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ABSTRACT   

The hydrolysis mechanisms of polyglycolic acid (PGA) under tensile mechanical loading were 

studied by the density functional theory (DFT) calculation for illustrating the enhancement of 

PGA hydrolysis by external mechanical loading founded in previous experimental studies 

(Iranian Polymer Journal 17 (9), 691-701 (2008)). Before the hydrolysis degradation begins, 

PGA firstly forms the PGA hydrolysis intermediate by combining one water molecule at the 

carbonyl carbon and then the C-O alkyl bond is ruptured after the hydrogen atom transfers from 

the carbonyl oxygen to the alkyl oxygen. Consequently, the effects of tensile forces imposed on 

the PGA and PGA intermediate were both studies. The variations of bending angle, torsion 
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angle, and bond length as well as the electronic properties of PGA and its intermediate at 

different strains were presented. From the force-strain profiles of PGA and PGA intermediate, it 

reveals the tensile force on the PGA can be relaxed once the PGA forms the PGA intermediate, 

leading to the stabilization of PGA material under external mechanical loading. After the 

calculation of the nudge-elastic band (NEB) method, the results reveal that the energy barrier for 

the dissociation of the PGA intermediate into two PGA molecules significantly decreases under 

the increasing force, which induces the PGA hydrolysis. Our DFT calculation results have 

provided a clear explanation for the experimental observation, where the mechanical loading 

enhances the PGA degradation rate. 

KEYWORDS: polyglycolic acid, density functional theory, hydrolysis mechanism, electronic 

properties. 
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I. Introduction 

Polyglycolic acid (PGA) is one of the synthetic polymers with biologically decomposable 

characteristics and has therefore been extensively used in physical and cosmetic surgery for 

surgical sutures 1, vascular stents 2, and cartilage support 3. The decomposition of PGA can be 

mainly attributed to the hydrolysis effect; during the decomposition process the PGA main chain 

is disconnected, and its molecular weight decreases.  

It has been proven that the mechanical loading on PGA material has a significant effect on its 

degradation rate 4. Since PGA and PGA composite materials can be used as a temporary bone 

bracket 5, the internal stress coming from the relative movement between the bone and PGA 

material influences the PGA degradation rate. Consequently, understanding the influence of 

stress on the PGA material is very important to further expand the applications of similar 

biodegradable polymers. 

In previous experimental and theoretical studies, the force imposed on molecules could be 

regarded as a catalyst to lower the energy barrier necessary for decomposition. For example, 

Wiita applied mechanical force to a disulphide bond substrate by single-molecule force-clamp 

spectroscopy and monitored the reduction of these bonds by individual enzymes 6. Their results 

show that a mechanical force can significantly alter the chemistry of the catalytic site in 

thioredoxin. Li’s study elucidated the effect of force imposed on the reaction center for disulfide 

bond reduction by combining transition path sampling and quantum/classical mechanical 

simulations. Their results show that force can significantly increase the reaction rate and reduce 

the distance required for conversion to the required transition state 7. Ainavarapu used both 

experiments for single-molecule as well as high-level quantum chemical calculations to probe 

the transition state of disulfide bond reduction for a bimolecular nucleophilic substitution (SN2) 
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reaction. They obtained the force-dependent rate constants of the disulfide bond reduction. Their 

studies have proved that an atomic force can significantly improve the reaction rate and reduce 

the reaction barrier 8. In a theoretical study, Röhrig conducted the first-principles simulations of 

cis-polyacetylene fragments under tensile stress. By applying the tensile stress, the energy barrier 

of a cis-trans isomerization of conjugated carbon–carbon double bonds is lowered by 5 or 

possibly even 10 kcal/mol 9. In Beryer’s study 10, the length r of the rupture bond was elongated 

from its equilibrium length by sequential elongation steps, after which the full geometry 

optimization was carried out at the fixed r. Then the forces imposed on the atoms connected by 

the fixed bond were determined. This method is also named “COnstrained Geometries simulate 

External Force’’ (COGEF) method. Ribas-Arino et al. modified COGEF by explicitly including 

the forces imposed on two atoms connected by the bond they concerned 11. They called this 

method as “External Force is Explicitly Included” (EFEI) method by which the forces can reflect 

the realistic situation in the force-clamp AFM experiments. By ab initio calculation, Dopieralski 

et al. investigated the mechanically assisted ring-opening reactions of the gem-

dichlorocyclopropane (gDCC) systems for understanding the force-dependence of activation 

energies 12. From the predicted selectivity, it was found that the ring-opening of cis gDCC is 

higher than the trans isomers. Accordingly, under stress conditions the cis gDCCs were found to 

react much faster than the trans isomers. In their further study 13, ab initio simulations were 

further used to find a dual role of the mechanical force for the cleavage of a protein disulfide 

bond through the reaction with hydroxide ions. From their simulation results, they proposed that 

the external force imposed on the system can accelerate the reaction as well as cause a 

conformational distortion of the S–S–C–C dihedral angle. This distorted conformation is 

shielded against nucleophilic attack, which reduces the acceleration of the reaction rate of a 
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protein disulfide bond. Their findings from ab initio calculation clearly explained the 

experimental observation, which the acceleration of the reaction rate is substantially reduced for 

a protein disulfide bond as the imposed force exceeds 0.5 nN. 

To the best of our knowledge, there have been no studies on the hydrolysis mechanism for 

PGA material under mechanical loading using the theoretical approach. Therefore, the density 

functional theory calculation was used here to investigate the electronic properties of PGA and 

the PGA intermediate at different mechanical loading. The force-dependent energy barrier for 

the hydrolysis was also presented.     

II. Simulation model  

DFT calculations implemented by the Dmol3 package 14, 15 were adopted to study the 

relationship between the strain and the tensile force as well as the corresponding electronic 

properties of PGA. All electron calculations were employed with double numerical basis sets 

plus d-functions (DND) and the generalized gradient approximation (GGA) 16with the Becke-

Lee-Yang-Parr (BLYP) generalized gradient approximation correction 17. Mulliken population 

analysis was used to obtain the charge on each atom at different strains. For the tensile 

simulation of the infinite PGA chain, a PGA model with 3 monomers was placed in a periodic 

boundary box in the x-, y-, and z-dimensions. The backbone of the PGA is along the z dimension 

shown in Fig. 1, with the x and y box lengths long enough to prevent PGA from interacting with 

its PBC image. The PGA was first optimized by adjusting the z-dimensional length of the box 

until the force in the z direction is close to zero. After the optimization process, the initial box 

size was 10×10×10.5(Å3) before the tensile simulation. The tensile strain was implemented by 

increasing the length of the z dimension with the increment of 0.013 Å. The PGA was then 
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completely optimized before the application of the next increment in the z dimension. The strain 

ε in the stress direction was calculated by the following equation: 

� =
���������	�

���	�
   (1) 

where )(tzl  is the z-dimensional length of the simulation box after implementing t times of 

elongation increments, and  is the initial length of the simulation box in the z direction. 

Consequently, the strain is a parameter with the dimensionless unit. 

 

III. Result and Discussion 

Because the hydrolysis occurs near the acyl carbon (C1 in Fig. 1) of the ester, the variations of 

bending angles at O1-C1-C2 and torsion angles of C3-O1-C1-C2 with increasing strain were 

investigated. Fig. 2 shows the relationship of the tensile force with the strain and the variations of 

bending and torsion angles for a PGA chain under tension. The required energy to change the 

torsion angle is lower than that to change the beading angle, so the variation of torsion energy is 

more significant than the bending angle in order to relax the PGA structure under the external 

tensile loading. At strains smaller than 0.035, the force increases linearly with the strain and the 

bending angle only increases slightly with increasing strain. The torsion angle increases more 

significantly with the increasing strain, revealing that PGA configuration is distorted under the 

small tensile strain. From strains of 0.035 to 0.1, the slope of the force-strain curve becomes 

slightly larger than that at the strains below 0.035, and the changes of both bending and torsion 

angles significantly increase with increasing strain. The slope of the torsion angle variation with 

strain is smaller than those during strains from 0 to 0.035 because the bending angle change also 

participates in the structural relaxation. As strain becomes higher than 0.1, the torsion angle 

shows a slight increase with little variation, and approaches its maximal value. The inset of Fig.2 

)0(zl
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shows the total energy variation of PGA with the tensile strain. Two dashed lines at strains of 

0.035 and 0.1 are used to indicate the energy variation at these two strains. The total energy 

undergoes only a small increase as the strain rises from 0 to 0.035 with total energy increasing 

more significantly with strains from 0.035 to 0.1. As the strain becomes larger than 0.1, the 

increase of total energy is proportional to the increase of strain.  

Fig. 3 displays the bond length variations of C1-O1, C1-C2, and C1-O2 pairs with the strain. The 

values in the parentheses are the corresponding bond lengths of these pairs at a strain of 0. The 

C1-O2 bond is normal to the tensile direction and becomes only slightly shorter by 0.009Å, a 

decrease of 0.74%, as the strain increases to 0.15. For C1-O1 and C1-C2 bonds at strains less than 

0.035, they are forced to align along the tensile direction when the strain increases because the 

bending angle gradually becomes larger. The lengths of C1-O1 and C1-C2 bonds increase by 

0.016 Å at strain of 0.035, increases of about 1.15% and 1.04% from their lengths at strain of 0. 

When the strain increases from 0.035 to 0.15, the magnitudes of the elongations of C1-O1 and C1-

C2 bonds are about 6.07% and 9.8% longer than those at strain of 0, indicating the length of C1-

C2 bond is relatively sensitive to the strain.         

The Mulliken charge variations of alkyl oxygen (O1), carbonyl oxygen (O2), carbonyl carbon 

(C1), and C2 atoms are shown in Fig. 4, with the values shown in parentheses indicating the 

Mulliken charges of the corresponding atoms at strain of 0. At strain of 0, the charges of C1 and 

C2 atoms are 0.588e and -0.116e, and the charges of O1 and O2 atoms are -0.469e and -0.405e, 

respectively. As the strain gradually increases from 0 to 0.15, the Mulliken charge variations of 

C1 and O1 atoms become more negative while those of C2 and O2 atoms become more positive, 

indicating more electrons transfer from C2 and O2 atoms to C1 and O1 atoms at higher strains.  
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Fig. 5 shows the force-strain profile for the PGA hydrolysis intermediate at different strains. 

The intermediate structure can be seen in the upper right panel of Fig. 5, a structure coming from 

the combination of PGA and a water molecule as shown in the bottom right panel of Fig.5. For 

comparison, the PGA force-strain profile is also shown in Fig. 5. At strain of 0.1, the tensile 

force exerted on the PGA is about 3.56 nN. For comparison of the tensile force relaxation after 

the PGA becomes the PGA intermediate, the initial structure of the PGA intermediate derives 

from the PGA structure at strain of 0.1, and H1 and O3 H2 were added to O2 and C1 atoms to 

form PGA intermediate. Consequently, the force-strain profile of the PGA intermediate begins 

from strain of 0.1. After the geometric optimization of the PGA intermediate, the tensile force 

originally imposed on PGA is relaxed to a much lower value of 0.45 nN. This implies that 

mechanical force on PGA can be relaxed once the PGA intermediate appears, helping to stabilize 

the PGA material under the mechanical loading. The profile of energy variation with the strain 

for the PGA intermediate is shown in the lower right inset of Fig. 5, indicating that the energy 

slightly increases with the strain lower than 0.2 and  monotonically increases with the strain 

larger than 0.2.  

Fig. 6 shows the profiles of bond length variations with the strain for C1-C2, C1-O1, C1-O2, and 

C1-O3 bonds for the PGA intermediate. The values in the parentheses are the bond lengths of the 

corresponding pairs at strain of 0.11. The variations of C1-O2 and C1-O3 are comparatively not 

sensitive to the strain, with C1-C2 and C1-O1 clearly increasing with increasing strain. The 

corresponding Mulliken charge variations are presented in Fig. 7, which shows the profiles of 

charge variations with strain for C1, C2, O1, O2, and O3 atoms. Mulliken charges of these atoms at 

strain of 0.1 are shown in parentheses. The charges of O2 and O3 atoms become more positive 

with increasing strain, whereas the charges of C1, C2, and O1 become more negative. It should be 
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noted the charge of C2 atoms of the PGA intermediate becomes more negative, but, for PGA, the 

charge of C2 atoms becomes more positive when the strain increases.  

The hydrolysis of polyester is a bimolecular nucleophilic substitution reaction (SN2), and one 

water molecule is first added at the carbonyl carbon to form the ester hydrolysis intermediate. 

Then the C-O alkyl bond is ruptured after the hydrogen atom transfers from the carbonyl oxygen 

to the alkyl oxygen 18. Previous ab initio study also used this mechanism to study the C-O 

cleavage process for the hydrolysis of ethyl acetate 19.  The similar reactant and product was used 

to search the minimal energy pathway (MEP) for the C-O cleavage during the PGA hydrolysis. 

Moreover, the first stage of polyester hydrolysis is the saturation of water during which the 

diffusion of water into the polymer takes place 18, 20. With the increasing water content within the 

amorphous polyester, the degradation rate increases. Since the PGA hydrolysis happens at a low 

water weight fraction instead of an aqueous solution, the solvation model was not included in the 

current DFT calculation. Fig. 8 depicts the MEP for PGA hydrolysis, where the H1 atom 

transfers to the O1 atom to form the OH group and then the O2 atom bonds with the C1 atom by a 

double bond, resulting in the dissociation of PGA chains as shown in the rightmost structure in 

Fig. 8. Note that here a molecule of PGA intermediate was used for the simulation, different 

from the PBC model shown in Figs. 1 and 5, because the PGA PBC model will be only a single 

PGA molecule after the breakage of the C1-O1 bond due to the H1 atom transferring from O2 to 

O1. The current model is very similar to those used in previous studies about the force catalyst 

effect 6. The PGA intermediate and the two PGA molecules resulting from the dissociation of the 

PGA intermediate were first optimized. Then the nudge-elastic band (NEB) method was used to 

find the transition state connecting these two configurations. The energy barrier for the 

hydrolysis of PGA intermediate is about 32.2 kcal/mol.  
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Fig. 9 shows the energy barriers at different tensile forces on the PGA intermediate. The 

distance between the two end oxygen atoms is about 6.093 Å for the fully optimized PGA 

intermediate, so this distance is used as the reference length for the strain of 0. This distance was 

increased to represent PGA intermediate under different strains and the NEB was used after each 

strained PGA intermediate had completed optimization. It is apparent that the stressed PGA 

intermediate configuration can decrease the energy barrier for the hydrolysis process. In Fig. 7, 

the O2 atom becomes less negative with increasing strain, implying that the OH bond strength is 

weakened by the strain. On the other hand, the O1 atom becomes more negative when the strain 

increases. This situation is very beneficial for attracting the H1 atom and lowers the H1 energy 

barrier, allowing for a bond change from the O2 to the O1 atom to enhance the occurrence of 

PGA hydrolysis.   

 

III. Conclusion 

The density functional theory calculation has been used to study the biodegradation 

mechanisms of hydrolysis under the tensile force stress for polyglycolic acid (PGA). The results 

show the bending angles and torsion angels of PGA increase with the increasing strain, and the 

tensile force also linear increases with the strain. As the strain gradually increases from 0 to 0.15, 

the Mulliken charges of C1 and O1 atoms become more negative while those of C2 and O2 atoms 

become more positive, indicating more electrons transfer from C2 and O2 atoms to C1 and O1 

atoms at higher strains. 

Once the PGA becomes the PGA intermediate by combining with a water, the tensile force of 

3.56 nN on PGA at the strain of 0.1 will be relaxed to a lower value of 0.45 nN, which helps the 

increase of the stability of the PGA material. The Mulliken charges of O2 and O3 atoms become 
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more positive with the increasing strain, whereas the charges of C1, C2, and O1 become more 

negative.   

NEB calculation results provide the evidence of the force catalysis effect on the PGA 

intermediate, which the dissociation barrier is significantly reduced by the tensile force, leading 

to a significant increase in the PGA intermediate dissociation rate. Our DFT calculation results 

have provided an analysis procedure to evaluate the dissociation mechanism for other 

biodegradable materials and whether or not the mechanical loading enhances the degradation 

rate.   
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Figure Caption 

Fig. 1 Physical model of polyglycolic acid. 

Fig. 2 The force-strain profile with the variations in bending and torsion angles for a PGA chain 

under tension. The inset presents the variation of energy with strain. 

Fig. 3 The bond length variations of C1-O1, C1-C2, and C1-O2 pairs with strain. 

Fig. 4 The Mulliken charge variations of O1, O2, C1, and C2 atoms 
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Fig. 5 The force-strain profile for the PGA hydrolysis intermediate at different strains. (upper 

inset) Structure from the combination of PGA and a water molecule; (bottom left inset) PGA 

intermediate structure; and (bottom right inset) the variation of energy with strain for PGA 

intermediate. 

Fig. 6 Profiles of bond length variations with the strain for C1-C2, C1-O1, C1-O2, and C1-O3 

bonds. 

Fig. 7 Charge variations with strain for C1, C2, O1, O2, and O3 atoms. 

Fig. 8 Minimal energy pathway (MEP) for PGA intermediate degradation. 

Fig. 9 Energy barriers at different tensile force for the PGA intermediate. 
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Fig. 1 Physical model of polyglycolic acid.  
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Fig. 2 The force-strain profile with the variations in bending and torsion angles for a 

PGA chain under tension. The inset presents the variation of energy with strain. 
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Fig. 3 The bond length variations of C1-O1, C1-C2, and C1-O2 pairs with strain. 
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Fig. 4 The Mulliken charge variations of O1, O2, C1, and C2 atoms 
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Fig. 5 The force-strain profile for the PGA hydrolysis intermediate at different strains. 

(bottom right panel) Structure from the combination of PGA and a water molecule; 

(upper right panel) PGA intermediate structure; and (inset) the variation of energy 

with strain for PGA intermediate. 
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Fig. 6 Profiles of bond length variations with the strain for C1-C2, C1-O1, C1-O2, and 

C1-O3 bonds. 
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Fig. 7 Charge variations with strain for C1, C2, O1, O2, and O3 atoms. 
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Fig. 8 Minimal energy pathway (MEP) for PGA intermediate degradation. 
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Fig. 9 Energy barriers at different tensile force for the PGA intermediate. 
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