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INTRODUCTION 
Modification of polymer surfaces via grafting of polymers to 

regulate adsorption, adhesion, wettability, friction, etc is very well known 
and widely used approach. Recent investigations have shown that 
combination of two different polymers in the same thin polymer coating 
for the surface modification can result in new properties of materials 
resembling somehow responsive properties in alive nature1. It was 
reported that mixed polymer brushes have adaptive/switching 
properties affected by the phase segregation mechanism in the thin 
polymer films2,3. Polyamides have found numerous applications due to 
their good thermal stability, flexibility, and mechanical properties. The 
aim of this study is to fabricate PA-based materials which change 
surface characteristics in response to environmental conditions. Here 
we describe the synthesis of the mixed polymer brushes of two different 
polymers: polystyrene (PS) and poly(2-vinylpyridine) (PVP) by grafting 
from PA surfaces via free radical polymerization initiated by the thermal 
decomposition of an azo-initiator (4,4’-azobis(4-cianopentanoic acid) 
(ACP) covalently attached to the PA substrate. To attach the azo-initiator 
to the PA substrate the PA surface was treated with low pressure 
ammonia plasma. NH3 –plasma which introduces N-containing 
functionalities such as amino, imino, etc and in addition oxygen-
containing groups such as amido and hydroxyl groups4. We used those 
functional groups to covalently bond the azo-initiator to PA-surfaces. 
Each step of the surface modification was controlled with ellipsometry, 
X-ray photoelectron spectroscopy (XPS), atomic force microscopy 
(AFM), Fourier-transform infrared spectroscopy in attenuated total 
reflection (FTIR-ATR), and contact angle measurements. 
 

Experimental and discussion 
 

The PA samples were treated with NH3 plasma for different 
periods of time. We used for grafting experiments samples treated with 
plasma for 60 s. XPS investigations confirm the increased ratios of 
[O]:[C] and [N]:[C] of plasma treated samples of PA. The ammonia 
plasma treatment essentially enhances the roughness of the PA films as 
measured by AFM because of inhomogeneous etching (the RMS 
increased from 2.5 to 9 nm), see Figure1 (a and b) 

  

Figure 1.  AFM topography images and corresponding cross 
sections of PA on Si-wafers: original sample, RMS=2.5 nm (a); after 
NH3 plasma treatment, RMS=9 nm (b), and after grafting of mixed 
brush, RMS=41 nm (c). 

 

Our synthetic procedure (Scheme1) starts with the covalent 
grafting of the azo-initiator to the plasma modified PA surfaces. The 
azo-initiator was covalently bound to the surface via the reaction of the 
amino- and hydroxy-groups with ACPC. Grafting of PS chains was 

 
Figure 2.  Schematic representation of the synthetic route to fabricate 
mixed polymer brushes on PA surfaces. 

 
performed by in situ radical polymerization initiated by thermal 
decomposition of the azo-initiator attached to the PA surface.  

Ungrafted polymer was washed out by a cold Soxhlet extraction. In 
the second polymerization step the residual amount of the azo-initiator is 
used to carry out the graft polymerization of 2-vinylpyridine. The grafting 
of both polymers was proved with FTIR-ATR study performed with PA 
plates (Figure 3b). 

 
Figure 3.  FTIR-ATR spectra: reference sample, PA (a); PA with 

grafted PS/PVP brush (b); spectra obtained by subtraction of (a from b) 
(c); reference PVP sample (d); reference PS sample (e). 

 
 The ellipsometric thickness of the grafted binary brush on the PA 

surface after plasma treatment and grafting of the azo-initiator was 29 
mg/m2. The very well pronounced differences in the spectra of individual 
polymers  (Figure 3 e and d) at 1400-1750 cm-1 and 2750-3200 cm-1 
allowed us to analyze the layer composition at least qualitatively. The 
characteristic bands (Figure 3 c, obtained by subtraction of the 
reference spectra of the PA substrate (a) from the spectra (b)) provide 
evidence of the grafting of PS and PVP. In the spectra we identify very 
pronounced PS bands at 1601 and at 1493 cm-1 and the characteristic 
bands of PVP at 1568 and 1590 cm-1. In contrast to the graft 
polymerization on a flat solid surface described elsewhere1,2,5 we 
observed  two quite pronounced specific effects. Firstly, the grafted 
amount of both polymers on the unmodified PA surface was surprisingly 
large. We received relatively thick 20 mg/m2 mixed brush. Secondly, the 
roughness of the PA substrate dramatically increases during grafting 
polymerization (Figure 1 c). These facts can be explained if we take into 
account that the top layer of the PA substrate is swollen by solvent 
during the grafting procedure. Swelling of polymers effects an decrease 
of glass transition temperature and an increase of mobility of segments. 
The monomer is localized in the swollen PA layer. Penetration of free 
radicals in the swollen PA can induce polymerization and grafting to the 
PA somewhere inside the PA substrate. Consequently, we may expect 
different locations of the grafting process: on the top of the PA 
substrate, but also somewhere inside the swollen PA layer. Both these 
phenomena may effect the observed increase of the surface roughness 
of the PA substrate and enhance the grafted amount. In the second 
experiment we applied FTIR-ATR mode to study the penetration depth 
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of the grafted PS into the PA plates. The FTIR-ATR spectra were 
recorded for different penetration depths of IR-radiation inside the PA 
sample. We used both the PA sample with grafted PS after simple 
rinsing with THF and the similar sample after Soxhlet extraction of the 
ungrafted polymer in THF. We compare the integral adsorbance for the 
bands of PA at 1544 cm-1 and grafted PS at 1493 cm-1 the intensity of 
both bands decreases with depth of the penetration reflecting the well 
known decreasing exponential law. The ratio between intensities of the 
bands reflects the change of the chemical composition with the depth of 
penetration (Figure 4). 

Figure 4. FTIR-ATR data for the penetration depth of PS into PA 
bulk: immediately after polymerization (no extraction) (a); after Soxhlet 
extraction in THF (b). 

 
 We see that the Soxhlet extraction removes only small amounts of 

nongrafted PS, and secondly, the depth of the PS location was found to 
be up to 0.6 - 1 µm from the top of the sample. This value is of the same 
order as the roughness value RMS = 0.5 µm of the surface after grafting 
measured with AFM. Therefore, we may suggest that the polymerization 
takes place on the surface and inside the swollen PA effecting the 
increase of roughness and that the grafted chains bend the swollen PA 
substrate due to the accumulated elastic energy of the deformed coils in 
the brush. Each of those mechanisms or both of them at the same time 
may effect the increased roughness of the substrate. We obtained only 
small differences in thickness and IR absorption between these two 
samples. Consequently, there is no large amount of ungrafted polymer 
remaining after polymerization in the PA matrix. The experimental facts 
are consistent with the assumption that grafting process takes place in 
the very top of the PA swollen layer and in this way effects the increase 
of the surface roughness. Consequently, the amount of grafted 
polymers may be larger than just by only surface grafting. 
Switching/adaptive properties. The switching of morphologies upon 
exposure to different solvents was documented for similar mixed 
PS/PVP brushes grafted to the flat surface of highly polished Si-
wafers2,6. This switching is effected by phase segregation at nanoscopic 
scale and it results in regular patterns with average dimensions scaling 
with end-to-end distance of the grafted chains. Here we present also 
results of contact angles measurement both on the dried PA plates and 
PA textile with the grafted PS/PVP binary brushes. The fibers of 
diameter of about 200 µm forming the textile texture introduce an effect 
of a composite surface7 where the drop of water is in contact partially 
with the surface of PA fibers and partially with air. In this case we 
observed much more pronounced switching effect amplified by 
appropriate surface roughness of the PA textile (Figure 5). 

 
Figure 5.  Video images of drops on the substrates with grafted 

PS/PVP brush from the PA textile: after exposure to toluene (a); ethanol 
(b); water pH=3 (c); and from the PA plates after exposure to toluene (d) 
and water pH=3 (e). 

 
 The exposition of the textile sample to toluene results in highly 

hydrophobic properties of the material with advancing contact angle of 
130o, while upon exposure to ethanol or water the film is completely 
wetted by water due to the capillary penetration effect8. 

 
Conclusions. 
 In conclusion, applying different surface modification approaches 

we synthesized mixed PS/PVP polymer brushes via step-by-step 
grafting of these two polymers from PA surfaces.  

We show that NH3 plasma can be successfully used for the 
introduction of amino and OH functionalities on PA surfaces with 
following attachment of azo-initiator for radical polymerization. The 
covalent bonding of the initiator improves the grafting procedure, 
although the chain transfer mechanism  introduces also, but less 
effective, the mixed brush on the untreated PA surface.  

The grafting procedure causes a substantial increase of the PA 
surface roughness, which we explain by banding of the swollen PA 
substrate during grafting procedure. We found no deep penetration of 
the grafting process into the PA substrate and proved that surface 
roughness is driven by grafting events occurring on the very top layer of 
the substrate.  

The mixed brushes synthesized on PA substrates exhibit the same 
switching properties as it was recently shown for brushes grafted to Si-
wafers. The mixed brushes prepared on the surface of PA textiles 
combine both the switching effect and effect of composite surface (i.e. 
micrometer scale roughness) which substantially amplifies the switching 
range.  
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