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The effect of the strength of electrostatic and short-range interactions on the multilayer assembly of oppositely
charged polyelectrolytes at a charged substrate was studied by molecular dynamics simulations. The multilayer buildup
was achieved through sequential adsorption of charged polymers in a layer-by-layer fashion from dilute polyelectrolyte
solutions. The strong electrostatic attraction between oppositely charged polyelectrolytes at each deposition step is
a driving force behind the multilayer growth. Our simulations have shown that a charge reversal after each deposition
step is critical for steady multilayer growth and that there is a linear increase in polymer surface coverage after the
first few deposition steps. Furthermore, there is substantial intermixing between chains adsorbed during different
deposition steps. We show that the polymer surface coverage and multilayer structure are each strongly influenced
by the strength of electrostatic and short-range interactions.

1. Introduction

The layer-by-layer (LbL) deposition of charged molecules is
commonly used for fabrication of molecularly layered-@
nm per bilayer) multicomponent films with a high degree of
complexity (see for review refs-19). The key to successful
deposition of multilayer assembly in a layer-by-layer fashion is

The local structure of multilayers formed by flexible poly-
electrolytes is believed to be similar to that of bulk polyelectrolyte
complexes formed between similar polymé&tBolyelectrolytes
in two-component films are not stratified into well-defined layers
but are intermixed over several adjoining layetdSFurthermore,
there is a correlation between the salt-induced phase separation

the charge inversion and subsequent reconstruction of surface?f Polyelectrolyte complexesin solutions and multilayer assembly

properties that should occur after each adsorption step. A typical©f these polyelectrolytes at surfaces;**such that one can control
experimental procedure involves immersing a solid substrate the multilayer assembly by changing the salt concentration and

into dilute solutions of anionic (or cationic) polyelectrolytes for
an optimal period of time, followed by a rinsing step to remove

fraction of charged monomers on the polymer backbone. In the
region of stable multilayer growth an approximately linear

any loosely adsorbed material. Continued film growth is achieved dependence of the layer thickness on salt concentration has been

by alternating the deposition of polyanions and polycations from

observed. However, the layer thickness and polymer surface

their aqueous solutions. After a few dipping cycles, experiments COvVerage can also show nonmonotonic dependences on salt
generally show a linear increase of multilayer thickness or mass, concentration. In these cases both the layer thickness and the
indicating that the process reaches a steady-state regime oftmount of adsorbed polymers decrease with increasing salt

growth1:510-14
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layering of mixtures of positively and negatively charged polymers
close to a charged wall due to their chemical incompatibility.
Netz and Joanr#y have proposed a scaling model of multilayer
formation from semiflexible polyelectrolytes. However, this
model lacks intermixing between polyelectrolyte chains in

Patel et al.

However, despite the steady growth, the spherical symmetry of
such a macro-ion precluded formation of the well-developed
multilayer structures and instead showed nonsymmetric oscillation
of the local polymer compositiefrthe density difference between
positively and negatively charged chains within the polymeric

neighboring layers. Castelnovo and Joafirave taken into film.
account the strong interpenetration of polyelectrolyte chains in  Multilayer formation on the planar surfaces was studied in
consecutive layers by incorporating complex formation between molecular dynamic simulations of Patel eb&T.hese simulations
oppositely charged polyelectrolytes into self-consistent field have shown that the film buildup follows alinear growth pattern,
equations, describing the polymer density profile in the adsorbed with both the thickness of the adsorbed layer and polymer surface
layers. The numerical solutions of the self-consistent field coverage increasing linearly with the number of deposition steps.
equations have been recently presented by \Wamgl by Shafir This steady-state linear growth regime is generally observed in
and Andelmari® These calculations have shown that sufficiently experiments after deposition of the first few layéfs.9.19-21
strong short-range attraction between oppositely charged polymerdor partially charged chains with= 1/2 and 1/3 (herd,is the
is essential for the formation of multilayers. fraction of charged beads in a besagpring chain), the growth
The formation of ionic pairs between polyelectrolyte chains rate of the polymer surface coverage is higher than for the case
forming multilayers was taken into account by Park e®band of fully charged chains. This is in agreement with experimental
by Lefaux et ak® These models show promising results by observations of the thicker layers for partially charged poly-
predicting the correct salt concentration dependence of multilayer electrolytes compared to very thin layers obtained for the fully
growth by sequential adsorption and by spin-coating methods. charged polymers. While simulations further showed strong
However, these models neglect strong intermixing between layersintermixing between polyelectrolyte chains adsorbed during
by assuming the frozen layer structure after completion of each different deposition steps, almost perfect periodic oscillations in
deposition step. Such an assumption can only be justified for local polymer composition were observed, indicating polymer
description of processes such as multilayer assembly by spin-stratification.
coating® wherein chains do not have sufficient time to diffuse ~ Results of the molecular dynamics simulations of layer-by-
inside the film over the course of film assembly. layer assembly of polyelectrolytes and nanoparticles from dilute
Multilayer assembly has also been studied by molecular Solutions have been reported by Jeon éfdlhey have found
simulations?®-36 Messina et a3 have performed Monte Carlo  that, for multilayer films consisting of nanoparticles, there is
simulations to study multilayer formation from mixtures of better stratification of the layers with almost constant thickness
oppositely charged polyelectrolytes near charged spherical of the layer composed of nanopatrticles. For all studied systems,
particles and at uniformly charged surfaces. These papers testedhe process of multilayer formation occurs over several successive
the hypothesis that multilayering is an equilibrium state and that deposition steps: usually four deposition steps are required to
it occurs whether one proceeds in a stepwise fashion, as envisageBomplete formation of the two layers. The film thickness and
in experiments, or one adds together oppositely charged surface coverage increase almost linearly with the number of
polyelectrolytes and exposes the solution to a charged substratedeposition steps, indicating steady-state film growth, while
It was shown that additional short-range attractive interactions Multilayered films formed by nanoparticles feature higher
between polyelectrolytes and the surface are required to suc-roughness than films consisting of flexible polymers.
cessfully initiate film growth. Unfortunately, these simulations ~ Inthis paper, we use molecular dynamics simulations to study
were limited to the formation of only a couple layers for which —the effectof electrostatic and short-range interactions on multilayer
the appearance of the charged oscillations might be the result ofassembly of oppositely charged polyelectrolytes at a charged
relaxation of polymer density fluctuations caused by the adsorbing Planar surface. Simulations are performed using sequential
surface. We note that no experiments have been reported showingidsorption of polyelectrolytes up to 10 deposition steps. The rest

the formation of multilayer thin films by dipping a charged Of the paper is organized as follows. Section 2 describes the
substrate into premixed polyelectrolyte solutions. model and simulation details. In section 3, we present simulation

Molecular dynamics (MD) simulations of the sequential results with a detailed discussion of the evolution of the surface

adsorption of oppositely charged polyelectrolytes onto a chargedcoverage, polymer density profile, and surface overcharging
spherical particle were performed by Panchagnula®®aThese during the deposition process. Finally, in section 4 we summarize
simulations confirmed that the layer buildup proceeds through OUr results.

surface overcharging during each deposition step and with the
system reaching a steady-state regime after a few deposition
steps with nonlinear growth of the polymer mass in the aggregate.

2. Model and Simulation Details

The MD simulations of multilayer assembly were performed from
dilute polyelectrolyte solutions of beadpring chains with degree
of polymerizationN,, equal to 32, 16, and 8. Each beadlike monomer
has a diametews. For each degree of polymerization, the fraction
of charged monomers on each chain was equdl=tol or 1/2,
corresponding to cases of completely charged or alternately (every
other bead) charged polyelectrolytes, respectively. The connectivity
of the beads within each chain is governed by the finitely extensible
nonlinear elastic (FENE) potenti#:
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Table 1. Interaction Parameters and System Sizes

interaction parameter system A system B system C system D
ls, Bjerrum length 3.0 1.00 3.0 1.00
monomer-monomer €Ly = 0.3gT ey = 0.3gT €Ly = 1.0T €Ly = 1.0T
lout= 2.50 lout= 2.50 leut= 2.50 feut= 2.50
surface beagmonomer belongingto ey = 1.0kgT ey = 1.0T €Ly = 1.0eT €Ly = 1.0T
positively charged chains I'eut = 2Y%0 Iew = 2Y%0 lewt= 2.50 Ieut= 2.50
surface beadmonomer belongingto €5 = 1.0ksT ey = 10T €Ly = 10T €Ly = 10T
negatively charged chains leuwt= 2.50 lewt= 2.50 lewt= 2.50 ewt= 2.50
monomet-counterion €Ly = 10T ey = 1.0eT €Ly = 1.0T €Ly = 1.0T
counterior-counterion I'eut = 2Y%0 I'eut = 2Y%0 I'eut = 2Y%0 I'eut = 2Y50
simulation box size(x y x 2) 280 x 29.45 x 810 200 x 20.784 x 810 200 x 20.784 x 810 200 x 20.7845 x 810
constant and is the absolute temperature, and the maximum bond ~ Table 2. Number of Chains Added to the Simulation Box
length Rnax = 1.50. during Each Deposition Step
The solvent in our simulations is modeled as a continuum with Np system A system B system C system D

a macroscopic dielectric constantCounterions with diameter

were explicitly included in our simulations. Electrostatic interaction ié 123 gg gg gg
between any two charged particles bearing charge valepeesl 8 320 160 160 160

g; and separated by a distanges given by the Coulomb potential:

U — kT y 5 problem of calculation of the electrostatic interactions in the 2-D
coull"y) = KgT(l50i0/Ty) @ periodic system to those in a 3-D system. Note that in our simulations

) ) . . . _ we have assumed that the substrate and solution have similar dielectric
All charged partlc_les in our simulations were monoval_en_t ions V\_/lth constants and ignored the effect of image charges that appear when
g =+1.Asseenineq2, the strength of the electrostatic interactions adsorption occurs at the surface with dielectric properties different
is characterized by the Bjerrum length = €?/¢ckgT, defined as the from those of the solution.
length scale at which the Coulomb interaction between two  pyring each deposition step, simulations were carried out using
elementary charges, in a dielectric medium of dielectric constant 5 constant number of particles, volume, and temperature ensemble
eis equal to the thermal en_ergggT. In our simulations, the Bjerrum (NVT).3” The constant temperature was achieved by coupling the
length, g, was equal to either 1c0or 3.Qu, the latter leading to systemto a Langevin thermostat. In this case, the equation of motion

relatively strong electrostatic forces. of theith particle is
All particles in the system interact through a truncatstlifted
Lennard-Jones (LJ) potential: m(dD, (§/clt) = IEi(t) — &+ IEiR(t) @)
o\12 o\6 o \12 o \6 _
U, (1) = 4€u[(?) - (?) - (r_) + (—) ] forr <rey where7; is the bead velocity an; is the net deterministic force
t 0 o o st acting on theth bead of mass. FiR is the stochastic force with zero
' 0“1(3) average valuelFR(t)J= 0, andd-functional correlations[FX(t)

FiR(t")O= 6&kgTo(t — t'). The friction coefficient was set t§ =

The cutoff distancerey, and the interaction parameter;, are used /7L using the standard LJ timeyy = o(m/eLy) The velocity
to control the solvent quality for the polymer backbone and Verletalgorithm with atime stefit=0.01z, ;was used for integration
hydrophilicity and hydrophobicity of the adsorbing surface. Table Of the equations of motion (4). .
1 summarizes the interaction parameters used in our simulations. The coarse-grained MD simulations of the multilayer assembly
The polymer-polymer LJ interaction parameters for systems Aand Presented in this paper correspond to modeling of four classes of
B are close to those fo®-solvent conditions for the polymer  Polymeric systems with different affinities between the polymeric
backbone, while the LJ parameters for systems C and D correspond?@irs andthe substrate. Inthe beagring representation ofa polymer
to poor solvent conditions for the polymer backbone with a negative chain, each bead represents several chemical units. For example, if
value of the monomeric second virial coefficient. Charged polymers We assume that the value of the Bjerrum lenggh= 10, used in
in poor solvent conditions for the polymer backbone are also called Our simulations is equal to the Bjerrum length in water at room
hydrophobic polyelectrolytes. In systems A and B there is an temperatureT =298 K), I = 7.14 A, the monomer size is equal
additional short-range repulsion between positively charged chainst® 7-14 A. This corresponds to approximately 2.9 monomers of
and a substrate. sodium poly(styrenesulfonate) (NaPSS) with monomer size 2.5 A

The positively charged adsorbing surface (locatezi-at0) was and leads to a chain with degree of polymerizafigr= 32 being
modeled by a periodic, hexagonally packed lattice of spheres with On the order of 100 monomers. For the same set of parameters the
diameters. Every second particle on the surface carried univalent Surface charge density used in our simulations corresponds to 0.18
charge. A similar but noncharged surface was located at the oppositeC/m,z- . ) )
side of the simulation box to prevent the chains from escaping. The _ Simulations were performed using the following protoot:
system was periodic in two dimensionsandy directions) with the First, counterions from the charged s_urface were uniformly distributed
box sizes listed in Table 1. The partielparticle particle-mesh ~ over the box volume. TheiM, negatively charged polyelectrolytes
(PPPMJ$” method for the slab geometry, with the correction term (the number of chains added to the simulation box is given in Table
implemented in LAMMPS using the sixth-order charge-interpola-  2). €ach withN, monomers, corresponding to a monomer concentra-
tion scheme and estimated accuracy ofl@as used for calculations  tion, ¢, of 0.03&~3, together with their counterions, were added to
of the electrostatic interactions. In this method the 2-D periodic the simulation box and simulations continued until completion of
images of the system are periodically replicated along thection the_ flrst deposition step. After completion of the first simulation run
with distancel. = 3L, between their boundaries. This reduces the (‘dipping” or deposition step), unadsorbed polyelectrolyte chains
were removed (“rinsing” step). Here, we separate the unadsorbed

(38) Plimpton, S.LAMMPS User's Manual Sandia National Laboratory: pc_)lyeleCtmlytes _from the adsorbed On?S_USing a cluster algctithm
Albuquerque, NM, 2005. with a cutoff radius equal to 162 A chain is considered to belong
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to a cluster if it has at least one monomer within a distance af 1.2
from any monomer belonging to a chain forming the cluster. The
cluster analysis was performed by analyzing the matrix of distances
between all monomers in the system. Additionally, between
adsorption steps, the only counterions required to maintain the
system’s electroneutrality (compensating the excess charge in the
growing polymeric layer) were kept in the simulation box.

At the beginning of the second deposition step, the simulation
box is refilled with M, = M; (see Table 2) positively charged
polyelectrolytes together with their counterions, the new polyelec-
trolytes being added to the same concentration of monomers as
before, 0.03873. This is followed by another adsorption simulation
run and rinsing step as for the first step. We repeated these dipping
and rinsing steps to simulate the buildup of 10 deposition steps,
performing the MD simulations lasting 4@ntegration steps for
each deposition step.

The duration of the simulation runs was optimized to reach a
saturation of polymer surface coverage during each depositiof’step.
This was done by monitoring the polymer surface covergegfined
as the total number of adsorbed monomers normalized by the surface
area of the charged planar surfaBeas a function of the number
of integration (MD) steps for longer simulation runs lasting 30°
integration steps. We performed these simulations for the systems
of fully charged chains with degree of polymerizatign= 32. For
all cases there is relatively fast saturation in the adsorption amount
(about 90%) during the first X 10* integration steps. Hence, the
duration of the simulation run for each deposition step was set to
1C®integration steps, which is about 20 times longer than is necessary
to achieve a saturation limit. In our simulations chain diffusion and
relaxation obey Rouse dynamics for which the chain’s relaxation
time increases with the chain degree of polymerizahigras N,2.
Thus, the selected length of the simulation runs is also sufficient for
shorter polyelectrolyte chains with degree of polymerizabigr~=
16 and 8 to reach the steady-state regime.

3. Results and Discussion

3.1. Growth of Polymer Surface CoverageThe polymer
surface coveragé,, was found to increase with each deposition
step with a trend that depended on the fraction of charged
monomers on the polymer backbone and values of the interaction
parameters (Figure 1). These plots confirm that the strength of
the polymerpolymer interactions plays an important role in
successful film growth. For the systems with a short-range
interaction parameter between monomers close to that at the
©-pointfor the polymer backbone (systems A and B), the growth
in polymer surface coverage with each step was found to feature
a strongN, dependence. For partially charged polyelectrolyte
chains with a fraction of charged monomérs 1/2, only the
longest polymer chaind\{, = 32) show steady film growth (see
Figure 1a,b). A strong effect of short-range repulsion is also
observed for fully charged chains, but it is less pronounced than
for the systems of partially charged polyelectrolytes. This behavior
is a result of competition between short-range repulsion and
electrostatic attraction between oppositely charged chains. For
the shortest chains witN, = 8 the absolute value of the chain
adsorption energy is 4 timé&swerthan that for the longest chains
with Np = 32, making chain desorption more probable.

In comparison to systems A and B, hydrophobic polyelec-

I'c’

I'c?

10

I'c’

10

T'c?

Patel et al.

(a)

Nstep

Figure 1. Dependence of the surface coveraGedn the number
of deposition steps for (a) system A, (b) system B, (c) system C,

trolytes (systems C and D) form stable films (see Figure 1¢,d). anq (d) system D (see Table 1). The filled symbols are used for the
In these cases, the steady-state regime was reached aftefylly charged chainsf(= 1), and open symbols are for partially
completion of just the first few deposition steps, regardless of charged chainsf & 1/2). The degree of polymerizatidd, = 32

the charge fraction and degree of polymerization. This is supported(circles), 16 (triangles), and 8 (squares).

by the linear growth of the polymer surface coverage with the

number of deposition steps. We reason that the additional chains withf = 1/2, the growth rate of polymer surface coverage
hydrophobic interactionss(; = 1.0 vse ; = 0.3) enhance the ~ was found to be higher than for the case of fully charged chains.
affinity between oppositely charged polyelectrolytes, strengthen- In the case of partially charged chains, for each adsorbed charge
ing chain associations within the multilayers. For partially charged there was one extra monomer added to the adsorbed layer.
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Figure 2. Polymer and counterion density distributions inside multilayers after completion of the eight deposition steps for systems of fully
charged chaing,= 1, with degree of polymerizatioN, = 32. The solid line shows the polymer density distribution of the negatively charged
chains and the dashedotted line the polymer density distribution of positively charged chains. Open circles and triangles show density
profiles of positively and negatively charged counterions, respectively. Key: (a) system A, (b) system B, (c) system C, (d) system D.

3.2. Distribution of Polymer Density. A density profile of interactions between the polyelectrolyte chains and the substrate.
monomers belonging to positively and negatively charged chains Zone 1l contains complexes of oppositely charged macromol-
in the multilayers is shown in Figure 2. All data were collected ecules. Inside this zone polyelectrolytes are well intermixed and
during the eighth deposition step. The polymeric systems with show 1:1 charge stoichiometry. This zone is wider for hydrophobic
weak short-range interactions (systems A and B, Figure 2a,b) polyelectrolytes that also show sharper boundaries between
show aless pronounced stratification than systems with additionaldifferent layers. The growth of the film occurs by increasing the
short-range attractive interactions (systems C and D, Figure 2c,d) thickness of zone II.

The monomer density of negatively charged chains for systems Zone Il includes the outermost layer along with counterions,
A and B, p—(2), shows two peaks neawland 3. The well- which neutralize the excess charge in the growing polymeric
developed peaks in the density profile of positively charged chains, film. The counterions diffuse further into the polymeric film for
p+(2), are located at@and 4. The first peak near the surface the systems with repulsive short-range interactions (see Figure
is clearly larger than the other peaks. This is due to the high 2a,b); this correlates well with the lower polymer density inside
surface charge density of the initial substrate in comparison with the film. On the contrary, hydrophobic systems (Figure 2c,d)
the value of the surface overcharging achieved after completionfeature a counterion density profile thatis narrow and has a large
of each deposition step. A larger number of adsorbed polyelec- peak magnitude located just outside the ridge of the polymeric
trolyte chains is required during the first deposition step to film. The exclusion of counterions from the film interior is a
compensate for the surface charge while also overcharging theresult of the higher polymer density and lesser amount of the free
surface for subsequent layer buildup. A similar trend in higher volume available for counterions inside multilayered films
polymer surface coverage of the surface layer is seen for assembled from hydrophobic polyelectrolytes.

hydrophobic polyelectrolyte systems as well (systems C and D, The average polymer density inside zoneldw for systems
Figure 2c,d). However, these systems show more layers andA and B and high for systems C andHis controlled by the fine
better stratification between positive and negative polyelectrolytes interplay between fluctuations/correlation-induced attraction
in comparison with systems A and B. Thus, additional attraction between oppositely charged chains and excluded volume
between polyelectrolyte segments leads to better organizedinteraction between monomei%?*® To understand this, let us
multilayered films. Such improved stratification between layers consider a concentrated polymer solution with correlation length
leads to the formation of a larger number of well-defined layers &. At length scales smaller than the solution correlation length
after completion of the same number of deposition steps for the chain statistics is unperturbed by fluctuation/correlation-
systems C and D. induced attractive interactions, resulting in an usual scaling

The film composition, shown in Figure 2, supports the three- relation between the correlation length agdthe number of
zone structure of the multilayer fil#.Zone | contains the layer
in the vicinity of the adsorbing surface with excess molecules _ (39) Dobrynin, A.V.; Colby, R.; Rubinstein, M. Polym. Sci., Part B: Polym.
carrying a charge opposite that of the substrate. The thicknessph%zbﬁcgﬁ):f‘e%‘?f_fﬁ%uyenyT. T.. Shklovskii, B.Rev. Mod. Phys2002
of this layer depends on the electrostatic and short-range 74, 329-345.
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Figure 4. Dependence of the overcharging fractiph®|/Qaq9 On

(b) the deposition step number for different fractions of charged
monomersf = 1 (filled symbols) and = 1/2 (open symbols), and
degree of polymerizatioN, = 32, 16, and 8: system A witN, =

32 (circles), system A withN, = 16 (inverted triangles), system B
with N, = 32 (triangles), system C witN, = 32 (squares), system
C with N, = 16 (tilted squares), system C wil, = 8 andf = 1
(filled triangles) and = 1/2 (inverted open triangles).

The polymer density inside each layer increases with increasing
strength of the electrostatic interactions. Note that the scaling
analysis presented above can only be applied to describe the
average film density for systems A and B for which the parameters
rlo of the LJ potential are close to that fol@point. The ratios of

Figure 3. Correlation function between positively and negatively the average polymer density in the middle of the polymeric film
charged monomers inside multilayers formed by fully charged chains, for systems A and B witlig = 30 (o(1)/p(0.5) ~ 1.48) andg
f = 1, with degree of polymerizations, = 32 (circles) and 16 = 1o (p(1)/p(0.5) ~ 1.52) are close to the ratje(1)/p(0.5) =
(triangles) after completion of the eight deposition steps: (&) systems2/3 = 1 59 obtained from eq 7.
A (open symbols) and C (filled symbols), (b) systems B (0pen  gqr systems C and D the parameters of the LJ interactions
symbols) and D (filled symbols). "

correspond to poor solvent conditions for the polymer backbone.
These systems do not show a strong effect of the Bjerrum length

For length scales larger than the correlation length, attractive N the average polymer density such that for both systems it is
interactions cause dense packing of the correlation blobs. TheC!0S€ topo® = 0.53. This indicates that LJ interactions rather
local structure of the melt of blobs resembles that of a concentratedthan fluctuation/correlation-induced attractive interactions control
solution, with each blob being surrounded by the oppositely the average polymer density |nS|dg the polymerlc f||.m..
charged blobs with higher probability. This structure of the | e weak dependence of the period of density oscillatidns,
adsorbed layer is supported by the chargkarge correlation in the multlla_yere(_j fllm_ on the fraction of charged monomers,
function, p(r), between positively and negatively charged f, can be rgtlonallzed in t_he framework of the §caI|ng m_odel
monomers shown in Figure 3. This function is proportional to Presented in the Appendix. System A has an increase in the
the probability of finding a negatively charged monomer at a Perioddbyafactor of 1.3 for asystem witk=1/2in comparison
distancer from a selected positively charged one. Wlth that for a system o_f f_uIIy charged chains. This increase is
The electrostatic interaction between any two neighboring N @greement with predictions of eq A.4. For systems C and D

oppositelv charaed blobs separated by a distghizon the the average polymer density is a constant and does not depend
ofdper of t)r/1e the?mal energ}(B'FI)': y el onf. In this case the periadiis proportional td-22. This inverse

square-root dependence of the period of density oscillations is

constituent beads (monomers) in a correlation bfpk;, og'/2

| 22 | 232 in agreement with the factor of 1.32 increase of the parameter
—k T 9 ~_ Ko T 9 ~_ keT (5) dseenin our simulations for system D witk 1/2 in comparison
3 9 with that for a system of fully charged chains.

) ) o 3.3. Universality of the Film Growth. The growth of each
This leads to the number of monomers in a blob and its size |ayer in LbL growth occurs at the top of the polymeric film. To

being equal to achieve steady-state LbL growth, the layer should be overcharged
s 13 by the same amount at each step to recreate the surface properties.
g~ (uf) and &~ o(uf) (6) Indeed, this surface recreation was observed in our simulations,

) ) ) indicating universality among the systems studied. The univer-
whereuis the ratio of the Bjerrum lengths, to the bond length,  gajity of the overcharging process during steady-state film growth
u = Ig/o. With increasing Bjerrum length (and thus increasing s shown in Figure 4. The ratio of the absolute value of the layer
value of the parameteu), the blob size decreases, which is ,yerchargingjAQ, to the net charge carried by adsorbed chains
man_lfested_ in Figure 3 as growth and sharpening of the first ata given deposition steags= f(N(S) — N(s— 1)) (whereN(s)
maximum in the correlation functiomy(r). . _is the total number of adsorbed monomers after completion of

The correlgnon blobs |n5|de the film are space-filling, Ieadmg the sth step), is plotted versus the number of deposition steps,
to the following expression for the average polymer density: n_ . This quantity is relatively independent of the fraction of
3 3.3 3 charged monomers on the polymer backbone as well as the chain
po’ ~ o°gE ~ (uf) (7) degree of polymerization. After several deposition steps, when
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Figure 5. Time dependence of the polymer surface coverage for
system A with fraction of charged monomdrs- 1/2 and degree

of polymerizationN, = 16 during the second, fourth, sixth, and
eighth deposition steps.

the processes reach a steady state, this ratio approaches a valug
of 1/2 for all studied systems (see also refs-32). Thus, for
steady-state growth, one charge is needed per excess ionic group 4
to compensate for the surface charge while another is neededto  »
recreate the surface properties for the adsorption of the next
layer. Note that if this ratio is smaller than 1/2, the film eventually

stops growing; if it is more than 1/2, the layer mass will show
exponential growth. In both cases, the growth process is unstable.
Fluctuations around this saturation value can be attributed to
corresponding fluctuations in the number of adsorbed chains

and should decrease with increasing system size. It is important

to point out that surface overcharging plays two roles. First, it

recreates the surface properties (primarily charge) for the next el ;'..r"- L

deposition layer, and second, it prevents the unrestricted growth ¥ ,;".c_!,'.tv“-}}_-.'.-":,"‘_ - s:' 4,

of adsorbing polymers through electrostatic interactions between o) ;‘_.}‘-"_- p*':.dt‘:‘; RO ‘
excess charges. o T P g N €T Na et

We can use eq A.7 to compare the ratio of the rate; of Ch'?mgeFigure 6. Snapshot of the simulation box during the extended
of the polymer surface coverage for systems Band D with partially jmyjation run of the eighth deposition step for system A with
and fully charged chains. For system B this ratio is equal to =16 and = 1/2. Positively charged monomers on the polyelectrolyte
AT(0.5)/AT’'(1) 0 2Y6 ~ 1.12, and for system DAI'(0.5)/AT'(1) chains are colored in red and green. The negatively charged monomers
0 282~ 2.8. In our simulations these values are close to 1.18 are shown in blue. The green bead chains are polyelectrolytes added
and 3, respectively. Thus, simulations show reasonable agreemerfiuring the eighth deposition step, while the red bead chains are
with the scaling model described in the Appendix. previously adsorbed polyelectrolytes. Neutral beads on the chains

" . ) ) are shown in gray, and those on the surface are shown in black.

3.4. Stability of the Growing Film and Chain Exchange
To study film stability and chain exchange during multilayer contacts between these loops and positively charged chains in
assembly, we performed alonger molecular dynamics simulationsa solution are responsible for the variations in the polymer surface
of system A withN, = 16 andf = 1/2. The selection of this  coverage seen in Figure 5.
system was dictated by the fact that it shows initial film growth A qualitatively different picture for the time dependence of
that stops after the completion of the eighth deposition step (seethe polymer surface coverage is observed during the longer
Figure 1a). Thus, this system demonstrates both stable film growthsimulations of the sixth and eighth deposition steps. For these
at the initial stages of the deposition process and unstable film deposition steps, the polymer surface coverage not only shows
growth, with saturation if"¢? values, at the later stages. The oscillations but also gradually decreases as the simulation runs
initial configurations for these simulations were the final continue. This decrease is associated with desorption of the
configurations of the simulation runs after completion of the negatively charged chains which were adsorbed during the
second, fourth, sixth, and eight deposition steps. These simulationgrevious deposition steps. The desorbed negatively charged chains
were continued for an additionab410° MD steps forthe second  can be seen in Figure 6 (blue beads), which presents a snapshot
deposition step and 9 10° MD steps for all other deposition  of the simulation box during the extended simulation run of the
steps. The time dependence of the polymer surface coverageeighth deposition step. It is interesting to point out that these
during these longer simulation runs is shown in Figure 5. For negatively charged chains form complexes with positively charged
the second and fourth deposition steps the polymer surfacechains in a solution. These could be either 1:1 or 1:2 complexes.
coverage fluctuates around an average value. The fluctuationsFurthermore, desorption of negatively charged chains occurs
increase in magnitude for the fourth deposition step in comparisondynamically in conjunction with positively charged ones. The
with those during the second deposition step. Upon close double-chain desorption process has a lower activation barrier
inspection, we observed that this increase in amplitude of the (shown below) than desorption of a single negatively charged
fluctuations is due to a large number of negatively charged loops chain. Note that the single-chain desorption events are still possible
and the chain’s ends dangling into solution after completion of but a desorbing negatively charged chain willimmediately form
the third deposition step. The fluctuations in the number of a complex with a positively charged one. This happens already
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during the escape process when part of the negatively chargedgrowth for system A witiiNy, = 32 andf = 1 or 1/2 and\, =
chain is still buried inside the film. 16 andf = 1 and for system B witlN, = 32 andf = 1 or 1/2.

As suggested above, there is a simple explanation for why the For shorter polymer chains, the activation barrier against chain
two-chain desorption process is more favorable than a single-desorption is sufficiently low to allow frequent chain desorption
chain event. For single-chain desorption, the activation barrier events. Interestingly, we observed that polyelectrolyte chains
that chains should overcome to escape from the polymeric film desorb in pairs and show that 1:1 complex stoichiometry
is proportional to the absolute value of the chain’s cohesion minimizesthe number of favorable ionic and monom@onomer
energy: interactions to be broken during desorption.

In poor solvent (hydrophobic) conditions for the polymer
EW ~ Ks TNg€con (8) backbone (systems C and D), the additional attractive LJ
interactions improve the film stability, resulting in steady-state
This activation energy is proportional to the chain’s degree of multilayer growth for all studied chain lengths. By improving
polymerization because by desorbing a chain eliminates all the affinity between polymer chains, the activation barrier against
favorable contacts with its surroundings inside the multilayer chain desorption is increased. Furthermore, additional affinity
film. However, by desorbing in pairs, chains forma 1:1 complex between the polymer backbones improves layer stratification.
whose interior structure is similar to that inside the multilayered Systems C and D witnessed faster growth (steeper slope) than
film. Thus, only monomers located on the surface must break systems A and B. Irrespective of interactions, partially charged
favorable attractive interactions. The activation energy for this chains were seen to allow higher polymer surface coverage than
process is proportional to the number of monomers on the surfacethe fully charged ones.
of the complex,Ns, times the absolute value of the cohesive  Within the formed multilayers, positively charged monomers

energy per monomee,on: are surrounded by negatively charged monomers (see Figure
) o3 3a,b). This charge distribution is similar to the charge distribution
EQ A kg TN€ o ~ ks T(N,/9) 9) found in polyelectrolyte complexes and inside the core of the

diblock polyampholyte micelle¥:*3The average polymer density

In writing eq 9, we used the scaling model described in section inside the multilayers was shown to be aresult of the fine interplay
3.2. The activation energy of the two-chain process is lower than petween electrostatic and short-range interactions, with systems
that of the single-chain process, < Np. Equation 9 also explains  in poor solvent conditions for the polymer backbone (systems
why a single-chain desorption is always accompanied by Cand D) being found to feature a higher average polymer density
complexation with an oppositely charged chain in a solution. inside the multilayers.
Instead of eliminating all favorable contacts, the desorbing chain  The molecular simulations presented in this paper were limited
only loses part of thenNs, by recreating the rest of them through  to the case of flexible polyelectrolytes in a solvent modeled as
complexation in solution with an oppositely charged chain.  a continuum. Modeling the solvent as a continuum eliminates

Let us now estimate thidl, dependence of the characteristic an important effect of the size of the solvent molecules on the
time scale for chain desorption. In our simulations we used the packing of polymer chains at the substrate as well as variations
Langevin thermostat to control the system temperature. Molecularin the solution dielectric constant within the growing polymeric
dynamics simulations with the Langevin thermostat correspond film. Another effect that we did not consider in our simulations
to the Rouse chain dynami¢sIn this case the chain relaxation s the effect of the chemical structure of the polyelectrolyte chains
time in a solution is proportional t,? so that the characteristic  such as the chain rigidity and charge distribution along the polymer

time scale for chain desorption is estimated as backbone on the chain complexation within the multilayered
) o film. All these modifications of the model could lead to new
~ 1N, exp(N/9) ™) (10) i i issues i

Thges™ ToNp €XP p/ features of multilayer assembly. We will address these issues in

, L o our future publications.
where g is a characteristic monomeric time scale. Thus, the

stable multilayer growth shown in Figure 1 could be argued to  Acknowledgment. A.V.D. acknowledges funding from the
be a result of a slow chain desorption process that only happensNational Science Foundation (Grant DMR-0305203). P.T.M.
for relatively short chains with weak attractive interactions. With - acknowledges funding from Ivoclar-Vivadent AG.

increasing number of ionized groups, chain degree of polym-

erization, and chain hydrophobicity, chain desorption is slowed, Appendix
favoring the formation of stable multilayered structures. The oscillations of the polymer composition in a concentrated
. mixture of positively and negatively charged chains (such as our
4. Conclusions multilayers (zone 11); see Figure 2) are a result of competition

We have presented a molecular dynamics study of the effectbetween polymeric and electrostatic effects. Consider 1-D
of short-range and electrostatic interactions on sequential variations of the polymer composition along thdirection with
multilayer assembly at charged surfaces. Our simulations confirm period d and magnitude with respect to the average polymer
the hypothesis that surface overcharging is crucial for stable film density. The excess of the polymeric part of the system free
growth. Furthermore, steady-state multilayer growth strongly energy per period due to this density wave is given by the
depends on the strength of the electrostatic and Lennard-Jonesollowing equation3*41
interactions. Those systems with LJ interaction parameters close
to ®-conditions for the polymer backbone (systems A and B) do(2)\2 2
only show stable layer growth for systems with a sufficiently AF o ~ @Tsﬁd%(%) dz~ kBTéjz% (A1)
strong chain cohesive energy. This is indicated by the stable film p p

whereSis the surface area. This variation of the polymer density

(41) Grosberg, A. Y.; Khokhlov, A. Rstatistical Physics of Macromolecujes
AIP Press: New York, 1994.

(42) Doi, M.; Edwards, S. FThe theory of polymer dynamic€larendon (43) Borue, V. Yu.; Eruchimovich, I. YMacromolecules99Q 23, 3625~
Press: Oxford, 1989. 3632.
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induces charge density oscillations of smaller magnitftig)( The energy of electrostatic repulsion per excess charged monomer
The 1-D charge density wave formed in a multilayered film can within the overcharged region is estimated as

be viewed as a system of parallel plate capacitors whose plates U U
1l

carry charg®), ~ +efApSd have are&, and are separated by m 1 ~ | fApdry (A.6)

a distanced. The electrostatic energy of such a parallel plate
capacitor is

Ucadke T ~ Sk(fAp)*d® (A2)

The optimal length scale of the density oscillation is obtained
by minimizing polymeric and electrostatic contributions to the
film free energy per period

F(d) _
kT

with respect to the period of oscillationd, This leads to

2
2|0 2 13
Ap (pd+ | of d) (A.3)

ou Y% 3 for systems A and B

. ou ¥ Y2 for systems C and D
(A.4)
Thus, the period of density oscillations inside zone Il increases
with decreasing fraction of charged monomers on the polymer
backbone a§ 13 for systems A and B and ds'/? for systems

C and D and decreases with increasing strength of the electrostati%

interactions, the value of the parameter

The surface overcharging during each deposition step can be

evaluated by using the following simple scaling arguments. During
each deposition step (excluding the initial layer growth where
the polymer surface coverage is controlled by the interactions
with the adsorbing substrate), the growing polymeric film is

overcharged by the amoumkQ| ~ efApSd (excess charge of

zone lll). This excess charge is screened by counterions on a

length scale on the order of the Debye screening lemgtff;he
excess chargeAQ, and the neutralizing diffusive layer of

counterions can be viewed as a parallel plate capacitor with a
gap size on the order of the Debye screening length. The

electrostatic energy of such a capacitor is equal to

Un l5(fApdS*rg

o™ S ~ |5(fApd)?Sr, (A.5)

kol TApdSkeT

For a polymer chain wittN, monomers the total energy of a
chaininthis overcharged region is equal to the sum of the repulsive
energy,fN,Um, and chain cohesive energyksTNyecon, Which

is due to interaction between a chain and its surroundings. The
cohesive energy depends on the strength of the electrostatic and
LJ interactions. For systems A and B, the attraction between
oppositely charged chains is controlled by correlation/fluctuation-
induced attractive interactions and the chain cohesive energy is
on the order of the thermal energ§sT, per correlation blob,
—keTNy/g ~ —kg TNy(uf?)?3. For systems B and C there are two
contributions to the chain cohesive energy. The first one is due
to short-range attractive LJ interactions, and the other one is due
to electrostatic interactions. The first contribution is proportional
to —ksTNyeLy, and the electrostatic contribution is on the order
of the energy of electrostatic attraction between oppositely charged
monomers separated by a typical distarfp@ /3 ~ of 13 that

can be estimated asks TN,flg/(fp) "3~ —kg TN,uf*3. Note that

all evaluations of the cohesive energy are done on the scaling
level up to a numerical prefactor.

Chain adsorption leading to surface overcharging ceases to
ccur when the energy of a chain wity monomers inside the
overcharged regiolgTNyUm — ks TNpecon, beComes comparable
(in order of magnitude) to the same chain’s energy in a solution,
KeTNpeso. Note that in the framework of the scaling model of
a polyelectrolyte the energy per monomer in dilute solutégs,
is on the order ofiff?)23. Thus, the rate of change in the polymer
surface coverageAl' ~ Apd, is equal to

- (Gcoh + 6sol)

~ 2
flgrp

f —3/2u—1/2{

whererp & (47lgfc)~12is the Debye radius argis the original
monomer concentration in the simulation box.

LAO61658E

AT

(uf)?for systems A and B
€., + uf*for systems C and

D(A.7)



