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ABSTRACT

We investigate light-induced irreversible structuring of surface topographies in poly(3-
sulfopropyl methacrylate / potassium salt) (PSPMK) brushes on flat solid substrates prepared by
surface-initiated atom transfer radical polymerization that have been loaded with azobenzene-
based surfactants comprising positively charged head groups and hydrophobic tails. The
surfactants exhibit photo-responsive properties through photo-isomerization from the trans- to
cis- states leading to significant changes in physico-chemical properties of grafted polymer
chains as a whole such as polarity, size and shape. Exposing these photosensitive brushes to
irradiation with UV interference beams causes the polymer brush to form surface relief grating
(SRG) patterns. The cationic surfactant functionalizes penetrate only ~25% of the upper portion
of the PSPMK brush, resulting in the formation of two sections within the brush: a photo-
responsive upper layer and non-functional buried layer, which is not affected by the UV
irradiation. Using nanoFTIR spectroscopy, we characterize locally the chemical composition of
the polymer brush, and confirm partial penetration of the surfactant within the film. Strong opto-
mechanical stresses take place only within the upper layer of the brush that is impregnated with
the surfactants and causes surface topography alternation due to a local rupture of grafted
polymer chains. The cleaved polymer chains are then removed from the surface using a good
solvent, leaving behind topographical grating on top of the non-functional brush layer. Photo-
structured polymer brush can be used for reversible switching of brush topography by varying
external humidity. The azobenzene surfactant enables photo-responsive behavior without

introducing irreversible changes to chemical composition of the parent polymer brush.



Introduction

A polymer brush features polymer chains attached covalently with one end to a solid surface at
high grafting density (i.e., a number of polymer grafts per unit area). Such a system allows for
tailoring surface properties for specific applications in biomedicine, nanotechnology,
bioelectronics, optics, and other fields.»>3456.788 The density of the anchoring points at which
chains can be “grafted” ranges typically from 0.01 to 0.5 chains/nm? 1011121314 The chemical
structure, grafting density, and the molecular weight of the polymer chains governs the brush
properties. Brushes consisting of polymer chains with ionizable groups are referred to as
polyelectrolyte (PE) brushes.'>16:17:18.19 They exhibit a strong dependence on the density of
ionized/ionizable groups and the concentration of external salt in solution to which they are
exposed. The PE brushes have received recently attention due to generating responsive
coatings.?® One practical advantage of PE brushes is the possibility to modify them posteriori by
attaching modifiers that alter the original characteristic of the grafted polymer. In this way, the
brush can be made to interact with proteins or nano-particles or even be loaded with other small
molecules through electrostatic or other physical/chemical interactions,?%22:23.:24,25.26,27,28,29,30,31
For instance, a negatively charged polyelectrolyte brush (i.e., poly(methacrylic acid)) exposed to
a solution containing cationic photoresponsive surfactant may uptake a significant amount of
surfactant molecules. 2 The surfactant may include a positively charged head group and a
hydrophobic tail group containing an azobenzene group, which can undergo reversible photo-
isomerization from a trans- to a cis-conformation rendering surfactant either hydrophobic or
hydrophilic, respectively.333+35 When the polymer brush modified by photosensitive moieties is
exposed to an irradiation using interference pattern (IP), i.e., light with periodically varying

intensity or polarization, the topography of the brush alters brush topography while forming the



so-called surface relief gratings (SRG) featuring a sinusoidally-shaped profile that propagates up
to several hundreds of nanometers in depth. This phenomenon has been observed first in
physisorbed polymer films®®:3” and later in polymer brushes.®3° The SRG mechanism in glassy
polymer materials results in the generation of strong, internal opto-mechanical stresses which
can be as high as 1 GPa. #0:41:42.43 The macroscopic viscoplastic deformations of the solid
material (Young modulus of the polymer film is several GPa) is governed by local ordering of
the azobenzene groups that re-orient perpendicularly to the electrical field vector during the IP
irradiation. As a consequence, the polymer backbones follow local changes in the orientation of
azobenzenes, to which they are attached.** In polymer brushes, the high grafting density leads to
significant stretching of chains; the extent to which backbones can reorient or migrate is limited.
Thus, the SRG formation can be accompanied by local rupturing or scission of polymer chains in
areas from which the polymer material is receding, i.e., in the SRG minima. By exposing the
structured brush to a good solvent the ruptured chains can be liberated from the surface by
exposing the irradiated substrate to a good solvent, thus leaving behind characteristic
topographical patterns as a footprint of the irradiation event. Due to the high grafting density of
polymer brushes, the surfactant may not penetrate completely throughout the entire brush
thickness (i.e., the bottom portion of the brush remains unfunctionalized). The depth, to which
the surfactant can penetrate into the brush, also depends on the surfactant size. Thus, surfactants
with longer spacer groups connecting the head-group and the azobenzene unit will impregnate
the brush only to a limited extent.*® During the SRG process the rupturing of polymer chains
occurs predominantly in the surface regions that possess high concentration of the surfactant. In
the past we also studied the SRG process using diblock-copolymer brushes consisting of

poly(methylmethacrylate-b-methacrylic acid) (PMMA-b-PMAA), in which the top block was



functionalized with the azobenzene surfactant. We reported that rupturing occurred at the link
connecting the bottom PMMA (non-functionalized) and the top PMAA (photosensitive) blocks.
32 The results described above utilized PMAA polyelectrolyte brushes of grafting densities
between 0.01 and 0.4 chains/nm?, showing that this parameter does not influence significantly
the functionalization of the brush with the oppositely charged surfactant.

The PMAA brush is a so-called weak PE brush, in which the degree of dissociation
depends on local environmental conditions, i.e, the pH, and ionic strength, both of which can
tune the charge densities along the polymer chains.*47:48.4% In contrast, the so-called strong PE
brushes have a fixed number and positions of the charges along the backbone, i.e., there is no
significant change in the brush conformation in response to pH (in salt-free solution).>%°146 |n
salt free (at neutral pH) solution the difference between the weak and strong PE brush can be
understood as follows. In weakly charged PE brushes, the counter ions may leave the interior of
the brush and the osmotic pressure of the counter ions becomes negligible in comparison to
uncompensated electrostatic repulsion between charged monomers along the polymer chains. In
strong PE brushes, nearly all counter ions are localized in the brush interior, which results in a
high osmotic pressure within the polymer film. In response to releasing this pressure, the
confinement of the counter ions in strong PE brushes leads to significant swelling of the charged
polymers due to water uptake under salt free conditions. The difference in counter ion
distribution gives rise to different interactions with small charged objects, such as proteins, nano-
particles, and surfactant molecules.>?

Here we report on a complex formation involving strong polyelectrolyte brushes
comprising poly(3-sulfopropyl methacrylate / potassium salt) (PSPMK) and photosensitive

surfactants. The cationic surfactant penetrates only ~25% of the upper region of the brush (vide



infra), resulting in two distinct layers: a photo-responsive upper layer and a surfactant-free
region, which remains unaffected by irradiation. We have found that during the formation of
SRGs in a photosensitive PSPMK brush, opto-mechanically induced scission of polymer chains
takes place only within the portion of the brush that possesses high surfactant concentration. We
have applied nanoFTIR spectroscopy °* 6! which is an optical near-field technique not limited by
diffraction. %2:% 0 to characterize the chemical composition of the polymer brush at a spatial
resolution of 30 nm, and confirm the partial penetration of the surfactant. Finally, we show that
after undergoing photo-structuring the polymer brush can be further reversibly manipulated by

modifying the brush topography through variation in humidity.

Experimental Part

Materials

Poly(3-sulfopropyl methacrylate / potassium salt) (PSPMK) brushes were synthesized using a
surface-initiated atom transfer radical polymerization (ATRP).%° In the first step, a silicon wafer
was modified with 11-(2-bromo-2-methyl)propionyloxy)undecyl-trichlorosilane (BMPUS)
ATREP initiator using a previously reported protocol,

Azobenzene containing trimethylammonium bromide surfactant (Azo-Nitro-TMAB)
(Figure 1) was synthesized by the reaction of 4-(4-Nitrophenylazo)phenol with 1,6-
dibromohexane and subsequent quaternization with trimethylamine, as described elsewhere.®
The surfactant was dissolved in water (MilliQ) and kept in dark for several days to ensure
complete relaxation to the trans configuration. All experiments were carried out in a room with

yellow light to avoid any premature isomerization of the surfactant.



Binding of photosensitive surfactants. The PSPMK brushes were placed in surfactant solutions of
a given concentration for 0.5 hour at room temperature followed by rinsing with water and

drying under nitrogen flow.

Methods: Atomic Force Microscopy (AFM) (Nanoscope V, Veeco), in tapping mode using
commercial tips (NanoSensors) with a resonance frequency of 300 kHz and a spring constant of
~50 N/m, was utilized to characterize the thickness and morphology of the polymer brushes. The
measurements were carried out in air, at room temperature, and constant humidity of 55%. For
thickness measurements, the brush was scratched with a glass pipette to completely remove
polymer material from the substrate and the height between the top of the brush and the substrate
was analyzed from the AFM cross-section data.

To achieve photoinduced deformation in polymer brushes, we employed a two beam
interferometer irradiation; the light source consists of a continuous (pumped with wave-diode)
solid state laser (CW-DPSSL, 75mW output power) operating in a single longitudinal mode with
a wavelength of 491 nm, oscillating in vertical linear polarization state (}) (Cobalt Calypso™).
The laser beam is spatially expanded and then collimated with a pair of focusing and collimating
lenses and a pinhole system. A 50:50 (L:R) beam splitter is placed behind the pinhole to split the
single into two beams with roughly equal intensities. The beams then pass through a set of wave
plates and polarizers and interfere near the polymer surface. Irradiation impinges onto the brush.

Near-Field Fourier-Transformed Infrared (nanoFTIR) spectroscopy. A home-built near-
field spectrometer with an asymmetric Michelson interferometer configuration >3 % was
employed to record infrared spectra at nm-spatial resolution. The system is equipped with a

femtosecond laser source (FemtoFiber dichro midIR, NeaSpec GmbH, Germany) focused on an



Atomic Force Microscope (AFM) (NanoWizard I, JPK instruments AG, Germany) tip (Arrow
NC Pt, NanoWorld, Germany) and a mercury cadmium telluride (MCT) detector (KLD-0.1-
J1/DC/11, Kolmar Technologies Inc., USA). The AFM is operated in tapping mode at the tip’s
resonance frequency of 285 kHz. The detected near-field signal is demodulated at higher
harmonics of the tip’s tapping frequency via lock-in amplifier (HF2LI, Zurich Instruments,
Switzerland) to suppress background scattering and to extract the near-field contribution.>
Interferometric detection delivers the scattered near-field amplitude and phase related to the

sample’s reflectance and absorption, respectively.%%57

Results and Discussion

The scheme and chemical structure of the poly(3-sulfopropyl methacrylate / potassium salt)
polyelectrolyte brush (PSPMK) loaded with azobenzene-containing cationic surfactant is
depicted in Figure 1. The grafting density of the PSPMK brushes investigated is ¢=0.24

chains/nm?, and the molecular weight 570-10? kDa giving rise to the dry thickness of ~200 nm.
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Figure 1. (a) Scheme of the polyelectrolyte poly(3-sulfopropyl methacrylate potassium salt)
brush (PSPMK) loaded with photosenstitive surfactant. (b) Chemical structure of PSPMK brush
and azobenzene containing trimethylammonium bromide surfactant (Azo-Nitro-TMAB).

After exposure to surfactant solution, the height of the brush increases almost twofold up to 400

nm. The degree of binding p=0.66 is calculated using the equation: %
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where hp, and hy®° are the brush dry thicknesses before and after complex formation, and
MoSPMK=246 Da and M¢®°*SPM=593 Da are the molecular weights of the repeat units before and
after complexation with surfactant, respectively. This quantity can be interpreted as a normalized
surfactant concentration indicating the number of surfactant molecules per SPMK monomer
units in the brush. This is the maximum value possible for a strong polyelectrolyte PSPMK
brush. In contrast, weak PMAA polyelectrolyte brushes were shown to absorb more cationic
surfactants resulting in an increase in thickness up to 6 fold (B=1.2).° The difference in the
amount of absorbed surfactant molecules is likely due to significant trapping of counter-ions in
the interior of the strong PSPMK polyelectrolyte brush resulting in high osmotic pressure inside
the brush and thus low penetration depth of the cationic surfactant.®®5! Since only the degree of
binding is known, it is not possible to conclude much about the local distribution of the
surfactant within the brush film. In the following we will elucidate this point in more detail along
with analyzing the characteristics of the irradiated azobenzene-containing polyelectrolyte brush.
The photoresponsive brush is irradiated with interference patterns using UV light (A=325
nm, 1=20 mW/cm?) for different irradiation times ranging from 5 to 30 minutes. In this way, the
energy density fed into the system varies between 6 and 36 J/cm?. The polymer topography,
being flat before irradiation, turns into surface relief gratings during the exposure to the
interference pattern optical periodicity of D=1.9 um (Figure 2a). The height of the inscribed
gratings of 10+2 nm does not vary significantly with the irradiation time. This shows that the
topography deformation essentially completes within the first few minutes of UV light exposure

and further irradiation does not lead to any increase in the SRG height. This observation can be



explained by the fact that multiple trans-cis isomerizations of the azobenzene surfactant
molecules within the brush matrix do not occur, but takes place as a pure process. This hinders
continuous alignment of the azobenzene units perpendicular to the polarization of the incident
light, necessary for further deformation of the polymer matrix. 32

However, the reaction of the brush does not only involve a simple topography change. In
our previous study we have reported that polymer chains can be cleaved at the surface during the
SRG formation. This rupture process takes place only in the photosensitive part of the brush,
which contains the surfactant molecules.®? In order to comprehend the morphology of the
PSPMK-Azo-Surfactant complex after irradiation the brush, we exposed the specimen to a good
solvent for 10 minutes, followed by drying in nitrogen gas. Figure 2a shows the corresponding
topography of the brush after such treatment. The height of the topography grating increases with
irradiation time from 12 to 120 nm and then drops to 40 nm (Figure 2b). We measured the brush
heights before and after the UV irradiation at a reference scratch site (see experimental section).
This allows acquiring both the SRG height and the whole thickness of the brush. The
experimental data reveal that the topography minima of the grating do not extend all the way
down to the substrate; i.e., a certain portion of the brush remains intact during the SRG process.
In Figure 2c this latter part of the brush is displayed in grey, together with the SRG profile that
is plotted in blue. The explanation of the change in the SRG height is that some of the polymer
chains have been ruptured from areas where the SRG topography minima have formed during
the SRG process and subsequently removed during the exposure to a good solvent. The rupture is
induced by strong opto-mechanical stresses generated locally during UV irradiation with

interference patterns; it does not occur under homogeneous illumination conditions as revealed
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from the AFM cross-sectional analysis of the brush thickness after irradiation and subsequent
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Figure 2. (a) AFM micrographs of the brush topography irradiated with interference patterns and
subsequently treated with a good solvent (toluene). The irradiation is performed with UV (A=325
nm) wavelength, the optical grating periodicity is D=1.9 um with irradiation times varying from
5 to 30 minutes. (b) Dependence of the SRG height on irradiation energy/time. (c) A schematic
of the brush cross section. The brush modified with azobenzene-containing surfactant is shown
in blue, while the surfactant-free, i.e., unmodified, section of the brush is shown in grey.

Starting from the irradiation time of 15 minutes (energy density 18 J/cm?), the cross-sectional
analysis demonstrates that the thickness of the brush measured between the minimum of the
stripes and the substrate (grey color in Figure 2c) remains constant at ~155 nm. We explain this
by the fact that due to high osmotic pressure within the strong polyelectrolyte brush, the
surfactant penetrates the brush only partially, i.e., only the top ~50 nm of the brush layer forms a

complex with the with azobenzene-containing surfactant and the bottom ~75% of the brush

interior remains surfactant-free. This also explains why even under long irradiation times ~155
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nm of the bottom portion of the brush remains attached to the substrate. The results presented in
Figure 2 also reveal that the height of the SRG (marked in blue) decreases at irradiation times of
20 min (energy density 24 J/cm?) and 30 min (energy density 36 J/cm?). This indicates that chain
scission also occurs near the topography maxima, thus resulting in a decrease of the stripe height
due to the removal of the ruptured chains. Using the results from Figure 2c one can also

calculate the total number of ruptured chains using the following equation:

number of ruptured chains = % .100%, @)
0

where So is the AFM cross-sectional area of the initial brush profile, and Sir is the AFM cross-
sectional area of the brush after UV irradiation and subsequent treatment with a good solvent
(Figure 2). The cross-sectional profile for all measurements was analyzed over a lateral distance
of 15 um, i.e., ~7 SRG periods. At maximum exposure (36 J/cm? dose) more than 90% of the
PSPMK chains in the photosensitive part of the brush have been ruptured, while the thickness of
the remaining bottom layer (~155 nm, marked in grey in Figure 2c¢) remains constant. Thus the
opto-mechanical stresses generated during the SRG formation do not “pluck” of the surfactant-
free sections of the PSPMK brushes.

To prove our conjecture that the portion of the brush that remains anchored to the
substrate after the SRG treatment consists of PSPMK, we performed the following experiment.
The brush was irradiated a second time under identical conditions but with the intensity pattern
oriented perpendicular to the first one. The irradiation dose chosen was 18 J/cm? (15 min
irradiation at 1=20 mW/cm?, A=325 nm) in order to obtain the maximum possible SRG height
(see Figure 2c). After this second irradiation, only the stripes containing azobenzene surfactants
(marked in blue in Figure 3) are modulated resulting in a square pattern, while the rest of the

brush remains intact (Figure 3).
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Figure3. (a) AFM micrographs of the irradiated brush after an initial UV irradiation with
24 Jlcm?and subsequent treatment with a good solvent reveals the presence of the characteristic
stripe-like SRG topography. (b) Corresponding scheme where the grey portions depict the non-
modified part of the brush, while the brush sections loaded with the photosensitive surfactant are
shown in blue. (c) AFM micrograph of the same brush irradiated for a second time with an
interference pattern rotated by 90°, followed by exposure to a good solvent. The stripes are now
reshaped forming bumps of the same optical periodicity as the interference pattern. The area
between the stripes shows no response to irradiation and the thickness of the inactive part is still
155 nm (grey color in d).

For sufficiently short irradiation times, one can repeat the steps a few times. For instance, Figure
4 demonstrates the result of three successive cross irradiations: the first exposure is to a grating
with optical periodicity of 2.7 um (Figure 4a) for 5 minutes (energy density 6 J/cm?), followed
by a second irradiation for 5 minutes with an interference pattern (IP) of 1.3 um aligned
perpendicularly to the first grating (Figure 4b) and in the third step the sample is rotated by 45°

with respect to the second grating and irradiated with an IP of 0.8 um (Figure 4c). The result of
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the three irradiation steps comprises a complex pattern inscribed within the upper layer of the
brush, while the rest of the (unmodified) brush has a height of 160+5 nm, similar to the result

described in Figure 2c at a UV dose of 18 J/cm?.

A =27 um

A, =13 um

A, =27 pum

0 um 175

Figure 4. AFM micrographs of the photosensitive PSPMK brush after three irradiation steps
with an interference pattern at A = 325 nm and subsequent treatment with good solvent; the
irradiation dose is 12 J/cm? at each step. (a) first irradiation, the period of the IP is 2.7 um; (b)
second irradiation perpendicular to the first one, the period of the IP is 1.3um; (c) third

irradiation oriented at 45° to the first one IP period is 0.8 um; (d) topography of the brush from
(c) replenished with azobenzene containing surfactant.
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The attempt to imprint another irradiation pattern into the polymer brush with a fourth treatment
cycle (irradiation+cleansing) was ineffective because most of the photosensitive molecules have
been washed out form the interior of the brush during the exposure to a good solvent (DMF). The
stability of what remains of the brush treated this way is remarkable, yet we are able to make it
photosensitive again by replenishing the remaining brush with a new amount of a surfactant
(Figure 4d) by exposing the brush 1 mM surfactant solution for 30 minutes followed by a

rinsing and drying. After surfactant uptake, the brush height increased from ~155 to ~230 nm.

The height of the inscribed SRG pattern depends strongly not only on the irradiation
dose, but also on the nature of the interference pattern. IPs are commonly categorized as intensity
interference patterns (11P) generated by the superposition of two, e.g., linearly polarized beams
(SS, PP) and polarization interference patterns (PIP) by superposition of two linearly polarized
beams in orthogonal condition (for instance SP or PS, that is, £45). In the case of an IIP, there is
a variation of light intensity from zero to a maximum value along the grating (optical) period,
while in the PIP the intensity of the light is constant over an optical period; the polarization
varies locally as shown in Figure 5a (distribution of the electrical field vector within the IP

relative to topography variation is shown by black arrows).
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Figure 5. (a) AFM cross-sectional profile of the irradiated photosensitive polymer brush (blue
lines) for different interference patterns. The “+45” IP represents the polarization combinations
IP, and the SS and PP IPs depict the intensity the IP. Local distribution of the electrical field
vector relative to the topography is depicted by black arrows. (b) The same cross-sectional
profile (red lines) after exposure of the irradiated brush to a good solvent (DMF). The dashed
blue lines reproduce the profiles shown in (a) as references.

When comparing the SRG heights just after the irradiation, one may state that the intensity and
polarization IPs do not influence significantly the extent of topography altering. Irradiation with
PIPs (+45) and 1IPs (PP, SS) generates SRGs of several nanometers in height. However, after
exposing the just irradiated brush to a good solvent, the changes in grating height depend
significantly on the type of the employed IP. In the case of an intensity interference pattern, the
SRG increases (red line in Figure 5b), while the brush irradiated with the polarization
interference pattern features nearly a flat surface after solvent treatment. This can be explained
by the fact that under the irradiation with the PIP, the opto-mechanical stresses are generated
uniformly across the entire surface, because the intensity of the inscribing light is constant over
the optical period. In case of IIP, there are areas of minimum light exposure (see electrical filed

distribution depicted in Figure 5a), and the brush chains remain bound to the surface due to the

lack of opto-mechanical stress.
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Until now our intuitively appealing assumption of a partial penetration of surfactant
molecules into the brush was superficially supported by characterization of the polymer chain
scission during SRG inscription. To scrutinize our assumption of partial penetration of surfactant
molecules into the brush more rigorously, we performed a series of nanoFTIR measurements on
the polymer brushes before illumination, as well as on the SRGs manufactured via multiple
irradiation steps, as described in Figure 4. Figure 6 c¢ plots nano-FTIR spectra recorded on the
parent PSPMK and on PSPMK brush loaded with azobenzene-containing surfactants. Each
spectrum was recorded on a single spot on the SRG surface (blue and red marks in Figure 6) and
referenced against the spectrum corresponding to the bare Si substrate of the same sample. Each
nanoFTIR absorption spectrum was reconstructed from the detected backscattered near field
amplitude and phase of the sample; here SRG, and the Si reference, as defined previously. > &
The characteristic vibrational bands from the two compounds can be distinguished: the band of
the asymmetric SOs stretching vibration at 1190 cm™ % and the carbony! stretching vibration at
1730 cm™ 84  gre related to PSPMK (Figures 6a, c), whereas the symmetric (1346 cm™) and
asymmetric (1524 cm™) NO stretches as well as the aromatic C=C mode at 1601 cm™ are due to
the surfactant 8 3% 54 (Figures 6b, c). NanoFTIR spectra on the SRGs manufactured by cross
illumination in two and three sequential illumination steps (Figure 4) are plotted in Figure 6e
and 6g. It is evident from the comparison of the nanoFTIR spectra representing the two and the
three-step illumination that the vibrational bands corresponding to the light-sensitive surfactant
at 1346 cm™,1524 cm™ and 1601 cm™ are absent after the third illumination step, thus the SRGs
are rendered inactive. Furthermore, the spectra recorded at various locations on the SRGs

surface, i.e., on the high and low positions (Figure 6 marked with blue and red respectively),

17



show no significant variations across the surface — except for the high amplitude pattern — which

argues in favor of the identical chemical composition.
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Figure 6. AFM topography of an unmodified PSPMK brush (a), a PSPMK brush loaded with
light sensitive surfactant (b), SRG after two (d, Figure 4b) and three (f, Figure 4c)
illumination/cleansing steps. (c) Near field spectra of the polymer brush (blue curve) and
polymer brush- surfactant complex (red curve). The vibrational bands that correspond to PSPMK
are carbony! stretching vibrations at 1730 cm™ and the asymmetric SOz stretching vibration at
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1190 cm™. The bands arising due to the surfactant are the aromatic C=C mode at 1601 cm?, the
asymmetric (1524 cm™) and symmetric (1346 cm™) NO stretch).; (e) and (g) near field spectra of
the two different SRG surfaces. In both cases, the spectra were taken at two different positions
on the surface (blue and red marks on the topography) corresponding to the location of minimum
and maximum height, respectively.

Reversible switching of the structured brush topography. The advantage of using polymer
brushes in order to shape the topography in the way described above is that the surfactant can, in
principle, be removed from the brush at any stage and the nanostructured brush can be used in
numerous applications. Here we provide an example where using repeated changes in humidity
one can switch the brush topography from structured to flat and back to the initial pattern
(Figure 7a). During in-situ AFM recording the structured photosensitive brush is exposed to
water vapor and the polymer grating swells resulting in a flat topography. The subsequent drying
procedure restores the original topographical pattern. In case when the topography grating can be
inscribed down to the substrate, the topography does not switch back to a flat state but instead
generated a topographical pattern with reduced roughness (Figure 7b). The fact that the grating
develops a depth down to the substrate is possible only if the photosensitive surfactant penetrates

the brush completely, which can be achieved by loading weak polyelectrolyte PMAA brushes

with photosensitive surfactant by a procedure described elsewhere. 324557
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Figure 7. AFM micrographs of the swelling experiment of (a) a PSPMK structured brush where
the topography grating does not expose the supporting substrate, i.e., from the height minima on
there is still a thick layer polymer material left (in this case 155 nm) and (b) PMAA structured
brush where grooves expose the bare silicon surface. The blue line represents the grating profile
in the dry state, the red line refers to the swollen profile. The scanning direction is from top to
bottom as indicated by the white arrow.

Conclusions

We investigated the complex formation between a strong polyelectrolyte brush made of poly(3-
sulfopropyl methacrylate / potassium salt) (PSPMK) and a cationic azobenzene-containing
surfactant using AFM and nano-FTIR. . The PSPMK brush was grown from a flat silicon wafer
using surface-initiated ATRP reaction. The brush studied used in this study had a grafting
density of 0=0.24 chains/nm? and a molecular weight of ~570-10 kDa giving rise to the dry
thickness of ~200 nm. Loading the PSPMK brushes with oppositely charged surfactant resulted
in film thickness increase to 400 nm. The surfactant rendered the brush photoresponsive and lead
to pronounced topography changes under irradiation with various UV interference patterns.

Within addition to the well-known phenomenology of forming surface relief gratings, the local

scission of the tethered polymer chains was observed after treating the irradiated brush with good
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solvent. Here we studied how the extent of polymer chain scission depends on the irradiation
dose and the nature of the interference pattern (IP). Moreover, we have found that the cationic
surfactant penetrates only the top ~25% of the brush film resulting in the formation of two
decoupled layers: a photo-responsive upper layer and a passive, surfactant-free lower layer of
~155 nm thickness. Under irradiation with the IP, the surfactant-free section of the brush remains
unaffected by the UV treatment, while the upper photo-responsive layer can be structured many
times by successive irradiation cycles employing IPs of different periodicity and direction. Using
a home-made near-IR spectroscopic unit combined with an atomic force microscope, we have
locally characterized the chemical composition of the polymer brush and confirmed the
hypothesis of partial surfactant penetration within the polymer brush film. We have further
shown that the photo-structured hydrophilic polymer brush can be reversibly switched between a
flat and a structured topography by changing the outside humidity. The advantage of making PE
brushes photo-responsive by loading them with azobenzene containing surfactant allows for non-
invasive reversible functionalization without the need for complicated (and irreversible)

chemical conjugation.
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