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Abstract  N,N-Dimethylformamide (DMF)/H2O mixtures 
were used as solvents to fabricate azo polyelectrolyte 
(PEAPH)/poly(diallyldimethyl ammonium chloride)(PDAC) 
self-assembled multilayers with the layer-by-layer electro-
static adsorption technique.  PEAPH is a copolymer of 
acrylic acid and azobenzene-containing acrylate. The effect 
of the ratio of DMF to water on the multilayer growth, 
structure and surface morphology was studied in some de-
tails. Results show that DMF/H2O mixtures are proper me-
dia for PEAPH/PDAC multilayer fabrication.  The ratio of 
DMF to water in the mixture has significant influence on the 
multilayer structure and surface morphology.  With the in-
crease of DMF content, the multilayer thickness has a better 
linear growth relationship with the bilayer number, and the 
multilayer surface becomes smoother. Moreover, azo chro-
mophores show less H-aggregation when the multilayers are 
fabricated from DMF/H2O mixtures with  higher DMF 
contents. These studies demonstrate that using organic sol-
vent and water mixtures is an effective way to control the 
multilayer construction by adjusting the media properties.  
This method can be applied to multilayer fabrication of 
other water-insoluble polyelectrolytes. 
 
Keywords  azo polyelectrolyte, self-assembled multilayer, 
DMF/H2O mixture 

1  Introduction 

Azobenzene-containing polymers (azo polymers for short) 
are promising for future applications in optical and photonic 
devices [1−4]. In recent years, using electrostatic layer- 

by-layer (ELBL) selfassembly to fabricate azoben-
zene-containing multilayer films has become an important 
method to control the optical properties of azoben-
zene-containing materials and adjust the compositions in 
nano-scale [5,6]. In a typical ELBL method [7,8], azoben-
zene−containing polyelectrolytes and the opposite-charged 
ions were dissolved in water, and the LBL deposition proc-
ess was completed in aqueous media.  In this process mul-
tilayer growth and structure control were performed by ad-
justing the ionic strength and pH of the media [9−11]. 

However, using aqueous media for ELBL self-assembly 
of azo polyelectrolyte often encounters some difficulties. 
One of them is the poor solubility of the polymers in water 
due to the hydrophobicity of azobenzene units [12,13]. The 
polyelectrolytes containing a large amount of azo 
chromophores can hardly be dissolved in water. 
Consequently, aqueous media are usually not available for 
ELBL self-assembly. Moreover, azo chromophores tend to 
exist in the H-aggregation form in aqueous media, which 
can significantly decrease the photo-isomerization efficiency 
of azobenzene chromophore [14−17]. In general, the 
decrease of isomerization efficiency is unfavorable for many 
optical applications.  Therefore, finding proper media is 
pivotal for the ELBL self-assembly of azo polyelectrolytes 
and other water-insoluble polyelectrolytes. 

In this work, N,N-dimethylformamide (DMF)/H2O mix-
tures were used as the assembling media of azobenzene- 
containing polyanions. Commercially available poly (dial-
lyldimethylammonium chloride)(PDAC) dissolved in water 
was used as the polycation. Selection of DMF/H2O mixtures 
is based on the following reasons: (1) DMF is a good sol-
vent for most of the azo polymers, and the carboxylic acid 
groups can be partially ionized in DMF; (2) it is conse-
quently reasonable to monitor the structure and properties of 
the resulted multilayers by adjusting the ratio of DMF to 
water.  Research was focused on the effect of the ratios of 
DMF to water in the mixtures on the multilayer growth, 
structure and surface morphology of the multilayers.  Re-
sults show that DMF/H2O mixtures are ideal media for the     
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Fig. 1  Chemical structure of PEAPH 

 
ELBL self-assembly of the azobenzene-containing polyan-
ions and PDAC. The ratio of DMF to water in the mixture 
has significant influence on the multilayer structure and 
surface morphology.  

2  Experimental 

The chemical structure of the azo polyelectrolyte PEAPH is 
shown in Fig. 1. The synthesis and characterization of 
PEAPH have been given elsewhere [18].  PEAPH is a co-
polymer of acrylic acid and azobenzene-containing acrylate.  
The degree of functionization (DF) of PEAPH is 37%.  
Owing to the high azo chromophore content, PEAPH cannot 
be dissolved in aqueous media even in a basic condition.  
On the other hand, PEAPH can be well dissolved in polar 
organic solvents such as DMF. 

PEAPH solution for ELBL assembly was prepared as fol 
lows: 5 mg PEAPH was dissolved in 2 mL DMF and the 
solution was added into 20 mL DMF/H2O mixtures in drops 
under ultrasonication. PDAC (MW 20000−35000, 20% so-
lution, Aldrich) was used as polycation and diluted to a 
concentration of 0.1 mmol/L (repeated unit) with Milli-Q 
water (resistivity >18MΩ·cm).  Hydrophilic quartz and sil-
ica slides were prepared by sonication in a 98% 
H2SO4/30%H2O2 solution (piranha solution) for 1h and in a 
H2O/H2O2/NH4OH (5:1:1, v/v/v) solution for another 1 h, 
followed by a thorough rinse and then dried with an air 
stream. The multilayer films were fabricated on the pre-
treated quartz and silica slides by alternately dipping the 
substrates in the aqueous solution of PDAC and the 
DMF/H2O mixture of PEAPH. Each monolayer grew for 10 
min before washing with an excess of Milli-Q water and 
then dried with air stream. UV-vis absorption spectra were 
measured after each deposition cycle to characterize the 
PEAPH/PDAC multilayer growth. Atomic force microscopy 
(AFM, Nanoscope IIIa, Digital Instruments Corp., Tapping 
mode) was used to characterize the multilayer surface. 

3  Results and discussion 

3.1  PEAPH/PDAC multilayer fabrication 

The stable attraction between opposite-charged poly- elec-
trolytes is a basic requirement for the polyelectrolyte multi-
layer growth based on ELBL assembly. In the case of 
PEAPH/PDAC multilayer fabrication, when the multilayer  

with PDAC as the outmost layer is dipped into the PEAPH/ 
DMF/H2O mixture, the carboxyl acid groups in PEAPH 
chains will be electrostatically attracted by the ammonium 
groups in PDAC chains. This attraction interaction can at-
tach PEAPH chains to the PDAC layer. However, the effect 
of DMF on PEAPH chains can also dissolve the PEAPH 
chains into solution. Therefore, PEAPH/PDAC multilayer 
growth is more complicated in DMF/H2O mixture than that 
in water. Experimentally, a series of DMF/H2O mixtures 
with different ratios were utilized as the PEAPH assembling  
media, and UV-vis absorption spectra were detected to in 
vestigate the PEAPH/PDAC multilayer growth. Figure 2 
shows the PEAPH/PDAC multilayer growth in the case of a 
high content of DMF in the mixture (DMF/H2O=9/1, v/v), 
the linear growth indicates the uniform attraction between 
PEAPH and PDAC, which also demonstrates that the attrac-
tion is strong enough to stabilize the PEAPH chains on the 
surface of PDAC layers even in a high DMF content mix-
ture.  

  
Fig. 2  UV-Vis spectra of PEAPH/PDAC multilayers varying 
with the number of bilayers 

It is noteworthy that in this ELBL assembling process, 
PEAPH was dissolved in the DMF/H2O mixture while 
PDAC-in water, so that much attention should be paid to the 
influence of the solvent variation on the multilayer growth.  
Figure 3 shows the relationship of PEAPH and PDAC layer 
growth with the number of monolayers.  It can be seen in 
this figure that no polyelectrolyte desorption occurs when 
multilayer grows either in PEAPH/DMF/H2O mixture or in 
the aqueous PDAC solution. The deposition of PDAC on 
PEAPH layer does not bring obvious change to the UV-Vis 
absorption spectra, which indicates that the PEAPH layer on 
the surface is stable in the following deposition in the PDAC 
solution. 
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Fig. 3  The maximum absorbance of PEAPH/PDAC multilayers versus the number of monolayers.  
In this figure, (○) represents the maximum absorption intensity of the multilayers after dipping in  
the PEAPH solution, while (●) represents that after dipping in the PDAC solution 

  
3.2  Influence of the ratio of DMF to H2O on the multilayer 
formation 

To systemically study the influence of the ratio of DMF to 
H2O on the multilayer structure, a series of DMF/H2O mix-
tures with DMF/H2O = 1/20, 1/9, 1/4, 1/2, 1/1, 2/1, 4/1, 9/1 
was used for the ELBL self-assembly. The multilayer 
growth in those DMF/H2O mixtures is shown in Fig. 4. With 
the increase of DMF content in the mixture the PEAPH/ 
PDAC multilayer growth rate decreases gradually. However, 
the linear relationship of absorption with multilayer number 
is improved especially in the early stage. For instance, in the 
case of DMF/H2O=1/20, the multilayer shows an acceler-
ated growth in the deposition of the first several bilayers. On 
the contrary, the multilayer grows linearly in the case of 
DMF/H2O=9/1. It is believed that this difference is due to the 
different existing states of PEAPH in the DMF/H2O mixtures. 

 

Fig. 4  The maximum absorbance of multilayers versus the 
bilayer number 

In the case of high water content in mixture azo polyelec-
trolytes exist in loose entangled states for the hydrophobic-
ity of azobenzenes, which leads to the nonlinear growth at 
the beginning stage [13,19]. When these structures deposit 
on the PDAC surface, part of PEAPH chains penetrate into 
the former layer in order to stabilize in a compact stacking 
manner, which may result in the increase of PEAPH deposi-
tion and UV absorbance in spectra. It is noteworthy that all 
of the PEAPH/PDAC multilayers can be assembled up to 
several tens bilayers. These results demonstrate that 
DMF/H2O mixtures are the proper media for PEAPH/PDAC 
multilayer assembly. 

The existing states of azobenzene chromophores in mul-
tilayers were studied with UV-Vis absorption spectra. Figure 
5 gives the spectra of the PEAPH/PDAC multilayers ob-
tained from different DMF/H2O mixtures. The 350 nm ab-
sorption band is attributed to theπ→π* transition of the 
conjugated electrons of azobenzenes and the 450 nm absorption 

 
Fig. 5  The UV-Vis absorption spectra of PEAPH/PDAC 
multilayers fabricated from PEAPH solutions with different 
DMF/H2O ratios (all with 16 bilayers) 
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Fig. 6  The AFM surface morphology of the multilayers fabricated from different PEAPH solutions. a) DMF/H2O=1/9, b) 
DMF/H2O=9/1 (Both multilayers have 16 bilayers and PEAPH as the outmost layer) 
  

band-to the n→π* transition. The wavelength of the 
maximum absorbance (λmax) of the PEAPH/PDAC multilay-
ers, obtained from different DMF/H2O mixtures, obviously 
differs from each other. The λmax of the PEAPH/PDAC mul-
tilayers from DMF/H2O=1/9 mixture is at 335 nm, while 
that from DMF/H2O=9/1 mixture is at 355 nm.  The 
blue-shift of the azobenzene absorption band is the typical 
characteristics of H-aggregation of azobenzenes. A signifi-
cant part of azobenzenes in the PEAPH/PDAC multilayers 
obtained from DMF/H2O=1/9 mixture exists in the 
H-aggregation state, while that from DMF/H2O=9/1 mixture 
is on the contrary. The difference in spectra also reveals that 
the existing state of PEAPH chains has been stabilized be-
fore being deposited onto the PDAC surface, and the sub-
sequent washing and drying have little influence on the ex-
isting state of PEAPH chains. These results also demonstrate 
that the assembling media have a significant influence on 
the multilayer structure, and it is an effective method to ad-
just the multilayer structure by adjusting the assembling 
media.  

Furthermore, the surface morphology of the PEAPH/ 
PDAC multilayers obtained from different DMF/H2O mix-
tures obviously differs from each other (Fig. 6).  The mul-
tilayer prepared from the DMF/H2O mixture with higher 
DMF content shows a smoother surface.  It can also be at-
tributed to the difference of the PEAPH assembling media. 
In higher water content mixtures PEAPH chains exist in a 
more shrunken conformation with intermolecular aggrega-
tion. When these chains are deposited on the multilayers, the 
surface is rough. As shown in Fig. 6a, some particles can be 
observed on the surface. The difference in the surface mor-
phology demonstrates again that it is a valuable method to 
control the PEAPH/PDAC multilayer structure by adjusting 
the ratio of DMF to water. 
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