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ABSTRACT: The interaction between a nanopatterned polymer brush and a rigid pyramidal body representing
an AFM tip has been investigated using molecular dynamics (MD) simulation. The computed forces for varying
position and penetration depth are systematically contrasted with the density and pressure tensor profiles of the
unperturbed brush. For weak penetration of the AFM tip in the brush, we find that the force can quantitatively
be computed from the properties of the unperturbed brush after folding with the geometry of the AFM tip. This
steric effect leads to a force profile that is significantly wider than the physical brush. The structure of the perturbed
brush has also been examined, and we show that for deep penetration of the AFM tip more than half of the force
originates from the reorganization of the brush.

I. Introduction nanopatterned polymer brush, however, is a much more
complicated system as its correlation length is of the same order

After recent advances in the nanostructuring of surfaces, °
polymers can now be end-grafted on structures that are on theds the size of the system. Therefore, the brush can evade to the

nanometer scale in one or both of their dimensetihe recent 5196, Whichis impossible for the homogeneously grafted brush,
progress in the production of patterned polymer structures has™aking the nanopatterned brush effectively “softer”.
unfortunately only partially been matched by advances in the ~The force measured in an AFM experiment is rarely the
experimental methods to measure the properties of suchguantity that one is ultimately interested in. The noteworthy
systems. Available contactless methods, for example, optical €Xception to this statement are studies of the chemical nature
methods, averaging the brush properties over areas that are large®f the brush surface where the sticking force between the AFM
than the nanopattern such that all spatial resolution is lost. 1P and the brush directly supplies the sought-after information.
To retain sufficient spatial resolution, atomic-force micros- N most other cases, the measured fofedirst has to be
copy (AFM) is conventionally usetf:” The necessary contact converted, or “gauched”, to yield, for example, the brush density
between the AFM tip and the polymer brushthis contactis ~ p- However, already for a homogeneously grafted brush,
permanent in contact mode and temporary in tapping mode computing the densllty is not posgble fr.om the knowledge of
measurements- distorts the brush and thus the object that it the forceF alone— instead, additional information about the
intends to stud§.Also the details of the shape of the AFM tip  Prush is neededf, such as its grafting density, and this
are important for the interpretation of the measurement reults. information frequently might not be available.
The relation between the shape of the polymer brush and the Still, for the case of a homogeneously grafted polymer brush,
results of AFM measurements thus is nontrival! A direct a relation betweefr andp always exists and does not depend
interpretation of experimental AFM results without accounting ©n the transversal position of the AFM tip, and the same is true
for the response of the brush on the external force seems toalso for all other quantities. All of this changes when a patterned
contradict previous numerical results of the brush sHépe. polymer brush is considered instead. Even for the same brush,
The interaction between an AFM tip and a patterned polymer identical vaIu_es of the forde now correqund to o!lfferent value_s
brush bears resemblance to other problems that have receive@’ the densityp (or some other quantity of interest). This
growing interest lately, for example, to studies of the interaction Prevents a deeper understanding of the grafted brush’s properties
between an object and a homogeneously grafted polymerfrom a direct interpretation of AFM resullts.
brusi3®14 and to the heterogeneity appearing in polymer  Thus, the need to understand the response of nanopatterned
glassed516 polymer brushes to local external forces is both fundamental

AFM measurements of nanopatterned polymer brushes are sand practical. In this contribution, we will report on such a study
prime example of a more general and fundamental class of Of @ polymer brush that is representative for a wider range of
problems, namely the response of soft matter to external forces.systems. We have performed molecular-dynamics (MD) simula-
Previous work in this context is limited and focuses mainly on tions of the interaction between a patterned polymer brush and
the interaction between two polymer-covered surfaces. an AFM tip. The force onto the AFM tip is computed from the

Earliest work on the interaction between a single homoge- interaction between the polymer segments and the particles
neously grafted polymer brush and an external object neglectedrepresenting the AFM tip. This directly simulated force profile
the effect of splay?~1% and hence the essence of the problem. is complemented by force estimates using the pressure tensor
The use of an infinitely large plane as the external oBject Profile of the polymer brush in the absence of an AFM tip.
neglects splay as well. Other studies only are applicable to very
small objectg122 A step toward an understanding of the role Il. Setup
of the splay was done by simulations of the interaction between e restrict ourselves to the experimentally most common setup.
a sphere and a homogeneously grafted polymer brugh. Consider a surface in the= 0 plane. Polymers are end-attached
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Figure 1. Snapshot illustrating a pyramid representing the AFM tip
(green) penetrating into a nanopatterned polymer brush (red). The
polymer chains are grafted onto the blue region. The orientation of the
coordinate system is also indicated.
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Figure 2. Density of an unperturbed brush(x, 20 and vertical
force FAx, 2) onto the AFM tip. The width of the grafted region is
A = 50 and it extends from = —25 to 25. Please note the different
scales of the horizontal and vertical axis in this and all other related
figures.

with the grafting densityr (number of chains per unit area) onto
an infinitely long stripe of widthA running in they-direction. The
polymers are described as freely jointed chains composed of
particles connected by harmonic bonds. The AFM tip is modeled
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Figure 3. Sketch of the steric effect of the finite slope of the AFM
tip. The arrows on the right indicate how the contact point movés if
respectivelyo are increased.

= 0) are stretched- the traditional definition of a brush thus
is fulfilled — while at the same time there is a considerable
overshot of the brush over the grafting region. The latter is
quantified by the excess brush width'? and, asw and brush
width h are approximately equal, the polymers are comparably
stretched everywhere only their average orientation differs.

Figure 2 (right) shows the vertical for€g(x, z) onto the AFM
tip. The vertical force component is the one that one intends to
measure in a typical AFM setup. The spatial variationFef
resembles that of the brush density, but significant differences
are present. The region with nonvanishings larger than the
region with nonvanishing. This effect is especially pronounced
near the stripe edge. It is a steric effect that is due to the finite
slope of the AFM tip. We will study this quantitatively in section
[1I.C, but the qualitative effect is easily explained already by
the simple sketch in Figure 3.

Whenever any part of the AFM tip touches the polymer brush,
a force acts on the tip- even when the apex of the AFM tip is
not in contact with the brush. As the sketch shows, this leads
to an overestimation of the brush width. Quantitatively, this
depends on the slope of the AFM tip as well as on the height
above the grafting surface of the contact point between the tip
and the brush. This contact point is defined by the condition

as a pyramid build from the same particles as the polymers, seethat the slope at this point is equal to the AFM tip ang|eout

Figure 1. The slope of the tip;z, is 1:/2, and the planar sides of
the pyramids thus are tilted by 3%gainst the vertical direction.
The apex of the pyramid is effectively slightly rounded as the single
particle at the apex had been removed. The height of the pyramid

due to the large curvature of the brush one can in practice take
the point of largest overshot instead. An increase in either

o shifts this point outward, but the vertical motion is opposite.
In particular, for smallo (as in most experimental situations)

was sufficient to ensure that the pyramid fuII_y extends to the outside this point occurs at large height, and the overestimation of the
of the brush. It should be stressed that, while an unperturbed brushyrysh width is large.

in this geometry is a two-dimensional problem, the AFM tip is

three-dimensional, and the properties of the perturbed brush thus

depend on all three coordinates.

In this study, we focus on the valuds= 50, A = 50, ando =
(1/3%. For A < N, no well-defined brush is formed, and for
A > N, the nanoproperty of the brush is Id8such thalN ~ A is
a good choice for the purpose of our study. (All lengths are
measured in units of the bond length.) This is complemented by
two additional setups wherk respectivelys are reduced by 60%.

Of course, a “real” polymer brush does not have a well-
defined surface, and the force onto the AFM tip is not simply
either “on” or “off”. In section III.C, we will thus present a
more quantitative analysis. However, already our qualitative
analysis shows that the brush width will be overestimated by
an amountN tano. with a prefactor smaller than but of order
unity.

B. Effective Brush Density. A direct comparison between

Further aspects on the model and methods used are provided irforces and densities is problematic as these two quantities carry

the Appendix.

Additional simulations of the polymer brush without the AFM
tip were made to determine number dengify, zZ) and pressure
tensorp(x, z) profiles of an unperturbed brush.

I1l. Results

A. Brush Density and Vertical Force. The densityp(X, 2)
of the unperturbed polymer brush is displayed in Figure 2 (left).
For symmetry reasons, only half of the brush is shown. The
density is identical to earlier resufsup to some small differ-

different units. It is therefore instructive to “recalibrate” the
forces on the AFM tip in terms of densities, as already
mentioned in the Introduction. One possibility for such a
recalibration would be to use the force-density relation for a
homogeneously grafted polymer. We decided to use our
simulation data for the center of the nanopatterned brxsh,
0, as provided in Figure 2, for this mapping. The obtained
relation is given in Figure 4.

Figure 5 (left) provides the density of the unperturbed polymer
brushp(x, 2) while Figure 5 (right) shows the effective brush

ences caused by different modeling of bonded and nonbondeddensity peii(X, 2). The latter one is the result of applying the

potentials. For our choicA = N, the polymers in the centex (

p(F»-mapping onto the vertical force,(x, Z). We denote thisCDV
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1000 — —T3 dependence present in the combined system polymer brush
i i AFM tip. N
100 L 4 C. Steric Force.The force profileF(x, 2) onto the AFM tip
5 /,/ presented so far was evaluated by explicit summation of all the
voan L _ ] pairwise interaction between polymer particles and AFM tip
w10 E - E . . e X
E /// ] particles for different X, 2)-position of the tip. However, the
. - : force onto the surface of the AFM tip can also be evaluated
TE // 3 using the pressure tensor of therturbedpolymer brushp(x,
o/ ] y, 2), according to
o Ll L [ T
0 01 02 03 04 05 06 - >
P F= surfaced o P(r) e 1)

Figure 4. Relation betweem andF; as obtained by mapping(x =
0,2) against(x = Q, 2) as given in Figure 2. SinggX, 2) is computed where the integration is over the entire surfageof the tip
on a finer grid tharF(x, 2), this mapping involves interpolation of both andfi; denotes the local normal vector at pont

functions such that the resulting mapping no longer consists of - .
individual data points. We will now decompose the force into two components
according to

30
02 F=F%+F® )
0.4 R R
8:% where FO will be denoted as a steric component, d#d is
' 8-1 the remaining part. The former one is defined through eq 1 but

with B(x, y, 2) replaced by the pressure tensor for timperturbed
brush B°(x, 2). ConsequentlyF® represents the effect of the
reorganization of the brush by its interaction with the AFM tip
and will be denoted as the reorganization component.
-60 -40 -20 0 20 40 60 = . .
x To obtain FO, 5O(x, 20 was sampled from simulations of

Figure 5. Density of the unperturbed brugkx, z) and effective brush the unperturbed brush. No sampling of the pressure tgi{sor

density pei(%, 2) as obtained by a force-density mapping of the force ¥» 2) Of the perturbed brush was made. The three-dimensional
onto the AFM tip. dependence would require a prohibitively long simulation.

Moreover, the additional insight would be limited as eq 1 is
density as “effective”, since it is the density that would have fulfilled by definition.
been provided by an AFM measurement after a calibration in ~ The computed values of the diagonal elements of the pressure
terms of “real” densities. tensoi@ of the unperturbed polymer brush are shown in Figure
6. First, without any external load, mechanical stability implies
that p,{9(x, y, 2 = 0 for a nanopattered brush [for a
homogeneously grafted polymer brush, the stronger condition
pA9(x, y, 2) = 0 is valid], as otherwise the brush could lower
its free energy by readjusting its vertical sipg(® andp,,© as

The differences betwees(x, z) and pesi(X, 2) are significant.
In the centerx = 0, the two density profiles are identical by
construction. However, near the stripe edges, the difference is
considerable. The brush width as deduced from the AFM

measurement would significantly overestimate the real brush i .
width. This effect is a direct reflection of the same behavior well as theix-averages are generally_ nonzero. The off-d|ago_na|
elements of@ were equal to zero within statistical error. This

for F,, and the same qualitative explanation as given above thus. -
applizes q P 9 is expected as the off-diagonal components are related to shear,

o ] ] and a stationary shear can be sustained only within solid
In addition to the circumference of the brush, also the width ,5terials.

of the transition region, in which the polymer density drops | the center of the brush, the polymer chains are stretched
from the high density in the interior of the brush to zero, is vertically as they are compressed in they-plane by neighbor-
different. Figure 5 (left) shows that this transition region is tice g chains. Positive pressures always correspond to compression
as thick near the stripe edge as in the center of the brush forang negative pressures to elongation, and, consequently, in the
the unperturbed brush. (Remember the diffeseahdz scales center of the brushp,(©@ andp,,© are positive whereag, /0

in the figures!) Considering insteagkr(x, 2), this thickness  pecomes negative. Near the edges, the compression appears in
would be about the same ev_e_rywhefea feature that stems  the y- and zdirections withp,,® andp,4? being positive, and
from the same behavior exhibited By(x, 2) [see Figure 2] the stretching is predominantly along tkelirection, where a
Near the stripe edgé;(x, 2) thus drops off faster thap(x, 2). negativep,(? is observed. Hence, the profiles of the diagonal
Also this effect is qualitatively explained by the sketch in components of the pressure tensor are clearly related to the
Figure 3. When the AFM tip is pushed into the polymer brush compression/stretching of the chains. When considering the
from the side (the situation depicted in the sketch), the contact orientational averaged pressyxg®©, much of this detail is lost,
area between AFM tip and brush increases approximately linearand the pressure profile resembles the density profile.
with the displacement of the AFM tip into the brush. When the  An evaluation of the forcé=© from the pressure tensor is
AFM tip is pushed into the brush at the center, the three- incomplete as long as the rigid structure of the AFM tip is not
dimensional nature of the pyramid modeling the tip leads to a explicitly taken into account. The force onto the surfaces can
guadratic increase in contact area and hence an initially slowerinduce an internal stress that in turn is able to redirect the
increase. The AFM tip thus needs to go a longer way near the pressure along the-direction into a force in the-direction,
center than near the edges before it gives the full signal. It shouldacting toward the mounting point of the tip.
be stressed that this effect would be absent if the AFM tip would  The total force onto the AFM tip is most easily calculated
be incorrectly modeled as two-dimensional, neglectingythe by determining the work needed to move the tip in QBV
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Figure 6. Diagonal elements of the pressure teng&Xx, z) and their isotropic averagas?(x, 2) = tr [p(x, 2]/3 of an unperturbed brush.

zdirection. First, we need the ford€, acting onto the right | I |
facet of the AFM tip, given by 0 200 400 600 0 100 200 300

O 44
Fe= Jiace 07 P (F) cos 3)
The integration ovesr can be replaced by an explicit integration
overy andZ. For an AFM tip positioned atx( y, 2), X = x +
(Z — 2) tarm, hence

F;= '/;oo dz V+(Z—2) tana dy’ px(o)(X-i- [Z' . Z]tana,y’, Z')

y—(Z—2) tana 4
) -60 -40 -20 0 20 40 60
X
A factor of 1/cost appears in the conversion frooa to y' and
Z going from eq 3 to eq 4. Figure 7. Vertical forceF, and its steric componef(? as evaluated

L . from eq 9 and the pressure tensor for an unperturbed brush. Note,
If the AFM tip is moved downward by a distandez, the different color coding is used, implying thEt© is about half as large

right facet of the tip will move to the right by a distane asF,.

AX = Aztam (5) 25
0.6

In the process, the AFM tip has to perform wak\' = F/Ax 20 23
against the polymer brush. This work has to be identical to work 15 0.3
performed by pressing down the AFM tipW = F,Az, and v 8:?
hence 10 0

FI'O = tanoF, (6) s

] ! | ! ! I ' I
In addition, there is also a direct effect fraop, -60 -40 -20 9 20 40 60
r— [ y+(z—2) tana ©) _ Figure 8. Ratio FV/F, of the total vertical force that is due to

F, -/; dz y—(Z-2) tana dy p,, (x +(Z — 2 tam, y', Z) reorganization inside the polymer brush.

@)

Hence, the expression for the force has the same form a‘é(for
as the different geometric prefactors cancel. Adding this
contribution to eq 6 yields

Evaluation of eq 9 using the pressure teri#®rgiven in Figure

6 gives the steric force estimaf® shown in Figure 7 (right).

As all nonbonded forces are purely repulsive, the brush cannot
pull down the AFM tip, and consequently the parts of the
integration withp,{% < 0 were ignored.

A comparison ofF, and F9 shows that about half of the
vertical force originates from the pressure of the unperturbed
brush. This implies that the remaining pBg", originating from
the reorganization of the brush, is of equal magnitude. In more
detail, we find (cf. Figure 8) that? is only about one-third
of F,in the high force region close to the surface wherfef
~ F, at the interface of the brush. Consequently, the reorganiza-
tion contributionF M = F, — F 9 is largest close to the grafting
© o © surface where the end-grafting prevents a long-distances spatial
FO=2tan [ dz (z - 2[tano p,(x + reorganization of the polymers while the polymers have much

_ Oy 1o more freedom near the brush interface. The dependengéson
[z = Ztana, Z) + tanx p(x — [Z — Ztana, Z) + only minor, thereby confirming that it is the grafting and not

Fr© = F + tauF 8)

Similar results follow for the other three facets. In the equations
so far, explicit integrations ovey' have been left in place to
ensure symmetry among the expressions for all four facets. As
the unperturbed brush possessey dependences, the integrals
overy appearing in the expressions for the right and the left
facet can be eliminated. Collecting results, one arrives at

p,O(x + [Z — Ftana,, Z) + p,0(x — [Z — ZFtana, Z)] + the excluded-volume interaction that limits the ability of the
00 x+(Z—2) tano (0)/ s (0)/ s brush to reorganize.
Zfz dz ./;—(z’fz) tana dx' [tana py, (X, Z) + Pz, (X, Z)] The independence oximplies that the importance of the

9) reorganization effect for the total force onto the AFM E':va
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) - ) ) Figure 11. Density profile of an unperturbed brugix, 2) and of a
Figure 9. Total force F(2) (solid lines) and its steric component  perturbed brushyer(x, 2), where the space occupied by the AFM tip is
FO(2) (dashed lines) in the center of the polymer brush for the main indicated by the white area. In the former case, average was made over
system studied in this paper, a brush where the stripe widéiteduced  the full y-axis, whereas in the latter case, a narrow slice including the
by 60%, and a brush where the grafting densitig reduced by 60%.  apex of the AFM tip was used implying larger statistical uncertainty

due to the much smaller volume involved.
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Figure 10. Horizontal forceFx and its steric componerf,© as X

evaluated using eq 10 and the pressure tensor for an unperturbed brus
Note, different color coding is used, implying tHat® is about half as
large asF.

rl:igure 12. Absolute differencepped(X, 2 — p(x, 2) and relative
difference ppe(X, 2) — p(X, 2))/p(X, 2) between the density profiles of
the perturbed and unperturbed brushes.

depends only moderately oh or ¢ as these two parameters effectively the relevant quantity is the gradieimioO(x, 2)/dx.
determine the width of the transition region near the edge of Numerically, the force can be expressed as

the patteri?2 We have confirmed this by two additional
studies: in the first, the width of the stripe is reduced by 60%; _ ) _ o0 ©)
in the second, the grafting density is reduced by 60% keeping Fo™=2tam fz dz (z = Jlp (x+[Z — ZFtana, Z) —
A = 50. In Figure 9, we compare the total fore€) and its its pXX(O)(X — [z — Ztana, Z)] (10)
steric componenE®©)(2) in the center of the brushx & 0), for

all three systems. As expected, the absolute values of the force
differ strongly between the three systems. The ratio between
F(2) andF©)(2) near the grafting surface, however, is the almost
the same for all three systems: 3%% of the total force comes
from the steric component, and the remainder comes from the

brush reorganization. . . this, we consider a patterned brush with width= 100, i.e.,

D. Horizontal Force. Apart from the repulsive vertical force  yice as wide as for the simulations presented so far. This
F, acting on the AFM tip, a horizontal force also acts onto the epsures that a plateau has formed in the center of the Brush
tip. By symmetry Fy = 0 throughout the entire brush, whereas anq thus allows one to better distinguish between compression
Fx(2) is ggnerally nonzero. Figure 10 (left) shows thefrom and displacement of polymer matter.
the explicit simulations. By symmetify(x = 0, 2) = 0 and at Figure 11 shows the density profiles the brush polymer brush
the edges of the brudf becomes zero again due to the lack of i, the absence (left) and in the presence (right) of the AFM tip.
polymer matter. Hence, in the region in betweBpdisplays @ The [atter profile is averaged over a slice passing through the
maximum. apex of the AFM tip, making the statistical uncertainty larger.

A comparison of in Figure 10 (left) and=; Figure 7 (left) The effects of the reorganization are smaller if slices not running
shows that both force components are of comparable magnitudethrough the AFM tip apex would be considered.

We found that the ratid«(x, 2)/F/(x, 2) is almost independent The differences between the density profiles for the perturbed
of zand increases approximatively % and in the outer 20%  and unperturbed brushes are best illustrated using the absolute
of the brush,Fy is larger thanF.. The details of the AFM  and relative density differences as presented in Figure 12. The
apparatus will affect if and/or how the horizontal force influ-  change of the polymer brush induced by contact with the AFM
ences the measurement process. tip is 3-fold. There is a moderate increase of the density

Using the same sequence of arguments as in section 1l1.C,throughout a significant part of the brush which does not depend
the steric component d¥x can be computed from the unper- that much on position. Second, the brush interface is moved
turbed pressure tenspt). Because of the opposite orientation somewhat outward, in particular far from the surface (lage
of the normal vector on opposite facets of the AFM tip, These two effects are coupled and can be interpreted as aE{E\a}r

%nd the result is shown in Figure 10 (right). Basicafy© is

half of Fx. Hence, the divisions into steric and reorganization

components are similar for the vertical and horizontal forces.
E. Brush Reorganization.We will now briefly discuss how

the brush is reorganized by the presence of the AFM tip. For
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processes, however. Finally, near the apex of the AFM tip a

larger increase in the density appears. Here, as explained aboveAppendix A: Model and Methods

the grafting restricts the polymer’s ability to be displaced away

from the AFM tip to a larger degree. This can be understood as of whether they belong to the polymer or to the AFM tip, are

a position-dependent compressibility modulus. In other words: . ) )
near the grafting surface, the brush is much harder than nearmOdeled by the purely repulsive Lennard-Jones potential

the interface. ~ ~
o\2_ (o) 1 . 1/6

IV. Conclusions V() = 46[(r) (r) + 4] ifr=2"%
In contrast to a conventional, homogeneously grafted polymer 0 if r > 2Y%

brush, a nanopatterned polymer brush possesses a richness of

internal structure. In different regions of the patterned brush, Wherer is the particle separation and and € are the two

polymer segments are stretched and/or compressed in different-€nnard-Jones parameters. Bonded interactions are modeled by

directions. This is reflected well in the pressure tensor profiles @ stiff harmonic potential

that we have computed. This structure is completely absent in

the density profile, however. While the properties of a homo- _ €/ ~y2

geneously grafted polymer brush can be understood from its Voond") 10005—2(r %) (A2)

density profile alone, this thus no longer is possible for a

nanopatterned brush, and more information, such as the pressur@, repulsive potential is used to prevent the particles from

tensor profile, is needed. entering the planar surface at= 0. The temperature is set to
The interaction between an AFM tip and a polymer brush is .T/c = 1. Throughout, we us& as the length scale ardas

heavily influenced by steric effects from the shape of the AFM  the energy scale. All derived units follow from this choice of

tip. While this in itself is obvious and applies to any kind of ynits. Notably, for ambient temperature and realistic choices

AFM measurement, the qualitative and quantitative conse- of 3 ande, a unit force corresponds to about 1 pN. Our results

quences for nanopatterned systems had been unknown. Usingompare well to AFM experiments where a contact between

the pressure tensor profiles, the steric force computed from athe AFM tip and the brush is usually detected at a force of order
folding of the AFM tip geometry and brush properties gives a g5 pN.

guantitative agreement in the outer regions of the brush where
more than 90% of the force onto the AFM tip can be explained
from it. This also proves the applicability of the concepts and
assumptions of this approach.

Upon contact between the AFM tip and the polymer brush
the brush will deform. While this in itself is interesting from a
fundamental point of view as it gives valuable information
about the properties of the brush, it is often problematic in
experiments as the aim usually is to study the unperturbed brush.
While we cannot compute (the change of) the foFée onto
the AFM tip due to this reorganization directly, our ability to
compute the forc&®© due to the unperturbed brush by means
of the pressure tensor profile still allows us to quantify this
effect. For this approach to work, it is necessary that we are
able to compute=© to very good approximation. This is the
case as seen by the agreement betw&@nand the directly
calculated force- in the outer regions of the brush. The use
of a simpler theory (e.g., based on the density profile only
instead of the pressure tensor) to compE{® would not be
sufficient.

While we find that the reorganization effect is dominant far
in the inside of the nanopatterned brush, it becomes minor near
the brush interface. Since it is the latter that is usually probed
in experiments, inclusion of reorganization effects is not needed ; 2 ) .
for understanding of the results. Inclusion of the steric effect MOre expensive than earlier simulations on homogeneously
of the AFM tip geometry is, in contrast, essential. The virtual grafted polymer brushes.
shape of the patterned polymer brush (as measured by AFM) The simulations were performed using the Gromacs molecular
is changed as its sides become straight lines with the same slopglynamics suité? The pressure tens@°)(x, z) was computed
as the slope of the AFM tip. This makes the virtual polymer Using a version of the Gromacs céi¢hat we extended to
brush wider than the real polymer brush. For typical parameter COmpute simultaneously theandz dependence and the off-
values, this overestimation of the brush width is of order 25% diagonal elements. A canonical ensemble was sampled by use
of the polymer contour length. It should be noted that, somewhat Of @ Berendsen thermosg&t.
counterintuitively, these effects become stronger as the grafting In addition to the simulations of the interaction between the
densityo is decreased. polymer brush and the AFM tip, simulations of the polyrreﬁr)v

All nonbonded interactions between particles, independent

(A1)

At first, a single simulation of the polymer brush without
the presence of an AFM tip is run for equilibration. Polymers
are grafted at random positions on an area of KizeN, where
all grafting points have a mutual distance of at least 1. Periodic
' boundary conditions iy-direction are applied.

Using this equilibrated structure, the AFM tip is first placed
at somex-coordinate above the brush. The tip is then lowered
by 0.25 length units toward the brush, followed by energy
minimization to remove close contacts, and the procedure is
repeated until the tip is touching the grafting surface. This gives
initial structures for the subsequent simulations, with the AFM
tip at the desired position. These simulations lasted for 1000
time units (one million integration steps). The AFM tip was
kept stationary, and the force onto the tip was computed from
explicit summation of all forces between particles in the brush
and the tip. As the energy minimization process leaves a
structure far away from equilibrium, half of the simulation time
is set aside for equilibration, and only the second half is used
for data analysis. The force onto the AFM tip was computed as
a function of tip positionX, 2) using a 25 by 28 grid for the tip
position, where symmetry was already employed to remove tip
positions with x < 0. This large number of independent
simulations makes this a significant numerical task that is much
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brush without the AFM tip were performed to determine density (12) Patra, M.; Linse, PNano Lett.2006 6, 133-137.

and two-dimensional pressure tensor profiles of the unperturbe

brush.
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