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•  Novel properties of polymer in 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•  Polymer membranes as  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•  Polymer based flexible thermoelectrics ( polymer blends / composites )  
   

•  Desiccation cracks under external fields
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Confined Polymers 

v Finite size effects 
v Interfacial effects 

substrate 

• Occurrence of double glass transition 
    temperature in aged polymer films 

• Effect of polydispersity in Tg 

•Densification upon confinement   

L. Pradipkanti

L. Pradipkanti  M. Choudhury, DKS, PCCP  19, 29263 (2017) 
L. Pradipkanti, DK Satapathy Thin Solid films 651, 018 (2018) 
L. Pradipkanti, DK Satapathy AIP Conf.  Proc.  1832 040029(2017)

Polymer thin films (1-D confinement)   



Confined Polymers 

Polymers  under soft confinement   

 Enhanced dynamics of  
polymers
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v Interfacial effects 
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• Occurrence of double glass transition 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PM Geethu

PM Geethu, I Yadav, VK Aswal DKS  Macromolecules,  (2018)

Dielectric relaxation  
spectroscopy  

+  
small angle  

neutron scatterng

Polymer thin films (1-D confinement)   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Polymer
• The physical properties of the polymer 
    confined to nanoscale are very 
    different than those of the bulk 


• Nanoscale confinement: thickness in 
    the range of  a few 10s of nanometers

Confined Polymer
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Interface play an important role  
in modifying the properties

Close to  the confining surface the conformation of polymer chain is  
significantly restricted. 
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The adsorption of polymers can 
be irreversible even if the 
monomer substrate interaction 
is smaller than KBT
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The adsorption of polymers can 
be irreversible even if the 
monomer substrate interaction 
is smaller than KBT

Although monomers could reversibly adsorb and desorb, the 
probability that the whole set of monomers (the entire chain)  
desorb at the same time is extremely low.
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The adsorption of polymers can 
be irreversible even if the 
monomer substrate interaction 
is smaller than KBT

hads

Although monomers could reversibly adsorb and desorb, the 
probability that the whole set of monomers (the entire chain)  
desorb at the same time is extremely low.

Irreversible adsorption

Substrate

Adsorbed layer is buried and  
close to the impenetrable  
hard wall. 

  
Experimentally challenging  
to gain detailed information. 
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Experimental techniques: XRR
q  Specular X-ray Reflectivity (XRR) 
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q  Spectroscopic Ellipsometry (SE) 

Experimental techniques: XRR & Ellipsometry
q  Specular X-ray Reflectivity (XRR) 



Measurement of thickness and refractive index
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substrate substrate 

chitosan 

Quantification of Swelling



The asymptotic swelling ratio, 

increases with increasing 
initial film thickness d(0)

Time evolution of film thickness



The asymptotic swelling ratio, 

increases with increasing 
initial film thickness d(0)

This is surprising,  because it 
should only depend on the 
experimental conditions, if 
swelling process can be described 
by thermodynamics parameters

Time evolution of film thickness



1. Polymer chains adsorb onto the non-repelling Si/Si−O surface to 
   form a compact layer that is strongly bound to the substrate 


2. The thickness of the compact layer is independent of the  
    initial thickness of the polymer film  

 


 3. The compact, strongly bound layer does not swell when 
    exposed to solvent vapor  

 


Assumptions



We  define time-dependent “effective swelling ratio”, c(t) 


and

This suggests that a plot of d(t) as a function of d(0) 
should be a straight line with non-zero intercept 


Effective swelling ratio



Indeed, it could effectively described by a straight line 
with non-zero intercept


Dependence of swelling on d(0) 

P. Lairenjam,  Sathish K. Sukumaran and D.  K. Satapathy,  Macromolecules, 54, 10931 (2021) 



Effective swelling ratio and bound layer

P. Lairenjam,  Sathish Sukumaran and D.  K. Satapathy,  Macromolecules, 54, 10931 (2021) 



Effective swelling ratio and bound layer

P. Lairenjam,  Sathish K. Sukumaran and D.  K. Satapathy,  Macromolecules, 54, 10931 (2021) 

Collaboration with Prof Sathish K. Sukumaran, Yamagata Uni. Japan 



0 30 60 90 120 150 180

1.2

1.6

2.0

c 
(t)

t / min

d s
/ n
m

c(t) when ds is fitted

c(t) when ds is fixed at 15 nm

ds

5

10

15

20

25

30

35

(a) (b)

(c)

0 40 80 120 160 200

0

120

240

360 1 min 60 min
5 min 70 min

10 min 80 min
20 min 90 min
30 min
40 min
50 min

d(
t) 

/ n
m

d(0) / nm
0 50 100 150 200

0

120

240

360
100 min 150 min
110 min 160 min
120 min 170 min
130 min 180 min
140 min

d(
t) 

/ n
m

d(0) / nm

Effective swelling ratio: second polymer system

S. Z. Bhutia, P. Lairenjam,  S. K. Sukumaran and D.  K. Satapathy,  Soft Matter,  19, 3859 (2023) 
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Spatial location of compact bound layer : XRR
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Small decrease in the electron density at Z ≈ 16 nm  
 
consistent with the existence of a compact bound layer

S. Z. Bhutia, P. Lairenjam,  S. K. Sukumaran and D.  K. Satapathy,  Soft Matter,  19, 3859 (2023) 



   By assuming the existence of a compact layer  
   tightly bound (irreversibly adsorbed) to the substrate 
   surface and the swelling  of the remaining portion  
   of the chitosan film, the swelling of films of different d(0) 
   values could be described using a single function, c(t).

Conclusions



Water Desorption form confined 
Hydrogel Films



Swelling of the hydrogel film

substrate substrate 

chitosan 



Water desorption : X-ray reflectivity

•  Electron density at 30C is close to that of  chitosan plus  
   one water molecule per glucosamine unit 

• Electron density at 210C, matches with almost dry chitosan



Water desorption : Characteristic Temperatures

• Large ~ 65% decrease  
  in thickness 

•  Three different slopes 

•  Slow desorption of water 
   followed by the even 
   slower desorption and 
   finally fast desorption 

L. Pradipkanti et al. Soft Matter,14, 2163 (2018) 



Re-heating confirms complete water removal

L. Pradipkanti et al. Soft Matter,14, 2163 (2018) 

Reheating



Water binds to Amino and hydroxyl groups 

Different kinds of water in polymer matrix

E. López-Chávez et al.  Polymer,2005, 46, 7519–7527



Different types of water in polymer matrix

Chitosan-water interaction is measured/estimated 

Dielectric spectroscopy,  
DSC,  
Sorption isotherms and MD simulations

Co-existence of three  kinds of water: 
   
 (i) Free water 
 
(ii) Freezable bound water  
 
(iii) Non-freezable bound water 

E. López-Chávez et al.  Polymer, 2005, 46, 7519–7527,   
H. Hatakeyama and T. Hatakeyama, Thermochim. Acta,  1998, 308, 3–22.

Non-freezable bound water   forms first  
followed by  freezable bound water  and  

finally  free water from 



Different types of water in polymer matrix

Taking into account the enthalpy of hydration of  
amino (70.3 kJ/ mol) and   hydroxyl (23.9 kJ/mol), groups and  
assuming that the enthalpy of hydration is equivalent
to that of dehydration,  

the enthalpies of dehydration for type  
water are estimated to be  
94 kJ/mol and 165 kJ/mol, respectively.



Activation energy (region 1)  =   60 kJ/mol 
                            (region III)  = 158 kJ/mol  





Effect of confinement on water desorption

L. Pradipkanti et al. Soft Matter,14, 2163 (2018) 



Conclusions

•   Water desorption phenomenon in chitosan thin films is 
     investigated in detail by performing temperature dependent 
     X-ray reflectivity and spectroscopic ellipsometry. 
 

•   Water desorption occurs at three distinct rates.  
 
 

•    Strong correlation exists  between characteristic 
     temperatures and the film thickness, i.e. the Tc  decrease 
     with decreasing film 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