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1. Introduction 
 

The layer-by-layer (LbL) assembly is a powerful technique for fabricating multilayer thin films 
with controlled architecture and functions (Zhang & Shen, 1999; Decher & Schlenoff, 2002; 
Hammond, 2004). Although the research could be traced back to pioneering work of Iler in 
1966 (Iler, 1966), this important work did not become public until it was rediscovered by 
Decher and Hong in the beginning of 1990s (Decher & Hong, 1991a, 1991b; Decher et al., 1992). 
Since then, the field of LbL has gained rapid progress. Besides electrostatic driven LbL 
assembly (Decher, 1997), many different intermolecular interactions, such as hydrogen 
bonding (Wang et al., 1997; Stockton & Rubner, 1997), charge transfer interaction (Shimazaki et 
al., 1997; Shimazaki et al., 1998), molecular recognition (Hong et al., 1993; Decher et al., 1994; 
Bourdillon et al., 1994; Lvov et al., 1995; Anzai et al., 1999), coordination interactions (Xiong et 
al., 1998), have been used as driving force for the multilayer buildup. In addition, 
layer-by-layer reactions have been also employed to construct robust multilayer thin films 
(Kohli et al., 1998; Major & Blanchard, 2001; Chan et al., 2002; Zhang et al., 2005; Such et al., 
2006). Diversified building blocks have been used to construct LbL multilayer thin films, 
including polyelectrolytes (Kleinfeld & Ferguson, 1994), colloid and nanoparticles (Gao et al., 
1994; Rogach et al., 2000; Fu et al., 2002a), dyes (Zhang et al.,1994; Sun et al., 1996), dendrimers 
(Zhang et al., 2003; Huo et al., 2003), clay minerals (Wei et al., 2007), carbon materials (Olek et 
al., 2004; Correa-Duarte et al., 2005), enzymes and proteins (Kong et al., 1994; Lvov & 
Moehwald, 2000; Sun et al., 2001), DNA (Lvov et al., 1993; Shchukin et al., 2004), viruses (Lvov 
et al., 1994) and so on. These building blocks can be fabricated into multilayer thin films simply 
by alternating deposition at liquid-solid interface, so-called conventional LbL assembly. 
In order to fabricate single charged or water-insoluble building blocks, a series of 
unconventional LbL methods have been proposed. The key idea of these approaches 
includes more than one step in the assembly process, as shown in Figure 1. For example, the 
building blocks can self-assemble in solution to form molecular assemblies, and the 
molecular assemblies can be used as one of the building blocks subsequently for LbL 
assembly at liquid-solid interface. In this way, those building blocks which can not 
fabricated by conventional LbL assembly can be assembled by this unconventional LbL 
assembly. In addition, the unconventional LbL assembly can not only bring new structures 
but also endow the multilayer thin films with new functions (Zhang et al., 2007). 
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This chapter is to summarize different methods of unconventional LbL assembly, including 
electrostatic complex formation, hydrogen-bonded complex, block copolymer micelles and 
polymer-assisted complex. It will be noted that single charged or water-insoluble building 
blocks become self-assembling after these treatments in solution. When fabricating into 
multilayer thin films, this unconventional LbL assembly leads to development of new 
concept of surface imprinting, nanocontainers and nanoreactors. 
 

Electrostatic Complex Formation Hydrogen-bonded Complex

Block Copolymer Micelles Polymer-Assisted Complex

LbL

Electrostatic Complex Formation Hydrogen-bonded Complex

Block Copolymer Micelles Polymer-Assisted Complex

LbL

 
Fig. 1. Schematic illustration of unconventional LbL assembly. 

 
2. Electrostatic complex formation 
 

An electrostatic complex for the fabrication of LbL films can be described as follows. First, 
polyelectrolytes are mixed with counter-charged molecules in aqueous solution to form 
electrostatic complex; second, the complex are deposited alternatively with 
counter-polyelectrolyte to form LbL films. Electrostatic complex formation is a convenient 
way to fabricate LbL films with embedded charged organic molecules, including 
single-charged or oligo-charged (Fabianowski et al., 1998; Chang-Yen et al., 2002; Das and 
Pal, 2002; Nicol et al., 2003; Chen et al., 2005). 
One typical example is the incorporation of single charged molecules, e.g. sodium 
9-anthracenepropionate (SANP) into LbL films (Chen et al., 2005), as shown in Figure 2. This 
negatively charged moiety is used to form a macromolecular complex with positively 
charged poly(diallyldimethylammonium chloride) (PDDA), PDDA–SANP in short, and 
multilayer films are fabricated by alternating deposition of the PDDA–SANP complex with 
poly(4-styrenesulfonate) (PSS) at the liquid-solid interface. It is well known that small 
molecules, such as SANP, can diffuse into conventional LbL films of PDDA/PSS. However, 
the amount of SANP assembled in this method is much larger than that in the diffusion 
method, and moreover, a controllable amount of SANP can be incorporated by adjusting the 
initial concentration of SANP in the PDDA–SANP complex solution. 
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Fig. 2. Schematic illustration of the incorporation of single charged SANP into LbL film. 
 
Can LbL films act as a nanoreactor? To answer this question, the LbL film of 
PDDA-SANP/PSS is a nice model system, since anthracene moiety in SANP can undergo 
photo-cycloaddition under UV irradiation. As shown in Figure 3, the characteristic 
absorbance of anthracene between 250 and 425 nm decreases with UV irradiation, at the 
same time the absorbance of benzene around 205 nm increases, which indicates that SANP 
moieties incorporated in the LbL film undergo photocycloaddition to produce a 
photocyclomer. Interestingly, the quantum yield of photocycloaddition is about four times 
higher than that in the solution. The reason such photocycloaddition occurs with an 
enhanced quantum yield should be correlated with the aggregations of SANP in the LbL 
films which facilitates the reaction. 
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Fig. 3. Absorption spectra of PDDA-SANP/PSS multilayer film under UV irradiation for 
different times. Arrows indicate the transformation of the spectrum with increasing 
irradiation time. 
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This chapter is to summarize different methods of unconventional LbL assembly, including 
electrostatic complex formation, hydrogen-bonded complex, block copolymer micelles and 
polymer-assisted complex. It will be noted that single charged or water-insoluble building 
blocks become self-assembling after these treatments in solution. When fabricating into 
multilayer thin films, this unconventional LbL assembly leads to development of new 
concept of surface imprinting, nanocontainers and nanoreactors. 
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Fig. 1. Schematic illustration of unconventional LbL assembly. 

 
2. Electrostatic complex formation 
 

An electrostatic complex for the fabrication of LbL films can be described as follows. First, 
polyelectrolytes are mixed with counter-charged molecules in aqueous solution to form 
electrostatic complex; second, the complex are deposited alternatively with 
counter-polyelectrolyte to form LbL films. Electrostatic complex formation is a convenient 
way to fabricate LbL films with embedded charged organic molecules, including 
single-charged or oligo-charged (Fabianowski et al., 1998; Chang-Yen et al., 2002; Das and 
Pal, 2002; Nicol et al., 2003; Chen et al., 2005). 
One typical example is the incorporation of single charged molecules, e.g. sodium 
9-anthracenepropionate (SANP) into LbL films (Chen et al., 2005), as shown in Figure 2. This 
negatively charged moiety is used to form a macromolecular complex with positively 
charged poly(diallyldimethylammonium chloride) (PDDA), PDDA–SANP in short, and 
multilayer films are fabricated by alternating deposition of the PDDA–SANP complex with 
poly(4-styrenesulfonate) (PSS) at the liquid-solid interface. It is well known that small 
molecules, such as SANP, can diffuse into conventional LbL films of PDDA/PSS. However, 
the amount of SANP assembled in this method is much larger than that in the diffusion 
method, and moreover, a controllable amount of SANP can be incorporated by adjusting the 
initial concentration of SANP in the PDDA–SANP complex solution. 
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Fig. 2. Schematic illustration of the incorporation of single charged SANP into LbL film. 
 
Can LbL films act as a nanoreactor? To answer this question, the LbL film of 
PDDA-SANP/PSS is a nice model system, since anthracene moiety in SANP can undergo 
photo-cycloaddition under UV irradiation. As shown in Figure 3, the characteristic 
absorbance of anthracene between 250 and 425 nm decreases with UV irradiation, at the 
same time the absorbance of benzene around 205 nm increases, which indicates that SANP 
moieties incorporated in the LbL film undergo photocycloaddition to produce a 
photocyclomer. Interestingly, the quantum yield of photocycloaddition is about four times 
higher than that in the solution. The reason such photocycloaddition occurs with an 
enhanced quantum yield should be correlated with the aggregations of SANP in the LbL 
films which facilitates the reaction. 
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Fig. 3. Absorption spectra of PDDA-SANP/PSS multilayer film under UV irradiation for 
different times. Arrows indicate the transformation of the spectrum with increasing 
irradiation time. 
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It should be noted that the combination of macromolecular complexes and LbL deposition 
allows not only for incorporation of single charged moieties into LbL films, but also for 
controlled release of them from LbL films. For example, when immersing an LbL film of 
PDDA–SANP/PSS into an aqueous solution of Na2SO4, the SANP can be released from the 
film quickly depending on the ionic strength of the solution. An interesting finding is that 
after releasing SANP, the LbL film has been endowed the property of charge selectivity. 
That is to say, the as-prepared LbL film can readsorb only negatively charged moieties, 
whereas it repels positively charged moieties. As control experiment, small molecules can 
diffuse into normal LbL films of PDDA/PSS, however, either positively charged or 
negatively charged species can be equally incorporated, indicative of no charge selectivity. 
In addition, the loading capacity of SANP in a PDDA–SANP/PSS film is seven times higher 
than that in a PDDA/PSS film. Therefore, the LbL films fabricated by this unconventional 
LbL method can be used as materials of permselectivity. 
We are wondering if the above unconventional LbL method can be extended to incorporate 
positive charged building blocks and to fabricate films that are able to readsorb only 
positively charged moieties, whereas it repels negatively charged moieties. For this purpose, 
1-pyrenemethylamine hydrochloride (PMAH) is chosen as a positive charged moiety (Chen 
et al., 2007). Similar to the previous discussion on SANP, PMAH can be incorporated into 
LbL films by the unconventional LbL method that involves the electrostatic complex 
formation of PMAH and PSS in solution and alternating deposition between the complex 
and PDDA at liquid-solid interface. When immersing the LbL films of 
(PDDA/PSS-PMAH)10 into Na2SO4 aqueous solution of varying concentration, PMAH can 
be released from the LbL films and the releasing rate depends on the concentration of 
Na2SO4 solution. At a high Na2SO4 concentration of 0.62 mol/L, PMAH can be released 
completely in about 90 s. However, at a low concentration of 6.2×10-3 mol/L, it takes nearly 
500s for the completely release of PMAH. Notably, the LbL films after releasing PMAH can 
selectively readsorb positively charged moiety while repelling the opposite. 
Not all small molecules are suitable templates for fabrication of LbL films that can trap ion 
of one sign of charge while repelling the opposite. We have tried different cations and 
anions and realized that single-charged molecules bearing condensed aromatic structures 
are good candidates. The reasons are listed as following: (1) Single-charged molecules can 
form complexes with polyelectrolytes and also unbind easily, which is an important factor 
for successful incorporation into LbL films as we have mentioned above. Molecules with 
two or more charges can hardly unbind from the polyelectrolytes. (2) The small molecules 
we used in our experiment have a hydrophilic group and a hydrophobic group with 
condensed aromatic moiety. When forming a complex in aqueous solution, the aromatic 
hydrophobic groups might get together due to hydrophobic interaction as well as the - 
stacking interaction. 

 
3. Hydrogen bonding complex 
 

Hydrogen-bonded LbL assembly was first demonstrated by Rubner and our group 
simultaneously in 1997 (Stockton & Rubner, 1997; Wang et al., 1997; Wang et al., 2000). Since 
then, various building blocks have been fabricated into thin film materials on the basis of 
hydrogen bonding (Fu et al., 2002b; Zhang et al., 2003; Zhang et al., 2004; Zhang et al., 2007). 
This method is suitable for building blocks with hydrogen donors and acceptors, and it can 

 

be feasible not only in the environment of aqueous solution but also in suitable organic 
solvent. Considering that hydrogen bonding is sensitive to environmental conditions, such 
as pH, the hydrogen-bonded LbL films can be erasable (Sukhishvili & Granick, 2000; 
Sukhishvili & Granick, 2002). 
Inspired by the concept of unconventional LbL assembly, we attempt to develop 
unconventional method of LbL assembly on the basis of hydrogen bonding. It involves 
hydrogen-bonding complexation in solution and hydrogen-bonded LbL assembly at 
liquid-solid interface. The solvent used could be organic, which favors the formation of 
hydrogen-bonding. In this way, some water-insoluble small organic molecules can be 
loaded into multilayer thin films. 
One of the examples of hydrogen-bonded unconventional LbL assembly is shown in Figure 
4 (Zeng et al., 2007). First, a small organic molecule, bis-triazine (DTA) is mixed with 
poly(acrylic acid) (PAA) in methanol to form a hydrogen-bonding complex (PAA-DTA); 
second, LbL assembly is performed between the methanol solutions of PAA-DTA and 
diazo-resin (DAR), driven by hydrogen-bonding. In this way, DTA is loaded into the LbL 
film in a convenient and well-controlled manner. Since DAR is a photoreactive polycation, 
one can irradiate the film with UV light to convert the hydrogen bonding into covalent 
bond, therefore forming a stable multilayer film (Sun et al., 1998, 1999, 2000; Zhang et al., 
2002). 
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Fig. 4. Schematic illustration of hydrogen-bonded unconventional LbL assembly: Step 1, 
formation of hydrogen-bonding PAA-DTA complexes (a); Step 2, LbL assembly of 
PAA-DTA and DAR (b). 
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It should be noted that the combination of macromolecular complexes and LbL deposition 
allows not only for incorporation of single charged moieties into LbL films, but also for 
controlled release of them from LbL films. For example, when immersing an LbL film of 
PDDA–SANP/PSS into an aqueous solution of Na2SO4, the SANP can be released from the 
film quickly depending on the ionic strength of the solution. An interesting finding is that 
after releasing SANP, the LbL film has been endowed the property of charge selectivity. 
That is to say, the as-prepared LbL film can readsorb only negatively charged moieties, 
whereas it repels positively charged moieties. As control experiment, small molecules can 
diffuse into normal LbL films of PDDA/PSS, however, either positively charged or 
negatively charged species can be equally incorporated, indicative of no charge selectivity. 
In addition, the loading capacity of SANP in a PDDA–SANP/PSS film is seven times higher 
than that in a PDDA/PSS film. Therefore, the LbL films fabricated by this unconventional 
LbL method can be used as materials of permselectivity. 
We are wondering if the above unconventional LbL method can be extended to incorporate 
positive charged building blocks and to fabricate films that are able to readsorb only 
positively charged moieties, whereas it repels negatively charged moieties. For this purpose, 
1-pyrenemethylamine hydrochloride (PMAH) is chosen as a positive charged moiety (Chen 
et al., 2007). Similar to the previous discussion on SANP, PMAH can be incorporated into 
LbL films by the unconventional LbL method that involves the electrostatic complex 
formation of PMAH and PSS in solution and alternating deposition between the complex 
and PDDA at liquid-solid interface. When immersing the LbL films of 
(PDDA/PSS-PMAH)10 into Na2SO4 aqueous solution of varying concentration, PMAH can 
be released from the LbL films and the releasing rate depends on the concentration of 
Na2SO4 solution. At a high Na2SO4 concentration of 0.62 mol/L, PMAH can be released 
completely in about 90 s. However, at a low concentration of 6.2×10-3 mol/L, it takes nearly 
500s for the completely release of PMAH. Notably, the LbL films after releasing PMAH can 
selectively readsorb positively charged moiety while repelling the opposite. 
Not all small molecules are suitable templates for fabrication of LbL films that can trap ion 
of one sign of charge while repelling the opposite. We have tried different cations and 
anions and realized that single-charged molecules bearing condensed aromatic structures 
are good candidates. The reasons are listed as following: (1) Single-charged molecules can 
form complexes with polyelectrolytes and also unbind easily, which is an important factor 
for successful incorporation into LbL films as we have mentioned above. Molecules with 
two or more charges can hardly unbind from the polyelectrolytes. (2) The small molecules 
we used in our experiment have a hydrophilic group and a hydrophobic group with 
condensed aromatic moiety. When forming a complex in aqueous solution, the aromatic 
hydrophobic groups might get together due to hydrophobic interaction as well as the - 
stacking interaction. 

 
3. Hydrogen bonding complex 
 

Hydrogen-bonded LbL assembly was first demonstrated by Rubner and our group 
simultaneously in 1997 (Stockton & Rubner, 1997; Wang et al., 1997; Wang et al., 2000). Since 
then, various building blocks have been fabricated into thin film materials on the basis of 
hydrogen bonding (Fu et al., 2002b; Zhang et al., 2003; Zhang et al., 2004; Zhang et al., 2007). 
This method is suitable for building blocks with hydrogen donors and acceptors, and it can 

 

be feasible not only in the environment of aqueous solution but also in suitable organic 
solvent. Considering that hydrogen bonding is sensitive to environmental conditions, such 
as pH, the hydrogen-bonded LbL films can be erasable (Sukhishvili & Granick, 2000; 
Sukhishvili & Granick, 2002). 
Inspired by the concept of unconventional LbL assembly, we attempt to develop 
unconventional method of LbL assembly on the basis of hydrogen bonding. It involves 
hydrogen-bonding complexation in solution and hydrogen-bonded LbL assembly at 
liquid-solid interface. The solvent used could be organic, which favors the formation of 
hydrogen-bonding. In this way, some water-insoluble small organic molecules can be 
loaded into multilayer thin films. 
One of the examples of hydrogen-bonded unconventional LbL assembly is shown in Figure 
4 (Zeng et al., 2007). First, a small organic molecule, bis-triazine (DTA) is mixed with 
poly(acrylic acid) (PAA) in methanol to form a hydrogen-bonding complex (PAA-DTA); 
second, LbL assembly is performed between the methanol solutions of PAA-DTA and 
diazo-resin (DAR), driven by hydrogen-bonding. In this way, DTA is loaded into the LbL 
film in a convenient and well-controlled manner. Since DAR is a photoreactive polycation, 
one can irradiate the film with UV light to convert the hydrogen bonding into covalent 
bond, therefore forming a stable multilayer film (Sun et al., 1998, 1999, 2000; Zhang et al., 
2002). 
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Fig. 4. Schematic illustration of hydrogen-bonded unconventional LbL assembly: Step 1, 
formation of hydrogen-bonding PAA-DTA complexes (a); Step 2, LbL assembly of 
PAA-DTA and DAR (b). 
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We have applied this method to a series of structurally related molecules with an increasing 
number of hydrogen bond donors and acceptors to find out the structural demand of the 
method. Our conclusion is only the molecules that can form multiple and strong hydrogen 
bonds with PAA are suitable for our method. One simple technique to test if molecules can 
interact with PAA strongly is described below: when mixing the molecules with PAA in 
solution, it means that there exist a strong interaction between the molecule and PAA if a 
floccule is formed. Therefore, those molecules are usually suitable for this unconventional 
LbL assembly. 

 
4. Block copolymer micelles 
 

Amphiphilic block copolymers are able to self-assemble into core–shell micellar structures in 
selective solvent. In order to take advantage of hydrophobic cores of the block copolymer 
micelles, we have incorporated water-insoluble molecules, e.g. pyrene, into the hydrophobic 
micellar cores of poly(styrene-b-acrylic acid) and then employed the loaded block 
copolymer micelles as building blocks for LbL assembly (Ma et al., 2005). As shown in 
Figure 5, the block copolymer micelles of poly(styrene-b-acrylic acid) with acrylic acid on 
the shell functioned as polyanions, allowing for LbL assembly by alternating deposition 
with polycations. This is certainly another unconventional LbL assembly that involves 
micellar formation in solution and use of loaded micelles for LbL deposition at liquid-solid 
interface. In this way, small water-insoluble molecules can be fabricated. 
 

 
Fig. 5. Schematic illustration of the incorporation of pyrene into block copolymer micelles, 
LbL deposition of loaded micelles with PDDA, and the release of pyrene from the multilayer 
thin film. 
 
The same concept can be extended to incorporate different water-insoluble molecules, such 
as azobenzene, for LbL assembly (Ma et al., 2006, 2007). It is well known that azobenzene 
can undergo a reversible photoisomerization under UV irradiation, but the rate of 
photoisomerization is faster in solution than in solid films. For a multilayer film of 

 

azobenzene loaded poly(styrene-b-acrylic acid) micelles and PDDA, we have found, 
interestingly, that the photoisomerization of the azobenzene in the multilayer film needs 
only several minutes, which is much faster than in normal solid films, but similar to that in 
dilute solutions, suggesting a way for enhancing the photophysical properties in the LbL 
films. 
The above discussion concerns LbL films of block micelles when micelles are used to replace 
just one of the polyelectrolyte layers. The preparation of micelle-only multilayer is also 
possible. For this purpose, positively and negatively charged block copolymer micelles are 
needed as building blocks (Qi et al., 2006; Cho et al., 2006). For example, Block copolymer 
micelle/micelle multilayer films can be fabricated by alternating deposition of protonated 
poly(styrene-b-4-vinylpyrinde) and anionic poly(styrene-b-acrylic acid), as shown in Figure 
6. The film growth is governed by electrostatic and hydrogen-bonding interactions between 
the block copolymer micelles. Multilayer films with antireflective and photochromic 
properties are obtained by incorporating water-insoluble photochromic (spiropyran) into 
the hydrophobic core (Cho et al., 2006). In addition, the micelle-only multilayer can be 
prepared not only on planar substrates but also on colloidal particulate substrates (Biggs et 
al., 2007). 
 

 
Fig. 6. Schematic illustration of LBL assembly of block copolymer micelle/micelle multilayer 
films with encapsulated guests. 
 
The stability of micelles formed by low molecular weight surfactant is lower than block 
copolymer micelles, which usually cannot be used for LbL deposition. To improve the 
stability of micelles, a strategy is put forward that involves the use of polyelectrolyte to 
stabilize the micelles, which will be discussed in the following section. 
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We have applied this method to a series of structurally related molecules with an increasing 
number of hydrogen bond donors and acceptors to find out the structural demand of the 
method. Our conclusion is only the molecules that can form multiple and strong hydrogen 
bonds with PAA are suitable for our method. One simple technique to test if molecules can 
interact with PAA strongly is described below: when mixing the molecules with PAA in 
solution, it means that there exist a strong interaction between the molecule and PAA if a 
floccule is formed. Therefore, those molecules are usually suitable for this unconventional 
LbL assembly. 

 
4. Block copolymer micelles 
 

Amphiphilic block copolymers are able to self-assemble into core–shell micellar structures in 
selective solvent. In order to take advantage of hydrophobic cores of the block copolymer 
micelles, we have incorporated water-insoluble molecules, e.g. pyrene, into the hydrophobic 
micellar cores of poly(styrene-b-acrylic acid) and then employed the loaded block 
copolymer micelles as building blocks for LbL assembly (Ma et al., 2005). As shown in 
Figure 5, the block copolymer micelles of poly(styrene-b-acrylic acid) with acrylic acid on 
the shell functioned as polyanions, allowing for LbL assembly by alternating deposition 
with polycations. This is certainly another unconventional LbL assembly that involves 
micellar formation in solution and use of loaded micelles for LbL deposition at liquid-solid 
interface. In this way, small water-insoluble molecules can be fabricated. 
 

 
Fig. 5. Schematic illustration of the incorporation of pyrene into block copolymer micelles, 
LbL deposition of loaded micelles with PDDA, and the release of pyrene from the multilayer 
thin film. 
 
The same concept can be extended to incorporate different water-insoluble molecules, such 
as azobenzene, for LbL assembly (Ma et al., 2006, 2007). It is well known that azobenzene 
can undergo a reversible photoisomerization under UV irradiation, but the rate of 
photoisomerization is faster in solution than in solid films. For a multilayer film of 

 

azobenzene loaded poly(styrene-b-acrylic acid) micelles and PDDA, we have found, 
interestingly, that the photoisomerization of the azobenzene in the multilayer film needs 
only several minutes, which is much faster than in normal solid films, but similar to that in 
dilute solutions, suggesting a way for enhancing the photophysical properties in the LbL 
films. 
The above discussion concerns LbL films of block micelles when micelles are used to replace 
just one of the polyelectrolyte layers. The preparation of micelle-only multilayer is also 
possible. For this purpose, positively and negatively charged block copolymer micelles are 
needed as building blocks (Qi et al., 2006; Cho et al., 2006). For example, Block copolymer 
micelle/micelle multilayer films can be fabricated by alternating deposition of protonated 
poly(styrene-b-4-vinylpyrinde) and anionic poly(styrene-b-acrylic acid), as shown in Figure 
6. The film growth is governed by electrostatic and hydrogen-bonding interactions between 
the block copolymer micelles. Multilayer films with antireflective and photochromic 
properties are obtained by incorporating water-insoluble photochromic (spiropyran) into 
the hydrophobic core (Cho et al., 2006). In addition, the micelle-only multilayer can be 
prepared not only on planar substrates but also on colloidal particulate substrates (Biggs et 
al., 2007). 
 

 
Fig. 6. Schematic illustration of LBL assembly of block copolymer micelle/micelle multilayer 
films with encapsulated guests. 
 
The stability of micelles formed by low molecular weight surfactant is lower than block 
copolymer micelles, which usually cannot be used for LbL deposition. To improve the 
stability of micelles, a strategy is put forward that involves the use of polyelectrolyte to 
stabilize the micelles, which will be discussed in the following section. 
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5. Polymer-assisted complex 

Polymer-assisted complex can be formed by the complexation of polymer with organic or 
inorganic components in solution through weak interaction such as electrostatic 
interactions, hydrogen-bonds, coordination interactions, guest-host interactions and so on. It 
has been demonstrated that diversified polymer-assisted complexes can be used as building 
blocks for the unconventional LbL assembly of multilayer thin films with well-tailored 
structures and functionalities, including polyelectrolyte-stabilized surfactant (Liu et al., 
2008), polymeric complexes (Zhang & Sun, 2009; Liu et al., 2009; Guo et al., 2009), 
organic/inorganic hybrid complexes (Zhang et al., 2008). 
Instead of using block copolymer micelles mentioned above as containers, Sun and 
co-workers found that the inexpensive polyelectrolyte-stabilized surfactant could be used as 
containers for noncharged species. For instance, they used this unconventional LbL 
assembly to realize the incorporation of noncharged pyrene molecules into multilayer films 
(Liu et al., 2008). First, noncharged pyrene molecules were encapsulated into the 
hydrophobic cores of the commonly used micelles formed by cetyltrimethylammonium 
bromide (CTAB); Second, the pyrene-loaded CTAB micelles were complexed with 
poly(acrylic acid) to obtain PAA-stabilized CTAB micelles, noted as PAA-(Py@CTAB), as 
shown in Figure 7; Then PAA-(Py@CTAB) were alternately deposited with PDDA through 
electrostatic interaction to produce PAA-(Py@CTAB)/PDDA multilayer thin film. As a 
consequence, pyrene molecules were firmly incorporated in the PAA-(Py@CTAB)/PDDA 
films with a high loading capacity. The assisted polymer plays an important role in 
stabilizing the micelles because CTAB micelles without assisted polymer can disassemble 
during the LbL deposition process. Considering that the surfactant micelles and 
polyelectrolytes are easily available, it is anticipated that this method can be extended to a 
wide range of polyelectroyte-stabilized surfactant micelles and will open a general and 
cost-effective avenue for the fabrication of advanced lm materials containing noncharged 
species, such as organic molecules, nanoparticles and so forth by using LbL assembly 
technique. 
 

 
Fig. 7. (a) Preparative process of PAA-stabilized Py@CTAB micelles. (b) LbL deposition 
process for fabrication of PAA-(Py@CTAB)/PDDA multilayer films. 

 

LbL assembled porous films could be hardly fabricated through conventional LbL assembly 
by directly alternate deposition of oppositely charged polyelectrolytes because of the 
flexibility of polyelectrolytes, which tends to close up any pre-designed pores and produce 
thin and compact films. However, by firstly preparing the polyelectrolyte complexes of 
negatively charged PAA and DAR (noted as PAA-DAR) and positively charged DAR and 
PSS (noted as DAR-PSS) as building blocks for further LbL assembly, a robust macroporous 
foam coating could be rapidly fabricated by direct LbL deposition of PAA-DAR and 
DAR-PSS complexes combined with subsequent photocross-linking (Zhang & Sun, 2009). 
These macroporous PAA-DAR/DAR-PSS foam coatings have a high loading capacity 
toward cationic dyes and can be used for dye removal from wastewater because of the large 
surface area and the abundance of negatively charged carboxylate and sulfonate groups 
provided by the foam coatings. 
In addition of electrostatic interaction, hydrogen-bonded interaction could be also employed 
to form the polymer-assisted complex. For instance, poly(vinylpyrrolidione) (PVPON) and 
PAA could pe-assemble to polymeric complex through hydrogen-bonding interaction 
(denoted PVPON-PAA). Then, the pre-assembly complex could fabricate with 
poly(methacrylic acid) (PMAA) to a micrometre-thick PVPON-PAA/PMAA film with 
hierarchical micro- and nanostructures. After chemical vapor deposition of a layer of 
fluoroalkylsilane on top of the as-prepared multilayer thin film, superhydrophobic coatings 
were conveniently fabricated (Liu et al., 2009). The structure of the as-prepared 
PVPON-PAA/PMAA films could be well tailored by the mixing ratio of the PVPON-PAA 
complexes and the film preparative process. A non-drying LbL deposition process is 
critically important to realize the rapid fabrication of PVPON-PAA/PMAA films with 
hierarchical structures because the spherical structure of the PVPON&PAA complexes can 
be well preserved during film fabrication. In contrast, A N2 drying step during LbL 
deposition process can produce a lateral shearing force, which produces thin and smooth 
films because of the spread and flattening of the PVPON-PAA complexes. 
 

 
Fig. 8. Schematic illustration of the LbL deposition of PDDA-silicate complexes and PAA for 
fabrication of antireflection and antifogging coatings. 
 
Besides polymeric complexes, polymer-assisted organic/inorganic hybrid complexes can be 
also assembled with counter species through unconventional electrostatic LbL assembly to 
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Besides polymeric complexes, polymer-assisted organic/inorganic hybrid complexes can be 
also assembled with counter species through unconventional electrostatic LbL assembly to 
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fabricate functional film materials. As shown in Figure 8, complexes of PDDA and sodium 
silicate (PDDA-silicate) were alternately deposited with PAA to fabricate 
PAA/PDDA-silicate multilayer thin films (Zhang et al., 2008). The removal of the organic 
components in the PAA/PDDA-silicate mulilayer films through calcination produces highly 
porous silica coatings with excellent mechanical stability and good adhesion to substrates. 
Quartz substrates covered with such porous silica coatings exhibit both antireflection and 
antifogging properties because of the reduced refractive index and superhydrophilicity of 
the resultant films. A maximum transmittance of 99.8% in the visible spectral range is 
achieved for the calcinated PAA/PDDA-silicate films deposited on quartz substrates. The 
use of PDDA-assisted silicate complexes instead of simplex sodium silicate can largely 
increase the ratio of the organic components in the LbL-deposited organic/inorganic hybrid 
films and therefore enhance the porosity of the calcinated films, which favors the fabrication 
of antireflection and antifogging coatings with enhanced performance. 

 
6. Surface imprinting LbL film 
 

 
Fig. 9. Schematic illustration of the formation of the imprinting complexes (PAA-Por) and 
the experimental procedure for the formation of surface imprints of multilayer thin film. 
 
The unconventional LbL assembly is not only used for assembling building blocks which 
cannot be assembled by conventional method, but also for introducing new functions. 
Among them, surface imprinting in LbL nanostructured films is one typical example. It is 
well-known that molecularly imprinting polymers provide a general means to generate 
specific binding sites in polymer matrices (Wulff & Sarhan, 1972; Vlatakis et al., 1993; 
Zimmerman et al., 2002; Haupt & Mosbach, 2000; Wulff, 2002; Komiyama et al., 2002). 
However, they suffer from basic limitations associated with the limited concentration of 

 

imprinted sites, and the bulk volume of the polymer matrices that requires long diffusion 
paths of the imprinted host molecules. In fact, a few previous reports have addressed the 
possibility of imprinting molecular-recognition sites in monolayer systems (Kempe et al., 
1995; Lee et al. 1998; Lahav et al., 1999), but the effectiveness of these systems and their 
utility are limited. Surface imprinting LbL film can provide a solution to solve these 
problems, therefore opening a new avenue for surface imprinting with enhanced efficiency. 
A general procedure for preparation of surface imprinting LbL films includes four steps. 
Taking the generation of imprinted sites for the porphyrin derivative (Por) as an example, as 
shown in Figure 9, firstly, an electrostatically stabilized complex between the positively 
charged porphyrin and PAA is formed in aqueous solution. Secondly, multilayer thin film is 
fabricated by alternating deposition of the complex PAA–Por and photoactive DAR. 
Thirdly, the layered structure is photo cross-linked to yield the covalent bridging of the 
layers by UV irradiation. In the final step, the template porphyrin molecules are washed off 
from the film to yield the surface imprinted matrix (Shi et al., 2007). 
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Fig. 10. a) Time-dependent absorbance of the Por association to the imprinted film at 
different bulk concentration of Por; b) Isothermal absorption curve of the Por relative to the 
imprinted film (blue curve) and the reference film (red curve). 
 
The surface imprinting LbL films have advantage over other method in terms of 
thermodynamics and kinetics. As shown in Figure 10(a), the rate of binding of Por to the 
imprinted film is very fast, and the loading process reaches a saturation value at less than 
two min. Moreover, the absorbance of the saturation value of Por increases upon elevating 
the bulk concentration of Por, which indicates that the binding of Por is 
concentration-dependent. Furthermore, the formation of different saturation values for the 
absorbance of Por bound to the polymer at different bulk concentrations of Por implies that 
the association of Por is an equilibrium process. Knowing the saturation value of bound Por 
at different bulk concentrations, the binding constant of Por to the imprinted site is 
estimated to be 2 × 105 M–1. The isothermal absorption is shown in Figure 10(b) by relating 
the absorbance of Por at 30 min against the concentration of Por. When the concentration of 
Por is lower than 10–2 mg mL–1, the absorption of Por is similar in the imprinted film and the 
reference film. However, upon increasing the concentration of Por to 10–2 mg mL–1, we 
observe that the imprinted film absorbs substantially more Por than the reference film. 
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fabricate functional film materials. As shown in Figure 8, complexes of PDDA and sodium 
silicate (PDDA-silicate) were alternately deposited with PAA to fabricate 
PAA/PDDA-silicate multilayer thin films (Zhang et al., 2008). The removal of the organic 
components in the PAA/PDDA-silicate mulilayer films through calcination produces highly 
porous silica coatings with excellent mechanical stability and good adhesion to substrates. 
Quartz substrates covered with such porous silica coatings exhibit both antireflection and 
antifogging properties because of the reduced refractive index and superhydrophilicity of 
the resultant films. A maximum transmittance of 99.8% in the visible spectral range is 
achieved for the calcinated PAA/PDDA-silicate films deposited on quartz substrates. The 
use of PDDA-assisted silicate complexes instead of simplex sodium silicate can largely 
increase the ratio of the organic components in the LbL-deposited organic/inorganic hybrid 
films and therefore enhance the porosity of the calcinated films, which favors the fabrication 
of antireflection and antifogging coatings with enhanced performance. 
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the experimental procedure for the formation of surface imprints of multilayer thin film. 
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specific binding sites in polymer matrices (Wulff & Sarhan, 1972; Vlatakis et al., 1993; 
Zimmerman et al., 2002; Haupt & Mosbach, 2000; Wulff, 2002; Komiyama et al., 2002). 
However, they suffer from basic limitations associated with the limited concentration of 

 

imprinted sites, and the bulk volume of the polymer matrices that requires long diffusion 
paths of the imprinted host molecules. In fact, a few previous reports have addressed the 
possibility of imprinting molecular-recognition sites in monolayer systems (Kempe et al., 
1995; Lee et al. 1998; Lahav et al., 1999), but the effectiveness of these systems and their 
utility are limited. Surface imprinting LbL film can provide a solution to solve these 
problems, therefore opening a new avenue for surface imprinting with enhanced efficiency. 
A general procedure for preparation of surface imprinting LbL films includes four steps. 
Taking the generation of imprinted sites for the porphyrin derivative (Por) as an example, as 
shown in Figure 9, firstly, an electrostatically stabilized complex between the positively 
charged porphyrin and PAA is formed in aqueous solution. Secondly, multilayer thin film is 
fabricated by alternating deposition of the complex PAA–Por and photoactive DAR. 
Thirdly, the layered structure is photo cross-linked to yield the covalent bridging of the 
layers by UV irradiation. In the final step, the template porphyrin molecules are washed off 
from the film to yield the surface imprinted matrix (Shi et al., 2007). 
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Fig. 10. a) Time-dependent absorbance of the Por association to the imprinted film at 
different bulk concentration of Por; b) Isothermal absorption curve of the Por relative to the 
imprinted film (blue curve) and the reference film (red curve). 
 
The surface imprinting LbL films have advantage over other method in terms of 
thermodynamics and kinetics. As shown in Figure 10(a), the rate of binding of Por to the 
imprinted film is very fast, and the loading process reaches a saturation value at less than 
two min. Moreover, the absorbance of the saturation value of Por increases upon elevating 
the bulk concentration of Por, which indicates that the binding of Por is 
concentration-dependent. Furthermore, the formation of different saturation values for the 
absorbance of Por bound to the polymer at different bulk concentrations of Por implies that 
the association of Por is an equilibrium process. Knowing the saturation value of bound Por 
at different bulk concentrations, the binding constant of Por to the imprinted site is 
estimated to be 2 × 105 M–1. The isothermal absorption is shown in Figure 10(b) by relating 
the absorbance of Por at 30 min against the concentration of Por. When the concentration of 
Por is lower than 10–2 mg mL–1, the absorption of Por is similar in the imprinted film and the 
reference film. However, upon increasing the concentration of Por to 10–2 mg mL–1, we 
observe that the imprinted film absorbs substantially more Por than the reference film. 
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Further support that the film binds the Por substrate to specific imprinted sites, rather than 
by sole electrostatic interactions, is obtained by the electrochemical probing of the 
association of the positively charged Ru(NH3)63+ label to the LbL film before and after 
exclusion of the template, Por, from the polymer. No redox response is observed for the 
Ru(NH3)63+ label when the polymeric film is loaded with the template Por, implying that the 
film insulates the interfacial electron transfer to the redox label, Figure 11(curve 1). 
Exclusion of the template results in the electrical response of Ru(NH3)63+, Figure 11(curve 2). 
That is, after exclusion of the template, the film is permeable to the redox label and the 
positively charged units bind to the negatively charged empty sites from which the Por is 
removed. Interaction of the Ru(NH3)63+ loaded polymer with the imprinted substrate, Por, 
results in a decrease in the electrical response of Ru(NH3)63+, implying that the redox label is 
competitively displaced by Por. That is, Por exhibits a substantially higher affinity for the 
polymer as compared to Ru(NH3)63+, Figure 11(curves 3 and 4). This is attributed to the fact 
that the imprinted sites in the film can sterically accommodate Por, in addition to its 
electrostatic stabilization by the negative charges associated with the polymer. 
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Fig. 11. Cyclic voltammograms of the gold electrodes modified by (DAR/PAA–Por)5DAR 
multilayer films in the presence of an electrolyte solution consisting of 3 mM Ru(NH3)63+ 
and 0.1 M KCl; 1) after UV irradiation and in the presence of bound Por; 2) removal of Por 
from the film by ultrasonic agitation in the ternary solution; 3, 4) after immersing the 
unloaded film in a mixed solution of 0.2 mgmL–1 Por, 2.4 mM Ru(NH3)63+,and 0.08 M KCl 
for 2 min and 20 min, respectively. 
 
To improve the selectivity of surface imprinting LbL films, we have attempted to introduce 
the cooperativity of various specic interactions within the binding sites. We choose 
theophylline derivatives as the model template molecules to investigate the feasibility of our 
method in the fabrication of surface imprinting LbL films. Theophylline-7-acetic acid 
(THAA) is covalently conjugated to polyelectrolyte PAA with a cystamine bridge by amide 
linkage to form precursor assemblies PAAtheo15, which is a PAA with 15% of its carboxylic 

 

acid grafted of THAA. The disulde bond moiety of the cystamine bridge can introduce 
extra recognition sites as the thiol group obtained from reduction of disulde is able to form 
hydrogen-bonding interactions with hydroxyl groups of the guest molecules. This 
additional mercapto recognition site, combined with the other hydrogen-bonding 
interactions established through template incorporation and lm construction, renders 
selectivity for the nanostructured binding cavities in the LbL lm (Niu et al., 2007; Niu et al., 
2008). 

 
7. Conclusions 
 

The LbL assembly has experienced several stages of development: extension of various 
building blocks, LbL method driven by different driving forces, combination of layered 
nanoarchitectures and functional assemblies, and the unconventional LbL assembly as 
summarized and discussed in this chapter. In general, the unconventional LbL assembly 
includes supramolecular assembly in solution and LbL deposition at liquid-solid interface. 
Therefore, it can be regarded as one of the multi-level assembly. As you can see, the 
unconventional LbL method brings not only new supramolecular structures but also 
functions. However, no matter whether the conventional or the unconventional LbL method 
is employed, each method has its own scope of applications as well as limitations. The 
combination of different methods may facilitate the assembly of thin film materials with 
complex and elaborate structures for the integration of functionalities. 
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Further support that the film binds the Por substrate to specific imprinted sites, rather than 
by sole electrostatic interactions, is obtained by the electrochemical probing of the 
association of the positively charged Ru(NH3)63+ label to the LbL film before and after 
exclusion of the template, Por, from the polymer. No redox response is observed for the 
Ru(NH3)63+ label when the polymeric film is loaded with the template Por, implying that the 
film insulates the interfacial electron transfer to the redox label, Figure 11(curve 1). 
Exclusion of the template results in the electrical response of Ru(NH3)63+, Figure 11(curve 2). 
That is, after exclusion of the template, the film is permeable to the redox label and the 
positively charged units bind to the negatively charged empty sites from which the Por is 
removed. Interaction of the Ru(NH3)63+ loaded polymer with the imprinted substrate, Por, 
results in a decrease in the electrical response of Ru(NH3)63+, implying that the redox label is 
competitively displaced by Por. That is, Por exhibits a substantially higher affinity for the 
polymer as compared to Ru(NH3)63+, Figure 11(curves 3 and 4). This is attributed to the fact 
that the imprinted sites in the film can sterically accommodate Por, in addition to its 
electrostatic stabilization by the negative charges associated with the polymer. 
 

-0.4 -0.3 -0.2 -0.1 0.0 0.1

-1.0x10-5

-5.0x10-6

0.0

5.0x10-6

C
ur

re
nt

(A
)

Potential(V)

(a)

(1)

(2)

(3)

(4)

-0.4 -0.3 -0.2 -0.1 0.0 0.1

-1.0x10-5

-5.0x10-6

0.0

5.0x10-6

C
ur

re
nt

(A
)

Potential(V)

(a)

(1)

(2)

(3)

(4)

 
Fig. 11. Cyclic voltammograms of the gold electrodes modified by (DAR/PAA–Por)5DAR 
multilayer films in the presence of an electrolyte solution consisting of 3 mM Ru(NH3)63+ 
and 0.1 M KCl; 1) after UV irradiation and in the presence of bound Por; 2) removal of Por 
from the film by ultrasonic agitation in the ternary solution; 3, 4) after immersing the 
unloaded film in a mixed solution of 0.2 mgmL–1 Por, 2.4 mM Ru(NH3)63+,and 0.08 M KCl 
for 2 min and 20 min, respectively. 
 
To improve the selectivity of surface imprinting LbL films, we have attempted to introduce 
the cooperativity of various specic interactions within the binding sites. We choose 
theophylline derivatives as the model template molecules to investigate the feasibility of our 
method in the fabrication of surface imprinting LbL films. Theophylline-7-acetic acid 
(THAA) is covalently conjugated to polyelectrolyte PAA with a cystamine bridge by amide 
linkage to form precursor assemblies PAAtheo15, which is a PAA with 15% of its carboxylic 

 

acid grafted of THAA. The disulde bond moiety of the cystamine bridge can introduce 
extra recognition sites as the thiol group obtained from reduction of disulde is able to form 
hydrogen-bonding interactions with hydroxyl groups of the guest molecules. This 
additional mercapto recognition site, combined with the other hydrogen-bonding 
interactions established through template incorporation and lm construction, renders 
selectivity for the nanostructured binding cavities in the LbL lm (Niu et al., 2007; Niu et al., 
2008). 

 
7. Conclusions 
 

The LbL assembly has experienced several stages of development: extension of various 
building blocks, LbL method driven by different driving forces, combination of layered 
nanoarchitectures and functional assemblies, and the unconventional LbL assembly as 
summarized and discussed in this chapter. In general, the unconventional LbL assembly 
includes supramolecular assembly in solution and LbL deposition at liquid-solid interface. 
Therefore, it can be regarded as one of the multi-level assembly. As you can see, the 
unconventional LbL method brings not only new supramolecular structures but also 
functions. However, no matter whether the conventional or the unconventional LbL method 
is employed, each method has its own scope of applications as well as limitations. The 
combination of different methods may facilitate the assembly of thin film materials with 
complex and elaborate structures for the integration of functionalities. 
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