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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 monoswerfake 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 enengyWhen the growing macroradical is weakly or nonadsorled, u. (u. is the

critical adsorption energy), the statistical properties of graft copolymers approach asymptotically, in the long-
chain limit, to those of a random copolymer.ufxz u., the statistics of designed and random copolymers is
very different. In the vicinity ofu,, 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 regimey > uc, the statistical properties of the graft copolymers do not depenchowl are determined
mainly by the concentration of the monomer A in the adsorption layer.

Introduction (a) (b) (©)
Gradient copolymers (GCs), characterized by local composi-
tion monotonically varying along the chain, have attracted . —

growing attention over recent years. The range of possible

app“f:atlons of these copolymers _'S quite wid.In the Figure 1. Conformation-dependent sequence design via polymer-
solutions or melts they can form diverse structures, such asanalogous chemical reaction: (a) the template globular conformation
lamellar mesophases, hexagonally packed cylinders, spheresf the homopolymer chain; (b) the chemical modification; (c) the

arranged in body-centered cubic lattice, bicontinuous double- resulting sequence. Modified monomer units are shown in black.
gyroid structures, ett? GCs can be used as surfactants, and

particularly, as compatibilizers in polymer blentGrafting of to take the desired template conformation, e.g., a globular one
these copolymers yields surfaces which can change the structurés shown in Figure 1. One part of the monomer units is screened
and properties, depending on external conditfons. from the solution in this conformation, while the other part is

gradient arises here due to the continuous variation of the at€s copolymers with the so-calledweflight-type long-range
monomer ratio during synthesis. However, this technique allows correlations in the sequencEs?® The nontrivial statistical
producing sequences with a relatively simple statistics only. Properties of these copolymers cause their unusual conforma-
Conformation-dependent sequence design (CDHSB)s an t|.on.al behavior. In polar_solvents these copo.lymers can form,
alternative approach to the synthesis of copolymers with similarly to globular proteins, stable globules with a hydrophobic
nontrivial statistics, including GCs. The essence of this approachcore and a polar envelope.
is in polymer-analogous transformation or copolymerization in ~ Copolymerization is another possible way of conformation-
such reaction system, where the sequence of monomer unitsdependent design. The main condition for its successful realiza-
formed during synthesis and the equilibrium conformation of tion is self-organization of monomers and growing macroradicals
the reacting macromolecule are interdependent. This interde-during synthesis. In the initial moment of the process this self-
pendence results from the self-organization of monomers andorganization consists of inhomogeneous distribution of differing
copolymer macromolecules in the reaction system. comonomers over the reaction system. Interfaces, supramolecu-
The synthesis of copolymers reported in refs—14 is a lar aggregates of monomers with additional inert compounds,
typical example of polymer-analogous CDSD. The conditions nanoparticles, and macroradicals themselves capable of selec-
in the reaction system compel an initially homopolymeric chain tively adsorbing one of the comonomers can be used to ensure
these concentration inhomogeneities.

*To whom correspondence should be adressed at the Institute of  The scale of the concentration inhomogeneities, which arise

Organoelement Compounds. E-mail: berezkin.anatoly@rambler.ru. in the reaction system, should be comparable with the size of
*Il?lzgflurtt? gP B?ggﬁgs;gﬁie%?%n;ﬁ%u%? State University: macromolecule. Then, the macroradical with units inheriting
s Department of Polymer Science, University of Ulm. their properties from the monomers would be embedded in the
' Physics Department, Moscow State University. concentration fields of monomers. Thus, the equilibrium mac-
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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:

k

~AT A ~AAT
k

~A"+ B —>~AB*

k,
~B'+ A — ~BA"

~B'+ B - .pp

wherekyy are reaction rate constants of the interaction between
active center X and monomer Y. Relations between these
constants are usually expressed through the reactivity natios
= kaa/kag, andrg = kgp/kga.

The type of unit, that is added in each chain propagation act,
is determined using a random number generator with the
conditionpaa + pas = 1, andpea + pgs = 1 imposed on the
probabilitiespxy of monomer Y addition to the active center
X. The above-mentioned probabilities can be expressed via

/ average monomer concentratiorta @nd Tg) near the active
Figure 2. Graft adsorption copolymerization near the surface that CENter:
selectively adsorbs one of the comonomers: (a) the reaction system _ B
before the polymerization; (b) the chain propagation; (c) the resulting _ TaACa . _ I'sCg
sequence. A = [T+ Co Pag =1~ Pans Peg = Tt oty

roradical conformation becomes interconnected with its primary Pea =1 Pgg (1)

sequence, and the existing sequence of units determines the order S ]

of their further addition via local monomer concentrations near ~ FOr simplicity, itis assumed that the rate of propagation does

the active center. not depend on the chemical structure of the active center(
Certainly, the conformation-dependent copolymerization is '8 = 1), S0 the “ideal” copolymerization is considered, when

most effective when the chain propagation is slower than the the probabilities of monomers A and B addition are

diffusion of monomers and the formation of the equilibrium c ~

macroradical conformation. P = A D - @)
The first experimental synthesis of amphiphilic polymers via ATyt Ty 8

conformation-dependent copolymerization of polar and hydro-

phobic monomers in a polar solvent was reported in refs 19 ~ The average concentrations depend on local monomer

22. It was shown theoreticafi§ 26 that this process can yield ~concentrations in the solution and near the surface. We assume

GCs. Block length distribution for these copolymers is not that the concentration of monomer A in the adsorption layer

exponential, as for random copolymers, but obeys a power law. €xceeds that in the solution bulk by a factgr while the

Statistical peculiarities of these copolymers ensure their unusualconcentration of the nonadsorbable monomer B is everywhere

protein-like conformational behavior. the same. Then, the dimensionless local concentrations can be
Another polymerization process that also realizes the CDSD conveniently normalized by the monomer B concentration:

principles is graft copolymerization of two types of monomers S o o S

(A and B) in a solution near a uniform impenetrable surface, Cx\”=0Cy, Cz =Cz =1, g=exp[—e/kgT] = exp[u]

when the latter selectively adsorbs monomers and monomer (3)

units of type A (Figure 2). It was shown recerifly?® using

Monte Carlo simulations and the bond-fluctuation model that ~ Here ca® and ca® are the dimensionless concentrations of

this process also yields GCs. Block length distribution for A° monomers A in the bulk and in the adsorption layer, respec-

monomer units in generated sequences is exponential, but theively, cg® andcg® are the dimensionless concentrations of the

distribution of B blocks obeys a power law. An analytical theory monomers Bg is the energy of a single adsorption contégt,

of adsorption copolymerization was proposed in refs 29 and is the Boltzmann constant, is temperature, and denotes the

30. for the case, when units of type A cannot desorb. A theory dimensionless energy of adsorption contact —e/kgT).

of a similar process was developed in ref 31. However, these The average concentrations are connected with local con-

papers deal with copolymerization in the strong adsorption centrations via the probabilitfs of finding the active center

regime only, and the influence of the adsorption energy on the near the surface:

copolymer statistics was not discussed there. The present article

is aimed at a more detailed theoretical investigation of the role Ca=fC”+ (1 —f9c’ =1 4)

of adsorption interactions during graft conformation-dependent

copolymerization. The case of single-layer adsorption of one  Usually, chain propagation is a kinetically controlled process.

of the comonomers is considered. Therefore, the macroradical changes its conformation many
Model and Simulation Technique.In this study, we use  times between the propagation acts, and the probakjkiyould

the following statistical model of radical copolymerization. The be averaged over the macroradical conformations for a current

propagation of the grafted chain is considered as a sequentialchain lengthn. This averaging is a significant theoretic&bv
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problem. However, exact calculation of the statistical weight 1.0
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. 0.8
The first monomer unit of the grafted chain is placed at the
origin. The surface coincides with th€OY plane; thez axis is 0.6
normal to the surface and directed to the bulk of the solution.
If the distance between th&h monomer unit and the surface ¢A
z, = 0, then the unit contacts with the surface, and if this unit 04
belongs to the A type, then it is adsorbed.
Let us introduce a variablen(r) that is defined as follows:
an(r) = 1 if the nth unit located at the point = {x\y,z} is 0.2
adsorbed, andx,(r) = O if the unit is not adsorbed. If the
macroradical of length has in some conformatidnadsorption 0.0
contacts with the surface, and its active center is located at the 0.0

pointr, the possible number of such conformations is denoted

as fBn(k,r). The following recurrence equation determines the
value of 5n(k,r)

ﬂn(k!r) = R;)ﬁnfl(k - 0*n(r)vr’) (5)

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

p1(0r) =0
pi(lr={008)=1, p(1r={008)=0| (6)
pik>1r)=0

If the sequence of monomer units in the macroradical is
known, then the number of conformatiofig(k,r) for the chain
of arbitrary total lengtiN can be found by sequential calculation
of Bn(k,r) values in all lattice point¥ atn= 2, 3, ...,N. Then,
the thermodynamic functions can be found from the following
equations:

Z= Z :ZADﬁN(k,r)qk, U= Z_lz ik&ﬁ,\,(k,r)qk,

F=-kTInz, TS=U-F (7)
U

_¥_ S Kk _
o= z Z kZo(ke) Bnkr)a

[Z*Z fokeﬂN<k,r)qk12, A= Ul(en,) (8)
K=

Heren, is the number of A monomer units in sequencés
the partition function,U is the potential energyA is the
adsorption degree of A monomer uniksjs the free energys
is the entropy, andy is the heat capacity. Finally, the probability
to find the active center in an arbitrary lattice poinis

o(r) = Z‘lkZOﬁN(k,r)qk 9)

and the probability of its location near the surface is

n,

fs(N) = ; ur) = z*; Br(k.r)d (10)
XOY xoy K=

HereVxoy is a set of points wittz = 0.
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Figure 3. Fraction of A monomer units in the 500-unit copolymers
vs the monomer A fraction in the bulkia® = ca%(ca® + 1). The
adsorption energiesi, are shown in the legend.

In our study, chain propagation is modeled as follows. Before
the addition of the next monomer to the sequence of current
length n, the gBq(k,r) values are calculated for atl, where
Pn(k,r) = 0. Then the probability to meet the active center in
the adsorption layefs is estimated from eq 10. Equation 3
determines the average concentration of monomer A near the
active center, and the corresponding probabilitys 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 length
+ 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, 18independent sequences of length=
500 were generated for each combination of the monomer
concentrations and the adsorption energy. The dimensionless
energy of the adsorption monomer(A)-surface contactyas
varied over the range from O 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 concentratiooyS is connected witlta® 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 equimolan =
¢s = 0.5. As a matter of fact, the equimolar composition is of
special interest. To generate such copolymers, we changed the
bulk concentratiorca® simultaneously withu. Concentrations
ca’, which are necessary for the synthesis of equimolar
copolymers at a given, were found from Figure 3 using the
expressiorca® = ¢a%(1 — ¢a0).

To analyze the local compositional inhomogeneity of syn-
thesized copolymers, we calculated the probabilities to find a
monomer unit of type A at thath position from the beginnin%DV
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Figure 4. (A) Local copolymer composition (averaged over iftdependent sequences) and (B) its derivative as functions of monomer number
in the chain for a few values af, at pa = 0.5 andN = 500.

of a growing macromoleculepa(n), which characterizes in- —
tramolecular chemical inhomogeneity along the chain. For an 100
ideal random copolymer in which chemically different segments [ —00
follow each other in statistically random fashion, tig(n) [ :z:g';
function should coincide with the average fraction of A segments . —2—03
for anyn. For a random-block copolymer, the fraction of one §”10 | 0.3222
component averaged over many sequences should also be = | ::?-g
uniform along the chain. r ’ 5
Figure 4a presents the local copolymer compositha(n). r '
Itis seen that when > 0, the polymerization process simulated
in this study yields copolymers with a well-defined gradient 1 P EE
structure. For such copolymers, tg(n) function smoothly 1 oo, 10

Qecregses with. It ShOEJ'd be stressed that We, define the gradient Figure 5. Average value of the inverse probabilityis{h) as a function
in strictly mathematical sense, as a drift of the average ofthe macroradical length for different adsorption energies, g =
instantaneous composition along the chain. In other words, we 0.5 andN = 500. The curve corresponding to the critical adsorption
say that a copolymer is a gradient one if the derivative of this energy,u. = 0.322, is shown with dotted line.
local c.ompositionafzsA(an. = 0 for any finiten value. As seen Among these, there amgs combinations such that the last
from Figure 4b, this is indeed the case for all the values of S .

. ; ; unit lies at the surfacez{ = 0):
and the chain length under consideration.

Also, it should be kept in mind that speaking about gradient 1 [k
copolymers, we have to consider their ensemble generated by Ns= m(kIZ) (13)
the same synthetic process, not a single chain which can, in
principle, have an arbitrary statistics. Note that in the ramge Since amongn — 1 bonds there are on the averdge (n —
= 0.3-0.4, the composition gradient is most pronounced for 1)/m bonds perpendicular to the surface, wherés the space
the model studied here. As will be shown below, this adsorption dimensionality th = 3), finally we have
energy corresponds to the critical adsorption energy.

To understand how adsorption energy influences the gradient fe= °(n) _s_ 1 _ 1 (14)
structure, it is necessary to bear in mind that the local copolymer S 7 k+1 (h—1)m+1
composition is determined by the solution monomer concentra- . ] . .
tions, which are constant during synthesis, and also by the The last equation agrees well Wlth our nur_ne_ncal calcu_lat|ons
probability of active center being located near the surface  already at small values of Thus, in theu — 0 limit, the scaling
The origin of the gradient is the dependence of the probability dependencés(n) ~ n~* is expected. Figure 5 shows that for
fs(n) on the current macroradical lengthThis dependence can the model studied in this paper, this scaling behavior is observed

be easily found for a nonadsorbable Gaussian chain on a simpleatn = 10? and for nonzero adsorption energy, up to its critical
cubic lattice. valueu, at which thefg(n) function deviates from a linear one

In theu— O limit, the valuef £~ %) for a givenn is defined and approaches to a constant level in the o limit. Below,

by the ratio of two values. The numerator of this ratio is the We Will call the copolymerization regime when= u. the “non-
number of conformations of a nonadsorbable chain consisting @dsorbing regime”. In this regime, the chain practically does
of n units, when both chain ends are placed on the surface (the"Ot 2dsorb on the surface but stays near it only due to grafting
distance between the ends is arbitrary). The denominator of the®f chain end. On the other hand, atz u;, we observe a
ratio is the number of conformations of the same chain in the dualitatively different behavior and therefore we deal with an
case when only one chain end is grafted while the other is free. @dsorbed copolymer. The critical energythat can be estimated
Let us assume that amomg— 1 bonds of this chain, onli from thg fs(n) funcpon is close to 0.322 for 1:1 copolymer
bonds are perpendicular to the surface. According to ref 32, COmposition. Practically the same valuewgfwas found from

the number of possible combinationskdfonds, which produce ~ the average fraction of adsorbed segmekits) (not shown).
chains withz; = 0,2 = 0,z = 0, ...,z, = 0 is described by Thus, the condition

binomial coefficient lim ()|, =0 (15)
n—oo c

,72(" ) (12) . .
ki2 means that the active center “leaves” the adsorption Iaye&g@
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6——r—— result, the statistical properties of grafted and random long-chain
1 copolymers are different.
In this regime of copolymerization, the main reason for the

4t - gradient structure is just an “end effect”, which has two causes,

1Yu sl ] of physical and statistical natures, respectively. The physical
¢l ] cause is an influence of grafting, which is significant, when
2F . adsorption of units A is relatively weak. To explain this effect,

the adsorbed chain can be considered as an array of blobs, each
I | of them attracted to the surface with an energy on the order of
0 ! ' ' ! ksT.35 Due to grafting, the first blob distinguishes itself from
00 02 04 06 08 10 .

others that have approximately the same structure. As a result,

_ A_ the probabilityfs changes on the initial section of the sequences.

Figure 6. Value of u.* as a function of the average copolymer  However, we would like to mention certain differences
compositiongs atN = 500. between an adsorbed copolymer chain with a fixed chemical

the chain grows. Because of that the local copolymer composi- Eompos_mon and” a growing macror_ad|ca|. The Ias_t one Is a
dynamic system”. Indeed, if the gradient copolymer is forming,

tion and the statistical properties of the grafted copolymer should i b ted f identical blobs of
asymptotically correspond to those typical for an infinitely long It can be represented as an array of nonigentical blobs o
random copolymer synthesized in solution under similar condi- increasing size and having different content of B monomer units.

tions. Note that the probabilitig(n) could be considered as a S(_)’ the influence of _physical factors on t_he gradient_ can be
“memory function”, which shows that in the nonadsorbing re_lnforced by synergistic eff(_act of ads_orptlon polymerization.
regime the chain gradually “forgets” that it is grafted to the Similar behavior has been discussed in ref 29.

surface. However this is not the case for the chains of any finite AS. the adsorption energy grows, the physical effect of .
length (due to its grafting) and in the vicinity of the critical grafting attenuates, and characteristic size of the gradient region

adsorption energy,. Indeed, our calculations show that the shorten (Se‘? _Figufe 0), because phys_isorbe_d monomer units
memory of the surface does not decay even for 500-unit freely becom? undstmgw;hable from the graftlng point. Let us der)ote
jointed chain in which one unit corresponds to a statistical the minimal adsorption energy, when physmal effect of grafting
segment. The memory becomes more pronounced whisn dlsappearf_, as some new critical adsorption _enm'ggabgolut(_a
increased (see Figure 5). Certainlyat U, the magnitude of value ofuc* is discussed later). At the adsorption energies higher

" . o
the composition gradient is very weak so that its experimental Lhan Ue I, tr;e ddevsvorptll(ljln Olfl ﬁ]monotmer un(ljts IS imall ar)d caln
detection is not possible. e neglected. We will call this a strong adsorption regime. In

It is clear that the critical adsorption energy should strongly th|§ regime, identical behavior of gr?f“?d and adsorbed monomer
depend on the average copolymer composifignin particular, units leads to the facF that the statlstlgal structure of the chain
we expect thatlc — ® whenga — 0. Figure 6 Showsi; as a does'not depend on its length. FO( this reason, gach sequence
function of pa. We found that atpa = 0.2, the dependence of th’_‘t_'s formed here can be considered as a piece (.)f some
Ust on ¢a can be approximated by a linear function. This '”f'”'“?'y_ long nongrad_lent sequence. The. gra_d|ent, which has
scaling agrees well with the results of Sumithra and Baum- a statistical nature, arises because all finite-size sequences are

gaertnef® as well as with Gutman and Chakrabdftyfor “clipped out” from the infir}ite one in nonrandom way: these
entirely random copolymers. Because the critical values of sequences always start with bloc_k_s of type A.

adsorption energy of obtained GC and random copolymers of Even if t_h_e copolymer compositioga, t_ends topa = 05
the same composition are very close, it is reasonable to expectthe probabilitypaa > pas, because adsorption copolymerization

the similar scaling behavior for these copolymers in the whole ISa non-Markowan process. Therefore, if the chaln'b.egms from
range of adsorption energies. monomer unit of type A, this increases the probability that the

Let us now consider the polymerization processiat U. following monomer unit also will have type A and so on. The

According to well-known results of the woPRabove the critical size of such initial gradient section is determined by the

iti ili — caS/(CaS —1
adsorption energy random copolymers of arbitrary composition tra_lr_13|(t]:_on pmbﬁb'.“t]}f‘\’* N CAf/ (3’* +1a”) (see eqs 1hand 4()1'.
follow the scaling relation o discuss the influence of adsorption energy on the gradient

in more specific way, let us to introduce a quantitative measure

- _ —ul(1-v5) of the gradient as the dispersion of the preaveraged local
Ry~ [fa exply — 1] (16) copolymer composition:

HereRy is component of the chain gyration radius, which is N N
perpendicular to the surface; and v, are correlation length D=N"1 [f (n)]2 _ [N_l f (n)]2 (18)
exponent and crossover exponent respectively (for Gaussian A nZ‘ A
chainsy; = v, = 0.5), andby is a constant (according withby
= 1.6). Consequently, above the critical adsorption energy for  he dispersiorD is shown in Figure 7 as a function of It
long enough chains, the thickness of adsorption layer does notig seen that the dependencelbn the adsorption energy has

n=

depend on the polymerization degree. And in the limit- « a well-pronounced maximum. This effect has the following
the average probability for active center to be located in the gyplanation. The dependencefefon n is not the only origin
adsorption layer should have a constant nonzero value: 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 variatiorisgf) is
fastest in the absence of adsorption. Nevertheless, it is clear

In other words, in this case the memory of the surface does from the discussion presented above that no gradient copolymer
not vanish even in th@ — o limit. This conclusion agrees can be synthesized at = 0, becauseca® = caS. As the

well with our simulation shown in Figure 5 far > u.. As a adsorption intensity grows, the differencg® — ca® increasesCDV

!,iﬂl 1‘S(n)|u>uc =const> 0 a7
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Figure 7. Value of gradient in composition vs the dimensionless
adsorption energygl = 0.5, N = 500).

in contrast to the differencés(l) — 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
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Figure 8. Block length distribution functions for nonadsorbing blocks
B (N = 500,u = 10, ¢ = 0.5): (1) calculations by our model; (2)

fact is that the largest compositional nonuniformity is observed results of the mode®

just for u = u.. As the value ofu is further increased, the

compositional nonuniformity becomes weaker, and it reaches amplitude of gradient. As follows from eq 16, this regime is

a plateau in the strong adsorption regime, do#e uc.

Itis instructive to compare the calculated valiewith 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 functionrof
A¢
2

P = n + ,0- (19)

where A¢ is the amplitude of the composition variation, and
[pallis an average copolymer composition.

For N-unit copolymer, the mean square valdg?2Clis given
by

(Ag)*

5+ a0

B 20= N [ g2 cn = (20)

Hence, forD, we have the following simple expression
_3 2 _ 2

D = "0~ B0 = (Ag)712 (21)

If we take the maximum value oh¢ = 1 (which can be

realized experimentally, e.g., in “living” radical polymerization),
we obtainD = Y. It is seen from Figure 7 that this composition

realized when

by>1lu or u>1/b,=0.625 (22)

Equation 22 shows that the critical valug, as distinct from
U, 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
probability paa. 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

wg(l) ~17* (23)

The power exponerit depends on the copolymer composi-
tion. As one can see from Figure & = —5.48 for the
copolymer compositiopa = 0.5.

The power law fowg(l) was also found in ref 29. However
the power exponentt = 3/2 is obtained there, and it was a

dispersion is much larger as compared to that observed for ourconstant for sequences of different composition. These differ-

designed copolymers for any. The point is that in our

ences arise because the mé#ebnsiders each separate chain

calculation, the propagation rate does not depend on theas “quenched”, i.e., the macroradical cannot change the con-
chemical structure of polymerizing monomers and active center. formation during polymerization. This is possible for rigid
In principle, the composition dispersion and the magnitude of polymers or during polymerization in highly viscous systems,
the gradient can be considerably increased when the preferablevhen reaction rate significantly exceeds chain relaxation rate.

addition of one of the monomers is taken into account.

As mentioned above, whem > u;, the compositional
nonuniformity decays with increasing Moreover, the gradient
becomes independent afwhen the strong adsorption regime

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 theory® are also not the same. If we predict relatively fast

attained. From Figure 7 we have found that the transition to attenuation of gradient in the strong adsorption regime, then

this regime takes a place at critical adsorption enexjy~ 7.
This critical value was found by comparative analysis of
dependenceB(u) for copolymers with different compositions.

for “quenched” macromolecules there are long-range compo-
sitional correlations extending along the entire chain for any
N.2° Therefore, these copolymers have more correlated structure

For some of them this crossover point is even more pronouncedthan the chains which can change the conformation during

than in Figure 7.
As mentioned above, in the strong adsorption regima,=at

synthesis.
An effective method for quantitative evaluation of these

uc*, adsorption energy already does not influence the chain correlations is the so-called detrended fluctuation analysis
conformation. Because of that, the copolymers that have thedeveloped by Stanley and co-workéfs3® In this approach,
same composition are characterized also by equal statistics angach AB copolymer sequence is transformed into a sequ&B(i?
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0.8 T T T T y copolymerization which correspond to different adsorption
- —) Ve energies. (i) In the nonadsorbing regime<¢ u;, whereu, ~
06 L —(2) /,/,'/ ] 0.322 is the critical adsorption energy in the case of equimolar
| - (3) /,/," _ copolymer compositionpp = ¢g = 0.5) the probability for the
o4l T 4) 7 active center to be located near the surface behavigms-
. | g/ 1/n, wheren is the macroradical length. Therefore, in this
= regime, the chain propagation leads to asymptotical convergence
02 [ -
Q of the local copolymer composition to that of random copoly-
£ r mers synthesized in a solution under the same conditions. For
0.0 - o finite values ofn, a fast change in the local chemical composi-
VAN - ] tion is observed for initial sections of the growing macroradical.
0.2 NS D ~a . (ii) In the weak adsorption regimel & uc) the probabilityfs is
L A W . nonzero for anyn and u. As a result, the local copolymer
04 Sl . composition in the long-chain limit differs essentially from that
1.0 In 11-5 2.0 of a random copolymer synthesized in the solution bulk. In the

vicinity of uc, the magnitudes of the compositional nonunifor-

Figure 9. Dispersion of copolymer composition depending on size of mity and gradient are maximal, and the gradient extends along

segment for (1) random copolymers, (2) for copolymers obtained by

adsorption copolymerization in the strong adsorption regime @t the entire Chain for any C.hain length. The Va'Q?lel was
10), (3) for copolymers obtained by grafted synthesis of “quenched” found to be a linear function apa at ¢a = 0.2. (iii) For the
molecules® and (4) theoretical results of the wéfkfor such strong adsorption regimeu(> ug*, where u* ~ 7), the

“quenched” chains. copolymer statistics does not depend wand 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

of symbols+1 and—1. One can find an average dispersion of
such discrete function on the section of lengtbH-or random
copolymers dispersioD; is connected with the “window size”
A through a power lawD; ~ AY2 For correlated sequences
nonpower dependené(4) takes place, or the power exponent  he fact that it does not include intrachain excluded volume
of such dependence exceeds o effects and interchain interactions; therefore, self-intersections
~As seen from Figure 9, grafted copolymerization always are possible in the model chain. The ideal (Gaussian) chain
yields sequences with power laws (7). And the power o qel discussed in this paper is the simplest one among those
exponents in all the cases (excepting random sequences obtaineghat can be used for studying conformation-dependent surface
in absence of adsorption) excedd It means that there are  opolymerization. However, even for this minimal model, a
long-range correlations in synthesized sequences, but there isneaningful formulation and an exact solution of the problem
not any characteristic scale length of these correlations; i.e., scaleyre possible. The excluded volume interaction consists of
invariance of correlations takes place. Copolymers obtained rgpyision of monomer units at small distances and prevents them
during propagation of “quenched” macroradicals demonstrate peing |ocalized simultaneously in the same spatial region. Taking
more pronounced correlations (larger power exponents) thaning account the excluded volume exactly is a far more complex
those generated in the present work for kinetically controlled problem than that of the ideal chain; therefore complex models
copolymerizatic_)n in the strong_adsorption regime. This_ result must be used for its solution (e.g., models developed on the
agrees well with the conclusion about weaker gradient of pasis of self-consistent field theory). However, certain general
sequences obtained in the latter case. 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
We have proposed a statistical mechanical model of an volume interaction between chain segments and surface. Intro-
irreversible graft copolymerization in the solution of two duction of additional interaction terms into the expression for
polymerizing monomers A and B for the case when the surface the statistical weighty [see eq 3] describing the intrachain
selectively adsorbs monomers and monomer units of type A. excluded volume interaction would not change the ratio defined
The growth of polymer chains during the addition copolymer- by eq 9, but would decrease the number of chain conformation
ization produced a monodisperse system. The influence of thewith z= 0. The same is true for a multiple chain system in the
solution monomer concentrations and the adsorption energy onpresence of interchain interactions between neighboring growing
the chemical composition and the statistical properties of the chains. As a result, the excluded volume interaction would make
copolymer sequences was investigated. The focus was on thehe probabilityfs smaller and, respectively, the critical adsorption
copolymers with equimolar AB composition. energy larger. Therefore, the minimal model we discussed here
We have found that, under certain preparation conditions, the gives the lowest estimate of the transition between nonadsorbed,
adsorption copolymerization can yield quasirandom copolymers weakly adsorbed, and strongly adsorbed polymers. Nevertheless,
with the strong compositional nonuniformity and well-pro-  we do not expect qualitative changes in general properties of
nounced gradient sequences. To characterize the magnitude ofhe polymers generated via surface-induced conformation-
the gradient, we have introduced a paramé&ehat describes  dependent copolymerization. The same conclusion has been

Conclusion

the dispersion of the local copolymer compositigi(n) along drawn in ref 29. Certainly, for a system consisting of densely
the chain. The dependencefon the adsorption energyfor grafted chains (as in a polymer brush), we expect qualitatively

the copolymers with the same average composition has adifferent behaviors.

maximum near the critical adsorption enengyof the macro-
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