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Introduction 

New frontiers in polymer science may emerge from the incorporation of 
functional species into material systems. The electrostatic layer-by-layer (LBL) 
supramolecular assembly constitutes one of the most attractive methodologies 
for the design and fabrication of new material systems, whose unique 
advantage is that thin film can be tailor-made to display desired chemical and 
physical properties by material selection. 1  Macromolecules containing 
inorganic elements or organometallic units have attracted growing attention 
since they may combine novel optical, electrical, magnetic and chemical 
characteristics with the processability of polymers.2  Poly(ferrocenylsilanes) 
(PFS), first synthesized by the group of Manners in a true polymeric form with 
high molar mass,3 belong to this class of materials. The distinctive structural 
features of PFS come from the alternating ferrocene and silane units in the 
polymer main chain, which make them valuable in the development of surface 
nano- and microstructuring strategies.4 One particularly important property of 
PFS is their unique redox-activity, which has shown full reversibility by 
chemical 5  as well as electrochemical means. 6  Through the attachment or 
modification of certain substituents on silicon, water-soluble PFS were 
obtained.7,8 The processability of PFS polyelectrolytes enables one to make 
use of electrostatic interactions to fabricate organometallic multilayer thin 
films by LBL deposition. 
 
Experimental 

Materials.  PFS polyions (Mw ~ 5 x 104 g mol-1, see molecular structures 
in Ma, Dong, et al, Polymer Preprints, ACS, Division of Polymer Chemistry,  
same volume) were synthesized as described earlier.7 Poly(ethyleneimine) 
(PEI, Mw = 2.5 x 104 g mol-1), DNA from salmon testes (Mw ~ 1.3 x 106 g mol-

1, ≈ 2000 bp) were obtained from Sigma-Aldrich and used as received.  
Multilayer Fabrication. Multilayers were deposited on quartz slides, 

silicon wafers and quartz crystal microbalance (QCM) electrodes. After 
standard cleaning, the substrates were first dipped into a PEI solution (~ 10 
mM) for 30 min to impart positively charged surfaces. The substrates were 
then alternatively dipped into polyanion and polycation solutions (2 mg mL-1, 
0.5 M NaCl) for 10 min, with rinsing and N2 drying steps in between each 
layer deposition. 

Characterization. UV/Vis spectra were recorded using a Cary 300 
UV/Vis spectrophotometer. Ellipsometry spectra were recorded using a 
Woollam VASE ellipsometer, in the wavelength region between 270 and 1550 
nm at incident angles of 65o, 70o and 75o. QCM measurements were 
performed with a HP-53131 frequency counter, a HP-4194A impedance 
analyzer, and a custom made resonator circuit. AFM experiments were 
performed on a NanoScope IIIa multimode AFM (Veeco-Digital Instruments, 
Santa Barbara, CA) in tapping mode; using silicon cantilevers (Nanosensors, 
Wetzlar, Germany) at room temperature, in air. SEM images were taken with a 
high resolution LEO 1550 FEG SEM at acceleration voltages of 2.5 kV. 

 
Results and Discussion 

Multilayer fabrication on planar interfaces. The LBL self-assembly 
of organometallic polyions 1 and 2 on quartz slides were first monitored by 
UV/Vis spectroscopy. Multilayers were built up from 2 mg mL-1 
polyelectrolyte aqueous solutions containing 0.5 M NaCl. Figure 1A shows 
the increase of the characteristic absorbance of PFS at λ = 216 nm as a 
function of the number of bilayers. A linear growth profile was observed until 
at least 12 bilayers, giving evidence for a well-defined deposition process. The 
linearity in film growth was further proved by QCM measurements (Figure 

1B). The QCM frequency shift (∆F) is related linearly to the mass change on 
the electrode as defined by the Sauerbrey equation AMF /10832.1 8×−=∆ ,9  
where M is the mass added to the resonator, and A is the surface area of the 
resonator. The linear fit of the QCM data gave a mass value of 695.6 ng cm-2 
for each PFS bilayer under the previously mentioned adsorption conditions.  

 
Figure 1. (A) UV/Vis absorption spectra of sequentially adsorbed layers of 
PFS polyions from aqueous solutions (2 mg mL-1, 0.5 M NaCl) on quartz. (B) 
QCM frequency change as a function of bilayer number. 
 

Film thickness dependence on solution salt concentration. Thin films 
were prepared following the same procedure on silicon substrates from PFS 
polyelectrolyte aqueous solutions with constant polymer concentration (2 mg 
mL-1) but varying NaCl concentrations. In Figure 2, the thickness values 
obtained from measurements by a Woollam VASE ellipsometer (of a 5 and 10 
bilayer sample for each concentration, respectively) as a function of the salt 
concentration are presented.  

 
Figure 2. (A) PFS polyelectrolyte multilayer film thickness dependence on 
salt concentration; lines were added to guide the eye. (B) Normalized bilayer 
thickness (relative to thickness values of multilayers prepared from polyion 
solutions without salt) dependence on the square root of salt concentration.  
 

The normalized thickness (with respect to thickness of multilayers 
prepared from salt-free polyelectrolyte solutions) can be fitted with a straight 
line, as a function of the square root of the corresponding salt concentration. 
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Theoretically, this bilayer thickness-salt concentration dependence was 
considered to originate from the square root dependence of the Debye 
screening length (1/κ) with solution ionic strength (I), according to the 
relationship 1/κ ~ I -1/2.10 

Oxidation induced multilayer removal. When PFS multilayers were 
subjected to chemical oxidation using FeCl3,11 almost complete removal of the 
thin film from quartz substrate was observed by UV/Vis spectroscopy (Figure 
3). The successful removal of the multilayers was also confirmed by 
ellipsometry experiments. Ellipsometry spectra recorded on oxidized PFS 
multilayers exhibited a fast restoration of the optical properties of bare silicon 
substrates. Thickness fittings based on ellipsometry spectra showed a drastic 
decrease of multilayer thickness to almost zero, giving conclusive evidence 
for oxidation induced material loss. 

 
Figure 3. UV/Vis spectra of a (PFS-/PFS+)10 film on quartz before and after 
oxidation (2 min in 0.5 mM FeCl3, pH = 4). The PFS characteristic peak at 
216 nm was not visible after oxidation. 
 

Patterned multilayers12 based on selective removal by reactive 
soft lithography. Starting from continuous PFS multilayers, a 
micromolding in capillaries (MIMIC)13 procedure was followed using 
chemical oxidants (FeCl3 aqueous solutions) as ink. PDMS stamps were 
first treated with UV/ozone for 1 h in order to render hydrophilic surfaces. 
The oxidized stamps were stored in water afterwards. In the patterning 
procedure, the stamps were dried under a N2 stream before they were put 
in immediate contact with the multilayers. A drop of oxidant solution was 
then placed in front of the stamp and a rapid filling of the channels was 
observed. After a certain time, the stamps were removed and patterns 
were formed as a result of partial selective removal of PFS in the oxidant-
filled microchannels, as demonstrated by tapping mode AFM imaging 
(Figure 4). 

 
Figure 4. Tapping mode AFM height images recorded for a continuous (PFS-

/PFS+)3 multilayer sample (A) before MIMIC (z range 15 nm) and (B) after 
MIMIC for two minutes using FeCl3 (1 mM, pH ~ 4) as ink (z range 25 nm). 
Line patterns with partial selectively removed trenches (3 µm, darker stripes) 
separated by fully covered multilayers (4 µm, brighter stripes) were obtained. 
 

Macroporous structures. Making use of the specific molecular 
characteristics of PFS polycations and double-stranded, high molar mass DNA, 
the first LBL constructed macroporous architectures without using any post-
treatment following fabrication were demonstrated.14 Thin film morphology 
monitored by TM-AFM and SEM shows that a (PFS/DNA)10 film exhibits 
sizes of the largest pores around 350 nm (Figure 5), which makes the as-
formed structures macroporous. 15  The formation of the peculiar porous 
structure is considered to result from an interplay of the persistence-length 

mismatch, chain-length/molar-mass mismatch, and the 
hydrophobic/hydrophilic nature of the two components.16 

 
Figure 5. (A) tapping-mode AFM height (scale bar = 500 nm) and (B) top-
view SEM (scale bar = 1 µm) images of a PEI + (PFS/DNA)10 film on a 
silicon substrate. 

 
Conclusions 

Water-soluble poly(ferrocenylsilanes) were successfully employed in 
electrostatic layer-by-layer supramolecular assemly to give fully 
organometallic polyelectrolyte multilayers. PFS multilayer growth follows a 
linear profile and film thickness can be easily tuned by varying salt 
concentrations of the polyion solutions. The redox-responsive characteristic of 
PFS renders the multilayers removable by chemical oxidants. Making use of 
their erasable properties, PFS multilayer patterns were successfully created by 
a MIMIC procedure using PFS oxidant FeCl3 as ink. Unique macroporous 
multilayers were obtained when PFS polycations were assembled with double-
stranded, high molar mass DNA in a similar layer-by-layer fashion. 
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