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Abstract A survey is given of the simulation methods as applied to the design of nontriv-
ial sequences in synthetic copolymers aimed at achieving desired functional properties.
We consider a recently developed approach, called conformation-dependent sequence de-
sign (CDSD), which is based on the assumption that a copolymer obtained under certain
preparation conditions is able to “remember” features of the original conformation in
which it was built and to store the corresponding information in the resulting sequence.
The emphasis is on copolymer sequences exhibiting large-scale compositional hetero-
geneities and long-range statistical correlations between monomer units. Several new
synthetic strategies and polymerization processes that allow synthesis of copolymers with
a broad variation of their sequence distributions are reported. We demonstrate that the
CDSD polymer-analogous transformation is a versatile approach allowing various func-
tional copolymers to be obtained. Another synthetic strategy is the CDSD step growth
copolymerization which is carried out under special conditions. It includes the intrin-
sic possibilities of exploiting the heterogeneities of the reaction system to control the
chemical microstructure of the synthesized copolymers, making possible new paradigms
for synthesis and production of polymeric materials. In both cases, we try to show how
the preparation conditions dictate copolymer sequences. Also, we discuss advances that
have recently been achieved in the computer simulation and theoretical understanding of
designed copolymers in solution and in bulk. The focus is on amphiphilic protein-like
copolymers and on hydrophobic polyelectrolytes. Here, we demonstrate how copolymer
sequence dictates structure and properties.

Keywords Charged heteropolymers · Copolymers · Phase behavior · Polyamphiphiles ·
Sequence design · Simulation · Solution properties

Abbreviations
A amphiphilic group (monomer, monomeric unit)
α2 chain expansion factor
[AM] mole fraction of intermolecular aggregates of size M
ATC adsorption-tuned copolymer
ATRP atom transfer radical polymerization
b bond length
C symmetric matrix of direct correlation functions
χ Flory–Huggins interaction parameter
χ̃ effective interaction parameter
C0

α bulk concentration of monomer species α

Cα(r) instant local concentration of monomer species α

Cα(z) equilibrium concentration profile of monomer species α

c(r) direct site-site pair correlation function
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CRP controlled radical polymerization
DCTT degenerative chain transfer technique
CDSD conformation-dependent sequence design
DF density functional
DFA detrended fluctuation analysis
∆G change in association free energy
DL block length dispersion
Dλ dispersion within a sliding window of length λ

∆µs solvation free energy
∆(q) determinant of matrix integral equation
∆T∗ change in transition temperature
ε energy parameter
E unit diagonal matrix
ε∗ critical adsorption energy
εPP attraction energy between hydrophilic (polar) segments
f fraction of charged monomers
Φ volume fraction of macromolecules
ϕα average fraction of monomer species α in copolymer chain
φα volume fraction of monomer species α

ϕ
(i)
α intrachain composition profile of monomer species α

φα(r) volume fraction field of monomer species α

FD(λ) detrended local fluctuations within a window of length λ

f (λ) block length distribution function
Fs sequence free energy
γ solvation parameter
h Shannon’s entropy
H hydrophobic monomer (monomeric unit)
H symmetric matrix of total site-site correlation functions
HA model hydrophobic-amphiphilic (side-chain) model
HPE hydrophobic polyelectrolyte
HP model hydrophobic-hydrophilic(polar) model
h(r) total site-site pair correlation function
JS Jensen–Shannon divergence measure
K association equilibrium constant
kB Boltzmann constant
	 block length
L average block length
λ length of sliding window along copolymer sequence
LH average length of hydrophobic blocks
LP average length of hydrophilic (polar) blocks
LRC long-range correlation
m average number of copolymer chains per aggregate
MAST macrophase separation transition
MFPT mean first passage time
MIST microphase separation transition
N total chain length, number of repeat units
Nα number of repeat units of type α (α = A, B) in the chain
NIPA poly(N-isopropylacrylamide)
nJ number of crosslinks
Nτ current chain length
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Ωα volume occupied by monomer species α

ωα(r) average chemical potential field of monomer species α

ODT order-disorder transition
P hydrophilic (polar) monomer (monomeric unit)
PA hydrophilic-amphiphilic copolymer
p(i)
α probability that monomer α is located at the ith position in the chain

PCF site-site pair correlation function
PEO poly(ethylene oxide)
PM probabilistic model
PMF potential of mean force
PMMA poly(methylmethacrylate)
PRISM polymer-reference-interaction-site model
PrP prion protein
PS polystyrene
P(σ ,T) probability of copolymer/particle complex
q wave number
q wave vector
q∗ wave number of maximum instability (peak in the structure factor)
q(r,s) propagator

q†(r,s) conjugate propagator
R size of micelle
ρ monomer number density
r∗ spatial scale of microdomain structure (domain size)
Rg radius of gyration

R2
g mean-square gyration radius

Rapp
g apparent radius of gyration

Rg(t) time-dependent radius of gyration

R2
gH partial mean-square gyration radius of hydrophobic monomers

R2
gP partial mean-square gyration radius of hydrophilic monomers

R2
gΘ mean-square gyration radius of unperturbed chain

RISM integral equation reference-interaction-site model
RPA random phase approximation
rs distance between nearest adsorption sites
s contour length of chain
σ monomer size
σα effective size of monomer species α

SASA solvent-accessible surface area
Sα(q) partial scattering function for monomer species α

SCF self-consistent-field
SCMF self-consistent mean-field
SFRP stable free-radical polymerization
σp size of “parental” particle
T absolute temperature
τ reduced temperature
Θ Flory theta temperature
T∗ temperature of spinodal instability
Θ

(i)
αβ chemical correlator
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Tc critical temperature of counterion condensation
τD characteristic diffusion time
τR reaction time characterizing polymerization rate
τrel chain relaxation time
Ts sequence design temperature
T∗

s critical sequence design temperature
u(r) site-site potential describing interaction between nonbonded monomer units
v probability of location of terminal reactive site in a given volume
W matrix of intramolecular correlation functions
w(q) single-chain form-factor
w(r) intramolecular site-site correlation function
W(r) radial distribution function of monomeric units
W(r∗) distribution of domain sizes
z counterion charge (valence)

1
Introduction: Two Paradigms in Sequence Design

Copolymers have been studied extensively for several decades, partly be-
cause of their industrial and biological importance, and partly because of
their interesting and sometimes perplexing properties. Many physical and
mechanical properties of copolymers, which comprise two or more covalently
bonded sequences of chemically distinct monomer species, depend on both
the comonomer composition and the arrangement of these comonomers in
the polymer chain. There may be significant differences, for example, be-
tween two polymer systems with the same chemical composition, but one of
which has the comonomers randomly distributed in the chain while the other
has long blocks of each monomer type.

One may say that in many cases, sequence dictates structure and proper-
ties. To illustrate this, we will mention only two familiar examples.

Synthetic block copolymers can spontaneously self-assemble into highly
ordered patterns of supramolecular structures (condensed modulated pha-
ses), showing a surprisingly rich morphological behavior. These modulated
phases with length scales on the order of 1 to 103 nm can potentially form the
basis for various nanotechnology applications, including the design of syn-
thetic hierarchical materials, and may be effectively controlled by changing
the lengths of blocks or their distribution along the chain [1].

Typically, proteins fold to organize a very specific globular conformation,
known as the protein’s native state, which is in general reasonably stable and
unique. It is this well-defined three-dimensional conformation of a polypep-
tide chain that determines the macroscopic properties and function of a pro-
tein. The folding mechanism and biological functionality are directly related
to the polypeptide sequence; a completely random amino acid sequence is
unlikely to form a functional structure. In this view, polypeptide sequence
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forces a protein to be more than a collapsed heteropolymer, but rather to
assume a highly specific three-dimensional structure. Hence, a fundamen-
tal issue is how functional protein sequences, which determine biologically
active structures, differ from random sequences. Understanding the relation-
ship between a protein’s sequence and its native structure is one of the key
problems in modern science [2–4].

In recent years we have seen intense interest in developing new types
of functional polymer macromolecules via clever design of sequences of
monomeric units in a copolymer chain. Broadly speaking, sequence de-
sign may be defined as an approach aimed at finding the optimum se-
quence that provides desired properties of the resultant polymer. This re-
quires a scoring function which may typically be based on physical princi-
ples, knowledge-based approaches, or a specifically designed function. Alas,
insofar as the terms “sequence design” and “sequence engineering” imply
a rational, planned approach to the creation or modification of copolymer
structure and function, both still remain beyond our capabilities in a general
way.

There are two main paradigms in the sequence design problem.
In protein science, the de novo sequence design problem consists of find-

ing a sequence of amino acids that fold into a target globular structure. This
problem is sometimes called the inverse protein folding problem. Many cur-
rent methods for de novo protein sequence design consist of numerically
mutating a sequence until a maximum stability is achieved for the target
structure that is usually considered as a ground state. There are a num-
ber of reviews that cover this subject [5–9]. In polymer chemistry and
physics, emphasis is on the development of new methods of synthesis, on
the control of (co)polymer stereochemistry and architecture, and on the de-
sign of high performance polymeric materials tailored for specific uses and
properties.

The difference between the two sequence design concepts is related to sev-
eral essential differences between natural and non-natural copolymers. We
mention here only a few of them.

The order of amino acids in a polypeptide chain produced by the syn-
thetic apparatus of the living cell is always the same for a particular protein
so that all the protein sequences of a given type are structurally identical
copies in every cell in a living organism. We cannot distinguish one individ-
ual protein sequence from another. For most synthetic copolymers, produced
industrially or synthesized in research labs, the occurrence of a certain de-
gree of sequence disorder is almost inevitable. Therefore, if we are speaking
about a synthetic copolymer sequence, we mean, explicitly or implicitly, that
averaging over many different sequences has been carried out. For a protein
to function, it must be in its highly specific native conformation that is sta-
ble only in a narrow temperature region. On the other hand, the properties
and functions of synthetic copolymers are not so tightly related to their con-
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formation. Moreover, we are mainly interested in the nonunique copolymer
conformations. The interior of proteins has the packing density of a mo-
lecular crystal while synthetic globules are typically liquid-like. This list is
of course far from exhaustive, but should rather be taken as simply a set of
examples.

In the present article we will deal mainly with synthetic macromolecules
and practically will not touch on biopolymers.

Diblock and repeated-block AB copolymers are the simplest examples of
two-letter copolymers made up of two different monomer species, denoted
by letters A and B. More sophisticated distributions of chemically differ-
ent groups along the chain are characteristic of random and random-block
copolymers, including uncorrelated or ideal random copolymers and so-
called correlated random copolymers. In the former class, the corresponding
chemical sequences are uncorrelated and this corresponds to Bernoulli or
zeroth-order Markov processes [10]. In the latter class, the correlation in the
sequences of both types of A and B segments is defined by means of a first-
order Markov process. It is important to emphasize that in both cases the
correlations characterizing the distribution of monomeric units along copoly-
mer chains decay exponentially. There are, however, copolymers for which
this is not the case. In this review, we will consider just these copolymers, fo-
cusing on the computer-aided design of their chemical sequences as well as
on the properties of designed polymers.

Although recent years have witnessed an impressive confluence of experi-
ments and statistical theories, presently there is no comprehensive under-
standing of the interrelation between chemical sequences in synthetic copoly-
mers and the conditions of synthesis. One has merely to glance at recent
literature in polymer science and biophysics to realize that the problem of
sequence-property relationship is by no means entirely solved. As always, in
these circumstances, an alternative to analytical theories is computer simula-
tions, which are designed to obtain a numerical answer without knowledge of
an analytical solution.

The computer simulations are likely to be useful in two distinct situations—
the first in which numerical data of a specified accuracy are required, possibly
for some utilitarian purpose; the second, perhaps more fundamental, in pro-
viding guidance to the theoretician’s intuition, e.g., by comparing numerical
results with those from approximate analytical approaches. As a consequence,
the physical content of the model will depend upon the purpose of the cal-
culation. Our attention here will be focused largely on the coarse-grained
(lattice and off-lattice) models of polymers. Naturally, these models should
reflect those generic properties of polymers that are the result of the chain-
like structure of macromolecules.

Apart from the introductory section, the article is subdivided into two ma-
jor sections: Synthesis and Properties of designed copolymers.
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2
New Synthetic Strategies in Sequence Design

2.1
Preliminary Remarks

Today, the majority of all polymeric materials is produced using the free-
radical polymerization technique [11–17]. Unfortunately, however, in con-
ventional free-radical copolymerization, control of the incorporation of
monomer species into a copolymer chain is practically impossible. Fur-
thermore, in this process, the propagating macroradicals usually attach
monomeric units in a random way, governed by the relative reactivities of
polymerizing comonomers. This lack of control confines the versatility of
the free-radical process, because the microscopic polymer properties, such
as chemical composition distribution and tacticity are key parameters that
determine the macroscopic behavior of the resultant product.

The absence of control of the incorporation of monomers into the poly-
meric chain implies that many macroscopic properties cannot be influenced
to a large extent. Therefore, in recent years much effort has been directed to-
wards the development of controlled radical polymerization (CRP) methods
for the preparation of various copolymers (for a recent review, see [17]).

These methods are based on the idea of establishing equilibrium be-
tween the active and dormant species in solution phase. In particular, the
methods include three major techniques called stable free-radical polymer-
ization (SFRP), atom transfer radical polymerization (ATRP), and the degen-
erative chain transfer technique (DCTT) [17]. Although such syntheses pose
significant technical problems, these difficulties have all been successively
overcome in the last few years. Nevertheless, the procedure of preparation of
the resulting copolymers remains somewhat complicated.

On the other hand, it should be realized that radical copolymerization at
heterogeneous conditions offers additional unique opportunities not avail-
able in homogeneous (solution) copolymerization. These include the intrinsic
possibilities of exploiting the heterogeneities of the reaction system to control
the chemical microstructure of the synthesized copolymers, making possible
new paradigms for synthesis and production of polymeric materials. In this
contribution, we discuss some new synthetic strategies, which have been de-
veloped in recent years to provide effective control of the chemical sequences.

In a series of publications [18–20], the concept of conformation-dependent
sequence design (CDSD) of functional copolymers has been introduced (for
recent reviews, see [21–25]). The essence of the proposed approach is based
on the assumption that a copolymer obtained under certain preparation con-
ditions is able to remember features of the original (“parent”) conformation
in which it was built and to store the corresponding information in the re-
sulting chemical sequence. In other words, this concept takes into account
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a strong coupling between the conformation and primary structure of copoly-
mers during their synthesis. Ideologically, the approach [18–20] bears some
similarities with that proposed earlier in the context of the problems of pro-
tein physics [26–30], however, it is aimed at synthetic copolymers rather
than biopolymers. The original idea for protein design [26–30] consisted
of running through sequences of amino acids to determine which sequence
(or sequences) had the lowest energy in a unique (target) conformation.
In the Introduction, we stressed the differences between this approach and
CDSD.

In polymer chemistry, there are two known CDSD techniques: (i) the
chemical modification (polymer-analogous transformation) of homopoly-
mers and (ii) the step-growth copolymerization of monomers with different
properties under special conditions. We will address both these techniques.

Polymer simulations are being done on different levels. An atomistic
model of a polymer contains all the atoms that are present in the real polymer.
Coarse-grained models simplify the problem by combining atoms into ef-
fective united atoms. In this way, only significant microscopic information—
“essential features” of the real system —is retained. The unit can represent
a chemical group of a few atoms, a monomeric unit in a polymer, groups of
monomeric units, or chain segments of various lengths. Certainly, whether
a coarse-grained description is adequate for understanding a particular poly-
mer system depends very much on the problem being studied. The challenge
lies in selecting just the right amount of atomistic detail to build coarse-
grained models with maximum generality. To a certain degree, of course, that
is precisely what physics is about. Therefore, the question is how can we con-
struct copolymer models that are sufficiently realistic to capture the essential
features of real macromolecules yet simple enough to allow large-scale com-
putations of polymer conformation and dynamics?

There are many kinds of polymerizing monomers used to make up copoly-
mers. These differ in physical and chemical properties. One of the most
important differences (essential features) is their solubility, that is, how much
they like or dislike a solvent, e.g., water. Hence the chemical and atomistic
details of different monomeric units may not be necessary to understand
the properties of many “two-letter” copolymers. In what follows, we will
mainly use the so-called HP model [31]. This two-letter model of a lin-
ear hydrophobic/hydrophilic macromolecule reflects the spirit of minimalist
models, in that it is simple yet based on a physical principle.

The HP model is a coarse-grained (lattice or off-lattice) polymer model
that abstracts from real polymers in two important ways: (i) Instead of mod-
eling the positions of all atoms of the polymer, it models only the backbone
structure of the polymer, i.e., one position for each monomeric unit. (ii)
Usually, only the hydrophobic interaction between the monomeric units is
modeled, therefore the model distinguishes only two kinds of monomeric
units, namely hydrophobic (H) and hydrophilic (or polar, P).
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2.2
CDSD Via Polymer-Analogous Modification

2.2.1
Protein-like Copolymers: Structure Dictates Sequence

The studies of structures formed by copolymers consisting of two kinds
of monomeric units constitute a rather large field of polymer chemistry
and physics [32]. The systems that are most extensively studied are block-
copolymers (with a block primary structure) and random copolymers (with
statistical primary structure). Sometimes, copolymers with some short-range
correlations along the chain are also investigated. Such correlations will al-
ways show up after the copolymerization process, if the probability of add-
ition of unit A or B to the growing chain depends on the type of unit that
was added on the previous polymerization step [17]. The type of primary
structure that emerges in this case can be characterized as “random with
short-range correlations”. On the other hand, globular proteins can also be
regarded from a very rough viewpoint as a kind of binary copolymer. In-
deed, the most important difference between the monomeric units of globular
proteins is that some amino acid residues are hydrophobic, while others are
hydrophilic or charged. We can very roughly attribute the index H to the
former type of units and the index P to the latter ones [33]. If we then ana-
lyze the primary structures of the globular proteins obtained in this way and
compare them with the simple primary structure of conventional synthetic
copolymers, we should draw the conclusion that protein-originated AB texts
are much more informative and specific.

It is generally believed that in globular proteins the hydrophilic P units
mainly cover the surface of the globule, giving rise to their stability against
intermolecular aggregation, while hydrophobic H units main form the core
of the globule [33]. It can be assumed that such a requirement (in the dense
globular state the P amino acids should be on the surface and the H amino
acids in the core) is rather restrictive, i.e., it is satisfied only for a very small
fraction of all possible primary structures. Moreover, since the HP correla-
tions defined in such a way depend on the conformation of the globule as
a whole (i.e., on the ternary structure), they should be characterized as long-
range ones.

The question is, whether such primary structures can be obtained for bi-
nary copolymers, not obligatorily of biological origin. It is easy to do this by
computer simulation [18], and much more difficult in real experiments. How-
ever, in both cases the corresponding procedure should involve the following
stages that are schematically depicted in Fig. 1:

Stage 1. We take a homopolymer coil with excluded volume interactions in
a good solvent.
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Fig. 1 Schematic representation of the CDSD chemical modification of a homopolymer
chain: a initial conformation formed by a homopolymer globule; b chemical modification
(surface “coloring”); c resulting copolymer. Modified chain segments are shown in gray

Stage 2. Strong attraction between all monomeric units is switched on and
a homopolymer globule (parent conformation) is formed (Fig. 1a).
Of course, when we are speaking about real experiments, by switch-
ing on the attraction we should understand the jump of temperature,
addition of poor solvent, etc.

Stage 3. This step is more easily realizable in computer experiments. We
should simply consider the “instant photo” of the globule and
“color” the units on the surface and in the core in different “colors”,
i.e., we assign the index P to those units that are on the surface of
the globule and call these units hydrophilic and assign the index H to
the units in the core of the globule and call these units hydrophobic.
Then we fix this primary structure (Fig. 1b). In real experiments the
“coloring” of the surface can be done with a chemical reagent Z en-
tering the reaction with monomeric units and converting them from
hydrophobic to hydrophilic, H + Z → P. In chemical language, this is
called polymer-analogous transformation. If the amount of reagent is
small enough, only surface monomeric units will be contaminated,
the core remaining hydrophobic. Another important feature is to
have a fast-enough coloring reaction and slow-enough intermole-
cular aggregation (which will always take place under the conditions
when globules are formed). To slow down the aggregation, the neu-
tral thickeners of the aqueous solutions may be used.

Stage 4. This last step is necessary for computer realization. The uniform
strong attraction of units should be switched off, and different inter-
action potentials should be introduced for H and P units.

Initially, the protein-like HP sequences were generated in [18] for the lat-
tice chains of N = 512 monomeric units (statistical segments), using for sim-
ulations a Monte Carlo method and the lattice bond-fluctuation model [34].
When the chain is a random (quasirandom) heteropolymer, an average over
many different sequence distributions must be carried out explicitly to pro-
duce the final properties. Therefore, the sequence design scheme was re-
peated many times, and the results were averaged over different initial con-
figurations.



12 P.G. Khalatur · A.R. Khokhlov

It turned out that many statistical properties of protein-like and random
copolymers with the same HP composition are very different. In order to
be able to distinguish whether this difference is due to the special sequence
design described above, or just due to the different degree of blockiness,
one can introduce for comparison also the random-block primary sequence.
The random-block HP copolymers have the same chemical composition and
the same average length L of uninterrupted H or P sequence as protein-like
copolymers, but in other respects the HP sequence is random. In [18], the
distribution of block length λ was taken in the Poisson form: f (λ) = e–LL	/	! .

In Fig. 2 we present the typical distributions of H and P monomers along
the chain for regular (multiblock) copolymers as well as for purely random,
random-block, and protein-like copolymers. From the comparison of the pri-
mary structures of the random and protein-like copolymers we can see that
the average lengths of H and P blocks in the protein-like copolymer are
notably longer. On the other hand, the copolymer with the random-block ar-
chitecture, having the same average length of H and P sections, LH and LP, as
for the protein-like copolymer, exhibits a different distribution of these blocks

Fig. 2 Typical distributions of H and P monomeric units along the chain for a regular
(multiblock) sequence with a fixed block length of 8 units, as well as for a purely random
sequence with an average block length L = 2, a random-block sequence with L = 6.4, and
a protein-like sequence with L = 6.4. The H units are denoted as +1 and the P units as –1.
The sequence length is N = 1024
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along the chain. A main feature of the protein-like sequences is the presence
of rather long uniform H and P sections.

Also, it was found that the coil-to-globule transition for protein-like
copolymers, induced by the strong attraction of H segments, occurs at higher
temperatures, leads to the formation of denser globules and has faster kinet-
ics than for random and random-block counterparts [18–20]. The reason for
this is illustrated in Fig. 3 where the typical snapshots of globules formed by
protein-like and random copolymers are shown. One can see that the HP het-
eropolymer obtained as a result of the simple one-step coloring procedure
can self-assemble into a segregated core-shell microstructure thus resembling
some of the basic properties of globular proteins. The core of the protein-like
globule is much more compact and better formed compared to that observed
for random copolymers; it is surrounded by the loops of hydrophilic seg-
ments, which stabilize the core.

Apparently, this is due to some memory effect: the core, which existed
in the parent globular conformation (Fig. 1b), was simply reproduced upon
refolding caused by the attraction between H units. One may say that the fea-
tures of the parent conformation are “inherited” by the protein-like copoly-
mer. Looking at the conformations of Fig. 3, it is natural to argue that protein-
like copolymer globules could be soluble in water and thus they are open to

Fig. 3 Typical snapshots of the globular conformations of a protein-like, b random, and
c random-block copolymers of the same length (N = 512). Hydrophobic segments are
shown in light gray and hydrophilic segments in dark gray. Adapted from [18]
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further chemical modification, while random copolymer globules will most
probably precipitate. We will address these statements in more detail later.

It is clear that the main reason for the deviation of the properties of
protein-like copolymers from those of random copolymers is the special se-
quence design scheme [18], not just differences in the degree of blockiness.

Govorun et al. [35] have shown, both by exact analytical theory and by
computer simulations, that the corresponding chemical sequence is nonalter-
nating and demonstrates the specific long-range correlations (LRCs), which
can be described by the statistics of the Lévy-flight type [36]. For such prob-
abilistic processes an observable stochastic variable x exhibits large jumps
(“flights”), called “Lévy flights”, characterized by a power-law (rather than
exponential) probability distribution function, f (x) ∝ x–µ (1 < µ < 3). The
possibility for exact analytical description of sequences resulting from surface
coloring (Fig. 1b) comes from the fact that the statistics of polymer chains
inside dense globules is Gaussian, i.e., it is described by the ordinary dif-
fusion equation. One has only to worry about correct boundary conditions,
and this problem was resolved in [35]. An analogous result was obtained
in a later work [37] for the model that takes into account more chemical
details.

Experimentally, the conformation-dependent design described above was
first realized in a series of papers, where the lyophilization (hydrophilization)
of a homopolymer was achieved by the grafting of short poly(ethylene oxide)
chains to the surface of globules formed by long poly(N-isopropylacrylamide)
(NIPA) and glicydil methacrylate chains [38–40]. This synthesis resulted in
the formation of a nonrandom copolymer, apparently having a core-shell
morphology, in qualitative agreement with simulation data [18–20]. It was
shown that grafting to the more compact conformation results in globules
that are more stable to precipitation than random grafting to a coil conform-
ation.

2.2.2
Long-Range Correlations and Their Measure

The presence of LRCs in designed sequences is a very important feature. It is
easy to understand that these correlations are due to the fact that assigning
of the type of chain segments (H or P) under the preparation conditions de-
scribed above depends on the conformation of the parent globule as a whole
(Fig. 1b), not on the conformation of small sections of the initial homopoly-
mer chain. From this viewpoint one may say that such a sequence encodes in
a two-letter alphabet the spatial (core-shell) structure of a copolymer glob-
ule. Obviously, this functional feature can be realized if and only if a general
statistical pattern is attributed to the sequence as a whole, and cannot be
obtained by the joining of independent statistical patterns of two or more
subsequences of smaller lengths.
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It may well be that Nature also chose such a path in the evolution of the
main biological macromolecules: proteins, DNA, and RNA. These polymers
in living systems are responsible for functions, which are incomparably more
complex and diverse than the functions that we normally discuss for syn-
thetic polymers. The molecular basis for this ability to perform sophisticated
functions is associated with the unique chemical sequences of these biopoly-
mers. In particular, a protein sequence as a whole determines the globular
conformation and hence biological function, whereas if this sequence is cut
into two pieces, those pieces normally neither correspond to a soluble glob-
ule nor have any biological function (Fig. 4). The same is true for statistically
complex DNA sequences, which encode in a four-letter alphabet all genetic in-
formation and exhibit significant correlation on different scales [41]. All these
peculiarities are connected to LRC effects, and the corresponding sequence,
which cannot be divided into shorter subsequences with similar statistical
patterns and functional features, may be termed an inseparable sequence.
Such sequence integrity and LRCs are not characteristic of the majority of
synthetic linear copolymers, the primary structure of which is chemically

Fig. 4 a,b The sequence distribution for rather large sections of a synthetic random copoly-
mer is practically identical to that of the whole polymer. c,d If a protein sequence is
cut into two pieces, those pieces neither correspond to a native globule nor have any
biological function
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homogeneous on a large scale. Indeed, the sequence distribution for rather
large sections of synthetic copolymers is normally practically identical to
that of the whole polymer (Fig. 4). Certainly, because of the finite size of
the bare globule subjected to CDSD, the longest correlations that can be
found in this case are also finite; however, the range of these correlations is
much larger than for usual synthetic copolymers obtained, e.g., via radical
copolymerization under homogeneous conditions [17]. On the other hand,
one may anticipate that if scale-invariant correlations extend along the en-
tire copolymer sequence, that is, the sequence is a “true” fractal object, its
sufficiently large parts would have the same statistical pattern and large-
scale compositional inhomogeneities. In the present article, we will focus
just on such sequences, which show both strong chemical inhomogeneity
and LRCs.

How many different, thermodynamically stable structures can be en-
coded by a long heteropolymer sequence? To answer this question, Fink and
Ball [42] have used arguments based on energy fluctuations and information
theory. They have found that the maximum number of compact conforma-
tions, pmax, which are simultaneously thermodynamically stable, depends
only on the number of chemically different comonomers in the chain, s,
but not on its length N. If a chain is placed on a lattice with an effective
coordination number κ (for a cubic lattice, κ ≈ 1.85), the theory predicts:
pmax = ln(s)/ ln(κ), that is, for the two-letter alphabet, pmax ≈ 1. This means
that for a binary (two-letter) copolymer, only one nondegenerate ground-
state conformation can exist. It is probably not too surprising that binary
models are not accurate representations of real proteins. On the other hand
they are well suited in polymer chemistry. For a homopolymer, zero confor-
mations are encodable, while for a protein 20-letter amino acid alphabet, the
information capacity of the sequence is notably higher: about 5 conforma-
tions can be stored. Of course, the theory [42] gives only the number of stable
conformations that a heteropolymer can recall, not its general information
complexity that can be infinitely higher at the N → ∞ limit. Indeed, using the
Morse alphabet, we can write all the human history in a message of reasonable
length.

For a statistical analysis of copolymer sequences, different mathematical
techniques are used. For mathematically oriented researchers, a copolymer
sequence might be considered as a string of symbols whose correlation struc-
ture can be characterized completely by all possible monomer-monomer
correlation functions. Since the correlations at long distances are typically
small, it is important to use the best possible estimates to measure the corre-
lations, otherwise the error due to a finite sample size can be as large as the
correlation value itself.

To monitor the long-range statistical properties of computer-generated se-
quences, the method developed by Stanley and co-workers [43, 44] in their
search for LRCs in DNA sequences is usually employed. In this approach, each
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HP copolymer sequence is transformed into a sequence of + 1 and – 1 sym-
bols (as used in Fig. 2), which are considered as steps of a one-dimensional
random walk. Shifting the sliding window of length λ along this sequence step
by step, the number of + 1 and – 1 symbols inside the window is counted at
each step. This number γk(λ) is a new random variable that depends on the
position k of the window along the sequence. The variable γk(λ) has a certain
distribution. Its average is determined by the overall sequence composition,
and its dispersion is given by D2

λ =
〈

γ 2(λ)
〉

– 〈γ (λ)〉2, where 〈...〉 represents the
average over all windows of size λ and generated sequences. If the sequence
is uncorrelated (normal random walk) or there are only local correlations
extending up to a characteristic range (Markov chain), then the value of Dλ

scales as λ1/2 with a window of a sufficiently large λ. A power law Dλ ∝ λα

with α > 1/2 will then manifest the existence of LRCs.
In some cases, because of large fluctuations, conventional scaling analy-

sis cannot be applied reliably to the relatively short sequences generated in
typical simulations. To avoid this problem, one can use the so-called de-
trended fluctuation analysis (DFA), the method specifically adapted to handle
problems associated with short nonstationary sequences [43, 44]. This ap-
proach leads to a special function FD(λ) that characterizes the detrended
local fluctuations within a window of length λ. Generally, FD(λ) shows the
same behavior as Dλ. There are many other methods for monitoring LRCs in
copolymers [44–47].

The result of calculations [35] averaged over 2000 independent protein-
like HP-sequences of N = 1024 monomeric units with a 1 : 1 HP composition
is presented in Fig. 5. For comparison, the data for two other types of se-
quences are also shown. One of them is a purely random 1 : 1 sequence;
it demonstrates Dλ ∝ λ1/2 scaling, as expected. Comparing this curve with

Fig. 5 Dispersion of the number of different monomeric units in a fragment of sequence
size λ for protein-like, random, and random-block copolymers. Adapted from [35]



18 P.G. Khalatur · A.R. Khokhlov

Monte Carlo results we see immediately that the protein-like sequence is not
random and well-pronounced correlations do exist in it. Thus, it is interest-
ing to compare the simulation data with the Poisson distribution adjusted
to achieve the same 1 : 1 composition and the same degree of blockiness
as for a protein-like copolymer. This model sequence exhibits a somewhat
more rapid variation of Dλ at small λ, but ultimately the law Dλ ∝ λ1/2 is
obeyed for large values of λ. Nevertheless, this random-block model is also
seen to be unsatisfactory for the statistical behavior of a protein-like se-
quence throughout the interval of λ examined, 2 < λ < 512. Although the
simulation data do not fit accurately to any power law Dλ ∝ λα , the slope
of the observed Dλ dependence corresponds to a significantly larger value
than 1/2, up to about α = 0.85, thus indicating pronounced long-range cor-
relations in a protein-like sequence. Thus, the primary structure emerging
in the case of protein-like copolymers can be characterized as “quasiran-
dom with long-range correlations”. Analytical theory [35] suggests that the
Lévy-flight statistics, albeit with a broader crossover region, is expected even
if parental (globular) conformation used to generate protein-like macro-
molecules is not maximally compact, but rather a globule somewhat closer to
the Θ-point.

These findings are surprisingly similar to those known for DNA sequences,
which appeared as a mosaic of coding and noncoding patches [41, 43, 44]. In-
deed, like DNA chains containing coding and noncoding regions, the copoly-
mer under consideration also contains two types of alternating sections form-
ing a certain pattern. It is known that the noncoding regions in DNA do not
interrupt the correlation between the coding regions (and vice versa), and the
DNA chain is fully correlated throughout its whole length. As a result, the D2

λ
(or F2

D) curve does not contain the linear portion D2
λ ∝ λ. In principle, the

same behavior is observed for protein-like sequences [18–20].
The question of whether proteins originate from random sequences of

amino acids was addressed in many works. It was demonstrated that protein
sequences are not completely random sequences [48]. In particular, the statis-
tical distribution of hydrophobic residues along chains of functional proteins
is nonrandom [49]. Furthermore, protein sequences derived from corres-
ponding complete genomes display a distinct multifractal behavior character-
ized by the so-called generalized Rényi dimensions (instead of a single fractal
dimension as in the case of self-similar processes) [50]. It should be kept in
mind that sequence correlations in real proteins is a delicate issue which re-
quires a careful analysis.

To end this section, it is worthwhile to note that long-range dependence
processes (also called long-memory processes) and their statistics have many
areas of application: statistical physics, neuroscience, communication net-
works, turbulence, hydrology, meteorology, geophysics, finance, economet-
rics. The literature on the subject is vast (see, e.g., [51]).
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2.2.3
Hydrophobic Modification of Hydrophilic Polymers

The segregated core-shell microstructures, consisting of a hydrophobic core
surrounded by a hydrophilic shell, are of great practical interest as their
mechanical properties are mainly influenced by the core polymer and the
chemical properties mainly by the shell monomer units. Recently, a fur-
ther development of the approach to synthesis of copolymers with a specific
primary sequence capable of forming core-shell microstructures has been
suggested [25, 52]. The idea is rather similar to the previous approach but
has an important difference: instead of the hydrophilization of the globular
surface, one can perform a sequential hydrophobization of a hydrophilic poly-
mer chain (poly-P) dissolved in a good solvent, using a low-molecular-weight
hydrophobic modifier (H) poorly soluble in this solvent.

In a dilute solution, when the polymer is in a coil state (Fig. 6a), the
diffusion of hydrophobic particles into the coil is normally faster than the
chemical reaction [53]. In this case, the local concentration of particles H
inside the coil is practically the same as in the bulk. Therefore, we expect
that at the initial stage, the reaction will lead to a random copolymer: some
of the P monomeric units will attach to H reagent and thereby they will ac-
quire amphiphilic (A) properties: P + H → A (Fig. 6b). As long as the number
of modified A units is not too large, the chain remains in a swollen coil-
like conformation (Fig. 6b). However, when this number becomes sufficiently
large, the hydrophobically modified polymer segments would tend to form

Fig. 6 Schematic representation of the hydrophobic modification of a hydrophilic poly-
mer in a solvent, which is selectively poor for hydrophobic modifier and modified chain
segments. The modifying agent and hydrophobic monomers are shown in gray
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intrachain micelle-like aggregates (Fig. 6c). This is due to the loss in trans-
lational entropy of covalently bonded H species after their grafting to the
hydrophilic backbone. Structurally, the intramolecular micelles are similar to
reverse micelles formed by free low-molecular-weight surfactants, and like
ordinary micelles, they should solubilize hydrophobic species.

The presence of the intrachain aggregates can dramatically change the
reaction conditions. Because of preferential adsorption, the poorly soluble
modifier will diffuse inside the A-rich regions thus leading to spatially in-
homogeneous distribution of the concentrations (Fig. 6c). One can expect
that further modification of the hydrophilic sections of the polymer chain
will occur predominantly within these microglobular regions. In the course
of chemical reaction, they would progressively increase in size and then co-
alesce. As a result, a nonrandom microblock distribution of the chemically
modified chain segments would emerge. Finally, we should have hydropho-
bically modified segments inside rather compact conformation formed by
the resulting hydrophilic-amphiphilic (PA) copolymer. In that way, one can
expect the formation of core-shell morphologies with inner (poorly solu-
ble) core and outer (well-soluble) hydrophilic cover (Fig. 6d). In principle,
the polymer-analogous reaction can be terminated at any desirable time by
quenching (e.g., by temperature lowering) or by stopping the supply of reac-
tive compounds.

Given the shortcomings of an approximate analytical treatment and the
difficulties with the laboratory measurements, it is conceivable that computer
simulations might help greatly in verification of the qualitative arguments
presented above.

In the simulation [52], a continuous (off-lattice) model of a polymer and
the method of stochastic molecular dynamics were employed. The nonmod-
ified polymer was treated as a flexible chain consisting of N hydrophilic (P)
segments (monomeric beads), with adjacent beads connected by a rigid rod of
a fixed length b. Each hydrophobic modifier (H) was considered as a single-site
particle (monomer). Each amphiphilic group (A) arising after the attach-
ment of H monomer to the hydrophilic backbone was modeled by a two-site
“dumbbell” consisting of H and P sites linked by a rigid bond of length b.
The hydrophilic sites were connected with each other in a linear fashion and
formed the backbone of the hydrophobically modified PA copolymer.

The total potential energy of the system consisting of the solute and solvent
molecules was decomposed in the following three parts: (i) the solute-solute
potential energy, (ii) the solvent-solvent potential energy, and (iii) the in-
teraction potential energy of the solute and the solvent. An integration over
all solvent degrees of freedom leads to the potential of mean force (PMF).
This effective solvent-mediated potential can be written as the sum of the
solute-solute potential energy and the mean solvation term that describes the
solvent-induced effects. The hydrophobic effect is the most important force
in stabilizing globular structures. It is believed that the corresponding attrac-
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tive interaction is primarily entropy driven and it should be short-range and
should depend on a shell of surrounding solvent molecules. Experimental
data show that around room temperature for a wide range of different hy-
drophobic molecules, the hydrophobic interaction energy depends linearly on
the burial of solvent-accessible surface area (SASA). Taking into account this
fact, to treat the hydrophobic interactions in the simulation [52], an approach
based on the SASA model [54] was used.

In this model, the solvation free energy, ∆µs, required to transfer an N-site
molecule from vacuum to polar solvent (e.g., in water) is approximated by the

sum of linear terms ∆µs =
N
∑

i=1
γiSi , where Si is the solvent-accessible surface

area for site i and γi is the solvation parameter for the site. In this approxi-
mation, ∆µs can also be considered as the free energy cost for the transfer of
a particle from the interior of a hydrophobic cluster to the solvent. The sol-
vation parameter γ is an estimate of the free energy of transfer divided by
exposed surface area. For hydrophilic particles, γ ≤ 0. For hydrophobic par-
ticles, solvent quality becomes poorer with increasing γ . In reality, when the
temperature is fixed, the change in γ can be due to variation of the solvent
composition.

The algorithm used in [52] simulated a reaction in a 3D cube utilizing
periodic boundary conditions. Initially, an N-unit hydrophilic homopolymer
(poly-P) in a coil state and N free hydrophobic H monomers were placed
in the cube. For the conditions considered, despite the attraction between
H monomers, they were soluble due to their high translational entropy. If
a freely diffusing monofunctional H monomer approached within the pre-
scribed distance (reaction radius) to a P bead on the chain, a bond could
be formed between the two. This led to the formation of an amphiphilic
monomer unit: P + H → A. The reaction was considered as a sequence of the
alternating steps: grafting of a new H monomer to the chain and the sub-
sequent long relaxation of the chain. The process was terminated when the
required number of the hydrophilic monomer units was transformed into
the A type. In the study [25, 52], the composition of the resulting copoly-
mer was constrained so that there were 75% hydrophilic and 25% amphiphilic
monomer units. As a result, a hydrophilic-amphiphilic PA copolymer with
a certain distribution of P and A units along the hydrophilic polymer back-
bone was obtained. To gain better statistics, ca. 103 hydrophobically modified
copolymer chains for each set of the parameters were independently gener-
ated and then required average characteristics were found.

To give a visual impression of the simulated system, Fig. 7 presents a typ-
ical snapshot of an amphiphilic copolymer having a 256-unit hydrophilic
backbone with 64 attached hydrophobic side groups. Already from this pic-
ture, it is seen that, using the synthetic strategy described above, one can in-
deed end up with a copolymer having a dense hydrophobic core surrounded
by a hydrophilic shell.
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Fig. 7 Typical snapshot of a hydrophobically modified copolymer. Hydrophilic chain seg-
ments are shown in green and hydrophobic side groups in red

From the picture presented in Fig. 7, one can expect that the sequential
hydrophobization of a polymer coil should lead to a copolymer with a non-
random sequence distribution. This is indeed the case. As an example, let us
consider the average number fractions of blocks consisting of 	 neighboring
amphiphilic monomers, fA(	), occurring in a copolymer chain. Some results
are shown in Fig. 8 on a semilogarithmic scale.

We expect that for a random distribution of monomers A incorporated
into the polymer chain, the function fA(	) should decay exponentially with
increasing 	. In fact, such a behavior is observed for the copolymer modified
in a solvent, which is good for the low-molecular-weight modifier, that is, at
γ = 0. When the solvation parameter γ is increased and the solvent becomes
selectively poorer for the modifying agent, the values of fA(	) are skewed to-
ward A sections of greater length, which implies a copolymer with blocky
tendencies [10]. A further worsening of the solvent quality leads to a strong
deviation from the exponential decay of fA(	) thus indicating a nonrandom
copolymer sequence distribution.

Thus, copolymers of the same composition can have qualitatively differ-
ent sequence distributions depending on the solvent in which the chemical
transformation is performed. In a solvent selectively poor for modifying agent,
hydrophobically-modified copolymers were found to have the sequence distri-
bution with LRCs, whereas in a nonselective (good) solvent, the reaction always
leads to the formation of random (Bernoullian) copolymers [52]. In the former
case, the chemical microstructure cannot be described by any Markov process,
contrary to the majority of conventional synthetic copolymers [10].

In general, the microsegregated structures observed for hydrophobically
modified polymers (Fig. 7) are similar to core-shell globules obtained via
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Fig. 8 Average number fraction of blocks consisting of 	 neighboring amphiphilic
monomers occurring in a 256-unit copolymer chain hydrophobically modified in a sol-
vent having different selectivity for modifying agent. Adapted from [25]

the coloring procedure (Fig. 3). However, it should be kept in mind that the
experimental realization of the hydrophilic modification of the surface of
a hydrophobic globule was shown to be rather unreliable, because of the dif-
ficulty of stabilizing dense globules in the solution for the time sufficient to
implement a polymer-analogous transformation [23]. On the other hand, the
simulations [25, 52] show that the method based on the hydrophobic modifi-
cation of soluble polymers should be quite universal and robust.

2.2.4
Adsorption-Tuned Copolymers

The idea of conformation-dependent sequence design via polymer-analogous
transformation can be generalized in many respects [23]. Indeed, a special
chemical sequence can be obtained not only from a globular conformation;
any specific polymer chain conformation can play the role of parent.

The simplest example of this kind is connected to the conformation of
a homopolymer partly adsorbed onto a flat substrate (Fig. 9). Let us assume
that the chain segments being in direct contact with the surface in some
typical instant conformation (Fig. 9a) are chemically modified (Fig. 9b). This
can take place when the surface catalyzes some chemical transformation of
the adsorbed segments. One can expect that after desorption (Fig. 9c), such
a copolymer will have special functional properties: it will be “tuned to ad-
sorption”.

Following this line, Zheligovskaya et al. [55] compared the adsorption
properties of copolymers with special “adsorption-tuned” primary structures
(adsorption-tuned copolymers, ATCs) with those of truly random copoly-



24 P.G. Khalatur · A.R. Khokhlov

Fig. 9 Schematic representation of the sequence design procedure leading to an
adsorption-tuned copolymer: a initial partly adsorbed homopolymer, b chemical modifi-
cation of adsorbed chain segments, c resulting copolymer. Modified segments are shown
in gray

mers and random-block copolymers. Monte Carlo simulations revealed that
specific features of the ATC primary structure promoted the adsorption of
ATC chains, in comparison with their random and random-block coun-
terparts under the same conditions. In other words, the resulting copoly-
mer sequence “memorizes” the original state of the adsorbed homopolymer
chain. Its statistical properties exhibit LRCs of the Lévy-flight type simi-
lar to those found for copolymers obtained via coloring of a homopolymer
globule [56].

Recently, Velichko et al. [57] suggested the model of a so-called mo-
lecular dispenser. This idea is a further development in the direction of
conformation-dependent sequence design. Namely, they considered the con-
formation of a homopolymer chain adsorbed on a spherical colloidal particle
(Fig. 10) and performed design of sequence for this state of macromolecule.
The motivation behind this design procedure is that if we eliminate the parent
colloidal particle after the design is completed (e.g., by etching), the result-
ing copolymer will be hopefully tuned to selectively adsorb another colloidal
particle of a parental size σp. For instance, if such a copolymer is exposed to
a polydisperse colloidal solution of particles of different size, it will selectively
choose to form a complex with the particle having the same radius as that in
parental conditions. That is why such a macromolecular object can be called
a molecular dispenser.

It should be noted that the development of such polymer systems is
stimulated by existing experimental works. In particular, the experimental
methods of preparation of nanometer-sized hollow-sphere structures have
been suggested [58–63] because of their possible usage for encapsulation of
molecules or colloidal particles. The preparation of hollow-sphere structures,
generally, is based on self-assembling properties of block copolymers in a se-
lective solvent, i.e., on the formation of polymer micelles with a nanometer-
sized diameter. Further cross-linking of the shell of the micelle and pho-
todegradation [64] of the core part produce nanometer-sized hollow cross-
linked micelles.

The sequence design procedure proposed in [57] can be described in more
detail as follows.
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Fig. 10 Stages of preparation of a copolymer envelope: a adsorption of homopolymer
chain on a colloidal particle; b “coloring” of the polymer chain (blue corresponds to
chemically modified monomer units and red to adsorbed units) and introduction of
crosslinks (shown as green sticks) to stabilize the hollow-spherical structure; c elimination
of the core particle. Adapted from [57]

First, we consider a homopolymer chain attracting to a colloidal nanopar-
ticle. Such a chain forms an adsorbed complex with the particle (its typ-
ical conformation is shown in Fig. 10a). Only part of the chain segments
are in direct contact with the colloidal particle, while other segments form
flower-like loops. Then we color the segments in the loops in “blue”, while
the segments near the colloidal particle remain “red”, i.e., they are at-
tracting to this particle (Fig. 10b). If the sequence design is stopped at
this stage, the pronounced selectivity of the complex formation with an-
other particle of parental size σp is not reached [57]. However, if additional
crosslinks are introduced between adsorbed (red) units, thus fixing the cage
structure of the central cavity (Fig. 10b), the macromolecule emerging after
elimination of the colloidal particle (Fig. 10c) does indeed show the fea-
tures of a molecular dispenser. This sequence design scheme was realized
in the computer simulations [57]. We will address the results of this work
in Sect. 3.5.2.

2.2.5
Design as a Simulation of Evolutionary Process

The concept of evolution of primary sequences of biopolymers has attracted
great interest from biologists, chemists and physicists for a long time [65–68].
As has been discussed, it is natural to expect that the content of informa-
tion in the sequences of biopolymers (proteins, DNA, RNA) is relatively high
in comparison with random sequences where it should be almost zero [69].
Presumably, the information complexity of early ancestors of present-day bio-
polymers has been increased in the course of molecular evolution when the
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copolymer sequences became more and more complicated [66]. The study
of various possibilities of this evolution of copolymer sequences is just the
area where the evolution concept can be used in the context of polymer
science.

It is worthwhile to note that since the information content of a sequence
can be represented as a mathematically defined quantity, the whole process
of evolution of biopolymer sequences can be specified in exact mathematical
terms. The formulated fundamental problem is extremely difficult because of
the absence of direct information on the early prebiological evolution. There-
fore, of particular interest are “toy models” of evolution of sequences that
show different possibilities for appearance of statistical complexity and of
long-range correlations in the sequences.

It is clear that information complexity cannot emerge just as a result of
random mutations. Some coupling of mutations to other factors is necessary.
It is most straightforward and natural to introduce the interrelation of muta-
tions and conformations, i.e., to consider conformation-dependent sequence
design in the context of evolution.

Evolutionary computation approaches are optimization methods. They are
conveniently presented using the metaphor of natural evolution: a randomly
initialized population of individuals evolves following a crude parody of the
Darwinian principle of the survival of the fittest. New individuals are gener-
ated using simulated evolutionary operations such as mutations. The prob-
ability of survival of the newly generated solutions depends on their fitness
(how well they perform with respect to the optimization problem at hand):
the “best” are kept with a high probability, the “worst” are rapidly discarded.

In the literature, some computer models describing the evolution of
copolymer sequences have been proposed [26, 28]. Most of them are based
on a stochastic Monte Carlo optimization principle (Metropolis scheme)
and aimed at the problems of protein physics. Such optimization algorithms
start with arbitrary sequences and proceed by making random substitutions
biased to minimize relative potential energy of the initial sequence and/or to
maximize the folding rate of the target structure.

It should be emphasized that the problem, which we address here, is
somewhat different from that usually discussed in the context of protein
physics [5–9]. We are not aiming at the search for a unique three-dimensional
(native) conformation with a fast folding rate. On the contrary, we are inter-
ested in a state with a large entropy. In general, our aim is to learn whether
it is possible to make with synthetic copolymers a step along the same line as
molecular evolution.

Ascending and descending branches of sequence evolution. The aim of the
study [70] was to introduce explicitly the concept of sequence evolution into
the CDSD scheme.

Using a molecular-dynamics-based algorithm, the conformation-depen-
dent evolution of model HP copolymer sequences was simulated [70]. The se-
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quence evolution mechanism involved the generation of an initial protein-like
sequence by inspecting of a homopolymer globule and by attributing the H-
type to the monomeric units in the core of this globule and the P-type to the
units on the surface of the globule. The resulting copolymer was then trans-
ferred to a coil conformation and then refolded due to the strong attraction
between the H units. The HP sequence was then further modified, depend-
ing on the position of a monomer in the core or on the surface of a newly
formed globule. Such modifications, leading to a change in the primary HP
sequence, are repeated many times (ca. 103). With this evolutionary process,
which can be called “repeated coloring”, structures and sequences are formed
self-consistently.

A 128-unit flexible-chain heteropolymer with a HP composition fixed
at 1 : 1 was simulated for the condition when hydrophobic H monomers
strongly attract each other, thus stabilizing a dense globular core, whereas
the attraction energy εPP between hydrophilic P monomers was considered
as a parameter (the interaction between H and P monomers is given by
εHP =

√
εHHεPP). For this model system, various conformation-dependent

and sequence-dependent properties, including information-theoretic-based
quantities, can be calculated.

Depending on the attraction energy between polar segments εPP, it is pos-
sible to find two regimes (branches) of evolution (regimes I and II) [70]. If
εPP is smaller than some crossover energy ε∗

PP (regime I), the evolution can
lead to a second-order-like transition in sequence space from the sequences
with a protein-like primary structure capable of forming a core-shell glob-
ule to the degenerated (nonprotein-like) sequences having long uniform H
and P blocks. This transition is also accompanied by strong changes in the
conformational properties of the copolymer.

Figure 11a shows the mean square gyration radius, R2
g, plotted vs. εPP. As

seen, R2
g is a weakly decreasing function of εPP in the range εPP > ε∗

PP and
demonstrates a rapid growth when εPP decreases and becomes less than ε∗

PP.
The critical value ε∗

PP is found to be smaller than the critical energy at which
the coil-to-globule transition takes place in a homopolymer chain of the same
length.

The degenerated primary structure looks like a di- or triblock sequence
(“core-tail” or “tadpole-like” conformation).

Thus, when the attraction between hydrophilic segments is not sufficiently
strong, we deal with the descending branch of the evolution, which leads to
nonprotein-like sequences having low information content and low complex-
ity. On the other hand, in the second regime (at εPP ≥ ε∗

PP) the complexity of
protein-like structures is found to increase and therefore we have the ascend-
ing branch of the evolution.

Information complexity of copolymer sequences. A common approach to
the analysis of the complexity of a system is to use concepts from information
theory and information-theoretic-based techniques.
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Fig. 11 a Mean square gyration radius and b Jensen–Shannon divergence measure as
a function of the attraction energy εPP between hydrophilic segments, after the se-
quence evolution procedure. The characteristic energy of H – H interactions is fixed at
εHH = 2kBT, thus stabilizing a dense globular core. Adapted from [70]

What is complexity? There is no good general definition of complexity,
though there are many. Intuitively, complexity lies somewhere between order
and disorder, between regularity and randomness, between perfect crystal
and gas. Complexity has been measured by logical depth, metric entropy,
information content (Shannon’s entropy), fluctuation complexity, and many
other techniques; some of them are discussed below. These measures are well
suited to specific physical or chemical applications, but none describe the
general features of complexity. Obviously, the lack of a definition of complex-
ity does not prevent researchers from using the term.

In general, the aim here is to find a measure capable of indicating how far
copolymer sequences generated during the evolutionary process differ from
each other and from random or trivial (degenerate) sequences. It turned out
that the usual measures of the degree of complexity (based, e.g., on Shan-
non’s entropy and related characteristics) are nonadequate [70]. To overcome
this problem, it was proposed to use the so-called Jensen–Shannon ( JS) diver-
gence measure [70]. Let us explain how it can be defined.

Let S = {s1, ..., sN} be a sequence of N symbols. For two subsequences
S1 = {s1, ..., sn} and S2 = {sn+1, ..., sN} of lengths n and N – n, the difference
between the corresponding discrete probability distributions f1(s1, ..., sn) and
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f2(sn+1, ..., sN) is quantified by the Jensen–Shannon divergence

JS(S1, S2)/N = h(S) –
[

n
N

h(S1) +
N – n

N
h(S2)

]

, (1)

where S = S1 ⊕ S2 (concatenation) and h(S) is Shannon’s entropy of the em-
pirical probability distribution obtained from block frequencies in the cor-
responding subsequence. Of course, Shannon’s entropy depends on the defin-
ition of a set of words in the sequence. For two-letter HP copolymers, one can
adopt the following set of words (uniform blocks): H, HH, HHH, ..., P, PP,
PPP, ...; that is, the word (block) is defined by its length 	 and type. In this
case, Shannon’s entropy per monomer can be written as

h = –
Nw

2N

∑

	

[

fH(	) log2 fH(	) + fP(	) log2 fP(	)
]

, (2)

where fH(	) and fP(	) are the frequencies of words of length 	 composed of
letters H and P, respectively, and Nw is the total number of words.

The Jensen–Shannon divergence JS is zero for subsequences with the same
statistical characteristics; it takes higher values for increasing differences be-
tween the statistical patterns in the subsequences, and reaches its maximum
value for a certain set of distributions. In particular, both random and any
regular (multiblock) copolymers of infinite length show JS = 0. We normally
expect that a completely random sequence or a sequence with long uniform
blocks contain less information than a sequence containing many different
blocks (words) of medium length. Of course, only using sequence analysis,
we cannot unambiguously distinguish between what might be called quantity
and quality of information.

Using the Jensen–Shannon divergence, JS, as a measure of complexity for
the generated sequences, one can obtain an interesting result (see Fig. 11b).
The most important feature is that the JS value is a nonmonotonous func-
tion of εPP, whereas Shannon’s entropy, Shannon’s index, and many other
sequence-dependent parameters change always gradually [70].

For the sequences generated in the evolutionary process described above,
it was shown that at εPP ≥ ε∗

PP (regime II) the degree of complexity, as meas-
ured by JS divergence, can be considerably higher as compared to that ob-
served for regime I, at εPP < ε∗

PP . The complexity slightly increases with εPP
decreasing, reaches its maximum just on the boundary of regimes I and II,
and then sharply drops (Fig. 11b). Therefore, in regime II, the evolution pre-
served the copolymer sequence of high complexity, whereas in regime I, the
information content of the sequence has degenerated in the course of evolu-
tion.

Simultaneous evolution of sequences and conformations. In the work [71],
the simultaneous evolution of sequences and conformations was studied. This
design procedure leads to the final state that depends on the set of interac-
tion parameters and on the rearrangements both in conformational space
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and in sequence space. These rearrangements are characterized by the usual
thermodynamic temperature, T, for conformational space as well as effective
sequence rearrangement temperature, Ts. Namely, after a certain number of
Monte Carlo steps in conformational space (in the course of this process the
system equilibrates at temperature T) the possibility of mutation of two ran-
domly chosen monomeric units is tried: monomeric unit H converts into P
and vice versa. If this leads to a decrease in the energy of a protein-like glob-
ule, this move is accepted. If the globular energy is increasing by the amount
∆E, this move is accepted with the probability defined by exp(– ∆E/kBTs).

In general, we can define evolution of sequences for any value of Ts.
However, the simulation for three characteristic cases can be most easily un-
derstood.

(i) The inequality T � Ts means that all the moves in sequence space are
accepted independent of conformation. This corresponds to random
mutations, and the final sequence (after long evolution) will be that of
a random HP copolymer (no information complexity).

(ii) The inequality T 
 Ts means that only the moves leading to a decrease
in the globular energy E are accepted. Such evolution should lead to
a sequence corresponding to a minimum of globular free energy in
conformational space. For the case of the absence of any attractive inter-
actions between P units, it was shown [70] that the final sequence after
evolution should have a hydrophobic core with very few hydrophilic (or
polar) loops and a long hydrophilic tail. This sequence is close to that of
a HP diblock copolymer, and should not exhibit any information com-
plexity, as has been stated above.

(iii) The case T = Ts corresponds to an annealed HP sequence. This case is
equivalent to the situation when monomeric unit H can be converted
into P by attaching some ligand L: P�H + L. We assume that the num-
ber of ligands is fixed to maintain 1 : 1 HP composition, however, they
can choose which monomeric unit to bind. This defines, in particular,
the chain sequence. Annealed HP sequences in the context of polymer
globules were first considered by Grosberg [72].

When Ts does not correspond to any of the characteristic cases described
above, the evolution of sequences coupled with conformations can be still de-
fined in the same way. One has only to remember that if T �= Ts and both T
and Ts are finite, there is a flow of heat between conformational space and se-
quence space, so that full thermodynamic equilibrium is impossible. Still, we
can be in a stationary regime corresponding to the sequences tending to a cer-
tain fixed point, and possessing (or not possessing) information complexity.

The simulations and theoretical arguments [71] predict that at high Ts, the
sequence free energy Fs dominates and the sequence tends to be completely
random, corresponding to the minimum of Fs. At low Ts, the evolution se-
lects those sequences, which correspond to the low value of the conformation
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free energy (structure of the core-tail type). In the intermediate regime, the
conformational thermodynamic force and the sequence contribution (evolu-
tion pressure) interplay. Therefore, the formation of nontrivial structures and
sequences is possible. Even in the absence of attraction between P units the
final sequences remain protein-like (i.e., the final copolymer has the core-
shell structure of a globule) and therefore maintains certain information
complexity.

2.3
CDSD Via Copolymerization

2.3.1
Conditions for CDSD

Polymer growth is an example of a hybrid stochastic process, which involves
both discrete and continuous random variables; the position of the polymer
being continuous, while the number of monomers in the growing polymer is
discrete. In this section, we will discuss just those processes.

The CDSD copolymerization essentially differs in principles and in results
from the conformation-dependent polymer-analogous transformation [25].
Such a process can be considered as a variant of template polymerization
(also called molecular imprinting) based on the noncovalent binding of poly-
merizing monomers to a template.

The essence of this technique consists of the copolymerization of mono-
mers differing in their affinity to the template and therefore differently dis-
tributed in the reaction system. In contrast to conventional types of template
polymerization [73, 74], in the CDSD copolymerization, all the monomers
are bifunctional and form linear polymers, not cross-linked ones. The se-
quence of the segments in the resulting molecularly imprinted copolymer
is determined by the template-controlled conformation of the propagating
macroradical [24, 25].

Thus, the CDSD copolymerization regime is possible only in reaction
systems with a strongly inhomogeneous spatial distribution of monomer
concentrations [24, 25]. As an origin of inhomogeneities, one can mention
interfaces, nanoparticles, molecular and supramolecular aggregates (e.g., for
macroradicals capable of forming globular conformations), and so forth.
They should selectively adsorb one of the comonomers (Fig. 12). Moreover,
the spatial scale of the concentration inhomogeneities should be comparable
to the size of the growing macroradical. Also, the polymerizing monomers
should retain their properties after they are incorporated into a polymer
chain. In the case of a copolymerization near an interface, one of the types of
monomers and chain segments should be preferentially distributed near the
adsorbing surface, whereas other monomers and chain segments should be
preferentially located in the solution. As a result, the chemical sequence and
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Fig. 12 Schematic representation of the CDSD copolymerization process in the cases when
one of the comonomers is selectively absorbed by a polymer globule (top) or adsorbed on
a surface (bottom). a Growing chains during the copolymerization (reaction zone around
the growing chain end is marked with a dashed line); resulting copolymers in b glob-
ular (adsorbed) and c coil-like states. Regions where absorbed (adsorbed) monomers
dominate are shown in gray

conformation of the growing macroradical become mutually dependent. Such
an interdependence determines the further way of chain growth through the
comonomer concentrations in a small reaction volume (see Fig. 12).

Finally, the rate of copolymerization should be slow enough. This guaran-
tees that, during the chemical reaction, the equilibrium concentration fields
remain approximately constant, and the growing chain has an equilibrium
conformation between successive attachments of the monomers. Therefore,
the CDSD regime is realized when

max{τD, τrel} < τR . (3)

where τR is the reaction time characterizing the polymerization rate, τD is
the characteristic diffusion time for monomers, and τrel is the chain relax-
ation time that depends on the current chain length Nτ . For an ideal chain,
the Rouse relaxation time scales with N as τrel ∼ N2 [75]. It is clear that Eq. 3
corresponds to a kinetically controlled regime.

2.3.2
Copolymerization with Simultaneous Globule Formation

Let us assume that we are performing a radical copolymerization of moder-
ately hydrophobic (H) and hydrophilic (P) monomers in an aqueous medium.
The conditions for copolymerization (e.g., the temperature and solvent com-
position) should be chosen in such a way that when the emerging chain
is long enough it can form a globule. As long as the current chain length
Nτ is not too large, the growing hydrophobic-hydrophilic (HP) macroradical
remains in a coil-like conformation. However, when its length becomes suffi-
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ciently large, the chain tends to form a two-layer globule with a hydrophobic
core and a polar envelope. As has been noted in Sect. 2.2.3, the origin of this
effect is connected to the loss in translational entropy of covalently bonded
hydrophobic species after their incorporation into the growing chain.

The presence of a hydrophobic-hydrophilic interface can dramatically
change the reaction conditions. The hydrophobic core will selectively absorb
hydrophobic species from the solution (Fig. 12), and this will result in a re-
distribution of monomer concentrations between the core and bulk solution.
Because the probability of attachment for each comonomer is determined by
its concentration in a relatively small reaction volume near an active chain
end, the active center inside the hydrophobic core will mainly attach more hy-
drophobic species; on the other hand, when the active center is located on the
globule surface, it will mainly attach polar (soluble) monomers. In this way,
the two-layer globule will grow, retaining its core-shell structure with a pre-
dominantly hydrophobic core and a hydrophilic outer envelope (see Fig. 12).

Theoretically, chain conformations and chemical sequences obtained via
conformation-dependent copolymerization in a selective solvent were studied
by Berezkin et al. [76–78]. It was shown that the corresponding polymer-
ization process could not be interpreted in terms of classical kinetic models
allowing for only short-range effects [53]. Using Monte Carlo and molecular
dynamics simulation techniques, the process of irreversible radical copoly-
merization of hydrophobic and hydrophilic monomers, which led to globule
formation, was studied [76–78]. The polymerization was modeled as a step-
by-step chemical reaction of the addition of H and P monomers to the grow-
ing copolymer chain, under the assumption that a depolymerization reaction
was not allowed. To simplify the analysis, it was assumed that the copolymer-
ization is ideal with equal reactivity ratios. The type of attached monomers
and the probabilities of their addition were determined from the average con-
centrations of the reactive monomers in a reaction volume Vτ around the
moving active end of the macroradical of a given length Nτ during a reaction
time τR. It was also assumed that the reaction bath is sufficiently large and the
reactive species are sufficiently dilute so that there is significant time for the
growing macroradicals to propagate independently. The preferential sorption
of hydrophobic monomers in the core of the arising globule was explicitly
taken into account.

The simulations [76–78] show that, using the conformation-dependent
polymerization mechanism, one can indeed end up with a copolymer hav-
ing a dense hydrophobic core surrounded by a hydrophilic shell. Figure 13
presents the typical radial distribution W(r) of hydrophobic and hydrophilic
units (with respect to the center of the globule) calculated for a copolymer
chain of 512 units with a 1 : 1 HP composition. In Fig. 14, we show a typi-
cal snapshot. These findings explicitly prove the core-shell microstructure of
the globule obtained via irreversible copolymerization in the solvent, which
is moderately poor for hydrophobic species. In general, the same microsegre-
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Fig. 13 Radial distribution of hydrophobic and hydrophilic segments (with respect to the
center of the globule) for a copolymer chain of 512 segments with a 1 : 1 HP composition.
σ is the size of the chain segment. Adapted from [76]

Fig. 14 Typical core-shell microsegregated structure that is obtained via conformation-
dependent copolymerization with simultaneous globule formation in a selective sol-
vent [76]. Hydrophobic chain segments are shown in dark gray and hydrophilic segments
are shown in light gray
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gated structure is observed for core-shell globules obtained via the coloring
procedure [18–20].

The average chemical composition of the resulting HP polymer is deter-
mined by the bulk concentrations of the monomers, C0

H and C0
P, and by the

solubility of hydrophobic monomers in a globular core. For approximately
equal contents of H and P segments in the growing copolymer, the solution
should contain an excess of P monomers. In general, the chemical composi-
tion of the synthesized copolymer strongly deviates from the statistical one.
Thus, the change in the solution concentration of polymerizing monomers
allows the copolymer composition to vary over a wide range. Although the
reactivities of both monomers are equal [76–78], their copolymerization
leads to a copolymer that is preferentially enriched with hydrophobic seg-
ments. Therefore, a strong deviation from the principle of equal reactivity of
Flory [79] is observed for the CDSD polymerization regime.

The type of monomer attached to the growth center during the simulation
under kinetic control (at large τR values, see Eq. 3) is determined by the con-
formation and primary structure of the growing chain as a whole, not only
by the local concentration of reactive monomers near the active end of the
macroradical. As a result of such cooperativity, the formation of sequences
with specific LRCs of the Lévy-flight type was observed [76–78].

Because of the specific mechanism of the chain propagation, the syn-
thesized copolymers can have a gradient primary structure; that is, the
HP composition can change along the growing chain during copolymeriza-
tion [77]. This interesting result follows from the analysis of the distribution
of monomers along the growing chain. Very short chains do not contain a suf-
ficiently large number of hydrophobic units to form a core-shell conformation,
and the growth of these chains is similar to that observed for random free
radical copolymerization [17]. The composition of these chains is also close
to the monomer composition in solution. Then, as the macroradical becomes
longer and the number of connected H units increases, a dense hydrophobic
core can be formed. This core absorbs H monomers, and their fraction in the
resulting copolymer increases. In this case, the probabilities of monomer add-
ition are also not constant because of the changes in the ratio between the
volumes of the hydrophobic core and the polar shell during the chain growth.
Therefore, the gradient primary structure is formed because of a change in the
chain conformation and a continuous redistribution of comonomers between
the globule and the solution in the course of the polymerization; in this way,
a compositional drift is produced along the chain.

Experimentally, the described synthetic strategy was first realized by
Lozinsky et al. [80, 81], who studied the redox-initiated free-radical copoly-
merization of thermosensitive N-vinylcaprolactam with hydrophilic N-vinyl-
imidazole at different temperatures. These and other experimental stud-
ies [82–84] showed the universality of this approach of obtaining copolymers
capable of forming nanostructures with a core-shell morphology.
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2.3.3
Emulsion Copolymerization

The emulsion polymerization methodology is one of the most important com-
mercial processes. The simplest system for an emulsion (co)polymerization
consists of water-insoluble monomers, surfactants in a concentration above
the CMC, and a water-soluble initiator, when all these species are placed
in water. Initially, the system is emulsified. This results in the formation of
thermodynamically stable micelles or microemulsions built up from monomer
(nano)droplets stabilized by surfactants. The system is then agitated, e.g.,
by heating it. This leads to thermal decomposition of the initiator and free-
radical polymerization starts [85]. Here, we will consider a somewhat unusual
scenario, when a surfactant behaves as a polymerizing comonomer [25, 86].

In the numerical Monte Carlo simulations [86], polymerizing monomers
were modeled as hydrophobic/hydrophobic (HH) and hydrophobic/hydro-
philic (HP) “dumbbells” consisting of H(P) beads linked by rigid bonds of
a fixed length. It is assumed that the monomers are placed in a polar solvent
and form a mixed spherical micelle, which can be divided into two regions,
ΩHH and ΩHP, initially filled with hydrophobic (HH) and amphiphilic (HP)
monomers (Fig. 15a). Also, it is assumed that there is a strong incompatibility
of H and P sites (the strong segregation regime). This results in a well-defined

Fig. 15 a Schematic representation of the distribution of hydrophobic and amphiphilic
monomers polymerizing in micelle and b the reaction between the monomers
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interface between the ΩHH and ΩHP regions. The polymerization process is
modeled as a step-by-step irreversible chemical reaction between H beads,
which leads to an amphiphilic copolymer having a hydrophobic backbone
with attached hydrophobic and hydrophilic side groups (Fig. 15b). The dis-
tribution of the side groups along the hydrophobic backbone defines the
primary structure of the resulting amphiphilic copolymer. It is clear that in
the model, the copolymer composition should depend on the size of the mi-
celle R and on the ratio of the volumes ΩHH/ΩHP. The maximum length of
the chain is limited and defined as N = 2πρR3/3, where ρ is the total number
density of H and P sites in the micelle. Therefore, by changing the micelle size,
one can control both chemical composition and chain length simultaneously.

The type of attached monomeric units is determined by the average con-
centrations of reactive monomers in a reaction volume swept out by the
moving active end of the macroradical of a given length Nτ during time
τR. These concentrations are related to the corresponding instant local con-
centrations, CHP(r) and CHH(r), in the elementary volume d3r and to the
probability of finding the active end in this volume, v(r). The probability p(i)

αβ

that monomeric unit αβ (αβ = HP or HH) is located at the ith position from
the beginning of a growing macromolecule is given by [86]

p(i)
αβ =

∫

Ωαβ

Cαβ(r)v(r)d3r

∫

ΩHP

CHP(r)v(r)d3r +
∫

ΩHH

CHH(r)v(r)d3r
=

vαβCαβ

vHPCHP + vHHCHH
, (4)

where Cαβ is the time-dependent average concentration of monomer αβ in
the corresponding volume Ωαβ and vαβ is the probability averaged over chain
conformations, which define the location of the terminal free-radical reactive
site in this volume.

Generally speaking, the values vHP and vHH depend on the conformation
of the macroradical as a whole. In the first approximation, however, they can
be considered as constant, vHP and vHH. In this case, the polymerization pro-
cess is described on the basis of the first-order reaction kinetic equations. In
particular, one can define the following parameter characterizing the compo-
sition change along the chain [86]

η =
vHP

vHH

C(0)
HPn(0)

HH

C(0)
HHn(0)

HP

, (5)

where C(0)
HP and C(0)

HH are the initial monomer concentrations and n(0)
HP and n(0)

HH
denote the initial numbers of the corresponding monomers in the micelle.
It turns out that if η > 1, then the growing chain end attaches mainly hy-
drophobic monomers; if η < 1, it is preferentially enriched with hydrophilic
monomers. In both cases, the resulting copolymer has a gradient structure.
At η = 1, different monomers are distributed randomly along the chain. Obvi-
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ously, the parameter η depends on the micelle size and therefore on N. Also,
it can be changed when some amount of chemically inert species (e.g., solvent
molecules) is incorporated into the micelle interior.

Let us consider the intramolecular composition profile ϕ
(i)
HP = 2p(i)

HP – 1
calculated in [86]. The function ϕ

(i)
HP characterizes intramolecular chemical

inhomogeneity along the chain. The present definition of ϕ
(i)
HP assumes that

the HP-type segments are coded by symbol + 1, whereas symbol – 1 is as-
signed to the HH-type segments. For an ideal random copolymer in which
chemically different segments follow each other in a statistically random fash-
ion, the p(i)

HP function should coincide with the average fraction ϕHP of HP
segments for any i. For a random-block copolymer, the fraction of one com-
ponent averaged over many generated chains should also be uniform along
the chain.

Figure 16 shows ϕ
(i)
HP as a function of i/N for a few values of N. It is seen

that depending on the chain length (and, therefore, on the micelle size), the
resulting copolymer can have different gradient primary structures.

Also, in [86], the block length distribution functions fHP(	) and fHH(	)
were calculated. It was found that the fHP(	) function decays exponentially
with increasing block length 	, fHP(	) ∝ exp(– 	/LHP), where LHP is the aver-
age length of HP blocks. On the other hand, the distribution fHH(	) exhibits
power-law decay fHH(	) ∝ 	–α for not too large 	. The exponent α estimated
from the simulation data is close to 2. Such a behavior indicates the existence
of LRCs. However, for sufficiently long blocks, fHH(	) shows an exponential
decay that is related to the finite size of the micelle.

Fig. 16 Intramolecular composition profile presented as a function of monomer number
i/N for hydrophobic/amphiphilic copolymer chains obtained via emulsion copolymeriza-
tion, at a few chain lengths N indicated near the curves. Adapted from [25]



Conformation-Dependent Sequence Design 39

2.3.4
Copolymerization Near a Selectively Adsorbing Surface

Recently, a Monte Carlo simulation technique has been used to study two-
letter quasirandom copolymers, which were generated via surface-induced
computer-aided sequence design [87, 88]. This approach represents an irre-
versible radical copolymerization of selectively adsorbed A and B monomers
with different affinity to a chemically homogeneous impenetrable surface,
allowing for a strong short-range monomer(A)-surface attraction. Thereby,
one of the types of monomers and chain segments are preferentially dis-
tributed near the adsorbing surface while other monomers and chain seg-
ments are preferentially located in the solution. As a result of such con-
centration inhomogeneities, the chemical sequence and conformation of the
growing macroradical become mutually dependent, which corresponds to the
CDSD regime [24, 25]. In the simulations, probabilities of A and B monomer
additions to the growing polymer were determined by combination of the
equilibrium monomer concentration profiles, CA(z) and CB(z), normal to
the z = 0 plane and by the active chain end location. To describe the chain
propagation theoretically, a simple analytical model based on stochastic pro-
cesses and probabilistic statistics was also introduced and investigated in
detail [88]. This probabilistic model (PM) provides a close approximation to
the simulation data and explains a number of statistical properties of copoly-
mer sequences. The calculations revealed the following conclusions.

In the case of strong adsorption of A species, the average fraction of B units
ϕB in the resulting copolymer increases with their average bulk concentration
C0

B, thereby leading to a decrease in the number of strongly adsorbed seg-
ments. At some critical value C∗

B, about half of the chain segments are in the
adsorbed state, and the average AB composition of synthesized copolymer is
close to equimolar (ϕA ≈ ϕB ≈ 1/2). At C0

B < C∗
B, the growing chain is enriched

with A monomers; when C0
B > C∗

B the growing chain end deeply penetrates
into the bulk, and the B segments prevail in the generated copolymer. Thus,
the change in the solution concentration of unadsorbed (or weakly adsorbed)
reactive monomers allows the chemical composition to be varied over a wide
range. Figure 17 presents a typical snapshot picture of the synthesized 1024-
segment copolymer chain with ϕA ≈ 0.5.

The chain propagation near the adsorbing surface proceeds as a randomly
alternating growth, leading to a copolymer with power-law long-range cor-
relations in the distribution of different segments along the chain. Moreover,
the statistical properties of the copolymer sequences correspond to those of
a one-dimensional fractal object with scale-invariant correlations [88].

Figure 18 presents the results of the statistical analysis for the sequences
having approximately 1 : 1 AB composition. Also, Fig. 18 demonstrates the
fluctuation function FD(λ) predicted by the probabilistic model [88] for
N = 1024 and ϕA = 1/2. We see that designed sequences do not correspond
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Fig. 17 Snapshot of the synthesized 1024-unit copolymer chain with ϕA ≈ 0.5. The light
gray and dark gray spheres show adsorbed (A) and unadsorbed (B) segments, respec-
tively. The place of connection of the chain with the surface (“initiator”) and the chain
end are depicted as larger spheres

Fig. 18 Detrended fluctuation function for the copolymer sequences of length N = 1024,
which were generated via surface-induced computer-aided design. Solid line shows the
analytical (PM) result at ϕA = 0.5. Adapted from [88]

to random and random-block statistics, and strong correlations exist in these
sequences. For sufficiently large λ, very good agreement between the Monte
Carlo simulation and the analytical PM result is observed [88]. In both cases,
the long-range correlations persist up to the windows with length close to N.
Moreover, the correlations turn out to be more pronounced as λ is increased:
the dependence of log[FD(λ)] on log λ becomes a nearly linear function
whose slope approaches unity with increasing λ.

From the facts presented above, it is evident that the copolymer sequences
discussed here are correlated throughout their whole length. Also, it was found
that any sufficiently large part of the averaged sequence has practically the same
correlation properties as the entire sequence. This means that the generated
sequences show scale invariance, a feature typical of fractal structures.
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To gain some further insight into the discussed problem, the block length
distribution functions fA(	) and fB(	) were calculated, using both Monte
Carlo simulations and the analytical probabilistic model [88].

In the N → ∞ limit, the distribution over strongly adsorbed blocks fA(	)
is described by the following conditional probability distribution function

fA(	) ≡ PA(	|	 > 0) = (1 – pAA)p	–1
AA , (6)

where 	 = 1, 2, ..., pAA = pA/[1 – (1 – pA)(1 – pB)] is the conditional probabil-
ities that the (i + 1)th segment in the growing chain is of type A when the ith
segment is also of type A, pA is the probability that the copolymer is length-
ened by addition of the next monomeric unit of the type A to a terminal
free-radical reactive site, and pB defines the probability that at each ith step
the growing chain goes further from the adsorbing surface.

One may say that the conditional probability pAA defines the strength of
persistent correlations in the sequence. If the persistent correlations are ex-
tremely strong (pAA → 1), then for the average length of A blocks, we have:
LA → ∞. In the polymerization process, such a situation is realized when the
bulk concentration of B monomers approaches zero. If pAA = 1/2, one arrives
at the known trivial result for the Bernoullian statistics without correlations
that corresponds to a random copolymer [10]. In this case, the probability pA
of each segment to be of type A is constant throughout the whole sequence.
This means, for example, that the conditional probability pAA is equal to pA.
The average fraction of type A segments ϕA in a purely random sequence
is equal to the probability pA. In particular, for a purely random sequence
with pA = 1/2 we have: LA = LB = 2. Such a copolymer is obtained in the
course of solution copolymerization of A and B monomers having identical
solubility and reactivity. Finally, at pAA = 0 we deal with a regular sequence
with alternating distribution of A and B segments in the sequence for which
LA = LB = 1.

For copolymer chains of a finite length N, the probability distribution over
the length of blocks is given by [88]

f (	 ≤ N) =

⎧

⎪

⎨

⎪

⎩

f (	) , 	 = 1, 2, ..., N – 1

1 –
	–1
∑

n=1
f (n) , 	 = N

(7)

where f (	) is defined from Eq. 6 for blocks A, whereas for blocks B, one has:

fB(	 = 2m) =
pAA

1 – pAA

∑

nj

m
∏

j=1

Rnj ,
m

∑

j=1

nj = m (8)

fB(	 = 2m + 1) = 0 , m = 1, 2, ... (9)

with

Rn = (1 – pAA)f (k = 2n|k > 0) , n = 1, 2, ..., m (10)
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and R0 = 1. Here the conditional probability f (k = 2n|k > 0) is given by

f (k = 2n|k > 0) =

{

0 , n = 2m – 1
φm–1 – φm , n = 2m

, m = 1, 2, ... , (11)

where

φm =
m

∑

j=1

bj,m , m = 1, 2, ... (12)

bj,m =
j

j – 1
m – j + 1

m + j
bj–1,m , j = 2, ..., m (13)

b1,m =
am

m + 1
(14)

am = (1 –
1

2m
)am–1 , m = 2, 3, ... (15)

and a1 = 1.
One can show that the block length distribution function fB(	) is char-

acterized for asymptotically large 	 by the power-law decay of its density
fB(	) ∝ 	–α with the exponent α = 3/2 [88]. The exponent α estimated from
the simulation data (α ≈ 1.6) is, up to the “experimental” uncertainty, quite
close to that predicted by the exact analytical model. As has been noted
above, such a power-law decay is a characteristic of the Lévy probabilistic
processes [36].

It was found that the resulting copolymer has a specific quasigradient
primary structure. Figure 19 demonstrates a typical composition profile cal-
culated as a function of i/N for the sequences, which have approximately
1 : 1 AB composition (ϕA ≈ ϕB ≈ 0.5). First, we observe rather good (almost
quantitative) agreement between Monte Carlo and PM results. Second, both
profiles show a monotonous decrease with the segment position i. There-
fore, we deal with a copolymer whose primary structure is similar to that
known for “tapered” or gradient copolymers exhibiting strong composition
inhomogeneity along their chain [17]. It follows from the simulations and
the analytical data that the gradient extends along the entire chain for any
chain length. Therefore, the copolymer synthesized in this way shows com-
positional scale invariance. An inhomogeneous spatial distribution of poly-
merizing monomers and composition constraints in the resulting copolymer
are major reasons behind the specific chain growth and the global statistical
nature of sequences at large scales.

It is known that the gradient (tapered) nature of copolymers, which can
be synthesized in free-radical polymerization processes, is due to a drift in
the free monomer composition during solution polymerization [17]. Such
copolymers can be considered as a special type of block copolymers in which
the composition of one component varies along the chain. With a decreasing
difference in the monomer reactivity rations, the formation of gradient sta-
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Fig. 19 Intramolecular composition profiles presented as a function of i/N for the se-
quences having approximately 1 : 1 AB composition (ϕA ≈ ϕB ≈ 0.5): circles, simulation
data for the copolymer chains synthesized near a selectively adsorbing surface; solid line,
probabilistic model, dashed line, random sequence. Adapted from [88]

tistical copolymers rather than gradient (tapered) block copolymers occurs.
However, in the model polymerization process considered in [87, 88], all the
polymerizing species had the same reactivities, and the monomer concen-
trations remained unchanged during synthesis. Therefore, the changes in the
probabilities of the addition of components to the growing macroradical are
due to the evolution of its chemical composition; this result is typical for the
CDSD regime [24, 25].

2.3.5
Copolymerization Near a Patterned Surface

Because the spatial scale of the monomer concentration gradient in the re-
action system discussed in the previous sections was comparable with the
macroradical size, the chemical inhomogeneity has been observed for the
generated copolymer sequence as a whole. To limit and control the size of the
gradient regions, the spatial scale of the concentration inhomogeneities in the
reaction system apparently should be limited. The easiest way to achieve this
is to perform the copolymerization near a solid patterned surface with dis-
crete adsorption sites. In this case, each of the sites is a small independent
source of concentration disturbances lying at a certain distance from other
sites. The surfaces with a regular distribution of adsorption sites are of most
interest because they can allow a fine control of the primary structure of the
copolymers obtained on the basis of the CDSD technique.

Another motivation for this work is the development of copolymers that
are tuned to a certain surface, that is, copolymers that have a “memory”
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of the preparation conditions and are able to reproduce their specific con-
formation in the vicinity of the surface with predefined chemical hetero-
geneity. It is thought that copolymers designed in this way have potential
for the recognition of patterned substrates through the formation of sta-
ble adsorption complexes with planar or spherical substrates composed of
two chemically distinct sites, one of which has a preferential affinity for one
of the comonomers. Obviously, these copolymers could have enormous po-
tential in molecular technology and biotechnology. In particular, interfacial
molecular recognition is ubiquitous and essential in life processes. Exam-
ples include enzyme-substrate binding, transmembrane signaling processes,
antigen-antibody and protein-receptor interactions [89, 90]. One of the main
motivations for studying the pattern recognition mechanism is also related
to the design and synthesis of a new generation of copolymers, which carry
a target pattern encoded in their sequence distribution and thereby possess
the surface recognition ability [91, 92]. Such copolymers can be viewed as
macromolecules with pattern-matched sequences.

It should be emphasized that pattern recognition by synthetic flexible
polymers is different from biospecific molecular recognition, which is ob-
served, e.g., for folded globular proteins with a specific ternary structure.
Indeed, enzyme-substrate or protein-receptor binding can be explained on
the basis of the so-called “lock-key” recognition mechanism [90], whereas
the recognition by the flexible coil-like polymers is more likely to be de-
scribed as “pattern-induced conformational fitting” accompanied by strong
conformational changes of the chain [93]. In this latter case, the poly-
mer should adjust its conformation such that it touches predominantly the
most attractive surface sites [93]. Therefore, the pattern recognition ability
of target-imprinted chemical sequences can in principle be optimized via
conformation-dependent sequence design [24].

A Monte Carlo simulation of irreversible template copolymerization near
a chemically heterogeneous surface with a regular (hexagonal) distribution of
discrete adsorption sites was performed in the papers [94, 95]. The sites could
selectively adsorb from solution one of the two polymerizing monomers and
the corresponding chain segments. The focus of this study was on the influ-
ence of the polymerization rate, adsorption energy ε, and distance between
adsorption sites rs on the chain conformation and chemical sequence of the
resulting AB copolymers and, specifically, on the coupling between polymer-
ization and selective adsorption.

Under the preparation conditions corresponding to the CDSD regime, the
formation of quasiregular copolymers with a blocky primary structure was
observed [94]. In such copolymers, there are two types of alternating sections.
One of them contains randomly distributed A and B segments. The second
one consists mainly of strongly adsorbed A segments. The average length of
the random sections is proportional to the distance separating the nearest
neighbor adsorption sites rs. The average length of the A-rich sections is de-
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termined by the adsorption capacity of the adsorption sites. Therefore, by
varying the interaction parameters and the distribution of adsorption sites
on the substrate, one can design and synthesize copolymers with different
surface-induced chemical sequences in a controlled fashion.

In particular, the variation of the strength of the effective monomer(A)-
substrate interaction ε allows us to determine the asymptotic regimes corres-
ponding to random copolymerization or CDSD. The average intramolecular
chemical composition ϕA emerging in the simulation [94] is shown as a func-
tion of ε in Fig. 20 for the case in which the solution concentrations of A and
B monomers are equal, C0

A = C0
B. One can conclude that for the weak adsorp-

tion regime, ε/kBT � 6, random copolymerization dominates (ϕA ≈ 0.5); in
the region ε/kBT � 15, CDSD dominates. The threshold value of the energy
parameter ε when random copolymerization and CDSD have about the same
probability is ε/kBT ≈ 8 for a given choice of the polymerization parameters
and simulation model.

To analyze the correlations in the copolymer sequences, one can use the
so-called two-point “chemical correlators” [53]:

Θ
(i)
αβ = n(i)

αβ/
∑

α,β

n(i)
αβ , (16)

where n(i)
αβ is the number of αβ (AA, BB, and AB) pairs and i is the chem-

ical distance between these pairs along the chain. Chemical correlator Θ
(i)
αβ

is the probability of finding a pair of α and β segments (α,β = A,B) among
all the possible pairs separated by i segments along the chain in a given
copolymer sequence. Some of the results of the calculation [94] are shown

Fig. 20 Average chemical composition as a function of the adsorption energy parameter
for the case when the solution concentrations of A and B monomers are equal. Adapted
from [94]
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in Fig. 21 for a few different values of ε. The dependences of Θ
(i)
AA on i indi-

cate that quasiregular copolymers are synthesized in the CDSD regime when
the adsorption interaction is sufficiently strong. Indeed, we see that these
copolymers are characterized by a periodical variation of the composition
along the chain. For the system simulated, the period of this variation is about
20 segments. Therefore, the formation of copolymers with blocky primary
structures can be observed.

The following mechanism of the formation of quasiregular copolymers
was suggested [94]. Chain growth begins near an adsorption site at which the
concentration of strongly adsorbed A monomers is high. These monomers
are attached preferably to the end of the growing macroradical and form an
initial chain section including mainly A segments. This section gradually cov-
ers the nearest adsorption site. Because of the limited adsorption capacity, the
screened adsorption site looses the ability to attract the active end group of
the macroradical. After that, the reaction volume moves into solution away
from the substrate in which random copolymerization occurs. The random
chain section grows until it reaches the nearest free adsorption site. Then,
the formation of a new adsorbed section begins again. Such cycles are re-
peated many times. As a result, the formation of a quasiregular copolymer
with alternating A-rich and random AB sections is observed.

Thus, the copolymer sequence consists of repeating blocks. Each of these
blocks is a short gradient sequence formed by strongly adsorbed sections
and random weakly adsorbed sections. The average length of the adsorbed
section is almost constant and is related to the adsorption capacity of the
adsorption center. On the other hand, the average length of the random sec-
tion depends on its conformation between the adsorption centers, and in
principle, it can vary over a wide range. It should be emphasized that the

Fig. 21 Chemical correlators for AA diades for different values of the adsorption energy
parameter ε, at N = 512. Adapted from [94]
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quasiregular copolymer is formed only when the random bridges connecting
neighboring adsorption sites are strongly stretched and the variation of their
length is sufficiently small. The strongly stretched regime leads to the period-
ical composition variations. Figure 21 shows that this regime is realized for
ε/kBT ≥ 15.

The distribution of B blocks, which are included mostly in nonadsorbed
chain sections, decays exponentially and thus should obey Bernoullian statis-
tics that correspond to a zeroth-order Markov process [10]. The average
length of such blocks is close to 2, that is, the same as that of a random copoly-
mer. In the case of A blocks, the distribution function fA(	) also decays expo-
nentially in the initial region, which corresponds to short blocks included in
the random chain sections. For longer A blocks, however, the distribution be-
comes significantly broader and has a local maximum at 	 ∼ 10 [95]. Hence,
one can conclude that the distribution of A blocks strongly deviates from that
known for random sequences.

By varying the distance between nearest adsorption sites, rs, one can con-
trol the composition variation period of the synthesized copolymer. From the
chemical correlators defined by Eq. 16, it is easy to find the average number
of segments in the repeating chain sections, N, for different rs values. It is
instructive to analyze the relation between N and rs. As expected, a power
law N ∝ rµ

s is observed. It is clear that exponent µ in this dependence should
be between µ = 1 (for a completely stretched chain) and µ = v–1 with v ≈ 0.6
(for a random coil with excluded volume [75]). The calculation [95] yields
µ ≈ 1.33 for N ≥ 15. This supports the aforementioned assumption that the
repeating chain sections are strongly stretched between the adsorption sites.
The same conclusion can be drawn from the visual analysis of typical snap-
shots similar to that presented in Fig. 22.

Fig. 22 Snapshot illustrating a typical conformation of 512-unit copolymer chain syn-
thesized near a patterned surface in the strong adsorption regime. Chain segments of
A and B type are shown as dark gray and light gray sticks, respectively. Spheres depict
adsorption sites
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2.4
Design of Monomeric Units

2.4.1
Amphiphilic Polymers

It is commonplace to say that the properties of a copolymer depend not only
on its chemical sequence but also on the chemical structure of its monomeric
units. Therefore, the second important route in molecular design can be con-
nected with designing monomeric units of the copolymer having a given
sequence distribution. One of the promising ways in this direction is to adjust
the amphiphilic properties of the copolymer chain.

A large number of macromolecules possess a pronounced amphiphilicity
in every repeat unit. Typical examples are synthetic polymers like poly(1-
vinylimidazole), poly(N-isopropylacrylamide), poly(2-ethyl acrylic acid),
poly(styrene sulfonate), poly(4-vinylpyridine), methylcellulose, etc. Some of
them are shown in Fig. 23. In each repeat unit of such polymers there are
hydrophilic (polar) and hydrophobic (nonpolar) atomic groups, which have
different affinity to water or other polar solvents. Also, many of the im-
portant biopolymers (proteins, polysaccharides, phospholipids) are typical
amphiphiles. Moreover, among the synthetic polymers, polyamphiphiles are
very close to biological macromolecules in nature and behavior. In principle,
they may provide useful analogs of proteins and are important for model-
ing some fundamental properties and sophisticated functions of biopolymers
such as protein folding and enzymatic activity.

Since amphiphilic polymers contain monomeric units having hydropho-
bic/hydrophilic character, they can exhibit conformational transitions in-
duced by temperature, solvent composition, or pH variation [96]. Because
of the presence of the two opposing interactions towards the solvent in
which they are immersed, amphiphiles can self-assemble, forming a variety
of supramolecular structures. Understanding the physics of self-association

Fig. 23 Examples of amphiphilic polymers: a poly(1-vinylimidazole), b poly(N-isopropyl
acrylamide), and c poly(2-ethyl acrylic acid)
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of amphiphiles is extremely challenging and also important because the
underlying ideas have found connections to other fundamental areas, e.g.,
phase transitions in membranes, crumpled surfaces, and geometry of random
surfaces.

2.4.2
HA Model

The two-letter (“black-and-white”) HP model first introduced by Lau and
Dill [31] and widely discussed in this article is the simplest model of
hydrophobic/hydrophilic polymers. The model is very computationally effi-
cient, but its principal disadvantage is the representation of each monomeric
unit of an amphiphilic chain as a point-like interaction site of pure hy-
drophilic or pure hydrophobic type. At the same time, in the large ma-
jority of real amphiphilic polymers, each monomeric unit has a dualistic
(hydrophobic/hydrophilic) character, that is, repeating polymer unit, which
is considered as hydrophilic, actually incorporates both hydrophilic and hy-
drophobic parts concurrently. A typical example is poly(1-vinylimidazole)
with the hydrocarbon (hydrophobic) backbone and hydrophilic water-soluble
side groups (see Fig. 23). Many of the amino acids also contain both hy-
drophilic and hydrophobic groups simultaneously and, strictly speaking, the
interaction between such amino-acid residues in proteins cannot be liter-
ally reduced to pure hydrophilic or pure hydrophobic site-site interactions,
as it is presupposed in the HP model by discarding all details of side-group
interactions.

One of the possible extensions of the HP model is the HA side chain model
introduced in [212]. This is a more realistic coarse-grained model of am-
phiphilic polymers where the dualistic character of each monomeric unit is
explicitly represented.

In terms of graph theory, an amphiphilic polymer can be modeled as
a caterpillar graph instead of a linear graph corresponding to the standard HP
model. More formally, a caterpillar of length N is the HP graph in which the
set {H} represents the nodes in the backbone and the set {P} the so-called legs.
Each backbone node corresponds to a hydrophobic group (e.g., CH2 – CH
group in Fig. 23) whereas the leg is considered as a polar side group attached
to the node. With this representation, each amphiphilic monomer unit (A) is
treated as a hydrophobic/hydrophilic HP dumbbell.

Depending on the content of pure hydrophobic and amphiphilic groups,
one can simulate amphiphilic homopolymers (poly-A) and copolymers with
the same HA composition but with different distribution of H and A units
along the hydrophobic backbone, including regular copolymers comprising
H and A units in alternating sequence, (HA)x, regular multiblock copoly-
mers (HLAL)x composed of H and A blocks of equal lengths L, and ran-
dom copolymers having different H and A block lengths (Fig. 24). Gener-
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Fig. 24 The “side-chain” models of amphiphilic polymers: a amphiphilic homopolymer
(poly-A), b regular alternating HA copolymer, c regular multiblock HA copolymer, and
d protein-like HA copolymer. Each hydrophobic monomer unit (H) is considered as
a single interaction site (bead); each amphiphilic group (A) is modeled by a “dumbbell”
consisting of hydrophobic (H) and hydrophilic (P) beads

ally, a random (quasirandom) amphiphilic copolymer is characterized by
its composition, by the average lengths of the hydrophobic and amphiphilic
blocks, LH and LA, and by the specific distribution of H and A units along
the chain.

As we will see in Sect. 3.4, such a relatively trivial modification of the stan-
dard HP model can lead to some nontrivial consequences when studying the
collapse for the single-chain amphiphilic polymers and their aggregation in
solution.

There are many further issues that can be addressed by the model of the
kind described here. Clearly, the HA model is amenable to a number of gener-
alizations that allow one to study more sophisticated features of amphiphilic
copolymers, including, for instance, backbone stiffness, orientational degrees
of freedom, or additional structural constraints such as the saturation of
monomer-monomer interactions [98], which are crucial, e.g., for the folding
of RNA. Also, it is easy to introduce dipole moments for side H – P bonds and
specific directional interactions (like hydrogen bonds) for some of the chain
units. These additional factors can result in the formation of intramolecu-
lar secondary structures and lead to an increase in the stability of globules
formed by such polymers.

In the literature, there are several other coarse-grained polymer models
in which spherical monomers are replaced by asymmetric objects. Gener-
ally, this gets a host of qualitatively new structures, e.g., liquid crystalline
phases of helical secondary structures [99]. In those models, including that
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Fig. 25 Chain of beads, chain of coins, and chain of stacked coins

described here, there are two main ingredients: chain units are connected to
each other in a linear fashion and each unit of the chain possesses a spa-
tial direction representing the local direction associated with the chain. Fa-
miliar examples in protein science include the exotic models that treat the
protein backbone not as a chain of spheres but as a chain of anisotropic ob-
jects (such as coins) for which one of the three directions differs from the
other two (Fig. 25). If such a chain is viewed as being made up of stacked
coins instead of tethered spheres, we naturally arrive at the picture of an
elastic tube (like a garden hose or spaghetti) whose axis coincides with the
chain backbone (Fig. 25). At this coarse-grained level of description, new
physics arises from the interplay between two length scales: the range of
(anisotropic and many-body) attractive interactions and the thickness of the
tube [99].

3
Properties of Designed Copolymers

3.1
Single Chains

3.1.1
Coil-to-Globule Transition

The coil-to-globule transition was studied for designed HP copolymer chains
both by means of lattice Monte Carlo simulations using bond fluctuation
algorithms and multiple histogram reweighting [100, 101] and by a numer-
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ical self-consistent-field (SCF) method [101], assuming that the dominant
driving force for polymer collapse is H – H attraction. Copolymer chains of
fixed length with H and P monomeric units with regular, random, and spe-
cially designed (protein-like) sequences obtained via the coloring procedure
were investigated. Qualitatively, the results from both methods are in agree-
ment. The calculations show that it is possible to distinguish four temperature
regions.

There exists a low temperature below which the energy of the strongly
collapsed chains is constant so that the chains appear to be at the lowest en-
ergy. This state may be called the ground state or the “frozen glass” phase.
Of course, for random copolymers, this state is degenerate, i.e., it is not
unique. Its energy is averaged over a few low-energy conformations for each
sequence. The type and number of segment-segment contacts in the ground
state is well defined for a particular copolymer sequence. With increasing
block size L the ground state energy decreases. The reason for this is that
small blocks along the chain cannot avoid internal unfavorable H – P con-
tacts. The ground state level of random sequences is significantly higher than
that for a protein-like chain. This is because in the protein-like sequence there
are longer stretches of hydrophobic units that can efficiently pack in the inte-
rior of the dense globule than in the random sequences. Here, we thus note
once more that the coloring design procedure [18] results in chains that sig-
nificantly differ from their random analogues.

At a slightly higher temperature, fluctuations in chain conformations be-
come possible and the compact molecule undergoes internal rearrangements.
Under these conditions, the chains remain rather compact but the interac-
tion energy per segment increases more or less linearly with the tempera-
ture T. We refer to this regime as the molten globule state [102]. There
is not a strong L dependence for the onset of the molten globule regime.
When more entropic restrictions are locked into the ground state (i.e., for
smaller L), the system enters the molten globule state easier. The longer
the block length the larger the temperature range over which the molten
globules state is found. Both the protein-like and the random copolymers
have a well-developed molten globule regime. For protein-like chains this
temperature region is wider than the corresponding region for uncorre-
lated random copolymer chains, because the latter have, on average, shorter
stretches of hydrophobic chain segments. The intermediate molten globule
state appears most pronounced for the protein-like sequences. Since protein-
like sequences behave (quasi)randomly, the calculations [101] thus confirm
the previous findings [18–20] that the protein-like copolymers can “inherit”
some information from the parent (globular) conformation used to generate
its sequence.

With a further increase in temperature, at the end of the molten globule
regime, there is a sudden jump in the interaction energy. At this temperature,
the coil-to-globule transition is found. The transition temperature increases
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with increasing block length. For the regular multiblock copolymers the en-
ergy jump appears especially large for chains with intermediate block lengths,
and the transition looks like a first-order phase transition. Significantly, it
was found that the protein-like and the random copolymers have a very
small energy jump at the coil-to-globule transition [101]. The transition thus
tends to become continuous with increasing levels of heterogeneity along
the chain.

Thus, the cooperativity of the coil-to-globule transition for a copolymer
with a given block length is highest for regular block copolymer chains. This
is explained by renormalization of effective monomeric unit in the case of
monodisperse blocks. The cooperativity is lower for the random and protein-
like sequences because of the polydispersity of the block length. For regular
multiblock copolymers consisting of alternating H and P blocks, the transi-
tion temperature is roughly an exponential function of the block length. It
should be emphasized that the transition temperature observed for protein-
like sequences is much higher than could be expected from their number
average block length. Indeed, these transition temperatures are close to those
of regular copolymers in which the block length is several folds larger [101].
Because the correlations in the sequence distribution of protein-like copoly-
mers obey the Lévy-flight statistics [35], very long blocks can occur in their
chain if the total chain length allows this to happen. Such long blocks increase
the sharpness of the transition.

The globular state for protein-like sequences is found to be more stable
than that for statistical random copolymers [101]. As has been noted above,
the globules of protein-like copolymers exhibit a dense micelle-like core of
hydrophobic H units stabilized by the long dangling loops of hydrophilic P
units (see Fig. 3a). From the analysis of the collapse transition, one can also
conclude that the protein-like sequence is reflected in the shift of the coil-
to-globule transition temperature to higher temperatures as compared to the
random-block counterparts with the same composition and that same degree
of blockiness [18]. Thus, the numerical studies [18, 100, 101] show that spe-
cific sequence correlations play an important role for the chain folding and
the stability of heteropolymer globules.

Finally, at very high temperature the chains are swollen and behave as
a random coil. In such a chain the majority of the interactions are between
polymer units and solvent molecules. This state does not depend on the pri-
mary structure of the chains and, therefore, the interaction energy levels off
to a constant value that depends only on chemical composition.

The effect of copolymer sequence on coil-to-globule transition was also
studied using Langevin molecular dynamics [103]. The method for estima-
tion of the quality of reconstruction of core-shell globular structure after
chain collapse was proposed. It was found that protein-like sequences exhibit
better reconstruction of initial globular structure after the cooling procedure,
as compared to purely random sequences.
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3.1.2
Kinetics of the Collapse Transition

Experimental observation of the coil-to-globule transition in polymers is very
difficult because at concentrations accessible to experiments, the intramolec-
ular collapse of single chains competes with the intermolecular aggregation of
macromolecules [104–111]. Consequently, there have been only a few studies
on the kinetics of the collapse transition. One possible experimental tech-
nique to follow the polymer collapse is to measure the time evolution of the
gyration radius by light scattering of a highly dilute solution (in order to get
single molecule properties). In computer experiments, we do almost the same
observations.

For proteins, the problem is seen as follows: “When an egg is boiled, the
proteins it contains unfold. Can this procedure be reversed in theory? Or, in
other words, can the encrypted code of protein folding be deciphered from
the sequence?” [112, 113].

The “fastest” proteins fold amazingly quickly: some as fast as a millionth of
a second. While this time is very fast on a person’s timescale, it is remarkably
long for computers to simulate. In fact, there is about a 1000-fold gap between
the simulation timescales and the times at which the fastest proteins fold. This
is why the simulation of collapse kinetics is extremely computationally de-
manding. Thus, the current challenge lies in understanding how particular
chemical sequences in coarse-grained copolymer models lead to particular
collapse features. This is a fundamental issue in the problem.

The formation of a compact globule in copolymers requires them to have
specific conformations, which are reached through local conformational fluc-
tuations. A characteristic collapse time may be defined as for instance the
time for which the gyration radius reaches its equilibrium value. This time
measures the approach to equilibrium for the system and is related to the
mean first passage time.

The main picture that has emerged from theory and different numerical
studies is that polymer collapse proceeds as a series of steps, first the rapid
formation of small clusters (“blobs”) distributed along the chain that grow
and then merge, then the formation of a globular state [114–120]. Of course,
the features of the collapse transition depend on the quench depth and the
chain rigidity. For heteropolymers, we should also take into account their
sequence and chemical composition. Numerical research has attempted to
design copolymer sequences with desired properties (e.g., rapid folding to
a compact globule) in a manner that mimics biological evolution [26, 121].
An interesting feature of these designed sequences is that they often dis-
play a well-defined structure in which similar monomers associate in blocks.
Recently, it has been shown that intrachain microphase separation plays an
important role in both the thermodynamics and kinetics of collapse for HP
heteropolymers with various block sizes [122].
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Usually, the simulations of folding kinetics involve an initial equilibration
period at sufficiently high temperatures, starting from an initial chain con-
formation in the strongly swollen state, followed by an instantaneous quench
to low temperatures (or by an abrupt decrease in the solvent quality) at which
the polymer collapses towards a final state. The collapse is monitored using,
e.g., the time-dependent radius of gyration Rg(t) as a function of time meas-
ured from the moment of the quench. The degree of compactness of the chain
can be monitored by examining how the Rg(t) value changes as folding pro-
gresses. It is convenient to use the normalized quantities, Q∗ = Q(t)/Q(0),
that determine the departure of a given time-dependent property Q(t) from
its value in the initial state. To gain better statistics, many independent col-
lapses (∼ 102) are simulated for each copolymer sequence, each beginning
with a unique chain conformation. With a uniform probability density dis-
tribution in the initial state, the folding time, t∗, is the mean first passage
time (MFPT) to the final compact state, which is defined to be the average
over many independent simulations of the time to achieve the final state.
Also, one can define the mean intermediate folding times, e.g.,

〈

t1/4
〉

,
〈

t1/2
〉

,
etc., which are required to achieve the corresponding intermediate values
Q∗/4, Q∗/2, etc. For Rg(t),

〈

t1/2
〉

is the mean time required to halve the
chain size.

Let us compare the kinetics of the selective-solvent-induced collapse of
protein-like copolymers with the collapse of random and random-block
copolymers [18]. Several kinetic criteria were examined using Langevin mo-
lecular dynamics simulations. There are some general results, which seem to
be independent of the nature of interactions or the kinetic criteria monitored
during the collapse. Here, we restrict our analysis to the evolution of the char-

acteristic ratio ζ =
(

R2
gP/R2

gH

)1/2
that combines the partial mean-square radii

of gyration calculated separately for hydrophobic and hydrophilic beads, R2
gH

and R2
gP. This ratio takes into account both the properties of compactness

and solubility for a heteropolymer globule [70] (compactness is directly re-
lated to the mean size of the hydrophobic core, whereas solubility should be
dependent on the size of the hydrophilic shell).

Using the ζ value, let us define the time-dependent quality 2 [ζ(t)/ζ(0) – 1]
and three intermediate folding times t1/4, t1/2, and t3/4, describing its evolu-
tion, as well as the corresponding sequence-averaged probability distribution
functions W1/4, W1/2, and W3/4. The distribution of folding times aver-
aged over 1000 different sequences of 128-unit HP copolymers with random,
random-block, and protein-like statistics are shown in Fig. 26.

It is seen that among different protein-like sequences, we can find signifi-
cantly larger fractions of the sequences having small characteristic collapse
times than for random and random-block sequences with the same 1 : 1 HP
composition. This is true both in the early stages of collapse and in the late
stages. Those sequences can be called “fast folders”. In a sense, dividing the
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Fig. 26 Distributions of folding times for 128-unit HP copolymers with protein-like,
random-block, and random statistics

sequences by fast folders and “slow folders” (that is, those laying before and
after the maximum of the W function, respectively) corresponds to a kinetic
sequence design or to choosing from the spectrum all possible sequences a set
whose kinetic properties possess the attributes we desire. From this view-
point, our computational procedure is a specific sieve that separates “good”
sequences and “bad” ones.

Therefore, we conclude that for the designed copolymers, collapse occurs
at a markedly higher kinetic rate, k ∼ 1/

〈

t1/2
〉

. The kinetic properties are
clearly related to the sequence distribution. Still it is possible to select “cham-
pions” from the protein-like fast folders. Who are those champions? They
normally have a larger mean length of hydrophobic and hydrophilic blocks,
wider distribution of block length and the average hydrophobicity decreasing
towards the chain ends.

Of course, many random processes generating long sequences might in
principle produce fast folders, however, there is a negligible chance that we
would be able to find their noticeable fraction.
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3.2
Phase Behavior: The Sequence-Assembly Problem

Heteropolymers can self-assemble into highly ordered patterns of mi-
crostructures, both in solution and in bulk. This subject has been reviewed
extensively [1, 123–127]. The driving force for structure formation in such
systems is competing interactions, i.e., the attraction between one of the
monomer species and the repulsion between the others, on the one hand, and
covalent bonding of units within the same macromolecule, on the other hand.
The latter factor prevents the separation of the system into homogeneous
macroscopic phases, which can, under specific conditions, stabilize some
types of microdomain structures. Usually, such a phenomenon is treated as
microphase separation transition, MIST, or order-disorder transition, ODT.

For diblock copolymers, periodically arranged spheres (micelles), hexago-
nally packed cylinders, and a lamellar phase have been observed [1]. A more
complex bicontinuous cubic phase with QIa3d symmetry (gyroid structure)
has also been identified. These supramolecular structures, with length scales
on the order of 1 to 102 nm, may be controlled by changing the amount
of solvent, the length of blocks, or the proportions of A and B monomeric
units [128–131].

The conventional theoretical approach to determine the three-dimensional
organization of polymers at equilibrium is based on minimizing a suitable
Ginzburg–Landau free energy functional with respect to the corresponding lat-
tice parameters for some a priori presupposed structure of ideal symmetry (e.g.,
body centered cubical, hexagonal, lamellar, etc.) [1, 132, 133]. Because of its in-
herent assumed symmetries, this approach fails to predict the irregular and
“defect” microstructures. Also, the computations of the free-energy coefficients
within the Leibler-like or random phase approximation (RPA) treatment [132]
do not take into account directly the interaction potentials of polymer seg-
ments and the system-specific features of polymer architecture on short length
scales. Self-consistent mean-field (SCMF) techniques have been proposed
in the context of field-theoretic ideas by Matsen and coworkers [134–137]
and Fredrickson and coworkers [138, 139]. Microscopic statistical mechanical
polymer theories have also been developed, including the polymer RISM the-
ory [140–143], which is an extension to flexible long-chain polymers of the
integral equation reference interaction site model (RISM) theory of Chandler
and Andersen [144], and density functional (DF) theory [145].

The theoretical approaches mentioned above mostly deal with diblock
or regular multiblock AB copolymers [1, 123–125]. It has been shown the-
oretically [146–149] that for random copolymers the existence of ordered
microphases is also not excluded. In particular, it has been shown that in
addition to the classical microdomain superstructures, chemical irregulari-
ties in multiblock copolymers may result in formation of very exotic posi-
tionally ordered structures with many levels (length-scales) of organization
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(the so-called “secondary superstructures”) [150–152]. The phase behavior of
random AB copolymers with specific statistics and a strongly correlated dis-
tribution of units along the chain is of particular interest. Treating processes
taking place in these systems continues to challenge theorists. Even ideal ran-
dom copolymer mixtures, produced if the reactivities of the two polymerizing
comonomers are equal, have unique statistics: each sequence represents a dif-
ferent component. In general case, the possible random sequences generate
mixtures of 2N–1 + 2 chemically different N-unit macromolecules.

In this section, we discuss the phase behavior of protein-like copolymers
that can be considered as a specific type of correlated copolymers. One can
expect that the presence of long-range correlations in protein-like chains will
influence the phase behavior of such copolymers.

The main parameters characterizing the thermodynamic states (segrega-
tion regimes) of self-assembling AB copolymers are the composition, ϕi =
Ni/N (i = A, B; NA + NB = N; N being the total chain length) and the Flory–
Huggins parameter χ, which is inversely proportional to temperature, which
reflects the interaction between different segments. For random copolymers,
we should also introduce an additional parameter, viz., the average length of
the segments composed of units A and B, LA and LB. We restrict our consid-
eration to the simplest symmetric case: ϕA = ϕB = 1/2 and LA = LB = L. For
comparison, it is instructive to consider a random-block copolymer with the
same composition in which the distribution of block length 	 is described by
the Poisson law. In this case, L can vary. For both copolymers, the length of
the segment composed by the units of a given type is a random quantity. It
is of interest to compare the behavior of such polymers with each other and
with regular multiblock copolymers where L is fixed.

3.2.1
The Polymer RISM Theory

To describe the equilibrium structure of the system, one can use the polymer
integral equation RISM theory [140, 141], which allows one to find collec-
tive correlation functions. For AB copolymers, the polymer RISM equation is
represented in the matrix form [142, 143]

H(r) =
∫

(r′)

∫

(r′′)

W(|r – r′|)C(|r′ – r′′|)[W(r′′) + ρH(r′′)]dr′dr′′ . (17)

Here, H and C are symmetric matrices whose elements are the partial total
hαβ(r) and direct cαβ(r) pair correlation functions (α,β = A,B); W is the
matrix of intramolecular correlation functions wαβ(r) that characterize the
conformation of a macromolecule and its sequence distribution; and ρ is the
average number density of units in the system. Equation 17 is complemented
by the closure relation corresponding to the so-called molecular Percus–
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Yevick approximation [141]
∫

(r′)

∫

(r′′)

W(|r – r′|)C(|r – r′′|)W(r′′)dr′dr′′ (18)

=
∫

(r′)

∫

(r′′)

W(|r – r′|)[C(0)(|r′ – r′′|) + ∆C(|r′ – r′′|)]W(r′′)dr′dr′′ ,

r >
√

σασβ

∆cαβ(r) = [1 – e–uαβ(r)/kT][h(0)
αβ(r) – 1] , r >

√
σασβ (19)

hαβ(r) = – 1 , r <
√

σασβ (20)

c(0)
αβ(r) = 0 , r >

√
σασβ (21)

Here, uαβ(r) describes the interaction between nonbonded units and σα is the
effective unit size (σA = σB = σ). In [153, 154], the Yukawa potential was used

uαβ(r) =

{

εαβ(σ/r) exp[– 2(r/σ – 1)] , r ≥ σ

∞ , r < σ
, (22)

where εαβ is an energy parameter which is directly related to the χ parame-
ter. We consider the case when A units are attracted to one another (εAA = – 1)
while B-B and A-B interactions are the excluded-volume type (εAA = εAA = 0).
The functions h(0)

αβ(r) and c(0)
αβ(r) in Eqs. 18–21 correspond to the reference

(athermal) system for which all εαβ = 0. Within the frame of Gaussian chain
statistics, the spatial distribution of the pairs of units i and j separated by
n = |i – j| bonds in a given chain is written in the reciprocal q-space as
wij(q) = [sin(qσ)/qσ]n. Summation of wij(q) over i and j (i, j = 1, 2, ..., N)
gives the matrix elements wαβ(q) usually termed single-chain form-factors.
Below, the σ and εAA values are used as basic units.

The polymer RISM theory provides the local structural information
through the site-site pair correlation functions (PCFs) and the influence of
the long wavelength structure for these local properties. Although the phase-
separated structures are not available from the polymer RISM theory, one can
obtain the structural information for the disordered single-phase at a certain
distance from the phase separation point against the athermal reference sys-
tem. Also, by varying temperature T and monomer density ρ, one can find
the conditions under which the spatially homogeneous state of the system
becomes unstable. This takes place on a spinodal line, which is determined
by the set {T∗,ρ∗} or parametrically as T∗ = T∗(ρ). The condition of spinodal
instability at a temperature T∗ corresponds to [141]

∆(q) ≡ det[E – ρW(q)C(q)]q=q∗ = 0 , (23)

where ∆(q) is the determinant of the matrix equation (Eq. 17), q∗ represents
the wave vector of maximum instability, and E is the unit diagonal matrix.
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The value q = q∗ at which ∆(q∗) → 0 allows one to estimate the spatial scale
r∗ of the arising structure (r∗ = 2π/q∗).

Figure 27 shows the plots of T∗ and r∗ versus L for the regular and
random-block copolymers at the volume fraction of macromolecules Φ = 0.8
corresponding to a typical polymer melt. It is seen that T∗ increases in both
cases with an increase in the block length; however, at small L values, the
T∗ values for the random-block copolymer are higher than for the regular
one. In other words, structure formation in the system of copolymers with
a random distribution of block lengths occurs more readily (i.e., at a higher
temperature) than in the system of regular multiblock copolymers. This re-
sult, which might appear at first glance to be surprising, will be interpreted
in Sect. 3.2.3.

Fig. 27 The values of T∗ and r∗ as a function of block length L for the regular and
random-block copolymers at the volume fraction of macromolecules Φ = 0.8. Adapted
from [153]
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When the block length becomes comparable with N, distinctions between
the behaviors of two copolymers practically disappear. At L > 200, one ob-
serves that T∗ ∼ Lγ with γ = 4/3. In this case, the characteristic scale of the
microdomain structure behaves as r∗ ∼ Lδ with δ = 1/2. This dependence is
caused by the fact that flexible chains in the melt have a Gaussian conform-
ation, and the average size of any chain section of n units is proportional to
n1/2 [75]. Hence, for sufficiently large L’s, the spatial scale of microinhomo-
geneities in the system is determined only by the block size. However, the
behavior of the random-block copolymer at L� 102 is more complicated. In
particular, r∗ has a minimum at L ≈ 10.

Figure 28 shows the spinodal lines for all the systems under discussion. At
a low Φ (� 0.1), no noticeable differences are observed. This region of the
phase diagram (including the critical point) corresponds to macrophase sep-

Fig. 28 Spinodals for the systems of protein-like copolymers with average block length L =
6.3 and of regular and random-block copolymers having different block lengths. Adapted
from [153]
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aration transition, MAST, i.e., to the conditions when determinant (Eq. 23)
vanishes at q∗ = 0. In this case, specific features of copolymer sequence have
virtually no effect. However, there are such Φ values at which the condition
∆(q∗) → 0 is met at q∗ �= 0 (Fig. 29). Transition from the q∗ = 0 regime to
the q∗ �= 0 regime occurs at the Lifshitz point delimiting the MAST and MIST
regions.

In the q∗ �= 0 region, the phase behavior of protein-like copolymers be-
gins to sharply differ from that observed for the regular and random-block
copolymers. In particular, Fig. 28 shows that the spinodal line for the 1024-
unit protein-like copolymers with the average block length L = 6.3 is close
to the spinodals of the regular and random-block copolymers in which the
block length is roughly tenfold (!) larger [153]. At the same Ls, the transition
temperatures for the protein-like copolymers are also several fold larger. This
indicates that the processes of self-organization in the system of protein-like
copolymers can proceed significantly more intensely than in the other copoly-
mer systems. We note that a similar behavior is observed for intramolecular
(coil-to-globule) transitions discussed above. Moreover, Fig. 29 shows that at
a sufficiently high density of protein-like copolymers (Φ � 0.3), the domain
spacing r∗ = 2π/q∗ noticeably exceeds that observed for the random-block
copolymers. The difference between the protein-like and regular copolymers
is even greater.

Therefore, the PRISM calculations [153] show that the protein-like copoly-
mers with A-A attractions are more “inclined” to self-organization than
their random-block counterparts and regular multiblock copolymers with the
same chemical composition and the same chain length.

Fig. 29 Characteristic wave number q∗ as a function of polymer volume fraction for
the systems of protein-like copolymers with L = 6.3 and random-block copolymers with
different block lengths. The domain spacing is defined as r∗ = 2π/q∗. Adapted from [153]
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3.2.2
Field-Theoretic Calculation

The RISM theory describes copolymers only in the weak-segregation limit.
At much stronger interaction of monomeric units, the components should be
strongly segregated, with a narrow interphase between domains. In this case,
the self-consistent field (SCF) methods [134–139] can be used. They span
both weak- and strong-segregation limits, as well as the intermediate regime
where the other analytical approaches do not apply. Here we present some re-
sults obtained by using the real-space SCF approach [155] that is particularly
well suited to screening for new types of self-assembly in copolymer melts
because it requires no assumption of the mesophase symmetry.

In the SCF theory, the external mean fields acting on a polymer chain are
calculated self-consistently with the composition profile. Each chain has in-
dependent statistics in average chemical potential fields, ωα(r), conjugate to
the volume fraction fields, φα(r), of monomer species α. The free energy per
chain F is related to the statistical weight, q(r,s), that a segment of a chain,
originating from the free end of the α block and with contour length s, has
at its terminus at point r. The free energy is to be minimized subject to the
constraint of local incompressibility and the constraint that q(r,s) satisfies
a dynamical trajectory given by modified diffusion equations. Minimization
of F with respect to ωα(r) and φα(r) leads to a self-consistent set of equa-
tions [155] that are solved iteratively. The propagators q(r,s), together with

Fig. 30 Composition variations for the incompressible melt of 128-unit protein-like chains
at χN = 64. Regions rich in A and B segments are shown in red and blue, respectively;
intermediate regions are given in yellow and green
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their conjugate propagators q†(r,s), which propagate from the opposite end of
the chain, are used to calculate the density fields. The calculations result in the
space distribution of the volume fractions φα(r).

As an example, we show in Fig. 30 the composition variations that are
found for the incompressible melt of 128-unit protein-like chains at χN =
64, starting from a homogeneous state. The simulation box is a three-
dimensional 323 grid with periodic boundary conditions and a side length of
6.4 (in units of Rg). Regions rich in A and B segments are shown in red and
blue, respectively; intermediate regions are given in yellow and green.

As seen, the SCF theory predicts irregular bicontinuous morphology with
no long-ranged order. Note that for random-block copolymers with the same
average block length, no microphase separation is observed even for χN = 100.

3.2.3
Molecular Dynamics Simulation

In molecular dynamics simulations, the mean values are estimated as arith-
metic averages over the configurations stored in each trajectory and over all
trajectories generated for each system. With this method, thermal fluctua-
tions are taken into account in contrast to the standard RPA model where
properties are calculated over static minimum energy configurations. This
leads to more reliable estimates of properties at the temperature of interest,
including the strong segregation regime.

We will briefly discuss the molecular dynamics results obtained for two
systems—protein-like and random-block copolymer melts— described by
a Yukawa-type potential with (i) attractive A-A interactions (εAA < 0, εBB =
εAB = 0) and with (ii) short-range repulsive interactions between unlike units
(εAB > 0, εAA = εBB = 0). The mixtures contain a large number of different
components, i.e., different chemical sequences. Each system is in a randomly
mixing state at the athermal condition (εαβ = 0). As the attractive (repulsive)
interactions increase, i.e., the temperature decreases, the systems relax to new
equilibrium morphologies.

The partial scattering functions SA(q, ε) normalized by SA(q, 0) obtained
at the athermal condition are shown in Fig. 31 for both systems at a few se-
lected εAA values. When εAA � – 1, the scattering intensity at small, nonzero
wave numbers q rises sharply with decreasing εAA. Both systems show a com-
mon feature in that the peaks in SA(q) increase and their position q∗, which
is directly related to the periodicity of the concentration fluctuations, shifts
to lower q values as attraction becomes stronger, indicating that the struc-
ture becomes better defined. These results reflect that the mechanisms of the
structure development caused by microphase separation are similar to each
other. We thus see that both copolymers exhibit intermolecular aggregation
as the ordering transition is approached, although we do not find a periodic
microphase forming in both systems.
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Fig. 31 Normalized partial scattering functions SA(q, ε) for the melt-like systems of
a protein-like copolymers and b random-block copolymers at a few selected εAA values
that characterize A-A attraction

To visualize the three-dimensional structures of these microphases more
clearly, the density of A-segments was measured on a three-dimensional grid.
In the A-rich domains the density of A-segments is high (∼ 1), and in the
B-rich domains this density is low (∼ 0). The dividing surface between the
A-rich domains and the B-rich domains is now represented by the isosurface
where the density is midway between these values, i.e., 0.5.

When Fig. 32a is compared with Fig. 32b, it is revealed that the domain
spacing in the protein-like copolymer system is longer than that in the
random-block one. This observation is consistent with the results shown in
Fig. 31. The same conclusion can be drawn from the molecular dynamics
simulation of the systems with repulsive interactions between unlike units. As
an example, we show the normalized scattering functions calculated at large
incompatibility, εAB = 1 (Fig. 33), and the corresponding isosurfaces (Fig. 34).
In Figs. 32 and 34, we observe irregular bicontinuous structures with no
long-ranged order. Similar morphologies have been predicted in the SCF cal-
culation discussed above as well as in Monte Carlo simulations of random
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Fig. 32 Isosurfaces showing microphase separated systems of a protein-like and b
random-block copolymers with attractive A-A interactions

Fig. 33 Normalized scattering functions S(q,ε) for the melt-like systems of protein-like
and random-block copolymers with repulsive A-B interactions

copolymer melts [156, 157]. The reason is that the strong fluctuations destroy
completely the stability of the ordered phases, and the disordered phase be-
comes thermodynamically stable everywhere. In this respect the morphology
below the transition temperature resembles a disordered microstructure hav-
ing an anomalously large correlation length (random wave structure) [158].
This is unique to random copolymer systems. It is clear that this structure
should get more and more ordered as the randomness decreases.

What is most important for our discussion is the fact that the spatial
scale r∗ of the segregated structure for protein-like copolymers is apprecia-
bly larger than that for random-block copolymers with the same composition
and the same average block length. Also, MIST in the protein-like copolymer
system occurs at a temperature higher than that of the random-block system,
which is in agreement with the prediction of the polymer RISM theory [153].
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Fig. 34 Isosurfaces showing microphase separated systems of a protein-like and b
random-block copolymers with repulsive A-B interactions

Obviously, these features arise from the difference between the chemical se-
quences of the two copolymers.

The reason behind this distinction is that the behavior of random copoly-
mers is governed not only by the average block length L but also by the
block length dispersion DL. For correlated random copolymers, the structure
formation is dominated by long blocks whose probability increases with an
increase in DL. Even at a relatively low fraction of these blocks in the chain,
their effect can be decisive. As we noted while discussing Fig. 27, the larg-
est differences between the regular and random-block copolymers manifest
themselves just at relatively small L values when the chain consists of both
the short and rather long chemically homogeneous sections. With an increase
in L at fixed N, the width of the block length distribution decreases, and the
differences gradually disappear (Fig. 27). As has been discussed in Sect. 2.2.2,
the block length distribution in protein-like copolymers is described by a spe-
cific type of statistics, namely by the Lévy-flight statistics [35] with a high
dispersion and a slow decrease in the block length probability. That is why
the chains contain a significant fraction of long sections composed of chem-
ically identical segments even at relatively small L values. This is precisely
the major reason behind the rather unusual behavior of such copolymers in
self-organization processes.

3.2.4
Evolutionary Approach

Shakhnovich and Gutin [26] (see also [28, 159, 160]) showed that it is possible
to design a copolymer in such a way that it will fold into a specific conform-
ation. To do this, they optimized the sequence, using a Monte Carlo method
that randomly exchanges monomers within the sequence. In this section, we
describe an extension of this approach to design a copolymer sequence that is
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capable of forming microphase-separated structures with the domain spacing
r∗ which is as large as possible.

To analyze the stability of the ordered microphases, the simplest incom-
pressible random-phase approximation [132] can be employed. Using this
approach, the critical value of the Flory–Huggins parameter, χ∗, and the
corresponding spinodal temperature, T∗ = 1/χ∗, can be determined by the
condition that the scattering intensity S(q) reaches its maximum value at
a nonzero wave vector q∗. Within the RPA the scattering intensity is given
by [132, 142]

S–1
RPA(q) =R(q) – 2χ (24)

with

R(q) =
1

δw(q)

{

wAA(q)
φB

+
wBB(q)

φA
+

2wAB(q)
fAfB

}

, (25)

where fA = NA/N, fB = NB/N, φA and φB are the volume fractions of the
corresponding species, and δw(q) is defined as δw(q) = wAA(q)wBB(q) –
f –1
A f –1

B w2
AB(q). To a first approximation, one can consider macromolecules on

the basis of the highly simplified unperturbed model without intramolec-
ular excluded volume interactions. This allows us to considerably simplify
the problem by calculating the matrix elements wαβ(q) using the Gaus-
sian intramolecular correlation function wij(q) = exp

(

– q2σ2
∣

∣i – j
∣

∣ /6
)

, which
characterizes the distribution of segments i and j belonging to the species
A and B inside a polymer.

In the model [161], Monte Carlo simulations were performed to search
for point mutations that favor the microphase separation of copolymer melt.
A random AB sequence is taken as an initial state, and then a procedure of the
evolution (annealing) of the sequence starts. The iterative procedure consists
of many mutation steps. At each Monte Carlo step, two monomers are cho-
sen randomly and, if they happen to be of different types, an attempt is made
to exchange their types (A ↔ B). This changes the copolymer sequence and
the matrix elements wαβ(q). The resulting change in the transition tempera-
ture ∆T∗ after an attempted mutation is calculated and the probability p to
fix the mutation is guided by the Metropolis algorithm: p equals 1 if ∆T∗ ≥ 0,
otherwise p equals exp(∆T∗/Ts), where Ts is the fictitious temperature re-
ferred to as “sequence design temperature” that characterizes the tolerance to
mutations in sequence space. In fact, this is the same parameter as that used
in Sect. 2.2.5.

Figure 35 shows the transition temperature T∗ and the domain size r∗
(= 2π/q∗) as a function of Ts for different N. Note that both T∗ and r∗ are av-
eraged over the ensemble of generated sequences (∼ 106). If Ts is too high,
the sequences tend to become random. In contrast, when Ts is too low, the
evolutionary algorithm leads to the trivial diblock sequence. In this case,
one observes a typical mean-field behavior: T∗ ∝ N and r∗ ∝ N1/2 (for long
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Fig. 35 a Transition temperature T∗ and b domain size r∗ (= 2π/q∗) as a function of the
sequence design temperature for different chain lengths N

symmetric diblock copolymers, T∗/N = 0.096 or χ∗N = 10.4). Therefore, it
is interesting to explore a range of values for Ts that yields a compromise
between these two regimes. As seen, there is a certain critical design tempera-
ture (T∗

s ≈ 0.78) near which the value of r∗ has a maximum for the designed
sequences with N ≥ 256.

Let us consider the thermodynamics of the transition in sequence space
from high design temperatures, where many sequences contribute more or
less equally, to the lowest design temperature, where one or a few sequences
dominate. Figure 36 shows the distribution of domain sizes W(r∗) for the en-
semble of sequences generated near T∗

s . There is a clear bimodality seen in
W(r∗). Therefore, the transition in sequence space occurs as a first-order-
like transition. The most important observation that can be made for this
transitory regime is that the sequences providing the maximum of r∗ do not
correspond to simple symmetric diblocks but rather they look like gradi-
ent ones. Another intriguing result is that the Jensen–Shannon divergence
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Fig. 36 Distribution of domain sizes W(r∗) for the ensemble of sequences generated
near T∗

s

Fig. 37 The Jensen–Shannon divergence measure as a function of the sequence design
temperature for different chain lengths N

measure shows a maximum in the vicinity of T∗
s (Fig. 37). This behavior is

currently not completely understood, but might be a good starting point for
further investigations.

3.3
Charged Hydrophobic Copolymers

Hydrophobic polyelectrolytes (HPEs) are polymers composed of covalently
bonded sequences of polar (ionizable) groups which are soluble in water and
hydrophobic groups which are not. This unique duality towards an aqueous
environment leads to a rich spectrum of complex self-association phenom-
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ena. Such polymers can also be considered as highly simplified models of
biologically important macromolecules, e.g., proteins [96, 162].

3.3.1
Solution Properties

It is well known that many of the solution properties of proteins are due to
a complex interplay between short-range hydrophobic attraction, long-range
Coulomb effects, and the entropic degrees of freedom [163]. The balance of
these factors determines the solubility and equilibrium conformation of pro-
teins in water. To a large extent, these properties are also dependent on the
unique primary structure of the polypeptide chain. This fact motivates in-
tensive experimental and theoretical studies directed to the design of HPEs
with specific chemical sequences resembling those of biomacromolecules. In
addition, enormous effort has recently been directed toward the computer
simulation of model HPEs with the purposes, explicit or implicit, of imitat-
ing the conformational behavior of biological macromolecules or of obtaining
a basic understanding of the mechanism of molecular aggregation. In the
present section we will focus on these studies.

Conformational transitions of single-chain HPEs are today part of an im-
portant theoretical challenge because of the very specific and somewhat un-
usual conformations they are supposed to adopt [164]. Much attention has
been paid to the study of HPEs, mainly using theoretical concepts and coarse-
grained simulation models [163]. It was found that in dilute salt-free HPE
solutions, the subtle and antagonist balance of electrostatic and hydropho-
bic interactions can lead to a large variety of conformations compared to
polyelectrolytes without hydrophobic groups. In particular, simulation results
demonstrate that there is a range of electrolyte concentration and hydropho-
bicity for which HPEs exhibit exotic but stable conformations, namely the
pearl necklace and the cigar-shaped conformations [163]. By gradually de-
creasing the monomer hydrophobicity of a strong polyelectrolyte, it under-
goes a cascade of transitions from a nearly spherical globule to a cylinder-
shaped conformation, a cylinder to a pearl necklace, and a pearl necklace
to a strongly extended structure, successively [165–168]. These microstruc-
tures are controlled by a balance between surface tension and electrostatic
free energies.

Micka et al. [169] were the first who simulated a multichain HPE sys-
tem. They studied regular copolymers with alternating neutral and charged
monomers (with a charge fraction of f = 1/3) in a poor solvent in the pres-
ence of monovalent counterions. The paper by Micka et al. [169] nicely
demonstrated that the necklace microstructures exhibit a variety of confor-
mational transitions as a function of polymer concentration. The end-to-end
distance was found to be a nonmonotonic function of concentration and
showed a strong minimum in the semidilute regime.
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The solution properties of charged hydrophobic-hydrophilic protein-like
copolymers have been studied in the presence of both mono- and multi-
valent counterions using molecular dynamics simulations [170–172]. In the
model, one half of the polymer units was assumed to be negatively charged
(P units) while the hydrophobic H units were electrically neutral but as-
sumed to be strongly attractive. The variation of temperature allowed for
the covering of a wide range of chain states from strongly swollen polyions
at high temperature to strongly collapsed polyions at low temperature. The
question of primary structure has also been explored, using microscopic
polymer integral equation (RISM) theory [173]. The results of the simula-
tions [170, 171] were found to be strongly dependent on the valence of the
counterions and the temperature. The effect of these factors is discussed
below.

3.3.2
Designed Copolymers in the Presence of Monovalent Counterions

The main conclusion drawn from the simulations [170] is that in the pres-
ence of monovalent counterions, the charged protein-like copolymers can be
soluble, even in a very poor solvent for hydrophobic units. There are three
temperature regimes, which are characterized by different spatial organiza-
tion of polyions and their conformational behavior.

At sufficiently high temperature, i.e., in the weak coupling regime, the
chains have extended coil-like or necklace-like conformations and are dis-
tributed more or less uniformly in the solution. Such a behavior is typical for
single-chain HPEs [164].

At lower temperature, due to the intrachain hydrophobic association, there
is a sharp decrease in chain size: the flexible-chain polyions rearrange in glob-
ules with neutral chain sections located in the globular core and charged
sections forming the envelope of the core and buffering it from solvent. The
collapsed globules, however, still have a net charge and repel each other. As
a result, in this intermediate temperature regime, one observes a stable so-
lution of nonaggregating polymer globules, which are well separated from
each other and form an array of colloid-like particles with partly condensed
counterions [170].

Due to the presence of microscopic and mesoscopic charged particles, two
different length scales and large charge ratios are involved which make the
mixed system strongly asymmetric. For better understanding this type of
behavior, the following computer experiment was carried out [170]. First,
two globules were “stuck” together, taking into account only hydrophobic at-
traction while the electrostatic interactions were turned off. The obtained
nearly spherical globular agglomerate was relaxed for a long time. Then, the
Coulomb interaction was turned on and the system evolution was monitored
in the presence of counterions. The sequence of images, which illustrates the
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evolution of the coalesced globules after switching on the Coulomb interac-
tion, is shown in Fig. 38. The disintegration of the biglobular “droplet” into
two separated globules is clearly seen, thereby indicating that the charged
protein-like globules can indeed be stable in a poor solvent with respect to
aggregation.

Fig. 38 a–f Sequence of images, which illustrates the evolution of the biglobular ag-
glomerate after switching on the Coulomb interaction. For visual clarity, we present
three-dimensional Connolly surfaces constructed for the polymer segments and do not
depict the counterions. The repulsive Coulomb forces acting between non-compensated
charges on the chains attempt to disrupt the polyion “droplet” into two “splinters”, while
the surface tension tries to keep it spherical. That situation is almost the same as that
observed by Lord Rayleigh for highly charged liquid droplets. Depending on the droplet
radius and surface tension (or temperature), the electrified droplet can become unstable,
i.e., it starts to deform into an elongated ellipsoid. Such a deformation can finally lead
to a fission of the droplet into two fragments of equal size and charge, if the repulsive
force between the like elementary charges on the surface exceeds the forces from sur-
face tension. Regions occupied by charged (hydrophilic) units are shown in green and
hydrophobic regions are colored in red
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A further decrease in temperature leads to the condensation of most of
the counterions (the so-called ionomer regime) and to the aggregation of
dense globules [170]. Nevertheless, they maintain their morphological in-
tegrity even in rather concentrated solutions where no large-scale aggregation
is observed. Aggregated polyions form a specific supramolecular structure
built up from stable individual globules connected together due to both short-
range adhesive forces and effective mutual attractions mediated by counteri-
ons condensed on the strongly charged globule surfaces. In fact, the compact
protein-like globules entering the aggregates behave as solid charged particles
nonpenetrating each other. Interestingly, those finite size mesoglobular ag-
gregates have an anisotropic chainlike morphology [170].

While simulations have demonstrated convincing evidence for effective at-
traction stemming from the counterion correlations, the physical mechanism
underlying the onset of attraction is still not completely understood [163].
Also, it is not clear the role that details of the discrete charge distribution on
the surface of the protein-like globules may play. In principle, this is relevant
for any globular proteins with a nontrivial charge pattern on their surface.
In view of this it has to be admitted that the traditional model of a homoge-
neously smeared charge [174] does not always seem to be correct.

3.3.3
Effect of Multivalent Counterions

When multivalent counterions (z ≥ 2) are present in the solutions of charged
protein-like macromolecules [171], the coil-to-globule transition and coun-
terion condensation shift towards higher temperatures as compared to the
z = 1 case [170]. Although condensed counterions of higher valence in-
duce stronger interchain attraction and weaker repulsion, the aggregation
of protein-like copolymers is not accompanied by large-scale aggregation.
Instead, the formation of stable finite-size aggregates consisting of several
entangled chains is observed. Charged chain segments tend to be on the sur-
face of the aggregates, thereby screening their hydrophobic interior from the
solvent. There is a penetration of the counterions into the aggregate core,
although they show somewhat inhomogeneous distribution, tending to local-
ize in outer aggregate regions. Even at low temperatures, there is no exact
neutralization of negative and positive charges in the volume occupied by
multichain aggregates. A certain fraction of counterions always remains in
solution.

The average number of copolymer chains per aggregate, m, found in [171]
is shown in Fig. 39 as a function of temperature for the systems containing
counterions of different valence. It is seen that regardless of the valence of
the counterion, the average aggregate size increases as the temperature is de-
creased. This is, of course, a quite expected result. One can conclude that
for all the systems, the aggregation process becomes well pronounced in the
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Fig. 39 Average number of 128-unit protein-like chains per aggregate as a function of re-
duced temperature T/Tc for counterions of different valence: � z = 1, • z = 2, and � z = 4.
Tc is the temperature of counterion condensation. Adapted from [171]

Fig. 40 Structure of a typical intermolecular aggregate formed in the presence of tetrava-
lent counterions (z = 4). The aggregate is built up from seven 128-unit hydrophobic
protein-like polyions, which are entangled, and 110 tetravalent counterions so that the
net charge of the aggregate is – 8. It is seen that counterions condense preferably on the
surface of the nearly spherical aggregate of entangled chains. The aggregate surface is
covered with polar chain sections. A fraction of the counterions is floating in the immedi-
ate vicinity of the polyions. The charged chain groups are presented as light gray spheres,
and the neutral chain groups are shown in dark gray. Counterions are shown as larger
spheres
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temperature region T ≤ Tc, where Tc is the critical temperature of counte-
rion condensation. In this case, the chains adopt compact conformations.
Although the existence of separated single-chain globules is a prevalent struc-
tural motif for the z = 1 system [170], nevertheless, the occasional formation
of intermolecular aggregates is observed at very low temperature. In the pres-
ence of di- and tetravalent ions, the average aggregate size is considerably
larger. However, for all the systems studied in [171] the interchain aggregates
had a finite size even at the lowest temperature; that is, no large-scale aggre-
gation is observed. Figure 40 shows a typical snapshot of an intermolecular
aggregate formed at z = 4.

3.3.4
Stabilization Mechanism

There are two driving forces causing the formation of compact conforma-
tions of charged copolymer chains: the short-range hydrophobic attraction
and the counterion-mediated attraction between charged chain segments.
In recent years, the origin of counterion-mediated attraction has been ex-
tensively discussed in the literature (see, e.g., [163]). About 10 years ago,
Ray and Manning [175] suggested that two like-charged objects (e.g., rigid
rods) can share condensed counterions in such a way to allow them to form
what is analogous to a chemical bond. This “bridging type” model has been
extensively used to explain the counterion-induced precipitation of polyelec-
trolytes [163, 175] and other related phenomena. When the temperature is
reduced, the counterion condensation takes place that makes the counterion-
mediated attraction stronger. Obviously, this effect is more pronounced for
counterions with higher charge.

The stabilization of the finite-size aggregates (both single-chain and multi-
chain) is due to the interplay between the attractive forces and the long-range
Coulomb interactions together with the contribution from the translational
entropy of mobile counterions. The point is that only a fraction of the charges
on the polyions are neutralized by condensed counterions because the tem-
perature is not zero, so that each copolymer chain still carries a net negative
charge. Therefore, when the formation of the aggregates occurs, their net
charge (i.e., the sum of the net charges of the individual chains in the ag-
gregate) turns out to be nonzero for all aggregate sizes. The electrostatic
repulsion due to the net-charge, whose range is set by the screening length
under given conditions, is the first factor responsible for the stabilization of
finite size aggregates. Obviously, the repulsion is longer in range than the at-
traction. Also, the simulations [170–172] show that for the HP copolymers
having a protein-like primary structure, the significant fraction of charged
chain segments is concentrated on the aggregate surface. Such a morphology
assists the stabilization. On the other hand, it seems evident that this will not
be the case for polyions with a purely random primary structure or for regu-
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lar copolymers with an alternating distribution of charged and neutral groups
along the chain.

In the counterion condensation regime, the remaining (noncondensed)
counterions are partially immobilized near the charged monomer units and
this results in translational entropy losses. This is the second ingredient of the
stabilization mechanism.

For small clusters, the long-range Coulomb repulsion is more important,
while for large interchain aggregates the stabilization should originate mainly
from the counterion entropy decrease. Indeed, as the aggregates grow and
occupy a larger fraction of the available volume in the system, a larger frac-
tion of the free counterions will be found in the aggregates, thereby leading
to an increase in the corresponding free energy connected with the transla-
tional entropy losses. Also, it should be noted that the counterion mobility
inside an aggregate is reduced when the chains contract significantly and the
aggregates become denser. All these arguments explain the existence of the
finite-size aggregates built up from charged copolymers in a poor solvent.

The stabilization mechanism described above is practically the same as
that suggested in [176]. In particular, the theory developed in this work
predicts that in the dilute solution of associating polyelectrolytes, finite-
size clusters having some optimum dimension should exist. Moreover, this
stabilization mechanism is universal and should be valid for all attracting
polyelectrolytes independent of the nature of the attraction between chain
segments and the internal structure of the aggregates. To illustrate this asser-
tion, the authors of [176] present the following qualitative arguments. When
the polyions aggregate into a multichain cluster, the intermolecular potential
energy of attraction per chain is a monotonically decreasing function of the
aggregation number, m. It is clear that this energy should decrease up to some
finite negative constant value for the macroscopic cluster in the m → ∞ limit.
On the other hand, the sum of the electrostatic repulsive energy and the coun-
terion entropy decrease (per chain) is a monotonically increasing function of
m. As a result, there should be a minimum of the total free energy at some
finite value of m that corresponds to the formation of optimum finite-size
aggregates for the given conditions. An analogous stabilization mechanism
may come via the generalization of the approaches developed by Borue and
Erukhimovich [177] and by Joanny and Leibler [178].

We can add a few words about the nonmonotonic behavior of the chain size
observed for the low-temperature region [170, 171]. Let us compare the con-
formation of a polyion entering a single-chain and multichain aggregate. In
the single-chain aggregate (i.e., in a dense polymer globule), every strongly
collapsed polyion has a size of the order of N1/3. In the large multichain ag-
gregate, however, each flexible-chain macromolecule is entangled with other
chains, which form a surrounding essentially similar to that characteristic
of a polymer melt. In the m → ∞ limit, each flexible chain should approxi-
mately behave as a Gaussian chain with the size of the order of N1/2, i.e., its
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size increases. That is why the chains included into larger aggregates formed
in the presence of multivalent ions have larger sizes than those observed for
small single-chain aggregates [171]. The chain expansion is also clearly seen
in Fig. 40.

3.3.5
Experimental Results

Experimentally, there are some hints for the existence of finite-size HPE
aggregates.

Carbajal-Tinoco et al. [179] have shown that even very hydrophobic
sodium poly(styrene-co-styrene sulfonane) chains close to the solubility limit
in water can be treated as completely isolated, colloid-like particles. Peng
and Wu [180] have studied an aqueous solution of copolymers prepared
by polymerization of N-vinylcaprolactam and sodium acrylate, P(VCL-co-
NaA). Under poor solvent conditions in the presence of Na+ ions, they
observed a temperature-induced coil-to-globule transition of the chain con-
formation, leading to a single-chain core-shell nanostructure in which neg-
atively charged COO– groups are concentrated in the solution-exposed part
of the globule. The average hydrodynamic radius and the average monomer
density gradually decrease as the solvent became poorer, but neither the ap-
parent weight-average molar mass and the average number of aggregation
change, clearly indicating that there is no intermolecular aggregation. In the
presence of Ca+2 ions, the intermolecular aggregates became larger, but their
size was always finite, showing the existence of the stable mesoglobular phase.
These results are in good qualitative agreement with the findings [170] for
charged protein-like copolymers. The formation of the finite size clusters has
also been observed for hydrophobically modified polyelectrolyte gels [181].

It is known that, depending on the primary amino acid sequence of pro-
teins, there are two possible scenarios of protein aggregation in solution,
when the attractive hydrophobic interaction dominates over the stabilizing
electrostatic repulsion as the net charge of the protein is reduced. In the first
case, globular proteins are able to form stable aggregates (dimers, trimers,
etc.) maintaining in general their native conformations which they have in
the low-concentration limit. The self-association and dimerization of lysoz-
ime, experimentally studied for a considerable time [182–184], is a typical
example of this scenario. In the second case, proteins can also aggregate, but,
in order to gain the maximum potential energy and to form the most stable
structure, they should refold into a conformation dissimilar from the native
(single-chain) state, the aggregation scenario suggested, e.g., for the cellu-
lar prion protein PrP [185, 186], capable of converting from the PrPc form
with α-helices into the PrPsc misfolded structure having β-sheets. It may be
assumed that the simple model of the charged protein-like copolymers in
the presence of monovalent counterions under conditions corresponding to
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the low-temperature regime reflects some general features of the aggregative
processes observed for real proteins in the framework of the first scenario
described above.

3.4
Hydrophobic-Amphiphilic Copolymers

The coil-to-globule transition in synthetic polymers, occurring under poor
solvent conditions, is almost invariably accompanied by precipitation. This
significantly complicates the data analysis, preventing the clear correlation
between the experimental observations and the molecular parameters. At the
same time, globular proteins differ from the globules of synthetic polymers
in three main ways. (i) Globules formed from homopolymers and random
copolymers are typically insoluble in aqueous medium, whereas many of
globular proteins are water-soluble. (ii) In a poor solvent, when polymer seg-
ments attract each other strongly, synthetic globules stick together and form
intermolecular clusters or aggregates even in very dilute solutions. It is the ag-
gregation that makes them insoluble. At sufficient concentration, aggregation
results in polymer precipitation. Globular proteins fold, and may form small
aggregates (quaternary structure) preserving their globular native state, but
even these are still water soluble. (iii) Globular proteins are mobile in solu-
tion due to their solubility. The aggregation of synthetic globules dramatically
slows down their diffusion in the polymer precipitate.

It is thought that protein globules are soluble in water because of the spe-
cial primary sequence: hydrophobic amino acids effectively join together and,
by doing so, they are avoiding the surrounding aqueous environment. One of
the major driving forces in the folding of proteins is to place each of the types
of amino acids (hydrophilic and hydrophobic) in an environment appropri-
ate for its solution properties. This can be achieved by locating the majority of
hydrophilic amino acids on the globule exterior where they can bond to water
molecules, while most hydrophobic amino acids are clustered in a central core
where they bind to each other in an effectively water-free environment.

Having in mind this fundamental principle of protein organization, we
can now discuss how to optimize copolymer sequences to obtain better ag-
gregation stability. Since globule formation and solution stability cannot be
simultaneously realized with any random sequence of monomeric units, we
can formulate the following problem: is it possible to design such a sequence
of an HP copolymer that provides globules protection from aggregation in
solution?

Why is the understanding of the aggregation mechanism so important?
First, it is needed for in vitro or computer design of new (soluble) protein-
like copolymers. Second, it can help to gain insight into the stability of
protein solutions. It is known that protein association leading to reduced
biological activity plays a vital role in fundamental biological processes. In
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particular, aggregation of the human proteins (e.g., lysozyme) that can form
stable amyloid fibrils is associated with a range of fatal diseases includ-
ing systemic amyloidosis, Alzheimer’s disease, and transmissible spongiform
encephalopathy [187]. Knowing which conformational rearrangements con-
verge on the same final fold is important for understanding the determinants
of protein structure, and may enable the development of rational approaches
to the inhibition of protein condensation diseases. Simple isotropic models
that treat the proteins as hard spherical colloids with short-range attractive
interactions explain some features of the protein phase diagram. They, how-
ever, fail to describe the properties of protein solutions quantitatively and
cannot address phenomena such as protein self-assembly [174, 188].

In the past few years, a number of groups have analyzed the aggregation
mechanism of heteropolymers using computer simulations employing both
lattice and off-lattice representation based on the HP copolymer model. With
this model, Abkevich et al. [160] proposed a simple algorithm that biases se-
quence sampling toward compact and water-soluble sequences. Using Monte
Carlo simulations, the competition between chain folding and aggregation
was studied by following the simultaneous folding of two designed copolymer
chains within the framework of a lattice model [189]. It was found that ag-
gregation is determined by partially folded intermediates formed at an early
stage in the folding process. Giugliarelli et al. investigated how the interac-
tion potentials affect the solubility and compactness of short heteropolymers
on a two-dimensional lattice [190]. Maximally compact conformations were
found to be destabilized in solution as the intermolecular potential varies.
Timoshenko and Kuznetsov [191] simulated the formation of clusters con-
sisting of several linear heteropolymers in dilute solutions. They found that
at relatively low concentrations of heteropolymers with sufficiently strong
competing interactions, such clusters (“mesoglobules”) are more stable in
a selective solvent as compared to single chains. Bratko and Blanch [192,
193] considered a lattice model designed to examine the competition be-
tween intramolecular interactions and intermolecular association, resulting
in the formation of aggregates of misfolded chains (see also [194, 195]). Lin-
ear protein-like chains, capable of forming core-shell conformations, do not
exhibit such a high tendency for aggregation as their random and random-
block counterparts [40]. Nevertheless, they are not completely protected from
aggregation [40], in contrast to many real protein globules. Therefore, it is in-
structive to look at other factors, which can be responsible for aggregation
stability.

Real proteins are built up both from hydrophobic and polar amino acid
residues, some of the latter can be charged. Many of the conformational
and collective properties of proteins are due to a complex interplay between
short-range (hydrophobic) effects and long-range (Coulomb) interactions.
Electrostatic effects can also determine some of the unique solution proper-
ties of globular proteins. We have already discussed the results of simulations
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for charged protein-like hydrophobic-hydrophilic copolymers with a fixed
charge distribution under poor solvent conditions [170, 171]. Indeed, for this
model we have observed a solution of nonaggregating globular macroions. It
should be kept in mind, however, that many of the nonaggregating proteins
are uncharged.

Thus, we can conclude that until now, theoretical and experimental at-
tempts to design nonaggregating heteropolymers have not given a single-
valued positive result. In our opinion, the basic reason for such failures lies
in the fact that in these works a study was limited only to ordinary linear
heteropolymer chains. Meanwhile, it is far from clear that the desired result
can be in principle accessible on the basis of simple linear models in the
case of electro-neutral heteropolymers, since in this case there are no real
ways of creating the insurmountable (or very high) energy barriers, prevent-
ing large-scale aggregation. Nevertheless, we should note that for very long
chains, certain irregular arrangements of H and P units along the chain may
help to prevent precipitation of the copolymers thus leading to formation of
stable finite aggregates and globules [196] (see also [197]).

Another method leading to nonaggregating copolymers may be connected
with the molecular design of their monomeric units. We have discussed an ex-
tended variant of the HP model, the HA side-chain model [97], that explicitly
takes into account the amphiphilic nature of hydrophilic segments.

It is believed that, using this model and the methods of sequence design
suitable for computer simulations, one can construct copolymers capable of
forming nonaggregating heteropolymer globules, with the ultimate objective
of learning how to manipulate the polymer chemistry and system conditions
in order to preclude the aggregation processes.

Although we are primarily interested in the intermolecular effects, we will
first characterize the behavior of single amphiphilic copolymers in a selective
solvent.

3.4.1
Single Amphiphilic Chains

Homopolymers consisting of amphiphilic monomer units (poly-A, Fig. 24a)
were simulated, using a Langevin molecular dynamics method and the “side-
chain” model [97]. The simulations of the hydrophobically driven conforma-
tional transitions under the variation of solvent conditions have shown that
for this model, a variety of novel structures with high complexity are possible,
depending on the interaction between hydrophobic (H) and hydrophilic (P)
sites. Specifically, the thermodynamically stable anisometric structures have
been observed, including disk-like structures, stretched necklace-like confor-
mations, and cylindrical-shaped conformations. Also, it was demonstrated
that the chain size Rg as a function of the quality of the solvent can behave in
an irregular manner, showing an increase when the solvent becomes poorer
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for hydrophobic sites. This unusual behavior is connected with the formation
of strongly elongated core-shell conformations having a locally cylindrical
symmetry and is consistent with existing experimental data [198]. Moreover,
for the range of the chain lengths N simulated (N ≤ 1024), the formation of
such conformations can lead to the Rg ∝ N0.9 scaling under a poor solvent
condition.

In order to collect information on the qualitative features of the chain con-
formations, we can directly look at many snapshots of the amphiphilic chain
when the solvent quality is progressive worsened. Figure 41 shows a series
of typical snapshots obtained for the chain with a 256-unit backbone at the
strong H – P segregation.

When the repulsive interactions between monomers dominate, the chain
has the usual coil-like conformation (Figs. 41a and b). As the solvent be-
comes poorer, we observe chain folding and this leads to the formation of
specific necklace-like conformations where single “pearls” of hydrophobic
groups surrounded by hydrophilic groups are connected by stretched chain
sections (Figs. 41c and d). In this regime, the mobility of each monomer
is quite high and monomer position fluctuations are still large. Pearls are
locally in equilibrium, linked to one another by fluctuating chain sections.
With worsening solvent quality the size of pearls increases and, as a result,
their number decreases. Finally, for very strong attraction between H sites,
the pearls coalesce and form an object that looks like a sausage, which then
transforms to a cylindrical-shaped object with the cross-section increasing

Fig. 41 Snapshot pictures illustrating typical conformations of the amphiphilic chain
(poly-A) of length N = 256 for the strong H-P segregation, at different H – H attraction
increasing from a to f. Hydrophobic beads are shown as dark gray spheres and hydrophilic
beads are presented as light gray spheres. The sizes of all the spheres are schematic rather
than space filling
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very slowly as the H – H attraction grows (Figs. 41e and f). Such strongly
nonspherical aggregates, whose state is liquid-like, are thermodynamically
stable. Upon visual inspection of these aggregates, one can find that the hy-
drophobic chain finds itself in an irregularly folded (crumpled) state. Thus,
the progressive worsening of solvent quality results in the following succes-
sion of the conformational transitions at sufficiently strong H – P segregation:
swollen coil → stretched necklace-like conformation → sausage-like object
→ cylindrical-shaped conformation. We would like to emphasize that such
transitions should be considered rather as a smooth shape evolution of the
model polymer than sharp transitions. In other words, there is no well-
defined temperature transition between different regimes but rather a smooth
transition from the necklace-like regime to the sausage regime and further to
the cylindrical regime. Therefore, it is possible to observe, e.g., a coexistence
of pearls and sausage for a given solvent condition.

It is important to note that the observed compact microstructures are
formed due to strong intramolecular segregation of chemically different H
and P groups tending to minimize the number of H – P contacts unfavorable
under poor solvent conditions for H sites: each of the hydrophobic (hy-
drophilic) groups has a tendency to have hydrophobic (hydrophilic) nearest
neighbors and to avoid having hydrophilic (hydrophobic) nearest neighbors
in a poor solvent. As a result, a core composed of mainly hydrophobic groups
turns out to be surrounded by a thin dense “skin” composed of mainly
hydrophilic groups. It is clear that such a situation is very similar to that
characteristic of usual low-molecular-weight amphiphiles, which form mi-
celles in a dilute solution [199, 200]. Indeed, the “side-chain” model [97]
bears resemblance to a system of N small chemically connected HP sur-
factants. In a polar solvent, surfactants can form micelles with a dense hy-
drophobic core surrounded by a hydrophilic shell. Also, such a behavior
is rather common for polysoaps which, due to their amphiphilic charac-
ter, are able to build up intramolecular self-assembled structures in polar
as well as in apolar media [201–205]. From this viewpoint, we should treat
the conformational transitions found for the extended HP model (Fig. 24a)
rather as an intrachain micellization than as a true coil-to-globule transi-
tion. In particular, the necklace-like conformation with hydrophobic pearls
surrounded by hydrophilic groups (Figs. 41c and d) has to be considered as
a string of micelles but it has nothing in common with the pearl-necklace
model structure proposed by Rubinstein and co-workers [164, 206] for flex-
ible polyelectrolytes in poor solvents where, due to the Rayleigh charge in-
stability, highly stretched segments alternate with collapsed (micro)globules
along the chain. Structurally, the intramolecular micelles observed for the
necklace-like state are similar to micelles formed by free low-molecular-
weight surfactants; however, unlike ordinary micelles, intramolecular mi-
celles need no critical concentration of polysurfactants for their formation
because in this case there is no loss of translational entropy. To understand
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many of the results of the computer simulations [97], simple theoretical
arguments [207–210] that predict the formation of nonspherical micelles
can be used.

The conformational transitions observed in the simulations [97] resemble
in some aspects the so-called zipping transitions [211], the process in which
two strongly attracting strands composing the polymer come in contact in
such a way as to form a bound double structure, which remains swollen
and does not assume compact configurations. The cylindrical-shaped con-
formations in which the hydrophobic backbone is in a locally collapsed state
(Figs. 41e and f) look a lot like three-dimensional zipped structures.

Single hydrophobic-amphiphilic (HA) copolymers with the same HA com-
position but with different distribution of H and A units along the main
hydrophobic chain were also simulated [212]. In particular, regular copoly-
mers comprising H and A units in alternating sequence, regular multiblock
copolymers composed of H and A blocks of equal lengths, and the quasir-
andom protein-like copolymers with a quenched primary structure were
studied. These copolymers are schematically depicted in Fig. 24b,c, and d.

Under poor solvent conditions for hydrophobic segments, all the copoly-
mers form compact conformations, irrespective of the primary structure.
However, the morphology of these conformations dramatically depends on
copolymer sequence, especially for long chains. It was found that single
protein-like polyamphiphiles (Fig. 24d) can readily adopt conformations of
compact spherical globules with the hydrophobic chain sections clustered at
the globular core and the hydrophilic side groups forming the envelope of this
core and buffering it from polar solvent. This morphology closely resembles
that of micelles or globular proteins. For all the chain lengths studied, these
structures are nearly spherical with small fluctuations. For the range of the
hydrophobic chain lengths N simulated in this study (N ≤ 255), the chain size
Rg as a function of N behaves as Rg ∝ Nν with ν ≈ 0.28, the exponent expected
for collapsed chains.

The globules of relatively short regular multiblock copolymers with a fixed
block length of L = 3 (Fig. 24c) are also spherical or nearly so. On the other
hand, at poor solvent conditions, the compact conformations of long regular
copolymers tend to be elongated in one direction, especially for the alternat-
ing HA sequence (Fig. 24b). The hydrophobic core formed by these copoly-
mers increases with chain length, in a manner that can be understood on the
basis of a uniform core which expands with chain length in one direction,
and a sharp hydrophobic/hydrophilic interface whose width is essentially
constant. For sufficiently long chains, the formation of such conformations
leads to the Rg ∝ Nν scaling with 0.86 ≤ ν ≤ 0.89. This scaling exponent is
practically the same as that observed for poly-A chains. The fact that the
scaling exponent is slightly smaller than the rod-like prediction of ν = 1 is
likely due to the fact that N is very close to, though not yet in, the scaling
regime. Nevertheless, it is believed that in the N → ∞ limit, because of strong
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thermal fluctuations, the locally folded chain as a whole would look like an
infinitely coiled “garden hose” (or a worm-like superchain) having a finite
thickness and a finite persistent length, and the limiting scaling exponent
would be close to that expected for the good solvent regime, due to repul-
sive interactions between the outer hydrophilic groups. In other words, for
very large N we expect a crossover from the Rg ∝ N regime to the Rg ∝ N0.59

regime.
There are experimental evidences of some facts predicted in the simula-

tions [97, 212].
Kikuchi and Nose [198, 213] have reported on systematic experimental

studies of poly(methylmethacrylate)-graft-polystyrene (PMMA-g-PS) with
short branches in a selective solvent (isoamyl acetate) which is a good solvent
for PS. Under given solvent conditions, this copolymer behaves as an am-
phiphilic copolymer, bearing a resemblance to the model considered in our
simulation. At high branch density, the authors [213] have observed the for-
mation of thermodynamically stable unimolecular rod-like micelles formed
via intramolecular segregation of the PMMA backbone and PS branches,
with the shrunken PMMA backbone making the rodlike core covered with
PS chains. Also, it has been found that the rod is not necessarily rigid, but
may be flexible in the weakly segregated state and becomes more rigid with
stronger segregation upon decreasing temperature, i.e., upon the progressive
worsening of solvent quality for the PMMA backbone.

Selb and Gallot [214] have demonstrated that poly(styrene)-graft-poly(4-
vinyl-N-ethylpyridium bromide) forms unimolecular micelles in water/
methanol mixtures. These experimental data can be treated as an indi-
rect confirmation of the simulation result [97] that sufficiently long regular
copolymers with amphiphilic monomer units do form intramolecular aniso-
metric micellar structures in a poor solvent.

The presence of stable single-chain core-shell nanostructures in a solu-
tion of amphiphilic copolymers has also been observed by Wu and Qiu [215].
Using a combination of static and dynamic laser light scattering, they
have found that a linear poly(N-isopropylacrylamide) chain grafted with
poly(ethylene oxide) (PNIPAM-g-PEO) in water can undergo a coil-to-globule
transition to form spherical single-chain aggregates with a collapsed PNIPAM
chain backbone as the hydrophobic core and the grafted short PEO chains as
the hydrophilic shell. In general, these colloid-like nanostructures are simi-
lar to those observed in the simulations [212] for protein-like amphiphilic
copolymers.

In a series of papers [216, 217], Nakata and Nakagawa have studied the
coil-globule transition by static light scattering measurements on poly(methyl
methacrylate) in a selective solvent. They have found that the chain expansion
factor, α2 = R2

g/R2
gΘ , plotted against the reduced temperature, τ = 1 – Θ/T,

first decreases with decreasing τ , as it should be, but then begins to increase
(see, e.g., Fig. 2 presented in [217]) In the authors opinion, “the increase of
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α2 with decreasing temperature conflicts with theoretical predictions and an
intuitive notion of the expansion factor.” However, taking into account the
amphiphilic nature (although weakly-pronounced) of poly(methyl methacry-
late) and the simulation data reported for the extended HP model [97], this
“anomalous” behavior can be understood. Indeed, in solvent selective to side
groups, the incompatibility of chemically different groups is effectively in-
creased when the attraction between groups composing the chain backbone
becomes stronger. This is accompanied by pushing away the soluble side
groups from the insoluble micellar core and by stretching the macromolecule
as a whole.

Williams and co-workers [179, 218] have studied the structural changes
and chain conformations of a series of hydrophobic sodium poly(styrene-co-
styrene sulfonate)’s of various charge fractions in a poor solvent using static
light scattering and small-angle X-ray scattering techniques. By varying the
charged monomer fraction, f , it was possible to change the degree of hy-
drophobicity of this copolymer and the corresponding hydrophobic/hydro-
philic interactions. From the scattering measurements, the so-called apparent
radii of gyration, Rapp

g , were determined for different values of f and con-
centrations. From the analysis of these results (see Tables 1 and 2 of [179])
it is seen that the values of Rapp

g show an irregular behavior as a function of
f at all the polymer concentrations studied. At large f , when the repulsive
electrostatic forces dominate, the copolymer chains have an expanded con-
formation. With decreasing f , the intrachain short-range hydrophobic attrac-
tions begin to dominate and, as a result, the chain size decreases. However,
at f � 1/2, an unexpected increase in Rapp

g is distinctly observed; although,
at first sight, Rapp

g should further decrease, taking into account a monotonous
growth in hydrophobic attraction. It is clear, that such an “unexpected” be-
havior is consistent with the simulations [97, 212] and can be explained on the
basis of the discussion presented above.

3.4.2
Coil-Globule Transition Versus Aggregation

Here, we describe and compare the results of simulations for two multichain
systems corresponding to alternating and protein-like HA copolymers [212].
The multichain systems consisting of 127-unit copolymers were simulated for
the range of the effective interaction parameter χ̃ (which is similar to the
Flory–Huggins parameter) under solvent conditions when single chains can
form strongly collapsed conformations.

In Fig. 42, we show the ratio R2
gP/R2

gH (R2
gH and R2

gP are the partial
mean-square radii of gyration calculated separately for hydrophobic and hy-
drophilic beads) as a function of the interaction parameter χ̃ . We see that this
ratio is an increasing function of χ̃. Qualitatively the same picture is observed
for isolated chains. Such behavior is due to the fact that, as the attraction
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Fig. 42 Ratio R2
gP/R2

gH as a function of the interaction parameter χ̃ in a semi-logarithmic

scale for the 127-unit � alternating and • protein-like chains in the corresponding mul-
tichain systems. The parameter χ̃ is similar to the Flory–Huggins interaction parameter
χ and characterizes solvent quality in an integral manner. Sufficiently large values of χ̃

(χ̃ � 1) correspond to a poor solvent. Solvent quality becomes poorer with decreasing
temperature or with increasing χ̃. Adapted from [212]

between H segments increases, the value of R2
gP decreases more slowly than

R2
gH, thus leading to demixing of H and P segments and facilitating their

intramolecular microphase separation. This trend is more pronounced for
the protein-like copolymers than for the alternating copolymers, suggesting
an idea that the former should be more protected against intermolecular
aggregation.

A direct way to study the process of aggregation is to monitor the change
in the corresponding free energy, ∆G. To this end, following the standard
quasi-chemical approach, one can treat the polymer solution as a multicom-
ponent system, where intermolecular aggregates of different size (AM, M > 1)
are present in equilibrium with unimers (A1), A1� AM. These species are
treated as distinct chemical components, each characterized by its own solu-
tion concentration and chemical potential. The concentrations [A1] and [AM]
of the species (or their mole fractions) can be found via the integration of
the center-of-mass pair correlation function; this gives an estimate for the
overall association equilibrium constant K and ∆G, which is the difference in
the standard Gibbs free energy between chains belonging to intermolecular
aggregates and unimers. When ∆G < 0, it is energetically favorable for the
chains to merge. If ∆G > 0, the unimers are favorable.

The calculated values of ∆G are presented in Fig. 43 as a function of the
interaction parameter χ̃. As seen, lowering the temperature, or equivalently,
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Fig. 43 Aggregation free energy ∆G as a function of the interaction parameter χ̃ for
the multichain systems of (�) alternating and (•) protein-like copolymers. Adapted
from [212]

increasing the interaction parameter χ̃ , shifts the equilibrium A1� AM
(M ≥ 2) in the system of protein-like copolymers toward the nonaggregated
state, and this is reflected in Fig. 43 as an increase in ∆G.

At first sight, such behavior is somewhat counterintuitive. Actually, from
a general consideration it would be possible to expect the opposite behavior,
when worsening in the solvent quality facilitates the aggregation and thus re-
duces the aggregation free energy. However, the observed behavior becomes
quite clear if one takes into account the results discussed above. An increase
in the free energy is explained by the appearance of a dense hydrophilic
shell around the formed spherical globules, which serves as a practically
insurmountable energy barrier preventing the aggregation. When the sol-
vent becomes poorer, chains are compressed, and this is accompanied by
a strengthening of this hydrophilic “protective barrier”. On the other hand,
the free energy of aggregation estimated for the system of alternating copoly-
mers weakly depends on the solvent quality and remains close to zero for all
values of the energy parameter χ̃ . This behavior also can be understood on
the basis of the data concerning the conformational structure of this copoly-
mer. Since at the same HA composition the cylindrical globules of alternating
copolymer have the larger surface-to-volume ratio, the hydrophilic shell is not
so dense, and therefore, it does not ensure a sufficient protection, while for
the protein-like copolymers rather high densities of the hydrophilic shell are
reached.

Moreover, the thorough analysis of globular conformations shows that this
layer is almost absent near the faces of the cylinder [212]. This facilitates the
formation of multiglobular aggregates in the solution of regular copolymers.
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These facts explain the more expressed tendency of regular copolymers to-
ward aggregation.

For visual analysis of the simulated configurations, one can employ the tech-
nique based on the construction of isosurfaces. In this way, the global system
morphology can be studied. The snapshots of the low-temperature configura-
tions (χ̃ ≈ 4) show that in this regime no large-scale aggregation of individual
globules is observed for the multichain systems, implying that in this case
the system lies in the stable one-phase region (Fig. 44). In this respect, the
behavior observed for the model amphiphilic copolymers is similar to that
found for charged hydrophobic/hydrophilic protein-like chains [170–172].
The simulation [212] predicts the formation of specific microphase-separated
morphologies in which strongly attracting hydrophobic chain sections form
a distinct population of globules which are stabilized by a dense layer of hy-
drophilic beads. It is clear that the driving force for the microphase separation
is competing interactions, that is, the strong attraction between the hydropho-
bic groups and repulsive interactions associated with the hydrophilic species.
One may say that the intramolecular microphase separation prevents inter-
molecular aggregation, thus stabilizing the solution of globules. Thus, under
poor solvent conditions, one observes a stable solution of nonaggregating poly-
mer globules which are well-separated from each other and form an array of
colloid-like particles. Because of the fact that the amphiphilic globules are size-
and shape-persistent objects, this allows them to maintain their morphological
integrity even in concentrated enough solution.

Generally speaking, the reason for this behavior is simple. It is known that
low-molecular-weight surfactants dramatically increase the stability of poly-
mers and are widely used to prevent aggregation in polymer solutions. In the
HA model, “surfactants”, i.e., amphiphilic A groups, are incorporated into
the polymer chain, thus ensuring the stabilizing effect. From the tempera-

Fig. 44 Snapshot pictures representing the isosurfaces generated under poor solvent condi-
tions for the multichain systems composed of the 127-unit amphiphilic copolymers with
a protein-like and b alternating distribution of H and A groups along the chain
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ture dependencies of aggregation free energy (Fig. 43) one can conclude that
below the collapse transition temperature there is a free energy barrier pre-
venting the aggregation of copolymer globules. Therefore, in a macroscopic
system, precipitation of a macroscopic polymer-rich phase should be sup-
pressed. This is quite different from the solution of usual linear polymers
(both homo- and heteropolymers), where the aggregation process in a poor
solvent is not associated with a free energy cost and the aggregation is taking
place together with the single-chain collapse transition.

The situation with the alternating copolymers is not so clear. Although in
this case the large-scale aggregation is also not observed [212], such copoly-
mers were found to be capable of forming sufficiently large intermolecular
aggregates, as seen in Fig. 44.

3.5
Adsorption Selectivity

The focus here will be on the consideration of designed copolymers exhibit-
ing selective interactions with the surfaces and interfaces. In particular, we
will consider some properties of adsorption-tuned copolymers and partly
cross-linked polymer envelopes that function as a molecular dispenser.

3.5.1
Adsorption-Tuned Copolymers

The adsorption of homopolymers at an impenetrable surface is a well-studied
problem [219, 220]. Much less is known about copolymer adsorption (in
which only one of two comonomers interacts with the surface), although the
problem has been studied by several groups [221–225]. Regular copolymers
with a periodic sequence of comonomers, adsorbing at a planar surface, have
been studied by Moghaddam et al. [226]. In the case where the copolymer
is random, the most interesting case is quenched randomness where the se-
quence of comonomers is fixed during the computation of thermodynamic
quantities, which are averaged over the quenched comonomer sequences.
Grosberg et al. [227] have considered copolymers with periodic quenched
randomness. The case of nonperiodic quenched randomness has also been
studied using a variety of techniques [228–230]. Moghaddam and Whit-
tington [231] have used multiple Markov chain Monte Carlo methods to
investigate the adsorption of a random copolymer at a homogeneous sur-
face. Adsorption of an ideal correlated random copolymer at a liquid-liquid
interface has been investigated theoretically in [232].

Zheligovskaya et al. [55] have simulated the adsorption of quasirandom
adsorption-tuned copolymers (ATC). The critical adsorption energy as well
as some characteristics of the adsorbed single chains (statistics of trains,
loops, and tails) were studied. All these properties were compared with those
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of random copolymers with the same content of adsorbed segments and
random-block copolymers with the same composition and the same average
numbers of adsorbed and nonadsorbed blocks.

It was found that the difference in the primary structure of the chains
leads to the difference in the critical adsorption energy ε∗ and the charac-
teristics of adsorbed chains. In particular, the ATC chains have the smallest
(by the absolute value) adsorption energy ε∗. The random copolymers are
characterized by the largest ε∗, as compared to other copolymers. This fact is
simply explained by the difference in block lengths: the random copolymers
have the shortest blocks. This is consistent with the analytical results [233]
for regular AB copolymers, according to which the absolute value of the
critical adsorption energy decreases with the increasing block length at the
same fraction of adsorbed and nonadsorbed segments. At the same time, the
difference in the critical adsorption energy for the random-block and ATC
chains (which are characterized by the same average block lengths) can be
explained only by the details of the ATC primary structure. It turns out to
be that the ATC chains have significantly longer end nonadsorbed blocks,
as compared to their random-block counterparts. As a result, the adsorbed
segments are placed more compactly in each ATC chain. This specific fea-
ture of the ATC primary structure promotes adsorption of ATC chains. The
studied characteristics of the adsorbed chains are also different for the three
copolymers.

Thus, the difference in the adsorption behavior of ATC, random, and
random-block chains can be rationally explained by taking into account the
specific features of the primary structure of these chains.

The obtained results support the general idea of a conformation-dependent
sequence design of copolymers proposed [18–20]. That is, the generated ATC
sequence memorizes some features of the specific parent conformation of
the adsorbed homopolymer. In particular, the position of adsorbed segments
turned out to be tuned in the best way for subsequent adsorption. It is not
surprising, therefore, that this memorized hidden information became ap-
parent as soon as we considered the adsorption of ATC chains. Among the
three types of AB copolymers which were studied [55], ATC chains adsorb
better at a given adsorption energy. In other words, the AB chain “learns to
be adsorbed” in the parent conformation, and this “experience” is used in the
subsequent “life” of this copolymer.

3.5.2
Molecular Dispenser

To characterize the complexes formed between molecular dispenser de-
scribed in Sect. 2.2.4 and colloidal particles, the probability P(σ , T) of finding
a complex made from the copolymer envelope and the particle of a given size,
σ , was calculated as a function of temperature T [57].
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After the preparation of the copolymer envelope (Fig. 10), the parent par-
ticle of size σp was eliminated, and another particle of a given diameter σ was
introduced into the system. A new particle was placed far from the copolymer
envelope; that is, initially it was not interacting with the envelope. During the
stochastic motion in the bulk, the particle and envelope came into collision
with each other, thus forming a copolymer-particle complex. Under the ther-
mal agitation the complex was splitting and reassembling again. The function
P(σ , T), which is related to the energy of interaction between the copolymer
envelope and particle, was calculated as an average over ∼ 102 independent
realization.

It was found that the selectivity of the complex formation strongly depends
on the number of crosslinks in the envelope. Typical results for a moderately
crosslinked envelope are shown in Fig. 45a. It is seen that the selectivity of the
complex formation with the particle of a certain size is indeed reached, that
is, the idea of a molecular dispenser works.

Fig. 45 a Probability of finding a complex made from a 512-unit copolymer envelope and
a particle of a given size, σ , at the temperature T for the case when the copolymer en-
velope has 48 crosslinks. Snapshots of the complexes made from a 512-unit copolymer
envelope for b σ/σp = 0.8 and c σ/σp = 1.8, where σp is the size of the parent particle.
Adsorbed and non-adsorbed chain segments are colored in red and blue, respectively;
crosslinks are shown as green sticks. Adapted from [57]
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Generally, the structure of the polymer-particle complex can be found from
the minimization of free energy that includes the polymer-particle interaction
energy, entropies of nonadsorbed monomer units and units localized at the
surface of the particle, and typically, for the system under consideration, the
elastic deformation of crosslinked macromolecule. Such theoretical analysis,
following the lines of [234, 235], can explain the specific behavior of P(T, σ) ob-
served for the envelopes with different numbers of crosslinks nJ [57]. According
to [235], when the number of crosslinks is small enough, nJ � N1/2, all junc-
tions contribute mainly to the formation of simple loops along the chain and
the polymer molecule as a whole conserves linear structure. On the other hand,
when nJ > N1/2, the macromolecule becomes really crosslinked, forming a kind
of loose network. In the simulation [57], the cross-links introduced between
adsorbed monomeric units stabilize a hollow-spherical structure of the copoly-
mer envelope with mesh-like architecture and the cage structure of the central
cavity. Thus, the selective property of the moderately crosslinked copolymer
envelope is based on the existence of a certain mesh size, which restricts the
penetration of big particles into the copolymer envelope.

The reason for the selective adsorption of a colloidal particle of parent size
is explained by the typical snapshots in Figs. 45b and c. We see that the par-
ticle of parent or smaller size (σ ≤ σp) is fully absorbed by the central cavity
(Fig. 45b), because the corresponding fitting was ensured by the sequence de-
sign procedure (Fig. 10b). On the other hand, a particle of larger size (σ > σp)
turns out to be too big for a central cavity (Fig. 45c), and thus the complex
formed does not saturate all the possibilities for the attraction of red units
to the surface of the particle. As to small particles, they easily penetrate in-
side the molecular dispenser, but the complex formed is not stable (especially
at high temperature) because of the small surface of such particles. All these
factors explain the peak in P(T, σ) observed at σ ≈ σp for moderately cross-
linked copolymer envelopes (Fig. 45a).

4
Conclusion

In this review, we reported on several new synthetic strategies that allow
the synthesis of copolymers with a broad variation of their sequence dis-
tributions. The fundamental principle of these strategies is conformational-
dependent sequence design (CDSD), which takes into account a strong coup-
ling between the conformation and primary structure of copolymers during
their synthesis. Using computer simulation techniques, we have attempted to
show that rather simple methods, such as polymer-analogous reactions and
normal radical copolymerization, can lead to nontrivial chemical sequences,
long-range correlations, and gradient structures, if they take place under un-
usual physical conditions.
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The results presented in this review demonstrate that the CDSD polymer-
analogous transformation is a versatile approach that allows various func-
tional copolymers such as bioinspired protein-like macromolecules (which
give soluble globules with a segregated core-shell microstructure), molecular
dispensers (which are able to selectively absorb nanoparticles of a given size),
and adsorption-tuned copolymers to be obtained. Our discussion has focused
on copolymer sequences exhibiting large-scale compositional heterogeneities
and long-range statistical correlations between monomeric units. These fea-
tures are intrinsically related to the CDSD scheme and they cannot be ex-
plained by the basic stochastic processes such as random sequence or Markov
chain; the first has no correlations and the second only has short-range corre-
lations. Problems associated with the evolution of copolymer sequences have
been considered from the viewpoint of the emergence of information com-
plexity in the sequences in the course of evolution.

Presently the main technique for the synthesis of copolymers are free-
radical polymerization methods [11–17]. For a limited range of comonomers,
anionic and cationic polymerizations are also used [236, 237].

We have reviewed results on the computer modeling of radical copoly-
merization under heterogeneous conditions, including the following syn-
thetic methodologies: solution copolymerization with simultaneous globule
formation, emulsion polymerization with polymerizing hydrophobic and am-
phiphilic monomers, copolymerization near a chemically homogeneous sur-
face that selectively adsorbs one type of polymerizing monomer, and template
copolymerization near patterned surfaces. Because the implementation of
conventional radical polymerization is much easier than that of anionic or
CRP processes, it is worthwhile to try to use the emerging features of the
copolymer sequences (long-range correlations and gradient structures) to de-
sign new types of copolymers with sophisticated functional properties. Many
of these advances are likely to lead soon to novel applications.

Also, we have discussed advances that have recently been achieved in the
computer simulation and theoretical understanding of designed copolymers
in solution and in bulk. The focus was on amphiphilic protein-like copoly-
mers and on hydrophobic polyelectrolytes. Here, we have tried to demon-
strate how the copolymer sequence dictates the structure and properties of
polymer systems. In many cases, the presence of long-range correlations in
designed copolymers can bring about dramatic changes in their physical
properties with respect to the corresponding copolymers whose sequence has
only minor correlation between adjacent monomeric units.
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