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ABSTRACT: We study static and dynamic properties of polymer brushes of moderate and high grafting densities
using molecular dynamics simulations. The self-consistent-field theory is able to reproduce the observed density
profiles once finite extensibility of the chains is included. A similar approach, using a Langevin-type model to
account for a coupling between the vertical and lateral chain fluctuations, is successfully implemented to explain
the lateral chain fluctuations at moderate-to-high grafting densities. The corresponding fluctuation dynamics in
the direction lateral to the surface is well described by Rouse scaling. The dependence of the dynamics on grafting
density (concentration) is very well described by the dynamic behavior of thermal blobs for the fluctuations in
the direction both perpendicular and parallel to the surface. We find an anisotropic fluctuation dynamics related
with two characteristic dynamic length scales in the both directions. We have further investigated the pulling
forces acting on the polymer bonds. The force acting on the first bond directly connected to the surface is reduced
at higher grafting densities, which is explained with an entropic contribution to the bond tension. A nonvanishing
end-monomer tension is observed at high grafting densities. The integrated force (excess free energy) follows the
prediction of the thermal blob model of the brush.

1. Introduction Monte Carlo simulations using the bond fluctuation model

Polymers grafted onto solid substrates have important ap-h"’“’_e been carried out by Lai, Wittmer, and Binder. Here,
plications in lubrication, adhesion, colloidal stability, and static and dynamic quantities such as the brush profile, last blob

biotechnology. The special properties of such polymer size, monomer fluctuations, and chain expulsion and exchange
brushes are the result of the interplay of chain deformation have been studied and compared to scaling and self-consistent-
(stretching), excluded volume effects (in particular solvent field (SCF) predictions.® Free energy profiles were simulated

quality), and additional interactions such as polyreubstrate Py Shaffer:® MD simulations of various static properties of
interactions (frequently of van der Waals type) and demixing Prushes at low and mqt:llserate glaaftmg d,ensg“es were carried
effects in polymer brushes composed of different species (mixed ©Ut by Murat and Grest.”* Murat'# and Bright® have carried
brushes}. The complexity of such a many-body system limits out MD simulations of tethered chains under confinement.

its theoretical understanding to approaches such as mean-field®roWwnian dynamics simulations have been applied by Neelov

. . . . . . i 16
solutions, ignoring fluctuation effects of real multichain sys- and Binder. _ _ o _
tems3 In experiments, novel techniques like the living free radical

On the other hand. there is considerable interest in the POlymerization have recently enabled researchers to construct

dynamical behavior of polymer brushes to better understand Prushes of very high grafting densiti€s:° Since the majority

the response to external fields and the nonequilibrium relaxation ©f Publications in the field of computational research had
processes of brushes out of thermodynamic equilibrium. been focusing on brushes of low and moderate densities, there
The knowledge of local forces acting on the polymer bonds is IS @n increasing demand for systematic s_|mulat|ons of high-
important for the control of brushes with high grafting densities. density brushes as well. In order to investigate such systems,
Moreover, information about the behavior of single grafted N this work we are using MD methods to study the behavior
chains within the brush can be of interest for the develop- Of grafted polymers up to very dense systems showing
ment of composite systems, where functional groups or nano- crystallization-like effects. In particular, we focus on quantities

particles are attached to the free ends of the chains. Suchthat have not been studied in more detail in previous work
questions are suitably addressed by computer simulations.SUch as the lateral fluctuations of chains and the forces acting

In particular, molecular dynamics (MD) allows for the inves- ©N the chain bonds. We test scaling predictions using, among
tigation of chain dynamics on realistic time scales. The Otherapproaches, the semidilute solution model for the polymer
neglect of hydrodynamic interactions is likely to deliver a Prush. We find that at higher grafting densities monomer
reasonable approximation in the case of densely graftedfluctuatmns are laterally much more confined as compared
polymers. to the scaling model, a phenomenon which can be explained

In the past, a number of computer simulations of grafted PY @ coupling effect between the lateral fluctuations and
polymer systems have addressed various questions such as thg€ Strétching of the chains in the direction perpendicular to
scaling behavior of static quantities (brush height, density the surface. A nonvanishing end-monomer tension, observed

profiles, etc.*5 For a recent overview, see ref 6. Extensive a_t_high grafting_densities, is_further r_edu_cing the lateral mo-
bility of the chain ends. Their dynamics in the brush state is

* Corresponding author. E-mail: merlitz@gmx.de controlled by “diving” events on a long time scale. This is
t Xiamen University. ' o of particular importance for novel experiments and ap-
* Leibniz Institut fir Polymerforschung. plications, where functional groups or nanoparticles are
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Figure 1. Typical brush conformation witftN = 64 monomers and
grafting densityc = 0.059. Different colors are used for graphical
reasons and do not have any physical relevance.

attached to the chain ends. On intermediate time scales, dyna

mic scaling is well obeyed without corrections of the
monomer friction constant except for very high grafting
densities.

The rest of the work is structured as follows: in section 2,
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wherer, = 2165 is the cutoff distance. The second term in eq
1is a finite extensible nonlinear elastic (FENE) spring potential,
which is creating the connectivity between the monomers. The
FENE potential used in this work is defined as follows:

Urene = —0.5KR,? In[l = (RLO)Z] + 46[(%)12 = (gﬂ te @)

where the first term is attractive and allows for a maximum
bond length ofRy = 1.50, whereas the second term, a LJ
potential, contributes a short-range repulsion, which is cut off
at 2/6g, the minimum of the LJ potential. The spring constant
was chosen to bé& = 30¢/0% For uncharged chains, this
parameter set leads to an average bond lenglty ef 0.970.14
The last term in eq 1 is the repulsive wall potential

189 (2]

This wall is located az = 0, the same height as the grafted
monomers, and the potential was cut off az.a= o, with

(4)

UpaL (@ =€

exception of section 3.4, where we investigate the bond forces
near the wall. Here, the potential was cut at its minimum to
avoid any singularity of the force.

The equation of motion of each nongrafted monomer is given
by the Langevin equation:

we briefly describe the simulation method. In section 3.1, a

summary of several static properties of the brushes, including der dr JU
a comparison with mean-field (SCF) predictions, is presented. m— + g—i —— 9T, F (5)
Significant deviations are observed in the case of the vertical dat? dt ar; '

distributions of the end monomers, which are then linked to

the lateral fluctuation behavior of these monomers in section Wherem = 1 is the monomer mass; is the position of théth
3.2. In section 3.3, we investigate the diffusion dynamics of monomer, is the friction coefficient, and~ is a random
chain ends. In section 3.4, the bond stretching forces and Gaussian force with the correlation functiof{ F/0 =
potentials are analyzed, and our conclusions are given in sec-2kgT;0%%d;. Here, the Greek indices denote the spatial com-

tion 4.

2. Methods

As a tool to study polymer brushes, the LAMMPS molecular
dynamics packag®was employed. The polymer chains were
made of coarse-grained beaspring monomers and end-grafted
to form a 8 x 8 grid on a flat surface which defined tixe-y

plane of the system. Periodic boundary conditions were applied
in x—y direction, whereas the grafting surface was featuring a
short-range repulsive potential. Throughout the paper, Lennard-

Jones (LJ) units are used, based on the monomer diameter
1, the binding energy = 1, and the massn = 1 (compare

with eq 2). This model is very similar to systems used in earlier

MD studies, e.g., by Gre&t but the particular set of simulation
parameters was taken from Bright et’&lwho have also used
LAMMPS as their simulation platform.

The total potential acting on a monomer can be described as

the sum

UTOT = ULJ + UFENE+ UWALL (1)

Here, the first term stands for the pair interaction, a LJ potential

with cutoff at its minimum and a shift such that only repulsive
contributions remained:

o - )

)

ponents of the forcesg is Boltzmann’s constant, anflis the
absolute temperature. For our simulations; 1.2 was chosen,
a time step ofAt = 0.001%, wherer = o(m/e)Y2 = 1 is the LJ
time, and a friction constant of = 771, the same set of
simulation parameters as used in earlier MD stuifies.

3. Results

The initial brush conformation was set up as an array of
stretched chains. Then, 18imulation steps were carried out
for relaxation, followed by several 18imulation steps for data
production. Figure 1 displays a typical brush conformation after
relaxation. It was noticed that the relaxation into static structural
properties, as discussed in section 3.1, took place quite rapidly
within a few million simulation steps. Certain dynamical
properties of the system, like the relaxation of the vertigal (
component of the radius of gyration, however, as discussed in
section 3.3, displayed rather long autocorrelation times of the
order of 16— 10’ time steps for thé&l = 64 brushes, depending
on grafting density. In the case df = 128, the decay of the
corresponding autocorrelation function took even longer and
required almost 1 order of magnitude more simulation steps.
Consequently, brushes of length= 128 with very high grafting
densities remained excluded from investigations of sections 3.2
and 3.3, where long relaxation times could otherwise deliver
inaccurate results within feasible simulation times.

3.1. Density Profiles A simplified model of polymer brushes
was presented by Alexander and de Gerthé&yhere the brush
was regarded as a stretched array of correlation (thermal) blobs,
whose size is given by
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E~ o 12 (6) dimension of space, i.ey, = 3, but the corresponding curve

did not represent the data very well. Shim et al. have found
the average distance between neighbored monomers grafted asimilar deviations while making comparisons with lattice
density 0. Within the blobs, (nearly) unperturbed excluded calculations, though toward the other direction. (They found

volume conformations are assumed: ~ 1 to fit the data more accurately at high grafting densities.)
In fact, their best value fop turned out to be a function of the
E~g @) grafting density, a phenomenon we have observed as well during

) ) the analysis of our simulations. As Shim et al. pointed out, these
whereg denotes the number of monomers contained in a blob gpjts are a consequence of the nonuniversality of their strong-
andv is the Flory exponent in 3D. The height of the brush then stretching corrections to the Gaussian elastic limit. It therefore
equals the number of blobs times their size, and the densityappears adequate to ug@s a free parameter to fit simulation
profile is a step function which drops sharply at the surface of (ggyts.
the brush. Later, a more accurate model was developed by Figure 3 displays the density profile of the end monomers.
Semeno# and Milner et af* using self-consistent-field (SCF) | this case, a rescaling did not create any master curve, a result
arguments. The SCF theory was subsequently extended to covep|so observed in previous Monte Carlo simulatfoms high

high brush densities by Shim et %l.and Lai et ak® The grafting densities. The SCF (MWC) theory would predict
“classical” theory of polymer brushes has been further addressed

by Netz and Schick’ In this section, some of the structural Y@N 7 ) 1o

properties of the simulated brushes are compared with predic- 5 = oo Z(H = Z)O(H - 2) 9
: . L o 2w

tions of the corresponding SCF approximations.

Figure 2 displays the rescaled monomer densities of several . . L I
brushes over the rescalegcoordinate. The plots roughly fall W.h'Ch is plotted as a dotted curve and W.h'Ch IS quahtatwely
onto a master curve, which deviates from the simplified step dlfferent_ from the _observed behavior. During the simulations,
function of the Alexander model (AM). The standard (Gaussian) (e vertical coordinates of the monomers appear to be more

SCFE th by Mil tal. h forth denoted as SCE (Mwc). f9id and are peaking sharply around their average positions.
predictgoe:ypa):abglligrseh;pé: encelorih denoted as ( ) The inclusion of finite extensibility with the SCF (SC) model

(the samey = 7 parameter was used as was in Figure 2) delivers
#(2) 2, N a result that comes qualitatively close to the simulati_ons (solid
reTEve m(H —Z)OH -2 (8) curve, foro = 0.31) but does not describe the data in a fully
o guantitative manner. As will be discussed later in this paper,
the chains at high densities experience an additional end-
monomer tension which is further reducing the end-point
fluctuations of the chain.
Figure 4 displays the average vertical coordin@iglof the
kth monomer along the chain, rescaled with the corresponding
value of the end monomer. Here, Gaussian SCF (MWC) theory
predicts

whereH = h/(No=(2)) is the rescaled heiglitof the brush,
Z = ZI(No™() the rescaled vertical coordinate, awdhe
third virial coefficient under athermal solvent conditions; this
parameter as well as the rescaled heightvere left as free
parameters when fitting eq 8 to the data (dotted curve). Here
and in the following we use Flory’s value= 3/5 for simplicity
instead of the more exact value € 0.588), which results in
1/2(3 — 1/v) = 2/3 (0.65) and (1— v)/2v = 1/3 (0.35). The
di - - : 20 jka

ifference is not essential for the scaling results of those _zsm(_) (10)
properties discussed in this paper. 0 2N

The SCF (MWC) model describes the density distribution
qualitatively, although not perfectly well. In fact, the drop of For different brush densities, the results do not fall nicely onto
monomer density at the surface of the brush is sharper thana master curve. As could be expected, lower brush densities
predicted by SCF theory but softer than predicted by the AM. were closer to the SCF prediction, but the high densities
The results are very similar to earlier Monte Carlo studies at displayed an increasing deviation from Gaussian mean-field
high grafting densitie$,indicating that both simulation tech-  theory.
nigues (MC and MD) are delivering consistent structural  3.2. Lateral Fluctuations. The litmus test for scaling models
predictions for these systems. of polymer brushes is the fluctuation behavior of the chains in

In previous work it has been argued that deviations from the the direction parallel to the surface. Here, two competing models

SCF profile could be caused by a substantial contribution of have been suggested: the Alexander model (AMhd the
the last blol#:8°1t should be noted that in the present simulations semidilute solution model (SDM¥ Both of them regard the
we use chains which are, bt= 128, comparably long. Grédt chain as a string of correlation bloB5But the AM assumes
has used chains as long lds= 200 (although at low grafting  these blobs to be uniformly stretched perpendicular to the
densities), but nevertheless deviations from the SCF profile were grafting surface, whereas the SDM allows for a free diffusion
considerable and the scaling of the profile displayed systematicof the blobs in lateral direction which is considered to be
deviations. However, the SCF theory was modified by Shim decoupled from the extension of the chains in the directed
and Cate® to account for the finite extensibility of the chain.  perpendicular to the surface. This has consequences to the lateral
These non-Gaussian corrections to the SCF (MWC) equations(horizontal) distributions of monomers with respect to their
become increasingly important at high grafting densities, where grafting points: Beo? = [[x — Xg)? + (Y — Yg)?[the average
the chains are overstretched. The resulting equations, which aranean-squared lateral fluctuation of the monomer with respect
henceforth denoted as SCF (SC) equations, have to be evaluatetb the grafting point of the chairx4, yg). Following the AM,
numerically and contain a parametewhich we have used as  each monomer is allowed to move freely only inside the tube
a free variable to fit the simulation data. The best coincidence formed of the array of correlation blobs, whose size is scaling
was found with the choicg ~ 7 (Figure 2, solid curve for = as& ~ o~12, which impliesp? ~ ¢~1, with no dependence on
0.31). Actually, the value of should be near the topological the number of monomend. According to the SDM, the blobs
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Figure 4. Average vertical coordinat[Jof the kth monomer along

Figure 2. Rescaled density distribution plotted vs rescaled distance o chain, rescaled with the corresponding value of the end monomer.

from the substrateN is the number of monomers per chain, ants The dashed curve is the SCF prediction (eq 10)
grafting density. The profiles roughly fall onto the same master curve, '
indicating that the corresponding systems were located inside the brush A e ——rrr —
regime. The dotted curve is the Gaussian SCF prediction (eq 8); the P 1
solid curve includes finite extensibility corrections for= 0.31. r .'_'.:.'”_Dj :B'”S 1
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Figure 3. Rescaled end-monomer density distribution plotted vs
rescaledz-coordinate. Brushes of different grafting densities do not
fall onto a master curve, and the Gaussian SCF prediction of eq 9 (dotted
line) is unable to match the data. Finite extensibility corrections deliver «
more realistic, although not fully quantitative, predictions (solid curve,
o =0.31).

<p1>J’N G

are allowed to carry out a random walk inside the brush. Using
egs 6 and 7, we obtain

p2 N ggz - NgZ—l/v ~ No®2)1 . Ng Ve (11)

Thus, according to the SDM, the lateral fluctuations are . !
proportional toN and depend weakly oo. _ o _
As long as only the excluded volume interactions are relevant Figure 6. Mean-squared (lateral) fluctuations of the end monomers

: . - reduced by the scaling prediction and plotted agairst?@), The
andé is much larger than the monomer size, a general scaling result of the freely jointed chain model (Langevin model) is indicated

behavior can be expected as follows: by the solid curve together with the fit parameter used. The Alexander

model is indicated by the slope 6f5/2 in this representation.
2

p—2=fp(g/0'*) (12) overlap concentration we usegt = 1/p¢°. Full scaling is
Po approached only within the low-density regime rather close to
the overlap threshold. For higher brush densities we observe a

wherepg? denotes the value @f for a single chain (mushroom),  splitting of the curves which is related to a downturn of both
i.e., p’(c = 0). The result of eq 11 follows from eq 12 if we  curves from the slope predicted in eq 11 by the SDM.
requirep® ~ N in the limit o/o* > 1. In Figure 5, we display In Figure 6, we compare our results with the prediction of
our results for both brushebdlE= 64 andN = 128) and several eg 11. Here, the lateral mean-squared fluctuations are rescaled
grafting densities in the scaling as suggested by eq 12. For theby No~¢ and plotted against'/3. If the SDM were valid for
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all grafting densities, a straight horizontal line was expected. considered to be of the order of the size of a Kuhn segment
Again, this can only be observed for low grafting densities. At here) and without hydrodynamic interactions.
higher grafting densities, the curves bend down following a  We start with the lateral fluctuation dynamics. Again, when
behavior which is apparently independent of the overlap density considering the chain as an ideal chain of blobs, the character-
and depends only on the actual grafting density. Beyond that, istic time of the chain’s fluctuations will be the Rouse time,
the slope is gradually decreasing to approach the slope predictedvhich is given by
by the AM (dashed line).

These results suggest the SDM to be asymptotically correct te = r{g(N/g)2 (15)
only within a limited regime of moderate brush densities, near
the crossover to the mushroom state. A possible explanationwherer: denotes the characteristic relaxation (or diffusion) time
for the observed drop-down of lateral fluctuations as compared of the blob of sizeZ comprisingg monomers. On the other
to the prediction of the SDM could be the finite extensibility hand, without hydrodynamic interaction we have
of real chains or more generally a coupling between the lateral
fluctuations and the stretching of the chains in the direction T~ RN e GV ety (16)
perpendicular to the surface. For the ideal Gaussian chain,
fluctuations into different spatial directions are decoupled. In \yhere we have used the dynamical exponentt21 for a
the SDM, such a decoupling of chain statistics according to the grownjan chain without hydrodynamic interactions and egs 6
Gaussian model of the coarse-grained (blob chain) is tacitly gng 7. This leads tg; ~ N2o—6.
assumed. For real chains, however, an extension of the chain |y order to test dynamical scaling, we need the characteristic
in one direction Z-direction perpendicular to the surface) should - jength scale which is related to the Rouse relaxation time. Let
reduce the fluctuations in other directions- plane parallel g call it thecharacteristic dynamic length scal®LS). For

to the surface). ) ) ) the lateral fluctuation the DLS should be given by the mean-
In order to investigate this effect in detail, let us assume that squared fluctuations. Therefore, we assume for the dynamic
the chain is composed af = N/g segments of lengtlE. scaling relation
Considering this effective chain as a freely jointed chain, we
obtain for the lateral fluctuations 2
p(t)
) 5 » — = f(t/tr) a7
p~=nE{1 — L[L, “((H/E)/m)]} (13) Po
whereLy(x) = cothf) — 1/x andLy(X) = 1 — coth)/x + 2/x? with p2(t) = [x(t)) — x(0))? + (y(t) — y(0))’l] Here,x(t) and
denote Langevin functions{~! being the inverse df;). Using y(t) denote the actual positions of monomers at time Figure
the scaling relations between & ando, as given in egs 6 and 7, our simulation data are displayed using the dynamic scaling
7, we obtain prediction for the end monomers of the chains. The curves
5 follow dynamic scaling in a good approximation. However, for
P _ _ 1/ (1-V)I(2v) the highest grafting densities, deviations are observed. Here,
NgY@)-1 = B{1 - L, (Ao M (14) also the lateral fluctuations are strongly constrained beyond the

scaling predictions as has been discussed in the previous section.

where A and B are constants which cannot be obtained from For high grafting densities, the fluctuations of the monomers
scaling. hardly exceed the blob diameter and the dynamic scaling

The predicted behavior according to eq 14 is plotted as a assumption made above must fail.
solid curve in Figure 6. Here, we used a best fit of the two  Next, we consider the mean-squared displacement of the end
parameterg\ andB to the observed data. Apparently, the finite  monomers in the direction perpendicular to the surface. In this
extensibility of the chain could in principle explain the devia- case the average extension (brush height) is not the DLS: The
tions of the lateral fluctuation behavior for higher grafting external field (and thus any stretching) is neglected when
densities. If the grafting density becomes very high (last two estimating the Rouse time in the ideal chain model (and thus in
data forN = 64 and last data point fdl = 128), the curves  the coarse-grained blob chain). The Rouse equation in the
deviate, which can be explained by the failure of the semidilute effective field approximation has been discussed by Johner and
blob scaling as assumed in the derivation of eq 14. Here the Joanny2°
blobs become very small, and the bare chain should be The existence of a characteristic length scale larger than the
considered rather than the coarse-gained blob chain. These dat®LS, namely the brush height, gives rise to a second charac-
for high grafting densities approach the behavior of the AM teristic time scale longer tham. Lai et al®> have suggested a
which, on the other hand, corresponds to the fully stretched chaintime scaley defined as the time required for the autocorrelation
of blobs. function to drop to a fraction of &/~ 0.37 of its initial value.

Finally, we note that these results are not changed whenTheir Monte Carlo study at theé-point suggested a\®
considering a center monomer instead of the end monomer. Thisdependence of(Ry,) on chain length and approximatedy6
is not surprising since the size of the last bfipis much smaller dependence on grafting density. A simple argument for this
(and independent of chain length) compared with the total lateral relation is based of the center-of-mass diffusion constant of the
fluctuations as predicted by the SDM. chain. Assuming this to follow the Rouse behavidor~ 1/N

3.3. Dynamics of Individual Chains.A more detailed view delivers a characteristic timtg, for exploring the full brush
on the behavior of polymer brushed can be obtained when height which is proportional td in a diffusive process. This
investigating the dynamics of individual chains. Again, the SDM immediately yieldgy ~ N3, a relation which has been approved
can be applied to obtain a model for the dynamics of the analytically in ref 30.
segmental fluctuations. Our simulations can reveal the true Table 1 contains our resultg (column 3), which should be
polymer dynamics on time scales larger than the characteristicregarded as being only approximative, since the data generally
fluctuation time of a coarse-grained segment (which can be displayed a more complex decay rather than just a single
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Figure 7. Squared displacements of the end monomers in lateral direction. Time scales are given in units of MD time steps, and length scales are

given in LJ units.

Table 1. Dynamics of Vertical Brush Fluctuations

N g tH 7(cycle) N(cycle)
64 0.0590 1.1 0.32 10
0.116 1.3 0.61 4.6
0.181 1.8 0.95 25
0.321 3.7 2.0 0.85
0.463 10 35 0.36
128 0.0787 10 24 0.86
0.140 12 45 0.35
0.219 16 6.7 0.15
0.315 ~25 >8 ~0.06

a¢ is the grafting densityty the relaxation time of the-component of
the radius of gyration (in ime steps)z(cycle) the average diving cycle
time of the end monomers (in 4@me steps), andN(cycle) the average
number of diving cycles (per chain and’lttime steps).

negative exponential. They show thatof the longer brushes
are in fact roughly a factor of 8 larger compared to the shorter
brushes, supporting the claim&d dependence. The data also
show thatty initially increases slowly withs, but very rapidly
at high grafting densities, which indicates a qualitative change
of the system’s relaxation dynamics when crossing over from
semidilute concentrations to the high grafting density regime.
Since the DLS for this process is unknown, we apply dynamic
scaling only on the scale of the correlation blobs. Since the
Rouse time is rather large (and the time sdaleven larger)
there is a broad region for < tg where no chain length
dependence is expected. Rescaling our data accordirgto
— 2(0))?[I£? and t/z¢ results in the plot obtained in Figure 8.

10
2 -6
)

100

analysis of this process, we define a diving cycle as follows:
Be [Zthe average vertical coordinate of the end monomer. Then,
7(cycle) is defined as the recurrence time of the end monomer
at Z0under the condition that the threshold @7has been
passed. In other words, the end monomer of the chain has to
dive into the brush and reach a depth of[@Jat least. Upon

its return back to the surface, the cycle time is the time that has
passed since the end monomer had last tou€tiggtior to its
dive. The threshold of O[Z(is arbitrary, of course, and chosen

in order to collect a sufficient number of diving events at high
grafting densities within feasible simulation times.

Table 1 contains the cycle timgcycle) and the average
number of cycleN(cycle) per chain and fQime steps. The
cycle times are increasing roughly linear with the grafting
density. The frequencies of these cycles, however, are dropping
very rapidly, so that the average time for a chain spending in
such a diving cycle is going down. As will be demonstrated in
section 3.4, there exists a nonvanishing end-monomer tension
at high grafting densities. This tension might be imposing an
energy barrier which prevents the chain ends from diving easily
into the brush domain.

The analysis of these diving processes delivers an alternative
point of view to describe the increasing rigidity of the brush at
high grafting densities. It delivers time scales about how long
the end monomer is in contact with either the free solvent or
the concentrated polymer solution of the brush. These times
are of relevance for a novel class of experiments, in which

This gives a very good mastering of data except for the highest functional groups or nanoparticles are attached to the chain
grafting densities. Since no other assumption than dynamic ends.
scaling of the correlation blobs has been made, our data support 3.4. Chain Energy and Bond Force.Polymer brushes

the SDM. Furthermore, the data show that the effective
monomer friction coefficient is not changing for moderate
grafting densities in the absence of hydrodynamic interactions.
Here, MC simulations may display a different behawvior.

The long time dynamics in a brush requires the end of the
chain to “dive” into the brush domain, a process which becomes
increasingly inhibited at high brush densities. For a quantitative

are usually obtained by forming chemical bonds between
an end group of the chain and (possibly functionalized) sur-
face sites. Knowing the dependence of the bond forces on
the grafting density is important to develop strategies for cre-
ating brushes with high grafting densities. The method of
MD allows to calculate the average vertical forces pulling

on the chains and the corresponding grafting energies.
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Figure 8. Squared displacements of the end monomers in vertical direction. Time scales are given in units of MD time steps, and length scales are
given in LJ units.
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Figure 9. Averaged bond forces along tlzadirection forN = 64 as a function of the distance from the surface.

Here, the lengthr of each bond was analyzed and the forces vanish, as long as the grafting density remains moderate.
FENE potential eq 3 used to compute the spring force, At high grafting densities, even the end bond displays some
yielding residual stretching as a result of strong pair interactions with
neighbored chains, an observation also reported in refs 27 and
F = VU0 30.

KROZ e 1 The first bond, connecting the grafted monomer with the first

= Drr — = 4 _[12(9) — 6(2)1 D (18) movable monomer, exhibits particularly high stretching forces.

rP—RS rAl\r r Interestingly, these were found to be decreasing at higher

grafting densities. In order to investigate this phenomenon in

In Figure 9, the vertical) component of this force is plotted more detail, different wall potentials were implemented and
for N = 64 chains as a function of the averageoordinates of simulations at various grafting densities were carried out. Figure

the involved monomers. At the top of the brush, the stretching 10 shows the resulting averaged stretching forEge)] When
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Figure 10. Forces acting on the bond between the grafted monomer (compare with eq 19).

and the first mobile monomer along tlzedirection, using different
models for the wall potential. After removal of a 30 (LJ units) offset

from the LJ 12-6 curve, it falls roughly onto the LJ-93 curve. becomes even further restricted due to pair interactions with
. . . o neighbored chains, creating the observed increa®e. o this
using a reflective wall, no systematic variationdBf(o) Dwere situation, the entropic overstretching of the first bond begins to

visible. Once LJ wall potentials were employed, which were diminish, since it would not lead to any increase of the angular
cut off at their minimum and shifted, such that only a repulsive space which is accessible to the second monomer. As a resuilt,
contribution remained, the stretching forces displayed a drop the entropic contribution to the bond force, which, according
off toward higher densities. The total force was much higher in to Figure 10, amounts to roughly 3 LJ units, disappears at high
the case of the LJ 126 potential, which is both harder and of  grafting densities, and the bond force is dropping. In the case
longer range than the-38 potential, but after shifting it by-30 of the reflective wall, however, there is no repulsive potential
LJ units both curves were on top of each other. It was further which would extend into the positive half-sphere, and hence it
noted that the values became invariant on the chain length oncedoes hardly affect the second monomer’s mobility. The above-
chains ofN > 8 segments were used, which indicates local discussed entropic contribution to the stretching is therefore
fluctuations to be responsible for this phenomenon. absent, and no dependence of the force on grafting density is
In fact, the reduction of the first bond length with increasing visible.
density can be explained as an entropic effect: The LJ potentials
of the wall extend into the positive-direction, and their
repulsive forces impose geometric constraints to the motion of
the second monomer. If we assume that, at a given bond length
the first bond is restricted to rotate within a cone with a half
angle 6o above the surfaceff = 0, indicating free rotation
within a half-sphere), then this angle would decrease (i.e., the
entropy would increase) with increasing bond length. This

Although the observed effect is related to the coarse-grained
model (beads and springs), an analogous steric effect may as
well be present in the case of real chains grafted onto a
'molecular surface.

The total stretching energy of each chain is obtained by
integrating the force curve in Figure 9. First, we note that the
force calculated is a thermodynamic force including all entropic
entropic effect hence leads to an additional contribution to the (fluctuation) effects. This is obvious when recalling the singular
first bond force. With increasing grafting density, however, the beh_awor of the geometrically most constrained first bond. Thus,
mobility gained by entropic overstretching is lost as a result of the mtegrqted force corresponds to the excess free eifergy i
steric restrictions imposed by neighbored monomers. This can©f the chain compared to the (isotropic) state of the free chain

be verified using the second moment of the orientation fluctua- N the bulk. Since each blob corresponds to a thermal energy
tions:

of the order ofkgT, we obtain

P,(2) = g(ﬁto§ o0 %) (19) Fo ™ g ~ No' ~ No*® 21)

Here, the anglé denotes the angle between the bond and the |n Figure 12, we plot the excess free energy for both chain
vertical ¢) direction. For an ensemble of free Gaussian chains, |engths (scaled witi) as a function ofr. The curves fall onto

this quantity would be zero, and finite values are indicating a a master curve and display a sublinear behavior in agreement
reduced amount of fluctuations of the bond orientation. In Figure with eq 21.

11, it s plqtted for the f|rst. bond, using the L3-8 wall Our observations may point toward an unexpected implica-
potential. First, one may nOt'.Ce.the .h'gh value of the segond tion: It is generally believed that brushes, if grafted to high
molrlnent ev_erll at low—the r(_estnctlorr]l_s |mpo§e_d by the repulsflvr(]a densities, become thermodynamically less stable because of the
\tl1valf pot?nua. We may estimate this restriction in terms of the increased stretch of the chains and, consequently, a high value
alf anglet, as of their excess energy. A desorption of the grafted monomer
from its substrate would, however, rather be caused by the peak
(20) value of the force pulling on its bond than the free energy
difference of the entire chain. This may imply that, at high
grafting densities, where the entropic contribution to the bond
In order to reach the value ¢, = 0.6, we obtaingy = 45°. force is absent, the brush would become rather stabilized
With increasing grafting density, the monomer’s mobility regardless of the amount of free energy stored in the system.

1 sin’(6,)
27 21— sin@y)
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T ' ' A within a correlation blob is assumed to follow the behavior of
excluded volume chains without hydrodynamic interactions.
Appropriate rescaling of time and length scales leads to
mastering of the dynamical data for times shorter than the Rouse
time of the chain. Only for high grafting densities, deviations
from this scaling behavior are found, which could be related to
an increasing monomer friction coefficient as a result of
increasing pair interactions. To obtain the dynamical crossover
scaling for times longer than the Rouse time, a knowledge of
the characteristic dynamic length scale is necessary. In particular,
for the dynamics in the direction perpendicular to the surface,
this length scale does not correspond the chain extension but is
— much smaller. Stretching of chains in this direction creates a
o second characteristic time scale which scales like the third power

Figure 12. Excess free energy, scaled wit for different grafting of the chain length as already proposed by several authors. We
densities. The line corresponds to a slope of 5/6 (eq 21). find our data for the autocorrelation function of the vertical

] ) ) ) ) component of the radius of gyration to be in agreement with

In this context it may be interesting to note that experimental thig prediction.

approaches which allow to create covalently attached polymers ¢ stretching of chains inside the brush regime can be
at high grafting densities are of the so-called “grafted from” qnitored using the forces acting on the bondg-irection
type, as opposed to the “grafted to” approaeH.Starting from (Figure 9) and the corresponding total bond energies (Figure
an initiator monqlayer,.the brush is grown layer by layer, and 12). The latter are scaling with the chain length and
the grafting density is high at any stage of the process. To creategpjinearly with the grafting density. For high grafting densities,
the dense initiator layer, the LangmuiBlodgett deposition 5 honyanishing end-chain tension is observed. The forces pulling
technique is used. Here, the monolaye_r is |n|t|glly float_mg IN" on the first bonds are particularly strong, but dropping with
the solvent and subsequently deposited while passing thejycreasing grafting density as a result of a reduced entropic
substrate through the film. The first polymer layer is then grown ¢qntribution to the chain energy. The reason for this result can
simultaneously onto the dense initiator layer, and if the grafting pe rejated to the specific geometric constraints which are

density is high enough to suppress lateral fluctuations of these gy perienced by the first bead near the surface. Stretching the
monomers, the entropic forces, as discussed in this paragraphygng creates a larger available solid angle for bond fluctuations.
cannot contribute to the stretching forcels pulling at the anchor o, the other hand, at higher concentrations, the pressure exerted
point. Using this approach, Devaux et*alhave achieved a by the other monomers reduces the available bond angle and
stretch of 0.7-0.9 (fraction of contour length), which corre-  5isq the stretching of the first bond. Although this effect is
sponds to the highest brush densities simulated in the presentg|ated to the coarse-grained model (beads and springs), an
work. analogous steric effect should be expected for real chains as
well. This suggests that, in contrast to common believe, brushes
. . . - may become increasingly stable at high grafting densities.
In this work, polymer brushes up to high grafting densities Moreover, the force distribution shows a plateau-like behavior
and of chain lengths\ = 64 andN = 128) were investigated  for higher grafting densities.
using molecular dynamics simulations. In agreement with
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