattering angles between 30� and
130� with an angular step of 10�. The Rg values are calculated by
using Guinier’s approach. At room temperature the individual
dendronized polymer has a radius of gyration of 22 nm and a
hydrodynamic radius of 18 nm, resulting in a ratio Rg/Rh ∼ 1.2.
This ratio corresponds to flexible coiled chains.4 A further
increase in the temperature from 25 to 40 �C with a heating rate of
1 �C/min gives rise to a decrease of Rg/Rh from 1.2 to ∼0.7. A
uniform sphere has the Rg/Rh of 0.7744.

35 Thus, these results

Figure 5. (a) Hydrodynamic radiusRh of the PG2 as a function of temperature. The solution (0.016 wt%) was heated from 20 �C to the temperature
indicated in the graph. The hydrodynamic radii weremeasured after equilibrium had been reached at each temperature. Heating and cooling was done
using rates of 0.1 and 1 �C/min, respectively. The inset shows the corresponding particles size distributions at the heating and cooling rate of 0.1 �C/min
calculated fromCONTIN fits at 25 and 40 �C and again at 25 �C after cooling to the respective temperature. (b) Change of hydrodynamic radius with
temperature at three different polymer concentrations.
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confirm the spherical shape of the mesoglobules in agreement
with the cryo-TEM micrographs shown in Figure 3.

Figure 6 displays a schematic model of the association and
dissociation ofPG2. The chains contract until the LCST of 35 �C
is reached. Exactly at this temperature the formation of meso-
globules starts. The size of the stable mesoglobules depends on
the heating rate. At even higher temperatures the nearly mono-
disperse mesoglobules that have been formed slightly shrink but
remain stable. The mesoglobules formed at a slow heating rate
(0.1 �C/min) are larger than the ones formed at a fast heating rate
(1 �C). During the cooling cycle the mesoglobules completely
dissociate back into individual polymer chains as is evident from
Figure 4a. Moreover, virtually no hysteresis is found when
comparing the cooling runs to the heating runs.

In order to investigate the formation of mesoglobules of PG2
in solution in detail, the kinetics of aggregation at different
temperatures was analyzed quantitatively. The analysis of the
aggregation as the function of temperature was done at a low
polymer concentration (0.016 wt %.). First, the hydrodynamic
radius Rh(t) is normalized to its initial value Rh,0 at time t=0 for
different temperatures. Figure 7a displaysRh(t)/Rh,0 as a function
of time obtained from DLS at different temperatures. For the
sake of clarity, only data for three different temperatures are
shown. Obviously, Rh(t)/Rh,0 is rapidly increasing above the
value of 1.38 resulting for dimers.25,26 Figure 7b focuses on the
early time scale and shows that the dependence ofRh(t) on time t
differs markedly with increasing temperature. For high tempera-
tures the rate of mesoglobule formation is much faster compared
to low temperatures. In particular, Figure 7 demonstrates that the
rate of mesoglobule formation does not increase anymore when

going from 38 to 40 �C. From this observation we conclude that
the diffusion-limited colloidal aggregation for the present system
is reached at 38 �C. Hence, there must be a finite repulsion
between the polymers or the clusters that only vanishes at 38 �C
and above. In principle, the observations shown in Figure 7b
clearly demonstrate that there is a transition from the RLCA to
the DLCA at 38 �C which should be followed by a different
fractal dimension df (see above) and a stability ratio W > 1.
However, the present limits of error do not allow us to analyze a
small change of the exponent. Hence, in what is to follow we give
a simplified treatment in terms of the DLCA only.

In order to apply the analysis of Borkovec and co-workers,26

aggregation must be restricted to the very early stage of aggrega-
tion where mostly dimers are formed. Hence, Rh(t)/Rh,0 should
not exceed the value of 1.38 in the DLS experiments.25,26 How-
ever, these conditions cannot be reached for the present system as
shown in Figure 7. As mentioned above, the DLS measurements
of the present system require a certain minimum concentration
which is beyond this regime and the evaluation of the data
(Figure 7) will be given in terms of the approach of Wagner
et al.22 It must be kept in mind that the theory of ref 22 was
developed for a system of hard spheres that aggregate to a fractal
network. The cryo-TEM micrographs in Figure 3, on the other
hand, indicate that the final stage of the aggregation of PG2 is
given by spherical mesoglobules. Thus, we restrict the analysis
along these lines to the early stage and apply it on a semiquanti-
tative level only.

The Brownian aggregation time of the aggregates tp can be
determined out of Rh(t)/Rh,0 at different temperatures according
to eq 3. As discussed above, the stability ratio W is used as a
fit parameter and chosen so that a master curve for all measure-
ments of Rh(t)/Rh,0 in the intermediate stage results
(see Figure 8a): For t/tp e 10 the data points do not fit on the
master curve since in this early stage single polymer chains begin
tomerge into clusters.At 10e t/tpe 100, however, all data points
measured at different temperatures fall onto one master curve.
Obviously, the mesoglobule formation can be described in this
intermediate stage by the approach devised by Wagner et al.22

The slope of the dashed line in Figure 8a is related to the fractal
dimension of the aggregates df. The slope is compatible with the
established value 1.86 for theDLCA.However, the present limits
of error and the various approximation involved in this evalua-
tion do not allow a more precise determination of the exponent
from the present experimental data.

Figure 6. Schematic representation of temperature-dependent PG2
association and dissociation at different heating and cooling cycles
using two different heating rates (slow: 0.1 �C/min; fast: 1 �C/min). The
PG2 chains shrink up to 34 �C. Then mesoglobule formation starts at
the LCST of 35 �C. During the cooling cycle, the mesoglobules
completely disaggregate back into individual polymer chains.

Figure 7. (a) Change in the hydrodynamic radius normalized with its
initial radius as a function of the time for the dendronized polymer at
different temperature conditions (heating rate: 1 �C/min). The concen-
tration of the polymer was 0.016wt%. (b) Change in the hydrodynamic
radius normalized with its initial radius at the early time scale.

Figure 8. (a) Master curve of the intermediate stage of aggregation:
Here the data presented in Figure 6 are plotted according to eq 4. The
dashed line corresponds to the fractal dimension of the aggregates with
df=1.89. The parameter tp = ηπRh,0

3W/ΦkBT contains the stability
ratio W which is used as a fit parameter here. W is chosen so that the
curves overlap in the intermediate regime of t/tp. (b) The stability ratio
W is thus determined as the function of the temperature T. Three
regimes can be discerned: For temperatures below 35 �C, single chains
are stable in solution. For temperatures 35 �C < T < 38 �C there is
a cluster-cluster aggregation following the RLCA. Finally, above
38 �C the monomers and small clusters are instable in the intermediate
stage and their aggregation follows the DLCA.



Article Macromolecules, Vol. 42, No. 18, 2009 7127

Beyond t/tp g 100, however, the growth rate of the aggregates
rapidly slows down as the mesoglobules become stable. In
contrast to the situation encountered in the coagulation of
destabilized colloidal particles,25,26,22 aggregation comes to an
end if a given size of the mesoglobules is reached. The reasons for
this sudden change from aggregation to stable mesoglobules will
be discussed further below.

All results can be resumed in a state diagramgiven in Figure 8b
(cf. also Figure 3 of ref 4). Plotting the dimensionless stability
ratioW as a function of the solution temperatureT clearly reveals
three regimes: Below 35 �C PG2 forms stable solutions in water.
Above this temperature two coagulation regimes (Figure 8b) can
be discerned. For temperatures between 35 and 38 �CW is found
to decrease with increasing temperature. For temperatures T g
38 �C we find that the curves Rh(t)/Rh,0 as the function of t/tp do
not change upon further raise of T. Hence, W = 1 and
the diffusion-limited coagulation regime is reached. The tem-
perature that separates the fast from the slow aggregation regime
may be regarded as the critical aggregation temperature of the
dendronized polymer. In the case of PG2, we find the critical
aggregation temperature at ∼38 �C. Above this temperature the
monomeric chains and small clusters thereof have become totally
unstable.Onlymesoglobules of a certain size that result for t/tp>
200 are stable against further coagulation.

It rests to discuss possible reasons for the sudden stop of
aggregation which is obvious from the DLS experiments and the
cryo-TEM micrographs. Figure 8a shows this feature in a most
marked way: Rh/Rh,0 increases as expected for a system of
coagulating spheres.22 However, at t/tp ≈ 200, the growth of the
mesoglobules stop and no further aggregation takes place. In
particular, no Ostwald ripening of the globules is found that
would lead to a broad size distribution, but the resulting objects
are rather narrowly dispersed (see Figure 3). The reasons for the
stability of mesoglobules in solution have been comprehensively
discussed byWinnik and co-workers.4 First of all, steric stabiliza-
tion can be invoked when dealing with amphiphilic polymers.8,36

Anothermechanism leading to stabilizationmust be sought in the
viscoelastic effect first proposed by Wu and co-workers.3 The
mesoglobules are partially vitrified which may render the mutual
collisions ineffective. Electrostatic stabilization by small amounts
of ions immobilized in the mesoglobules may provide another
mechanism for stability.37,38

It is interesting to note that the temperature of the maximum
size of the mesoglobules coincides with the critical coagulation
temperature identified above. Thus, the stability of smaller
mesoglobules below this temperature must be at least partially
due to a finite steric stabilization. This finite steric stabilization
obviously is responsible for the well-defined size of the mesoglo-
bules at a given temperature (see Figure 5). In this way the
findings discussed in conjunction with Figure 5 can directly be
compared to the state diagram Figure 8 and the stability ratio
W: A stability ratio W > 1 results from a more effective steric
stabilization that allows the system to generate more surface.
Hence, smaller mesoglobules result.

However, above the critical coagulation temperature the
reason for the stability of mesoglobules can hardly be sought in
steric stabilization by the dendrons. Evidently, single chains are
unstable and coagulate, thus indicating the absence of steric
stabilization. The only stabilizing effects that may be operative
under these conditions are the viscoelastic effect and the electro-
static stabilization5,37,38 discussed above. Electrostatic stabiliza-
tion may be invoked because the dendrons attached to the main
chains are similar to crown ethers known to be excellent com-
plexation agents for small ions.39 Hence, each dendronized
polymer may have been complexed by a small number of ions
that are keptwhen aggregating to larger spheres. If the charge of a
given mesoglobule has become large enough, the electrostatic

stabilization has also increased to the level that the mesoglobules
repel each other. At this stage no further growth takes place.
A similar mechanism was recently discussed by Stradner et al.
when discussing the aggregation of charged proteins.40 This
conjecture would also explain the rather narrow size distribution:
a minimum size is required for obtaining the sufficient charge;
smaller globules are not stable. Beyond a certain charge no
further coagulation takes place.

In order to further investigate the stabilization mechanism, we
performedkineticmeasurements of themesoglobule formation in
presence of 0.01 mol/L sodium chloride. TheDLSmeasurements
show that at room temperature the size of the dendronized
polymer chains remains constant as expected. Increasing the
temperature to 35.1 �C initiates the formation of mesoglobules.
In line with the salt-free experiments the mesoglobules grow until
reaching a specific hydrodynamic radius of 650 nm, at which the
size remains constant. However, the polydispersity of the formed
mesoglobules is much higher than in salt-free conditions, and the
radius is smaller. Similar results are found by raising the con-
centrationof sodiumchloride to 0.05mol/L. Themarked increase
of the polydispersity points to the fact that the process of
aggregation in presence of salt is not stopped anymore at a
well-defined point. However, the aggregation still does not
proceed to a fullymacroscopic phase.38We hence conclude that the
viscoelastic effect may still be operative under these conditions: If
the volume fraction of the PMMAmain chains of PG2 exceeds a
certain value, the globules are vitrified. Collisions between two
mesoglobules thus become ineffective, and a stable suspension
results.

Conclusion

We investigated the solution behavior of the thermosensitive
dendronized polymer PG2 at different temperature conditions
using dynamic light scattering and cryo-TEM. At temperatures
higher than the LCST of 35 �C, a coil-to-mesoglobule transition
of the polymer chains in solution is observed. The resulting
mesoglobules are stable and nearly monodisperse. Upon cooling,
the mesoglobules completely dissociate back into singular chains
without any marked hysteresis. In dilute concentrations the
equilibrium size of the mesoglobules is a function of the solution
temperature. Also, the equilibrium size of the aggregates in high
temperature conditions above 50 �C weakly depends on the
polymer concentration. We showed that the intermediate stage
of the formation ofmesoglobules can approximately be described
by a cluster-cluster aggregationmodel as devised byWagner and
co-workers.22 The master curve (see the discussion of eq 4)
exhibits three different stages during the formation of mesoglo-
bules: In a first stage single chains aggregate to form clusters. In
the intermediate regime (5 e t/tp e 100), these clusters aggre-
gate.22 Finally, aggregation stops when the mesoglobules have
reached a certain size. Possible reasons for the stability of the
globules of a certain size may be sought in an electrostatic
stabilization originating from complexated stray ions,5,37 most
probably supported by a finite viscoelastic stabilization.3
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