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ABSTRACT: The localization kinetics of a regular block copolymer of total lengthnd block sizeM at a

selective liquia-liquid interface is studied in the limit of strong segregation between hydrophobic and polar
segments in the chain. We propose a simple analytic theory based on scaling arguments which describes the
relaxation of the initial coil into a flat-shaped layer for the cases of both Rouse and Zimm dynamics. For Rouse
dynamics, the characteristic times for attaining equilibrium values of the gyration radius components perpendicular
and parallel to the interface are predicted to scale with block lekigémd chain lengtiN astn 0 M**2” (here

v ~ 0.6 is the Flory exponent) and asCJ N?, although initially the characteristic coil flattening time is predicted

to scale with block size a3 M. Since typicallyN > M for multiblock copolymers, our results suggest that the
flattening dynamics proceeds faster perpendicular rather than parallel to the interface, in contrast to the case of
Zimm dynamics where the two components relax with comparable rate, and proceed considerably slower than in
the Rouse case. We also demonstrate that, in the case of Rouse dynamics, these scaling predictions agree well
with the results of Monte Carlo simulations of the localization dynamics. A comparison to the localization dynamics
of randomcopolymers is also carried out.

1. Introduction In terms of the selectivity parameter, there are three adsorption

The behavior of hydrophobiepolar (HP) copolymers at a  "€gimes that can be distinguished: _ _
oIf x is smaller than a crossover valyg the interface is too

selective penetrable interface (the interface which divides two
weakto affect the polymer at all so that the macromolecule

immiscible liquids, like water and oil, each of them being o . . X
favored by one of the two types of monomers) is of great conformation is identical to that in the absence of an interface.
oFor y > yx., the polymer starts to feel the presence of the

importance in the chemical physics of polymers. For strongly X . . .
selective interfaces, when the energy gain for a monomer in interface so that the coil radius perpendicular to the interface

the favored solvent is large, the hydrophobic and polar blocks starts to shrink while parallel to the interface this radius swells.
of a copolymer chain try to stay on different sides of the Inth|s_ regime the s_callng approach devel(_)ped in ref_15 correctly
interface leading thus to a major reduction of the interfacial describes the statics of the problem. This regime is labeled as
tension between the immiscible liquids or melts which has ©f weak localization _
important technological applications, e.g., for compatilizers, °If x is increased furthermore, a second threshold val.ie
thickeners or emulsifiers. Not surprisingly, during the last two €ached. This value corresponds to an interface that is strong
decades the problem has gained a lot of attention from enough to induce perfe(_:t flatt(_anmgnf the copolymer in which _
experiment and theory® as well as from computer all 'Fhe monomers are in their .preferred. environment. In this
experiment®-14 While in earlier studies attention has been F€dime ofstrong localizationan increase iny does not change
mostly focused on diblock copolymérsdue to their relatively ~ the shape of the polymer anymore since the polymer is already
simple structure, the scientific interest shifted laterandom in equilibrium, as flat as it can get, depending on its structure,
HP-copolymers at penetrable interfaée$4 Until recently mainly on the length of the blocks. ,

though, the properties of regular multiblock copolymers,  USing scaling arguments, we demonstrétetiat: (i) the
especially with emphasis on thaiependence on block length ~ CroSsover selectivity decreases with growing block length.as

. . . —(1+v)/2 ~ i i
M, have remained largely unexplored. This has been a driving & M ( _V) (wherev ~ 0.6 is the Flory exponent in three
force for our research, since experimentalists are now able todimensions) and the threshold to the strong localization regime

. . . . i -1 1 i i
synthesize polymers with an increased variety of controlled Yanishes ag.. L M™%, and (ii) the size of the copolymer varies
structures. in the weak localization regime &0 M~"H(1=) and Ry,

In a recent studys we showed that the equilibrium properties = M2/, whereasRy, O 'Wé Ry O M~z in the
(structure, diffusion coefficient, etc.) of a regular HP-copolymer CaSe of strong localization (wheve = %/, is the Flory exponent
at a selective liquietliquid interface are well described by a N Wo dimensions). We shall use these results in the present
scaling theory in terms of the total copolymer length(the paper in which we suggest a theory of the localization kinetics

number of repeating units in the chain) and the block size  ©f @ regular block copolymer at a liquidiquid interface based
(the number of consecutive monomers of the same kind) as well O dynamical scaling arguments. To the best of our knowledge,
as the selectivity parametgr that is, the energy gained by a SO far_there have been no attempts to treat th_ls proplem by an
monomer when being in the more favorable solvent. analytical method or by means of computer simulation.

. 2. Scaling Analysis
Max-Planck-Institute for Polymer Research. . . . .
+ Bulgarian Academy of Scieﬁlces, In our dynamical scaling analysisve consider a coarse-

* Corresponding author. E-mail: vilgis@mpip-mainz.mpg.de. grained model of a multiblock copolymer consisting\bfepeat
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units which is built up from a sequence of H- and P-blocks dR, N2 R,
each of lengthM. For simplicity one may take the interface o 0N 2)
with negligible thickness as a flat plane which separates the RRy

two selective immiscible solvents. The energy gain of each
repeat unit is thus-y, provided it stays in its preferred solvent,
and the system is considered in tsigong localizationlimit
wherey > yo 0 M~1152n our consideration, we skip the
time needed by the polymer to move by diffusion through the
bulk into the vicinity of the interface, and place the center of
mass of an unperturbed coil at time= 0 at the interface
whereby the localization field is switched on. The initial coll RE9~ b\ 3)
will then start relaxing with time into a flat (“pancake”) 0
equilibrium configuration in-plane with the interface and the
kinetics of relaxation will be determined by the sum of the
various forces acting on the copolymer. d Ldn p—vid\ 2

It might be argued that a moghysicalinitial configuration Ri"= (b)) "M N “)

could be represented by a polymer that, after diffusing in the These coincide with the equilibrium expressions Rorand R

bulk of one of the solvents, gets to the interface and touches it yejyeq earlier from purely scaling-based consideratiéiihie
with one single monomer. We have indeed tried this initial only difference is in the power of thé — dependence in eq 4
configuration as well, and concluded that, once the adsorptionyhich looks like M~ instead ofM~¢2"" in ref 15, albeit
process starts, it proceeds exhibiting the same physics (e.g., thg,ymerically the values of both exponents coincidét = (v
same scaling behavior, see section 4.1). The choice of our initial _ y ~ 0,15, To get the full solution of the equations of motion
condition just eliminates the spread in the initial time at which ¢ is convenient to rescale the variablesxas R+/(bMY), y =

adsorption sets on. This spread is caused by polymers whichg anvy,bN8) so that eqs 1 and 2 can be written in the
occasionally drift away from the interface, provided the coil yimensionless form

touches the interface initially with the “wrong” kind of P- or
H-monomers. ax 1 1

Evidently, the excluded volume interactions provide a coupling
between the relaxation perpendicular and parallel to the
interface. Thus, eqs 1 and 2 describe the relaxation kinetics of
a multiblock copolymer conformation at a selective liquid
liquid interface. One may readily verify that the equilibrium
solutions which follow from these equations are

and

2.1. Rouse DynamicsTo estimate the driving force of the Tog — D) % ()
flattening process, one may reéaf°that the effective attractive
energye (per diblock, e.g. a pair of consecutive blocks of H- - dy _1_ y (6)
and P-monomers) in the strong localization limitisz yM. In dt  x

this case the diblock plays the role of a blob and the overall
attractive free energ¥au O € /"0 ¥N where /"= N/M is the
total number of blobs. Thus, the effective driving force
perpendicular to the interface fs,, ~ — x.N/Ry where Ry
denotes the perpendicular component of the radius of gyration.

The characteristic times for relaxation perpendicular and
parallel to the interface in egs. (5) (6) should then scale as
0= Cobzl\/l“z”, andr) = Coszz.

Equation 5 is independent p&o that it can be solved exactly:

This force is opposed by a force of confinement due to the xz(t) x2(0)

deformation of the self-avoiding chain into a layer of thickness ~_2[1 — F(2v, 1;1+ 2v;x*"(t))] — —2[1 — F(2v, 1;1+
Ro. The corresponding free energy of deformation is simply 2

estimated a$con = N(b/Ro)” whereb is the Kuhn segment 2v;x1/”(0))] = _ t 7)
size? For the respective force then one gét5, = Nb¥*/ Kl
R(+1),

The equation of motion foR; follows from the condition ~ Where F(a,fB;y;2) is the hypergeometric function and0) =

that the friction force which the chain experiences during the R0(0)/bM” is the initial value. In thesarly stagesof relaxation

motion in the direction perpendicular to the interface is balanced (-8 att < 7c) one hasx > 1 and the solution, eq 7, with

by the sum off 2, andfZ . In the case of Rouse dynamics, ~(0) = bN"reduces to

each chain segment experiences independent Stokes friction so 5 5 t
that the resulting equation of motion has the form R"(t) = R;(0) — M (8)
CONd;RD: _XLN+ Nb™" (1) so that the perpendicular collapse of the chain should last
dt Ry  Rr M proportionally to the block lengtM.
In the opposite limit oflate stagesinetics,t = tpandx >
where(, is the friction coefficient per segment. 1, that is, close to equilibrium, the relaxation &(t) is
During the flattening process, the chain spreads parallel to essentially exponential with; 0 M22
the interface due to the excluded volume interaction. Within
Flory mean-field arguments, the corresponding free enEggy R.;(t) ~ 1+ exd— 1 9)
= N?/(RPRo), wherew is the second virial coefficient arfg Red T
is the gyration radius component parallel to the interface. The
corresponding driving force iy, = sN¥(R2R-). This term is Moreover, as typicallyN > M, one expects that, > 1,
counterbalanced by the elastic force of chain deformation, i.e., i.e., the chain coil collapses first in the perpendicular direction
byf'c'ief = —R/(b?N). to its equilibrium value and after that slowly extends in the

Taking into account the balance of forces in the parallel parallel direction. In this case one can u$g = x*9= 1 in eq
direction, the equation of motion f& takes then the following 6 and derive the resulting solution for the parallel component

form of Ry as CDV
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y() —1=[y(0) — 1] exp(-t/y) (10) 40  pumm— — {E— —

% gL gl(eq)

where the initial valug/(0) < 1. As one may see in Figure 1, 3
the time evolution oR; andR, which follows from the solution %
of the system of differential equations (5) and (6), resembles
qualitatively the simulation data even though one should bear
in mind that the time axis for the former is in arbitrary units

(scaling always holds up to a prefactor) whereas in the

R /R, ()

e Rl gn(eq) cd T

0 1x10* 2x10* 3x10°
time B

simulation time is measured in MC steps (MCS) per monomer ) —

(i.e., a MCS has passed after all monomers have been allowed Ry g”(eq) .

to perform a move at random). The relaxation Ryf looks 0 x10° 4x10° 6x10°
somewhat slower, and as our data for longer chains show, this time (MCS)

effect becomes much more pronounced with growing number Figure 1. Relaxation ofR; and R, with time, following from Monte
of blocks. Carlo simulations of a copolymer of length= 128 and block sizé/!

Concerning Figure 1, note that there are several approxima-—. 16. Both components are normalized by their respective equilibrium
: values. The inset shows the result for the same quantities (and the same

tions on which our analytipal derivations rely. First of a!l’ OUr  get of parameters) as obtained from the numerical solution of egs 5
expressions for the attractive free energyy, and the confine- and 6.

ment free energyFcons, are only appropriate in the limit of strong
flattening which occurs during the late stages of the localization z
process. Moreover, the free eneifgy, due to excluded volume ¢ ¢ R.1
interactions, is somewhat underestimated if one uses the second dt

virial term approximation only. That explains why both analytic
curves in Figure 1 qualitatively agree well with the simulation ‘_,[-/F_:_,

data at the late stages of the relaxation process whereas, not
surprisingly, this agreement is missing during its initial stages. dR|

2.2. Zimm Dynamics. In the case of Zimm dynamics, the X A T dt

hydrodynamic long-ranged interactions couple the motion of
the solvent to that of the coil within the framework of the
nondraining coil model® When the coil flattens, the solvent  Figure 2. Solvent velocity profile in the Zimm model due to the
velocity u(r) follows the velocity of the coil segments (the entrainment of the solvent by the coil segments. The corresponding
solvent entrainment), as depicted schematically in Figure 2. To Vdeloccljty/gradlents ar&, = VA, = (dR/dt)/Rg and Viu, = Vyu, =
calculate the friction forces which act during the coil flattening, (AR/A/R.

we recall that the energy dissipation in an incompressible fluid pecomes redundant. Thus, after equating the friction and driving

ist/ forces, one derives a single relationship between the perpen-
) . ) dicular and the parallel components of the gyration radius, i.e.
E=- ﬂofd F(Vii(r) + Viugr)) (11)
2(t) = Vel 15
whereu(r) is the solvent velocity fieldiyo ~ Co/b is the viscosity, Ri(® = o (15)
and the integral is taken over the interior of the coil. In our Ry b _ 1 C
case the energy dissipation can be estimated as p°N* (R MRy
. 1 dRD 1 dR ) As usual it is more convenient to use the rescaled variables
E = —nx RiRs x andy, defined above. In terms of these variables, eq 15
R, dt RD dt
RZ(dR R becomes
| |
e la) e ) (5] e :
t dt /\ dt - NC [ 1
R\ d y = [x + vax(@ - 1)] (16)

where we have taken into account that typically the velocity

gradients arev.uy = Vouy = (dR/dt)/Ry and ViU, = Vyu, = The constan€ in eq 15 can be fixed by the initial conditions,

(dR/dt)/R;, and the coil volume iRZRo. The relevant friction i.e.,y = Yo provided thatx = Xo, so thatC = xo(Xo — 1/yo)-

forces follow from eq 12 by differentiation with respect to the M**2/[(1 — 1/x*)N?, and eq 15 takes the form

corresponding velocitié$ . o
. Xo(% = Yo )AL —X")

f0 — _0E _ [ dR; R|] 13 y =x= X(1— % a7

fric BRD = Mo RD dt RI dt ( ) XO

. As a consequence, only one equation of motion is required for
£l _ E - RI de + R dR; ~f0 RI C (14) Ro, while Ry can then be obtained directly from eq 15. The
fric R, /R, dt = TVt fie R equation of motion foR; can be derived, if one notes that the

friction force (13) is balanced by the sum of the forces
whereC is a constant whose value will be found later from the corresponding to the free energy contributions corresponding
initial conditions. Note that the ratio of the friction forces is to the attractionfaw = —y.N/Rg, and to the confinementsons
proportional to the aspect ratio of the flattening coil. Since the = Nb"/R{1**1), One may excludeRl/dt from eq 13 by taking
friction forces are now proportional to one another, in contrast into account the solvent incompressibilinamelyV -u(r) =

to the case of Rouse dynamics, one of the equations of motion0, with Vyu, = Vyuy = (dR/dt)/R;, and Vu, = —(dR-/dt)/R. CDV
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10p—r————— g of polymers both in the bulk and near confining surfa€es.

' ] Recently, it was applied by us to the study of the static properties
of block copolymers at a selective interfa®etherefore, we
describe here the salient features only.

; Each polymer chain contaiféeffective monomers connected
1 ‘ ] by anharmonic springs described by the finitely extendible
] nonlinear elastic (FENE) potential,

______ R, /R, (eq)

"Zimm" model

* "Rouse" model
X

..... 2
R /R, K (/= %)
el el UEW=—§¥m1—- = (21)
0'] il L L 1 PR | P
1x10° 1X104time 1x10° Here/is the length of an effective bond such thah < /<

Figure 3. Log—log plot of the normalized perpendicular and parallel ﬁ“ax‘ Vr\:lth /”"“.lT) (.)'4 ancliénax_: . belr;]gl the_unlt of Iength’ and
components of the gyration radius vs time elapsed after the onset of @S the equilibrium valug = 0.7, whileR = fnax — 40 = /6 —
localization for a regular block copolymer of length= 128 and block ~ /min = 0.3, and the spring constaKtis taken a/ksT = 40.

sizeM = 16 at a flat liquid-liquid interface for the cases of Rouse  The nonbonded interactions between the effective monomers
and Zimm dynamics. Here= b?, and time is dimensionless, measured gre described by the Morse potential

in units of {b%
o . . - Uy = en{exp[-2a(r — ry)] — 2 expfalr — ry)l} (22)
This yields a simple relation between the two velocities and

the coil aspect ratio wherer is the distance between the beads, and the parameters
. are chosen agyin = 0.8,em = 1, anda. = 24. Owing to the
R, | large value of the latter constantiy(r) decays to zero very
R_D = R_D (18) rapidly forr > rmin, and is completely negligible for distances

larger than unity. This choice of parameters is useful from a
Using this relationship in eq 13, one obtains the equation of COmputational point of view, since it allows us to use a very

motion of R as efficient link-cell algorithnm?! From a physical point of view,
the interaction®Jrene andUy, €gs 21 and 22 make sense when
Co( Rlz)dRD 1 bl one interprets the effective bond as a Kuhn segment, comprising
AR+ = =5+ (19) a number of chemical monomers along the chain, and thus the
b R/ dt MR RD(”VH) length unitfnax = 1 corresponds physically rather to 1 nm than

to the length of a covaler@ — C bond (which would only be
Making use again of the reduced variableandy, eq 19 can about 1.5 A). Since in the present study we are concerned with
be recast into the form the localization of a copolymer igood solent conditions, in
Um(r) we retain the repulsive branch of the Morse potential
2[ v (g)le(ﬂ)3/2yl_’1d_>< _ 1 (i _ ) only by settingw(r) = 0 forr > ryn and shiftingUw(r) upward
Eob M + | = = 1] (20)
b Mv X |dt Ml+21/x X1/1/ by M.
The interface potential is taken simply as a step function with
The resulting equation of motion (eq 20), however, in contrast an amplitudey,
to the case of Rouse dynamics, provides no clear-cut scaling —o(M)yl2 2> 0
relationship for the typical relaxation time;imm with respect U,(n, 2) :{ X
to N and M. Making use of the expression fgrin eq 17 and o(My/2 z<0
taking the starting conformation as that of an unperturbed self- \yhere the interface plane is fixed at= 0, ando(n) = +1
avoiding coil i.e.,R(0) = Ri(0) = bN, [that is,xo = (N/M)"” denotes a “spin” variable which distinguishes between P- and
andyo = b*NM"/(vN%)], one can easily solve eq 20 numerically  H_monomers. In studying the flattening dynamics of these
for arbitrary chain lengttN and copolymer block sizéf. In chains, we always start with a configuration which has been
Figure 3, results are shown fbf = 128 andM = 16 and are  oqjiliprated in a solvent that is good for both types of monomers.
compared to the predicted localization kinetics for the case of At time t = 0, the interface is switched on (so that it goes

Rouse dynamics, egs 5 and 6. , __through the center of mass of the chain) and the flattening
Two major conclusions are suggested by a close inspectiongynamics is then followed until the chain reaches its new
of Figure 3. Evidently, the presence of hydrodynamic interac- oqilibrium configuration at the interface. As explained above,
tions in the case of Zimm dynamics tends to erase the g represents a good initial condition that makes the simulation
asymmetry in the localization rates perpendicular and parallel qf the flattening process quite efficient. Since we are interested
to the interface. This is due to the strong coupling between i, the pehavior of these chains in the limit of strong localization,
perpendicular and horizontal degrees of freedom induced by \ye have chosep = 2. wherey. is the crossover selectivity
the solvent. In addition, compared to the case of Rouse 55 gptained in ref 15. We use periodic boundary conditions in
dynamics, the localization in the presence of hydrodynamic the plane of the interface while there are rigid walls in the
effects takes considerably longer, at least 1 order of magnitude,,_girection. where the simulation box extends fram —32 to
under otherwise identical conditions. The physical reason for ; — | 35 Typically we studied chains with lengths 32N <
this slowing down is the presence of high velocity gradients 515 and plock lengths & M < N/8 whereby all measurements
which develop in the incompressible solvent during the coil pave peen averaged over 1024 different and independent

(23)

flattening. equilibrated starting configurations.
3. The Simulation Model 4. Simulation Results
For the Monte Carlo simulations we use an off-lattice bead 4.1. The Characteristic Times of Localization.The results

spring model that has been employed previously for simulations of the Monte Carlo simulations have been compared toéB?/
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Figure 4. Snapshots of typical configurations of a copolymer witk= 128 andM = 8 aty = 0.25 (a) and; = 10 (b). The value of the critical
selectivity for this chain ig. = 0.67. Here the light beads prefer the solvent that occupies the upper half of the simulation box, while the darker
beads prefer the lower half of the box.

35 T . T . | . polymer length and block length is not surprising since the
—y 1 predictions of the scaling theory are valid in the limitf—
307 M= 4 1 o andM — o, with N/M large. So, we can expect the results
: --M=38 | of the simulations to have a better agreement with the predictions
= - M=16 ] of the theory in the case of very long polymers with many long
20 | blocks.
R? ) We can go one step further in the analysis of the dynamics
&g - of the perpendicular component of the radius of gyration and
1 assume that the scaling law for the early stages collapse rate
10 = has the form
: e B 7= 15 ) @4
’ 5 .10;”"- 8105 1x10°
timex(MCS) * X where7f; O N andM* O N1 and the scaling function{(x)

Figure 5. Typical dependence d®(t) on time in the case oN = has the form

256, andM = 2 (solid line), 4 (dotted line), 8 (dashed line), and 16

(dot—dash line). Arrows denote the time interval wherdor the late G) = 1 xx1 (25)
stage analysis has been determined by regression in the cise=of X x>1

8, see text for details.

According to our prediction, foM > M* the N dependence is
predictions of the Rouse model introduced above. It is not dropped out, so that we come to the conclusion that y. It
possible to compare the simulation results to the predictions of is possible to obtain thbl-dependence of at smallM from
the Zimm model since these simulations do not take into account Figure 6a and to findy;, = 0.57. When this is knowny; is

the hydrodynamic contributions that are so important in the fixed and it is possib|e to replot Figure 6ain terms—ma and

Zimm treatment. M/M* as a master curve- cf. Figure 6b. Certainly, this master
Figure 4 shows two typical snapshots for a chain itk plot is not perfect as far as bothandM are still too small for

128 andM = 8 on the verge of the localization threshojd= the asymptotic relation, eq 24, to be well satisfied but it appears

0.25,7 = 3.48, wheren = yM2NA~)2 is the “natural”  that for growingN the different curves group on a single one,

scaling variable of the problef}) and in the strongy= 10,7 revealing a clear-cut crossover regionVivi* ~ 0.3.

= 139.3) localization limit. The value of the crossover selectivity  From the curves shown in Figure 5 it is also possible to obtain

for this chain isyc = 0.67*° the characteristic time for the perpendicular component of the
Figure 5 shows the typical dependenceRof(t) on time in radius of gyration corresponding to the late stages of adsorption.

the case oN = 256, and variou$/ values. These results have To this end the fits ofrg are taken onlyafter the initially
been used to determine the dependence of the flatteningunperturbed coil has sufficiently relaxe®h(t)/R+(0) < 1/e. The
dynamics on the block lengt. To determine thearly stages two vertical lines shown in Figure 5, for example, indicate the
dynamics, the initial slope of these curves has been obtainedtime interval used to fit the late stages behavior for the polymer
and compared with the theoretical prediction of eq 8. The results with total length ofN = 256 and block lengtiM = 8.

are presented in Figure 6. As shown in Figure 7a, during the late stages of localization
From Figure 6a one may readily verify that the initial collapse at the interface one observes the expected, cf. Equation 9,

of Ro(t < ) with time closely follows the predicted rafe characteristic scaling ofy O M2, which progressively

M~1 according to eq 8 in the limit dfl, M > 1. Moreover, for improves as the asymptotic limit is approached. As expected,

sufficiently large block sizé/l the N dependence of this initial ~ the initial dependence af; on N is seen to vanish &4 andN

rate disappears so that asymptotically this initial perpendicular become sufficiently large, in agreement with eq 9.

collapse is governed by the lengthonly, as predicted by the In Figure 7a, we also demonstrate (see triangle-down
theory. The disagreement between the prediction of the scalingsymbols) that the use of initial polymer configurations which
theory and the results of the simulations for small values of barely touch the interface (rather than having their centerc-: W



Macromolecules, Vol. 39, No. 3, 2006
T T T T T T ‘_I_-
GON=32 e
N = ﬁ;s .____.-’,
eoN=1 o
&8N =256 /
4 4-<IN=512 ,-7/’ s M
10 2 e E
TJ_
10°F | I(53-)-_
32 64

Kinetics of Copolymer Localization 1239

10°F AR T T
[ [eoN=32
=B8N =64
oo N=128
s8N =256 n
<N =512 2
o3
/T, 10
102 e

10

M/M*

Figure 6. (@) Variation of the characteristic time for the initial relaxationRyf with block lengthM for chains of length 3% N < 512. The
prediction of the scaling theory is shown by a dashed line. The filled symbols represent restdtsdfamcopolymers with the same values ¥f
(b) Master scaling plot for the localization of chains of different leniytand block sizeM.

@ ]

3-| 1 1 1 1 1 1
64

T

sl 1

Figure 7. (a) Variation ofrp with block lengthM for chains of length 3% N < 512. The slope of the dashed lineas2.2, according to eq 9.
The filled symbols represent results pertainingagadomcopolymers with the same chain lendth The triangle-down symbols represent results
corresponding to initial configurations in which the chain barely touches the interface- & When not explicitly shown, the error bars are
smaller than the size of the symbols. (b) Master scaling plot for the localization of chains of differentNeagthblock sizeM.

mass at = 0 at the interface) does not qualitatively alter the | T T +
simulational results while it greatly increases the statistical Q
disarray of the sampling. As mentioned in the beginning of
section 2, this motivated us to choose in all our computer 6
experiments coils whose center-of-mass is initially placed at

the liquid—liquid interface before the selectivity of both solvents

is switched on.

The scaling approach introduced above can also be used forTII 5
the results concerning the late stages of the localization process

(Figure 7a). In this case the scaling law reads:
(26)

wheretf 0 N% andM* O Nz and the scaling functionAx)
has the following limits

1 xx1

T Z{Xz.z x> 1

Again the condition that @1 > M* the N-dependence ofy is
dropped out leads to the link betwegnanday; in this case:
y2 = ol(1 + 2v) = 0p/2.2. We can obtaim, = 1.52 from
Figure 7a, then determine the value,af and finally plot a
master curve now in coordinates/zf; vs M/M*. Figure 7b

(27)

-
:
9]
]

10

ol

1 I
256 512

!
128
N

Figure 8. Variation of 7; with chain lengthN for blocks of sizeM =

2, 4, 8, and 16. The slope of the dashed line is 2, as predicted by the
theory. The filled triangles represent results for random copolymers
with the same values dfl.

7 0 N2 whereby, once again, the initi dependence gradually
diminishes as!™ 1.

4.2. Rouse Mode AnalysisAn interesting question about
the relationship between localization rate and copolymer
composition concerns the mechanism which drives the initially

shows the master curve as obtained following this procedure. unperturbed coil into a localized state and makes it “feel” the
Eventually, in Figure 8 we display the measured scaling of the presence of a selective interface. A useful insight in this respect
late stage characteristic time for the spreading of the chain in may be derived by the detailed Rouse mode analysis of the mode

the plane of the interfacey, with block sizeM for different

chain lengths 3 N =< 512. Apart from some scatter of data
for too small./"= N/M, one nicely recovers the relationship

relaxation times.
The Rouse modes are defined as the Fourier cosine transforms
of the position vectorss,, of the repeat unin of a ponmerCDV
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Figure 9. Rouse modes for a chain in the bulk: (&),(0)Xp(0)Jand (b)X(0)X1(0)Cas a function of the mode numbgeifor a chain withN =
128 andM = 16 in the bulk of a solvent that is good for both kinds of monomers. The dashed line in (a) shows the predicted scalipgaaw
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Figure 10. Rouse modes for a chain at the interface: gJ0)X,(0)Cand (b)X,(0)X1(0)Cas a function of the mode numbeffor the components
of the Rouse modes in the direction parallel to the interface for a chainNvith128 andM = 16 strongly adsorbed at a selective interface. The
dashed lines in part a show the predicted scaling laws.

chain. For the model of discrete polymer chain considered herefirst Rouse modes (¥ p < 10) of a homopolymer chain in a

they can be written in terms of collective coordina¥gsas? good solvent decay according to expectatiaps,) (1/p)t™2" [
N2 and Xp(0)X(0)CC (1/p)**+2”. This is shown in Figure 9
10 (n— 1/2)pz where the results pertaining to one of the components of the
Xp() = N Z ro(t) co N p=0,1,2,..N—1 modes are shown for a polymer of lendth= 128 and block
&

(28) lengthM = 16. Because of the isotropy of the system, the
behavior of the other two components, corresponding to/the
The factor’/; is related to the nature of the chain that has free and z directions, is identical. In part a of the figure one can
ends. The time-correlation function of the Rouse modes is given verify that the amplitude of the Rouse modes decays with the
by mode number as predicted. The discrepancy that occurs for large
values ofp is expected and it is due to the inability of a coarse-
q)pq(t) - DKp(t)Xq(O)D (29) grained model, as the one used in this study, to capture properly
the dynamics of the system on too short wavelengths, since the
rIargestp values correspond to motions that occur on very short
distances. Figure 9b demonstrates the orthogonality of the modes
since the onlyZXp(0)X1(0)Cthat is nonzero is the one corre-

where the angular brackets denote taking an average ove
different moments of timd' separated by an interval For
phantom Gaussian chains with no excluded volume interactions

one gets sponding top = 1. The results shown in the figure refer to the
t x component of the modes, but identical results are obtained if
Do) = [Xp(O)Xq(O)EEXF(— r_)’ p=12..N-1 the other two components are plotted. In contrast, for copolymers
P (30) localized at the liquietliquid interface one finds a clear
asymmetry in their behavior, strongly dependent on the direction
with (p, g = 0) coefficientsXp(0)X (0)dauss= Opqb?[8N sin?- that is considered.
(p/2N)] and relaxation times Consider first the modes components thatiarplanewith
5 the interfacex andy. The same quantities, that were plotted in
Loauss_ b (31) Figure 9 for a homopolymer in the bulk, are displayed in Figure
P 12k, T sinf(pr/2N) 10 for a copolymer adsorbed at the interface. Again one can

see that the decay of the amplitude of the Rouse modes with
so that the typical decay times for the first modes scal4s mode numbep still obeys a power-law. However, the polymers
O N2. The mode corresponding @ = O describes the self-  are not anymore 3D but rather 2D self-avoiding random walks.
diffusion of the chain. For polymers with excluded volume Evidently, the relevant Flory exponent in two dimensieps=
interactions no such analytic results exist but one can $how 3%/, describes well the dependence of the mode amplitudes on
thatz, O N2, the mode numbers as demonstrated by the dashed line with slope

It is interesting to examine how the presence of an interface 0 — (1 + 2v,) = — 2.5 in Figure 10. It is very interesting to

between the two solvents affects the leading modes dynamics.notice how the modes corresponding to large values of p follow
In the absence of an interface we find that in equilibrium the the power-law decay observed in the three-dimensional %?B?/
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Figure 11. Rouse modes for a chain at the interface: [{&}0)Z,(0)Jand (b)(Z,(0)Z1(0)0as a function of the mode numbgeffor the components
of the Rouse modes in the direction perpendicular to the interface for a chaiNwith28 andM = 16 strongly adsorbed at a selective interface.
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Figure 12. (a) Comparison between the average values of the perpendicular components of the Rouse modes obtained from the trial function, see
eq 32, and the values obtained from Monte Carlo simulations for a chainNwitiL28 andM = 16 strongly adsorbed at a selective interface. (b)
Trial function used to describe the average conformation of a chainNvith128 andM = 16.

The modes witlp < 8 describe monomer motions which involve  smaller than the amplitude observed for the odd-numbered
more thanM particles. Thus, the modes corresponding to long modes.
wavelengths which span more than one block length feel the Another observation concerns tl@erage values of the
presence of the interface in contrast to those corresponding toperpendicular components of the Rouse modes. If one calculates
shorter wavelengths (which show a dependenceflike (12", XpOor [YpL] then due to the isotropy of the system in the plane
see Figure 10). In part b of the same figure, we show that the of the interface these values vanish for@# because there is
Rouse modes components parallel to the interface are stillno preferential orientation in the plane. If one calculd&s)
orthogonal to each other. The only nonz&xg(0)X1(0)is the instead, the results are not trivial. The values obtained for a
one corresponding tp = 1. This holds for both the andy polymer of lengthN = 128 and block lengtM = 16 are shown
components of the modes. Careful inspection of the figure in Figure 12a. The squares represent the results obtained from
reveals that the value €K3(0)X;(0)Cs almost twice larger than  the Monte Carlo simulations of such chains. A pattern is clearly
that of the bulk case shown in Figure 9. This is a consequencepresent in theZ,I all the values corresponding &en ps
of the increased in-plane fluctuations that the polymer chain vanish while those corresponding to ogié are nonzero. The
exhibits when it is confined to a plane. values of [Z,Ofor odd p increase with growing, and they

If we look at the component of the Rouse modes correspond- change sign fop > N/M. To test if we were able to describe
ing to the direction perpendicular to the interface, the results this behavior simply by the localization pattern at the interface,
are quite different as shown in Figure 11. In Figure 11a, one we approximated the shape of the localized chain perpendicular
finds no power-law dependence @,(0)Z,(0)Jon the mode to the interface as a simple sine wave
numberp. The amplitudes of the perpendicular components of
the modes decrease weakly wiphand are several orders of
magnitude smaller than those of the parallel components of the
modes. Evidently, the strong interface supresses all fluctuations
of the chain perpendicular to the interface which is manifested wheren is an index that numbers the monomers in the chain (
by the strong decrease in the amplitude of the perpendicular= 1, ..., N), and A is a prefactor related to the size of the
components of the modes. adsorbed polymer in the direction perpendicular to the interface.

Another striking difference in comparison to the results This simplest sinusoidal shape, see Figure 12b, is periodic with
observed for the parallel components, can be seen in Figurethe block lengthM while the first and last monomers of the
11b. The modes araot orthogonalto each other anymore  chain are not pinned at= 0 accounting for the loose first and
since the quantitiesZ,(0)Z1(0)C) corresponding tgp = 3, 5, 7 last blocks with respect to the interface. Using eq 32 in eq 28
up top = 15, are nonzero and of the same order of magni- to obtainlZ,[Jwe get what is represented by the circles in Figure
tude as(Z;(0)Z1(0)dJ Thus, one can conclude that the odd- 12a. Note that we have rescaled the Monte Carlo results so that
numbered modes are coupled to one another. The amplitude othe two sets of data start from the same value gor 1.
these couplings is so small, though, that the system does notEvidently, our simple expression for tle@erageshape of the
lose its ergodicity. The same can be observed for the even-chain is able to reproduce remarkably well the simulation results,
numbered modes too but the amplitude of these terms is evenand in particular, to catch the trend in the amplitude grovvtl&?il

Z(n) = A(M) sin[%] (32)
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Figure 13. Relaxation times of the Rouse modes: (a) comparison between the bulk behavior and the behavior of the components parallel to the
interface for the localized chains; (b) comparison between the bulk behavior and the behavior of the component perpendicular to the interface for
the localized chains. As above, the results shown were obtained using a chalwill28 andM = 16 strongly adsorbed at a selective interface.

well as the change in sign observedpt= N/M. One may L i
therefore conclude that the observed behavior of the Rouse L
modes for the chains adsorbed at the interface is indeed a .
consequence of the interplay between the interface and the e ,._’.t* .
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regular block structure of the polymers under investigation. %

Eventually, we end our discussion of the Rouse-mode
behavior with an analysis of the Rouse time spectramFigure
13. In both parts of Figure 13 we plot the relaxation times of =% .
the first ten Rouse modes for a polymer chain in the bulk (black gz I i ‘Z‘-‘ T
circles in the figure). The dashed line represents the expected N oo o

. . -

theoretical dependence af on p as~p~22 As can be easily 0.1
observed, the results of the simulations follow the theoretical
prediction quite nicely. As in the case of the amplitude of the Ly T L
Rouse modes, one observes deviations from the predicted law 1 10 100 1000
when the conditionp/N < 1 does not hold anymore. We n
compare the results for the chain in the bulk to the respective
results for chains localized at the interface. In Figure 13a, we
consider the components parallel to the interface. Apparently
the presence of the interface does not affect the relaxation timethathr VN ~ 20. The dashed line in Figure 14 shows the

p c?nsiderabl?]/. Evidﬁntly,hthe ]Eimeﬁ’ fOP: t.he. cf;}ainb altkthe h predicted2*dependence of the perpendicular component of the
interface are shorter than those for the chain in the bulk so that 5 s of gyration on the scaling variatlen 2" in the weak

the presence qf the inter_face effectively speeds_ up the inplaneIocalization regime. As extensively explained elsewHétbge
dynr?mkl)csh. In.F'gL]fri 13D, mst((ajgd,lthe bulk behavior Ihs c.ompfred scaling is expected to fail whepis very large because then
to the behavior of the perpendicular component at the Interface. g o size reaches its minimum possible value corresponding

In this case the times, corresponding to small values of ;5 gingle block. Mathematically, the scaling fails for large
change more S|gn|f|cqntly. The presence of the mterfa_ce alues of the selectivity because of the different normalization
accelerates the relaxation of the modeg that are charactgrlze actors used for the different curvesR0) depends of course
by large W?velengths (small values pff since then the chain on N. We have also checked another scaling hypothesis put
can better “sense” the interface. forward for the first time in ref 24: the total polymer density

4.3. Localization of Random CopolymersHaving under- i the region of the interface should scale wifti wheny lies
stood the impact of block structure on copolymer localization ithin the limits of the weak localization regime:

kinetics, it is tempting to contrast it to the caserahdomHP-

copolymers and the rate of their flattening onto a ligtliduid pe(2) + pu(@ = pod(Z — )% *'] (33)

interface. In recent years there has been a number of studies of

random copolymers both_ by ar_1a|yt|cal theofy? as well as wherepp(2) is the density oP monomers at a distan@e— z;

by means of computer simulatiéh?*?°As a rule, all these o the interface, where is the position of the interface

studies focus on the static conformational properties of random (7 — 0 in our simulations)py(2) is the corresponding quantity

copolymers at the penetrable interfaces between two solvents¢or the H monomerspy is the total monomer density at the

Thus, it is now well establishéd® that the perpendicular jnterface, andg(y) is a function close to being exponential.

component of the gyration radit(y) of a random copolymer  rigyre 15 demonstrates that this scaling law is indeed observed

should scale with the degree of interface selectivity as afunction for 5 wide range of polymer lengths and interface strength

of n = X\/N for small and moderately large values of the yaglues.

interface selectivity. Also in the case of random copolymers, we performed all
To determine the crossover selectivity in our model, we our studies of the localization kinetics in the limit of strong

carried out simulations on random copolymers with length 32 localization. It can be easily proved that, in the limit of infinite

< N = 512 and the results may be seen in the scaling plot of chain length, the average block size in a random copolymer is

Figure 14 where all data are found to collapse onto a single M= 2. In the case of polymers with finite length, there are

curve. One may estimate from the master curve in Figure 14 finite-size corrections that have to be taken into accétitiie CDV

L)

LR,

£

Figure 14. Ry(y)/Ry(0) as a function of the scaling variable =

%~ N for different chain lengths. The dashed line represents the
predicted scaling behavior in the weak localization regime;=2".
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that drive the system in order to complete the adsorption process.
During this stage, it is then the shortest blocks that are important
for the adsorption process, and in this respect the random
copolymers are very similar to the regular blocky ones, with

N=64 y=30
N=128%=14 blocks of length equal to 2.
N=128y=18
Py+PplP, | Nooserzidl | 5. Conclusions
From the results presented above, it appears that the simple
scaling theory that we have developed to describe the kinetics
of copolymer adsorption on a selective ligtiliquid interface
is able to capture quite well the most salient features of the
problem as a comparison with extensive MC simulation data
0__115 : -IIO 1'0 5 demonstrates. The agreement between the predictions of the

@z, 0"

Figure 15. Scaling plot of the total monomer density in terms of{(
Zn)y? for different combinations of polymer length and interface
strength.

model and the results of the simulations in both limits of early
and late stages of adsorption is remarkable especially for long
polymer and block lengths.

The analysis that we have carried out regarding the Rouse
modes of the system indicates that polymer chains that are
strongly absorbed at the interface behave as two-dimensional

average block size is then always smaller than 2, albeit very random walks in the plane of the interface, and show almost
close to this value, so it is appropriate to compare the rate of h, fiyctuations in the direction perpendicular to the interface.
flattening of random copolymers to that of a multiblock A gimple trial function for the shape of the chain in the direction
copolymer with block sizé/ = 2 at the same selectivity strength  herpendicular to the interface is sufficient to capture the features
% = 2ycr The results for the flattening dynamics of random ot the modes that are specific to the adsorbed chains.
_copplymers are compared to those for regula_r block copolymers Finally, we have also shown how the random copolymers
in Figures 6-8, where the results corresponding to the random poaye at the interface. In particular, we have been able to prove
copolymers are represented by filled symbols. In these figures g, the presence of long blocks in the random sequences of
it is possible to notice a marked difference between the early y,o nolymer chains mainly affects the early stages of adsorption
stage and the late stage dynamics. As seen in Figure 6a, thgypije the behavior of the random chains in the late stages of

values ofrp for the random copolymers and the corresponding
block copolymers are very close for small valueshofAs N

adsorption is almost identical to that of regular block copolymers
with M = 2, as expected.

increases, however, the difference between these two values Although the present study deals with the simplest situation

grows as well and is particularly large in the limiting caseNof
= 512 when the characteristic time for the random copolymer
is about twice as large as the value for the corresponding block
copolymer. A careful inspection of Figure 6a shows that the
value oft for a random copolymer withl = 512 is similar to
that of a regular block copolymer of tteametotal length and
a considerabley longer block siké = 8.

The trend shown by the simulation results as the length of

of symmetric interface selectivity and copolymer composition
and it assumes equal viscosity of both immiscible liquids, it
can be viewed as a first step in exploring the localization kinetics
of copolymers at the liquigliquid interface. We also believe
that our results could stimulate exciting laboratory experiments
and be tested, for example, by means of the method of
videomicroscopy of single macromolecufés.
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sequences of consecutive like monomers much longer than 2 is

extremely small. As a matter of fact, the polymer will almost
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