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The molecular dynamics of poly(2-vinyl-pyridine) (P2VP) brushes is measured by Broadband Dielectric Spectroscopy (BDS)
in a wide temperature (250 K—440 K) and broad spectral (0.1 Hz— 1 MHz) range. This is realized using nanostructured, highly
conductive silicon electrodes being separated by silica spacers as small as 35 nm. A “grafting-to”-method is applied to prepare
the P2VP-brushes with five different grafting densities (0.030 nm?—0.117 nm~2), covering the “true-brush” regime with highly
stretched coils and the “mushroom-to-brush” transition regime. The film thickness ranges between 1.8 to 7.1 (£ 0.2) nm. Two
relaxations are observed, an Arrhenius-like process being attributed to fluctuations in the poly(glycidyl methacrylate) (PGMA)
linker used for the grafting reaction and the segmental dynamics (dynamic glass transition) of the P2VP brushes. The latter is
characterized by a Vogel-Fulcher-Tammann dependence similar to bulk P2VP. The results can be comprehended considering the

length scale on which the dynamic glass transition (< 1 nm) takes place.

1 Introduction

Polymer brushes are subject to intensive research with a broad
range of interests. Surface grafted polymer layers are on the
one hand an interesting field from a theoretical point of view,
as they represent a model system for macromolecules in con-
fined geometry 2. In recent years, much effort has been made
to develop and improve superior synthesis strategies >, get-
ting tethered polymer layers with high grafting densities and
specific molecular architecture for different materials and ma-
terial combinations. Depending on the specific purpose, sys-
tems like mixed brushes, consisting of two polymer compo-
nents, nanoparticle-brush composites or brushes controlling
cell adhesion have been established. The use of stimuli re-
sponsive polymer brushes allows switching and fine-tuning of
surface properties>’~!1,

For polymer layers of only a few nanometers thickness,
about two decades of controversial discussion focussed the
question whether or not glassy dynamics and glass transition
deviate from the well-known bulk properties'>!3. Interfa-
cial interactions between the polymer and its confining sur-
faces were assumed to induce different dynamics -1, How-
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ever, recent results coincidently indicate that glassy dynam-
ics of thin polymer layers !317-26 and even isolated polymer
chains?’ is identical to bulk dynamics. In contrast, the calori-
metric glass transition may deviate from the bulk value which
is, according to recently developed theories, rather related to
the finite system size!>%-32 or adsorption?63. Compared
to these deposited layers, chemical bonding of polymers to
the substrate represents a much stronger attractive interaction.
In the case of poly(methyl methacrylate), an increase of the
calorimetric glass transition has been found for grafted chains
while spin cast layers did not show such changes although the
substrate varied from hydrophilic to strongly hydrophobic3*.
Since the calorimetric glass transition is no reliable measure
of segmental dynamics?!, the present work employs Broad-
band Dielectric Spectroscopy (BDS) as a technique directly
accessing this process. In this study, the molecular dynam-
ics of poly(2-vinyl-pyridine) (P2VP) polymer brushes is in-
vestigated by means of BDS. Since each chain segment car-
ries a dipole moment, it allows for the measurement of the
segmental mode, or a-relaxation, of the polymer, which is the
structural relaxation underlying the dynamic glass transition.
Dielectric measurements down to the level of a few-nm thin
films are possible with a recently developed nanostructured
electrode arrangement°. Silica pistons with a height of a few
tens of nm serve as spacers to guarantee a small and well-
defined distance between the electrodes.
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2 Experimental

The electrodes of the sample capacitor consist of two highly
conductive silicon wafers with a specific resistance p <
0.01 Qcm purchased from Si-Mat and a 200-nm-thick Al-layer
deposited on the backside. The lower electrode with a native
oxide layer of about 1 —2 nm is used as substrate for the poly-
mer brush preparation. After cutting the wafer in 10x20 mm?
pieces the wafer dice are cleaned in an ultrasonic bath with
ethanol followed by oxygen plasma treatment. To graft the
P2VP chains on the substrate, a two-step “grafting-to” pro-
cedure is applied”?73°. First, a thin layer (d ~ 2.5 nm)
of poly(glycidyl methacrylate) (PGMA) (M, =17.5kg/mol,
M,, =29.7 kg/mol, obtained from Polymer Source Inc.) is de-
posited from a 0.02wt% chloroform solution and annealed at
100°C for 20 min. The PGMA serves as an anchoring layer.
In a second step, carboxyl terminated poly(2-vinyl pyridine)
(P2VP-COOH, M,, =40.6 kg/mol, M,, =43.8 kg/mol, obtained
from Polymer Source, Inc.) is spin-coated from a 1wt% THF
solution. Subsequently, by applying annealing times from
1 min to 16 h, the grafting process of the P2VP-COOH chains
is interrupted at different times. As a result, samples with dif-
ferent grafting densities are prepared. Finally, the samples are
rinsed in THF to remove ungrafted polymer chains.

As top electrode a 1x1 mm? silicon wafer dice (Fig. 1) is
used, which is accomplished with an array of highly insulating
silica spacers having a quadratic cross section of 5x 5 um?
and a height of 35nm. In order to clean the dice, acetone
rinsing and plasma treatment followed by snow jet blasting
are applied.

© Top electrode with silica nanospacers

. T350m

Bottom electrode with thin film

Fig. 1 Sample arrangement: the capacitor (a) is composed of two
highly doped silicon electrodes (p < 0.01 Qcm, bottom electrode:
10x 20 mm?, top electrode: 1x 1 mm?; (b) cross section of the
sample capacitor). The top electrode is covered by an array of
insulating silica nanostructures, serving as spacers (c). The spacers
have a height of 35 nm, as confirmed by AFM scans (d), and enable
one for dielectric measurements without evaporating a metal counter
electrode.

To check the quality and homogeneity of the prepared poly-

mer brushes Atomic Force Microscopy (AFM) is carried out
employing a Vecco Dimension 3000 AFM in tapping mode.
Film thicknesses are determined by ellipsometry (Sentech SE-
402 scanning microfocus ellisometer).

For the BDS measurements a Novocontrol Alpha analyzer
(spectral range from 1 mHz to 10 MHz) was used, in combi-
nation with a Quatro temperature controller to cover a tem-
perature range of 250 K—440K with a relative stabilization
accuracy of 0.1 K. The measurement accuracy of the dielec-
tric spectrometers is 10~*. Due to uncertainties in the control
of the separation between the solid surfaces of the nanostruc-
tured electrodes, the dielectric strength of the relaxation pro-
cesses can be only determined with an absolute accuracy of
~30%. This does of course not influence the precision with
which the maximum position of the relaxation processes and
hence the mean relaxation rate can be deduced.

3 Results and Discussion

After each step of the polymer brush preparation, the layer
thickness was measured by ellipsometry. The measured layer
thicknesses for PGMA and P2VP for the different anneal-
ing times are listed in table 1. Using 6 = hpNs/M,, the
corresponding grafting densities, ranging from 0.030 nm~? to
0.117 nm™~2, can be calculated? (table 1). With the radius of
gyration of the P2VP coils (Rg ~ 5 nm) the reduced grafting
density® is given by ¥ = 7'ER§G. Using the classification of
Brittain et al.® the samples cover the “true-brush” regime with
highly stretched coils and the “mushroom-to-brush” transition
regime.

Table 1 Sample details: P2VP brushes with five different grafting
densities are prepared by applying five different annealing times for
the P2VP-COOH chains on top of a PGMA layer. The PGMA and
P2VP layer thicknesses dpgya and dpyy p respectively are measured
by ellipsometry. The corresponding grafting density cppyp and the
reduced grafting density X can be calculated. Samples 1-3 are
clearly in the “true brush” regime, while samples 4 and 5 cover the
“mushroom-to-brush” transition regime.
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sample  annealing  dpGuma dpavp opovp [nm~?2] z

time [nm] [nm] (£0.005 nm™2)
1 16h 2.54+0.1 7.1+£02 0.117 9+2
2 30 min 24+0.1 64+0.1 0.106 8+2
3 10 min 24+0.2 52+0.2 0.086 7+1.5
4 6 min 24+02 45+02 0.074 6+1.5
4 1 min 2.6+0.1 1.8+0.1  0.030 24+1

The film quality of the prepared P2VP polymer brushes
is also checked by AFM measurements. Typical images of
three grafting densities are given in Figure 2 and show a ho-
mogeneous surface with a typical roughness in the order of
Rgms = 0.3 nm. This confirms, together with the ellipsometric
data, the homogeneity of the prepared films of P2VP brushes.
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Fig. 2 AFM scans providing the quality of the prepared P2VP brushes with varying grafting density. Three example images are shown for
three different grafting densities. The scans reveal homogeneous films after the grafting procedure with a roughness of about Rgyss ~ 0.3 nm
for all five grafting densities. Film thicknesses, as specified on the top of each image, were determined by ellipsometry ranging from 7.1 nm to

1.8 nm (& 0.2 nm).

To access the molecular dynamics of the prepared P2VP
brushes, BDS measurements were carried out. Fluctuations
of dipolar segments of the polymer chains are probed by
measuring the complex dielectric function €* = &’ —ie” with
the real (¢’) and the imaginary or loss (€”) parts. Measure-
ments were performed in the frequency range from 10~! Hz
to 10° Hz at temperatures ranging from 250K to 440 K. Fig.
3 shows the dielectric loss €’ spectra of the P2VP brushes
at three different temperatures (400 K—420K). Several fea-
tures can be observed in the spectra. Beside the molecu-
lar relaxations of PGMA and P2VP the specific structure of
the sample capacitor with silicon wafer electrodes, an inter-
facial silica layer and the silica spacers with their respective
dielectric properties contribute to the measured signal. To ac-
count for the multiple components, an equivalent circuit model
is used to describe the spectra (see Supplementary Informa-
tion). Each component is included with a certain thickness
and a complex dielectric function. With this model a fit func-
tion for the measured dielectric loss is deduced (solid lines
in the spectra of Figure 3) and can be used to extract the
net dielectric properties of the components, e.g. the P2VP-
brushes. Two linear contributions at the low and high fre-
quency side are present which originate from a parasitic con-
ductivity (related to the silica spacers or contaminating parti-
cles between the electrodes) and the limited resistivity of the
silicon electrodes, respectively. A conductivity part of the thin
P2VP layer leads to a polarization peak, observable in a fre-
quency range of 10~! Hz to 10? Hz in the plotted temperature
range of 400 K—420K. The remaining molecular relaxations
of PGMA and P2VP are modeled by two Havriliak-Negami-
functions £* = €.+ Ae/(1+ (iwtyy)P)?, an empirical func-
tion to describe relaxation processes. Reference measure-

ments of a PGMA layer with (2.5+0.1) nm thickness were
done to determine the PGMA contribution and show a pro-
cess in the temperature range of 250 K—-430K (see Supple-
mentary Information). In Fig. 3 this PGMA-relaxation is ob-
served in the frequency range 10° Hz—10%Hz. Finally, the
process lying within 102 Hz— 10° Hz is assigned to the P2VP
a-relaxation, i.e. the dynamic glass transition. With decreas-
ing grafting density, the intensity of the ¢-relaxation peak de-
creases due to the reduced layer thickness. In the present mea-
surement configuration with 35 nm silica spacers and with the
present bilayer preparation technique, the two lowest graft-
ing densities (04, 05 in Fig. 3) already represent the limit of
sensitivity for getting signals of the P2VP a-relaxation. The
temperature dependence of the maximum position of the o-
relaxation is depicted in the activation plot (Fig. 4). It shows
a Vogel-Fulcher-Tammann temperature dependence for all the
measured grafting densities, a characteristic feature of the dy-
namic glass transition. Furthermore, within the experimental
uncertainty, no deviations from bulk dynamics are observable.
Hence, the conformational differences in the varying brush
stages have no influence on the glassy dynamics.

Similar results were reported by Mapesa et al.?® for thin
layers of polyisoprene spincast onto substrates. Their work
shows that the segmental dynamics remains identical while
the chain conformation is subject of pronounced alterations
due to changes in the layer thickness.

The fact that the mean relaxation rate of the segmental dy-
namics is independent of the grafting density shows that the
potential between the chain segments is identical for all sam-
ples. On the one hand, this is remarkable according to the fact
that the coiled polymer chains in such brushes are expected to
stretch in perpendicular to the substrate and, by that, take an

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol]l, 1-5 |3



Soft Matter

log(e)

log(e)

2

|0, =0.086 nm’

log(e")

g, =0.074 nm’

log(e")

log (f [Hz])

Fig. 3 Dielectric loss £” spectra of P2VP brushes on a PGMA
anchoring layer for five different grafting densities at varying
temperatures as indicated. Three contributions are observed.
Besides a polarization mode (dotted lines) and a PGMA-relaxation
(dashed lines), the o relaxation of P2VP is visible (solid lines). A
conductivity contribution has already been subtracted from the data
for clarity. The dashed, dotted and solid lines are parts of the global
fit function, consisting of a superposition of three Havriliak-Negami
functions, used for fitting the data. The relative experimental
accuracy is given by the size of the symbols if not indicated
otherwise. The absolute accuracy of the relaxation strength is
estimated to be = 30%.

entropic force 2. As the results show, the impact of such ef-
fects on the inter-molecular potential can be neglected. On the
other hand, our finding can be to some extent anticipated from
the work of Tress et al.”” who found bulk-like glassy dynam-
ics in condensed isolated P2VP polymer chains. In their case,
isolated P2VP chains were, in very flat (height ~3—-6nm)
conformation, subject to attractive interactions with terminal
hydroxyl groups of a silica surface which had no impact on
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Fig. 4 Activation plot of the P2VP ¢ -relaxation and the
PGMA-relaxation of P2VP brushes on a PGMA layer for five
different grafting densities as indicated. For all grafting densities the
PGMA relaxation has an Arrhenius-like thermal activation while the
P2VP-brushes follow a Vogel-Fulcher-Tammann temperature
dependence. The solid line shows the mean relaxation rates of bulk
P2VP in a nanostructured capacitor, based on equivalent circuit
calculations (see Supplementary Information). The error bars show
the accuracy for determining the mean relaxation rate.

the glassy dynamics of most of the segments. These results
indicate a bulk-like density in these systems.

4 Conclusion

Broadband dielectric measurements were carried out to re-
veal the molecular dynamics of P2VP brushes with different
grafting densities ranging from highly stretched brushes to the
mushroom-to-brush transition regime. The quality of the pre-
pared thin films was checked by AFM and ellipsometry. Us-
ing nanostructured electrodes with 35 nm silica spacers it was
possible to measure the dynamic glass transition of the P2VP
brushes for all the prepared grafting densities. The finding that
the mean relaxation rate of the P2VP brushes coincides with
that of the bulk demonstrates that the intermolecular potentials
for segmental fluctuations are similar. This indicates that also
the density is not altered, a proposition, which to the best of
our knowledge has not yet been proven experimentally, but be-
ing commonly anticipated in the determination of the grafting
density from the layer thickness. Hence, the presented results
corroborate the assumption of bulk density in brush systems
in the examined range of grafting densities.
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By using Broadband Dielectric Spectroscopy with nanostructured silicon electrodes we found that the
segmental dynamics (dynamic glass transition) of a series of P2VP brushes is bulk-like.



