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ABSTRACT: Using molecular dynamics simulations, we apply primitive path and local Rouse modes analysis

to study the chain conformations and the local dynamics and viscosity of a model polymer melt near a flat wall
and a wall presenting some bonding sites. The presence of the flat wall leads to acceleration of the dynamics
both for unentangled and weakly entangled melts and to a depletion in the entanglement density in the vicinity
of the wall. When the surface bears grafted chains, we show that the melt chains are accelerated in the unentangled
regime and slowed down in the entangled regime. By analyzing the primitive paths, we show that the observed
slowing down in presence of grafted chains is due to an increase in the entanglement density in the interfacial
layer. In contrast, for a bare surface we observe a depletion of the entanglements at the interface. The presence
of a relatively small density of grafting sites leads to a reinforcement of the entanglement network locally increasing
the entanglement density.

I. Introduction assumption was recently questioned for free-standing films,
clear evidence of this phenomenon near a wall is still lacking,
and it could not be related to mechanical properties.

Recent advances in molecular simulation has made possible
a precise study of these problems. The well-established concept
of entanglement in a polymer melt can be “observed” by direct

Nanocomposite polymer based materials have many interest-
ing properties leading to their extensive usage in practical
applications. It has been long known that adding filler particles
to a polymer melt can lead to substantial modifications in its

mechanical properties. The properties of polyrrifer com- primitive path analysi&34We recently developed an equilib-

posites are often assogiated with filler clustering and percola- rium method for studying the mechanical properties of a melt
tion2 but several studies over the past several years Showedthat can be used to assess local viscoelastic prop&Higsing

tr:gtsih_reh_eff_e(cjt_ |stals;)hof)ts;]ervat?:_ee+2§k)tvy t.h? pfercol_atlon :EreSh'these methods we analyze the dynamics and the entanglement
old.=" This indicates that the particienatrix intertace Is anotner density of a polymer melt near a flat wall with or without
crucial ingredient in the complex physics of filled elastomers. bonding sites and give a generic explanation of the melt slowing

Another indication Of. the Importance of surface effects lies in down or acceleration at the interface as a function of molecular
the fact that small size particles (nanoparticles) have a muchWeight

greater effect compared to micrometer size fillers. The nature The systems under study are briefly described in the next

.Of thetz ptol?/tmer fllletr tllr]t?]raé:tlk;)ns was n%hct)]v(;/n to lb?. %/ery section. We then discuss the local dynamics of the melt in terms
Lrlrptor En ' i W"’_‘Stes at' IS el é/ texperl rea S'ml];' ?hlo | of the Rouse modes of the chains for unentangled and weakly
at atlractive interactions fead fo an Increase ot the gassentangled melts. Finally, we study the structure of primitive

:reit:]:sl';lonmterr]r:pe:]a:)ure nrt;ar ;h(? mte(;fsc?. r\r/nvnz t:'sf f}zgf dm(ra"nt paths in the vicinity of the wall, in order to explain the observed
einforcement can be partly explained by formation of “harder”, dynamical behavior.

glassy layers with slow dynamics around attractive fillers. Yet
this explanation is not sufficient as reinforcement (a lower value, ||. system Description and Methods

but still nearly 100%) was experimentally measured in nano- . .
composites at temperatures twice as high as the glass transition A. Model. The chains are modeled by an abstract and generic,

temperature of the matrkMost of the fillers used in practical Ehough well studied, bead spring modthe rather common

applications (tires) and leading to substantial reinforcement, Such.Lennard-.Joneer FENE"® Al monquars in the system
as treated silica particles, exhibit a globally repulsive interface interact via the Lennard-Jones potential:
with some sites that can covalently bond polymer chains from 1 6 -
the melt. The microscale physics of interfacial reinforcement U, (r) = 4e((ofr)™= = (olr))), T =T¢ (1)
remain unclear in this case. Experimental stutmsgygested ! 0, r=re
that chain entanglements in the vicinity of the surface should
play a major role in the reinforcement which can be explained wherer. = 2.50. Neighboring monomers in the same chain are
by the presence of trapped entanglements near the interfacelinked by the FENE (Finite extension nonlinear elastic) potential:
Theoretical studies have qualitatively suggested that the density
of entanglements decreases in the vicinity of a #diecause _ koo r\?
of the average decrease in chain dimensions established earlier Urenelr) = _ERO In(l B (EO) ) r=FRo )
by simulation!120n the experimental side the validity of this

whereRy = 1.50 andk = 30.0:/02.

*To whom correspondence should be addressed. E-mail:  1he temperature of the melt was fixed in all simulations at
mihail.vladkov@Ilpmcn.univ-lyon1.fr. ksT = ¢, well above the glass transition temperature for our
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model kgTy ~ 0.4%). We studied systems of chain length of 0.5
10, 20, 50, 100, and 200 beads with a total number of beads L
ranging from 6400 to 110000. This allows us to investigate the 0.4
crossover into the weakly entangled regime, with an entangle- '
ment lengthN, estimated for this model in the vicinity of 65.
The melt was confined between walls in theirection withL, 0.3
> BRy in all cases. The interaction between the wall and the At
beads consists of an integrated®Lennard-Jones short range 0.2
potential. Its parameters were chosen to crudely reproduce the
PE—silica interaction. The bead diameter was mapped through ;
the polymerC,, ratio’ to give o ~ 8 A. We apply a mixing 0.1r
rule using values for the PE and silica interaction intensity found ."‘I‘ﬁ-ﬁ-ﬁ N
in the literaturé® to obtain for the wall potentiaka = 0.687% 00 ' 5 = 10 ' 15
andeyar = 0.82. The potential is cut off at %oy = 0.770 # bonded monomers
and shifted. It has a repulsive paft (- zy| = 0.5%) and a Figure 1. Distribution of the number of bonded monomers per grafted
short range attraction (0.69< |z — z,| < 0.77). The potential chain in the systems with treated surface
well depth seen by the particles is thusd).@uch smaller than .
ksT = le so that the attraction is very weak. The wall is % d%@%’“ s - .
Ir
||I

GON=10
saN=20
>oN=50
AAN=100| -

+ N=200

represented either by the flat wall potential only or by a 111

surface of an fcc lattice made of spherical particles, supple- 0.8 ?&{

mented by the same flat potential in the second layer to prevent ry

beads from escaping. For each chain length, two systems were 0.6+ e-obare wall 1

prepared: one with a flat wall and one with chemisorbing sites i +-all, grafted system |

on the wall, where chains are anchored. We refer to the chains 0.4 <+<free chains_

chemically attached to the surface as “grafted”. The chemical - »+grafted chains

bonds are not associated with specific chain sites (as in end

grafted polymers) so the attached chains can also be described 0.2- | ]

as irreversibly adsorbed. Silica surface treatment consists in M P b bbb

introducing very short chain molecules on the surface that Os— 0'5 : '1 : 1'5 : é : 2'5 :

covalently bond with some sites on the surface on one side and ’ (Z —Z)l/R '

with monomers on the other side. The number of bonding sites w G

in the simulation was calculated assuming that 4% of the silica Figure 2. Monomer density profile of the system with and without

molecules covering the surface of the wall are active and reactgrafted chains foN = 100. The densities of the monomers of the

with the bonding molecule, this number being chosen to reflect 9rafted and the free chains are also shown. The density profiles in the
. . - - . - . other systems have similar behavior.

experimental situation$. The surface density of active sites is ) N

therefore 0.272. The resulting bond between a wall particle grafted chains. All systems were equilibrated fox5.0%r (N

and a coarse grained bead is thus a soft entropic spring of finite= 10) t0 5x 10 (N = 100) and 4x 10°r (N = 200) before

length on the order of several chemical units that is modeled Production runs of about 0 The equilibration time is in all
by a non-harmonic spring: cases larger than twice the longest polymer relaxation time. For

chain lengths smaller than 200 we study both dynamics and
Coondl — T )2 pr?m@t@ve paths, for theN = 200 systems we pgrform only
Upong= % () primitive path analysis due to the high computational cost for
[A5=(r—ro)] simulating such large systems and the long runs needed to
measure relaxation times accurately. The grafting procedure
The spring constant was set ¢gong = (3/2)keT = 1.5, the creates a population of grafted chains near the wall having
equilibrium distance and the finite extension length are set to around 3.5 grafted beads per chain (Figure 1). The grafted chains
ro = 2 = 0.80. These parameters define a soft spring freely extend in all systems a distance of maximumRg & the melt
fluctuating with ambient temperature that cannot extend further (Figure 2). There are no bridges between the walls.
than 1.6 away from the surface. The time step in the simulation ~ We start with a brief study the influence of the surface in the
runs was set to 0.0@5All the simulations were performed using  two configurations on the static properties of the chains. Zhe

the LAMMPS codée?? component of the mean end to end vector and the radius of
B. System Preparation and Static PropertiesAt first a gyration of the chains decreases in the vicinity of the wall and
pure polymer melt was confined at a given pressure (@ < there is a very slight increase in the size of the chains parallel

0.8 depending on the system) between two walls. Pressure isto the wall (see Figure 3). The effects are observed to extent
monitored by calculating the normal force on the walls. Then, within about one to twdRs (bulk value) from the wall, as was

in order to obtain the system with grafted chains from this initial established in earlier simulatiof’s!?

configuration, a new bond is created between each active wall In systems with grafted chains the decrease is slightly more
site and the closest monomer of the melt. Only one bond per pronounced and extends farther into the melt, upRg om
active wall site is allowed while a monomer can be bonded to the wall surface. This slightly larger length scale is close to the
several wall atoms as it is a coarse-grained bead representingypical spatial extension of the grafted chains, which are on
several chemical units (1 bead6CH,). There is no preferential ~ average more extended than the bulk chains.

bonding for end or middle monomers, matching the physical . .

situation of polymers bonding to silica beads. The new system !!l- Local Dynamics of Polymer Chains

is now equilibrated at the same pressure as the original system, A. Desorption and Mean-Square DisplacementWe can

its pressure being calculated via the force on the wall and the get a qualitative idea of the melt dynamics in the bulk and near
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T ' ' ' ' ' in the bare wall system. In the presence of grafted chains, there

1'4_ are fewer free chains near the surface, as the corresponding
1.2+ . conformations are achieved by the grafted chains that do not
i desorb. The presence of grafted chains makes the surface rough
LR T on a scale comparable to the polymer size, it can be argued
0.8_— 50 L bare =100 ] fthat adsorpti_or_l and desorption on a rough surche for polymers
I =/ L grafted N=100| - is faster as it involves less entropy loss than in the case of a
0.6r #+ 1 bare N=50 — flat wall.2%° Thus, the free chains population near the surface
0.4l éﬁigt::m:':;;’ ] has faster exchange dynamics with the bulk chains.
all &6 1 bare N=200 B. Rouse ModesWe study the local dynamics of the polymer
0.2- ++ L grafted N=200| _ chains by monitoring the relaxation of the Rouse modes of the
- chains:
% 71 2 3 = 4
IZ 'ZI’R . 1N (n - 1/2)[)7‘[ B
w G,bulk @@——Zmnm-————np—qmw—l
Figure 3. Variation of the perpendicular component of the radius of N#= N (6)

gyration squared, as a function of the distance to the wall divided by
the bulkRs. The results are normalized by the bulk valiR?[] The with N the chain length and,(t)—the position of thenth
pfir"-‘}"elbce%?p%?em Is shown o4 = 100, the other systems having monomer in the chain at the tinieThe correlation of theth
simear vior. Rouse mode describes the relaxation of a subchail/pf

30 T monomers, so that the study of this single chain quantity allows
7 to probe the dynamics on different length scales. Being a local
single chain quantity, the correlation of the Rouse modes allows
us to investigate the dynamics in different sub-volumes of a
- non-homogeneous system, provided they contain a large enough

20

&4 (%) bare i [ i iscosi
number of chains. It is also a route to estimate the local viscosity
(y2> bare | in each region, as discussed in ref 15. In our confined systems,
77 (2% bare we define the local modes’ relaxation as a function of the
10 00 (x%) grafted| | coordinate as
561 (y°) grafted| | 1
54 (2 grafted X(®)X(O0)g) = — [t > Xi(t + 7)X%(t)
e TN, iiz-de<Zi(y<ztdz
01000 2000 SQPO 4000 5000 (7)

Figure 4. Monomer mean-square displacement in the vicinity of the Itis expected that the slowest Rouse mode relaxes on a time
wall for the systemN = 20 with and without grafted chains. The scale smaller than the time needed for a chain to diffuse its

direction perpendicular to the surfacezis own size. Hence, we choose a slice width on the orddRHf
so that the center of mass of a chain stays (statistically) within
the surface by looking at the local mean-square displacementthe same slice while the correlation is measured. This allows
of the polymer chains. We define the bulk and surface chains us to access local dynamics with a spatial resolution on the order
mean-square displacement by of Rg, which is better than the resolution associated with
measurements of the mean-square displacement. For the systems

1 ) with grafted chains we define relaxation times by considering
RA() s = —— [t z (R(t+17) — R(1)" (4) only the modes of the free chainidence the values of the
TN, io<Zuy<o relaxation times shown in this study are not affected directly
1 by the frozen dynamics of the tethered chains. Our goal is to
R(7) oy = —fdt 2 (R(t+ 7) — R(1))? understand the influence of the presence of the grafted chains
o i 20 S0 <2 on the remaining melt and to capture, if any, matrix mediated

(5) slowing down.
We estimate the Rouse times by an exponential fit of the

In the case of a bare surface we find that surface chains havenormalized correlation function of the first mode, which have
increased mobility parallel to the surface in thendy direction in all cases a clear exponential behavior. We estimate separately
compared to bulk chains and they are slowed down perpen-the relaxation of chain conformations following the three
dicular to the surface. For a wall with grafted chains the free directions in order to take into account the spatial inhomogeneity
chains in the vicinity of the wall are slower in the parallel near the surface. For chain lengthshof= 10 andN = 20, we
direction (Figure 4)-this is attributed to the presence of the observe a clear decrease in the relaxation times of the modes
grafted chains acting as obstacles for motion parallel to the wall. near the wall in all systems, regardless of the presence of grafted

A more surprising result is that, in the presence of grafted chains (Figure 5). In the case of a flat surface, this acceleration
chains, the free chains are faster than the chains near a barés expected and can be understood in terms of reduction of the
wall in the perpendicular direction (Figure 4). This kind of monomeric friction due to the repulsion of the surfacéle
behavior can be understood considering the desorption mech-also studied the influence of the pressure and the microscopic
anism from a flat surfac®. We know that for a flat wall, surfface ~ wall roughness on the acceleration of the chains. They were
chains having many monomers on the surface are very slow tofound to have a negligible effect on the modes relaxation times
desorb and are thus responsible for a slowing down in dynamicsin the melt. Cage effects associated with microscopic roughness
near the surface. This is seen in the perpendicular slowing downof the wall are relatively unimportant for chain molecules
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Figure 5. Local Rouse times normalized by the bulk value for chain

Iengths of 10 and 20 %nd for t!y]e free chains in .the.systems with grafted Figure 6. Local Rouse times (f|rst r‘node)l normalized by the bulk
chains (refe_rred toas graﬂed ) and for the chains in the system without value, for chain Iengths of 50 and 100 and systems with and without
grafted chains (referred to as “bare”). grafted chains.

compared to simple fluids, due to the competition with bond — T T T
constraints associated with the neighboring monomers in the I
chain.

As the grafted chains act as soft obstacles for the free chains
one could expect that the free chains will be slower close to 10000 E
the wall than in the bulk. Studying the local Rouse times, we i ————B——F—5H p=2 ]
find that this assumption is not true for melts with chain lengths I ]
N = 10, 20. In the systems where there are grafted chains on L+
the surface, the free chains in the immediate vicinity of the wall |—
are still accelerated with respect to the bulk chains. The effect T . So— p=4
of the grafted chains is seen when comparing the systems with 1000} * F——k
and without grafted chains. In the direction parallel to the surface e
the free chains in the immediate vicinity of the wall having 1 15 2
grafted chains are about 20%l & 10) and 30% | = 20) |ZW_Z|IRG
slower compared to the chains seeing a bare surface, but they o o
are still accelerated by 2098N(= 10) and 10% il = 20) Figure 7. Local relaxation times of th_e first fIV(_E Rouse modes f_or

. - chain length of 100 for the systems with and without grafted chains.
Cpmpareq to .the bulk dy'namlcs (see.Flgure 5_); In thg PErpen-The system without grafted chains is systematically the faster one. Bare
dicular direction the chain conformations equilibrate in about wall: p = 1, circles;p = 2, rectanglesp = 3, diamondsjp = 4,
the same time for the two types of systems. For these systemdriangles;p = 5, left triangles. Graftedp = 1, down trianglesp = 2,
of short chains, the slowing down due to the grafted chains is fight triangles;p = 3, plusesp = 4, crossesp = 5, stars.
not sufficient to overcome the acceleration due to the surface
and we do not expect reinforcement with respect to the bulk  In thezdirection the conformation dynamics for systems both
properties of the material, as discussed in the next section. With and wothout grafted chains vary similarly as a function of

For chain lengthl > 20 we measure the modes’ relaxation distance to the surface.
times as the integral of the normalized correlation function so  In the following, we argue that the substantial slowing down
that an exponential behavior of the latter is not required. observed in the relaxation time of the first mode is due to
Although the relaxation is not strictly exponential, the resulting entanglement effects near the surface. If the slowing down is
values are close to those that would be obtained using andue to entanglements, we should still have faster dynamics close
exponential fit. For chain lengths around and above the to the surface for chain segments well below the entanglement
entanglement length we observe an acceleration for the firstthreshold. In other words, the relaxation of a madguch that
Rouse mode in the case of a bare wall, very similar to the caseN/p > Ne should be slowed down when approaching the wall,
of short chains. The influence of grafted chains, however, is while the dynamics of a modesatisfyingN/p < Ne should be
much more important than for short chains. In the systems with similar to the unentangled case, i.e., accelerated with respect to
grafted chains oN = 50 100, we measure a slowing down for its value in the middle of the film. This assumption is confirmed
the largest relaxation time in the parallel direction (of around by the measurement of the relaxation of higher Rouse modes
10% forN = 50 and 40% foiN = 100 within a distance dRg of the chains (see Figure 8). In terms of effective monomeric
from the wall) with respect to the dynamics in the middle of friction the presence of the surface still leads to relative
the film (see Figure 6). The average relaxation times in the layer acceleration of the dynamics in the immediate vicinity of the
feeling the presence of the grafted chains are larger than thosewall on length scales smaller than the tube diameter (as in the
for the system without grafted chains. On averagelNfer 100, case of unentangled chains). This leads to a relative acceleration
the mean relaxation times of the first five Rouse modes are of the small scale modes in the interface layer when approaching
increased by-20% in the presence of grafted chains, compared the wall. On the scale of entanglements the shorter the distance
to what is observed for a bare wall (see Figure 7). In summary, to the wall is, the slower are the dynamics. This issue will be
the presence of grafted chains induces a slowing down for all further investigated in terms of entanglements in the next section.
modes (compared to the bare wall case), and in the case of the In summary, the presence of a flat poorly adsorbing surface
first mode a slowing down compared to the bulk is also results in the formation of an interfacial layer where the
observed. dynamics and chain conformations are different from the bulk.

25 3
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T | | | BE |I T || Igraf'bl.ed D(Pa(t)xpﬂ(t)Xpa(o)xpﬁ(o)mz) 9)
1.411 R 4
I ~——_ o1 || grafted _ fds
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1.2 I T L NGy iz-deZenly<zraz

Xo(S 1) X (S 1 1) Xo(9Xp(9) (10)

1 )
I Dl =—/fds 5 (%) @1
| TN, iiz-de<Znft)<ztdz

i The contribution to the viscosity of the moderjs = [3G(t)
| | . dt and the total viscosity is given by = #p=1 + ... + #7p=n-1.
1.5 2 25 3 For chain lengths oN = 10 andN = 20 the integral of the
|z -z|/RG stress correlation function is estimated from all the Rouse modes
w and for chains oN = 50 andN = 100 only the first ten modes

Figure 8. Relative variation of local relaxation times normalizex ( ; -
= 100) by the bulk value. The first (entangled) mode and the fifth were considered. The contribution of the 11th modeNoz

mode for the free chains in the system with grafted chains and the 20 Was found to be less than 1% of the contribution of the first
chains near a bare surface are shown. All modes except the first modemode. The contribution of the non-polymeric stress (associated
in the grafted system follow the same qualitative behavior and are with short range interactions between monomers rather than with
accelerated close to the surface. The first mode of the free chains inghgin connectivity) on very short time scales was neglected.
presence of grafted chains is slowed down. While this leads to an underestimate of the stress relaxation on
the order of 20% in the unentangled regime, this contribution
is negligible <« 1%) for longer chains as discussed'nThe
average local integrated value Gfoca is shown in Figure 9.
For chains of lengttN = 100, the grafting induces an increase
in the integrated stress relaxation function in a range of around

Chains tend to lie flat on the surface so that their dimension
perpendicular to the surface is reduced in a layer extending one
to two gyration radii from the surface. The presence of the
surface also alters the dynamical properties of the melt in its
vicinity W'th'.n around two to thrge bullks. The presence of 2Rs from the wall, as could be expected from the increase in
_grafted_chams on the surfac_e Increases the thickness of thethe relaxation times, due to the increased entanglement density.
interfacial layer as far as static properties are concerned due O smaller increase in a layer &% is observed for the chains
the tendency of the grafted chains to have an extension largeraround the entanglement thresholi€ 50). For unentangled
than the bulkRe. ) melts, there is essentially no difference between the results with
In the unentangled regime, the presence of a flat poorly 54 without grafted chains.
adsorbing surface results in a relative acceleration of the melt
dynamics when approaching the wall regardless of the presencay. Primitive Path Analysis
of grafted chains on the surface. The presence of grafted chains
slows down the free chains dynamics parallel to the surface

compared to t.he system without grafted chains but chains a3 local primitive path analysis following the algorithm discussed
accelerqted W'th respect to the bulk. . ) in ref 14. Starting from independent initial states separated by
The situation changes when the chain length increases andy ;e than a chain relaxation time, the chain ends are kept fixed,
we enter the entangled regime. In the case of entangled melts, e the intrachain pair interactions are switched off and the
the relaxation of entangled modesuch thatl/p > Neis slowed o jijibrium bond length is reduced to zero while increasing the
down compared to the bulk near the surface in presence ofy,, tensjon té = 100e/02. In the systems with grafted chains
grafted chains. In the next section we will relate this to the local 4,4 grafting bonds are maintained, the primitive path quench is

entanglement density. The local dynamics at length scales,jieq 1o all the chains and the parameters of the primitive
shorter than the entanglement length is slower with grafted ,5ihs are measured for the free chains only as in the previous
chains than without, but remains accelerated close to the surfac ection. We measure locally, as a function of the distance to

with respect to the bUij ) _ _ the surface, the length of the primitive pathis,f. If no

_ Inthe perpendicular direction adsorptiedesorption dynam-  entanglements exist between the chains the length of their
ics are slightly accelerated compared to the system without primitive paths should be equal or very close to their end-to-
grafted chains. This is due to the fact that the slowest chains ingnq distance. The presence of entanglements leads to primitive
th_e vicinity of a flat wall _tend to be those with _most contacts paths longer than the end-to-end distance with a typical Kuhn
with the wall1® In the grafting process, these chains are removed lengthay,, = (R2L,, and an average bond lengdth, = Ly/N,

from the population of “free” chains that we consider here.  \yhich are related to the entanglement leritiVe can define

C. Local Stress Relaxation FunctionNext we calculate the  the number of monomers in straight primitive path segments
local stress relaxation in our systems using the method discussegy

in ref 15. Each mode of the chains has a contribution to the

In order to interpret the slowing down in the dynamics for
entangled systems in the presence of grafted chains, we perform

- ion: NR’O
stress auto correlation function: Npp(N) _ % _ = (12)
pp pp
ke T DKo (1) X)X, (0)Xs(0)
Gy(t) = N Ko fpﬂ pa2 pﬂz (8) For short chains with no entanglements at all, as their primitive
(([XpaEH' [XpﬁDVZ) path length equals their end to end distance, eq 12 diyes

N. When the chain length becomes comparable to the entangle-
wherea, = X, y, z Here we calculate these quantities locally ment length we are in a transition state (around one entanglement
in slices parallel to the wall as for the Rouse modes in the per chain) and the result of 12 i, < Ne, smaller than the
previous section: real value of the entanglement length. For longer chaihs (
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ZW G Figure 11. Local primitive path length foN = 100 and 200.
Figure 9. Local integral ofG(t) for the different systems. The values
are calculated as the mean of the three componentez, andyz of 18 " T ¥ T " T
the stress correlation function integral and error bars indicate the I
dispersion around the mean value.
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1.2 Figure 12. Local end-to-end distance fo¥ = 100 and 200.
4

remains essentially constant throughout the boundary layer,
while it decreases in the presence of a bare wall. In the case of
a bare surface the decrease in the ch&gsresults in less

Figure 10. Local ratio of the primitive path length to the end-to-end INterpenetration diminishing the primitive paths. At the same
chain distance in the different systems. This ratio for a given chain is time there is a slightly more pronounced decrease in the end-

proportional to its number of entanglements. to-end distance for the system with grafted chains as discussed
previously (Figure 3 and 12). The grafted chains, being on
2Ng) with several entanglements per chain we hhygN) = average more extended than the free chains provide more

Ne. The statistical determination dfe via eq 12 is already  entanglements in the plane parallel to the wall for the chains
accurate and the result no longer depends on the chain lengthclose to the interface, thus keeping their path length constant
The average number of entanglements per chaibpjgag,) — regardless of the fact that the perpendicular size of the chains
1. For chain lengths of 10 and 20 the primitive path analysis diminishes leading to less interpenetration in the direction
shows that we are in the unentangled regime as expected (withperpendicular to the wall.
0.1 entanglements per chain fidr= 20). ForN = 50 the melt The additional entanglements due to the grafted chains can
is closer but still under the entanglement threshold with 0.5 be interpreted in terms of local increase in the entanglement
entanglements per chain. For a chain length of 100 there aredensity as shown in Figure 13. The bulk entanglement length
1.1 entanglements per chain, the system is weakly entangledfound forN = 200 (Ne & 63) is in agreement with the result of
and forN = 200 we measure on average 2.2 entanglements perreference 13 for dense bead spring melts with flexible chains.
chain. As expected in the unentangled case (Figure 10), thein the case oN < 200 the numerical value of the bul, is
behavior in terms of primitive paths of the free chains in the lower than theN, value for the melt as there are on average
system with and without grafted chains is identical. There is a less than 2 entanglements per chailg, has a smaller value
slight decrease of the primitive path length close to the surface near the grafted wall and a larger value near a bare surface,
that is related to the decrease in the dimensions of chains lyingcompared to the middle of the film. The relative variation in
flat on the surface. A noticeable difference is seen in the Ny, is meaningful and corresponds to a general trend in the
entangled case where the ratig/Rec becomes larger for the  entanglement density. To verify this assumption, we measure
free chains near the surface bearing tethered chains, while itthe local entanglement densities (entanglements per monomer)
decreases with respect to the bulk value for the bare wall system.in the studied systems, defined asg(2)/asn(2) — 1)/N = (N/
Measuring separately the primitive path length and the end- Np, — 1)/N. The results are shown in Figure 13.
to-end distance in the systemsf= 100 200 (see Figure 11 In a region that extends about oRg from the surface, there
and 12) we see that in the presence of grafted chains on theis a depletion of entanglements for a bare wall, as qualitatively
surface the length of the primitive paths of the free chains predicted in ref 8. A similar behavior was also observed in ref
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L I S S the perpendicular dimensions of the free chains are reduced we
0.021 4 e os00)| end up with an interfacial region with higher density of
bare N=100 || entanglements. This difference in entanglement density explains
\ [+£] grafted N=100 . . .
the slowing down in the dynamics of the entangled modes.
0.0151 ] Moreover, a quantitative prediction can be established. Knowing
. from reptation theory that the relaxation of an entangled chain
0.01- i is proportional ta\ x ((N/Ng))?, the ratio between the relaxation
times of two systems of equal chain length should be equal to
the inverse square ratio of the entanglement lengths in the two
0.005- . cases, i.e.
A I RPN R PR R B ] _L,grafted Nbare 2
05 1 15 2 25 3 R _ | e (13)
- b fted
|Zw Zl /Rg TRare Ngra e

Figure 13. Local number of entanglements per monomer inkhe . . . . . .
100 andN = 200 systems. An increase in the entanglement density is 1hiS relation provides a way to predict dynamics from a static

seen for grafting wall, consistent with the measured variatioNgn equilibrium quantity in the melt. It is reasonably well verified
andNe. A similar behavior is observed fad = 50. in the interfacial layer of ouN = 100 system, even if the melt
2 is only weakly entangled at this chain length (see Figure 14).
T T i T T T T T T T
I O o grafted bare 7 V. Discussion and Conclusions
1.8 o Tr TR . . . .
| o (N bare; N graﬂed) 2| | We presented here a stL_de of the d_ynamlc and static behavior
161 e e | for a polymer melt at the interface with a flat wall and a wall
| i subject to surface treatment creating about 20% of chemisorbing
1.4 o i sites on the surface. We find that the modifications in the
L _ dynamics due to the surface treatment depends on the level of
1.9- © 0o ° 9% ° o i entanglement of the melt. In the case of unentangled melts, the
i °lo m} o T ] dynamics is accelerated compared to the bulk due to the surface.
1 i The grafted chains locally slow down the dynamics in the
L i surface plane compared to systems without grafted chains, but
o ! IR T the relaxation times are smaller than in the bulk and there is a
8% 05 1 15 2 25 3 | in the i : ion as i
: : : ocal decrease in the integrated stress relaxation function as in
|ZW“Z|/ RG the case of a bare wall. In the case of weakly entangled melts,

Figure 14. Comparison between the ratio of the local relaxation times tN€ presence of the surface induces a decrea28<40%) in
(left term in eq 13) and the inverse square ratio of the local entanglement the entanglement density in a range of ali&gifrom the surface.
lengths (right term in eq 13) of the = 100 systems with and without ~ The presence of the grafted chains prevents this depletion of

grafted chains. the entanglements and further reduces the entanglement length

—— in the interfacial layer, in part due to the smaller chain

e dimensions. This leads to slower dynamics in the interfacial

\ grafted, entangled modes layer and a local increase of the relaxation times of the entangled
- modes near the surface. A summary of the dynamical behavior
\ of the chains is given in Figure 15. The behavior of the

relaxation times can be predicted by measuring the local

entanglement length, following the expression given by reptation
: \"N-..._____ BU LK theory.
| grafted, higher mode Our results on dynamics are obtained for chains that are only
slightly above the entanglement threshold, but the primitive path
analysis extends to chains further in the entangled regime. The
results of the two methods are consistent, and if a contribution
from the grafted chains is added, we can explain the observed
moderate reinforcement in systems Bf= 2Ty, where there
can be no formation of glassy bridges.

We expect that these conclusions would hold for highly
entangled melts. For longer chains the extension of the region
Figure 15. Schematic representation of the relative variation of the \yhere entanglement effects are enhanced by the grafting will
relaxation times of the modes of the polymer chains at the interface. be larger. It is likely that the motion of the chains perpendicular
10. This effect was associated with smaller chain size irzthe to the interface will be slowed down as well within this region,
direction. It can be also understood knowing that chains in the as entanglements will also hinder this type of motion.
immediate vicinity of the wall only have neighboring chains A possible reason for the decrease in the entanglement density
on one side and no chains to entangle with on the other side,near a bare surface, measured with the standard primitive path
so they have a smaller total number of entanglements. On thealgorithm, could be an increased number of self-entanglements
other hand, in presence of grafted chains the free chains neamand less interchain entanglements in the interfacial layer. This
the surface do not feel its presence as far as entanglements arguestion will be discussed in detail in a future article using a
concerned as they still entangle with the chains grafted on the primitive path algorithm preserving self-entangleméftsor
surface keeping a constant primitive path length. Moreover as the systems presented here, self-entanglements have a negligible

bare, all modes
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contribution, but their role seems to become important for chains (5) Berriot, J.; Montes, H.; Lequeux, F.; Long, D.; Sotta,Brophys.

of lengthN > 50021
We note that the explanation of reinforcement by local

variation of the entanglement length we proposed here is also

Lett. 2003 64, 50.
(6) Baschnagel, J.; Varnik, B. Phys.: Condens. Matt&005 17, 851.
(7) Itagaki, H.; Nishimura, Y.; Sagisaka, E.; GrohensL#&ngmuir2006
22, 742.

relevant in a wider range of systems. We considered a surface (8) Brown, H. R.; Russell, T. PMacromoleculesi99§ 29, 798.

with a certain number of infinitely attractive sites, but similar

effects can be expected for a surface with a fraction of finitely

(9) Oslanec, R.; Brown, H. RMacromolecule®003 36, 5839.
(10) Meyer, H.; Kreer, T.; Cavallo, A.; Wittmer, J. P.; Baschnagel, J. To
be published in). Phys. IV Fr.2006

attractive sites or a globally attractive surface. Thus, the slowing (11) Wang, J.-S.; Binder, Kl. Phys. (Paris)1991, 1, 1583.
down of the adsorbed, slowest chains can be mediated by the(12) Kumar, S. K.; Vacatello, M.; Yoon, D. Wiacromolecule€.990 23

. ; ) 2189.
entanglement network. This effect plays a role in the mechanical (13) Everaers, R.; Sukumaran, S. K. Grest, G. S.; Svaneborg, C.;

properties of nanocomposite polymer based materiald for
Ty and low filler volume fraction with filler filler distance on
the order of the chainBg.?
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