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Preface

For a long time, chemical industry was focused on polymers mainly from
the viewpoint of obtaining advanced construction materials, such as plastics,
rubbers, fibers, polymer composites. These materials provided a number of
important benefits, including improved strength and long-term durability,
light weight, environmental resistance, and design flexibility. Starting from
about the early 1980s, the main focus of interest shifted to functional polymers.
Among these are superabsorbents, nanoporous rate-controlling membranes,
reversible adhesives, electro-conductive polymers and nanowires. In the 1990s,
the scientific and industrial polymer community started to discuss “smart” or
“intellectual” polymer systems (e.g., soft manipulators, polymer systems for
controlled drug release, field-responsive polymers, shape memory networks,
and self-healing coatings); the meaning behind these terms is that simply the
functions performed by polymers become more sophisticated and diverse.
The line of research concentrating on polymer systems with more and more
complex functions will certainly be in the mainstream of polymer science in
the 21st century.

One of the ways to obtain new polymers for sophisticated functions is con-
nected to the synthesis of novel building blocks - monomer species — where
the required function is linked to the chemical structure of these blocks. How-
ever, the potential of this approach is rather limited because complicated and
diverse functions of polymeric materials would then require a very complex
structure of monomers, which normally means that the organic synthesis is
more expensive and less robust. An alternative approach is to use known build-
ing blocks and to try to design a copolymer with a given sequence of these
units. At the present time, there are many synthetic and theoretical strate-
gies directed towards varying the chemical sequences of copolymers: from
the variation of their composition and blocky structure to more sophisticated
features like “tapered” and gradient structures. In a broad sense, most con-
ventional chemical syntheses, especially polymer syntheses, can be regarded
as bottom-up nanotechnology leading to the assembly of building blocks into
the final macromolecules. Unfortunately, in most conventional polymerization
processes, the physical control of assembly during the reactions is practically
impossible.

With these difficulties in mind, it is instructive to look at main biological
macromolecules - proteins, DNA, and RNA - that have precise and specific
structures. These polymers in living systems are responsible for functions,
which are incomparably more complex and diverse than the functions that we
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normally discuss for synthetic copolymers. The molecular basis for this ability
to perform sophisticated functions is associated with the primary sequences
of biopolymers. In particular, the unique functions of proteins reflect their
molecular structure, so that the sequence of amino acids in a protein defines
its secondary and tertiary structure (fibrous versus globular, for example)
as well as its function. Therefore, the study of biopolymers at the molecular
level may point to new directions in materials design and construction - not
just actually using biomolecules themselves to construct novel materials, but
mimicking the specific primary sequences of biological polymers. Indeed, by
taking this biomimetic route, significant and path-breaking achievements may
be made by materials scientists and engineers. Thus, a promising path related
to the design of new synthetic copolymers is to learn the rules of biologically
driven controlled synthesis and directed assembly in vivo and eventually to
apply these rules to the creation of engineered synthetic polymer systems from
cheap and commonly available building blocks.

Original ideas connected with the biomimetic design of sequences in syn-
thetic functional copolymers were formulated by us in 1998. They were based
on the simple and well-known fact that the function of all globular proteins
depends on two main factors: (1) they are globular and (2) they are soluble in
aqueous medium. The combination of these two factors is nontrivial, e.g., for
homopolymers and random copolymers the transition to globular conforma-
tion is usually accompanied by the precipitation of globules from the solution.
Protein globules are soluble in water because of the special primary sequence:
in the native conformation most of hydrophobic monomer units are in the core
of the globule while hydrophilic monomer units form the envelope of this core.
Keeping the biomimetic approach described above in mind, one can formulate
the following problem: is it possible to design such a sequence of synthetic HP
copolymer (copolymer consisting of monomer units of two types, H and P)
that, in the most dense globular conformation, all hydrophobic H-units are in
the core of this globule while the hydrophilic (polar) P-units form the envelope
of this core? The corresponding bio-inspired two-letter HP copolymers gener-
ated on a computer were called protein-like copolymers. Of course, the degree
of function complexity that we hope to achieve for designed copolymers, is
much less than current biopolymers, but the behavior of copolymers with de-
signed sequences can exhibit many useful features distinguishing them from
the “scratch” (e.g., statistically random) sequences.

The approach formulated in 1998 is based on the assumption that a co-
polymer obtained under some preparation conditions is able to “remember”
features of its original conformation from which it was built and to store the
corresponding information in the resulting sequence. Therefore, this approach
may be called conformation-dependent sequence design.

Most of the contributions collected in volumes 195 and 196 are dedicated to
the review of the results obtained recently in this direction, i.e., dealing with
the conformation-dependent sequence design of copolymers and the study of
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their properties. The contributions collected present the up-to-date research
results on most of the topics related to this approach. Surface and interfacial
phenomena are also major topics of these volumes. The individual chapters
are diverse in purpose and in style. Some of them paint the field in broad,
conceptual strokes, others in fine methodical detail. Some present information,
others arguments or interpretation. Some summarize past activities, others
point to future potential.

Volume 195 begins with a chapter by Khalatur and Khokhlov that gives
a survey of the simulation methods as applied to the design of nontrivial
sequences in synthetic copolymers aimed to achieve desired functional prop-
erties. Several new synthetic strategies allowing for the synthesis of copolymers
with a broad variation of their sequence distributions are reported. Synthetic
copolymers exhibiting long-range statistical correlations, large-scale compo-
sitional heterogeneities, and physical complexity are the focal point of this
review. Roughly speaking, the physical complexity of a sequence is understood
as the amount of information that is stored in that sequence about a particular
environment.

Zhang and Wu review the experimental results on the folding of different
hydrophilically or hydrophobically modified copolymers in extremely dilute
solutions. The focus is on the formation of stable and soluble mesoglobules
made of several amphiphilic copolymers and on the folding of single copoly-
mers — both linear and grafted - into core-shell nanostructures that have
various applications. All these features are directly related to the unique chem-
ical sequence of the copolymer chains under discussion. The authors discuss
the insights that can be obtained by the analysis of the data of laser light
scattering and the use of this method as a potential probe of fine molecular
structures, including the so-called “molten” globule state. Emphasis is put on
the most recent achievements, although important historical contributions are
also mentioned.

A concept of amphiphilicity, as applied to single monomer units of de-
signed water-soluble polymers, is presented in the third chapter by Okhapkin,
Makhaeva, and Khokhlov. The concept is relevant to biomolecular structures
and assemblies in aqueous solution. The authors consider the substantial body
of information obtained experimentally and theoretically on surface molecular
chemical structures, including those that are prospective for surface catalysis.
Unusual conformational behaviors of single amphiphilic polymers recently
observed in simulations are also discussed in detail.

The problems related to the colloidal stability of amphiphilic polymers
in water are reviewed by Aseyev, Tenhu, and Winnik in the first chapter of
volume 196. The focus is on the derivatives of thermally responsive smart
macromolecules - both on copolymers and homopolymers — which are present
in a solution as stable micelles potentially having various applications.

One of the promising synthetic strategies of conformation-dependent se-
quence design is based on direct copolymerization under unusual conditions.
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This strategy was first realized by Lozinsky et al., who studied the redox-
initiated free-radical copolymerization of thermosensitive N-vinylcaprolactam
with hydrophilic N-vinylimidazole at different temperatures, as well as by
Chi Wu and coworkers. Lozinsky presents an extensive review of the experi-
mental approaches, both already described in the literature and potential new
ones, to chemical synthesis of protein-like copolymers capable of forming
core-shell nanostructures in a solution.

Continuing along the chemical theme, Kuchanov and Khokhlov review
comprehensively the diffusion-controlled polymer-analogous reactions and
free-radical copolymerization. The field of polymer chemistry today is dis-
tinguished by its depth of mathematical and quantitative rigor in the pursuit
of a wide array of challenging new subjects. These ingredients are present in
full in this chapter, where the quantitative theory of solution and interphase
free-radical copolymerization is discussed from the viewpoint of statistical
chemistry and statistical physics of polymers. It is shown that the interac-
tion of these two disciplines has significant impact on the development of
new synthetic strategies and technologies in polymer chemistry, including
those related to the conformation-dependent design of nontrivial copolymer
sequences.

The final short historical review by Grosberg and Khokhlov is devoted ex-
clusively to the discussion of fundamental ideas initially formulated in polymer
physics by the outstanding Russian scientist .M. Lifshitz and especially to to-
day’s development of his ideas. Major attention is focused on the statistical
theory of heteropolymers covering such areas as protein folding and the se-
quence design both of protein macromolecules and of synthetic copolymers
mimicking some protein properties. In particular, the ideas of sequence design
in functional copolymers were originated within the school of Lifshitz; thus,
in volume 196, it seems natural to give a review of the achievements along the
lines of all major ideas initially formulated by Lifshitz in the field of polymer
science.

All of the selected contributions that are present in these special volumes are
good representatives for manifesting the importance of the concepts based on
conformation-dependent sequence design. It has been our intention to provide
the scientific and industrial polymer community with a comprehensive view
of the current state of knowledge on designed polymers. Both volumes attempt
to review what is currently known about these polymers in terms of their
synthesis, chemical and physical properties, and applications. We will feel the
volumes have been successful if some of the chapters presented here stimulate
readers to become interested in and solve specific problems in this rapidly
developing field of research.

Moscow, November 2005 Alexei R. Khokhlov
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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)

o? chain expansion factor

[Am] mole fraction of intermolecular aggregates of size M
ATC adsorption-tuned copolymer

ATRP atom transfer radical polymerization

b bond length

(o symmetric matrix of direct correlation functions

X Flory-Huggins interaction parameter

X effective interaction parameter

o bulk concentration of monomer species o
Cy (1) instant local concentration of monomer species o
Cu(2) equilibrium concentration profile of monomer species «

c(r) direct site-site pair correlation function
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CRP
DCTT
CDSD
DF
DFA
AG
Dy,

D;
Aps
A(q)

HA model
HPE

HP model
h(r)

JS

K

kg

controlled radical polymerization

degenerative chain transfer technique
conformation-dependent sequence design

density functional

detrended fluctuation analysis

change in association free energy

block length dispersion

dispersion within a sliding window of length 2
solvation free energy

determinant of matrix integral equation

change in transition temperature

energy parameter

unit diagonal matrix

critical adsorption energy

attraction energy between hydrophilic (polar) segments
fraction of charged monomers

volume fraction of macromolecules

average fraction of monomer species « in copolymer chain
volume fraction of monomer species o

intrachain composition profile of monomer species «
volume fraction field of monomer species o
detrended local fluctuations within a window of length A
block length distribution function

sequence free energy

solvation parameter

Shannon’s entropy

hydrophobic monomer (monomeric unit)

symmetric matrix of total site-site correlation functions
hydrophobic-amphiphilic (side-chain) model
hydrophobic polyelectrolyte
hydrophobic-hydrophilic(polar) model

total site-site pair correlation function
Jensen-Shannon divergence measure

association equilibrium constant

Boltzmann constant

block length

average block length

length of sliding window along copolymer sequence
average length of hydrophobic blocks

average length of hydrophilic (polar) blocks
long-range correlation

average number of copolymer chains per aggregate
macrophase separation transition

mean first passage time

microphase separation transition

total chain length, number of repeat units

number of repeat units of type o (o = A, B) in the chain
poly(N-isopropylacrylamide)

number of crosslinks

current chain length
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RPA
Ts

Oq
SASA
Sa(q)
SCF
SCMF
SERP
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volume occupied by monomer species o

average chemical potential field of monomer species o
order-disorder transition

hydrophilic (polar) monomer (monomeric unit)
hydrophilic-amphiphilic copolymer

probability that monomer « is located at the ith position in the chain
site-site pair correlation function

poly(ethylene oxide)

probabilistic model

potential of mean force

poly(methylmethacrylate)
polymer-reference-interaction-site model

prion protein

polystyrene

probability of copolymer/particle complex

wave number

wave vector

wave number of maximum instability (peak in the structure factor)
propagator

conjugate propagator

size of micelle

monomer number density

spatial scale of microdomain structure (domain size)
radius of gyration

mean-square gyration radius
apparent radius of gyration
time-dependent radius of gyration

partial mean-square gyration radius of hydrophobic monomers
partial mean-square gyration radius of hydrophilic monomers
mean-square gyration radius of unperturbed chain

integral equation reference-interaction-site model
random phase approximation

distance between nearest adsorption sites
contour length of chain

monomer size

effective size of monomer species o
solvent-accessible surface area

partial scattering function for monomer species o
self-consistent-field

self-consistent mean-field

stable free-radical polymerization

size of “parental” particle

absolute temperature

reduced temperature

Flory theta temperature

temperature of spinodal instability

chemical correlator
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Tc critical temperature of counterion condensation

™ characteristic diffusion time

R reaction time characterizing polymerization rate

Trel chain relaxation time

Ts sequence design temperature

Ty 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 10°> 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

221
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”); ¢ 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.
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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 A was taken in the Poisson form: f(1) = e XL /¢!.

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, Ly and Lp, as
for the protein-like copolymer, exhibits a different distribution of these blocks

1 regular

: random

. JIIVARTRTAT R Bl

: random block

: proteinlike

monomer unit

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
¢ 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) oc x™ (1 < u < 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
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Fig.4a,b The sequence distribution for rather large sections of a synthetic random copoly-
mer is practically identical to that of the whole polymer. ¢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 « (for a cubic lattice, ¥ &~ 1.85), the theory predicts:
Pmax = In(s)/ In(x), 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 — oo 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 A along this sequence step
by step, the number of + 1 and - 1 symbols inside the window is counted at
each step. This number y,(A) is a new random variable that depends on the
position k of the window along the sequence. The variable y,(1) has a certain
distribution. Its average is determined by the overall sequence composition,
and its dispersion is given by Di = (yz(k)> - (y(k))z, where (...) represents the
average over all windows of size A 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 D,
scales as A!/2 with a window of a sufficiently large 1. A power law D; o< A%
with « > 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 Fp(A) that characterizes the detrended
local fluctuations within a window of length A. Generally, Fp(1) shows the
same behavior as D;. 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 D; oc A!/2 scaling, as expected. Comparing this curve with
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Fig.5 Dispersion of the number of different monomeric units in a fragment of sequence
size A for protein-like, random, and random-block copolymers. Adapted from [35]
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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 D; at small A, but ultimately the law D; oc A!/2 is
obeyed for large values of A. 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 A examined, 2 < A < 512. Although the
simulation data do not fit accurately to any power law D, o A“ , the slope
of the observed D; dependence corresponds to a significantly larger value
than 1/2, up to about « = 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 ®-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 D?
(or F3) curve does not contain the linear portion D? o 1. 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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223
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
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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

(d)
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intrachain micelle-like aggregates (Fig. 6¢). 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. 6¢). 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, A s, required to transfer an N-site
molecule from vacuum to polar solvent (e.g., in water) is approximated by the

N

sum of linear terms Aus =) y;Si, where §; is the solvent-accessible surface
area for site i and y; is the lsollvation parameter for the site. In this approxi-
mation, Aus 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 y is an estimate of the free energy of transfer divided by
exposed surface area. For hydrophilic particles, y < 0. For hydrophobic par-
ticles, solvent quality becomes poorer with increasing y. In reality, when the
temperature is fixed, the change in y 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. 10> 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, fz(¢), 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
y = 0. When the solvation parameter y is increased and the solvent becomes
selectively poorer for the modifying agent, the values of f5(£) 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.

224
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. 9¢), 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-
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(a) (b) (c)

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, ¢ 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 op. 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; ¢ 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 o}, 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.

225
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. 10*). 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 epp between hydrophilic P monomers was considered
as a parameter (the interaction between H and P monomers is given by
enp = 4/eéunépp). 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 epp, it is pos-
sible to find two regimes (branches) of evolution (regimes I and II) [70]. If
epp is smaller than some crossover energy ejp (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, Ré, plotted vs. epp. As
seen, Rg is a weakly decreasing function of epp in the range epp > &pp and
demonstrates a rapid growth when epp decreases and becomes less than &jp.
The critical value &5, 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 epp > ¢}) 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 epp between hydrophilic segments, after the se-
quence evolution procedure. The characteristic energy of H—H interactions is fixed at
enn = 2kp T, 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 = {s}, ...,sn} be a sequence of N symbols. For two subsequences
S1 ={s1, ...,sn} and S = {sy41, ..., sy} of lengths n and N - n, the difference
between the corresponding discrete probability distributions f; (s, ..., s;) and
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fo(Sn+15 .. SN) is quantified by the Jensen-Shannon divergence
n N-n
S(S1,S2)/N = h(S) - h(S h(S , 1
JS(S1,S2)/ ()[N(1)+N (2)] (1)

where S =8, @ S; (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=e S (O logy ) + fo(0) og, 0], @
¢
where fy(¢) and fp(£) are the frequencies of words of length ¢ composed of
letters H and P, respectively, and Ny, 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 epp, 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 epp > &}, (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 epp < ejp . The complexity slightly increases with epp
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
AE, this move is accepted with the probability defined by exp(- AE/kgTs).

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 = T 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 =2 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 T 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 T 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 T, the
sequence free energy Fs dominates and the sequence tends to be completely
random, corresponding to the minimum of Fs. At low Ty, 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 (fop) 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{Tp, Tre]} < TR - (3)

where g is the reaction time characterizing the polymerization rate, p is
the characteristic diffusion time for monomers, and t,. is the chain relax-
ation time that depends on the current chain length N;. For an ideal chain,
the Rouse relaxation time scales with N as 7, ~ N? [75]. It is clear that Eq. 3
corresponds to a kinetically controlled regime.

23.2
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
N: is not too large, the growing hydrophobic-hydrophilic (HP) macroradical
remains in a coil-like conformation. However, when its length becomes suffi-



Conformation-Dependent Sequence Design 33

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 V, around the
moving active end of the macroradical of a given length N; during a reaction
time tr. 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.
o 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, C% and C2, 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 tr 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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233
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,
£2uu and 2yp, 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

Qp

HH HP
monomers =
segments = cw

(8)+(8)~...88888888. .

O-H
Q-r

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 2y and 2up 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 2y /$2yp. The maximum length of
the chain is limited and defined as N = 2rpR?/3, where p 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 N; during time
Tr. These concentrations are related to the corresponding instant local con-
centrations, Cyp(r) and Cyn(r), in the elementary volume &r and to the
probability of finding the active end in this volume, v(r). The probability pg‘)g
that monomeric unit «f (¢ = HP or HH) is located at the ith position from
the beginning of a growing macromolecule is given by [86]

[ Cop(r)v(r)d®r
248 Vap Caﬁ

[ Cap(v(r)dBr+ [ Cun(r)v(r)d®r  vupCup + vunCun
up 2uH

Pl = @)

where Cyp is the time-dependent average concentration of monomer o in
the corresponding volume £2,4 and v, 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 vyp and vy depend on the conformation
of the macroradical as a whole. In the first approximation, however, they can
be considered as constant, vyp and vyg. 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]

(0) _(0)
_ vup Cypipy (5)

where Cg)l), and C(}(I)gl are the initial monomer concentrations and n(}%), and n(}%

denote the initial numbers of the corresponding monomers in the micelle.
It turns out that if n > 1, then the growing chain end attaches mainly hy-
drophobic monomers; if 1 < 1, it is preferentially enriched with hydrophilic
monomers. In both cases, the resulting copolymer has a gradient structure.
At = 1, different monomers are distributed randomly along the chain. Obvi-
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ously, the parameter 1 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 intramolec(q)lar composition profile (pg)P = ZP(}?P -1
calculated in [86]. The function goHlP characterizes intramolecular chemical

inhomogeneity along the chain. The present definition of gog)P 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 PE)P function should coincide with the average fraction ¢yp 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 gpg)P 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 fyp(¢) and fuu(€)
were calculated. It was found that the fip(¢) function decays exponentially
with increasing block length ¢, fyp(€) o< exp(- €/Lup), where Lyp is the aver-
age length of HP blocks. On the other hand, the distribution fi(¢) exhibits
power-law decay fiu(£) o< £7 for not too large €. The exponent « estimated
from the simulation data is close to 2. Such a behavior indicates the existence
of LRCs. However, for sufficiently long blocks, fur(€) shows an exponential
decay that is related to the finite size of the micelle.

1.0 A B \ [
0.0 0.2 0.4 0.6 0.8

i/N
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]
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234
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 Cg(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
g in the resulting copolymer increases with their average bulk concentration
CY, thereby leading to a decrease in the number of strongly adsorbed seg-
ments. At some critical value C§, about half of the chain segments are in the
adsorbed state, and the average AB composition of synthesized copolymer is
close to equimolar (ps ~ gp ~ 1/2). At C% < Cg, the growing chain is enriched
with A monomers; when C3} > Cj; 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 ¢ ~ 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 Fp(X) predicted by the probabilistic model [88] for
N =1024 and ¢ = 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 s ~ 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
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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 5 = 0.5. Adapted from [88]

to random and random-block statistics, and strong correlations exist in these
sequences. For sufficiently large A, 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 A is increased:
the dependence of log[Fp(1)] on logA becomes a nearly linear function
whose slope approaches unity with increasing A.

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 sufficientlylarge 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 fg(£) were calculated, using both Monte
Carlo simulations and the analytical probabilistic model [88].

In the N — oo limit, the distribution over strongly adsorbed blocks f (¢)
is described by the following conditional probability distribution function

fa(€) = Pa(L1€ >0) = (1 - pan)pia (6)

where £ =1,2, ..., pas = pa/[1 - (1 - pa)(1 - pg)] 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, pya 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 pp defines the probability that at each ith step
the growing chain goes further from the adsorbing surface.

One may say that the conditional probability pas 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:
L — oo. In the polymerization process, such a situation is realized when the
bulk concentration of B monomers approaches zero. If ppa = 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 ps
of each segment to be of type A is constant throughout the whole sequence.
This means, for example, that the conditional probability psa is equal to pa.
The average fraction of type A segments ¢, in a purely random sequence
is equal to the probability ps. In particular, for a purely random sequence
with py =1/2 we have: Ly = Lg = 2. Such a copolymer is obtained in the
course of solution copolymerization of A and B monomers having identical
solubility and reactivity. Finally, at pas = 0 we deal with a regular sequence
with alternating distribution of A and B segments in the sequence for which
Ly=Lpg=1.

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

f, £=1,2,..,N-1

fle<N)= l—gif(n), =N
n=1

@)

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

fe=2m= P S TRys Y om=m ®)
nj j:l j=1
fsl=2m+1)=0, m=12, .. 9)

with
Ry, =(1-paa)f(k=2nlk>0), n=12,..m (10)
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and Ry = 1. Here the conditional probability f(k = 2n|k > 0) is given by

, =2m-1
Flk=2njk>0) = {° A m=12..., 11)

Om-1 - Pm, n=2m

where
m
$m=_ bim> m=1,2,... (12)
j=1
j m-j+1 .
bim= bisim, =2,....,m 13
j,m j—l m+]. j-1,m ] (13)
am
b = 14
b 1 (14)
1
am=(1- )am-1» m=2,3,... (15)
2m
and a; = 1.

One can show that the block length distribution function fg(€) is char-
acterized for asymptotically large ¢ by the power-law decay of its density
f(£) o £7* with the exponent o = 3/2 [88]. The exponent « estimated from
the simulation data (@ = 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 (¢a = ¢ = 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 (¢s ~ ¢p ~ 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].

235
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 ¢, 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 ¢ allows us to determine the asymptotic regimes corres-
ponding to random copolymerization or CDSD. The average intramolecular
chemical composition ¢4 emerging in the simulation [94] is shown as a func-
tion of ¢ in Fig. 20 for the case in which the solution concentrations of A and
B monomers are equal, C3 = C3. One can conclude that for the weak adsorp-
tion regime, ¢/kpT < 6, random copolymerization dominates (5 ~ 0.5); in
the region ¢/kgT 2 15, CDSD dominates. The threshold value of the energy
parameter £ when random copolymerization and CDSD have about the same
probability is ¢/kg T = 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]:

()(l) = n(l) / Z naﬁ s (16)

where n is the number of a8 (AA, BB, and AB) pairs and i is the chem-

ical dlstance between these pairs along the chain. Chemical correlator ()2)
is the probability of finding a pair of @ and B segments (,8 = 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
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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 ¢. The dependences of @f& 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
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Fig.21 Chemical correlators for AA diades for different values of the adsorption energy
parameter ¢, 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
e/kgT > 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, s, 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 r, values. It is
instructive to analyze the relation between N and r;. As expected, a power
law N oc r¢ is observed. It is clear that exponent y in this dependence should
be between 1 = 1 (for a completely stretched chain) and . = v with v~ 0.6
(for a random coil with excluded volume [75]). The calculation [95] yields
u =~ 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.

L )
L]

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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24
Design of Monomeric Units

241
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
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Fig.23 Examples of amphiphilic polymers: a poly(1-vinylimidazole), b poly(N-isopropyl
acrylamide), and ¢ poly(2-ethyl acrylic acid)



Conformation-Dependent Sequence Design 49

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.

24.2
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., CH, — 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)y, regular multiblock copoly-
mers (HpAr), 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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(c) (d)

Fig.24 The “side-chain” models of amphiphilic polymers: a amphiphilic homopolymer
(poly-A), b regular alternating HA copolymer, ¢ 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, Ly and Ly, 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(¢) 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(¢) 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(¢) from
its value in the initial state. To gain better statistics, many independent col-
lapses (~ 10?) 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, ¢*, 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 rlesztrict our analysis to the evolution of the char-
acteristic ratio ¢ = (Rép /RéH) ! that combines the partial mean-square radii
of gyration calculated separately for hydrophobic and hydrophilic beads, RgH
and R2,. 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 ¢ value, let us define the time-dependent quality 2 [£(¢)/¢(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 Wi/4, Wiz, and W34, 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/ (1 /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 QI ;; symmetry (gyroid structure)
has also been identified. These supramolecular structures, with length scales
on the order of 1 to 10> 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 2V~! + 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, ¢; =
N;i/N (i =A, B; Npo + Np = N; N being the total chain length) and the Flory-
Huggins parameter y, 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, L and Lg. We restrict our consid-
eration to the simplest symmetric case: ¢4 = ¢p =1/2 and Ly = Lp = 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) = / / W(r -7 ))C(r -r"D[W(") + pH(r")]dr'dr” . (17)
) (")

Here, H and C are symmetric matrices whose elements are the partial total
hop(r) and direct cop(r) pair correlation functions (o, =A,B); W is the
matrix of intramolecular correlation functions wyg(r) that characterize the
conformation of a macromolecule and its sequence distribution; and p 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]

/ / W(r -7 ))C(jr - ' )W(r")dr' dr”’ (18)
() (r")
- / / W(lr - DICO(F - 1) + AC(F - DIWG")dr'dr”,

() (")

r>./0a0p
Acap(r) = [1 - et OO - 1], 1> Joa0p (19)
hap(r)=-1, 1< Joa08 (20)
cgg(r) =0, r>, /o408 (21)

Here, u,p(r) describes the interaction between nonbonded units and oy, is the
effective unit size (64 = op = 0). In [153, 154], the Yukawa potential was used

eqplo/r)exp[-2(r/o-1)], r>0o

, (22)
00, r<o

ua,B(r) =
where g,g is an energy parameter which is directly related to the x parame-
ter. We consider the case when A units are attracted to one another (g4 =-1)
while B-B and A-B interactions are the excluded-volume type (eaa = a4 =0).
The functions h((yo)(r) and ng(”) in Egs. 18-21 correspond to the reference
(athermal) system for which all ¢,4 = 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 g-space as
wij(q) = [sin(qo)/qo]". Summation of w;j(q) over i and j (i,j=1,2, ...,N)
gives the matrix elements wyg(q) usually termed single-chain form-factors.
Below, the o and x5 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 p, 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*,p*} or parametrically as T* = T*(p). The condition of spinodal
instability at a temperature T* corresponds to [141]

A(q) = det[E - pW(q)C(9)]g=g+ =0, (23)

where A(q) is the determinant of the matrix equation (Eq. 17), g* represents
the wave vector of maximum instability, and E is the unit diagonal matrix.
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The value g = g* at which A(q*) — 0 allows one to estimate the spatial scale
r* of the arising structure (r* = 27r/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 ¢ = 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.
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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 ¢ = 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* ~ LY with y = 4/3. In this case, the characteristic scale of the
microdomain structure behaves as * ~ L® with § = 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 # units is proportional to
n!/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 < 10% 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 @ (< 0.1), no noticeable differences are observed. This region of the
phase diagram (including the critical point) corresponds to macrophase sep-
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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 g* = 0. In this case, specific features of copolymer sequence have
virtually no effect. However, there are such @ values at which the condition
A(g*) — 0 is met at g* # 0 (Fig. 29). Transition from the g* = 0 regime to
the g* # 0 regime occurs at the Lifshitz point delimiting the MAST and MIST
regions.

In the g* # 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 (& 2 0.3), the domain
spacing r* = 2m/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.
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Fig.29 Characteristic wave number g* 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* = 2r/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, w,(r), conjugate to
the volume fraction fields, ¢ (r), of monomer species «. The free energy per
chain F is related to the statistical weight, g(r,s), that a segment of a chain,
originating from the free end of the o 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 g(r,s) satisfies
a dynamical trajectory given by modified diffusion equations. Minimization
of F with respect to wy(r) and ¢, (r) leads to a self-consistent set of equa-
tions [155] that are solved iteratively. The propagators g(r,s), together with

Fig.30 Composition variations for the incompressible melt of 128-unit protein-like chains
at xN = 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 g'(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 ¢ (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 xN =
64, starting from a homogeneous state. The simulation box is a three-
dimensional 32° 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 x N = 100.

3.23
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 (eaa <0, €pp =
e4p = 0) and with (ii) short-range repulsive interactions between unlike units
(e4B >0, eaa = epp = 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 (eng = 0). As the attractive (repulsive)
interactions increase, i.e., the temperature decreases, the systems relax to new
equilibrium morphologies.

The partial scattering functions Sa(g, ¢) normalized by Ss(g,0) obtained
at the athermal condition are shown in Fig. 31 for both systems at a few se-
lected x4 values. When eaa < - 1, the scattering intensity at small, nonzero
wave numbers g rises sharply with decreasing ea4. Both systems show a com-
mon feature in that the peaks in S5(q) increase and their position g*, 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 Ss(g,¢) for the melt-like systems of
a protein-like copolymers and b random-block copolymers at a few selected eaa 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, g = 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
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Fig.33 Normalized scattering functions S(g,¢) 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 Dy. For correlated random copolymers, the structure
formation is dominated by long blocks whose probability increases with an
increase in Dy. 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.

3.24
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, x*, and the
corresponding spinodal temperature, T* = 1/x*, can be determined by the
condition that the scattering intensity S(gq) reaches its maximum value at
a nonzero wave vector g*. Within the RPA the scattering intensity is given
by [132, 142]

Spal(q) = M(q) - 2x (24)
with

R(q)

1 {WAA(q) N wag(q) N 2WAB(q)} (25)

“ow() | ¢s oA fafe

where fo = Na/N, fg = Ng/N, ¢a and ¢p are the volume fractions of the
corresponding species, and éw(q) is defined as éw(q) = waa(q)wsp(q) -
filfs'whp(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 wyg(q) using the Gaus-
sian intramolecular correlation function w;j(q) = exp (- g*o> |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 wyg(q). The resulting change in the transition tempera-
ture AT* after an attempted mutation is calculated and the probability p to
fix the mutation is guided by the Metropolis algorithm: p equals 1 if AT* >0,
otherwise p equals exp(AT*/Ts), where T 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*
(=2m/q*) as a function of T for different N. Note that both T* and r* are av-
eraged over the ensemble of generated sequences (~ 10°). If Ty is too high,
the sequences tend to become random. In contrast, when T; 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* o« N'/2 (for long
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Fig.35 a Transition temperature T* and b domain size * (= 27/g*) as a function of the
sequence design temperature for different chain lengths N

symmetric diblock copolymers, T*/N = 0.096 or x*N = 10.4). Therefore, it
is interesting to explore a range of values for T that yields a compromise
between these two regimes. As seen, there is a certain critical design tempera-
ture (T3 A 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;. 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 * 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 Ty
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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 Ty (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/ T, for counterions of different valence: M z=1,ez=2,and A z=4.
T 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 < T, where T¢ 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.

3.34
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 — oo 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 N'/?. 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 — oo limit, each flexible chain should approxi-
mately behave as a Gaussian chain with the size of the order of N 12 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.

3.35
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*? 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 PrP¢ form
with a-helices into the PrP*¢ misfolded structure having S-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.

34
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 Rq 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 Ry o« N%? 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

(a)

(d)

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. 4le 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 oc N” with v & 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 ox N” scaling with 0.86 < v < 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 v =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 — oo 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 Ry o N regime to the Rg ox N>
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, a2 = Ré/Rg@, plotted against the reduced temperature, 1 =1- /T,
first decreases with decreasing 7, 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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o? 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, Rg" P, 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 Rzpp 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 Rzpp is distinctly observed; although,
at first sight, Rzpp 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 % (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 Rép /RéH (RéH and Rép are the partial
mean-square radii of gyration calculated separately for hydrophobic and hy-
drophilic beads) as a function of the interaction parameter ¥ . We see that this
ratio is an increasing function of ¥. 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 Rép /RéH as a function of the interaction parameter ¥ in a semi-logarithmic

scale for the 127-unit M alternating and e protein-like chains in the corresponding mul-
tichain systems. The parameter ¥ is similar to the Flory-Huggins interaction parameter
x and characterizes solvent quality in an integral manner. Sufficiently large values of ¥
(X 2 1) correspond to a poor solvent. Solvent quality becomes poorer with decreasing
temperature or with increasing ¥. Adapted from [212]

between H segments increases, the value of Rgp decreases more slowly than
RéH, 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, AG. 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 (Ap, M > 1)
are present in equilibrium with unimers (A;), A; = Apy. These species are
treated as distinct chemical components, each characterized by its own solu-
tion concentration and chemical potential. The concentrations [A;] and [Ap]
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 AG, which is the difference in
the standard Gibbs free energy between chains belonging to intermolecular
aggregates and unimers. When AG <0, it is energetically favorable for the
chains to merge. If AG > 0, the unimers are favorable.

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

increasing the interaction parameter X , shifts the equilibrium A; & Ay
(M > 2) in the system of protein-like copolymers toward the nonaggregated
state, and this is reflected in Fig. 43 as an increase in AG.

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 . 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 (X ~ 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 ¢* and the charac-
teristics of adsorbed chains. In particular, the ATC chains have the smallest
(by the absolute value) adsorption energy £*. The random copolymers are
characterized by the largest ¢*, 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(c, T) of finding
a complex made from the copolymer envelope and the particle of a given size,
o, 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 op, was eliminated, and another particle of a given diameter o 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(o, T), which is related to the energy of interaction between the copolymer
envelope and particle, was calculated as an average over ~ 10° 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, o, 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 o/0p = 0.8 and ¢ o/0p, = 1.8, where o}, 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, o) ob-
served for the envelopes with different numbers of crosslinks rj [57]. According
to [235], when the number of crosslinks is small enough, ny < N 172 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 n; > N'/2, the macromolecule becomes really crosslinked, forming akind
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 (o < ;) 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 (o > 07)
turns out to be too big for a central cavity (Fig. 45¢), 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, o) observed at o ~ o}, 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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Abstract It is known that linear homopolymer chains can undergo a coil-to-globule-to-
precipitation transition when the solvent quality gradually changes from good to poor.
It is also known that the observation of the coil-to-globule transition without any inter-
chain association is extremely difficult if not impossible. On the other hand, the folding
of individual amphiphilic copolymer chains, such as protein chains, in an extremely
dilute solution is much easier. As the copolymer concentration increases, inevitable inter-
chain association accompanied by intrachain folding can result in a stable mesoglobular
phase (the aggregation of a limited number of chains), existing between single-chain
globules and macroscopic phase separation (precipitation). In this article, we mainly
review what we have accomplished in the last ten years by starting with a brief dis-
cussion of the folding of linear poly(N-isopropylacrylamide) (PNIPAM) homopolymer
chains in water. Our focus is the folding of different hydrophilically or hydrophobically
modified PNIPAM copolymer chains in extremely dilute solutions as well as the forma-
tion of stable mesoglobules made of amphiphilic copolymer chains in dilute solutions.
The discoveries of the molten globular state and the “ordered-coil” state between the
random-coil and compacted globular states will be illustrated. The effects of both the
comonomer composition and distribution on the folding of individual copolymer chains
into some unique core-shell nanostructures as well as the formation of the mesoglob-
ular phase are discussed. The double roles of hydrophobic interaction in the formation
and stabilization of stable mesoglobules will be explained in terms of the viscoelastic
effect.

Keywords Folding - Aggregation - Mesoglobule - Copolymer

Abbreviations

Section 1

CTAB hexadecyltriethylammonium bromide
LCST lower critical solution temperature
LLS laser light scattering

My, weight-average molar mass

My /My polydispersity index

NMR nuclear magnetic resonance

PNIPAM poly(N-isopropyl-acrylamide)

PNIPAM-g-PEO
(Rp)

poly(N-isopropylacrylamide)-graft- poly(ethylene oxide)
average hydrodynamic radius

Terum relaxation time of polymer chain in the crumpled globular state
Teq relaxation time of polymer chain in the compact globular state
Section 2

A measured base line (Eq. 2)

A, second virial coefficient (Eq. 1)

AIBN 2,2'-azobis(isobutyronitrile)

C concentration

D translational diffusion coefficient (Eq. 4)

dn/dC specific refractive index increment

f constant related to internal and rotational motions (Eq. 4)
g(l)(t, q) first-order electric field time correlation function (Eq. 2)
GA(t,q) intensity-intensity time correlation function (Eq. 2)

G(I") line-width distribution function of I" (Eq. 3)

GPC gel permeation chromatography
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kg Boltzmann constant

kq dynamic second-order virial coefficient (Eq. 3)

KPS potassium persulfate

MACA 2’-methacryloylaminoethylene)-3«,7a,12a-trihydroxy-58-cholano-
amide

MeOK potassium methoxide

n refractive index of solvent

Na Avogadro constant

NIPAM N-isopropylacrylamide

NIPAM-co-VP  N-isopropylacrylamide-co-vinylpyrrolidone
PNIPAM-seg-St ~ segmented copolymer of N-isopropylacrylamide and styrene
PNIPAM-co-KAA N-isopropylacrylamide-co-potassium acrylic acid
PAM-co-NaAA  acrylamide-co-sodium acrylic acid
P(DEA-co-DMA) poly(N,N-diethylacrylamide-co-N,N-dimethylacrylamide)
PEO poly(ethylene oxide)

scattering vector

q

(R?,J) ;/ 2 (or (Rg)) z-average root mean square radius of gyration
Ryu(q) Rayleigh ratio for unpolarized scattered light

Ry (q) Rayleigh ratio for vertically polarized scattered light
St styrene

T absolute temperature

TEMED N,N,N’,N’-tetramethylethylenediamine

THF tetrahydrofuran

US-DSC Ultra-sensitive Differential Scanning Calorimeter
VP 1-vinyl-2-pyrrolidone

() z-average line-width

n viscosity of solvent

0 scattering angle

Ao wavelength of light in vacuum

Section 3

AFM atomic force microscopy

Cp partial heat capacity

f(Rp) hydrodynamic radius distribution

Hbrush thickness of a polymer brush

AH change of enthalpy

(I average scattered light intensity

L/I3 fluorescence intensity ratio

Lghen shell thickness of a core-shell structure

M, mass of the core of a core-shell particle (Eq. 5)
M mass of the shell of a core-shell particle (Eq. 5)
R radius of the core-shell particle (Eq. 5)

R radius of the core of the core-shell particle (Eq. 5)
SMES single-molecule force spectroscopy

Tmax temperature corresponding to the maximum heat capacity
a static expansion factor

(p) average chain density

Pec density of the core of a core-shell particle

(0) globule average chain density in globule state

Ps density of the shell of a core-shell particle

o grafting density
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X Flory-Huggins interaction parameter

Section 4

ds fractal dimension of a cluster

DLCA diffusion-limited cluster aggregation

HPAM partially hydrolyzed poly(acrylamide)

My, agg weight average molar mass of aggregates

Nchain average number of chains inside an aggregate
RLCA reaction-limited cluster aggregation

(S)ionic average surface area per ionic group

(V) chain average hydrodynamic volume of polymer chains
Section 5

am length of monomer (Eq. 10)

(D) transitional diffusion coefficient of aggregates (Eq. 10)
DEA N,N-diethylacrylamide

DMA N,N-dimethylacrylamide

D diffusion coefficient of monomer (Eq. 10)

AG change of Gibbs free energy

Iy interaction range (Eq. 10)

Nchain average aggregation number

Nm number of monomer

AS change of entropy

Taggregation aggregation temperature

(v) mean thermal velocity (Eq. 10)

o scaling exponent

Tc collision or interaction time (Eq. 10)

Te time for chain entanglement (Eq. 10)

p average polymer concentration in aggregates (Eq. 10)
1

Introduction

Conformation and phase transition of polymer chains in solution is not only
a fundamental problem in polymer research, but also directly linked to the
property of a polymeric material. In the long development of polymer sci-
ence, the research into properties of a polymer solution has always been an
important part. Polymer researchers had been puzzled for many years by
the simple question whether the conformation of a flexible linear homopoly-
mer chain can change from a random “coil” to a thermodynamically stable
single-chain “globule” when the solvent quality gradually changes from good
to poor, but still remain in the one phase region. On the other hand, everyday
in nature protein chains fold into stable globules though how they fold with
no or only a very few mistakes still remains a mystery.

Protein chains generally contain hydrophobic, hydrophilic and/or charged
amino acid residues, which can be regarded as amphiphilic copolymers in
a broad definition. The coordinate and cooperative interactions, such as
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intra- and inter-chain hydrogen bonding, hydrophobic attraction and electro-
static interaction lead to some complicated bio-active structures [1]. Different
theories were proposed to explain various properties of proteins from a bi-
ological point of view [2-5]. Recently, computer simulation was also used
to construct different copolymers with hydrophobic and hydrophilic units to
imitate proteins. Particularly, the coil-to-globule transition of different types
of copolymer chains was simulated to demonstrate how the comonomer dis-
tribution, i.e., the sequence difference in structure, could greatly influence the
folding of a single copolymer chain in dilute solution [6-8].

Khokhlov et al. [8] simulated three AB copolymer chains with an identical
composition and length, but different comonomer distributions on the chain
backbone. Their results showed that for the chain with a globular protein-like
structure in which soluble comonomer B was incorporated on the periphery
of a collapsed A chain backbone, the chain folding would be easier than that
of a random copolymer without a designed sequence. Moreover, the resultant
globule was stable and its chain density was higher. The simulation suggested
that such a chain could “memorize” or “inherit” some special functional
properties of the parent collapsed state. Timoshenko et al. [9] also showed
that for a given degree of amphiphilicity, the folding of an AB copolymer
chain with a segmented comonomer distribution was easier and the resultant
mesoglobular phase was more stable in comparison with a random copoly-
mer chain under the same condition.

However, it is a rather difficult experimental challenge, if not impossible,
to prepare a pair of AB copolymers with a similar composition and a similar
chain length, but different comonomer distributions on the chain backbone.
It is known that poly(N-isopropyl-acrylamide) (PNIPAM) is a thermally sen-
sitive polymer with a lower critical solution temperature (LCST ~ 32 °C) [10-
14]. This interesting thermal property has made PNIPAM a simple model for
the simulation of protein de-naturation in aqueous solution even though real
protein chains are much more complicated [15]. Recently, using two grafted
copolymers, PNIPAM-g-PEO, respectively, prepared at temperatures below
and near the LCST of PNIPAM, Tenhu et al. [16] studied the comonomer
distribution dependence of the chain aggregation. Their interesting results
showed that the copolymer chains prepared at different temperatures had
different LCSTs, supporting the computer simulation in a general sense. How-
ever, we should not forget that chain aggregation is a complicated process,
which involves intrachain contraction and interchain association. Therefore,
the ultimate test and experimental challenge would be the study of the ef-
fect of comonomer distribution on the coil-to-globule transition (folding) of
individual amphiphilic copolymer chains without involving any interchain
association in dilute solution.

Before discussing the folding of amphiphilic copolymer chains, let us first
briefly examine the past studies of the coil-to-globule transition of homopoly-
mer chains in dilute solutions. More than three decades ago, Stockmayer [17]
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suggested that in dilute solutions, a flexible linear homopolymer chain can
change its conformation from an expanded coil to a collapsed globule if the
solvent quality gradually changes from good to poor, but still remain in the
one-phase region, on the basis of Flory’s mean-field theory [18]. This predic-
tion has been extensively studied both theoretically and experimentally [19-
28]. Note that most of the past studies were concentrated on polystyrene
solutions because such a study requires a very high molar mass (> 107 g/mol)
homopolymer with a narrow molar mass distribution (My /My < 1.1). Use-
ful experimental results were obtained using static and dynamic laser light
scattering (LLS) and interpreted by the existing theory. However, success was
limited and no one had observed the thermodynamically stable single-chain
globules in such polystyrene solutions. This was because polymer chains
always started to undergo an interchain association before each chain has
a chance to fully collapse into a globule.

The interchain association had frustrated researchers in this field for many
years. In 1993, Grosberg et al. [29] stated that the true equilibrium single chain
collapse had not yet been observed experimentally for simple uncharged ho-
mopolymers without mesogenic groups. They predicted a two-stage kinetics
for the collapse of a single chain, a fast crumpling of the unknotted chain
followed by a slow knotting of the collapsed polymer chain. Such two-stage ki-
netics were roughly observed by Chu et al. [30, 31] in the study of the folding of
single polystyrene chains before macroscopic precipitation. In this study, dy-
namic laser light scattering (LLS) was used to monitor the change of the average
hydrodynamic radius ((Ry)) of individual polystyrene chains in cyclohexane
after an abrupt temperature change from 35 (the ®-temperature) to 29 °C. It
was found that the hydrodynamic radius distribution contained two different
species, which were attributed to single polystyrene chains and aggregates of
the polystyrene chains. From the time dependence of (Ry,) after the abrupt
temperature change, two relaxation times 7crum and Teq, respectively, for the
crumpled globular state and the compact globular state, were reported.

As for thermodynamically stable single-chain globules, Grosberg et al. [29]
even claimed in the same 1993 article that “Practically, it cannot be observed
with modern instrumentation and the sample preparation technique at this
time”. Actually, we noted by that time that nearly all the past studies had been
conducted in organic solvents. Considering protein folding in water, we pro-
posed to study such a “coil-to-globule” transition by using thermally sensitive
water-soluble homopolymer. This is because in water hydrophobic interaction
and hydrogen bonding are much stronger than the Van der Waals interaction
in organic solvents. Therefore, PNIPAM as a well-known system in the study
of intelligent hydrogels became a natural choice. It has been proven that such
aproposal is in the right direction. Note that PNIPAM is a wonderful thermally
sensitive polymer with the following chemical structure (Scheme 1).

Its isopropyl and carbon-carbon chain backbone groups are hydrophobic,
but its acrylamide group is hydrophilic. A proper balance among interac-
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Scheme 1 Poly(N-isopropylacrylamide) (PNIPAM)

tion between these opposite groups and water leads PNIPAM to a convenient
lower LCST of ~ 32 °C. Namely, it is soluble in water at lower temperatures,
but precipitates out at temperatures higher than 32 °C. Qualitatively, this del-
icate balance between hydrophilic and hydrophobic interaction is gradually
broken as the solution temperature increases. This is because the dissolu-
tion of PNIPAM in water has a negative overall entropy change (the effect on
water clusters) that is unusual, but typical for water-soluble polymers. Our re-
cent NMR studies showed that at temperatures below the LCST, some water
molecules are associated with the amide group; and during the transition, the
associated water molecules dissociate.

It is well known that for a broadly distributed sample, longer chains
will normally undergo the phase transition first, leading the entire solu-
tion into a thermodynamically unstable two-phase region. After overcoming
some difficulties encountered in the sample preparation, we successfully pre-
pared some narrowly distributed (My,/My < 1.1) high-molar mass (M, >
107 g/mol) linear PNIPAM homopolymers. Armed with these special PNI-
PAM samples, we were able to study the coil-to-globule transition of single
PNIPAM chains in extremely dilute solutions (~ 5 mg/mL) by using a combi-
nation of static and dynamic LLS. Finally, stable single-homopolymer-chain
globules were, for the first time, observed in 1994 and the results were
published in 1995 [32]. After that, a systematic study on a number funda-
mental problems associated with such a folding transition of homopolymer
chains in water was carried out, such as the internal motions of linear coiled
chains [33], the discovery of the molten globular state of a collapsed chain
during the coil-to-globule transition [34], the coil-to-globule transition of lin-
ear chains grafted on a surface [35, 36], the first observation of the reversible
globule-to-coil transition of linear homopolymer chains in solution [37, 38],
the difference between the coil-to-globule transition of PNIPAM in normal
water and in deuterated water [39], and the solvent composition induced coil-
to-globule transition of PNIPAM in a mixture of methanol and water [40, 41].

After accumulating sufficient experience in the preparation of narrowly
distributed long homopolymer chains and in the study of individual ho-
mopolymer chains in dilute solutions, we gradually moved into the direc-
tion of the folding and formation of the mesoglobular phase of amphiphilic
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copolymer chains in dilute solutions. Various copolymers with different
comonomers, such as ionic or nonionic and hydrophilic or hydrophobic,
were inserted or attached to the PNIPAM chain backbone with different
comonomer compositions and distributions. It should be noted that there
were many other research groups who studied the effects of comonomer, es-
pecially comonomer composition, on the association of amphiphilic copoly-
mer chains in dilute solutions. However, it is our intention in this article
to mainly review what has been done in our laboratory by using a combi-
nation of static and dynamic LLS to observe the folding and formation of
mesoglobular phase of copolymer chains in dilute solutions. Other authors
in this volume will review other theoretical and experimental studies of the
association of copolymer chains. This review starts from a brief discussion
of the folding of long homopolymer chains in dilute solution. Further dis-
cussion of copolymer chains will be divided according to the nature of the
comonomers used in the preparation of PNIPAM copolymers. In order to fa-
cilitate our discussion, we will outline some details of our experiments in the
following section.

2
Experimental Section

2.1
Preparation of Amphiphilic Copolymers

In this review, hydrophilically and hydrophobically modified poly(N-iso-
propylacrylamide) (PNIPAM) copolymers are mainly used to illustrate how
amphiphilic copolymer chains can fold from an extended random coil to
a collapsed globule in extremely dilute solutions and associate to form
a stable mesoglobular phase which exists between single-chain globules and
macroscopic precipitation. The copolymers used can be prepared by free-
radical reaction.

2,11
Poly(N-isopropylacrylamide) (PNIPAM) Homopolymer

N-isopropylacrylamide (NIPAM) monomer (courtesy of Kohjin Ltd) can be
purified by re-crystallization in a benzene/n-hexane mixture and azobi-
sisobutyronitrile (AIBN) (from Aldrich, analytical grade) can also be purified
by re-crystallization. In a typical free-radical polymerization, 18 g NIPAM
monomer was first dissolved in 150 mL benzene with 1 mol % of AIBN added
as the initiator. The solution mixture was then degassed through three cy-
cles of freezing and thawing. Polymerization was carried out in an oil bath at
56 °C for 30 h under a positive nitrogen pressure. The solvent was removed
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by evaporation after the polymerization. The resultant crude polymer was
further dried and then dissolved in acetone. The polymer was recovered by
adding the acetone solution dropwise into n-hexane. Upon filtering and dry-
ing, a white fabric-like polymer can be obtained. The yield is normally higher
than ~ 70%. Details of the polymerization can be found elsewhere [42]. The
resultant PNIPAM can be fractionated several times by precipitation from an
extremely carefully dried acetone solution to n-hexane at ~ 25 °C. It should
be emphasized that the use of the dried solvents is one of the key factors
for success in the preparation of a narrowly distributed PNIPAM sample.
A careful combination of both the fractionation and filtration can lead to
some narrowly distributed (My, /My < 1.1) high molar mass PNIPAM samples
(M, > 107 g/mol). The extremely dilute solution (~ 107° g/mL) of PNIPAM
in water at lower temperatures can be clarified with 0.5-pum filters. The chem-
ical structure of PNIPAM has been listed before.

2.1.2
Linear NIPAM-co-VP Copolymers

Comonomer 1-vinyl-2-pyrrolidone (VP) comonomer can be purified by dis-
tillation at reduced pressure prior to use. Potassium persulfate (KPS) can be
purified in a mixture of water and methanol. NIPAM-co-VP copolymers with
different amounts of VP can be prepared at temperatures lower or higher than
the LCST of PNIPAM by free radical polymerization in water with an initiator
of KPS/N,N,N’,N'-tetramethylethylenediamine (TEMED) redox. The resul-
tant copolymer can be harvested by precipitation, i.e., pouring the reaction
mixture into an equal volume of methanol. Each resultant copolymer can be
further purified by several cycles of re-dissolution in water and precipitation
in methanol to ensure a complete removal of residual monomers. The final
product can be dried under reduced pressure at 40 °C.

The copolymer can be further fractionated by precipitation from acetone
solution to n-hexane at room temperature. In each case, only the first fraction
should be used to obtain narrowly distributed high molar mass copolymer
chains for LLS measurement. 'H NMR can be used to characterize the copoly-
mer composition. The ratio of the peak areas of the methine proton of the
isopropyl group in NIPAM and the two protons neighboring the carbonyl
group in VP can be used to determine the VP content. The composition of
each NIPAM-co-VP copolymer was found to be close to the feeding monomer
ratio prior to the copolymerization. The nomenclature used hereafter for
these copolymers is NIPAM-co-VP/x/y, where x and y are the copolymeriza-
tion temperature (°C) and the VP content (mol%), respectively. The solution
with a concentration of as low as 3.0 x 107% g/mL can be clarified with a
0.45 um Millipore Millex-LCR filter to remove dust before the LLS measure-
ment. The resistivity of deionized water used should be close to 18 M2 cm.
The chemical structure of poly(NIPAM-co-VP) is as follows (Scheme 2).
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Scheme 2 Poly(N-isopropylacrylamide-co-1-vinyl-2-pyrrolidone) (Poly(NIPAM-co-VP))

213
Grafted PNIPAM-g-PEO Copolymers

Poly(ethylene oxide) (PEO) macromonomers end capped with a reactive
methacrylate group can be synthesized by anionic ring-opening polymeriza-
tion of ethylene oxide in tetrahydro-furan (THF) using potassium methox-
ide (MeOK) as the initiator. The weight average molar mass and polydis-
persity of the PEO macromonomers can be determined by gel permeation
chromatography (GPC) using chloroform as the eluent and PEO standards.
The molar mass of PEO macromonomer is in the range 3000-10000 g/mol
with a polydispersity index (My/My) less than 1.2. The PNIPAM grafted
with PEO macromonomers can be prepared by free-radical copolymeriza-
tion of different amounts of the PEO macromonomers into the PNIPAM
chain backbone in water at temperatures either lower or higher than the
LCST of PNIPAM. In a typical reaction, a 250-mL two-neck flask equipped
with a nitrogen inlet tube and a magnetic stirrer is used. 0.03 mol NI-
PAM and different amounts of PEO can be added to a proper amount of
deionized water to obtain 1-5wt% solutions. The KPS/TEMED redox is
normally used as the initiator. The molar ratio of KPS/TEMED is 1:1.
The KPS and TEMED are respectively dissolved in water with concentra-
tions of 0.009M and 0.045M. A few mL KPS solution is normally added
into the reaction mixture. The solution should be repeatedly degassed at
20°C and then purged with nitrogen for half an hour before the reac-
tion. After heating the reaction mixture to 45°C, a few mL TEMED solu-
tion is added and the reaction is carried out at this temperature for a cer-
tain time in a water bath to control the monomer conversion less than
50%. The PNIPAM-g-PEO copolymers can be purified by dialysis in a large
amount of water. The final product should be dried under a reduced pres-
sure at 40 °C. The copolymer can be further purified by several cycles of
precipitation/fractionation from an acetone solution to n-hexane at 35°C.
The apparent weight average molar mass (M) of PNIPAM-g-PEO can be
determined by laser light scattering. The copolymer composition can be
estimated by 'H-NMR. The chemical structure of PNIPAM-g-PEO is as
follows (Scheme 3).
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Scheme 3 Poly(N-isopropylacrylamide-graft-poly(ethylene oxide) (PNIPAM-g-PEO))

214
Segmented PNIPAM-seg-St Copolymers

Hydrophobically modified PNIPAM-seg-St segmented copolymers can be
prepared by evenly inserting short styrene segments (stickers) into a PNIPAM
chain backbone using the micellar polymerization. In this method, hydropho-
bic styrene (St) monomers is first solubilized inside small micelles made of
surfactant, hexadecyltriethylammonium bromide (CTAB). KPS and TMED
can be used to initiate the polymerization of hydrophilic NIPAM monomers
dissolved in the continuous aqueous medium. When the free radical end of
a growing PNIPAM chain enters a micelle, styrene monomers entrapped in-
side start to react to form a short hydrophobic segment (sticker). In this way,
the coming-in-and-out of different micelles of each free-radical chain end can
“connect” short styrene blocks on a PNIPAM chain.

In a typical reaction, initial concentrations of NIPAM, styrene, CTAB, KPS,
and TMEDA are 0.16 M, 5.24 mM, 17.3 mM, 0.34 mM, 0.67 mM, respectively.
The styrene content (3.9 mol %) of the resultant segmented PNIPAM-seg-St
copolymer can be determined by pyrolysis gas chromatography. The aver-
age degree of polymerization between two styrene segments can be over
a wide range, mainly depending on the initial NIPAM/styrene ratio. The
resultant copolymer can be purified and fractionated by a number of suc-
cessive dissolution-and- precipitation cycles in a mixture of extremely dried

Scheme 4 Poly(N-isopropylacrylamide-seg-styrene) (PNIPAM-seg-St)
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acetone and n-hexane at 25 °C. In each cycle, only the very first fraction ob-
tained should be used in the next cycle. This combination of fractionation
and filtration can result in narrowly distributed PNIPAM-seg-St chains with
a high weight-average molar mass (> 107 g/mol) and a low polydispersity in-
dex (My /My < 1.1). The chemical structure of PNIPAM-seg-St is as shown in
Scheme 4.

2.1.5
PNIPAM-co-KAA and PAM-co-NaAA lonomers

PNIPAM containing a few molar percent of ionic groups on its chain back-
bone, ionomers, can be prepared by a free-radical copolymerization of
NIPAM and other ionic comonomers, such as acrylic acid (AA), at 60 °C using
AIBN as the initiator and a benzene/ethanol mixture as the reaction medium.
In a typical synthesis, the reaction is conducted in a 250-mL two-neck flask
equipped with a nitrogen inlet tube and a magnetic stirrer. 0.5 mmol NI-
PAM, proper amount of AA and 0.5 mol % AIBN are added to 50 mL solvent.
The total monomer concentration is kept close to 0.5 M. After 30-min nitro-
gen purging, the mixture can be heated to and react at 60 °C for 1 hr in an
oil bath. The monomer conversion should be controlled to be no more than
50%. After terminating the reaction, one can remove the solvent by evapora-
tion at T <40 °C under a reduced pressure. Each product of such prepared
ionomers can be purified through three cycles of the acetone-to-hexane re-
precipitation.

The selection of this solvent mixture is based on the following considera-
tion: It is known that the preparation of PNIPAM homopolymer in benzene
can result in higher molar mass samples than in other solvents. On the other
hand, it is also known that alcohol is a relatively moderate chain transfer
agent for free radical polymerization. Therefore, it is possible to control the
molar mass by using a benzene/ethanol mixture with a varied composition.
The average ionic content of each PNIPAM ionomer can be determined by
titration using a 0.01-M potassium hydroxide solution with phenolphthalein
as the indicator. A distinct color change from colorless to red can be used as
an indication of the end point. Hereafter, PNIPAM ionomers neutralized with
KOH are labeled as PNIPAM-mKAA, where “m” represents the average mo-
lar content of AA in the ionomer chain. On the other hand, poly(acrylamide)
(PAM) ionomers can be prepared from PAM homopolymer. Acrylamide can
be purified by re-crystallization. There is nothing special in such a synthesis
so we will omit the details of the polymerization. The resultant PAM ho-
mopolymer can be fractionated and then hydrolyzed in NaOH and NaCO3
aqueous solution. The hydrolysis is controlled by the reaction time. The hy-
drolysis degree can be determined by titration. The molecular parameters of
these ionomer chains, such as My, and (Rg), can be determined by LLS. Here-
after, these copolymers are denoted as PAM-co-xNaAA, where “x” shows the
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molar percent of acrylic acid groups (from the hydrolysis) on the PAM chain
backbone. The chemical structure of PNIPAM-co-KAA and PAM-co-NaAA
are as follows (Scheme 5).
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Scheme5 Poly(N-isopropylacrylamide-co-potassium acrylate) (PNIPAM-co-KAA) and
poly(N-isopropylacrylamide-co-sodium acrylate) (PAM-co-NaAA)

2.1.6
P(DEA-co-DMA) Copolymers

Poly(N,N-diethylacrylamide-co-N,N-dimethylacrylamide) P(DEA-co-DMA)
copolymers with different amounts of DMA can be synthesized by free radical
polymerization in THF with AIBN as the initiator (1 mol %). In a typical re-
action, the solution mixture is bubbled with dry nitrogen for 30 min prior to
polymerization. The temperature is then gradually raised to 68 °C in a period
of 2h and maintained for ~ 18 h. Each reaction mixture was precipitated in
ether or hexane after the polymerization. The copolymer composition deter-
mined by 'H NMR spectra is normally close to the feed ratio of monomers
prior to polymerization. The nomenclature used hereafter for these copoly-
mers is P(DEA-co-DMA/x), where x denotes the mol % content of DMA. The
chemical structure of P(DEA-co-DMA) is as shown in Scheme 6.
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Scheme 6 Poly(N,N-diethylacrylamide-co-N-dimethylacrylamide) (P(DEA-co-DMA))

2.1.7
PNIPAM-co-MACA Copolymers

MACA is 2’-methacryloylaminoethylene)-3,7,12-trihydroxy-5p8-cholano-
amide, a cholic acid derivative of natural bioactive amphiphilic compound.
The synthetic detail of MACA is not what we would like to discuss here.
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MACA as a hydrophobic comonomer can be used to modify PNIPAM.
Copolymers, PNIPAM-co-MACA with different amounts of MACA can be
synthesized by free-radical copolymerization of NIPAM and MACA in a mix-
ture of methanol and chloroform with AIBN as the initiator. The resulting
copolymers after purification can be dried in vacuum at 40 °C for 24 h. Here-
after, these copolymers are denoted as PNIPAM-co-x-MACA, where x denotes
the molar percent of MACA. As expected, their solubility in water decreases as
the MACA content or the solution temperature increases. It is also expected
that the copolymer chains with a higher MACA content would have a lower
LCST in comparison with PNIPAM homopolymer chains. In order to prepare
a true solution, one has to dissolve these copolymers in water at low tempera-
tures. The chemical structure of PNIPAM-co-MACA is as follows (Scheme 7).
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Scheme 7
2.2

Laser Light Scattering (LLS)

Laser light scattering has become a routine instrument in polymer labora-
tories around the world. We have used two slightly modified commercial
LLS spectrometers (ALV, Germany) equipped with a multi-t digital time
correlator (ALV-5000). In our earlier experiments, we used an ALV /SP-150
spectrometer equipped with a solid-state 400-mW laser (ADLAS DPY425I1,
400 mW at Ao =532nm) as the light source. Since 2002, we have used
a newer version (ALV/DLS/SLS-5022F) equipped with a cylindrical 22-mW
UNIPHASE He-Ne Laser (Ao =632nm) and a sensitive APD detector, in
which the 22-mW red laser has the same affect as the 400-mW green laser.
The incident light beam was vertically polarized with respect to the scatter-
ing plane and the intensity was regulated with a beam attenuator (Newport
M-925B) so as to avoid localized heating in the light-scattering cuvette.

In static LLS [43], the angular dependence of the excess absolute time-
averaged scattering intensity, known as the Rayleigh ratio Ryy(q), is meas-
ured. For a dilute solution measured at a relatively small angle (8), Ry (q)
can be related to the weight average molar mass (M), the root mean square
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radius of gyration ((Ré);/ 2) (or simply as (Rg)), the second virial coefficient
(A2), and the scattering vector (q) as:

KC N 1
RW(Q) My,

where K = 4yrn2(dn/dC)2/(NA)L§) and g = (4n/Xo)sin(0/2) with Ny, n,
dn/dC, and A, being the Avogadro constant, the solvent refractive index, the
specific refractive index increment, and the wavelength of light in vacuum,
respectively. Strictly speaking, Ryv(gq) should be Ryy(g) because there was no
analyzer in front of the detector. However, in the study of linear flexible poly-
mer chains, depolarization is not a serious problem. Therefore, we can replace
Ryu(q) with Ryy(q). The value of dn/dC is 0.167 mL/g in water at 25 °C, which
was determined by using a special novel and precise differential refractome-
ter [44].

In dynamic LLS [45, 46], the intensity-intensity time correlation function
G4, q) in the self—beating mode was measured. For a Poisson distribution of
the number of photons, G 2(t, q) can be related to the normalized first-order
electric field time correlation function g(l)(t, q) as [46]

G (t,q) = (10 It @) =4[ 1+ Bg Ve ] @

where A is the measured base line, 0 < 8 < 1 is a parameter depending on the
coherence of the detection, and ¢ is the delay time. For a broadly distributed
sample, [gV(t, q)| is related to the line-width distribution G(I") by

1
(1+ 3Réqz) +24,C (1)
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Using the Laplace inversion program, CONTIN, in the correlator, we were
able to calculate G(I") from G®)(t, q) on the basis of Eqs. 3 and 4. For a pure
diffusive relaxation, I" is related to the translational diffusion coefficient D
as [47]

I'=Dg*(1+ksO)(1 +f Rq), )

where k4 is the dynamic second-order virial coefficient, containing both ther-
modynamic and hydrodynamic contributions, and f is a constant related to
internal and rotational motions of scattering objects. D = I'/g? if the polymer
solution is sufficiently dilute and gRg < 1. D can be further converted into the
hydrodynamic radius Ry, using the Stokes-Einstein equation: D = kg T//67r1Ry,,
where kg, T, and 7 are the Boltzmann constant, the absolute temperature,
and the solvent viscosity, respectively. For narrowly distributed samples, the
cumulant analysis of G?(t) can result in an accurate average line-width (I").

It should be note that the coherent factor 8 in dynamic LLS should be as
high as possible. The ALV instrument can reach ~ 0.95, a rather high value
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for a LLS spectrometer to be used for both static and dynamic LLS simul-
taneously. This is one of the reasons why we are able to carry out dynamic
LLS in an extremely dilute solution, but still have a sufficient signal-to-noise
ratio. In addition, with some modifications, one can remove straight lights
from the incident bean to make a LLS spectrometer capable of measuring
both static and dynamic LLS continuously in the small angle range that is
particularly useful in the measurement of ultra-long polymer chains. This is
because in static LLS the condition of gRg < 1 is essentially required to de-
termine the precise value of Rg; whereas in dynamic LLS the extrapolation of
q — 0 and the interference of the internal motions associated with the long
polymer chain in dynamic LLS can be avoided. In addition, in this accessi-
ble small angle range the scattered intensity of long polymer chains is much
stronger than that at high scattering angles, so that we are able to study an
extremely dilute solution. The typical long-term temperature stability inside
our LLS sample holder was less than 40.02 °C.

23
Ultra-Sensitive Differential Scanning Calorimeter (US-DSC)

The energy involved in the folding and association of copolymer chains in so-
lutions can be measured by a micro-calorimeter (MicroCal Inc). We used US-
DSC at an external pressure of ~ 180 kPa. The cell volume is only 0.157 mL.
The heating rate can be varied and the instrument response time is normally
a few seconds. All the DSC data should be corrected for instrument response
time and can be analyzed using the software in the calorimeter. Note that
the concentration used in DSC is normally not lower than 10~ g/mL, much
higher than that used in LLS (10°-10"* g/mL).

3
Folding of Neutral Chains in Extremely Dilute Solutions

In comparison with copolymers, linear homopolymer chains are much sim-
pler because there is no complication of comonomer composition, con-
figuration and distribution on the chain backbone. However, the folding
of linear homopolymer chains has been an extremely difficult problem in
polymer science. Whether linear homopolymer chains can fold from an
expanded random coil conformation in good solvents to a collapsed tiny
globule had puzzled polymer researchers for many years and became a clas-
sic question since the 1960s. In 1995, Zhou et al. [32] finally showed,
for the first time, that linear PNIPAM homopolymer chains can undergo
the predicted coil-to-globule transition to form stable single-chain glob-
ules in water in the one-phase region without any interference of interchain
association.
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3.1
Coil-to-Globule Transition of Linear PNIPAM Homopolymer Chains

Figure 1 shows the typical angular dependence of KC/Ry(q) of PNIPAM
homopolymer chains in the coiled and the fully collapsed globular states, re-
spectively. The decrease of (Rg) from 127 nm to ~ 18 nm, i.e., the decreases of
the slope of the lines in Fig. 1 on the basis of Eq. 1, clearly indicates the chain
collapse. The transition from the coil state to the globule state can also be di-
rectly viewed from the change of the hydrodynamic radius distribution f(Ryp)
in the inset of Fig. 1. It is worth noting that the respective extrapolations of
[KC/Ryv(q)]4—0 lead to the same intercept, indicating that there is no change
in M, on the basis of Eq. 1. The narrowly distributed f(Ry,) in the globule state
also indicates no interchain aggregation. Moreover, the average scattered light
intensity ({I)) in the globule state (not shown) was independent of time over
three days, which indicates the globules were stable, because (I) oc My, o< nM?
on the basis of Eq. 1, very sensitive to interchain association.

The plot in Fig. 1 should be the most important and ultimate test whether
the folding of individual polymer chains is free of interchain association.
Unfortunately, many past studies of the coil-to-globule transition did not
present such a plot. It is always questionable whether the solutions studied
were truly in the “one-phase” region or in the meta-stable “two-phase” re-
gion. Note that in the one-phase region, solvents can be further divided as
“good”, “theta” and “poor” solvents, depending on the relative strength of the
solvent-polymer and solvent-solvent interaction. While in the “two-phase”
region, polymer solution forms, in principle, a concentrated layer and a dilute
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Fig.1 Typical angular dependence of KC/Ryy(q) of PNIPAM in water at two different tem-
peratures, where the weight-average molar mass (M,,) and concentration (C) of PNIPAM
are 1.3 x 107 g/mol and 6.7 x 1077 g/mL, respectively. The insert shows the corresponding
hydrodynamic radius distributions f(R},) of the PNIPAM chains respectively in the coiled
and the globular states [38]
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layer. In real experiments, two macroscopic layers might not be observable,
especially in aqueous polymer solutions, because similar densities of polymer
chains and water prevent macroscopic phase separation. Instead, only micro-
phase separation, i.e., the formation of the mesoglobular phase, is observed,
in which a limited number of polymer chains come together to form stable
polymeric colloidal particles floating inside the solution. Within a reasonable
experimental time scale, these particles or mesoglobules would not be able
to further aggregate to form macroscopic precipitation because there is no
sufficient sedimentation force to drag them down.

The earlier results concerning the folding of homopolymer chains have al-
ready been reviewed [48], which is schematically summarized in Fig. 2. The
essential message of Fig. 2 is that when the solvent quality changes from good
to poor, a linear and coiled homopolymer chain first shrink into a crumpet
state without some additional knotting and then it passes through a molten
globule state before it finally reaches its collapsed globular state. The reverse
process (the dissolution or the “globule-to-coil” transition) of the collapsed
chain follows a different route; namely, there exists a hysteresis between the
folding and unfolding processes.

First, let us look at indirect evidence that the collapsed chain is in a crum-
pet state instead of a highly knotted state. Figure 3 shows the dissolving
kinetics (in terms of the change of (Ry)) of fully collapsed single PNIPAM
chain globules, where t is the standing time after the solution temperature
was quenched from 33.02°C to 30.02 °C. Experimentally, the PNIPAM so-
lution was prepared at 30.02 °C and its (Ry) was measured. The solution
temperature was then increased to 33.02 °C and aged for more than ~ 10° s

crumpléd coil

* 0

molten globule globule

Fig.2 Schematic of four thermodynamically stable states (random coil, crumpet coil,
molten globule and collapsed globule) of a homopolymer chain in the coil-to-globule
and the globule-to-coil transitions. There exists a hysteresis between the two transitions
around the ®@-temperature (~ 30.6 °C) of the PNIPAM solution [37]
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Fig.3 Dissolving kinetics (in terms of average hydrodynamic radius Ry) of collapsed
single-chain PNIPAM globules, where ¢ is the standing time after the solution tempera-
ture was quenched from 33.02 to 30.02 °C and the dashed line represents a stable average
value of Ry, of individual PNIPAM random coils at 30.02 °C. The weight-average molar
mass (M,,) of the PNIPAM sample used is 1.08 x 10’ g/mol with a polydispersity index
(My/My) less than 1.1 [32]

so that individual PNIPAM chains have a sufficient time to collapse into indi-
vidual single-chain globules. Note that the longest aging time was 3 days and
there was no change in (Ry,) after ~ 800 s. The solution temperature was sud-
denly cooled down back to 30.02 °C and both (Ry) and t were immediately
recorded after the temperature change.

The inset in Fig. 3 shows how fast the solution temperature could reach
its equilibrium value, wherein a very special LLS cuvette made of a thin wall
(~ 0.4 mm) glass tube was used for all kinetic studies. Figure 3 shows that
the change from the globular state to the extended random-coiled state, i.e.,
the dissolving kinetics, was too fast to be detected in our LLS setup. In other
words, before the solution reached its temperature equilibrium at 30.02 °C,
individual collapsed PNIPAM globules already expanded into individual ex-
tended random coil chains. This fast dissolving time (<~ 300s) indicates
that there should be no additional and extensive chain knotting inside these
highly collapsed single-chain globules because it has been known that it takes
one week to dissolve such a long-chain polymer (chains are entangled in
bulk) even in a good solvent.

Figure 4 shows a plot of the static expansion factor () as a function
of the relative temperature ®/T, where « is defined as Rg(T)/Rg(®) and r
is the number of residues that may be one monomer unit or a number of
repeat units. When T < ® (water is a good solvent for PNIPAM), the data
points are reasonably fitted by the line with r = 10° calculated on the ba-
sis of Flory-Huggins theory [15]. Similar results have also been observed
for linear polystyrene in cyclohexane [25,49]. The theory works well in the
good-solvent region wherein the interaction parameter (x) is expected to be
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Fig.4 Plot of static expansion factor (o) as a function of relative temperature ®/T, where
a is defined as Rg(T)/Rg(®); symbols are our measured results; and the lines are calcu-
lated data with three different values of . If choosing M = 113 (molar mass of monomer
NIPAM), we have r ~ 10° for both the PNIPAM samples used [32]

a weak function of temperature [15]. On the other hand, for temperatures
higher than ©, the measured o drops much faster than the line with r = 10°.
Up to now, we still do not have a clear understanding of this discrepancy.
Apparently, the results can be partially fitted by the line with r = 10°. The re-
markable point is that « decreases to a much lower plateau than the predicted
value [50, 51]. However, this does indicate that for PNIPAM in water, x might
be a function of temperature or concentration because the local concentra-
tion within the volume occupied by the chain increases ~ 500 times during
the chain contraction.

Recently, Tanaka et al. [52] suggested that PNIPAM in water can be treated
as a “copolymer” because they think that the PNIPAM chain backbone is
hydrolyzed in a segmental fashion. They also suggested that the hydroly-
zing degree or extent would dramatically decrease when temperatures are
higher than the LCST. This suggestion seems to agree well with the two-
state theory (hydrolysis and nonhydrolysis) used by Halperin et al. [53] In
any case, the short-coming of the concentration-independent x is obvious.
Our results also showed that the average chain density (p) estimated from
M., /INa(4/3)7 (Ry)?] increases from 0.0025 g/cm3 (coil) to 0.34 g/cm3 (glob-
ule), close to ~ 0.4 g/cm® predicted on the basis of a space-filling model [54].
This means that the inside of single-chain PNIPAM globules is not as dry as
what we originally thought and each globule still contains ~ 70-80% of water
inside its hydrodynamic volume.

It has been known that (Rg)/(Ry) can better reflect the chain conform-
ation. Figure 5 shows the temperature dependence of (Rg)/(Ry) in both the
heating and cooling processes. During the heating, in the range 20-30.6 °C
(©-temperature), (Rg)/(Ry) remains nearly a constant (~ 1.5), revealing that
the PNIPAM chains keep the random coil conformation as long as T < ©. The
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Fig.5 Temperature dependence of the ratio of average radius of gyration to average

hydrodynamic radius ((Rg)/(Rp)) in both heating and the cooling processes, where
My = 1.3 x 107 g/mol and M,,/M, < 1.05 [38]

change of (Rg)/(Ry) between ~ 1.5 at 20 °C to ~ 0.77 at 38 °C agrees well
with the values respectively predicted for a random coil and a solid uniform
sphere, clearly indicating the collapse of the PNIPAM chains. In the tempera-
ture range 30.6-38 °C, (Rg)/(Ry) dips into a low value of ~ 0.56 before it
comes back to ~ 0.77. This temperature range can be roughly divided into
two sub-stages. The first one is from the ©-temperature to 31.6 °C at which
(Rg) = (Ry); and the second one is from 31.6 to 38 °C in which (Rg)/(Rp)
reaches the minimum value.

The decrease of (Rg)/(Ry) in the first stage reflects the conformation
change from an extended random coil to a crumpled coil. If the folding and
unfolding were an all-or-none process, the changes of (Ry,)/(R) in the second
stage would, respectively, follow the two dashed lines in Fig. 5. However, the
unexpected minimum, which has later been confirmed by many experiments
related to the coil-to-globule transition, reveals that there exists another phys-
ical state between the fully collapsed globule and the unfolded random coil.
This is identified as the molten globular state. In this molten globular state,
the chain density is not evenly distributed inside each single-chain glob-
ule. Presumably, the surface of the collapsed single-chain globule contains
many small loops (i.e., a rough surface with a lower density) because poly-
mer chains are not infinitely flexible. We can imagine that on the one hand,
these small loops are nondraining and they make (Ry,) larger, and on the other
hand, they have much less effect on (Rg) because their masses are relatively
low. In other words, (Rg) decreases relatively faster than (Ry,). This explains
why the ratio of (Rg)/(Ry) could be smaller than (3/ 5)1/2 predicted for a uni-
form hard sphere. It is not difficult to imagine that stress must be built up
within these small loops when they become smaller and smaller so that the
shrinking of these small loops slows down. This is why (Ry,) decreases slightly,
but there is no change in (Rg), when T > 32.4 °C (not shown).
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Figure 5 shows that in the cooling process, (Rg)/(Ry) reaches ~ 1.5 only
after T <25 °C. There is a clear hysteresis, especially around the ®-tempera-
ture. It reveals that even water becomes a good solvent in the temperature range
25-30.6 °C, individual single-chain globules are still not completely dissolved
into the randomly coiled conformation. This hysteresis implies that some ad-
ditional intrachain interaction (presumably, intrachain hydrogen bonding) is
formed when the chain is in its fully collapsed globular state because of a much
smaller inter-segment distance and such intrachain interaction persists in the
globule-to-coil process until water becomes a very good solvent. The results
also revealed that the decrease of (Rg)/(Ry,) in the left side of the minimum
point is because the decrease of (Rg) is relatively faster, while the increase of
(Rg)/(Ry) at the right side is mainly due to the decrease of (Ry,).

The transition between a random coil and a crumpet coil can be respec-
tively described by the existing Flory and Birshtein-Pryamitsyn theories [18,
55]. However, a quantitative description of the molten globular state still re-
mains a challenging problem. The deviation of the existing theory from the
experimental results could be, at least partially, because the molten and fully
collapsed globules have different chain density distributions in comparison
with the coils. On the other hand, the Flory-Huggins interaction parameter x
for PNIPAM in water might be a strong function of temperature and/or poly-
mer concentration. The quantitative theory of polymer chain conformation in
a poor solvent remains an interesting problem, which is generally related to
some basic problems of semi-dilute and concentrated solutions because the
local chain density inside the globule is high even though the overall concen-
tration is very low. Moreover, to our knowledge, no one knows the dynamics
of a single chain in the crumpet or the collapsed conformation.

3.2
Folding of Amphiphilic Copolymer Chains

The copolymerization of a few molar percent of water-soluble neutral or ionic
comonomer on PNIPAM generally makes it more hydrophilic so thatits LCST in
water decreases. In the synthesis, comonomers can be inserted into or grafted
on the PNIPAM chain backbone in a random or a more segmented fashion by
using different chain conformations of PNIPAM in water at different tempera-
tures. It was expected that at temperatures higher than its LCST, hydrophilic
comonomers would segregate on the periphery of the collapsed PNIPAM chain
backbone, while at lower temperatures, the copolymerization would lead to
a more random distribution of comonomers on the PNIPAM chain backbone
because both of them are hydrophilic. Therefore, by alternating the reaction
temperature, we were able to incorporate hydrophilic comonomers into the
PNIPAM chain backbone with different comonomer distributions. In the fol-
lowing discussion, we will start with some simpler cases of noncharged neutral
copolymer chains and discuss how the comonomer distribution and compo-
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sition can affect the folding of individual copolymer chains before moving to
charged anionic copolymer chains. This is because long-range electrostatic
interaction in water is always troublesome in theory.

3.2.1
Hydrophilically Modified PNIPAM Copolymer Chains

For different applications, water-soluble neutral and ionic comonomers can
be incorporated into or attached to the PNIPAM chain backbone to form
amphiphilic PNIPAM copolymers via free-radical copolymerization. In this
section, we will use the folding of neutral PNIPAM amphiphilic copolymer
chains in extremely dilute solutions (~ pg/mL) to illustrate a general feature
of the folding of hydrophilically modified copolymer chains.

Linear NIPAM-co-VP copolymers: As discussed in the Experimental Sec-
tion, hydrophilic comonomer, vinyl pyrrolidone (VP), can be purposely
copolymerized into PNIPAM at two different temperatures, 30 °C and 60 °C,
respectively, below and above the LCST of PNIPAM homopolymer. At each
temperature, the copolymers with two different VP/NIPAM ratios (5 and
10 mol %) were prepared. A proper fractionation of resultant copolymers led
to narrowly-distributed long NIPAM-co-VP copolymer chains with a similar
length and VP/NIPAM ratio, but different comonomer distributions.

Figure 6 shows the typical temperature dependence of both (Rg) and (Ry)
of two copolymers synthesized at two different temperatures. As expected,
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Fig.6 Temperature dependence of z-average root-mean square radius of gyration ((Rg))
and average hydrodynamic radius ((Ry)) of copolymers NIPAM-co-VP/60/5 and NIPAM-

c0-VP/30/5 in water, where the weight average molar masses are 2.9 x 10® and 4.2 x
10® g/mol, respectively [56]
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both (Rg) and (Ry) decrease sharply during the coil-to-globule transition, re-
vealing the chain collapse at higher temperatures. Note that in each case, the
average size of the collapsed chains remains nearly a constant even when the
temperature (40 °C) is much higher than the LCST of PNIPAM and water
becomes a very poor solvent for PNIPAM, indicating that such formed single-
chain globules are very stable. In contrast, previous studies of PNIPAM ho-
mopolymer showed that stable single-chain globules could only be observed
within a limited temperature range [32]. The formation of such stable single-
chain globules can be attributed to the existence of hydrophilic comonomer
VP. As expected, the copolymer chains with hydrophilic comonomer VP
have a higher transition temperature than PNIPAM homopolymer. The detail
values of the coil-to-globule transition temperature and the average hydrody-
namic radii in the collapsed state for two pairs of NIPAM-co-VP copolymers
with different VP contents can be found elsewhere [56].

It is not surprising to see that the chains with a higher hydrophilic
comonomer VP content have a higher transition temperature. However, it is
rather interesting to see that for each pair of the copolymers with a similar VP
content, the copolymer prepared at 60 °C has a lower transition temperature
than its counterpart prepared at 30 °C. In order to check this shift in the tran-
sition temperature, we also measured the partial heat capacity (Cp) of these
copolymers in solution using a micro-calorimeter. Figure 7 shows that for the
two copolymers prepared at 60 °C, the temperatures at which the maximum
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Fig.7 Temperature dependence of partial heat capacity (C,) of two pairs of NIPAM-
co-VP copolymers in water. The weight average molar masses of NIPAM-co-VP/60/5,
NIPAM-co-VP/30/5, NIPAM-co-VP/60/10 and NIPAM-co-VP/30/10 are 2.9 x 10°, 4.2 x
10, 5.6 x 10° and 7.9 x 10° g/mol, respectively. The polymer concentration is 10~ g/mL.

The temperature was increased with a rate of 1.5°C/min and pressure was maintained at
180 kPa [56]
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heat capacity (Tmax) occurs are indeed lower. Such a difference between the
transition temperatures can only be attributed to different comonomer distri-
butions on the PNIPAM chain backbone because the copolymers in each pair
have a similar chain length and composition.

As we mentioned earlier, at lower temperatures, water is a good solvent for
PNIPAM and the PNIPAM segments formed during the copolymerization and
that exist as a random coil. In this way, NIPAM and VP are copolymerized in
a relatively more random fashion to form a statistical copolymer. In contrast,
water at 60 °C becomes such a poor solvent that the PNIPAM chain backbone
collapses and the hydrophilic VP comonomer can only be incorporated on
its periphery, leading to a segregation of VP, or in other words, a segmented
comonomer distribution. Therefore, the average length of the PNIPAM seg-
ment between two neighboring VP segments is longer in comparison with
a statistical copolymer chain with a similar VP /NIPAM ratio, as schematically
shown in Fig. 8.

The lower transition temperature also indicates that the folding of the
copolymer chains prepared at higher temperatures is much easier, or in
a sense, these chains could “memorize” the parent collapsed globular state in
which they were formed. As we discussed earlier, the conformational change
can be better viewed in terms of the ratio of (Rg)/(Ryp). For a random coil
and a uniform nondraining sphere, (Rg)/(Ry) ~ 1.5 and ~ 0.774, respec-

Heating Heating

Heating
_—

Prepared at lower temperature

Fig.8 Schematic of different chain conformations and the coil-to-globule transition of
NIPAM-co-VP copolymers prepared at two temperatures, respectively, lower and higher
than the lower critical solution temperature of PNIPAM homopolymer [56]
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tively. In Fig. 9, the decrease of (Rg)/(Ry) from ~ 1.65 to ~ 0.6-0.8 clearly
reveals the coil-to-globule transition of individual copolymer chains. Just like
PNIPAM homopolymer in water, before fully collapsing into a uniform glob-
ule, the copolymer chains with an extended randomly coiled conformation
first collapses into a nonuniform structure with a value of (Rg)/(Ry) much
smaller than 0.774, i.e., the dip of (Rg)/(Ry) at ~ 35-36°C. It should be
noted that even in the fully collapsed state at higher temperatures, (Rg)/(Rp)
of single-chain globules made of NIPAM-co-VP/60/5 is still smaller than
0.774. This suggests that individual single-copolymer chain globules have
a nonuniform chain density distribution inside, as previously observed by
Khokhlov et al. [8] in a computer simulation. It is also schematically shown
in Fig. 8.

As expected, the collapse of longer PNIPAM segments on the copolymer
chain prepared at 60 °C forces the hydrophilic VP segments to stay on the
periphery, leading to a “core-shell” structure with a denser PNIPAM core
and a swollen VP shell presumably made of small VP loops. On the other
hand, the copolymer chains prepared at 30 °C should have a more ran-
dom comonomer distribution and hydrophilic comonomer VP would not be
segregated together to form short VP segments, in other words, the aver-
age length of the PNIPAM segments is much shorter. The collapse of these
shorter PNIPAM segments at high temperatures inevitably pulls hydrophilic
comonomer VP inside, resulting in less compact, but more uniform, globules
with a ratio of (Rg)/(Ry,) similar to uniform latex particles. The comparison of
the coil-to-globule transition of a pair of such copolymer chains is schemati-
cally shown in Fig. 8.
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Fig.9 Temperature dependence of the ratio of average radius of gyration to average
hydrodynamic radius ({Rg)/(Ry)) of copolymer NIPAM-co-VP chains prepared at two
different temperatures, respectively, lower and higher than the lower critical solution

temperature of PNIPAM homopolymer. The weight average molar masses of NIPAM-co-
VP/60/5 and NIPAM-co-VP/30/5 are 2.9 x 10° and 4.2 x 10° g/mol, respectively [56]
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The structural difference between the collapsed globules made of the
chains prepared at different temperatures can also be evidenced in their size
and density. Note that in Fig. 6 in the fully collapsed state at ~ 40 °C, NIPAM-
c0-VP/60/5 globules have a smaller size than NIPAM-co-VP/30/5 globules
even though they have a similar (Rg) and (Ry) in the random coiled state at
lower temperatures. Therefore, the former have higher average chain densi-
ties ({0)globule)- The values of (p)giobule for NIPAM-co-VP/60/5 and NIPAM-
c0-VP/30/5 globules are 9.6 x 1072 and 7.0 x 102 g/cm?, respectively. Such
a difference in (p)globute also indirectly reflects that the copolymer chains
prepared at higher temperatures can “memorize” their parental collapsed
globule state and fold back to a more compact structure, confirming the
computer simulation and prediction [8, 9]. In comparison, (p)globule Of single-
chain globules made of amphiphilic copolymer chains is 3-4 times lower than
that made of homopolymer chains [32]. This is reasonable because the incor-
poration of a few percent of hydrophilic comonomer VP into PNIPAM swells
the globules and retards the chain packing.

Grafted PNIPAM-g-PEO copolymers: There has been considerable inter-
est in the study of grafted amphiphilic copolymers in selected solvents be-
cause they can form stable aggregates with a core-shell structure in solu-
tion [57-62]. For example, amphiphilic copolymer chains consisting of the
hydrophobic backbone and hydrophilic branches can form stable core-shell
colloidal particles in water (a selective solvent) because the hydrophobic
chain backbone tends to aggregate to form a hydrophobic core, while the
hydrophilic branches grafted on them are forced to stay on the periphery
to form a hydrophilic corona (shell) [63-66]. Core-shell particles formed in
this way are sterically stabilized and have an average size normally in the
range 10-100 nm, depending on the formation condition and the copolymer
structure. This has provided a new method to prepare stable surfactant-free
polymeric nanoparticles.

By extending the study of the folding of linear PNIPAM homopolymer
chains in water, Qiu et al. [67] prepared a series of amphiphilic PNIPAM-g-
PEO copolymer chains by grafting different amounts of short PEO chains on
the PNIPAM chain backbone as described in the Experimental Section. In cold
water, both the PNIPAM chain backbone and the grafted PEO branches are hy-
drophilic so that PNIPAM-g-PEO copolymer is soluble in water as individual
coiled chains. At temperatures higher than its LCST, the PNIPAM chain back-
bone becomes hydrophobic, but PEO branches remain hydrophilic. Therefore,
a change in the solution temperature about 1-2 degrees can greatly alternate
the degree of amphiphilicity of this kind of copolymer to induce the chain fold-
ing and to form stable single-chain globules with a hydrophobic PNIPAM core
and a soluble hydrophilic PEO shell. Such a core-shell nanostructure can be
switched on and off simply by a very small temperature variation.

Figure 10 shows a schematic of the formation of a single chain core-shell
nanostructure. It is known that the short grafted PEO chains have an average
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Fig.10 Schematic of formation of a single chain core-shell nanostructure through the
coil-to-globule transition of the PNIPAM-g-PEO copolymer chain backbone [67]

hydrodynamic radius of ~ 3 nm. For the PNIPAM-g-PEO copolymer chains
(My, = 7.29 x 10° g/mol) are grafted, on average, ~ 70 short PEO chains per
PNIPAM chain backbone, its (Rg) changes from 155nm to 21 nm and the
ratio of (Rg)/(Ryp,) decreases from 1.5 to 0.74 during the chain folding. As-
suming that these short PEO chains grafted on the periphery have a similar
chain conformation as those free in water, one can estimate the shell thickness
(Lshen) and the radius of the core to be ~ 6 nm and ~ 23 nm, respectively. Fur-
ther, using the molar mass of the PNIPAM chain backbone, one can also es-
timate the average chain density of the core to be ~ 0.25 g/cm?, significantly
lower than the average chain density (~ 1 g/cm?) of conventional polymeric
latex particles. In other words, the PNIPAM core still contains ~ 75% of water
even in its fully collapsed state. Therefore, this core-shell nanostructure might
be used as a carrier to load a large amount of drugs or catalysts because of
its large free volume. Another advantage of using it as a carrier is that such
a single-chain core-shell nanostructure can be quickly switched on and off by
a small temperature variation of only 1-2 °C.

Figure 11 shows the releasing and encapsulation of pyrene (an imitation
of drugs/catalysts) by these PNIPAM-g-PEO copolymer chains in water in
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Fig. 11 Temperature dependence of fluorescence intensity ratio (I; /I3) of pyrene as an im-
itated drug/catalyst in deionized water in the presence of PNIPAM-g-PEO chains, where
the concentration of pyrene is 2 x 107 M [67]
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terms of its temperature-dependent fluorescence intensity ratio (I; /I3), where
the pyrene concentration is ~ 2 x 1077 M. It has been known that I; /I3, the
highest energy vibrational band I; (373 nm) to the third highest energy vi-
brational band I (385 nm), is sensitive to micro-environmental polarity [17];
namely, in pure water, I; /I3 ~ 1.8, while in a hydrophobic domain, I; /I3 could
be as low as 1.2. The change of I; /I5 between ~ 1.6 and ~ 1.2 clearly shows
that the folding and unfolding of these copolymer chains can release and en-
capsulate pyrene when the temperature is alternated between 25 to 45 °C. It
should be noted that the change of I; /I5 would be a much sharper step func-
tion if one could change the temperature instantly.

Recently, Tenhu et al. [16, 58] studied the influence of the PEO content on
the aggregation of such copolymer chains and found that the chains prepared
at different temperatures had different values of LCST. As expected, the PEO
content has a great effect on the phase transition. Following their method, Chen
etal. [59] synthesized four PNIPAM-g-PEO copolymers with different PEO con-
tents, but a similar chain length, at 45 °C. Their objective was to study the effect
of the PEO content on the folding and unfolding of such amphiphilic copolymer
chains in dilute solutions by using a combination of static and dynamic LLS
as well as US-DSC. Surprisingly, they found that the PNIPAM-g-PEO copoly-
mer chains with a higher PEO content underwent two transitions. One sharp
transition at ~ 33 °C is related to the collapse of the PNIPAM chain backbone.
Another broad transition in the range 35-45 °C disappeared when the PEO
content was lower, which was attributed to the stretching and collapsing of short
PEO chains grafted on the PNTPAM chain backbone.

Figures 12 and 13 summarize the temperature dependence of (Rg) and
(Ryp) of PNIPAM-g-PEO copolymer chains in water during one heating-and-
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Fig.12 Temperature dependence of z-average root-mean-square radius of gyration ((Ry))
of copolymer PNIPAM-g-PEO chains in water during heating and cooling, where the
weight-average molar mass (M) is 7.2 x 100 g/mol, the molar number ratio of NIPAM

monomers to PEO macromonomers is 111, and on average, there are 392 short PEO
chains grafted on each PNIPAM chain [69]
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Fig.13 Temperature dependence of average hydrodynamic radius ((Ry)) of copolymer
PNIPAM-g-PEO chains in water during heating and cooling, where the weight-average
molar mass (My) is 7.2 x 10° g/mol, the molar number ratio of NIPAM monomers to PEO

macromonomers is 111, and on average, there are 392 short PEO chains grafted on each
PNIPAM chain [69]

cooling cycle. In the heating process, both (Rg) and (Ry) drop sharply in
the range 31-33 °C, reflecting the expected coil-to-globule transition of the
PNIPAM chain backbone. Further increase of the temperature first results in
slight increases of both (Rg) and (Ry) and is then followed by a slow decrease
over a broad temperature range. In comparison with PNIPAM homopolymer
chains, such additional changes of both (Rg) and (R},) must be related to short
PEO chains grafted on the chain backbone. To explain the results (Figs. 12
and 13) we have to look at what has happened during the shrinking of the
chain backbone.

As we discussed earlier, at lower temperatures, each copolymer chain in
water exists as an extended random coil. The heating makes the PNIPAM
chain backbone insoluble in water so that it undergoes the coil-to-globule
transition. In this process, short hydrophilic PEO chains are forced to stay on
the periphery of the PNIPAM core to form a core-shell nanostructure, such as
schematically shown in Fig. 14a. The estimated average surface area per PEO
chain at ~ 33 °C is ~ 10 nm?. Further shrinking of the PNIPAM core increases
the chain density on the periphery. As expected, the repulsion among differ-
ent PEO chains forces them to stretch, as schematically shown in Fig. 14b.
During this stage, the stretching of short PEO chains in the shell and the col-
lapse of the PNIPAM chain backbone in the core have opposite effects on the
measured (Rg) and (Rp,) when the PEO content is high. The slight increases
of both (Rg) and (Ry) in the range 35-40 °C indicates that the stretching of
short PEO chains dominates slightly. As for the slow decreases of both (Rg)
and (Ry) in the high temperature range (T > 40 °C), this could be explained
by two possible scenarios as follows.

One is that the shrinking of a long PNIPAM chain backbone in the core
overrides the stretching of short PEO chains in the shell. The other is the
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Fig. 14 Schematic of the coil-to-globule-to-coil transition of a copolymer PNIPAM-g-PEO
chain with a higher PEO content during a heating-and-cooling cycle [69]

n-clustering-induced collapse of short PEO chains because we know that
polymer chains in bulk or in a very concentrated solution adopt a random
coil conformation, as with the ®@-temperature [70,71]. In addition, the sol-
vent quality of water for PEO decreases as the solution temperature increases.
In order to differentiate these two scenarios, the temperature dependence
of (Rg)/(Ry) is plotted in Fig. 15 to reflect the chain density distribution.
The fact that (Rg)/(Ry) ~ 1.1 at lower temperatures, instead of ~ 1.5 (an ex-
pected value for linear coil chains), reflects its branching structure because
short PEO chains have a length similar to the PNIPAM segments between two
neighboring grafting points. The decrease of (Rg)/(Ryp) from ~ 1.0 to ~ 0.5
clearly reveals a change of the chain conformation.

As discussed before, the lower value of (Rg)/(Ry) confirms that the col-
lapsed chain has a core-shell nanostructure and the collapsed PNIPAM core
is denser than the swollen PEO shell. In comparison with a uniform sphere
with the same (Ry,), the denser core leads to a smaller (Rg). The increase of
(Rg)/(Ry) in the range 35-40 °C reflects the core-shell structure and becomes
more uniform in density because the PEO chains in the shell are forced to
overlap each other when the PNIPAM core continues to shrink (Fig. 14c). In
Fig. 15, it is the further increase of (Rg)/(Ryp) in the range 40-50 °C that dif-
ferentiates the two scenarios. Namely, if the first one was correct, (Rg)/(Rp)
should decrease because the core becomes denser. On the other hand, in the
second scenario, the collapse of the PEO chains increases the chain density
of the shell so that the core-shell nanostructure becomes more uniform, as



132 G. Zhang - C. Wu

1.2
1.0}
/\': \heating
E/d 08 _____.2 e .
A ! R
P0 uniform 0o
e/ﬁ 0.6} solifd sphere M
0.4

20.0 30.0 40.0 50.0

T /°C
Fig.15 Temperature dependence of ratio of average radius of gyration ((Rg)) to average
hydrodynamic radius ((Ry)) of copolymer PNIPAM-g-PEO chains in water during heating
and cooling. The weight-average molar mass (M) is 7.2 x 10° g/mol, the molar number

ratio of NIPAM monomers to PEO macromonomers is 111, and there are 392 short PEO
chains grafted on each PNIPAM chain [69]

schematically shown in Fig. 14d. This explains why (Rg)/(Ry,) gradually ap-
proaches 0.774 as the solution temperature increases.

A combination of Figs. 12-15 shows that the reversible globule-to-coil tran-
sition does not follow the coil-to-globule path. There exists a hysteresis between
the heating and cooling processes. In the cooling process, both (Rg) and (Ry,)
have no peak in the range 35-50 °C and (Rg)/(Ry,) remains nearly a constant,
indicating a uniform swelling, as schematically shown in Fig. 5e, very differ-
ent from the shrinking process. The small dip of (Rg) /(Ry,) at ~ 33 °C indicates
that the collapsed PEO chains in the shell are finally swollen back into individ-
ual coils on the periphery and the PNIPAM chain backbone in the core has not
reached its fully swollen state, as schematically shown in Fig. 14f.

On the other hand, when the PEO content is low, the temperature depen-
dence of (Rg), (Rp) and (Rg)/(Ry) has only one transition related to the coil-
to-globule transition of the PNIPAM backbone. The transition temperature
is close to the LCST (~ 32 °C) of PNIPAM homopolymer. Moreover, the PEO
content has nearly no effect on such a transition. This is expected because
when the PEO content is low there is no strong interaction among the PEO
chains in the shell. Such a single transition temperature indirectly supports
our discussion of the second transition; namely, it is related to the repulsion-
induced stretching followed by the clustering-induced collapse of short PEO
chains in the shell because the chain density increases as the PNIPAM core
shrinks. It was also found that at higher temperatures, the copolymer chains
with a low PEO content have a smaller (Rg) even though they are longer.
The difference further reflects the repulsion-induced stretching of short PEO
chains in the shell when the PEO content is higher.
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The n-clustering-induced stretch and collapse of short PEO chains can be
better viewed when they are grafted on a thermally sensitive PNIPAM spher-
ical microgel [34,70]. In the temperature range 25-35 °C, the microgel can
shrink ~ 3 times in its diameter, i.e., its surface area can decrease ~ 10 times,
providing a convenient way to continuously increase the grafting density be-
cause the average number of the PEO chains grafted on each microgel is
fixed. The microgels were prepared by dispersion polymerization in aqueous
solution at 70 °C, similar to the preparation of amphiphilic PNIPAM-g-PEO
copolymer chains, but with a proper amount of crosslinking agent, N,N’-
methylenebis(acryl-amide). The core was collapsed and cross-linked at the
reaction temperature. The resultant microgels were successively purified by
ultra-centrifugation at 40 °C to remove all remaining small molecules. The
average grafting density determined by NMR was ~ 370 PEO chains per mi-
crogel, or in other words, each PEO chain occupies ~ 320 nm? at 25 °C.

Figure 16 shows that in the heating-and-cooling cycle, the shrinking-and-
swelling of the microgel with short PEO chains grafted on its periphery is
completely reversible. It indicates that there was no hysteresis in the pro-
cess. This is apparently inconsistent with some previous predictions for the
grafted PEO chains [71] and also different from the hysteresis observed in the
same process for ultra-long PNIPAM homopolymer chains and PNIPAM-g-
PEO chains [37]. Note that intrachain association of PEO unlikely exists in
this case. On the other hand, the collapse of a long chain has a much higher
entropy penalty than the shrinking of a microgel. The fact that no hysteresis
was observed for the grafted PEO chains can also be attributed to the much
shorter chain length (~ 10* g/mol).

As the temperature increases, the PNIPAM core shrinks and the grafting
density increases. It is expected that the repulsion would force the PEO-
chains on its surface to stretch, i.e., the thickness of the PEO shell (hprysh)
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Fig.16 Temperature dependence of average hydrodynamic radius ((Ry)) and average
radius of gyration ((Rg)) of PNIPAM microgels grafted with linear PEO chains in the
heating-and-cooling cycle, where the dispersion concentration is ~ 1.0 x 10 g/mL [70]
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increases, as the grafting density increases. In this way, the PNIPAM core
becomes denser, but the PEO shell becomes thicker. Note that the core has
~ 90% of mass so that the shrinking of the core has a more profound ef-
fect on (Rg), while the stretching of the grafted PEO chains in the shell slows
down the decrease of (Ry), according to their own definitions. This is why
(Rg)/(Ry) decreases in the range 23-33 °C [34]. When the temperature is
higher than ~ 33 °C, (Rg)/(Rp,) starts to increase and finally approaches 0.71
at ~40°C [71]. As shown in Fig. 16, when T >~ 37 °C, the decrease of (Rg)
nearly stops, but (Ry,) still decreases, reflecting that the increase of (Rg)/(Rp,)
is attributed to the collapse of the PEO shell. This can be better viewed from
the change of the PEO shell thickness.

Figure 17 shows the grafting density dependence of the average thickness
of the PEO shell ({h)prush)> i-e., the average height of the grafted PEO chains,
where (h)prysh Was obtained by two completely different methods. One is from
the difference between the average radii of the microgels with and without
the grafted PEO chains; namelY) (M)brush = (Rh>microgel+PEO - <Rh>microgel- The
other is indirectly from the ratio of (Rg)/(Ryp), involving a combination of
static and dynamic LLS results. The principle of the second method is out-
lined as follows. The microgel grafted with the PEO chains can be viewed as
a core-shell particle, in which the masses of the core (M) and the shell (M;)
are

4 4
M. = 371pCR2 and M= 371,05 (R3 - Rz) (5)
where R. and R are the radii of the PNIPAM core and the entire microgel;

pc and ps are the densities of the core and the shell, respectively. Note that
for the first approximation, the shell and the core are assumed to be uniform.
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Fig.17 Dependence of the average PEO brush height ({h)prysh) on the surface area per
grafted chain (s), where (h)prysh Was calculated by two different methods. The squares
represent (h)prysh from the difference between the average radii of the PNIPAM microgels
with and without the grafted PEO chains; and the circles from the ratio of (Rg)/(Ryp) [70]
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In reality, they are not uniform. However, this assumption will not affect our
discussion. Also note that no mixing between the grafted PEO layer and the
PNIPAM core is assumed. At higher temperatures, the hydrophobic PNIPAM
core should not mix with the hydrophilic PEO shell. Even at lower tempera-
tures, it would be more favorable for the PEO chains to stay on the periphery
than to penetrate inside the PNIPAM gel network. Substituting Eq. 5 into the
definition of Rg leads to

Rc R
[ p(r)r*dv [ Ampcridr + [ Ampsridr
0

R2 _v _ Rc
g TR R
p(r)dv ¢
{ [ 4mpcrtdr + [ Ampgridr
0 Re

_ 3[McRZR? - (M. + M) R? + MsR®]
- 5 (Mc + Ms) (R? - R3)

Letting the mass ratio M./M; = A and the radius ratio R./R = x, one can
rewrite Eq. 2 as:

,  3R*[AX® - (1+A)x° +1]

(6)

= 7
8 5(1+4/(1-%3) ?
Replacing R with Ry, Eq. 7 can be re-arranged as
Ry [3[ax? -1+ +1])" ®
R, 51 +4) (1-x3) ’

where A is a constant for a given PNIPAM microgel grafted with a fixed num-
ber of PEO chains. From each measured Rg/Ry, in Fig. 16, one can numerically
find a corresponding x, and then Rc. In this way, we can determine (h)prysh
from R - R..

Figure 17 shows that before the temperature reaches its lower critical so-
lution temperature (LCST, ~ 33 °C), (h)push increases while the surface area
per PEO chain (s) decreases (i.e., the increase of the temperature). The ab-
solute values of (h)y.usn Obtained from the two different methods do not
quantitatively agree with each other due to experimental uncertainties. Such
stretching of the PEO chains is expected because they are forced to approach
each other as s decreases. It should be stated that the shell thickness is
much smaller than the average radius of the microgels (~ 100 nm) so that
the grafted PEO chains can be treated as a quasi-planar brush even if the
microgel surface is curved. It is helpful to note that the PEO shell at 23 °C
is slightly thicker than the hydrodynamic diameter (~ 4 nm) of the PEO
macromonomers free in water [72], indicating that the grafted chains are
slightly elongated even at the room temperature. One of the possible explana-
tions of the unexpected collapse of the PEO chains in the temperature range
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of T > ~ 33 °C might be related to the formation of an equilibrium between
one dilute phase made of stretched chains and one dense phase made of col-
lapsed chains [70, 73].

In general, the hydration has been attributed to the dissolution of PEO in
water [74]. It has been shown that the interchain interaction among individ-
ual PEO chains is so strong that it is rather difficult to completely dissolve
bulk PEO into individual chains in pure water [75, 76]. Nevertheless, water is
peculiar due to its structured conformation and could be viewed as a poly-
meric solvent [77]. A theoretical study of PEO in aqueous solution showed
that the pressure could also induce the collapse of the PEO chains [78]. It
is known that polymer chains in bulk adopt a random coil conformation. It
is our opinion that as the grafting density increases, the grafted chains are
pushed together, the PEO chains are gradually dehydrated and most of the
water molecules are gradually excluded. Therefore, as the grafted PEO layer
becomes “drier” and “drier”, it approaches the bulk state, the stretched PEO
chains have to collapse at some point. It is similar to the report that in a bad or
polymeric solvent, polymer brushes would gradually collapse as more solvent
molecules leave the grafted layer and the configuration entropy of the solvent
becomes more important [79].

Figure 18 shows that during the stretching, i.e., before reaching ~ 33 °C,
the brush height ((h)prush) can be scaled to the grafting density (o) as
(W) brush X No10H02 where N is the degree of polymerization. The theoret-
ical studies and experimental results in the past showed (h)push o No® with
B = 1/3 for polymer brush in a good solvent [80, 81]. Note that o~ =5, which
is the average surface area occupied per grafted chain and (h)prusho ! rep-
resents the average hydrodynamic volume per grafted PEO chain. Therefore,
the scaling of (h)prush 0¢ 019502 suggests that the average hydrodynamic vol-
ume per grafted PEO chain is close to a constant, or in other words, the
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Fig.18 Grafting density (o) dependence of average PEO brush height ((h)prysh) during
the PEO chain stretching. The line represents a least square fitting of (h)ppysh Nog10£0.2)
where N is the degree of polymerization of the grafted chain [70]
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average hydrodynamic volume per grafted PEO chain is incompressible dur-
ing the chain stretching. Further studies of other types of grafted polymer
chains are needed to differentiate whether this incompressibility is only re-
lated to PEO, or in general, to high grafting chain density.

In order to justify the discussion about the second PEO-related transi-
tion in Figs. 12 and 13, the partial heat capacity (Cp) of four PNIPAM-g-PEO
copolymers with different PEO contents in aqueous solutions was measured
using a micro-calorimeter. Figure 19 shows that in the heating process, the
peaks located at ~ 33 °C are similar and independent of the PEO content,
which can be attributed to the PNIPAM chain backbone. The DSC results
agree well with the LLS ones. The second broad peak in the range 40-50 °C
gradually disappears when the PEO content becomes lower. Noted that in the
US-DSC measurement, both the intra-chain contraction and the inter-chain
association are involved because a much higher concentration (10~ g/mL)
had to be used to give a sufficiently high signal-to-noise ratio. By investigating
both PNIPAM hydrogels and PNIPAM linear chains in water, Laszlo et al. [82]
and Ding et al. [83] found two exothermal peaks in the temperature range
~ 30-33°C in the cooling process when the scanning rate was low and only
one endothermic peak in the heating at any scanning rate. They attributed
this additional peak to the kinetic effect. In Fig. 19, two peaks, respectively,
located at ~ 32 and ~ 50 °C appear in both the heating and cooling.

Around the first transition peak in Fig. 19, the hysteresis is obvious. Such
a hysteresis has been attributed to the formation of some additional intra-
chain hydrogen bonding in the collapsed state [34]. The second broad peak
reveals that the stretching of the grafted PEO chains and further collapse of
the PNIPAM chains in the core occur over a wider temperature range. Fig-
ure 19 further reveals that the heating and cooling involve a certain amount
of endothermic and exothermic heat, respectively. One can define the area
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Fig.19 Temperature dependence of partial heat capacity (C,) of copolymer chains with
different PEO contents in water, where the heating rate is 1.0 °C/min [69]
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Fig.20 PEO content dependence of endothermic heats, respectively, for both the transi-
tions in Fig. 19 [69]

under each peak as the total endothermic or exothermic heat (the change of
enthalpy AH) for each transition.

Figure 20 shows the PEO content dependence of the enthalpy change (AH)
for the two transitions in Fig. 19. For the copolymer chains with a higher
PEO content, the average length of the PNIPAM segment between two grafted
neighboring PEO chains is short. This is why the peak at ~ 33 °C related to
the PNIPAM segments becomes smaller. On the other hand, when the PEO
content decreases, the PNIPAM segments become longer and the PEO shell
becomes less crowded so that the peak related to the stretching and collapsing
of the grafted PEO chains disappear during the heating process.

3.2.2
Hydrophobically Modified PNIPAM Copolymer Chains

The presence of only a few molar percent of hydrophobic monomer units
(stickers) in a hydrophilic polymer chain backbone can sufficiently trigger
chain association in water or in a selective solvent to form large insoluble
clusters or even a gel, depending on solvency and polymer concentration.
The associating copolymers are widely used in industry as viscosity modi-
fiers, colloidal stabilizers and surface-active agents [84-86]. Such copolymer
chains can adopt a more complicated conformation in dilute solutions than
a corresponding homopolymer. It has been predicted and observed that in
a solvent selectively poor for the stickers, the chain can self-fold into a multi-
flower nanostructure; namely, a number of neighboring stickers undergo
intrachain association to form a string of micelle-like flowers along the chain
backbone [87-90]. It has also been suggested that the self-folding could lead
to a single flower-like core-shell nanostructure with all stickers condensed
in the center and short hydrophilic chain segments between stickers swollen
like a flower petal (chain loop) [86-88]. It is expected that such a chain fold-



Folding and Formation of Mesoglobules in Dilute Copolymer Solutions 139

ing may provide a simple model for the study of more complicated problems,
such as protein folding and DNA packing.

However, due to experimental difficulties, especially in the sample prep-
aration, few studies have been reported clarifying this point. In most cases,
interchain association often occurs with intrachain self-folding, which spoils
the study and leads to multi-chain micelles coexisting with single-chain mi-
celles [91, 92]. To our knowledge, only Kikuchi and Nose [93] experimentally
studied intrachain micelle formation. They used polystyrene-g-poly(methyl
methacrylate) to observe the formation of thermodynamically stable single-
chain multi-flower structures and revealed that the resultant structure was
rigid and on average consisted of ca. five flower-like micelles on each chain,
resembling a string of closely packed pearls. Experimentally, the formation
of a single flower-like single-chain nanostructure was only reported two
years ago by Zhang et al. [94] after successfully preparing long and narrowly
distributed PNIPAM-seg-St copolymer chains (M, = 1.33 x 10’ g/mol and
M, /M, < 1.1) by following the micelle polymerization method developed by
Candau et al. [95], and Dowling et al. [96]. On average, each chain had ~ 230
hydrophobic St stickers and each St sticker had ~ 20 styrene monomer units.
Note that it is extremely difficult, if not impossible, to characterize the struc-
ture (comonomer distribution) of such prepared chains. This still remains
a challenging problem in polymer characterization, especially for protein-like
amphiphilic chains.

Recently, Cui et al. [97] used single-molecule force spectroscopy (SMFS)
developed on the basis of atomic force microscopy (AFM) to measure the
length distribution of the PNIPAM segment between two neighboring hy-
drophobic St stickers. They adsorbed long PNIPAM-seg-St copolymer chains
on a flat PS surface, as schematically shown in Fig. 21. The flat PS substrate
was prepared from a sheet extruder, which was sufficiently smooth for SMFS.
The PS segments are so short that the surface can be considered very smooth;
i.e., each PS segment was laid flat on the substrate. Before the adsorption, the
PS substrate was thoroughly rinsed with ethanol (99.5%) and purified water
(> 18 M2 cm) and then confirmed as a blank sample by SMFS. No obvious
force signal was detected during over 1000 cycles of AFM tip’s approach and
retraction. 0.2 mL PNIPAM-seg-PS aqueous solution was then deposited on
the PS substrate and left for approximately 12 h to form a thin layer. After-
ward, the sample was rinsed with purified water for 1 min to remove loosely
adsorbed PNIPAM-seg-PS before being measured.

A homemade SMFS with a silicon nitride cantilever (Park, Sunnyvale, CA)
was used. Each tip was calibrated by using a standard sample. The spring
constants of these cantilevers were in the range 0.010-0.012 N/m. By mov-
ing the piezo tube, one could bring the sample into contact with the AFM
tip so that some polymer chains were physically adsorbed onto the tip, re-
sulting in a number of “bridges”. As the distance between the tip and the
substrate increased, the chains were stretched and the elastic force deflected
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Fig.21 a Schematic of a linear segmented poly(N-isopropylacrylamide-seg-styrene)
(PNIPAM-seg-St) coplymer chain prepared by micelle copolymerization, in which short
PS segments are relatively evenly distributed on the chain backbone. b Schematic of the
adsorption of a linear PNIPAM-seg-PS chain on a hydrophobic PS substrate in water [97]

the cantilever. A recorded deflection-piezo path curve was converted into
a force extension curve. It has been shown that the adhesion force between
the tip and the adsorbed chain can be up to a few nano-Newtons in magni-
tude. Using SMFS, the weak interaction force between the copolymer chain
(sticker) and the substrate can be measured. The stretching velocity used by
Cui et al. [97] was in the range 520-4600 nm/s. Prior to the force measure-
ment, a drop of purified water, acting as a buffer, was injected between the
substrate and the cantilever holder, whereupon both the substrate and the
cantilever were immersed in water. The force measurements were performed
at 22 °C at which long PNIPAM segments are hydrophilic and soluble in wa-
ter with a random coil conformation. The details of instrumentation can be
found elsewhere [98, 99].

As expected, the adsorption of two insoluble short hydrophobic PS
segments onto the PS substrate resulted in many PNIPAM “loops”. Fig-
ure 22a shows that each force curve exhibits a saw-tooth pattern. To find such
a pattern and how it is related to the chain structure, Cui et al. [97] analyzed
the distribution of the distance between each two adjacent peaks (teeth) in
the force curve, as shown in Fig. 22b. The Gaussian fitting of the histogram
led to an average distance of ~ 114 nm. This value is very close to the aver-
age length of the “repeat unit” (one long PNIPAM segment plus one short
PS segment) in the copolymer chain on the basis of the synthesis condition
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Fig.22 a Measured force curves of linear segmented poly(N-isopropylacrylamide-seg-
styrene) (PNIPAM-seg-St) copolymer chains adsorbed on a hydrophobic PS substrate
in water. b Statistics of the distance between two adjacent peaks in the measured force
curves [97]

and NMR characterization. It confirms that styrene comonomer molecules
are indeed uniformly distributed on the PNIPAM chain backbone as short
segments.

In an LLS study, Zhang et al. [94] dissolved this well-characterized
PNIPAM-seg-St copolymer in deionized water for 10 days to ensure com-
plete dissolution. The final concentration used was 7.2 E — 7g/mL and it was
clarified with a 0.5 um Millipore Millex-LCR filter to remove dust. Note that
in their experiment, the scattering volume (~ 10 pL) still contained 10°-10°
copolymer chains so that the number of density fluctuations was not a prob-
lem even in such a dilute solution. Their original objective was to determine
whether such a copolymer chain could self-fold into the predicted single-
flower-like core-shell nanostructure.

Figure 23 shows that the slope of KC/Ryy(q) vs. q* sharply decreases as the
temperature increases. It is known in LLS that the slope of each line is related to
(Rg) of polymer chains. The decrease of (Rg) indicates shrinking of the chains.
Such a shrinking can be viewed directly in terms of the shift of the hydrody-
namic radius distribution f(Ry) from ~ 124 nm to ~ 31 nm, as shown in the
inset of Fig. 23, where f(R},) was calculated from the digital time correlation
function measured in dynamic LLS. On the other hand, the extrapolation to
q — 0 leads to My, since the copolymer concentration is extremely low. The
same intercept clearly reveals no change in M, i.e., no interchain association.
Therefore, the shrinking of the chains with increasing temperature is purely
a single chain (intrachain) process. The plot of gRyv(q)/KC versus g(Rg) reveals
the increase of the chain segment density at higher temperatures.
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Fig.23 Angular dependence of Rayleigh ratio (Ryy(q)) of segmented PNIPAM-seg-St
copolymer chains in water measured from static LLS, where K is a constant, g is the scat-
tering vector and polymer concentration (C) was 7.2 x 1077 g/mL. The inset shows the
temperature dependence of the hydrodynamic radius distribution f(R},) determined from
dynamic LLS [94]

Figure 24 shows that both (Rg) and (Ry) decrease as the temperature in-
creases. Each data point was obtained only after the solution had reached
thermodynamically equilibrium and the measured value was stable. Note that
in each curve there exists a small kink at ~ 29.4 °C and that (Rg) /(Ryp,) remains
constant at ~ 1.15 in the range 29-30.6 °C, representing an additional tran-
sition prior to the collapse of the PNIPAM chain segments. The decreases of
both (Rg) and (Ry,) after the kink become faster. As shown before, the coil-
to-globule transition of PNIPAM homopolymer chains do not present such
a “kink” [32-34, 37-40]. The sharp decrease of (Rg)/(Ry,) from ~ 1.5 to ~ 0.6
in the inset confirms the coil-to-globule transition of individual copolymer
chains. However, a careful examination of Fig. 24 raises a number of questions.
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Fig.24 Temperature dependence of z-average root-mean square radius of gyration (Rg)

and average hydrodynamic radius (Ry) of PNIPAM-seg-St copolymer chains in water; the
inset shows the temperature dependence of the ratio of (Rg)/(Rp,) [94]
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The first question concerns the association of the stickers: do they asso-
ciate into a string of micelle-like flowers or as one core-shell-like flower? If
a string of flowers were formed, the overall chain structure would become
more rigid and, hence, (Rg)/(Ryp) should increase. In addition, these micelle-
like flowers would collapse and pack together at higher temperatures to form
a uniform globule. In contrast, if only one micelle-like flower was formed,
the hydrophobic stickers would condense in the center so that the resultant
globule should have a core denser than the shell. According to the defini-
tions of (Rg) and (Ry,), a hard sphere with a denser core has a smaller (Ry)
than a uniform sphere with the same size, but the density distribution has no
effect on (Ry,). In Fig. 22, the ratio (Rg)/(Ry) decreases from ~ 1.5 to ~ 1.1
in the range 25-29.8 °C, and at higher temperatures, becomes much smaller
than 0.774. As discussed earlier, the lower value of (Rg)/(Ry,) indicates a core-
shell structure. They also measured the ratios of (Rg)/(Ry,) for surfactant-free
polystyrene nanoparticles before and after grafting a layer of linear polymer
chains. The decrease of (Rg)/(Ry,) from ~ 0.8 to ~ 0.6 was due to the hydro-
dynamic draining of the grafted layer [100]. As discussed before, the lower
values of (Rg)/(Ry,) reflects a core-shell structure with a dense core, presum-
ably, made of the hydrophobic styrene stickers.

The second question is related to the existence of an additional transition at
~ 29.4 °C. As expected, hydrophobic styrene stickers tend to associate in wa-
ter. At lower temperatures, water is such a good solvent for PNIPAM that the
copolymer chain adopts a random coil conformation. The movements of the
stickers are also random and not correlated to each other because the PNIPAM
segments randomly fluctuate in solution. As the temperature increases in the
range 25-30.6 °C, the solvency of water for PNIPAM gradually decreases and
the hydrophobic stickers tend to gather towards the chain center and to move
in a more correlated fashion. Since water is not a poor solvent yet, the PNI-
PAM chain backbone is still in its swollen and coiled state, reflected in the fact
that the decrease of (R) in Fig. 24 is only ~ 30%. In order to distinguish such
a chain conformation from a normal random coil, it was named an “ordered
coil”.

Figure 25 schematically shows such a conformation transition from the
random coil to the ordered coil. As the temperature approaches ~ 30.6 °C (the
Flory ®-point), the stickers start to gather towards the center and each PNI-
PAM chain segment between two neighboring stickers forms a flower petal
(loop). The overall chain conformation becomes flower-like. Further increase
of the temperature leads to the condensation of all the stickers to form a core
and the shrinking of the PNIPAM loops in the shell, resulting in a collapsed
core-shell nanostructure. To confirm the existence of two such different tran-
sitions, Zhang et al. [94] carried out a thermal analysis of the copolymer
aqueous solution using a Micro-calorimeter (MicroCal Inc, USA) with a heat-
ing rate of 0.5 °C/min and a response time of 5.6 s.
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Fig.25 Schematic of transitions of chain conformation of a segmented copolymer chain
with stickers in dilute solution from a random coil to an “ordered coil” and then from an
“ordered coil” to a collapsed core-shell globule as the solvency of water for the PNIPAM
chain backbone decreases [94]

Figure 26 shows that for the PNIPAM homopolymer, the endotherm of the
transition is slightly skewed towards the high temperature side, whereas the en-
dotherm of a solution of PNIPAM-seg-St is abnormally skewed towards the low
temperature side, and surprisingly, the transition occurs at a higher tempera-
ture. This is because copolymerizing hydrophobic comonomers into PNIPAM
should decrease its shrinking temperature. Figure 26 shows that for a random
NIPAM and styrene copolymer with a comonomer composition similar to the
PNIPAM-seg-St copolymer used, the endotherm of the PNIPAM-co-St solution
has the normal skew and is indeed shifted to lower temperatures in compari-
son with the PNIPAM homopolymer solution. Considering the kink in Fig. 26,
one has to attribute the abnormal skew to a transition, which involves a small
amount of energy, prior to the shrinking of PNIPAM.

The inset in Fig. 26 shows that the endotherm related to the collapse of the
segmented copolymer can indeed be de-convoluted into two peaks. A small
peak appears ~ 1.2 °C before the homopolymer peak. It is ascribed to the
transition from the random coil to the ordered coil, while the large peak is re-
lated to the collapse of the PNIPAM chain backbone. Note that in comparison
with the transition temperatures obtained in LLS, all the peak temperatures in
DSC were ca. 1 °C higher. This is because the transitions in DSC were slightly
behind the temperature scanning, while the measurement in LLS could be
considered as an infinitely slow scanning. Therefore, the small peak in DSC
corresponds well with the kink in LLS. Also note that the collapse tempera-
ture of the short PNIPAM chain segments, the flower petals, is ~ 0.6 °C higher
than that of long PNIPAM homopolymer chains. This could be ascribed to the
chain length dependence of the phase transition temperature and also to the
fact that the collapse of those small PNIPAM petals (loops) has to overcome
an additional internal stress.
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Fig.26 Temperature dependence of partial heat capacity (Cp) of PNIPAM homopolymer,
PNIPAM-co-St (4.1 mol %) random copolymer and NIPAM-seg-St (3.9 mol %) segmented
copolymer in water; the polymer concentration was 1.0g/L and the heating rate was

0.5°C/min. The inset shows the de-convolution of stand partial heat capacity (Cl’;) of
PNIPAM-seg-St [94]

4
lonomers—From Intrachain Folding to Interchain Association

By definition, ionomers are copolymers with a few molar percent ionic groups
inserted on their chain backbones. The solubility of ionomers in water mainly
depends on the chemical nature of the chain backbone. For example, poly-
styrene ionomers are insoluble in water and poly(acrylamide) ionomers
are completely soluble in water in the temperature range 0-100 °C. Water-
insoluble ionomers have been extensively studied and reviewed and these
reviews can be easily found in the literature. Hereafter we will discuss only
ionomers soluble in water.

4.1
PNIPAM-co-KAA Copolymer Chains

PNIPAM has been anionically and cationically modified for different appli-
cations. Normally, such prepared copolymers are still thermally sensitive,
just like PNIPAM, in water as long as its ionic content is not too high. PNI-
PAM ionomers generally have a higher LCST than PNIPAM homopolymers.
In principle, they could be considered as one special example of hydrophili-
cally modified PNIPAM chains as we described in Sect. 3.2.1. However, we like
to review it as a special group of amphiphilic copolymers. This is because hy-
drophilic ionic groups have a much longer electrostatic interaction range in
pure water than hydrophilic neutral groups. In other words, each ionic group
can stabilize a larger surface area and play a stronger stabilization role when
the PNIPAM chain backbone becomes hydrophobic at higher temperatures.
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Using PNIPAM ionomers as a bridge, we will shift our discussion from the
folding of individual copolymer chains in extremely dilute solutions to the
formation of the mesoglobular phase of hydrophilically and hydrophobically
modified copolymer chains in dilute solutions. The synthesis of PNIPAM-co-
xKAA ionomers has been described before.

Figure 27 shows that for four different PNIPAM-co-0.8KAA concentrations,
Ry (0)/KC of each solution remains nearly a constant (~ 4-5 x 10° g/mol)
in the range 25-32 °C, very close to the average molar mass of individual
PNIPAM-0.8KAA chains, indicating that there was no interchain aggrega-
tion [101]. When the temperature is raised to ~ 32.5-33 °C, slightly higher than
the LCST of PNIPAM, Ry (6)/KC abruptly increases when the solution concen-
tration is higher than ~ 10~ g/mL, clearly indicating interchain association.
Further increase of the solution temperature to ~ 34-35 °C, leads Ryy(9)/KC
to a plateau, indicating that interchain association stops. From the ratio of
[Ryv(0)/KC] =45 °c/[Ryw(8)/KC]T=25 °C, the average number of the chains in-
side each aggregate (Ncphain) can be estimated. The values of N, are ~ 17,
~ 8 and ~ 4, respectively, for C = 5.0 x 107, 1.0 x 10~ and 9.5 x 107® g/mL.
For the lowest concentration (4.7 x 1070 g/mL), Ryv(q)/KC is independent of
temperature. Note that Ryy(q) is proportional to the square of the molar mass
of the scattering objects, i.e., a dimer scatters four times more light than an
unimer. A trace amount of interchain association can lead to a large increase
in Ryy(0)/KC. The temperature independence of Rvv(q)/KC indicates no in-
terchain association in such an extremely dilute solution even at temperatures
as high as 45 °C. This is very different from the folding of individual PNIPAM
homopolymer chains. First, single-homopolymer chain globules are not stable
at very high temperature. Second, it is much more difficult to induce the coil-
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Fig.27 Temperature and concentration dependence of the excess scattering intensity
Ry (0)/KC of PNIPAM-0.8KAA in deionized water, where K is a constant, and Ryy(0)/KC
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to-globule transition of homopolymer chains in a real experiment without any
interchain association. We will come back to discuss this point later.

Figure 28 shows that in the most dilute solution, (Ry) decreases as the
solution temperature increases, reflecting the intrachain coil-to-globule tran-
sition because we know from Fig. 27 that in this solution there is no interchain
association in the heating process. This is similar to the collapsing process ob-
served for a neutral PNIPAM homopolymer chain in an extremely dilute so-
lution [32-34, 37-41]. However, we have to note that the ionomer chains used
here are broadly distributed with a polydispersity index of M,,/My = 1.6-1.7
in comparison with those (My /My < 1.1) used in the study of the folding
of individual PNIPAM homopolymer chains, which makes the experiment
much easier. This is due to the stabilization role of ionic groups. The decrease
of (Ry) can be divided into three stages. In the low temperature range (25-
32°C), water progressively changes from a good solvent to a poor solvent,
resulting in slight contraction of the PNIPAM chain with a slightly smaller
(Rp). Around the phase transition temperature (32-35 °C), the PNIPAM chain
backbone undergoes the coil-to-globule transition so that (Ry) rapidly de-
creases. Finally, at temperatures higher than ~ 35°C, the PNIPAM chain
backbone reaches its fully collapsed globule state so that further increase of
the solution temperature has little effect on (Ry,).

In the solution with a higher concentration, interchain association accom-
panies intrachain contraction. When interchain association is dominant, (Ry,)
increases as the temperature increases, leading to a peak in the temperature
range of 32-35°C. At higher temperatures, Ryy(q)/KC stops to increase at
~ 34°C, as shown in Fig. 27, and reflects the end of interchain association.
Therefore, the decrease of (Ry,) at temperatures higher than ~ 34 °C is related
to further collapse of the PNIPAM chain backbones inside each aggregate.
Besides (Rg) and (Ry), a combination of static and dynamic LLS results can
also lead to other microscopic parameters of these stable interchain aggre-
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Fig.28 Temperature and concentration dependence of the average hydrodynamic radius
(Ry,) of PNIPAM-0.8KAA in deionized water [101]
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gates at ~ 34 °C, such as the weight average molar mass (M, agg), the average
number of copolymer chains inside each aggregate ((N)agg), the average sur-
face area per ionic group ((S)ionic), the average hydrodynamic volume of each
polymer chain inside ({V)chain) and the average chain density ({o)) defined as
My, agg/ (47 (Ry)®Ny/3). Table 1 summarizes these microscopic parameters.

It is worth noting that at 34 °C the aggregates formed in different solu-
tions have a similar (V). and (p). It indicates that at a given tempera-
ture the average degree of the shrinking of the polymer chains is similar in
spite of the fact that each interchain aggregate contains different numbers of
chains, in other words, interchain association has nearly no effect on intra-
chain contraction. Conventional wisdom tells us that interchain association
should retard intrachain contraction. However, the results in the table above
clearly reveal that intrachain contraction (the coil-to-globule transition) and
interchain association are two independent and competing processes. This is
important information.

In the fully collapsed state (45 °C), (Rg)/(Ry,) is in the range 0.73-0.84, in-
dicating that the aggregates behave like uniform solid spheres without any
draining. Note that this is different from single-chain core-shell structures
made of PNIPAM-g-PEO copolymers. The average density (p) of the ag-
gregates decreases as the aggregation number (N),g, decreases. It can be
attributed to the imperfect packing of the copolymer chains inside each
aggregate when only a few chains are packed inside each aggregate be-
cause the chain backbone is not infinitely flexible and the intrachain wrap-
ping inside each aggregate results in a larger free volume in comparison
with interchain wrapping [102]. When (N)ag > 8, (o) ~ 0.34 g/cm?, simi-
lar to the value of the aggregates made of neutral PNIPAM homopolymer
chains [103, 104]. For single-chain globules formed in the extremely dilute
solution, (p) ~ 0.2 g/cm?, slightly lower than that made of a single PNIPAM
homopolymer chain [32, 33], indicating that the ionic groups are on the pe-
riphery of the aggregate and have nearly no effect on the coil-to-globule
transition of the PNIPAM chain backbone. The slightly lower density can be
attributed to the ionic groups on the periphery, which leads to a slightly larger
(Rp) because of the hydration of ionic groups.

Table 1 Light-scattering results of PNIPAM-0.8KAA aggregates, respectively, formed at 34
and 45°C

34°C 45°C
C Muagg (R)  (Shiogic  {V)chain (Ry) (Rg) (o)
g/mol 107 g/mol (N> nm 1111012 ‘ 10° Cnran3 <N>agg nm (Rp) g/m013
50x107 7.68 17 87 178 162 17 87 0.78  0.34
1.0x10™* 3.88 8 68 209 164 8 68 0.73  0.34
9.4x10° 1.86 4 54 263  1.64 4 54 0.75  0.28
47x 10 4.97 1 35 491 1.80 1 35 0.84  0.20
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We can reasonably paint the following picture. During the coil-to-globule
transition, the PNIPAM chain backbone, more precisely, the segments be-
tween two neighboring ionic groups, collapse and associate with each other,
while all the ionic groups stay on the periphery of each resultant aggregate
to act as stabilizers. As the chain association proceeds, the average number
of ionic groups on each resultant particle should be proportional to the mass
of the aggregate (Magg) or the cubic of the size ((Rp)?) if we assume that the
aggregates have a uniform chain density. On the other hand, the average sur-
face area of the aggregate is only proportional to the square of the size ({Ry,)?)
or Mﬁéz. Therefore, the surface area per ionic group is reversibly proportional

to (Ry), i.e., (Ry)~! or M;glé3. This means that (S)ionic should decrease as the
chain association proceeds. At the same time, the intrachain coil-to-globule
transition also leads to the decrease of (S)ionic-

Figure 29 shows a sharp decrease of (S)ionic in the temperature range of
32.5-33 °C, which exactly corresponds to the interchain association (the in-
crease of Ryy(0)/KC) in Fig. 25 and the peak position of (Ry) in Fig. 26).
Logically, there is a minimum value of (S)ionic, at which the surface of each
aggregate is “fully covered” by ionic groups so that further chain association
becomes impossible because of long-range electrostatic repulsion. However,
the intrachain coil-to-globule transition inside the aggregates continues. This
is exactly why (Ry) in Fig. 26 first increases and then decreases, but (S)ionic
in Fig. 29 only decreases. It is worth noting that for aggregates with different
sizes formed in different solutions, (S)ionic approaches a similar value at high
temperatures. This is reasonable because for a given colloidal system, or more
precisely, an interface (here this is water/collapsed PNIPAM), the surface area
occupied per stabilizer should be a constant, independent of the particle size,
if we consider that the process is thermodynamically controlled. This point
has already been experimentally demonstrated with different systems, such
as micro-emulsion [105-107] and the formation of various surfactant-free
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Fig.29 Temperature dependence of the average surface area (S)ionic per ionic group on the
PNIPAM-0.8KAA aggregates, where (S)ionic is defined as 47 (Rn)?/(Nionic [101]
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polymeric nanoparticles [108-112]. Therefore, (S)ionic is @ fundamental pa-
rameter governing the final size of the chain aggregates.

As expected, increasing the ionic content generally resulted in smaller
aggregates [101], but the competition between intrachain contraction and
interchain association have a similar effect in this aspect, because for PNI-
PAM ionomers with a higher ionic content, it requires a much lower degree
of aggregation to reach the same minimum value of (S)ionic. For PNIPAM-
4.5KAA in an extremely dilute solution (C = 5.0 x 10°® g/mL), only intrachain
contraction (the coil-to-globule transition) occurs. Figure 30 shows that (Ry)
returns to the starting point when the solution was cooled to 25 °C, indi-
cating that the solution returns to its initial state in which only individual
ionomer chains exist. On the other hand, the heating rate independence of
(Rp) at 45°C implies that the solution at 45°C reaches a thermodynamic
equilibrium state. However, near the coil-to-globule transition temperature
(32-34°C), the values of (Ry) in the heating and cooling processes are dif-
ferent at the same temperature. The hysteresis is similar to the folding of
PNIPAM homopolymer chains. It can be attributed to some intrachain hydro-
gen bonding formed in the collapsed globular state, which persists around the
©-temperature in the cooling process because water is still a very good sol-
vent. This is why (Ry},) is smaller. When the temperature is lower than 25 °C,
water becomes such a good solvent that all intrachain association is destroyed
and (Ry) returns to its initial value before the heating.

In principle, intrachain contraction should occur before interchain asso-
ciation as long as the solution is sufficiently dilute. The limitation is the
sensitivity of our detection in laser light scattering. Note that in Fig. 27,

25.0 300 350 40.0 450
T/°C
Fig.30 Temperature dependence of (Ry) of a dilute PNIPAM-4.5KAA solution (C = 5.0 x
1070 g/mL) respectively in slow heating and cooling processes, (] represents that the so-
lution was jumped from 25 to 45°C by a single step and then slowly cooled to each
measurement temperature; A and o represent that the solution was slowly heated to
each measurement temperature from 25°C to 45°C and then slowly cooled to each

measurement temperature. Every data point was obtained after the system reached its
equilibrium [101]
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temperature-induced intrachain contraction and interchain association sim-
ultaneously occurs when the concentration is slightly higher. However, the
processes are so fast that one cannot distinguish the two processes even in di-
lute solutions. In the lowest concentration, only intrachain contraction occurs
and ionic groups on the periphery stabilize single-chain collapsed globules. It
would be ideal to find a system where under proper experimental conditions
the evolution from intrachain contraction to interchain association could be
observed. The following is an example.

4,2
PAM-co-NaAA Copolymer Chains

It is known that certain metal ions like Ca*™ can specifically interact with car-
boxylic groups. If carboxylic groups are attached to a polymer chain backbone,
such as partially hydrolyzed poly(acrylamide) (HPAM), the COO™/Ca** inter-
action could lead to intrachain contraction and interchain association through
the polyion/metal “complexation” [113]. Flory and Osterheld [114] showed, as
early as 1954, that Ca** jons could change the chain conformation. Ohmine
et al. [115] and Ben Jar et al. [116] studied the effects of monovalent and diva-
lent cations on the collapsing of HPAM. Moreover, a few mechanistic models
have been used to describe the aggregation of polyelectrolyte chains [117-
119]. Michaeli [120] interpreted the aggregation as a function of the ionization
degree and of the inert monovalent electrolyte concentration in terms of a sto-
ichiomeric complex between divalent cations and anionic groups.

The aggregation kinetics have also been extensively studied [121]. The re-
cent observation of fractal structures of the polymer clusters has sparked a re-
newed interest in aggregation kinetics [122]. Two distinct aggregation kinetic
processes have been proposed and investigated. One is the diffusion-limited
cluster aggregation (DLCA) controlled by the time taken for two clusters to
collide via Brownian diffusion [123, 124]; and the other is the reaction-limited
cluster aggregation (RLCA) in which the probability of forming a bond upon
collision of two clusters is so high that the aggregation rate is chemically
limited by its reaction rate. The RLCA has been observed in several colloid
systems and modeled by computer simulation [125-128]. In general, the frac-
tal dimension ds is defined as: M ~ R%, where M is the molar mass and
R is the cluster size [124]. In RLCA, df ~ 1.55 and ~ 2, respectively, in 2-
dimensional and hierarchical 3-dimensional simulations. The experimental
values of d; for the clusters formed in RLCA were ~ 2.1 4+0.1. Ball et al. [129]
pointed out that in RLCA, the slightly larger experimental df values were due
to the cluster’s polydispersity.

Peng et al. [130] used the complexation of the HPAM chains in CaCl, aque-
ous solution to investigate the complexation-induced transition from intra-
chain contraction to interchain association over a wide range of the hydrolysis
degrees and Ca** concentrations as well as the structure of the HPAM/Ca*™*
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complexes. They hydrolyzed PAM homopolymer in an aqueous solution (10%
NaOH + 10% NaCO3) at 60 °C [131]. The hydrolysis degree (HD%) is con-
trolled by the reaction time. The hydrolysis degree can be determined by
titration with a 0.10 N HCI standard solution [132]. The complexation was
induced by adding dropwise a proper amount of dust-free CaCl, aqueous
solution into ~ 2 mL of dust-free HPAM aqueous solution. The initial con-
centration of the HPAM solution was kept at 1.00 x 10~ g/mL. All the HPAM
solutions used in LLS were clarified with a 0.5 um Millipore filter and the
CaCl, aqueous solution was clarified with a 0.1 um Whatman filter (Anotop
25) to remove dust.

Figure 31 shows the kinetics of the complexation between HPAM/Ca**
in terms of the change of (Ry) for five different HPAM samples in a given
CaCl, aqueous solution. For each HPAM sample, (Ry,) approaches a plateau
(Rh)max. As expected, (Rn)max decreases with the hydrolysis degree. Note that
there exists an initial stage in which (Ry,) decreases, that reveals intrachain
complexation in which individual chains contract before interchain associa-
tion. For HPAMS5, interchain complexation is dominant and initial intrachain
contraction is too short to be observed, while for HPAM1, intrachain com-
plexation becomes so dominant that there is no increase of (Ry). As for
HPAM?2, HPAM3 and HPAM4, the transition from intrachain to interchain is
fairly clear. Figure 31 also reveals that for a given Ca™ concentration, the
complexation-induced interchain association is directly related to the hydrol-
ysis degree. This is because the carboxylic groups on the chain backbone act
as “stickers” to “glue” different chains together, similar to the results of the
PMA/Ca*™ system reported by Yuko et al. [133].

Figure 32 shows the Ca** concentration dependence of (Ry)max for five
different HPAM samples. The inset shows an enlargement of the low [Ca*™]
range in which (Rp)max first decreases as [Ca**] increases, indicating the
complexation-induced intrachain contraction. Further increase of Ca** con-
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Fig.31 Time dependence of average hydrodynamic radius ((Ry)) of the HPAM/Ca**
complexes for complexation of HPAM chains in 0.08 M CaCl, aqueous solution [130]
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centrations leads to a sharp increase of (Ry), revealing the complexation-
induced transition from intrachain contraction to interchain association.
The results in Figs. 31 and 32 reveal that the complexation between the
HPAM chains in CaCl, aqueous solution can be dominated by either intra-
chain or interchain interaction, depending on both the hydrolysis degree and
Ca™™ concentration. The complexation can be viewed as follows. Each HPAM
is a long coil chain with hundreds of “stickers” (— COO~). Two “stickers”
and one Ca** jon can be driven thermodynamically together to form one
(= COO0),Ca complex point. These interchain “points” result in the cluster-
ing of the HPAM chains and they further collide with each other or with
individual HPAM chains, leading to larger clusters. Finally, when either Ca*™*
ions or — COO™ groups are consumed, the complexation stops. In the process,
clusters with different sizes were formed. Note that the intrachain — COO~
groups are closer than those interchain — COO~ groups in a dilute solution.
For the HPAM chains with a low hydrolysis degree in a low Ca** concen-
tration, intrachain complexation is expected to be easier; while for a higher
hydrolysis degree and a higher Ca™* concentration, interchain complexation
becomes dominant. In the middle range of [Ca**] and [- COO~], individual
HPAM chains first undergo intrachain complexation through the neighbor-
ing carboxylic acid groups on the same chain before interchain complexation
becomes apparent.

Figure 33 shows double logarithmic plots of M, versus (Ry,) of HPAM/Ca**
complexes for a given HPAM sample but different Ca** concentrations. Fig-
ure 34 shows double logarithmic plots of My, versus (Ry) for a given Ca*™™
concentration but different HPAM samples, where the values of M,, were cal-
culated from the measured Rayleigh ratio on the basis of Eq. 1. Note that
the ratio of (Rg)/(Ry,) nearly remains a constant of ~ 1.35 in the measurable
range of (Rg). Figures 33 and 34 clearly reveal that M, can be scaled to (Ry,)

as My o (R)211#004 for different Cat* concentrations and different HPAM
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Fig.32 Ca'* concentration dependence of the maximum average hydrodynamic radius
(Rh)max> where (Rp,)max is the plateau value as shown in Fig. 31 [130]
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Fig.34 Double logarithmic plots of weight average molar mass (M) vs. hydrodynamic
radius (Ry) for different HPAM samples in 0.08 M CaCl, aqueous solution [130]

samples. This suggests that the HPAM/Ca** complexes have a fractal struc-
ture with a dimension of df = 2.11 +0.04, which is in good agreement with the
value predicated for RLCA [134, 135].

5
Formation of a Stable Mesoglobular Phase in Dilute Solutions

The above discussion clearly shows that the increase of anionic copolymer
concentration or the strength of chain interaction can lead to a transi-
tion from intrachain contraction to interchain association. It can result in
a mesoglobular phase in which a limited number of copolymer chains are as-
sociated together to form polymeric colloidal particles stable between micro-
scopic single-chain globular phase and macroscopic phase separation (pre-
cipitation). It is not a surprise to see the formation of such stable mesoglob-
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ules because ionic groups on the periphery have strong electrostatic repulsion
to prevent further aggregation. Note that such long-range electrostatic inter-
action is difficult to handle in theory. In literature, the formation of stable
mesoglobules made of neutral copolymer chains without any stabilizer has
also been predicted [136-138]. It also should be noted that the effect of
comonomer composition on chain association has not been systematically in-
vestigated. This is partially because it requires some challenging synthesis to
control the comonomer composition.

5.1
Effect of Comonomer Composition

Recently, Siu et al. [139] studied the effect of comonomer composition on
the formation of the mesoglobular phase of amphiphilic copolymer chains
in dilute solutions. The copolymer used was made of monomers, N,N-
diethylacrylamide (DEA) and N,N-dimethylacrylamide (DMA). Like PNI-
PAM, PDEA is also a thermally sensitive polymer with a similar LCST, but
PDMA remains water-soluble in the temperature range (< 60 °C) studied. At
room temperature, copolymers made of DMA and DEA are hydrophilic, but
become amphiphilic at temperatures higher than ~ 32 °C. Before the associa-
tion study, each P(DEA-co-DMA) copolymer was characterized by laser light
scattering to determine its weight average molar mass (M) and its chain
size ((Rg) and (Ry)). The copolymer solutions (6.0 x 10~* g/mL) were clari-
fied with a 0.45 um Millipore Millex-LCR filter to remove dust before the LLS
measurement.

Figures 35 and 36 reveal that for each copolymer studied, the average ag-
gregation number (N,g¢) and average hydrodynamic radius ((Ry,)) of polymer
clusters made of collapsed and associated P(DEA-co-DMA /x) chains increase
and approach corresponding constants after a certain time, indicating the for-
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Fig.35 Time dependence of average aggregation number (Nag) of P(DEA-co-DMA)
mesoglobules formed under different heating rates [139]
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Fig.36 Time dependence of average hydrodynamic radius ((Ry)) of P(DEA-co-DMA)
mesoglobules formed under different heating rates [139]

mation of stable mesoglobules, where Nagg was calculated from the ratio of
the weight-average molar masses of the interchain aggregates and individual
copolymer chains measured in static LLS. Note that for larger particles, the
following Guinier plot instead of the Zimm plot (Eq. 1) has to be used.

( ke ) = 1 exp(- leqz) for Rgg>1. 9)
Rw(qg) /o Mw 38

It should be stated that aggregates formed in this way were so stable that
no change in the scattering intensity was observed over months. It is also
helpful to note that the stabilization in water was reached without the add-
ition of any ion or surfactant. The stabilization is due to the concentration of
hydrophilic DMA segments on the periphery of the aggregates during the mi-
crophase separation. It has been found that (R}) is nearly independent of g
in the low scattering angle range. The resultant stable mesoglobules are nar-
rowly distributed with a relative width less than 0.05, as shown in Fig. 37. This
is understandable because the association is an average process.

A combination of Figs. 35 and 36 shows that for a given heating pro-
cess, Nagg increases with the DMA content. On the other hand, for a given
copolymer, the fast heating results in a much smaller N,g; with a slightly
larger size with (Rg)/(Ry) ~ 1, indicating that they must have a loose struc-
ture. In comparison, the aggregates formed in the slow heating have a ratio
of (Rg)/(Ry) ~ 0.8. Further, it shows that at the very initial stage of the mi-
crophase transition, Nage remains a constant, but (Ry,) slightly decreases (not
so obvious in Fig. 36) in the fast heating process, reflecting that intrachain
contraction appears before interchain association. As expected, intrachain
contraction must force the hydrophilic DMA segments to stay on the periph-
ery to minimize the surface energy and slow down interchain association,
resulting in a slower kinetics and smaller mesoglobules presumably consist-
ing of many loosely packed small single- or pauci-chain collapsed globules. It
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P(DEA-co-DMA) mesoglobules formed under different heating rates [139]
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should be noted (not straight forward) that intrachain contraction (“folding”)
can lead to a chain density lower than interchain aggregation (interchain pen-
etration) because no chain is infinitely flexible. This partially explains why the
mesoglobules formed in the fast heating have a lower chain density.

Such a lower chain density can also be viewed from the scaling between
the scattered light intensity (I) and the scattering vector (g) for resultant sta-
ble mesoglobules formed in different heating processes (Fig. 38). It is known
that the scaling exponent « in I oc g™ is the fractal dimension in the scaling
between molar mass and size, i.e., M o« R*. The increase of o from 1.8-1.9
to 2.2 indicates that the association changes from a diffusion-limited process
to a reaction-limited process [140]. In a reaction-limited process, many col-
lisions only results in a sticking (association), while in a diffusion-limited
process, each collision leads to a sticking. Therefore, in a reaction-limited
process, each particle or cluster has a much higher chance to penetrate
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into the “fiords” of the existing aggregates before they stick together [140],
which results in a higher chain density. This explains why « is higher for the
mesoglobules formed in the slow heating process.

5.2
Effect of Comonomer Distribution

After investigating the effect of comonomer composition on the chain asso-
ciation as well as the effect of comonomer distribution on the chain folding,
Siu et al. [141] extended their study to the effect of comonomer distribution
on the chain association. They copolymerized NIPAM and vinyl pyrroli-
done (VP) at temperatures, respectively, higher and lower than the LCST,
which resulted in segmented and random VP distributions on the PNIPAM
chain backbone. The synthesis characterization of these PNIPAM-co-VP am-
phiphilic copolymers with a similar chain length and comonomer compo-
sition, but different comonomer distributions, were described in previous
sections.

The results showed that after the solution temperature is raised to a tem-
perature higher than the LCST, both M,, and (Ry,) increase as the time elapses
and approach corresponding constants after a certain time, similar to Figs. 35
and 36. Mesoglobules formed in this way were stable for a long time, indicat-
ing that the interchain association stopped at a certain stage. It was also found
that the average hydrodynamic radius of such resultant stable mesoglob-
ules ((Rp)r—oc) decreases as the aggregation temperature (Taggregation) in-
creases, while their weight average molar mass ((My);—o0) increases when
Taggregation <~ 37 °C, but decreases when Tyggregation is higher than 37 °C. The
fact that stable aggregates formed at 36 °C have a smaller M,, but a larger
(Rp), clearly indicates that they have a loose structure. This is because the
copolymer chains are only partially collapsed at 36 °C. The stable mesoglob-
ules are narrowly distributed, similar to those in Fig. 37. No precipitation was
observed even after a long time, reflecting no change in the scattering inten-
sity.

(Rg)/(Ry), as shown in Fig. 39, reveals the structural information of these
mesoglobules. The date points are scattered due to experimental uncertain-
ties, especially in the measurement of (Rg) for large aggregates. However, the
decrease of (Rg)/(Ry) from ~ 1.5-1.7 to ~ 0.8 reveals a change from extended
random-coil chains to uniform spherical aggregates, i.e., mesoglobules. The
mesoglobules made of the NIPAM-co-VP/30/11 chains have the highest ratio
of (Rg)/(Ry,). This is because NIPAM-co-VP/30/11 has the highest hydropho-
bic VP content and a random distribution of VP on the chain backbone so
that its contraction is hindered. The formation of such stable mesoglobules is
analogous to that described by Timoshenko et al. [136-138].

Figure 40 shows the temperature dependence of the average aggregation
number (Ngai,) of stable mesoglobules made of four different P(NIPAM-
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Fig.39 Aggregation temperature dependence of ratio of average radius of gyration to
average hydrodynamic radius ({Rg)/(Rp)) of resultant stable mesoglobules made of dif-
ferent copolymers [141]

co-VP) copolymers, where Np,i, was obtained from the ratio of the weight
average molar masses of the mesoglobules and chains. Note that for the
copolymers with 10 mol % VP, Ncpain reaches its maximum at a higher tem-
perature because they are more hydrophilic. For each pair of copolymers
with a similar VP content, the mesoglobules made of the copolymer chains
prepared at 60 °C have a higher Ncp,in. On the other hand, for each pair of
copolymers prepared at the same temperature, the copolymer with a higher
VP content has an expected smaller N¢p,i, because the average length of the
PNIPAM segments is shorter and the copolymers are more hydrophilic.

It is a hypothesis that the copolymer chains prepared at higher tempera-
tures would have a more segmented structure because it is expected that most
of the VP monomers would be copolymerized on the periphery of collapsed
PNIPAM segments. In other words, the chains prepared at 60 °C would have
a more segmented structure in comparison with those prepared at 30 °C.
In this way, for a given VP content, the average length of the PNIPAM seg-
ments between two neighboring VP segments should be longer than that
of a statistically random copolymer prepared at 30 °C. It is expected that
at high temperatures NIPAM-co-VP/60/x copolymers with longer PNIPAM
and PVP segments can provide a stronger hydrophobic interaction as well as
a stronger hydrophilic stabilization force, which have the opposite effect on
the formation of the mesoglobular phase. However, the effect of hydropho-
bic interaction should be larger because PNIPAM is a major component and
the length increase of the PNIPAM segment is much faster when the VP
monomers start to group together as short segments. This explains why the
copolymer chains prepared at 60 °C result in larger aggregates.

Another feature of Fig. 40 is the initial sharp increase of N pain followed by
a gradual decrease. Note that for each copolymer, the temperature at which
Nchain reaches its maximum roughly corresponds to the temperature at which
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Fig.40 Aggregation temperature dependence of average aggregation number (Nchain) of
resultant stable mesoglobules made of different copolymers, where N, is defined as

M, mesoglobule/Mw, chain [141]

individual copolymer chains reach their fully collapsed states. The increase
of Nchain With the aggregation temperature is understandable because long
PNIPAM segments become more and more hydrophobic. Before reaching the
collapse temperature, less compact chains can interpenetrate with each other
so that the interchain association dominates. At higher aggregation tempera-
tures, intrachain contraction becomes dominant and short hydrophilic VP
segments tend to stay on the periphery to minimize the interfacial energy.
In this way, the interchain association is retarded, which explains why N pain
decreases in the high aggregation temperature range.

Thermodynamically, the formation of stable mesoglobules instead of
macroscopic phase separation requires a delicate balance between enthalpic
and entropic contributions. In comparison with macroscopic precipitation,
the existence of many small mesoglobules must gain in the translational
entropy (AS >0) as well as in the interfacial energy (AH >0). For a ho-
mopolymer in a poor solvent, the gain of AH is larger than TAS, ie,
AG= AH - TAS > 0. Therefore, the equilibrium moves towards the direc-
tion of forming macroscopic precipitation. For amphiphilic copolymers in
a selective solvent (often water), a microphase separation can occur, in
which the association of hydrophobic segments leads to intrachain contrac-
tion and interchain aggregation, but hydrophilic segments tend to stay on
the periphery. Under a proper condition, TAS can offset that of AH, ie.,
AG= AH - TAS <0, so that further interchain aggregation stops. It is ex-
pected that more hydrophilic groups on the periphery would lead to smaller
mesoglobules. However, due to the chain connectivity, a perfect arrangement
to expose all hydrophilic VP components on the periphery is impossible. For
a given type of copolymers with a similar composition, longer hydropho-
bic (shorter hydrophilic) segments should make the arrangement easier. As
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discussed before, the copolymer synthesized at 60 °C has longer PNIPAM
segments than its counterpart prepared at 30°C for a given comonomer
composition. Longer PNIPAM segments provide a stronger hydrophobic at-
traction at high temperatures so that the copolymer chains prepared at 60 °C
have a lower LCST and a higher N p,i, than its counterpart prepared at 30 °C.

The competition between intrachain contraction and interchain associa-
tion can be better viewed from the temperature dependence of (Ry,), as shown
in Fig. 41. A comparison of Figs. 40 and 41 shows that such a temperature de-
pendence can be roughly divided into three regions. In the lower temperature
range, where Ncp.in remains constant (~ 1), (Ry) decreases as the solution
temperature increases, reflecting the contraction of individual chains. In the
middle temperature range, Nch,in and (Ry) increase before reaching their
maximum values, showing that interchain association becomes dominant. In
the higher temperature range, both Ncpain and (Ry) decrease as the aggrega-
tion temperature increases. It should be noted that the decrease of (Ry) in
the lower and higher temperature ranges is caused by completely different
reasons. In the higher aggregation temperature range, intrachain contraction
happens prior to interchain association. The higher the aggregation tempera-
ture the faster the contraction rate. Therefore, individual collapsed copolymer
chains have much less chance to undergo interchain association. This is why
both Ncphain and (Ry) decrease in this region.

Figure 42 shows the temperature dependence of the average chain dens-
ity ((p)) of stable mesoglobules, where (p) is defined as My, /(47 (Ry)>Ny/3).
For all the copolymers studied, (p) always increases with the aggregation tem-
perature. As discussed before, intrachain folding normally results in a lower
chain density than interchain penetration because the chains are not in-
finitely flexible. For the copolymer pair, NIPAM-co-VP/60/10 and NIPAM-
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Fig.41 Aggregation temperature dependence of average hydrodynamic radius ((Ry)) of
resultant stable mesoglobules made of different copolymers [141]
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Fig.42 Aggregation temperature dependence of average chain density ({p)) of re-
sultant stable mesoglobules made of different copolymers, where (p) is defined as
My/ (47 (Ry)*Na/3) [141]

c0-VP/30/11, the NIPAM-co-VP/60/10 mesoglobules have a higher average
chain density because the copolymers prepared at 60 °C have longer PNIPAM
segments and tend to form stronger interchain association as discussed ear-
lier. However, for the pair of copolymers with a lower VP content, the NIPAM-
c0-VP/60/5 mesoglobules have a lower (p). The study of the chain folding
showed that the coil-to-globule transition of individual NIPAM-co-VP/60/5
chains is easier [56]. The lower chain density reflects that NIPAM-co-VP/60/5
mesoglobules consist of many small collapsed single-chain globules, i.e., in-
trachain contraction is dominant in the formation of the mesoglobular phase.

5.3
Viscoelastic Effect on Formation and Stabilization of Mesoglobules

It is understandable, if not straightforward, that the copolymerization of
some hydrophilic comonomers into a hydrophobic chain backbone can pre-
vent macroscopic phase separation (precipitation) in aqueous solutions and
result in stable mesoglobules because these water-soluble comonomers have
a tendency to stay on the periphery and reduce the surface energy. On the
other hand, hydrophobically modified water-soluble chains are known as as-
sociating polymers because hydrophobic comonomers in the chain backbone
act as “stickers” in water. In a semi-dilute or concentrated solution, such
copolymer chains can associate with each other to form insoluble large clus-
ters or even form a hydrogel. Due to such strong interchain association, it
would be difficult to imagine that they could form small stable mesoglobules.

Recently, we surprisingly found that even hydrophobically modified
PNIPAM-co-MACA comonomer chains can form stable mesoglobules at
higher temperatures [142]. Moreover, opposite to our expectation, the PNI-
PAM copolymer with a higher content of hydrophobic comonomer could
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form smaller aggregates in water under an identical experimental condition.
Note that MACA homopolymer is insoluble in water at room temperature.

Three copolymers, PNIPAM-co-1.0-MACA, PNIPAM-co-2.9-MACA and
PNIPAM-co-4.9-MACA were used. Their weight-average molar masses (M)
are 9.4 x 10°, 8.3 x 10° and 6.5 x 10° g/mol, respectively. In order to avoid
possible interchain association, we kept each dilute solution in a refrigerator
for at least one day to ensure a complete dissolution. The solution was clari-
fied by a 0.45 Millipore (Hydrophlic Millex-LCR, PTFE) filter and then kept in
a refrigerator again for a few days before LLS measurements.

Figure 43 shows an expected decrease of the LCST with an increasing hy-
drophobic MACA content. For PNIPAM-co0-1.0-MACA, a gradual heating of
the solution from 10 °C to 50 °C leads to large mesoglobules with Npgg ~ 4000,
while for PNIPAM-co-4.8-MACA, the same heating results in much smaller
aggregates only with Nagg ~ 10, which clearly shows that N, decreases with
an increasing MACA content. On the other hand, the initial decrease of (Ry)
in the range T < LCST, as shown in Fig. 44, reflects intrachain contraction
because Nyge = 1 in the same temperature range. For PNIPAM-co-1.0-MACA,
the increases of both Nag; and (Ry,) in the range T > LCST reflect that in-
terchain association becomes dominant. For PNIPAM-co-4.8-MACA, Fig. 44
shows a continuous decrease of (Ry,) before its leveling-off at ~ 32 °C, similar
to the coil-to-globule transition of individual single chains [13]. However, the
increase of Nagg in Fig. 43 reveals that there still exists interchain association
even though intrachain contraction is dominant here. For PNIPAM-co-2.9-
MACA, the transition from intrachain-contraction dominant to interchain-
association dominant is fairly clear. The leveling-off of Nage and (Ry) for

PNIPAM-co-1.0-MACA
S

1010 20 30 40 50

T/°C
Fig.43 Temperature dependence of average aggregation number (Nagg) of PNIAPM-co-
MACA mesoglobules formed in a gradual heating process, where Nagg = My, agg /My, chain
with My, agg and My, chain> the weight-average molar masses of the copolymer aggregates
and of the chains, respectively; and copolymer concentration is ~ 10~ g/mL. Note that
each data point was obtained after the temperature equilibrium was reached [142]
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Fig.44 Temperature dependence of average hydrodynamic radius ((Ry)) of PNIAPM-co-
MACA mesoglobules formed in a gradual heating process, where each data point was

obtained after the temperature equilibrium was reached and copolymer concentration is
~ 1075 g/mL [142]

all the samples at higher temperatures indicates the formation of stable
mesoglobules.

Now, let us discuss why those chains with a high content of hydropho-
bic MACA form smaller aggregates. Picarra and Martinho [143] showed
that in the phase separation of a thin-layer dilute homopolymer solution on
the surface, the collision would not be effective as long as the collision (or
contact) time (z.) is shorter than the time (z.) needed to establish a per-
manent chain entanglement between two approaching aggregates. Quantita-
tively, Tanaka [144] showed that 7. and 7. could be roughly characterized
as

2 2 n3 43/2
bo <T. < b and T~ AN

() (D) Dy
where [, is the interaction range, (v) and (D) are the mean thermal vel-
ocity and transitional diffusion coefficient of aggregates, respectively, ¢ is
the average polymer concentration inside chain aggregates, and am,, N and
Dp, are the length, number and diffusion coefficient of monomer, respectively.
When 7. < 7., two colliding aggregates have no time to stick together and
they behave just like two tiny elastic nonadhesive “glass” balls. Such an ef-
fect is a character of the viscoelasticity of long polymer chains. Our previous
study showed that ¢, in the collapsed state could be as high as 30 wt % even
though the overall concentration was very low (~ 10~° g/mL) [32]. Therefore,
the relaxation of long chains inside each aggregate is very slow. Homopolymer
aggregates formed in this way are thermodynamically unstable because there
is no hydrophilic stabilization group on the periphery to reduce ..

For a given polymer solution under certain experimental conditions, I,
am, Nm and Dy, in Eq. 10 are constants. One can only increase (D) and ¢, to

> (10)
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ensure that 7. < 7. in order to reach a stable mesoglobular phase. Over the
years, researchers always tried to make the aggregate’s periphery hydrophilic
to prevent the aggregation on the basis of thermodynamics, which actually re-
duces I, and 7., but overlooked the effect of increasing 7. to keep 7. K 7, i.e.,
how to use the viscoelasticity to stabilize mesoglobules. As expected, increas-
ing the hydrophobic MACA content promotes both interchain association
and intrachain contraction. In dilute solutions, enhancing intrachain contrac-
tion increases ¢, inside each aggregate even though the overall macroscopic
concentration remains. At the same time, 7. decreases because the strong
intrachain contraction reduces the initial size of the aggregates, leading to
a higher (D). Moreover, hydrophobic association inside each mesoglobule
gravely slows down the chain relaxation inside each mesoglobule and in-
creases T.. Therefore, in some sense, it is not so crazy to claim that the
hydrophobic association plays a partial role in the stabilization.

On the other hand, considering such a competition between intrachain
contraction and interchain association as well as the viscoelastic effect, we
dilute the copolymer solution to the limit of our LLS detection in order to
suppress interchain association. Figure 45 shows that after ~ 10-time dilu-
tion, there is no observable change in the time-average scattering intensity
(I) over the entire temperature range studied. As discussed earlier, (I) is ex-
tremely sensitive to interchain association; namely, the association of two
chains doubles the scattering intensity. The constant value of (I) indicates
that there is no interchain association. Figure 45 represents a pure intrachain
coil-to-globule transition. We must note that due to the help of “hydropho-
bic stabilization”, the experimental realization of the folding of individual
MACA modified PNIPAM copolymer chains without interchain association is
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Fig.45 Temperature dependence of average hydrodynamic radius ({Ry)) of PNIAPM-co-
4.8-MACA mesoglobules formed in a gradual heating process, where each data point was
obtained after the temperature equilibrium was reached and copolymer concentration is

10x more dilute than that in Figs. 1 and 2. The inset shows the temperature dependence
of average scattering intensity ((I)/(I)o), where (I)o is the reference intensity [142]
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much easier in comparison with the formation of single PANPM homopoly-
mer chain globules [32]. We also found that intrachain contraction can be
promoted if the copolymer solution is quickly quenched to a desired phase
separation condition because of sudden increases of ¢ and .

The above discussion has been schematically summarized in Fig. 46. The
formation of the mesoglobular phase of amphiphilic copolymer chains in
dilute solution during microphase separation inevitably involves competi-
tion between intrachain contraction and interchain association. The resultant
mesoglobules are stabilized not only by the well-known concentration of hy-
drophilic components on the periphery, but also by the overlooked hydropho-
bic association inside each mesoglobule. This can be attributed to the effect
of viscoelasticity even in a dilute solution; namely, when the chain entangle-
ment time (%) between two colliding mesoglobules is much longer than their
interaction time (), each mesoglobule becomes a tiny nonadhesive “glass”
ball. Either increasing the rate of microphase separation or diluting the so-
lution can decrease t. because intrachain contraction becomes so dominant
that smaller initial mesoglobules are formed with a larger diffusion coeffi-
cient. On the other hand, increasing either the MACA content or the chain
length can increase .

On the basis of Eq. 10, using long chains (larger N) should be a very effect-
ive way to increase t.. Conventionally, one would think that the association
of long chains should lead to larger aggregates. However, long copolymer
chains can reach the condition of 7. > 7. much more easily in the earlier
stage of the microphase separation than short chains so that further entan-
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Fig.46 Schematic of competition between intrachain contraction and interchain associ-
ation in formation of PNIAPM-co-MACA mesoglobules, respectively, made of the chains
with low and high hydrophobic MACA contents [142]
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glement between longer chains respectively in two different mesoglobules
becomes much more difficult, if not impossible, in the experimental time
scale. In other words, the viscoelastic effect “overwrites” thermodynamics
and leads to a special meta-stable, but very stable, state in dilute solution.
Some years ago, Qiu et al. [145] found that longer PNIPAM-g-PEO copoly-
mer chains could form smaller stable mesoglobules if other conditions were
kept the same, but they did not attribute this to the effect of viscoelastic-
ity at that time. They used two copolymers, PNIPAM-g-PEO1 (M,, = 7.29 x
10® g/mol) and PNIPAM-g-PEO2 (M,, = 7.85 x 10° g/mol) copolymers with
a similar PEO distribution.

Figures 47 and 48, respectively, show the temperature and concentration
dependence of (Ry) and Ryy(6)/KC of PNIPAM-g-PEO1 in water. Ry (0)/KC
is proportional to the weight average molar mass My, on the basis of Eq. 1.
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Fig.47 Temperature and concentration dependence of the average hydrodynamic radius
(Rp) of PNIPAM-g-PEO1 in deionized water [145]
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Fig.48 Temperature and concentration dependence of the excess scattering intensity
Ryv(0)/KC of PNIPAM-g-PEO1 in deionized water [145]




168 G. Zhang - C. Wu

Here, the solution temperature was raised step-by-step from 25 to 50 °C, i.e.,
it was stopped at each measurement temperature and the LLS measurement
was conducted only after the equilibrium was reached. The change of (Ry)
can be divided into three stages. In the first stage, when the solution tempera-
ture increases from 25 to 32 °C, water progressively becomes a poor solvent
for the PNIPAM chain backbone, resulting in a slight decrease of (Ry,). In the
second stage (~ 32-34 °C), the PNIPAM chain backbone undergoes the intra-
chain “coil-to-globule” transition so that (Ry) rapidly decreases. In the last
stage (>~ 34 °C), the PNIPAM chain backbone is already in its fully collapsed
state so that further increase of the solution temperature has little effect on (Ry,).

On the other hand, Fig. 48 shows that in the range ~ 25-32 °C, R\y(6)/KC
nearly remains a constant (7 - 8 x 10° g/mol), very close to the weight aver-
age molar mass of individual PNIPAM-g-PEO1 chains, indicating no inter-
chain aggregation. This is expected since both the PNIPAM chain backbone
and PEO branches are hydrophilic and soluble in water in this tempera-
ture range. An abrupt increase of Ryy(6)/KC at ~ 33 °C clearly indicates
interchain association. Over a narrow temperature range ~ 33-36 °C, each
Ryy(0)/KC curve reaches a higher plateau, implying the formation of stable
mesoglobules. From the value of each plateau and the average molar mass
of individual PNIPAM-g-PEOL1 chains, the average number of the copoly-
mer chains (NpnipaM-¢-PEO) inside each nanoparticle can be estimated. In
Fig. 47, NpNipaM-¢-PEO has a value of ~ 2, ~ 3 and ~ 4, respectively. It is easy
to understand that the aggregation number increases with the copolymer
concentration because the copolymer chains have more chance to undergo
interchain association before each of them can collapse into a single-chain
globule and is stabilized by the grafted PEO chains.

Figures 49 and 50 show the temperature and concentration dependence
of (Ry) and Ryy(0)/KC of PNIPAM-g-PEO2 in water. Note that PNIPAM-g-

—O—at25°C
200} —0—at33°C

FR,)

1.00}

0.00

Rh/nm

Fig.49 Temperature and concentration dependence of the average hydrodynamic radius
(Rp) of PNIPAM-g-PEO2 in deionized water [145]
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Fig.50 Temperature and concentration dependence of the excess scattering intensity
Ryv(0)/KC of PNIPAM-g-PEO2 in deionized water [145]

PEO2 is 10 times shorter than PNIPAM-g-PEO1. Figure 49 reveals that short
PNIPAM-g-PEO2 chains follow a different path; namely, after reaching a max-
imum at ~ 33.5 °C, (Ry,) starts to decrease, while in the case of long PNIPAM-
g-PEO1 chains (Fig. 47) (Ry) remains a constant after reaching the maximum
value. However, there is no difference in the changing pattern of Ryy(6)/KC
between long and short chains (Figs. 48 and 50). Therefore, the decrease of
(Ryp) in Fig. 49 and the constant values of Ryy(6)/KC in Fig. 50 lead to only
one possibility, i.e., for short PNIPAM-g-PEO2 chains, interchain association
is prior to intrachain “coil-to-globule” contraction. The average aggregation
numbers of short chains inside each mesoglobule are ~ 80, ~ 90, and ~ 280,
respectively, for C =2 x 107, 5 x 10~, and 4 x 10~ g/mL, which also reflect
that interchain association is dominant in the case of short chains. A combi-
nation of Figs. 47-50 clearly shows that long chains aggregate much less than
short chains.

6
Conclusion

In comparison with linear homopolymers, individual amphiphilic copoly-
mer chains in dilute solutions, in which solvents are selectively good for only
one of the comonomers, can fold into different single-chain core-shell nano-
structures stabilized by a hydrophilic shell. The shell can be made of short
hydrophilic chains grafted on the core or small hydrophilic (neutral or ionic)
groups or loops (flower-petal) made of hydrophilic segments. The degree of
amphiphilicity can strongly influence the folding of individual amphiphilic
copolymer chains. For thermally sensitive copolymer chain backbones, the
degree of amphiphilicity can be simply alternated by the solution tempera-
ture. The folding and unfolding of such thermally sensitive copolymer chains
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can be switched on and off by a very small temperature change of 1-2 °C. It
has been found that the chain folding greatly depends on both comonomer
composition and distribution on the chain backbone.

The comonomer distribution can be alternated by controlling the syn-
thesis conditions, such as the copolymerization at different reaction tem-
peratures at which the thermally sensitive chain backbone has different con-
formations (extended coil or collapsed globule). In this way, hydrophilic
comonomers can be incorporated into the thermally sensitive chain backbone
in a more random or more segmented (protein-like) fashion. On the other
hand, short segments made of hydrophobic comonomers can be inserted
into a hydrophilic chain backbone by micelle polymerization. One of the
most convenient ways to control and alternate the degree of amphiphilicity
of a copolymer chain, i.e., the solubility difference of different comonomers
in a selective solvent, is to use a thermally sensitive polymer as the chain
backbone, such as poly(N-isopropylacrylamide) (PNIPAM) and Poly(N,N-
diethylacrylamide) (PDEA). In this way, the incorporation of a hydrophilic or
hydrophobic comonomer into a thermally sensitive chain backbone allows us
to adjust the degree of amphiphilicity by a temperature variation.

Using this approach, hydrophilic (neutral or ionic) comonomers, such
as end-captured short polyethylene oxide (PEO) chains (macromonomer),
1-vinyl-2-pyrrolidone (VP), acrylic acid (AA) and N,N-dimethylacrylamide
(DMA), can be grafted and inserted on the thermally sensitive chain back-
bone by free radical copolymerization in aqueous solutions at different reac-
tion temperatures higher or lower than its lower critical solution temperature
(LCST). When the reaction temperature is higher than the LCST, the chain
backbone becomes hydrophobic and collapses into a globular form during
the polymerization, which acts as a template so that most of the hydrophilic
comonomers are attached on its surface to form a core-shell structure. The
dissolution of such a core-shell nanostructure leads to a protein-like hetero-
geneous distribution of hydrophilic comonomers on the chain backbone.

On the other hand, hydrophobic comonomers, such as 2’-methacryloyl-
aminoethylene)-3a,7u,12¢-trihydroxy-58-cholanoamide (MACA) and styrene
(St), can be incorporated into the thermally sensitive chain backbone by
copolymerization of different comonomers in a common organic solvent,
which results in a random distribution of hydrophobic comonomers on the
chain backbone, or by micelle copolymerization in water with the help of
surfactant micelles in which hydrophobic comonomer molecules are concen-
trated, which leads to evenly distributed short hydrophobic segments on the
chain backbone.

For copolymers with some protein-like comonomer distributions, indi-
vidual copolymer chains can “memorize” or “inherit” its parent globular
state; namely, their folding back into the core-shell nanostructure is much
easier, resulting in a smaller and denser single-chain particle in compar-
ison with their counterparts, randomly distributed comonomers on the



Folding and Formation of Mesoglobules in Dilute Copolymer Solutions 171

chain backbone. On the other hand, for copolymers with evenly distributed
short hydrophobic segments, individual random-coil chains can first fold
to a novel “ordered” coil state before they collapse into their final single-
chain flower-like globules. Conventional wisdom tells us that introducing
hydrophobic segments will lead to chain association, resulting in phase
separation. Surprisingly, it has been shown that the copolymerization of
a few molar percent of hydrophobic comonomers into the hydrophilic chain
backbone can actually stabilize the resultant single-chain core-shell glob-
ules and make the coil-to-globule transition much easier in extremely dilute
solutions.

As the polymer concentration increases, interchain association inevitably
occurs, but some amphiphilic chains can undergo a limited interchain asso-
ciation to form a stable mesoglobular phase that exists between microscopic
single-chain globules and macroscopic precipitation. As expected, when the
solvent quality changes from good to poor, intrachain contraction and in-
terchain association occur simultaneously and there exists a competition
between these two processes. Such a competition depends on the comonomer
composition and distribution on the chain backbone and also depends on
the rate of micro-phase separation. When intrachain contraction happens
quickly and prior to interchain association, smaller mesoglobules are formed.
A proper adjustment of the rates of intrachain contraction and interchain as-
sociation can lead to polymeric colloidal particles with different sizes and
structures.

Such chain folding and association in solutions can be effectively and ac-
curately studied by a combination of static and dynamic laser light scattering
(LLS). This is because LLS can directly measure the weight average molar
mass (M), the average radius of gyration ({Rg)) and average hydrodynamic
radius ((Ry)) of individual chains or interchain aggregates. On the basis of
these measurable micro-parameters, one can further calculate the average ag-
gregation number (Nagg), the average chain density ((p)) and the average
surface area occupied per “stabilizer” that can be ionic groups (as — COO~
and — SO37) or neutral hydrophilic moieties, such as short grafted hydrophilic
chains, small hydrophilic loops and even tiny hydrophilic segments. In par-
ticular, the ratio of (Rg)/(Ry) reflects the chain conformation and the chain
density distribution inside interchain aggregates.

Considering the competition between intrachain contraction and inter-
chain association, we have to discuss an overlooked viscoelastic effect in the
formation of stable mesoglobules in dilute solutions. Otherwise, it would
be difficult to understand why copolymer chains with a high content of hy-
drophobic comonomers could form smaller interchain aggregates. In the
micro-phase separation, copolymer chains in solutions contract and asso-
ciate. The collision between contracted and associated chains would not be
effective if the collision (or contact) time (7.) is much shorter than the time
(te) needed to establish a permanent chain entanglement between two ap-
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proaching aggregates. This is because when 7. < e, two colliding aggregates
have no time to stick together and they behave just like two tiny elastic non-
adhesive “glass” balls. Such an effect is a character of the viscoelasticity of
long polymer chains. It has been shown that the local chain density inside the
aggregate in the collapsed state could be as high as 30 wt % even though the
overall concentration was very low (~ 107® g/mL). Therefore, the relaxation
of long chains inside each aggregate is very slow.

Over the years, researchers always tried to make the periphery of aggre-
gates hydrophilic to prevent inter-particle aggregation based on thermody-
namics, which actually reduces 7., but overlooked that in polymer colloids
we can easily increase 7 to make 1. < e, i.e., playing the viscoelastic effect
on the stabilization of mesoglobular phase. Following such a viscoelastic con-
sideration, there are different ways to increase 7.. For example, using long
chains (larger N) should be very effective because long chains can reach the
condition of te > 7. much more easily in the initial stage of the micro-phase
separation than short chains. As soon as the condition of 7 > 7. is reached,
further inter-particle association via chain entanglements become impossible
in the experimental time scale. In other words, the viscoelastic effect “over-
writes” thermodynamics and leads to a special metastable, but very stable,
state in dilute solutions.

On the other hand, increasing the hydrophobic content promotes both
interchain association and intrachain contraction. In dilute solutions, en-
hancing intrachain contraction increases 7. because of a higher local chain
density, and at the same time, decreases 7. because strong intrachain contrac-
tion reduces the initial size of the aggregates, making the random movement
of each particle much faster. In an actual process, during the micro-phase
separation, hydrophilic moieties are forced to stay on the periphery, which re-
duces 7, and at the same time, hydrophobic intra- and inter-chain association
prevents the relaxation of chains inside each aggregate so that 7. increases.
Such a cooperative effect leads to 7. > 7.

In some sense, it might not be that crazy to claim that hydrophobic associ-
ation can make polymer colloidal particles more stable in dispersion. Further,
we might have to reconsider the stabilization mechanism of globular proteins.
Normally, we consider that hydrophobic amino acid residuals in a protein
chain can lead to the chain folding because of hydrophobic association. How-
ever, we might have overlooked the stabilization role of such hydrophobic
association in preventing further aggregation of resultant protein structures.
The current studies of the folding and association of amphiphilic copoly-
mer chains in dilute solutions are only one small step forward in a long
journey towards a better understanding of protein folding. It is our opinion
that polymer research and polymer industries have to move toward the di-
rection of synthesizing, characterizing and studying more sophisticated and
tailored structural copolymers besides the much-studied random copolymers
and block copolymers.
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Abstract A concept of amphiphilicity in application to monomer units of water-soluble
polymers is presented. Molecular simulation and experimental studies of polymers con-
sisting of amphiphilic monomers units are reviewed. Those polymers reveal unusual
conformational behavior in aqueous solutions forming nanostructures of nonspherical
shape. Self-association of amphiphilic thermosensitive polymers in water solutions is dis-
cussed. Possibilities for the use of thermosensitive copolymers as catalysts are described.
The sharp water-organic boundaries formed by polymer associates in water solutions are
shown to be a prospective medium for catalysis owing to adsorption of interfacially active
substrates at the interface.

Keywords Amphiphilic monomers - Interfaces - Polymer catalysts -
Water-soluble polymers

Abbreviations

CAC Critical aggregation concentration
EO Ethylene oxide

LCST Lower critical solution temperature
MAA Methacrylic acid

MMA Methyl methacrylate
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NIPA N-Isopropylacrylamide

NPA p-Nitrophenyl acetate

NPAlk p-Nitrophenyl alkanoates

PDEVP Poly(N-(n-dodecyl)-4-vinylpyridinium-co-N-ethyl-4-vinylpyridinium)
bromide

PEO Poly(ethylene oxide)

PFDA Perfluorododecanoic acid

PNIPA Poly(N-isopropylacrylamide)

PS Polystyrene

PVCL Poly(N-vinylcaprolactam)

PVim Poly(1-vinylimidazole)

Rg Radius of gyration

Ry Hydrodynamic radius

SAXS Small-angle X-ray scattering

SMTBA Styrylmethyl(tributyl)Jammonium

SMTMA Styrylmethyl(trimethyl)Jammonium

SMTMAC Styrylmethyl(trimethyl)Jammonium chloride

TEM Transmission electron microscopy

Tris Tris(hydroxymethyl)aminomethane

VCL N-Vinylcaprolactam

Vim 1-Vinylimidazole

VP N-Vinylpyrrolidone

1

Introduction

Development of systems based on water-soluble polymers is one of the main
research tasks of polymer chemistry and physics, since for natural macro-
molecules, such as proteins and DNA, water is the basic good solvent. In the
last few decades, synthetic water-soluble polymers have found wide use in var-
ious biomedical applications [1-6] and separation processes [7-12]. Choosing
water as a solvent is logical in many areas of research, such as biomedical
applications and design of nanosize objects. Normally, nanosized objects are
characterized by relatively high interfacial energy owing to their extremely
small sizes. Water is an optimal medium for development of those objects.
On the one hand, it possesses high interfacial tension at the boundaries with
numerous compounds, which makes their molecular dissolution impossible.
On the other hand, there are methods (e.g., addition of surfactants) that al-
low stabilization of the newly formed structures from macrophase separation.
Water-soluble polymers are indeed prospective materials for this task. The in-
trinsic amphiphilic character enables them both to form nanosized structures
and to stabilize the systems which are prone to macrophase separation.
Catalysis is a relatively new area for application of water-soluble polymers.
Normally, organic solvents are conventional media for catalytic reactions. In
recent years significant progress in the design of water-soluble catalysts was
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achieved [13-15], as water appears a prospective environmentally friendly
solvent for “green” chemistry purposes. Also, a number studies were carried
out that used biomimetic approaches for construction of synthetic macro-
molecular enzyme models [16-18]. Water is often used for that task as it is
the native medium for enzymes.

Globular proteins (including enzymes) form an important class of water-
soluble natural polymers. Their globular structure is believed to be stabilized
by hydrophobic interactions. Indeed, a protein globule consists of a hy-
drophobic core and a hydrophilic shell interacting with the solvent molecules
and preventing them from having contact with the core (Fig. 1) [19]. Owing
to such structural organization, protein globules are stable against aggrega-
tion in solutions. Furthermore, protein folding is also ruled by the balance of
hydrophobic and hydrophilic interactions. The approach of treating protein
folding and stability in binary terms of hydrophilicity and hydrophobicity is
rather simplistic but it has an advantage of employing few parameters and
approximations with reasonable results obtained on conformational behavior
of proteins. This approach was found to be promising in application to syn-
thetic polymers as well. The initial works in this field were those of Lau and
Dill [20,21], who proposed the subdivision of synthetic monomer units into
“hydrophobic” and “polar” classes (HP model). Within this model, an am-
phiphilic macromolecule is considered as a chain in which hydrophobic and
polar units are taken to be pointlike interaction sites distributed along the
chain in a linear fashion (Fig. 2a). It is assumed that in water and other po-
lar solvents the hydrophilic groups are in good-solvent conditions, while the
hydrophobic groups are in poor-solvent conditions, so that the hydrophobic
units attract each other, while the interaction between polar units is effec-
tively repulsive.

However, normally, the groups of both types are present in synthetic and
natural monomer units of water-soluble polymers (Scheme 2), which sug-
gests that the units are amphiphilic rather than hydrophobic or hydrophilic.
Vasilevskaya et al. [22, 23] reported a dumbbell model of the monomer unit
in a chain in which a new representation of monomer units was proposed.
In this representation, the amphiphilic character of the monomer units was

Fig.1 Schematic representation of spatial structure of globular proteins. Dark and light
circles denote hydrophobic and hydrophilic monomer units, respectively
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H-units — <«— P-units

H-units —> -Q—
«— A-units
P-units —> -@-
Fig.2 Schematic representation of a the HP model and b the dumbbell HA model of

an amphiphilic copolymer. P-units are hydrophilic (polar), H-units are hydrophobic, and
A-units are amphiphilic. (Adapted from Ref. [25])

R

glutamic acid unit lysine unit
/{/\/ O\)\ . *\H/*

* *

ethylene oxide unit N-vinylpyrrolidone unit

Scheme 1 Amphiphilic monomer units of synthetic and natural polymers

taken into account: the monomer unit was taken to consist of two parts,
namely, a hydrophobic node of backbone and a polar segment attached to the
node as a side group. In such a model, conformational properties of poly-
mers, especially in the globular state, were shown to be drastically different
from those predicted by the HP model and this prediction was supported by
independent experimental results.

The present review has the following structure. In Sect. 2, the properties of
amphiphilic monomers are discussed and a special classification of monomer
units according to interfacial and partition properties is described. Also, the
possibility of nanostructure formation in polymers composed of amphiphilic
monomers is touched upon. This topic is more broadly treated in Sect. 3,
where conformational properties of a key class of water-soluble polymers are
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discussed, i.e., thermosensitive polymers. In Sect. 4, catalytic effects associ-
ated with the properties of water-soluble polymers are presented. The role
of interfaces in catalysis by polymer structures is established and the possi-
bilities of reaction rate increase upon concentrating the substrate in various
catalyst areas are shown.

2
Amphiphilic Monomers and Polymers:
Classification and Conformational Properties

Amphiphilicity is the key feature which influences the properties of water-
soluble polymers in aqueous solutions. Hydrophilic compounds are well sol-
uble in water, but hydrophobic ones are not. Amphiphilic compounds occupy
an intermediate position, being able to level off the unprofitable interac-
tions between water and hydrophobic compounds. This applies both to low
and high molecular weight compounds. As already indicated, the earliest at-
tempts to formulate the principles of organization in amphiphilic polymer
systems led to the development of a simple HP model in which monomers
of amphiphilic polymers were divided on a binary alphabet principle into
the hydrophilic and hydrophobic [20, 21]. This model was promising from
the viewpoint of considering the competition of hydrophobic interactions
with the interactions of good solvent type between water molecules and hy-
drophilic monomer units. The principal disadvantage of the HP model is
that it does not take into account the fact that the monomer units, which
are considered as hydrophilic, consist actually of hydrophilic and hydropho-
bic parts, and are actually amphiphilic. This imposes certain restrictions on
their behavior: for purely hydrophobic or hydrophilic monomer units, the
location only in hydrophobic or hydrophilic media should be suggested; for
amphiphilic ones, the location at interfaces is most probable.

In Refs. [24, 25], a two-dimensional thermodynamic classification of non-
ionic monomers was proposed, which took into account three possible prefer-
ential locations of a monomer unit (location either in the hydrophilic or the
hydrophobic phase or at the interface between them). The proposed classifi-
cation incorporates gradations by affinity to polar and nonpolar phases and
by interfacial activity (Fig. 3).

Each monomer is ascribed with a two-dimensional coordinate, of which
the abscissa dimension corresponds to the affinity to the polar (water) or
the nonpolar phase (hexane) and the ordinate dimension corresponds to in-
terfacial activity. The standard free energy of partition between water and
hexane is used as a quantitative parameter for the abscissa axis (AFpart),
whereas the standard energy of adsorption at the interface is used for the
ordinate axis (AF,qs). Both parameters are normalized by the kT factor.
The normalized values are denoted as Afpart and Af,gs, respectively. Thus,
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Fig.3 Two-dimensional diagram of phase affinity and interfacial activity, general view.
(Adapted from Ref. [25])

a four-quadrant diagram is constructed. Each quadrant involves a special
class of monomers: hydrophobic interfacially active, hydrophobic interfacially
inactive, hydrophilic interfacially inactive and hydrophilic interfacially ac-
tive substances. Each of the two parameters used in the diagram appears as
a quantitative tool for “one-dimensional” classification for a series of com-
pounds. Indeed, a scale of n-octanol-water partition coefficients [26] and
reverse-phase chromatographic retention parameters [27] are widely used to
characterize the hydrophobicity of compounds; the concept of hydrophilic-
lipophilic balance [28] was introduced for classification of surfactants ac-
cording to their emulsifying properties. In the two-dimensional classification,
both the potential for localization at the interface and the affinity to bulk
phases are taken into account for several monomers, which allowed them to
be classified on a broader basis.

The standard free energy of partition was calculated from water-hexane

partition coefficients:
CO - Ch
Afpart=InP=1In " , (1)
Ch
where P is the partition coefficient, ¢, is the concentration in hexane, and ¢y,
is the concentration in water.
The standard free energy of adsorption from either bulk phase was calcu-

lated from interfacial tension isotherms:

1 (y°-y
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where Afa}hs is the standard free energy of adsorption from a bulk phase, ¢,
is the concentration in the bulk phase, 7 is the thickness of the surface layer,
and y° - y is the interfacial pressure at the water-hexane interface.

When two contactingliquid phases are in equilibrium, the adsorption of sur-
factant at the interface can take place from either of them. Accordingly, standard
Gibbs energies of adsorption can be calculated for each phase using Eq. 2.

Several monomers of water-soluble polymers were analyzed with the help
of the proposed two-dimensional diagram (Figs.4 and 5, Scheme 1). In
Fig. 4, the data for four synthetic monomers, N-vinylcaprolactam (VCL), N-
vinylpyrrolidone (VP), N-isopropylacrylamide (NIPA), and 1-vinylimidazole
(Vim), at different temperatures are presented, and in Fig. 5, the data for eight
amino acids are shown.

Three of the four synthetic monomers (NIPA, Vim, and VP) fall into the
quadrant for hydrophilic interfacially active compounds; VCL finds itself in
that for hydrophobic interfacially active ones and has the highest interfa-
cial activity among the four. All the synthetic monomers considered become
more hydrophobic upon temperature increase, as indicated by the decrease
of Afpart. VCL and VP become more interfacially active (Af,qs increases)
at elevated temperatures, while Vim shows the reverse behavior. Af,4s of
NIPA is almost insensitive to the temperature regime. For all the monomers,
[ Afpart] < |Afags| (except NIPA at 10.5°C) and it may be stated that higher
affinity to the interface than to bulk phases is the key factor for those com-
pounds.

A‘ads
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Fig.4 Two-dimensional diagram for monomers of amphiphilic water-soluble polymers. The
numbers next to the points are the measurement temperatures in degrees Celsius. (Adapted
from Ref. [25])
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Scheme 2 Monomers characterized with the help of the two-dimensional diagram

The main feature of the amino acid diagram is that Af,qs shows satisfac-
tory linear correlation with Afpart, with a slope of 1.22. Interfacial activity
becomes stronger as the hydrophobicity of the amino acid residues increases.
Since the amino acids have very hydrophilic amino and carboxyl groups, it
may be said that the hydrophobicity increase enhances the amphiphilic char-
acter of the amino acids.

Thus, it was shown that many building blocks of natural and synthetic
polymers are amphiphilic and interfacially active. For the monomers of sev-
eral important water-soluble polymers, interfacial activity prevails over affin-
ity to either bulk phase. Accordingly, it appears relevant to try to predict
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which properties the polymers consisting of interfacially active amphiphilic
monomer units may possess.

Vasilevskaya et al. [22,23] proposed an extended model of the monomer
unit in which the amphiphilic character of the latter was taken into ac-
count (HA model). Figure 2b illustrates the simplest dumbbell model of
an amphiphilic monomer unit constructed from hydrophilic and hydropho-
bic segments. Within this model, hydrophobic segments represent nodes of
a backbone, while polar segments are side groups attached to the nodes. It
was shown that in such a model, conformational properties of amphiphilic
polymers, especially in the globular state, may differ materially from those
predicted by the HP model. In particular, it turned out that the globules
formed by macromolecules containing amphiphilic monomer units are not
spherical (Fig. 6). It was found that the amphiphilicity and interfacial activ-
ity of monomer units are the main reasons for the unusual conformational
properties of the corresponding polymers.

The property of the polymers in question to form nonspherical nanos-
tructures was confirmed in experimental studies. Shih et al. [29] synthesized
alternating copolymers of 1-alkenes with maleic anhydride. The maleic an-
hydride units were hydrolyzed to maleic acid units. Fully hydrolyzed macro-
molecules associated into microstructures of cylindrical and ellipselike shape.
The cylindrical shape was characteristic of copolymers with octadecene
and hexadecene moieties, while the copolymers with lower alkene copoly-
mers (tetradecene, dodecene, decene, octene) formed ellipsoidal structures.
Wataoka et al. [30] investigated the formation of nonspherical helices in
a system of maltopentaose-carrying polystyrene (PS). The polymer was syn-
thesized via the homopolymerization of vinylbenzyl maltopentaose amide
(Scheme 3).

Its structure was characterized by small-angle X-ray scattering (SAXS)
(Fig. 7a). In Fig. 7a, three SAXS profiles are presented. Two of them are cal-
culated theoretically (lines 1, 2) and the third profile (open circles) represents
experimental results. Both lines 1 and 2 are obtained using the model of
a kinked cylindrical helix as imaged in Fig. 7b. For line 2, the partial aggre-
gation of the helices is taken into account. The theoretical and experimental

Fig.6 Typical cylinder-shaped globules of polymers containing amphiphilic monomer
units. Darker spots denote hydrophobic backbone nodes inside the core, lighter spots are
hydrophilic side groups comprising the shell of the globule. (Adapted from Ref. [24])
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Fig.7 a Scattering profiles for maltopentaose-carrying polystyrene. Line I represents the
calculated profile directly from the molecular model (see b) and line 2 is calculated tak-
ing into account the effect of aggregation and backbone-folding. Open circles show the
observed small-angle X-ray scattering profile of the copolymer in solution. b Molecular
model of maltopentaose-carrying polystyrene. (Adapted from Ref. [30])

SAXS profiles shown in Fig. 7a coincide at most scattering vector values, which
suggests that the proposed model satisfactorily describes the nanostructures
formed in solution of maltopentaose-carrying PS as having cylindrical shape.
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Theoretical line 2 fits best the experimental results, indicating that the observed
cylindrical helices are prone to slight aggregation in water solutions.

The recent study of Thiinemann et al. [31] showed the possibility of for-
mation of cylindrical and disk-shaped nanostructures in aqueous solutions of
polyampholytic copolymers of styrylmethyl(trimethyl)Jammonium chloride
(SMTMAC), methacrylic acid (MAA), and methyl methacrylate (MMA) com-
plexed with perfluorododecanoic acid (PFDA) (Scheme 4). Cationic PFDA
interacted with anionic SMTMAC to give neutral moieties, which were prone
to association, while negatively charged groups of MAA stabilized the macro-
molecules from macroscopic phase separation. As a result, anisotropic nanos-
tructures were obtained, the formation of which was confirmed by SAXS
(Fig. 8). In Fig. 8, experimentally obtained pair distribution functions of the
typical structures are plotted along with the theoretical distribution functions
for an idealized cylinder with a diameter of 3.0 nm (Fig. 8a) and for a disk
with a height of 2.2 nm (Fig. 8b). The intersection points with the abscissa of
the distribution functions correspond to the characteristic dimensions of the
idealized cylinder or disk. Good consistency was observed between the the-
oretical and experimental distribution functions, which allowed a conclusion
to be made about the formation of nonspherical structures of cylindrical and
disklike shape in the systems of amphiphilic copolymers of SMTMAC, MAA,
and MMA complexed with PFDA.

Some attention should be also paid to the fact that some copolymers with
special sequence distribution do not assume cylindrical shape within the HA
model. For example, this is the case for protein-like sequences. Protein-like
sequences correspond to a copolymer which forms globules with a hydropho-
bic core and a hydrophilic shell showing no tendency to aggregation. Protein-
like copolymers have been previously studied within the HP model [32-34].
Application of the more realistic HA model showed that the globules formed
by protein-like copolymers under worsening solvent quality assume conven-
tional spherical shape and show no tendency to aggregate [23]. The stability
for HA model protein-like copolymers is much higher than for those within
the HP model.

COO~ COOCH,
Na*

+ ?Hz
CF3(CF,)5CO0" H,C-N—-CH,
CH

3

Scheme 4 Polyampholyte complexes with perfluorodecanoate anion
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Fig.8 Pair distribution functions of complexes of a cylindrical symmetry (57% styryl-
methyl(trimethyl)ammonium, 16% methacrylic acid, 27% methyl methacrylate) and
b disklike symmetry (79% styrylmethyl(trimethyl)ammonium, 13% methacrylic acid, 8%
methyl methacrylate). The curves which were calculated from the scattering data are rep-
resented by triangles and squares. Solid lines represent the distribution functions of a an
idealized cylinder with a diameter of 3.0 nm and of b a disk with a height of 2.2 nm. The
insets depict idealized symmetries of the particles. (Adapted from Ref. [31])

3
Nanostructure Formation in Solutions of Thermosensitive Polymers

The properties associated with the amphiphilic monomer units are strongly
exemplified in thermosensitive water-soluble polymers, typical examples of
which are shown in Scheme 5. Thermosensitive polymers possess a lower
critical solution temperature (LCST) in water solutions. Due to their sharp
response to temperature variation, they are widely used in various scien-
tific and technological applications. Drug and gene delivery [1-3], chro-
matographic [9, 10], membrane technology [11, 12], and catalyst immobiliza-

=0
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Scheme 5 Typical thermosensitive polymers: a poly(N-isopropylacrylamide), b poly(N-
vinylcaprolactam)
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tion [35] applications have been reported. The property of thermosensitivity
is closely connected with the amphiphilicity of monomer units. At low tem-
perature, water is a good solvent for chains of thermosensitive polymers
owing to the formation of hydrogen bonds between water molecules and
hydrophilic moieties of the macromolecules. Monomer units of the latter
also contain hydrophobic CH, groups, which are involved in unprofitable
hydrophobic interactions. It is well known that temperature increase leads
to the intensification of hydrophobic interactions in water [36]. While at
low temperature the interactions between water and hydrophilic groups are
stronger than the hydrophobic interactions, at higher temperature the lat-
ter prevail, which leads to the coil-to-globule transition of macromolecular
chains and further aggregation. The coil-to-globule transition may be directly
observed in solutions of thermosensitive polymers, both on addition of sur-
factants [37-40] and in surfactant-free solutions [41-43]. The transition was
confirmed by dynamic and static light scattering methods. The collapse of
polymer chains was identified by a sharp decrease in the radius of gyration
and the hydrodynamic radius of the macromolecules. The formation of glob-
ules in surfactant-free solutions of poly(VCL) (PVCL) [41] and poly(NIPA)
(PNIPA) [42,43] can be detected only at extremely low concentrations (be-
low 107 g/L). At higher concentrations, the collapse of the polymer chains
is accompanied by aggregation. However, upon addition of small amounts of
surfactants, the aggregation may be suppressed, whereas the intramolecular
aggregation is still possible. The corresponding studies were conducted both
for PVCL [37, 38] and PNIPA [39, 40] in solutions with relatively high polymer
content (approximately 1 g/L). As in the surfactant-free studies, a decrease in
hydrodynamic radius was observed upon temperature increase (Figs. 9, 10),
which indicated the formation of the globular structures stabilized against
aggregation by a surfactant shell.

Globules represent the simplest structures of thermosensitive polymers
of the nanometer scale. In the last few years, a series of works were aimed
at obtaining nanoscale objects with a complex structure based on PVCL
and PNIPA. The amphiphilic character of PVCL and PNIPA chains allowed
them to be conjugated both with hydrophilic and with hydrophobic species
to yield ordered self-associating systems in solution and at the interface.
The main approach for the design of such systems is based on synthesis of
block copolymers, which organize in core-shell structures in solution. In par-
ticular, block and/or graft copolymers of NIPA and ethylene oxide (PNIPA-
b-PEO and PNIPA-g-PEO) [44-47], NIPA and propylene oxide [48], NIPA
and styrene (PNIPA-b-PS) [49,50], NIPA and lactic acid [51], VCL and EO
(PVCL-b-PEO) [52, 53] were synthesized. Qiu and Wu [44] obtained PNIPA-g-
PEO by radical copolymerization of PNIPA and PEO macromonomers capped
with a methacrylate monomer unit. The copolymers underwent a transi-
tion accompanied by the formation of a nanostructure with a hydrophobic
PNIPA core and a hydrophilic PEO shell. The character of aggregation was
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Fig.9 Temperature dependencies of poly(N-isopropylacrylamide) (PNIPA) hydrodynamic
radius as a function of surfactant concentration: circles 0, crosses 1.1, squares 1.8 mmol/L.
(Adapted from Ref. [39])

800
700 -

A\

R 0 50 &0

T°C
Fig. 10 Temperature dependencies of poly(N-vinylcaprolactam) (PVCL) hydrodynamic
diameter as a function of surfactant concentration: 1 0, 2 0.25, 3 0.5, 4 1, 5 3 mmol/L

sodium dodecyl sulfate. (Reprinted with permission from Ref. [37]. Copyright 1998
American Chemical Society)

molecular-weight-dependent: for shorter chains, intermacromolecular aggre-
gation dominated, as indicated by an increase in R}, at the temperature of the
collapse (Fig. 11a), while for longer chains, the coil-to-globule transition of
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individual macromolecules was observed, as shown by a drop in Ry, of poly-
mer particles (Fig. 11b). It should be noted that in the case of longer chains,
the intrachain collapse is observed at relatively high concentrations (approxi-
mately 0.1 g/L), in contrast to the individual PNIPA chains, for which very low
concentrations are needed to detect the coil-to-globule transition.

Diblock copolymers of NIPA and EO showed somewhat different behav-
ior [45]. The copolymers were synthesized using NIPA monomer and PEO-
containing macroinitiator. The copolymers aggregated at high temperature
with no collapse of individual macromolecules. The essential feature of the
polymers in question consisted in the strong sensitivity of the shape of the
particles to the polymer concentration and to the molar ratio of EO to NIPA
monomer units. At low polymer concentration, the shape of the aggregates
was mainly spherical, as indicated by the low Rg/Ry}, values (Fig. 12). The
Rg/Ry, ratio is informative of the shape of particles in solution. Anisotropic
particles, such as rods and coils, possess high values of the ratio, while for
particles of spheroid form, low values of the ratio are observed (for spher-
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Fig.11 Temperature dependencies of the hydrodynamic radius of PNIPA-g-PEO a high

molecular weight and b low molecular weight chains in water at different polymer con-
centrations. PEO poly(ethylene oxide). (Adapted from Ref. [44])
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Fig.12 Ratio of the average radius of gyration to the average hydrodynamic radius of
the aggregates as a function of copolymer concentration. Ratios of NIPA-to-EO monomer
units: a 151, b 69, ¢ 13, d 244, e 107, f 27. NIPA N-isopropylacrylamide, EO ethylene oxide.
(Reprinted with permission from Ref. [45]. Copyright 2002 American Chemical Society)

ical globules, Rg/Ry, =0.78; for rods, Rg/Ry >2; for coils in a 6 solvent,
Rg/Ry = 1.78). Spherical PNIPA-b-PEO nanoparticles with high EO content
showed in some cases anomalous behavior (Fig. 12, lines c and f): Rg/R}, was
lower than the theoretical value, which was explained by the fact that the
cores of those particles were much denser than their surface. Upon increase
of concentration, the Rg/Ry, value of most of the copolymers increased, which
indicated that the aggregates assumed anisotropic shape: for the PNIPA-b-
PEO nanostructures, an ellipsoidal form was suggested (Fig. 12, lines a, b, d,
and e).

Besides block copolymers of NIPA and EO, analogous systems based on
VCL were reported [52]. PVCL-g-PEO was synthesized by copolymerization
of VCL and PEO macromonomer end-capped with a methacrylate moiety.
The graft copolymers showed unusual conformational behavior depending
on temperature (Fig. 13). At temperatures slightly above the LCST, the for-
mation of huge polymer aggregates of 2-pum size was observed. On further
heating, the thermosensitive core of the aggregates decorated with PEO grafts
shrank readily to give clusters of 300-400 nm in diameter. Increasing the de-
gree of grafting led to larger aggregates at 60 °C owing to a looser PVCL
core at a high grafting degree. PVCL-g-PEO copolymers were shown to be
a prospective material for drug delivery as they were characterized by low
cytotoxicity [53].

A new way of obtaining nanostructures in systems of thermosensitive
polymers by combining them with hydrophilic species was proposed by Bron-
stein et al. [54]. The core-shell nanoparticles were obtained by stabilization
of the globular conformation of PVCL in aqueous solutions at 45 °C on add-
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Fig.13 Temperature dependencies of the hydrodynamic radius of PVCL-g-PEO for
copolymers with different degrees of grafting: squares 20 wt % PEO, crosses 35wt % PEO,
circles 50 wt % PEO, at a copolymer concentration of 0.65 mg/mL; open squares 20 wt %
at a copolymer concentration of 0.065 mg/mL. (Adapted from Ref. [52])

ition of CoCl,. As visualized by transmission electron microscopy (TEM),
on cooling PVCL solutions treated with CoCl, to room temperature, the
nanoparticles of 11-nm size were present in the system (Fig. 14a, b). Add-
ition of CoCl, at room temperature resulted in large aggregates of 200 nm in
diameter, as shown in Fig. 14a, inset. A 13C NMR study demonstrated that
the spectra of PVCL solutions treated with CoCl, are identical to those of un-
treated ones, meaning that VCL units retain their mobility after interaction
with Co?* ions. Thus, they do not stay in a compact conformation charac-
teristic of a collapsed state after cooling. To clarify the exact conformation of
the particles obtained, the TEM grid was stained with OsO4, which allowed
visualization of the parts of the PVCL macromolecules not coordinated to
Co?* ions (Fig. 14c). Staining resulted in loose spherical structures with dark
cores. It was suggested that the core consisted of certain areas of PVCL chains
cross-linked by multivalent Co ions, while the rest of the molecules protruded
through the cross-linked area forming the outer layer visualized in the stained
image by loose coronas (Fig. 15).

Some works were reported in which thermosensitive polymers were
conjugated with hydrophobic groups. End-capping random poly(NIPA-co-
dimethylacrylamide) [55] and grafting poly(NIPA-co-hydroxymethylacryl-
amide) [56] with cholesterol moieties led to self-associating polymers with
different morphologies. By dissolution of the copolymers in dimethylfor-
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e b

Fig.14 Transmission electron microscopy (TEM) images of PVCL-Co nanoparticles.
a Nanoparticles obtained upon cooling PVCL solutions treated with CoCl, at 35 °C (above
the lower critical solution temperature). The inset shows large aggregates formed upon
adding CoCl, at room temperature. b Enlarged image of PVCL nanoparticles. ¢ PVCL-Co
nanoparticles stained with OsOy4. (Reprinted with permission from Ref. [54]. Copyright
2005 American Chemical Society)

Co(C=0),(H,0),..Cl,

Fig. 15 A core-shell model of PVCL-Co nanoparticles. (Adapted from Ref. [54])

mamide and further dialysis against water, it was possible to obtain copoly-
mer micelles of 30-nm size below the LCST. Heating the dialyzed solutions
over 40 °C led to aggregation of the micelles with formation of particles of
200-nm size. Freeze-drying the micellar solutions led to nanoparticles of
cuboid, starlike, and spherical shapes depending on the concentration of the
initial micellar solution when imaged with TEM (Fig. 16).



Water Solutions of Amphiphilic Polymers 195

Fig.16 TEM pictures showing nanoparticles of cholesteryl end-capped poly(NIPA-co-
dimethylacrylamide). The nanoparticles were obtained by the dialyzing dimethylfor-
mamide solutions of copolymers against water and subsequent freeze-drying. The initial
concentrations of the copolymer in dimethylformamide were a-c 0.35wt %, d 0.1 wt %,
e, f 1.2wt%. a, c-f were obtained for the copolymer with M,, = 3400; b was obtained
for the copolymer with M,, = 8000. (Reprinted with permission from Ref. [55]. Copyright
2003 Elsevier)

Diblock PNIPA-b-PS was synthesized by the reversible addition-fragmen-
tation chain transfer method using PS macroinitiators [49]. The behavior of
the copolymers was dependent on the length of the NIPA blocks. Shorter
NIPA blocks formed micelles 120 nm in diameter, while the copolymer with
longer NIPA blocks associated in huge nonstructured aggregates of 1.2 um.
Upon heating, the aggregates shrank, whereas the size of the micelles did not
change considerably. Microcalorimetric studies have shown that the phase
transition of the copolymer with longer PNIPA blocks takes place at the same
temperature as that of PNIPA homopolymer, meaning that separate PNIPA
chains are responsible for shrinking of the aggregates. The collapse of PNIPA-
b-PS with shorter PNIPA blocks is characterized by lower temperatures of
the transition and broad calorimetric peaks, which are characteristic of ran-
dom PNIPA-PS copolymers (4% of styrene [50]). Indeed, such copolymers are
likely to consist of short NIPA blocks separated by styrene monomer units.
Thus, the character of the microcalorimetric peaks might be determined by
the length of the PNIPA blocks.

As a conclusion to this part, one may state that thermosensitive polymers
represent prospective macromolecules for the design of nanoparticles the
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properties of which are temperature-dependent. Owing to the amphiphilicity
of their chains, they can manifest both hydrophilic and hydrophobic proper-
ties depending on solvent quality. Therefore, when combined with hydropho-
bic or hydrophilic moieties, they can self-organize in nanostructures under
appropriate conditions.

4
Catalytic Properties of Polymer Associates in Aqueous Media

Catalytic properties of water-soluble synthetic polymers have long been
a subject of considerable interest, which was inspired by the investigation of
enzyme action mechanisms. As was shown in the works of Overberger et
al. [57, 58], Kunitake et al. [59, 60], and Kirsh et al. [61, 62], hydrophobically
and electrostatically driven adsorption of substrates at the chains of polymer
catalysts is one of the major factors that define the catalytic activity being
analogous to the forces that play a leading role in enzyme-substrate inter-
actions. It is worth mentioning here that enzymatic mechanisms of catalysis
were also realized in imprinted polymers. Those studies showed that arrang-
ing active groups of the catalyst in a stiff spatial configuration with the help
of removable template molecules can lead to analogues of enzyme binding
sites having a geometrical match with the substrate. Several reviews have al-
ready been published on this issue [16, 17], so imprinted polymers will not be
considered in this article.

Substrate-catalyst interaction is also essential for micellar catalysis, the
principles of which have long been established and consistently described in
detail [63-66]. The main feature of micellar catalysis is the ability of reacting
species to concentrate inside micelles, which leads to a considerable accel-
eration of the reaction. The same principle may apply for polymer systems.
An interesting way to concentrate the substrate inside polymer catalysts is
the use of cross-linked amphiphilic polymer latexes [67-69]. Liu et al. [67]
synthesized a histidine-containing resin which was active in hydrolysis of
p-nitrophenyl acetate (NPA). The kinetics curve of NPA decomposition in
the presence of the resin was of Michaelis—Menten type, indicating that the
catalytic act was accompanied by sorption of the substrate. However, no dis-
cussion of the possible sorption mechanisms (i.e., sorption by the interfaces
or by the core of the resin beads) was presented.

The latexes prepared in the group of Ford [68, 69] consisted of hydropho-
bic monomers and a cross-linker, i.e., styrene, methacrylate monomers with
various substitutes in the ester moiety, divinylbenzene, and hydrophilic
monomers bearing charged groups, viz., styrylmethyl(trimethyl)Jammonium
and styrylmethyl(tributyl)ammonium cations. The latexes were catalytically
active in reactions of decarboxylation of 6-nitrobenzioxazole-3-carboxylate
(Scheme 6) and p-nitrophenyl hexanoate hydrolysis (Scheme 7, n = 6).
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The main reason behind the acceleration was suggested to be the concentrat-
ing of substrates in a small volume of the latex phase and an increase in intrinsic
rate constants, obviously due to the change in environment from the polar
medium (water) to the hydrophobic one (latex), since 6-nitrobenzioxazole-3-
carboxvylate is stabilized in water by hydrogen bonding, while in latex such
stabilization does not take place. Hydrolysis of p-nitrophenyl hexanoate in the
medium of the latexes was found to have a higher rate with respect to the hy-
drolysis by OH™ ions in water mainly owing to the concentrating effect of both
substrate and catalyst (OH™ ions), as the variation of the intrinsic rate constant
was minimal. Data on the catalytic properties of the latexes are summarized
in Table 1. The general tendency observed consisted in the fact that the largest
rate constants were characteristic for the latexes containing long hydropho-
bic aliphatic tails in methacrylate and tetraalkylammonium monomer units
capable of interacting effectively with hydrophobic substrates.

Interfacial adsorption may also become an effective tool to increase sig-
nificantly the rate of catalytic reaction since it leads to the concentrating of
reactants at the boundaries of immiscible phases, so that the interfacial layer
becomes a reactor of nanoscale thickness (surface nanoreactor). Recently,
Vasilevskaya et al. [70] emphasized that the possibility to accelerate a catalytic
reaction exists in surfactant-free miniemulsions, if both catalyst and substrate
adsorb at the oil-water interfaces. At emulsion droplet interfaces, a significant
concentrating effect may be achieved, since the concentration at interfaces may
be several orders of magnitude higher than in bulk phases. Furthermore, the
absence of surfactants guarantees that a considerable part of the interface is not
occupied by foreign substances, providing greater possibilities for concentrat-
ing the reactants. It was shown that at a certain optimum size of miniemulsion
droplets (normally around several hundred nanometers), a significant increase
in reaction rate occurs compared with the case where the size of the droplets is

COO~

N -Co, CN
O,N 0 ON o]

Scheme 6 Decarboxylation of 6-nitrobenzioxazole-3-carboxylate

NO, NO,
+ H,0 +  C,,H,, COOH
O-(‘Z‘ CaHan OH
0 n=2-14

Scheme 7 Hydrolysis of p-nitrophenyl alkanoates
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Table 1 Ratios of the rate constant in the presence of latex (ki) to that in water (ky,) for
latexes of different composition. (Data from Ref. [69])

Latex type Ester substitute in Kiatex/ kw
methacrylate monomer

SMTMA latexes No methacrylate monomer 23 900
n-Butyl 6.1 2900
n-Hexyl 6.5
n-Octyl 9.5 4100
n-Decyl 10.2 4400
n-Dodecyl 10.7
Isobutyl 6.5 3300
2-Ethylbutyl 6.1
2-Ethylhexyl 12.5 8300
2-Chloroethyl 5.6
Butoxyethoxyethyl 5.8 400
Ethoxyethoxyethyl 5.5 200
Tetrahydrofurfuryl 7.1 3200
Tetrahydropyranyl 5.6
Furfuryl 5.8

SMTBA latexes No methacrylate monomer 12.0 9600
n-Butyl 15.7 6600
2-Ethylhexyl 16.5 10400

SMTMA styrylmethyl(trimethyl)Jammonium, SMTBA styrylmethyl(tributyl)ammonium

either too small or too large, as well as with the case of complete phase sepa-
ration. In Fig. 17, a series of dependencies of reaction rate vs. droplet radius
are presented for different adsorption energy at the droplet interface, ¢ (in kT
units). The positions of the maxima were found to be sensitive to ¢: a lower
energy of adsorption required a lower optimum size of the emulsion droplets.
The reason for the presence of the reaction rate maxima in the dependencies is
as follows: for small radii of the droplets the overall interfacial area is large, so
a high interfacial concentration cannot be achieved, and if the droplets are too
large, very few interfacial areas are available, thus reducing the probability that
the catalyst and the substrate meet each other in those areas.

The analogous considerations are valid for polymer systems as well. In-
deed, amphiphilic monomer units also tend to occupy interfacial areas of
macromolecular associates as it is normal for low molecular weight sur-
factants to adsorb at polymer-poor solvent boundaries. And, if such inter-
facial groups of the polymer associate catalyze chemical transformation of
a compound which tends to adsorb at the associate interfaces, this can re-
sult in unusual kinetics effects. Okhapkin et al. [18] studied the influence of
temperature-induced aggregation on the catalytic activity of thermosensitive
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Fig. 17 Reaction rate in an emulsion as a function of emulsion droplet radius and adsorp-
tion energy of substrate and catalyst: 1 € =2,2¢=4,3¢=8,4¢=10,5¢=12,6 ¢=14.
The reaction rate in the emulsion is normalized by that in the homogeneous phase; the

emulsion droplet radius is normalized by the diameter of a substrate molecule. (Adapted
from Ref. [70])

copolymers of VCL and Vim (PVCL-Vim) and NIPA and Vim (PNIPA-Vim),
which exist in a coiled state in aqueous or 2-propanol-water solutions at
room temperature. The copolymers in both coil and aggregate states were
tested as catalysts of NPA hydrolysis (Scheme 7, n=2). As the aggregate
state of such copolymers is reached by raising the temperature, the effects of
aggregation and temperature on the catalytic properties of the copolymers
overlapped. Therefore, the correlation of the catalytic properties with the
aggregation was investigated using the reaction rate vs. temperature depen-
dencies, which normally give a linear plot on semilogarithmic (Arrhenius)
coordinates. The aggregation influenced the reaction rate along with tem-
perature, producing a deviation from the linear law. Figure 18 shows the
Arrhenius dependencies for the four copolymer catalysts, 1-methylimidazole
and PVim as controls, at identical concentrations of imidazole groups. For
1-methylimidazole and PVim, the dependencies were quite linear, showing
that those catalysts followed the Arrhenius-type behavior. For copolymer
catalysts, the rate-temperature dependencies were not linear in Arrhenius co-
ordinates. In the temperature range 35-45 °C, the growth law was faster than
the linear one. When the temperature was raised further, the opposite effect
was observed, viz., the reaction rate slowed down.

The relation between the catalytic and aggregation properties of the
copolymers was shown using the dynamic light scattering method. Hydro-
dynamic radius distributions obtained by processing light scattering data
showed that at temperatures below 35 °C the copolymers existed in the form
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Fig. 18 Reaction rate of hydrolysis of p-nitrophenyl acetate as a function of inverse tem-
perature. Thermosensitive imidazole-containing copolymers (PVCL-Vim, PNIPA-Vim),
1-methylimidazole and poly(1-vinylimidazole) act as catalysts. Numbers in the copolymer
abbreviations denote the Vim content (in mole percent). Vim 1-vinylimidazole. (Adapted
from Ref. [18])

of coils, while aggregates were formed upon heating above that tempera-
ture (Fig. 19). At low temperature the average radius of the polymer particles
did not exceed 10 nm. Upon heating, new peaks at 100-200 nm emerged, in-
dicative of the aggregation. For all the copolymers studied, the temperature
intervals of aggregation preceded the temperature interval of rapid growth
of the reaction rate in the region 35-45 °C. Thus, the observed acceleration
of the reaction was found to be closely connected with the aggregation phe-
nomenon in solutions of the thermosensitive copolymers.

A Michaelis-Menten profile of the catalyzed reaction was observed for the
thermosensitive copolymers studied. In enzymatic catalysis, the catalytic act
is preceded by the complex formation between catalyst and substrate. Because
of the complex formation, enzymatic reactions follow Michaelis—-Menten-type
kinetics:

Vo [S]

T K+ [S]’ )

where Vi = kcat[Eo], kcat is the first-order rate constant for breakdown of
the substrate-catalyst complex, [Eo] is the concentration of catalyst, [S] is
the concentration of substrate, and Ky, is the Michaelis constant, which is
the dissociation constant of the enzyme-substrate complex. For a PNIPA-
Vim copolymer containing 11% of imidazole groups, a kinetics curve in
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Fig. 19 Distribution functions of the hydrodynamic diameter for the imidazole-containing
thermosensitive copolymers in 2-propanol-water solutions at various temperatures:
a PNIPA-Vim, 11% of imidazole; b PVCL-Vim, 29% of imidazole. (Adapted from Ref. [18])

V-[S] coordinates was obtained which could be well fitted with Eq. 3 giving
Vo =8.6 x 10~ mol/Ls and Ky, = 0.0105 mol/L. It was possible to explain the
phenomenon of enhanced catalytic activity of the copolymer aggregates in
the following terms by taking that fact into account.

As PVCL-Vim and PNIPA-Vim form aggregates of submicrometer sizes at
elevated temperature, NPA can adsorb at their interfaces forming a kind of
“complex” with the outer polymer groups (Fig. 20). Both Vim and NPA are
amphiphilic and their affinity to interface is high: when partitioned between
hexane and water, their free energies of adsorption to the interface (from wa-
ter) are 5.8 kT (14 kJ/mol) and 9.7 kT (24 k] /mol), respectively, whereas the
free energies of partition are 3.0 and -2.0 kT. Thus, the location at the phase
boundaries is preferential for them, and can stimulate NPA and monomer
units of Vim to concentrate at the interfacial areas of the polymer aggregates,
which leads to the rapid progress of the reaction in those areas.
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Fig.20 Interfacial layer of PVCL-Vim and PNIPA-Vim aggregates as a catalytic nanoreac-
tor. (Adapted from Ref. [18])

Furthermore, there can be some additional factors that increase the reac-
tion rate at aggregate interfaces. First, both catalyst and substrate are spe-
cifically oriented in the interfacial layer owing to the polymer concentration
gradient. This factor can lead to a specific mutual orientation of the interact-
ing species, which is beneficial for an elementary act of the catalytic reaction.
Second, the substrate molecules are subjected to a high stress owing to the
polymer concentration gradient. The second factor should reduce the activa-
tion energy of the reaction as the stress increases the ground-state energy of
the substrate molecules.

Binding to the interfaces of polymer aggregates may also result in spe-
cific catalytic effects in the case of homologous series of substrates. Lawin
et al. [71] studied hydrolysis of p-nitrophenyl alkanoates (NPAIk) (Scheme 7)
in the presence of hydroxide ions which was mediated by polymer micelles of
poly(N-(n-dodecyl)-4-vinylpyridinium-co-N-ethyl-4-vinylpyridinium) bro-
mide (PDEVP). PDEVP was reported to form compact micelles with a definite
surface, which is mainly covered by charged pyridinium moieties but having
as well some hydrophobic areas in the structure. The micelles were supposed
to bind the substrates by hydrophobic surface areas and hydroxide ions by
positively charged pyridinium ions. The diverse character of the concen-
tration dependencies of the reaction rate was observed for substrates with
different chain length (Fig. 21). This was associated with the possibility of ag-
gregation of NPAIk in aqueous solutions suggested in a work of Guthrie [72].
In Fig. 21, one may observe a kind of kink at the concentration dependencies
of n =28 and n = 10. The kinks of the curves were identified with the critical
aggregation concentrations (CACs) of the substrates, meaning that at higher
NPAlk concentrations PDEVP associates rather with NPAlk aggregates than
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Fig.21 Reaction rate versus substrate concentration for hydrolysis of p-nitrophenyl
alkanoates (NPAIk) in the presence of poly(N-(n-dodecyl)-4-vinylpyridinium-co-N-ethyl-
4-vinylpyridinium) bromide (PDEVP): closed squares n = 6, diamonds n = 8, open squares
n =10, circles n = 12, triangles n = 14. (Adapted from Ref. [71])

with individual molecules (Fig. 22). In particular, the CAC of n = 8 is rather
high, which ensures the possibility of saturation of the PDEVP surface with
individual molecules of the substrates. At the CAC, the newly formed aggre-
gates start to associate with the PDEVP surface contributing to an additional
increase of the reaction rate. In the case of n = 10, the CAC is rather low, so the
saturation by individual molecules is not attained before the kink. For n = 6,
the kink is not observed at the concentrations studied, obviously because the
substrate has a relatively short hydrophobic tail and its critical aggregation
concentration is too high to be observed in the concentration range studied.
Thus, it was shown that the adsorption of the substrate to the polymeric cata-
lyst may lead to complex catalytic effects which depend on the phase behavior
of both substrate and catalyst.

Wang et al. [73-76] performed a study of the catalytic activity of a silicon-
based polymer obtained by polycondensation of 4-bis[(3-dimethyl-ethoxy-

Fig.22 Representation of different types of association between PDEVP and NPAlk:
a adsorption of individual molecules of the substrate, b adsorption of aggregates of the
substrate. (Adapted from Ref. [71])
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silyl)propyl]laminopyridine (Scheme 8). The influence of buffer composi-
tion [73,76], salt content [73], surfactant [74], and polymer concentra-
tion [75,76] was investigated. It was shown that polymer 1 (Scheme 8) re-
vealed specificity to NPAIk of certain length; moreover, the specificity was
very sensitive to the solvent composition. The reaction carried out in buffered
aqueous solutions was substantially accelerated at a chain length of n =6 in
tris(hydroxymethyl)aminomethane (Tris) buffer, whereas in borate and phos-
phate buffer no specificity was observed (Fig. 23). When the solvent composi-
tion was changed, namely, a 1: 1 (v/v) methanol-water system was used, the
substrate specificity in phosphate buffer was recovered for esters with n = 10-
14 depending on catalyst concentration, whereas in Tris buffer it shifted to
n =14 and was constant at all polymer concentrations studied (Table 2).

The selectivity shifts were explained by changes in the morphology of the
polymer aggregates, which can adsorb the substrates from methanol-water
solution. A transition from spherical particles of 1 to rodlike and vesicle-like
particles was suggested for phosphate buffer solutions. It was believed that
the substrates with a definite tail length adsorb preferentially at the interfaces
of the particles of the corresponding type (Table 2). Tris buffer was shown to
increase the solubility of the polymer in the methanol-water mixture, which
resulted in no morphological changes and, accordingly, changes in substrate
specificity; the polymer aggregates were spherical in Tris buffer at all polymer
concentrations studied.

Thus summarizing, the adsorption of substrate at the interfaces of poly-
mer associates or emulsion droplets leads to the unusual effects associated
with the progress of catalytic reactions in a nanoscale interfacial layer of the

o, 6,
CZHSO—‘Si—\ﬁ /_//S‘i—OCZHS 1)THF/i-PrOH/H,0/Me ,NOH
CH CH -
8 N 3 2) ((CH3),Si),NH
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Scheme 8 Polycondensation of 4-[N,N-bis[(3-dimethylethoxysilyl)propyl]Jaminopyridine
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Fig.23 Pseudo-first-order rate constants for the hydrolysis of NPAlk (n =2-16) in the
absence and in the presence of 1 as a function of alkanoate chain length #, catalyst con-
centration, and buffer system: circles 7.5 x 107 molL™! 1 in Tris(hydroxymethyl)amino-
methane (Tris) buffer solution; closed up triangles 2.5 x 107> mol L™! 1 in Tris buffer solu-
tion; closed down triangles 2.5 x 107> mol L™! 1 in phosphate buffer solution; open squares
2.5x 107 molL™! 1 in borate buffer solution; open down triangles in Tris buffer solution
only; closed squares in phosphate buffer solution only; open up triangles in borate buffer
solution only. (Reprinted with permission from [73]. Copyright 1996 American Chemical
Society)

catalyst. It should be pointed out that interfacial reactions are of significant
importance not only in catalytic applications. In biological systems, a great
variety of interfaces between hydrophobic and hydrophilic areas are avail-
able, for example, in liposomes, cell membranes, and mitochondria. How-
ever, the role of interfaces is rarely taken into account in biophysical studies.
Usually n-octanol-water partition coefficients are employed in many envi-
ronmental and pharmacological studies to evaluate the allocation and fate of
chemicals in environmental and biochemical systems. Partition coefficients
characterize in a way the overall hydrophobicity of solutes. The latter ap-
pears to be one of the most important quantities since many binding sites
of enzymes and receptors are quite susceptible to hydrophobic fragments of
various low molecular weight compounds. However, as it is possible that re-
actions may proceed at the interface, the allocation of reacting compounds
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Table 2 Substrate specificity ¢ for 1-catalyzed hydrolysis of p-nitrophenyl alkanoates (NPAlk)
in 1:1 methanol-aqueous solution in the presence of polymer 1 aggregates. (Data from
Ref. [76])

Substrate specificity Polymer aggregate morphology
Concentration of 1 ~ Phosphate buffer Tris buffer =~ Phosphate buffer Tris buffer
(mol/L) (0.05 mol/L) (0.05mol/L) (0.05mol/L) (0.05mol/L)
5.0x 107 n=14 n=14 Sphere Sphere
1.0 x 107 n=14 n=14 Sphere Sphere
2.5% 107 n=12 n=14 Rod Sphere
5.0 x 107 n=12 n=14 Rod Sphere
7.5x 107 n=10 n=14 Vesicle Sphere
1.0 x 107 n=10 n=14 Vesicle Sphere

Tris tris(hydroxymethyl)aminomethane

2 Substrate specificity is defined by the maxima of plots of pseudo-first-order rate con-
stants for the solvolysis of the series of the substrates as a function of NPAlk chain
length n, see Fig. 23

in the interfacial areas should be taken into account, which was empha-
sized in a series of works [24,25,77,78]. Goldar and Sikorav [77] studied
the enhancement of renaturation of complementary single-stranded DNA in
water-phenol emulsions. It was shown that adsorption of the DNA chains at
water—phenol interfaces leads to a dramatic increase in the renaturation rate
compared with the case of bulk solution. This was attributed both to the in-
crease of the concentration of DNA strands at the interface and to a special
conformation assumed by the strands upon interaction with the interfacial
phenol molecules. It was stressed that knowledge of interfacial properties
of molecules should be useful in understanding their biological properties.
Adam and Delbruck [78] discussed the role of reduction of dimensionality
in biological systems. They showed that in diffusion-controlled processes, the
transition from three-dimensional to two-dimensional diffusion may result
in an increase of the process rate. As an example, the take-up of pheromone
molecules from air by developed surfaces of sense organs and further two-
dimensional diffusion of the pheromone to target receptors was explored.
Finally, along with their role in biological processes, the interfaces were sug-
gested to promote significantly the evolution of living systems. In particular,
Oparin [79] advanced a hypothesis that prebiotic reactions were taking place
in heterogeneous, coacervated system; according to Onsager [80], oil-brine
interfaces of the prebiotic environment might have been the first biochem-
ical reactors (e.g., for interfacial polymerization). Thus, the aforementioned
facts allow us to consider that polymer-water and oil-water interfaces are
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a promising subject of research as media for chemical processes of a broad
nature.

5
Conclusion

Recent studies showed that amphiphilic properties have to be taken into ac-
count for most water-soluble monomer units when their behavior in water
solutions is considered. The amphiphilic properties of monomer units lead to
an anisotropic shape of the polymer structures formed under appropriate con-
ditions, which is confirmed both by computer simulation and experimental
investigations. The concept of amphiphilicity applied to the monomer units
leads to a new classification based on the interfacial and partitioning proper-
ties of the monomers. The classification in question opens a broad prospective
for predicting properties of polymer systems with developed interfaces (i.e.,
micelles, polymer globules, fine dispersions of polymer aggregates). The re-
lation between the standard free energy of adsorption and partition makes it
possible to estimate semiquantitatively the distribution between the bulk and
the interface of monomers and monomer units in complex polymer systems.

Amphiphilicity and surface activity of monomer units have a pronounced
effect on self-organization in solutions of thermosensitive polymers. The bal-
ance of the hydrophilic and hydrophobic groups is markedly changed with
the change of temperature. When the hydrophobic part prevails, a new stable
microheterogeneous phase is formed with a definite size of aggregate par-
ticles [18, 81]. The possibility of obtaining nanostructures of interesting shape
and behavior was shown for amphiphilic thermosensitive polymers when
they were combined either with hydrophilic or hydrophobic moieties. Self-
organization of thermosensitive polymers was shown to lead to formation of
sharp water-polymer interfaces, which can act as catalytic surface nanoreac-
tors, where chemical reactions take place with increased reaction rate, com-
pared with the bulk solution. Two factors are responsible for that effect. First,
the nanoreactors can adsorb and concentrate interfacially active substrates.
Second, both substrate and catalyst moieties might be specifically oriented
and subjected to additional high stress owing to the polymer concentration
gradient. The adsorption of substrate at polymer-catalyst interfaces results in
uncommon catalytic effects not only in the case of thermosensitive catalysts
but also in the case of amphiphilic polymers of other types as well.

Finally, reactions in the surface nanoreactors were found to be important
for biological objects such as DNA and pheromones; some hypotheses were
advanced that the analogues of the surface nanoreactors might have played
a significant role in biological evolution.
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