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ABSTRACT: We report on the dependence of the mechanical properties of confined polymers on the film
architecture. Compared to spin-coated films, grafted polymer brushes showed higher elastic moduli, which is
attributed to entropy effects, and required higher loads to achieve the same residual indentation depth when
compared to spin-coated samples. The contribution of entropy changes to the mechanical response of brushes
was evaluated. Although qualitative, this study tries for the first time to evaluate this entropic contribution.
Therefore, the role ofmorphology andarchitecture of the polymer films duringmechanical deformation is high-
lighted, showing that the change of surface thermodynamic properties (entropy in particular) changes accord-
ingly the nanometer scale mechanical properties.

1. Introduction

Surface-grafted polymers1,2 allow one to design specific func-
tional systems for various applications due to the synthetic flex-
ibility, chemical robustness, and the high grafting densities ob-
tained. They also offer the possibility to tune themorphology and
final properties of modified surfaces, such as friction, wettability,
or biocompatibility,3-5 among others. In particular, applications
to colloidal stabilization,6,7 adhesion,8 or lubrication9 require a
profound knowledge of surface mechanical performance.

Although nanoscale mechanical properties of polymers have
been studied in detail, the peculiar morphologies obtained when
considering polymer brushes pose some challenges andmuch less
is known about their nanoscale mechanical properties.10 The
mobility of polymer chains at the interface11 and nanoconfine-
ment effects,12 inherent, e.g., to ultrathin films, as well as entropic
penalty contributions,13 may give rise to unexpected and, com-
pared to the bulk, altered behavior.

One typical example for this altered behavior is the glass
transition temperature (Tg) of ultrathin free-standing or sub-
strate-supported films.14-16 The effect of the two interfaces, i.e.
the interface of the polymer with the substrate and the inter-
face with the air, on chain and segment mobility was shown to
provide a plausible explanation for the observed depressed or
elevated values of Tg.

17 Frank and co-workers addressed the
relation of polymer thin film architecture and Tg in substrate
supported films and concluded that the architecture had negli-
gible influence on the Tg measured.18 In addition, the coil con-
figuration of the individual polymers was concluded to remain
unaffected.

Apart from Tg, the confinement of polymers in ultrathin films
may also significantly affect the films’ mechanical properties.
Previously, the surface forces apparatus (SFA)19 and the atomic
force microscope (AFM)20 were applied to test the mechanical
properties of polymer brushes swollen in good solvents. In these
experiments fundamental information on the adhesion behavior
and the chain conformation of polymer brushes was gained and

compared to moderately dense brushes prepared by adsorption
techniques. Mechanical stretching of single chains picked up by
the AFM tip was also reported.20

Although these reports provide interesting hints on solvent-
swollen systems, an exhaustive nanoscale mechanical character-
ization of dry polymer brushes in the glassy state, e.g., by AFM
and contact mechanics, taking into account both elastic and plas-
tic properties is still missing. In particular the interesting ques-
tion of the dependence of the mechanical properties on the film
architecture has remained unanswered to date.

Previously, dried poly(methylmethacrylate) (PMMA) brushes
were studied on a larger scale by electromechanical interfero-
metry, i.e., by measuring the plate compressibility of the films.21

Urayama et al.21 compared the mechanical behavior of spin-
coated and grafted brush samples at temperatures around and
above the glass-to-rubber transition temperature. These authors
explained the higher resistance to compression and the considerable
effect of entanglements by means of rubber elasticity theory and
the Edwards-Vilgis slip-link model.22 However, due to experi-
mental limitations related to the low compressibility of glassy
films and their limited thicknesses the anticipated differences in
mechanical behavior among spin-coated and grafted PMMA
films remained elusive.

Inaddition, surfacewrinklingwasused to showthat theYoung’s
modulus of poly(2-hydroxyethyl methacrylate) brush layers graft-
ed on poly(dimethylsiloxane), PDMS are insensitive to film
thickness.23

As a further approach to addressmechanical properties of thin
polymer films quantitatively, AFM nanoindentation represents
often a most adequate tool for studying 3-D compressive proper-
ties, i.e., not only along the vertical direction of grafted chains.24

Because of the ability to measure very small applied loads25 and
resulting penetration depths, AFM nanoindentation allowed in
the past to link themorphology of polymers to their viscoelastic26

and elastic27 mechanical properties, as well as to characterize
nanophases.28 AFMbased nanoindentation can be regarded as a
complementary approach, since the mapping of mechanical
properties of inhomogeneous samples is feasible, as well as the
testing of brush films deposited on hard surfaces.
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Interestingly, polymer brushes were only seldom studied in
the past byAFMnanoindentation and contradictory results were
reported. For example, the Young’s moduli of tethered poly-
(styrene-co-2,3,4,5,6-pentafluorostyrene) (PSF) and poly(methyl
acrylate) (PMA) chains were reported to be identical to the cor-
responding spin-coated samples.29 By contrast, poly(styrene)
brushes showed higher elastic moduli than the corresponding
spin-coated samples and also better resistance to scratching in
large scale scratch tests, which address a measurement of the
films’ plastic properties.30

In this article, we report on AFM nanoindentation measure-
ments performed on grafted and spin-coated glassy PMMA films
(Figure 1) to unravel qualitatively and quantitatively the effect of
the polymer film architecture on the elastic and plastic properties
of the films. In particular the differences among annealed spin-
coated PMMA films and PMMA brushes obtained by surface-
initiated polymerization (SIP) were compared. Noticeable differ-
ences in the elastic and plastic behavior on the nanometer scale30

are explained based on a discussion of the thermodynamics of
deformation.

2. Results

In this part, we will show differences in the mechanical behav-
ior, i.e., measured Young’s modulus and load required to induce
the same residual depth, in order to justify the further study on
the role of entropy changes to the deformation. Dealing with thin
films, the effect of the substrate is unavoidable and precautions
on the choice of film thicknesses, which will be discussed in the
following, have been taken. The problem of identifying andmini-
mizing substrate effects is indeed of great recent interest and a
number of approaches have been proposed, both by theory,
numerical simulations, and phenomenological approaches.31-45

The elastic and plastic properties of spin-coated and subse-
quently annealed PMMA films and corresponding brushes ob-
tained by SIP weremeasured in AFM force-displacement curves.
We compared the data of six different PMMA samples with dif-
ferent structure studied with different methods: (i) Macroscopic
DMTA analysis (data from ref 46), AFM nanoindentations on
(ii) a bulk sample (data from ref 46), (iii) a thin film on silicon
obtained by spin-coating (150 nm thickness), (iv) a thin film on

silicon obtained by spin-coating (70 nm thickness), and finally
(v, vi) two grafted PMMA brushes on gold (similar thickness of
150 and 200 nm).

Following ref 46, a phenomenological elastic index ξ, bounded
between zero and one in the ideal cases of rigid plastic behavior
and elastic behavior, respectively, can be calculated as one minus
the ratio of the residual indentation depth left behind the indenter
and the maximum penetration depth.

In our present work, an index ξ as high as 0.80 was found for
the spin-coated samples and the bulk sample. Therefore, the resid-
ual depth was 5 times smaller than the penetration under full
load, giving the reader the feeling of the elastic contributions to
the nanoindentation probably also related to the increase of yield
stress at the high deformation rate achieved during the nanoin-
dentation. In the case of the grafted film, the index ξ was esti-
mated to be ∼0.85. It is worth to mention that these values for ξ
match the ones found for the bulk sample46 therefore pointing at
negligible substrate effects since, intuitively, when the stress field
reaches the hard substrate, it causes purely elastic deformations
that are completely recovered upon unloading thus increasing the
ξ value with respect to nanoindentation of a bulky sample.

Toquantify the force data and tomodel the contactmechanics,
we used Sneddon’s model with a parabolic indenter shape.46,47

The tip shape was experimentally determined using blind recon-
struction. This choice is motivated by previous results that high-
lighted the possibility to evaluate the elasticmodulus of polymeric
samples from AFM nanoindentations for a wide range of poly-
mer states and morphologies, from glassy to semicrystalline to
mesomorphic ones.46 Sneddon’s theory models the sample as an
isotropic elastic half-space.

The evaluation of the Young’s modulus of the films with
Sneddon’smodel is in general accurate in the case of bulk polymer
materials, since they can be considered as isotropic half spaces. In
the case of the grafted chains and the spin coated samples, sub-
strate effects can come into play during the course of indentation.
Although the used substrate materials have different Young’s
moduli (79 GPa for gold substrate and 130 GPa for the silicon
wafer), they can be considered as equally stiff since AFM nano-
indentation cannot distinguish between them according to
Tsukruk.48 In order to compare all the indentation data and to
minimize, as far as possible, the effect of the stiff gold/silicon
substrate (whichwill be discussed further in the following section),
only the results of nanoindentation experiments with a low pen-
etration depth (roughly 10 nm) were considered for modulus
measurements.49-51

Figure 2 shows the average values obtained from 20 nanoin-
dentations on each sample.An elasticmodulus of∼3GPawas cal-
culated in most of the cases, i.e., for macroscopic DMTA tests,46

for nanoindentation on bulk PMMA46 and for the 150 nm thick
spin-coated samples (this work). An even higher modulus was
observed for the 70 nm thin spin-coated sample.

By applying the same procedure used for the bulk and spin-
coated samples, an equivalent nanoindentation modulus can be
calculated for both the PMMA brushes in order to quantify the
differences in the elastic behavior (Figure 2).

Further experimental observations confirm the enhanced
elastic behavior of grafted polymer, since the plastic behavior
of the grafted brush sample was found to be significantly differ-
ent. The unloading curves are not shown here because the combi-
nation of viscoelastic phenomena and the sharp indenter used for
AFM nanoindentations, much sharper than the indenters used
for depth sensing instruments, render the AFMunloading curves
poorly understood.52 As an alternative, we analyzed the images
collected on the samples after the nanoindentation. In this case,
plasticity during nanoindentation manifests itself obviously with
the residual imprint left behind the indenter, but also with pile-
up,53 i.e., the bulging out of the surface due to plastic flow.

Figure 1. Schematic ofAFM-basednanoindentationofultrathinPMMA
films obtained by spin-coating and SIP, respectively.
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Two representative images of the residual imprints, obtained
by scanning with the same AFM tip that performed the nanoin-
dentation, are shown in Figure 3, parts A and B, respectively, for
the spin-coated and graftedbrush sample. It isworth to stress that
these imprintswere obtained after nanoindentation that implied a
penetration depth under full load in the order of 40 nm, therefore
experimental conditions are completely different than the ones
used for obtaining the values of Young’s moduli of Figure 2. The
pile-up is more pronounced on one side of the indent since the
AFM tip is not symmetric, and higher stresses can be expected
along the sharp edges. The respective profiles cut along the
direction ofmaximum residual depth show that the same residual
depth was obtained in this case, ∼10 nm. However, this was ob-
tained after applying a load of 3.28 μN in the case of the 70 nm
thick spin-coated sample and by contrast, a higher load of 3.90μN
was required to achieve the same residual indentation depth for
the brushes. In this latter case we observed an increase of 40% for
the plastic load. Moreover, results not shown here indicate that a
load as high as 6.0 μN is required to induce the same vertical pile-
up for the grafted PMMA brushes. The increased load needed to
induce the same residual depth suggests the enhanced recovery of
grafted chains as compared to the entangled, spin-coated sample.

In general, a dramatic softening is observed for polymers after
yield, due to the combined effect of strain and thermal softening.
Arruda et al.54 showed that the stress in stress-strain curves of

PMMA in tension falls remarkably after yielding in the case of
fast tests, from 140MPa at yield to 90 MPa after it. Incidentally,
the yield stress is highly enhanced as well,54 and this finding ex-
plains the prevailing elastic constant and the high value for the
elasticity parameter ξ discussed above.

Because of the anisotropically strengthened components, the
grafted film is expected to require a higher load to result in the
samedeformation,when compared to the spin-coated one.More-
over, it is expected that the isotropic glassy polymer macromo-
lecular structure, which forms a network by virtue of physically
entangledmolecular chains, evolves with themagnitude and state
of strain during deformation as secondary valence interactions
dissociate with plastic strains.54

On the other hand, for the PMMAbrushes, the deformation of
stretched chains is more difficult at relatively low penetration
depth, while upon deformation a softer material is created as the
composite of highly stretched and coiled chains.

In Figure 4A, three averaged nanoindentation curves are shown
for the grafted brushes and the two spin coated samples. These
curves were calculated from 20 individual force curves for each
sample. Compared to the spin-coated PMMA films, the PMMA
brushes were found to be stiffer. The difference in applied load
needed to achieve a certain penetration depth is shown inFigure 4B.

3. Substrate Effect

As mentioned above, the method used to extract the modulus
of the film from indentation data is based on a model valid for
isotropic homogeneous solids. In the case of a coated substrate, a
so-called “equivalent elastic modulus”, Eeq, is obtained through

Figure 3. AFM images of the residual imprint left behind the indenter
(120 nm� 120 nm), (A) for the spin-coated PMMA film (thickness
70 nm) after nanoindentations performed at 3.28 μN, and (B) the
grafted PMMA brush sample after an indentation at 3.90 μN, respec-
tively. The corresponding profiles along the direction of maximum
residual depth and pile-up height are shown at the bottom.

Figure 4. Averages of 20 force curves obtained fromAFM nanoinden-
tation measurements of the thin and thick spin-coated and the grafted
PMMA samples (A). Compared to the spin-coated films, the raw data
shows a stiffer behavior for the brush sample. Part B shows the contribu-
tion of entropy change to the stress field expressed as overall applied load,
obtainedas thedifference between the loadsof the grafted and respectively
thin (gray series) or thick (black series) spin coated in part A.

Figure 2. Comparison of the Young’s moduli obtained on 5 different
PMMAsampleswith bothDMTAandAFMnanoindentations. The data
for the bulkmodulus determined byDMTAandby nanoindentationwere
taken from ref 46. Considerable stiffening was found for the thin spin-
coated sample and even more dramatic increase for the grafted chains.
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this method which is a combination of the respective moduli of
the film, E1, and of the substrate, E0. As pointed out by Doerner
and Nix,55 the relative weight of the substrate and coating con-
tributions to this equivalent modulus varies with penetration
depth. In order to evaluate substrate effects on the measurement
of the Young’s modulus of spin-coated and grafted films, elastic
contact mechanics calculations have been carried out along the
lines of an exact semianalytical model developed for coated sub-
strates by Perriot and Barthel.31b In this model, solutions are
provided for the load and penetration of a frictionless coated
contact indented by a cone or a sphere. Calculations were carried
out using a ratio of the reduced modulus of the substrate to the
reduced modulus of the film, E0*/E1*, equal to 38 (where Ei* =
Ei/(1 - νi

2) and νi are respectively the reduced modulus and the
Poisson’s ratio of the film (i = 1) or the substrate (i = 0). This
ratio corresponds to indentation of a glassy polymer layer (E1 =
3 GPa, ν1 = 0.4) lying on a silicon substrate (E0 = 130 GPa and
ν0=0. 2). For the low indentation depth (i.e., 10 nm) used for the
determination of the modulus, the AFM tip can be assimilated to
a sphere with a radius of curvature of roughly 10 nm. Figure 5a
shows the changes in the normalized equivalentmodulus,Eeq*/E1*,
as a function of the indentation depth for the two films thick-
nesses (70 and 150 nm) achieved with the spin coated samples. As
expected, the equivalentmodulus is higher for the 70 nm film than
for the 150 nm film as substrate effects are more pronounced.
However, it turns out that, in both cases, substrate effects induce
a limited deviation of the calculated equivalent modulus from the
Young’smodulus of the layer. For a 10 nm indentation depth, the
ratio Eeq*/E1* is equal to only 1.16 for the thinnest (70 nm) film.
In other words, substrate effects induce an error (16%) in the
determination of the actual Young’s modulus of the layer which

is of the order of magnitude of experimental uncertainty (about
10-15% depending on the film specimen) and cannot justify the
considerable differences of mechanical properties among the
films with different morphologies observed in Figure 2. This con-
clusion is preserved if cone indentation is considered instead of
sphere indentation (Figure 5b and Table 1). As a conclusion, it
can be stated that substrate effects do not significantly affect the
Young’s modulus measured using Sneddon’s model at the con-
sidered low penetration depth. Differences between the different
spin-coated and grafted films can be therefore considered as rep-
resentative of different mechanical response of these films.

Additional calculations were carried out at increased indenta-
tion depths using the cone geometry for indentation depths up to
40 nm, which correspond to the experimental data reported in
Figure 4. InFigure 6, the normal load, P, normalized with respect
to its value for a semi-infinite body,Pc=πa2/2E1*tanβ (where β is
the half included cone angle), is represented as a function of the
penetration depth. It emerges that substrate effects induce only
a minor deviation from the load, Pc, corresponding to semi-
infinite substrate. Although these calculations correspond to an
elastic contact situation, one does not expect substrate effects
to be substantially enhanced when plastic deformation is in-
volved. Differences in the experimental plastic indentation be-
haviors reported in Figure 3 can thus be considered as truly
representative of the yield response of the polymer layers.

4. Discussion

Since the radius of gyration can be estimated to be in the range
of 10-15 nm, it might be surprising that the two spin coated
samples result in very different moduli. Tweedie et al.51 showed
that an increase in stiffness for nanoindentations at low contact
depths was observed for glassy polymers, which was independent
of processing, thermal history, macromolecular structural prop-
erties, and humidity. These authors argued that the increase in
stiffness was related to a polymer surface stiffening mechanism,
due to the creation of a mechanically unique interfacial region
between the probe and the polymer surface. Confinement arising

Figure 5. Calculated equivalent indentation modulus as a function of
the penetration depth in the case of the elastic indentation of a fric-
tionless coated substrate by (A) a sphere and (B) a cone. The equivalent
modulus is normalized with respect to the modulus of the layer, E1*.
Bold line: 70nm.Plain line: 150 nm.The ratio of the reducedmodulus of
the substrate to that of the layer,E0*/E1*, is set to 38 in the calculations.
Penetrationdepthswere calculated assuminga radiusR=10nmfor the
sphere and a half included angle of 35 deg for the cone.

Table 1. Calculated Equivalent Reduced Modulus as a Function of
Film Thickness in the Case of Cone and Sphere Indentation of a

Coated Substratea

film thickness (nm) type Eeq*/E1*

70 cone 1.06
150 cone 1.03
70 sphere 1.16
150 sphere 1.07

aThe equivalent modulus is calculated for a 10 nm indentation depth.

Figure 6. Calculated normalized indentation load, P/Pc, as a function
of the indentation depth in the case of the elastic indentation of a coated
substrate by a cone (E0*/E1*=38, β=35 deg). Bold line: 70 nm. Plain
line: 150 nm.
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from decreased film thickness can further boost this phenomen-
on, since the effect of the stiff interphase is larger for small film
thickness. This effect was consistently absent for the 150 nm
thick spin-coated films.

When comparing the 150 nm thick spin-coated films with the
PMMA brush, a marked increase of Young’s modulus of three
times was observed, even though the films possess comparable
thickness. The 70 nm thin spin-coated film also showed a signif-
icant decrease of roughly 30% in modulus compared to the
PMMA brush sample (150 nm thick). Indeed, in this latter case,
it can be intuitively understood that the deformation in the direc-
tion of the chain ismore difficult when compared to lateral defor-
mations. The 30% increase observed for the glassy brush sample
at room temperature is consistent with the results reported on
brush and spin-coated PMMA above the glass-to-rubber transi-
tion by Urayama et al.23

Thorough studies have been performed in order to explain the
novel behavior and morphology of tethered polymer brushes.56

In particular, it has been shown that macromolecules in polymer
brushes exhibit deformed configurations, i.e., they are stretched,
as a result of the balance between the energetic interactions and
the reduction in configurational entropy.57 Therefore, deforming
stretched macromolecules in a polymer brush during nanoinden-
tation leads to an increase of entropy. Drozdov elegantly showed
that in the case of tethered chains “the conventional entropic
elasticity theory may lead to conclusions that contradict our
physical intuition”.58 The increase in entropy inferred from the
data in Figure 4 is corroborated by data obtained by indenting
along an oblique direction (12�with respect to the surface normal
direction).We observed, as shown in the Supporting Information
(Figure S-2), that the grafted polymer behaves softer than the
spin-coated polymer. The grafting density of the polymers com-
prising the brushwas not determined in this study since the planar
substrates did not yield enough material for standard GPC
analyses.

Unlike for rubbery polymer systems, for which entropy elasti-
city is important, PMMA is described here by concepts of energy
elasticity. After Landau,59 the change of internal energy per unit
volume, E, upon mechanical deformation can be written as the
difference between theworkdoneby external forces (σ dε) and the
heat per unit volume (T dS):

dEgrafted ¼ T dSgrafted þ σgrafted
ij dεgraftedij ð1Þ

dEspincoated ¼ σspincoated
ij dεspincoatedij ð2Þ

where T denotes temperature and S entropy and where σij and εij
are the components for the stress and strain tensors, respectively.
Detailed experiments on isotropic glassy PMMAbelow the glass-
to-rubber transition showed that entropic contributions to elastic
response are minor, for example in the case of hydrostatic com-
pression.60,61 Therefore, the entropic term for a reversible iso-
thermal deformation of isotropic PMMA (compare eq 2). can be
neglected. Moreover, for macroscopic tests, nearly adiabatic
conditions were found when the overall deformation up to
rupture tookup to 10 s.54Fischer-Cripps showed that a negligible
increase in temperature is experienced by the material during
nanoindentation.62,63

By contrast, the polymer brushes studied here are certainly
anisotropic. Since substrate effects and the oedometric nature31

of the contact, i.e., the elastic response of the constrainedmaterial
discussed inFigure 2, canbe ruled out as origin for the observations,
a reasonable assumption is that the different behavior among the
two samples arises solely due to entropic effects. In principle, a
change in Young’s modulus, as shown in Figure 2, implies that

the contribution of the term σdε is different for the two samples.
However, it can also be supposed that this change in modulus
arises only because of entropic effects, therefore belonging to
the term T dS. This is equivalent to assuming that the stress
experienced by the grafted brush sample during nanoindentation
has a further entropic contributionwith respect to the spin-coated
sample. This contribution lowers the effective stress acting on the
sample and therefore increases the apparent nanoindentation
elastic modulus, when the sample is indented vertically:

σgrafted
ij � σspincoated

ij -T
∂S

∂εgraftedij

ð3Þ

The contributions of this “entropic” stress field expressed as
overall applied load (obtained as the mere difference between the
loads in Figure 4A) are reported in Figure 4B.

Unfortunately, there are no contact mechanics theories avail-
able that allow one to quantify the stress field tensor of an AFM
nanoindentation with sufficiently good approximation to esti-
mate ∂S/∂ε. In order to describe the entropy change during nano-
indentation, we only considered the vertical stress, where it is
highest, i.e., inside the contact area at the apex of the tip (F=0 in
eq 4). These stresses indeed compress the chains vertically, not
allowing them to bend and rather force them to assume a more
coiled configuration, thus increasing the entropy.

After Sneddon,47 we write the stress in the z direction in
cylindrical coordinates for the case of nanoindentation with a
paraboloid as follows:

σzzðr, 0Þ ¼ -
4μp

πa2ð1- v2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 - r2

p
, r < a ð4Þ

Here a is the contact radius, p is the penetration depth, ν is the
Poisson’s ratio, and μ is the first Lam�e coefficient, which contains
the Young’s modulus.

Sneddon also showed that the ratio of penetration depth and
contact radius p/a in eq 4 is equal to the square root of the ratio of
the penetration depth and tip radius. Following eqs 2-4 for F=
0, and assuming that the strain is proportional to the square root
of the ratio of penetration depth and tip radius, while the spin-
coated PMMA and the grafted one differ only in the values of
Young’s moduli, a qualitative change in conformational entropy
per unit strain, ∂S/∂ε, with increasing penetration depth was
estimated.

Since only the stress at the apex of the tip, which is fairly high
compared to the overall stress field, is taken into account, the
values obtained are not absolute and were hence plotted in
arbitrary units. By integrating ∂S/∂ε, it is found that the increase
in entropy is given by

Z
εmax

0

4p

πað1- v2ÞTΔμ dε ¼
Z

pmax

0

4

πð1- v2ÞT

ffiffiffiffi
P

R

r
Δμ d

ffiffiffiffi
P

R

r !

ð5Þ
where R is the tip radius.

The overall entropy is found to increase with increasing
penetration depth for the tethered chains (Figure 7A), both when
comparing their stress field to the thick and to the thin spin coated
films. These findings agree with calculations that show that the
internal energy of the sample increases monotonically with strain
as the isotropic material is transformed into oriented material
during the deformation process.64

Figure 7B correctly shows that the entropy increase, because of
tethered chains unstretching, causes the apparent load contribu-
tion to the force curve, to different extents whether the brush
force curves are compared to the thin or to the thick sample.
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5. Conclusions

In conclusion, grafted PMMA chains show enhanced elastic
and plastic behavior, when compared to spin-coated samples.
The reason can be found, according to the thermodynamics of
deformation, in entropic effects that were shown to be responsible
for an apparent stress contribution that lowers the stress experi-
enced by the sample. Moreover, when the directionality is lost,
e.g., by indenting along an oblique direction, the entropy-based
stiffening effect disappears and the grafted polymer behaves softer.
This finding is reasonable when considering that tethered chains
represent a highly anisotropic system. The peculiar anisotropic
deformation behavior unraveled in this current study for PMMA
and the assignment of the entropic origin can very likely be
generalized to account for the behavior of brushes of other amor-
phous polymers.Our results highlight the need of further studies of
nanomechanical properties of polymeric brushes in view of appli-
cations where the deformation direction varies or is uncontrolled.
Moreover, it is shown that changes of surface thermodynamic
properties can be induced by deformation, which possesses very
likely relevance for the unusual reactivity observed in micro- and
nanoscale contacts65,66 or for nanotribologyof hydratedbrushes,67

among others.

6. Experimental Section

Spin-Coated PMMA Films. PMMA with a molar mass of
33 000gmol-1was usedas received (Aldrich) anddissolved in tol-
uene to yield solutions with concentrations of 20 and 45mg/mL.
The solutions were spin-coated at 3000 rpm on a precleaned sili-
con wafer using a home-built spin-coater. The films obtained
were annealed for 1 h at 130 �C. The thicknesses of the films of
70 and 150 nmwere estimated fromAFMstep height analyses of
defined scratches in the films.

PMMAbrushes.Methyl methacrylate (MMA, 99%), mercap-
toundecanol (97%), pyridine (99%), bromoisobutyryl bromide

(98%), copper(I) bromide (99.99%), and 2,20-bipyridyl (99þ%)
were obtained from Aldrich. MMA was passed through an
alumina column to remove the inhibitor; all other materials were
used as received. ω-Mercaptoundecyl bromoisobutyrate was
synthesized according to the literature.68 Polymer brush growth
was achieved by placing the substrates, modified by microcon-
tact printing with the bromoisobutyrate-terminated initiator,
in a Schlenk tube under an argon atmosphere and adding a
degassed solution of MMA (10 g, 100 mmol), CuBr (143 mg,
1.0 mmol), and 2,20-bipyridine (312 mg, 2.0 mmol), in the
solvent mixture (deoxygenatedMilli-Q water (2 mL) andMeOH
(8 mL)) by cannulation. The polymerization was then allowed
toproceedovernight at room temperature, afterwhich removing
the substrates from the reaction flask stopped the reaction.
The substrates were extracted overnight with cold methanol in
a Soxhlet apparatus with solvent cooling unit.

Atomic Force Microscopy. Nanoindentation was performed
with a Nanoscope IIIA (Veeco, Santa Barbara, CA) under dif-
ferent applied loads and at tip indenting rate of 18 μm s-1.
Olympus OMCL-AC160TS cantilevers were used. A tip radius
of 10 nm was estimated before nanoindentations by blind esti-
mation69 using an AFM height image 5� 5 μm2 obtained on a
standard calibrating sample (TGT01,NT-MDT,Moscow,Russia).
The cantilever spring constant of 43 ( 1 N/m, was estimated from
the resonance frequency. Moreover, standard tipless cantilevers
(Applied Nanostructures, Santa Clara, CA) were used to cross-
check this value.The cantilever deflection sensitivity, 51(1nm/V,
was checked before and after the nanoindentation measure-
ments on a stiff Si substrate, always giving consistent results.
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