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ABSTRACT:

We report on a process inducing photomechanical fracture of chemical bonds in photosensitive PMAA polymer brushes. The
photosensitive PMAA polymer brushes were prepared by covalent attachment of azobenzene groups to poly(methylacrylic acid)
(PMAA) chains generated by surface-initiated polymerization. While homogeneous irradiation leaves the polymer topography
unchanged, the azo-PMAA brushes show a strong response upon irradiation with UV interference patterns. The photoisomerization
process in the surface-attached polymer films results in the irreversible formation of surface relief gratings (SRG), which are strongly
enhanced upon washing with a good solvent for the polymer. The photomechanical forces during mass transport induced by the
irradiation lead to the scission of covalent bounds and accordingly to a degrafting of the polymer chains in areas where the polymer is
receding from. It is observed that the number of ruptured chains depends strongly on the amount of azo side chains in the polymer.

’ INTRODUCTION

Polymer brushes consisting of densely and covalently attached
polymer chains to a solid surface can be employed in a broad
range of applications, from tuning wettability to controlling
adsorption of proteins and biological systems.1 The brushes
consisting of two different polymers are of special interest.2 The
topography of these brushes can be switched between two
different states: patterned and flat, during nanophase separation
when exposed to solvents or vapors of different selectivity.3 In a
variety of experimental and theoretical works it is described how
the brush topography can be tuned among different metastable
states by changing the solvent quality and/or temperature.4 On
the other hand, there are also several publications how the surface
polarity and wetting of brushes can be influenced by external
stimuli.5 However, there is so far no report on how the topog-
raphy of a brush can be controlled by using light as the only
external stimulus.

Physisorbed azo-group -containing thin polymer films on the
other side have been widely used to assemble photoresponsive
surfaces utilizing mass migration and orientational effects, as they
show reversible changes of physical properties upon light
irradiation.6 It is well-established that substituted azobenzene
molecules undergo a reversible trans�cis�trans isomerization
when irradiated with polarized light of an appropriate wavelength.
This leads to a quasi-permanent molecular reorientation in a

direction perpendicular to the direction of polarization.7 Irradia-
tion of an azo-polymer thin film with an interference pattern of
UV light can be used to reversibly write in certain topographic
features into the polymer film, resulting in formation of so-called
surface relief gratings (SRGs).8,9 This initiation of material flow
by absorption of UV light can even occur at room temperature in
air, i.e., in glassy state, when the polymer is supposed to be a solid.
This is interesting, as not only the local properties of the azo
content are changed but the whole matrix and polymer structure
changes itself. Following the pioneering work of Nathanson and
Kumar,8,9 a lot of studies have been conducted clarifying the
details of writing and erasing such relief structures as well as
understanding the physical origins of the transport mechanisms.10

Still a lot of open questions remain. A common starting point of
all proposed mechanisms so far is the reorientation of azo-
molecules according to the direction of the electric field vector,
to which they preferentially orient perpendicularly.11 Taking this
evidence, one can develop models along various lines, for instance,
changes in free volume of the azo-molecules and orientational
phase changes such as in a nematic liquid crystals that alsomay be
related to significant changes in strain within the polymer leading
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to a viscoelastic response. In this respect, azo-modified polymer
brushes may prove to be useful for further experimental studies,
as due to the geometrical constraints of the high-density grafted
polymer chains, considerable preorientation of azo-groups can be
achieved.

Recently, end-grafted polymer layers have been used as
carriers for photoresponsive molecules and exhibit surprisingly
different properties from spin-casted films.12 It was shown that
the orientation of azo-groups within the thin polymer film is
preferentially parallel to the surface in the case of polymer
brushes, whereas in the case of nongrafted films, the azo-groups
are oriented mostly perpendicularly.

In this work we present the synthesis and characterization of
photoresponsive polymer brushes by attaching azobenzene
chromophores to surface-attached PMAA chains. We describe
the response of the resulting azo-polymer brushes to illumination
with UV interference patterns. We study the topography of the
irradiated films before and after exposure to a good solvent for
the polymer and compare the behavior of these films to the
corresponding physisorbed azo-containing polymer films. We
investigate the photomechanical scission of polymer chains
within the brush during SRG formation.

’EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Aldrich and used
without additional purification. Silicon wafers with a 2.5 nm thick
silicium oxide layer (Si-Mat; Germany), polished on both sides, were
used for growth of polymer brushes.
Synthesis of Azo-PMAA Brushes. Poly(methacrylic acid)

brushes were generated by surface-initiated photopolymerization fol-
lowing a method described elsewhere.13 PMAA brushes were treated
with oxalyl chloride in dimethylformamide (DMF) (0.2 vol %) at room
temperature for 3 h (Scheme 1). The obtained acid chloride-co-
anhydride brushes were treated with DR1 in DMF at room temperature
for 1 h. The obtained functionalized brushes were extracted with DMF
for 16 h.
Methods. Transmission FT-IR spectra of the attached polymer

layers were recorded using a Bio-Rad Excalibur spectrometer. The
characterization of surface topography of azo-PMAA brushes was carried
out with atomic force microscopy (AFM) (Nanoscope IIIa, Veeco). The
microscope was operated in tapping mode, using commercial tips
(NanoSensors) with a resonance frequency of ∼300 kHz and a spring
constant of ∼50 N/m. The AFM micrographs were recorded in air at a
temperature of around 23 �C.

The Lloyd’s mirror scheme with He�Cd laser (Kimmon) operating
at λ = 442 nm (total power of about 60 mW) was used as UV
interference lithography setup (Figure 1).

The beam of the circular polarized light is cleaned by a lens�pinhole
unit and then split into two coherent beams by the mirror, interfering at
the sample position to create a regular line pattern. The periodicity of the
interference pattern is given by d = λ/sin(θ/2), where λ is the
wavelength of the incident light and θ is the angle between the incoming
laser beam and the mirror surface. Irradiation times vary between several
minutes and 2 h.

’RESULTS AND DISCUSSION

To introduce photosensitive azobenzene groups into a poly-
mer brush, we chose in this study the polymer-analogous esterifica-
tion reaction between the poly(methacrylic acid) brush (PMAA)
and disperse red (DR-1) as the azobenzene compound (Scheme 1
and Figure 3a), as the corresponding azobenzene group contain-
ing monomer gave only low molecular weight polymer and thus
very thin brushes.

Chlorination of PMAA brushes with oxalyl chloride yielded a
copolymer brush containing both acid chloride and anhydride
groups as described for bulk PMAA.14,15 The FT-IR spectra of
PMAA brush and of its chlorination product are presented in
Figure 2. The strong double bands at 1756 and 1802 cm�1 can be
assigned to overlapping absorption bands of acid chloride and
anhydride carbonyl groups.16 From the loss of the adsorption
band of the acid group it might be concluded that an almost

Scheme 1. Synthesis of PMAA�DR1 Ester Brushes

Figure 1. Scheme of the Lloyd’s setup used for structuring of photo-
sensitive polymer brushes.

Figure 2. FT-IR spectra of PMAA (black), poly(MAA chloride�MAA
anhydride) (red), and PMAA�DR1 ester brushes.
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complete conversion of the acid groups of PMAA into the acid
chloride/anhydride takes place although detection of an absorp-
tion band of acidic carbonyl groups in the FT-IR spectrum could
be complicated by the presence of chloride and anhydride. In
addition to the FT-IR analysis, the relative content of acid
chloride and acid anhydride groups can be estimated from the
reactivity of the activated brush during the esterification with
DR1. While acid chloride groups react relatively rapidly with
DR1 the corresponding reactions with anhydrides is much
slower. Rapid esterification of ∼25% of the functional groups
takes place at room temperature, as analyzed using the decreasing
of integral of carbonyl group absorption band of FT-IR spectrum.
The remaining functional groups undergo a rather slow ester-
ification at higher temperature in the presence of a catalytic
amount of TEA. By varying the reaction time, the azo-content of
the brushes can be controlled. The FT-IR spectrum of DR1 ester-
functionalized brush shown in Figure 2 with 25% azo-content
shows characteristic absorption bands of the azo compound at
1601 cm�1 (CdC), 1518 cm�1 (NO2 assym), 1389 cm�1

(NdN), 1339 cm�1 (NO2 symm), and 1142 cm�1 (CN) as
well as those of ester-carbonyl group at 1688 cm�1.

While homogeneous UV-irradiation left the polymer topo-
graphy practically unchanged, irradiation with an interference
pattern yielded a very strong response of the film topography to
the irradiation. The topography follows the intensity distribution
of these patterns and deforms, resulting in a surface relief grating
(SRG). Before irradiation, the topography of the azo-brushes is
flat with a roughness of 0.5 nm (rms taken over an area of 10μm�
10 μm) (Figure 3b). After an irradiation time of 10 min the
depth of the stripes is 10 nm, and the periodicity of the formed
pattern is 1.2 μm (Figure 3c). By increasing the irradiation time
to 30 min, it was possible to almost completely remove the
polymer material from certain areas on the brush. The pattern of

mass redistribution follows the irradiation pattern (Figure 3d).
However, it is difficult to make a statement how the material
redistribution is correlated with the light intensity. It is not clear
whether a concentration of mass proceeds into areas of minimum
ormaximum irradiation intensity (as it may appear from Figure 3a).

The brush shown in Figure 3b�d has 65% of its monomer
units substituted by DR-1. The thickness of the brush in this case
is 60 nm, while the depth of the stripes is 55 nm after 30 min
irradiation. Characteristic almost regular longitudinal cracks
perpendicular to the direction of mass transport are observed
(Figure 3d). They have distances between 200 and 600 nm and
typical lengths around 600 nm.

The depth of the stripes formed depends on the amount of the
attached azo-groups, when irradiation time and intensity were
kept constant. For this study, we cut a poly(MAA chloride�
MAA anhydride) brush with a thickness of 117 ( 5 nm
into several pieces and treated it with DR1. The modified brush
with an azo-contents of 16% resulted in an increase of the
thickness to 140 ( 5 nm, while a 25% contents of DR-1 lead
to a thickness increase to 152( 5 nm, as determined from AFM
measurements.

The irradiation time was kept at 15 min, corresponding to a
dose of 90 J/cm2. Figure 4 shows that the stripe depth increases
from 1 nm for the polymer with 16% of (DR-1) substituted
repeat units to 2 nm for 18%, 4 nm for 21%, and 7 nm for 25%
monomer substitution with azo side chains. To check whether
the SRG formation is reversible, i.e., whether it is possible to
make the brush material to refill the voids, the brushes were
treated with dimethylformamide, which is a good solvent for the
polymer. Surprisingly, instead of returning to the flat state, we
find that the depth of patterns does not decrease but increases
from 12 to 15, 25, and 55 nm for azo-contents of 16%, 18%, 21%,
and 25%, respectively (Figure 4).

Figure 3. (a) Schematic depiction and chemical structure of the photosensitive azo-PMAA polymer brush. (b) Tapping mode AFMmicrograph of the
azo-PMAA brush before irradiation with interference pattern. (c) The topography of the brush after irradiation with the UV interference pattern at
λ = 442 nm during 10 min. (d) After irradiation during 30 min, the depth of the formed pattern increases to almost total height of the brush; that is, areas
of small height are almost at substrate level.
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An explanation of this phenomenon is that some of the polymer
chains have been ruptured from areas of low light intensity. To
further elucidate this point, an identical sample was treated with
UV light under homogeneous illumination followed by exposure
to DMF solution. In this case no change in thickness of the
polymer layer occurs as can be inferred from the AFM cross-
sectional analysis of the brush (see Supporting Information).

In a second experiment it was shown that also the irradiation of
the pure PMAA brush with a UV-intensity pattern does not result
in topography changes (Figure 4d). There was no drop in overall
film thickness measured after intense treatment with DMF
solvent. This result rules out a simple photochemical degradation
mechanism involving an absorption process under UV-irradia-
tion. This can be taken as clear evidence that the scission of the

Figure 4. (a) Stripe height of azo-PMAA brushes after irradiation with UV interference patterns as a function of azo concentration of the polymer film.
The red curve corresponds to the height directly after irradiation (15 min, with an irradiation dose of 90 J/cm2), while the black one shows the same
pattern after additional treatment of the brush with DMF. (b) and (c) show the corresponding AFMmicrographs. (d) shows the topography of a PMAA
brush just before irradiation and after 1 h of irradiation with UV interference pattern followed by DMF treatment.

Figure 5. AFM micrographs with corresponding schemes of chain elongation clarifying the AFM procedure for estimating the fraction of ruptured
chains. The black areas in (a) and (c) are due to a scratch, which allows a thickness determination.
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polymer chains off the silicon substrate takes place only due to
mass transport and is not caused by photochemical degradation.

From the AFM measurements it is possible to estimate the
number of ruptured chains using

Δσmin ¼ 1� hmin
h0

where h0 is the initial thickness of the brush, hmin is the thickness
of the grooves after treatment with DMF, and Δσ is the
percentage of ruptured chains (Figure 5).

Even at low content of azo-groups (16%), more than 50% of
the chains are ruptured, while at 25% monomer substitution it
increases up to 72% (Table 1).

One might speculate about the very nature of the scission
process. On the one hand, there are chain scission theories for
laminar flow assuming that the drag force experienced by the
chain rises until it will eventually break the molecular bond when
a certain critical strength is exceeded. In our case, we would have
to overcome the bond strengths of either Si�O, Si�C, C�C, or
C�O bonds that are relevant for the brush chain attachment.
However, it is not clear at this point whether the energy change
per volume built up through the light-induced gradient forces
suffices to directly break the rather strong covalent bonds (Si�O,
452 kJ/mol; Si�C, 318 kJ/mol; C�C, 346 kJ/mol; C�O,
356 kJ/mol).17 This will depend on the density of grafting points
compared to the energy changes per volume within the polymer
film and is at the present stage hard to estimate.

In addition, the stripe depth and thus the fraction of ruptured
chains seem to depend exponentially on the azo-contents. This
could be explained if we assume that the energy deposited in the
polymers by the irradiation intensity increases linearly with the
azo-contents and that chain scission is a thermally activated
process.When a simple Arrhenius behavior is considered, a linear
increase in the energy would lead to a corresponding exponential
increase of the rate constant for the scission process.

However, it might well be that the scission process is more
complex than suggested above, where forces act on an indepen-
dent single chains embedded in some mean-field environment.
In addition, collective behavior may occur where large local
tensions capable of breaking single bonds are built up from large
scale mechanical strains. There is at least an indication toward
this picture, arising from the occurrence of nanoscale cracks in
the films shown in Figure 4c. The photodegrafting process will
depend onmany parameters, such as the irradiation time and also
the aspect ratio (periodicity of the stripe pattern with respect to
the maximum film thickness possible) which still need to be
studied more comprehensively.

’CONCLUSIONS

Azobenzene-group-containing PMAA brushes were generated
by surface-initiated polymerization and a polymer analogous
reaction. The maximum content of azo side chains introduced
into the PMAA chains that could be achieved was 65%.While the
photogroup containing film was very stable against photodegra-
dation, it exhibits a very strong response upon radiation with UV-
light interference patterns, leading to inhomogeneous intensity
distributions. We observe formation of a pronounced periodic
structure of the polymer film following the periodicity of the
intensity pattern of the UV light. The topography change is
related to a redistribution of polymer mass induced by the
cis�trans isomerization of the azobenzene moieties that most
likely proceeds from areas of low toward high light intensity. We
find that this mass redistribution is irreversible under certain
conditions. It can be attributed to a photomechanically induced
scission of polymer chains, leading to a degrafting of polymers off
the substrate. This is further substantiated by the fact that upon
solvent treatment a significant fraction of the polymer is washed
out and that the topography modulations are strongly enhanced.
The degrafting process increases very strongly with the azo-
contents of the polymer. However, even at small azo-contents,
more than 50% of the chains are ruptured, predominantly within
areas of receding polymer material.

The surprising strength of the photomechanical scission
process could not be inferred from surface relief grating forma-
tion in simple physisorbed photosensitive films and is still lacking
a detailed understanding. This question, however, is interesting
because it directly challenges the understanding of optically
induced phase changes in photosensitive films as a whole.
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