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ABSTRACT: Crowded solutions of densely branched polymers with starlike architecture undergo a
reversible gelation upon heating. This phenomenon is characterized by slow kinetics and is attributed to
the formation of clusters causing a partial dynamic arrest of the swollen interpenetrating spheres at
high temperatures. A kinetic pseudo-phase diagram of gelation temperature against the effective volume
fraction is constructed. Stars with different functionalities exhibit a different sol—gel boundary; small
differences in the internal structure of the stars (regular with spherical dense core vs irregular with
nonspherical core but spherical overall shape) are presumably responsible for these differences. Thermal

gelation is proposed as an alternative route to jamming of soft materials.

I. Introduction

Recently, theoretical and experimental work geared
primarily toward the construction of a generic picture
of the glass transition and yielding in soft and fragile
matter revealed that a wide range of materials such as
colloids, emulsions, and foams undergo a jamming
transition at low temperatures and/or high volume
fractions, which is characterized by a solidlike rheologi-
cal response.>2 The universal features of the jammed
systems were represented by a proposed “jamming
phase diagram” involving temperature, density, and
stress.! In the temperature vs density part of this
diagram, the conventional behavior of inducing glassy
behavior upon cooling and/or increasing density is
represented.

Aside from vitrification, a process related to segment-
level dynamics (and in any case not a polymer specific
property), synthetic polymers can undergo a reversible
gelation upon cooling; this is most often due to changes
in microstructure (stereochemical reasons), in the ab-
sence of other interactions such as electrostatic, enthal-
pic, or hydrogen bonding.® A combination of these factors
may drive complex systems such as diblock copolymer
micelles to different gel phases or crystals.*

However, we showed very recently that the above
classification of liquid—solid transitions is by no means
complete, in view of the emergence of a novel class of
complex materials encompassing both polymeric and
colloidal characteristics, tunable at the chemical level,
and known as soft (or ultrasoft) polymeric spheres.®
More specifically, we demonstrated a counterintuitive
reversible thermal gelation transition observed in mul-
tiarm star polymers and giant block copolymer micelles.®
These materials were suspended in solvents which are
classified as nominally good (but in fact they are of
intermediate quality between good and O, as discussed
below) and characterized by excluded-volume interac-
tions only; upon heating, they exhibited a dramatic
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increase in their mechanical moduli, eventually yielding
a solidlike response. This phenomenon was attributed
to the formation of clusters causing a partial dynamic
arrest of the swollen interpenetrating spheres at high
temperatures, and a Kinetic phase diagram was pro-
posed and discussed in analogy to the phase diagram
of sterically stabilized colloids; in the latter case colloids
crystallized at high volume fractions upon increase of
number concentration, whereas the present ultrasoft
systems gelled at high volume fractions upon swelling
at constant number of stars.

In this paper we examine this novel phenomenon in
more detail by considering two types of star polymers
(“regular” and “irregular” ) and addressing in particular
two new aspects: (i) the effect of temperature on the
conformation of the single star polymers and (ii) the
kinetics of the gelation process upon heating and the
liquification upon cooling. In the second part we outline
the materials and techniques used. Then, in section IlI
we present and discuss the main findings, and finally
section IV summarizes the conclusions drawn from this
work.

1. Experimental Section

Materials. Using a dendrimer scaffold and chlorosilane
coupling chemistry, living linear 1,4-polybutadiene arms were
assembled to form regular stars with nominal functionality f
=128 and nominal arm molecular weights 28 000, 56 000, and
80 000, coded 12828, 12856, and 12880.5 These chemically
homogeneous soft materials are called regular stars and are
spherical in shape (see illustration in Chart 1a), exhibiting a
nonuniform segment density distribution with a higher density
toward the core as predicted theoretically and confirmed
experimentally.”~° Moreover, above the overlap concentration
they are characterized by liquidlike ordering due to the
enhanced osmotic pressure gradient® and by a soft interaction
potential.’® These features are also reflected in their rich
dynamic response.®*! Further, above a threshold functionality
in good solvents there is evidence of a (macro)crystalline phase
in a narrow concentration range.®*?

A similar chemistry was implemented for the synthesis of
1,4-polybutadiene star polymers of much higher functionality
(about 270) and coded LS4 and LS6.%3 In this case, however, a
short 1,2-polybutadiene backbone chain was hydrosilylated
with HS(CHj5)Cly, yielding two coupling sites per monomer
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Chart 1. Schematic Representation of the Structure
of a Regular Star (a) and an Irregular Star (b)
Polymer; Dashed Circles Attempt To lllustrate the
Overall Spherical Shape of These Macromolecular
Objects

(a) regular star

(b) irregular star

Table 1. Molecular Characteristics of Regular and
Irregular Star Polymers

sample f Ma (g/mol) c* (mg/mL)?3 s = Rn/Rg°
12880 122 72 100 30.6 1.36
12856 127 47 300 45.1 1.32
12828 114 26 100 73.0 1.37
LS4 267 18 300 48.1 1.13
LS6 263 42 300 245 1.15

a Estimated from the hydrodynamic radius, ¢* = fMa/[Na(4/
3)7RK3]. P Data taken from refs 5 and 13 (in cyclohexane) and own
measurements.

unit; the latter were substituted with 1,4-polybutadiene by
addition of poly(butadienyl)lithium. Because the yield of the
hydrosilylation reaction of the polymer did not exceed 80%,
the architecture of the resulting highly branched polymer was
such that on average four out of five monomer segments are
substituted with a total of eight arms. The unsubstituted units
are assumed to give some flexibility to the backbone. Because
of the absence of a spherical dendritic core, in this case a
slightly different internal structure of the star polymer may
result, which however apparently retains its overall spherical
shape (see also discussion on single stars characterization
below). For this reason we call these two polymers “irregular
stars” to distinguish them from their regular counterparts (see
Chart 1b).

The actual molecular characteristics of the stars studied are
summarized in Table 1. The polymers were mixed with decane,
a solvent of “intermediate” quality (with a second virial
coefficient A; > 0 which increased with temperature, but not
athermal, as discussed below) for 1,4-polybutadiene (see
below), followed by gentle stirring at 20 °C for at least 8 h. A
small amount (0.1 wt %) of antioxidant (4-methyl-2,6-di-tert-
butylphenol) was added to eliminate any degradation.

Methods. The dilute solution characterization and the
structure and dynamics of concentrated solutions of these
dense branched polymers were investigated at different tem-
peratures using shear rheology, small-angle neutron scattering
(SANS), and dynamic light scattering (DLS).

A Rheometric Scientific ARES-HR sensitive strain rheom-
eter was utilized with a force rebalance transducer 100FRTN1
in the parallel plate geometry (diameter 25 mm, sample gap
about 1 mm). Temperature control in the range of 0.1 °C was
achieved via a recirculating ethylene glycol/water mixture for
temperatures between —10 and 70 °C. Measurements included
dynamic frequency sweeps and temperature ramps (to deter-
mine the gelation temperature), dynamic strain sweeps (to
establish the limits of the linear viscoelastic response), and
dynamic time sweeps (to quantify the kinetics of the gelation
process upon heating and liquification process upon cooling).

Small-angle neutron scattering (SANS) experiments were
performed at the ILL D11 spectrometer (sample LS6) in
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Figure 1. SANS intensities from dilute solution: LS6 0.5 wt
% in d-decane at 20 °C (M) and 55 °C (O). Lower inset: analysis
of the 1(q) data of LS6 0.5 wt % using the Dozier fit. The two
contributions (form factor at lower g's and blob scattering at
higher q's) are clearly visible. Upper inset: comparison
between the two stars, LS6 0.5 wt % (20 °C) and 12880 0.1 wt
% (47 °C) in d-tetradecane. The 12880 intensity has been
shifted vertically in order to superimpose the scattering
intensities at large g values.

Grenoble. Three distances/collimations were used (20, 5, and
1.5 m) with a neutron wavelength of 6 A to access the whole
scattering wave vector range. Solutions in perdeuterated
decane (with 0.1 wt % antioxidant) were measured in 1 mm
thick quartz cuvettes and heated to the desired temperatures
with an accuracy of +1 °C.

The measurements of the effective hydrodynamic radii of
the single polymers (in dilute solution) were carried out with
dynamic light scattering by utilizing an ALV goniometer setup
and an ADLAS Nd:YAG laser operating at 2 = 532 nm. The
Brownian motion of the polymer was detected through the
concentration fluctuations of the system at different scattering
wavevectors q = (4zn/A) sin(6/2), n being the refractive index
of the solvent and 6 the scattering angle. The time autocor-
relation function of the scattered intensity G(q,t) was deter-
mined with the aid of an ALV-5000/E fast multi-t correlator
in the time range 1077—10° s. The measurement consisted of
obtaining the intermediate scattering (field) function C(q,t) =
[(G(g,t) — 1)/f*]¥2 in the polarized (VV) geometry, where * is
an instrumental factor relating to the coherence area (for
details see ref 11). The equivalent hydrodynamic radius was
extracted from the measured diffusion coefficient assuming
validity of the Stokes—Einstein relation, R, = kT/6anD (k
being the Boltzmann constant and # the solvent viscosity) for
spherical objects. The various contributing relaxation mech-
anisms were detected with measurements of the C(q,t) at high
concentrations.

111. Results and Discussion

111.1. Dilute Solution Characterization. I11.1.1.
Small-Angle Neutron Scattering. The dilute solution
single star behavior, i.e., the scattering intensity vs q,
measured in dilute solution by SANS, is depicted in
Figure 1 for two different temperatures and two differ-
ent stars, a regular 12880 (0.1 wt %) and an irregular
LS6 (0.5 wt %); these two solutions are effectively dilute
based on the hydrodynamic c¢* values of Table 1. It is
observed that the data exhibit the typical scattering
behavior of multiarm stars,®®¢ with two apparent dis-
tinct contributions at small and large scattering wave
vector values. The low-q part is dominated by the “form
factor” scattering due to the overall polymer density
profile, whereas the high-q part is dominated by the
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polymer—solvent fluctuations (blob term). This leads to
the representation of the SANS intensity by two inde-
pendent contributions:%.¢.14.15

1(@) = P(aRy)+ G(af) @)

where Ry is the radius of gyration and & is a correlation
length (blob size). Starting from the Daoud Cotton
model, Marques et al. recently deduced a rigorous
expression for the scattering intensity giving justifica-
tion for this form.1® The simplest expression for the form
factor is a Guinier type,

P(q) = V exp(—a’R,%/3) )

where V is the weight-average molecular volume. The
high-g limit G(g€) term in eq 1 is approximated by?!®

_ 4ga sinfu tan"(gé)]
G(qé) = [+ " ['(w) )

where u =1/, — 1 (v the Flory exponent), T denotes the
gamma function, and o is a normalization constant,
treated in this analysis as an adjustable parameter,
along with Rg, &, and V.

The lower inset of Figure 1 depicts the best fit of egs
1-3 for the LS6 star at 20 °C, which is indeed very good.
Note that the high-q data conform to the q~53 scaling
(eq 3). The obtained values of Ry are known to be
underestimated,® primarily because of the insufficient
low-g limit (yielding gRq ~ 1, whereas the range gRy <
1 should be reached for an accurate determination of
Rg). The Ry values obtained from Figure 1 are 32 nm
for 12880 at 47 °C and 25.6 nm for LS6 at 20 °C (26.6
nm at 55 °C). Alternatively, Ry can be obtained from
the maximum of a modified Kratky plot (167 vs q),°
yielding respective values of 36 (for 12880), 30.6, and
32 (for LS6) nm. In cyclohexane, a good solvent, the
reported values of Ry from light scattering measure-
ments (at 20 °C) are 42.4 nm for 1288052 and 55 nm for
LS6.13

In the upper inset of Figure 1 the comparison between
the irregular star LS6 and the regular 12880 is shown.”
The intensity of the regular star was shifted so that the
high-g incoherent intensities superimposed, which is
equivalent to a normalization by fN,2, with N, being the
arm degree of polymerization; this was necessary given
the different solvents, concentrations, and spectrometers
used and shows the similarity of the data. Note that
the difference in the low-q intensities in the upper inset
(normalized to the high-q contribution) conforms to the
32 scaling.®

Further, from Figure 1 we can note that the swelling
due to temperature increase, although directly visible
(reduces low-q intensity), remains much less than that
observed close to ® temperature with smaller stars;'*
this is probably due to the fact that in the present work
not low enough g's were reached, as already mentioned.
On the other hand, this temperature effect provides a
justification for the classification of decane as an
“intermediate” quality solvent, given the difference from
both the ® and good (athermal) limits.

The suggested molecular shape of the LS molecules
based on their synthesis (see Chart 1) implies a possible
weak shape anisotropy. However, fitting the form factor
P(q) of LS6 using a modified Daoud—Cotton ellipsoid,'8
to account for such an anisotropy, produces virtually
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Figure 2. Temperature dependence of the effective hydrody-
namic radius of the regular stars 12880 (a), 12856 (®), and
12828 (m) and the irregular star LS6 (#), as obtained from
dynamic light scattering measurements in dilute solutions (c
< ¢*). The lines are drawn to guide the eye. Respective open
symbols refer to the values in a good solvent cyclohexane at
25 °C (high values) and a © solvent dioxane at 26.5 °C (low
values).

identical results with the lower inset of Figure 1,
typically for an asymmetry ratio of about 0.85. This
suggests that the SANS analysis outlined above is
appropriate for the irregular star samples, much like
for the regular stars,?< and further that these experi-
ments cannot probe unambiguously a small deviation
from spherical shape. In addition, dynamic depolarized
light scattering measurements from dilute LS6 solutions
in decane (0.008 wt %) did not reveal any anisotropy.
(Some anisotropic scattering was detected at higher
concentrations, but this was probably due to second-
order scattering effects.'”) Thus, for all practical pur-
poses here the irregular LS polymers are considered as
having a virtually spherical overall shape. Yet, inter-
nally their structure differs from that of the regular
stars, as outlined in the synthesis part, as the core of
the latter is spherical and dense. In fact, from dilute
solution measurements in good solvent cyclohexane,>1319
it is apparent that the irregular LS stars exhibit a small
deviation from the Daoud—Cotton scaling’ Rq ~ f 5N3*:
the ratio of Ry to fY°N35 for stars of varying arm
molecular weight was about 0.25 for functionalities f =
4—128 and 0.29 for f = 270. Such a difference seems
also reflected in the dilute solutions measurements
which provided the static (Rg) and hydrodynamic (Rn)
radii. As seen in Table 1, the ratio s = Rn/Rq for the
same solvent (toluene) was found to be about 1.35 for
the regular stars and 1.15 for the irregular stars.
Actually, values of “s” below the hard-sphere limit
(actually this is a constant density sphere) of 1.29 are
usually attributed to deviations from sphericity or to
lower density in the core region in the irregular com-
pared to the regular stars,?° a reasonable possibility on
the grounds of the representation in Chart 1 and the
above discussion. However, such an effect is rather
small as it was not clearly resolved in the SANS
measurements. Furthermore, it should be noted that the
shape of the single macromolecules does not seem to
change upon heating, as evidenced from the SANS data
(Figure 1).

111.1.2. Light Scattering. The effect of temperature is
important in influencing the size and is clearly shown
in Figure 2, where the temperature dependence of the
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Figure 3. SANS total scattering intensity from 5.4 wt %
solutions of LS6 in d-decane, at 20 °C (M) and 55 °C (O).
Inset: the corresponding extracted effective structure factors
S(q), as discussed in the text.

effective hydrodynamic radius of various regular and
irregular star polymers is plotted; in all cases concen-
trations ¢ < c¢* from Table 1 were measured. The
significant swelling upon heating (about 15%) further
suggests that decane is not a truly good (athermal)
solvent near room temperature and only approaches
good solvent behavior above 55 °C; in fact, the open
symbols around room temperature in Figure 2 indicate
the limiting Ry, values for dioxane (at 26.5 °C, lower
value) and cyclohexane (at 25 °C, upper value). The
former is a © solvent for 1,4-polybutadiene (6 = 26.5
°C) whereas the latter is a good solvent. Therefore,
decane is a solvent of intermediate quality, exhibiting
a strong temperature dependence in the range investi-
gated. Below we shall use Ry as an index of star
dimension. This is of course a dynamic length, but on
the other hand, for high functionality stars the hydro-
dynamic solvent draining is not expected to be severe,>19
and thus it should not be influenced by temperature or
concentration, so the observed effects relate indeed to
star size changes.

111.2. Behavior in Dense Solutions. 111.2.1. Struc-
tural Features. Above the overlap concentration, the
star—star interactions give rise to a strong maximum
in the scattered intensity. The expression for the
intensity is then given by16

1(@) = P(q) S(q) +G(a) (4)

where S(q) is the star’s structure factor. Note that both
P(q) and G(q) depend on concentration,®'® rendering
direct access of S(q) difficult. However, in our case the
stars that are typically in the concentration range c¢* <
¢ < 20c* are only slightly interpenetrating, as evidenced
by the little variation of the crossover between the form
factor low-q regime and the blob high-q regime (Figures
1 and 3), the cooperative diffusion speed-up,%1! and the
rather small variation of Ry in this range.® We extract
S(q) at different temperatures (see inset of Figure 3)
by assuming no change in the form factor. This proce-
dure includes subtracting the blob “incoherent ” part of
the scattering at high g's (Ii(q) — Gi(q)), as determined
by fitting (eq 3), and then dividing to the star—star
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Figure 4. Dynamic temperature ramp of a LS6/decane 5 wt
% solution, at a frequency of 5 rad/s and with a heating rate
of 1 °C/min, indicating the thermal liquid—solid transition (G,
0O; G", @). Lower inset: dynamic frequency sweep of the same
sample at a temperature of 10 °C, in the liquid regime. Upper
inset: respective dynamic frequency sweep at a temperature
of 28 °C, in the solid regime.

contribution (I¢(q) — G¢(q)), yielding an effective struc-
ture factor:

S(@) = (1(Q) — Gc(@)/(1i(a) — Gi(a) ()

We observe a very small variation in S(q) with temper-
ature. Given the approximations used in this procedure,
it is reasonable to state that there is no measurable
difference in S(q) with temperature, both in the position
of the structural maximum, Qpeak, and in the intensity.
From the inset of Figure 3 it is possible to obtain an
estimate of the typical length scale d ~ 27/Qpeax Which
is 66 nm, with Rh'20<d < 2Rh120 (thzo being the
hydrodynamic radius at room temperature); this finding
suggests star interpenetration and possibly squeezing
in the crowded solutions. In addition, the fact that this
distance d does not change with temperature may
suggest the interplay of swelling and interpenetration
at higher concentrations. Note that the measurements
at high temperatures were taken after the sample was
equilibrated for more than 1 h at the specific temper-
ature (see also discussion in reference to Figures 7 and
8 below).

111.2.2. Linear Rheology. The effect of temperature in
inducing a liquid—solid transition is characteristically
depicted in the rheological data of Figure 4 for a LS6 5
wt % solution. The dynamic temperature ramp at a
frequency of 5 rad/s, strain 0.5%, and a low heating rate
1 °C /min identifies this transition at 21 °C. A confirma-
tion comes from the frequency spectra, which show that
at lower temperatures the polymer solution remains
liquidlike (lower inset), and at higher temperature it
has a solidlike response (upper inset). It is clear that
as the temperature increases, the material behavior
changes drastically from viscous liquid (terminal be-
havior with G' ~ w?, G" ~ w, G" > G') to a weak elastic
solid (terminal behavior with G' > G" and a very weak
frequency dependence), accompanied by an increase in
the values of the moduli by 2 orders of magnitude. The
reproducibility of these results at different times fol-
lowing cooling to room temperature and recovering the
original liquid confirms the reversibility of the process
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Figure 5. Dynamic frequency sweeps of G' (a; closed symbols)
and G" (b; open symbols) for 12856 5 wt % in n-decane at
different temperatures across the gelation transition (%, 10
°C; #,20°C; v,25°C; @, 30 °C; a, 33 °C; W, 40 °C).

and is consistent with visual observations of this transi-
tion. In fact, other star samples exhibiting a liquid—
solid transition below room temperature remained
immobile at that temperature over the course of a few
days, whereas they flowed after being stored in the deep
freezer (about —10 °C) for several hours. It is interesting
to note that the opposite effect is observed in low
functionality star (f < 32) and linear polymers, which
exhibit the typical Arrhenius temperature dependence
(moduli decreasing with temperature); in these cases
swelling is insufficient to maintain or enhance ,.
Figure 5 depicts a systematic evolution of the linear
viscoelastic spectra of 12856 with increasing tempera-
ture, from the liquid regime to the solid regime. Note
that these are equilibrium measurements, meaning that
before each measurement (at a certain temperature)
enough time had elapsed in order to ensure (using
dynamic time sweeps) that the data had become time-
independent (see also relevant discussion in connection
with Figures 7 and 8 below). It is interesting that there
is a distinct change of the frequency dependence of the
moduli G' and G" with temperature, which sometimes
can be sharper. This suggests that the swelling of the
star (see also Figure 2) enhances the “crowding” of the
suspension and is accompanied by some further inter-
penetration® and possible deformation, resulting in a
different rheological behavior. In fact, the frequency
dependence of G' and G" over the experimental window
(about 3 decades) is indicative of the nature of the
formed solid. From the rheological data and additional
evidence from scattering and self-diffusion data (see also
ref 6 and discussion in conjunction with Figure 3), the
solid is identified with a gel. In fact, it is known that if
a self-similar gel is formed as discussed in the theory
of percolation, then G' ~ G" ~ w", where the exponent
n takes values in the range 0.2—0.5 and relates to the
gel’s fractal dimension.?! On the other hand, percolation
may not hold for the noncritical gels, as already dem-
onstrated in a variety of gelling soft systems, and most
notably concentrated solutions of block copolymer mi-
celles, which have many common features to the stars.??
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Figure 6. Determination of the gelation temperature for a
12828 8.5 wt % in n-decane from the combination of dynamic
temperature ramps (5 rad/s, 0.1 °C/min; G', a; G", A) and
dynamic frequency sweeps in the inset (v, 55 °C; tilted a, 20
°C; ®,5 °C; G', closed symbols; G", open symbols).

Therefore, heating the stars does not necessarily lead
to formation of critical gels.

The features of the rheological response across the
gelation transition are the same in the regular and
irregular star polymers, as seen from the comparison
of the temperature ramps and frequency sweeps (Figure
6 for 12828 8.5 wt % and Figure 4 for LS6 5 wt %). The
difference in moduli values in these two examples
relates to different concentrations and different heating
rates used. A rough estimation of the gel time for a given
temperature jump from the liquid into the gel region,
tger (from the approximate tan 6 ~ w° criterion®' or
simple time sweeps after the temperature jump), sug-
gests that tg decreases with increasing temperature.

111.2.3. Kinetics of the Liquid—Solid Transition. An
important consideration relates to the kinetics of gela-
tion upon heating and the subsequent liquification upon
cooling. This is relevant as the experimental gelation
temperatures Tge should be determined close to pseudo-
equilibrium (as the gel is actually a nonequilibrium
state from the thermodynamic point of view). Figure 7
demonstrates that this pseudo-equilibration time for
obtaining a heating-induced gel is rather long; this
depends of course on the measurement temperature for
a given concentration. It can be seen that it takes
considerable time to reach a steady-state response
(*equilibrium”) in the heating-induced gels; this is very
important as it is possible to start a measurement at a
certain temperature where the system originally be-
haves as a liquid, and then over time it solidifies at that
temperature (Figure 7a). Typical results from Kinetic
experiments when cooling the gels are presented in
Figure 7b, where the moduli decrease substantially with
time at a constant temperature (G' > G" at short times),
and eventually the liquid dense star suspension is
recovered; note that the scattering of the data at long
times is due to the limits of torque resolution in the
rheometer (moduli are very small).

Additional support comes from dynamic light scat-
tering measurements. Figure 8 depicts the intermediate
scattering function for a 5.5 wt % 12856 solution in
decane at g = 0.033 nm™1. At high temperature (55 °C)
this solution gels, and C(q,t) is characterized by a three-
step decay; starting from short times, the relaxation
modes are identified®1! with the cooperative diffusion
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Figure 7. (a) Linear viscoelastic spectra (G', G") of regular
star 12880 5.2 wt % in n-decane at 7 °C (taken through a jump
from about —10 °C) and different times, demonstrating the
long gelation Kkinetics (O, ®: original measurement at time t
= 0 after the temperature was reached; x, +: t =25 min; A,
A t=52min; ¢, t=81min; O, W t=116 min; v, v: t
= 230 min). (b) Representative dynamic time sweeps upon
quenching 12880 3.9% in decane to 20 °C (from 45 °C) at 1
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Figure 8. Normalized intermediate scattering function of a
5.5 wt % 12856 star solution in decane at a value of the
scattering wavevector g = 0.033 nm~?, measured at 55 °C in
the gel state and at different times upon subsequent cooling
to 20 °C in the liquid state. The various relaxation processes
are indicated by arrows. Note that the gel state is character-
ized by the slow cluster mode which loses intensity upon
cooling and eventually disappears when the equilibrium liquid
is recovered (after 10 h).

(due to interpenetrating arms), the self-diffusion of stars
(colloidal nature), and the slow cluster mode which
relates to the gel. Upon cooling to 20 °C which corre-
sponds to the liquid state, the cluster mode loses
intensity, and after 10 h it disappears and the equilib-
rium liquid semidilute star solution is recovered. There-
fore, the cluster mode is an identifying signature of the
gel; note also that the equilibration time conforms to
the rheological experiments (Figure 7b).
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Figure 9. Gelation temperature, Ty, as a function of polymer
concentration, c, for the stars investigated: 12880 (v), 12856
(»), 12828 (O), LS4 (m), and LS6 (#). Lines are drawn to guide
the eye.
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Figure 10. Proposed generalized jamming phase diagram for
regular and irregular star polymers. Lines are drawn to guide
the eye. Symbols are the same as in Figure 9. Inset: general-
ized jamming phase diagram proposed by Liu and Nagel® in
terms of temperature T, inverse density (or concentration) 1/p,
and stress o, indicating the speculative interface separating
flowing from not-flowing soft materials. In the temperature-
inverse density plot the liquid—gel diagram represents the
alternative route to jamming proposed in this work.

111.2.4. Toward a Kinetic Phase Diagram. With the
“equilibrium” gelation temperatures being determined
from the combination of temperature ramp tests, time
sweeps, and frequency sweeps, it is now possible to
proceed with mapping the results into a kinetic pseudo-
phase diagram. Figure 9 plots the Tge's of the various
star polymers as a function of concentration. For all
systems it is observed that Ty decreases with increas-
ing concentration. It should be emphasized that for
regular stars of functionality f = 64 no gelation was
detected; concentrated solutions in decane exhibited an
enhancement of moduli with temperature (up to 80 °C)
but did not gel. Thus, functionality, which primarily
affects the core size,” plays an important role in the
gelation process.

Figure 10 depicts an attempt to obtain a “universal
jamming phase diagram” for all stars investigated in
this work. The gel temperature Ty is plotted against
the effective volume fraction ¢es which is essentially the
volume fraction of the spherical stars by considering
their overall dimension as if they were hard spheres; it
is estimated from the weight concentration and their
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radius Ry (in the low-temperature liquid region of
Figure 2). Note that even for the LS samples we used
the same reduction in concentration. The fact that ¢es
exceeds unity is due to mutual arm interpenetration.
The virtual collapse of the Ty data for the different
regular stars (all with the same nominal functionality
f=128) is an interesting result. However, the irregular
stars appear to behave differently and form another
sol—gel boundary. Given the similar overall shape of
these two types of stars (probed within the resolution
of the experimental techniques available), their only
difference relates to their internal structure. As already
mentioned, the regular stars have a spherical core with
virtually constant and high monomer density, whereas
the irregular ones have a rather nonspherical core with
lower density and a different (nearly double) functional-
ity. Hence, the plot of Tge against ¢er does not collapse
all data, pointing to the need for an appropriate scaling
to accomplish this; but this task is left for future studies
as it requires further experimental work and thorough
understanding of the phenomenon.

111.2.5. Assessment of the Liquid—Solid Transition:
Glasslike Gelation. The phenomenological evidence
presented above provides the necessary ingredients for
the formation of gels on heating: dense star solutions
(above c*); high functionality (above a threshold value
of about 64); solvents of intermediate quality. These
conditions hold the key for the consideration of possible
mechanisms of this phenomenon. Note also the revers-
ibility of the process excludes the possibility of chemical
cross-linking or solidification due to solvent evaporation.

A first issue of substance here is the structural
characterization of the heating-induced solid and its
difference from the viscous liquid at lower temperar-
tures. This was addressed with the SANS investigation
of the regular and irregular star polymers across the
gelation temperature as discussed with respect to LS6
and Figure 3. In this figure, the low and high temper-
atures correspond to the liquid and solid regions,
respectively. The results are in good qualitative agree-
ment with the respective information from regular stars
12856 (6 wt % in d-decane) as discussed in ref 6.
Therefore, as the structural changes upon heating of all
stars are found to be insignificant, it is then evident that
the observed solidification is not due to any strong
structural rearrangements (for example, leading to
crystallization®?). In addition, the observed phenomenon
with the long transients and hysteresis upon heating
to gel and cooling to liquid (Figure 7) also suggest
analogies to first-order transitions; to elucidate this
point, we carried out DSC measurements at typical
heating rates of 20 °C/min, and no evidence of latent
heat was observed. This situation is also reminiscent
of phase separation kinetics relating to the occurrence
of a lower critical solution temperature (LCST) demix-
ing;2324 however, this possibility is excluded as well, as
there was no visual or structural evidence of such
transition. (SANS and dynamic light scattering experi-
ments did not show any increase of the scattered
intensity across Tge,® as would have been expected in
the case of demixing.) Furthermore, measurements with
linear and star polymers in different hydrocarbons
(tetradecane) did not reveal any evidence of demixing,
based on the same quantitative criteria.?

Also, the hysteresis effects suggest analogies with the
aging observed in glassy systems2627 and seem associ-
ated with the temperature-induced swelling,® as also
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Chart 2. Sketch of the Proposed Thermal Gelation
Transition; upon Heating, Single Stars Swell (a) and
Dense Star Solutions “Jam” and Form Random
Clusters (b)
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discussed below. Hence, the observed phenomenon is of
dynamic origin. From the above discussion, however,
there is a likelihood of relating this thermal liquid—solid
transition to some type of colloidal glass transition; we
believe that this should be ruled out on the grounds of
dynamic light scattering measurements which did not
reveal any evidence of o-relaxation or related pro-
cesses.®26-28 |n addition, it is noted that the gels formed
are rather weak, as inferred from the low values of the
shear moduli (not exceeding 50 Pa), as well as their
continuous thinning behavior during steady shear ex-
periments.?> Normally glasses have higher moduli by
several orders of magnitude.?6~28 This is an important
point as both gelation and glass transition are kinetic
processes driven by crowding of the stars, which is
induced by concentration and temperature. However,
the gels and glasses (with interaction potential U > 0)
relate to different length scales, larger (clusters) for the
former and much smaller (“single particles” or segment
length) for the latter.?°

On the basis of unambiguous evidence such as that
presented above, the following mechanism of the revers-
ible thermal gelation is proposed: as the temperature
increases, the solvent quality improves (Figure 2), and
the peripheral blobs of the interacting liquid-ordered
soft spheres swell; consequently, assuming overall
incompressibility of the system, the spheres increase
their arms’ overlap, but not to a large extent because of
the strong excluded-volume repulsions. This crowding
eventually leads to a dynamic frustration (jamming) of
the stars due to the formation of clusters consisting of
a few “trapped” spheres, in equilibrium with “free”
spheres.

The presence of clusters is supported by dynamic light
scattering experiments® (probing a slow “cluster” mode
at high temperatures, which disappears upon cooling;
see also Figure 8) and pulsed-field gradient NMR
measurements® (which probed the presence of two
populations in the gelled stars). In addition, from the
moduli in the “solid” regime (see for example Figures
4-7), the extracted typical average size & = (KT/G')13
is slightly above the single Rp, conforming to the
presence of some larger entities.The cartoon of Chart 2
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attempts at representing a snapshot of this situation
with the hypothetical bold periphery circumscribing an
area of dynamic arrest (cluster). Note that a very low
degree of clustering apparently suffices for the macro-
scopic immobilization of the system.%° It is emphasized
that swelling alone is not sufficient to provide appropri-
ate conditions for heating-induced gelation; a high
density of highly branched spherical brushes is needed
for jamming to occur. In connection with this, even when
swelling of grafted colloids (with rather low grafting
density) upon heating was detected, a solidlike behavior
was not observed.3! On the other hand, in an athermal
solvent gelation takes place by increasing volume frac-
tion at high concentrations.® In that situation, strong
gels relate to nonergodic behavior in light scattering and
have higher moduli.?5 It is conceivable that the two
gelation mechanisms (temperature-induced at constant
concentration in this work vs concentration-induced at
constant temperature in good solvents®) may be differ-
ent; such a difference was recently observed for physical
gels of poly(vinyl alcohol) and discussed in the context
of site-bond percolation theory.32

It appears, therefore, that the star chain expansion
upon heating is responsible for the slow formation of
long-lived clusters (involving some kind of cooperativity)
which kinetically arrest the system and form a gel,
much like a glass formation process. Thus, the approach
followed in this work provides solid evidence of a rather
generic behavior for this class of soft materials, for
which the size ratio of “grafted” layer to central core is
about 100 times larger than in “conventional” micelles
or sterically stabilized colloids used so far.33 In addition,
the present findings demonstrate how the effective
volume fraction of these crowded soft systems can
increase with temperature apart from density, offering
a new route to reversible gelation. This is schematically
shown in the inset of Figure 10, which illustrates the
generalized jamming phase diagram proposed by Liu
and Nagel,! which attempts to unify the different ways
in which the ability of a soft system to flow can be lost.
In the temperature-inverse density part of this diagram
we added the alternative kinetic freezing possibilities
suggested from the thermal gelation study of this work
(liguid—gel boundary). Finally, this investigation rep-
resents another manifestation of the dramatic impact
of weak external fields in inducing large macroscopic
changes in this class of materials.343>

1V. Concluding Remarks

We demonstrated that solutions of star polymers
above the overlap concentration undergo a reversible
thermal gelation. Using a combination of rheological and
scattering techniques, this phenomenon was attributed
to the formation of clusters causing a partial dynamic
arrest of the swollen interpenetrating spheres at high
temperatures. A jamming phase diagram of the gelation
temeperature vs the effective volume fraction was
shown to represent this gelation process, bringing
analogies to glass formation. A small internal structural
difference between regular and irregular stars, which
did not influence their overall spherical shape, showed
the large sensitivity of this phenomenon to molecular
features, as it had a significant impact on the gelation
temperature, yielding different gelation boundaries for
regular (f = 128) and irregular (f = 270) stars. The
obtained generalized kinetic pseudo-phase diagram is
proposed as an alternative route to jamming.
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