
Simulation of Gradient Copolymers Synthesis via
Conformation-Dependent Graft Copolymerization near a Uniform
Adsorbing Surface

Anatoly V. Berezkin,* ,†,‡ Pavel G. Khalatur,‡,§ and Alexei R. Khokhlov‡,§,|

Department of Physical Chemistry, TVer State UniVersity, TVer 170002, Russian Federation, Institute of
Organoelement Compounds, Moscow 119991, Russian Federation, Department of Polymer Science,
UniVersity of Ulm, Ulm D-89069, Germany, and Physics Department, Moscow State UniVersity,
Moscow 119899, Russian Federation

ReceiVed February 6, 2006; ReVised Manuscript ReceiVed September 14, 2006

ABSTRACT: A statistical model is developed for radical graft copolymerization in a solution of monomers A
and B in the vicinity of a surface selectively absorbing the monomers of type A and corresponding copolymer
sections. The influence of the monomer concentrations and the short-range monomer A-surface attraction on
the copolymer sequence is investigated. It is shown that under certain conditions, the adsorption copolymerization
can yield gradient copolymers. We find three copolymerization regimes corresponding to different values of
dimensionless adsorption energyu. When the growing macroradical is weakly or nonadsorbed,u < uc (uc is the
critical adsorption energy), the statistical properties of graft copolymers approach asymptotically, in the long-
chain limit, to those of a random copolymer. Ifu J uc, the statistics of designed and random copolymers is
very different. In the vicinity ofuc, the adsorption copolymerization leads to copolymers with the largest
compositional nonuniformity and well-pronounced gradient that extends along the entire chain. In the strong
adsorption regime,u . uc, the statistical properties of the graft copolymers do not depend onu and are determined
mainly by the concentration of the monomer A in the adsorption layer.

Introduction

Gradient copolymers (GCs), characterized by local composi-
tion monotonically varying along the chain, have attracted
growing attention over recent years. The range of possible
applications of these copolymers is quite wide.1-5 In the
solutions or melts they can form diverse structures, such as
lamellar mesophases, hexagonally packed cylinders, spheres
arranged in body-centered cubic lattice, bicontinuous double-
gyroid structures, etc.1,2 GCs can be used as surfactants, and
particularly, as compatibilizers in polymer blends.4 Grafting of
these copolymers yields surfaces which can change the structure
and properties, depending on external conditions.5

GCs are usually obtained via “living” polymerization.6-11 The
gradient arises here due to the continuous variation of the
monomer ratio during synthesis. However, this technique allows
producing sequences with a relatively simple statistics only.
Conformation-dependent sequence design (CDSD)12,13 is an
alternative approach to the synthesis of copolymers with
nontrivial statistics, including GCs. The essence of this approach
is in polymer-analogous transformation or copolymerization in
such reaction system, where the sequence of monomer units
formed during synthesis and the equilibrium conformation of
the reacting macromolecule are interdependent. This interde-
pendence results from the self-organization of monomers and
copolymer macromolecules in the reaction system.

The synthesis of copolymers reported in refs 14-16 is a
typical example of polymer-analogous CDSD. The conditions
in the reaction system compel an initially homopolymeric chain

to take the desired template conformation, e.g., a globular one
as shown in Figure 1. One part of the monomer units is screened
from the solution in this conformation, while the other part is
accessible for chemical modification. This modification gener-
ates copolymers with the so-called Le`vy-flight-type long-range
correlations in the sequences.17,18 The nontrivial statistical
properties of these copolymers cause their unusual conforma-
tional behavior. In polar solvents these copolymers can form,
similarly to globular proteins, stable globules with a hydrophobic
core and a polar envelope.

Copolymerization is another possible way of conformation-
dependent design. The main condition for its successful realiza-
tion is self-organization of monomers and growing macroradicals
during synthesis. In the initial moment of the process this self-
organization consists of inhomogeneous distribution of differing
comonomers over the reaction system. Interfaces, supramolecu-
lar aggregates of monomers with additional inert compounds,
nanoparticles, and macroradicals themselves capable of selec-
tively adsorbing one of the comonomers can be used to ensure
these concentration inhomogeneities.

The scale of the concentration inhomogeneities, which arise
in the reaction system, should be comparable with the size of
macromolecule. Then, the macroradical with units inheriting
their properties from the monomers would be embedded in the
concentration fields of monomers. Thus, the equilibrium mac-
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Figure 1. Conformation-dependent sequence design via polymer-
analogous chemical reaction: (a) the template globular conformation
of the homopolymer chain; (b) the chemical modification; (c) the
resulting sequence. Modified monomer units are shown in black.
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roradical conformation becomes interconnected with its primary
sequence, and the existing sequence of units determines the order
of their further addition via local monomer concentrations near
the active center.

Certainly, the conformation-dependent copolymerization is
most effective when the chain propagation is slower than the
diffusion of monomers and the formation of the equilibrium
macroradical conformation.

The first experimental synthesis of amphiphilic polymers via
conformation-dependent copolymerization of polar and hydro-
phobic monomers in a polar solvent was reported in refs 19-
22. It was shown theoretically23-26 that this process can yield
GCs. Block length distribution for these copolymers is not
exponential, as for random copolymers, but obeys a power law.
Statistical peculiarities of these copolymers ensure their unusual
protein-like conformational behavior.

Another polymerization process that also realizes the CDSD
principles is graft copolymerization of two types of monomers
(A and B) in a solution near a uniform impenetrable surface,
when the latter selectively adsorbs monomers and monomer
units of type A (Figure 2). It was shown recently27-29 using
Monte Carlo simulations and the bond-fluctuation model that
this process also yields GCs. Block length distribution for A
monomer units in generated sequences is exponential, but the
distribution of B blocks obeys a power law. An analytical theory
of adsorption copolymerization was proposed in refs 29 and
30. for the case, when units of type A cannot desorb. A theory
of a similar process was developed in ref 31. However, these
papers deal with copolymerization in the strong adsorption
regime only, and the influence of the adsorption energy on the
copolymer statistics was not discussed there. The present article
is aimed at a more detailed theoretical investigation of the role
of adsorption interactions during graft conformation-dependent
copolymerization. The case of single-layer adsorption of one
of the comonomers is considered.

Model and Simulation Technique. In this study, we use
the following statistical model of radical copolymerization. The
propagation of the grafted chain is considered as a sequential

addition of monomer units of the type A or B to the free active
end of macroradical. There are four possible ways in which
monomer can be added:

wherekXY are reaction rate constants of the interaction between
active center X and monomer Y. Relations between these
constants are usually expressed through the reactivity ratiosrA

) kAA/kAB, andrB ) kBB/kBA.
The type of unit, that is added in each chain propagation act,

is determined using a random number generator with the
conditionpAA + pAB ) 1, andpBA + pBB ) 1 imposed on the
probabilitiespXY of monomer Y addition to the active center
X. The above-mentioned probabilities can be expressed via
average monomer concentrations (cjA and cjB) near the active
center:

For simplicity, it is assumed that the rate of propagation does
not depend on the chemical structure of the active center (rA )
rB ) 1), so the “ideal” copolymerization is considered, when
the probabilities of monomers A and B addition are

The average concentrations depend on local monomer
concentrations in the solution and near the surface. We assume
that the concentration of monomer A in the adsorption layer
exceeds that in the solution bulk by a factorq, while the
concentration of the nonadsorbable monomer B is everywhere
the same. Then, the dimensionless local concentrations can be
conveniently normalized by the monomer B concentration:

Here cA
0 and cA

S are the dimensionless concentrations of
monomers A in the bulk and in the adsorption layer, respec-
tively, cB

0 andcB
S are the dimensionless concentrations of the

monomers B,ε is the energy of a single adsorption contact,kB

is the Boltzmann constant,T is temperature, andu denotes the
dimensionless energy of adsorption contact (u ) -ε/kBT).

The average concentrations are connected with local con-
centrations via the probabilityfS of finding the active center
near the surface:

Usually, chain propagation is a kinetically controlled process.
Therefore, the macroradical changes its conformation many
times between the propagation acts, and the probabilityfS should
be averaged over the macroradical conformations for a current
chain lengthn. This averaging is a significant theoretical

Figure 2. Graft adsorption copolymerization near the surface that
selectively adsorbs one of the comonomers: (a) the reaction system
before the polymerization; (b) the chain propagation; (c) the resulting
sequence.
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problem. However, exact calculation of the statistical weight
of each macroradical conformation is possible if the macro-
radical is considered as an ideal (Gaussian) chain on a cubic
lattice. The computational procedure is realized as follows.

The first monomer unit of the grafted chain is placed at the
origin. The surface coincides with theXOY plane; thez axis is
normal to the surface and directed to the bulk of the solution.
If the distance between thenth monomer unit and the surface
zn ) 0, then the unit contacts with the surface, and if this unit
belongs to the A type, then it is adsorbed.

Let us introduce a variableRn(r ) that is defined as follows:
Rn(r ) ) 1 if the nth unit located at the pointr ) {x,y,z} is
adsorbed, andRn(r ) ) 0 if the unit is not adsorbed. If the
macroradical of lengthn has in some conformationk adsorption
contacts with the surface, and its active center is located at the
point r , the possible number of such conformations is denoted
as ân(k,r ). The following recurrence equation determines the
value ofân(k,r )

Here,R′(r ) is the set of all possible locations of the monomer
unit (n-1) if thenth unit is located atr ; r ′ is the point belonging
to the setR′(r ). For a simple cubic lattice,R′(r ) includes 6
points whenr ) {x,y,z > 0}, and 5 points ifr ) {x,y,0}. For
the first monomer unit, one has

If the sequence of monomer units in the macroradical is
known, then the number of conformationsâN(k,r ) for the chain
of arbitrary total lengthN can be found by sequential calculation
of ân(k,r ) values in all lattice pointsV at n ) 2, 3, ...,N. Then,
the thermodynamic functions can be found from the following
equations:

HerenA is the number of A monomer units in sequence,Z is
the partition function,U is the potential energy,A is the
adsorption degree of A monomer units,F is the free energy,S
is the entropy, andcV is the heat capacity. Finally, the probability
to find the active center in an arbitrary lattice pointr is

and the probability of its location near the surface is

HereVXOY is a set of points withz ) 0.

In our study, chain propagation is modeled as follows. Before
the addition of the next monomer to the sequence of current
length n, the ân(k,r ) values are calculated for allr , where
ân(k,r ) * 0. Then the probability to meet the active center in
the adsorption layerfS is estimated from eq 10. Equation 3
determines the average concentration of monomer A near the
active center, and the corresponding probabilitypA is found from
eq 2. If a random number uniformly distributed between 0 and
1 is less than this probability, then the monomer unit of type A
is added, otherwise the monomer unit of type B is added. After
that this cycle is repeated for the longer sequence of lengthn
+ 1. Chain propagation proceeds until the necessary chain length
N is reached. A large number of sequences are generated for
the investigation of their statistical properties.

Results and Discussion

In the simulation, 104 independent sequences of lengthN )
500 were generated for each combination of the monomer
concentrations and the adsorption energy. The dimensionless
energy of the adsorption monomer(A)-surface contact,u, was
varied over the range from 0 to 10.

In the case of adsorption copolymerization, there are only
two independent parameters, which determine the copolymer
composition and statistics: adsorption energy and monomer ratio
in solution (the concentrationcA

S is connected withcA
0 via eq

3). The copolymer composition curves (see Figure 3) were
obtained by variation of these parameters.

Figure 3 shows that in the case of a fixed solution composi-
tion, the adsorption leads to an increase in the fraction of
adsorbing monomer (A) units in the copolymer, as expected.
This is explained by the growth of monomer A concentration
in the adsorption layer.

For the sake of simplicity, the discussion presented in this
paper will mainly be focused on the systems where the chemical
AB composition of resulting copolymers is equimolar,φA )
φB ) 0.5. As a matter of fact, the equimolar composition is of
special interest. To generate such copolymers, we changed the
bulk concentrationcA

0 simultaneously withu. Concentrations
cA

0, which are necessary for the synthesis of equimolar
copolymers at a givenu, were found from Figure 3 using the
expressioncA

0 ) φA
0/(1 - φA

0).
To analyze the local compositional inhomogeneity of syn-

thesized copolymers, we calculated the probabilities to find a
monomer unit of type A at thenth position from the beginning

ân(k,r ) ) ∑
R′(r )

ân-1(k - Rn(r ),r ′) (5)

â1(0,r ) ) 0
â1(1,r ) { 0,0,0}) ) 1, â1(1,r * { 0,0,0}) ) 0
â1(k > 1,r ) ) 0 ] (6)
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∑
k)0
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kεâN(k,r )qk,

F ) -kBT ln Z, TS) U - F (7)
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∂T
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V
∑
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nA

(kε)2âN(k,r )qk -

[Z-1∑
V

∑
k)0

nA

kεâN(k,r )qk]2, A ) U/(ε nA) (8)
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k)0
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âN(k,r )qk (9)

fS(N) ) ∑
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∑
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Figure 3. Fraction of A monomer units in the 500-unit copolymers
vs the monomer A fraction in the bulkφA

0 ) cA
0/(cA

0 + 1). The
adsorption energies,u, are shown in the legend.
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of a growing macromolecule,φA(n), which characterizes in-
tramolecular chemical inhomogeneity along the chain. For an
ideal random copolymer in which chemically different segments
follow each other in statistically random fashion, theφA(n)
function should coincide with the average fraction of A segments
for any n. For a random-block copolymer, the fraction of one
component averaged over many sequences should also be
uniform along the chain.

Figure 4a presents the local copolymer compositionφA(n).
It is seen that whenu > 0, the polymerization process simulated
in this study yields copolymers with a well-defined gradient
structure. For such copolymers, theφA(n) function smoothly
decreases withn. It should be stressed that we define the gradient
in strictly mathematical sense, as a drift of the average
instantaneous composition along the chain. In other words, we
say that a copolymer is a gradient one if the derivative of this
local composition∂φA/∂n * 0 for any finiten value. As seen
from Figure 4b, this is indeed the case for all the values ofu
and the chain length under consideration.

Also, it should be kept in mind that speaking about gradient
copolymers, we have to consider their ensemble generated by
the same synthetic process, not a single chain which can, in
principle, have an arbitrary statistics. Note that in the rangeu
) 0.3-0.4, the composition gradient is most pronounced for
the model studied here. As will be shown below, this adsorption
energy corresponds to the critical adsorption energy.

To understand how adsorption energy influences the gradient
structure, it is necessary to bear in mind that the local copolymer
composition is determined by the solution monomer concentra-
tions, which are constant during synthesis, and also by the
probability of active center being located near the surfacefS.
The origin of the gradient is the dependence of the probability
fS(n) on the current macroradical lengthn. This dependence can
be easily found for a nonadsorbable Gaussian chain on a simple
cubic lattice.

In theu f 0 limit, the valuef S
ε ) 0(n) for a givenn is defined

by the ratio of two values. The numerator of this ratio is the
number of conformations of a nonadsorbable chain consisting
of n units, when both chain ends are placed on the surface (the
distance between the ends is arbitrary). The denominator of the
ratio is the number of conformations of the same chain in the
case when only one chain end is grafted while the other is free.
Let us assume that amongn - 1 bonds of this chain, onlyk
bonds are perpendicular to the surface. According to ref 32,
the number of possible combinations ofk bonds, which produce
chains withz1 ) 0, z2 g 0, z3 g 0, ...,zn g 0 is described by
binomial coefficient

Among these, there areηS combinations such that the last
unit lies at the surface (zn ) 0):

Since amongn - 1 bonds there are on the averagek ) (n -
1)/m bonds perpendicular to the surface, wherem is the space
dimensionality (m ) 3), finally we have

The last equation agrees well with our numerical calculations
already at small values ofn. Thus, in theu f 0 limit, the scaling
dependencefS(n) ∼ n-1 is expected. Figure 5 shows that for
the model studied in this paper, this scaling behavior is observed
at n J 102 and for nonzero adsorption energy, up to its critical
valueuc at which thefS(n) function deviates from a linear one
and approaches to a constant level in then f ∞ limit. Below,
we will call the copolymerization regime whenu < uc the “non-
adsorbing regime”. In this regime, the chain practically does
not adsorb on the surface but stays near it only due to grafting
of chain end. On the other hand, atu J uc, we observe a
qualitatively different behavior and therefore we deal with an
adsorbed copolymer. The critical energyuc that can be estimated
from the fS(n) function is close to 0.322 for 1:1 copolymer
composition. Practically the same value ofuc was found from
the average fraction of adsorbed segmentsA(u) (not shown).

Thus, the condition

means that the active center “leaves” the adsorption layer, as

Figure 4. (A) Local copolymer composition (averaged over 104 independent sequences) and (B) its derivative as functions of monomer number
in the chain for a few values ofu, at φA ) 0.5 andN ) 500.

Figure 5. Average value of the inverse probability 1/fS(n) as a function
of the macroradical lengthn for different adsorption energies, atφA )
0.5 andN ) 500. The curve corresponding to the critical adsorption
energy,uc ) 0.322, is shown with dotted line.

ηS ) 1
k + 1(kk/2) (13)

fS
ε ) 0(n) )

ηS

η
) 1

k + 1
) 1

(n - 1)/m + 1
(14)

lim
nf∞

fS(n)|u<uc
) 0 (15)

η ) (kk/2) (12)
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the chain grows. Because of that the local copolymer composi-
tion and the statistical properties of the grafted copolymer should
asymptotically correspond to those typical for an infinitely long
random copolymer synthesized in solution under similar condi-
tions. Note that the probabilityfS(n) could be considered as a
“memory function”, which shows that in the nonadsorbing
regime the chain gradually “forgets” that it is grafted to the
surface. However this is not the case for the chains of any finite
length (due to its grafting) and in the vicinity of the critical
adsorption energyuc. Indeed, our calculations show that the
memory of the surface does not decay even for 500-unit freely
jointed chain in which one unit corresponds to a statistical
segment. The memory becomes more pronounced whenu is
increased (see Figure 5). Certainly, atu < uc, the magnitude of
the composition gradient is very weak so that its experimental
detection is not possible.

It is clear that the critical adsorption energy should strongly
depend on the average copolymer compositionφA. In particular,
we expect thatuc f ∞ whenφA f 0. Figure 6 showsuc as a
function ofφA. We found that atφA J 0.2, the dependence of
uc

-1 on φA can be approximated by a linear function. This
scaling agrees well with the results of Sumithra and Baum-
gaertner,33 as well as with Gutman and Chakraborty34 for
entirely random copolymers. Because the critical values of
adsorption energy of obtained GC and random copolymers of
the same composition are very close, it is reasonable to expect
the similar scaling behavior for these copolymers in the whole
range of adsorption energies.

Let us now consider the polymerization process atu > uc.
According to well-known results of the work,33 above the critical
adsorption energy random copolymers of arbitrary composition
follow the scaling relation

HereR⊥ is component of the chain gyration radius, which is
perpendicular to the surface,V1 and V2 are correlation length
exponent and crossover exponent respectively (for Gaussian
chainsV1 ) V2 ) 0.5), andbf is a constant (according with33 bf

) 1.6). Consequently, above the critical adsorption energy for
long enough chains, the thickness of adsorption layer does not
depend on the polymerization degree. And in the limitn f ∞
the average probability for active center to be located in the
adsorption layer should have a constant nonzero value:

In other words, in this case the memory of the surface does
not vanish even in then f ∞ limit. This conclusion agrees
well with our simulation shown in Figure 5 foru > uc. As a

result, the statistical properties of grafted and random long-chain
copolymers are different.

In this regime of copolymerization, the main reason for the
gradient structure is just an “end effect”, which has two causes,
of physical and statistical natures, respectively. The physical
cause is an influence of grafting, which is significant, when
adsorption of units A is relatively weak. To explain this effect,
the adsorbed chain can be considered as an array of blobs, each
of them attracted to the surface with an energy on the order of
kBT.35 Due to grafting, the first blob distinguishes itself from
others that have approximately the same structure. As a result,
the probabilityfS changes on the initial section of the sequences.

However, we would like to mention certain differences
between an adsorbed copolymer chain with a fixed chemical
composition and a growing macroradical. The last one is a
“dynamic system”. Indeed, if the gradient copolymer is forming,
it can be represented as an array of nonidentical blobs of
increasing size and having different content of B monomer units.
So, the influence of physical factors on the gradient can be
reinforced by synergistic effect of adsorption polymerization.
Similar behavior has been discussed in ref 29.

As the adsorption energyu grows, the physical effect of
grafting attenuates, and characteristic size of the gradient region
shorten (see Figure 5), because physisorbed monomer units
become undistinguishable from the grafting point. Let us denote
the minimal adsorption energy, when physical effect of grafting
disappears, as some new critical adsorption energyuc* (absolute
value ofuc* is discussed later). At the adsorption energies higher
thanuc*, the desorption of A monomer units is small and can
be neglected. We will call this a strong adsorption regime. In
this regime, identical behavior of grafted and adsorbed monomer
units leads to the fact that the statistical structure of the chain
does not depend on its length. For this reason, each sequence
that is formed here can be considered as a piece of some
infinitely long nongradient sequence. The gradient, which has
a statistical nature, arises because all finite-size sequences are
“clipped out” from the infinite one in nonrandom way: these
sequences always start with blocks of type A.

Even if the copolymer composition,φA, tends toφA ) 0.5,
the probabilitypAA > pAB, because adsorption copolymerization
is a non-Markovian process. Therefore, if the chain begins from
monomer unit of type A, this increases the probability that the
following monomer unit also will have type A and so on. The
size of such initial gradient section is determined by the
transition probabilitypAA ) cA

S/(cA
S + rA

-1) (see eqs 1 and 4).
To discuss the influence of adsorption energy on the gradient

in more specific way, let us to introduce a quantitative measure
of the gradient as the dispersion of the preaveraged local
copolymer composition:

The dispersionD is shown in Figure 7 as a function ofu. It
is seen that the dependence ofD on the adsorption energy has
a well-pronounced maximum. This effect has the following
explanation. The dependence offS on n is not the only origin
of the gradient; the difference between the monomer A
concentration in the solution and near the surface also contrib-
utes to this effect. Figure 5 shows that the variation offS(n) is
fastest in the absence of adsorption. Nevertheless, it is clear
from the discussion presented above that no gradient copolymer
can be synthesized atu ) 0, becausecA

0 ) cA
S. As the

adsorption intensity grows, the differencecA
S - cA

0 increases

Figure 6. Value of uc
-1 as a function of the average copolymer

compositionφA at N ) 500.

D ) N-1∑
n)1

N

[fA(n)]2 - [N-1∑
n)1

N

fA(n)]2 (18)

R⊥ ∼ [fA exp(bf - 1/u)]-V1/(1-V2) (16)

lim
nf∞

fS(n)|u>uc
) const> 0 (17)
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in contrast to the differencefS(1) - fS(N). Therefore, the
magnitude of the gradient should have a maximum. As we can
see form Figure 7, this is indeed the case. The most important
fact is that the largest compositional nonuniformity is observed
just for u ≈ uc. As the value ofu is further increased, the
compositional nonuniformity becomes weaker, and it reaches
a plateau in the strong adsorption regime, foru . uc.

It is instructive to compare the calculated valuesD with those
for some model (gradient) copolymer, e.g., with linear variation
of AB composition along the chain. The local chemical
composition of such copolymer is a linear function ofn

where∆φ is the amplitude of the composition variation, and
〈φA〉 is an average copolymer composition.

For N-unit copolymer, the mean square value〈φA
2〉 is given

by

Hence, forD, we have the following simple expression

If we take the maximum value of∆φ ) 1 (which can be
realized experimentally, e.g., in “living” radical polymerization),
we obtainD ) 1/12. It is seen from Figure 7 that this composition
dispersion is much larger as compared to that observed for our
designed copolymers for anyu. The point is that in our
calculation, the propagation rate does not depend on the
chemical structure of polymerizing monomers and active center.
In principle, the composition dispersion and the magnitude of
the gradient can be considerably increased when the preferable
addition of one of the monomers is taken into account.

As mentioned above, whenu > uc, the compositional
nonuniformity decays with increasingu. Moreover, the gradient
becomes independent ofu when the strong adsorption regime
attained. From Figure 7 we have found that the transition to
this regime takes a place at critical adsorption energyuc* ≈ 7.
This critical value was found by comparative analysis of
dependencesD(u) for copolymers with different compositions.
For some of them this crossover point is even more pronounced
than in Figure 7.

As mentioned above, in the strong adsorption regime, atu >
uc*, adsorption energy already does not influence the chain
conformation. Because of that, the copolymers that have the
same composition are characterized also by equal statistics and

amplitude of gradient. As follows from eq 16, this regime is
realized when

Equation 22 shows that the critical valueuc*, as distinct from
uc, is a constant for a given system. It does not depend on
copolymer composition and chain length.

Statistical properties of copolymers obtained during copo-
lymerization in the strong adsorption regime have been discussed
in refs 29 and 31. All theoretical models, including one
developed in the present work, predict exponential distribution
for blocks of the type A, because the probability of block A
elongation is always constant and equal to the transition
probabilitypAA. However, there are differences for distribution
of B blocks.

We have found that this distribution is described by a power
law in the long chain limit

The power exponentR depends on the copolymer composi-
tion. As one can see from Figure 8,R ) -5.48 for the
copolymer compositionφA ) 0.5.

The power law forwB(l) was also found in ref 29. However
the power exponentR ) 3/2 is obtained there, and it was a
constant for sequences of different composition. These differ-
ences arise because the model29 considers each separate chain
as “quenched”, i.e., the macroradical cannot change the con-
formation during polymerization. This is possible for rigid
polymers or during polymerization in highly viscous systems,
when reaction rate significantly exceeds chain relaxation rate.
As a result, each block B in this model is a realization of one-
dimensional random walk process.

Because of that, the gradients obtained in our model and in
the theory29 are also not the same. If we predict relatively fast
attenuation of gradient in the strong adsorption regime, then
for “quenched” macromolecules there are long-range compo-
sitional correlations extending along the entire chain for any
N.29 Therefore, these copolymers have more correlated structure
than the chains which can change the conformation during
synthesis.

An effective method for quantitative evaluation of these
correlations is the so-called detrended fluctuation analysis
developed by Stanley and co-workers.36-39 In this approach,
each AB copolymer sequence is transformed into a sequence

Figure 7. Value of gradient in composition vs the dimensionless
adsorption energy (φA ) 0.5, N ) 500).

Figure 8. Block length distribution functions for nonadsorbing blocks
B (N ) 500, u ) 10, φA ) 0.5): (1) calculations by our model; (2)
results of the model.29

bf . 1/u or u . 1/bf ) 0.625 (22)

wB(l) ∼ l-R (23)

φA(n) ) ∆φ

N
n + 〈φA〉 - ∆φ

2
(19)

〈φA
2〉 ) N-1 ∫0

N
[φA(n)]2 dn )

(∆φ)2

12
+ 〈φA〉2 (20)

D ) 〈φA
2〉 - 〈φA〉2 ) (∆φ)2/12 (21)
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of symbols+1 and-1. One can find an average dispersion of
such discrete function on the section of lengthλ. For random
copolymers dispersionDλ is connected with the “window size”
λ through a power lawDλ ∼ λ1/2. For correlated sequences
nonpower dependenceDλ(λ) takes place, or the power exponent
of such dependence exceeds1/2.

As seen from Figure 9, grafted copolymerization always
yields sequences with power laws forDλ(λ). And the power
exponents in all the cases (excepting random sequences obtained
in absence of adsorption) exceed1/2. It means that there are
long-range correlations in synthesized sequences, but there is
not any characteristic scale length of these correlations; i.e., scale
invariance of correlations takes place. Copolymers obtained
during propagation of “quenched” macroradicals demonstrate
more pronounced correlations (larger power exponents) than
those generated in the present work for kinetically controlled
copolymerization in the strong adsorption regime. This result
agrees well with the conclusion about weaker gradient of
sequences obtained in the latter case.

Conclusion

We have proposed a statistical mechanical model of an
irreversible graft copolymerization in the solution of two
polymerizing monomers A and B for the case when the surface
selectively adsorbs monomers and monomer units of type A.
The growth of polymer chains during the addition copolymer-
ization produced a monodisperse system. The influence of the
solution monomer concentrations and the adsorption energy on
the chemical composition and the statistical properties of the
copolymer sequences was investigated. The focus was on the
copolymers with equimolar AB composition.

We have found that, under certain preparation conditions, the
adsorption copolymerization can yield quasirandom copolymers
with the strong compositional nonuniformity and well-pro-
nounced gradient sequences. To characterize the magnitude of
the gradient, we have introduced a parameterD that describes
the dispersion of the local copolymer compositionφA(n) along
the chain. The dependence ofD on the adsorption energyu for
the copolymers with the same average composition has a
maximum near the critical adsorption energyuc of the macro-
radical. It means that in the vicinity ofuc, the gradient structure
of the resulting copolymer sequences becomes most pronounced.

It was shown that there are three regimes of the adsorption

copolymerization which correspond to different adsorption
energies. (i) In the nonadsorbing regime (u , uc, whereuc ≈
0.322 is the critical adsorption energy in the case of equimolar
copolymer composition,φA ) φB ) 0.5) the probability for the
active center to be located near the surface behaves asfS(n) ∼
1/n, where n is the macroradical length. Therefore, in this
regime, the chain propagation leads to asymptotical convergence
of the local copolymer composition to that of random copoly-
mers synthesized in a solution under the same conditions. For
finite values ofn, a fast change in the local chemical composi-
tion is observed for initial sections of the growing macroradical.
(ii) In the weak adsorption regime (u J uc) the probabilityfS is
nonzero for anyn and u. As a result, the local copolymer
composition in the long-chain limit differs essentially from that
of a random copolymer synthesized in the solution bulk. In the
vicinity of uc, the magnitudes of the compositional nonunifor-
mity and gradient are maximal, and the gradient extends along
the entire chain for any chain length. The value ofuc

-1 was
found to be a linear function ofφA at φA J 0.2. (iii) For the
strong adsorption regime (u > uc*, where uc* ≈ 7), the
copolymer statistics does not depend onu and is determined
only by the solution monomer concentrations. Thus, the
adsorption energy can help to ensure versatile and accurate
control of the statistics of the resulting copolymers obtained
via the conformation-dependent adsorption copolymerization.

One of the main limitations of our polymerization model is
the fact that it does not include intrachain excluded volume
effects and interchain interactions; therefore, self-intersections
are possible in the model chain. The ideal (Gaussian) chain
model discussed in this paper is the simplest one among those
that can be used for studying conformation-dependent surface
copolymerization. However, even for this minimal model, a
meaningful formulation and an exact solution of the problem
are possible. The excluded volume interaction consists of
repulsion of monomer units at small distances and prevents them
being localized simultaneously in the same spatial region. Taking
into account the excluded volume exactly is a far more complex
problem than that of the ideal chain; therefore complex models
must be used for its solution (e.g., models developed on the
basis of self-consistent field theory). However, certain general
conclusions about the role of excluded volume effects can be
drawn based on simple arguments. First of all, we note that the
probabilityfS defined by eq 10 already accounts for the excluded
volume interaction between chain segments and surface. Intro-
duction of additional interaction terms into the expression for
the statistical weightq [see eq 3] describing the intrachain
excluded volume interaction would not change the ratio defined
by eq 9, but would decrease the number of chain conformation
with z ) 0. The same is true for a multiple chain system in the
presence of interchain interactions between neighboring growing
chains. As a result, the excluded volume interaction would make
the probabilityfS smaller and, respectively, the critical adsorption
energy larger. Therefore, the minimal model we discussed here
gives the lowest estimate of the transition between nonadsorbed,
weakly adsorbed, and strongly adsorbed polymers. Nevertheless,
we do not expect qualitative changes in general properties of
the polymers generated via surface-induced conformation-
dependent copolymerization. The same conclusion has been
drawn in ref 29. Certainly, for a system consisting of densely
grafted chains (as in a polymer brush), we expect qualitatively
different behaviors.
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