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Abstract 

Polydopamine (PDA) is a kind of mussel-inspired material. It has been applied as a coating and an 
adsorbent material. As an adsorbent, the PDA microspheres were used to remove methylene blue (MB) in 
aqueous solution. It was reported that the efficiency of the PDA adsorbent depends on the pH of the 
solution. Furthermore, in a pH range of 3 - 10, the hydroxyl and amine functional groups of PDA can be 
either protonated or deprotonated. The change of the net charge of PDA can affect the intermolecular 
interactions between PDA and MB. It was proposed that both of the electrostatic and π-π interactions 
should be dominant in the acidic and basic solutions. Therefore, the structural properties and 
intermolecular interactions of the PDA-MB complex should be investigated. Such an investigation can be 
useful for the improvement of the PDA microspheres for the other dyes. To get insight into the roles of 
PDA structure and its role as an interesting adsorbent for MB, the PDA-MB complex formation was 
carried out at pH 7. The PDA dimers which have six possible structures were selected. The optimization 
of all PDA dimers and MB was performed in the gas phase at the B3LYP/6-311++G(d,p) calculations. 
After that, the complex formation of the optimized PDA dimers and MB was performed using the 
AutoDock Vina V1.1.2. The binding free energy of the PDA dimers and MB was in a range of -3.2 to -3.7 
kcal/mol, which indicated that the binding of PDA dimer and MB is spontaneous. The results showed that 
the π-π interaction between PDA dimer and MB plays a crucial role in the complex formation. Likewise, 
the sandwich-like structures of the complexes are more stable than the twisted structures. 
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Introduction 

Polydopamine (PDA) becomes more interesting as a mussel-inspired material because it is 
responsible for adhesion to many kinds of surfaces [1-3]. PDA contains the catechol and nitrogen-
containing groups and its synthesis is very simple and easy. Such a synthesis can be done by exposing 
dopamine (3,4-dihydroxyphenylethylamine) to air in alkaline solutions [4]. As a low-cost material, 
applications and adoptions of the PDA have been reported in many fields of science and applied 
engineering [1-11]. 

The PDA structure at the atomic level has not been reported since it is an amorphous solid. Thus, 
the Cartesian coordinates and structural parameters of the PDA should be investigated using a theoretical 
study. Lately, an ab initio calculation of the molecular models of the PDA was proposed [12]. Many 
different structures of the PDA dimers, trimers, and tetramers were calculated at the B3LYP/def2-QZVP 
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method [12]. For the PDA dimer, it was reported that six lowest-lying energy structures (A to F in Figure 
1) of the PDA dimer were located in the B3LYP/def2-QZVP potential energy surface with relative 
structural energies in a range of 3.20 kcal mol-1 [12]. The structures of those six PDA dimers are unique 
since their C(ring)-C(ring) atom connection between each aromatic ring of each monomer is different 
[12]. As indicated in Chen et al. [12], dimerization of PDA from monomer units was made through the 2-, 
4-, and 7-position [12]. Therefore, these six PDA dimers made through the 2,2’-, 2,4’-, 2,7’-, 4,4’-, 4,7’-, 
and 7,7’-position could be used as the smallest oligomers of PDA [12].  
 

 
Figure 1 Six most stable structures of the PDA dimer [12]. 
 
 

In a number of the study on the effectiveness of adsorption for dye removal from wastewaters using 
many kinds of agricultural waste, methylene blue (MB) has been selected as a model compound. This was 
done in order to evaluate the capability of adsorbent in removing dye from wastewaters [5-7,9]. The 
molecular structure of MB is shown in Figure 2. It should be noted that MB is a basic aniline dye and has 
important uses in both biology and chemistry [5-7,9]. For example, MB has been applied in many 
laboratories as an indicator and has been used as a cell straining for bacteria. Nonetheless, the removal of 
MB after use is very important because MB is a toxic substance [5-7,9]. 

 
Figure 2 The structure of MB. 

 
 
As a coating and adsorbent material, the PDA microspheres were used as an adsorbent to remove 

MB in aqueous solution. For a study of MB removal using PDA [5], the researchers reported that the 
efficiency of the PDA adsorbent depends on the pH of the solution since the hydroxyl and amine 
functional groups of PDA can be either protonated or deprotonated. The MB molecule contains a positive 
charge so that the intermolecular interaction between PDA and MB could be affected directly from the 
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net charge of PDA [5]. Furthermore, the electrostatic and π-π interactions between PDA and MB should 
be more predominant in the acidic and basic solutions [5]. To get insight into the intermolecular 
interactions of PDA and MB, the structural properties and intermolecular interactions of the PDA-MB 
complex were focused in this study. The obtained information from this work can be useful for the 
improvement of the PDA microspheres for the other dyes. 

This research aimed to examine the roles of PDA structure as an interesting adsorbent for MB. The 
PDA-MB complexes were carried out at pH 7. The six most stable structures of PDA dimer and an MB 
molecule (as shown in Figures 1 and 2, respectively) were applied to create the PDA-MB complexes 
using a docking technique. The docking results of the PDA-MB complexes and their binding free 
energies corresponding with their structures were analyzed and discussed. 
 
Materials and methods 

The six PDA dimers and an MB molecule were constructed as starting molecules for this theoretical 
study. The structural features of all PDA dimers and an MB molecule were mimic from those shown in 
Figures 1 and 2, respectively. The GaussView program V.5 was utilized to create those initial structures 
[13]. After that, all PDA dimers and MB were fully optimized in the gas phase at the B3LYP/6-
311++G(d,p) calculations using Gaussian09 program package [14]. The net charge of each molecule of 
PDA dimer was zero while the net charge of MB was +1. It should be noted that the conformational 
search of each PDA dimer was omitted since this study aimed to compare the stability order of the six 
reported PDA dimers. The optimized structures of all PDA dimers and an MB molecule were further used 
to construct the six PDA-MB complexes. 

The predictions of plausible structures and binding free energies of each of PDA dimer and an MB 
molecule were performed using the AutoDock Vina (V.1.1.2) program, an open source program used for 
molecular docking [15]. This program has been applied for small protein-ligand docking and RNA-ligand 
docking. It was reported that the docking results compared to the crystallographic data are acceptable and 
reasonable since their coordinate root-mean-square displacements are very small. In this work, the 
possible binding sites of each PDA molecule were defined using the number of grid points in the x-, y- 
and z- dimensions of 40, 40 and 40, respectively with spacing of 1.0 Å. The x-, y- and z-center of grid 
box are 0.0, 0.0 and 0.0, respectively. All parameters for the search technique were set as defaults of the 
program and the genetic algorithm was selected. The lowest binding energy pose structures of each PDA-
MB complex were selected and analyzed. 
 
Results and discussion 

The optimized structures of an MB molecule and the six PDA dimers  
 The three-dimensional structure of the optimized MB molecule has a planar skeleton and it is very 
similar to its two-dimensional structure as shown in Figure 2. Then, the optimized MB structure derived 
from the B3LYP/6-311++G(d,p) calculations was not shown.  
 The optimized structures of the six PDA dimers (the front view and the top view) with their relative 
structural energies (∆E) are shown in Figure 3.  
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Figure 3 The optimized structures of the six PDA dimers obtained from the B3LYP/6-311++G(d,p) 
calculations. 
 
 

Each optimized structure of the six PDA dimers had an intramolecular hydrogen bond (H-bond) 
between the catechol groups of each aromatic ring (shown as orange dash line in Figure 3). There was an 
intramolecular H-bond between two hydroxyl groups of each aromatic ring (shown as green dash line in 
Figure 3) found in the structures D, E and F. The structure A was the lowest energy structure and this 
was in good agreement with the reported information by Chen et al. [12]. The ∆E values of B, D, and E 
indicated that the structures B, D, and E were higher in energy than the structure A, respectively. 
Compared to the structure A, the structures C and F seemed to be two unstable structures (their ∆E values 
are higher than 1 kcal mol-1).  

From the calculations, the relative energies and stabilities of the PDA dimers A to F can have effects 
from the molecular planarity, conformation, intramolecular H-bond, and steric effect. The balance of 
those factors affects each PDA dimer in the different ways. Moreover, the number of intramolecular H-
bond in a molecule cannot be used to evaluate the stabilities of PDA dimers and the strength of 
intramolecular H-bond depends on the H-bond distance and angle. The structure A has the nearly planar 
conformation and has no intramolecular H-bond between the hydroxyl groups of each aromatic ring. 
However, its ∆E value was much lower than the others. The structure B was slightly more stable than 
structures D and E (0.23 kcal mol-1 higher than B), although the structures D and E had an intramolecular 
H-bond between each aromatic ring (labeled as a green dash line). The structure B was little lower in 
energy than structure E because the structure E had steric effect from the CH (left ring) and NH (right 
ring), where its intramolecular H-bond was weak. For structures D and E having the same number of 
intramolecular H-bond and with the same ∆E values, the structure D was more twisted than structure E. 
However, this had no steric effect. From the information of the intramolecular H-bond labeled as green 
dash line in Figure 3 of structures D and E, this intramolecular H-bond of structure D was stronger than 
that of structure E.  

For the structures C and D, which had a twisted conformation, the structure D was more stable than 
structure C (0.49 kcal mol-1 higher than D) due to the moderately strong intramolecular H-bond 
formation. For structures C and F, the ∆E value of structure F was slightly higher than that of structure E 
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(0.27 kcal mol-1). It was found that structures C and F were considerably twisted, but the repulsion of 
structure F from the NH groups seemed to be more pronounced than the repulsion of the OH and CH 
groups of structure C. Moreover, these energetic results revealed that the stability order of the six PDA 
structures differ from that reported by Chen et al. [12] which only had at the structures C, D, and E.  
 The structural and energetic results from this study suggested that the π-electron delocalization can 
have a major effect on the structural stability of the PDA dimer. This is due to the fact that the structure A 
is only one structure that has a planar skeleton. Likewise, its flat structure can promote the π-electron 
delocalization between its two aromatic rings. 
 

The six possible structures of the PDA-MB complexes 
 The pose structure of each PDA-MB complex and its lowest binding free energy (∆Gbinding) value 
are reported in Figure 4. The π−π interactions between the aromatic rings are labeled in yellow lines. 
 All predicted PDA-MB complexes have negative ∆Gbinding values, indicating that all complexes can 
be formed. In other word, the binding of each PDA dimer and an MB molecule is a spontaneous process. 
The ∆Gbinding values of the six PDA-MB complexes are in a range of -3.2 to -3.7 kcal mol-1, suggesting 
that the formation of the PDA-MB complex with the most negative ∆Gbinding value is more possible.  

The PDA-MB complexes A and E have equal ∆Gbinding values (-3.7 kcal mol-1). These structures 
displayed that the skeleton of MB molecule is quite parallel with skeleton of the PDA dimer. Moreover, 
both of them showed that both aromatic rings of the PDA dimer can form the π-π interactions with the 
thioninium ring of MB. For the PDA-MB complex B, its ∆Gbinding value slightly increased (-3.6 kcal mol-

1) from that of the PDA-MB complexes A and E. The structure of the PDA-MB complex B presented that 
more than half molecule of MB can interact with the PDA dimer B while the rest of MB moved away 
from an aromatic ring of the PDA dimer B. The other PDA-MB complexes (C, D and F) can have the π-π 
interactions but they are weaker than that of the PDA-MB complexes A and E. As can be seen in the 
PDA-MB complex C, its ∆Gbinding value is equal to -3.2 kcal mol-1. This PDA-MB complex C has the 
weakest π-π interactions since only half molecule of the PDA dimer can interact with MB. In addition, 
other ring of the PDA dimer C is twisted and is turned away from the MB molecule. This resulted to the 
partial disruption of the π-π interactions between the PDA dimer and MB molecule.   
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Figure 4 The lowest binding energy pose structures of the PDA-MB complexes derived from the docking. 
 
 
Conclusions 

The structural and energetic properties of the six PDA dimers and an MB molecule as well as those 
of the six PDA-MB complexes were investigated and analyzed. From the B3LYP calculations, the PDA 
dimer A was the most stable structure. The other PDA dimers (structures B to F) were less stable 
compared to the structure A. This can be explained that the nearly planar skeleton of the structure A can 
promote the π-electron delocalization between its two aromatic rings.  

For the six predicted PDA-MB complexes obtained from the docking, the PDA-MB complexes A 
and E were most likely to be formed since they have the most negative ∆Gbinding values. The docking 
results revealed that the π-π interaction between a PDA dimer and an MB molecule plays a crucial role in 
the complex formation. Furthermore, the parallel-like structures of the PDA-MB complexes are more 
stable than the twisted structures. 
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