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 Stratifi ed Polymer Grafts: Synthesis and Characterization 
of Layered ‘Brush’ and ‘Gel’ Structures  

    Ang     Li    ,     Shivaprakash N.     Ramakrishna    ,     Prathima C.     Nalam    ,     Edmondo M.     Benetti     ,* 
and     Nicholas D.     Spencer     *  

         The development of surface coatings with well-defi ned archi-
tecture is of particular interest in several disciplines, notably 
in biomaterials. Bio-organic layers on different length-scales, 
featuring variable composition, structure and modulus have 
been observed in several biological systems, such as human 
cartilage, mammalian skin and the nacre of oyster shells. [  1–3  ]  
These complex systems often consist of mechanically graded 
structures that resist and respond to external normal and shear 
forces, and therefore protect underlying tissues from incur-
ring any damage. As an example, the human epidermis con-
sists of keratinizing epithelial cells—an elastic layer with low 
modulus—buried under a layer of dead cells, the  stratum cor-
neum , with higher modulus. The stratifi ed epithelium thus acts 
as the body’s major barrier against abrasion and inhospitable 
environments. [  4,5  ]  

 In order to mimic mechanically useful structures found in 
nature, materials scientists have been made numerous efforts 
to fabricate coatings with discontinuous mechanical properties 
at pre-determined depths in a single multilayered architecture. 
These materials, unlike homogenous fi lms, have been shown 
to successfully redistribute contact stresses at the interface and 
to resist failure-inducing contact deformations. [  6,7  ]  Progress has 
also been made in fabricating graded morphologies of organic/
inorganic nanocomposites, thereby mimicking the approach of 
natural counterparts, to obtain coatings with higher toughness 
and modulus. [  8  ]  Despite all these efforts, the fabrication of a 
full-organic, polymer-based coating architecture featuring nano-
scale variations of properties still represents a challenging task 
in polymer and materials science. 

 The development of surface-initiated polymerization (SIP) 
techniques [  9  ]  has provided a promising path towards the step-
wise fabrication of stratifi ed polymer fi lms. To this end, con-
trolled-radical SIP methods incorporating sequential poly-
merization processes can be applied. [  10  ]  With the exception 
of the pioneering work of Tsukruk et al., [  11  ]  which introduced 
prototypes of stratifi ed polymeric fi lms, few such investiga-
tions have been reported. Moreover, the full characterization 
of stratifi ed fi lms, i.e. the physical and chemical analysis of the 
fi lm properties at different depths (for each stratum), on the 
supporting substrate certainly represents a challenging experi-
mental task. Although real-space analytical techniques, such as 
atomic force microscopy (AFM), enable access to surface prop-
erties in two dimensions, determination of physical proper-
ties in the third dimension (from surface to bulk) can be more 
readily achieved by reciprocal-space-based techniques, such as 
grazing-incidence, small-angle scattering (GISAS), or X-ray and 
neutron refl ectivity—these methods are, at present, among the 
few that could determine the density profi le of materials per-
pendicular to the sample surface. However, probing the vertical 
architecture of polymeric nanofi lms with such techniques nor-
mally requires complex contrast-enhancing methods (isotopic 
labeling), which restricts their feasibility. [  12  ]  

 Aiming at the fabrication of layered, surface-grafted poly-
meric fi lms featuring graded physical properties, we report 
the synthesis by sequentially re-initiated SIP and subsequent 
characterization of stratifi ed polyacrylamide (PAAm) fi lms. 
Structural characterization was carried out by a combina-
tion of AFM-based nano-mechanical testing and lateral force 
microscopy (LFM). Two-layer fi lms comprising either a ‘free’ 
polymer brush supporting a crosslinked brush-hydrogel (which 
we have previously defi ned as a ‘brush-gel’ [  13  ]  but will refer to 
henceforth as ‘gel’ for the sake of simplicity), or, alternatively, 
a gel supporting a ‘free’ brush were synthesized by sequential 
photoiniferter-mediated SIP ( Scheme   1 ). [  14  ]  The inclusion of a 
determined amount of crosslinker at specifi ed depths within 
these layers (demonstrated by ellipsometry, Fourier transform 
infrared spectroscopy FTIR, and LFM) allowed precise tuning 
of both interfacial and bulk fi lm properties. In particular the 
mechanical and tribological characteristics of the fi lms were 
investigated by measuring indentation profi les, pull-off and 
friction forces by means of colloidal-probe microscopy. These 
techniques provided a comprehensive characterization of the 
fi lms and additionally clarifi ed the re-initiation mechanisms 
and fi lm morphology as a function of the polymerization con-
ditions during the sequential photo-grafting steps. Along with 
the novel fabrication strategy proposed here, the mechanical 
and tribological study of stratifi ed fi lms has yielded a new   DOI:  10.1002/admi.201300007  
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understanding of the structure-dependent frictional response of 
polymeric fi lms when studied at the nanoscale.  

 The stratifi ed PAAm fi lms were synthesized by sequential 
photoiniferter-mediated SIP as depicted in Scheme  1 . Homog-
enous PAAm gels and brushes, denoted PAAm-1 and PAAm-0, 
respectively, were fi rst photo-grafted from initiator-modifi ed 
silicon substrates as previously described (see Scheme  1 a,c, and 
Experimental Section for details). [  14  ]  For the synthesis of strati-
fi ed gel-brush fi lms (defi ned as PAAm-1–0), PAAm-1 was reini-
tiated by a UV-LED in the presence of an aqueous solution of 
acrylamide (AAm). This led to the layered PAAm-1–0 structure. 
The fabrication of brush-gel stratifi ed fi lms started from the 
previously synthesized PAAm-0 brush, but the fi nal fi lm archi-
tecture was found to be dependent on the medium used during 
reinitiation to produce the second (gel) layer: acrylamide/bis-
acrylamide (AAm/bisAAm) mixtures were either irradiated in 
pure water—a good solvent for the starting PAAm-0 brush layer 
(Scheme  1 d, to yield PAAm-0–1 water )—or in 75% methanol mix-
tures, which is a bad solvent for PAAm-0 brush (Scheme  1 f,g, 
where the preparation of PAAm-0–1 methanol  is depicted). The 
characteristics of each layered structure resulting from the use 
of the two different solvents could be clarifi ed by a combina-
tion of compositional, nano-mechanical and nano-tribological 
analysis on the fi lms. 

 In order to chemically characterize the grafted PAAm fi lms, 
FTIR measurements were performed on both homogeneous 
and stratifi ed fi lms. As shown in Figure S1 (Supporting Infor-
mation), all FT-IR spectra showed similar profi les, indicating an 
almost constant chemical composition throughout the fi lms. [  14  ]  
Both amide I and amide II bands from AAm and bisAAm 
were found between 1480 and 1800 cm −1 . The appearance of 
a clear band at 1520 cm −1 , characteristic of the amide II band 
of bisAAm (highlighted by arrows), indicated the presence of 
crosslinker in the pure gel PAAm-1 (trace a in Figure S1) and 
in the layered PAAm-1–0 and PAAm-0–1 (traces b, d, and e 
in Figure S1). In these last two cases the relative intensity of 

amide II decreased following re-initiation from PAAm-1 to 
PAAm-1–0 (spectra a and b in Figure S1) and increased fol-
lowing the second photo-grafting step from PAAm-0 to PAAm-
0–1 (Spectra c, d, and e in Figure S1). 

 Ellipsometry was used to determine the dry thickness of the 
fi lms following sequential SIP (see the Experimental Section for 
details) and to establish the successful grafting of homogeneous 
and stratifi ed PAAm layers featuring different architectures. In 
the case of PAAm-0 and PAAm-1, average dry thicknesses of 
65 ± 5 and 185 ± 10 nm, respectively, were obtained following 
30 min of irradiation. Re-initiation from homogeneous layers 
was evidenced by a signifi cant increase in the ellipsometric 
thickness of the fi lms. The stratifi ed fi lms studied—PAAm-1–0, 
PAAm-0–1 methanol  and PAAm-0–1 water —showed average thick-
nesses for each layer of 185–38, 65–135 and 39–53 nm, respec-
tively (where the each pair of values refers to the underlayer 
and the surface layer, respectively). Thus, chain re-initiation by 
photoiniferter-mediated SIP was observed for all the stratifi ed 
fi lms prepared, confi rming the effectiveness of this method for 
the fabrication of multi-layer brush structures. 

 Surface morphologies of the fi lms were studied by tapping-
mode AFM in an aqueous environment. Topography images 
in Figure S2 (Supporting Information) showed higher rough-
ness for the PAAm-1 gel (Figure S2a, where the RMS was 
calculated as 5.5 ± 2 nm) in comparison to the linear polymer 
brush fi lms PAAm-0 (Figure S2c, where RMS was calculated 
as 0.8 ± 0.2 nm). This phenomenon was reported in our pre-
vious studies [  14  ]  and appears to be due to a clustering of the 
crosslinked chains during synthesis. Re-initiation from 
homogenous PAAm-1 to form stratifi ed PAAm-1–0 produced a 
decrease of surface roughness by 91% (Figure S2b where RMS 
was calculated as 0.5 ± 0.2 nm). In contrast, re-initiation from 
PAAm-0 fi lms to form stratifi ed PAAm-0–1 methanol  resulted 
in an increase of interfacial roughness that reached a RMS 
of 4.6 nm ± 1 (Figure S2d). This was presumably due to the 
formation of a crosslinked gel layer supported by PAAm-0. 

       Scheme 1.  Synthetic route to stratifi ed PAAm fi lms through sequential photoiniferter-mediated SIP. The stratifi ed fi lms in the text are represented as 
PAAm-a-b c ; the value of ‘a’ or ‘b’ indicates the wt% of crosslinker in the feed used during synthesis of the corresponding layer; subscript ‘c’ indicates 
the solvent used during reinitiation: water or 75% aqueous methanol solution. (a) PAAm-1 in water; (b) PAAm-1–0 in water; (c) PAAm-0 in water; (d) 
PAAm-0–1 water  in water; (e) PAAm-0 in 75% aqueous methanol solution; (f) PAAm-0–1 methanol  in 75% aqueous methanol solution; (g) PAAm-0–1 methanol  
in water. 
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shrinkage and stiffening had taken place, 
presumably caused by crosslinking between 
PAAm chains covering the PAAm brush 
underlayer. However, the indentation profi les 
for PAAm-0 and the corresponding PAAm-
0–1 water  almost overlapped (Figure  1 c) indi-
cating that no detectable change in either the 
mechanical or the swelling properties of the 
top layer of PAAm-0–1 water  had occurred fol-
lowing re-initiation. Nevertheless, PAAm-0–
1 water  showed a clear increase in ellipsometric 
dry thickness following the second SIP step 
(53 nm corresponding to 42 mg/m 2 ). Further-
more, FTIR spectroscopy of PAAm-0–1 water  
fi lms confi rmed the successful incorporation 
of crosslinker upon re-initiation, as shown 
in Figure S1e. We can thus conclude that 
the re-initiation process, when performed in 
a good solvent for the PAAm-0 fi lm, largely 
takes place within the brush fi lm, presum-
ably in the proximity of the substrate: ini-
tiator monolayers on SiO x  have previously 
been reported to show very low grafting 
effi ciencies, [  15  ]  and thus the majority of inif-
erter groups remain potentially active at the 
substrate surface, below the brush. The sig-
nifi cant swelling of PAAm brushes in pure 
water (previously measured as  Q  = 26) [  14,16  ]  
allows a rapid diffusion of monomer species 
(AAm and bisAAm) through the brush, con-
sequently exposing these molecules to the 

iniferter-rich monolayer. Unlike this initiator monolayer, the 
interface between the brush and a good solvent provides a rela-
tively low concentration of iniferter chain-ends. Thus, reinitia-
tion performed under these solvent conditions on the one hand 
causes a mass increase and a vertical expansion of the whole 
fi lm (mainly due to mass increase close to the substrate) while, 
on the other hand, not substantially infl uencing the composi-
tion and the fi lm structure at the interfacial layer to the bulk 
solvent. In support of this model, it should be noted that several 
past reports have demonstrated the sequential grafting of two 
different polymers in unselective solvents as an effective means 
to produce mixed brushes (rather than block-copolymers). [  17–21  ]  
This strategy exploits the unreacted initiator at the surface and 
monomer species diffusing through the already formed fi lm 
when exposed to sequential SIP. 

 Re-initiation of PAAm-0 under bad solvent conditions to 
produce PAAm-0–1 methanol  resulted in a brush-gel architecture. 
In this case, the effective fabrication of the desired layered fi lm 
can be explained considering the distribution of reactive chain-
ends as a function of different solvent qualities. The maximum 
in this distribution is to be found  within  the brush fi lm, when 
this is immersed in a good solvent under equilibrium condi-
tions. [  22  ]  In contrast, in a bad solvent the maximum prob-
ability of fi nding chain ends lies near the fi lm’s interface with 
the bulk (bad) solvent. [  23–28  ]  Thus, when re-initiation is carried 
out in a bad solvent, the strongly collapsed, substrate-tethered 
brush both protects the underlying substrate from monomer 
diffusion, and concentrates its reactive chain ends at the top 

However, PAAm-0–1 water  did not show any morphological dif-
ference from PAAm-0 after re-initiation. 

 The mechanical properties of the different PAAm fi lms 
were investigated by colloidal-probe microscopy (CPM) in an 
aqueous environment. The aim was to confi rm the structure 
of the different samples and to verify the polymer architec-
ture present at the interface following re-initiation. Force-vs.-
indentation-depth plots for homogeneous and stratifi ed fi lms 
are reported in  Figure   1 . PAAm-1 gels displayed the highest 
values of Young’s modulus (E) of 574 ± 35 kPa, while the highly 
swollen PAAm-0 showed E = 17 ± 3 kPa. [  14  ]  The successful for-
mation of a brush layer on PAAm-1–0 by re-initiation from 
PAAm-1 was corroborated by the gentler indentation profi les 
for PAAm-1–0, resulting in a modulus of E = 20.8 ± 5.1 kPa 
(Figure  1 a).  

 The brush-gel stratifi ed layers, in contrast, displayed dif-
ferent nano-mechanical responses following re-initiation from 
PAAm-0, as a function of the quality of the solvent used for 
the second photo-grafting step. Re-initiation in an aqueous 
environment (to PAAm-0–1 water ) unexpectedly produced a 
fi lm showing very similar indentation profi les to the starting 
PAAm-0 (Figure  1 c) with very similar E values of 6 ± 2 kPa for 
PAAm-0 and PAAm-0–1 water . When the second photo-grafting 
step was conducted instead in 75% methanolic solution, the cor-
responding layered PAAm-0–1 methanol  showed a stiffer interface, 
more characteristic of a gel structure, with E = 322 ± 17 kPa 
(Figure  1 b). The signifi cant shift of the indentation curve 
towards lower indentation depths implied that a degree of fi lm 

      Figure 1.  Indentation force curves of homogeneous and stratifi ed PAAm fi lms measured by 
CPM (spring constant: 1.28 N/m, radius of silica probe: 9.1  μ m) in water. Dry mass of polymer 
fi lms on silicon substrate: (a) PAAm-1: 148 mg/m 2 , PAAm-1–0: 148–30 mg/m 2 , (b) PAAm-0: 
52 mg/m 2 , PAAm-0–1 methanol : 52–108 mg/m 2 . Indentation force curves of PAAm-0 and PAAm-
0–1 water  fi lms measured by CPM (spring constant: 0.51 N/m, radius of silica probe: 8.7  μ m) in 
water. Dry mass of polymer fi lms on silicon substrate: (c) PAAm-0: 31 mg/m 2 , PAAm-0–1 water : 
31–42 mg/m 2 . 

Adv. Mater. Interfaces 2014, 1, 1300007



www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1300007 (4 of 8)

www.advmatinterfaces.de

 Initiation effi ciency, the presence of 
residual, unreacted initiator at the substrate 
surface, the distribution of dormant chain 
ends, and monomer diffusion through pre-
formed brush layers were thus all found to 
be decisive parameters for sequential SIP and 
the effi cient fabrication of stratifi ed fi lms. The 
fi rst two factors rely on the photo-reactivity 
of the iniferter moieties and the irradiation 
intensity, parameters that are both considered 
as being constant during the re-initiation pro-
cess. The last two parameters could be spe-
cifi cally adjusted by varying solvent quality, in 
order to guarantee the sequential preparation 
of well-defi ned grafted architectures. 

 It has also to be mentioned that mono mer 
diffusion presumably also affected the gel-
brush fi lms in PAAm-1–0 but without sub-
stantially infl uencing the fi nal stratifi ed 
polymer architecture. In this case the starting 
PAAm-1 gel swollen in water presented an 
average mesh size of 3.3 ± 0.1 nm (see the 
Supporting Information), which would not 
have provided a signifi cant steric barrier for 
monomer diffusion (Kuhn length of acryla-
mide: 0.3 nm). [  30  ]  Thus the swollen gel under-
layer could not have completely prevented 
monomers from accessing the residual inif-
erter on the substrate. Re-initiation in this 
case occurred both at dormant chain-ends 

and at the substrate. Nevertheless, reinitiated chains were able 
to extend from the grafted gel layer into the bulk solvent, con-
stituting the desired gel-brush structure. 

 Given the differences in both mechanical and adhesion 
properties of the studied PAAm fi lms, we further investigated 
the nano-tribological characteristics of each fi lm by LFM. The 
different polymer architectures exposed at the fi lm’s outer sur-
face also infl uenced the frictional behavior of the fi lms, thus 
providing additional insight into the structure of both homoge-
neous and layered fi lms.  Figure   3 a,b depict the friction traces 
acquired for all the PAAm fi lms. Over a sliding distance of 
1  μ m, both PAAm-0 (green curve) and PAAm-1–0 (blue curve) 
showed tilted friction loops with a small hysteresis. Due to the 
high water content and compliancy of the PAAm brush, we 
assumed that this particular friction behavior was due largely 
to lateral tilting of brush chains, the swollen chains being suf-
fi ciently long that true, steady-state sliding was never attained 
over the given 1  μ m sliding distance. [  31  ]  Lateral tilting of the 
brushes due to the initial shear force from the probe is also con-
sistent with our recent study, [  32  ]  in which we observed a surpris-
ingly long time constant for conformational recovery following 
compression. This phenomenon was particularly marked for 
long chains and dilute brushes, as is the case for highly swollen 
and compliant PAAm grafts. Thus PAAm chains likely remain 
tilted in the trace direction for the duration of the experiment 
and give rise to the characteristic asymmetric friction loop as 
observed in Figure  3 . [  33  ]   

 In marked contrast, the crosslinked PAAm-1 (red curve) 
showed a friction trace with a stable sliding force (horizontal 

interface for re-initiation (as depicted in Scheme  1 e,f). By 
means of this fabrication strategy, layered fi lms with a brush-
gel structures could thus be successfully obtained. 

 In addition to AFM nano-indentation, pull-off-force meas-
urements were carried out, in order to determine the different 
polymer architectures exposed at the interface. As has previously 
been demonstrated, [  29  ]  brushes showed signifi cantly higher 
adhesion when compared to grafted gels in 75% aqueous meth-
anol solution. In  Figure   2 a, the very small pull-off forces (0.5 ± 
0.1 nN) on PAAm-1 fi lms indicated the presence of crosslinked 
chains at the interface. Further grafting of a brush layer on top 
of the gel subsequently resulted in a two-order-of-magnitude 
increase in pull-off force up to 40 ± 2 nN (Figure  2 a), con-
fi rming the presence of dangling chains (brushes) at the inter-
face of PAAm-1–0. In a similar manner, PAAm-0 fi lms showed 
a very high pull-off force (85 ± 4 nN), typical for a brush near its 
(solvent-induced) glass transition. PAAm-0–1 fi lms showed dif-
ferent adhesion properties as a function of the solvent quality 
employed during re-initiation, confi rming the different struc-
tures obtained. Specifi cally, PAAm-0–1 methanol  was character-
ized by very small pull-off forces (0.3 ± 0.1 nN) indicating the 
successful formation of a well-defi ned brush-gel structure. A 
comparable reduction of adhesion was  not  found in the case of 
PAAm-0–1 water  (Figure  2 c), which displayed very similar pull-off 
force to the corresponding PAAm-0 (72 ± 0.7 and 70 ± 10 nN, 
respectively). Thus, this result is consistent with the idea that 
the re-initiation process in pure water preferentially occurred 
at the residual iniferter monolayer rather than infl uencing the 
structure of the fi lm at the outer interface.  

      Figure 2.  Pull-off forces of homogeneous and stratifi ed PAAm fi lms measured by CPM (spring 
constant: 1.28 N/m, radius of silica probe: 9.1  μ m) in 75% aqueous methanol solution (only 
retracting curves are shown). Dry mass of polymer fi lms on silicon substrate: (a) PAAm-1: 
148 mg/m 2 , PAAm-1–0: 148–30 mg/m 2 , (b) PAAm-0: 52 mg/m 2 , PAAm-0–1 methanol : 
52–108 mg/m 2 , (c) Pull-off forces measured by CPM (spring constant: 0.51 N/m, radius of 
silica probe: 8.7  μ m) in aqueous methanol solution (volume fraction of methanol: 75%). Dry 
mass of polymer fi lms on silicon substrate: PAAm-0: 31 mg/m 2 , PAAm-0–1 water : 31–42 mg/m 2 . 

Adv. Mater. Interfaces 2014, 1, 1300007



www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (5 of 8) 1300007

www.advmatinterfaces.de

applied load) for PAAm-0–1 methanol , clearly showing the transi-
tion in friction-loop shape with scan distance. 

 Referring back to the stratum corneum/epidermis analogy 
given at the outset of this paper, this behavior is similar to that 
encountered when a dry fi nger is pressed upon and then moved 
laterally over fl eshy parts of the body, such as the forearm. At 
fi rst a distortion of the (sub-surface) epidermis occurs, but after 
a certain sliding distance, sliding begins over the skin. 

 The sliding mechanisms of PAAm-0–1 methanol  at 1 and 
5  μ m scanning distances are represented in  Scheme   2 a,b, 
respectively.  

 The load-dependent frictional behavior of both homoge-
neous and stratifi ed fi lms was also studied and is reported in 
 Figure   4 . PAAm-0 and PAAm-1 showed contrasting behavior, 
in accordance with previously reported results. [  14  ]  Brushes were 
characterized by a very low and nearly constant friction force 
with increasing load (low coeffi cient of friction), while grafted 
gels showed high frictional force due to the increased dissi-
pation of the crosslinked network. In line with the behavior 
of homogeneous PAAm fi lms, the frictional properties of the 
stratifi ed layers were mainly determined by the polymer archi-
tecture exposed at the interface to the solvent (i.e., brush or 
gel). Hence PAAm-1–0 fi lms (blue curve) displayed friction 
force vs load profi les that were comparable to PAAm-0, while 
PAAm-0–1 methanol  showed a frictional behavior similar to that 
of a ‘pure’ gel such as PAAm-1. Interestingly, PAAm-0 and 
PAAm-0–1 water  presented very similar coeffi cients of friction 
(around 0.05), typical of a swollen brush. [  14,31  ]  These results 

part in the loop) after overcoming an initial static friction (ver-
tical part in the loop). The observed higher friction compared to 
PAAm ‘free’ brushes was due to the energy dissipation within 
the crosslinked network of chains at the top surface. [  14  ]  We fur-
ther applied LFM on stratifi ed PAAm-0–1 methanol  (black curve 
in Figure  3 a), which, surprisingly showed a brush-like fric-
tion trace over 1  μ m. This phenomenon was presumably due 
to the short sliding distance prior to direction reversal, which 
was insuffi cient to lead to steady-state sliding contact between 
the counter surface and the top surface of the fi lm. Thus, static 
friction at the gel surface of PAAm0–1 methanol  dominated the tri-
bological behavior for short sliding and the frictional properties 
were exclusively determined by the bending back and forth of 
the soft, swollen brush underlayer. This observation was con-
fi rmed by increasing the sliding distance to 5  μ m, while main-
taining the load constant (Figure  3 b). In this case, PAAm-1, 
PAAm-0 and PAAm-1–0 fi lms showed similar friction loops to 
those seen in the 1  μ m scan case, while the stratifi ed PAAm-
0–1 methanol  displayed a transition from brush-like behavior at 
1  μ m (Figure  3 a) to a gel-like trace at 5  μ m (Figure  3 b). Above a 
certain sliding-distance threshold (approximately 1.5  μ m, which 
is comparable to the swollen extension of PAAm-0 underlayer) 
the static friction on the gel could be overcome by the spring 
force of the bent brush underlayer. The difference in lateral 
forces measured at 1  μ m and 5  μ m is related to the different 
scan speeds, [  34  ]  since the scanning frequency is maintained 
constant while the scan distance is varied. Figure  3 c compares 
three different scanning distances at the same scan speed (and 

      Figure 3.  Representative friction loops of homogeneous and stratifi ed PAAm fi lms measured by CPM (spring constant: 1.28 N/m, radius of silica 
probe: 9.1  μ m) in water at a load of 251 nN. Dry mass of polymer fi lms on silicon substrate: PAAm-1: 148 mg/m 2 , PAAm-1–0: 148–30 mg/m 2 , PAAm-0: 
52 mg/m 2 , PAAm-0–1 methanol : 52–108 mg/m 2 , PAAm-0: 31 mg/m 2 , PAAm-0–1 water : 31–42 mg/m 2 . (a) scanning distance: 1  μ m, scan rate: 1 Hz; (b) scan-
ning distance: 5  μ m, scan rate: 1 Hz; (c) comparison of different scanning distances at same scanning speed (2  μ m/s) and applied load (80 nN) for 
PAAm-0–1 methanol : 52–108 mg/m 2 . 

Adv. Mater. Interfaces 2014, 1, 1300007



www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1300007 (6 of 8)

www.advmatinterfaces.de

 Thus we conclude that the nano-tribological properties of 
the stratifi ed PAAm fi lms in aqueous environments are mainly 
determined by the structure of the outer layer (either a brush 
or a gel) at which the sliding takes place. In the case of PAAm-
0–1 methanol  the inner brush structure infl uences friction traces 
via brush bending, but only in the case where static friction is 
predominant, i.e., at small sliding distances comparable to the 
extension of the underlying brush. 

 Combining nano-mechanical, adhesive and frictional AFM 
characterization methods, a comprehensive insight into the 
architecture and properties of stratifi ed brush fi lms has been 
gained. Focusing on the synthesis of well-defi ned brush-gel lay-
ered fi lms, we have emphasized the role of solvent quality (and 
thus brush swelling) during sequential SIP in order to selec-
tively confi ne re-initiation to the top brush-solvent interface 
and to avoid polymer grafting within the already synthesized 
layer. Our results suggested that commonly used spectroscopic 
methods (such as ellipsometry and FT-IR) were insuffi cient to 
reveal the structure of layered, surface-grafted polymer fi lms. 
However, a comprehensive interfacial analysis based on AFM 
provided additional information on the fi lm characteristics and 
architectures. 

 In conclusion, we have described the successful fabrica-
tion of stratifi ed PAAm fi lms with gel-brush and brush-gel 
structures by sequential iniferter-mediated SIP. These verti-
cally structured fi lms represent the fi rst example of stratifi ed 
grafted polymer layers with precisely adjustable and gradable 
bulk physical and interfacial properties. Their potential appli-
cation as coatings with controlled surface properties and 3D 
architectures can fi nd application in the development of novel 
interfaces for biomaterials and supports for cell adhesion. In 
these particular applications, the intrinsic characteristics of 
layered brush fi lms mimic the graded properties of many nat-
ural interfaces. Layered brush coatings featuring well-defi ned 
characteristics could effi ciently trigger a specifi c biological 
response or locally mimic the natural gradation of properties 
present in extra-cellular matrix (ECM) environments, coatings 
of biological origin or tissue surfaces. The use of sequential 
SIP in selective solvent environments could thus represent an 
effective strategy to vary the physical properties of coatings in 

a controlled manner obtaining graded archi-
tectures. This could be extended to different 
chemistries and polymerization processes 
suitable for a large variety of supports and 
applications.  

  Experimental Section 
  Materials :  p -(chloromethyl)phenyltrimethoxysilane 

(95%, ABCR, Germany), acrylamide (99+%, 
Acros Organics),  N , N -methylenebis(acrylamide) 
(>99.0%, Fluka-Chemie AG, Switzerland), methanol 
(Fluka-Chemie AG, Switzerland), triethylamine 
(>99.5%, Sigma-Aldrich, Germany), sulfuric acid 
(95–97%, Sigma-Aldrich, Germany) and hydrogen 
peroxide (30 wt% in water, Merck, Germany) 
were used as received. Tetrahydrofuran (THF, 
99.5% extra dry, Acros, Germany) and toluene 
(>99.7%, Fluka-Chemie AG, Switzerland) were 
freshly distilled over sodium prior to use. Sodium 

are completely consistent with the observations derived from 
all other characterization methods applied on these samples. 
The LFM investigation revealed PAAm-0 and PAAm-0–1 water  
as having very similar interfacial, brush-like properties, thus 
supporting the argument that when sequential polymerization 
was carried out in a good solvent, such as pure water, it was 
impossible to obtain a vertically well-defi ned layered brush-gel 
fi lm.  

       Scheme 2.  Proposed sliding mechanism of PAAm-0–1 methanol  fi lms in 
water with different scanning distances under same applied load. (a) 
Scanning distance of 1 μ m, in which no sliding occurs but only bending 
and stretching of the brush layer (b) scanning distance of 5  μ m, in which 
after an initial bending and stretching of the brush layer, the colloidal 
probe begins to slide over the gel layer. 

      Figure 4.  (a) Friction of homogeneous and stratifi ed PAAm fi lms measured by CPM (spring 
constant: 1.28 N/m, radius of silica probe: 9.1  μ m, sliding distance: 5  μ m, sliding speed: 
10  μ m/s) in water. Dry mass of polymer fi lms on silicon substrate: PAAm-1: 148 mg/m 2 , PAAm-
1–0: 148–30 mg/m 2 , PAAm-0: 52 mg/m 2 , PAAm-0–1 methanol : 52–108 mg/m 2 . (b) Friction of 
PAAm-0 and PAAm-0–1 water  measured by CPM (spring constant: 0.51 N/m, radius of silica 
probe: 8.7  μ m) in water with a sliding distance of 5  μ m (sliding speed: 10  μ m/s). Dry mass of 
polymer fi lms on silicon substrate: PAAm-0: 31 mg/m 2 , PAAm-0–1 water : 31–42 mg/m 2 . 
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measured according to Sader’s method. [  38  ]  Both normal and torsional 
spring constants of the cantilever were measured before attaching the 
colloidal microsphere. A silica microparticle (Kromasil, EKA Chemicals 
AB, USA ) was glued with UV-curable glue (Norland Optical Adhesive 
63, Norland Products, USA) to the end of the tipless cantilever by means 
of a home-built micromanipulator, to be further used for colloidal probe 
microscopy. [  39  ]  

 The modulus values were estimated from the measured force-
indentation curves using a Hertz fi t (Asylum software, version AR12). 
The initial 15% to 50% of the curve was used to fi t the Hertz equation. 
The initial (<15%) and latter part (<50%) of the force curve includes a 
highly repulsive regime and substrate effects, respectively, and thus were 
not included in the fi t. The tip modulus and Poisson’s ratio for the silica 
colloid were chosen to be 74 GPa and 0.2, respectively. The Poisson’s 
ratio for the polymer fi lms was approximated as 0.5. [  40  ]  

 For lateral-force measurements, 10 ‘friction loops’ along the same 
scan line were acquired at each load with a specifi c scanning rate as 
well as scanning distance, from which the average friction force and the 
standard deviation could be calculated. Both normal-force and friction 
measurements were repeated at three different locations on the polymer 
fi lms. 

 The lateral-force calibration was conducted by employing the ‘test-
probe method’. [  41  ]  To determine the lateral sensitivity of the photo 
detector, a freshly cleaned silicon wafer (1 cm × 1 cm) was glued 
‘edge-on’ to a glass slide. The smooth silicon plane was used as a ‘wall’ 
for measuring the lateral sensitivity. A test probe (cantilever glued with 
a silica colloidal sphere of diameter around 40  μ m) was moved laterally 
into contact. The slope of the obtained lateral-defl ection-vs-piezo-
displacement curve yields the lateral sensitivity, to be used for lateral-
force calibration.  
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