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Dense suspensions of multiarm star polymers are known to develop liquidlike microstructure, which has
been attributed to the similarities between high functionality stars and colloidal particles interacting via soft,
long ranged potentials. Recent experimental studies reported a counterintuitive solidification of suspensions
with =128, upon increase of the temperature in marginal solvents. We present our results from molecular
dynamics simulations of dense suspensions of multiarm star polymers. Star polymers are modeled as “soft
spheres” interacting via a theoretically developed potential of mean field. Our results show a transition towards
a “glassy” state at a temperature very close to the one reported experimentally. The features of the transition are
consistent with those afleal glass transitions, as described idgal mode coupling theory. Furthermore, our
findings illustrate the road to vitrification for these soft-colloidal suspensions. Higher temperatures result in
arm expansion that causes jamming and more than compensates for faster short time, temperature induced
kinetics.
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[. INTRODUCTION this front seems to support the crystallization scengtid.
pp Yy
On the other hand, monodisperse suspensions of microgels
Star polymers consist df linear polymer chaingusually ~ Or spherical particles with short grafted polymeric chains, as
referred to as “arms,” whiléf is termed “functionalityy, ~ Well as co-polymer micelles, are known to crystallize at suf-
which originate from a compact central “core.” The core ficiéntly high concentrationg18—24.

dimensions are usually much smaller than the linear dimen- " Summary, a colloidal superstructure develops at the
. . : multistar level that can be analyzed and understood using the
sion of the armg1]. The use of chlorosilane chemistry and

o T . traditional tools of liquid-state theorj,25]. However, this
anionic polymerization made possible the controlled synthegtort requires the development of accurate interstar poten-
sis of high functionality star 1,4-poly-butadier{@s3]. These  (jals. Precisely at this step, the interplay between the colloi-
high functionality star¢“multiarm” star polymergconstitute  dal and polymeric nature of multiarm stars becomes appar-
an interesting class of materials with rich and often unexent.
pected behavior, especially when suspended in liquids at The interstar potentidR5] is a parametrized free energy,
high concentrationg4—6. which involves a pre-averaging over certain classes of mi-
The material properties of dense multiarm star polymercrovariables. In our problem these are associated V\_/ith_the
suspensions originate from the interesting blend and intefSolvent(and are already pre-averaged at the polymeric, i.e.,
play of polymeric and colloidal characteristi. The inter-  intrastar level as well as with arm conformations and the
nal structure of these macromolecules has been understoﬁ&ermOdynam'c penalty of space sharing among arms be-
by means of conceptg.g., self-similarity and described by onging to neighboring stars.

means of toolsgi.e., scaling analysis and self-consistent mean dis-tr;necg?slr-ﬁg:ﬁ:rgllals fl%nnité?;y sﬂ(])gld c?t?aﬁigij Ogracrf]ﬁ;ge
field theory central to polymer physids’—9]. Multiarm star P Y P P

. IS, : should be fully specified in terms of core linear dimension
suspensions exhibit “liquidlike” orderingl0-13, and pre- o ; .
dictions suggest that they crystallize near their overlap vol-(a)’ arm degree of polymerizatiofN), star functionality(f),

ume fraction9,14]. In fact, despite some indirect indications and temp(_aratur(aT)_. . .
coming from NMR datd 15], no unambiguous experimental Two pair-potentials that meet.the aforementioned require-
evidence confirming the crystallization predictions for mul- ments.have beer! plnroposed.dunngdthe pasﬁttsevltaral r;]/ears.
tiarm stars has been presented to date, other than some frar%él) (i) A potential appropriate under godtiterally ather-

mental preliminary datfl6]. However, recent progress on solvent conditiong 10], which is an interpolation be-
tween a Yukawa expression proposed by analogy to colloids

(large interstar distanceand a logarithmic expression based
on polymer physics argumen{8] (small interstar differ-
ence$. The accuracy of this potential form has been con-
firmed directly by molecular dynamics simulatiof6]. Its

* Author to whom correspondence should be addressed. input to liquid-state theories has led to predictions that agree
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closely with small-angle neutron scatteri@ANS) experi- 10" F——rm
mental datd 10], and it has been used to chart theoretical i v
phase diagrams of dense multiarm star suspen$b23].
(ii) A potential suitable under “ne&®-* or “marginal”
solvent conditions. The starting point for the development of ,Oo......"”“”...oo“nogggao "

~
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. . . . . . ° > ;Qg o
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tween flat surfaces coated by grafted polymers, which is de- b Oo°°»64°cs°‘°°°°°°°°ooo a7 E
rived via a self-consistent field analydi88]. Curvature ef- ok 57 / i
3 o 3

fects are taken into account via the Derjaguin approximation :

[29]. The input of the latter potential to liquid-state theories . . o —=—T=7'C
has led to predictions that agree fairly well with the data 10° 1 G =" ::Ijgg
from SANS experimentgll]. Unfortunately, there has been F(a) a” a' —v—Te40°C |
no direct molecular dynamics test performed on this poten- 4¢* L L L I

tial, similar to the one in the good solvent c426]. Further- 10° 107 a:%:ad &) 10' 10° 10°

more, the accuracy of the Derjaguin approximation is ques-
tionable under the high curvature conditions inherent in the 1.0
reality of a “tiny” core[30].

A striking example of the counterintuitive behavior that
can result from the interplay between polymeric background
and colloidal superstructure is the unexpected “gelation”
upon heating recently observed in concentrated suspensiors 064
of multiarm star polymer$5,12,13. The effect of tempera- & ]

cooperative

self

ture in inducing a liquid-solid transition was observed in a 041 diffusion— cluster 1
series of rheological measuremeriSig. 1(a)]. Dynamic 1
temperature ramp tests indicated that the material respons 0.2 20°C g
changed dramatically from liquidlike to solidlike. The fre- ]

(b) 23
quency spectra showed that at lower temperatures the ste e DD e
polymer solution exhibits viscous liquid behaviqG’ 107 10 10° 10* 10° 102 10" 10° 10' 10° 10° 10°
~w?,G"~w,G">G'), whereas upon heating it turns into a t(s)

weak elastic solidG’ >G” and both moduli exhibit a very
weak frequency dependencaccompanied by an increase in
the values of the moduli by several orders of magnitude. A 9
temperatures above the liquid-solid transition the intermedié)',mbms;G,,: open symbols[53]. (b) Dynamic light scattering data

ate _S(_:attering functiotdetermined by DLS measurem_ehts on the intermediate scattering function, which show the three step
exhibited a slow “cluster” mode, typical of glassEBig.  ejaxation afT=55°C[12].

1(b)] (in addition to the standard cooperative and self-

diffusion modeg This mode melted upon cooling to the lig-

uid regime (typically after 10 h in experimentg5]). PFG

NMR experiment415] distinguished the glass region by the e spective this study constitutes a rather demanding test of
fact that the m_coherent structure factor exhibited a k'net'cpotential(ii) and of its capacity to capture the basic changes
arrest at long times. _ _1 associated with experimentally observed phenomena.

The value ofq in Fig. 1(b) is 0.033 nm" and reflects The rest of this paper is organized as follows: Details
multistar packing. The peak of the structure factor was 10456yt the interaction potential and the simulation method are
catgd at 0.13 nit, as determm'ec(roughly) by SANS €X- " given in Sec. Il. Section Il contains the main body of our
perimentg5]. It should be mentioned that the polymeric Na- findings. These findings and their relevance, or lack thereof,
ture of arms is present in experimental considerations of thig; ihe experimentally observed phenomena are discussed in

type, while absent in our “soft-sphere” modeling. In realgec. |v. Finally, Sec. V contains our concluding remarks.
multiarm star polymers the form factor has a density depen-

dence, which complicates comparisons with “effective par-
ticle” simulations. Figure (B) depicts the transition from lig-
uidlike to solidlike dynamics. The data of Fig(al refer to
nominal volume fractions that range from less than 1.00 to
1.83[53].

The main objective of this paper is to investigate, by
means of molecular dynamics simulations, the temperature As mentioned earlier, we model each star polymer as a
induced changes in colloidal superstructure and star dynanisoft sphere” whose size increases with temperature. The
ics under marginal solvent condition3o this end, multiarm interaction between particles is quantified by the temperature
star polymers are modeled &structurelesssoft spheres in-  dependent pair potentigi) which is given by the following
teracting via potentialii) mentioned above. From a different formula[11,29:

FIG. 1. (@) Dynamic frequency sweeps of 12 856/decane
wt % solutions indicating the liquid-solid transitig®’: solid

Il. SIMULATION MODEL AND METHOD
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a is the “core” radius of the stail}, is a measure of the
unperturbed star radiu$,is the star functionalityN is the

number of “monomers” per chain andis the “monomer
length.”

polymer concentration vanishes. It was approximated by the
measured valugs] of the hydrodynamic star radilg, under
high dilution. Ry is sensitive to the outermost portions of the

polymer layer. It constitutes a better approximationRg
For purposes of comparison with experimental findingsthan other measures of the star linear dimeng#g.,R;), in

[5] potential parameters were chosen to correspond to 1,4narginal solvents, when the self-consistent field approach
poly-butadiene stars witfi=128 and arm molecular weight supplies the basis for the interstar potenti&@urthermore,

56 000 amu dissolved in decane. The temperature intervaxperimental evidence suggests tiat is preferable over
examined was 15-55°C. However, we focus on the resultether measures of the linear dimension for scaling dynamical
for four temperature$35, 45, 50, and 55° as this tem- properties, e.g., self-diffusiof81].

perature interval coincides approximately with the interest- The experimental values of the hydrodynamic radii used
ing transition region. Both experimental evidence and theoin our simulations are listed in Table I. The third column of
retical considerations indicate that decane is a marginalable | contains the effective volume fractioté/¢*) of
solvent for these poly-butadiene stars over the entire range dfie star polymer suspensioté* = [47R3(T)/3]™).
temperatures studiehis point is further discussed belpw The potential of Eq(2.1) is plotted in Fig. 2 for several

The assignment of values to the parameters of(Eq) is  temperatures. This potential is compared with a purely repul-
a delicate issud.should be viewed as the persistence lengthsive (truncated-shifted Lennard-JonegLJ 12-6 potential.
(estimated to be 0.66 nm for 1,4-poly-butadiee@d N as  The parameters of the LJ potential were determined on the
the number of subunits containing enough monomers to erpasis of the “hard sphere equivalence” between the potential
compass one persistence lenfiii] (an equivalence based of Eq.(2.1) and the truncated-shifted LJ potential. The soft-
on “Kuhn segments” would hardly affect the resultShe  ness and the slow decay of the interstar potential are depicted
effective core radiua does not coincide necessarily with the clearly in Fig. 2. Many interesting features of dense multiarm
radius of the dendritic core. If the quantitf*’> exceeds the star suspensions originate from the ultrasoft nature of the
radius of the dendritic coreg should be identified with that interstar potential. In particular, the astonishingly high values

latter size[7], which is indeed the case in our systems andof the effective volume fraction are a direct consequence of
a=If2=7.5 nm. It should be noted that the outermost part ofpotential softness.

the potential is relatively insensitive to the exact valueof Regarding the specifics of the simulations, the number
According to the self-consistent field approd2B], Ryisthe  density was fixed to its experimental valyg] of 3.66
distance(from the star geometrical cenjdseyond which the  x 10 stars/cm. The effective volume fraction ranged from

0.77 to 1.33 over the temperature range studieg-55°Q.
TABLE |. Experimental values for the hydrodynamic radius

(column 2 at various temperatures, effective volume fractitewi- 200 ' '.“ A\ 1 '
umn 3. L i —T=20°C
150} b ‘\1 ----- 30°C
b —-=  40°C
T(°C Ru(nm) ol ¢* Ly .
e VL -ee- 50°C
15 36.9 0.770 o« 1007 A Y > (?r o
= PO "
20 37.8 0.828 4 ‘\\\‘
25 37.8 0.828 50r
30 38.4 0.868 N .
0 N a, '
35 38.8 0.895 0 20 40 60 80 100
40 39.8 0.966
r(nm)
45 40.7 1.033
50 42.4 1.168

FIG. 2. Comparison of the interstar potential for five different
55 44.3 1.332 temperatures between 20 and 55°C with the truncated-shifted
Lennard-Jones potential &=30°C.
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FIG. 3. Radial distribution function for temperatures varying frém35 to T=55°C. Inset: corresponding structure factor in magnifi-
cation to the second and third peaks where interesting features appear.

All systems simulated contained 2916 “soft spheres.” Theé'deterministic” system during a MD time step.
side of the periodic box was aboutum, which is 20-25 Temperature was kept constant by means of mild velocity
times larger tharRy (depending onT). The temperature- scaling(every 30 time stepsThe equations of motion were
induced densification of the system resulted solely from théntegrated by means of th@elocity) Verlet algorithm. All
expansion of star polymer§.e., soft sphergsthrough the  systems were initiated from amorphous configurations.
increasing value oR, (i.e., Ry). Equilibration was monitored following the time change of
After charting the parameter space explored by our simUthe total energy and the temporal evolution of the radial dis-
lations, it is imperative to justify quantitatively the usage of yipution function. After equilibration, production runs

potential(ii). Our best estimate for th® temperatu_réll] i§ _ ranged from 1B (low T) to about 2< 10° MD steps(high T).
27°C. The emergence of a “swollen blob” regime within Preliminary simulations on monodisperse multiarm star

each star polymer requir¢g] suspensions indicated a slow “aging” of the amorphous solid
N> f2,72 = 121 - @/T) 2, 2.2 towardg a more ordered struptu_re. It has been pointed out that
a certain degree of complexity is necessary to keep a system

whereN is the number of Kuhn segments anthe excluded N & metastable amorphous st4@8,34). Indeed, size and
volume of the statistical segmert,. is about 5 for poly- arm dispersity are about 10%, for the experimentally used
butadieng 32], which leads to a value dfl close to 200 for ~multiarm star 1,4-polybutadien¢®,3,35. A 10% dispersity
56 000 amu arms. FofY2y2=10* at 35°C andfY%2 in R, (drawn from a uniformly random distributiprmvas suf-
~ 1500 at 55°C, the Daoud-Cotton criterion for the exis-ficient to stabilize the amorphous state for the duration of the
tence of the swollen blob regime is never even approachedimulations.
Therefore the star polymers in the systems studied in this Clearly, MD results in an unphysical short time ballistic
work consist of a central core and an outermost portion ofmotion of soft spheres. Any realistic description of short-
unswollenblobs, i.e., the entirety of the chain backbde&-  time motion would require Brownian dynamics simulations
cept the short central parts, which form the core and are atith the correct hydrodynamics, i.e., hydrodynamic interac-
melt statg experiences marginal solvent conditions. The self-tions and a proper version of the “lubrication approximation”
consistent-field approach is appropriate and the major resefer “porous” objects(like our soft sphergs as well as an
vations on potentialii) relate to the accuracy of the Der- established theory of “arm diffusion,” which would supply
jaguin approximation for stars with a minute, highly curvedan effective friction coefficient. Howevethe objective of
core. this work is to study the main trends in long time particle
Constant temperatureanonical ensemblenolecular dy-  dynamics and specifically in situations, where long and short
namics(MD) was the method used in all simulations pre-time dynamics are, largely, decouplg2i7,36]. This justifies
sented here. Standaftl,V,T) Metropolis Monte Carlo was the use of MD on the grounds of convenience and computa-
inefficient in probing the configuration space of dense systional efficiency. Studies on purely repulsive ultradense LJ
tems in the verge of jamming, like those studied in this work,systems support this point of vie{@7]. The decoupling of
as it required the use of an extremely small attempted disshort and long time dynamics is a subtle is$86], which
placement comparable with the natural displacement of thevill be further discussed in Sec. IV.
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FIG. 4. Mean squared displacement as a function of time for ®) ;
temperatures betwedi=35°C andT=55°C. Plateaus are evidence 5 3
of “caging effects” at high temperatures. Inset: long-time self-
diffusion coefficient at four temperaturé35s, 45, 50, 55° ¢ <Ar2>1/2 (units of RH;)
. RESULTS FIG. 5. Distributions of particle displacements for two different

time instants(10 000, 20 000 MD stepsand for two temperatures
=35°C andT=55°C. Solid lines signify the time evolution of a
aussian distribution according to Eg.1).

Figure 3 contains our MD results for the radial distribu-
tion function of the soft-spheres suspensions at four tempera-
tures. Typical liquidlike ordering10,11] is manifest at the
lowest temperaturé35°C). Therefore the number density is
sufficiently high to induce local “packing” of the soft spheres <35°C). The long-time self-diffusion coefficienfinset of
(starg and the development of interstar microstructure simi-Fig. 4) also illustrates the dramatic slow down of soft-sphere
lar to that of dense liquids of spherically symmetric mol- self-diffusion upon approaching the jamming temperature.
ecules(and that of dense suspensions of “hard” collpidg¢  This type of time evolution of the MSD curves is character-
45°C the structure remains liquidlike but the oscillationsistic of “caging,” i.e., the temporary confinement of particles
sharpen. More interesting are the features that first appear & cages formed by their immediate neighbp38,39.
50°C and develop further at 55°C. The gradual split of the The non-Fickian nature of soft-sphere mobility at high
second peak, the steady development of a “shouldecipi-  temperatures and intermediate times is also apparent in Fig.
ent spliy of the third peak and the flattening of the fourth 5, where histograms of particle mean square displacements
peak are precursors of a crystalliffec) structure. Such mi- and their time evolutior{self-part of the van Hove correla-
crostructural changes reflect the uneasy competition betweefon function are plotted af=35°C, andT=55°C. Fickian
a “frozen” crystalline state and a “mobile” amorphous state diffusion requires that the probability density for particle
These interesting features are often indicative of vitrification(mean squaledisplacements spreads out with time accord-
Similar, although less pronounced, features appear in thiag to the next formula, which is plotted with lines in Fig. 5,
structure factofinsets of Fig. 3 and could, in principle, be
detected experimentally.

2.5 T

The above observations render necessary the monitoring . i
of soft sphere mobility. The mean square displacements of _T=350C N
soft spheres vs time are depicted in Fig. 4. It should be noted 20p - 45°C / \ ]
that very short time featurd$<<0.5 in Fig. 4 result, at least T 50°C ,/ \\
partially, from the inherent “ballistic” trend of MD. The lin- LSp|=—- 5¢C / \ 1
ear time dependence, typical of Fickian diffusion, is very o / \
clear at 35°C(and below 35°C, not shown in Fig.).4A S 1.0 P “ 1
weak shoulder, indicative of a slight delay at intermediate A \\\ \
times can be seen in thE=45°C curve. The situation is 05}t /! \ v
more interesting at higher temperatures. At 50°C and, in a ,5_/ \
stronger fashion, at 55°C the short range mobility is fol- 0.0 L TN
lowed by a pronounced stagnation, which persists for two 100 100 10> 100 100 10’
decades in the time scale of Fig. 4. Soft-sphere mobility t[m(RZH/kBT)r]”2
recovers only at much longer times and the resulting self
diffusivity is substantially lowenby two orders of magni- FIG. 6. The time evolution of the non-Gaussian parameter

tude than that observed in the liquid suspensigh  (35-55°Q.
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47(Ar?) ) from one cage to another, as depicted in Fig. 9. It should be
8(xD)?? exp(—=(Ar5/4Dt).  (3.1)  stressed that the trajectories shown in Fig. 9 are spatially
cprrela_ted,_ i.e., the soft sphere centers are as close as de-
The van Hove curves are Gaussian and their time evolutioRicted in Fig. 9. Such groups of particles can be thought of as
follows Eq.(3.1) at T=35°C. Strong discrepancies from the “dynamical clusters.” Correlated soft sphere trajectories, like
Fickian pattern are clear at the highest temperature studigi©Se depicted in Fig. 9, supply concrete images of the phys-
(T=55°C). The van Hove correlation function spreads at alCs captured by the self-consistent treatment of “in-cage” mo-

rate considerably slower than that predicted by Ejl). :,'noon d:nc?)lj:;ll?rs gft%r(;nc)?gs?g :Jéeakdown in the context of ideal
Furthermore, even the distribution of particle displacements '~ - " 4 co-worker§39] have proposed a more sys-

Slticailt fi'ﬁegqt'r?se Soisslpgulfgng\g ;z?ngguzj'ta?hggeﬂfg'iism'em'tematic way fpr examining this type of clugtering. It involve;

intervals for. thé barticle displacements shown in Fig. 5 Werethe ca_lculatlon_ of a dlsplacement-pll_splac_ement pair

selected to be in the plat fih di .I C(%rrelanon functiong,(r;At) (the full definition in aNVT

plateau of the mean square displacemen .

curves of Fig. 4. This choice illustrates that particles do notensemble was developed in RE39)),

diffuse according to the Fickian prescription at intermediate

time scales. gu(r; At) :f dr’{u(r’” +r,t,At) = (uy] X [u(r’,t,At) =<(w]),
The “non-Gaussian” parametex(t) defined below, is the

simplest measure of deviation from Gaussian statistics,
where u(r,t,A)=3N w(t,A)d[r-ri()] and w;(t,At)

3(r(t) =|ri(t+ A —r;(t)]
22t 82 I oL o o
re(t)) This quantity would be identical to the radial distribution

Equation(3.1) implies that th G _ ; functiong(r), if displacements were statistically equal for all
quation(3.1) implies that the non-Gaussian parameter van<, iclas  as in the case of a regular liquid. If, however, par-

ishes. Any deviations of this quantity from O are indicative ofti les, which att=0 were separated by a distancée.q., a
non-Gaussian spread of particle positions and, in our case, Oaggéd" particle and its nearest neighbors, or par.ticllyes be-
non-Fickian diffusion. Figure 6 contains our simulation datalonging to a transient “clustermove in a corr’elated fashion
on the non-Gaussian parameter. Clearly, soft-sphere kineti(iﬁ/er a time period\t, the degree of this correlation will be
d_oes not conform to_th_e Fick_ian pattern for temperature uantified by gu(r;A’t). A comparison betweer(r) and
higher than 45°C. This is manifested by the large values Ogu(r;At) for a “typical” At (i.e., during the time period when

a?(t)' A comparison with Fig. 4 IS '_”“m_'”a“”g' For the two their differences are appareng shown in Fig. 10. The most
highest temperatures the maxima in Fig. 6 occur at about thSronounced difference appears at the first maximurg(of

same time as the end of the plateds relaxation) in Fig. i.e., the strongest displacement-displacement correlation ex-
4. The non-Gaussian parameter returns to 0 at long timelsst's' between g “ta epd” article ang its first cell neighbors
signaling the re-emergence of Fickian diffusion, albeit at a 99 P 9 '

rate 1-2 orders magnitude lower than that at 35°C. which form its cage. Another interesting strong correlation

Experimentally, the incoherent structure factsy,.) can exists among the tagged particle and its outermost second

monitor particle displacements and detect deviations fron%:e" neighbors(shoulder of the second oscillation gfand
Fickian kinetics. The expected superpositiorSag vs g2t is du)- Apparently, slight rearrangements of second neighbors

. o : : play a crucial role in cage formation and dissolution. Finally,
very satisfactory at 35°Fig. 7). Discrepancies appear al- an excess correlation of displacemefdg) over structural
ready atT=45°C, which are certainly of the same origin as P

the weak shoulder in the mean square displacement curve ge‘;a_r_trj]res(g) perilfﬁs over several palr t't(.:le dlamle(;etr)s. d
Fig. 4. At higher temperatures the superposition fails com- € range of these excess correlations could be used as a

pletely. Similar behavior, in similar suspensions, has beef'€asure of th.e dynamical cluster _size. “Cluste_r rigidity,”_
reported in the experimental findings of REF5], albeit in a properly quantified, should be taken into account in the defi-

somewhat different context. These are strong trends detec?—itior.' of dynamiqal clusters. Nevertheless.’ the issue of dyf
able by PFG NMR(15] namical clusters is a central one. Whether it can be appropri-

Figure 8 contains a portion of a soft-sphere trajectory at”‘t.ely stu'died by s.imulations of this scaje-3000 particlep
T=50°C. This is a typical trajectory. The caging effect is will be discussed in Sgc. IV. . .
obvious. Substantial displacements are rare and occur The excess cprrelgtloﬁ(t,At), as afgnctlon ofat (inset
abruptly. soft spheres move in a narrow region and effecpf,':'g- 10).'5 defined in Eq(3.4a. 'I"he time de.pendgnce of
tively vibrate in their cells, until they manage to escape bythis guantity (total excess correlatioA) is defined in Eq.
jumping into a different cell, where they will be trapped (3.4b and our simulation data on it are shown in Fig. 11.
again for a considerable time interval. Trajectories of this I'(r,At) = [g,(r,At)/g(r)] - 1, (3.4a
type constitute the physical basis for the plateau of the MSD
curves at 50 and 55°C.

There is abundant evidence that the escape from “cages” A= J drl*(r,At). (3.4b
does not take place in a purely random, uncorrelated fashion.

There exist small groups of neighboring soft spheres, whicifhe maximum ofA sets a characteristic timeAt*) for
move cooperatively in the same region, performing jumpsisplacement-displacement correlatidtise point marked in

P(AF)Y?) =

(3.3

ay(t) =
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FIG. 7. (Color) The incoherent structure factor gét at four different temperaturé85°C, 45°C, 50°C, 55° Lt values increase from

left to right.

a square box indicates thd used in Fig. 10, which is of the escapes from cages (e.g., FB).take over and re-establish

same order of magnitude As*. This time exceedgby about
a decadgthe end of the plateau in the MSD curvésg. 4).
One is tempted to interprét* as the time when correlated

Z funits of Ryl

-11.4
-11.6
-11.8

-12
-122
-12.4
-12.6
-12.8

X [units of Re]

FIG. 8. Typical trajectory of one star 8&t=50°C. Jump from

one cage to another.

Fickian diffusion

A direct comparison with the experimentally determined
frequency dependence & andG” would be very interest-
ing. Theoretically these calculations are straightforwdr.
However, the statistics of our data do not allow such com-
parisons.

The overall picture indicates that weak structural changes
(like those depicted in Fig.)3are accompanied by very
strong qualitatively different effects on soft-sphere dynamics.
In particular, the MSD curves illustrate clearly the separation
between short and long time dynamitse plateau in Fig. 4
extends over two decades in tijnee., the caging effect. It is
tempting therefore to examine dynamical changes taking
place above 45°C, in ways suggested by ideal mode cou-
pling theory (MCT) [33,40,42,43 In this work we do not
attempt a comprehensive and quantitative comparison with
MCT predictions.

Figure 12 contains the simulation data &y, vs T at the
four temperatures depicted in Fig.(MSD’s). The feature-
less behavior at 35 and 45°C is followed by a clear two step
relaxation at 50 and 55°C, a manifestation of temporary
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Z [units of Ry]

X [units of Ry] -5.5 -5

4585

FIG. 9. (Color) Trajectory of an “effective dynamical cluster” with three starSTat55° C (cooperative motion

structural arrest in the approach towards a nonergodicityeristic time associated with therelaxation. The data in Fig.
transition. Sufficiently close to the nonergodicity transition 12 conform to Eq(3.5) at the two highest temperatures. The
the slow relaxation 0§,(t) conforms to the von Schweidler fits to Eq.(3.5) (dashed lines in Fig. J2vere donéfor fixed

power law series, (i.e.,g-independenb and 7). The relaxation timer increases
by more than three orders of magnitude from 50 to 55°C,
Snc(t) = £5(q) — hD(q)(t/D° + h@(q) (/)% + Ot/ D*P. which indicates that the ideal glass transition point should be

very close to 55° Q59= 1, while 755~ 1800. Furthermore,
the von Schweidler exponent was found to be 0.48, which is
slightly, yet not negligibly, lower than that of hard sphere
glasseq0.53 [44].

The Gaussian approximation o08,.(q;t) and f%(q)
(f%(q) = exp{—g?r?/6}) allows the estimation of the “localiza-

(3.5

In the above equatioff(q) is the nonergodicity parametdr,
is known as the von Schweidler exponent, arid a charac-

5 N ' T T T T T T T T
L " 2t E 6 T T
4l 3 l T=55°C | N
g 1} St .
3 < ] ° °
= °
3} (=3} | 4t -
= (o]
o R 3r 1
= 2F < °
N’
50 2F . .
1+ 1t L4 .
o o°°
0 X X X 0 N T | T | M | N L
0 1 2 3 4 5 0.1 1 10 100 1000
 (units of 2R ) At [mR "/ T1"
FIG. 10. The pair correlation functiong(r) and the FIG. 11. The total excess correlatidnas a function ofAt at
“displacement-displacement” correlation functigp(r) vsr at T T=55°C. The value in the square corresponds tathesed for the
=55°C. Inset: the excess correlatibrvsr. comparison betweeg(r) andg,(r) in Fig. 10.
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FIG. 12. The incoherent structure factortvat variousg-values and at 4 different temperatu(@8, 45, 50, and 55°)C Dashed lines at
50 and 55°C are fits according to E®.5). Theq values at 50 and at 55°C increase from up to down with step 2.

tion length” (r)), which quantifies the extent afi-cagesoft  much more than the simple introduction of a stochastic,
sphere displacements. Although the quality of the approxi“white noise” force. As we discussed in Sec. Il, the imple-
mation deteriorates for large wave vectors and close to theentation of appropriate BD for multiarm stars is currently
ideal glass transition temperatyi@8], the Gaussian approxi- beyond the capability of the technique and the required
mation does supply an estimate gf This comparison is physical input remains theoretically tentative. Generic ques-
shown in Fig. 183 for the highest temperature studied tions on a tractable incorporation of hydrodynamic interac-
(55°0C). The estimate for, is 0.219R,,. The two values from tions, a proper implementation of the lubrication approxima-
the plateau in Fig. 1®) and the fit of the nonergodicity tion for “porous objects” and the selection of an appropriate
parameter in Fig. 1@) agree to within the second decimal friction coefficient upon intimate approach of soft-spheres
with each other. Furthermore, they are both very close to thgrecluded efficient mesomodeling.

more accurate estimate supplied by the value of the plateau The major finding of this simulation study is that dense
in the MSD curve of Fig. 4about 0.2&,,). These values are suspensions of soft spheres interacting via potefitialEq.
higher than the corresponding hard sphere vaid4R) (2.1], i.e., our model for multiarm star polymers under mar-
[42,45, which is reasonable because the soft spheres in thiginal solvent conditions, undergo a qualitative change in
study are less strongly localized at intermediate times, clos#eir dynamics at temperatures higher than 45°C. This is

to the glass, than the hard spheres. remarkably close to the temperature at which similar phe-
nomena were observed experiment@8y. The transition is,
IV. DISCUSSION in a generic sense, a jamming transition. It is caused by the

temperature-induced expansion and consequent overcrowd-
In this paper we present a MD study of the kinetic arresting of soft spheregmultiarm star polymeps

of multiarm star polymers under marginal solvent conditions  There exists abundant simulation evidence in that regard.
upon increasing. MD was found to be more efficient than The radial distribution function exhibits interesting features
stochastic methods, in general, and BD in particular for ex{split of the second peak and the development of a shoulder
ploring the configuration space of dense systems in the verge the third peakFig. 3). Effects on soft-sphere dynamics are
of jamming[37]. Our opting for MD resulted from practical more pronounced. The observed soft-sphere mobility is not
considerationgefficiency and from our concern that short consistent with regular Fickian diffusion above 45°C. The
time features(early B relaxation observed through simple relaxation is apparent in the simulation time scéfey. 4).
BD could have been misperceived as reliable, while they arg, . does not scale witlg?t above 45°C(Fig. 7). The self-
not, as a proper BD methodology in our problem requirepart of the van Hove correlation function does not evolve
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1.0 . - - than the corresponding hard sphere valQeldR) [42,45.

0 8- g, However, the major effect of potential softness is not the
8F . ] aforementioned increase iof, but the spectacular raise of the

0.61 - nominal volume fraction required for vitrification, which is

_ A o e . 1.17 for our soft spheregsee Table )l vs 0.59 for hard
= 04p | T=55C| “o.. - sphereg46].

e 02l (] ] Several theoretical and simulation studies that compare
=l rl/RH=O'215 ] colloidal gels and colloidal glasses have appeared during the
0.0 . - . : : . past few year$38,42,44,47-5D From a fundamental point
0 4 8 12 16 of view colloidal gels are linked to the existence of short
. 1 range attractive interactions between colloids, which do not
q (units of R ) exist for the soft-sphere system studied in this work. In this
context, the(incipieny nonergodic states of our soft-sphere
o systems should be viewed as “glasses” rather than “gels.”
104 _T=350C A . Furthermore, colloidal gels were characterized by a localiza-
(= 45C - (b tion length much smaller than that of hard sphere glasses. On
[l---- 50°C -7 the contrary, in our case, the localization length was found to
f| = = 55°C be larger than that of hard sphere glasses. Therefore, on this
E count too, our soft spheres will form glasq4d$)].
.- - Stiakakiset al.[13] proposed a kinetic phase diagram for
- dense suspensions of multiarm star polymers in solvents of
intermediate quality. According to that phase diagram,
“T-induced gels” are characterized by a relatively low con-
centrationc (c<c*; c* is the overlap concentration referred
to 20°C, whereRy is essentiallyT independentand their
t[m(R2H‘/kBT) 1" main feature is that Ty,” i.e., the temperature at which
' dynamical arrest occurs, depends stronglg dtine lower the
FIG. 13. (a) Fit of the nonergodicity parameteif(q) at T ~ Mass concentration the larger the heating needed to increase
=55°C with exg—g2?) and estimation of,. (b) The localization the effective volume fraction of the stars and cause jam-
lengthr, vst at four different temperature85, 45, 50, and 55°¢  Ming). On the contrary, whew>c*, there is hardly anyc
as it comes from the fit of the incoherent structure fadgg@)  dependence of, and “gelation” is induced primarily by the
with the function exp-c?2r?). high original concentration, as the temperature increase
causes very little swelling of the stars at such high concen-
according to Gaussian statisti¢sig. 5. Individual soft- trations. The systems studied in this work fall in the category
sphere trajectoriesand the MSD in Fig. #illustrate the of temperature induced ge{s/c*=0.83). It is important to
“caging effect” at high temperaturébig. 8). point out that theT-induced gels are weakéiower G’) than
Identified dynamical microclusters are concrete exampleghe c-induced gelg 13]; this directly observable difference
of the cooperative nature of soft-sphere self-diffusigig.  distinguishes the two classes of gels experimentally. On that
9). This is clearly quantified by the displacement- basis theT-induced gels could be paralleled to “colloidal
displacement pair correlation functidfig. 10, which dif-  glasses,” while thes-induced gels to “colloidal gels[47].
fers from g(r) for distances that extend over several soft-Therefore our soft sphere suspensions form temperature in-
sphere diameters. These differences are especialiguced gels, which are characterized by weak mo@ikin to
pronounced for first and second nearest neighbors of theolloidal glassesand a substantial degree of arm interpen-
“tagged particle.” A characteristic “lifetime” for these corre- etration.
lations was identified in Fig. 11. It is longer than the typical Furthermore, thé-induced gels in Ref(13] were found
lifetime of cages, and it probably corresponds to the characto be ergodic[5] and exhibited a two-step relaxation §f;
teristic time for “correlated cage escapeske discussion [three step relaxation of the intermediate scattering function,
related to Fig. 11 in the previous sectjon as determined by DLS, which also detects the faster mode of
The incipient transition produces a two step relaxation ofmutual diffusion; Fig. 1b)]. It should be noted th&,,. does
Sne 1-€., @ structural arrest and finite values of the nonergodnot detect mutual diffusion. Clearly, other short-time modes
icity parameter over two decades in the time sc&ig. 12). may also exist, which are not captured by the soft-sphere
The slow relaxation follows von Schweidler’s laiiig. 13). model. This behavior is very similar to the simulation find-
These features are in qualitative agreement with the maimgs on soft-spheres,. depicted in Fig. 12. In contrast,
predictions of ideal MCT and suggest strongly that our sys<-induced gels were clearly nonergodi¢3]. It must be
tems are very close to ddeal glass transition pointin the  noted, however, that the matter of finite nonergodicity factors
ideal MCT sensg in the experimental systems is complicated by a very slow
The potential employed in the current wdikg. (2.1)] is  yet detectable aging.
an ultrasoft purely repulsive potential. The softness of the Experimental findings point to the existence of distinct
potential results in a value of the localization lendii ~ “mobile” and “immobile” subpopulations of multiarm stars
=0.22-0.24; Figs. 4 and 13which is considerably higher [5,15]. This situation would have led to a wavelength inde-

" f
apparent” r/R
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pendent plateau d§,.. Experimental data in this respect are ideal glass transition scenario.
suggestive, but not definif&]. One could distinguish a weak The transition observed in the simulations occurs within
tendency towards g-dependent plateau, which would argue 5°C from the experimentally reported temperat{isé. A
for caging of all soft spheres. Our simulations support thiswo step relaxation o§,. was observed, in agreement with
point of view. Nevertheless, our simulation studies deal withDLS experimentg5]. No finite nonergodicity factors were
a small population of soft spheréabout 3000. Confocal observed up toT=55°C, again in accordance with DLS
microscopy has identified mobile and immobile subpopula-measurementss].
tions at thea-relaxation time scale for hard-sphere colloids  Experimental suggestions of mobile and immobile popu-
[51]. This issue is further complicated by time scale considdations[5] were not corroborated by simulation findings. The
erations[52]. In our opinion, simulations of tenths of thou- tentative nature of these experimental findings, aging com-
sands of particles can only address this issue. Furthermore,ptications as well as limitations of the simulation moflatk
should be more usefully addressed to prototype systemsf appropriate friction may account for these discrepancies.
(e.g., hard sphergsFurther experimental efforts will be It is tantamount that the transition occyssmulationwisg
valuable in this regard. to within 5°C from the experimentally reported value, which
constitutes a very successful test of poteniial According
to all simulation findings, it is a jamming transition with
V. CONCLUSIONS reported features of vitrification. The role of temperature is

We performed a series of MD simulations of concentrateocerlltral n Fheﬁ_e syst(zms, and cpunterrl]ntumtlve. . d
suspensions of soft spheres interacting through the potential ncreasing ' speeds up motions, however, it produces
of Eqg. (2.1), which was designed to mimic the interactions sgft-sphere expansion and cpnsequent jamming. The compe-
between multiarm star polymers in suspensions under maP—t'c_m’ as fshownf _by e>_<per|ments and these simulations,
ginal solvent conditions. These studies intended to elucidatgV'N9s N Tavor of jamming.

the physics underlying the counterintuitive “gelation upon ACKNOWLEDGMENTS
heating” reported experimentall$].
Simulation findings revealed structural chandegy. 3) Partial support for this work was provided from EU Grant
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