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CHAPTER 6 

 

Summary and Prospects 

 

6.1. Summary 

      During the course of this thesis, we examine the collapse of hydrophobic polymers in two 

different environments: poor solvent (water) and the hydrophobic core of model cell membranes.  

The understanding of the varying morphologies of polymer in different solvent environments, as 

well as their interaction with model membranes, is essential to the design of new polymer 

chemistries, both single component and multicomponent. Furthermore, understanding the 

behaviour of single polymers in their unique environment is the first step in understanding the  

self-assembly behaviour of more concentrated systems. Such behaviours are better understood 

within the framework of computer simulations acting as a complement to theory, as described in 

this thesis.  

     Initially, molecular dynamics techniques are used to describe hydrophobic collapse of 

polystyrene and polycaprolactone in water.  The polymer size/shape in its collapsed state is 

compared to simple scaling theories. Two different simulation models are used and compared: an 

all-atomistic model, in which the collective behaviour of the atoms allows us to understand in 

detail the behaviour of the solvent (water) close to the polymer chain. Next, coarse-grained models 

are used, which are computational models that replicate the behaviour of a complex system by 

breaking it down into simpler sub-components, with a specified degree of granularity for the 

system in question. It is found that both models provide accurate description of the behaviour of 

hydrophobic polymers, but in terms of computational efficiency, the coarse-grained model is more 

advantageous than all–atomistic models. Moreover, the lower resolution of the coarse-grain 

polymer and water models allows for observing additional conformations otherwise not accessible 
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in all-atomistic simulations.  

     In the preceding chapters, a model of polymer in a solvated phospholipid bilayer is also 

explored by these same two methods, atomistic and coarse-grain. For AA simulations of short 

polycaprolatone (PCL) chains in water, the chains collapse to globular conformations. For PCL 

chains in POPC, assuming extended conformations, the membrane remains virtually unchanged, 

while intermediate length chains, in their partially collapsed/partially extended conformations 

approaching membrane-water interface, cause thinning of the membrane. Longer chains possess a 

different behaviour, progressing toward states of disordered globules, without approaching the 

membrane-water interface.  As a consequence, they do not cause as much membrane deformation 

as intermediate chains. The membrane thickness in those cases is comparable to values as for short 

chains insertions. Compared to PCL chains globular collapse behaviour in water, POPC membrane 

environment causes the chain to assume extended and /or disordered globular conformations. 

Coarse-grained simulations provide additional insight into the dependence of membrane 

deformations on polymer chain length and the subsequent chain conformations inside the 

membrane during simulations.  Metadynamics simulations for all atomistic simulations show that 

short and large chains display different behaviour in the center of the hydrophobic membrane.  

Short chains have a minimum energy configuration closest to the membrane-water interface while 

longer chains have a minimum energy configuration in the center of the hydrophobic membrane.   

      

6.2. Prospects 
 

     There are many directions to continue with this work as a precursor.  For example, elastic 

properties of the POPC bilayer can be derived from CG simulations (119) using a trajectory. Area 

expansion module, KA can be calculated  from linear response theory (194): 
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KA =

kT < A >

N < δA2 >
 (6.1) 

 

where A is the averaged cross-sectional rea per lipid and N is the number of lipid molecules. 

Bending modulus also can be calculated for a sufficiently large simulated system in which 

membrane fluctuations are analysed in terms of undulatory and peristaltic modes.  

     There are several applications that can be explored for POPC, using CG molecular model and 

MD simulations (119), such as the self-assembled POPC bilayer. Simulations can reveal that 

random aggregates of lipids organize rapidly and orient their headgroups toward water. Another 

example is the Langmuir monolayer (119), in which addition of small amounts of amphiphiles 

(surfactants) can change air-water properties due to their strong adsorbent properties. 

Parametrization of CG model insures correct adsorption of molecules, given a well-fitted free 

energy transfer and a correct surface tension, employed to determine how the CG lipid monolayer 

behaves under compression. The surface pressure is defined as: 

 
 π =  γ0 − γ (6.2) 

 

where γ is the surface tension of the monolayer and γ0 is the surface tension of water. For the 

correct temperature, CG model gives the correct surface pressure, which measures the reduction 

of surface tension when lipids are adsorbed at air/water interface. Another application is vesicle 

formation, for which simulations of tens of nanoseconds are required to obtain a single expanding 

aggregate. The stability of the vesicle obtained can be tested by carrying out an MD simulation of 

two vesicles. External forces are required for interaction between the two vesicles. Adhesion, 

deformation and fusion are the effects of external forces. Reshaping occurs as a result of external 
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forces removal.  

     Internal structure of polymer chain (195) can be analysed by determining the coherent structure 

function S (q) of an individual chain,  

 

S(q) =  
1

N
〈|∑ exp (i 𝐪 ∙ 𝐫i)

N

i=1

|

2

〉 (6.3) 

 

S (q) can be averaged over several randomly chosen q vectors. It is expected that fractal scattering, 

S (q) ~ q-1/ν = q-2, where ν =1/2, independent of chain length. 

     Another measure of internal structure of the chain is the study of Rouse modes of the chain, 

given by (196,197): 

 
 

𝐗p(t) =
1

N
[∑ 𝐫i(t)cos

pπ(i − 1)

N − 1

N

i=1

] −
1

2N
[𝐫1(t) − 𝐫N(t)] (6.4) 

 
 
These are eigenmodes for ideal chains, for which: 

 
 < 𝐗p(t) ∙ 𝐗p′(t) > = 0, p ≠ p′ (6.5) 

 
The amplitudes obey scaling relation: 

 

 
< 𝐗p(t) ∙ 𝐗p′(t) >  

1

2π2

< 𝐑2(N) >

p2
∝  

N

p2
 (6.7) 

 

     The Rouse modes Xp (t) defined by equation (6.4) are the eigenmodes of the chain. According 

to Rouse model (198,199), the relaxation function of the modes is given by: 

 
gp(t) =

< 𝐗p(t) ∙ 𝐗p(0) >

< 𝐗p(0) ∙ 𝐗p(0) >
= exp(−t/τp) (6.8) 

 

where p is the index of the mode and  
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τp ∝
N2

p2
 (6.9) 

The relaxation time of pth mode is the longest relation time of a chain made of N/p units. 

Relaxation times are given by the analysis of relaxation functions. 
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