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Concentration-induced growth of polymerlike micelles
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The present simulation shows the change of the static properties of wormlike micelles at high volume
fraction ¢. The analytically predicted nonalgebraic dependence of the mean contour {ehgttthe wormlike
micelles at highe is observed. This confirms experimental results giving a higher apparent grovithwith
¢ when using a power-law dependence. Moreover, the molecular weight distribution is changed according to
experimental observation and takes the faBflL)~L ~2” exp(—L/KL)). The value ofo=0.28 found in the
present work is in very good agreement with the experimental @r€).25.[S1063-651X98)02111-4

PACS numbd(s): 61.25.Hq, 64.60.Cn, 05.50q

The mean contour length of living polymer is a function, appears at high density where the chains should feel a de-
among other parameters, of the concentratidnUntil now,  creasing effect of the persistence length because of their in-
this dependence has always been given in the form of a scatreased mean contour length.

ing law, The MWD is not directly available experimentally. It has
been shown by computer simulation that the distribution
(LY~ peEKD), (1)  takes the Schultz-Zimm forr”~ ‘exp(—L/L)) in the semi-
dilute regime withy the critical “enrichment” exponent re-
with E the energy gained for the creation of a bond. lating the self-avoiding walKSAW) to its configurational
The chain length distributiofor molecular weight distri- €ntropy [10]. Indirect experimental measurements have
bution (MWD)], in the mean field theory, is given by given a surprising result:
L C(L,T)~L 27exp(—L/{L)) (4)
c(L,T):ex;{— T ex;{—T). (2
B (L) with ¢~ 0.25. This distribution can be understood in analogy

. . with percolation cluster§ll]. In the present work, we will
Experimentally, the exponent takes values ranging from O ghow that the simulation at very high volume fraction of
to 1.3[1]. Theoretically, an exponent af=0.5 is predicted ,onomers lead to a result compatible with-0.6 and the
in the mean field theory. Some developments using scalingistripution Eq.(4).
arguments slightly increase the valuedo-0.6[2]. Confor- Using a three-dimensional Monte Carlo simulation on a
mation space renormalization theory predicts thathould  |atice, the mean contour lengtifk) and the mean square
change fromg in dilute to = in semidilute solutiorj3]. The end to end distancéR2) were measured over a large range
predictions using renormalization-group techniques dependyt concentration. The reptation algorithm was used with a
however, theoretically on the chain length, the chains fee””%reaking and binding algorithifi.0,12 and is known to be
excluded volume interactions differently as a function ofj, this case fully ergodi¢13]. The details of the computa-
their §ize[4], \{vhich is a real problem for the analytical study tjgng) procedure can be found 0]. The use of the simple
of this polydisperse system. The value 00.6 anda |attice model[10,14 instead of the bond fluctuation model
<15 are explained by the presence of nonscreened electr; 7] (BFM) in the present case is particularly important. The
static interactiong5,6]. Values of « above 0.6 have also grEM model is known to describe correctly the static and
been observed experimentally in the absence of electrostatifynamic properties for a monodisperse melt. However, the
interactions 7] and are more difficult to explain. binding process with different bond length seems at very

It has been argued that the dependendpbn ¢ should  high concentration to generate crossing chains configurations
not be a simple scaling law with a different value ®fde-  in 3 |iving polymer systenfil5]. This effect is strongly mar-
pending on the regime. In the presence of an excluded volyinal and negligible in most of the simulation carried out

ume interaction, Eq(1) may in fact take the fornig] [12,15. In the present case, it will, however, be significant.
It enlarges artificially the phase space leading to a possible
(L)~ pelErro)/KT (3)  decrease of the effective excluded volume interaction at high

volume fraction of monomers.

in the concentrated regime, being a constant. Hence, the  Figures 1 and 2 present the variationXbf with ¢ for two
apparent greater value of could come from a non-power- different domains of concentration and two values of the
law distribution like the exponential one in E). bond energy. In Fig. 1, for both values Bf the dependence

Meanwhile, a molecular-dynamics simulation, made onlyof (L) on ¢ is presented on a log-log plot. For 00%
at three different concentrations, shows also a non-power<0.7 the slope of the curve leads to the expected exponent in
law pronounced increase of the mean contour lef@fkvith  the semidilute regimex=0.6. In Fig. 2, the plot is on a
concentration. The apparent stronger dependen@e @ ¢  linear scale for botRL) and ¢. The curves, when fitted by
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FIG. 1. Log-log plot of(L) vs ¢. E/kgT=7.5 (circles),E/kgT FIG. 3. Plot of the order parameteP vs H. E/kgT
=10 (diamonds). =7.5 (circles),E/kgT=10 (squares).
Eg. (1), lead to a value ofa=1 for the domain Here, Ry=(L)"(v=0.588) is the radius of the swollen

0.7<¢=<1. However, finite-size effects might be respon- gjjute chain of lengthL) andv ~ (¢/$*) where ¢* is the
sible for this behavior. In the present case, two kinds ofpyerlap concentration. In the semidilute regirae; v ~%23is

finite-size effects are possible. The first one is the Iimitedexpected both for living and dead polyméis).
amount of monomers. This effect was mentioned[12] For a value ofy above 10, the asymptotic regime is
where the empirical rul®=(L)/N<0.1 was choserN be-  reached andi indeed scales withy at the power—0.23 as
ing the total amount of monomers in the system. A moreshown by the log plot of Fig. 4. It seems that also at very
accurate study of this size effect has been dord & The high concentration, for the simulation made &t-0.9, the
relevant parqmeter is the evolution_of the o_rder pararﬂ%ter scaling still holds, although it is known that it is no more
as a fuggtmn of the mean interchain distand¢  \gjid at very high concentratiofi7] for dead polymers. This
=((L)/¢)™". In Fig. 3, the curveP versusH is plotted for  can be understood as a swelling of the greater chains by the
both values ofE and shows that no finite-size effects are smaller chains. In the mean field approximation, it is shown
present in the systemP(<1) the lower values oP being  that a chain of lengtiN in a melt is swollen by chains of
obtained in each case for the densest system. lengthM <N¥2

The second possible finite-size effect is due to the simu- A fit of the data with Eq(3) is only good for¢>0.7 (Fig.
lation box size. In this last case the very great chains may bg) although the semidilute regin{eee Fig. 4is reached at a
cut off and the mean contour lengtfL) is reduced mych lower value ofp. The fact that Eq(3) is only valid for
[16].. T.hIS finite-size effec_t acts against the growth of theg high value of¢ well above the semidilute regime was
chain with ¢ and can only limit the observed trend. clearly predicted in[8] and the present simulation clearly

Once these important points have been checked, it seemgjigates this assumption. The value o 0.39+0.02 ob-
that the observed enormous growth dependence not  tained for the two different values of the bond enefys
an artefact. To try to understand the origin of this unexpecteghe same and of the order of the value estimatef@]nThe
behavior, the plot ofu=(R?)/R versusv=((Ro)/H)® is [inear fit and the fit using Eq3) are indistinguishable in Fig.
drawn in Fig. 4. 2. It can be shown using a development of E).in the limit
¢$—1 that the quadratic term of the development is very
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FIG. 2. Linear plot of(L) vs ¢. E/kgT=7.5 (circles),E/kgT
=10 (squares). The fits of the curves using EQ.with =1 or FIG. 4. Scaling ofu vs v. E/kgT=7.5 (squares),E/kgT
Eq. (3) are indistinguishable. =10 (circles).
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small with the numerical value at found, explaining that 10
the linear growth ofL) with ¢ is a very good approximation.

Hence, it is not ruled out that the observation of an expo-
nenta=0.6 in absence of electrostatic interactions is due to ¢ | %
the polydispersity and the swelling of the greater chains by i
the smaller. The important point is that in this highly poly-
disperse system, the chains are swollen, even at very high I, |
concentration and excluded volume interactions are always *
present. This situation is very different from that of the
monodisperse system case where the screening of the ex- ;|
cluded volume interaction takes place at high concentration.
It is not ruled out that the increase in density could favor the
excluded volume interaction in the system, since longer

chains are built in this case which, according[4d, must L
even feel a stronger excluded volume interaction than
smaller one. Hence, a nontrivial balance between the screen- FIG. 5. MWD at¢=0.99 andE/kgT=10.

ing of the interaction due to the increase in density and the_o 28| lent t with th . tal val f
swelling of the longer chain by the smaller should take place,, In excetient agreement wi € experimental value o

the latter effect depending on the chain contour leridih 0.25. Note that the valug af is here derived through the
Strictly speaking, it is not clear to what extent E8) is or is MWD, a static property, independent of the dynamic of the

: o chain[11]. It seems that an enormous growth with concen-
not correct[18]. It is a crude approximation based on the [11] 9

. N : tration is coupled with the apparition of a percolation-
DeGennes plctyre of a large chain in a mqnodlsperse melt luster-like distribution of the chain length.
smaller (Gaussiah chains. Nevertheless, it seems that the
prediction given in 8] holds also for swollen chains. | am grateful to E. Mendes, P. van der Shoot, A. Milchev,
Figure 5 shows the chain size distribution f¢=0.99. M. Mdiller, and J. Wittmer for useful discussions and/or com-
The curve fitted with Eq.(4) leads to an exponent af  ments.
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