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Using molecular dynamics simulations, we study the conformational properties of thermally sensitive telechelic
star polymers that carry attractive end groups. The telechelic star polymer functionality is varied between
f =1 andf = 10. As the temperature is lowered, we find a collapse from a “star burst” (sb) to a “watermelon*
(wm) conformation and study the functionality- and polymerization-number dependence of the transition
temperature. We also discuss partially collapsed configurations and multiple watermelon-like structures at
higher functionalities.

I. Introduction stars comprised of polyacetylene and polystyrene blocks were
prepared? and block copolymer stars with a hydrophilic core
and a hydrophobic corona are availablé? Low-functionality
telechelics, which best match the model studied in this paper,
are mono-, di-, and tris-zwitterionic, three-arm star symmetric
polybutadienes. Experimental work has revealed that these self-
assemble into different supramolecular structures. These struc-
tures include collapsed, soft-sphere conformatiéiéin par-

: X . . - ticular, static and dynamic light-scattering experiments have
telechelic, that is, end-functionalized at the arms, have a potential shown that samples with three zwitterion end groups present a

to allow for complex aggregate formation in solution. The . L

S . low degree of interassociation between macromolecules, reveal-
fundamental structural feature of a star polymer is its functional- . . BRI
. . ing a preference for intra-associatitnt® Further X-ray scat-
ity, f, which counts the number of arms.

R i in th thesis of h telechelic st tering and rheological experiments give evidence for the fact
ecent progress in e Syntnesis of such 1eIechelic Stary, 4 g tendency persists at higher concentrations, all the way
polymers has been achieved in various directions. Poly(

. : . . . into the melt!3 There, the formation of transient gels has been
lactides) with a functionalityf, ranging between 2 and 6 have 9

been prepared wher rene end ar w dded at ev rfound for the case of two- and three-zwitterion macromolecules,
ee3 prepared where a pyrene end group was added at evVeryy, e network characteristics depending on the molecular
arm3 The location of the pyrene end groups was measured for

. i o weight of the armd4 Understanding the conformations of
various functionalities, and a strong dependencef omas

. . telechelic stars from first principles is therefore an important
observed. Other examples of synthesized telechelic star polymer§Ssue in polymer chemistry and physics
are allyl-functionalized telechelic polystyrefi@oly(ethylene- . )
co-propylene) polymers bearing terminal self-complementary ' "€ present paper deals with a monomer-resolved model for
multiple hydrogen-bonding sitésand telechelic polylactones = & single telechellq star polymer. The confo.rmau_ons of the star
functionalized with trimethoxysilyl grougsElectrostatic self-  Polymer are studied by molecular dynamics simulation. The
assembly has also been exploited to form telechelic polyelec- €SSential parameters of the model are the molecular weight of
trolytes? the chains, that is, the number of monomers per arm, the
Furthermore, ABA-type triblock copolymers constitute good functmnahty of the star, and the temperaturg tha} sets effectively
representatives of telechelic polymers witk 2 if the length the attraction strengt.h between the functionalized gndgrpups.
of the A block is much smaller than that of the B block. Such C°mPplementary to this work, a theory for a low-functionalized

ABA triblock copolymers comprising a relatively long poly(2- telechelic star as well as for planar telechelic brushes has been
(dimethylamino) ethyl methacrylate) and end-capped by short Proposed-2° Moreover, the formation of flower-like micelles
poly(methyl methacrylate) blocks were synthesized recéntly, With hydrophobic terminal groups that self-assemble in water
although these systems are usually polydisperse. ControiledN@s Peen explored by theory. Such aggregates exhibit a *bridging

. L . . iNn18,2 PP
chemistry (anionic synthesis) leads for much-lower polydisper- attraction®2! that can lead to a liquidgas macrophase
sity and truly well-defined triblocks (e.g., ref 9). Different separatiorf? A previous account of our simulation data has been

associates were found in aqueous solution at high dilution, published elsewher€.Here we explore a wider functionality

namely, end-to-end linear associates and star-like “hairy” loose @nd number of monomers range.
aggregates. The purpose of this paper is to complete the low-functionality
Generalizations toward higher functionalities are also con- Study introduced in ref 17 and extend it to higher functionality,

ceivable by using many-arm blocks. For example, three-arm increasing at the same time the range of monomer per arm. In
particular, in Section Il we discuss our simulation method. In

t Part of the “Keith E. Gubbins Festschrift”. Section 3.1, we briefly resume the study for 6 and we discuss
* Corresponding author. E-mail: federica@thphy.uni-duesseldorf.de  more in detail the case of high number of monomers per arm.

It is a challenging idea to fabricate smart materials with the
desired rheological, electronic, and optical properties based on
mesoscopically structured, self-organizing soft matetiaBelf-
aggregating polymers with functionalized end groups are very-
promising candidates to form network gel-like structures that
sensitively respond to external perturbations, such as shear flow
In particular, polymers with a star-like architecture that are
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At a given, sufficiently lowT, the wm configuration becomes
more stable with respect to the sb one with decreabiramnd core. This interaction is infinite for < R;, whereas for > R;
increasind. In Section 3.2, we discuss stars with functionality it is described by the same functional form used for the
up tof = 10. Depending on the number of monomers per chain, monomer-monomer interactions, for example, resulting from
the collapse from the starburst configuration toward aggregatedthe combination of eqs 1 and 2 for monomers that belong to
structures here is more complicated and can involve “multiple the first shell (nearest neighbor of the core-particle) and eq 1,
watermelons”; that is, the end groups associate into different otherwise.

junction points and free dangling ends, and tadpole structures We perform standard MD simulations: the monomer mass,
are also observed. Finally, in Section IV we draw our conclu- m, is assigned the value unity, defining thereby the characteristic

large number of arms, we need to add the interaction monomer-

sions. timer = \/mo? /e, ;; the time stepitis in the range [10%7,107%1]
Il Model with a total of 2x 1P timesteps used for equilibration and 10

A telechelic star polymer bears the possibility of attachment
between different attractive terminal groups leading to intramo-
lecular association. Clearly this is a competition between
configurational entropy and attraction energy: at high temper-
ature the association between different end groups will be
suppressed, but at low-temperature it will be a typical config-
uration. In between, at intermediate temperature, there is a shar
crossover between these two structures. In previous Wai,
examined this conformational change for low functionalities up
to 5. The corresponding aggregation typically consists of all

end groups fused together such that the overall topology of the

star polymer resembles that of a “watermelon”. At higher

temperatures, however, the polymer configuration possesses
unfused end groups and can be called a “starburst” configuration.

In order to capture the various mechanisms in a simple model,

we considered all monomers to be Lennard-Jones beads with

tunable attractions acting among them. We studied isolated
telechelic star-polymers with arm numbéy,ranging in the
interval 0< f < 10 and with a maximum afl = 200 monomers
per chain. To this purpose, we performed monomer-resolved
molecular dynamics (MD) simulations. The equations of motion
have been integrated using the so-called velocity form of the
Verlet algorithm?? In order to stabilize the temperature of the
system, we applied a Langevin thermogfat® that is, conve-
nient random and friction forces are introduced related via the
fluctuation dissipation theorem. According to the model de-
scribed in refs 2426, we consider three different contributions
to the interaction between monomers. First, in order to mimic
good solvent conditions, atlonterminalmonomers interact via

a truncated and shifted LJ potential

ou)? [0y
Vi(r) = 46[(—) —(7

0

1

6
) +Z] forr <26,

@)

1/6
forr > 2%,

wherer is the separation between beads apgnde ; set the

independent runs (when not specified) ofx510" timesteps
each to gather statistics.

I1l. Simulation Results

A. Low Functionality: Conformational Dependence on
the Temperature and Chain Length.As introduced in ref 17,
our study aims at establishing the relevant parameters driving

Riifferent kinds of aggregation processes in telechelic star-

polymer solutions. In the class of system we analyzed, there is
a complex balance between various kinds of interactions
(entropic, elastic, attractive) controlled by a large number of
parameters that can have significant influences on the structure
and dynamics of the system.

In this section, we focus on low-functionality star polymers
(f=2, 3, 4, 5). Such stars are much easier to synthesize than
high-functionality ones, much more common and, in fact, readily
available experimentally. Moreover, a thorough understanding
of the conformational properties of low-functionality telechelics

is paramount to the understanding of those for higlalues
because the latter are anticipated to often assume conformations
in which a small subset of their arms collapse at their ends. As
anticipated, the most-relevant experimental systems for our
analysis are three-zwitterionic star symmetric polybutadienes

in cyclohexané3~16 By means of low-angle laser-light-scat-
tering and dynamic-light-scattering experiments the authors of
refs 13-16 studied three-arm stars with one, two, or three
zwitterionic functional end groups, that is, terminal groups that
associate in solution. Diluted samples with three zwitterionic
end-capped chains, tend to interact intramolecularly, forming
collapsed structuredn experiments as well as in our analysis,
this possibility depends on the molecular weight and number
of functional groups (we will return to this point later in the
paper). Alternatively, high-concentration samples with two and
three zwitterion end groups present a high degree of interas-
sociation between macromolecules with the appearance of
transient gels. Here we discuss on diluted systems in the limit
in which intermolecular interactions can be neglected, in such

length and energy scale, respectively. We define a dimensionlessy way to solve the intramolecular association of polymer chains

temperaturel* = kgT/e; wherekg is Boltzmann’s constant.
Second, we modeled the chain connectivity employing the finite
extension nonlinear elastic (FENE) potenfal:

] e

2
forr > R,
Herekeene = 20¢; andRy sets the maximum relative displace-
ment between neighboring beads. Ry = 1.501; the total
potentialV =V, + Veene has @ minimum at ~ 0.970 . Third,

Veenel) = )

0

and its effect on the star conformation.

One of the main parameters controlling the change in the
star structure is the temperature: in Figure 1 we showf for
3 andN = 10, the possible molecular configurations. On the
top, Figure la, we recognize the open-star configuration
(starburst configuration), typical of common star polymers. In
the range of temperature we analyzed (0:0T* < 1.2), the
starburst configuration is stable for 02 T* < 1.2. After
decreasing the temperature, we observed a finite probability to
have doublets of attractive monomers, Figure 1b. This corre-
sponds to a tadpole structure. Finally, for temperatures lower

as described in ref 17 the end monomers of each chain interacthan 0.12 the stars collapse in the so-call@dtermelon

via a full (attractive) Lennard-Jones potenfi@l.
In a general model, where the introduction of a small hard

structure Figure 1c. The radius of gyratiofig, reflects the
change in the molecular conformation: as described in our

coreR. of the central particles is necessary to accommodate aprevious work we distinguish two different plateausRyfas a
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Figure 1. Intramolecular aggregation of a three-arm telechelic star - _— E
(N=10): (@T* =1.2; (b)T* =0.2; (c)T* = 0.1. 4 ]
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Figure 3. Radius of gyration vs temperaturé= 3 andN = 10, 20,
50.
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gain to counterbalance the entropic loss. The trend NWidgnd

T* is common to the full range dfwe consider in this section.
Figure 5 from ref 17 summarizes the parameter space we

investigated corresponding to the open and collapsed struc-

. ! A tures: the main plot represents the simulation results. In the

same reference, we clarified the interplay between the different

f contribution to the monomemmonomer interaction with a

Figure 2. Double-logarithmic plot of the gyration radiuBg, of the theoretical model. To resume: for fixétthe wm configuration

starbust configuration foF* = 1.2 andN = 10 against the functionality, ~ js more stable on increasirfgand lowering the temperature;

f, demonstrating the-f ¥* scaling of this quantity. The corresponding g effect is due to the attractive energy contribution arising

theoretical slope is shown by a straight fine. from the total number of contacts between terminal monomers,

which becomes more and more important increasing the arm

number and decreasing the temperature. FiXiagd T*, the

wm configuration is stable below a certain valueNofIndeed

the importance of the excluded volume interactions and the

entropic contribution increase with the number of monomers.

— Theory

let02 =

3 =
s
o0

function of temperature that correspond to two almost constant
Ry values. At high temperatures, our results agree with the
scaling predictions on the basis of mean field argumé&hts;

for example, the sb radius of gyration is expected to scale with

. P -~
tlhoe) arm number ai”® (see, e.g., Figure Z* = 1.2 andN = It is also to be expected that bond rigidity will disfavor the wm
) ) ) configuration. In this sense, however, the monomer scale

For low temperature, a second pla_lteau exists, Whlch COITe- annearing in our model can be interpreted as a Kuhn length,
sponds to the collapsed structure with a reduced radius. Thepeyond which the bending rigidity of the chain renormalizes
trend is the same for the full range balthough increasing away to zero. We want to stress here that the rangéiofour
the low-temperature plateau covers a widierange. We remark  gjmjations concerns the contact with experiments: laige
that for low functionality the additional entropic cost of bringing  \aiyes in scattering experiments are indeed associated with the
more chains into the watermelon is relatively small because therejificylties to obtain structural information, because the related
is a large amount of free space for.the (;halns to move. This is qrange is inaccessible in X-ray (see ref 14). Increasimgould
more than balanced by the energetic gain of additional contactsying the temperature leading to a collapse state at unphysically
between attractive monomers, which increase decreasing thgq,y yalues. To support our claims, we carried out simulations
temperature and increasirg also forN = 100, 200. As shown in Figure 6, the watermelon

In Figure 3, we show the comparison between the radius of configuration is indeed still possible for such high molecular
gyration of the telechelic star with= 3 andN = 10, 20, 50.  weights but it occurs at very low temperatufi, = 0.005 for
Again we have the starbust plateau and the watermelon N = 100 andf = 3 and it came out only in a small fraction of
plateau: the temperature range of the latter decreasesNwith  runs. To make the analysis of the wm geometry more quantita-
indicating a lowerT* to obtain the collapsed state. Moreover, tive and to comply with our study, we calculated the instanta-
we can notice how the error bar increases from the bottom to neous distance between the center of mass (CM), the grafting
the top as a consequence of the lack of a unique/stablepoint (CORE), and the aggregation point (END), in conjunction

configuration. with the radius of gyration.
In Figure 4, we show the instantaneous value of the attractive  The results are shown in Table 1: we can notice that the
energy &) for f = 3 andN = 10, 20 and 50. Although foN average distances turn out to be roughly equal to the watermelon

= 10 andT* = 0.12 we have weak fluctuations of the energy Ry This gave us indications on the geometry of the collapsed
around the value-3, for N = 20 andN = 50 there are strong  configuration. Neither the grafting point nor the aggregation
fluctuations and possibilities of intermediate configurations. To point is close to the center of mass. The EEND distance is
resume: increasinl means that the transition temperature to always smaller than the CMCORE distance for trivial
the watermelon state drops: one needs the stronger energeticeasons: a$ end-monomers collapse on a single aggregation
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Figure 4. Instantaneous value of the attractive enerfgy,for f = 3 telechelic stars at fixed temperatufé = 0.12, changing the number of
monomers per arm.
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b d Figure 6. Watermelon configuration correspondingT® = 0.005,N
0.05 - . | . | . | ; L = 100, andf = 3.
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N TABLE 1: Radius of Gyration, Ry, of Various Watermelon
Figure 5. Regions of stability of the starburst and watermelon Structures Compared with the Distance between the Center
configurations vs the number of monomers per arm, from the top to of Mass and the Aggregation Point (CM-END) as well as the
the bottomf = 5, 4, 3, 2. The inset shows the theoretical prediction; Distance between the Center of Mass and the Grafting Point

see ref 17. (CM-CORE).
point, they pull the CM to their side. This explains the fact that N Ry CM-END  CM-CORE
the trend is stronger a§ grows. At the same time, the f=2 10 2.192 1.987 2.481
discrepancy between the two distances diminishes with increas- fT*_z 0.04 128 g-ggg f?gg 23%?3
|dng N because 'Ejhe Irela'uve weight of tfeend-monomers =006 50 P e 2180
ecreases accordingly. _ _  f=4T* =006 10 2474 1.693 2.007
B. High Functionality. In this section ,we analyze telechelic =4 7*=004 20 3.749 2.663 2.867

stars with number of arms> 5; in particular, we changefl
between 6 and 10. At the beginning, we consider 10 monomersFinally, for T* = 0.1 all of the end monomers are close to each
per arm trying to evidence the possible aggregation structures.other giving rise tdg; ~ —12. This value of energy is different

In Figure 7, we can observe the attractive energy distribution from the one obtained considering the ideal, and indeed
for f = 6: in the high-temperature regime (0AT* <1.2), the geometrically impossible case, where each couple of end
system assumes the starburst configurati§rm( 0). Lowering monomers is in the minimum of the well potential; that is,
the temperature, for examplé* = 0.2, we can have a rich  f(f — 1)/2= 15. We can gain some insight into the geometry
variety of possible conformations with singlets, doublets, and/ of this aggregation by means of the position peaks in the radial
or triplets of end monomers connected, as well as a few casesdistribution function, of the terminal monomeggr), shown in
of 4 or 5 chain accumulation points, witnessed by the corre- Figure 8. ForT* = 0.2, the favorite interaction is the doublet
sponding values of the attractive energy. Hér= 0.18, the (two terminal monomers connected) but the radial distribution
value of the energy is still fluctuating betweet® and—6, that function is broadly spread between 1 and 2, showing singlets,
is, a four-monomer wm plus a doublet or plus two free chains, triplets, and so forth. By lowering the temperature (e1g.=
and around-11, that is, a five-monomer wm plus a free chain. 0.16), we can observe two additional peaks emerging. Finally,



Computer Simulation of Telechelic Star Polymers

J. Phys. Chem. C, Vol. 111, No. 43, 20015807

0 1107 2x10’ 3x107 4x10’ 5x10’
time steps
Figure 7. Attractive energy distribution fof = 6 andN = 10.
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Figure 8. Radial distribution function of the terminal monomers changing the temperature f Hefe

Figure 9. Aggregation geometry of end monomers for 6, N = 10,
andT* = 0.1.

for T* = 0.1 all of the end monomers form an aggregate: from
the radial distribution function we notice three peaks corre-
sponding tor/rmin ~ 1, r/rmin ~ 1.4, andr/ryin ~ 1.7, where

of red monomers seems to proceed progressively: at the
beginning the system aggregate in a four-chain watermelon,
finally the accumulation point consists of 5/6 chains. Second,
we can derive the geometry of the end monomer aggregate: in
the state in which they all aggregate, they form an octahedron
that consists of two joined pentahedra sharing their square basis,
see Figure 9. The second and third peak in the radial distribution
function correspond to the distances between couple of end
monomers, along the diagonal of the square, and at the vertexes
of the octahedron respectively. For comparison, in Figure 8 we
plotted the radial distribution function of the end groups)

for f =5 andT* = 0.1. In this case, as discussed in ref 17, the
geometrical distribution of end monomers covered a double
tetrahedron sharing a triangular basis; the two length scales are
related to the couples of monomers in the minimum of the well
potential ¢ ~ 1) and to the distance between the couple of

rmin = 216, From the snapshot of the end monomers’ aggregation terminal monomers at the vertexes of the tetrahedra.
(see red monomers in Figure 9) and from the above-mentioned The same analysis has also been performed for higher arm
analysis, we can draw two conclusions. First, the aggregationnumbers. In Figure 10, we see the attractive energies corre-
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Figure 10. Attractive energy corresponding to collapsed configuratidiis= 0.1, N = 10; from the topf = 6, 7, 8, 9, 10.
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Figure 11. Radial distribution function of the attractive monomers,= 0.1,N = 10,f =5, 6, 7, 8, 9.

Figure 13. Snapshot of the terminal monomers aggregatiori for8,
* = 0.1,N = 10.

Figure 12. Snapshot of the end monomers aggregatiorf for7, T*

=0.1,N = 10.
do not form a regular polyhedron, we simply recognize some

sponding to a collapsed state, fr= 10, T° = 0.1, andf = 6, favorite configurations as in Figure 13, where some of .re.d
7.8, 9, 10: the values fluctuate around.2, —15/16, —19, monomers form a pentagon that separates two of the remaining
—23, and—27/28, respectively. In Figure 11, we plot the end- three particles on one side from the third one on the opposite
monomer radial distribution function fdr= 5, 6, 7, 8, and 9.  Side. This configuration corresponds to three different peaks in
Forf = 7’ the Snapshot in Figure 12 shows a Configuration the radial distribution function. In particular, for= 8 andf =
corresponding to a decahedron consisting of two joined hexa- 9 the third shell is considerably far awag/rgin ~ 2). As a
hedra sharing their pentagonal faces: indeg@) evidences  consequence, suchext-nearest neighborare not strongly

two main peaks plus a small bump arourgy,, = 1.5, related attached to the nucleus and the aggregate is more fragile. The
to couples of end monomers at the diagonal of the pentagon.same conclusion can be deduced from the behavior of the radius
Forf = 8,9, at low temperature, the end monomers apparently of gyration as a function of the temperature. Ud te 6,7, Ry
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IV. Conclusions

The interplay between attraction and repulsion is a mechanism
that can bring about enormous richness in phenomenology and
allows for the control of the behavior of soft matter at various
levels. Some very-well-known examples are the possibility to
steer the disappearance of a liquid phase from the phase diagram
of simple substances with spherosymmetric pair interactfons
and the ability to control the growth and size of finite, stable
clusters in a colloidal suspensiét*® In the aforementioned
cases, the attraction and repulsion strengths and ranges pertain
to the whole of asingle spherical, and structureless colloidal
particle. Concomitantly, the effects of such changes, which can
be induced by the introduction of nonadsorbing polymer or salt,
express themselves on theacroscopidevel, by influencing
phase behavior and aggregation.

In our work, we have turned our attention to a different kind
Figure 14. Ten end monomers aggregation fér= 10, T* = 0.1 of interplay, namely, one that takes place atihenometevel
of complex macromolecules with internal structures. We have
established that by placing attractive end-monomers on low-
functionality star polymers and controlling the attraction strength
via temperature, one can induce quite-significant changes in the
conformation of the molecule. A transition from a hollow to a
starburst state has been seen to take place by increasing the
temperature, and the critical value of the latter depends
sensitively on functionality and degree of polymerization.

_ i . Although our modeling was based exclusively on thermal
; onc2>r7n, e?ss ' a;grg:;;sean\:viizlr?eség(rjr};ortg)’ f;\:(ran pgoﬁiga:fnglngrsystems, our results _should also be applicable to ionic tele_chelics,
pentagonal basis with 'three or four end monomers on one side.for which the attraction strength can be _tuned_by changing the
Moreover, on the right side we have a different configuration s_alt_concentranor_] and/or _the solvent dielectric constant. Our
with a double five-monomer aggregate: the system indeed inding of areversibletransition for these molecules also bears
formed a double watermelon. Finally, for= 10 we consider a similarity to the recently discovered Ilght-lndut_:ed opening of
different molecular weightsN = 10, ’20' 30 to observe the polyelectrglytg brushes (“nanoblo;soms”) for which the size and
change in the conformation due to the increase of the entropic conformation is steered by regulation of the valency of the brush

penalty (see Figure 15). At high temperature, we found the counterions!? ) ]

starburst configuration (see, e.g., left-side snapshot). For lower ~Concentrated solutions of telechelic stars are, therefore, very-
temperatures (center- and right-side snapshots), as in the lowPromising cand!d_ates as tunable matgrlals. Here, the intermo-
functionality case, the system presents a weaker tendency td€cular connectivity and phase behavior can be controlled by
the collapsed structure increasing the number of monomers pertémperature, bringing about a variety of aggregation scenarios
arm. As can be seen in Figure 15, the molecule exhibits instead@nd allowing for external rheology control without affecting the
arich variety of intermediate structures. We conclude, thus, that chemistry of the substance. Work along the lines of investigating
although at functionalitie$ < 10 full collapses of telechelic ~ these properties by means of computer simulations is currently
stars on watermelon configurations are favored at low temper- N progress’

atures, forf = 10 the high entropic penalty arising from the

accumulation of a large number of attractive monomers on a  Acknowledgment. We thank Christian Mayer for helpful
common aggregation site renders watermelons unstable. Inter-discussions. This work was supported by the Deutsche Fors-
mediate configurations consisting of partial watermelons result chungsgemeinschatft within the SFB-TR6 and by the Marie Curie
instead. European Network MRTN-CT-2003-504712.

shows again the two plateaus, the low-temperature one corre-
sponding to the collapsed state. By increadifd = 8, 9, 10),

we find that the value of the radius fluctuates, giving a big error
bar, which depends, for fixed temperature, on the lower
probability of having a unique accumulation point. As an
example, in Figure 14 we can observe two possible configura-
tions, both corresponding f6* = 0.1,f = 10 andN = 10. On

the left side (up), we have a collapsed structure, relativig; to

Figure 15. Ten red monomers aggregation fo= 10, N = 20, T* = 1.2 (left); N = 20 andT* = 0.1 (center)N = 30 andT* = 0.1 (right).
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