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ABSTRACT 

Physical properties of polyelectrolytes have been shown to be significantly related to their 
chain conformations. Atomistic simulation has been used as an effective method for studying 
polymer chain structures, but few has focused on the effects of chain length and tacticity in 
the presence of monovalent salts. This paper investigated the microscopic conformation 
behaviours of polyacrylic acid (PAA) with different chain sizes, tacticity and sodium chloride 
concentrations. The hydrogen behaviours and corresponding radial distribution functions 
were obtained. The results showed that the increase of salt concentrations led to the collapse 
of PAA chains, especially for longer chains. It was found that the effects of salt were mainly 
attributed to the shielding screening effect by sodium ions rather than the hydrogen bonding 
effect. Two different structure were form by iso-PAA and syn-PAA, respectively, which due 
to the deprotonation patterns along the PAA chain. 

Key words: Molecular dynamics simulation, poly (acrylic acid), polymer conformation, 
salinity effect, tacticity 

1. Introduction 

Polyacrylic acid (PAA) as a water solvable macromolecular is widely used in industrial 
applications such as pigments in paint 1, additives in coating and pH responsible materials in 
drug delivery 2-4. In particular, due to the water absorbing properties, PAA is applied as a 
thickening and suspension agent for petroleum recovery. The additives of PAA increase the 
viscosity of aqueous phase to reduce the mobility ratio  during an enhanced oil recovery 
(EOR) process 5. This viscosification relies on the high-molecular weight 6, 7, the degree of 
neutralization 8, and the environmental situations such as salinity 9 and pH values 10. Three 
main theories have been proposed in explaining polymer viscometric behaviours: electrical 
Theory 11, folding-chain Theory 12 and swarm Theory 13, and all of them indicate that the 
polymer configuration affects greatly its physical properties such as viscosity and wettability. 

The polymer chain expansion occurs as monitored by increasing specific viscosity and radius 
of gyration and decreasing sedimentation and translational diffusion coefficients 14, 15. To 
obtain information about the conformation of polyelectrolytes in aqueous solution and 
consequently to reveal the mechanism of its physical properties, a series of studies have been 
performed by different experimental techniques. The shrinkage and swelling phenomenon of 
PAA chains were evaluated successfully by using quartz crystal microbalance with 
dissipation monitoring (QCM-D) 16. The fluorescence label method was employed to monitor 



PAA chains conformation at the alumina-water interface. An increase of polymer 
concentration was found to stretch polymer chains 17, 18. The conformation transition of PAA 
chains as a function of ionic strength was determined by adsorption isotherms and force 
measurements using atomic force microscopy (AFM). As ionic strength increases, the 
repulsive force between the negatively charged carboxylate groups along the PAA chain was 
reduced due to the counter-ion screening, leading to the change of PAA conformation from a 
stretched to a coiled configuration 19. The deuteron magnetic resonance (DMR) spectra 
titration was used to study the conformation in protein and weakly charged polyelectrolytes 20, 

21.  

In addition, the dynamic light scattering (DLS) measurements, supplemented by static light 
scattering (SLS) and more advanced small-angle neutron scattering (SANS) methods, are 
widely adopted to study the chain conformation of polyelectrolytes, such as PAA, 
poly(styrenesulfonate) (PSS), and PMA 22-28. Based on the presented investigations, the 
changes of polymer conformation are mainly attributed to the following parameters: charge 
density of backbone, counter-ion screening effect, special counter-ion bonding effect, and 
solvate quality. It should be addressed that these four factors are interacted each other as well. 
The ionization of polymer always related to the solubility, which in return, makes the solvate 
is regarded as good solvate or poor solvate 25, 26. The poor solvent conditions give rise to a 
competition between the attractive interaction of the backbone and the electrostatic repulsion 
of polyelectrolytes charges. Adding organic solvents into dilute polyelectrolytes solutions, a 
counter-ion specific coil-globule transition occurs, which is not solely driven by the solvent 
quality, but also related to counter-ion binding and temperature as well29, 30. Besides, with 
addition of salts into solutions 24, 31, the shielding effect strengthens as well as the solvate 
quality decrease. Therefore, the PAA molecules gradually collapse due to the counter-ion 
screening effect. For monovalent sodium chloride, continually dissolving salt into solutions, a 
so called theta solvent condition reached, where the PAA molecules stay an unperturbed 
conformation32, 33. The chain expansion due to a decrease in the concentration of salt could be 
satisfactorily interpreted by a theory by Peterlin et al. 34 and a worm like chain model applied 
by Kratky et al. 35. When the amount of salt concentration exceeds a specific value, the 
precipitation of polyelectrolytes with salt, usually called “salting out” occurs 36. In contract, if 
the multivalent salt ions are adopted, the polyions are binding with cations and consequently 
forms a further globule coil 25, 26, 37. This transition depends on the types, concentrations and 
even size of cations 29. These behaviours have been captured in the field-theoretical studies 38, 

39, which succeed in achieving a qualitative understanding of strong polyelectrolyte behaviour. 
However, they don’t have the capacity for chemical detailed description and they do not 
provide a molecular-level insight on the morphology of polymer chains. In addition, some 
physical interactions vary form polymer chemical structure. The effect of tactility and the 
characteristic of hydrogen-bonding effect is normally difficult to interpret or require prior 
knowledge, which are not easily accessible to be achieved experimentally in advance. 

Molecular dynamics (MD) simulation, on the other hand, has proven to be a valuable tool to 
study the self-assembly of polymers at the microscopic level, which could reveal detailed 
three dimensional conformational and structural behaviour 40-43. The physical structure and 
thermodynamics properties of NaCl in water have been abundantly investigated in prior 
investigations using both experimental and numerical methods44-51. For long-chained PAA, 
Reith et al 52 adopted a coarse-grained model and the results were supported by DLS data. 



Several other coarse-graining strategies were also employed to study the size and pH effects 
53-55, the influences of salt cations 56 and even the effect of solvent quality 57-59 on 
conformation behaviours of polymer chains. However, the coarse-grained model failed to 
capture the hydrogen bonding effects, interactions between charged ions 60 and the effects of 
tacticity 61. The solvent quality was studied just by changing the interaction parameters 
between the polymer and solvent, which cannot tell a real interaction for a specific solvent 
and cannot tell whether a solvent is in good or poor quality for a certain polymer. To reveal 
these effects, Sulatha et al adopted atomistic MD simulation method with Gromos 53a6 force 
field and showed that the radius of gyration of a single PAA was dependent on the charge 
density along the chain. The corresponding hydrogen behaviours and counter-ions 
distribution can be well captured by MD simulations 62, 63. Similar force field was used to 
study the conformation behaviours of PAA chains with different concentration or non-water-
solvate conditions 64, 65, as well as the effect of salt species 66. It was found that there was a 
strong binding between divalent Ca2+/Al3+ and polyion, which led to Na+ far away from the 
PAA chain 67-69. The atomistic molecular dynamics simulation was also achieved to 
characterise the effect of tactics on polymer conformations in salt free solutions both in single 
or multi-chain system 65, 70. Different associations attributed to tacticity and deprotonation are 
indeed influence the polymer behaviours in salt free solutions. 

It shall be noted that there were a wide variation of the number of monomers of PAA chains 
(i.e., chain size)  and solvent molecules used in different studies, which could lead to 
different results 60, 71. A systemic study about this simulation size sensitivity, in the presence 
of different salts, to reveal the details of a single PAA chain has not been studied, which 
forms the motivation of this work. Besides, so far, few studies consider the effect of tacticity 
in salt solutions. Whether the different initial configurations behave different in the presence 
of salt and the detailed mechanism have not been revealed. Even for the salt free solutions, 
the effect of tacticity has not been fully understood from molecular level especially for weak 
polyelectrolytes. In this study, a series of PAA chains with different numbers of monomers 
and tacticity, which are functions of degrees of ionization (DoI) and salinity, were applied. 
The radius of gyration, species radial distribution functions and hydrogen effects were 
calculated and analysed in each system to reveal the atomic level mechanism of the PAA 
conformational behaviour, as detailed below. 

2. Computational details and validations 

2.1 Model 

Six different numbers of monomers (i.e., 20, 30, 40, 50, 80, and 100 respectively) of isostatic 
PAA chains were generated using Bernoullian statics by assigning random dihedral angle 
values. Six values of DoI (i.e., 0, 0.2, 0.4, 0.6, 0.8, and 1.0, respectively) for each polymer 
chain were achieved by random deprotonation of the carboxylic acid groups along the chain. 
For 20 monomers PAA, another two different polymer chains with different tacticity but 
same deprotonation and DoI were built as well, detailed information is shown in Table S1-S3 
in supporting documents. The DoI, f, was defined as the ratio between the number of charged 
monomers, Nc, and the total number of monomers along the chain, Nm. Appropriate numbers 
of water molecules were put into cubic boxes to keep the PAA concentration approximately 
the same in all the cases. For Nm=20, 30, 40, and 50, 4000, 6000, 8000 and 10000 water 
molecules, respectively, were included in simulation box, which led to PAA concentration of 



approximately 1.96 wt%. The Na+ counter-ions were added into simulation boxes for the 
neutrality of the system. In addition, the effects of solvent volume were also conducted for 
50-monomers-PAA solutions by increasing the number of water molecules to 78800 (i.e., box 
length of 13.4 nm). Figure 1(a) showed the front view of the simulation box containing 20-
monomers-PAA, water molecules and Na+ ions. An extended conformation was allocated as 
an initial structure of the PAA chain. 

The salt ionic strength was adjusted by adding additional Na+ cations and Cl– anions into the 
solvated box. The values of salt concentration were varied from 0.01 M to 1.4 M for 20-
monomers PAA solutions, and from 0.1 M to 0.85M for 30-monomers PAA solutions, 
respectively. An example of a 20-monomers-PAA solution with 0.33 M NaCl was shown in 
Figure 1 (b). 

              

(a) Without salt                                      (b) with 0.33 M NaCl    

Figure 1 The initial configuration of the 20-monomers-PAA solution with f=0.4 (blue: water; 
red and white: oxygen and hydrogen atoms along the PAA chain, respectively; cyan: PAA 

backbone; green and yellow: Na+ and Cl– ions) 

2.2 Potential parameters 

All MD simulations were conducted by GROMACS simulation package (version of 2016.03) 
72. The Gromos 53a6 force field parameters 73 were used to describe the properties of PAA 
chains, Na+ and Cl– ions, including the potential of bonds, angles, dihedrals and non-bond 
interactions. The aliphatic carbon atoms with its bonded hydrogen in PAA chain were 
regarded as united atoms to speed up the calculations, and the Rychaert-Bellemans (RB) 
potential was used for the descriptions of aliphatic torsion (CH2-CH1-CH2-CH1). The simple 
point charge (SPC) model was conducted to characterise water molecules. The non-bond 
interactions were represented by a short-range 12-6 Lennard-Jones (LJ) potential and a long 
range Coulombic potential, expressed in a form of pairwise interacting atomic charges. The 
LJ potential between two atoms can be written as follow: 

௅ܸ௃൫ݎ௜௝൯ ൌ Ͷ߳௜௝ ቈ൬ఙ೔ೕ௥೔ೕ൰ଵଶ െ ൬ఙ೔ೕ௥೔ೕ൰଺቉                                              (1) 



The parameters ı and İ represent energy constant and diameter of one of the atoms, which 
depend on atom types. The Lorentz-Berthelot combining rules were used to describe LJ 
potential between different atom types. The charges of atoms were adopted from previous 
studies 62, 71, 74, 75. All parameters for PAA solutions are listed in Table S4 in the Supplement 
documents.  

2.3 Simulation details 

The leapfrog algorithm was used to integrate the motion of atoms with a time step of 2 fs. 
The Coulombic electrostatic interactions were calculated by using the particle Mesh Ewald 
(PME) method with a cut-off distance of 1.0 nm and Fourier spacing of 1.2 nm. The cut-off 
distance for short-range van der Waals interaction was 1.0 nm. To remove initial strain, the 
initial configuration was conducted by energy minimization using the Steepest Descent 
method. This was followed by 500 ps NVT and 500 ps NPT simulations with position 
restraints on PAA chains and not on water molecules to achieve a well equilibrated system. A 
Berendsen thermostat and a parrinello-rahman barostat were used to control the temperature 
and pressure at 300 K and 1 bar during the calculation with relaxation time of 0.1 ps and 0.5 
ps, respectively. After full relaxation, a further 120 ns NVT simulation was performed with 
the water molecules fixed with SETTLE algorithm and all bonds constrained by using 
SHAKE procedure. The last 60 ns were conducted for the sampling and analysis. The energy 
variations and water distributions from the sampling period were shown in Figure 2, which 
implied a well equilibrated system and the reasonability of SPC force field for water 
molecules.  
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Figure 2 Energy variations and water distributions in equilibrated system 

 

3. Results and discussion 

One of the efficient properties to characterise the conformation of a single polymer is the 
radius of gyration, Rg. In the context of these simulations, it is defined as:  
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Where mi is the mass of atom i and ri is the position of atom i with respect to the centre of 
mass of a PAA molecule. In this work, the radius of gyration of a fully ionized 20-monomers 
isotactic PAA was given a value of 1.15 nm from the last 60 ns MD simulation trajectory, 
which is agreed well with the previous results, as shown in Table 1, indicating the validation 
of both force field parameters and simulation protocol. The radius distribution functions 
(RDFs) of carboxylate, carbonyl and hydroxyl oxygen with water are also agreed well with 
previous work, which are shown in Figure S1 in supporting documents 62. 

Table 1 Radius of gyration of fully ionized PAA calculated in other works 

  
Brownian 
Dynamics  

Monte 
Carlo 

Molecular simulation Our results 

Force field coarse-grained CHARMM 27 
GROMOS 

96 
GROMOS 

53a6 
GROMOS 

53a6 

Rg of PAA 
[ nm] 

1.15 52 1.11 52 1.05-1.30 65 1.14 74 1.06 62 1.15 

 

3.1 simulation size sensitivities 

In this section, the effects of system size on the simulation results are discussed. With the 
same PAA concentration, six isotactic PAA chains with different numbers of monomers were 
first investigated, whose radii of gyration are shown in Figure 3. Similar trends are observed 
for all curves that as the charge density increases, the radius of gyration of the PAA chains 
becomes larger. The PAA chains expand rapidly with charged carboxylate groups increases (f 
< 0.4) and then slow down due to the weakening of the electrostatic repulsions caused by 
counter ions Na+ (f > 0.4). Particularly, with the same DoI, the PAA chain with more 
numbers of monomers holds greater values of the radius of gyration. This is occurred even in 
non-ionized PAA chains, indicating that longer polymer chains tend to form larger coils in 
neutral state. If a shrinkage is defined as the ratio of gyrate radius of non-ionized PAA chain 
to fully ionized PAA chain, thereby with increasing the numbers of monomers, a reduction of 
the shrinkage rate is observed, indicating that the deformation of the PAA chain is more 
dramatic. In another word, it is much more obvious to study the conformation of a single 
PAA chain with more monomers.  
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Figure 3 The averaged radius of gyration of PAA chains with different numbers of 
monomers 

The results for PAA chains with more numbers of monomers show unexpected perturbations 
especially at higher DoI, which should be related to the periodicity artefacts. With a same 
polymer concentration, the initial and fully ionized polymer length exceed the length of the 
simulation box. This overlength polymer chain will be interacted with other polymer chains 
due to the periodic boundary conditions, which makes the polymer solutions in semi-dilute 
regime. Therefore, to correctly characterize behaviours of a larger oligomer in dilute state a 
suitable solvate volume is required. A length ratio of fully ionized PAA chains to boxes is 
introduced and compared in Figure 4. It can be observed that the length ratio is continually 
increasing with the increase of the numbers of monomers. As a result, when the length ratio is 
large enough (e.g., Lfully/Lbox=0.4), the boxed water becomes too small for the long chain 
PAA to provide efficient information. Based on prior studies62, 65, 66, 69, 70 , a length ratio value 
below 0.3 was generally used and showed promising results. Further studies are conducted 
for 20-monomers both in large and low length ratio situations to interpret the effect of solvent 
volume. In addition, an enlarged simulation system with 13.4 nm for 50-monomers PAA 
chains also investigated as a validation. 
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Figure 4 Variations of length ratio as a function of number of monomers 

The variations of the radius of gyration in different solvent volume are plotted in Figure 5. 
When reducing the solvate volume to 3 nm with high length radio, the behaviour of 20-
monomers PAA chain in low DoI fails to be captured correctly. The Rg keeps nearly constant 
with the increase of DoI, which is contrast with practical conditions. In comparison with 
standard simulations, the enlarged solvate indeed shows good descriptions for the 
conformation properties of 50-monomers PAA chains. However, the corresponding 
calculation of such a solvate volume is time consuming and expensive. Further decrease the 
length radio, same trends are obtained compared with a suitable solvent volume, which 
indirectly indicates that though the polymer concentration calculated in this study is as high 
as 1.9 wt%, it still can be regarded as a dilute solution since there is no interaction between 
polymer chains.  
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           (a) 20-monomers PAA                                     (b) 50-monomers PAA 

Figure 5 Effects of solvent volume on the radius of gyration of PAA chains  

With a suitable solvent volume, the RDF profiles between PAA molecules and water as a 
function of the number of monomers are performed in Figure 6(a). The numbers of 
monomers exert slightly effect on the RDFs, which indicates that neither the chain size nor 
the solvate volume does not affect the interaction intensity between polymer chains and water 
molecules. Therefore, the variations of hydrogen-bonding effect are mainly attributed to the 
numbers of carboxylate functional groups, which can easily be estimated from a short 
oligomer. The numbers of PAA-water H-bonds against different numbers of monomers PAA 
are calculated in Table 2. With increasing the numbers of monomers along the PAA chains, 
more H-bonds numbers are formed for both unionized PAA chains and fully ionized PAA 
chains. It is observed that the ionized PAA chains form about three times the number of the 
H-bond as that of the neutral PAA. The number of H-bonds is proportional to the chain size 
as the equations shown in Figure 6(b). Therefore, based on the discussion mentioned above, 
although the longer chain exhibits much more obvious behaviours than a short chain in dilute 
solutions, the trends are similar, and the detailed molecular interactions are able to be inferred 
from a short chain polymer. This is indirectly in support of the theory that short chain 
polymers can represent some properties (e.g., gyrate radius) of long chain polymers in 
practical 52.  
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(a) RDF between carboxylate groups and water    (b) hydrogen bonds between PAAs and 
water    

Figure 6 Effects of numbers of monomers on the hydration effect 

Table 2 Numbers of H-bonds at different numbers of monomers 

Nm Neutral PAA Fully ionization 
20 46 134 
30 68 200 
40 87 266 
50 110 331 

50_8nm 110 333 
 

3.1 Effect of tacticity with different degree of ionization 

In this section, the effects of tacticity of different DoI are discussed since the charge along the 
PAA chain contributes to intramolecular repulsion theoretically and could behave variously 
due to the monomer associations. To reveal detailed three-dimensional information, a series 
of snapshots of iso-PAA at different DoI are performed in Figure 7. The unionized PAA 
chain is in a coiled state. As expected, this collapsed PAA chain gradually extends with the 
increase of the charge density, and finally reaches a stretched state. Same trends were found 
in the other two cases. 

 

Figure 7 Snapshots of iso-PAA chains with different ionization at an equilibrated state (The 
left shows structure comparison of PAA chains in solutions, where the chain with red colour 

represents f=0.0, with yellow represents f=1.0. The green atoms represent Na+ ions) 

To quantitatively evaluate the variations of conformations of PAA chains with different DoI 
and tacticity, the transient and average values of Rg are plotted in Figure 8. The transient 
variations of radius of gyration show that PAA macromolecules equilibrate 
thermodynamically due to the Brownian motion effect. For partially ionized PAAs, these 
fluctuations are found to be stronger than either fully ionized or unionized PAAs, which is 
attributed to the random allocation of the charged COO– groups. 
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Figure 8 Variations of PAA conformation with different degrees of ionization 

The average radius of gyration of 20-monomers-PAAs as a function of DoI is shown in 
Figure 8(b). Whatever tacticity of the PAA chain is, the gyrate radius continually increases 
from approximately 0.64 nm to 1.15 nm as the ionization increases from 0 to 1. It shows that 
the increased charge density cannot make the polyion to stretch itself to the fully length 
(compared with initial configuration) even it is totally ionized. This is because the interaction 
between polyion and courier-ions Na+ would result in repression of the ionization effect, 
which will be discussed later. With same deprotonation patterns for these three polymer 
chains, the only discrepancy of the results is caused by tacticitry. For the neutral case, the Rg 
varies with tacticity in the order atactic > syndiotactic > isotactic, which is consistent with 
results by A.K Gupta et al. 70. Rather than attribute to this difference to PAA initial chain 
configurations that adjacent COOH groups are on the opposite side of syn-PAA chain thereby 
holding less hydrophobic attraction than iso-PAA 65, the interpretation is performed in the 
Figure 9 and described as followed. For iso-PAA, there is an interaction between monomers 
due to the addiction of carboxylate oxygen atoms with hydroxyl hydrogen atoms in adjacent 
function groups. However, for syn-PAA, there exists slightly repulsion between monomers 
since the end of adjacent function groups are in same polarity. It is noticed that the repulsion 
in syndiotactic PAA is suppressed by the neighbouring repulsion as well, which weaken the 
stretching along the whole polymer chain. In particular, because of the random arrangement 
of functional groups, atatic PAA behaves both repulsions and attractions along the backbone, 
where the attraction strengthen the repulsion, making the polymer chain more stretched 
compared with syn-PAA.  

 

Figure 9 Tacticity effects on the polymer chain configuration, rectangular: attraction; ellipse: 
repulsion. 



For deprotonated cases, due to the existence of sodium counter-ions, the Rg is mainly 
influenced by the strong electrostatic repulsions between charged groups and the shielding 
effects by the cations instead of the weak interaction between the neutral monomers. The 
effects of tacticity are dependent on DoI. At lower DoI, the Rg varies with tacticity in the 
order atactic > isotactic > syndiotactic while at higher DoI, an order of syndiotactic > atactic > 
isotactic is formed. This is because, from the RDFs shown in Figure 13, the syn-PAA is 
more attractive with Na+ at lower DoI, which reduces the electrostatic repulsions and shrinks 
the polymer chain. This attraction even weakens the repulsion between the neutral monomers 
as well resulting in a further collapse compared with the non-ionized case. For higher DoI, 
however, the iso-PAA exhibits higher interaction with Na+ than syn-PAA, which leads to a 
smaller Rg. 

The radius distribution function (RDF) is used to investigate the interaction between PAA 
molecules and water as well as PAA molecules and courtier-ions Na+, which provides further 
interpretation of the polymer chain formations from molecular level. The deprotonation of the 
carboxylic acid function groups leads to the essential differences between ionized PAA and 
non-ionized PAA. Therefore, the RDFs corresponding to carboxylate (COO–) or carboxyl 
groups (COOH) and water molecules can provide better understanding on the effect of 
ionization and tacticity. Figure 10 shows the interaction for the PAA carboxylate oxygen 
atoms with respect to the water oxygens and hydrogens. Two peaks are founded in both 
RDFs profiles indicating that a double electronic layer (EDL) existed around PAA molecules. 
The first peaks at 0.18 nm for carboxylate oxygen atoms and water oxygen atoms, and 0.28 
nm for water hydrogen atoms are similar with the hydrogen bonding distance in bulk water. 
These mean a strong hydrogen bonding effect dominating the interaction between 
carboxylate groups and water molecules. An increase of the intensity of this interaction is 
also observed as increased the DoI in Figure S1(a) in supporting documents, which 
demonstrates that more numbers of carboxylate groups are able to attract more water 
molecules. The atatic PAA shows stronger hydrophilic behaviours than the other two cases in 
the lower partially ionized conditions, which agreed well with the average gyrate radius 
trends. This discrepancy becomes insignificantly for the fully ionized PAA chains, indicating 
the numbers of charged groups dominates the hydration effect and the effect of tacticity of 
polymer can be neglected. 
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Figure 10 Radial distribution functions of carboxylate oxygen respects to water 



 

The RDFs for the carbonyl oxygen atoms and water molecules is shown in Figure 11. 
Although the first peaks are observed at same locations with carboxylate oxygen atoms, the 
peak intensities are much lower. The second peaks vanish, indicating that the interaction 
between carbonyl oxygen atoms and water molecules are too weak to form the second water 
layer. In addition, there is a shoulder followed the first peak. It is interested that for neutral 
case, this shoulder behaviours exist independent on tacticity but for the highly ionized case, 
the shoulder disappears gradually as the PAA chain transform from isotactic state to 
syndiotactic configurations. In the case of RDFs corresponding to hydroxyl oxygen atoms 
and water molecules, as presented in Figure 12, the first peak is allocated at a slightly closer 
distance. However, the nearest bonding distance between hydroxyl oxygen atoms and water 
hydrogen atoms is approximately 0.35 nm, which shows a very weak hydrogen bonding 
effect between these atoms. The tacticity shows significant relationship between hydroxyl 
oxygens. The first peak intensity has a sharp reduction for the syndiotactic PAA compared 
with isotactic PAA at highly ionized conditions, indicating the hydration effect of hydroxyl 
oxygens in syn-PAA is the weakest. It can be concluded that due to the reduction of peak 
intensities and hydrogen bonding effect, the carboxylate oxygen atoms interact more 
intensively with water in comparison with the carbonyl oxygen and hydroxyl oxygen. 
Although the number of carbonyl oxygen atoms and hydroxyl oxygen atoms reduces with 
increasing the charge density, the increase of interaction between carboxylate oxygen and 
water attracts more water around PAA chain, resulting in a stronger interaction between 
unionized carboxyl group and water. Therefore, the trends of the ionization effect on the 
carbonyl oxygen and hydroxyl oxygen are similar with those of carboxylate oxygen as shown 
in Figure S1 in supporting documents. 

0.1 0.2 0.3 0.4 0.5 0.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

r / nm

g O
(r

)

 iso-PAA, f=0.0
 syn-PAA, f=0.0
 ata-PAA, f=0.0

   dash line: g
O-HW

   solid line: g
O-OW

 
0.1 0.2 0.3 0.4 0.5 0.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

r / nm

 iso-PAA, f=0.8
 syn-PAA, f=0.8
 ata-PAA, f=0.8

   dash line: g
O-HW

   solid line: g
O-OW

g O
(r

)

  

   (a) Carbonyl oxygen-water at lower DoI      (b) Carbonyl oxygen-water at higher DoI  

Figure 11 Radial distribution functions of carbonyl oxygen respects to water 
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Figure 12 Radial distribution functions of hydroxyl oxygen respects to water 

The variation of the number of PAA-water H-bonds across the tacticity is studied in Table 3. 
It can be found that the number of hydrogen bond between PAA chains and water molecules 
increases with the increase of the charge density since the carboxylate groups attract more 
water than carboxyl groups. With increasing the DoI, the repulsion between intramolecular 
along PAA chains and the hydrogen bonding effect stretch the atoms away from the each 
other and attach to the water molecules, which leads to the expanding of the PAA coils and 
reaches a stretch state at final. Although the effects of tacticity is not significant as the 
electrostatic repulsion, the atactic chain forms more H-bonds compared other stereoregular 
chains. However, such close results demonstrate the tacticity cannot dramatically affect the 
hydrophilic characteristic at same ionizations, which is in contrast with the interpretation that 
it is the stereochemical configuration structure make the polymer chain more hydrophilic or 
hydrophobic to induce the discrepancy of Rg.  

Table 3 Variation of H-bonds as a function of degree of ionization 

tacticity f=0.0 f=0.2 f=0.4 f=0.6 f=0.8 f=1.0 

Isotactic 46.1 59.7 77.6 98.4 115.6 134.2 

Syndiotactic 45.1 54.8 75.5 99.0 114.8 133.9 

Atactic 47.1 63.8 73.9 95.6 109.4 132.6 

 

The distribution of Na+ counter ions in the vicinity of the PAA chain is represented using 
RDF of carboxylate oxygen atoms with respect to Na+ ions in Figure 13. There are two sharp 
peaks: a first peak locates at 0.25 nm and a second peak locates at 0.4 nm, respectively. 
Although the absolute values of peaks are very high, the number of sodium ions in the near 
proximity are very small as described by the coordination number curves 60 in the Figure 
S1(h). This is agreed well with the experimental fact that Na+ are not bonded to the 
carboxylate groups in PAA at higher charge densities 76. From the variations of the second 
peak, the Na+ ions are preferentially closer to the chain backbone, which, in return, weakens 
the electrostatic repulsions along the PAA chain. Therefore, in case of sodium polyacrylate, 
increasing ionization cannot stretch the polymer chain to its full length even at fully degree of 



ionization. This counter-ions interaction with polyions varies dramatically with tacticity. For 
isotactic PAA chain, the intensity of the second peak strengthens with increasing the 
ionizations. However, these trends are not available for the syndiotactic PAA chain as the 
peaks along the later are almost independent on the DoI. Therefore, the interaction between 
polyions and counter-ions in syndiotactic case is higher than those in isotactic case at lower 
DoI and a revere situation occurs at higher DoI, which as discussed above leads to different 
chain conformations. 
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Figure 13 Radial distribution functions of PAA to counter-ions, Na+ 

 

3.3 Effect of salinity  

Based on the previous experiments and simulations, 1.5 M NaCl was regarded as a theta 
solvent, beyond which PAA chains are stay in unperturbed dimensions. In this study, to 
investigate the effect of salt, various salt concentrations ranging from 0.01 M to 1.4 M are set 
by inserting different numbers of sodium and chloride ions inside the simulation system, 
which are 0.013 M, 0.026 M, 0.066 M, 0.13 M, 0.2 M, 0.27 M, 0.66 M, and 1.33 M for 20 
monomers PAA and 0 M, 0.13 M, 0.22M, 0.43 M and 0.85 M for 30 monomers PAA, 
respectively. The 30 monomers PAA used here is to introduce more obvious behaviours as a 
longer chain oligomer. The DoI for all polymer chains studied in this section was kept 
constant at a value of 0.4. The variations of radius of gyration along with salinity are shown 
in Figure 14.  
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Figure 14 The variations of radius of gyration against different salinities 

It can be observed that the radius of gyration of PAA chains is continually reducing with the 
increase of salt concentrations. There is a critical value of salinity for both curves, 0.26 for 20 
monomers PAA and 0.4 for 30-monomers PAA, respectively, above which the salinity no 
longer affects the PAA conformation significantly. This is because the numbers of charged 
carboxylate groups to be shielded by salt cations are limited. In addition, the longer PAA 
chain (30-monomers) is more sensitive with salinity than the shorter PAA chain (20-
monomers). As discussed from the previous section, increasing the number of monomers is 
beneficial to investigate the conformation properties. Due to the additional number of 
charged carboxylate groups, the shielding effect is more significant.  

 

Figure 15 Series of snapshots of PAA structure against different salinities 

The equilibrated configuration snapshots of 30 monomers PAA chain after 120 ns simulation 
period are presented in Figure 15. With increasing the salt concentration, the PAA chains 
collapse gradually. In particular, for the 30-monomers PAA chain, a coil-like conformation is 
formed by shielding effect when salt concentration reaches the critical value. 

The effects of tacticity in the presence of salt are investigated as well for 20 monomers PAA 
chains under similar salinity range. The variations of average Rg as a function of salinity are 
performed in Figure 16. For all the three cases, the gyrate radius of polymer chains reduces 
with increasing the salinity. However, at lower salt concentrations, the syn-PAA is more 
collapsed than iso-PAA. This is attributed to the random deprotonation patterns. As shown in 
Figure 17, there is a cluster of charged carboxylate groups along the mid of the polymer 



chain. For iso-PAA, the distance between carboxylate function groups are much closer than 
those in syn-PAA, which makes the polymer chains form a rob-like structure. Unlike the iso-
PAA, the syn-PAA chain forms a sphere-like structures due to the cations shielding effects. 
These different structures lead to different gyrate radius. However, as the salinity increases, 
the repulsion along the iso-PAA chain is also suppressed, resulting similar conformations for 
both chains.  
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Figure 16 Tacticity effects on the radius of gyration in the presence of salt  

 

Figure17 Snapshots of isotactic and syndiotactic chains at salinity value of 0.026 M, (cyan: 
PAA backbone; blue Na+; Cl- is not shown) 
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(c) Hydroxyl oxygen-water oxygen pairs              (d) Carboxylate oxygen-sodium ions pairs 

Figure 18 RDFs and hydration effects between PAA and water as a function of salinity 

The RDF profiles between PAA molecules and water under different salinities are shown in 
Figure 18 to reveal the further effects of salinity. The PAA chains with 30 monomers are 
selected as a representation since the number of monomers does not influence the atomic 
interaction intensities. It can be found that the increase of salinity can indeed weaken the 
interaction between carboxylate oxygen atoms and water oxygen atoms in Figure 18(a), 
which consequently diminish the hydrogen bonding effect. Besides, the first sharp peak of gO-

OW(r) in Figure18(b) tends to be a broad shoulder and the peak intensity decreases at higher 
salinity. These indicate that the water prefers to diffuse into the bulk and less water is 
attached to PAA macro molecules. However, the salinity effect on hydrogen interaction is not 
dramatic as the number of H-bonds between water and PAA chains changes not significantly. 
Figure 18(c) performs the number of H-bonds formed under different salt concentrations. 
The values of H-bonds slightly vary from 111 to 102 and 78 to 74 for 30-monomers PAA and 
20-monomers PAA, respectively. Therefore, it can be inferred that the salinity changes the 
PAA chain conformation mainly by pure electrostatic interactions between PAA chains and 
salt ions rather than the hydrogen bonding effects of PAA chains respected to water 
molecules. The electrostatic interactions also called shielding effect or electrostatic screening 
effect increases with the increase of salt concentrations, which in return, causes a reduction in 
the attractive interactions between PAA chains and salt ions, represented by a decrease of 
peak intensity in Figure 18(d). 
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Figure 19 The effect of tacticity on hydration interaction at the value of salinity 0.26 M 

The discrepancy of hydration interaction based on tacticity is performed in Figure 19 by the 
RDF curves between carboxylate oxygens and water molecules. The syn-PAA has a much 
stronger interaction with water in the presence of salt. As a result, the syn-PAA is much 
easier to be dissolved into NaCl aqueous solution. It should be noted that it is the electrostatic 
repulsion and the counter-ions shielding effect that dominates the polymer behaviours in 
stock salt solutions rather than this hydrophilic characteristic  

4. Conclusion 

The conformational and hydration behaviour of a single polyacrylic acid (PAA) chain in 
dilute solutions as a function of degree of ionization with different chain size, solvent volume, 
tacticity and salt concentrations were investigated by atomistic molecular dynamics 
simulations with explicit solvate and ions description. The main simulation results can be 
concluded as below: 

A suitable solvent volume is required for a certain polymer chain to achieve a dilute situation, 
otherwise, the behaviours are not able to be captured correctly based on the interactions 
between polymer chains. The number of monomers does not affect the intensity of the 
hydration between PAA chains and water molecules. The hydrogen bonding effect could be 
estimated from shorter oligomers. Although long chain polymer tends to have a more 
dramatically deformation, this behaviour could be observed in a short as well.   

The tacticity does affect the PAA configurations both in salt free and salt conditions. In the 
salt free solutions, the gyrate radius of the syndiotactic PAA is larger than isotactic PAA both 
in neutral state and fully ionized state. The former is mainly attributed to the repulsion 
between adjacent monomers along the PAA chain and the latter is due to the weak interaction 
between counter-ions. Whatever the PAA chain is, the gyrate radius reduces with the salinity 
increasing. This is because the strong shielding effects rather than the hydrophilic 
characteristic. The isotactic used in this study forms a rob-like structure due to repulsion 
between neighbouring carboxylate function groups, while the syndiotactic PAA is in a 
sphere-like structure. This discrepancy disappears when the salinity reaches a high degree 
and similar conformations are obtained for PAA chains with different tacticity.   
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