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Monte Carlo simulations of chain conformations in a restricted spherical volume at relatively high
densities of segments were performed for various numbers of chains, N, and chain lengths (number
of segments), L, on a tetrahedral lattice. All chains are randomly end-tethered to the surface of the
sphere. A relatively uniform surface density of the tethered ends is guaranteed in our simulations. A
simultaneous sclf-avoiding walk of all chains creates starting conformations for a subsequent cquili-
bration. A modified algorithm similar to that of Sicpmann and Frenkel is used for the equilibration
of the chain conformations. In this paper, only a geometrical excluded volume effect of segments is
considered. Various structural and conformational characteristics, e.g. segment densities gg(r), free
ends densities gi(r) as functions of the position in the sphere (a distance from the center), distribu-
tions of tethered-to-free end distances, pr{ryy), cte. are calculated and their physical meaning is dis-
cussed. The model is suitable for studies of chain conformations in swollen cores of multimolecular
block copolymer micelles and for interpretation of non-radiative excitation cnergy migration in
polymeric micellar systems.

Block copolymers in dilute solutions in selective solvents (good for one block and
poor for the other) sclf-associate forming fairly uniform multimolecular micclles,
cores of which consist of insoluble blocks and shells of soluble blocks!. Like soap
and detergent micellization in aqucous media, the copolymer micellization obeys a
model of a closed association between unimer (molecularly dissolved copolymer)
and micelles?.

Micellization of block copolymers is a complex process and its thermodynamic
description resulting in a rcasonable prediction of cquilibrium properties of micel-
lizing systems is a difficult scientific problem. Association number, structural and
thermodynamic properties of micelles depend on chemical nature, architecture and

Collect. Czech. Chem. Commun. (Vol. 58) (1993)



Flexible Polymer Chain Conformations 2291

composition of the copolymer sample, on thermodynamic quality and sclectivity of the
solventand on temperature.

Gibbs frec cnergy of the micellizing system comprises several contributions (de-
scribing behavior of the core, shell, core/shell interface, etc.), none of them being
fully independent of the others. All those contributions contain inseparable entropic
and cnthalpic terms. Due to the above mentioned complexity of the problem, no
cxact and fully satisfactory theory of block copolymer micellization has been pub-
lished so far. All existing theories® ~ ! assume a priori that it is in principle possible
to formulate separately several decisive factors controlling micellization equili-
brium and to treat their effective contributions independently.

A change in the standard state chemical potential of a copolymer during the trans-

fer from unimer into micellar state, Au?,,, is usually expressed as

A“EA = (Au(l\)d)corc + (Aug/l)shcll + (Augi)inl + (Au}\)d)loc' (1)

The first term, (Au). o> TCpresents a contribution arising from the formation of a
spherical micellar core from infinitely diluted insoluble blocks (recalculated to one
mole of segments). This term is a sum of two contributions: (i) formation of a dense
mixturc of chains at the density of the core, (ii) deformation of chains due to
stretching of blocks over the unperturbed dimensions. Term (Apuy)gn. is a similar
contribution for the soluble blocks in the shell, (Augy),,, corresponds to the forma-
tion of the spherical core/shell interface, and (Aud),oc is an entropy penalty for the
location of the soluble—insoluble blocks conncctions in a relatively narrow interfa-
cial region.

Duc in part to the forced division of Aujy into scveral a priori defined contribu-
tions and to their simplified mathematical trecatment, the full quantitative agreement
of predicted and cxperimental data has never been reached in a broad region of
solvent sclectivities, temperatures and copolymer compositions. The use of approxi-
mative models for individual contributions docs not allow any rcliable, but specula-
tive detailed theoretical studies of the chain behavior in various parts of a micelle.
Nevertheless, the existing theories arc able to explain important features of micelli-
zation cquilibrium and general behavior of miccllizing systems.

With the advent of powerful computers in recent years, important detailed infor-
mation on molecular behavior of various polymeric systems has been obtained

., . . . -
14-21 4nd molecular dynamics computer simulations?? =2, Com-

26 — 30

using Monte Carlo
puter simulations on micellizing polymer systems arc at present quite rare

Mattice ct al.2% = 3 simulated micellizing systems of di- and triblock copolymers
in a sclective solvent (precipitant for the central block of the triblock). They perfor-
med a reptation dynamics*! combined with the Verdier algorithm™ on a simple cubic
lattice for polymer chain containing total of 20 segments. To accept a new chain con-
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formation, they used the prohibition principle of the occupancy of a lattice site by two
beads of a copolymer and the Metropolis rules**. Using intcraction parameters model-
ling a selective solvent, the authors were able to simulate a spontaneous formation of
micclles at concentrations (densities of lattice sites) higher that the critical micelle con-
centration without any other assumption. The aim of that study was to investigate the
micellization equilibrium and some structural propertics of micelles. Too short blocks
of a copolymer did not allow to go into details conccrning the chain arrangement in
various parts of a micelle.

At present, the situation is much more convenicnt for advanced computer simula-
tions of low molar mass surfactant micellizing systems™*~ %, Relatively short chains
of surfactants allow simulation of a real dynamics of systems, the scgments and
solvent molccules of which obey the Lennard—Jones interaction potentials. Excel-
lent simulations of Smit et al.*® are very interesting for theoreticians from the com-
putational point of view, but they do not offer much information as concerns
polymeric micelles.

The aim of this paper is to study simultancous arrangements of many insoluble
blocks in a swollen miccllar core by Monte Carlo simulations on a tetrahedral lat-
tice. From thermodynamic point of view, our attempt is much less gencral and am-
bitious than that of Mattice et al.2% = 3 or Smit ct al.¥. We start from an
cxperimentally justificd assumption that the insoluble blocks arc confined in a rela-
tively small spherical core!. Our simulations are therefore similar to the Monte
Carlo investigations of the behavior of chains tethered to planar or curved sur-
faces?® =42, In our systems, however, the chains are located inside a small spherical
volume clement determined by the surface.

The study is aimed to create a theoretical background necessary to explain quite
unusual experimental time-resolved fluorescence and depolarization decay curves®¥ -4
from pendant fluorophores inside miccllar cores. We suspect that the unusual de-
cays might have been influenced by the non-radiative excitation cnergy migration
in system of fluorophores with a non-random spatial distribution and slightly inho-
mogencous microenvironments of individual fluorophores. A systematic study of
chain conformations, free chain ends locations within a core, ctc., should offer a
distribution of fluorophores in end-tagged copolymer micelles for computer simula-
tions of cxcitation, energy migration (similar to those in refs**47) and thus
possible explanations of the time-resolved fluorimetry measurcments in such sys-
tems and simultancously should clucidate some aspects of the thermodynamics of
miccllization.

METHOD

A spherical cavity of a radius R = 10/ (/ is the lattice sites distance) containing S, =
2 718 lattice sites is located on a tetrahedral lattice. N polymer chains (cach containing
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L segments of the length /) tethered to the spherical surface of the cavity arc randomly
placed into the cavity. The first segments of all chains (i.e., the tethered oncs) are
placed at random into a narrow spherical surface layer of the thickness 0.1 / containing
S,y = 99 sites. The only limitation is that nonc of the distances of the N(N - 1)/2
tethered scgments pairs must be less than a certain limit, 3 /, in order to get a relatively
uniform surface density of the tethered chain ends. In our calculations, N ranged from
15 to 40 and L from 20 to 90. A total number of segments, N L, was in the range from
400 to 1 800 which corresponded to the occupation density of the lattice sites 0.15 to
0.66. The physical nature of the problem did not required to use the periodic boundary
conditions . '

In this work, only a geometrical excluded volume effect of polymer segments was
studied (single occupancy of lattice sites by onc scgment only) which means that no
interaction parameters were considered and it simplified and accelerated significantly
all simulations.

The simulations were performed as follows:

a) A simultancous self-avoiding walk of all chains tethered to the surface was per-
formed inside the sphere. For the self-avoiding walk, also the non-occupiced lattice sites
in the interfacial surface layer may be used.

b) If a local collision of several chains in the k-th step hinders the further growth of
chains, one of the colliding chains is disregarded and a new chain is grown up from a
new random surface site up to the k-th step. Then the procedure a) continues.

¢) If the remedy b) fails several times (i.c., a generation of 3 . 10* random numbers
for a new non-colliding chain does not help), a random integer number i €(1, 4) is
generated and all chains are cut by i steps and then the growth according to @) con-
tinues from the (k - i)-th step.

d) A combination of a), b) and ¢) continucs until a miccllar core containing N L
segments is accepted.

¢) As soon as a micellar core is successfully gencrated, one chain is chosen at ran-
dom and disregarded, and a new chain is gencrated from a randomly selected site in the
surface arca in the dense medium (the whole chain is generated at the constant density
of the core). This step is repeated (N %/2) times in order to remove partially the unproper
bias which was causcd by the fact that the average density of the corc was changing
during the simultancous grows of chains.

/) To calculate segment densitics, distributions of the chain free ends, ctc., in an
cquilibrated system, a specific modification of the procedure proposed by Sicpmann
and Frenkel'® for dense systems was used: The procedure ¢) is performed again (N 2/2)
times and the Rosenbluth weights*®, W,, arc calculated successively in all steps k (k =
I,...,L; W =1). A new conformation of the chain is accepted according to a modified
criterion of the Metropolis type*® —a random number RAND (0, 1) is generated and the
new conformation is accepted if RAND (0, 1) < (W, /W), Where W, ., and W, arc
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the weights of the whole new and old chains, respectively. The chain conformations of
the last N accepted chains arc taken as an cquilibrated micellar core into calculations of
various distributions. To gencrate one such micellar core, a total of (N2L) successful
gencrations of segment positions in a dense medium (typically 104 — 10%) is necessary.

g) All distributions were calculated on the basis of 2 . 10 to 10* generations of
statistically uncorrclated and “thermally cquilibrated” micellar cores. Each core was
created independently, starting at the stage @) and finishing with f) which represented a
simulation of approximately 10® chains (10% — 10° scgment positions) altogether.

Calculations were performed partially at the PC 486 computer and partially at the
DEC 5000/200 work-station. An original simulation program was created in
FORTRAN77. Computations for high densitics (0.6) took typically several days at
PC 486 using thc NDP FORTRAN compiler (they were almost 10 times faster with the
DEC 5000/200). The used cquilibration procedure was found to be faster and more
cfficient for our systems than the three-bonds “crankshaft” motion (a modification of
the Verdier algorithm??).

RESULTS AND DISCUSSION

In order to get as much information as possible on the simulation procedure and on the
behaviour of chains in a restricted spherical volume at relatively high segment den-
sitics, we have performed simulations in a broad range of chain numbers, N, and seg-
ment numbers, L.

In this communication, we present mainly results of calculations for: (i) 20 chains
with the varying length, L, and (ii) constant average segment density, {(gg) = 0.37, c.g.
a constant product (NL) = 1 000. Figure 1 depicts the scgment densities, gg(r), as func-
tions of the distance from the sphere center, r, for N = 20 and several chain lengths, L,
(Fig. 1a) and for a constant number (NL) of all secgments, (Fig. 1b). Numcrical values
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Scgment density, gg(r), as a function of
5 the distance from the center of the
[ spherical core, r/l. @ Curves for a con-
stant number of chains, N = 20, and
1 various numbers of segments, L: 1 20,
10851 1 230, 3 40, 4 50, 5 60, 6 70, 7 80 and
8 90; b Curves for a constant number of
scgments, N L. = 1 000 (i.c. an average
density of occupated lattice sites (gg) =
0.37): N =40, =25 (1), N =35, L
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of gs(r) arc calculated as a fraction of the occupicd-from-all lattice sites in narrow
concentric spherical layers of the thickness d = 1.25 [ and the inner radius r = d I. An
average segment density (gg) is: (gs) = (NL)/S,, where S, = 2 718 is the total number
of the lattice sites in the sphere. Due to the decreasing numbers of the lattice sites
towards the core center, the random errors in statistical computations of gg(r) increase
in the central region.

Not all combinations of N and L are physically rcasonable for a realistic micelle.
Short chains do not reach often into the central arca of the spherical core and the actual
scgment density, gg(r), decreases towards the core center and the micelle reminds to a
certain extent a hollow sphere. This situation, which is casy to understand, is illustrated
in Fig. 1a (curves 7 and 2) and Fig. 1b (curves 1, 2 and 3). It is an cxperimentally
established fact!*° that the scgment density in realistic micellar cores is almost con-
stant. Only in the surface region, it decreases steeply, but the decreasc is partially com-
pensated due to an intermixing with the soluble blocks (which we do not take account
in our calculations). It means that the product (VL) for a rcalistic micellar core should
guarantce a rcasonably constant gg(r) in the whole sphere.

In Fig. 2, the density of chain frec ends, gi(r), as a function of r is shown for the
same conditions as in Fig. 1. A rcliable knowledge of this distribution is extrcmely
important for an interpretation of the excitation encrgy migration or fluorescence
quenching experiments in micelles formed by cnd-tagged block copolymers®* ~ %5, It is
cvident that in systcms with higher numbers of shorter chains, (N > L), where the total
scgment density, gq(r) decreases towards the sphere center, the density of free chain
ends increases considerably in this region (Fig. 2b). In systems with lower numbers or
longer chains, (N < L), variations in both gg(r) and gp(r) arc less pronounced (see
Fig. 2a), which suggest that individual chains arc more coiled and morc homogene-
ously interpenctrated. For very short chains at low scgment densitics, gi(r) decreases in
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the central region (Fig. 2a, curve 1), since the behavior of a particular chain is only
slightly influenced by the other chain conformations at low densities. Short chains,
despite the fact that they are tethered, exhibit at low densities certain features of the
behavior of an isolated free chain — geometrical constrains arc more important either
for long chain, or at higher densitics. The values of gy(r) are on average L times lower
than gg(r) as they take into account only numbers of chain ends, N, and do not depend
on L, whereas functions gg(r) describe the spatial densitics of (VL) scgments. An aver-
age value of {gg) is (gp) = N/S

Conformational behavior of individual chains in a micellar core is described by the
end-to-end distribution function, py(rqy), which corresponds to the probability that the
frce end of the chain is located in the distance rp: from the corresponding tethered end.
This distribution function was calculated on the basis of N pairs of corresponding chain
ends as follows: A system of concentric segmental spherical layers of the thickness d is
drawn around a tcthered chain end inside the core. If the corresponding free end falls
into the layer with the radius rp = i d, the value (1/S;) is cumulated into the narrow
slice Apyg = prp(ryp = 1 d) = pp(rpr = (1 = 1) d), where S; is the number of all sites in
this layer. The calculated distribution is then reconstructed as an histogram for all N
chains in cach simulated micelle in the course of repeated computations. The principle
of this calculation is schematically shown for a twodimensional rectangular lattice in
Fig. 3. Absolute values of pp(ry:) are small which is understandable since the space-
average density of the [rce-to-tethered end positions for an individual chain is
(S = 7’5 for a chain significantly longer than 2 R, the free end may be a priori
located in any of (S, — 1) positions. In contrast to the two previous distributions, gg(r)
and g(r), which arc defined for r € (0, R) and describe average properties of a micelle,
the function pp(ryp) is defined for ri-r €(0,2 R) and describes conformations of a
single chain. '

FiG. 3

A principle of calculation of the dis-
tribution of tethered-to-free end dis-
tances, pp(ryy). + lattice sites in the
surface arca (where the tethered end of a
chain may be located); O lattice sites in-
side the spherical core; @ lattice sites
within a segmental spherical layer of the
thickness d and the inner radius r, = i d
(i.c., in the distance r; from the tethered
end), where the free end of the particular
chain is located
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The function pyp(ryg) does not depend directly on N as it is an average characteristics
of a single chain. It should depend on the chain length, L. The results of calculations for
higher densities show, however, that it does not depend significantly on L, cither. The
dependence on L is: (i) direct dependence on (L//R) which is almost hidden in our
calculations for R = const, and (ii) indirect dependence on the segment density. In a
restricted volume at high densities of occupied lattice sites, possible chain conforma-
tions are significantly pre-determined by the fraction of free lattice positions. Short
parts of polymer chains behave as stiff subchains at the tetrahcdral lattice (they are
much more rigid than subchains at the simple cubic lattice) and therefore any decrease
in the number of frce positions is very important. The magnitudes of p(rf) are there-
forc indirectly, but considerably affected by the term (NL/S,,) — see Fig. 4a. Calculated
distributions are quite flat with broad maxima in the region r € (41, 8 I). It follows
from a comparison of gu(r) and pp(rqy) that at highcr segment densities, there is no
“cxcluded dead” zone for the location of the free ends of chains closc to the core
surface. Non-zero values of gp(r — 10 1), prp(ryp — 0) and prp(rp — 20 [) suggest that
there exist backcoiled conformations with small rpy, as well as relatively stretched con-
formations with ryz — 20/ = 2 R. It must be kept in mind, however, that the true
fractions of chains with certain end-to-cnd scparations are obtained by multiplying
function pp(rp) by numbers of lattice sites in corresponding segmental spherical
layers.

Results for low densities (where an effect of non-accessible lattice sites, occupied by
other chains, is not decisive) show a strong cffect of geometrical restrictions induced by
the small spherical volume on chain conformations (Fig. 4a, curves 7 — 3). Even in
systems, where there are many free lattice positions for chain conformations, the calcu-
lated functions pp(rpp) differ considerably from those of isolated chains. Shapes of
these curves, which are gaussian with maxima at ryp: = 0 for isolated long and flexible

Fii. 4
Distribution of the tethered-to-free
end distances, prp(rrg), of individ-
ual chains for the same combina-
tions of N and L as in Fig. 1
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chains under under the ¥-conditions, show the pronounced maxima in the region of rp
from S /10 10 /, depending on L. Maxima arc more pronounced for shorter chains which
is in part a trivial conscquence of the stiffness of short chains on the tetrahedral lattice,
however.

The function, pp(rr) shows the slowest convergency from all calculated distribu-
tions and it is why it was used to test the quality of our calculations. The slow conver-
gency is due in part to its physical mcaning and to the way how it is calculatcd. Low
absolute values of this function (which are a conscquence of a large number of possible
lattice positions where the free end of any chain may be located) worsen the statistics
of the numbers of unprobable conformations. As functions prp(rp) are relatively flat,
the predominating factor for thc numbers of conformations with a certain value rqpare
the numbers of lattice sites in scgmental layers which are used in calculations. These
arc extremely low for small r: and the statistics is therefore bad for rqy: — 0 and the
resulting values of pqp(rqg) arc affected by large random errors. A small increase in
some calculated values for ryp < [ is not realistic from physical point of view, never-
theless the values for rq > [ are reasonable and quite accurate (sce Appendix).

The three following functions concern distributions of the centers of gravity of
chains in the core. The first one, go(r), is simply thc density of gravity centers of
individual chains as a function of the distance from the core center, r. Its magnitude is
controlled by the term N/S,,. The distribution g.(r) is quitc sharp for short chains and
much broader with non-negligible values in the central region for longer chains (Fig. 5).
This function alonc does not tell much on the arrangement of individual chains, how-
ever a comparison with the two remaining distributions is quite useful.

Distributions of the distances of gravity centers of individual chains from either the
tethered end, ppe(rpe), or the free end, pg(rge), arc calculated similarly to the end-to-
end distribution, pp(rqg) and are defined for roc, respectively rie in the region (0, 2 R).

0:02 0-04
b
glr) |
0-01 ¢ 0.02
FiG. S
Density of gravity centers of chains
s in the spherical core, ge(r), as a
-2 function of the distance from the
3. f , . center, r/l, for the same combinations
0 0 S W of Nand L as in Fig. 1
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A comparison of prc(rrc), Pre(rre) and ge(r) gives information on an average stretch-
ing and oricntation of the “tethered half” of the chain and the “frcc half” of the chain.
Distributions of gravity centers, g-(r), prc(r1c) and ppc(rpc) are shown in Figs S, 6
and 7.

The comparison of pre(rre) and ppc(rgc) is very interesting and it shows that
the “free halves” of chains arc more coiled than the “tethcred halves”. Function
prc(rpc) is qualitatively similar to that for an isolated single chain with the maximum
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FiG. 6
Distribution of the tethered end-to-gravity center distances, prc(rrc), of individual chains for the
same combinations of N and L as in Fig. 1
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FiG. 7
Distribution of the free end-to-gravity center distances, ppc(rpc), of individual chains for the same
combinations of N and L in Fig. 1
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at rpc = 0, whereas pc(rpc) has quite a different shape with zero value at rpc= 0, a
maximum closc to 5/ and a pronounced tailing reaching up to 12 — 14 /.

A comparison of maxima positions (rc), and (rrc), in the functions g-(r) and
prce(rtc), respectively, suggests than an average oricntation of the “tethercd half” of
the chain (i.c. the projcction of ryc), although not completely radial, does not dccline
considerably from the radial direction: values [R - (r¢),,] do not differ much from
("rc)m-

The last function, which we have calculated in the course of our simulations, the
distribution of the distances of the free ends of various chains from cach other, pgp(rgg),
is a function of an enormous importance for interpretation, or simulations of the
cxcitation energy migration in micellar cores. The function ppp(rgp) is a normalized
distribution which compares the actual numbers of individual pairs of free chain ends
scparated by increasing values of ri: € (0, 2 R), with numbers of all corresponding
pairs of lattice sites for the same values of rgp. A constant value of py(rgr), inde-
pendent, of rp: would mean a random distribution of rg: distances. Figure 8 shows that
the distribution of free end distances from cach other is not completely random. An
important conclusion for interpretation of excitation encrgy migration measurcments is
that the fraction of closely located pairs is lower than that in a random arrangcment.
Distribution of the free end-to-free end distances is more uniform for small numbers of
long chains (L > N, Fig. 8a, curves 6, 7 and 8) which is a result of both a strong
restrictive orientational effect of a small spherical volume on the coiling of long chains
and their possible orientations, and an increased flexibility of long chains as compared
with the short ones.

Results of calculations for larger spherical volumes, higher densities, lattices with a
higher coordination number, which allow an increased flexibility of chains, a detailed
comparison of structural characteristics obtained with various lattices and with those of
an isolated chain, cffect of interaction parameters, calculations for mixed systems con-

10 v
10° gl |
0-S
FiG. 8
Distribution of the distances of the
free end of various chains, pgg(reg),
. ) . ) ) \ in the spherical core for the same
0 10 20 0 0 e/l 20 combinations of N and L as in Fig. 1
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taining two types of chains differing significantly in chain length, etc., will be
presented in subsequent papers of this series.

CONCLUSIONS

a) Results of Monte Carlo simulations of tethered chain conformations in a re-
stricted volume show a significant cffect of geometrical restrictions on chain ar-
rangements. Various structural and conformational characteristics of chains
depend both on the number of chains, N, and the chain lengths (number of scg-
ments), L, and particularly on the average density, i.c. on the (NL).

b) Calculations for sufficiently long chains (L/ > R) at high densitics ({gs) > 0.5)
arc suitable for simulations of swollen insoluble cores of multimolccular poly-
meric micelles.

¢) Average conformations of the “tethered halves” and “free halves” of chains
differ considerably from each other and the spatial distribution of the free cnds
within a sphere is not fully random.

APPENDIX

It is essential for any Monte Carlo calculation to be sure that the resulting data are
the real ensemble average characteristics of an thermally equilibrated system. Prac-
tically it means that several conditions must be met, such as: (i) detailed balance,
(ii) microscopic reversibility, ctc. and a condition that the sampling succession is
(iii) ergodic and (iv) long enough to reach the true thermal cquilibrium. The fulfill-
ment of requircments (i) to (iii) has been proven gencrally by Sicpmann and Fren-

FiG. 9
A comparison of functions gg(r): 1 for N = 20, L =
30, and 2 N = 20, L. = 50, calculated without (dashed
curves) and with (full curves) the “thermal equilibra-
tion™. The dashed curves represent results of M = 10"
simultancous arrangements of N chains within a
spherical core (obtained by a simple sclf-avoiding
walk). The full curves represent results of M = 2. 10°
cquilibrated arrangements of N chains (cach of them + L 4
was equilibrated N? times) 0
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kel'® for the sampling scheme, the modification of which we have employed in our
calculations.

However, it is instructive to show an cffect of the cquilibration procedure that we
uscd (steps ¢) and f) in Method). Figure 9 shows a comparison of functions gg(r),
for systems with N = 20, L = 30, and N = 20, L = 50, calculated with cquilibration
(full curves), and without cquilibration (dashed curves).

The cffect of the number of genecrated micclles on the data (convergency of our
sampling scheme) is shown in Fig. 10, where distributions ppp(rpr) for scveral
values of generated micelles, M, arc compared. Since one averaged micelle is a
system containing usually more than 10% segments, and this system was cquilibrated
ca 10 times, the convergency on the M-scale is fairly fast (cxcept for values for
small rgy).

50 5 d
3
w0tp el 7 Nt ]
i
\
I’ \\
“st A Fii. 10
\ A convergency of simulated data. A comparison of
‘f functions pp{rrp), N = 20 and L = 50, for increasing
\ numbers M of simulated equilibrated spherical cores:
1M =200,2M =600, 3M =4 000, 4 M = 8 000.
\’,:' Due to an extensive equilibration of each core, even
PR) - . 4 " the curves for low M show a physically reasonable
2 7 re/l ! shape
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