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Kinetic arrest of crowded soft spheres in solvents of varying quality
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Crowded solutions of multiarm star polymers, representing model colloidal spheres with ultrasoft repulsive
interactions, undergo a reversible gelation transition upon heating in solvents of intermediate(Qadiigen
good and®). This unusual phenomenon is due to the kinetic arrest of the swollen interpenetrating spheres at
high temperatures, forming clusters, in analogy to the colloidal glass transition. In this work we demonstrate
that the choice of the solvent has a dramatic effect on the gelation transition, because of the different degree of
star swelling(at the same temperatyr@ssociated with the solvent quality. We construct a generic kinetic phase
diagram for the gelation of different stars in different solvegtslation temperature against effective volume
fraction, ¢) and propose a critical “soft sphere close packing” volume fractidppn distinguishing the
temperature-inducefor ¢<¢.) from the concentration-inducedor ¢>¢.) glass-like gelation. We con-
clude that appropriate selection of the solvent allows for manipulation of the sol-gel transition in such ultrasoft
colloids.
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[. INTRODUCTION dynamics of the suspension, and provide two groups of mo-
lecular parameters for tuning such liquid-solid transitions.
Colloidal gelation and glass transition have fascinated sciMultiarm star polymers constitute a limiting case of this type
entists for many yearfl,2]. These intriguing physical phe- of suspension, being characterized by a nonuniform mono-
nomena relate to the phase behavior of colloidal dispersionsner density profile, and yielding a very small deformable
and consequently to colloidal stabilization, which is of greatcore and corona of grafted chains with a typical size about 10
importance for a variety of applications ranging from food times that of the corésee Fig. 1[12,13. They are known to
and biological products to oil recovery and coatin@s. represent model ultrasoft colloidal spheres with wide ranging
Whereas gelation and glass transition possess many commareak repulsive potentigll4], which is monitored by the
features, they also exhibit distinct differences originating athumber and size of the star arms. In these systems the poly-
molecular level. It is thus of prime interest to understandmeric and colloidal features have been identified and relate
thoroughly gelation, glass transition and in more generaprimarily to arm(or arm segmentcollective relaxation and
terms the physics of the transition from liquid famor-  overall star self-diffusion, respective[\L3]. Their interplay
phous solid in colloidal suspensions. Till date, most of the reflects the relative polymeric and colloidal contributions on
work addressing these topics has been carried out with hatthe system’s dynamics, suggesting ways for molecular de-
sphereq1,3-6, which have been found to undergo a glasssign and control of such hybrid soft materials3,15,18.
transition to a disordered solid at a volume fractign It was shown experimentally, that when suspended in sol-
~0.58; this transition is manifested as a nondecaying comvents of intermediate quality between gddd’] and® [18]
ponent of the dynamic structure factor and implies a struc{characterized by excluded volume interactions only and ne-
tural arrest of the crowded suspensfdnr-6]. More recently, glecting the weak van der Waals attraciai high volume
soft colloids with weakly attractive interactions were inves-fractions, these star polymers exhibited a dramatic increase
tigated[2]. Remarkably, glass transition and gelation werein their mechanical moduli upon heating, eventually yielding
found to be intrinsically related with the fluid to solid tran- a solid-like responsg19]. This phenomenon was character-
sition, which is manifested as a kinetic arrest, and is driverized by a slow kinetics of heating-induced gelation and an
by the crowding of single particlggaging due to steric hin- even slower kinetics of liquification upon cooliig0], and
drance or clusters of particledattraction-driven, respec- was attributed to the formation of clusters causing a partial
tively [2,7]. These observations corroborate the notion of adynamic arrest of the swollen interpenetrating spheres at
generic jamming transition, a characteristic of a wide rangehigh temperatures. A kinetic phase diagram was proposed
of soft materials which lose their ability to flow at high vol- and discussed in analogy to the phase diagram of charge-
ume fractiond1,8,9. stabilized colloids; in the latter case colloids exhibited mac-
Of particular interest in this class of materials, which be-rocrystalline order due to the increase of the number concen-
come kinetically trapped when crowded, are polymericallytration, whereas the present ultrasoft systems gelled at
stabilized colloids, such as colloidal particles with graftedconstant number of stars. Thus, achievittgough different
polymeric chains, the latter representing the stabilizing memeans a high enough volume fractiofcorresponding to
dium [10,11]. In these systems both colloidétore and overlapping of the sphergss the prerequisite for gelation.
polymeric (chain behavior contribute to the structure and  According to the proposed mechanism of the reversible
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TABLE |. Molecular characteristics of the star polymers.

Sample f M, (g/mol) Rh (nm) @  c* (mg/m)®°
12880 122 72100 48.6815) © 30.6(38.3 ¢
12856 127 47300 37.8 45.1
12828 114 26100 26.1 73.0

8From dynamic light scattering measurements in decane, at 20°C
[29].

bEstimated(in decang from the hydrodynamic radius at 20°C,
c* =[(4mI3)RE "L (FM,/N,).

“The value in parentheses refers to tetradecane at 20 °C.

tion; in that work, the(shord chains form a lower critical
solution temperature system in water, and gelation was at-
tributed to attractive interaction®f van der Waals and os-
motic origin), which resulted in a weak secondary minimum
of the interparticle potential. In addition to the above, the
present findings demonstrate how the effective volume frac-
tion of these crowded soft systems can increase with tem-
perature apart from density, offering a new route to revers-
ible gelation and an alternative means for jamming of soft
matter[1,9,19,20Q.

In this paper we investigate the effects of solvent quality.
By switching from decane to tetradecane, the solvent quality

FIG. 1. Schematic representation of the structure of a regmaaecreases as evidenced by dilute solution measurements
multiarm star polyme«top) and its nonuniform monomer density y '

distribution(with different scaling regimes®(r), according to the Th|§ has a dramatic impact En r?hlftlngl] the get;latlon (;foncen-
Daoud-Cotton moddl12] (bottom). Dashed circles attempt to illus- tration and temperature to higher values. These effects as

trate the overall spherical shape of these macromolecules. The thrdéell @s the proposed generic kinetic phase diagram for dif-
characteristic radit, ry, andR, define the melt-like® solvent- ferent stars and solvents, along with its implications for col-

like [®(r)~r~1], and excluded volume regiorjsb(r)~r~42], loidal jamming transitions, are discussed in the following
respectively. The value af=y defines the radial distance of the Sections. Therefore, this work contributes toward a unified
single star in semidilute solution, beyond which there is a screeninglescription of the glass-like gelation in ultrasoft polymeric
of the interactionbecause of the mutual interpenetration of differ- spheres and its molecular manipulation.

ent stars, which are not drawn hgr@nd the size of the blob is

controlled by the average solution concentratibn Il. EXPERIMENT

&

»
L
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thermal gelation in intermediate solvefil®,20, as the tem- A. Materials

perature increases the solvent quality improves and the pe- Using a dendrimer scaffold and chlorosilane coupling
ripheral blobs of the interacting liquid-ordered soft sphereshemistry, living linear 1,4-polybutadiene arms were as-
swell; consequently, the spheres enhance their arms’ overlapembled into regular stars with nominal functionalify
but not to a large extent because of an increasingly strong=128 and nominal arm molecular weightM,
excluded volume repulsion. This crowding eventually leads=80 000 g/mol, coded as 12 8§R27]. For comparison, data
to a kinetic frustrationjamming of the stars due to the obtained with similar stars of different arm molecular weight
formation of clusters consisting of trapped sphefalsout (28 000 and 56 000 g/mol, coded as 12828 and 12 856, re-
half of the total population of sphenes equilibrium with  spectively were also use27]. These chemically homoge-
“free” spheres[19,20. neous soft materials are spherical in shégee illustration in
The star chain expansion upon heating is responsible foFigs. 1 and 2, and are called regular stars in order to distin-
the slow formation of long lived clusterSnvolving some  guish them from their irregular counterpaf0], which are
kind of cooperativity which kinetically arrest the system and not considered in this work. They exhibit a nonuniform seg-
form a gel, much like a glass formation process. This reprement density distribution with a higher density in the core
sents a generic behavior for this class of soft materials, foregion as predicted theoretically and confirmed experimen-
which the size ratio of “grafted” layer to central core is tally (Fig. 1) [14,28,29. Moreover, above the overlap con-
about 10 times larger than in most of the “conventional” centration they are characterized by liquid-like orderidge
block copolymer micelles or sterically stabilized colloids to the enhanced osmotic pressure gradjensoft interaction
used so faf21-29. Note that a recently reported thermo- potential, and a resulting rich dynamic responisk—
reversible gelation observed with aqueous dispersions of3,28,29.
polystyrene latex particles bearing grafted gethylene ox- The actual molecular characteristics of the three multiarm
ide) chains[26] is clearly different from the present situa- star polymers considered in this work are listed in Table I.
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The polymers were mixed with tetradecane, a solvent of “in- 80 T+—F——F——F—————T7T 71—
termediate” quality (as discussed belogw for 1,4- J o e
polybutadiene, followed by gentle stirring at 20°C for at 55 .‘ ra
least 8 h(conditions identical to the decane cas& small . -
amount (0.1 wt% of antioxidant (4-methyl-2,6-ditert- 1 e
butylpheno] was added to prevent degradation. 50+ .. ‘
E @ ... """ A ........ A 10k
B. Methods & 45 a A A el
The dilute solution characterization, as well as the dynam- ] g
ics and structure of the crowded multiarm star polymer so- = 10"}
lutions were investigated at different temperatures using 41 o R )
shear rheology, small angle neutron scattefi84NS and 101(;_2 T
dynamic light scattering. o q_(nml) '
A rheometric scientific ARES-HR strain-controlled rhe- 20 25 30 35 40 45 50 55 60
ometer was utilized with a force rebalance transducer T(°C)

100FRTN1 in the parallel plate geomefigiameter 25 mm,
sample gap about 1 mniremperature control in the range of  FIG. 2. Temperature dependence of the effective hydrodynamic
+0.1°C was achieved via a recirculating ethylene glycol/radiusR;, of 12880 in tetradecane() and decane®), as deter-
water mixture for temperatures betweerlO and 70°C. mined from dynamic light scattering measurements in dilute solu-
Measurements included dynamic frequency sweeps and terfions (€<c*). The lines are drawn to guide the eye. The open
perature rampsto determine the gelation temperatyrey- circles (©) refer to the .values in a goaghearly athermal§olvent
namic strain sweepdo establish the limits of the linear vis- C€Yyclohexane at 25°Chigh valug and a theta solvent dioxane at
coelastic respongeand dynamic time sweepso establish 26.5°C (low value)._ Inget: do_uble quarlthmlc (qu).plot of the
steady state measurement conditjons SANS_totaI scattering intensity aga;ns_t the scattering wave \:ector
The measurements of the effective hydrodynamic radii of ©™ dilute solution of 12880.1 wt% in d-tetradecane at 20°C
the single stargin dilute solution were carried out with (4). Lines are fits to the differerd-regimes(see text
dynamic light scattering by utilizing an ALV goniometer
setup and an ADLAS DRY-325 Nd:YAG laser operating at asured in 1 mm thick Hellma quartz cuvettes, heated to the
power of 100 mW and a wavelength=532 nm. The desired temperaturdshere the sample was equilibrated for
Brownian motion of the polymer was detected through themore than 1 hwith an accuracy of-1 °C.
concentration fluctuations of the system at different scatter-
ing wave vectorg|= (4mn/\)sin(6/2), n being the refractive . RESULTS AND DISCUSSION
index of the solvent and) the scattering angle. The time
autocorrelation function of the scattered intens@yq,t)
was determined with the aid of an ALV-5000/E fast muiti- Figure 2 depicts the hydrodynamic radius of 12880 in
correlator in the time range 10-1C° s. The measurement tetradecane as function of temperature. For comparison, the
consisted of obtaining the intermediate scatterifiigld) respective data for the “better quality” solvent decane are
functionC(q,t) =[(G(q,t) — 1)/f* 1*2in the polarizedVV)  shown, as well as the values of the radius in a gouwhrly
geometry, wherd* is an instrumental factor relating to the athermal solvent (cyclohexane, measured at 25°C) and a
coherence are@30]. The equivalent hydrodynamic radius theta solvenfdioxane, measured at the theta tempera@ire
was extracted from the measured diffusion coefficient as=26.5°C)[27]. All measurements were performed in dilute
suming validity of the Stokes-Einstein relationR,  solutions(concentrations in the range of 0.01 Wt%
=kT/6mrnD (k being the Boltzmann’s constant,the tem- The significant swelling observed upon heatitabout
perature, andy the solvent viscosityfor spherical objects.  20% in the temperature range studisdiggests that tetrade-
SANS experiments were performed at the KWS Il, FZ-cane is not a truly good solvent near room temperature, and
Juich, using neutron wavelength =6.32 A with AN/\ only approaches good solvefd.g., cyclohexanebehavior
~0.18 and three detector distan¢2s8, and 20 mto access above 55 °C. On the other hand, it is evident that tetradecane
the whole scattering wave vector ran§e.03<q(nm 1) is a solvent of reduced quality for 1,4-polybutadiene com-
<1.5). The scattered neutrons were detected with a twopared to decane, as the Ralues of the stars are consistently
dimensional *He detector consisting of 6464 channels, lower in the former case. These findings suggest that these
each of 0.8 cm width. The count rate was controlled in sucthydrocarbons are solvents of intermedidt® moderatg
a way that dead time effects were negligible. The isotropicjuality, exhibiting a strong temperature dependence in the
raw data were radially averaged, corrected for backgroundange investigated, and approaching éheonditions as the
scattering, and the intensity was converted into absolute unitsumber of carbons is increased. In the discussion below we
(cm™ 1) by using a polyethylene sample of known incoherentuse R, as an index of star dimension. Whereas this is a
scattering as standatdalibrated against vanadiyrand em-  dynamic length, given the fact that for high functionality
ploying the Jlich software packageaN. Solutions in per- stars the hydrodynamic solvent draining is not too strong
deuterated tetradecafwith 0.1% wt antioxidantwere mea- [27,31] (and thus it should not be much influenced by tem-

A. Dilute solution characterization
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perature or concentratipnve argue that the observed effects 10° ———————r— e
relate to star size changes.
The inset of Fig. 2 depicts the SANS scattering intensity Yy S
vs g, measured in dilute solution of 12880.1 wt% in A‘AA“AA“‘A
d-tetradecane at 47°C. It can be observed that the data exZ 2. aAnad®
hibit the typical scattering behavior of multiarm stars, with \:_ Aappann,anbda?
two apparent distinct contributions at small and large scatter- Z 240 v & o laxo
ing wave vector values. The logpart (QR;<1, Ry being ~ 20 zaooﬂg
the radius of gyrationis dominated by the “form factor” ¢ty | ™ ™ S
scattering due to the overall polymer density profile, whereas_. ©7 % @ =
the highg part is dominated by the polymer-solvent fluctua- © % 4| 2 E:E .
tions (blob term. This leads to the representation of the Oy o 1500
SANS intensity by two independent contributions 5088 (“f‘t"%)“ 70
[28,29,32-3% 10° - - - -
10" 10’ 10' 10’
i 1 o (rad/s
I(q)=|(0)e‘q2R§’3+ 4o sin (2/3)tan (qg)]r(g). (rad/s)
aé [1+q2&2]13 3 FIG. 3. Double logarithmic (log) plot depicting the dynamic

(1) frequency sweeps db’ (closed symbolsand G” (open symbols
for 12 880 5 wt% in tetradecane at different temperatures across the

In this equation is a correlation lengtftypically it is  gelation transition @: 40°C; M: 50°C; A: 55 °C). The gelation
taken as the diameter of the outermost blcﬁrs,ZRg/\/?). transition takes place from 50 to 55 °C. Inset: Concentration depen-
The first contribution in the right-hand side of this equationdence of reduced zero-shear viscoglgft, bold symbolg and elas-
is the simplest expression of the form fact@uinier type  tic plateau modulugright, open symbolsfor two different tempera-
[33]. The second ternthigh-g limit) is the Dozieret al. ex- tures (40°C:V,A; 30°C: l,0). The solid vertical line identifies
pressior[33], wherel" denotes the gamma function ands the critical cpncentration for sol-gel transition. The dotted lines are
a normalization constant, treated in this analysis as an adjusrawn to guide the eye.

bl ter, al iR, d1(0). . . . . .
able parameter, along witRg, ¢ and!(0) data obtained in decane solutiof)]. The inset of Fig. 3

The best fit of the above equation for the 12 880 at 47 °C,d . h ion d d fth dticeth
is shown in the inset of Fig. 2, and is very satisfactory; thed€PICtS the concentration dependence of the redcethe

high<q data appear to conform to thg 53 scaling[Eq. (1)] solven} zero-shear viscosityin the liquid regime, on the

for good solvent[18,20,28,34 The obtained value oRy left) _’7/’75 a,nd plateag moduluén the gel-like. regi'me, on
~32 nm (€~5.7 nm) is known to be underestimated, prima—the ng_hi) Ggel at tWO_dlﬁerent temperatures. Itis ewdept tha}t
rily because of the insufficient low-limit (yielding qR, there is a certain critical concentration, where both viscosity

~1; in fact, the rangegR,<1 should be reached for an and plateau modulus diverge; this concentratiabout 6
acc;Jrate de:[ermination @,). Alternatively, R, can be ob- wt% herg signifies the reversible sol-gel transition. This
tained from the maximumgof a modified Kratgky pldt ¢ 257 type of representation identifies the control parameters for
vsq), yielding a respective value of 36 n<6.5 nm). In gelation and is more general, as it describes a wide range of

cyclohexane, a good solvent, the reported valu®gfrom jammed solidg8,9,35. According to this figure, there is a

light scattering measuremeritt 20 °C) is 42.4 nnfi27]. For minimum concentration above which the star suspension re-
this case, the ratidR, /R, is about 1.4, in agreement with mains always in the gel stat(en the concentration range
' 9 ' examined. Despite the limited data with small variation

similar studies with other multiarm stars in various solvents ) . . .
[13,27,28. (pote the linear sca]elt_ appears the}t .both viscosity and elgs—
tic plateau modulus diverge at a finite critical concentration,
o _ bringing analogies to critical behavior observed in other col-
B. Behavior in dense solutions loidal systemg8,36-34.
The dramatic effect of temperature in inducing a liquid- A kinetic pseudophase diagram of the gelation tempera-
solid transition is clearly demonstrated in the rheologicalture Tq4e as a function of star polymer concentrationis
data of Fig. 3 for a 5 wt% solution of 12 880 in tetradecane presented in Fig. @). In this figure the respective data for
At lower temperature$40 and 50 °C) the polymer solution the 12880/decane system are also shown for comparison. It
remains a viscous liquidterminal behavior with G~w?, IS evident even a small change in the solvent quélftyough
G'~w, G">G'), whereas at a higher temperature (55 °C) ita variation of the molecular weight while maintaining the
is reversibly transformed into a weak elastic solid ¢G5”  same chemical constitutiprhas a dramatic impact on the
and a very weak frequency dependence over more than thré@haViOI' of this ultrasoft Suspension, as it shifts the gelation
decades in frequengyaccompanied by a sharp rise in the temperature and concentration to much higher values. The
values of the moduli with respect to the liquid. The repro-respective plateau moduli &, Gye((Tger), are depicted in
ducibility of these results at different times following cooling Fig. 4(b). It is interesting that §b| for the two solventsgcor-
to room temperature and recovering the original liquid, con+esponding to differen,.)) are essentially identical, sug-
firms the reversibility of the process and is consistent withgesting a generic effect of the solvent quality, as will be
visual observations of this transition, as well as respectivaliscussed below. The most remarkable effect from Fig. 4
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L } (a) (@) —8—T=50°C /c=39 wt% /C10 T =45°C
60 | Teg \ ] X T=70°C/ c=4.1 wt% /C14 T _=65°C
- - SR ¥ 10 E |:|-|:|-|:|-D—D—D-D-D-D—D-D-D-D-WW'“? 3
~ 40 | % 1 s >6>9<,>ﬁ’5¥— ]
O : 10° g N, xxx;gﬁ >
%{_ | st .-. NA 3 -‘--.~.—.---.-.—-'-~ 3
- i...- ) E ] 1
20 L Lt % 10" T T T T
g >
B )
0 et —————— z 10°
&) 1 (b) X T=57°C /c=5wt% /C14 T _=57C
B 12880/C14 e ] B) e o16C/ cs1 % c10 T ~15C
O 12880/C10 - O 10° 3
u’é\ .. § DDDDDDDDDDDD?F‘; §$ % ;
3 o 3
-G . 2] QIR FRI R *_’E:'ﬁ“'ﬁ ]
€ 10° ¢ - 10" 3 Sspmsnu enugsett X 3
—~ 3 >‘xx><><><><><xx><><
)
t‘f—. . ° . 101 AL | ML | ML | ML ) b
o L 10> 10 10° 10' 10° 10°
(b) o (rad/s)
102 R 1 ) 1 R
3 4 50 6 7 FIG. 6. Double logarithmic (log) plot depicting the linear vis-
¢ (wt %) coelastic spectra of 12 880 gels(>G") in decane C10, squares

and tetradecane(14, crossesof virtually the same concentration
and distance from the gelation temperaté@=T— Ty . (@ ¢
~4 wt%, AT=5 °C; (b)c~5 wt%, AT~0 °C.

FIG. 4. (a) Gelation temperaturd . as function of polymer
concentrationc for the 12880 stars in two solvents: tetradecane
(O) and decanel). Lines are drawn to guide the ey®) Respec-
tive concentration dependence of the plateau mcﬁgg,(Tgeo at

Tgel [semi-logarithmic (log) plot]. depicts the linear viscoelastic spectra of two 12 880 solutions

of nearly the same concentratiam=5 wt%, at the same
_ ) temperaturdl =40 °C and in two different solvents, tetrade-
however, is the dramatic change of bt and Ge(Tge)  cane(liquid behavior and decanésolid behavior, this is a
over a very small concentration range, indicating that withreflection of the interplay between solvent quality and tem-
increasing concentration the ability to form gels is enhancegerature. The implication from this figure is that, much like
and at the same time there_ is a transition from softer to stronp, the case of thermodynamic transitions, the material prop-
ger gels; these aspects will be elucidated below. erties depend on the distance from the phase boundary. In-
Therefore, it is evident that the solvent itself can serve agjeed, Fig. 6 confirms this point, by displaying tteearly
an effective means to manipulate the sol-gel transition undejentica) linear viscoelastic spectra of two different gels in
constant distance from the gelation temperat&&=T
10 ——— —Tger- Therefore, to achieve certain properties at a given
i c10 concentration, one can control the temperaflig through
. coo 00000000 variation of the solvent.
Lo © © o 4 The shape of the tetradecane phase boundary in FRy. 4
éo 000000 pAB8 ] for which a much more detailed investi'gatiop was under-
[ ©Oo0oooo0 gAé oa | taken compared to the decane case, is quite remarkable.
X AAA AL Starting from the less dense solutioiige exhibits a weak
AA/ 7 decrease with concentration up to a critical value where it
A
2

_
(=]
w

pry
(=}
™

drops sharply; beyond this concentratidiy, is practically
insensitive to concentration. In Fig. 7 we show an attempt to

3 obtain a universal kinetic phase diagram by plottindTip,

A ] against the effective volume fraction of the stadg,;; the
A 1 latter quantity is the volume fraction of the spherical stars by
10:0_1 — 160 — 1:)1 — 1:)2 . considering their overall dimension as if they were hard

o (radls) spheres, and is determined as/c* where c*

=(47-r/3Rﬁ)*1fMa/NA [39] (with Ry, referring to a tempera-
FIG. 5. Double logarithmic (log) plot of the linear viscoelastic ture of 20°C, in the temperature-independent repidine
spectra(solid symbols forG”) of two solutions of 12880 5 wt% at dramatic drop inl4; beyond a critical value o+, called
the same temperatuie=40 °C, in two different solvents, tetrade- ¢, is evident. In this figure, data from different multiarm

cane(C14, A) and decang¢C10,®). stars in decan¢l9] are also included; even for these data

G', G" (dyn/cm?)

Cl14 a%s

-
O_‘
v
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as ¢e¢ increases, and ¢ decreasegFigs. 4a) and 7, the
effective volume of the spheras,; will decrease ify and
&(c) will decrease. This depends on batlandc and can be
realized as long as there is swelling<€ ¢¢¢). For high
concentrationsh> ¢ there is practically no swelling and
concentration effect ory for these very high functionality
stars, and we are in a some kind of jamming rediohich is
not considered in the Daoud-Cotton moddl2], resembling
(but clearly not being identical joa melt-like behavior
vvvvvvv 0¥y where xy~(f)*4, whereV,,, (and Ty is practically inde-
-16.0+ v e : pendent ofp. The reason for this lies in the fact that the stars
- % o shrink and expand less with temperature as the concentration
-16.5 . Py increases, which is offset by the increasing concentration it-
log, 0. % %, A self (a kind of cage effegt This simple argument can ratio-
Ty 0 lize th imental findings of Fig. 7
020100 01 iYc nalize the experimental findings of Fig. 7.
0 T T T T T T T Based on the phenomenological evidence presented, we
0.6 0.8 o 10 12 propose that the critical volume fraction corresponding to the
eff drop of the value of Rge|/Géel(Tge|) (by more than one
FIG. 7. Gelation temperatur€, as function of the effective decadgis an effective close packing volume fraction for soft
volume fractione. i for different starts in different solvents: 12 828 spheresg. which separates this jamming phase diagram in
in decangO); 12 856 in decaneA); 12 880 in decan€V); 12880  two regions: the regiokb < ¢, Wwhere temperature-induced
in tetradecane®). Lines are drawn to guide the eye. The vertical gelation takes place, and the regigp:> ¢. which is domi-
arrow indicates the critical volume fraCti0¢C (see text Inset: nated by the concentration-induced ge'at(see also the in-
Double logarithmic representation of the effective interaction vol-ggat of Fig. 3. In the former case, the stars are less crowded
ume [kTge1/Gge(Tge) ] @s function of the effective volume frac- anq temperature induces swelling which is compensated by
tion (¢esr) fqr different stars in dlf_ferent solvents: 12 8_28 in decane an enhanced oveld{19,20. In the latter very crowded case
(O); 12856 in decanén); 12 880 in decanéV); 12880 in tetrade- o\ vever, swelling is hindered by the effective cages formed
cane @). Lines are drawn to guide the eye. by the star neighbors, which tend to practically compress the
star, yielding a packing of the stars in cages, known as jam-
which are more limitedper stay compared to the tetrade- ming; this is analogous to hard sphere colloidal glass, but
cane case and exhibit a larger uncertai@yabout=3 °C),  with different origin. The transition around, is quite sharp
a transition ofT ¢ can be observed at about tsemevalue  as there is a critical concentration of the stars undergoing
of ¢.. Whereas this is a remarkable finding, this type ofswelling for forming the cages, as in glass transition. The
representation is specific for each solvent; apparently, thextracted value of. from Fig. 7 is about 1.05, and consid-
low-¢e¢; data in the two solvents are separated by abougred reasonable as it is clearly above that of hard spheres
18°C; this is due to the thermodynamic difference of the(around 0.69due to partial interpenetration and squeezing of
two solvents and corresponds roughly to the needed temperghe crowded stars.
ture shift for obtaining the same single star hydrodynamic Note that the interaction volume depends primarily on
size (see Fig. 2 Gyel(Tge); for ¢esr< b it assumes a value about ten times
Alternatively, one can plot the quantityTke/Gge(Tge),  smaller compared to the. > ¢ region, the latter being
which is an effective volume of interacting spheres in con-characterized by much stronger gels. These two distinct
centrated solution\(;,,~ o>, with o being a typical size  mechanisms across, are also manifested in the phase dia-
giving rise to the stress in the gel state, agaifist;, as seen gram of the 12 880/tetradecane systffigs. 4a) and 7,
in the inset of Fig. 7; the data for different stars and differentwhere in the former case(aeak concentration dependence
solvents seem to follow the same trend for the lower concenef Tgel is Observed(as the higher the concentration, the
tration region. Taking the case of the thoroughly studiedeasier” it is to achieve gelation whereas in the latter case
12 880/tetradecane system, the experimental valuedof T, is practically independent of concentrati¢since the
vary from 1.8< 10 '® cn?® in the lower ¢ values to about  system is very dengeMoreover, in the former case, the stars
1.5x10 7 cm® in the higherg,; values. For stars with vol- clearly swell upon heating and some random local clusters
ume fraction exceeding the overlapping ole; ¢*, as in  build-up (as evidenced by dynamic light scatteninfprming
the present case, there is a region of space with)gigepa- the gel[19,20; on the other hand, in the latter case, star
rating the single star behavidior r<y) from the semidilute  swelling is probably very weak, and the dominant effect is
solution behavior due to the screening of the interactions inhat of concentration, giving rise to some kind of jamming.
the area of overlappingor r> ) [12] (see also Fig. 1 For  In this dense suspension, instead of only a few clusters being
intermediate solventgy~ (cI®) ~34%~ Y43 and the respec- formed, the system rather builds several larger clusters that
tive concentration blob size ig(c)~(cI®) ¥ Y4 [12].  effectively could span the whole voluniaot necessarily in
With an excluded volume parameter(1—0/T), ® being the form of an interconnected netwdr0]]. This can ratio-
the theta temperature, it is clear from these expressions thatlize the large differencéhere amounting to a decadef
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FIG. 8. Double logarithmic (log) plot depicting the SANS q (nm))

scattering intensity versus the scattering wave veciprfor 5.47
wt% 12 880 ind-tetradecane and three temperatures, 48 @q-
uid), 48 °C (H; liquid) and 65 °C([J; gel). Inset: Temperature de-
pendence of the peak intensity, .. Lines are drawn to guide the
eye.

FIG. 9. Double logarithmic (log) plot depicting the SANS
scattering intensity versus the scattering wave vecipifor 6.44
wt% 12880 ind tetradecane and three temperatures, 21 (
liquid), 25°C (*; ge) and 43 °C {J; gel). Inset: Temperature de-

, L . pendence of the peak intensitye,,. Line is drawn to guide the
Ggel(Tge) acrosse.. A qualitative analogy to jammed col- oo

¢ . . o . ey
loidal particles with attractive interactions can be made here,

with respect to their elastic moduli, associating the ) . .
temperature-induced gels to colloidal glasses and th§fowded solution(6.44 wt% the effect of temperature is

concentration-induced gels to colloidal gés9,41. virtually negligible in both liquid and gel state. Here, the
In the above discussion the effective volume fraction wadncreased excluded volume results in very little, if any, struc-
estimated from the hydrodynamic radius in the low temperatural variation. This is more reminiscent of hard sphere be-
ture region, in order to account for the temperature-inducediavior undergoing a glass transitiph]. These findings sug-
swelling in Fig. 7. If, on the other hand, one usks(T4e)  gest a stronger interpenetration in the regigr: ¢, and
based orR,(Tge)), which essentially “absorbs” the swelling jamming in the regionp> ¢, providing further support for

effect, one finds two virtually constant values &f(Tge)), the structural distinction between temperature-induced and
namely 1.7 forge < ¢ and 1.1 forges(Tge) > ¢ . Again,  concentration-induced gelation. To rationalize this finding,
the distinction of the two gelation regimes is evident. we argue that the weak géFig. 8) has a broader size and

This distinction is also supported by structural studies cardistance distribution than the fluid, due to the various clus-
ried out by SANS from solutions in deuterated tetradecaneters coexisting with the single stgr9,20. Hence, the peak
The scattering inten'sities for two concentrations., namelysf | (q) is weaker for the gel than for the fluid; this is also
5.47 wt% belowg, (Fig. 8) and 6.44 wt% above. (Fig. 9  evident from the experimental data, by comparing the peak
shov_v the typical profile of interacting stars, with a sharpjyiensities at roughly the same temperatiaieout 45 °C) for
maximum (at gpeq) followed by a power law decay. The 4 concentrations in the liquithighej and the geflower)
characteristic lengtll~27/qpea is about 63 nm for both regions(insets of Figs. 8 and)9Note that this effect is not
samplgs and mdepgndent of temperature, s_howmg thg Stror(‘fbalitatively changed by the much smaller decrease of the
Stafs '|nterpenetr§1t|on. 'The |mportant. finding here is th orm factor due to swelling, as evidenced by SANS measure-
\é?o“sastilr?n tﬁ]; th(ja![?(;[ﬁnbsgzn:;(thseetr;i);lEugqé(e;ﬁ d;g\]/sg ments in other multiarm staf48,20. On the other hand, in
relate tr?e integnsity at the maxiﬂump(, D) togtﬁe intensity of the strong gel statéFig. 9) the stars are practically frozen

a L jammed in their instantaneous positions held already from
the structure factorS(q,ea9, neglecting the variation of '?he quic(ij confiquration. and henpce théq) is unchan yed'
form factor, which is expected to be very small for so small 9 ' neq ) anged,

here, the effect of very weak swelling and jamming might

variation of temperaturfl8,20. For the 5.47 wt% solution, ’
| peak is found to increase with increasing temperature in thdmPply that theS(q) of the gel has an even higher peak value

liquid state, as expected for a star solution in a solvent whos#1an that of the liquid. This again explains the large differ-
quality is improving(see also Fig. R[18]; this is a sign of ~ence in the values dBy.(Tge) for the two cases discussed
better ordering resulting from stronger excluded volume inWith respect to Figs. 7-9. Furthermore, dynamic light scat-
teractions. However, with further increase of the temperaturéering studies indicate that whereas the weak gels are ergodic
getting to the gel state, the intensity is no longer increasing19,20, the strong gels are clearly nonergof4®]. Finally,

but is found to decrease. This relates to stronger star inteit is noted that in a recent study of aqueous galyyl alco-
penetratiof 19,20 and represents a manifestation of how thehol) gels, the distinct difference between temperature-
gelation alters the ordering. On the other hand, for the morénduced and concentration-induced gelation was manifested
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as a continuous change versus divergence, respectively, ofodel ultrasoft colloidal spheres, undergo a reversible gela-
the correlation length at the transitipfl]. The sharp drop of tion upon heating. This phenomenon was attributed to the
Vint at ¢, in the inset of Fig. 7, signifying the concentration- slow formation of clusters causing a kinetic arrest of the
induced gel region, conforms to such a description. swollen interpenetrating stars at high temperatures, bearing
In the absence of attractive interactions, the star arm exanalogies to the colloidal glass transition. We demonstrated
pansion upon heating and the related excluded volume intethat the choice of the solvent affects a great deal the gelation
actions are responsible for the slow formation of long livedtransition, as the solvent quality relates to the degree of star
clusterq 19,20, which kinetically arrest the system and form swelling. The requirement for the glass-like gelation is a high
a gel, much like a glass formation procdd4s7-9,42—44  volume fraction, and as such for the same star concentration,
This work provides solid experimental evidence that this bea reduced quality of solvent implied higher gelation tempera-
havior is rather generic for the class of materials characterture (alternatively, for the same temperature, reduced solvent
ized by ultrasoft repulsions. Several applications of this ef-quality called for higher gelation concentratjo/ general-
fect can be envisaged in colloid scien@eg., stabilization, ized description of this type of dynamic frustration was re-
viscosity enhancementas well as in processing of materials flected in the kinetic pseudophase diagram for the gelation of
at nanoscopic dimensioriformation of templates, trapping the stars in different solvents, which indicated that a critical
of particles in tunable gel matricesThe fact that solvent “soft sphere close packing” volume fractioth, exists for
quality (and thus temperaturaffects the rheological proper- each solvent, distinguishing the temperature-induded ¢
ties through the change of the effective size and thus volume: ¢.) from the concentration-inducdtbr ¢> ¢.) glass-like
fraction, is already knowrn45,46); the additional require- gelation. Therefore, appropriate choice of the solvent opens
ment for a kinetic trapping is the large softnédefined as up a wide range of possibilities for the molecular manipula-
the ratio of the corona to the overall radius, and typicallytion of the sol-gel transition in such ultrasoft colloids.
assuming values of 0\.9which translates into significant vol-
ume fraction changes and excluded volume effects, giving ACKNOWLEDGMENTS
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