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ABSTRACT: Intramolecular structures in amphiphilic graft copolymers with hydrophilic side chains and
hydrophobic backbone have been studied by molecular dynamics simulations. In accordance with earlier
theoretical predictions [Borisov, O.; Zhulina, E. Macromolecules 2005, 38, 2506-2514], we have found that
balance of repulsive and attractive intramolecular interactions may result in the pearl-necklace-type
conformations. The globular “pearls” are formed by collapsed segments of the main chain comprising
multiple spacers; these pearls are stabilized against aggregation by repulsive interactions of the hydrophilic
grafts. The size of the pearls is controlled by the intramolecular hydrophilic-hydrophobic balance, whereas
the total number of pearls in the graft copolymer depends on the length of the main chain. For graft
copolymer with relatively long spacers we have observed intramolecular conformational transition from
pearl-necklace structure to unimolecular cylindrical micelle upon a decrease in the solvent quality for the
main chain. The results of simulations, in particular behavior of polymers of finite chain length, are
rationalized on the basis of revised and extended scaling theory.

I. Introduction

Amphiphilic graft copolymers comprise multiple polymeric
side chains end-grafted at regular intervals to a long main chain
(backbone). When the spacers (segments of the main chain
separating neighboring grafting points) are shorter than the
grafts, these polymers are classified as molecular brushes. Recent
advances in polymerization techniques havemadepossible synth-
esis of dense molecular brushes with chemically different main
chain and the grafts and well-controlled molecular architecture,
that is, with regular spacing and controlled molecular weights of
the grafts.1 These polymers have recently attracted considerable
attention because of their interesting rheological behavior2 and
multiple potential applications in emerging domains of biomedi-
cal and nanotechnology.

The combination of topological complexity with amphiphilic
nature of these copolymers enables one to exploit them as
building blocks for diverse multidomain nanoscale structures
emerging as a result of hierarchical intra- and intermolecular self-
organization in selective solvents. These nanostructures may
serve as nanocontainers, vector systems, molecular templates
for nanowires, etc.

The steric repulsion between densely grafted side chains
determines the most important conformational properties of
the molecular brushes,3,4 such as induced bending rigidity
(enhanced apparent persistence length),5,7 weak intermolecular
penetration in semidilute solutions,8 etc. Effects of the interac-
tions between the grafts on local conformational structure of
molecular brushes in good solvents were probed in SANS
experiments,9,10 which have demonstrated good agreement with
theoretical predictions.

Aqueous environment offers an excellent opportunity to tune
independently solubility of chemically different main chain and
of the grafts by using the thermosensitive polymer exhibiting the
LCST behavior17 as the backbone of the graft copolymer. In this
case an increase in temperature leads to a decrease in solubility of
the main chain and may trigger sequence of intramolecular
conformational transitions.

In the casewhen the solvent is good for the grafts, but themain
chain is poorly soluble, the collapse of the main chain may give
rise to intramolecular micelles of variousmorphologies stabilized
against aggregation due to repulsive interactions of the grafts.
The interplay of the repulsive interaction among the grafts with
the hydrophobic attraction among the main chain monomers is
decisive for ability of the copolymers to assume diverse intramo-
lecular structures.

The conformational behavior of the graft copolymers with
poorly soluble backbone and grafts for which the solvent is good
has been analyzed by means of scaling theory by Borisov and
Zhulina.18 It has been shown that a progressive decrease in the
solvent quality for the main chain may provoke a sequence of
morphological transitions between intramolecular aggregates of
different morphologies, in particular formation of spherical or
cylindrical intramolecular micelles and multidomain pearl-neck-
lace structure comprising multiple spherical intramolecular mi-
celles.

Similar pearl-necklace intramolecular structures have been
proposed for hydrophobic linear polyelectrolytes19 in salt-free
solution, where they result from the balance of long-range
Coulomb repulsion and short-range attractive interactions bet-
ween the monomer units. The scaling theory for the graft
copolymers in selective solvents18 uses analogous arguments:
Here the hydrophobic attraction of the monomer units of the
main chain is counteracted by steric repulsive interactions among*Corresponding author. E-mail: borisov@univ-pau.fr.
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the grafts. The former is short-ranged (on the length scale of the
size of the monomer unit) while the latter operates on the length
scale of the order of the size of the side chain. The multidomain
intramolecular structures have been recently predicted theoreti-
cally and observed experimentally20 for another type of amphi-
philic graft copolymers, i.e., cylindrical core-shell molecular
brushes formed by amphiphilic diblock copolymers grafted to
themain chainby the terminal segment of the hydrophobic block.
Here the cylindrical unimolecular micelle formed at moderately
poor solvent quality conditions for the inner block exhibits
longitudinal instability, leading to formation of pearl-necklace
structures at lower solvent quality. Polymorphism of the intra-
molecular structures, including pearl necklaces, has been also
observed in recent Monte Carlo simulations of amphiphilic
multiblock copolymers in dilute solutions.21

The theoretical predictions of the formation of pearl-necklace
structures have been subjected to thorough tests in computer
simulations. At the beginning of the 2000s, several papers by
Limbach and co-workers11,12 appeared, confirming the existence
of pearl necklaces in linear polyelectrolytes. In the paper of
Ko�sovan et al.13 similar simulation results were confronted with
earlier experimental results on fluorescence depolarization. Simi-
lar behavior may be observed when the side chains or both the
backbone and the side chains are polyelectrolytes. Such systems
have been studied in recent years by computer simulations.
Ko�sovan et al.14 have studied comblike polymers with hydro-
phobic backbone and polyelectrolyte side chains. In this system
the repulsion among the side chains is mostly provided by the
electrostatics, but otherwise the simulation results have shown
behavior qualitatively similar to that predicted by the theory for
the neutral combs.18 Comblike copolymers formed as interpo-
lyelectrolyte complexes have been studied by Kramarenko
et al.,15 and more recently the same authors simulated polyelec-
trolytes with functional groups in the side chains.16 Nevertheless,
until now there has not been any systematic study which would
confront the results of the scaling theory18 with simulation results
and analyze the validity of the predictions.

The aim of the present paper is to analyze intramolecular
conformational transitions in amphiphilic graft copolymers by
means of the molecular dynamics (MD) simulations and to
confront the simulation results with the predictions of the scaling
theory regarding the possibility of formation of intramolecular
aggregates of different morphologies including necklace of the
intramolecular starlike micelles and cylindrical structures.

The paper is organized as follows: In section II we introduce
the computational model and method. The updated scaling
theory of intramolecular structure formation in amphiphilic graft
copolymers is outlined in section III. The simulation results are
discussed in section IV. Finally, in section V we summarize our
conclusions.

II. Computational Model and Method

Graft Copolymer Architectures. The simulated graft copo-
lymer comprises multiple side chains regularly attached to
the backbone. Its architecture is schematically shown in
Figure 1. The number of monomer units in the backbone is
Nb=320orNb=500.The backbone length has been chosen
as a compromise between the large number of themain chain
monomer units typical for experimental systems and re-
quired for observation of a well-defined intramolecular
structures on one hand and limitations due to computer time
on the other hand.

The grafting density is characterized by the ratio between
unperturbed dimensions of an individual side chain and the
average distance between neighboring grafts along the
backbone, thus measuring the degree of overlap of the

neighboring grafts. The corresponding scaling variable which
quantifies the grafting density is defined below (see eq 11). In
our simulations the grafting density is varied in such away that
for given values of the side chain length, n, and the backbone
length,Nb, we vary systematically the spacing between the side
chains, m. In particular, we have simulated graft copolymers
with (i) side chains of length n=40and spacingm=4andm=8
monomer units (densely grafted copolymers) and (ii) side
chains of length n=5 and spacings m=4, 6, and 8 monomer
units (sparsely grafted copolymers). The architectural para-
meters of the polymers are listed in Table 1.

For each of the architectures, the interaction parameter εLJ
which controls the solvent quality for the backbonewas system-
atically varied in order to cover solvent quality ranging from
close-to-theta solvent up to a very poor solvent. (The exact
meaning of the εLJ parameter will be described in the following
section after the interaction potentials will be introduced.)

Interaction Potentials and Parameters. We use the bead-
spring model of the polymer with no restrictions on bond
angles between the beads. Each bead may represent one or
more monomer units, depending on how the model is
mapped onto a real polymer. The simulation is performed
in the dilute solution limit; i.e., we have one polymer
molecule in the simulation box. The box is larger than any
of the dimensions of the molecule.

The polymer contains two types ofmonomer units: hydro-
phobic ones in the backbone and hydrophilic ones which
form the grafts. For the interaction between hydrophilic
monomer units of the side chains we use only the repulsive
part of the LJ potential, also known as the Weeks-Chand-
ler-Andersen or WCA potential:
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where we set εLJ0 =1.0, σLJ0 =1.0, and the interaction cutoff
Rc

0 =21/6σLJ0 . The same interaction potential is used for the

Figure 1. Schematic illustration of the graft copolymer architecture.
Colors: main chain (backbone), blue; side chains (grafts), red.

Table 1. Architectures of Simulated Copolymers
a

backbone
length Nb

side-chain
length n

side-chain
spacing m

backbone
hydrophobicity εLJ

320 40 4 0.3-2.0
320 40 8 0.3-1.4

320 5 4 0.6-1.5
320 5 6 0.6-1.5
320 5 8 0.6-1.5
500 5 6 1.2

aThe backbone length,Nb, is the same for all systems. Two values of
side-chain length, n, are used and for each of thema series of spacings,m.
The empty row separates the systems with high (top) and low (bottom)
grafting densities.
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cross-interaction between the hydrophilic and hydrophobic
units. The interactions between hydrophobic monomer
units of the backbone are modeled by the Lennard-Jones
potential (LJ)

ULJ ¼ 4εLJ
σLJ

r
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with a shift of c(Rc)=(σLJ/Rc)
6 - (σLJ/Rc)

12 and the cutoff
radius Rc=2.5σLJ. We fix the monomer size by setting σLJ=
1.0. The depth of theminimumof the potential is controlled by
the value of the εLJ parameter. Its magnitude determines the
hydrophobicity (solvent quality) for the hydrophobic mono-
mer units. As a reference for the scale of solvent quality, we use
the result of Micka, Holm, and Kremer,22 who have deter-
mined that for the polymer model with the same interaction
parameters as we use here εLJ=0.34( 0.02 corresponds to the
Θ solvent conditions. In the simulations presented here we use
εLJ=0.60-2.0, which is in the poor solvent regime.We do not
go beyond the maximum value of εLJ=2.0 because of the
technical limitations of the simulations: systems with higher
values of εLJ tend to be trapped in kinetically frozen states and
do not relax to equilibrium on time scales accessible to our
simulations.

Chemical bonds (connectivity) along the polymer back-
bone are modeled by the finite-extension nonlinear elastic
(FENE) potential

UFENE ¼ -
1

2
KFENERFENE

2 ln 1-
r

RFENE
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 !

ð3Þ

wherewe set the stiffness constantKFENE=7.0 and the cutoff
radius RFENE=2.0. These values, combined with the L-J
potential, ensure the average bond length about 1.0σLJ. For a
more detailed discussion of the potentials and themeaning of
their parameters we refer the reader to the book of Binder23

and references therein.
Simulation Method.We are using the molecular dynamics

(MD) simulation method with the Langevin thermostat.24 It
involves the solution of classical Newtonian equations of
motion, which include two additional forces:

mi
d2ri
dt2

¼ -r
X
j 6¼i

UðrijÞ þ FD
i þ FR

i ð4Þ

where ri is the position vector of ith particle,mi is its mass, t is
time, and U(r) is the interaction potential. The dissipative
forceFi

D and the random forceFi
R emulate the collisions with

solventmoleculeswhich are not simulated explicitly. The two
forces are defined by the following relations

FD
i ¼ -mΓ

dri
dt

ð5Þ
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ÆFR
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where kB is the Boltzmann constant and Γ is the coupling
constant of the heat bath. The use of the implicit solvent
allows us to reduce the number of degrees of freedom of the
simulated system and thus to simulate much longer times in

comparison with explicit solvent models. The simulations
were performed using the ESPResSo software package.25,26

Having set the monomer size as σLJ = σLJ0 = 1.0, it is
convenient to use it as a natural (reduced) unit of length. We
fix temperature by setting kBT=1.0 and measure energy in
units of kBT. Time is measured in the standard Lennard-
Jones units of time, t*=σLJ(m/kBT)

1/2. The integration of the
equations of motion is performed with the time step Δt=
0.0125 t* and the thermostat coupling constant Γ=1.0 t*-1.
A typical simulation lasts about 5 � 105 t*, out of which
about 1� 105 t* are discarded as equilibration and in the rest
of the simulation the conformations are sampled every
250 t*.

III. Scaling Theory of Intramolecular Structures in Amphi-
philic Graft Copolymers

Following the scaling approach developed in ref 18, we
describe below different intramolecular structures emerging in
amphiphilic graft copolymers as a result of conformational
transition induced by a decrease of the solvent quality for the
backbone. In the scaling analysis, we assume that both the grafts
and the spacers are flexible and comprise n andmmonomer units
of equal size, respectively (see also schematic illustration in
Figure 1). The size of the monomer unit (controlled by σLJ in
simulations) is used as a unit of length. The good solvent quality
for the monomer units of the grafts is characterized by the
excluded volume parameter (second virial coefficient normalized
by the cube of the monomer unit length) v≈ 1. The poor solvent
quality for the backbone can bequantified by theFlory-Huggins
parameter χg χθ� 1/2. The latter can be quantitatively related to
the parameter εLJ used in our simulations, which determines the
strength of the monomer-monomer attraction and thus is the
measure for the monomer hydrophobicity. In the vicinity of the
theta-point, χ- 1/2, 1, it is convenient to introduce the thermal
blob size, ξt ∼ (χ - 1/2)-1, which is proportional to the
correlation length of density fluctuations in a polymer globule.27

Close to the theta-point all the local properties of the polymer
globule can be presented as power-law functions of ξt: The
concentration of monomer units in a polymer globule formed
by infinitely long chain is τ= ξt

-1. The free energy per monomer
unit in a large globule scales as μ=-kBTξt

-2=-kBTτ
2, whereas

the excess free energy of the globule-solvent interface (per unit
area) is given by

γ= kBTξt
-2 = kBTτ2 ð8Þ

The extensional force that is necessary to apply to the chain
ends in order to unfold the collapsed polymer globule28 scales as
f/kBT = (-μ/kBT)

1/2 = ξt
-1 = τ.

This universality breaks down for strongly hydrophobic poly-
mer when (χ- 1/2) g 1. In this regime, which is most relevant in
our simulations, the density of the collapsed globule asymptoti-
cally approaches the value of the order of unity, τ(χ)f 1, whereas
μ(χ) and γ(χ) remain increasing functions of χ; that is, they
increase upon an increase in the hydrophobicity of the main-
chain monomer units.29

Collapse Transition and Intramolecular Structures in Den-
sely Grafted Copolymers. We start with outlining scaling
theory predictions for the intramolecular structures arising
in densely grafted copolymers (molecular brushes) as a result
of collapse of the main chain. We distinguish three main
scaling regimes for densely grafted copolymer depending on
the range of the solvent quality: in the theta-regime the
backbone remains uniformly stretched whereas two other
regimes (with confined and nonconfined intramolecular
micelles) correspond to locally collapsed conformations of
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the main chain of the molecular brush, Figure 2. The theta-
regime and the regime of nonconfined micelles have been
discussed in detail in refs 3 and 18, andwe only briefly outline
predictions of the theory with respect to the graft copolymer
conformations in these regimes. Here we present a more
comprehensive analysis of the structure of the molecular
brush in the vicinity of the onset of the collapse transition (i.
e., in the regime of confined intramolecular micelles) as
compared to our previous consideration in ref 18.

1. Graft Copolymer under Theta-Solvent Conditions for the
Main Chain. As has been discussed in ref 3 under theta-
solvent conditions for the main chain, the balance of repul-
sive interactions of the grafts and entropic elasticity of the
backbone results in equilibrium stretching of both the grafts
and the spacers. The grafts are stretched to the size

Dθ = n3=5υ1=5ζ5=21 ð9Þ
and the size of the stretched spacers is

hθ =m1=2ζ5=21 ð10Þ
where following ref 18 we have introduced the scaling
parameter

ζ ¼ n3=5υ1=5

m1=2
ð11Þ

characterizing density of grafting of the side chains to the
backbone: ζ . 1 for densely grafted copolymers, n . m,
whereas for sparsely grafted copolymers, n e m, one finds
ζe 1. (We draw the attention of the reader to the fact that in
ref 18 the symbol γwas used instead of ζ for the same scaling
parameter. Here and below we use γ to denote the excess
interfacial free energy.) The elastic tension arising in themain
chain is given by

fθ

kBT
=m-1=2ζ5=21 ð12Þ

Each spacer can be envisioned as a string of elastic blobs30 of
size ξθ ∼ kBT/fθ. Since the blobs are Gaussian, each of them
comprises gθ = ξθ

2 = mζ-10/21 monomer units. Hence, the
number of elastic blobs per spacer m/gθ = ζ10/21 . 1,
provided that ζ .1, which specifies conditions of strong
stretching of spacers.

On a large scale the graft copolymer behaves as a self-
avoiding wormlike chain characterized by an effective con-
tour length L= (Nb/m)h, effective thicknessD, and effective
(apparent) persistence length.5-7

2. Necklace of Confined IntramolecularMicelles.The onset
of collapse transition in the stretched backbone is specified
by the condition ξt e ξθ, which occurs at τ g τc, where

τc =m-1=2ζ5=21 ð13Þ
Hence, the collapse transition in the molecular brush is
shifted significantly into the range of poor solvent conditions
as compared to the onset of the coil-to-globule transition in
the main chain without grafts (τ g Nb

-1/2) and even to
that in a single spacer alone (τ g m-1/2). The magnitude of
the shift is controlled by the grafting density parameter ζ.

At τ g τc the main chain of the molecular brush is locally
collapsed, whereas on the large scale the macromolecule
retains the wormlike chain conformation. In this regime we
anticipate formation of a pearl-necklace structure of
the starlike intramolecular micelles consisting of globular

domains, each comprising pc collapsed spacers and deco-
rated by a corona formed by the same number of grafts. The
collapsed globular domains are separated by bridges; each
bridge comprises pb spacers. Then p= pb þ pc is the total
number of grafts per period of the structure along the back-
bone (per one intrachain micelle). The total number of
micelles in the chain is Nb/(m(pc þ pb)).

If h(τ) be the average axial distance per one graft, then the
axial length of the brush per micelle is H(τ) = ph(τ). We
assume (and this will be proven below) that at τc e τ e τ*,
where

τ�=m-1=2ζ25=27 ð14Þ
the axial length of the brush per micelle, H=h(pc þ pb), is
smaller than the brush thickness D, which implies strong
longitudinal confinement of the intramolecular micelles.

The free energy of the chain of confined intramolecular
micelles can be presented as

Fðh, pc, pbÞ ¼ Fcorona þ Finterface þ Fbridge ð15Þ
where the first term describes excluded volume interactions
between the grafts, the second term accounts for the excess
free energy of the interface between collapsed globular cores
of the intramolecular micelles and the surrounding solution,
and the last term describes free energy of the segments of the
main chain forming the bridges.

The coronal contribution to the free energy (in kBT units)
per one intrachain micelle can be calculated following ref 31
as the number of coronal blobs by integrating local number
density of the blobs ξ-3(r) over the volume of the corona:

Fcorona

kBT

� �
per micelle

=
Z H

Rcore

r2 dr

ξ3d
3ðrÞ þ

Z D

H

Hr dr

ξ2d
3ðrÞ ð16Þ

Here ξ3d(r) = r/pc
1/2 is the size of the blob at distance r from

the center of the core domain in the central nonconfined
region of the corona, Rcore e r e H, where it preserves the
same spherically symmetric structure as in a spherical star-
likemicelle.31,32 In the confinement region,He reD, where
the corona acquires cylindrical symmetry, the blob size is
given by33 ξ2d(r) = (Hr/pc)

1/2.

Figure 2. Schematic illustration of the necklace of confined (top) and
nonoverlapping (bottom) intramolecular micelles. Colors: main chain
(backbone), blue; side chains (grafts), red.
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After performing integration in eq 16, we obtain

Fcorona

kBT

� �
per micelle

= p3=2c ln
H

Rcore

� �
þ pc

3=2 D

H

� �1=2

- 1

" #

ð17Þ
In the strong confinement regime, D . H, the extension of
the coronal chains, D, is given by the same expression as in
longitudinally uniform cylindrical brush

DðhÞ= n3=4υ1=4h-1=4 ð18Þ
that leads with the account of the relationH=hp and under
the assumption that pc . pb to the final expression for the
coronal free energy

Fcorona

kBT

� �
per micelle

= pc
3=2 ln

H

Rcore
þ ðpc þ pbÞn3=8υ1=8h-5=8

ð19Þ
The first term in eq 19 describes the contribution from quasi-
spherical region of the corona, which is proximal to the core
and unperturbed by confinement, whereas the second term
describes the distal region which retains cylindrical brush
structure and accounts for the contribution from both the
grafts forming the coronas of the intrachain micelles and
those belonging to the bridges.

The excess free energy of the interface of collapsed glob-
ular core of the size Rcore = (pcm/τ)1/3 is given by

Finterface

kBT

� �
per micelle

=
γ

kBT

pcm

τ

� �2=3

ð20Þ

The free energy of a segment of the main chain bridging the
cores of two neighboring intrachain micelles can be pre-
sented as

Fbridge

kBT

� �
per micelle

=
ðpc þ pbÞ2h2

pbm
þ pbmτ2 ð21Þ

where the first term describes conformational free energy of
the stretched bridge and the second term accounts for the
increase in the free energy of the excluded volume interac-
tions of a segment of the main chain upon its transfer from
the bulk of the collapsed hydrophobic domain to the
stretched bridge, that is, into poor solvent. (We remind the
reader that μ/kBT=-τ2 corresponds in volume approxima-
tion to the free energy of a monomer unit in collapsed
globule.27)

Finally, the total free energy of the graft copolymer is
presented as

F

kBT
¼ Nb

m

 
1

pc þ pb

"
γ

kBT

pcm

τ

� �2=3

þ pc
3=2 ln

H

Rcore

#

þ n3=8v1=8h-5=8 þ ðpc þ pbÞh2
pbm

þ pbmτ2

pc þ pb

!
ð22Þ

Minimization of the free energy, eq 22, with respect to pb
under the assumption that pb , pc gives

pb

pc þ pb
=

h

mτ
ð23Þ

and, correspondingly, the contribution of bridges to the
overall free energy scales as

Fbridge

kBT
=

Nb

m
hτ ð24Þ

Minimization of the free energy with respect to h leads to
the relation

τ= n3=8υ1=8h-13=8 ð25Þ
or

hðτÞ ¼ hθ
τ

τc

� �-8=13

Hence, the average axial distance between the grafts is
controlled by repulsive interactions in the peripheral cylind-
rical region of the confined coronas of intramolecular mi-
celles.

Minimization with respect to pc provides the expression
for the number of spacers involved in one collapsed domain:

pc, opt = γ6=5ðm=τÞ4=5 ln
H

Rcore

� �-6=5

ð26Þ

which is, with the accuracy of logarithmic prefactor, iden-
tical to that in a starlike spherical micelle formed by diblock
copolymers with n and m monomer units forming the
hydrophilic and the hydrophobic blocks, respectively.32

Hence, the aggregation number is controlled mostly by re-
pulsive interactions between the grafts in the quasi-spherical
region of the coronawhich is proximal to the core. The size of
the collapsed hydrophobic core is given by

Rcore = ðpcm=τÞ1=2 = γ2=5ðm=τÞ3=5 ð27Þ
The number of spacers included in bridges (per period) can
be calculated as

pb =
hðτÞðpc þ pbÞ

mτ
= pcζ

5=13ðmτ2Þ-21=26 ð28Þ

where we have assumed that pb e pc.
According to eq 26, a decrease in the solvent quality (an

increase in τ) leads to an increase in the aggregation number
and, consequently, to a decrease in the number of intramo-
lecular micelles in the chain. Simultaneously, an axial dimen-
sion of the micelle,H=hp, increases. Although the thickness
of themolecular brushD also increases as a function of τ, the
ratioH/D= (τ/τ*)27/13 grows as a function of τ and becomes
of the order of unity at

τ= τ�=m-1=2ζ25=27 ð29Þ
which corresponds to vanishing confinement of the intra-
molecular starlike micelles. Remarkably, the ratio τ*/τc =
ζ130/189; hence, the regime of confined micelles can be ob-
served only for high grafting densities (large values of ζ).

It is instructive to compare the number of spacers, pc,
included in the core domain of onemicelle and the number pb
of spacers forming bridges connecting it to the neighboring
intramolecular micelles. As follows from eq 28

pb=pc = ζ5=13ðmτ2Þ-21=26 ð30Þ
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As follows from eq 30, at the onset of formation of intramo-
lecular micelles, τ = τ, the numbers of spacers in collapsed
domains and in the bridges are approximately equal, pc =
pb = ζ5/21. For realistic values of ζ this implies the values of
the order of unity. The ratio pc/pb progressively increases as a
function of τ and at crossover to the regime of nonoverlap-
ping micelles, τ = τ*, we find pc/pb = ζ10/9 . 1; that is, the
majority of segments of the backbone are concentrated in the
collapsed micellar cores. We note that due to extended
scaling analysis presented above the diagram of states in
ref 18 is slightly modified: regions II and III merge in a single
region of confined micelles with the parameters summarized
in Table 2.

3. Nonoverlapping Intramolecular Micelles. The regime of
nonconfined starlike intramolecular micelles was discussed
in details in ref 18. Here we only outline the main results.
At τg τ* the molecular brush can be presented as a necklace
of spherical intramolecular micelles with virtually nonover-
lapping starlike coronas. The aggregation number in non-
confined micelles is given by eq 26, but with the logarithmic
factor (ln D/Rcore)

-6/5 since at τ g τ* the distal cylindrically
symmetrical region of the corona disappears and the free
energy of the corona is given by Fcorona/kBT = p1/2

ln(D/Rcore). Hence, in this regime the number of spacers
per one intramolecular micelle increases whereas the number
of micelles in the molecular brush decreases upon a decrease
in the solvent quality as well as in the regime of confined
intramolecular micelles. The radius of the corona (which
coincides with the distance between neighboring micelles) is
given by Dcorona = n3/5υ1/5p1/5 = n3/5υ1/5γ6/25(m/τ)4/25 and
exceeds by far the size of the core Rcore = (m/τ)3/5γ2/5. The
repulsive force arising upon overlap of the coronas f =
Fcorona/D exceeds tension ∼kBTτ in the bridges connecting
globular domains, which ensures only marginal overlap of
the micellar coronas.

4. Finite-Size Effects. In the above-presented analysis of the
evolution of conformations of graft copolymers in course of
the collapse, we implicitly assumed that the number of grafts
(and spacers) in the copolymer is sufficiently large. In this
case, the local conformational structure of the copolymer is
not affected by the length of the backbone and the end effects
are negligible. Indeed, as we have discussed above, the free
energy per one spacer involved in the formation of the
spherical intramolecular micelle, eq 15, exhibits a sharp mini-
mum as a function of the aggregation number p. The optimal
aggregationnumber p=popt corresponding to thisminimum is
given by eq 26. In the case of Nb/(poptm) . 1 variation in the
number of micelles in the chain (which can assume only
integer values) corresponds to fairly continuous variation of
the number of spacers per micelle. The number of intramole-
cular micelles and the number of spacers in each micelle
experience thermal fluctuations around the optimal values.
However, relative fluctuations in the number of micelles (and
in all the large scale properties likeRg andRh) are small; all the
micelles comprise fairly equal numbers of spacers p ≈ popt.

Below we briefly discuss the finite size effects arising in
graft copolymers with relatively short backbones and/or
large aggregation numbers in optimal micelles, Nb/(mpopt)
∼ 1. If this number is not close to an integer, the chain cannot
assume a configuration of necklace of micelles with equal ag-
gregation numbers close to the optimal ones. As a result, the
minimal free energy may correspond either to a neck-
lace of micelles with equal but nonoptimal (p g popt or p e
popt) aggregation numbers or to a necklace comprising
micelles with significantly different aggregation numbers.

Consider first the situation 1 e Nb/(poptm) e 2, which for
a given Nb, n, m corresponds to a certain range of variation

of εLJ. From the symmetry reason, it is clear that in this
range of parameters the graft copolymer molecule either
forms one intramolecular micelle with aggregation number
p g popt or splits into two micelles with p e popt. The
transition from one to two micelles occurs at a certain value
of εLJ(tr) corresponding to a particular value of the ratio
Nb/(mpopt) (simple analysis based on harmonic approxi-
mation for the free energy F(p) leads to the value of 4/3
for this ratio in the transition point). In the vicinity of the
transition point the copolymer chain samples with approxi-
mately equal probabilities the states with one and two
intrachain micelles. As a result, its size and shape experience
strong fluctuations (relative fluctuations of the order of
unity).

Further decrease in the main-chain hydrophobicity brings
the system to the situation 2 e Nb/(poptm) e 3. In this range
of εLJ the transition from the conformationwith twomicelles
with p > popt to the conformation with three micelles, two
larger ones at the ends of the chain and one smaller in the
middle of the chain, occurs. Again, relative fluctuations inRg

and Rh near the transition point where conformations with
different numbers ofmicelles coexist are of the order of unity,
though less dramatic than those accompanying splitting of a
single intramolecular micelle.

Cascade of the conformational transitions related to an
increase in the number of intramolecular micelles is accom-
panied by progressively decreasing peaks in the relative
fluctuations of the chain size, reflecting coexistence of con-
formations with different numbers of micelles.

Intramolecular Structures in Sparsely Grafted Copolymers.
Similarly to diblock copolymers with long hydrophobic
blocks capable of self-assembly into nanostructures of di-
verse morphologies,34,35 graft copolymers with sufficiently
long hydrophobic spacers are expected to exhibit poly-
morphism of the intramolecular structures.18 In both cases
so-called crew-cut aggregates of different shape character-
ized by relatively large hydrophobic domains decorated by
thin hydrophilic coronas are formed.

The driving force for the morphological transition is
the gain in conformational entropy of the extended core-
forming blocks (spacers) penalized by an increase in
the repulsive interactions in the hydrophilic coronas of the
aggregates upon transformation of spherical micelles to
cylindrical ones and further to quasi-planar (vesicles, discs)
structures. Hence, the sequence of the sphere-to-cylinder and
cylinder-to-disc (vesicle) transitions can be provoked by a
decrease in hydrophilic/hydrophobic balance caused, e.g., by
decreasing solubility of the corona-forming chains or by
increasing hydrophobicity of the core-forming blocks.

Quantitatively, the condition ζ e 1 has to be fulfilled to
enable formation of cylindrical intramolecular micelles in a
certain range of the solvent quality conditions for the

Table 2. Scaling Dependencies for Local Conformational Properties
of the Densely Grafted, ζ g 1, Copolymers in Different Regimes

Corresponding to Variation in the SolventQuality for theMainChain

regime θ confined micelles nonconfined micelles

τ τ < τc τc < τ < τ* τ > τ*

pc (mτ2)4/5 (mτ2)4/5

pb ζ5/13(mτ2)-1/130 n3/5v1/5m-21/25τ-17/25

h ¥ m5/26τ-8/13ζ5/13 n3/5v1/5(mτ2)-16/25

H m1/2ζ5/21 m129/130τ64/65ζ5/13 n3/5v1/5(mτ2)4/25

D n3/5v1/5ζ5/21 (n3/5v1/5)15/13τ2/13 n3/5v1/5(mτ2)4/25

f/kBT m-1/2ζ5/21 τ τ
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main chain. The range of thermodynamic stability of the
cylindrical intramolecular aggregates is given by

m1=2ζ5
kBTτ3

γ
= 1 ð31Þ

The latter equation specifies (with different numerical pre-
factors) the transition lines (binodals) at which cylindrical
unimolecular micelles coexist in equilibrium with a necklace
of spherical intramolecular micelles or with discs (vesicles).
As follows from eq 31, fusion of intramolecular spherical
micelles into a cylindrical unimolecular micelle is predicted
to occur upon a decrease in parameter ζ, which may be
induced (for a fixed copolymer composition) by a decrease in
the excluded volume repulsive interactions of the coronal
chains. Analogous morphological transitions in diblock
copolymer micelles induced by variation in the quality
of repulsive interactions in the corona have been studied in
ref 34.

Alternatively, the variation of the ratio τ3/γ as a result of
the change in hydrophobicity of the main-chain monomers
mayprovoke transition between intramolecular structures of
different morphologies. As discussed in the beginning of this
section, in the vicinity of the theta-point, χ - 1/2 , 1, the
scaling relation γ/kBT ∼ τ2 holds and the ratio τ3/γ is an
increasing function of χ. On the contrary, at χ- 1/2g 1, the
density of the collapsed polymer globule approaches the
limit of τ∼ 1 whereas γ increases and the τ3/γ ratio decreases
as a function of χ. Hence, we conclude that an increase in
χ may provoke the transition from a necklace of spherical
micelles to a unimolecular cylindrical micelle provided the
main chain of the graft copolymer is sufficiently long.

IV. Simulation Results and Discussion

All the performed simulations clearly indicate progressive
collapse of the graft copolymer molecules when the hydrophobi-
city of the backbone increases. This behavior is common for both
the systems with low and high grafting densities. It can be seen
from the dependencies of the hydrodynamic radius, Rh, on
solvent quality for the backbone (quantified by parameter εLJ).
They are presented in Figure 3 (high grafting density) and in
Figure 4 (low grafting density). The hydrodynamic radius was
calculated using the expression for the Zimm model in Kirk-
wood-Riseman approximation.36 The dependence of Rg on εLJ
(not shown) qualitatively follows the same trend with slightly
larger fluctuations and error bars. The variation of the ratio
Rg/Rh is plotted as a function of εLJ in Figure 5 for the high
grafting density and in Figure 6 for the low grafting density.
A decrease in the Rg/Rh ratio as a function of εLJ indicates
progressive variation in the shape of the macromolecule as a
whole in the course of the collapse induced by the decrease in the
solvent quality for the backbone.

Figure 7 shows the average stretching (end-to-end distance) of
the side chains for the systemswith high grafting density. It shows
that although the polymer molecule as a whole collapses and its
dimensions decrease with increasing εLJ, the steric repulsion
among the side chains increases, which causes increasing stretch-
ing of the side chains with increasing hydrophobicity of the
backbone.37

However, an analysis of collective variables such as Rg or Rh

does not enable us to trace the sequence of intramolecular
conformational transitions predicted by theory. Therefore, be-
fore performing a detailed numerical analysis of the evolution of
the intramolecular structure as a function εLJ, we illustrate typical
observed conformations using simulation snapshots. Figure 8
shows snapshots of a selected polymer with high grafting density

(side-chain length m=40 and spacer length n=8). For densely
grafted polymers the theory predicts that upon decreasing solvent
quality for the backbone (increasing εLJ) the macromolecule

Figure 3. Variation of the hydrodynamic radius,Rh, with the change of
the solvent quality for the backbone (εLJ, eq 2) for copolymerswith high
density of grafts (see Table 1).

Figure 4. Variation of the hydrodynamic radius,Rh, with the change of
the solvent quality for the backbone (εLJ, eq 2) for copolymers with low
density of grafts (see Table 1).

Figure 5. Variation of the ratio Rg/Rh with the change of the solvent
quality for the backbone (εLJ, eq 2) for copolymers with high density of
grafts (see Table 1).
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acquires a pearl-necklace-type conformation. The pearl size is
increasing whereas the number of pearls is decreasing with
increasing εLJ. This is perfectly confirmed by the snapshots. At
large values of εLJ a single pearl (intramolecular starlike micelle)
is observed.

Figure 9 shows snapshots of a selected polymer with low
density of grafts (side-chain length m=5 and spacer length n=
6). Such polymers are expected to exhibit a pearl-necklace
structure at moderate values of εLJ and undergo a transition to
a unimolecular cylindrical micelle upon an increase in εLJ, which
is also observed in the snapshots. For convenience, below we
discuss the simulation results for graft copolymers with high and
with low grafting densities in separate sections.

Copolymers with High Grafting Density: Starlike Intramo-
lecularMicelles. In Figure 10 the average number of pearls in
the backbone as a function of its hydrophobicity is plotted
for the copolymers with high grafting density: n=40, m=4
and n=40,m=8 (see also Table 1). To identify the pearls and
calculate their size, we use the algorithm of Limbach et al.11

The number of pearls in the backbone calculated by this
algorithm can be identified with the number of intramole-
cular micelles.

As discussed in the Theory section, the onset of the pearl
formation occurs at certain poor solvent conditions for the
main-chain monomers that corresponds in terms of our
computational model to a certain value of εLJ > εLJ(θ)=
0.34. In line with the predictions of the theory, we find that
the number of pearls decreases with increasing εLJ in the
range of intermediate and large εLJ values. Since the back-
bone length is constant and most of its material is in the
pearls, decrease in their number implies simultaneous in-
crease in their size. At a given value of εLJ the number of
pearls decreases (that is, the number of spacers in each pearl
increases) as a function of spacer length, m, in line with
prediction of eq 26. We remark that qualitatively similar
behavior has been observed for the copolymers with low
density of grafts (Figure 13) which are discussed in the
following section.

In the limit of large εLJ, corresponding to strong hydro-
phobicity of the main chain, the number of intramolecular
micelles decreases, approaching a certain limiting value
which in simulations is found to be equal to or larger than
unity, depending on the length of the spacers, m.

The derivation of scaling relations for the aggregation
number, p (eq 26), and for the size of the hydrophobic
domains, eq 27, as a function of m and solvent quality
conditions is based on the assumption of Gaussian elasticity
of the spacers stretched in the radial direction inside the
collapsed domains. This approximation is applicable as long
as Rcore e m/2. The hydrophobic units of the backbone fill
the volume of the pearl while the side chains are pulled
outside into the corona. As a result, the branch points are
located at the surface. This implies that whenRcore∼m/2 the
spacers in the pearls are stretched almost to the limit of their
extensibility. In this regime the scaling relations, eqs 26 and
27 are not directly applicable. To estimate the pearl size in the
regime when the spacer is strongly stretched, one can use
geometrical arguments. At a given spacer length m, we
assume that the radius of the pearl must satisfy Rcore e m/
2. Note that this condition is actually too strict, especially for
lowm, because it does not take into account the roughness of
the surface of the small pearl as well as the fact that the
segment does not have to be placed exactly in the center of
the pearl, the fact that the pearl does not have to be exactly

Figure 6. Variation of the ratio Rg/Rh with the change of the solvent
quality for the backbone (εLJ, eq 2) for copolymers with low density of
grafts (see Table 1).

Figure 7. Variation of the end-to-end distance,Re, of the side chains as
a function of the solvent quality for the backbone (εLJ, eq 2) for systems
with high density of grafts (see Table 1).

Figure 8. Simulation snapshots of thepolymerwithhighdensity of grafts and the spacer size ofm=8monomers illustrate the pearl-necklace transition
with decreasing solvent quality (increasing εLJ) for thebackbone.Tomake the structure of thebackbone clearly visible, the side chains are onlydrawnas
thin lines. Also for better visibility, magnification of the polymers slightly increases from left to right. In reality, the size of a segment is identical for all
the polymers. Colors: backbone, blue; side chains, red.
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spherical, etc. Nevertheless, we can estimate the volume of
the largest possible pearl as Vmax=

4/3π(
m/2)

3. Recalling that
the diameter of the monomer unit is our unit of length, we
can calculate the volume of a single monomer unit, v =
4/3π(

1/2)
3. Then we can calculate the maximum number of

monomer units in a pearl for a given spacer length as

np;max ≈ y
Vmax

υ
¼ ym3 ð32Þ

where y is the packing fraction of monomer units. For hard
spheres, the maximum possible packing fraction is y=74%.
In the simulated systems we have soft spheres, but still it is
reasonable to assume that ye 1.0. From eq 32, themaximum
possible aggregation number of the micelles, pmax, can be
expressed as

pmax ≈ np;max=m ≈ ym2 ð33Þ
Upon a decrease in the solvent quality for themonomer units
of the main chain, the number of spacers in a pearl will grow
asymptotically approaching themaximum value of p≈ pmax.
For a given backbone length,Nb, the number of pearls on the
polymer will be given as Nb/np,max. Hence, for a sufficiently
long backbone, we getNb/np,max. 1; i.e., in the limit of high
εLJ (very poor solvent) the polymer will end up in a con-
formation comprising multiple pearls.

If we apply the calculations of the previous paragraph to
the simulated polymers, taking y≈ 1, form=8 andNb=320
we get Nb/np,max ≈ 0.625 <1.0. The simulation results
(Figure 10) show that indeed this polymer forms a single
pearl at high values of εLJ. On the other hand, for m=4, the

same calculation yields Nb/np,max ≈ 5, whereas Figure 10
shows that at high εLJ the polymer forms two pearls. This
suggests that in reality the maximum pearl radius is slightly
larger than Rcore = m/2, which is in agreement with our
expectations. Nevertheless, the results clearly show that for a
given spacer length, m, a certain maximum pearl size exists
and a densely grafted copolymer with sufficiently long back-
bone forms in the limit of high εLJ (very poor solvent) a chain
of multiple intramolecular micelles.

The geometrical limitations to the pearl size grow with the
cube of the spacer length. Therefore, the geometrical limita-
tions to the pearl size are significant only for relatively short
spacers. The same calculation for spacers ofm=8andm=10
yields that the limit of extension would be achieved only in
the pearl composed of about 1400 and 2700 units, respec-
tively. Since only relatively short graft copolymer chains
were simulated, formg 8 the number of grafts in the optimal
micelle at εLJ f 2 is equal to or larger than the overall
number of grafts in the chain. Therefore, in the range of
strong hydrophobicity of the main chain, εLJ f 2, the whole
copolymer molecule collapses into one starlike intramolecu-
lar micelle.

At low values of εLJ both plots in Figure 10 show that the
algorithm counts the number of pearls as an increasing
function of εLJ. In the detection algorithm we set the mini-
mum detectable pearl size to 10 segments. Therefore, all
aggregates smaller than this size are below the detection limit
and are not counted. Setting a smaller detection limit is
hardly possible because smaller pearls cannot be unambigu-
ously identified. As one can see from the error bars in
Figure 10, in the range of low εLJ the number of detectable
pearls is strongly fluctuating. When one follows several
simulation snapshots in a row, it can be noticed that pearls
appear anddisappear repeatedly, being destroyed by thermal
fluctuations. In this range of εLJ the majority of the main
chain monomers are not yet included in the pearls, and an
increase in the pearl number is accompanied by their growth.
This is in contrast with the behavior at large εLJ where most
of the main-chain monomer units are in the pearls, and thus
an increase in the aggregation number implies a decrease in
the pearl number.

We remind the reader that scaling theory predicts forma-
tion of intramolecular micelles with finite aggregation num-
ber within a narrow range of variation of the solvent quality
near the transition point. Hence, the theory predicts a
nonmonotonous variation of the number of pearls in the
chain as a function of (decreasing) solvent quality: a sharp
increase in the number of pearls near the critical point τ= τc
is followed by a continuous decrease in the number of pearls
upon further decrease in the solvent quality. A similar effect

Figure 10. Number of aggregates (pearls) on the backbone as a func-
tion of εLJ for the copolymers with high density of grafts.

Figure 9. Simulation snapshots of the polymer with low density of grafts and the spacer size of m = 6 monomers illustrate the transition from a
wormlike structure through a cylindrical micelle down to a sphericalmicelle with decreasing solvent quality (increasing εLJ) for the backbone. Tomake
the structure of the backbone clearly visible, the side chains are only drawnas thin lines.Also, for better visibility,magnification of the polymers slightly
increases from left to right. In reality, the size of a segment is identical for all the polymers. Colors: backbone, blue; side chains, red.
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of the finite size (single) pearl nucleation occurs in a chain
stretched by external force upon a continuous decrease in the
solvent strength.29 Obviously, no scaling regime character-
ized by an increase in the number of pearls as a power law
function of the solvent quality can be identified.

More precise analysis of the process of the pearl nucleation
in the main chain is beyond the accuracy of the scaling
approximation. Hence, we can conclude that strong fluctua-
tions and smooth increase in the apparent number of pearls
as a function of εLJ is a signature of the process of the pearl
nucleation and a manifestation of strong fluctuations in the
main-chain conformation near the transition point.

The position of the maximum in the number of detectable
pearls as a function of εLJ may be considered as an upper
estimate for the transition point εLJ,c.Upon an increase in the
grafting density a shift of the position of the maximum
toward larger values of εLJ is observed which is in agreement
with the theoretical predictions, eq 13.

Detailed information about evolution of the number of the
intramolecular micelles and about local conformation of the
graft copolymers can be obtained from the plots of the bond
angle cosines. We define the ensemble-averaged bond angle
cosine for the ith bond angle, cos(θi), as

ÆcosðθiÞæ ¼ ÆrBi 3 rBi þ 1æ ð34Þ
where rBi is the bond vector between the ith and (i þ 1)st
monomer unit. Both vectors are normalized to unit length.
The angular brackets denote ensemble averaging. Themean-
ing of the angle θ is illustrated in Figure 11.

The analysis of bond angle cosines as functions of bond
positions, i, enables us to study the local extension of the
chains. Thus, we can distinguish between expanded and
collapsed domains within a single molecule. For a monomer
unit inside a collapsed domain, the bond angle can take all
values with approximately the same probability; only the
excluded volume interaction forbids some values of θ close to
180�, as indicated in Figure 11a. Hence, in a collapsed
domain the Æcos(θi)æ averages out to a value close to zero.
On the other hand, for a monomer unit in a stretched
domain, the angle θ is small, and hence the Æcos(θi)æ has an
average value significantly higher than zero. This is schema-
tically shown in Figure 11b. If a monomer unit is located in a
place where the chain turns back forming a loop, the Æcos(θi)æ
averages out to a value below zero as illustrated in
Figure 11c.

The plots of bond-angle cosines are shown in Figure 12 for
polymer with m=4 and n=40. The top graph for εLJ=0.6
shows a highly stretched backbone without signs of pearls
close to chain ends. Although in Figure 10 we can see that
some pearls are supposed to be present in this system, they
are presumably not well localized and smeared out by
thermal fluctuations. The middle graph in Figure 12 shows
the same polymer under much poorer solvent quality εLJ=
1.4. According to Figure 10, this polymer forms about three
pearls (on average). The undulations in the middle graph of
Figure 12 can be attributed to the stretched parts of the
backbone forming the two bridges. The average number of
pearls of this polymer, however, is slightly larger than 3,
which suggests that it might exhibit some fluctuations in
shape (frustration). Indeed, we have observed such large
fluctuations in shape (frustration) in this polymer. Most of
the time this system is present in the form of three pearls, but
occasionally the central pearl splits into two smaller pearls.
They are best illustrated by a simulation movie which is
provided as Supporting Information.38 It can be also noticed
that the central pearls are much smaller than the pearls at the

ends; i.e., the polymer responds to frustration also by form-
ing pearls of other than the optimum size, popt. This is also
the reason why the presence of the central pearl in the middle
graph of Figure 10 is not well pronounced. Finally, the most
clearly manifested presence of localized stretched part of the
backbone can be observed in the bottom graph of Figure 12,
which corresponds to polymer with a very hydrophobic
backbone, εLJ = 2.0, forming two well-defined pearls. A
detailed inspection of the plots of the bond-angle cosines
shows that they have pronounced spikes at regular intervals
which correspond exactly to the graft spacing. These spikes
acquire negative values in the range where the pearls are
formed, whereas in bridges they almost disappear. Recalling
the discussion of the bond-angle cosines, we know that the
negative values correspond to a chain turning back and
forming a loop. This observation can be explained so that
while the central parts of the spacers form the bulk of the
pearls, at the grafting point, the spacer has to go to the
surface of the pearl. This is most pronounced in pearls,
radius of which is close to the limiting value m/2.

Copolymers with Low Density of Grafts: Morphological
Transitions in the Intramolecular Micelles. Figure 13 shows
the number of hydrophobic domains as a function of the

Figure 11. Illustration of the angle θ in eq 34 and its relation to the
conformation. Part of the chain in a globular conformation (a), part of
the chain that is stretched (b), and a part of the chain which turns back
forming a loop (c). The most probable positions of the second bond
vector are indicated by dotted lines.

Figure 12. Cosine of the bond angle (Æcos(θi)æ) in eq 34 as a function of
monomer position in the chain for different values of εLJ for the polymer
with high density of grafts, n=40;m=4. In the top graph (εLJ= 0.6)
the chain is fully extended, in themiddle one (εLJ=1.4) it forms 3 pearls
with 2 extended spacers, and in the graph at the bottom (εLJ= 2.0) two
pearls and one spacer can be identified.
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hydrophobicity of the backbone, εLJ, for the systems with
low grafting density. Data for several copolymers with fixed
length of the grafts n=5 and different spacings between the
grafts, m=4, 6, 8, are shown (see also Table 1 for polymer
architectures).

As a general trend one can observe that with increasing εLJ
the number of hydrophobic domains decreases down to the
value of unity attained at sufficiently large εLJ for all the
copolymers considered here. For larger spacers, the collapse
occurs at lower values of εLJ than for the smaller spacers,
again in agreement with the theory.

Information about the deviation from spherical symmetry
can be obtained from asphericities of conformations. The
asphericity is defined as39

Ad ¼ 1

dðd - 1Þ
Xd
R¼1

ðqR - qÞ2
q 2

ð35Þ

where qR are individual eigenvalues of the gyration tensor, q
is their arithmetic mean, and d=3 is the space dimension-
ality. For a sphere, Ad=0, whereas it attains a maximum
value of Ad=2/3 for a collinear conformation.

The asphericities of the same copolymers as in Figure 13
are shown in Figure 14. Comparison of the two figures
indicates that for the spacer length m = 4 the structure
adopted at high value of εLJ is not spherical even though
from Figure 13 it is clear that for εLJ g 1.4 it contains only
one collapsed domain. Looking back at the snapshots in
Figure 9, we can see that indeed the backbone collapses into a
single globule which adopts a cylindrical shape. For the
systems with spacer of m= 6 and m= 8 the asphericity
approaches zero at high values of εLJ, indicating that they
adopt spherical conformation.

In order to rationalize this behavior, we remind the reader
that in cylindrical crew-cut micelles the radius of the core
scales as18

Rcyl =
m

τ

γ

nυ1=3

� �6=11

ð36Þ

whereas the axial distance per graft is

hcyl =
τ

m

nυ1=3

γ

 !12=11

ð37Þ

Hence, an increase in the spacer length m leads to a rapid
increase in the radius and a decrease in the axial length of the

cylindrical core of the intramolecular micelle. As a result,
intramolecular micelles formed by sparsely grafted copoly-
mers with sufficiently short main chain adopts symmetrical
quasi-spherical shape, while for observation of cylindrical
intramolecular aggregates simulations of much longer graft
copolymers are needed.

As a proof of the concept, in Figure 15 we present snap-
shots from a simulation for a polymer with a longer back-
bone ofNb=500 graft spacingm=6 and the graft length n=
5. We have not performed a whole series of simulations for
systems with such long backbones because the necessary
computer time increases steeply with the size of the collapsed
domain. To show that in this case the conformation is stable

Figure 13. Average numberof pearls as a functionof hydrophobicity of
the backbone, εLJ, for copolymers with low density of grafts and
different lengths of the spacer, m.

Figure 14. Asphericity of the conformation of the backbone as a
function of its hydrophobicity, εLJ, for copolymers with low density
of grafts and different lengths of the spacer, m.

Figure 15. Simulation snapshot of a polymer with backbone length of
Nb=500 units, spacerm=6, and graft length n=5provided to prove
that for long enough backbones cylindrical conformation is obtained.

Figure 16. Schematic phase diagram showing different conformations
of comb copolymers in selective solvents. The horizontal line ζ = 1
separates the polymers with high (ζ > 1) and low (ζ < 1) grafting
density. The spherical structures in the very poor solvent regime are
attained only for short enough backbones.
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and it is not only a carefully chosen fluctuation, we
also provide a short simulation movie as Supporting Infor-
mation.40

V. Conclusion

Molecular dynamics simulations of amphiphilic nonionic graft
copolymers with variable intramolecular hydrophilic/hydropho-
bic balance qualitatively confirm the predictions of the scaling
theory of the intramolecular conformational transitions and
structure formation in such copolymers.18 Moreover, combina-
tion of the simulations and the scaling approach provided results
which are beyond the capabilities of each of these methods alone,
such as finite-size effects and frustration behavior of real copo-
lymers. InFigure 16wepresent a schematic phase diagram,which
summarizes the results of our simulations and outlines the main
trends in the evolution of the intramolecular structures as a
function of the copolymer architecture (grafting density) and the
backbone hydrophobicity.

In particular, we have shown that collapse of the main chain in
the densely grafted copolymers leads to the formation of a
necklace of intramolecular starlike micelles with hydrophobic
corelike domains (pearls) connected by extended bridges and
hydrophilic (lyophilizing) corona formed by the grafts.

For the copolymers with the same length of grafts, the onset of
the pearl-necklace formation is systematically shifted to smaller
εLJ values (better solvent quality) upon an increase in the number
of monomer units in the spacer.

Scaling analysis predicts that the formation of the finite-size
intramolecularmicelles occurs in a narrow interval of variation of
the main-chain hydrophobicity near the transition point and is
followed by a smooth increase in the aggregation number. The
latter trend is confirmed by simulations. Amore detailed analysis
of the nucleation of pearls in the main chains is, unfortunately,
beyond the resolution of both the scaling analysis and the pearl-
counting algorithm used in our calculation.

The evolution of the number of intramolecular micelles as a
function of variable hydrophobicity of themain-chainmonomers
and as a function of the spacer length was monitored using a
special algorithm of counting the number of the hydrophobic
collapsed domains (pearls).11 The simulation results confirm the
theoretical predictions that the average number of the micelles
per copolymer molecule decreases while the average number of
themain-chainmonomers forming the core of the intramolecular
micelle increases with increasing hydrophobicity of the main
chain. For a given value of εLJ the number ofmicelles in the chain
decreases as a function of the spacer length m.

When the number of micelles in the chain is small, it may be
impossible to split the chain into equal micelles with aggregation
number close to the optimum (corresponding to the minimum
free energy per spacer). Here the system may become frustrated
between configurations which differ by one intramolecular mi-
celle but correspond to similar free energies. In this case the
relative fluctuations in the size of the copolymers become of the
order of unity. This type of frustrated behavior is observed in
simulations in the range of εLJwhengraft copolymers form two to
four intramolecular micelles.

For the sparsely grafted copolymers with relatively long
spacers, m > n, our simulations have unambiguously indicated,
in a certain range of parameters, formation of cylindrical unim-
olecular micelles, in agreement with theoretical predictions.
Moreover, the transition from the necklace of spherical intramo-
lecular micelles to a cylindrical unimolecular micelle has been
observed. As shown in our simulations and supported by
theoretical arguments, this transition may occur upon a decrease
in the solvent quality for the main-chain monomers. The asym-
metrical cylindrical intramolecular micelles are well observed

only for copolymers with sufficiently long backbones. For the
copolymers with shorter backbones (Nb=320, the same spacer
length,m, and side-chain length, n) the intramolecular aggregates
exhibit even at large εLJ onlyweakly asymmetric (quasi-spherical)
shape.
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