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Star Polymers Viewed as Ultrasoft Colloidal Particles
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Combining statistical-mechanical theories and neutron-scattering technigues, we show that the effec-
tive pair potential between star polymers is exponentially decaying for large distances and crosses over,
at a density-dependent corona diameter, to an ultrasoft logarithmic repulsion for small distances. We
also make the theoretical prediction that in concentrated star polymer solutions, this ultrasoft interac-
tion induces an anomalous fluid structure factor which exhibits an unusually pronounced second peak.
[S0031-9007(98)06148-1]

PACS numbers: 61.25.Hq, 61.12.—q, 61.20.Gy, 82.70.Dd

Star polymers consist of a well-defined numbjeiof  is very different from common soft spheres described,
flexible polymer chains tethered to a central microscopi®.g., by an inverse-power potential [7,8].
core. By enhancing this functionality (or arm number) The aim of this Letter is twofold: First, we describe
f which governs the interpenetrability of two stars, onethe star polymer interactioguantitatively proposing an
can continuously switch from unbranched polymer chaingxplicit analytical expression for the effective pair poten-
(f = 1,2) to a colloidal sphere { > 1). Hence, star tial V(r), similar to that in Ref. [6] which is designed,
polymers can actually be viewed as hybrids betweermowever, for arbitrary- and f. Using fluid-state theory
polymerlike entities and colloidal particles establishing anand Monte Carlo computer simulations, we have calcu-
important link between these different domains of physicslated the structural correlations. At the same time, we
Moreover, star polymer solutions reveal quite a numbehave performed small-angle neutron scattering measure-
of novel structural and dynamical properties which occurments on 18-arm polyisoprene stars over a broad density
neither in single-chain polymers nor in suspensions ofegime, ranging fronp = 0.07p*top = 0.6p*. The ex-
colloidal spheres; for recent reviews see Refs. [1,2]. perimental data for the pair correlations compare favor-

While the polymer conformations around single ably well with our theoretical results.
star are well understood by computer simulation [3], Second, morequalitatively we predict theoretically
scaling theory [4], and small-angle neutron scatteringan anomalous fluid structure factd(qg) with a first
experiments [5]concentratedstar polymer solutions are peak that decreases and a pronounced second peak that
much more difficult to access due to the additionalincreases with growing density slightly above the overlap
effective interactions between the stars. In particularconcentration. This is unknown for common simple fluids
these interactions become relevant when the distance [7] whose repulsive interaction potential is governed by a
between two star polymer centers is of the order of thesingle length scale.
so-called corona diameter, which describes the spatial
extension of the monomer density around a single star 4,
(see the inset of Fig. 1). This translates immediately
into an overlap density* = 1/0* of the core number 120 - :
density p. Close to this overlap densitp”, there is \

. : . 100E
an effective repulsion between stars resulting from the L

osmotic pressure arising between polymers from differeni.  sof
cores. The repulsion is purely entropic; i.e., it simply 5 T

scales with the thermal energy7. Witten and Pincus <= 1% %\
[6] were the first to derive the functional form of this |

repulsion. The effective potential between two stars, 40.

V(r), was found to depend logarithmically onand to 201 RN

scale asymptotically ag3/2 with the arm number, i.e., I o , L
V(r) = —kgTyf3?In(r/o), where kp is Boltzmann’s b0 05 10 15 20 25 30

constant,T is the temperature, angt is an unknown
numerical prefactor. Note that this result was obtaineq:IG 1. The pair potential given by Eq. (1) fg — 18, 32
only for large /' and for small distances = o. Since 64, 128, and 256 (from left to right) as a function of the center-

this potential depends only weakly onthe stars can be to-center separation. Inset: two stars in the “blob” picture
viewed as “ultrasoft” colloidal particles whose interaction [4], at distancer from each other.
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Let us start by stating and discussing the form of our pair potentidl {8] which reads as follows:

Vi) _ {(5/18)f3/2[— In(r/a) + (1 + VF/2)7'] (r=o); )
ksT L (5/18)f32(1 + JF/2) No/r)exd—/f(r — 0)/20] (r > o).

The potentialV(r) is an interpolation between a Yukawa 27 protonated monomers in the core and continues with
form, suitable forr > ¢, and a logarithmic behavior, 81 monomers to the deuterated shell. The molecular
appropriate forr < o, shifted by a constant which is weight of the arm is 8000 gnol. The solvent and the
chosen in such a way that the potential is smooth atleuterated shell have the same scattering length density
r = o. The logarithmic form of the interaction sets in and in the experiment only the protonated core is visible.
when two stars are separated by such a distance that theThe SANS experiments were performed at the
outermost blobs of the stars in the Daoud-Cotton modefFRJ-2 reactor of the Forschungszentrum Jilich. Using
[1,4] fully overlap; i.e., o /2 is the distance from the fully deuterated methylcyclohexane as solvent, samples
center of the star to the center of the outermost blob. Byovering polymer volume fractionsp in the range
geometry, the latter has a radi®, = o//f. Let us 5 X 1074 = ¢ = 0.3 were investigated. The solutions
discuss these two regimes in more detail. were studied in 1 mm quartz cells, resulting in sample
(i) »r = o: Here our potential coincides with the ex- transmission between 55% and 85%. The SANS experi-
pression given by Witten and Pincus [6]. The numeri-ments were carried out at a neutron wavelengts 7 A,
cal prefactory is known to be equal t6/18 = 0.277...  employing sample-detector distances of 1.25, 2, 4, and
for f = 1 and0.28 for f = 2 [6]. Hence, even for the 8 m. In this way a range of momentum transfed05 =
smallest values of the functionality th&/? scaling holds ¢ = 0.25 A~!, whereq = (47/A)sin(6/2) and 6 is the
almost perfectly, which gives us reason to assume thatcattering angle, was covered. The scattering due to the
v = 5/18 holds for arbitraryf. empty cell and the solvent, as well as the incoherent scat-
(i) r > o: For the unbranched casef & 1,2), it  tering of the deuterated part of the star and the calculated
is known that the long-distance behavior ®f(r) is incoherent background caused by the protonated part of
exponentially decaying im [10] which we assume to be the polymer were subtracted. The resultindependence
of the special Yukawa form for arbitrary. We fix the  of the scattered intensiti(q) after scaling by the volume
decay length in the exponential to be twice the largesfraction ¢ is shown in Fig. 2. Assuming that the form
blob radius. The amplitude of the Yukawa potential isfactor P(g) of the labeled inner part of the star is not
finally determined by the requirement of continuity of the affected by the polymer volume fractiaf, the influence
potential and its derivative with respectitatr = o. of the structure facta$(q) relating to interstar correlations
The behavior ofV(r) is shown in Fig. 1 for different enters the expression for the intensity) as a product [1]
values off. While for low f there is no dramatic change coh
in its behavior asr crosseso, a spectacular change 1(q)/ = VwP(q)S(q) = 1 MM’ )
betweenr > o andr < ¢ is seen forf = 128 and256. ¢ Ap?  dQ
In fact, in the “colloidal limit” f — o, V(r) diverges for
r < o and vanishes for > ¢, and we recover the well-
known hard-sphere potential [8].

where Vy, denotes the weight-average molar polymer
volume of the labeled part of the statp? is the contrast

; : . factor between the solvent and the protonated core of the
We now take the pair potential given by Eq. (1) and b

“star,N, is the Avogadro constant, aat® " (¢)/d ) is the
_apply th_e Rogers-Young .(RY) closure [11] to (_)bta_m coherent macroscopic differential scattering cross section.
information about the pair structure of the liquid,

) N The form factorP(¢) was determined by extrapolatitity)
particular the_genter—to—center structure facig) of the_ to zero volume fractiorh. In order to obtain an analytical
stars. In addition, we have performed Monte Carlo s'm“'expression for the quantityy P(¢), we fitted the data
lations [12], finding that for all densities considerd&d< extrapolated tab = 0 with an empiri,cal form factor given
p < 3p”*) the Rogers-Young closure giveé$q)’s which

. SR . . by Dozier [13,14]. Finally, in order to compare directly
are practically indistinguishable from the simulation data. i the theoretical predictions, the quantity, P(¢)S(g)

The labeled 18-arm polyisoprene (PI) star that Wemust be convoluted with the resolution functidqg, go)

used _for our small-angle neutron scattering (.SANS)of the experimental apparatus, wheggis the considered
experiments was prepared by anionic polymerization, ...« vector given by

The synthesis of the arms started with deuterated PI
and secondary butyl lithium as initiator and proceeded 1 1 (¢ — q0)?
with protonated Pl. The still living polymer chains were R(q,90) = 27 A ) (Ag)?
. . s q q

coupled to the 18-functional chlorosilane linking agent

[CH,Si(CH,CH,SIiCk);],. The result of the synthesis is where (Ag)> = 27 A0/1)?> + (goAA/A)?, with A =

a labeled 18-arm star with a near-monodisperse molecul&:6 X 1073 being the uncertainty in the angle and
weight distribution, where each arm commences withAA/A = 0.085 the relative uncertainty in the wavelength.
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1 L we obtain o by optimizing the agreement between the
theoretical prediction and the experimental results. For
the potential given by Eg. (1), we obtain in this way
o(¢p =2%) =96 A. At the same concentration, the
experimentally measured radius of gyrationKg(¢ =
2%) = 76.1 A [5,15]. This fixes once and for all the ra-
tio o/Rg = 7 = 1.26. For all other concentrationg
we seto(¢) = TRs(¢), whereRs(¢) is read from the
experimental results [5,15]. In this way we can say that
our fit containsno adjustable parametersince o does
not vary arbitrarily with¢, but rather in a way dictated
by the measured values of the size of the star. Moreover,
let us also remark that the value = 96 A gives a theo-
retical value for the total size of the star which is again
. S S consistent with the experimental results. Indeed, the theo-
0.01 0.1 retical radius of the star is/2 + R, = o /2 + o//f.
.1 For ¢ = 2% and takinge = 96 A, this yields the value
q[AT] 70.63 A which is within two error bars from the experi-
mental result [5,15].
- e — In Fig. 2 we show representative results or= 2%,
8%, 15%, and0%. It can be seen that the fit is quite sat-
isfactory for the whole range of concentrations. In particu-
lar, the compressibility of the solution, being proportional
to I(¢ — 0) is given correctly for all concentrations, as
well as the general shape and wave numjagk at which
the scattering intensity displays a maximum. The height of
the peak is underestimated by the theory and the agreement
worsens somewhat as the concentration grows. However,
at high values o# the decoupling between form and struc-
ture factors implied in writing dowri(g) = Vw P(q)S(q)
becomes questionable, and this is a possible source of dis-
crepancies between theory and experiment. We empha-
size that our logarithmic-Yukawa potential is the first that
(b) gives semiquantitative agreement between theory and ex-
100 bt s periment for such a wide range of concentrations. Earlier
0.01 0.1 attempts to fit the experimental results with a hard sphere-
q [A'l] Yukawa interaction, for example, failed at and beyond the
overlap concentratiop™ [17]. Indeed, the existence of
FIG. 2. Experimental (pOintS) vs theoretical results (”neS) fora “soft Core”’ such as the |Ogarithmic term in our poten_

the total scattering intensit{(qg)/¢ of 18-arm stars at various 4. : : : :
volume fractionse. From top to bottom: (a} — 2%, 8% tial is crucial at high concentrations where the stars start

b) ¢ = 15%,30%. interpenetrating.
In order to put the proposed pair potential into further
tests, we have also made the following changes: first,
In attempting to fit the experimental data for the to-we kept the logarithmic-Yukawa form, but changed the
tal scattering intensity(¢) with the theoretical predic- definition of . The newo /2 is now the distance from
tions based on an analytic pair potential, we must tak¢he center of the star to the boundary between the two
into consideration the fact that the star size itself has @utermost blob shells. This choice give$¢ = 2%) =
dependence on the concentrati¢énas was earlier found 50 A; the quality of the fits, however, is systematically
experimentally [5,15]. Indeed, the radius of gyrati®Bg  worse than that with the original definition ef at all
of the star was found to be almost constant up to the overconcentrations. Second, keeping the original definition
lap concentrationp™ =~ 10%, whereas a shrinkage of the of o, we used a different functional form for the pair
star was observed at higher [5,16]. Accordingly, the potential outside the lengit (but always maintaining the
length o must also have & dependencey = o(¢), to  logarithmic form forr < ¢). Earlier calculations of the
account for the influence of the deformation of the stareffective repulsion between twioee polymer coils show
on the pair interaction. We fixed this dependence as folthat it has a Gaussian form [10]. We thus matched the
lows: for the lowest concentration considerefl= 2%,  potential outsidesr by a Gaussian having again a decay
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e e L S(g). The relation of these features to the underlying pair

4.0 i ] distribution functiong(r) and the overall phase behavior
35k i of the system will be the subject of a future publication.
L In conclusion, we have demonstrated by direct com-
3.0k ; - parison with experimental data that the effective repul-
- i A sion between two star polymers of functionalifyhas a
. 25F 1 logarithmic form at small center-to-center distances and
= i i crosses over to an exponential at larger distances. The ul-
@ 20 ’ ¢ ] trasoft character of the logarithmic potential brings about
15 K j \ quite a few novel features in the fluid structure. We ex-
L pect that unusual characteristics will also show up in the
1.0+ phase diagram of the system as well, e.g., in the variety of

. N possible solid phases and in its topology.
0.5 N ) We thank Dr. J. Stellbrink and Dr. M. Monkenbusch
o Dy for helpful discussions. M.W. has been supported by
O'OO 5 10 15 0 25 30 the Deutsche Forschungsgemeinschaft (DFG) through
SFB 237.
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FIG. 3. Static structure factors for a system interacting by
means of the pair potential given by Eg. (1) with= 64.
Solid line: p = 1.91p"; dashed linep = 2.67p"; dotted line:
p = 3.05p". [1] G.S. Grestt al., Adv. Chem. PhysXCIV, 67 (1996).
[2] A.P. Gast, Langmuifi2, 4060 (1996).
length proportional t&®,. This way we obtain a fit of the  [3] G.S. Grest, Macromolecule87, 3493 (1994); K. Shida

= 2% data by fixingo (¢ = 2%) = 150 A. However, etal,, J. Chem. Physl05 8929 (1996).
t‘f} o 1t fails atyth . ﬂ e)ﬁ? Vel eO)of concentration, - 141 M- Daoud and J.P. Cotton, J. Phys. (Pa$) 531 (1982).

59, h . ied . | ith th d [5] L. Willner et al., Macromolecule®7, 3821 (1994).
o, when o Is varied consistently with the measure 6] T.A. Witten and P.A. Pincus, Macromolecul&$, 2509

values ofRg. Thus, we conclude that the combination (1986).

of the logarithmic and the Yukawa forms is essential in [7] See, e.g., J.P. Hansen and I.R. MacDondltigory of

bringing about reasonable agreement between theory and  Simple LiquidgAcademic, New York, 1986), 2nd ed.

experiment. [8] For a review see H. Lowen, Phys. Re&t7, 249 (1994).
Finally, we discuss soméheoretical predictionsfor [9] Triplet forces start to become relevant only if three

the structure factor of a system characterized by the pair  spheres of diameter exhibit a triple overlap within their

potential of Eq. (1), as obtained from the RY closure and __ coronas, corresponding to densitjes> 2p".

simulations. Forf = 18, the height of the first peak of [10] B. Kruger, L. Schafer, and A. Baumgartner, J. Phys.

S(g) grows with increasing density up o =~ 0.60p*, but (Paris)50, 3191 (1989).

upon further increase of the density it becomes Iowerlll] '&%ﬁogers and D.A. Young, Phys. Rev. 30, 999

At very high concentrationsp > 2p”, more unusual [12] See, e.g., M.P. Allen and D.J. Tildeslegzomputer
effects are seen. To demonstrate these, we now take * gjmyjation of LiquidgClarendon Press, Oxford, 1989).
the casef = 64, where the unusual features are more[13] w. Dozier, J.S. Huang, and L.J. Fetters, Macromolecules
pronounced than forf = 18. As can be seen from 24, 2810 (1991).

Fig. 3,S(¢) has a first sharp peak whose heigbtreases [14] The parameters of the Dozier fit have, in stan-
with density, whereas the height of the secondary peak dard notation, the valuesVy = 18700 cm’/mol,
increaseswith density. Moreover, the position of the a = 64 cm’/mol, and¢ = 8 A. The remaining parame-
peaks is very insensitive to the density. For usual dense ter R, the radius of gyration of théabeled part of the
liquids (hard spheres, one-component plasma), whose star, was found expeymentally to be equalBBtbA up to
interaction involves a single length scale, the structure ¢ = }%Z’ and 32 A Iln tzz Telt (‘lﬁ z 100%). hAbove
factor displays peaks whose positions depend only on the Cﬁaﬂes o we Interpolatedk, linearly between these two
length scale set by the density,= p /3. Moreover, in ;

h ) [15] O. Jucknischke, Doctoral thesis, Westfalische Wilhelms-
those cases, the height of all the peaks grows uniformly as ~ yniversitat Minster, 1995.

the density is raised. Here, on the contrary, the ultrasoffi6] L. willner et al., Europhys. Lett19, 297 (1992).
character of the logarithmic potential and the crossover t¢17] B. Abbas, Diploma thesis, Westfalische Wilhelms-

a Yukawa form atr = ¢ bring about unusual features in Universitat Minster, 1996.
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