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ABSTRACT: We have investigated the elastic properties of dry polymer brushes comprising low-
polydispersity poly(methyl methacrylate) (PMMA) chains with high graft densities over 0.4 chains/nm2

by means of electromechanical interferometry. End-grafting on a glass plate by living radical polymer-
ization yielded high-density brushes composed of the highly stretched graft chains, and the layer thickness
of the brushes is 4-5 times as large as the unperturbed dimension of the graft chains. The layer thickness
change induced by an applied electric field (electrostriction) is measured by a Nomarski optical
interferometer as a function of temperature. The analysis of the electromechanical and dielectric data
yields the plate compressibility (κp) of the brushes in the glassy and molten states. Comparison of the
results for the high-density PMMA brushes and a reference spin-coated PMMA layer reveals the differences
in the elastic and dielectric properties between a brush composed of highly stretched graft chains and a
layer formed by the equivalent chains in the random-coiled state. The temperature dependence of the
dielectric loss suggests that the glass transition temperature of the high-density brushes is ca. 10 °C
higher than that of the spin-coat layer. In the glassy state, there is no appreciable difference in κp between
the brushes and the spin-coat layer, whereas in the molten state, κp of the brushes is definitely (ca. 30-
40%) lower than that of the spin-coated layer. This proves that the molten high-density PMMA brushes
are more resistant against compression relative to the PMMA melt. The low compressibility of the molten
high-density brushes is interpreted on the basis of rubber elasticity of entanglement network in the
stretched state. This model successfully explains the magnitude of the plate compressibility of the brushes,
which suggests that the low compressibility is mainly attributed to a strain-hardening effect of the highly
stretched entanglement chains and that there exists a considerable amount of entanglements of different
graft chains contributing to elastic modulus.

Introduction

Polymers terminally tethered (end-grafted) on a solid
surface have attracted much attention of scientists and
technologists because of their potential applications in
colloidal stabilization, adhesion, lubrication, etc.1-5 With
increasing graft density, graft chains will be obliged to
stretch away from the surface and form a so-called
“polymer brush” due to small lateral spacings relative
to the unperturbed coil dimensions.6 Polymer brushes
with high graft density as well as well-controlled chain
length and its distribution have been prepared using
living radical polymerization along with a high-
efficiency initiator fixed on the substrate.7-10 The graft
densities of these high-density brushes are at least 1
order of magnitude larger than those of the earlier
reported polymer brushes11-19 prepared by the adsorp-
tion of block copolymers or end-functionalized polymers
on a solid surface. The graft density of the polymer
brushes made by the adsorption method is typically
0.001-0.05 chains/nm2, and the swollen brushes in a
good solvent are in the “moderately dense” regime in
which graft chains overlap each other but the volume
fraction of polymer chain in the layer is still low.

The surface properties of moderate-density polymer
brushes swollen in a good solvent have been extensively
investigated utilizing surface force apparatus (SFA),11,12

atomic force microscopy (AFM),13-16 and neutron re-
flectometry.17-19 The AFM studies of the high-density
poly(methyl methacrylate) (PMMA) brushes swollen in
toluene have demonstrated that the graft chains are
highly stretched relative to those of the moderately
dense brushes prepared by the adsorption technique.8,9

In addition, the longest brush studied was found to be
compressible only to ca. 80% of the equilibrium layer
thickness in the swollen state. The strong resistance
against compression must be characteristic of the high-
density brushes swollen by a good solvent. Meanwhile,
their properties in the dry state are still to be disclosed.

For applications of grafted layers in ultrathin coating,
the mechanical properties of the high-density brushes
in the dry state are of special importance. Further, the
investigation of the properties in the molten state at
temperatures above the glass transition temperature
(Tg) is an important issue with respect to existing
theories to describe the viscoelasticity of polymers.
Recently, Laup et al.20 investigated the rheological
properties of highly stretched molten polymer brushes
as Langmuir monolayers at the air/water interface.
They reported that the plateau modulus of the molten
brushes is slightly smaller than or comparable to that
of the bulk polymer under shear flow within the inter-
face plane. However, to the authors’ knowledge, there
has been no experimental study on the mechanical prop-
erties, such as the plate compressibility, of high-density
polymer brushes in the dry state, and the elasticity of
the dry high-density brushes in the stretching direction
of the graft chains has not yet been reported.
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In the present study, we investigate electrostrictive
and dielectric properties of dry high-density PMMA
brushes with well-controlled chain lengths and their
distribution, prepared by the surface-initiated atom
transfer radical polymerization technique, as a function
of temperature by means of electromechanical interfer-
ometry and dielectric spectroscopy. It has been demon-
strated that an optical interferometer based on the
Nomarski principle is a powerful technique to investi-
gate the electromechanical properties of thin polymer
layers such as electrostriction and piezoelectricity.21-26

Electrostriction is a function of the dielectric constant
and the mechanical compliance, and hence the electro-
strictive effect directly measured by the interferometer
can be used to derive the plate compressibility, if the
dielectric constant is known. The applied force acting
on the brushes in the electromechanical measurement
is compressive exclusively parallel to the stretching axis
of the graft chains. In the present work, we compare
the plate compressibility of the high-density PMMA
brushes with that of a spin-coated layer of the equiva-
lent free PMMA which was produced simultaneously
with the graft PMMA chains. This comparison will
clearly reveal possible differences in elastic properties
between the polymer brushes comprising highly stretched
chains and the polymer layer comprising randomly
coiled chains.

Theoretical Background
We briefly describe here the theoretical background

for the electromechanical interferometry employed in
the present study. The details were given in our previ-
ous papers.21-26 As described in the Experimental
Section, the sample is a thin layer sandwiched between
two metal electrodes. The sample configuration can be
treated as a dielectric in a parallel plate capacitor. The
thickness change ∆h of the parallel plate capacitor
induced by an applied electric field (E) is generally
expressed as

where h0 is the layer thickness without external field
and a is the electrostriction coefficient. Odd-order terms
(due to inverse piezoelectric effect) are absent for the
systems without net polarization as in the case of the
layers used in the present study. An alternating electric
field E ) E0 cos(ωt) applied across the capacitor yields
a periodic change in the layer thickness with double of
the driving frequency ω

In the experiment the field-induced thickness change
∆h(2ω) modulated at 2ω is selectively measured by the
frequency selective (lock-in) detection. The expression
for a is derived from the consideration for the force
between the electrodes using the Claussius-Musotti
equation for ∂ε/∂h. This force yields a compression whose
magnitude depends on the plate compressibility κp and
dielectric constant ε of the material.

From eq 3, κp is calculated if a and ε are measured. The

plate compressibility κp is related to the shear modulus
G or the Young’s modulus E as

with Poisson’s ratio µ. This relation is obtained by
considering the sample geometry:21 The horizontal
expansion in the film plane by vertical compression is
not possible because the layer is fixed onto the sub-
strate.

Experimental Section
Sample Preparation. A bottom stripe electrode was

prepared by vacuum-evaporating a 5 nm thick Cr layer and
then a 100 nm thick Al layer through a mask on a cleaned
glass plate. The Cr layer was used for the improvement of
adhesion between the glass surface and the Al electrode layer.
On top of the electrode-evaporated substrate, a ca. 10 nm thick
SiOx layer was deposited without a mask by a reactive
evaporation of silicon monooxide in the presence of 10-4 Torr
of oxygen. To immobilize the initiator, 2-(4-cholorosulfonyl-
phenyl)ethyltrichlorosilane (CTCS) (Gelest, Inc., Morrisville,
PA), this substrate was immersed in an anhydrous toluene
solution of CTCS (ca. 1.0 wt %) for 2 h, washed with toluene,
and then dried. The graft polymerization was carried out by
the surface-initiated atom transfer radical polymerization
(ATRP), as described previously.7-10,27 In brief, the CTCS-fixed
substrate was dipped in a degassed diphenyl ether solution of
copper bromide (99.0% CuBr, 0.03 M), L-(-)-sparteine (0.06
M), methyl methacrylate (MMA, 5.0 M) and p-toluenesulfonyl
chloride (TsCl, 5.0 mM) and heated for a prescribed period of
time at 70 °C. TsCl was added as a free initiator to self-adjust
the concentration of the CuII complex and thus to control the
polymerization. After polymerization, the substrates were
rinsed in a Soxhlet extractor with toluene for 12 h to remove
physisorbed polymers.

Table 1 shows the characteristics of the samples. The
number- and weight-average molecular weights (Mn and Mw)
are the values as determined by PMMA-calibrated gel perme-
ation chromatography (8020 high-speed liquid chromatograph,
Tosoh Corp., Tokyo, Japan) for the free polymer chains which
were simultaneously produced from the free (unbound) initia-
tor added to the solution.7-9,10a,27 There are reasons to believe
that the molecular characteristics of the free polymers closely
approximate those of the graft polymers.7-9,10a,27 The reference
spin-coated samples, SC1 and SC2, were prepared by spin-
casting one of the free polymers from a chloroform solution
on the same SiOx-covered substrates as used for the grafted
samples. Both the brushes and the spin-coated layers were
annealed at 110 °C for 1 h. A top Al strip electrode with 50
nm thickness was deposited with an orientation perpendicular
to that of the bottom strips. Thus, three independent and
equivalent parallel plate capacitors (one of which is for reserve)
with sandwich-type structure were constructed. The layer
thickness Ld of the samples was measured by a Tencor R-step
surface profiler. The graft density was calculated from Mn and
Ld using the bulk density of a PMMA film (1.19 g/cm3).28 The

∆h ) h0(1 + aE2 + ...) (1)

∆h
h0

) 1
2
aE0

2 + 1
2
aE0

2 cos(2ωt) + ... (2)

a(2ω) ) -
ε0kp(2ω)

2 [ε(ω) +
[ε(ω) + 2][ε(ω) - 1]

3 ] (3)

Table 1. Sample Characteristics

sample
Mn

(g/mol) Mw/Mn Ld
a (nm)

graft density
(chains/nm2) λb

G1 214 000 1.21 125 0.42 4.7
G2 183 000 1.18 110 0.43 4.5
G3 104 000 1.21 75 0.52 4.1
G4 103 000 1.12 85 0.59 4.6
G5 106 000 1.16 75 0.51 4.0
SC1 106 000 1.16 110
SC2 106 000 1.16 75
a Layer thickness in the dry state b λ ) Ld/〈R2〉θ

1/2, where 〈R2〉θ
1/2

is the root of the mean-square end-to-end distance of the unper-
turbed free chain with the corresponding molecular weight.

κp )
(1 + µ)(1 - 2µ)

(1 - µ)E
) 1 - 2µ

2(1 - µ)G
(4)
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quantity λ in Table 1, which is a measure for the stretching
degree of graft chains, is defined as the ratio of Ld to 〈R2〉θ

1/2,
the unperturbed mean-square end-to-end distance of the
equivalent free chain. The value of Ld (and λ) of G4 is higher
than those of G3 and G5 despite their comparable molecular
weights, which may be attributable to the experimental errors
(within 10%) involved in the estimations of Ld and Mn.

Dielectric Spectroscopy. Dielectric measurements were
conducted at 4965 Hz just prior to the electromechanical
measurements at each temperature using a home-built cur-
rent/voltage amplifier in combination with a lock-in amplifier
(Stanford Research Systems SR830). Frequency scanning
dielectric measurements with the frequencies varying from 1
to 105 Hz were performed for the brush layer G5 and the spin-
coated layer SC2 in temperature steps of ca. 10 °C from room
temperature to 150 °C.

As described above, the PMMA layer is sandwiched together
with 10 nm thick SiOx layer between two Al electrodes. The
dielectric properties of the PMMA layer from the total (meas-
ured) dielectric constant (εt) is derived as follows: Since the
total electric capacitance Ct is given by 1/Ct ) 1/Cp + 1/Cs,
where Cp and Cs are the electric capacitance of the polymer
and SiOx layer, respectively, the dielectric constant of the
polymer layer εp is

where ht, hp, and hs are the total thickness, the thickness of
the polymer, and the thickness of the SiOx layer, respectively.
Using eq 5, εp (hereafter denoted as ε) was calculated from εt

with εs ) 3.8.29

Electromechanical Interferometry. The details of the
electromechanical interferometry and the setup were described
elsewhere.21-26 The interferometric technique is based on the
Nomarski principle. Two orthogonally polarized He-Ne laser
beams are reflected at each of the top Al electrodes of the probe
and reference capacitors. An electric field applied only to the
probe capacitor yields a phase shift (φ) between the two (probe
and reference) reflected beams due to a field-induced thickness
change (∆h) as φ ) 4π∆h/λ. The two reflected beams are
recombined and split again by a Wallaston-type prism into two
beams of perpendicular polarization with intensities A and B.
At the working point of the interferometer, φ is proportional
to the intensity difference (A - B). The modulation in A - B,
i.e., φ, is measured directly utilizing a lock-in amplifier. The
electrostriction measurements were performed at a modulation
(detection) frequency 2ω ) 9930 Hz, which is double the
driving frequency (ω) of the applied ac voltage as shown in eq
2.

The effect of the thin SiOx layer on the total (measured)
electrostriction is considered in the following. The electric field
acting on the polymer layer (Ep) is calculated using the
boundary condition Dp ) Ds (i.e., εpEp ) εsEs) as

where U0 is the total voltage between the two Al electrodes;
Dp and Ds are the electric flux density for the polymer and
SiOx layer, respectively. Thus, the electrostriction constant of
the polymer layer (ap) is related to measured electrostiction
constant (at) as

where we assume that the electrostriction of the thin hard SiOx

layer is negligibly small relative to the electrostriction of the
polymer layer, i.e., ∆hs , ∆hp, and the quadratic term in hs is

neglected due to the small magnitude (hs , hp). With eq 7, ap

(hereafter denoted as a) was computed from at.

Results and Discussion

Dielectric Constant. Figure 1 shows the tempera-
ture (T) dependence of the real part of dielectric constant
(ε′) at 4965 Hz (corresponding to the driving frequency
in the electromechanical measurements) for the high-
density PMMA brushes G1-G4 and the PMMA spin-
coated layer SC1. No significant difference in the
absolute values of ε′ over the whole temperature is
observed between the different brushes as well as
between the brushes and the spin-coated layer. The
small variation is attributable to experimental error
(within 10%) in layer thickness measurements. Since
the dielectric constant is connected to the density of the
polarizable units via the Clausius-Mosotti equation,
this small variation suggests that all grafted layers have
similar segmental densities and that the density is the
same as in the spin-coated layer. With raising temper-
ature, ε′ increases due to softening around Tg and
reaches the plateau value in the rubbery state.

Figure 2 illustrates the T dependence of the imagi-
nary part of the dielectric constant (ε′′) at 518 and 5180
Hz for the high-density brush G5 and the spin-coated
layer SC2. At both frequencies, the maximum of ε′′ for
G5 appears at ca. 10 °C higher temperatures than for

εp )
εtεshp

εsht - εths
(5)

Ep )
U0

hp + (εp/εs)hs
(6)

ap ) at(hp

ht
+ 2

εphs

εsht
) (7)

Figure 1. Temperature (T) dependence of real part of
dielectric constant (ε′) at 4965 Hz for the PMMA brushes G1-
G4 and the spin-coated PMMA layer SC1.

Figure 2. Temperature dependence of dielectric loss (ε′′) at
5180 and 518 Hz for the PMMA brush G5 and the spin-coated
PMMA layer SC2.
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SC2, while the absolute values of ε′′ for G5 and SC2 are
almost identical. The temperature of maximum ε′′ is
often employed as a measure of Tg.30 This result
suggests that Tg of the high-density PMMA brush is ca.
10 °C higher than that of the spin-coated PMMA layer.

For all other brushes G1-G4, the loss maximum
(measured at 4965 Hz) appeared at almost the same
temperature as that of G5 measured (at 5180 Hz). Also,
the dielectric loss for the spin-coated film SC2 (at 4965
Hz) exhibited the maximum at the same position as for
SC1 (at 5180 Hz) although the data are not presented
here.) A similar result, namely a ca. 10 °C higher Tg of
the high-density PMMA brushes relative to the refer-
ence spin-coated PMMA layers, has recently been
obtained by thermal expansion measurements utilizing
an optical ellipsometric technique.31 The anisotropic
structure of the graft layers as well as the presence of
many anchoring points interacting with the substrate
can yield differences in Tg between the brushes and the
spin-coated layer.31-34 The elipsometric measurement31

revealed that, for the layers (whose thickness is over
70 nm) comprising relatively long graft chains such as
investigated here, the higher Tg of the brushes is mainly
due to the anisotropic structure rather than the interac-
tion with the substrate. In fact, no appreciable change
in Tg has been observed in earlier studies on low- to
moderate-density brushes with 0.1 chains/nm2 without
developed anisotropic structure.32,34 It should also be
noted that our experiments on the brush and spin-
coated layers are not affected by layer-thinning effects
on Tg, since recent ellipsometric studies31 proved that
the layer-thinning effect are relevant only for layer
thicknesses below ca. 50 nm.

Meanwhile, apart from a slight horizontal shift due
to the difference in Tg, there is no significant difference
in the dielectric loss spectra between G5 and SC2 which
were obtained using the frequencies ranging from 1 to
105 Hz with varying the temperatures from 27 to 150
°C, although the data are not shown here: No ap-
preciable dielectric relaxation specific to the high-
density brush was observed.

Electrostriction. To obtain the T dependence of
electrostriction constant a, voltage-scanning measure-
ments of the electrostriction with the modulation fre-
quency 9930 Hz (corresponding to a driving frequency
of 4965 Hz) were carried out at different temperatures.
In Figure 3, the field-induced thickness change ∆h for
the brush G1 at T ) 27, 128, 148, and 172 °C is plotted
against the square of the applied voltage (U0). On the

basis of the linear variation of ∆h with U0
2, the apparent

electrostriction coefficient at (including the effect of the
SiOx layer) was evaluated by the least-squares method.
The electrostriction coefficient ap (a) of the polymer layer
is calculated from at with eq 7.

Figure 4 shows a for the high-density brushes G1-
G4 and the spin-coated layer SC1 as a function of T.
The value of a for each sample steeply increases with T
due to the softening around Tg and eventually reaches
a plateau value. It should be noticed that the T
dependence of a for all the brushes examined here is
almost identical. The small difference in the plateau
values between the different brushes is mainly due to
experimental error involved in the layer thickness
determination. More interestingly, the plateau value of
a in the molten state is significantly lower for the
brushes than that for the spin-coated layer. It is found
from eq 3 that the smaller a of the molten brushes
primarily originates from the lower plate compressibility
relative to the molten spin-coated layer, because the
dielectric constants of the brushes and spin-coated
layers are comparable (see Figure 1). Detailed compari-
son of κp for the brushes and the spin-coat layer is
described below.

Plate Compressibility. Figure 5 illustrates plate
compressibility κp for the high-density brushes and the
spin-coated layer of PMMA as a function of T where κp
is evaluated from eq 3 using the experimental values
of ε′ and a. A clear softening of each layer is observed
around Tg. The result of κp for the 100 nm thick spin-
coated layer obtained here is essentially the same as
our previous result21 for a 2.1 µm thick spin-coated
PMMA film of Mw ) 101 000 without a thin SiOx layer:

Figure 3. Field-induced layer thickness change (∆h) as a
function of the square of the applied voltage (U0) for the PMMA
brush G1 at 27, 128, 148, and 172 °C. The modulation
frequency is 9930 Hz.

Figure 4. Electrostriction constant (a) as a function of
temperature (T) for the PMMA brushes G1-G4 and the spin-
coated PMMA layer SC1. The modulation frequency is 9930
Hz.

Figure 5. Plate compressibility (κp) as a function of temper-
ature (T) for the PMMA brushes G1-G4 and the spin-coated
PMMA layer SC1. The modulation frequency is 9930 Hz.
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Each of the plateau values of κp in the glassy and molten
states for the 2.1 µm thick spin-coated layer is ca. 0.1
and 0.8 GPa-1, respectively, both of which are very close
to the corresponding values for the 100 nm thick spin-
coated layer investigated here. This good agreement
ensures the absence of a layer-thinning effect on the
magnitude of κp for the 100 nm thick spin-coated as well
as the validity of the calibrations for ε and a using eqs
5 and 7.

All the PMMA brushes examined here exhibit almost
the same T dependence of κp. Note that, unlike ε′ and a
values, the absolute value of κp is insensitive to experi-
mental errors in layer thickness determination, because
the effects of experimental error in layer thickness on
ε′ and a values almost cancel out in the calculation of
κp (see eq 3). It appears that in the glassy region (T <
Tg) κp of the brushes are not considerably different from
that of the spin-coated layer, although the data in the
glass state are relatively scattered which is due to the
small electrostriction resulting from the low plate
compressibility as well as the small layer thickness.

Most interestingly, κp in the rubbery region (T > Tg)
for the high-density brushes is definitely smaller than
that for the spin-coated layer: κp for the molten brushes
corresponds to only ca. 2/3 of that for the molten spin-
coated layer. The difference in κp in the molten state
between the brushes and spin-coated layer is un-
doubted: It is to be emphasized again that (1) both the
brushes and spin-coated layer were composed of es-
sentially the same PMMA on the same substrate, (2)
they have almost the same layer thickness, and (3) the
absolute value of κp is insensitive to experimental errors
in layer thickness measurement as mentioned above.
The lower values of κp in the molten state for the high-
density brushes suggests that they are more resistant
against compression than the PMMA melt.

An Interpretation of the Lower Plate Compress-
ibility of the Molten High-Density Brushes. In this
section, we try to interpret the strong resistance against
compression observed for the molten high-density
brushes. We assume here that the spin-coated layer and
the brushes have the same Poisson’s ratio (µ) in the
molten state, because µ ≈ 1/2 is reasonably assumed due
to the imcompressibility.21 This assumption and eq 4
allows us to discuss the difference in κp in terms of the
difference in G.

In accounting for the high G (low κp) of the high-
density brushes relative to the spin-coated layer, we
have to consider the following two opposite effects of the
highly stretched graft chains on elastic modulus: (1) the
strain-hardening effect resulting from limited chain
extensibility, which is often observed in stretching
extensively cross-linked rubbers;35,36 (2) the reduction
in entanglement density due to a decrease in the
overlapping degree of different graft chains, which is
reasonably expected because the monomer densities of
the molten PMMA brushes and the PMMA melt should
be comparable. The reduction in entanglement density
is roughly evaluated from the dimensional change of a
single graft chain in the direction normal to stretching;
i.e., RT ) Rg,⊥/Rg0, where Rg,⊥ and Rg0 is the gyration
radius of the chain in the normal-to-stretch direction
in the stretched and undeformed states, respectively.
The difference in entanglement density should be
proportional to RT

2 because entanglement coupling
results from binary interaction. The expression of RT(λ)
for a Gaussian chain whose end-to-end distance in-

creases by a factor of λ was derived as RT ) [(λ + 1)/
(2λ)]1/2.37 This formula with λ ) 4-4.7 (corresponding
to the range of stretched ratio of the graft chains in the
present study) yields RT

2 ) 0.59-0.61, which expects
that the entanglement density for the high-density
brushes is ca. 40% lower than that for the polymer melt
(the spin-coated layer). The former effect (1) and the
latter one (2) yield the increase and decrease in elastic
modulus, respectively. The experimental result of the
lower κp of the high-density brushes implies that the
former effect exceeds the latter one.

The elastic modulus of the polymer brushes can be
theoretically evaluated, if the elastic free energy Fel is
known. However, Fel for high-density brushes has not
yet been derived due to the difficulties in considering
the higher-order interaction as well as the limited chain
extensibility. Instead, we argue here the elasticity of the
molten high-density brushes on the basis of the analogy
of rubber elasticity of a polymer entanglement network
in the stretched state. The experimental fact that κp of
the high-density brushes at 9930 Hz is independent of
temperature in the molten state allows us to assume
them as an entanglement network in the relevant time
scale. The rubber elasticity of entanglement network
can be theoretically described by the Edwards-Vilgis
(E-V) slip-link model38,39 in which entanglement is
modeled as a fictitious mobile slip-link which attaches
two entangled chains. The E-V slip-link model also
considers the limited chain extensibility on the basis of
the primitive path concept.38,39 As a consequence, the
slip-link model has the singularity in the chain entropy
at the ultimate extension ratio λmax given by λmax ) n1/2,
where n is the number of the Kuhn segments between
adjacent entanglements.38,39 The predictive ability of the
E-V slip-link model for stress-elongation relation was
experimentally confirmed by a multiaxial deformation
study of an entanglement-dominated cross-linked rub-
bery network.40 The slip-link model gives the true stress
σ (force per deformed cross section) for entanglement
network (without cross-links) under uniaxial deforma-
tion as38,39

with A ) 1 - R2(λ2 + 2/λ) and B ) 1 + ηλ2, where R, ν,
λ, and η are the gas constant, the number density of
entanglement chains, the extension ratio, and a meas-
ure of the slippage of slip-links, respectively. ν is related
to n by ν ) F/(nm), where F and m are the polymer
density and the molecular mass of a Kuhn segment,
respectively. We use here η ) 0.2343 proposed as a
theoretical value.41

Equation 8 with n ) ne ) 29 yields the stress-
elongation relation of the PMMA entanglement network
whose n is equivalent to the number of the Kuhn
segments between adjacent entanglements for PMMA
melt (ne ) 29).42 Figure 6 illustrates the reduced stress
as a function of λ for the entanglement network of n )
ne where the stress is reduced by 3νeRT. The quantity
νe is the entanglement density of PMMA melt given by
νe ) F/(nem), and the reduction factor 3νeRT is equiva-
lent to E or 3G (E ) 3G holds for incompressible
material), where E is the Young’s modulus. Note in
Figure 6 that the initial slope (at λ ) 1) for the

σ/RT ) ν(λ2 - 1
λ){(1 - R2)(1 + η)

A2 [(1 - η2λ)λ2A

B2(λ + η)2
+

R2(λ2

B
+ 2

λ + η)] + ηλ
B(λ + η)

- R2

A } (8)
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entanglement network of n ) ne, which is unity due to
the reduction by 3νeRT, corresponds to E or 3G of the
spin-coated layer. The strong upward curvature at high
extensions is the direct consequence of the limited
extensibility of the entanglement chains of n ) ne. It is
to be noticed that in this figure the gradient at certain
λ provides “small-strain” Young’s modulus (E or 3G) of
a network stretched up to the corresponding λ. For the
entanglement network of n ) ne, the gradient at λ )
4.3 (chosen as a typical stretched ratio of the graft
chains in the present study) exceeds 10, which suggests
that G of the nework of n ) ne stretched up to λ ) 4.3
is more than 1 order of magnitude larger than G of that
in the undeformed state. This difference in G is too large
to explain the difference in κp between the brushes and
the spin-coated layer, which implies that the reduction
in entanglement density for the brushes (i.e., n > ne)
must be considered.

As an opposite extreme case, i.e., no entanglement
case, the reduced stress-elongation curve for n ) 300
(corresponding to Mn ≈ 1 × 105 g/mol for a typical single
graft chain in the present study) with the graft density
γ ) 0.6 chains/nm2 is also illustrated in Figure 6. In
this case, the total stress is simply given as a sum of
the stress acting on a single graft chain. The stress is
calculated on the basis of the classical non-Gaussian
approach considering limited chain extensibility as σ )
γkTn1/2L-1(λ/n1/2), where L-1 is the inverse Langevin
function.35 Evidently, the slope of the curve at λ ) 4-4.7
is far below unity, which suggests that the magnitude
of elastic modulus of the brushes cannot be explained
in terms of the strain-hardening effect alone without
considering the elastic contribution of a considerable
amount of entanglement.

It can be seen in Figure 6 that if we assume n ) 50,
the gradient of the reduced stress-elongation curve at
λ ) 4.3 is ca. 1.5. This means that G of the entanglement
network of n ) 50 elongated up to λ ) 4.3 is ca. 3/2 times
as large as G of the entanglement network of n ) ne in
the undeformed state. These characteristics of the

entanglement network of n ) 50 at λ ) 4.3 apparently
are in accord with the experimental results: κp of the
polymer brushes with λ ) 4-4.7 is ca. 2/3 of κp of the
spin-coated layer. In addition, the reduction in entangle-
ment density for the brushes, ne/n ) (29/50) obtained
by this curve-fitting procedure, is close to the aforemen-
tioned evaluation ne/n ≈ RT

2 ) 0.59-0.61. This good
agreement for ne/n may be viewed with some caution,
because the equation for RT employed here is for a
Gaussian chain where the effect of limited chain exten-
sibility on RT is not considered. Nevertheless, the
agreement should be considered reassuring in view of
the roughness involved in these two independent ap-
proaches. Thus, the interpretation described here dem-
onstrates that the low compressibility of the molten
high-density brushes is mainly attributable to the strain
hardening originating from the high stretching of the
graft chains and that there exists a considerable amount
of entanglement of different graft chains contributing
to the elastic modulus.

Conclusions

The dielectric and electromechanical properties of dry
PMMA brushes with high graft densities of more than
0.4 chains/nm2 were studied as a function of tempera-
ture. The temperature dependence of the dielectric loss
clearly indicates that Tg of the brushes is ca. 10 °C
higher than that of corresponding spin-coated layers
with comparable layer thickness. The higher Tg of the
brushes is attributed to the anisotropic structure com-
posed of the highly extended graft chains. In the molten
state above Tg, the plate compressibility of the brushes
is ca. 30-40% lower than that of a corresponding cast
film. The magnitude of the plate compressibility of the
brushes suggests that the strain-hardening effect by the
highly stretched entanglement chains yields a larger
resistance to compression. Our results and calculations
further indicate a considerable entanglement between
chains in the graft layers.
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