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ABSTRACT: A physical mechanism of micelle formation in homopolymer systems is elucidated. The
mechanism is applicable in particular to melts of stereoisomeric polymers, for example, polystyrene. It is
hinged on aggregation and crystallization of occasional atypical stereoregular fragments of mostly irregular
(atactic) polymer chains. Phase diagrams involving the regimes of lamellar, tapelike, and disklike semicrys-
talline micelles are obtained and discussed. The possible relevance of the theory to the puzzling anomalous
cluster phenomena observed in homopolymer melts (low-frequency solidlike rheological behavior; low-q
excess light scattering-Fischer cluster modes) is discussed as well.

1. Introduction

Aggregation phenomena are common in polymer systems.1,2

One can roughly distinguish between two types of aggregates: (1)
those that grow indefinitely and (2) stable finite clusters
(multimers). Aggregation of the first type can be due to a phase
separation related to a macroscopic phase transition like liquid-
liquid separation in a two-component system (polymer þ poor
solvent, or a mixture of two polymers). On the other hand,
multimerization, i.e., formation of stable finite aggregates
(micelles), is typical for amphiphilic polymers containing (at
least) two types of chemical units in polymer chain. The well-
known examples of such systems are block copolymers in
selective solvents, associating polymers, polysoaps, hydrophobic
polyelectrolytes, biopolymers, etc.3

Micelles stabilized by amphiphilicity are relatively well under-
stood theoretically.1,3,2,4-8 Compact finite aggregates can be also
stabilized by other factors, notably, by electrostatic effects or by
chirality-induced frustrations.9 In all the cases micelle formation
requires at least two components, for example, solvent and
structure-forming polymer.10

There are, however, many indications that some thermodyna-
mically stable aggregates (clusters) are formed in homopolymer
melts (single-component systems) in conditions far away from
any known phase separation. In particular, static and dynamic
light-scattering studies routinely reveal the presence of an anom-
alous cluster mode in different homopolymer systems (polymer
melts, polymers dissolved in good solvents, compatible binary
homopolymer mixtures).11-16 The mode is characterized by
anomalously high scattering intensity and slow relaxation rate
at low wave-vector q. It is often referred to as “Fischer cluster
mode” marking the outstanding contribution of E. W. Fischer
and his colleagues to the detailed investigations of such anom-
alous scattering.11-13 The Fischer mode can be interpreted as
being due to the presence of a small amount of large clusters with
typical size 100-300 nm (much larger than the polymer chain
gyration radius). The cluster mode was also observed in block
copolymers.17-19

Another bulk of evidence on clusters comes from rheological
experiments:20-23,25,27 it was recently found that many homo-
polymer melts show solidlike behavior at low frequencies in
micrometer-thick layers. These puzzling results (which were
strongly challenged for possible artifacts, no definitive source
of error being identified21-26) are pointing to formation of

some long-range clusters20 that are possibly bridging across
the layer.

These cluster phenomena (low-q scattering, low-frequency
elasticity) are hardly explicable by any of the known theoretical
mechanisms:

(i) A phase separation can give rise to a transient
heterogeneous structure of, say,mesoscopic domains
of one phase in the matrix of the other phase. Can
such domains play a role of “clusters”? There are two
problems with this picture: First, according to the
Gibbs phase rule, phase equilibrium in a pure one-
component system is only possible at a fixed tem-
perature T, while the cluster-related phenomena are
observed in a wide T-range. Second, it concerns
nonequilibrium transient conditions where the
domain size must continuously increase in time.
Experimentally, the correlation length and other
parameters of the cluster mode do not change after
some equilibration time.11,12

(ii) One can argue that even a homopolymer melt is
formally not a single-component system due to poly-
dispersity. However, it is clear that polydispersity
itself cannot lead to a phase separation (at least to
my knowledge, a polydispersity-induced phase segre-
gation in homopolymers was never observed or pre-
dicted). Besides, similar “cluster phenomena” were
observed in polymer systems with various degrees of
polydispersity (Mw/Mn - 1=0.09-0.912-14).

(iii) Several authors proposed the idea of fluidlike
and solidlike correlated regions in glass-forming
liquids.11,28-31 This qualitative idea, however, is
not supported by a consistent quantitative theory.
The proposed picture of correlated domains seems
to be applicable only close to the glass transition Tg

(whereas “cluster” phenomena are observed 100 �C
above Tg). In addition, the size of the “correlated
regions” is expected to be of the order of a few
nanometers (it corresponds to the size of coopera-
tive regions associated with R-relaxation13 or to the
Boson peak31); i.e., it is much smaller than the
apparent cluster size (typically ∼100 nm).

(iv) The low-q cluster mode scattering intensity is in
contradiction with the thermodynamic rule relating
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it with the isothermal compressibility of the
system:11 the experimental low-q structure factor
S(q)|qf0 is much higher than that prescribed by the
fluctuation-dissipation theorem, i.e., than

SðqÞ qf0 ¼ST � kBTF
DF
Dp

����
T¼const

���� ð1Þ

where the theoretical ST is proportional to the
isothermal compressibility (1/F)(∂F/∂p)|T=const.
Trying to rationalize this contradiction, E. W.
Fischer resorted to nonequilibrium and nonergodic
effects arguing that they can be related to the glass
transition. While nonequilibrium effects are always
an issue in polymer systems, the relevance of the
glass transition for the “clustermode” observedwell
above Tg must be questioned. In addition, it seems
that completely ergodic behavior is re-established at
time scales longer than the relaxation time of the
cluster mode,11 while the thermodynamic relation-
ship is strongly violated even at the longest time
scales.

Thus, even the driving force for the cluster formation is of
unclear origin (not to say about the factors controlling their finite
apparently equilibrium size).

In the present paper we consider a new mechanism of cluster
formation in homopolymers that may be relevant to the experi-
mental results mentioned above. The theory is applicable to
stereoisomeric homopolymers. It shows that even incompressible
homopolymer melts at complete equilibrium can exhibit strong
low-q excess scattering. The main idea concerning the origin of
clusters in homopolymers is described in the next section. The
physical model and the free energy of homopolymer aggregates
(semicrystalline micelles) are considered in section 3. The main
results are presented in section 4, where the micelle formation in
polystyrene melts is considered as the primary example; the
results are discussed in the last section.

2. Clusters in Atactic Homopolymers: The Central Idea

2.1. Stereoisomerism and Tacticity. Many homopolymers
are stereoisomeric. This means that their repeat units involve
chemical bonds whose mutual orientations can be chosen in
a number of different ways, while the orientational choice is
virtually permanent: it cannot be changed dynamically
during the system lifetime. The most common types of
such geometrical isomerism are tacticity and cis-trans
isomerism.

Many vinyl and other polymers are characterized by
tacticity. The simplest example is polystyrene (PS). Each of
its aromatic side groups can be positioned either to the left
(L) or to the right (D) of themain chain (it is assumed that the
backbone orientation and direction are specified; note that
each PS unit has an asymmetric center and becomes formally
chiral once a direction along the backbone is specified, so the
D and L units can be formally considered as enantiomers).

Thus, the stereoisomeric state of a PS chain can be defined
as a sequence of side group orientations (DLLD...). One can
distinguish the following important cases (Figure 1a-c):
isotactic polymer (iPS) with the same orientation of all
side groups (e.g., DDDDDD...), syndiotactic polymer
(sPS) with regular alternating orientations of side groups
(DLDLDL...), and atactic isomers characterized by a ran-
dom sequence of side orientations (like DDDLLD...). The
ordinary commercial PS is atactic. Isotactic and syndiotactic
chains can be synthesized using an appropriate catalyst
(Ziegler-Natta catalysis33 or metallocene catalysis34).

A stereoisomeric polymer can be characterized by the
fraction fm ofmeso diads (DD or LL); the fraction of racemo
diads (DL or LD) is fr=1- fm. The meso and racemo states
are physically different, so generally fm 6¼ fr. The racemo state
is often more favorable due to higher rotational freedom of
side groups in this state as compared with meso state. fm=1
for ideal isotactic polymer, and fm =0 for syndiotactic
polymer. In the general atactic case fm/fr=eΔε, so that fm=
1/(1 þ e-Δε). The parameter |Δε| can serve as a measure of
the degree of tacticity of atactic polymer.More precisely, the
degree of tacticity can be defined as dt� |fm- fr|=tanh(|Δε| /
2); it changes from 0 for completely random sequence of
isomers to 1 for perfectly isotactic or syndiotactic sequences.

If the isomeric state is defined by equilibrium factors, then
Δε can be interpreted as the free energy difference between
meso and racemo diads, divided by kBT, at the conditions
where the polymer stereochemical configuration was
defined. Typically |Δε| j 1 for vinyl polymers. In particu-
lar, fm=0.3-0.5 for conventional atactic polystyrenes36-38

corresponding to |Δε|=0-0.85.
There are chemical procedures allowing transforma-

tions between L andD isomers (epimerization35). At the stereo-
chemical equilibrium (that can be established as a result)
both fm and Δε are T-dependent. For PS it was found35

fm ¼ 2ð1þ ηÞ
ð2þ ηÞ2 , η ≈ 0:5 expð350=TÞ

where T is the absolute temperature, leading to fm ≈ 0.4 at
roomT. In the general case, polymers with arbitrary degree of
tacticity can be obtained by epimerization of initially isotactic
or syndiotactic polymers.35

Interactions between non-nearest-neighboring side
groups can normally be neglected. Hence, the macromole-
cular stereoisomeric sequence can be considered as a
Markovian (Bernoullian) process, so that the whole
sequence statistics is defined by fm. For example, the prob-
ability of an isotactic triad (LLL or DDD) is fm

2.
Physical properties of isomeric homopolymers strongly

depend on their stereochemical structure. Irregular (atactic)
polymers are normally glass-formers. Stereoregular (e.g.,
isotactic or syndiotactic) polymers typically crystallize. The
glass transition temperature Tg of atactic PS (aPS) of mo-
lecular weightM>4000 is in the range 70-100 �C; it can be
approximated as

Tg ≈ 100-1200=N ð�CÞ ð2Þ

Figure 1. Different geometrical isomers of polystyrene (PS); R stands
for aromatic ring: (a) isotactic polymer, iPS; (b) syndiotactic polymer,
sPS; (c) atactic polymer, aPS.
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where N is the polymerization degree.41,40,39 Stereoregular
PS (iPS, sPS) crystallize below Tm ≈ 240-270 �C.

2.2. Physical Nature of Aggregation in Stereoisomeric
Polymers. Most homopolymers exhibiting anomalous phe-
nomena associated with clusters are stereoisomeric (atactic).
Such stereoirregular homopolymers must be considered as
intrinsicallymulticomponent systems: each specific sequence
(DLLLDD...) is a component. Therefore, the thermody-
namic rule, eq 1, is not applicable to these homopolymers
since this rule is established for pure single-component
systems. The natural questions are: What could be the
implications of irregular stereoisomeric polymer chain struc-
ture for physical properties of polymer melts? In particular,
can the isomeric structure be responsible for cluster for-
mation?

Trying to clarify these points, we first note that the
sequence diversity of atactic polymers is similar to that of
random copolymers consisting of two types of monomer
units (say, A and B). Undiluted molten random copoly-
mers show interesting structural properties including forma-
tion of multiplets and clusters (ionomers, associating poly-
mers),42-44,76,75 microdomain structures with various
domain geometries and length scales,45-49 hierarchical struc-
tures,50-53 andmicelles with internal or surface patterns.54,55

The predicted heterogeneities in random copolymers are also
responsible for their unusual dynamical properties.57,75

Canwe anticipate that atactic homopolymers tend to form
domains or clusters which are similar in nature to hetero-
geneities in random copolymers?

The answer is not exactly positive: All sorts of structures
formed in AB copolymers are driven by the thermodynamic
incompatibility betweenA andB units, which is described by
positive Flory interaction parameter (χAB>0): the AAA...
and BBB... blocks tend to segregate as a result. This effect is
absent in atactic homopolymers (like PS) since DDD... and
LLL... blocks are physically equivalent and the correspond-
ing interaction parameter χLD=0.

Nevertheless, a tendency for domain (micelle) formation
does exist in atactic polymers. The main notion is that their
globally random chain sequences occasionally include ster-
eoregular (isotactic or syndiotactic) fragments of, say, n
consecutive units (Figure 2). Although the fraction φ of such
fragments is low, it is not negligible unless n is very high. For
example, for a completely randomDL sequence the fraction
of isotactic fragments of length 10 (or longer) is around 1%.
It is also important that the glass transition temperature Tg

of an atactic homopolymer is normally significantly lower
than the crystallization temperature Tm of its stereoregular
isomer. For example, in the case of PS there is a wide window
(of width Tm - Tg J 150 �C) above Tg where (i) the atactic
polymer is basically liquidlike and (ii) the stereoregular chain
fragments can form crystals.

The most common (and the simplest) polymer crystal
structure is lamellar;100,101 it corresponds to relatively thick
sheets in which polymer stems are arranged in a regular way;
the stem chain axis is aligned essentially perpendicular to the
sheet (along its thin direction). Typically, the sheet thickness
(=the stem length) is ∼10 nm, while the lateral sheet exten-
sion is much longer (it can be ∼ 10 μm or greater).

The following process can be therefore anticipated in a
temperature range, Tg<T<Tm: first, the atypical stereo-
regular fragments aggregate; second, they adopt an extended
(helical or zigzag) conformation and crystallize forming a
lamellar crystal. The crystallized stereoregular fragments are
surrounded by amorphous atactic tails forming a corona.
Micelles with core/shell structure are formed as a result.
Examples of such core/shell lamellar aggregates are shown in

Figure 3. Note that the volume fraction of the micelles is
expected to be small, comparable with φj 1%. The micelles
can be thermodynamically stable since the free energy gain
on crystallization (which is proportional to n per chain) may
overwhelm the entropic penalty implied by aggregation. This
idea is backed by a quantitative theory presented in the next
section. We argue below (see the discussion in section 5) that
such semicrystalline aggregates (micelles) can give rise to the
anomalous cluster-related phenomena (low-q scattering,
low-frequency elasticity) mentioned in the Introduction.

3. Semicrystalline Micelles in Homopolymer Melts: The
Physical Model and the Free Energy

3.1. Free Energy of Lamellar Micelles. 3.1.1. Lamellar
Structure.We now turn to amore quantitative description of
clustering in stereoisomeric homopolymers. We first con-
sider lamellar micelles with crystalline core and amorphous
shell (see Figure 3). The crystalline layer consists of stereo-
regular stems of n units; the layer thickness isH=L1n, where
L1 is the stem length per chemical unit (thusH is the end-to-
end length of a crystallized chain fragment which adopts a
regular conformation, typically either helical, like in iPS, or a
planar zigzag, like in sPS). Stereoregular fragments appear
by chance; hence, they can be located anywhere on polymer
chain. It is therefore tempting to assume that each chain
involved in the lamellar aggregate contains a crystallized
stereoregular n-fragment and two tails, N1 and N2; the tails

Figure 2. Polymer chain with stereoregular fragment (shown as a thick
line) in the middle (a) and at the end (b). Note that atactic tails (thinner
lines) may be actually considerably longer than the stereoregular part.

Figure 3. Semicrystalline core/shell lamellar micelles formed by poly-
mer chains shown in Figure 2a,b. The core of thicknessH is a lamellar
crystal formed by stereoregular fragments (stems of n units each). The
amorphous corona (shell) is formed by atactic chain tails. A tail consists
of N - n units in the structure (b) where stereoregular fragments are
located near the chain ends.
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are long: themean tail length is 0.5(N- n). 1, whereN is the
overall number of units in a chain (see Figures 3a and 2a).
This picture however is not realistic. The reason is simple:
The crystal density in normally significantly higher than the
density of amorphous polymer (for example, the density
of atactic amorphous PS is Fm ≈ 0.95 g/cm3, while
Fc ≈ 1.05 g/cm3 in crystallized iPS or sPS). Simultaneously,
the chains are locally stretched almost to the maximum
degree in the crystal structure. This means that even if free
polymer chains (those not connected to the micelle) do not
penetrate in the micellar shell, the chain tails in the shell have
to be overstretched (by ∼10% beyond the maximum
elongation), leading to a high free energy penalty. We there-
fore have to adopt an alternative picture (Figures 2b and 3b)
where one of tails is very short or absent.85

3.1.2. Fraction of Micelles. Let us estimate the volume
fractionφoccupied by themicelles (clusters) with crystal core
of thicknessH=nL1. For simplicity, we consider aggregation
of isotactic fragments (Δε>0) located exactly at a chain end
(i.e., the second atactic tail is not allowed; lifting this
approximation leads to a somewhat higher stability of
micelles and a higher φ). Then φ is just the probability that
a chain has such end-fragment of length nor longer (it is these
chains that aggregate and form micelles):

φ= 2f n-1
m ¼ 2

ð1þ e-ΔεÞn-1
ð3Þ

where the factor 2 accounts for two chain ends, and it is
assumed that N - n . 1. If syndiotactic subsequences are
favored (i.e., ifΔε<0), then φ is still defined by eq 3 provided
thatΔε is replaced by |Δε|. Typically, for large n, φ, 1: only
a small fraction of chains contain long enough stereoregular
fragments.

3.1.3. Free Energy. The excess micelle free energy, i.e., the
free energy change (per chain) on micelle formation from a
disorderedmelt, can be represented as a sumof several terms:

Flam = ΔFcryst þ Fentr þ Fface þ Fconf ð4Þ
Here the disordered melt is considered as a reference state,
Fdis=0, andFlam is the free energy per aggregating chain. The
four terms in the right-hand side of eq 4 represent the
(negative) free energy due to crystallization of micelle core,
the free energy increase related to the translational entropy
of aggregating chains, the crystal (core) interfacial energy,
and the conformational free energy of amorphous tails in the
shell.

ΔFcryst, the extensive free energy gain on crystallization, is

ΔFcryst = -kBSmnðTm -TÞ ð5Þ
where kB is the Boltzmann constant, Tm is the ideal crystal-
lization temperature, T is the current absolute temperature,
and Sm=M1Hm/(RgasTm) is the corresponding entropy of
melting per unit (for 100% crystallized infinitely long
chains). Higher-order terms in Tm - T are omitted in eq 5.
Here M1 is the mass of chemical unit, Rgas= kBNA is the
universal gas constant, andHm is the enthalpy of melting per
unit mass. Thus

ΔFcryst

kBT
= -Smnτ, τ � Tm

T
-1 ð6Þ

where τ is the temperature parameter.86

The second term in eq 4 accounts for the entropy loss
due to a low fraction of stereoregular chain fragments.

In disordered state the ends of stereoregular fragments are
uniformly distributed in space, whereas upon micelle forma-
tion these ends have to be located in thin sublayers at the
surface of lamellar crystals. The available volume thus
reduces from Vtot to =(2/N)φVtot; therefore

Fentr

kBT
=-ln

2

N
φ

� �
¼ lnðN=4Þ þ ðn-1Þβ,

β � lnð1þ e-jΔεjÞ ð7Þ
where the first factor (2/N) is the fraction of volume available
for chain ends inside a core/shell lamellar aggregate (2L1 is
the thickness of two surface sublayers, NL1 is roughly the
total thickness of the core/shell lamella) and φ is the volume
fraction of all lamellae. The parameter β depends on the
degree of tacticity, changing from β=ln 2 for completely
random sequence to a small β = e-Δε = fr for Δε . 1.

The next term is the core/shell interfacial energy: Fface=
2A1γ, where γ is the face surface tension of crystal lamella
and A1 is the area per chain in the crystalline core (A1=M1/
NAL1Fc, where Fc is the core density). Thus

Fface

kBT
¼ 2J ¼ 2J0ð1þ τÞ ð8Þ

where J � A1γ/(kBT ). Generally γ depends on T; for
simplicity, this dependence is ignored here: γ=const, J=
J0(1 þ τ), where J0=J |T=Tm

.
The last termFconf is the conformational free energy due to

elongation of tails in the shell (corona). The shell can be
considered as a rather dense polymer brush at each side of the
crystalline core. Applying the standard theory of end-grafted
polymer brush,58-60 we get

Fconf

kBT
=

3

2

~H
2

~Nb2
¼ 3

2

~L1
2

b2
~N ð9Þ

where ~N=N- n is the number of units in a tail, ~H= ~L1
~N is

the thickness of one brush (2 ~H þH is thus the total thickness
of lamellar micelle), b is the statistical segment of amorphous
polymer

~L1 ¼ Fc
2Fm

L1 ð10Þ

is the mean projection of a tail unit onto the normal to the
layer, and Fm is the density in the shell which is assumed to be
close to that in the amorphous melt.

Here we assumed for simplicity that polymer chains are
monodisperse and used the Alexander-de Gennes approx-
imation.58-60 This approximation overestimates the brush
elastic energy by about 22%.61,62 It is used for consistency
with the treatment of nonlamellar morphologies (see section
3.3) where analytical implementation of the more precise
approach61,62 appears to be too complicated.

Further, we considered the tails as Gaussian chains
(neglected their limited extensibility) and neglected an inter-
penetration between the brush and the surrounding free
chains. The last effect gives rise to a small decrement of the
brush energy63,64 (the relative correction is ∼(g/ ~N)1/3, where
g is the elastic blob size defined by the grafting density).

We also neglected the direct effect of solid crystal surface
to which the tails are attached on their configurational
entropy. In the regime of no solvent (molten amorphous
corona) the free energy penalty due to the solid surface effect
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(a reduction of the configurational space available to the tails
due to the impenetrable surface) is totally equivalent to a
renormalization of the face surface energy (the tension γ).
The reason is that the effect can be reduced to local mono-
mer/surface interactions and to local perturbations of amor-
phous chain conformations (affecting the short chain
fragments;blobs;near the surface). There are other more
subtle corrections on the top of this crude effect in the brush
regime. A concise analysis of the additional surface effect
(related to the so-called proximal layer) can be found in ref
64. For the standard model (incompressible melt, Gaussian
chains) the latter effect results in a free energy correction (per
chain in kBT energy units) ΔF=-ln 2 þ ΔFμ, where -ln 2
comes from the reflection principle,98,99 and ΔFμ is the pro-
ximal layer correction,64 ΔFμ ≈ 0.19 for the Alexander-
de Gennes brush (the correction is a bit lower for a parabolic
brush64). In any case, theΔF correction is small (as compared
with other free energy terms), and moreover, in the brush
regime with constant grafting density it can be considered
merely as a moderate contribution to the crystal face
tension γ.

As for the Gaussian elasticity approximation, it can be
assessed resorting to a more realistic model treating a poly-
mer tail as a long freely jointed chain of rods65 that does show
a limited extensibility: The essential parameter is the degree
of elongation η (the ratio of the end-to-end distance to the
contour length of the chain). For finite η the elastic energyFel

is proportional to the following function of the reduced force
f: Fel=const ( fη- ln[sinh( f)/f ]) where η=(1/tanh f )- 1/f;
the elastic energy of the corresponding Gaussian chain is
F el

(G)=const 3/2η
2, with the same constant. The ratio r=Fel/

F el
(G) is thus a function of η. The degree of elongation in the

shell of atactic tails is (see eq 10)

η ≈
~L1

L1
≈ 0:5

The factor r corresponding to this η is r ≈ 1.1, meaning that
the Gaussian chain approximation underestimates the
elastic energy by∼10%. Note that the two approximations
(Alexander-de Gennes and Gaussian elasticity) bring in
corrections that partially compensate each other, so the
overall accuracy of the simple eq 9 is roughly 10%.

3.2. DisorderedMeltfLamellarMicelle Transition. 3.2.1.
Limiting Temperature. The thermodynamic transition
(formation of lamellar aggregates) occurs at Flam=Fdis=0;
Flam is defined by eqs 4-9. The transition temperature Tdl

depends on n, Δε, and other parameters. In particular, Tdl

increases with the lamellar thickness n. For n f ¥ (more
precisely, for N= n f ¥) the equation Flam=0 simplifies as
-Smτ þ β=0 defining the limiting transition temperature

T�¼ Tm

1þ β=Sm
ð11Þ

whereβ� ln(1þ e-|Δε|). Obviously,T* increaseswith |Δε| and
approaches Tm at large |Δε|.

3.2.2. Relevance of Polystyrene. To further illustrate this
result, let us consider aggregation in a melt of aPS. Poly-
styrene is chosen since it is one of the simplest stereoisomeric
polymers which shows anomalous phenomena (low-fre-
quency elasticity); another reason is that the relevant physi-
cal properties of PS are known better than for most other
polymers. As mentioned above, fm < 0.5 and Δε<0 for
conventional aPS, meaning a preference for formation
of syndiotactic subsequences (rather than isotactic). It is
important, however, that crystallization of syndiotactic PS,

sPS, is less studied in comparison with isotactic PS, iPS (sPS
was synthesized rather recently66,67), so the relevant for the
theory crystallization parameters of sPS are either not
known or known with lower confidence than for iPS. For
these reasons, it is clusters involving isotactic crystals of PS
that are considered in the present paper for illustrative
purposes. Accordingly, the sign of Δε is simply inverted;
i.e., the regime Δε>0 is considered to ensure formation of
micelles with isotactic cores. This is reasonable, since the
combinatorial entropic penalty for isotactic fragments
depends on the magnitude |Δε| (defining the degree of
tacticity), so the sign inversion does not change it. As for
the magnitude |Δε|, we consider the typical regime, |Δε|j 1,
as discussed in section 2.1. Note that crystallization tem-
perature Tm is higher for sPS than for iPS, so an even wider
“cluster T-window” may be expected for sPS.

3.2.3. Crystallization Parameters for PS: Tm, Sm, J. In
order to proceed, we have to know Tm, Hm, and other
parameters characterizing iPS crystallization. The com-
monly reported crystallization parameters for iPS are Tm

(a)

≈ 240 �C and Hm
(a) ≈ 87 J/g.68 Here the superscript “(a)”

signifies “apparent” values based on the data on typical
semicrystalline iPS.

The apparent parameters include, in particular, the effect
of interfaces between crystalline and amorphous regions. In
order to get “ideal” parameters (Tm, Hm) required for the
theory, one has to perform extrapolation to the infinite
thickness H of crystal layers and to the infinite molecular
weight M. A detailed analysis of the H-dependence of
the melting temperature for iPS was performed by Strobl
et al.69,70 The extrapolated equilibrium parameters are

Tm ≈ 266 �C, Hm ≈ 89:5J=g ð≈9:3 kJ=molÞ ð12Þ
(Note that the extrapolation procedure is not very precise; in
fact, an even higher Tm ≈ 289 �C was obtained in the earlier
study.69) Assuming that the apparent melting temperature
Tm
(a) for a given H is defined thermodynamically, we get the

condition

-kBSmðTm -T ðaÞ
m Þ þ 2γA1

L1

H
¼ 0 ð13Þ

hence

T ðaÞ
m ¼Tm -

2γA1L1

kBSm

1

H
ð14Þ

The crystal face tension γ (and the reduced tension J0) can be
then calculated based on the experimental dependence ofTm

(a)

vs 1/H using the parameters, eq 12. Thus we get

Sm ≈ 2:1, J0 ≈ 1:95 ð15Þ
Note that the parameter J (or J0) estimated based on the data
on crystallization of isotactic PS melts is probably over-
estimated: The crystal face structure there involves a lot of
short amorphous loops that increase the face energy. Such
loops are characteristic of standard crystallization of stereo-
regular polymers, but they are absent in the case of lamellar
crystal formation by atactic polymers (see Figure 3b), lead-
ing to a lower effective J in the latter case. In turn, a lower J
leads to a wider region of stability of semicrystalline micelles
for atactic polymers.

TheMf¥ extrapolationwas not done in refs 69 and 70 as
the experimental data were obtained for the molecular
weight M ≈ 4 � 105.71 This M is rather high (the chains
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are more than 100 times longer than crystal stems), so the
finite-M effects are perhaps weak.

There are, however, more significant effects that could
lead to higher effective values of the parameters Tm and Sm

even with respect to the experimental values that were
perfectly extrapolated for H f ¥ and M f ¥. The reasons
are twofold.

(i) On the one hand, iPS is a semicrystalline polymer
with typical degree of crystallinity of 30-40%.72 The
semicrystalline structure implies that the amorphous
layers are (at least partially) “trapped” between
crystals, so the amorphous regions can hardly be
relaxed due to geometrical and topological restric-
tions imposed by the neighboring crystals. (In fact,
an amorphous layer is partially formed by polymer
chains that also enter in the crystals.) The semi-
crystalline state is therefore somewhat destabilized
(has higher free energy) even in the limit H f ¥
in comparison with an ideal equilibrium crystal
structure. As a result, the Tm and Sm obtained
from the iPS crystallization data must be under-
estimated.

(ii) Another source of error comes from the difference
between a crystallization/melting of a neat iPS
(whose studies serve to yield the thermodynamic
parameters in question) and crystallization of occa-
sional isotactic fragments in the atactic matrix (as
considered in the present paper). In the latter case,
there is always an incompatibility between isotactic
and atactic components (an excess enthalpy of their
mixing) that provides an additional driving force for
aggregation of stereoregular fragments (for micelle
core crystal formation). This effect leads to larger
free energy difference between the disordered and
the aggregated states (in favor ofmicelles), i.e., again
to larger effective values of Tm.

To resume, both effects considered abovemust enlarge the
region ofmicelle (cluster) stability.However, as there seem to
be no means at present to estimate these effects quantita-
tively, we have to ignore them in what follows (although they
may lead to, say, a significant increase of Tm).

3.2.4. Transition Temperatures for aPS. The dependence
of T* on the degree of tacticity dt t |fm - fr|=tanh(|Δε|/2)

obtained using the estimated parameters Tm and Sm for aPS,
eq 15, is plotted in Figure 4 in the relevant range
|Δε|j 1.T* changes from≈130 to≈200 �C (for comparison,
a low-frequency elasticity of PS melts has been revealed20 at
T’s up to ≈ 140 �C).

The transition temperature Tdl depends on the lamellar
thickness (n), the degree of tacticity (dt), and polymer mo-
lecular weight (N). Tdl for PS (in �C) is plotted vs N in
Figure 5 for two values of dt (1/5 and 1/3, corresponding to
Δε ≈ 0.405 and 0.69, respectively) and for two lamellar
thicknesses: the “maximum” thickness (n = N) and the
thickness n=n(φ) corresponding to a certain volume fraction
ofmicelles, φ=10-4 (the dependence n(φ) is implicitly defined
in eq 3). It is obvious that lamellar micelles with φ=10-4 are
stable above the glass transition temperature Tg if N is not
too high (N < 80 for dt=1/5 and N < 160 for dt=1/3).

3.3. Nonlamellar Morphologies. As shown above, the
lamellar micelles are getting destabilized as the chain length
N increases: the elastic energy of the corona, which is roughly
proportional to N, works against the lamellar micelle for-
mation. This does not mean however that micelle formation
is not possible for very high N: rather, in this regime

Figure 4. Dependence of the limiting disf lam transition temperatureT forN= nf¥ on the degree of tacticity dt for aPS. The crystallization (Tm)
and glass transition (Tg) temperatures for N f ¥ are shown as well. Note that all the temperatures here are in �C, while the corresponding absolute
temperatures (in K) are involved in eq 11 (see also the note below eq 6).

Figure 5. Dependence of the dis f lam transition temperature Tdl on
the polymerization degree N for aPS. The upper pair of curves
correspond to n=N, and the lower pair of curves correspond to the
volume fraction of micelles φ=10-4; solid lines correspond to dt = 1/3;
dashed lines, dt=1/5. The glass transition temperatureTg, eq 2, is shown
as well. The vertical dashed lines mark the highest N allowing for
formation of lamellar micelles above Tg.
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the infinite lamellae must be replaced by less extended
micelles.

As the layer motif is prescribed by crystallization of
stereoregular fragments, we expect that micellar cores must
still be parts of lamellar crystals with finite lateral size (at
least along one dimension). The following two most sym-
metric micellar morphologies of that sort will be considered:
tapelike micelles (Figure 6a) and disklike micelles
(Figure 6b). Note that such micellar geometries are
commonly found in solutions of amphiphilic molecules,
in particular, tapes in peptide solutions9 or in organogela-
tors,73,74 and disks in rod-coil copolymers,77 associating
polymers and ionomers,78-80 and in coil-coil block copoly-
mers in the so-called superstrong segregation regime.76,75

Both in the tapelike and disklike structures the conforma-
tional elastic energy is strongly reduced due to a divergence
of chain trajectories (larger available space) in the corona
region. These effects are considered quantitatively below.

There are two free energy terms to take care of: the edge
energy of the core and the conformational energy. The edge
energy is just proportional to the perimeter of the micelle
core (the perimeter is 2πRd for a disklike micelle of radius
Rd). Strictly speaking, a disklike micelle is not exactly
circular as the crystalline core is anisotropic, and its structure
defines preferred directions for the edge. There are six
equivalent lateral orientations of the edge in the case of the
simple hexagonal symmetry of the crystals, so a hexagonal
lateral shape can be expected (see Figure 6c).81 The free
energy difference between circular and hexagonal disklike
micelles is just minute (around 5%), so the circular approx-
imation is adopted below. (The effects due to more compli-
cated crystalline core anisotropy are not considered here.)

3.3.1. Conformational Energy of Micellar Corona, ~H .D.
Let us start with the asymptotic regime of long chains when
the tape width (or the disk diameter) D is much larger than
the core thickness H, while the characteristic corona height
~H= ~L(N - n) is much longer than D: ~H . D . H. These
conditions imply thatN. n, so ~H = ~L1N. The elastic energy
of strongly stretched polymer chains in the corona (shell of a
micelle) can be calculated “asymptotically exactly” in this
regime for the Gaussian elasticity model using the electro-
static analogy established in ref 61. In this approach a formal

unit electric charge is associated with those ends of amor-
phous polymer fragments that are adjacent to the crystallized
segments (i.e., are located at the core surface). The coarse-
grained chain trajectories in the shell follow the force lines of
the formal electric field, and the local chain tension at any
point in the shell is proportional to the electric field E. The
total conformational elastic energy of the shell Fconf is
proportional to the formal electrostatic energy Eel =
(8π)-1

R
E2 d3r: Fconf = CEel, where the coefficient C =

3vkBT/(4πb
2), and υ=M1/(NAFm)=A1L1Fc/Fm is the volume

per chemical unit in the shell. The problem is thus reduced to
calculation of the electrostatic energy of a uniformly charged
tape or disk (as the core thickness can be neglected).

3.3.2. Tapes for ~H . D. In the case of tapes the electro-
static energy is logarithmically diverging at long distances, so
an N-dependent cutoff Rmax must be introduced (Figure 7).
Rmax, the outer radius of the micelle (which is nearly cylind-
rical as a whole), is defined geometrically: The volume (per
unit length along the main axis) occupied by the chains is
V=NυQ (here Q=D/A1 is the total number of chains in the
aggregate per unit length). υ must be equal to πRmax

2;
hence Rmax=[DNυ/(πA1)]

1/2. Thus

Rmax

~H
¼ 2

π

D

~H

� �1=2

ð16Þ

Note thatRmax for tapes (in the regimeD, ~H) ismuch longer
than D, but it is much shorter than the shell thickness ~H for
infinite lamellar micelle: ~H . Rmax . D. The formal electro-
static energy (per unit length of uniformly charged tape) is

Eel = Q2 ln
Rmax

D
þ 3

2

� �
ð17Þ

Thus, the shell free energy per chain is

Fconf = CEel=Q = F0
D

2π
ln

2

πD
þ 3

� �
ð18Þ

whereF0� 3/2kBT ~H2/( ~Nb2) is the “reference” conformational
energy per chain in the infinite lamellar micelle (see eq 9), and
D=D/ ~H is the reduced tape width.

3.3.3. Disks for ~H . D. The electrostatic energy of a thin
uniformly charged disk (of radiusRd=D/2, total chargeQ) is
Eel=8Q2/(3πRd). For finite large N we must introduce the
cutoff distanceRmax (seeFigure 7) defined by the geometrical
condition (compare with the tape case) 4πRmax

3/3=NυQ,
where Q=πRd

2/A1. Hence

Rmax

~H
¼ 3

2

� �1=3
Rd

~H

� �2=3

ð19Þ

Figure 6. (a) A tapelike micelle with core of width D. (b) A disklike
micelle with core of diameterD= 2Rd. (c) A possible hexagonal shape
of the core.

Figure 7. Corona of a micelle with tapelike core of widthD;Rmax is the
corona radius.
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As before, ~H . Rmax . Rd. The corrected for the cutoff
electrostatic energy is

Eel = Q2 8

3π

1

Rd
-

1

2Rmax

� �
ð20Þ

The conformational free energy per chain therefore is

Fconf = CEel=Q = F0Rd
8

3π
-ðRd=12Þ1=3

� �
ð21Þ

where Rd=Rd/ ~H.
3.3.4. Comments on Conformational Energy. Equations 18

and 21 define Fconf for D , ~H. To consider a transition
between say infinite lamellar layers and tapes, it is necessary
to find Fconf also for D JH~. One simple “natural” idea is to
assume that the polymer chains still follow the same trajec-
tories as in the limitNf¥ (i.e., the chains are stretched along
the electric force lines considered above). Unfortunately, this
approximation is very poor for D J H~. In fact, the con-
formational energy per chain calculated using this
approximation does not tend to that for infinite lamellar
structure even in the limit D f ¥ (when tapes or disks
become physically equivalent to lamellae). A calculation
for a disk with D . ~H shows that the approximation over-
estimates Fconf by more than 40% (the ratio of approximate
and exact energies is 1 þ 4/π2). It is therefore clear that the
edge part of Fconf cannot possibly be resolved with this
approximation. (It also suffers from the following artifact:
the chain tension is diverging near the disk or tape edge,
which is highly unfavorable in the case of short chains.)

As an alternative solution one may try to seek for an
“exact” elastic energy Fconf for finite D/ ~H.83 The “exact”
asymptotic problem is formulated in Appendix A. The
general problem is quite complicated for two reasons:

(i) The outer surface of the micelle (bounding the
corona) is not known, so the free energy minimiza-
tion with respect to its shape must be performed.

(ii) The electrostatic analogy does not hold in the gen-
eral case. Instead, the problem can be mapped to a
fluid flow problem for an inviscid incompressible
fluid. The flow is not irrotational: it is characterized
by an unknownbulk distribution of vorticity. There-
fore, the “hydrodynamic” analogy does not help
much since fluid mechanics of such flows is not as
well-developed as for other flow types. The problem
(concerning flow with vorticity and with unspecified
bounding surface) is likely to be intractable analyti-
cally, and even its numerical treatment seems to be
quite involved.

We therefore tend to resort to an approximate treatment.
Specifically, we assume that all (coarse-grained) chain tra-
jectories in the shell are straight lines. This approximation is
certainly valid for a lamellar structure (where the chains are
all stretched normal to the layer), so it is likely to work well
for D . ~H. Below we show that the approximation is good
also in other regimes (for D , ~H).84

The elastic free energy contributions for tape and disk
structures are derived andminimized inAppendices B andC.
The results obtained there are used in the next section. Note
that the chain orientations and the chain tension distribu-
tions (along the chain contour) are not prescribed but rather
are defined naturally by the minimization condition (in
combination with the incompressibility condition). Note
also that we still assume that the free chain ends are located
at the outer surface of themicelle (the Alexander-deGennes
approximation).

4. Micelles in Homopolymer Melts: Phase Diagrams

4.1. Transitions Involving Nonlamellar Micelles. 4.1.1.
Transition Lamellae f Tapes. The free energy per chain in
the tapelike aggregate (of width D, total length along the
main axis L, L . D) is

Ftape ¼Flam þΔFconf þ Fedge ð22Þ
where Flam is the reference energy for lamellar micelle (see
eq 4), ΔFconf < 0 is the shell energy decrement due to lower
chain elongation near the tape edge, and Fedge > 0 is the free
energy due to interfacial tension at the edge of the core. The
tape conformational energy is considered in Appendix B:

ΔFconf = F0
2W

D

where W is defined in eqs B10 and B16 and D=D/ ~H. The
total core-edge energy is

F edge ¼ 2γeHL ð23Þ
where γe is the surface tension at the core edge. Therefore

Fedge

kBT
¼ F edgeA1

kBTDL
¼ 2Je

nL1

D
ð24Þ

where

Je � γeA1

kBT
ð25Þ

The equilibrium tape free energy is

Ftape ¼ Flam þ min
D

ðΔFconf þ FedgeÞ

Therefore

Ftape -Flam

F0
¼ min

D

2W

D
þ 2J

D

 !
ð26Þ

where

J � JenL1

F0
~H

¼ 2

3

b2L1nJe

~L1
3ðN-nÞ2

ð27Þ

The transition from infinite layers to tapes is defined by the
condition Ftape=Flam, i.e.

min
D

2W

D
þ 2J

D

 !
¼ 0

leading to

J ¼ -min
D

W ¼ jW0j≈ 0:498 ð28Þ

Tapes are stable for J < J lt=|W0| (long enough chains).
Thus, the transition from infinite lamellar layers to tapes

takes place as the parameter J is decreased below a certain
value. This transition can be induced by a reduction of the
edge energy (γe, Je), but also by increasing the chain lengthN
(see definition of J, eq 27). The physical meaning of these
results is simple: while a decrease of the edge tension makes
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the tapelikemicelle more stable (its free energy decreases), an
increase of N results in a destabilization of the infinite sheet
morphology in favor of tapelike micelle since larger N
corresponds to higher shell conformational energy penalty
which is partially relieved upon transition to a lower-dimen-
sional tapelike structure.

The tape width is defined by the minimization of [J þ
W(D)]/D with respect to D. For J slightly below the thresh-
old, J=|W0|(1 - ε), ε , 1, we get using eq B18:

D=
2ffiffiffi
3

p ~H lnð1=εÞ ð29Þ

Therefore, the tape width diverges logarithmically near the
transition point.

4.1.2. Transition Disordered Meltf Tapes. The transition
line is defined by Ftape=Fdis=0, where

Ftape =ΔFcryst þ Fentr þ Fface þ Fconf þ Fedge ð30Þ
is the free energy per aggregated chain. The first three terms
in the right-hand side of this equation are defined in eqs 6, 7,
and 8. These terms do not depend on the tape width D. The
last two terms areD-dependent: Fconf=F0(1þ 2W/D), where
W is defined in Appendix B; Fedge is defined in eq 24.

4.1.3. Transition TapesfDisks. The free energy per chain
of a disklike micelle is

Fdisk ¼Flam þΔFconf þ Fedge ð31Þ
where ΔFconf is the “excess” conformation energy for disks
(with the reference to the conformational energy,=F0, for an
infinite layer). Using eq C8 leads to

ΔFconf ¼F0ðU-1Þ ð32Þ
where U =U(Rd) is calculated in Appendix C. The edge
energy is

Fedge ¼ A1

πRd
2
γeL1n2πRd ¼ kBT

2L1n

Rd
Je ð33Þ

(comparewith eq 24). Thus the reduced excess free energy for
disks is

Fdisk -Flam

F0
¼ min

Rd

U- 1þ 2J

Rd

 !
ð34Þ

The transition between tape and disk morphologies is de-
fined by the condition Fdisk=Ftape which means that the rhs
of eqs 34 and 26 must be equal. This happens at

J ¼ Jtd ≈ 0:085

The disks are stable for J< Jtd; the tapes are favored for J>
J td. The reduced tape width D and the disk radius Rd at the
transition point are

D≈ 0:780, Rd ≈ 0:735

4.1.4. Transition DisorderedMeltfDisks. This transition
line is defined by the condition Fdisk=0, where Fdisk can be
obtained using eq 34 (Flam there is defined in eq 4).

4.2. Phase Diagrams for PS. Semicrystalline micelles can
be formed in principle at any T below the ideal crystalliza-
tion temperature Tm of the corresponding stereoregular

homopolymer (see Figure 4). That is why the range between
Tg and Tm can be called the micelle (or cluster) window.
However, it is important that at higher T’s within this
windows a thick crystalline core is required for micelle
stability, so the volume fraction of stable micelles becomes
extremely small rendering them undetectable as T is in-
creased. Considering the phase diagrams (involving micelles
of different types), it therefore appears natural to demand
that the volume fraction of micelles φ is equal or exceeds
some threshold φ* (note that φ is related to the core thickness
nL1 via eq 3).More precisely, we consider the case of fixedφ=
φ* since themicelles with lower φ are always formed first and
since the transition lines separating the regions of different
micellar geometries are nearly independent ofφ (i.e., of n). By
virtue of eq 3 the condition φ=φ* defines the length n=n* of
the relevant stereoregular fragments (for a given degree of
tacticity). Qualitatively, the phase diagrams do not depend
much on φ*; φ*=10-4 is chosen below (this value corre-
sponds to the estimate obtained in a light scattering study88).

The micelle diagrams for PS are shown in Figures
8-10; the coordinates are reduced temperature T/Tm vs

Figure 9. Same as Figure 8, but for dt=0.2.

Figure 8. Aphase diagram for PSmelt:T/Tm, the reduced temperature;
N, the polymerization degree. The degree of tacticity is dt=1/3; the
reference volume fraction ofmicelles isφ*=10-4. Solid lines correspond
to transitions between different regimes: dis (disordered melt); dis0
(micelles are formed but their volume fraction is less than φ*); lam
(lamellar micelles); tape (tapelike micelles); disk (disklike micelles). The
dashed line (marked Tg) shows the glass transition temperature.
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polymerization degree N. The three diagrams correspond to
different values of the degree of tacticity, dt=1/3, 0.2, 0.6,
respectively. The parameters Sm and J0 for PS are defined in
eq 15. The parameter Je is not known; it was assumed to be
close to J0: Je=2 (in other words, we assume that the surface
tension at the crystal edge is similar to that of its faces). There
are five regions separated by solid lines in each diagram: dis
(disordered melt, no clusters); dis0 (clusters can be formed,
but their volume fraction is lower than φ*); lam (infinite
lamellar layers); tape (tapelike micelles of infinite length);
disk (disklike micelles). The disf dis0 and dis (or dis0)f lam
transitions were already discussed (see Figure 5). A crystal
core thicker than the total contour length of a polymer chain
is not allowed; hence, it is set n=N forN< n* and n=n* for
N > n*. The widest T-window of lamellar micelles thus
corresponds to N=n*. Short chains, N<n*, crystallize at
lower T, while longer chains (N> n*) form thicker amor-
phous corona increasing the conformational energy penalty
for micelle formation.

Wide lamellar layers (platelets) become thermodynamically
less favorable than tapelike and disklike micelles in the long-
chain regime. To see this, let us recall that the shell contribu-
tion to the micelle free energy per aggregated chain (the
conformational energyFconf) strongly increases with the chain
length being nearly proportional to N in the lamellar micelle
regime (see eq 9). The dependence of Fconf on N is much
weaker for tapelike micelles (of fixed width D): the energy
increase is only logarithmic there (see eq 18). Finally, for
disklike micelles (of fixed radius Rd) the corresponding in-
crease is even more weak since Fconf does not grow indefi-
nitely, but rather saturates as Nf ¥ (see eq 21). Therefore, a
lot of conformational energy can be relaxed for largeN upon
transitions from lamellar platelets to tapes and then to disks.

The transitions lam f tape and tape f disk occur as N
increases, at N=Nlt and N=Ntd, respectively. The main
parameters for the diagrams shown in Figures 8-10 are

dt ¼ 1=3, Δε ≈ 0:7, n� ≈ 25, Nlt ≈ 91, Ntd ≈ 183

dt ¼ 0:2, Δε ≈ 0:41, n� ≈ 20, Nlt ≈ 79, Ntd ≈ 161

dt ¼ 0:6, Δε ≈ 1:4, n� ≈ 45, Nlt ≈ 132, Ntd ≈ 256

The crystalline core lamellar thickness for dt=1/3 is H ≈
nL1 ≈ 5.5 nm (for N > 25). The transition from infinite

lamellae to tapes is continuous; the width D of crystalline
core of a tape is infinite at the transition point N=Nlt; the
tape width decreases at larger N down to D ≈ 0.78(N - n*)-
~L1 ≈ 15 nm at N=Ntd. Just above Ntd the disklike micelles
with crystalline core of radiusRd≈ 0.735(N- n*) ~L1≈ 14 nm
are formed; the radius decreases asymptotically tending to

Rd ≈ 1:2bðL1nJe= ~L1Þ1=2 ð35Þ
i.e. to Rd ≈ 8 nm as N is further increased.

The dashed lines in Figures 8-10 show the glass-transition
temperature. A tendency for cluster formation is expected
also below Tg, although an equilibrium cluster structure is
not accessible in this region.

The width of the T-window of the micelle regimes (above
Tg) strongly depends on the degree of tacticity dt: the micelle
regions are wider for higher dt. The regions of tapes and disks
(above Tg) disappear at low dt. The micelle T-window also
decreases (shrinks) at high molecular weights, M. For high
MJ 105-106 stablemicelles are predicted if dt is significantly
higher than 1/3 (for example, for dt=0.6, see Figure 10),
which is not typical for conventional atactic PS. These results
perhaps explainwhy cluster effects in PSmelts were observed
rheologically (low-f elasticity), but not in the light scattering
experiments (i.e., low-q excess scatteringwas not detected for
neat PS). The reason is related to the difference of molecular
weights. Rather short PS chains (M≈ 4000) were involved in
rheological studies;20 the corresponding T-window of lamel-
lar crystals is ratherwide in the predicted diagrams (Figures 8
and 9). On the other hand, PS samples of much larger
molecular weight (MJ 2� 105) were studied by light scatter-
ing (see refs 14 and 89 and references therein); micelles are
not predicted for such long chains (see Figures 8 and 9).

5. Discussion and Conclusions

1. In this paper we show that thermodynamically stable finite
aggregates (semicrystalline micelles) can be formed in melts of
homopolymers if they are stereoisomeric. The idea is that gen-
erally atactic (stereoirregular) polymers still contain some rather
long stereoregular segments. These rare fragments can aggregate
and form a lamellar crystal serving as a micelle core surrounded
by a shell of noncrystallizable (amorphous) parts of the chains
(see Figure 3b). Thus, the aggregates are core/shell structures
formed by atypical polymer chains containing sufficiently long
stereoregular fragments. The cluster formation therefore bears
some similarity to micellization in block copolymers.61,56,76,32,8

The lamellar micelles can be stable below the limiting tem-
peratureT* (see eq 11) which increases with the degree of tacticity
dt. T* approaches Tm (the ideal crystallization temperature for
undiluted stereoregular isomer of the same polymer) at high dt, so,
in principle, micelles can be formed at any T below Tm.

2. The relevant stereoregular fragments are isotactic if meso
diads dominate over racemo diads, Δε > 0; syndiotactic
fragments are dominating in the opposite case. The latter
(syndiotactic) case applies for conventional PS: fm < 0.5, Δε
<0.Nevertheless, it is the caseΔε>0 that was considered in the
present paper. This is appropriate for illustrative purposes since
(i) the probability of a stereoregular fragment depends on the
magnitude of Δε (the sign does not matter) and (ii) the relevant
properties of isotactic PS are known with better confidence as
compared with the syndiotactic PS. Note that crystallization
temperatureTm is higher for syndiotactic PS than for isotactic PS,
so an even wider “cluster T-window” may be expected in the
syndiotactic case.

3. The theory of semicrystallinemicelle formation developed in
the present paper involves three approximations related to the

Figure 10. Same as Figure 8, but for dt=0.6.
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calculation of elastic energy of strongly stretched chain parts in
the shell: We assumed that (i) neighboring chains in the shell
are elongated in a similar way (Alexander-de Gennes ap-
proximation); (ii) the chains are characterized by ideal
(Gaussian) elasticity; (iii) the smoothed chain trajectories in the
shell are straight lines. Let us consider the typical errors asso-
ciated with these approximations for the two limiting cases: (1)
infinite lamellar layer; (2) disklike micelle with very long tails in
the corona. In the first case, the approximation (i) overestimates
the conformational (elastic) free energy by ≈22% and approx-
imation (ii) underestimates the elastic energy by ≈10% (see
section 3.1.3), and the last approximation is exact. In the second
case, the first approximation is exact, approximation (ii) under-
estimates the energy by less than 10% (as the chains are less
stretched in the corona of a disklike micelle than in the laterally
infinite plain brush with the same grafting density), and the last
approximation overestimates the elastic energy by≈8.5%. Thus,
in all the cases the errors due to the approximations are partially
compensated, and the resultant error does not exceed 12%.

4. The theory of the crystalline micelle core involves the
following important parameters: Tm, the ideal crystallization
temperature of stereoregular polymer, Sm, the corresponding
entropy of melting per monomer unit, and J0, the reduced energy
of crystal face.All these parameters are obtainedby extrapolation
of the relevant crystal melting data. As we argue in section 3.2.3
the obtained parameters Tm and Sm are probably underesti-
mated, while J0 is overestimated for PS. All these inaccuracies
work against micelle formation, so that actual region of their
stability is perhaps wider than that predicted here.

5. The theory provides a basis for explanation of anomalous
low-frequency rheological phenomena (solidlike behavior in
macroscopic gaps between solid surfaces) observed in certain
polymer melts.20-23,25,27 Indeed, it looks like that all the homo-
polymers exhibiting the low-frequency elasticity are stereoiso-
meric, including PS,20 poly(n-butyl acrylate),22,21 1,4-poly-
butadiene,21 and poly(propylene glycol)27 (liquid-crystalline
polymers are omitted here). The molecular weight of the rheolo-
gically studied polymers was not very high, ranging from
M=4000 (PS, PPG) to 26000 (PBuA). Therefore, we can expect
formation of lamellar micelles in these polymer melts. Such
semicrystalline micelles (being theoretically infinite) can reach
lateral size of many micrometers. Therefore, the micelles can
possibly bridge a macroscopic gap between solid surfaces con-
fining the polymer layer. It is important that the low-frequency
elasticity was detected only when the confining surfaces were
treated in a special way. The idea is that such treatment renders
the surfaces attractive for the lamellar edges, so that weak bonds
can be formed between the edges and the surfaces. Hence,
lamellae can serve as bridges (Figure 11). Such highly rigid
(semicrystalline!) bridging layers would certainly give rise to an
apparent solidlike shear response of the confined polymer melt.
The fact that the volume fraction of micelles is very low (say,
φ<10-3 88,90) can be compensated by very high elongational
elastic modulus of their crystal core, thus giving rise to a
considerable (measurable) apparent modulus of the melt.

In addition, the combination of weak surface bonds and high
rigidity of the bridging layers must result in a strongly nonlinear
elastic response: the shear elastic modulus must significantly
decrease with shear amplitude γ already for small strains.
This is in agreement with experimental data indicating that
the linear regime of low-frequency elasticity is limited to
γ<0.1-0.5%.22,21

6. The predicted mechanism of micelle formation may be
responsible for anomalous low-q excess scattering observed in
certain polymer melts (Fischer clusters). In particular, it may be
relevant to cluster phenomena in PMpTS11-13 and PLMA14

which are both stereoisomeric.

7. As was mentioned above, an anomalous low-q scattering
was never observed in PSmelts. Still cluster modes were found in
PS solutions in toluene (M ∼ 105, concentration c ≈ 12-25%,
room T).88,90 Toluene is a good solvent for PS, so cluster
formation is puzzling. We suggest that it may be driven by the
general mechanism proposed in this paper (aggregation and
crystallization of atypical stereoregular chain segments). This
idea is supported by the experimental evidence that stereoregular
PS tends to crystallize in toluene forming stable complexes with
solvent molecules (1:0.8 intercalates).92 This complex compound
is stable up to ca. 120 �C.The intercalated structure ismore stable
than a neat PS crystal; hence, the regions ofmicelle stability in the
PS solutions must be shifted to higher temperatures as compared
to the melt case (in other words, the transition lines in the phase
diagram, see Figure 8, must be shifted to the right), so that
semicrystalline micelles may become stable even at high M.

8. Cluster modes were observed in PS of rather high molecular
weight:M ∼ 105, N ∼103 (see the previous point). This PS chain
length certainly falls into the regime of disklike micelles. Other
polymers showing anomalous low-q excess scattering also have
rather high molecular weights (M ≈ 105 for PLMA,M ≈ 15 000
for PMpTS) probably corresponding to the same regime. (It is
hard to be more precise as the illustrative phase diagrams,
Figures 8-10, apply to PS.) The predicted disk-core thickness
is H j 6 nm, and its diameter is 2Rd j 30 nm. These size para-
meters are much smaller than the cluster size ξ ∼ 100-300 nm
obtained by both static and dynamic light scattering.12,88

A tentative explanation of this discrepancy is considered
below: Some of the polymer chains may contain two stereoreg-
ular fragments rather than just 1 (Figure 12a). These chains can
form bridges between neighboring micelles (Figure 12b). The
relative fraction of such chains is pbr∼φ/2 (see eq 3). The bridging
attraction energy is proportional to the number of bridges Qpbr.
Therefore, it is possible that disklike micelles can aggregate and
form larger clusters as long as Qpbr is large enough.

This mechanism does not apply to infinite lamellar and tape-
like micelles since they are protected by shell layers of strongly
stretched “tails”which donot allowmicelles to come close to each
other. As a result, a bridging chain has to stretch a lot; the bridge
formation is suppressed as a result. By contrast, well in the regime
of disks the outer parts of amorphous tails are not strongly
stretched, so the elastic energy penalty for bridging is low.

Figure 11. Confined polymer layer and a bridging lamellar micelle.

Figure 12. (a) A polymer chain with two stereoregular fragments.
(b) Two disklike micelles connected by such bridging chain.
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The argument can be developed more quantitatively. The shell
of a disklike micelle is similar to that of a block copolymer
spherical micelle: generally it consists of a proximal part (coat) of
radiusRcoat where tails are strongly stretched and the distal outer
part where the chains are weakly perturbed (nearly Gaussian).61

The bridging is not suppressed if

Rcoat j Rcoil ¼ ~N
1=2

b ð36Þ
whereRcoil is the Gaussian polymer coil size (note that ~N ≈N as
n , N in the regime of disks). This condition is equivalent to

3Q=ð4πÞ j ~N
1=2

b3=υ

where Q=πRd
2/A1 is the micelle aggregation number. On using

eq 35, the latter condition leads to N J 600.
The picture of clusters involving many micelles also explains

why depolarized (VH) light scattering does not show any sig-
nificant low-q excess intensity:12,14 It is expected that disklike
micelles are oriented randomly in a cluster thus giving rise to
incoherent VH scattering of individual micelles which is much
weaker than coherent VV scattering of the whole cluster.93

9. The proposed theory of semicrystalline micelle formation
naturally leads to low volume fraction φ of clusters in qualitative
agreement with light scattering and spin-echo experiments88,90

pointing to φ ∼ 10-3-10-4. Low φ explains why cluster con-
tribution to the bulk viscosity was not detected rheologically.25

The clusterswere never detected byWAXS, perhaps, for the same
reason.

10. The theory also implies that the propensity to form clusters
strongly depends on the degree of tacticity: an increase of dt
promotes micelle formation. Experimental studies of cluster
effects on a series of similar polymer with different dt are thus
invited. In view of the diagram, Figure 10, it would be extremely
interesting to synthesize atactic PS samples with high dt (say, dt=
0.6) and with molecular weights ranging from, say, M = 3000
to 106 and to study these samples by light scattering. More
generally, continuous variation of the degree of tacticity may
serve as an interesting route from glass-forming to crystallizable
polymers.

11. It is therefore possible that both the rheological and the
scattering anomalous phenomena in homopolymer melts (low-
frequency elasticity and low-q scattering) are related to a crystal-
lization rather than to the glass transition.91

So far, the rheological and light scattering studies are done on
different sets of polymers. Complementary studies are thus
invited (like light scattering of lower M PS).

12. The proposed mechanism of cluster formation in homo-
polymer melts is certainly quite universal. However, we do not
claim that this is the only aggregation mechanism applicable to
all cluster phenomena is homopolymers. Other effects may be
involved, in particular, in the case of amphiphilic homopoly-
mers.14,94,95

One important example of a system to which the proposed
mechanism (based on stereoisomerism) is not applicable is
provided by PEO. (It looks like PEO is the only homopolymer
showing cluster phenomena which is not stereoisomeric.) It is
worth noting that PEO is a rather special polymer. Typically, it
forms clusters in solutions (in particular, in dilute aqueous
solutions). Cluster modes in PEO melts were detected by light
scattering;16,96 however, we are not aware of any estimate of the
typical cluster size in this polymer.

PEO is an amphiphilic and hygroscopic polymer capable of
forming inter- and intramolecular hydrogen bonds mediated by
water molecules. PEO is also crystallizable (semicrystalline)
fiber-forming polymer. These features can be at the root of
cluster phenomena in PEO. Clusters in PEO ofM=5�104 were

observed for T > 65 �C, just above the apparent melting
temperature for this polymer, Tm ≈ 60 �C.16,96 It is possible that
PEO can form several crystal structures and that its alternative
crystal phase, which is less accessible kinetically, is stable above
Tm. In this case, one can expect formation of solidlike domains at
T > Tm, perhaps with very low nucleation rate, explaining low
volume fraction of the crystallites. A growth of these alternative
crystal structures can be limited by frustration effects31,97 leading
to a finite domain size.
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Appendix A. Elastic Energy of a Polymer Brush Grafted to an
Arbitrary Surface

Consider a layer of polymer chains (N chemical units of
volume υ, statistical segment b) grafted to a solid surface (S )
of arbitrary geometry (Figure 13). The number of chains per unit
surface area is σ. The polymer medium is incompressible. All free
chain ends are located on the outer surface (F ) whose shape is
free (apart from the condition that the total volume V between
the S and F surfaces is prescribed, equal to Nυ

R
σ dS ).

A smoothed chain trajectory r(n), n=1, ..., N, depends on its
grafting position r(0); the whole trajectories of two chains with
close grafting points are also close to each other. It is therefore
possible to introduce the field of chain tensions, τ � (3kBT/b

2)
(dr/dn), which can be considered as a function of the position r.
The incompressibility condition dictates that

r 3 τ ¼ 0 for r in V ðA1Þ
and that

τ 3 ns ¼
1

κ
σ for r on S ðA2Þ

where ns is the unit vector locally normal to the solid surface, and
κ� b2/(3υkBT ). Themechanical equilibrium in the bulk demands
that

κðτ 3rÞτ-rp¼ 0 for r in V ðA3Þ
where p=p(r) is the pressure field. As for the outer (free) surface
(F ), there are two forces acting on an element of the surface: the
pressure forcewhich is normal to the surface and the tension force
along the chain trajectory. The force balance (implied by the
equilibrium state) thus leads to two conditions: (i) chain trajec-
tory must be locally perpendicular to the free surface, or

τ ¼ const nf for r on F ðA4Þ
where nf is normal to the free surface and (ii)

κτ2 ¼ p for r on F ðA5Þ

Figure 13. An incompressible layer V of polymer chains grafted to the
solid surface S; the free chain ends are at the outer surface F.
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(for simplicity, it is assumed that p=0 outside the micelle). In
addition, it is necessary to demand that each chain comprises
exactly N units, i.e., that for each point r0 on S

1

κυ

Z
dr

τ
¼N ðA6Þ

where the integral must be taken from r0 to the free surface along
the line everywhere tangential to τ.

Equations A1 and A3 and the boundary conditions A2, A4,
andA5define the chain trajectories, while eqA6defines the shape
of the free surface. Once these equations are solved, the elastic
conformational energy can be found:

F conf ¼ κ

2

Z
V
τ2 d3r ðA7Þ

The “bulk” eqs A1 and A3 are formally analogous to dynamical
equations for incompressible inviscid fluid, with fluid pressure-
p, velocity τ, and density κ. In particular, one can find (in analogy
with the Bernoulli equation)

τ � ðr� τÞ ¼rj ðA8Þ

where j=τ2/2 - (1/κ)p, showing that j is constant along the
chain trajectory. It is important, however, that the flow is not
irrotational in the general case (r�τ 6¼ 0): although the condi-
tionr� τ=0 is compatiblewith eqsA1 andA3 and it specifies a
family of their particular solutions, it is not possible to satisfy the
free surface boundary conditions with this irrotational family.

Appendix B. Elastic Shell Energy for Tapelike Structures

Let us first consider a semi-infinite lamellar layer. The atactic
chain parts are “attached” to the semi-infinite plane (P ) repre-
senting the core whose thickness is neglected. The chains are
stretched along straight lines forming angle R = R(y) with
the surface, y is the distance to the edge along the surface,
R(0)=0, R(¥)=π/2 (see Figure 14). The chains starting on the
surface element ΔS0 form a wedge W; the wedge cross section
(perpendicular to the chains) is ΔS(x), where x is the distance
from the surface along the chain

ΔSðxÞ
ΔS0

¼ sin Rþ xR0 ðB1Þ

where R0 � dR/dy. The radial wedge length R is defined by the
incompressibility condition

Z R

0

ΔSðxÞ dx¼ΔS0
~H ðB2Þ

(this equation was obtained having in mind the reference state:
the infinite uniform brush of thickness ~H).

The chain tension is inversely proportional toΔS(x): τ=[ΔS0/
ΔS(x)]τref, where τref=(3kBT/b

2) ~L1 corresponds to the reference
state. The elastic energy of the ΔS0 wedge therefore is

F confðΔS0Þ ¼F0
ΔS0

2A1

Z R

0

dx

~H

ΔS0

ΔSðxÞ ðB3Þ

Taking into account the wedges on both sides of the core, we get
the total conformational energy:

F conf ¼F0

Z
dA

A1
I ðB4Þ

where
R
dA is taken over the plane P, dA=L dy, where L is the

edge length, and

I ¼ IðyÞ ¼
Z R

0

ΔS0

ΔSðxÞ
dx

~H
ðB5Þ

Obviously, If 1 far from the edge (for y. ~H). The edge energy
therefore is

ΔF conf ¼F0

~HL
A1

W ðB6Þ

where

W ¼
Z ¥

0

dy

~H
ðIðyÞ-1Þ ðB7Þ

Using eqs B1 and B2 yields

R0 ¼ 2

R2
ð1-R sin RÞ ðB8Þ

The reduced length variables (x=x/ ~H, R=R/ ~H, y=y/ ~H) are
used here and below in this Appendix, while the “overbar” signs
are omitted (in other words, ~H is considered as the unit length).
Equations B5 and B1 lead to

I ¼ 1

R0 ln 1þ R0R
sin R

� �
ðB9Þ

Substituting eqs B9 in eq B7, changing the integration variable,
and using eq B8 gives

W ¼
Z π=2

0

f dR,

f ¼ f ðR, tÞ ¼ 1

2 sin2 R
t2

1-t

1

2 sin2 R
t2

1-t
ln

2

t
-1

� �
-1

" #

ðB10Þ
where t�RsinR. Note that t is a free variable (independent ofR),
so that the free energy minimization can be achieved by simply
minimizing the integrand f with respect to t:

f ðRÞ ¼ min
t

f ðR, tÞ

Figure 14. (a) The chain orientations in the shell near the core edge.P is
the core surface, y is the distance of the “grafting” point to the edge,R is
angle between the chain and the surface. (b) The wedge W formed by
elongated chains starting at the surface elementΔS0.R is the total chain
length (end-to-end distance).
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This yields the following equation

t2
1

1-t
ln

2

t
-1

� �
-

1

ð2-tÞ2
 !

¼ sin2 R ðB11Þ

which defines R, R0 as a function of R. Both W and the function
R(y) can be then obtained by integration:

W ¼W0 ≈ -0:49799 ðB12Þ
As for R(y), it is singular at yf 0 (with log-divergent derivative),
while in the opposite limit (y . 1)

R =
π

2
-exp -

yþ y0

ξ

� �
-
3
ffiffiffi
3

p

4
exp -2

yþ y0

ξ

� �
ðB13Þ

where ξ= 2/
√
3 and y0 ≈ 0.884788.

The case of tape of finite width (0<y<D � D/ ~H) can be
considered in a similar way. The total conformational energy is
(see eqs B4, B6, and B7):

F conf ¼F0
L ~H

A1
ðDþ 2WÞ ðB14Þ

whereW is still formally defined in eq B10. The only difference is
that now we must impose an additional condition:

Z π=2

0

dR
R0 ¼ D

2
ðB15Þ

Minimization of W with additional condition B15 leads to

t2
1

1-t
ln

2

t
-1

� �
-

1

ð2-tÞ2
 !

¼ λ sin2 R ðB16Þ

where λ is related to the relevant Lagrange multiplier. This
equation defines t as a function of R, λ; on substitution of the
result in eqs B10, we get W as a function of λ. The dependence
W(Dh) is implicitly defined by this function and by the following
equation defining how D depends on the parameter λ (as t
depends on both R and λ):

D¼
Z π=2

0

1

sin2 R
t2

1-t
dR ðB17Þ

The plot of the reduced energy W vs D is shown in Figure 15.
For D . 1 the function W(D) is well-approximated as

W=W0 1-exp -
ffiffiffi
3

p

2
D

 !0
@

1
A ðB18Þ

where W0 is defined in eq B12 (the error due to this approxima-
tion is less than 0.5% for D >2, see Figure 15). In the opposite
regime (D , 1) we get

Dþ 2W=
D

2

2π
ln

2π

D

� �
ðB19Þ

The conformational energy per chain forD, 1 is (see eq B14 and
note that L ~HD/A1 is the total number of chains in the tape)

Fconf ¼F0ð1þ 2W=DÞ = D

2π
ln

2π

D

� �
ðB20Þ

This result is in good agreement with eq 18.

Appendix C: Elastic Energy for Disklike Micelles

The conformational energy of disklike micelles can be calcu-
lated on the same footing as for tapes. As before the core
thickness is neglected, so we consider monodisperse chain sec-
tions (degree of polymerization N - n) uniformly “grafted” to a
disk of radius Rd. The grafting density is 1/(2A1) on each side of
the disk. Let us turn to the wedge picture (see Figure 14b). The
ratio of cross sections is now

ΔSðxÞ
ΔS0

¼ ðcos θþ θ0xÞ 1þ x

r
sin θ

� �
ðC1Þ

whereθ is the angle between the chaindirection and the normal to
the disk (thus θ=π/2- R), r is the distance from the grafted end
to the disk center, and θ0=dθ/dr. The total length of the ‘grafted
chain’, R, is defined by the incompressibility condition:

Z R

0

ΔSðxÞ
ΔS0

dx¼ 1 ðC2Þ

leading to equation

sin θ

3rr0
R3 þ 1

2

1

r0
þ sin θ cos θ

r

� �
R2 þR cos θ-1¼ 0 ðC3Þ

where r0 � dr/dθ=1/θ0. (Here andbelowweuse the reduced lengths
x, r, R considering ~H as the unit length like in Appendix B.)

The total conformational energy is

F conf ¼K

Z Rd

0

2πrI dr ðC4Þ

where K = F0( ~H
2/A1), Rd = Rd/ ~H, and

I ¼
Z R

0

ΔS0

ΔSðxÞ dx

(compare with eqs B4 and B5). Using eq C1 leads to

I ¼ rr0

r-r0 sin θ cos θ
ln
1þ R

r0 cos θ

1þ R sin θ
r

ðC5Þ

Figure 15. The reduced shell energy of a tape, W, vs the reduced tape
width D: exact (calculated using eqs B10 and B17) and approximate
(eq B18).
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Changing the variable from r to θ in eq C4, we get

F conf ¼ 2πK

Z π=2

0

L dθ

where

L ¼ L ðr, r0, θÞ ¼ r2ðr0Þ2
r-r0 sin θ cos θ

ln
1þ R

r0 cos θ

1þ R sin θ
r

ðC6Þ

HereR=R(r,r0,θ) is the only root (forR>0) of the cubic eq C4.
Upon solving this equation, an exact algebraic expression for R
was substituted in eq C6. Minimization of Fconf leads to Euler
equation defining the second derivative of r(θ):

d2r

dθ2
¼ DL

Dr
-
DP
Dθ

-r0
DP
Dr

� �
=
DP
Dr0

ðC7Þ

whereP=∂L /∂r0. Solving eq C7with initial condition r0|θ=0=P,
we find numerically r(θ),Rd=r(π/2), andFconf, all as functions of
the parameter P. The dependence of Fconf on Rd is implicitly
defined as a result. In the general case

Fconf

F0
¼ F conf

πRd
2
K

¼UðRdÞ ðC8Þ

where U is a universal function of the reduced radius Rd. It is
plotted in Figure 16, in variables (1/Rd þ 1)U - 1 vs Rd

1/3.
In the limit of small disk radius, Rd , 1, we get

U ≈ 8

3π
Rdð1:085- 0:585Rd

1=3Þ ðC9Þ

Comparing this approximate result with the asymptotically
exact eq 21, we see that the straight-chain approximation
overestimates the conformational elastic energy by about
8% (or less) in this regime. (The approximate energy is of
course higher since the exact result corresponds to the energy
minimum.)

More precisely, the conformational energy for Rd , 1 can be
approximated as

U =
8

3π
Rdð1:08531- 0:58467Rd

1=3 - 0:03215Rd
2=3 - 0:003RdÞ

ðC10Þ

For Rd<3�10-3 the relative error of this numerical approxi-
mation is less than 2� 10-6. The following approximation is
applicable in the opposite regime, Rd . 1:

UðRdÞ = 1þ 2W0=Rd þ 2W1=Rd
2 þ W2

πRd
3
þ W3

πRd
4
þ W4

πRd
5

ðC11Þ
where W0 is defined in eq B12, W1 ≈ 0.134 514, W2 ≈ 0.67435,
W3 ≈ 0.314, and W4 ≈ 1.81. The numerical approximation,
eq C11, is good within the same error (2 �10-6) for Rd > 5.
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