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   ABSTRACT 

POLYMER DYNAMICS IN DISORDERED NANOPARTICLE PACKINGS: 

EFFECT OF CONFINEMENT, INTERFACES, AND HUMIDITY 

R Bharath Venkatesh 

Daeyeon Lee 

 

Infiltration of polymers into disordered nanoparticle packings has shown to be a powerful 

method of fabricating highly loaded nanocomposites with superb mechanical properties. 

Polymer-infiltrated nanoparticle packings provide a unique platform to study the dynamics 

of macromolecules under extreme nanoconfinement. The degree of confinement can be 

tuned by appropriate choice of particle size and polymer molecular weight. The presence 

of large interfacial area between the polymer and the particle, high degree of 

nanoconfinement, and environmental triggers like atmospheric humidity can impact the 

dynamics of polymers at the segmental and the chain level. By using tools like microscopy, 

ellipsometry and molecular dynamic simulations, we investigate the dynamics of polymers 

at unprecedented levels of confinement. In solvent-driven infiltration of polymers (SIP) 

system, polymer chains are plasticized by capillary condensed solvent leading to capillary 

motion of the solvated polymer into the pores of the nanoparticle packing. We detail our 

investigations on the mechanism of infiltration with increasing polymer-nanoparticle 

interactions. In capillary rise infiltration(CaRI), the polymer film-nanoparticle packing 

bilayer is annealed above the glass transition temperature of the polymer leading to the 

polymer wicking into the pores of the packing. The dynamics of rise of the polymer into 
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the nanoparticle packing can be studied by ellipsometric front-tracking giving a measure 

of the chain dynamics of polymer – effective viscosity – based on the Lucas-Washburn 

equation. Our investigations into the dynamics of high Tg, glassy polymers is 

complemented by studies of low Tg, mobile chains in disordered nanoparticle packings. 

Once infiltrated into a region of nanoparticle packings, these mobile chains spread out into 

adjoining unfilled regions. This room temperature, spontaneous lateral motion of polymer 

can be tracked to understand interfacial polymer diffusion under confinement. Higher 

humidity, unexpectedly, leads to faster spreading of the polymers within the packings 

possibly due to reduced particle-polymer friction with water coverage on particle surface.  

Thus, this work presents the effects of confinement, interfacial interactions, and 

atmospheric humidity on the chain and segmental dynamics of polymers in pores of 

disordered nanoparticle packings.  
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units) at which data is taken. ............................................................................................. 39 

 

Figure 2.4: (a) Concentration profiles for the N=20 weakly (P-NP=0.6, T=0.6 - dashed 

lines) and strongly interacting systems (P-NP=1.1, T=0.6 - thick lines). The data for each 

curve has been obtained by averaging data front an interval of width 100000τLJ centered 

around the time(in τLJ)marked in the legend, (b) Front position indicators H85 and H99  for 

the two systems – blue curves depict data for weakly (P-NP=0.6, T=0.6) interacting system 

and the red curves depict data for strongly interacting systems (P-NP=1.1, T=0.6). Dashed 

line marks the base of the packing in (a). ......................................................................... 42 

 

Figure 2.5: H99
2 and H85

2 are plotted as a function of time with different polymer and 

nanoparticle interaction εP-NP from 0.6 to 1.5 in (a) and (b) at T=0.7.  At three different time 

(indicated in legend in τLJ units), H99
2 and H85

2 are plotted as a function of polymers and 

nanoparticle interaction εP-NP in (c) and(d) at T=0.7. ........................................................ 45 
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Figure 2.6: Radius of gyration (Rg) of polymer chains averaged in bins of 1 σ width in the 

z direction plotted as a function of distance from the base of the simulation box(h). The 

data for both systems was averaged over 100 frames at equal intervals from t=750,000τ to 

t=850,000τ. Dashed line shows the point where the packing begins. This is done on the 

results obtained for the system at T=0.6. .......................................................................... 47 

 

Figure 3.1: Extracting Tg for bulk(left) and confined(right) polystyrene by tracking changes 

in slope of measured refractive index with temperature in a controlled cooling ramp ..... 57 

 

Figure 3.2: (a) Scanning electron microscopy(SEM) Image of PS-SiO2 bilayer before 

annealing: the polymer (polystyrene – 173Kg/mol) film is atop a 250 nm nanoparticle 

packing made from 27 nm diameter SiO2 nanoparticles and b)SEM image of bilayer 

annealed at 165 °C with composite CaRI film at the bottom and the residual polymer layer 

on top. The composite layer shows the pores between the particles filled with polymers. 

Scale bars represent 250 nm ............................................................................................. 58 

 

Figure 3.3: a) Front height for PS-4M g/mol infiltrating into SiO2 (27 nm) nanoparticle 

packings is plotted against the time (in minutes) at three different temperatures – 155 

(diamonds), 160 (squares), and 165 (circles) °C. The inset shows the Lucas-Washburn 

scaling of the dynamic data when plotted as h2 vs t. The dashed lines parallel to the main 

curves are indicative of the slope of the curves used to calculate viscosity from the dynamic 

data. b) Confined viscosity of high molecular weight polystyrene (173k to 4M g/mol) 

infiltrating SiO2 (27 nm) nanoparticle packings measured using ellipsometric tracking at 

three different temperatures – 155 (diamonds), 160 (squares), and 165 (circles) °C. The 

dashed lines show the bulk viscosity calculated using published predictions for zero shear 

viscosity of entangled PS.163–165 ........................................................................................ 60 

 

Figure 3.4: Confined viscosity of high molecular weight PS (173k - 4M g/mol) infiltrating 

into SiO2 (7 nm) NP packings measured using ellipsometric front tracking at two different 

temperatures - 165 °C (diamonds) and 180 °C (triangles). The dashed lines show the bulk 

viscosity calculated using published predictions for zero shear viscosity of entangled 

PS.163–165 ............................................................................................................................ 61 

 

Figure 3.5: Glass transition temperatures (Tg) for confined and bulk high molecular weight 

polystyrene at different confinement ratios in 27 nm (triangle) and 7 nm (inverted triangle) 

SiO2 nanoparticle packings. The closed symbols are Tg measurements done for polymer 

confined within the nanoparticle packings after infiltration and the open symbols are for 

polymers in the thin residual film (>100 nm) left atop the nanoparticle packing after 

infiltration. The latter measurements reflect the bulk Tg values of entangled polymers. . 62 
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Figure 3.6: Confined viscosity of high molecular weight polystyrene (173 k – 4 M g/mol) 

infiltrating SiO2 (27 nm) nanoparticle packings is normalized with the bulk viscosity at 

three different temperatures – 155 (diamonds), 160 (squares), and 165 (circles) °C  - and 

plotted against confinement ratio (CR).  The scaling is extracted from the slope of the best 

linear fit of the data points. ............................................................................................... 63 

 

Figure 3.7 Confined viscosity values shown in symbols calculated using dynamic data by 

substituting different values of the contact angle in the Lucas Washburn Equation shown 

with the bulk viscosity values in (a) and without the bulk viscosity data in (b) ............... 65 

 

Figure 3.8: Shear-thinning of polystyrene PS133k (blue), PS285k/2k-47 (red), PS185k 

(green), and PS285k/2k-65 (black). The normalized viscosity is plotted against the 

Weissenberg number(which is the product of the terminal relaxation time and the shear 

rate). Reprinted with permission from Costanzo, S.; Huang, Q.; Ianniruberto, G.; Marrucci, 

G.; Hassager, O.; Vlassopoulos, D. Shear and Extensional Rheology of Polystyrene Melts 

and Solutions with the Same Number of Entanglements. Macromolecules 2016, 49 (10), 

3925–3935. 179................................................................................................................... 66 

 

Figure 3.9: Normalized viscosity plotted against inverse of pore diameter for polystyrene 

in silica nanoparticle packings(left) and poly(ethylene-oxide) in Anodic Aluminium 

Oxide(AAO) pores(right). Reprinted with permission from Yao, Y.; Butt, H. J.; Floudas, 

G.; Zhou, J.; Doi, M. Theory on Capillary Filling of Polymer Melts in Nanopores. 

Macromol. Rapid Commun. 2018, 39 (14), 1800087.175 .................................................. 68 

 

Figure 3.10: (a)Confined(blue) and bulk(red) viscosity plotted of PS compared at the same 

temperature(diamonds) or at a fixed distance from Tg(squares), (b) The ratio of the 

effective to the bulk viscosity is plotted against CR and shows little change in the scaling 

of confined viscosity with number of segments in the polymer (N)................................. 70 

 

Figure 3.11: Capillary pressure gradient in NP packings of 7 nm (diamonds, blue) and 27 

nm (squares, red) SiO2 NPs and critical cutoff pressure postulated by Johner et al. (dashed 

black line) plotted for varying molecular weight of entangled PS (173k g/mol to 4M g/mol).

........................................................................................................................................... 74 

 

Figure 3.12: Increase in Tg for confined unentangled (8k and 21k) and entangled (173k - 4 

M g/mol) PS in silica nanoparticle packings of varying diameter (7-77 nm) plotted against 

inverse of particle diameter. .............................................................................................. 78 

 

Figure 3.13: (a) Confined viscosity measured for polystyrene (8k g/mol to 4 M g/mol) 

infiltrating SiO2 nanoparticle packings at different confinement ratios -  unentangled PS 
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(8k g/mol to 21k g/mol) in SiO2 of 7-77 nm diameter measured at 130 °C, shown in circles 

and squares; entangled PS (173k g/mol to 4 M g/mol) in SiO2 of 27 nm measured at 165 

°C, shown in diamonds; and entangled PS(173k g/mol to 4 M g/mol) in SiO2 of 7 nm 

measured at 165 °C, shown in triangles. (b) Difference between the glass transition 

temperature in confinement over the bulk (ΔTg) at various confinement ratios for the three 
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near the boundary of the filled (purple) and the unfilled (yellow) region, (c) Schematic 

shows polymer motion in the nanopores of a particle packing (shown in orange) from the 

filled to the unfilled region as indicated by the direction of the arrow. The capillary 

condensation of water inside the nanopores fills the nanopores with water (shaded as blue 

in the void space between the particles in green). .......................................................... 109 

 

Figure 5.2: (a) Lateral variation in refractive index measured at 632.8 by spectroscopic 

ellipsometer over a 2010 micron long region of the packing. Shown in the inset is the 

sample where the black region in the middle is the region over which ellipsometric 

mapping data was collected. The polymer is PDMS-9k moving in 27 nm SiO2 nanoparticle 

packings (b) Refractive index profile obtained by ellipsometry can be converted to a map 

of local polymer fill fraction in the voids of the packing. The curves show local variation 

in polymer fraction at different times in the region of the packing. ............................... 115 

 

Figure 5.3: (a) Optical microscopy images show polymer motion over 14 hours - images 

on left are captured at time t=0 and images on left show front 14 hours later. PDMS-9k 

moves from the filled region(green) to the unfilled region(red) as a diffuse front(orange-

yellow). Moving from top to bottom, each set of image shows the extent of front motion 

over 14 hours in three different samples observed at three increasing humidity levels. (b) 

Ellipsometric mapping based measurements are used to extract Dspread – a parameter that 

describes the rate of spreading of polymer in the nanoparticle packings. Plot shows 

measured Dspread and associated mean square error(MSE) in fitting the data at two different 

humidity levels for PDMS-9k in 27 nm SiO2 packings. ................................................. 119 

 

Figure 5.4: (a) Measured Deff values (in  blue diamonds) and associated error in fitting MSE 

(in red squares, y-axis on the right) for different molecular weight (MW) of monodisperse 

PDMS at 45-55%RH, (b) Scaling of Deff obtained with number of Kuhn segements of m-

PDMS. ............................................................................................................................. 122 

 

Figure 6.1: (a) Saturated atmosphere chamber made by assembling 3-D printed cover and 

a base that holds the pool of water and a stage for the sample. (b) Condensed water droplets 

on surface of 27 nm silica nanoparticle packings infiltrated with PDMS. (c) from left to 

right – water condensation on polystyrene-infiltrated 27 nm silica nanoparticle packings, 

infiltrated PDMS where the polymer has been crosslinked post-infiltration, bare 

nanoparticle film. (d) preferential condensation on surface of polymer-infiltrated region 

compared with the bare nanoparticle region that shows no dropwise condensation. (e) The 

condensation on a polymer-infiltrated nanoparticle film is selectively removed from the 

region which was beneath a droplet of water showing that exposure to water eliminates 

condensation supporting nature of the film. ................................................................... 135 
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Figure 6.2: Schematic showing hypothesized mechanism for observed room-temperature 

condensation of water on surface of polymer-infiltrated films. Capillary condensation 

creates condensed water bridges at room temperature on the nano-concave asperities at the 

top of the film. The presence of polymer expels the condensed water to the surface which 

then grows by coalescence and/or Oswald Ripening. Inset on left shows surface evolver 

simulation of condensed bridge of water between two spherical nanoparticles. Inset on right 

shows the surface of a polymer-infiltrated nanoparticle film covered with droplets (scale 

bar = 50 microns). ........................................................................................................... 136 

 

Figure 6.3: (a) Silica nanoparticle films made from 27 nm silica are washed before 

infiltration fills the pore space. The resultant composite films show dewetting patterns 

when exposed to humid atmosphere. (b) When a polymer-infiltrated nanoparticle film is 

held along with a depleted PDMS gel in humid atmosphere, the polymer can be leached 

outwards into the gel. This polymer-loaded gel can then be used for another round of 

stamping. ......................................................................................................................... 138 

 

Figure 6.4: Possible mechanism for polymer dewetting from within the nanoparticle films 

upon exposure to humidity – pictured pathway shows the growth of water capillary bridges 

expelling polymer from within the porous space, followed by the formation of a thin film 

of polymer on the surface of the packing which dewets following thin film instability. 139 

 

Figure 6.5: (a) Schematic shows loading of depleted gel from a polymer solution, 

subsequent heating removes the solvent and leaves behind the loaded polymer. This dried 

gel can then be used for LeCaRI into a silica nanoparticle packing. (b) Factors that affect 

the loading process have been delineated – size of polymer, mesh size, loading time, 

concentration of solution. (c) Gravimetric measurements show amount of loading in 24 

hours of polybutadiene into PDMS gel measured for different concentration of 

polybutadiene solutions in toluene for two different molecular weights 1000-2000 kg/mol 

(red diamonds) and 5000 kg/mol (blue squares). (d) Nanoparticle film stamped with a 

polybutadiene loaded PDMS gel shows clean infiltration. (Credit: Stefani-Millan Higuera)

......................................................................................................................................... 144 
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Chapter 1 Introduction 
A portion of the text in this chapter has been reprinted with permission from R. Bharath 

Venkatesh, Neha Manohar, Yiwei Qiang, Haonan Wang, Hong Huy Tran, Baekmin Q. 

Kim, Anastasia Neuman, Tian Ren, Zahra Fakhraai, Robert A. Riggleman, Kathleen J. 

Stebe, Kevin Turner, Daeyeon Lee. Polymer-Infiltrated Nanoparticle Films Using 

Capillarity-Based Techniques: Toward Multifunctional Coatings and Membranes. Annual 

Review of Chemical and Biomolecular Engineering 2021 12:1, 411-437. Copyright 2021 

Annual Reviews. 

1.1 Background: Dynamics of materials  

Soft matter constitutes an important class of materials where the interaction between the 

individual constituent of the material systems is modulated by forces that are comparable 

to the thermal fluctuation forces. Polymers, associated liquids, liquid crystals, and colloidal 

suspensions are prototypical examples of soft matter materials that find applications in 

diverse areas such as consumer care products, functional coatings and lubricants, 

separation membranes and electronic materials. Even at room temperature, a soft matter 

sample in equilibrium is subject to thermal forces at the molecular scale and the molecular 

relaxation processes in response to these forces constitutes the internal dynamics of the 

material. Tuning the microscale/nanoscale structure, chemical composition, and physical 

state has been an effective strategy to make new materials with novel functionality. In 

addition to these static aspects of material design, the properties of many soft matter-based 

materials, especially those that are relevant in day-to-day applications such as consumer 

products, adhesives and paints, and micro- and nano-electronics depend strongly on the 

dynamics of the material constituents.1–3 The following discussion explains the importance 

of studying dynamics of materials – controlling material properties for targeted 
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applications, predicting mechanical properties, harnessing novel applications through 

processing, and understanding environmental and other factors that can perturb dynamics. 

1.1.1 Studying and controlling dynamics is key to engineering soft matter applications 

Dynamics of constituents dictates the suitability of a material for targeted applications and 

determine how well the material performs under various conditions in the desired 

application. For example, polymer-based inks for 3-D printing need to be formulated in a 

way that they exhibit desirable flow properties (shear thinning under applied pressure and 

easy drawability) during printing and then have a high yield resistance such that the 3-D 

printed structure holds its shape. The rheological performance of food products is critical 

to consumers’ experience. (Figure 1.1(a)). Flow behavior of polymer chains and 

petrochemically-derived oligomers in slits and tubes can be used to predict the performance 

of oils and lubricants in automotives and heavy appliances.   

It is also important to consider the effect of temperature on the dynamic properties of 

materials. Especially for soft matter, temperature can act as a trigger to change the 

dynamics of the materials and in turn, affect the physical state of the material. An important 

example in this regard is that of the glass transition phenomenon where the relaxation 

modes of a material are arrested below glass transition temperature (Tg) upon cooling. This 

arrest of dynamics leads to a kinetic transition at Tg below which the material exists as a 

glassy substance. The glass transition and its position with respect to the usage temperature 

of the material therefore determine the physical state of the material. The temperature 

dependence of relaxation rates of materials dictates the processing and performance of the 
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material at any given temperature. In studies on the ion-conductivity of polymer 

electrolytes, for example, the dynamics of the ions through the backbone of the chain are 

found to be dependent on the rate of relaxation of the main chain and the side chains.  

1.1.2 Dynamics of materials dictate response and failure 

Internal dynamics and residual stresses not only decide the performance but also control 

how materials respond to external stimuli, respond to mechanical perturbation, and undergo 

failure. Polymeric materials that are used as rheology modifiers, lubricants, and adhesives 

have to withstand mechanical impact in their day-to-day usage. The ability of soft materials 

   
   

      

Figure 1.1: (a) Rheological behavior of common food products and condiments. Source: 

https://foodcrumbles.com/food-rheology-introduction-food-physics-analysis, (b) Fracture pathway 

illustrated for highly entangled hydrogel along with images showing toughness of entangled hydrogel versus 

regular hydrogel. Reprinted with permission from Kim, J. et al (2021). Fracture, fatigue, and friction of 

polymers in which entanglements greatly outnumber cross-links. Science, 374(6564), 212-216. (c) Self-

healing of supramolecular gel made from unentangled polymers with reversible bonds. Reprinted with 

permission from Stukalin, E. B., Cai, L. H., Kumar, N. A., Leibler, L., & Rubinstein, M. (2013). Self-healing 

of unentangled polymer networks with reversible bonds. Macromolecules, 46(18), 7525-7541. (d) Increase 

in membrane performance with addition of nanoparticles. Reproduced with permission from Merkel, T. C. 

et al, (2002). Ultrapermeable, reverse-selective nanocomposite membranes. Science, 296(5567), 519-522. 
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in bearing load elastically and dissipating stresses plastically without fracture is critically 

dependent on the material dynamics. Figure 1.1(b) shows an example of a hydrogel 

network where fracture resistance was enhanced by addition of entangled chains in the 

network architecture. Whether a material undergoes brittle fracture or is able to resist 

fracture by plastic failure is dependent on the modes of relaxation available to the material 

at that temperature. Thus, characterizing the Tg and the viscosity provides information on 

the relaxation rates of the polymeric materials at different length and time scales and thus 

gives clues to the yielding behavior of the materials. 

1.1.3 Dynamics dictate processing pathways and place limits on material output 

Polymer materials are manufactured into a wide range of forms and shapes  – fibers, 

nanoparticles, gels, etc. A variety of thermal and solvent-based processing routes are used 

to mold polymers into desired morphologies for applications as microelectronic devices, 

membranes, fibrous mats, etc. The success of these processing pathways is influenced by 

the interplay of many simultaneously occurring rate processes, key among them being the 

chain relaxation processes. The state of polymer chains like entanglement affects their 

processability; a highly entangled polymeric melt is difficult to process due to its high 

viscosity.4,5 The time scale for self-healing in hydrogels and networks via the formation of 

physical bonds depends strongly on the transport of polymers to the site of the damage 

through the viscoelastic medium of the network (Figure 1.1(c)).6–8 The time scale required 

for blends of two or more polymers to attain their mixed-state properties is dependent on 

the rates of interdiffusion of polymers through each other and their local dynamics 
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influenced by the Tg of the two polymers.9 Kinetic factors like nucleation barriers, domain 

growth rates, and defect relaxation pathways control the final morphology obtained from 

self- and directed-assembly processes. For example, domain coarsening in block 

copolymers and the formation of mesophases during crystallization are all dictated by 

polymer thermodynamics but often found to be limited by polymer dynamics.10,11  

1.1.4 Novel dynamics or perturbed dynamics can not only adversely affect target 

applications but also lead to unintended benefits  

In the previous sections, we discussed the role that dynamics play in the performance of 

materials, their stress response, and mechanical integrity, and pointed out a few examples 

where material dynamics dictates the output of processing pathways. The discussion serves 

to illustrate that dynamics plays a central role in the design and engineering of new 

materials for a variety of applications. In the lifetime of the material under use, the material 

is exposed to several environmental factors and stress triggers. Solvents, acids, high 

temperature and pressure, humidity, prolonged stress are some such environmental factors 

affecting the performance of materials. It would be important to consider how the 

molecular-level dynamics of materials are impacted by their physical state of usage and 

these environmental factors. As explained in Section 1.3, confinement has shown to lead 

to drastic variation in the properties of polymer melts from their bulk behavior. 

Atmospheric humidity is another trigger impacting the motion of polymer especially in 

hydrophilic environments. Capillary condensation and adsorption of atmospheric water 

with increasing humidity has shown to be detrimental to the load-bearing properties of 
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some composites due to impact on relaxation modes of the constituents.12–14 Processing 

pathways used to make polymeric material can also lead to perturbed dynamics due to 

arrest of polymers in non-equilibrium configurations. For example, spin coating is known 

to leave residual stresses in thin polymeric films that lead to perturbed dynamics.1,15  

While unintended effect on polymer dynamics can lead to loss in performance, sometimes 

perturbed dynamics can lead to advantageous consequences. Let us consider the case of 

polymer membranes which show great promise in the separation of gaseous hydrocarbons 

(light alkanes) and mixture of gases (methane and nitrogen, for instance). The properties 

of such membranes are characterized by selectivity of one diffusing species over the other 

and permeability which represents the net rate of output flow. In common practice, it is 

challenging to simultaneously achieve both high permeability and high selectivity. Increase 

in one parameter often offsets the other leading to a tradeoff between the two. To address 

this issue, microporous membranes were designed to have high free volume and chemical 

affinity to one of the gaseous species leading to improved sieving of gas mixtures through 

the membranes.16,17 Free volume is directly related to the local dynamics of relaxation of 

the polymer chains and their glass transition processes during solvent drying or thermal 

processing. While tuning the relaxation behavior through chemical design is an important 

approach, other approaches based on physical triggers to influence dynamics have gained 

popularity. In one such study, the addition of fumed silica nanoparticles to a polymer melt 

improves the membrane properties drastically.18 With increasing concentration of fumed 

silica particles in the poly(4-methyl, 2-pentyne), the segmental dynamics and chain packing 
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are impacted leading to disruption in chain packing and increase in free volume. This 

translates to an observable increase in both the selectivity and the permeability, overcoming 

the typical trade-off between the two. (Figure 1.1(d)) Thus, controlling and manipulating 

dynamics using physical triggers like confinement, ageing, plasticization by solvents can 

enable emergent properties.  

1.2 Polymer dynamics – the dance of monomers  

In this section, the essential ideas of polymer dynamics will be briefly reviewed. 

Macromolecular chains, made by covalent linking of small molecules, exhibit more 

complex dynamics than small molecules. Due to their large size, presence of side groups, 

nature and connectivity of the monomers involved, the dynamics involve multiple length 

and time scales. The relaxation of  repeat units occurs at multiple diverging length and time 

scales starting from the smallest length scale of the monomer relaxation occurring at the 

smallest time scale. Successive relaxations progressively involve the relaxation of more 

repeat units along the backbone occurring at longer times ultimately leading to the 

complete relaxation of the chain. This coordinated and successively occurring relaxation 

modes of repeat units along the polymers constitute the dynamic modes involved in the 

motion of polymer chains and their response to external stimulus in the regime of linear 

viscoelasticity. The thermal relaxations of the side chains and the cooperative motion of 

chains during glass transition add to the complexity of the full picture of the dynamics of 

glass-forming polymers. The dance of the monomers involved in the relaxation processes 

are quantitatively captured in rheological measurements which extract quantities like 

viscosity and glass transition temperature to describe the dynamics of polymers. 
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Shear response of polymers dictates the rate of motion under a pressure gradient e.g. flow 

through tubes and slits. Unlike simple fluids, the viscous dissipation involved in the motion 

of complex fluids is dictated by chain relaxation rates. At low shear rates, these chain 

relaxations are similar to the ones occurring under bulk. The characteristic chain relaxation 

time for amorphous polymers in bulk is given as  

𝜏 =
𝜁𝑏2𝑁2

6𝜋2𝐾𝐵𝑇
  for N < Ne                                                                   (1.1) 

𝜏 =
𝜁𝑏2𝑁3

𝐾𝐵𝑇 𝑁𝑒
   for N > Ne                                                                    (1.2)  

where 휁 is the monomeric friction coefficient, b is the Kuhn length of the chain, N is the 

number of Kuhn segments, KBT is the product of the Boltzmann’s constant with the 

temperature, Ne is the critical molecular weight above which entanglement controls 

polymer dynamics. 

For low molecular weight polymers, segmental monomeric friction is the main dissipative 

factor controlling chain motion and the total friction is given by the monomeric friction 

multiplied by the chain length. The timescale for the relaxation of the entire chain depends 

inversely on the friction which leads to linear scaling of the viscosity with the chain length 

as described by the Rouse mode of relaxation. The upturn in the slope of the scaling of 

viscosity with the chain size arises from a dynamic phenomenon called entanglement. As 

chain size increases, the presence of surrounding chains imposes topological constraints on 

the relaxation of a chain, leading to an increase in the viscosity and the non-linear scaling 

of viscosity with chain size above the critical entanglement molecular weight Me. The 
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characteristic scaling of 휂~𝑁3.4 for entangled polymer flow is explained by the reptation 

model which accounts for the snake-like sliding or reptation of chains through a tube made 

by the motion of surrounding, constricting chains. These topological bounds set by the 

motion of chains along with the constraint release of the tubes and contour length 

fluctuations account for the observed scaling.  

At the segmental level, the relaxation time of the monomer (τ0) is controlled by the 

monomer-level frictional as well as the inherent dynamics of the monomer. Segmental 

relaxation is usually correlated with the higher modes of chain relaxation establishing 

thermorheological simplicity – dynamics across length and time scales are self-similar and 

directly related to each other. In the Rouse model for unentangled dynamics, this is 

mathematically captured as 𝜏 =  𝜏0𝑁 where chain relaxation and monomeric relaxation are 

related by the number of Kuhn segments in the chain. Due to this link between the 

segmental relaxation and all higher modes of relaxation, τ0 sets the scale for the relaxation 

of the entire chain as described in the Williams-Landell-Ferry (WLF) model. When cooled 

at a fast rate, there is a slowdown in the relaxation of the segmental motion and eventually, 

all dynamic relaxation modes along with entire chain relaxation dynamics are arrested at 

the onset of the glass transition temperature. The arrest of the relaxation modes is 

accompanied by a sudden change in the magnitude of physical quantities that depend on 

the strength of such relaxation modes e.g. specific heat capacity value decreases as the 

polymer melt transition into a glassy state. Glass transition is not a true phase transition, 

rather it is a kinetic transition and the value of Tg depends on the cooling/heating rate used 
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and the thermal history of the sample. The Tg of a polymer melt is indicative of the rate of 

segmental relaxation. Conventionally, Tg is defined as the point on a controlled cooling 

ramp (typically 10 K/min) at which the slope of the heat intake or the specific volume 

changes.  

1.3 Perturbations to bulk dynamics of polymeric materials at the 

nanoscale 

When polymers confined to thin films or to cylindrical structures where the characteristic 

length scale is smaller than the polymer size, material properties are affected by 

confinement and differ from the bulk values in quite dramatic ways.19–23  For example, the 

Tg of polymers in thin films has been assessed to be affected by the competition between 

two interfaces: the one between the film and the substrate and the other free surface 

exposed to air.24–30 Depending on the nature of interactions between the substrate and the 

film, the Tg may increase or decrease while the enhanced mobility at the free surfaces 

reduces the Tg. The high amount of interfaces in highly filled polymer nanocomposites and 

the presence of polymers in tight spaces between the nanoparticles provide an excellent 

opportunity to study the effect of confinement and interfaces on the dynamics of polymers. 

Both increase and decrease of segmental dynamics of the polymers in composites and 

nanopores have been reported depending on the presence or absence of free surfaces, the 

interactions between the chain and nanoparticles, and the extent of confinement in the 

system.31–38A universal model for the diffusion of polymers in highly-filled composites has 

been developed by using the entropic barrier model where the extent of confinement 

emerges as the governing parameter that explains the slowdown of chain diffusion.32,37 



 

11 

 

While that holds true for unentangled polymers, an unexpected decrease in the zero shear 

viscosity of polymer has been reported upon addition of nanoparticles in moderate amounts 

to entangled polymer melts.39–41 This was explained due to the nanoparticles affecting the 

entanglement structure of the polymer melt leading to reduction in entanglement and 

consequent enhancement of polymer mobility.41–44   

Such enhanced mobility affects have also been reported in the reduced viscosity in capillary 

rise of high molecular weight polystyrene (PS) and polyethyleneoxide (PEO) into 

nanopores45–48 and simulation on entangled polymers in cylindrical domains.49,50 Although 

the faster than bulk dynamics arising from the disentanglement of entangled polymers upon 

confinement has been supported by theoretical arguments, very   few   studies   have   

probed   the   same   in   a   non-cylindrical confined environment.31,51–55  Although neutron 

scattering and NMR studies on polybutadiene (PB) and polyethyleneoxide (PEO) chains 

trapped in nanopores have shown segmental chain slowdown in a thin adsorbed region near 

the pore walls, diffusion of entangled chains in nanochannels either exhibit no change in 

motion or slowdown due to confinement only in intermediate length scales.56–62 Chain 

segregation and ultimately slowdown of polymers upon high levels of confinement (also 

called hyper confinement) have also been reported.53,63,64  

The perturbation of dynamics from bulk is dependent upon the level of confinement, 

interfacial area, chain entanglement, and additional factors like solvent plasticization, and 

water condensation. There is a need to systematically study the role of these factors on 

polymeric motion at the nanoscale. Recently, a system with nanoporous confinement 
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achieved by polymer infiltration into the voids of a nanoparticle packing has been 

reported.65,66 In the next section, we discuss the unique properties of this system that make 

it ideal for our investigations on nanoscale polymeric transport.   

 

Figure 1.2: (a) Glass transition temperature of supported polymer films decreases with decreasing thickness. 

Reproduced with permission from Keddie, J. L. et al (1994). Size-dependent depression of the glass transition 

temperature in polymer films. EPL (Europhysics Letters), 27(1), 59. (b) Flux of confined polystyrene through 

AAO nanopores is greated than bulk polymer predictions. Adapted with permission from Shin, K. et al 

(2007). Enhanced mobility of confined polymers. Nature materials, 6(12), 961-965. (c) Reduction in 

diffusion coefficient of polymers in nanocomposites with soft and hard nanoparticles. Reproduced with 

permission form Choi, J et al (2013). Universal scaling of polymer diffusion in nanocomposites. ACS Macro 

Letters, 2(6), 485-490.   

1.4 Polymer infiltrated nanoparticle films  

Polymer nanocomposites are an important class of materials made by the dispersion of 

nanoparticles (nanoparticles) in polymer melts.67–69 The composite materials not only 

combine the properties of the constituent particle and polymer but also show emergent 

properties arising from the interaction of the polymer and the nanoparticles in the large 

interfacial domains. To harness these nanoscale effects arising from polymer-nanoparticle 

interaction, it is important to precisely control the morphology of the composite. High 

loading of the nanoparticles in the composite and uniform dispersion of the nanoparticles 

in the polymer matrix is crucial in realizing superior electrical, thermal, mechanical 

properties of the nanocomposites.70 The challenge to making these unique materials in the 
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laboratory has been to develop scalable processes to achieve desired morphology. In 

addition, the high loading of nanoparticles makes the processing of such composites 

difficult, and it is especially difficult to keep the composites stable given the problems of 

particle-aggregation and polymer degradation. Solvent-based mixing routes, high pressure 

compounding, vapor deposition and subsequent polymerization, grafting of nanoparticles 

with organic groups are some methods which have been tried to make composites with 

high-nanoparticle loading.71  

A novel strategy to make nanocomposites is by infiltration of polymers into pre-assembled 

packings such that the voids of nanoparticle packings are filled by the polymer. (Figure 

1.3(a) – (b)) Capillary rise infiltration (CaRI) of polymers is based on the thermally-driven 

infiltration of polymers from glassy films into the voids of the packings when bilayers of 

polymer film and nanoparticle packing are annealed above the glass transition 

temperature.65,72 Solvent-driven infiltration of polymer (SIP) is a similar technique which 

relies on the capillary condensation of solvent into the pores of the packing with the solvent 

further plasticizing the polymer films causing the chains to move into the pores of the 

packing.66 Both methods can infiltrate very high molecular weight glassy polymers (e.g. 

4M g/mol PS) into packings with very small nanoparticles (around 7 nm). The infiltration 

of polymers into disordered nanoparticle packings provides an opportunity to study impact 

of confinement, chain entanglement, interfacial interactions, and water condensation on 

polymer dynamics within the nanopores of the packings. Studying the factors affecting the 
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dynamics of polymers during infiltration processes helps design processing pathways for 

sustainable manufacturing of the composite materials.  

1.4.1 Confined interparticle spaces  

The remarkably versatile infiltration technique also provides a powerful platform to study 

polymers under extreme confinement, in which polymers display unexpected physical 

behaviors, relatively unexplored in the literature.26,28,61,73–79,29,31,36,37,45,54,59,59 In CaRI 

composites, the average pore size in the packing of nanospheres depends on the particle 

radius (for spherical particles, Rpore ≈ RNP*0.3); for example, for a particle diameter of 30 

nm, the average Rpore is 4.5 nm. The size of polymer chains, defined by the radius of 

gyration (Rg) of polymer, depends on the molecular weight and varies from a few 

nanometer to several tens of nanometers. Thus, the average chain size in CaRI can be 

significantly larger than the pore size; the polymer conformations will be perturbed 

compared to the bulk and thus their behavior under strong confinement can be probed using 

CaRI. The extent of confinement can be represented numerically by the confinement ratio  

CR = Rg/Rpore                                                                                                                  (1.3)  

CaRI studies using PS and silica nanoparticles have varied CR from 0.2 to 15 by varying 

the size of silica nanoparticle and the molecular weight of PS.80  
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Figure 1.3: (a) Capillary rise infiltration(CaRI) process schematic. (b) SEM images show the infiltration of 

polymers into pores of nanoparticle layer with annealing. (c) Infiltration dynamics follows Lucas Washburn 

scaling at three different temperatures. (d) Increase in viscosity of confined, unentangled polymers in CaRI 

with increasing confinement. (e) Increase in Tg with increasing confinement observed in two different 

geometries. Adapted with permission from Venkatesh, R. B. et al. (2021). Polymer-Infiltrated Nanoparticle 

Films Using Capillarity-Based Techniques: Toward Multifunctional Coatings and Membranes. Annual 

review of chemical and biomolecular engineering, 12, 411-437. 

The significant confinement inherent in CaRI raises an important question: what is the 

effect of infiltration processes on the dynamics of polymer chains under confinement? The 

dynamics and thermodynamics of polymer chains are dominated by their conformational 

entropy. When a polymer chain is physically confined, there is a significant loss in this 

conformational entropy because of the restrictions placed on the ability of the chain to 

access the entire conformational space. Moreover, physical confinement could constrict 

segmental motion of polymer by restricting free volume available for monomer relaxation. 

Thus, the chain and the segmental modes of relaxation of polymer chains are impacted by 

the confinement of polymer in pores of nanoparticle packings. The dynamics of the 

capillary rise of the front of polymers into the nanopores of the nanoparticle packing 

follows Lucas-Washburn equation as shown in Figure 1.3(c). This allows us to extract an 
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effective viscosity from the observed scaling and study how the effective viscosity changes 

with confinement. 

1.4.2 Polymer molecular weight: effect of entanglement of polymer chains  

CaRI dynamics are also altered by extreme nanoconfinement, as confirmed by in situ 

ellipsometry with a range of nanoparticle sizes and polymer molecular weights at different 

temperatures. The effect of physical confinement on the rate of infiltration of unentangled 

PS into packings of silica nanoparticles has been studied by varying both polymer MWs 

and particle sizes such that CR varies from 0.2 to 15.81 To quantify the impact of 

confinement, the effective viscosity of polymer infiltrating a nanoparticle packing is 

inferred by calculating the slope from h2 vs t data obtained from ellipsometry. Using 

published data for surface tension, contact angle and pore size, the effective viscosity is 

estimated for each polymer-nanoparticle pair. For unentangled PS confined in silica 

packings, as shown in Figure 1.3(d), the confined viscosity is higher than the bulk viscosity 

and the normalized value increases with increasing CR up to CR ≈ 1 beyond which the 

normalized viscosity plateaus at O(~102).80  

The effect of polymer-nanoparticle interactions on the dynamics of CaRI has also been 

investigated using poly(2-vinylpyridine) (P2VP) and PS.  P2VP is known to undergo 

hydrogen bonding with silica. Polymer infiltration was similar for the two systems and 

became slower as compared to the bulk dynamics with increasing confinement (increasing 

CR values) signaling a temperature-independent increase in viscosity. This suggest that 

confinement effects are more significant than the effects of polymer-nanoparticle 
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interactions on the dynamics of CaRI for unentangled polymers. This finding is similar to 

other nanocomposite studies, in which the extent of confinement emerges as a key 

parameter that slows  of polymer motion irrespective of the nature of interactions.82,83  

The segmental dynamics of the polymers under confinement in CaRI composites have been 

probed.72,80,81,84 Polymers segmental relaxation in CaRI films differ significantly from bulk 

and other composite materials.84 With decreasing nanoparticle size (increasing degree of 

nanoconfinement), significantly slowed segmental relaxation dynamics and dramatically 

increased glass transition temperatures (Tg) were observed for PS in SiO2 nanoparticle 

packings. For PS/SiO2 systems, Tg of PS can be as much as ~57 K higher than bulk in CaRI 

films (Figure 1.3(e-f)). In undersaturated CaRI (UCaRI) films , in which the polymer 

molecules gather at the particle-particle contacts with a stronger degree of confinement, 

the Tg can further increase by an additional 8 - 10 K, as shown in Figure 1.3(e).  This strong 

decrease in Tg occurs even in the presence of a free surface which has shown enhancements 

in the segmental dynamics in other systems such as ultrathin polymer films.26,28,85–87 Such 

high Tg has not been observed in similar weakly-interacting systems, which indicates the 

strong effect of extreme nanoconfinement on the segmental relaxation of polymers.  

While the results for unentangled polymers indicate dynamic slowdown at the segmental 

and the chain level, the dynamics of entangled polymers at high levels of nanoconfinement 

have not been probed in previous studies. Tuning the nanopore size in the particle packing 

can help achieve high levels of nanoconfinement leading to novel flow behavior of 
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entangled chains. In this thesis, we show that high confinement can have unexpected 

consequences on the mobility of entangled chains in CaRI packings. 

1.4.3 Interfacial interactions between the polymer and the particle 

An attribute of the polymer-infiltrated nanoparticle films is the large interface that exists 

between the polymer and the particle in the final product. This is because of the randomly 

close packed structure of the nanoparticle packing which not only creates a large porous 

space filled with interconnected, tortuous nanopores but also leaves a large nanoparticle 

free surface. Once the polymers infiltrate and fill the nanopore completely, the nanoparticle 

surfaces are covered by the polymer chains. A fundamental tenet of nanotechnology is that 

as the size of the nanoparticle is reduced, larger is the interfacial area per unit volume and 

this holds true for the polymer-infiltrated nanoparticle films as well. Smaller the particle 

size, larger is the interface between the particle and the polymer.    

The nature and strength of the forces between the polymer and the nanoparticle play a 

critical role in determining the dynamics of the polymer. Especially due to the large 

polymer-particle interfacial areas, the role of such interactions become important while 

considering the fabrication of composites by infiltration and the resultant dynamics of 

polymers within the nanopores of the nanocomposite films. In systems with solvated 

polymer in the nanopores, the mutual interactions between the solvent, polymer, and the 

nanoparticle decide the infiltration kinetics. To enable control over fabrication processes 

that involve solvated polymer in nanoporous packings, it is important to vary these 
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interactions systematically and study the resultant impact of interfacial interactions on the 

dynamics of the polymers.  

1.4.4 Capillary condensation of water in nanopores 

Water vapor undergoes condensation in the pores of the nanoparticle packing due to the 

high curvature, thus, forming interparticle capillary bridges between the nanoparticles. 

This phenomenon is called capillary condensation. The thermodynamics of capillary 

condensation is driven by a decrease in saturation vapor pressure due to the curvature 

mediated Laplace pressure jump. This is described quantitatively by the Kelvin equation, 

given as: 

𝑅𝑇𝑙𝑛 (
𝑃

𝑃𝑜
) =  2𝜅𝛾𝑉                                                                                                         (1.4) 

where P is the equilibrium vapor pressure of the system and P0 is the saturation vapor 

pressure at the same temperature T, V is the molar volume of the liquid, 𝛾 is the interfacial 

tension between the liquid and the vapour and 𝜅 is the curvature of the meniscus between 

the liquid and the vapor. Gemici et al have calculated the volume of capillary condensed 

water formed relative to the maximum amount of condensation possible under specific 

conditions for particle packings with different particle sizes.88 Their results show that:  

a) Increasing particle size decreases the extent of capillary condensation 

b) Increasing the equilibrium vapor pressure P increases the extent of capillary 

condensation.  
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At room temperature, the condensation of water in the pores of the nanoparticle packings 

happens within a few seconds leading to water and polymer occupying pore spaces 

together.89
 Water condensation facilitated by atmospheric humidity is an additional factor 

that controls the dynamics of polymers in the nanoparticle packings.  

1.5 Outline 

Infiltration of polymer into nanopores of particle packing driven by capillarity created 

composites with a high fill fraction of nanoparticles. Polymers exist in tight narrow 

nanopores between the nanoparticle surfaces and the degree of confinement is set by the 

relative chain size versus the pore size, where the latter quantity bears a direct relation to 

the particle size. Note that there are no free surfaces in this system; instead a large interface 

exists between the particles and the polymer. Additionally, the interaction of the silica-

polymer composites with water present as vapor in the atmosphere leads to capillary 

condensed and adsorbed water affecting polymer dynamics in the films. Relaxation 

processes of polymer chains set limits on the dynamics of infiltration processes as well as 

the mechanics of response under perturbation. Characterizing dynamics of polymers during 

and after infiltration processes can thus help understand the mechanical response of PINFs 

and guide the fundamental processes involved in their manufacture. 

In this thesis, we present work that probes the impact of confinement, interfaces, and water 

condensation on the dynamics of polymers in the nanopores of nanoparticle packings. 

Specifically, we seek to answer the following questions: 
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• What is the effect of polymer-particle interactions on the dynamics of solvated 

polymers during infiltration into nanoparticle packing in the SIP method? 

• What is the impact of nanoconfinement and interfacial interactions on the dynamics 

of entangled polymers during infiltration into nanoparticle packing using the CaRI 

method? 

• We have developed a room temperature process to carry out infiltration of low Tg 

polymers into nanoparticle packings. The lateral motion of polymer in this 

technique can create patterned composites with gradation of polymer fill fraction. 

• Tuning the dynamics of the lateral motion can help generate composites with 

controlled gradation of wetting properties. What is the impact of nanoconfinement, 

interfaces and water condensation on the dynamics of mobile polymers during 

spreading in nanoparticle packing? The room temperature monitoring of polymer 

motion under confinement is complementary to our studies of polymer dynamics 

during infiltration.  

 

 
 

     

                                    

Figure 1.4: The effect of nanoconfinement, interfacial interactions between polymer-particles, and the 

presence of capillary condensed water have been investigated in this study. 
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In chapter 2, we performed molecular dynamics simulations to understand the effect of 

polymer–nanoparticle interactions on the dynamics of polymer infiltration in SIP. The 

mechanism of polymer infiltration and the influence of interactions between polymer and 

nanoparticles on the dynamics of the process are investigated. Depending on the strength 

of interaction, polymer infiltration either follows (a) dissolution-dominated infiltration 

where plasticized polymer chains remain solvated in the pores and rapidly diffuse into the 

packing or (b) adhesion-dominated transport where the chains adsorb onto the nanoparticle 

surface and move slowly through the nanoparticle film as a well-defined front. A non-

monotonic trend emerges as the adhesion strength is increased; the infiltration of chains 

becomes faster with the co-operative effect of adhesion and dissolution as adhesion 

increases but eventually slows down when the polymer–nanoparticle adhesion dominates. 

In Chapter 3, we monitor the capillary rise dynamics of entangled polystyrene (PS) in 

disordered packings of silica nanoparticles (nanoparticles) of 7 and 27 nm diameter. The 

effective viscosity of PS in 27 nm SiO2 nanoparticle packings, inferred based on the Lucas 

Washburn equation, is significantly smaller than the bulk viscosity, and the extent of 

reduction in 2 the translational motion due to confinement increases with the molecular 

weight of PS, reaching 4 orders of magnitude reduction for PS with a molecular weight of 

4M g/mol. The glass transition temperature of entangled PS in the packings of 27 nm SiO2 

nanoparticles, however, increases by 45 K, indicating significant slowdown of segmental 

motion. Interestingly, confinement of the polymers into packings made of 7 nm SiO2 

nanoparticles results in molecular weight-independent effective viscosity. The segmental 
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dynamics of PS in 7 nm SiO2 nanoparticle packings are slowed down even further as 

evidenced by 65 K increase in glass transition temperature. These seemingly disparate 

effects are explained by the microscopic reptation-like transport controlling the 

translational motion and the physical confinement affecting the segmental dynamics under 

extreme nanoconfinement. 

In Chapter 4, we take advantage of leaching of mobile, uncrosslinked oligomers from an 

elastomer network to enable rapid patterning of PINFs at room temperature without use of 

any solvents. When a nanoparticle film is brought into contact with an elastomer network, 

uncross-linked chains are leached out of the elastomer into the pores of the nanoparticle 

packing by capillarity. The extent of infiltration can be controlled by varying the particle 

size and the humidity. By using elastomers with surface features, infiltration of mobile 

species can be localized to pattern PINFs. The mobile species in the patterned regions 

spread laterally over time making it possible to generate laterally graded compositions. 

Alternatively, the patterns can also be fixed in space using oligomers that can be 

crosslinked upon UV exposure.  

Once infiltrated into a region of nanoparticle packings using LeCaRI, these mobile chains 

spread out into adjoining unfilled regions. In Chapter 5, we monitor the lateral spreading 

motion of PDMS of varying molecular weight in 27 nm SiO2 nanoparticle packings. This 

room temperature, spontaneous lateral motion of polymer can be tracked to understand 

interfacial polymer diffusion under confinement. Results on polymer diffusivity inside 

silica particle packings shows that higher humidity, unexpectedly, leads to faster spreading 
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of the polymers within the packings possibly due to reduced particle-polymer friction with 

water coverage on particle surface. The Rouse-like scaling of polymer diffusivity with 

chain length signals the dominant role of particle-polymer interaction in dissipation during 

polymer motion.    

Finally, Chapter 6 summarizes this thesis and proposes future directions to further our 

understanding of polymer CaRI dynamics and apply LeCaRI for fabrication of coatings 

enabling rapid dropwise condensation. We discuss some preliminary results of 

condensation and dewetting observed on the surface of polymer-infiltrated nanoparticle 

films upon exposure to humidity. Condensation occurs much more rapidly on polymer-

filled nanoparticle films than on bare nanoparticle films. We believe that this phenomenon 

is facilitated by the heterogeneity in surface wetting character along with nanoscale 

topography that initiate capillary condensation and fast growth of water droplets. 

Dewetting action occurs in films in which the films have been washed prior to infiltrating 

polymer. These observations bear exciting implications for designing surfaces for water 

harvesting applications and for cleaning of porous membranes that are fouled with organic 

compounds.   
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Chapter 2 Effect of polymer-nanoparticle interactions on 

Solvent-driven Infiltration of Polymer (SIP) into nanoparticle 

packings: a molecular dynamics Study 
Reproduced from Venkatesh, R. B., Zhang, T., Manohar, N., Stebe, K. J., Riggleman, R. 

A., & Lee, D. (2020). Effect of polymer–nanoparticle interactions on solvent-driven 

infiltration of polymer (SIP) into nanoparticle packings: a molecular dynamics study. 

Molecular Systems Design & Engineering, 5(3), 666-674. DOI: 10.1039/C9ME00148D. 

2.1 Introduction 

Nature provides numerous examples of nanocomposites that offer superb properties that 

far surpass the properties that are displayed by individual constituent materials or by 

currently-available synthetic composites. In particular, many natural composites exhibit 

cross-functionality. For example, the exceptional mechanical strength and toughness, two 

dichotic properties of common materials, of naturally occurring composites like nacre 

(mother of pearl) have been attributed to the unique brick-and-mortar structure made by 

high loadings of platelets that form aligned layers interspersed by polymeric chains.90–97 

This powerful microstructure design improves adhesion of nanoparticles and imparts 

enhanced resistance to cracks by limiting direct routes for the crack to propagate within the 

material.92,98–100  The toughness of bones and teeth in the human body, as well as that of 

the cell wall in plants are similarly attributed to high concentration of anisotropic mineral 

materials that are aligned in a matrix of biopolymers such as cellulose and collagen.92,93,100–

103 Mollusk shells, arthropod cuticles, spicules of sponges and other tissues show a 

characteristic hierarchically assembled microstructure with a dominant ceramic phase 

supported by small volumes of organic matrix in between the inorganic phases. These 
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examples show that achieving high loadings of nanoparticles is a promising strategy for 

producing nanocomposites with extraordinary properties and cross-functionality.  

Although several methods have been developed to fabricate these bio-inspired 

nanocomposites, these approaches often require multiple processing steps, complex 

chemistry, and are time-consuming, making it difficult to enable continuous, large-scale 

manufacturing.104–108 A promising way to circumvent these problems involves polymer 

infiltration into assemblies of nanomaterials.65,66,72,109–111 This method takes advantage of 

the fact that a dense packing of nanomaterials can first be prepared, followed by polymer 

infiltration into the interstitial voids while retaining the arrangement and organization of 

nanomaterials. Nanocomposites with extremely high fractions of nanomaterials bridged by 

small volumes of polymer can be fabricated this way. One effective way to induce 

infiltration of polymers into dense packings of nanoparticles is to use solvent vapor. In 

solvent-driven infiltration of polymer (SIP), a bilayer thin film composed of a polymer 

layer underneath a dense packing of nanoparticles is exposed to solvent vapor. The solvent 

condenses in the nanoparticle packing via capillary condensation and the polymer film 

underneath is softened, leading to polymer infiltration into the liquid-filled pores of the 

nanoparticle packing. Any solvent that can condense in the pores of the packing and 

plasticize the underlying polymer film can be used to induce SIP. This method can be used 

with a wide range of polymers, nanoparticles and solvents, and can be tuned via the quality 

of solvent, duration of solvent exposure, and molecular weight of the polymer.66 As long 
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as the solvent is able to swell the underlying polymer layer, the mobilized polymer 

infiltrates into the nanoparticle packing. 

The mode of polymer transport in the nanoparticle packings likely will have a significant 

impact on the dynamics of the infiltration process and the structure of nanocomposite that 

results from SIP. Thus, it is important to understand how the dynamics are affected by 

system parameters such as solvent quality, and the strength of polymer-nanoparticle 

interactions. A complete understanding of the dynamics of SIP will allow for more precise 

control over the manufacture and properties of the final composite material. Furthermore, 

the motion of polymer chains through these tortuous packings offers a rich system to study 

the motion and conformation of chains under extreme confinement. We note that due to 

the presence of solvent, infiltration using SIP is fundamentally different from capillary-

driven infiltration112,113 due to the numerous competing interactions (polymer-solvent, 

solvent-particle, polymer-particle) and expected increased role of entropic confinement. 

Experimental monitoring of SIP is challenging due to the rapid infiltration of polymers into 

the nanoparticle packing; similar values of the refractive index of the polymer and solvent-

filled nanoparticle packing make optical characterization using ellipsometry difficult.  

Molecular dynamics (MD) is a powerful approach to investigate the infiltration dynamics, 

because the interactions among different components (solvent, nanoparticle, polymer) can 

be tuned and the dynamics can be tracked with high precision. Equilibrium structure and 

diffusive dynamics of polymer nanocomposites have been well-studied using simulations 

before.114–122 Monte Carlo, molecular dynamics and field theoretic techniques have been 
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used to determine the role of graft chain density, chain length, matrix chain length, and 

matrix-particle interactions on the dispersion of nanoparticles in polymer melts. Several 

prior publications have also reported on polymer adsorption and diffusion on solid 

surfaces,123–127 but few studies have investigated these phenomena in the context of 

fabricating polymer-nanoparticle composites and controlling their structures. 

In this work, we will use MD techniques to investigate the dynamic process of polymer 

infiltration from a glassy film into the voids of a solvated nanoparticle packing. By varying 

the enthalpic interactions between the polymer and the nanoparticle, polymers can be 

induced to undergo dissolution-driven or adhesion-driven SIP. We detail the operation of 

these two modes and the difference in the dynamics in the two cases. The effect of the two 

mechanisms on the resulting structure of the composites is revealed by studying the chain 

conformations inside the packing after infiltration. This study sheds light on the parameters 

that control these two different infiltration mechanisms and their impact on the infiltration 

of polymers under confinement. The dynamical understanding gained from this study can 

further be used for the scale-up of this process to enable scalable manufacturing of highly 

loaded nanocomposite films and membranes. 

2.2 Methods 

A coarse-grained model that reflects the experimental system is developed to capture the 

essential physics underlying SIP as explained below. These coarse grained models reduce 

the complexity of the actual system by lumping atomistic details while retaining the 

relevant physics behind the process and are similar to the ones used in many previous 

studies47,112–114,116,128. 
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2.2.1 System design 

Our simulation box is periodic in x and y but not in z, as shown in Figure 2.1(a). A freely 

rotating chain model is chosen for the polymer with backbone rigidity built into the chain 

to avoid polymer-solvent co-crystallization at low temperatures. Each polymer chain has 

N=20 Lennard Jones (LJ) beads that are held together by FENE (Finitely Extensible Non-

linear Elastic) bonds acting between pairs of adjacent monomers with the potential 

described by129–131: 

𝑈𝑖𝑗
𝑏 = −0.5𝐾𝑅0

2 ln (1 − (
𝑟

𝑅0
)
2
) + 4휀 [(

𝜎

𝑟
)
12

− (
𝜎

𝑟
)
6

] + 휀              (2.1) 

where i,j are adjacent monomers and b refers to the bonded interaction between them. In 

our simulations K=30/2, R0 = 1.5 and the LJ energy  and diameter  are taken as unity. 

The angles between adjacent bonds are maintained at 120 degrees by an angular harmonic 

potential of the form  

𝑈𝑎𝑛𝑔 =
𝐾𝜃

2
(휃 − 휃0)

2               (2.2) 

where 𝐾𝜃 is the strength of this interaction and θ0 is the equilibrium bond angle. We choose 

to work with 𝐾𝜃=20/radian2 and θ0 = 120 degrees. The previously reported glass transition 

temperature of this model polymer is Tg = 0.66132 which we verify through an independent 

simulation. All quantities reported are in LJ units – unit of length is in  of the monomer, 

unit of energy is in  of the interaction between two monomers, and mass is in the units of 
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mass of a monomer m. All the other units follow from these LJ units such that the unit of 

temperature is /KB.  

Non-bonded particles interact with each other via standard 12-6 LJ truncated and modified 

potential: 

𝑈𝑖𝑗
𝑛𝑏 =  4휀𝑖𝑗 [(

𝜎

𝑟𝑖𝑗
)
12

− (
𝜎

𝑟𝑖𝑗
)
6

] −  4휀𝑖𝑗 [(
𝜎

𝑟𝑐𝑢𝑡
)
12

− (
𝜎

𝑟𝑐𝑢𝑡
)
6

]         (2.3) 

where the superscript nb specifies the non-bonded nature of the interaction. The cutoff 

radius is set at 2.5σ;  and σ are set to 1 for monomer-monomer interactions. To start the 

simulation with a glassy polymer film, we set the working temperature for our simulation 

as T=0.6 (𝑇/𝑇𝑔 ≈ 0.91). The chain length chosen (N=20) such that these chains behave as 

unentangled chains. The average radius of gyration of the chains in the glassy film is 2.5 σ 

units. 

(a) (b) 

Figure 2.1: (a) Model system for SIP, (b) Choice of interaction potential among the different species in the 

model system 
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The free-standing polymer films were generated by randomly growing polymers inside a 

rectangular box with periodic boundaries in x and y directions. After placing the polymers 

in the box, we used soft potential at first to push away overlapping monomers, and then we 

switched to the standard LJ potential for equilibration with Nosé–Hoover thermostat 

(NVT) at T=0.7 (until the mean squared displacement of the monomers indicate diffusive 

behavior). During the equilibration, we used a large box in the z-direction to achieve free 

standing films. To get glassy polymer films, we cool the polymer films to T=0.6 at a 

specific cooling rate of ∆𝑇/∆𝑡 = 1.0 per 2000τLJ. The thickness of the polymer film is 

approximately 34.5σ in the z-direction and 75σ in the x- and y-directions. The film is aged 

for an additional 400,000τLJ of NVT integration at T=0.6 so there is no aging on the time 

scale of the infiltration simulations. 

The nanoparticle (NP) packing consists of 56 NPs, and we model each NP as hollow shell 

comprised of approximately 1,000 LJ beads which are placed along a spherical surface 

with predetermined radius and each LJ bead occupies around 1𝜎2 unit area on the surface. 

The NPs are polydisperse and their diameter varies from approximately 15σ-20σ with a 

mean value of 17.5σ with a standard deviation of 1σ. To achieve randomly packed NPs, 

we placed all the NPs in a very large simulation box where NPs are highly dispersed. 

Initially, we equilibrated the system with NVT at T=5.0 for 2000τLJ and after equilibration, 

we deformed the simulation box over 200τLJ in both x and y dimensions to our final desired 

box dimension of 𝐿𝑥 = 𝐿𝑦 =75 𝜎. Lastly, we cool the NPs system from T=5.0 to our desired 

temperature T=0.6 over 2000τLJ, meanwhile we applied a force in the negative z direction 
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of 0.05 to condense the NPs along the z axis onto a smooth wall at the bottom z edge of 

the box. In the end, the packing fraction of the system is ≈ 0.6 (vol NPs/vol box). After 

creating the dense NP film, the NPs are held fixed throughout the simulation; previous 

simulations of infiltrated nanoparticle packings with a similar model has shown that the 

particles do not separate if we relax this constraint.112 

The solvent is made up of LJ particles with self-interactions between the monomers chosen 

such that a vapor column and a solvent bath are both stable at T = 0.6. For the standard 12-

6 LJ truncated and shifted potential described by equation (2.2) , =0.85, σ=1.0 and a cutoff 

applied at 2.5σ at T=0.6 satisfies the co-existence of the solvent and vapor phases. 

In experimental realizations of SIP, the polymer-NP bilayer is exposed to a solvent vapor 

following which the solvent floods the NP packing by capillary condensation. We replicate 

this experimental phenomenon by setting up the initial configuration of the system as a NP 

packing filled with liquid solvent along with a vapor solvent column above it and a polymer 

film beneath it, as shown in Figure 2.1. This vapor column of thickness 80σ and average 

density 0.0081σ-3 is placed on top of the packing and is continuously replenished by a 20 

thick solvent bath on top. The solvent bath is held to the top of the simulation box by a 

weak LJ interaction with the plane at the top of the simulation box, which is governed by 

the following potential: 

𝑈𝑖𝑗
𝑤𝑎𝑙𝑙 =  휀 [

2

15
(
𝜎

𝑟
)
9

− (
𝜎

𝑟
)
3

]                                                               (2.4) 

Vapor  
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with  = 1.0 between the wall and the solvent monomers, σ = 1.0 and the cutoff is applied 

at 2.5 σ units.  Periodic boundary conditions are used in the xy-plane.  

The solvent condensed within the packing, in the vapor column and in the solvent bath are 

held at T = 0.6 for 2000τLJ time to ensure that the system reaches equilibrium as verified 

by monitoring the total energy of the system which reaches a steady value. The entire 

system of the solvated NP packing, polymer film and vapor column with more than 

400,000 LJ interaction sites is shown in Figure 2.1(a). The polymer film is initially placed 

1σ below the solvated nanoparticle packing before SIP is initiated, and during the 

simulation the NP positions are held fixed.  

2.2.2 Choice of interaction coefficients 

The mutual interactions between the solvent, NPs and the polymer monomers and their 

respective self-interactions are all governed by the modified and truncated LJ potential with 

a cutoff of 2.5σ units. The choice of  or the strength of the interaction in the LJ potential 

is governed by the physics that we seek to simulate. The self-interaction for the monomers 

in the polymer chain sets the basis for choosing other interactions, and thus the  between 

non-bonded polymer monomers is set at 1.0. The mutual interactions between the solvent 

in both the vapor and the liquid states are 0.85 which ensures that both the vapor and the 

liquid states will coexist at T=0.6. The self-interaction between the LJ sites that comprise 

the NP surfaces is set to 1.0.  

The interaction potential between the solvent and the polymer determines the solvent 

quality for the polymer. In a good solvent with a large P-S (< (P-P+S-S)/2), the polymer 
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adopts an expanded chain conformation, whereas in a poor solvent with a smaller value of 

P-S (> (P-P+S-S)/2), the polymer collapses or is barely solvated, which potentially favours 

its partitioning to the NP surface. To relate these interaction parameters to the Flory-

Huggins interaction parameter χ, which represents the degree of enthalpic interactions 

between two components (in this case, polymer and solvent), we use P-S = 1, which 

corresponds to a good solvent condition given the smaller magnitude of S-S. This allows 

for net interactions between the solvent and the polymer monomers to be more attractive 

than the mutual interactions between the solvent monomers. The solvent monomers and 

the NPs interact with a coefficient of 0.7 which is chosen so that the solvent has more 

affinity for the polymer chains than to the NPs.  

The polymer–NP interaction (εP-NP) is chosen to be either 0.6 or 1.1 while all the other 

interaction coefficients are kept constant to design two systems that probe the effect of 

varying polymer-NP interactions while maintaining constant solvent quality, as illustrated 

in Figure 2.1(b). We define the system with εP-NP = 0.6 as the weakly interacting system 

where the most favorable interactions in the system are between the solvent and the 

polymer, and there is relatively weak interactions between the NP and the polymer. When 

εP-NP = 1.1, we have a strongly interacting system where the polymers are strongly attracted 

to the NP surface. These simulations are then expected to provide insight on the differences 

in behavior when the polymer has preferential interactions with the solvent versus 

preferentially interacting with the NPs. 
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2.2.3 Simulation Details 

Molecular dynamics simulations for the two systems are performed at T=0.6 with a 

timestep of 0.002 LJ time units using the LAMMPS software package.133 The weakly 

interacting system is run for 800,000τLJ whereas the strongly interacting system is run for 

1,600,000τLJ. The NPs are held fixed in both systems. A control simulation is performed 

in which MD simulation of a bilayer of polymer film and the NP packing without any 

solvent inside the packing is carried out. The polymer does not infiltrate into the packing 

which is consistent with the experimental finding that the glassy polymer film needs to be 

plasticized by the solvent before any infiltration can take place.  

2.3 Results and Discussions 

2.3.1 Infiltration dynamics  

Infiltration of polymers into the interstices of the nanoparticle packing is observed in both 

the weakly and strongly interacting systems within 200τLJ. A 3-D visualization of the 

trajectory of the simulated system shows that the polymer film is first plasticized by the 

incoming solvent, which gives the chains mobility to move up through the pores in the 

packing. The bulk motion of solvent and polymers can be monitored via density plots 

which show the number density of the solvent and the polymer monomers in bins of unit 

height along the z direction.  

Figures 2.2(a) and 2.2(b) show the evolution of the density profiles of polymer and solvent 

(ρP and ρS) in the weakly interacting system within the NP packing (the top and bottom of 

the nanoparticle packing is shown using dashed lines). The regular oscillations in the 

density profiles are due to the liquid-like packing of nanoparticles at the interface, which 
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leads to oscillations in the available void volume. At t = 0, the dense polymer film rests at 

the bottom of the packing and the solvent exists as liquid in the packing and as vapor in the 

region above. Upon the initiation of the simulation (i.e., the polymer film is brought into 

contact with the liquid-filled NP packing), the solvent moves into the glassy polymer film 

and diffuses through the polymer film until the polymer is completely solvated. 

Simultaneously, the polymer chains that have gained mobility during this solvation process 

rapidly advance into the packing. We also see interesting effects in the vapor phase and the 

solvent film covering the tops of the nanoparticles. Initially, the interstitial solvent gets 

depleted as the solvent leaves the packing to solvate the polymer film; however, the liquid-

phase solvent within the packing is replenished rapidly via condensation from the vapor 

phase. This can be seen by the increase in the solvent density on the top of the packing at t 

= 200,000τLJ. Consequently, the thickness of the solvent bath above the vapor film 

continues to decrease. At 800,000τLJ, the density of the polymer in the packing stops 

changing at which point the simulation is terminated. Any additional polymers going into 

the packing beyond this time is due to the presence of a thin solvent film that forms atop 

the nanoparticle packing.   

The density profiles for the polymer and the solvent in the strongly interacting system are 

shown in Figures 2.2(e) and 2.2(f). The polymer moves far more slowly into the 

nanoparticle packing than it does in the weakly interacting system; even at the end of 

1,600,000τLJ, polymer infiltration has not ceased. The simulation up to this point provides 

sufficient information for us to understand the dynamics of polymer infiltration. We 
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therefore stop the simulation at 1,600,000τLJ, despite the system not yet reaching maximum 

infiltration. 

To directly compare the infiltration dynamics of polymers in the two systems, temporal 

evolution of polymer concentration inside the packing is inferred from the density profiles 

using the mole fraction of the polymer in the solution. 

𝜑𝑃 = 
density of polymer

density of polymer+density of solvent
=

𝜌𝑃

𝜌𝑃+𝜌𝑆
          (2.5) 

In the weakly interacting system (Figure 2.2(c)), the infiltrating polymers spread out inside 

the packing as a diffuse front and this diffuse concentration profile develops over time into 

a “steady” profile which shows alternating regions of high and low concentrations inside 

the packing. Experimental work has shown that no clear infiltrating front could be observed 

using ellipsometry,66 which agrees with the absence of a clear front simulated here. The 

chains dissolved in the solvent distribute rapidly in the void space throughout the packing, 

preventing development of a sharp front. The overall concentration of the polymer 

increases over time, and the final distribution of polymers shows that the chains are 

concentrated more in the regions with greater void space in the packing. This distribution 

provides insight into the effect of confinement on solubility. That is, polymers prefer to 

partition into less confining voids within the packing. 
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The strongly interacting system (Figure 2.2(g)), in contrast, shows a clear, well-defined 

front that moves through the particle packing in time instead of spreading out over the 

entire packing. A sharp increase in the polymer concentration near the bottom of the 

nanoparticle packing also is observed. At the initial stage of infiltration, the polymer film 

moves close to the bottom of the packing, owing to strong interactions between the polymer 

and the nanoparticle, and nearly plugs the voids near the bottom of the packing. This 

explains the peak in monomer density near the bottom of the packing. 

 

Figure 2.2: (a)Density of weakly interacting (P-NP=0.6, T=0.6) polymers along the z-direction, (b) Density 

of solvent monomers along the z-direction in the weakly interacting system (P-NP=0.6, T=0.6), (c) 

Concentration of polymer along the z-direction in the weakly interacting system (P-NP=0.6, T=0.6), (e) 

Density of strongly interacting polymers (P-NP=1.1, T=0.6) along the z-direction, (f) Density of solvent 

monomers along the z-direction in the strongly interacting system (P-NP=1.1, T=0.6), (g) Concentration of 

polymer along the z-direction in the strongly interacting system (p-np=1.1, T=0.6). Legends in all figures (a)-

(c) and (e)-(g) show the time (in τLJ units) at which the data is obtained. The top and base of the packing are 

indicated by dashed lines in all the figures, Snapshots of (d) weakly interacting system (p-np=0.6, T=0.6) and 

(h)strongly interacting system (p-np=1.1, T=0.6) 
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2.3.2 Local environment around the polymers: elucidating the difference in the two 

mechanisms 

The density profiles show that the polymer infiltration in the two systems occurs at 

different rates and distributions. In the weakly interacting system, chains move in rapidly 

and spread throughout the entire packing whereas in the strongly interacting system, chains 

move up very slowly with a relatively cohesive front. These differences in the polymer 

chain motion come from different paths taken by the chains as revealed by analyzing the 

local environment around each chain.  

Figure 2.3(a) shows the average fraction of nanoparticle surface beads out of the total 

number of LJ monomers (solvent, nanoparticle surface, and polymeric monomers) within 

1.5σ distance of each monomer. The monomers in the strongly interacting system (thick 

Figure 2.3: (a) Average fraction of nanoparticle beads at a distance of 1.5 σ from monomers in the strongly 

(P-NP=1.1, T=0.6 - thick lines)  and weakly interacting systems (P-NP=0.6, T=0.6 - dashed lines) plotted 

against distance from the base of the packing h’ (shown in the inset is a representation of the shell used to 

count the nanoparticle beads; the nanoparticles are shown to be smaller than their actual size in the system), 

(b) Average surface coverage of nanoparticles in the packing as a function of the distance from the base of 

the packing(h’) in the strongly (P-NP=1.1, T=0.6 - thick lines) and weakly interacting systems (P-NP=0.6, 

T=0.6 - dashed lines), (c) snapshots from simulations show the two mechanistic routes of infiltration of 

polymers; legend in (a) and (b) indicate time(in τLJ units) at which data is taken. 
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lines) are surrounded more by nanoparticle beads than by solvent molecules or other 

polymer monomers. In contrast, the weakly interacting chains (dashed lines) have far fewer 

nanoparticle beads in the shells around them and are enveloped more by solvent molecules. 

The data can also be represented as average coverage of nanoparticle surface beads by 

polymer monomers at varying heights,  as seen in Figure 2.3(b). The nanoparticles in the 

strongly interacting system have substantially greater coverage of polymer monomers 

compared to those in the weakly interacting system. 

Together, the data on surface coverage of nanoparticles and the local environment around 

each chain differentiate the two routes taken by chains to infiltrate into the packing (Figure 

2.3(c)):  

1. Dissolution-dominated pathway in the weakly interacting system: The strong 

interactions between the solvent and the polymer in this case induce the polymers to move 

up through the packing by “swimming” inside the solvent environment. The chains have 

little contact with the nanoparticles and the primary driving force is the chemical potential 

gradient due to the concentration differences within the packing.    

2. Adhesion-dominated pathway in the strongly interacting system: Here, the strongest 

interactions are between the polymer and the nanoparticle. The interaction between 

nanoparticles and polymer provides a driving force for the polymer chains to move up 

inside the packing by surface diffusion. The chains are adsorbed on the surface of the 

nanoparticles and move forward by surface-diffusion mediated “crawling”.   
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2.3.3 Relative rates of infiltration: the influence of mechanism on the dynamics of 

infiltration 

As discussed above, the two mechanisms offer distinct routes for the polymers to infiltrate 

into the nanoparticle packing. The two pathways not only differ in the environment around 

the chains in the packing but also in the respective dynamics of the infiltration process. 

Careful analyses of the concentration profiles gives us insight into the reason behind the 

different rates as shown in Figure 2.4(a). The concentration profiles in the weakly 

interacting case show that the chains spread out throughout the packing in the form of a 

diffuse front which does not move any further but develops over time. In the strongly 

interacting case, the chains infiltrate in the form of a sharp front which moves forward with 

time.  

Another difference that can be seen is the location of peaks in the concentration of polymer 

in the packing (Figure 2.4). The profiles for the weakly interacting system have well-

defined peaks in the packing which correlate with regions of higher void volume. The 

weakly interacting chains tend to accumulate in these larger interstitial pockets in the 

packing, likely to minimize the entropic penalty from confinement. In contrast, the profiles 

for the strongly interacting system show peaks that are anti-correlated with the void volume 

of the packing. Regions where nanoparticles are closer together and form constrictions 

have greater surface area for the crawling chains to adsorb onto.  
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This difference in dynamics can be quantitatively analyzed by tracking the infiltration front 

inside the packing and the thickness of this advancing front which can be obtained by 

integrating the density profiles to find the point at which 85% (H85) and 99% (H99) of the 

monomers are found. The dynamics of infiltration in the weakly interacting system are 

much faster than the strongly interacting case as seen by comparing the slopes of the 

respective H85 or H99 curves in Figure 2.4(b). More careful comparison reveals important 

differences between these two different systems. The chains on top of the packing in the 

weakly interacting system form a thin layer of polymer solution with the condensing vapor 

once the packing has been completely filled. To eliminate this phenomenon from affecting 

the analysis during infiltration, we calculate the H85 and H99 using a cutoff applied at the 

Figure 2.4: (a) Concentration profiles for the N=20 weakly (P-NP=0.6, T=0.6 - dashed lines) and strongly 

interacting systems (P-NP=1.1, T=0.6 - thick lines). The data for each curve has been obtained by averaging 

data front an interval of width 100000τLJ centered around the time(in τLJ)marked in the legend, (b) Front 

position indicators H85 and H99  for the two systems – blue curves depict data for weakly (P-NP=0.6, T=0.6) 

interacting system and the red curves depict data for strongly interacting systems (P-NP=1.1, T=0.6). Dashed 

line marks the base of the packing in (a). 
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top for the weakly interacting system. This explains the gradual saturation in the infiltration 

heights H85 and H99 after 800,000τLJ.  

Comparing the rate of change of H99 which is the point of location of the highest polymers 

in the two cases (thick blue and red curves), we see that in the weakly interacting system, 

the chains reach the top of the packing quite rapidly. In contrast, in the strongly interacting 

system, the chains gradually rise up in the packing; that is, there is a region that remains 

completely free of chains that is gradually filled up from the bottom to the top. This 

difference in behavior of the fastest chains signals the presence of a cohesive front in the 

case of the strongly interacting system. The H85 curves for the two systems (shown as 

dashed curves in red and blue) mark the point at which the bulk of the polymers reside. 

Once again, there is a difference in dynamics in the two cases where we see the weakly 

interacting chains filling a large fraction of the packing quite rapidly whereas the strongly 

interacting chains reside mostly in the lower part of the packing (29.5σ < z < 35σ).   

To analyze the dependence of the rate of infiltration on the interaction strength between 

nanoparticles and polymers P-NP, we carry out additional simulations in which the 

infiltration is performed at a higher temperature, and where the interaction between the 

nanoparticles and the polymers P-NP is varied from 0.6 to 1.5. To facilitate the equilibration 

of the polymer film prior to infiltration and to enhance the infiltration dynamics, T = 0.7, 

above the Tg of the polymer. The infiltration process is initiated once the solvent 

completely fills the interstices of the packing. We use a version of our polymer model with 

faster dynamics, with 𝑁 = 20, a harmonic bonding potential 𝑈𝑖𝑗
𝑏 =

𝑘ℎ

2
(𝑟𝑖𝑗 − 𝜎)2, where 
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𝑘ℎ = 200, and the angle potential is removed (𝐾𝜃 = 0). Non-bonded monomers interact 

through a standard 12-6 LJ truncated and shifted potential with a cut-off radius of 2.5σ. 

The interactions among nanoparticles, as well as polymers and solvent, are kept the same 

as the previous simulations; that is S-S=1.0, P-P=1.0, NP-NP=1.0. The interaction between 

the solvent and polymers is set as S-P=1.0 and the interaction between the solvent and 

nanoparticles is S-NP = 0.7. We observe a non-monotonic dependence of the infiltration 

process on the interaction between nanoparticles and polymers P-NP as shown in Figure 

2.5. For both 𝐻99
2 (𝑡) and 𝐻85

2 (𝑡) plotted in Figures 2.5(a) and 2.5(b) with different P-NP, 

during early stages (time < 104 τLJ) all the systems show a quick front motion of the polymer 

films as the polymer wets the bottom of the NP films. This initial wetting is followed by 

an almost linear increase in the front position as infiltration processes are observed.  As P-

NP increases from 0.5 to 1.0, the infiltration process transitions from a dissolution-driven 

process to a surface-dominated process; the infiltration rate increases due to the combined 

effect of favorable interactions of polymer with both solvent and NP. However, as P-NP is 

further increased from 1.0 to 1.5, the surface interaction between the nanoparticles and the 

polymers is too strong such that the rate of infiltration decreases; that is the infiltration 

process slows down with an increase in epsilon in both plots of 𝐻99
2  and 𝐻85

2 . To show these 

trends more clearly, we plot 𝐻99
2  and 𝐻85

2  as a function of P-NP at different time points in 

Figures 2.5(c) and 2.5(d). The heights of the infiltrating fronts increase as P-NP increases 

from 0.6 to 1.0 and peak at P-NP =1.0, then decrease as P-NP is further increased from 1.0 

to 1.5 for all the time points. This trend is more obvious at long time scales such as t = 
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30,000τLJ and t = 50,000τLJ. As the interaction P-NP between nanoparticles and polymers 

is increased, the friction between the polymer monomers and the surface of the 

nanoparticles increases substantially and dominates the behavior as P-NP increases from 

1.0 to 1.5. No polymers move up through the solvent, and thus it takes longer time for the 

strongly adhered polymers to climb up via surface diffusion. These results provide 

Figure 2.5: H99
2 and H85

2 are plotted as a function of time with different polymer and nanoparticle 

interaction εP-NP from 0.6 to 1.5 in (a) and (b) at T=0.7.  At three different time (indicated in legend in τLJ 

units), H99
2 and H85

2 are plotted as a function of polymers and nanoparticle interaction εP-NP in (c) and(d) 

at T=0.7. 
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important insight into how adjusting the interaction between polymers and nanoparticles 

can control the rate of the SIP process. 

2.3.4 Local conformation within the packing 

The mechanism of infiltration of polymers into the packing affects the dynamics of the 

infiltration process due to the different local environments around polymers in each case. 

Whether a chain is solvated in the void region or adsorbed on the nanoparticle surface 

affects the local structure of chains inside the packing which ultimately affects the structure 

and properties of the final nanocomposite films made using SIP. We analyze the 

conformation of polymers inside the packing by characterizing the average chain size at 

different locations within the packing. The nanoparticle packing is split into bins of 

uniform size of 0.5σ. For each bin, the radius of gyration of chains (Rg) of any polymer 

whose center of mass lies in the bin is calculated and the Rg value is obtained by averaging 

over all polymers in the bin. Figure 2.6 shows the average chain sizes obtained for both the 

strongly and the weakly interacting systems, as well as the average chain size in the glassy 

film below the packing, at t = 0 and the subsequent increase in the chain size due to 

solvation of the film.   

The weakly interacting chains in the packing are smaller than chains in the solvated film, 

as seen in the shift in the red curves towards smaller sizes upon entering the packing (right 

of dashed line in Figure 2.6) as compared to the red curve representing chains in the swollen 

polymer film (left of dashed line). This trend shows the effect of confinement on the chains; 

that is, the chains contract to fit into the small interstices between the nanoparticles. In 
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contrast, chains in the strongly interacting system spread out on the nanoparticle surface 

and thus have a larger average radius of gyration (blue curve) when compared to both the 

weakly interacting chains and the solvated films. The strongly interacting chains are not 

affected the same way as the weakly interacting chains as they do not experience the same 

three-dimensional confinement that the small interstitial pores are imposing on the weakly 

interacting chains. These results may have important implications on the mechanical 

properties of the SIP nanocomposites. For example, extended chain dimensions in the 

strongly interacting system could potentially lead to bridging of nanoparticles by the chains 

which would strengthen and toughen the nanoparticle packings.134  

 

 

Figure 2.6: Radius of gyration (Rg) of polymer chains averaged in bins of 1 σ width in the z direction plotted 

as a function of distance from the base of the simulation box(h). The data for both systems was averaged 

over 100 frames at equal intervals from t=750,000τ to t=850,000τ. Dashed line shows the point where the 

packing begins. This is done on the results obtained for the system at T=0.6. 

 



 

48 

 

2.4 Conclusions 

Using molecular dynamics simulations, we have studied the effect of the polymer-

nanoparticle interaction on the mechanism and dynamics of SIP.  By adjusting the relative 

strength of pair interactions between the solvent, polymer and nanoparticles, we observe 

two distinct modes of infiltration: dissolution-dominated and adhesion-dominated. In the 

dissolution-driven mechanism, the polymers infiltrate as a diffuse front and move more 

rapidly than in the adhesion-driven case where the adsorbed polymers move forward as a 

cohesive front. By varying the strength of interactions between the polymer and the 

nanoparticle, we show that the infiltration dynamics become faster with increasing 

interaction until a strong-adhesion limit, beyond which infiltration slows down.  

Both systems offer rich insights into solvated polymer motion under confinement.  The 

dissolution-driven mechanism can be used as an ideal system to study entropic barriers in 

geometries with complex topography. In fact, similar mechanisms have been used to 

describe the separation and transport of DNA molecules in microchannels and other 

confined environments.135–137 The adhesion-driven systems are not as affected by the 

physical confinement as are the dissolution-driven systems, but the strength of interactions 

can have substantial and non-monotonic influence on the rate of infiltration. The effect of 

molecular weight of the polymer on the infiltration dynamics is the focus of our on-going 

studies. Preliminary simulations on SIP of high molecular weight (N=50) polymers with 

weak interactions between polymer-nanoparticle has shown that the infiltration slows 

down considerably as the polymer becomes larger. Future work will be also directed at 

understanding the effect of the interactions of polymer and nanoparticles on the final 
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structure of the composite as well as the local segmental dynamics of chains during 

infiltration. In particular, previous studies on polymers adsorption have reported a first-

order phase transition that results in discontinuous adsorption and desorption of the 

polymer.138,139 Further investigation into the role of such a transition on the dynamics and 

structure of SIP nanocomposites will be conducted. We believe the different structures that 

can result from SIP nanocomposites produced via different infiltration pathways can have 

a wide range of applications in membrane separations as well as structural coatings. 
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Chapter 3 Conflicting effects of extreme nanoconfinement on 

the translational and segmental motion of entangled polymers 
This chapter is adapted with permission from R. Bharath Venkatesh, and Daeyeon Lee. 

Conflicting Effects of Extreme Nanoconfinement on the Translational and Segmental 

Motion of Entangled Polymers. Accepted in Macromolecules (2022). DOI: 

10.1021/acs.macromol.2c00145 

 

3.1 Introduction 

Infiltration of polymer into nanoscale pores bears significant importance for a number of 

processes and phenomena.22,63,65,66,109,111,140–143 Capillary rise of polymer into anodized 

aluminum oxide (AAO) membrane has been used to prepare polymer nanowires and 

nanotubes.10,144,145 For example, the Rayleigh instability of polymeric fluids inside AAO 

pores has been used to template nanorods with unique curvature.146,147 Nanoporous 

templates made from poly-(N-isopropyl) acrylamide have been filled with 

poly(dimethylsiloxane) and then crosslinked to obtain composites of hydrophobic and 

hydrophilic materials.148 Capillary rise infiltration (CaRI) of polymers into the interstitial 

pores of nanoparticle (NP) packings 65,134,140,142,149–151 has emerged as a powerful approach 

to prepare nanocomposite films and membranes with extremely high volume fractions of 

nanomaterials. Such polymer-infiltrated NP films have superb fracture toughness, thermal 

stability and corrosion resistance properties.134,140,152,153  In addition to materials 

fabrication, infiltration of high molecular weight polymers into nanopores is an important 

step in enabling upcycling of polymers through heterogeneous catalysis.154  

In many instances polymer chains undergoing capillary rise into nanoporous media are 

subjected to extreme nanoconfinement as chains are confined to pores that are substantially 

smaller than their unperturbed chain dimensions. Such nanoconfinement can bring about 



 

51 

 

significant changes to the ability of the polymer chains to undergo translational and 

segmental motion. For example, studies on the motion of unentangled polystyrene (PS) 

into silica (SiO2) NP packings reported an increase in the effective viscosity and the glass 

transition temperature (Tg) of the polymer with increase in the extent of confinement.80,81 

Confinement slows down the polymer at the chain level leading to an increase in the 

effective viscosity by two orders of magnitude for the most heavily confined unentangled 

polymers. Contrary to reports of slowdown in unentangled polymers under confinement, a 

decrease in the viscosity of confined polymers has been reported for the capillary rise of 

high molecular weight (MW) polystyrene (PS) and poly(ethylene oxide) (PEO) into the 

nanopores of anodized aluminum oxide (AAO) membranes45,46,48 as well as in the diffusion 

studies of entangled polymers in cylindrical pores.49,50,53 The Tg of PEO decreased by 6 K 

in 65 nm diameter AAO nanopores compared to that of the bulk PEO, whereas the Tg of 

PS undergoing capillary rise in AAO nanopores showed little change compared to the bulk 

values.45,46 The segmental dynamics of unentangled PS and poly(2-vinyl pyridine) (P2VP) 

in the CaRI films of SiO2 were found to be significantly reduced due to geometric 

confinement.84 In packings of 7 nm SiO2 NPs, for example, the Tg of unentangled PS 

increases by 32 K indicating huge levels of segmental slowdown arising from 

nanoconfinement. These results show that the exact nature of changes in the translational 

and segmental motion of polymer chains depends on the geometry and the extent of 

confinement. In general, however, the changes in the translational dynamics of polymers 

are consistent with those observed in segmental motion in the corresponding systems. 

Indeed polymer dynamics at different length scales are known to be correlated; that is, a 
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reduction in segmental mobility typically corresponds to reduction in chain mobility due 

to increased monomeric relaxation times. 155–157 To our knowledge, very few reports have 

shown the opposite trend – slowdown of segmental dynamics, for example, accompanied 

by speed up of chain motion.  

In this work, we investigate the effect of extreme nanoconfinement imposed by disordered 

packings of SiO2 NPs on the capillary rise dynamics and segmental motion of high 

molecular weight PS. We track infiltration dynamics of high MW PS into disordered SiO2 

NP packings using in situ ellipsometry and extract the effective viscosity of the confined 

polymers using the Lucas-Washburn equation. We also measure the Tg of PS under 

confinement using ellipsometry by measuring refractive index changes with temperature 

on a controlled cooling ramp. Our results show that the confinement can have conflicting 

effects on the imbibition dynamics and segmental motion of the polymers; while the 

capillary rise dynamics of the polymer is enhanced in 27-nm SiO2 NP packings, their 

segmental motion dynamics is reduced. Despite the segmental slowdown, the chains show 

faster than bulk motion with almost four orders of magnitude reduction in the effective 

viscosity for the longest chains (PS 4M with unperturbed Rg ~ 50 nm) in the 27 nm NP 

packings. In 7-nm SiO2 NP packings, translational motion shows little dependence on their 

molecular weight while their segmental motion is substantially slowed down. These 

conflicting effects are reconciled by considering the different length scale and time scales 

of these motions and the effects controlling them. We discuss the possible reasons behind 

these findings, which could potentially provide important guidance on the fabrication and 

applications of highly loaded films and membranes prepared via CaRI.  
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3.2 Methods 

3.2.1 Materials  

Polystyrene (PS) of different molecular weights (Mn) :173,000 g mol–1 (173K) PDI = 1.06, 

498,000 g mol–1 (498k) PDI = 1.08, 1,000,000 g mol–1 (1M) PDI = 1.05, 2,100,000 g mol–

1 (2.1M) PDI = 1.15, 4,049,000 g mol–1 (4M) PDI = 1.09 is purchased from Polymer Source 

Inc. Aqueous suspension of silica(SiO2) nanoparticles (NPs) with average diameters of 7 

nm (Ludox SM-30, 30 wt % suspension in water)  and 27 nm (Ludox TM-50, 50 wt % 

suspension in water) are purchased from Sigma-Aldrich. Silicon wafers (10 cm diameter, 

0.5 mm thickness, 0-100 Ohm-cm resistivity) are procured from University Wafers. 

3.2.2 Preparation and characterization of polymer-nanoparticle bilayer films 

Silicon wafers are cut into approximately 1 cm × 1 cm squares. The wafers are rinsed with 

acetone, isopropanol, and deionized water and dried with nitrogen. Subsequently, the 

wafers are treated by oxygen plasma treatment for 4 minutes. The SiO2 NP suspension is 

diluted to 10–15 wt % with water. The NP solutions are bath-sonicated for at least 4 h and 

filtered using a 0.45 μm hydrophilic syringe filter purchased from Fisher Scientific. The 

solutions are spin-coated on top of the cleaned silicon wafers at 2200–2500 rpm for 1.5 

min to get NP packings of 250-300 nm thickness.  

To prepare PS films, 2-2.5 wt% PS solution is prepared by dissolving PS in toluene, and 

then sonicated and filtered using 0.20 μm hydrophobic PTFE syringe filter purchased from 

Sigma-Aldrich. 200-250 nm thick PS layers are prepared by spin-coating the PS solution 

at 2000 rpm for 90 s onto cleaned silicon wafers using a WS-400BZ-6NPP/Lite spin-coater 

from Laurell Technologies Corporation. The polymer film is cut at the edges using a razor 
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blade without damaging the substrate. The film is then immersed slowly into a water bath 

at an angle of 45° to the water surface such that the PS film delaminates from the substrate 

and floats on the water surface. The entangled nature of the PS film enables delamination 

from the substrate. NP film, spin coated earlier on the silicon substrate, is then immersed 

in the water bath to capture the free-standing polymer film on top of the NP packing to get 

a polymer-NP bilayer. The bilayer is dried overnight.  

Scanning electron microscopy (SEM) images of the cross-section of the samples are taken 

using a JEOL 7500F HRSEM. Cross-section images are taken by cleaving the sample using 

a diamond scribe and mounting the sample vertically on a stub with the cross section facing 

the electron beam. The samples are sputtered with a 4 nm iridium layer using a Quorom 

plasma generating sputter coater prior to imaging to prevent charging. An accelerating 

voltage of 5 kV and emission current 20 μA at a working distance of ∼8 mm are used to 

image the samples.  

3.2.3 Characterization of polymer capillary rise infiltration (CaRI) process 

Polymer infiltration into the voids of the NP packing is monitored in situ using a J.A. 

Woollam Alpha-SE spectroscopic ellipsometer. A bilayer sample is annealed above the 

glass transition temperature (Tg) of the polymer using a Linkam THMS350 V heating stage 

mounted on the ellipsometer. A temperature ramp is specified using the Linksys software 

which increases the temperature of the heating stage at the rate of 30 °C/min to the desired 

set point temperatures (155, 160, and 165 °C) and holds it for a specified time (10-12 hours) 

at the set point temperature. The sample is adhered to the heating stage using a thermal 

paste Arctic Silver Ceramic polysynthetic thermal compound which allows good contact 
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without thermal insulation. To prevent heat loss due to exposure to the atmosphere, the 

setup is covered by a thermocol ice box purchased from Amazon. Annealing is stopped 

when the dynamic data stops changing which takes typically 3-12 hours depending on the 

molecular weight and temperature.  

The ellipsometry data are collected in the wavelength (λ) range of 380–900 nm at an 

incident angle of 70°. The CompleteEASE software package provided by J.A. Woollam 

uses a model-based approach for the fitting of the amplitude change (ψ) and phase change 

(Δ) of the polarized light to a three-layer Cauchy model (NP packing, composite, and 

polymer) on a silicon substrate with a native oxide layer. The Cauchy model for each layer 

is expressed as n(λ) = A + B/λ2 + C/λ4 and k(λ) = 0, where A, B, and C are the optical 

constants, λ is the wavelength (in µm), and n and k are the index of refraction and 

extinction coefficient, respectively. The fitting procedure allows extraction of physical 

parameters - the thickness and refractive index of each layer of the sample.  

3.2.4 Glass transition temperature (Tg) measurements 

The glass transition temperature (Tg) of the residual polymer and the polymer confined in 

the NP packing is measured using a J.A. Woollam M-2000V spectroscopic ellipsometer. 

The post-infiltration sample i.e. the polymer-infiltrated film with a residual polymer layer 

on top is mounted onto a Linkam THMS 600 temperature-controlled stage attached to the 

ellipsometer. The in situ ellipsometry sampling rate is 1 s and three heating and cooling 

cycles between 30 and 200 °C are performed for each sample, with heating rate of 30 K/min 

and cooling rate of 10 K/min, respectively. The sample is heated at 30 K/min to a target 

temperature of 200 °C and then annealed at the same temperature for 2 minutes; 
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subsequently it is cooled at 10 K/min to 20 °C and held there for 5 minutes before starting 

the entire process again. The objective of the heating step is to take the sample to a high 

temperature (T = bulk Tg + 100 °C) and anneal it at that high temperature to ensure that all 

thermal history of the sample is erased before beginning the cooling at a controlled rate of 

10K/min. The Tg is measured during the cooling cycle which would not depend on the 

thermal history of the material. The thickness and refractive index of the residual polymer 

film and the composite are determined by fitting the cooling ramp raw data to the Cauchy 

model. The Tg of the confined polymer for the composite is determined via the intersection 

of the linear fits to the melt and glassy regimes in the plots of nanocomposite refractive 

index versus temperature. Tg of non-confined PS is determined using the same protocol on 

the residual polymer layer’s thickness versus temperature plot. The change in the thickness 

of the overlying film with temperature is governed by polymer bulk dynamics and the 

change in the refractive index of the composite is governed by the confined polymer 

dynamics. Measurement of both quantities on a controlled temperature ramp allows us to 

determine the temperature at which the slope of each quantity changes – these points mark 

the glass transition temperatures of the bulk and the confined polymer. Figure 3.1 shows 

the change in slope of the measured values with temperature occurring at the glass 

transition temperature for the bulk and the confined polymer films. Due to capillary 

condensation of water vapor in the nanoparticle packing at T<100 °C, there is a deviation 

in the slope of the composite refractive index profile (not shown here). This region was 

excluded in the linear fitting while calculating Tg. There is a single Tg in the measured 

range with no significant breadth in the temperature range of glass transition. Samples had 
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at least 100 nm thick residual polymer layers on top such that the measured Tg in the thin 

films would be close to the bulk value.  

3.3 Results and Discussion 

3.3.1 Infiltration dynamics  

We take advantage of the high surface energy of SiO2 NPs and the high curvature of the 

nanopores in the NP packing to induce capillary rise infiltration (CaRI) of high molecular 

weight entangled PS into the pores of the NP packings. Infiltration proceeds predominantly 

by the action of surface tension as the capillary forces are dominant over gravity in the 

nanovoids. A bilayer of PS and SiO2 NP packing is prepared by first spin coating SiO2 NPs 

onto a silicon (Si) wafer and subsequently depositing a free-standing film of PS atop the 

NP layer. The scanning electron microscopy (SEM) image of the bilayer before annealing 

as seen in Figure 3.2(a) shows the randomly distributed, interconnected, nanometer-sized 

pores in the nanoparticle packing with the PS layer on top of the packing. Heating this 

bilayer above the glass transition temperature (Tg) of PS (~100 °C) leads to the imbibition 

Figure 3.1: Extracting Tg for bulk(left) and confined(right) polystyrene by tracking changes in slope of 

measured refractive index with temperature in a controlled cooling ramp 
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of PS into the pores of the packing via capillarity. The infiltration process is monitored by 

spectroscopic ellipsometry which allows us to measure the dynamics of the capillary rise 

of polymers into the packing. PS infiltrates the NP packing uniformly without creating any 

cracks. A residual PS layer on top of the PS-NP composite layer can be clearly observed 

as shown in Figure 3.2(b). Such a sample is subsequently used to characterize the Tg of the 

confined PS and the unconfined PS in the residual layer. 

 

Figure 3.2: (a) Scanning electron microscopy(SEM) Image of PS-SiO2 bilayer before annealing: the polymer 

(polystyrene – 173Kg/mol) film is atop a 250 nm nanoparticle packing made from 27 nm diameter SiO2 

nanoparticles and b)SEM image of bilayer annealed at 165 °C with composite CaRI film at the bottom and 

the residual polymer layer on top. The composite layer shows the pores between the particles filled with 

polymers. Scale bars represent 250 nm 

Prior to the infiltration of PS into the NP packing, the thicknesses of the NP packing and 

PS layer are determined by fitting the ellipsometry data to a two-layer Cauchy model. The 

refractive index of the PS layer matches that of a neat PS film. The refractive index for the 

NP packing is used along with the bulk values of SiO2 and air to infer the porosity of the 

packing (~ 34%). Upon heating, PS invades the NP packing with a uniform front which we 

track using a 3-layer Cauchy model composed of a neat polymer layer on top, a composite 

layer in the middle, and an unfilled NP packing at the bottom. A sharp invading front 

between the composite and the unfilled NP packing can be detected based on modelling of 

the ellipsometry data. The thickness of the composite layer gives the height of the 

infiltrating front with time. PS infiltrates the nanoparticle packing more rapidly at higher 
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temperatures as shown in Figure 3.3(a). For each curve plotted in the inset of Figure 3.3(a), 

a linear region can be clearly seen in the middle section of the entire time range. The linear 

region of infiltration trajectory is used to extract the slope to calculate the viscosity. 

To quantify the dynamics of capillary rise infiltration, the effective viscosity of PS 

infiltrating the NP packing is inferred based on the Lucas-Washburn equation: 158,159 

ℎ2 = (
𝛾𝑅𝑝𝑜𝑟𝑒 cos 휃

4휂𝑐𝑜𝑛𝑓𝜏2
 ) 𝑡                                                                                                              (3.1) 

where γ is the surface tension of the polymer, Rpore is the pore radius, θ is the equilibrium 

contact angle at the triple line between the surface of the pore (silica NP), air and the 

polymer, ηconf is the effective viscosity of the polymer melt undergoing capillary rise and 

𝜏 is the tortuosity of the packing. The average pore size in a random close packing of 

spheres has been reported to be ~ 30% of the radius of the particle, which we use for 

Rpore.
160 The tortuosity of the packing is reported to be 1.95 for interconnected pores in a 

packing made of randomly close-packed spheres.161 The surface tension of PS is taken from 

the bulk values from literature and the contact angle of PS on SiO2 is taken as 20°.162 The 

effective viscosity of the confined PS (ηconf) can be calculated based on these values by 

plotting the infiltration kinetics data as h2 vs t and extracting the slope. The calculated 

viscosity is the effective viscosity under confinement and it is compared with the bulk 

viscosity (η0) of PS from the published data (see Appendix A1 for more details).163–165 The 

nanoparticle packings provide a tortuous path of interconnected concave nanopores with 

varying pore sizes for the infiltration of polymer melt. Dynamics of capillary rise into such 

porous media has been used to estimate the rheological properties of a variety of simple 
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and complex fluids.166–174 Pinning of rising fluid into nanopores is possible; however, as 

described more in detail later, we observe consistent trends with varying level of 

confinement which suggests that the infiltration dynamics are predominantly governed by 

the viscosity of the polymer. 

The confined viscosity of PS in 27 nm SiO2 NP packing as well as the bulk viscosity of PS 

are plotted for three different temperatures as shown in Figure 3.3(b). The confined 

viscosity is lower than the bulk viscosity in all cases except for PS-173k at which the two 

values are very similar. The difference between the two viscosity values increases with 

molecular weight, and the effective viscosity under confinement is four orders of 

magnitude lower than the bulk viscosity at MW = 4M g/mol. The effect of MW on the 

confined viscosity is less significant than that on the bulk viscosity which follows the bulk 

                 

             

  

   

   

   

   

   

 
  
 
  
 
 
  
 
  
 
 
 

        

        

        

        
             

 

 

 

 

 

 
  
 
  
 
 
  
 
  
  
 
 
 
 
 

 
 

      

Figure 3.3: a) Front height for PS-4M g/mol infiltrating into SiO2 (27 nm) nanoparticle packings is plotted 

against the time (in minutes) at three different temperatures – 155 (diamonds), 160 (squares), and 165 

(circles) °C. The inset shows the Lucas-Washburn scaling of the dynamic data when plotted as h2 vs t. The 

dashed lines parallel to the main curves are indicative of the slope of the curves used to calculate viscosity 

from the dynamic data. b) Confined viscosity of high molecular weight polystyrene (173k to 4M g/mol) 

infiltrating SiO2 (27 nm) nanoparticle packings measured using ellipsometric tracking at three different 

temperatures – 155 (diamonds), 160 (squares), and 165 (circles) °C. The dashed lines show the bulk viscosity 

calculated using published predictions for zero shear viscosity of entangled PS.163–165 
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reptation predictions (η ~ MW3.4). This deviation from the bulk exponent signals that the 

flow mechanism is different from bulk reptation. A novel flow mechanism has been 

proposed to explain the motion of confined entangled chains which 175 which will be 

discussed in detail later. 

The effective viscosity of PS confined in packings of 7 nm SiO2 NPs shows a unique trend 

quite different from the effective viscosity of PS in 27 nm SiO2 NP packings. As can be 

seen in Figure 3.4, the effective viscosity stays largely unaffected across a large range of 

MW and depends only on the temperature. While the PS-4M shows enhanced translational 

mobility under confinement compared to the bulk PS, PS-173k has effective confined 

viscosity that is higher than that of bulk PS. Such an observation, to our best knowledge, 

has not been previously reported and we offer our hypotheses responsible for this trend 

later. 

        

        

Figure 3.4: Confined viscosity of high molecular weight PS (173k - 4M g/mol) infiltrating into SiO2 (7 nm) 

NP packings measured using ellipsometric front tracking at two different temperatures - 165 °C (diamonds) 

and 180 °C (triangles). The dashed lines show the bulk viscosity calculated using published predictions for 

zero shear viscosity of entangled PS.163–165  
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To check if the enhanced translational mobility of the confined polymers is affected by 

changes in the segmental motion, the Tg of confined PS in both 7 nm and 27 nm packings 

are measured and compared to the bulk Tg measured using the residual polymer film atop 

the composite layer. Surprisingly, there is a slowdown in segmental motion as seen from 

the increase in the confined Tg relative to the bulk Tg as shown in Figure 3.5. 

The bulk Tg values are close to the previously reported Tg for bulk PS (100-103 °C). In 

contrast, Tg of PS confined in SiO2 nanopores is about 45 K higher than the bulk PS Tg and 

does not change much with MW. For PS confined in the pores of 7 nm SiO2 NPs, the 

difference between the confined and the bulk Tg is even larger (around 65 K) and does not 

depend strongly on the MW. These observations are consistent with recent reports that 

showed that PS confined in the SiO2 NP packings has significantly higher Tg compared to 

       
    

 
  

    
 

   

   

   

   

   

   

   
 
 
  

 
                    

 
   

    
                   

 
   

    

Figure 3.5: Glass transition temperatures (Tg) for confined and bulk high molecular weight polystyrene at 

different confinement ratios in 27 nm (triangle) and 7 nm (inverted triangle) SiO2 nanoparticle packings. The 

closed symbols are Tg measurements done for polymer confined within the nanoparticle packings after 

infiltration and the open symbols are for polymers in the thin residual film (>100 nm) left atop the 

nanoparticle packing after infiltration. The latter measurements reflect the bulk Tg values of entangled 

polymers. 
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bulk,80,84 and more importantly suggest that the translational motion of high molecular 

weight PS in the SiO2 NP packings is not closely coupled to their segmental motion. 

Polymers are subjected to extremely high degree of confinement in the pores(size:1-4 nm)  

of nanoparticle packings. For example, by varying the molecular weight of PS between 

173,000 g/mol(PS-173k) and 4,000,000 g/mol (PS-4M), and using either 27 nm or 7 nm 

SiO2 NPs, the extent of confinement, defined by the ratio of the radius of gyration of 

polymer and the average pore size, can be varied between 2 and 60. Thus, at the highest 

level of confinement, the chain dimension can be an order of magnitude larger than the 

confining pore dimension. The effect of such extreme nanoconfinement is complex as 

discussed here. 

3.3.2 Enhanced translational mobility in 27 nm silica NP packings 

To assess how the extent of confinement is affecting the dynamics of confined PS in the 

SiO2 NP packings, the effective viscosity of PS confined in 27 nm SiO2 NP packings is 

Figure 3.6: Confined viscosity of high molecular weight polystyrene (173 k – 4 M g/mol) infiltrating SiO2 

(27 nm) nanoparticle packings is normalized with the bulk viscosity at three different temperatures – 155 

(diamonds), 160 (squares), and 165 (circles) °C  - and plotted against confinement ratio (CR).  The scaling 

is extracted from the slope of the best linear fit of the data points. 
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normalized with respect to the bulk viscosity and plotted as a function of the confinement 

ratio (CR), which is defined as the ratio of the radius of gyration of PS and the average 

pore size (Rg/Rpore). The reduction in the effective viscosity with increasing confinement is 

clearly seen in Figure 3.6 with a temperature-independent scaling of the normalized 

viscosity with CR. Remarkably, at the highest level of confinement (PS-4M, CR ~15), the 

effective viscosity falls by almost four orders of magnitude with respect to the bulk. Note 

that the viscosity is normalized with respect to the bulk viscosity at the same temperature 

and not at a fixed distance from Tg. The magnitude of the relative viscosity change is even 

greater if we take the latter approach but the scaling with CR remains the same.  

We consider some possible reasons behind the observed reduction in the effective viscosity 

of PS in 27 nm SiO2 NP packings. MD simulations have shown that dynamic contact angle 

correction is necessary to use the Lucas-Washburn equation to model the flow of non-

Newtonian fluids like polymer melts in micro and nanochannels.112,176,177  The measured 

viscosity, however, has been found to be not sensitive to the dynamic contact angle in a 

prior study on the capillary rise of poly(ethylene oxide) (PEO) (MW = 100 kg/mol to 

1,000,000 g/mol) in the pores (pore diameters = 25 to  400 nm) of anodized aluminum 

oxide (AAO) membranes.45  The marginal change in the viscosity by applying the dynamic 

contact angle correction could not explain the drastic reduction in the viscosity observed 

in their study. The magnitude of the calculated effective viscosity also is not sensitive to 

the choice of the contact angle. The trends with molecular weight and confinement which 

are the main results of this study do not depend on the exact value of the contact angle of 

PS on SiO2. The contact angle that was used in the estimation of confined viscosity using 
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Lucas Washburn model was the contact angle of a polystyrene nanodroplet obtained on a 

silicon wafer covered by a silica layer.162 We have performed a sensitivity analysis to show 

that the extracted value of the effective viscosity does not change significantly as a function 

of the contact angle. Figures 3.7(a) and 3.7(b) show that for contact angles up to 60°, there 

is very little variation in the magnitude of the confined viscosity values. The confined 

viscosity for all contact angles shown here is less than the bulk viscosity. Most importantly, 

the trends with molecular weight and confinement which are the main results of this study 

do not depend on the exact value of the contact angle of PS on SiO2. 

Another possibility is that entangled polymers are known to undergo shear thinning due to 

chain disentanglement when they are subjected to high shear.178 The local shear rate in the 

polymer during capillary rise in the NP packings, however, is not high enough to induce 

the drastic reduction in the effective viscosity that we observe. The shear rate of the rising 

front of polymer in the silica nanoparticle packings is given by the following expression:  

(a) (b) 

Figure 3.7 Confined viscosity values shown in symbols calculated using dynamic data by substituting 

different values of the contact angle in the Lucas Washburn Equation shown with the bulk viscosity values 

in (a) and without the bulk viscosity data in (b) 
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𝜖̇ =
1

𝑅𝑝𝑜𝑟𝑒

𝑑ℎ

𝑑𝑡
                                                                                                                                (3.2) 

where h is the height of the front at time t, r is the pore radius, and έ is the shear rate of the 

rising polymer. Since the data fits the Lucas Washburn Equation, we can use the model to 

obtain the gradient term as: 

𝑑ℎ

𝑑𝑡
=

𝛾𝑅𝑝𝑜𝑟𝑒𝑐𝑜𝑠휃

8휂𝑐𝑜𝑛𝑓𝜏ℎ
                                                                                                                       (3.3) 

where γ is the surface tension of PS, Rpore is the pore radius(given here by 30% of the 

particle radius), θ is the contact angle at the polymer-air-silica interface, τ is the tortuosity 

of the packing, and ηconf is the confined viscosity. This gives us: 

𝜖̇ =  
𝛾𝑐𝑜𝑠휃

8휂𝑐𝑜𝑛𝑓𝜏ℎ
                                                                                                                             (3.4) 

Calculating this for the fastest rising polymer (PS-173kg/mol at 165 0C in 27 nm Silica NP 

packings) gives us έ = 0.0099 s-1. This can be compared to the critical shear rate at which 

shear thinning is observed in bulk PS melt.4,179 Figure 3.8 shows the universal shear 

Figure 3.8: Shear-thinning of polystyrene PS133k (blue), PS285k/2k-47 (red), PS185k (green), and 

PS285k/2k-65 (black). The normalized viscosity is plotted against the Weissenberg number(which is the 

product of the terminal relaxation time and the shear rate). Reprinted with permission from Costanzo, S.; 

Huang, Q.; Ianniruberto, G.; Marrucci, G.; Hassager, O.; Vlassopoulos, D. Shear and Extensional Rheology 

of Polystyrene Melts and Solutions with the Same Number of Entanglements. Macromolecules 2016, 49 (10), 

3925–3935. 179  
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thinning behavior observed by polymer melts for PS – the normalized viscosity is plotted 

against Weissenberg number(𝑊𝑖 =  𝜖̇𝜏, where τ is the relaxation time of the entire chain, 

given for PS-185k as 5.10 seconds).179 For PS -173k, we can locate the corresponding shear 

rate on the abscissa as Wim = 0.0495. This means that the normalized viscosity should be 

around 0.2. Thus, shear thinning only predicts an order of magnitude decrease in the 

viscosity. Thus, the decrease in the effective viscosity scaling with molecular weight that 

we observe cannot be explained solely by the shear thinning model.  

The enhancement in translational mobility that we observe in this work is similar to the 

reduction in the effective viscosity measured in prior reports on the capillary rise of PS and 

PEO.45,46 A novel mechanism of fluid transport which involves plug flow of entangled 

polymeric melt in narrow capillaries with no-slip boundary conditions has been invoked to 

explain the reduction in viscosity.180  In this mechanism, polymer chains reptate through 

an entangled mesh of constraints which itself moves under the action of the external 

pressure gradient, provided by the capillary pressure.175,180 A theoretical model developed 

for polymer flow in cylindrical nanopores considers two main effects in the capillary rise 

of polymers into capillaries:  

1) Slower-than-bulk rise of  polymers at moderate confinement – this increased viscosity 

is postulated to come from the buildup of a dead-zone of adsorbed polymers near the pore 

surface which reduces the effective pore diameter which provide additional viscous 

resistance to polymer flow. This results in an increase in viscosity which can be given by: 

휂

휂0
~(

𝑅𝑒𝑓𝑓

𝑅
)
−4

                                                                                                                             (3.5) 
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where Reff  is the reduced pore diameter due to the dead-zone, R is the original pore 

diameter and the confined and bulk viscosities are given by η0 and η. 

2) Faster-than-bulk rise of polymers at high confinement – this reduced viscosity arises 

from a reptation-like flow of polymers driven by the capillary pressure gradient in the 

nanoparticle packings. The expression for this is given by: 

휂

휂𝑜
~

𝑁𝑅2

𝜑휂𝑜
                                                                                                                                      (3.6) 

where N is the number of Kuhn segments in the chain, R is the pore radius, ϕ is a constant 

that contains the bulk polymer properties including the entanglement length and bulk 

viscosity is given by η0.Combining the two terms gives: 

휂

휂𝑜
= [(

𝑅𝑒𝑓𝑓

𝑅
)
4

+ 
𝜑휂𝑜

𝑁𝑅2
]

−1

                                                                                                        (3.7) 

Figure 3.9: Normalized viscosity plotted against inverse of pore diameter for polystyrene in silica 

nanoparticle packings(left) and poly(ethylene-oxide) in Anodic Aluminium Oxide(AAO) pores(right). 

Reprinted with permission from Yao, Y.; Butt, H. J.; Floudas, G.; Zhou, J.; Doi, M. Theory on Capillary 

Filling of Polymer Melts in Nanopores. Macromol. Rapid Commun. 2018, 39 (14), 1800087.175 
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This equation can be used to describe the change in the effective viscosity of PS of any  

 

chain size in nanoparticle packings. We can apply Equation 3.7 to our data in two ways: 

(a) keep R constant and adjust N which has been done for entangled PS confined in 27 nm 

SiO2 nanoparticles (Figure 3.6). (b) keep N constant and vary R which is shown in Figure 

3.9 where the abscissa has been chosen to be 1/R. Shown alongside is figure 3 from Yao 

et al.175 We can see the remarkable similarity in the trends although the theorical prediction 

and the experimental results do not agree perfectly. 

The first term on the right-hand side of Equation 3.7 accounts for the reduction in chain 

mobility due to reduction of the pore radius from R to Reff induced by the chains adsorbed 

on the wall; the second term represents microscopic reptation where φ accounts for the 

monomeric friction, entanglement length, and other constants. The first term dominates 

when Rg << R in the case of underconfined polymers, whereas the microscopic reptation 

becomes important for confined polymers where Rg>>R such as the infiltration of 

entangled PS into nanopores of SiO2 NP packings studied in our current work. If Eq 3.7 is 

simplified by neglecting the first term as is valid for the case of extreme confinement in 

the nanopores used in this study, 휂 ~ 𝑁 provided all other terms including the pore size are 

kept constant.  

The normalized viscosity of confined PS in 27 nm SiO2 NP packing with respect to CR 

shows  
𝜂

𝜂𝑜
 ~ (

𝑅𝑔

𝑅𝑝𝑜𝑟𝑒
)−5.199~ 𝑁−2.6 . When combined with the scaling of zero-shear viscosity 

of entangled melts (휂𝑜~ 𝑁3.4), the scaling for confined viscosity can be expressed as 
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휂~𝑁0.8 which is close to that expected from the model. This result is also close to the 

previously reported values of scaling exponents, 1.4 and 0.9 in studies on the capillary rise 

of PS and PEO into AAO nanopores, respectively.45,46 The enhancement in mobility of 

confined PS in AAO nanopores has been explained with the help of disentanglement of 

chains and reduction in the density of confined chains. This leads to reduction in confined 

polymer viscosity and an expected scaling of flux with chain size as N1.4.46 The scaling is 

also similar to the entropic barrier model scaling proposed by Muthukumar181 using a 

model developed for highly heterogenous confinement in gels and concentrated solutions; 

however entropic barriers to polymer diffusion cannot explain the enhanced chain 

dynamics seen here.  

The confined viscosity is normalized by the bulk viscosity at the same temperature in 

Figure 3.6 despite the 50 K increase in Tg. Tg of entangled polymers confined in the 25 nm 

(a) (b) 

Figure 3.10: (a)Confined(blue) and bulk(red) viscosity plotted of PS compared at the same 

temperature(diamonds) or at a fixed distance from Tg(squares)(b) The ratio of the effective to the bulk 

viscosity is plotted against CR and shows little change in the scaling of confined viscosity with number of 

segments in the polymer(N). 
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silica nanoparticle packing are elevated with respect to bulk but they do not change 

significantly with molecular weight. This means that irrespective of our choice of 

temperature for measuring bulk viscosity, we are comparing the confined viscosity for 

different molecular weight polymer at the same distance from Tg. Thus, the choice of the 

temperature for the normalization should not matter. Here, we show this in Figure 3.10. 

Figure 3.10(a) shows the bulk viscosity values at measurement temperature (160 0C) and 

50 0C above confined Tg (~200 0C).  The scaling is done using the VFT equation parameters 

from the literature. Assuming that temp-time superposition relationships are valid, we can 

do a similar scaling of viscosity values for the confined polymer, shown also in Fig 3.10(b). 

Then, the confined viscosity is normalized with the bulk at the two temperatures and a 

scaling exponent is obtained for viscosity with the number of segments N. The scaling 

stays independent of the choice of temperature at which the normalization is done.  

3.3.3 Molecular-weight independent viscosity in 7 nm silica packings  

High molecular weight polymers due to their high viscosity can exhibit slip at boundaries. 

When the slip length is high, there is very little radial variation in the velocity profile inside 

the pores. This constant velocity plug flow due to high slip (where the slip length is so high 

that it wipes out any dependence of flow on polymer dynamic properties) can be postulated 

as a reason for the molecular-weight independent effective viscosity of PS in 7 nm SiO2 

NP packings. The infiltration dynamics is controlled by the increased viscous resistance 

coming from the slip length term. If this term is large enough to overpower changes in the 

intrinsic viscosity with increasing molecular weight, it is possible that the infiltration 
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dynamics exhibit molecular weight independence and thus MW-independent confined 

viscosity.182  

Prior studies have reported slippage of wetting fluids on solid surfaces.183 Considering the 

favorable interactions between the polymer and the NP (contact angle of PS on SiO2 is 

20°), however, it seems unlikely for the polymer to slip on the NP surface. Additionally, 

the chains adsorbed on the solid walls may entangle with the flowing chains leading to 

strong suppression of slip. At high shear velocities of the order of μm/s, the adsorbed chains 

can disentangle from the flowing chains leading to revival of slip.184,185 As mentioned 

earlier, however, the shear rate in the CaRI process is not high enough to lead to any 

significant shear-induced disentangling between surface adsorbed and bulk chains which 

means that slip is not significant in describing the flow dynamics. 

While the reptation-driven plug-flow mechanism can explain the enhanced mobility of 

confined polymers in 27 nm SiO2 packings and accounts for the linear scaling of confined 

viscosity with molecular weight, the model cannot explain the constant effective viscosity 

of confined PS in the packings of 7 nm SiO2 particles. One possible reason is that the model 

was developed to consider a linear flow regime in which polymers obey Gaussian chain 

statistics.64,180 This model  would not be accurate under a high capillary pressure generated 

in such narrow pores where the chain conformation may be substantially perturbed. A 

theoretical framework for molecular-weight-independent viscosity has been proposed for 

polymer melts flowing under high pressures.180 The model states that polymer flowing 

under high capillary pressure experience increased stretching due to incomplete screening 

of the excluded volume. This stretching leads to transitioning from the linear flow regime 
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to a non-linear flow regime at a crossover pressure gradient, which depends on the chain 

size and the pore radius. The reptation model applied to such a non-ideal flow case is shown 

to behave independently of molecular weight of the polymer. The high capillary pressures 

in 7 nm SiO2 NP packings is indeed above such a crossover pressure gradient. 

The non-linear flow regime occurs when the flow perturbs the chain structure which in turn 

has impact on the dynamics of the flow. The critical pressure postulated by Johner et al180 

for crossover from the linear to the non-linear flow regime is obtained by matching the 

energy drop across a stretched chain to the thermal energy. The expression for the pressure 

drop is given by:   

𝑝𝑐𝑜
′ =

𝐾𝐵𝑇

𝑁𝑒

1
2𝑁𝑏4

                                                                                                                            (3.8) 

where the thermal energy is given by KBT, Ne gives the number of monomers in an 

entanglement strand, N is the number of monomers, and b is the Kuhn length of the polymer 

chain. Thus, this crossover pressure depends on the chain length. 

The pressure gradient in the nanoparticle packing of particle radius r (and pore size = 0.3r) 

comes from the capillary pressure drop across the wetting meniscus of the polymer. If the 

wetting meniscus size can be considered comparable to the pore size, the pressure gradient 

can be written as:  

𝑝𝑐𝑎𝑝 
′ =

𝛾𝑐𝑜𝑠휃

0.09 ∗ 𝑟2
                                                                                                                      (3.9) 

The pressure drop across the backbone of the polymer which would lead to non-linear 

polymer flow based on this model is around 10 KPa (0.1 bar) for PS-173k. Accounting for 
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Laplace pressure difference, the pressure gradient experienced by the rising polymer in the 

7 nm particle packings is 1.39×107 KPa (13,800 bars). We also note that the pressure 

gradient in the 25 nm silica packings is also 4.12×105 KPa (4.12 bars) which is also higher 

than the critical pressure. Hence, the non-linear flow effects likely is not the only source 

for the constant viscosity observed in the 7 nm silica particles. 

The mean pore size in the 7 nm silica nanoparticle packing is 2.1 nm which is comparable 

to the Kuhn length of the polymer chain (1.8 nm). This leads to severe nanoconfinement 

of the polymer giving rise to a hyperconfined regime postulated by several authors.63,64 The 

hyperconfined regime leads to complete segregation of chains to avoid the entropic cost of 

stretching the chain along the flow direction. This argument is similar in spirit to non-linear 

effects because it considers the perturbation to the Gaussian chain statistics of the flowing 

chain but the resultant effect on dynamics have not been understood so far. Reports mention 

that hyperconfined polymers may experience severe slowdown. While we do not fully 

      

                          
 

  
  

  
  

  
  

  
  

  
  

 
  
 
 
 
  
  
  
 
  
 
  
 
  

 
 

              

               

               

              

Figure 3.11: Capillary pressure gradient in NP packings of 7 nm (diamonds, blue) and 27 nm (squares, red) 

SiO2 NPs and critical cutoff pressure postulated by Johner et al. (dashed black line) plotted for varying 

molecular weight of entangled PS (173k g/mol to 4M g/mol). 
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understand the link between hyperconfinement and constant flow rate, we point out here 

that the onset of hyerconfinement condition coincides with the smaller pore radius of the 7 

nm particle packings.  

Hyperconfinement arises from a competition between confinement and incompressibility 

of the polymer. As polymer segments of fixed density are squeezed into narrower pores, 

they experience increased stretching and finally segregation. The crossover chain length 

where this segregation happens is dependent on the pore size and can be defined as follows.  

Assuming a chain occupying a cylindrical pore, the polymer density occupying the pores 

is φ (= number of monomers/volume), the pore diameter is d, and the monomer size is a. 

The confined chain is perturbed in 2D and stretches out axially along the pore. At the onset 

of hyperconfinement, the chain is stretched out to the maximum extent along the pore 

length with monomers lined one after each other. For very narrow capillaries, this means 

that the chain fully occupies the pore, (end-end distance in melt)*(cross-sectional area of 

pores) = N*(monomer volume). This gives us 𝑎𝑁1/2 𝜋𝑑2

4
= 𝑁𝑎3 at the critical crossover 

point N.  

𝑁~(𝑑/𝑎)4                                                                                                                                   (3.10) 

For 27 nm silica particles, the pore diameter is 9 nm and the critical crossover happens at 

around 500,000 g/mol. For the 7 nm silica particles, the pore diameter is 2.1 nm and the 

critical crossover occurs at around 1300 g/mol. Since these are order of magnitude 

estimation, the actual crossover chain weights likely are different from these estimates. 

Moreover, the geometry of the pores in nanoparticle packings is very different from that of 
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cylindrical pores, which these estimations were based on. What is important to note is that 

the crossover happens at a much lower molecular weight for 7 nm silica particles than the 

27 nm silica particles. Thus, hyperconfinement and chain segregation may play a role in 

the constant viscosity seen in PS confined in 7 nm silica nanoparticle packings. 

3.3.4 Segmental slowdown  

Segmental slowdown has been reported previously near attractive surfaces due to the 

adsorption of chain segments and/or non-bulk like conformation of the polymer chains 

under confinement. In addition, segmental slowdown has been reported near impenetrable 

surfaces and highly confined spaces due to reduced free volume available for polymer 

motion. In the CaRI system, there is significant confinement of the polymers in the pores 

of NP along with a large interfacial area between the polymer and the NPs. In a previous 

study on PS confined in the interstices of SiO2 NP packings, a dramatic increase in Tg was 

observed with increasing confinement (decreasing NP radius) and the effects were mostly 

understood as originating from the loss of conformational entropy due to geometric 

confinement of the polymer.84  Studies on undersaturated CaRI films showed that the 

polymer exists in the highly confined regions of the packings between the particles leading 

to high Tg.
84,140 Thus, the source of increase in Tg of entangled polymer chains in the 7 nm 

and 27 nm SiO2 NP packings comes mainly from the high geometrical confinement 

experienced by the polymer chain in the nanopores. The unique nature of the concave pores 

also plays a role by decreasing the free volume and increasing the packing density which 

is strikingly different from PS trapped in convex pores like those in AAO. The pores of the 

NP packing where the concave nature of the pores can be hindering segmental relaxation, 
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lead to an increase in Tg.
186 An additional increase in slowdown of entangled polymers in 

7 nm packings over 27 nm packings comes from not only increase in confinement but also 

increase in the interfacial area between polymer and SiO2 NP.  As shown in Figure 4, in 

the range CR 10-15, the increase in Tg for PS-4M in 27 nm SiO2 NP packings is 50 K, 

whereas PS-173k in 7 nm SiO2 NP, despite being at the same level of confinement (same 

CR), shows an increase of 65 K in Tg, which indicates that the interfacial area also 

contributes to the segmental slowdown of polymers in CaRI films.  

To check whether an increase in the interfacial area alone can explain the trends in Tg, 

we plot the increase in Tg for unentangled and entangled PS in SiO2 as a function of the 

interfacial area/volume of the NP packings. Asssuming that most of the NP surface is 

accessible to the polymer. The area/volume of the nanoparticles is given by 3 𝑟⁄ . The 

volume fraction of the randomly close-packed nanoparticles is 64% of the total volume. 

The rest of the pore space is filled by the polymers. Thus, over 36% of the film volume is 

occupied by the polymer with an interface between the polymer and the nanoparticles.  

Total area 𝐴 = 𝑛 ∗ 4𝜋𝑟2 where r is the radius of the nanoparticle and n is the number of 

nanoparticles in the total film volume V. n is therefore given by 𝑛 =
3𝑉

4𝜋𝑟3 . Thus, total 

interfacial area between polymer and NP goes as 
3𝑉

𝑟
, and interfacial area between polymer 

and nanoparticle per unit volume is given by 
3

𝑟
. Figure 3.12 shows the increase in Tg seen 

with unentangled80 and entangled PS confined in silica nanoparticle packings with the 

nanoparticle diameter varying from 7 to 77 nm against the inverse of particle diameter. 

There is an increase in Tg with decreasing particle size but it does not correlate with the 
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increased surface area. The data for 77 nm and 56 nm nanoparticles represent 

underconfined particles and we see that for the same surface area/volume the values of ΔTg 

do not superimpose. 

With increasing confinement, we see that the values seem to be similar to each other at the 

same surface area/volume. However, there is a large gap between the values for PS-8k and 

21k in 7 nm silica nanoparticle packings and PS-173k and above in 7 nm silica nanoparticle 

packings. Even accounting for the fact that the smaller molecular weight CaRI samples had 

cracks in them, the magnitude of Tg increase for the entangled polymers is around 50 K 

more than unentangled polymers. The trends observed here indicate both increasing 

confinement and increased interfacial area contribute to the slowdown of segmental 

dynamics in the CaRI films.  

For entangled polymers, as the size of the nanoparticle decreases from 27 nm to 7 nm, ΔTg 

increases by 45% wheas the surface area/volume increased by over 2.5 times. Increased 

confinement as well as an increase in the surface area between the nanoparticles and the 

Figure 3.12: Increase in Tg for confined unentangled (8k and 21k) and entangled (173k - 4 M g/mol) PS in 

silica nanoparticle packings of varying diameter (7-77 nm) plotted against inverse of particle diameter. 
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polymer seem to be driving the increase in segmental slowdown in the smaller particle 

packings. While the large interfacial area is an important factor contributing to the large 

increase that we observe, it cannot completely account for the trends alone. Adsorption of 

chains to the nanoparticle surface can lead to arrested conformations of polymer chains on 

the surface of the nanoparticles.187–191 A large deviation (around 60 K) in the magnitude of 

Tg from bulk values have been reported for such adsorbed, immobile layers of PS on flat 

SiO2 surfaces.192 The adsorbed layer thickness and properties change with annealing time 

and conditions. In a previous publication, however, it has been seen that the segmental 

slowdown of PS confined in SiO2 nanoparticle packings has been shown to be independent 

of annealing duration.84 A combination of increasing confinement and interfacial area 

between the polymer-nanoparticle can explain the observed Tg trends. As the polymer size 

is increased (and/or NP size is reduced), the polymer chains experience larger confinement 

as well as an increase in interfacial area between polymer-NP increases leading to the 

observed increase in Tg. 

3.3.5 Decoupling of translational and segmental mobility  

Unlike earlier reports of PS chains in the pores of AAO membranes which showed the 

enhanced translational mobility and either little change or an increase in the segmental 

dynamics,45,46 the increase in translational motion of confined polymers in SiO2 NP 

packings accompanies a drastic reduction in segmental mobility; that is, changes in the 

segmental dynamics do not translate to corresponding changes in the infiltration dynamics. 

Our results demonstrate that extreme nanoconfinement of polymers can decouple dynamics 

occurring over different length scales over different time scales. The time-temperature 
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superposition relationship connecting the viscosity and Tg has been shown to fail in some 

nano-confined systems.193,194 One notable study, for example, has shown both the Tg and 

the diffusivity of poly(isobutyl methacrylate) confined between two weakly interacting 

surfaces increases.193 An increase in the diffusivity of confined chains was attributed to the 

reduction in the friction coefficient caused by weakly-interacting interface, whereas the 

slowdown of segmental relaxation was thought to be affected by confinement.  

The conflicting effects of confinement on chain and segmental motion in this work arise 

from the disparate effects acting independently on different length scales. With increasing 

confinement, entangled chains participate in a reptation-driven flow into nanopores which 

leads to faster-than-bulk translational motion. On the other hand, confining polymers in 

nanoscopic pores with concave curvature and increasing particle-polymer interface slows 

down segmental dynamics of the confined polymers in the nanopores. Thus, the effects of 

confinement can be quite different at different length scales for entangled polymers 

confined in nanoparticle packings. In the next section, we summarize our results on 

unentangled and entangled polymers to provide a picture of the effect of confinement on 

the motion of polymers at the chain and segmental level in CaRI packings.  

3.3.6 Summary of the confinement effect on the translational and segmental dynamics 

of unentangled and entangled polymers in nanoparticle packings 

By combining data on Tg and effective viscosity obtained from the CaRI of unentangled 

polymers from our prior work80 with the data on entangled polymers from this study, we 

summarize the effect of nanoconfinement on the segmental and translational motion of 

confined polymers over a wide range of confinement ratios and molecular weights. Figure 
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3.13(a) shows normalized viscosity of both unentangled80 and entangled polymers in SiO2 

NP packings. While the viscosity of unentangled polymers increases with increasing 

confinement, the effective viscosity decreases with increasing confinement in CaRI of 

entangled polymers in 27 nm packings. This can be understood by considering the role of 

the two terms in Equation 3.7. The first term is effective for underconfined polymers (Rpore 

> Rg) while the second term controls the motion of confined polymers (Rpore < Rg). In the 

first term, Reff decreases with increasing confinement which explains the increasing 

viscosity upon confinement for unentangled polymers whose CR<1. The second term, 

which is effective for confined entangled polymers (CR>1), increases with decreasing pore 

size leading to an effective reduction in viscosity. The motion of entangled polymers occurs 

by reptation in a mesh of constraints under the action of capillary pressure – this motion is 

faster than their bulk counterparts. Unentangled polymers are slowed down by the 

reduction in the pore radius due to the adsorption of polymers on the pore surface. The 

microscopic flow model developed in Reference 53 qualitatively explain trends in our 

confined viscosity qualitatively over a wide range of confinement (CR from 1–10). The 

confinement-independent viscosity of PS in 7 nm SiO2 packings, however, requires further 

consideration and theoretical development. 

Figure 3.13(b) shows Tgs’ obtained for unentangled and entangled polymers with 

increasing confinement. We see that with increasing confinement (smaller pores or larger 

polymer), the segmental dynamics are further slowed down. This can be understood by 

combined effect of geometric confinement and the dynamical slowdown of the interfacial 

layer. In the weakly confined regime (CR<1), the ΔTg increases with increasing CR due to 
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increasing confinement. When the chain size becomes larger than the pore size, a further 

increase in ΔTg is observed. The role of confinement is even more evident in the larger Tg 

increase in 7 nm SiO2 packings (as compared to the 27 nm packings) where due to the 

larger geometric confinement and an increase in interfacial area, the Tg increases by 65 K 

over bulk.  

The dependence of translational and segmental dynamics on CR in Figure 3.13 shows that 

one universal parameter like CR cannot describe the entire trend (data does not collapse 

with pore size/chain size as seen in previous studies37,175). The effect of nanoconfinement 

on polymer dynamics arises from a complex interplay of chain entanglement, extent of 

confinement, the pore curvature, and the absolute size of confining pores. The extent of 

      

Figure 3.13: (a) Confined viscosity measured for polystyrene (8k g/mol to 4 M g/mol) infiltrating SiO2 

nanoparticle packings at different confinement ratios -  unentangled PS (8k g/mol to 21k g/mol) in SiO2 of 

7-77 nm diameter measured at 130 °C, shown in circles and squares; entangled PS (173k g/mol to 4 M g/mol) 

in SiO2 of 27 nm measured at 165 °C, shown in diamonds; and entangled PS(173k g/mol to 4 M g/mol) in 

SiO2 of 7 nm measured at 165 °C, shown in triangles. (b) Difference between the glass transition temperature 

in confinement over the bulk (ΔTg) at various confinement ratios for the three scenarios in (a). Adapted with 

permission from Hor, J. L.; Wang, H.; Fakhraai, Z.; Lee, D. Effect of Physical Nanoconfinement on the 

Viscosity of Unentangled Polymers during Capillary Rise Infiltration. Macromolecules 2018, 51 (14), 5069–

5078.80 
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confinement as defined by CR influences the deviations from bulk dynamics both at the 

chain and the segmental levels. The radius of the pore is another key parameter; we observe 

that when Rpore approaches the Kuhn length of the polymer, the chain viscosity becomes 

independent of molecular weight – an observation that cannot be fully explained by the 

existing models of polymer dynamics.  

3.4 Conclusions 

Chain and segmental dynamics of entangled polystyrene infiltration by CaRI into SiO2 

nanoparticle packings are studied using ellipsometry to probe the effect of 

nanoconfinement on polymer mobility. In the range of confinement ratios probed (CR from 

3 to 55), increasing confinement has opposite effects on the polymer dynamics at the chain 

and the segmental level. Capillary rise dynamics of entangled PS in 27 nm SiO2 NP packing 

show that the confined viscosity is reduced when compared to the bulk viscosity. Contrary 

to enhancement in translational mobility, confinement reduces the segmental motion across 

all levels of confinement with the effect increasing with decreasing particle size owing to 

an increase in confinement along with greater interface between the polymer and the 

attractive SiO2 NP. We also report molecular-weight-independent value of effective 

viscosity in the 7 nm SiO2 NP packings. The trends in the confined viscosity are explained 

qualitatively by theoretical arguments of dead-zone of adsorbed polymers slowing down 

chain motion for underconfined polymers, whereas reptation-like plug flow leading to 

enhanced microscopic flow of entangled chains. Non-linear polymer flow or 

hyperconfinement effects might be responsible for the constant viscosity of polymer 

imbibition into 7 nm SiO2 NP packings. Reduced segmental mobility is understood to be 



 

84 

 

an effect of high confinement of polymer chains in the concave pores of the nanoparticle 

packing and the large interfacial area between SiO2 and polymer under confinement. Thus, 

the effect of confinement on motion of polymers is different at different length scales and 

depends on the relative role of the macroscopic and microscopic mechanisms of motion. 

In this work, only the size of SiO2 nanoparticles and the molecular weight of polymer were 

varied, thus keeping the interfacial energy between the polymer and the nanoparticle 

constant. In a recent work, a technique to modify the interfacial energy between PS and 

SiO2 nanoparticles by coating ultrathin metal oxides such as WO3 and TiO2 using atomic 

layer deposition (ALD) has been reported.195 This approach can be used to investigate the 

effect of interfacial energy on the translational and segmental motion of highly confined 

polymers in nanoparticle packings. The enhanced translational motion of high molecular 

weight polymers can be used to facilitate their infiltration into nanoparticle packings to 

fabricate highly loaded nanocomposite membranes and films. Moreover, such enhanced 

motion of polymers in nanopores is advantageous for performing reactions to enable 

upcycling of polymers via heterogenous catalysis which typically require intimate contact 

between nanoporous catalysts and polymers. Increasing Tg also could be advantageous for 

applications that require high temperatures, enabling wider operating conditions for 

composite materials prepared via CaRI. 
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Chapter 4 Leaching-enabled Capillary Rise Infiltration 

(LeCaRI): scalable route to fabricate patterned composites 

Reproduced with permission from Venkatesh, R. B., Han, S. H., & Lee, D. (2019). 

Patterning polymer-filled nanoparticle films via leaching-enabled capillary rise infiltration 

(LeCaRI). Nanoscale Horizons, 4(4), 933-939. 

4.1 Introduction 

Polymer-infiltrated nanoparticle films (PINFs) represent a unique class of 

nanocomposites made of polymers and nanoscale materials.65,66,109,134,140,143,149,196,197 

The extremely high volume fraction, typically well above 50 vol%, of nanoparticles 

(NPs) present in PINFs imparts high strength and toughness to these composites, 

making them ideal for protective coatings applications.97,103,198,199 High volume 

fractions of NP also make the PINFs useful for fabricating photonic structures200–203 

and gas barrier coatings.18 Inducing polymer imbibition into the voids of NP 

packings is a powerful strategy to produce polymer-infiltrated NP films (PINFs) 

with high loadings of NP (> 60 vol%). This method circumvents challenges 

associated with conventional methods of nanocomposite fabrication in which NPs 

are directly dispersed into a polymer matrix via blending or compounding.104,204–207   

Polymer infiltration into NP packings can be achieved using different approaches. 

Thermal annealing has been used to induce polymer wicking into the nanopores by 

capillarity in capillary rise infiltration (CaRI).65 When a bilayer of a glassy polymer 

film and a NP packing is heated to a temperature above the glass transition 

temperature of the polymer, the polymer fills up the voids in the packing via 

capillary wicking to make a PINF. Solvent condensation into the nanopores of NP 
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films, and subsequent plasticization of the glassy polymer can also be used to induce 

polymer mobility to produce PINFs in solvent-driven infiltration of polymers 

(SIP).66 These methods have shown enormous potential to fabricate PINFs with 

unique architecture or properties such as blends in NP films,143 graded porous 

PINFs140 and PINFs with high toughness and strength.134 

Patterning of composite structures like PINFs could drastically expand the potential 

application of these useful nanocomposite films. For example, wave-like patterns 

are used as optical gratings.208 Self-assembly of colloids209 and block-

copolymers202,210 has been used to make laterally patterned structures for use as 

microsensors and diffractive optical elements. Laterally imprinted NP films also 

have been used to generate a wetting gradient used to drive and collect water from 

hydrophillic into hydrophobic regions.211–215  Conventional methods available to 

enable patterning of nanocomposites include ink-jet printing,216 liquid bridge-

enabled nanotransfer,217 and nanoimprinting or nanolithography.218–226 Progress in 

nanoimprinting technologies, in particular, has led to a variety of methods to 

generate and replicate patterned composite films with feature size ranging from 

microns to nanoscale.227–231 These methods, however, are costly, involve multiple 

steps, require access to cleanroom facilities or supercritical fluid processes, and are 

severely limited in the fabrication of patterns of nanocomposite structures with 

extremely high volume fractions (> 60 vol%) of NPs.  

In this chapter, we present a simple, solvent-free and rapid method of patterning 

PINFs using leaching-enabled CaRI (LeCaRI). We take advantage of capillarity at 
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the nanoscale along with the presence of mobile chains in an elastomer network. 

When an elastomer network is formed by inducing crosslinking between low 

molecular weight oligomers or monomers, some of these chains do not fully become 

incorporated into the network and are left within the crosslinked network as mobile 

species. When this elastomer is brought into contact with a NP packing, capillarity 

leaches these chains out of the elastomer network into the voids of the packing to 

form a PINF. Patterns of highly filled nanocomposite can be prepared by using soft 

lithography techniques. Given the simplicity of the method, we believe LeCaRI is a 

powerful and potentially scalable strategy to pattern PINFs prepared with various 

polymers and NPs for fabrication of designer surfaces with patterned optical, wetting 

and mechanical properties. 

4.2 Methods 

4.2.1 Materials  

SylgardTM 184 PDMS is obtained from Ellsworth adhesives as a two part mixture A and 

B. Silicon wafers (single-side polished, N doped, 100 plane, 10 cm diameter, 0.5 mm 

thickness, 0-100 Ohm-cm resistivity) are procured from University Wafers. Commercial 

SiO2 suspensions of LUDOX® SM-30(7 nm diameter), LUDOX® TM-50(27 nm 

diameter) are obtained from Sigma Aldrich, and SNOWTEX® ST-YL(61 nm diameter) 

and SNOWTEX® ST-ZL(77 nm diameter) SiO2  are obtained from Nissan Chemical 

America Corp. 
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4.2.2 Fabrication of PDMS gel  

PDMS elastomer is made by mixing SylgardTM 184 base and the curing agent in a 10:1 

ratio and pouring the mixture onto a cut and cleaned silicon wafer in a Petri dish. The 

mixture is then cured by baking at 80 0C for 2 hours on a hot plate. Once cured, the PDMS 

is peeled from the wafer and then cut into 1 cm × 1 cm pieces.  

4.2.3 Fabrication and characterization of nanoparticle packings 

A 30 wt% colloidal dispersion of 27 nm LUDOX® TM-50 silica nanoparticles is obtained 

from Sigma Aldrich. A 15 wt% dispersion is prepared by diluting with de-ionized water 

and the dispersion is sonicated for 5-6 hours. 1 cm × 1 cm silicon wafer pieces cleaned 

with isopropanol, acetone, and water and then plasma cleaned for 4-5 minutes. The 

nanoparticle suspension is then spin coated on the silicon wafer substrate using a Laurell 

Technologies Co., WS-400BZ-6NPP/Lite spin coater with the spin conditions set at 2000-

2500 rpm for 1.5 minutes. The thickness and refractive index of the NP packings are 

measured using an Alpha-SE spectroscopic ellipsometer from J.A. Wollam using a 

wavelength range of 370-900 nm. The source incidence and detection angles are set at 70 

relative to normal incidence. 

SEM images of the top-down and cross-section of the samples are taken using a JEOL 

7500F HRSEM. The sample is sputtered with a 4 nm iridium layer using a Quorom plasma 

generating sputter coater prior to imaging to prevent charging. Cross-section images are 

taken by cleaving the sample using a diamond scribe and mounting the sample vertically 
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on a stub with the cross sections facing the beam. An accelerating voltage of 5 kV, emission 

current 20 μA, at a working distance of ∼8 mm is used to image the samples. 

4.2.4 Ellipsometric measurement of polymer infiltration amount  

The humidity chamber is constructed by enclosing a Boneco Air-O-Swiss® Ultrasonic 

Digital Humidifier in a tight chamber. The front wall of the chamber is designed with two 

inlets for access. A digital humidity sensor Fisherbrand™ Traceable™ Jumbo Thermo-

Humidity Meter is used to monitor and measure the humidity inside the chamber. 

SiO2 NP films of thickness 250-300 nm for 4 different particle sizes are made using spin 

coating an aqueous solution of appropriate concentration as explained above. These films 

are exposed to humidity levels of 20-25% relative humidity (RH) under ambient 

conditions, and 40-45% RH and 55-60% RH in the humidity-controlled chamber. In all 

cases, the films are allowed to come to equilibrium with the surroundings by waiting for 5 

minutes before proceeding further with LeCaRI. PDMS gels are brought into conformal 

contact with the NP films and left in contact for 15-20 seconds. The PDMS elastomer is 

then peeled off and the refractive indices of the films are measured using ellipsometry. 

Refractive index values, measured using ellipsometer for the samples before and after the 

infiltration, are used to determine the amount of oligomers in the packing. 

4.2.5 Fitting of ellipsometric data 

A simple Cauchy model is used to fit the ellipsometry data to calculate the film properties. 

The Cauchy model describes the dependence of refractive index on wavelength as: 
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𝑛 = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
                 (4.1) 

where A, B and C are parameters that are used to fit the data to the model. Additional 

parameters like k-value, exponent, and angle offset are used to improve the quality of fit. 

By describing the film composition using a simple volume-mixing argument, we can 

deduce the amount of oligomers in the packing. The estimation of the volume fraction of 

oligomers in a NP film is performed by expressing the refractive index as a simple sum of 

the product of refractive indices of the constituents of the film and respective volume 

fractions of the components. For the neat NP film, we have: 

𝑛0  =  1.475φ𝑁𝑃  +  1.33φ𝑊𝑎𝑡𝑒𝑟  + (1 − φ𝑁𝑃 − φ𝑊𝑎𝑡𝑒𝑟)        (4.2) 

where φ𝑁𝑃  is the volume fraction of NP in the packing and φ𝑊𝑎𝑡𝑒𝑟  is the volume fraction 

of capillary condensed water in the packing. 

For the same film after LeCaRI, we have: 

𝑛1  =  1.475φ𝑁𝑃 +  1.33φ𝑊𝑎𝑡𝑒𝑟 + (1 − φ𝑁𝑃 − φ𝑊𝑎𝑡𝑒𝑟 − φ𝑃𝐷𝑀𝑆) + 1.430φ𝑃𝐷𝑀𝑆  

                                                                                                                                       (4.3) 

where φ𝑃𝐷𝑀𝑆  is the volume fraction of PDMS oligomers in the packing. By subtracting 

(4.2) and (4.3), we get the volume fraction of oligomers as: 

𝜙 =
𝑛1−𝑛0

𝑛𝑃𝐷𝑀𝑆 −1
= 

𝑛1−𝑛0

1.432 −1
                              (4.4) 

The maximum void fraction in the packing is given as: 
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휃 = 1 − 
𝑛0−𝑛𝑎𝑖𝑟

𝑛SiO2−1
=  1 −

𝑛0−1

1.475 −1
             (4.5) 

The values of refractive indices of SiO2, air, and PDMS are obtained from references as 

1.457, 1, and 1.432, respectively at 632.8 nm. 

4.2.6 Patterned PDMS fabrication and transfer of patterns using LeCaRI 

The photomasks for patterning PDMS are designed using AutoCAD 2018 and printed out 

from CAD/Art Service, Inc. (CA, USA). A positively embossed master mold is fabricated 

on a 3" silicon wafer using the conventional soft lithography technique in a cleanroom of 

Quattrone Nanofabrication Center of Singh Center of Nanotechnology at the University of 

Pennsylvania. Positive photoresist KMPR-1050 (MicroChem, MA, USA) is used and 100 

micron thickness mold is fabricated with corresponding spin coat speed and UV exposure 

time. The master mold is subsequently silanized with Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane, PFOTS, to facilitate PDMS mold peel-off. 

Polydimethylsiloxane (PDMS) precursor is prepared and cured as explained before. Once 

completely cured, the negatively embossed PDMS master is peeled off and surface-

modified with oxygen plasma treatment, then left in vacuum with PFOTS for 2 hours. 

Another batch of degassed PDMS is then poured on PFOTS-coated PDMS master and 

cured for 4 hours at 65 0C. The upper PDMS slab with positively embossed features is 

peeled off and used as a stamp for patterning via LeCaRI. The NP films after LeCaRI using 

patterned PDMS are observed under an upright optical microscope in the reflection mode. 

The intensity of the images taken right after patterning are compared to the intensity of the 
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image a month later to determine the loss in intensity of the pattern. This is done by 

calculating the local intensity in a rectangular region drawn on the image using ImageJ 

software’s plot profile functionality. The intensity curves are normalized by dividing the 

intensity value at each point by the total intensity of pixels in the rectangle.    

UV-PDMS KER-4690 is obtained from Shin-Etsu which comes as two components: Part 

A and Part B. Visible light can trigger the cross-linking catalyst once the two components 

are mixed, thus exposure to light is avoided as much as possible in all stages of the process. 

Part A and Part B are mixed in a 1:1 weight ratio in a plastic container wrapped with 

aluminium foil such that the total amount is 10 grams. Subsequently Sylgard 184 base and 

precursor are added to the plastic container in 10:1 ratio such that the total amount added 

is 5g. The weight ratios of UV-PDMS to PDMS are thus maintained at 2:1. The mixture is 

then degassed in a vaccum chamber for 30 minutes. The mixture is then poured onto a 

clean, cut silicon wafer in a petri dish and baked for 2 hours at 80 0C on a hot plate in a 

dark room. The cured PDMS gels are then cut into 1cm × 1cm square pieces and stored in 

a petri dish wrapped in aluminum foil until needed further.  

The UV-PDMS+PDMS elastomer is brought into contact with a SiO2 NP packing made 

from TM-50 SiO2 NP (27 nm) such that one half of the top area of the film is patterned by 

LeCaRI. The front between the patterned and the un-patterned region is monitored by using 

an upright optical microscope in bright-field mode. ThorCam™ software is used for video 

acquisition by taking 1 frame every 2 minutes. The same is repeated for a region patterned 
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using PDMS and a region patterned using UV-PDMS+PDMS. The latter is cured in a UV-

ozone chamber for 20 minutes by exposure to UV(185 nm & 254 nm wavelength).  

4.3 Results and Discussion  

To illustrate LeCaRI, we use a commonly used elastomer made of poly(dimethylsiloxane) 

(PDMS).  The most widely used form of the PDMS elastomer, SYLGARDTM 184, is made 

of vinyl terminated PDMS chains. By inducing crosslinking between the PDMS chains, a 

monolithic PDMS elastomer can be prepared. Prior publications have reported that during 

the curing of PDMS elastomer, not all oligomers in the mixture get incorporated into the 

network.232 Rather, in a single piece of PDMS elastomer, a large number of un-crosslinked 

PDMS oligomeric chains are present. These uncross-linked chains have been removed 

using different methods.232–236 Although the presence of these uncrosslinked oligomers is 

often regarded as an undesirable nuisance, we take advantage of the fact that these 

oligomers have high mobility and that they can be leached out of the network. The presence 

Figure 4.1: Schematic illustration showing the LeCaRI process. A disordered NP packing spin coated on top 

of a substrate is brought into conformal contact with a PDMS elastomer. Inset shows uncross-linked chains 

leaching out of the elastomer into the pores of the NP packing. A composite film is obtained on the substrate 

when the elastomer is removed. 
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of uncross-linked chains in the PDMS elastomer and their ability to leach out make PDMS 

an invaluable reservoir of oligomers that can be infiltrated into a NP packing by LeCaRI 

as illustrated in Figure 4.1.   

LeCaRI is demonstrated by inducing infiltration of oligomeric PDMS into films of 

randomly packed silica (SiO2) NPs.  A 250-nm thick film of 27-nm SiO2 NP is prepared 

using spin coating. A slab of PDMS (1x 1 x 0.5 cm3) is then brought into conformal contact 

with the top of the NP film and held in place for 5-10 seconds as shown in Figure 4.1. The 

PDMS is then detached from the NP film slowly. The refractive index of the NP film, as 

measured by ellipsometry, increases indicating the infiltration of oligomeric species into 

the voids of the NP packing. Oligomer infiltration is further confirmed by scanning electron 

microscopy (SEM) of the NP film before and after LeCaRI. The voids of the NP packing 

appear dense and filled after LeCaRI as shown in Figure 4.2. The void spaces between the 

spherical NP have been filled with a darker material in the top surface, and the cross-

sectional SEM micrograph shows that the NP are covered with a thin liquid like film made 

of the infiltrated PDMS oligomers.  There is no change in the thickness of the packing after 

infiltration, indicating that the volume fraction of the packing remains constant above 60 

vol%. 

To confirm whether it is in fact oligomeric PDMS chains that have infiltrated the SiO2 NP 

film, we remove the uncross-linked chains from PDMS elastomer before LeCaRI by 

soaking freshly crosslinked PDMS in a good solvent (toluene)48,52 for a week. The PDMS 

elastomer shrinks due to the loss of the oligomers and loses its weight by 4.5 wt%. The 
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elastomer is subsequently, soaked in ethanol for a day to make it more flexible. When such 

a PDMS elastomer is brought into conformal contact with a SiO2 NP film, there is no 

change in the refractive index of the NP film, which indicates that LeCaRI has not taken 

place. Thus, the presence of uncross-linked and thus mobile chains in the PDMS elastomer 

is an important criterion for LeCaRI to occur.  

 

 

 

 

 

 

Monitoring the kinetics of the infiltration process shows that the LeCaRI process is 

extremely fast. Complete infiltration is achieved within 5-10 seconds of establishing 

conformal contact between the NP film and the PDMS elastomer as shown in Figure 4.3. 

If the time of infiltration is estimated based on the Lucas-Washburn model, which has 

successfully described capillary rise of polymers in nanoconfined pores, it would indeed 

take less than 1 sec for complete infiltration to occur. The time required for the oligomers 

to infiltrate the packing can be estimated by assuming that LeCaRI follows the Lucas-

Washburn model.  

ℎ2 =
𝜎𝑅𝑐𝑜𝑠𝜃

2𝜏2𝜇
𝑡              (4.6)  

Figure 4.2: SEM images of the top-down(left) and cross-section(right) of the NP packings before (top) and 

after (bottom) LeCaRI. All the scale bars represent 100 nm. 
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where (describe the symbols).  The viscosity of the base is specified as 4000 mPa.s after 

mixing at 23 0C. The average radius of the pore is 30% of the radius of the particle close-

packed in the nanoparticle film.161 For TM50, this is 𝑅 = 0.3 × 13.5 = 4.05 𝑛𝑚. PDMS 

has a surface tension value of 20 mN/m. The tortuosity of the packing is determined to be 

1.95.160 Assuming the wetting behavior of PDMS on silica to be such that cos(θ) ≈ 1, the 

time required for the oligomers to infiltrate the film of thickness h = 250 nm can be 

calculated as:      

𝑡 =
2ℎ2𝜇𝜏2

𝜎𝑅𝑐𝑜𝑠𝜃
 =  0.0235 seconds << 1 second. 

The extent of infiltration of oligomers into the NP packings depends on the particle size 

and the humidity conditions. The NP size primarily controls the driving force of capillarity 

(~ 1/r, where r is the size of NP) whereas the humidity level and the particle size determine 

the amount of water that reside within the packing via capillary condensation.88  At room 

temperature and humidity (18-22 °C and 20-25% RH in our experiments), packings of 7 

nm and 27 nm diameter NP have 12% and 9%, respectively, of their void volume filled 

with water due to capillary condensation. This water exists in the narrow necks between 

Figure 4.3: Amount of oligomer in packing versus the duration of LeCaRI. 
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adjoining NPs forming liquid bridges.66,88 The high curvature of the liquid/vapor interface 

of the liquid bridge between NPs leads to a depressed vapor pressure of the condensate 

liquid. Smaller NPs thus are able to induce higher degree of water vapor condensation. 

To study the effect of NP size on the extent of LeCaRI, SiO2 NPs of various average sizes 

ranging from 7 to 77 nm are spin-coated to make films of thickness between 250 and 300 

nm. These films are exposed to humidity levels of 20-25 RH% under ambient conditions, 

and 40-45 RH% and 55-60 RH% in a humidity-controlled chamber. PDMS elastomer is 

brought into conformal contact with each NP film and left in contact for 5-10 seconds. 

Comparing the change in the refractive index values before and after LeCaRI enables 

calculation of the volume of oligomers in the packing as summarized in Figure 4.4.  

The amount of oligomers inside the packing decreases with the increase in the humidity 

level likely due to a greater amount of capillary condensed water in the packing. This 

         

                              

 

   

   

   

   

   

 
 
  
 
 
  
  
 
 
  
 
 
  
 
  
 
 
 
  
 

         

         

         

               

Figure 4.4: Amount of oligomer infiltration versus average size of particles in the nanoparticle packing at 

different humidity levels. 
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decrease is starkly evident in the NP packings with small SiO2 NPs (7 nm and 27 nm) in 

which the amount of capillary-condensed water is higher compared to that in the packings 

with larger SiO2 NPs (i.e., 61 nm and 77 nm). As the size of the particles increases, the 

radius of curvature of the voids also decreases and the capillary pressure inducing capillary 

infiltration of oligomers decreases. This trend can be observed in the decrease of oligomer 

volume fraction with increasing particle radius; however, the packing with 7 nm SiO2 NPs 

shows the least amount of oligomer infiltration. We believe that the 7 nm particle packings 

are heavily filled with water and are therefore severely underfilled with PDMS oligomers 

when compared to the packings with larger NPs. These results demonstrate that the amount 

of oligomers infiltrated in the SiO2 NP films can be varied by adjusting the relative 

humidity and NP size at room temperature. Appendix A2 discusses the possible 

morphology of water and PDMS bridges inside the nanoparticle packing investigated using 

surface evolver.  

Figure 4.5: a) Schematic illustration showing patterning PINF via LeCaRI., b) Patterned Films on silicon 

wafer (films with the logo of the University of Pennsylvania and UPENN imprints have been reversed for 

clarity), c) and d) Optical micrographs of patterned PINF films. 
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LeCaRI is a rapid, simple, and potentially scalable route to the manufacturing of PINFs. 

One important advantage of using PDMS elastomer is that the PDMS can be patterned to 

have micron-sized surface features. Soft lithography has been widely used to enable 

microcontact printing and patterning on planar surfaces. We take advantage of this 

versatility of PDMS to induce localized LeCaRI to produce patterned PINFs. A patterned 

PDMS stamp is prepared using the common soft lithography technique. PDMS precursor 

is poured onto a hard master that has surface features.  PDMS is subsequently cured and 

peeled from the master and used as a stamp as schematically illustrated in Figure 4.5(a).  

We use a PDMS stamp with cylindrical pillars of 60 µm radius and 100 µm height with 30 

µm inter-pillar distance to induce infiltration into circular regions in 27 nm-SiO2 NP films 

with a thickness of 250 nm. Patterned regions can be clearly observed to the naked eye due 

to the difference in the refractive indices of the infiltrated and neat NP packings (Figure 

4.5(b)). The feature size imprinted on the NP films are comparable to the size of the patterns 

on the PDMS elastomers as seen in Figure 4.5 (c-d).  

PDMS oligomers that infiltrate into NP packings in LeCaRI are low molecular weight 

species and are therefore highly mobile. Thermal energy is sufficient to induce diffusion 

of the oligomer chains, and this motion is expected to occur even within the NP packing 

after LeCaRI at room temperature. The mobility of these oligomers can be directly 

observed by monitoring freshly prepared circular patterns over a period of one week. As 

shown in Figure 4.6(a), the patterns fade over time and the contrast difference between the 

infiltrated and the originally uninfiltrated regions decreases with time as seen in Figure 
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4.6(b-c) which shows the average grayscale intensity of pixels in a rectangular region 

drawn around the patterns for freshly made samples (red) and samples observed a week 

later (blue).  

The contrast in the intensities of patterned region seen in the red curve are reduced in the 

blue curve indicating lateral spreading of the oligomer over time.  Patterns which spread 

out and fade away over time offer potential applications in making self-destructive patterns 

with coded messages that can vanish away with time. Another promising application is in 

the manufacture of patterned surfaces with a graded wetting properties which has been 

previously been realized by using topographic features on surfaces.214 LeCaRI enables 

room-temperature and solvent-free fabrication of patterned regions with a uniform gradient 

in wetting without using any tedious or costly micro-patterning techniques. 

Although spreading of infiltrated oligomers can provide advantages for some applications, 

it could also be desirable to permanently fix the freshly prepared or laterally graded patterns 

for other applications. To demonstrate that patterns can be permanently localized, we use 

a variant of commercial PDMS that can be crosslinked under ultraviolet (UV) irradiation. 

This UV-crosslinkable PDMS (UV-PDMS) is incorporated into the PDMS elastomer by 

simply adding it to the precursor prior to thermal curing. UV-PDMS is subsequently 

induced to undergo LeCaRI, leaching out of the PDMS elastomer and into the voids in a 

27 nm-SiO2 NP film with a thickness of 250 nm.  

When patterning is performed using UV-PDMS, a region with intermediate light intensity 

between the infiltrated (purple region) and uninfiltrated (dull yellow) regions is observed 
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close to the edge of the pattern (blue arrow in Figure 4.6(d)). This intermediate region 

indicates that there is an immediate lateral spreading of the oligomer. The width of this 

middle region increases with time as indicated by the red arrow in Figure 4.6(e) as well as  

 

Figure 4.6: Patterns observed using an optical microscope (a) soon after LeCaRI, and (b) one week after 

pattern preparation. (c) Average grayscale Intensity measured in the red rectangular region in a) normalized 

by the total intensity. UV-PDMS oligomer-infiltrated film (d) soon after patterning and (e) 3 hours after 

pattern preparation without UV irradiation. (f) Intensity change observed within the area noted with a red 

rectangle in (d). UV-PDMS oligomers infiltrated films (g) soon after patterning and (h) 3 hours after 

patterning with UV irradiation. (i) Intensity change observed within the area noted with a red rectangle in 

(g). 
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the intensity profile in Figure 4.6(f). The spreading front moves approximately 80 µm in 

distance in 3 hours. When the patterned LeCaRI film is irradiated with UV upon producing 

the pattern via LeCaRI, no spreading of this intermediate region is observed as observed in 

Figure 4.6(g-i), due to the crosslinking of UV-PDMS oligomers inside the NP film; the 

crosslinked UV-PDMS loses the mobility to undergo spreading.  Thus, patterns can be 

permanently locked into the original regions where LeCaRI has taken place. 

4.4 Conclusions  

In conclusion, we have presented a powerful and rapid method to induce infiltration of 

oligomeric species from PDMS elastomer into NP films, which can be used to pattern 

PINFs. The entire process is completed in a matter of seconds at room temperature without 

the need for solvents, there is immense possibilities in up-scaling the process to enable 

scalable manufacturing of patterned PINFs. LeCaRI films have high fill fractions of NPs 

and the extent of oligomer infiltration can be controlled by varying the humidity of the 

surroundings and the NP size. The patterns of PINFs prepared using PDMS spread over 

time giving lateral gradients in compositions. The patterns can also be locked in 

permanently by inducing crosslinking of infiltrated oligomers, which we demonstrate using 

light-activated crosslinking. The incorporation and subsequent infiltration of UV-PDMS 

suggests that LeCaRI can potentially be used with other species that can be incorporated 

in PDMS or other types of elastomeric network (e.g., polyurethane), making it a general 

method of patterning PINFs with low glass transition temperature polymers.  
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There are multiple fundamental questions as well as interesting avenues for further 

extension and development of this work. The lateral spreading of oligomers provides a 

powerful platform to study the transport phenomena in nanoporous structure with high 

degrees of confinement. By infusing PDMS elastomers with monodisperse PDMS chains, 

it will be possible to study the impact of confinement on the dynamics of PDMS by simply 

following the spreading of patterns using optical microscopy.  Technologically, the 

laterally patterned and graded regions can be engineered to have properties desired for 

applications in water management, microsensors, photonic and optical applications.   
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Chapter 5 Rouse-like motion of confined polymers in the pores 

of nanoparticle packings  
This chapter is adapted from work that is under preparation for publication. 

5.1 Introduction 

Understanding the motion of polymers under extreme nanoconfinement is of relevance in 

various phenomena and processes such as tribology, adhesion, and microfabrication.237–239 

In self-healing polymer nanocomposites, for example, the transport of chains to the site of 

damage sets the timescale for the recovery of original properties.6–8 The motion of polymer 

chains within crosslinked network controls the bulk as well as the surface properties of 

elastomers.240 Furthermore, the motion of biological macromolecules like DNA and 

proteins on the surface of lipid bilayer membranes and in crowded cellular environments 

is responsible for several metabolic processes.241,242  

Under extreme nanoconfinement, the dynamics of polymer chains can deviate significantly 

from that in bulk and the scaling of kinetic parameters like diffusivity and viscosity with 

chain length can be different from the bulk scaling. Several observations and models 

describing the effect of confinement on the dynamics of polymer chains under extreme 

nanoconfinement have been reported. A modified version of the bulk reptation model for 

polymers reptating close to attractive interfaces has been developed to account for the 

observed scaling, D  ̴N-1.5.243 The deviation from the bulk reptation scaling in this case was 

explained by additional friction arising from the interaction between the monomers of the 

entanglement tube and the surface. One study describes the dependence of the reduced 

diffusivity of polymers in nanocomposites with the interparticle spacing normalized by the 
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polymer size.37 With a reduction in the confining dimension, the diffusivity of polymeric 

species decreases irrespective of the nature of the nanoparticle and across polymer 

molecular weights. The reduced diffusivity values for polystyrene melt in a nanocomposite 

with silica nanoparticles either grafted with polymeric chains (soft nanoparticle) and small 

ligands (hard nanoparticle) collapse onto a single curve when plotted against the 

interparticle distance normalized by the chain size. Thus, the extent of confinement given 

by interparticle distance divided by the chain size emerges as the dominant factor 

controlling the dynamics of polymers in nanocomposites. In another model developed for 

polymeric diffusion in porous media such as disordered solids, pores of a gel, and 

concentrated polymeric solutions, the reduction in diffusivity is governed by the entropic 

barriers that polymers must overcome to diffuse from one region to another. This entropic 

barrier model predicts stronger scaling of diffusivity in the higher molecular weight regime 

over bulk reptation, D  ̴N-3.181,244–246 Chain diffusion in media with random distribution of 

porosity is thus understood to be controlled primarily by entropic bottlenecks as the chains 

move from one confining domain to another. Polymers undergoing capillary rise-driven 

imbibition into nanopores of a nanoparticle packing exhibit significant deviations from 

bulk dynamics. As the degree of confinement increases, unentangled polymers show 

slowdown in segmental and chain-level motion, whereas entangled chains exhibit faster-

than-bulk chain motion.45,46,80,81,84,247,248 At extremely high levels of confinement, chain 

motion becomes independent of the molecular weight – a surprising observation for 

polymeric chains.248 Thus, the perturbations to the nature of dissipative processes active in 

nanoscale transport of polymers flows could arise from physical confinement and 
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interfacial friction. It is therefore important to study polymeric transport in confined 

environments to understand the factors controlling the rate of motion. 

In addition to interfacial interactions and confinement, atmospheric humidity could be an 

important factor influencing the dynamics of polymers under confinement. Condensation 

or adsorption of ambient moisture in hydrophilic polymers leads to plasticization of 

polymeric thin films leading to faster dynamics in the bulk and confined geometries.249–252 

However, there have been reports of “antiplasticizing” effects like slowdown in dynamics 

and suppression of the free surface effect (enhancement of thin film dynamics) by small 

molecules and adsorbed water.253,254 While these studies mostly investigated the effect of 

water sorption on hydrophilic polymers, the impact of water adsorption, absorption or 

condensation on dynamics of polymers in nanocomposites remains less well understood. 

Such a phenomenon has been associated with degradation in mechanical properties like 

flexural strength and tensile strength of polymer nanocomposites.12–14 Water condensation 

in these reports is believed to weaken the interaction between the polymer and the particle 

and undermine the property enhancement expected in nanocomposites. Water adsorption 

on interfaces can also increase the strength of interfacial adhesion. Nacre-like biomimetic 

composites made with montmorillonite clay nanoparticles and a biological polymer called 

Xyloglucan show enhanced mechanical reinforcement with increase in relative humidity 

owing to water-mediated strong polymer-particle interactions.255 In other studies, loss of 

interfacial adhesion was markedly associated with an increase in relative humidity and 
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interfacial water content.256 Thus, adsorbed and condensed layers of water play an 

important role in determining polymer dynamics especially close to interfaces.  

In this study, we investigate the effect of confinement and water on the translational motion 

of a low glass transition polymer, polydimethylsiloxane (PDMS) in dense packings of SiO2 

nanoparticles. As a platform to study the motion of PDMS under extreme 

nanoconfinement, we use a recently developed method of leaching-enabled capillary rise 

infiltration (LeCaRI) to fill a region of a dense packing of SiO2 nanoparticles. Leaching-

enabled capillary rise infiltration (LeCaRI) is a technique to infiltrate low Tg, mobile chains 

from an elastomeric gel into the pores of a nanoparticle packing.111 Close-packed packings 

of SiO2 nanoparticles provide networks of inter-connected concave pores; the average pore 

size in these packings is approximately 30% of the particle size. By varying the molecular 

weight of the polymer, the degree of confinement experienced by the polymer can be 

increased with increasing chain size relative to the pore size. Tracking the lateral motion 

of PDMS in the pores of SiO2 nanoparticle packing can thus provide insights into confined 

polymer dynamics. Moreover, capillary condensation and adsorption of water in the 

nanopores of the SiO2 nanoparticle packing can also affect the polymer flow by mediating 

the interactions between the polymer and the particle surface. With increasing humidity, 

the higher amount of condensation of water into the pore spaces potentially provides 

additional constriction to polymeric flow.   

Infiltration can be induced locally to form patterns by limiting the contact area between the 

gel and the particle packing. The mobile chains of PDMS spontaneously diffuses from the 
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filled region of the particle packing to the adjoining unfilled region. Unlike the capillary 

rise of polymer melt into porous media driven by a strong capillary pressure exerted by the 

wetting meniscus, this motion of polymeric chains is driven by gradients in polymer 

concentration (i.e., unfilled vs filled regions) in the absence of an external reservoir of 

polymer melt and occurs predominantly by surface diffusion. The translational motion of 

polymer chains can be observed readily using optical techniques such as optical 

microscopy and ellipsometric mapping of the refractive index gradient. The resulting 

concentration profiles are analyzed to extract an effective diffusion coefficient for the 

moving polymers. Confined polymeric chains (Rpore < Rg, confinement ratio CR = Rg/Rpore 

> 1) show Rouse-like scaling, despite being entangled in bulk, suggesting dissipation due 

to friction between the monomer and the particle surface. Surprisingly, increasing humidity 

leads to faster motion of polymer chains possibly due to reduction of the polymer- particle 

friction. Faster motion with increased condensed water in the nanopores along with slower 

mobilities of underconfined polymers compared to the confined polymers signal the role 

of attractive SiO2 nanoparticle interface in slowing the motion of polymer chains. The 

interface provides frictional dissipation to the motion of the chain which leads to the 

entangled polymer chains obeying Rouse-like scaling under confinement. Together, 
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interfacial interactions and nanoscale confinement exert a strong influence on the motion 

of polymer chains inside nanopores. 

5.2 Methods 

5.2.1 Materials 

SylgardTM 184 PDMS is obtained from Ellsworth adhesives as a two part mixture A and 

B. Silicon wafers (single-side polished, N doped, 100 plane, 10 cm diameter, 0.5 mm 

thickness, 0-100 Ohm-cm resistivity) are procured from University Wafers. 30  wt%  

colloidal  dispersion  of  27  nm  LUDOX®  TM-50  silica (SiO2) nanoparticles is purchased  

from  Sigma  Aldrich. Α-Sec-Butyl, Ω-Trimethylsiloxy-terminated monodisperse PDMS 

m-PDMS of molecular weights 9000(9k), 17000(17k), 25000(25k), 35000(35k), and 

50000(50k) g/mol are obtained from Polymer Source Inc. 

5.2.2 PDMS gel preparation and depletion of gels 

               

      

         

      

          

             

         

           

         

                  

        

         
        

       

   

     

Figure 5.1: (a) LeCaRI (Leaching-enabled Capillary Rise Infiltration) based stamping of polymer loaded gel 

on region of the packing. Inset shows the obtained composite film with lateral gradient in polymer 

concentration from the filled (green) region to the unfilled (purple) region, (b) Optical microscopy image 

shows the diffuse front of moving polymer near the boundary of the filled (purple) and the unfilled (yellow) 

region, (c) Schematic shows polymer motion in the nanopores of a particle packing (shown in orange) from 

the filled to the unfilled region as indicated by the direction of the arrow. The capillary condensation of water 

inside the nanopores fills the nanopores with water (shaded as blue in the void space between the particles in 

green). 
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PDMS precursor A and B are mixed in a 10:1 ratio at room temperature and degassed using 

a vacuum degasser. The mixture is poured onto a clean petridish and cured at 80 °C for 2 

hours. The cured PDMS is cut into approximately 1 cm x 1 cm pieces and left in a toluene 

bath for 7 days with daily replacement of spent toluene. Toluene depletes the gels by 

removing uncrosslinked chains from the gels. Finally, the depleted gels are kept in ethanol 

for 24 hours followed by 24 hours in water to ensure progressive deswelling and removal 

of solvents.233 The gels are then dried in ambient conditions.  For loading higher molecular 

weight of m-PDMS, the same procedure is followed but precursors A and B are mixed in 

a 20:1 ratio to ensure larger mesh size in the cured gels. The larger pores allow for easier 

loading of the larger polymeric species.  

5.2.3 Loading of PDMS into depleted gels 

The depleted gels are swollen in a small amount of toluene for 1 hour. The swollen gel is 

loaded onto a stage in a homemade chamber with toluene bath underneath to ensure the gel 

stays swollen for longer. 50-100 microlitres of monodisperse m-PDMS of chosen 

molecular weight is poured on top of the swollen PDMS and the chamber is then sealed to 

ensure that the monodisperse m-PDMS can distribute into the pores of the depleted gel. 

The PDMS gel loaded with m-PDMS is then taken out after 24 hours and left in ambient 

conditions to dry.  For higher molecular weight of m-PDMS, the same procedure is 

followed but with a depleted gel obtained from PDMS gels prepared by mixing A and B in 

a 20:1 ratio.  

5.2.4 Fabrication of nanoparticle packings 
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Commerically obtained SiO2 NP suspension is diluted to 10–15 wt % with water. The 

solutions are bath-sonicated for at least 4 h and filtered using a 0.45 μm hydrophilic syringe 

filter purchased from Fisher Scientific. Silicon wafers are cut into approximately 1.25 cm 

× 1.25 cm squares. The wafers are rinsed with isopropanol and deionized water and dried 

with nitrogen. Subsequently, the wafers are treated by oxygen plasma treatment for 4 

minutes. The solutions are spin-coated on top of the cleaned silicon wafers using a WS-

400BZ-6NPP/Lite spin-coater from Laurell Technologies Corporation. Spin conditions are 

set at 2200–2500 rpm for 1.5 min to get nanoparticle packings of 250-300 nm thickness. 

Another round of spin coating is performed to get the required nanoparticle packing 

thickness of 500 nm. The film thickness and refractive index are measured using a J.A. 

Woollam Alpha-SE spectroscopic ellipsometer. The ellipsometry data are collected in the 

wavelength (λ) range of 380–900 nm at an incident angle of 70°. The raw ellipsometric 

data is analyzed as discussed under the data analysis section.  

5.2.5 Patterning of gels using LeCaRI and tracking front motion 

One half of the nanoparticle packing is contacted with the PDMS gel loaded with the 

monodisperse m-PDMS polymer for 2-5 minutes under 10-12 %RH in a closed low 

humidity economical glovebox. Higher contacting times are chosen for higher molecular 

weight of m-PDMS due to slower dynamics of infiltration. The patterned sample is then 

loaded onto the stage of a J.A. Woollam M-2000V spectroscopic ellipsometer to carry out 

mapping-based ellipsometry measurements on the sample. The mapping pattern is chosen 

to be a straight line of length 2100 microns and each reading is taken at 30-micron interval 
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starting from a position approximately 200-500 microns behind the front.  Each line scan 

measures and collects data over 68 points and takes an average of 11.5 minutes. The 

measurements are collected for a period of 14-16 hours to study the change in lateral optical 

properties of the film over the time period. The ellipsometry data are collected in the 

wavelength (λ) range of 300–1600 nm at an incident angle of 70°. Data analysis is done as 

discussed below.  

5.2.6 Data analysis 

The ellipsometric data is analysed using the CompleteEASE software package provided by 

J.A. Woollam. We use a model-based approach for the fitting of the amplitude change (ψ) 

and phase change (Δ) of the polarized light to a single-layer Cauchy model on a silicon 

substrate with a native oxide layer. The Cauchy model for each layer is expressed as 

n(λ)  =  A +  B/λ2  +  C/λ4  and k(λ)  =  0, where A, B, and C are the optical constants, 

λ is the wavelength (in µm), and n and k are the index of refraction and extinction 

coefficient, respectively. The fitting procedure allows extraction of physical parameters - 

the thickness and refractive index of the cauchy layer.  In case of a patterned or an unfilled 

nanoparticle film, the values correspond to the thickness and the refractive index of the 

film. For a mapping scan, the raw ellipsometric data over the wavelength region 650 nm 

and above is chosen for analysis to minimize the depolarization seen at lower wavelengths. 

The fitting is done for each point collected over a line scan and the resulting refractive 

index values are indicative of the local values in a region of the film. The refractive index 

profiles are then converted to a profile of concentration values which is then fit using a 
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custom-written MATLAB code to extract the diffusion coefficient as explained in the next 

section.  

5.2.7 Analysis of front profiles to extract Dspread 

This is done using a gaussian-convolution method. In free diffusion, the front profile 

evolves over time such that the profile at time t+δt is the convolution of the profile at time 

t with a guassian whose width is 2Dδt. Mathematically, this is represented as: 

𝑐(𝑥, 𝑡 + 𝛿𝑡) =
𝑐(𝑥,𝑡)

√4𝜋𝐷𝑡
⊗ exp (−

𝑥2

4𝐷𝑡
)            (5.1) 

where c represents the local concentration of the analyte at location coordinate x at time t. 

The gaussian is defined on the same coordinate system and is convoluted with the profile 

at time t to obtain the profile at time t + δt.  

The initial concentration profile at time t0 is convoluted with a gaussian of varying width 

to generate the resultant profile at time t. The experimentally obtained profile at time t is 

then compared to the generated profile to compute the error given by: 

𝑀𝑆𝐸 =  ∑ (𝑐(𝑥𝑖, 𝑡) − 𝑐𝑐𝑜𝑛𝑣(𝑥𝑖, 𝑡))  𝑖              (5.2) 

where i indexes all the points collected over a line scan at time t and cconv
 is the 

concentration profile generated by convolution of the profile at time t0 with the gaussian of 

width D(t-t0) . MSE is the mean square error which is the parameter assessing the quality 

of the fit between the concentration profile obtained by convolution and the measured 

concentration profile. For any given time t, the term D(t-t0) is varied from  0.01 to 100 

μm2/sec in steps of 0.01 μm2/sec and the MSE is evaluated for each value of D(t-t0). The 
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value of D corresponding to the smallest MSE is chosen as the Dspread(t) at time t. The 

average value of the Diffusion-like coefficient Dspread along with the MSE averaged over 

all the times t is reported in this study.  

5.3 Results and Discussion 

To study the motion of monodisperse polydimethylsiloxane (PDMS) in random packings 

of SiO2 nanoparticles, PDMS is loaded into selective regions of SiO2 nanoparticle packings 

via leaching-enabled capillary rise infiltration (LeCaRI). Disordered packings made of 27 

nm SiO2 nanoparticles are contacted with PDMS elastomers loaded with monodisperse 

PDMS (PDMS) of varying molecular weight as illustrated in Figure 1. LeCaRI leads to  

leaching of PDMS chains from the elastomer into the pores of nanoparticle packing in the 

region where the PDMS gel contacts the nanoparticle packing. To achieve highest possible 

fill fraction of polymers in the pores of the packing, LeCaRI is performed at a low humidity 

condition (< 12 %RH) which minimizes the amount of capillary condensed water in the 

nanoparticle packing. LeCaRI is performed to load one half of the surface area of the 

nanoparticle packing while the other half is left unfilled as shown in Figure 5.1(a). The 

volume fraction of the polymer in the pores of the packing is estimated based on the 

measurement of refractive index using a spectroscopic ellipsometer. An effective medium 

volume-based averaging relates the refractive index of the filled region to the bulk 

refractive indices of silica (1.475), PDMS (1.432), and void (1) which allows the estimation 

of the polymer concentration. Based on these calculations and the ellipsometric 

measurements of the filled region of the samples, the polymer fraction in the void space of 

the packing varies smoothly from the filled region to the unfilled region. Due to the lateral 
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variation in the concentration of polymer in the voids of the packing, there exist a gradient 

in refractive index. The boundary between the filled and the unfilled regions is marked by 

a diffuse front (indicating a gradient in intensity) as seen in the reflection-mode optical 

microscopy image shown in Figure 5.1(b).  

An ellipsometric mapping-based line scan across the sample in a region close to the front 

measures the variation in the refractive index from the filled region to the unfilled region 

as shown in Figure 5.2(a). This refractive index profile can be converted to an equivalent 

profile of local polymer concentration at different points along the sample from the filled 

to the unfilled region of the packing. Figure 5.2(b) shows concentration profile obtained at 

different times for PDMS of molecular weight 9,000 g/mol (9k PDMS) in a 2,010 μm wide 

region starting from the filled region and crossing the boundary into the unfilled region. It 

   

    

   

Figure 5.2: (a) Lateral variation in refractive index measured at 632.8 by spectroscopic ellipsometer over a 

2010 micron long region of the packing. Shown in the inset is the sample where the black region in the middle 

is the region over which ellipsometric mapping data was collected. The polymer is PDMS-9k moving in 27 

nm SiO2 nanoparticle packings (b) Refractive index profile obtained by ellipsometry can be converted to a 

map of local polymer fill fraction in the voids of the packing. The curves show local variation in polymer 

fraction at different times in the region of the packing. 
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is important to note that this mode of spontaneous transport of PDMS in the SiO2 

nanoparticle packing is fundamentally different from the meniscus driven motion of 

polymers in nanoporous media as has been previously studied in multiple 

reports.80,81,170,173,248,257 The motion in this case is driven by gradient in concentration 

without the porous media (i.e., nanoparticle packing) contacting a reservoir of polymer 

melt. 

The evolution in the concentration profile of PDMS within SiO2 nanoparticle packings with 

time is reminiscent of diffusion of an analyte diffusing in a semi-infinite medium.258 In the 

case of an analyte diffusion, the initial step profile in the concentration of the analyte 

evolves through mass transfer to give sigmoidal profiles over time. Fitting the 

concentration profiles to an error function allows extraction of the diffusion coefficient of 

the analyte in the medium. The concentration profiles of the polymer moving through the 

packing over time can be modeled in a similar manner to extract an effective diffusion 

coefficient Deff. Varying the value of Deff, convolution of the initial profile at time t0 with 

a Gaussian of width Deff·(t-t0) is performed to obtain the resulting profile at any time t. The 

difference between the resulting profile and the experimentally obtained data is evaluated 

as a mean square error (MSE) to estimate the quality of the model. Iteration of the process 

yields the best solution for Deff with the least possible error reported as MSE at various 

times.  

To study the effect of humidity and molecular weight on the transport of PDMS in SiO2 

nanoparticle packings, the movement of PDMS is tracked at 10-12 %RH and 47-54 %RH 
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using ellipsometry while the molecular weight of the PDMS is varied from 9,000 to 50,000 

g/mol. The entanglement molecular weight of PDMS is 12,000 g/mol.259 The average pore 

size in the packing is around 4 nm while the chain sizes of the polymers given by the radius 

of gyration (Rg) varies from 2.6 to 6 nm. The extent of confinement is expressed by the 

confinement ratio which is defined as the ratio of the Rg to Rpore. CR in this study varies 

from 0.6 to 1.5, PDMS with MW 25,000 g/mol and above are considered to be confined 

since the CR>1.  

Faster and more diffuse fronts are seen at the high humidity level indicating that an increase 

in the amount of capillary-condensed water and adsorbed water layers in the packing 

accelerates the transport of PDMS in SiO2 nanoparticle packings as shown in Figure 5.3(a). 

Figure 5.3(b) shows the Deff of PDMS-9k inside 27nm SiO2 nanoparticle packings at 10-

20 %RH and 45-55 %RH. Deff at 45-55 %RH is an order of magnitude larger than the value 

at 10-20 %RH.  At first, this observation is surprising because with increasing humidity, 

one expects the pores to be filled with an increasing fraction of capillary condensed water 

which is expected to have adverse effects on the motion of PDMS because of blocking of 

available void space for polymer motion. The high interfacial tension and immiscibility 

between PDMS and adsorbed water on silica can also lead to a reduced driving force for 

polymer transport. Although hydrophilic molecules undergo plasticization by humidity that 

results in faster relaxation dynamics249,250, here we observe enhanced transport with 

increasing humidity for PDMS which is a hydrophobic polymer.  
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We believe that this enhanced transport dynamics with increasing humidity is an indication 

that the silica-PDMS friction plays a crucial role in determining the speed of PDMS motion 

inside the packings. The dissipative frictional interaction between PDMS and the 

nanoparticle surface controls the speed of the polymer motion due to attractive interactions 

between PDMS and SiO2.
260 With increasing humidity, due to the presence of adsorbed 

layers of water on the surface of silica nanoparticles, the hydrogen bonding interactions 

between PDMS and silica are weakened leading to faster motion of the polymers on the 

silica surfaces. Such an effect has been reported previously for PDMS precursor films 

spreading on plasma-treated planar silicon wafers where an increase in spreading dynamics 

with increasing humidity has been explained by reduction in PDMS-SiO2 interaction by 

intervening water layers.261 Prior work using simulation tools also have indicated that water 

molecules adsorbed on silica surface can reduce the otherwise strong interactions between 

PDMS and SiO2 thereby leading to faster mobility of chains.262,263 Thus, our observation 

of enhanced dynamics with an increase in humidity is indicative of PDMS-silica friction 

and its modulation by adsorbed layers of water acting as lubricating layers leading to faster 

chain motion. 
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Figure 5.3: (a) Optical microscopy images show polymer motion over 14 hours - images on left are captured 

at time t=0 and images on left show front 14 hours later. PDMS-9k moves from the filled region(green) to 

the unfilled region(red) as a diffuse front(orange-yellow). Moving from top to bottom, each set of image 

shows the extent of front motion over 14 hours in three different samples observed at three increasing 

humidity levels. (b) Ellipsometric mapping based measurements are used to extract Dspread – a parameter that 

describes the rate of spreading of polymer in the nanoparticle packings. Plot shows measured Dspread and 

associated mean square error(MSE) in fitting the data at two different humidity levels for PDMS-9k in 27 

nm SiO2 packings. 

The effect of molecular weight of polymer on their motion provides additional insights into 

the importance and role of the polymer-surface friction. Figure 5.4(a) shows the measured 

Deff values for PDMS of different molecular weight. A decrease in Deff with increasing 

molecular weight indicates that size-dependent, chain-level relaxation processes control 

the rate of the polymer transport. To understand this dependence on polymer dynamics, 

Figure 5.4(b) shows the value of Deff plotted against the number of segments in the polymer 

N on a double logarithmic plot. Noticeably, the data points do not obey a single scaling 

across the entire molecular weight range; however, a closer examination indicates that the 

data at CR > 1 (PDMS of 25k, 35k, and 50k) gives a rouse-like scaling, Deff   ̴N
-1

. Terminal 

relaxation processes responsible for chain motion in the bulk have been quite well-studied 

over the years. For low molecular weight polymers, the chain relaxation statistics for a 
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polymer melt can be understood using the Rouse modes of diffusion. In this regime, the 

chain motion is controlled by segment-level friction ζ0 such that the total friction is Nζ0. 

This gives the expected Rouse-scaling of the chain diffusion coefficient as D ̴ N-1. At higher 

molecular weights due to topological entanglements experienced by the long chains, the 

characteristic scaling relationship associated with the reptation model is observed, D ̴ N-2. 

Near interfaces, the relaxation modes of a chain could be impacted due to perturbations in 

polymer conformations, interactions of the monomer/side chains with the solid surfaces, 

restricted motion of the chains normal to the solid surfaces, and adsorption of chains on 

non-repulsive walls.264–266 Reduction in diffusivity can also be accompanied by a change 

in the observed scaling with molecular weight indicating that key dissipative processes that 

are active in bulk might not be dominant in surface diffusion processes. 

The scaling obtained for Deff in the confined regime obeys the Rouse scaling (D ~ N-1) 

unlike the reptation scaling expected for bulk diffusivity (D ~ N-2) in the entangled regime. 

This observation indicates that the majority of friction that controls the translational motion 

of polymer chains comes from the segmental friction which arises from their interaction 

with the nanoparticle surface. The absence of reptation scaling indicates that the role of 

topological entanglements in the motion of the chains is minimal as opposed to the friction 

between nanoparticles and polymer chains. The total friction force acting on the chain 

scales linearly with the number of segments in the chain which leads to the Rouse-like 

scaling observed in the confined regime. This can be seen as indirect evidence of 

disentanglement under confinement as seen in previous studies involving capillary rise of 
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polymeric liquids45,46,53,128,267 and mechanical properties of composites.5,268,269 We 

acknowledge that the molecular weights we use to extract the Rouse-like scaling exponent 

is a narrow range of 25k – 50k MW but due to experimental limitation of loading higher 

molecular weight PDMS into gels, we are limited to these molecular weights. The critical 

molecular weight at which polymer dynamics start to be impacted by entanglement (Mc) is 

usually taken to be 2.5 times the entanglement molar mass (Me);
259 this gives us Mc = 25000 

for PDMS (Me = 12000 g/mol). Similar to other reports of protracted onset of 

entanglement,270–272 it might be possible that the reptation scaling can only be observed 

with very high molecular weights in this system. Thus, it might be argued that we are in 

the crossover regime where the dynamics are intermediated between the rouse and the 

reptation regime. However, most reports of dynamics scaling in crossover regime show 

steeper reduction of diffusivity with a scaling exponent larger than 1.272–274 Instead, we 

observe rouse-scaling for polymers at molecular weights for which bulk dynamics start to 

obey reptation scaling from Me = 10000-20000 g/mol.274,275 Rouse-like scaling for 

diffusive motion of polymer melts has been reported before in the context of precursor 

films of polybutadiene, poly(vinyl acetate) monolayer on air-water surface and PDMS 

droplets spreading on silicon wafers; however, such observation has not been made for 

polymers confined in porous media previously.276–279 Thus, the scaling of Deff inversely 

with chain size and the increase in dynamics with increasing humidity leads to the 

conclusion that the interfacial friction arising from strong hydrogen bonding interactions 

between the silica and PDMS dominates the dynamics of PDMS motion on silica. 
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Figure 5.5.4: (a) Measured Deff values (in  blue diamonds) and associated error in fitting MSE (in red squares, 

y-axis on the right) for different molecular weight (MW) of monodisperse PDMS at 45-55%RH, (b) Scaling 

of Deff obtained with number of Kuhn segements of m-PDMS. 

Interestingly, Figure 5.4(b) shows the additional slowing down of less confined chains 

where Deff  for PDMS 9k and 17 kg/mol lie below the Rouse scaling as indicated by the 

dashed line. The lower molecular weight PDMS are slower than expected and lie below 

the expected scaling from the higher molecular weight confined polymer Deff values. Our 

results of Rouse-like scaling and humidity-dependent diffusivity suggest that the interface 

between PDMS and SiO2 plays a critical role in determining the friction acting on the 

polymer chain. The adsorption-desorption kinetics of PDMS on SiO2 and the resulting 

chain conformations of the adsorbed chains may therefore play an important role. Previous 

studies have reported on dynamically arrested and slowed down interlayers on the surface 

of silica particles in PDMS melts. The magnitude of slowdown of these layers depends 

non-intuitively on the molecular weight of the chains; lower molecular weights have shown 

slower segmental relaxation than higher molecular weights due to adsorption effect in 
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many instances.280–282 Conformations of adsorbed chains are described as a series of 

surface-adherent trains interspersed with loops of free monomers, and dangling chain ends 

called tails. The relative fraction of loops, trains, and tails of the adsorbed fraction of the 

chains may be responsible for the slower motion of the smaller chains as opposed to the 

longer ones.281,282 With increasing chain length, it is generally observed that there are fewer 

trains, more loops, and longer tails.283 Atomistic simulations of polyethylene adsorption on 

graphite surfaces show that shorter chains show a larger fraction of train-like adsorbed 

segments close to the graphitic surface and the shortest chain length reported in this study 

shows almost flat configurations bound to the surface.284 Shorter chains have been shown 

to adsorb more strongly and with greater density due to a greater fraction of chain ends 

acting as anchor points on the particle surface while longer chains adsorb in a configuration 

with more loops.282,285 This is believed to lead to faster relaxation dynamics for longer 

chain lengths and slow, more cooperative relaxation for shorter chains. Additionally, strong 

adsorption may lead to trapping of chains in non-equilibrium conformations and lead to 

slowing down of the chain motion. This has been observed previously in the motion of 

polymer chains adsorbed from melt onto surfaces and proteins and hydrophilic polymers 

from solutions onto surfaces.286–289  In chain relaxation measurements of adsorbed 

unentangled cis-(1,4-)polyisoprene in anodic aluminium oxide(AAO) nanopores (pore size 

= 25-400 nm), low molecular weight (MW = 560 g/mol) are slowed down more compared 

to higher molecular weight chains (MW = 5250 g/mol).280 An interesting point to consider 

is that the chains that are not immediately adjacent to the surface may still be impacted by 

being entangled by the loops and tails of the adsorbed chains.290,291 While detailed analysis 
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of the chain states and measurements on the segmental relaxation rates can help address 

the exact reasons behind the additional slowdown of smaller chains, we postulate 

adsorption as a major source of slowdown of lower molecular weight chains. 

5.4 Conclusions 

In this study, we have investigated the spontaneous translational motion of PDMS from a 

filled region of a densely-packed nanoparticle packing to an unfilled region through surface 

diffusion. Extraction of an effective diffusion coefficient parameter Deff for various chain 

sizes and humidity values elucidates the role of surface friction and confinement on the 

motion of polymer chains. Interfacial effects mostly dominate leading to Rouse-like scaling 

for entangled chains at confinement ratios greater than 1, whereas the underconfined 

polymers experience additional slowdown possibly due to adsorption effects. Increase in 

humidity value leads to faster motion of the polymers which is explained by reduction in 

particle-polymer friction due to presence of intervening adsorbed layers of water which 

screen the attractive interactions between PDMS and SiO2. Together, confinement and a 

strongly attractive interface influence the dissipation occurring during the surface diffusion 

of highly confined polymers more so than the topological entanglements that are typically 

important in the bulk. The motion of polymers in confined porous media can be harnessed 

for understanding the dynamics of relaxation processes that determine the mechanical 

response of polymer-filled porous materials, nanocomposites, and membranes to external 

loads. We have also probed the effects of an external environment trigger like atmospheric 

humidity and ensuing water condensation on the motion of the polymer on the particle 
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surface. Humidity-accelerated polymer motion of hydrophobic polymers such as PDMS in 

highly hydrophilic porous media could be used for cleaning of fouled membranes and oil 

recovery applications. This study provides a glimpse at the complex interplay of factors 

governing the motion of polymers confined in nanoporous media, and this knowledge can 

be harnessed in the manufacturing and optimization of polymer coatings, highly-filled 

polymer nancomposites, and patterned surfaces.   
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Chapter 6 Summary and Outlook 

6.1 Summary 

Infiltration of polymers into the porous void space of randomly close-packed nanoparticle 

packings creates polymer-infiltrated nanoparticle films that surpass the properties and 

performance of the individual starting materials. To utilize the novel properties of these 

composite materials and to scale-up their synthesis, the factors affecting the dynamics of 

polymer motion within and into the pores of the nanoparticle packings need to be 

understood comprehensively. This thesis demonstrates that the motion of confined 

polymers in the tortuous pores of the nanoparticle packing is influenced by the 

nanoconfinement and interfaces in the nanoparticle packing as well as atmospheric 

humidity. The work in this thesis has focused on understanding the role of competing 

polymer-nanoparticle and polymer-solvent interactions, the level of nanoconfinement, and 

the amount of capillary condensed water on the motion of polymer chains during and after 

infiltration.  

Chapter 1 presents an overview of the importance of studying dynamics in soft matter 

systems in general and polymers specifically. A review of the literature on the effect of 

confinement on polymer dynamics at the chain and the segmental level reveals the rich 

diversity of often conflicting ideas and results in this field. We expand on the suitability of 

polymer-infiltrated nanoparticle films as media to study the effect of confinement, 

interfacial interactions, and humidity on polymer dynamics. This chapter introduces the 

reader to our system, the factors affecting infiltration dynamics, and details our plan to 

investigate these factors.  
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Flooding the nanoparticle packings with capillary condensed solvent can induce motion of 

polymers into the porous media by the plasticization effect of solvent on the polymers. 

Chapter 2 details the role of competing solvent-polymer and nanoparticle-polymer 

interactions on polymer infiltration which was investigated by tuning these interactions in 

a molecular dynamics simulation of a coarse-grained model of the system. We observe that 

with increasing the interaction strength between the polymer and the nanoparticle, the 

mode of polymer motion into the solvent-filled nanopores goes from solvated-polymer 

translocation (“swimming regime”) to surface-mediated (“crawling regime”) motion. The 

polymer-nanoparticle interaction strength is also seen to play a critical role in controlling 

the rate of infiltration – at intermediate strengths of interaction, fastest polymer infiltration 

is seen. Thus, the rate processes controlling motion of polymers into solvent-filled 

nanoparticle packings were investigated and an intermediate regime of fastest infiltration 

was delineated using simulations.    

The level of confinement in the system is set by the ratio of the average size of the polymer 

chain, given by the radius of gyration to the pore size, which varies linearly with the particle 

size. Hence, by varying the molecular weight and the particle size, the level of confinement 

experienced by the infiltrating polymer can be varied over two orders of magnitude. 

Chapter 3 presents our results on the motion of entangled polymers in the melt state 

undergoing capillary rise-infiltration into pores of packings made of 7 and 27 nm silica 

nanoparticles. Reduced segmental mobility is seen in both cases signaling that relaxation 

processes are slowed down with increasing confinement. Contrary to expectations from the 
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time-temperature superposition, the segmental-level slowdown does not translate to a 

reduction in chain mobility. Rather, in the 27 nm SiO2 nanoparticle packing infiltration 

occurs faster than predicted by bulk viscosity while in the 7 nm SiO2 nanoparticle packings 

the measured infiltration rate is molecular-weight independent. The model for pressure-

driven reptation of entangled chains developed by Yao et al175 is used to explain the former 

results while the latter observation of size-independent dynamics is still open for further 

theoretical exploration.  

In Chapter 4, we discuss a room temperature, scalable method called leaching-enabled 

capillary rise infiltration (or LeCaRI) to make composites with polymers whose Tgs’ are 

lower than room temperature. Briefly, mobile, uncross-linked oligomeric chains leach out 

when cured PDMS elastomers are brought in contact with the nanoparticle packings. 

Infiltration of these oligomers into the interstices of the packing is confirmed by 

ellipsometry (refractive index of packing increases) and the amount of infiltration is seen 

to depend on the particle size and atmospheric humidity. Patterned gels are made by 

embossing positively raised micron-sized features on top of the PDMS elastomer and using 

these gels for LeCaRI to create nanoparticle films with composites microdomains. The 

pattern fades away over time due to the motion of chains away from the patterned domains 

into the un-patterned regions and the diffuse front can be tracked using reflection 

microscopy. These self-erasing patterns can be used to generate composites with graded 

patterns. The patterns can also be frozen in space by cross-linking the infiltrated UV-

crosslinkable oligomers using UV radiation. Thus, the LeCaRI process offers unique 
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patterning capabilities and easier control over the amount of polymer in the pores of the 

packing.  

Chapter 5 studies the room-temperature spontaneous lateral motion of PDMS in silica 

nanoparticle packing as seen in polymer-infiltrated nanoparticle films where one half of 

the film is selectively filled with the polymer. Polymer from the filled region moves into 

the unfilled region as a diffuse front. Spatiotemporal tracking of the concentration profiles 

using ellipsometry enables the description of the polymer transport using diffusion-like 

kinetics. Studying the dependence of the diffusion coefficient on polymer molecular weight 

(9k – 50k g/mol) and atmospheric humidity helps us understand the factors affecting this 

motion and the role of confinement on polymer chain dynamics. The diffusion coefficient 

of confined chains scales linearly with the inverse of the molecular weight indicating a 

Rouse-like behavior. Typically, entangled polymers in the bulk are believed to reptate 

through topological confinement placed by neighboring chains. This Rouse-like behavior 

seen in motion of entangled polymers under extreme nanoconfinement indicates that the 

major source of friction to chain diffusion comes from the interaction of the chain segments 

with the nanoparticle surface. We have also observed that an increase in atmospheric 

humidity leads to faster transport of polymers. This can be explained by considering the 

role of adsorbed water on silica surface in reducing the friction between PDMS and silica, 

thereby acting like a lubricant and enabling faster translational motion.  
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6.2 Outlook 

6.2.1. Capillary rise infiltration dynamics of polymers in nanoparticle packings  

The infiltration dynamics of entangled polymers undergoing CaRI into silica nanoparticle 

packings of two different diameters – 7 and 27 nm were investigated in this thesis.  

Reduction in effective viscosity of polymers in 27 nm SiO2 nanoparticle packings when 

compared to the bulk polymer viscosity and the linear scaling of effective viscosity with 

molecular weight were explained by theoretical models developed by Yao et al175 and 

Johner et al.180 In the modelling work performed by Johner and co-workers, the infiltration 

dynamics have been extended to the case of pores with very large capillary pressure such 

that non-linear rheology leads to polymer effective viscosity becoming independent of 

molecular weight. This was seen in our results on the capillary rise of entangled PS into 7 

nm SiO2 nanoparticle packings where the measured effective viscosity becomes 

independent of the molecular weight. While it is heartening to see that the observation is 

matched by independent theoretical predictions, we still do not fully understand the exact 

reason behind the size-independent flow dynamics seen for extremely confined polymers. 

Chapter 3 considers possible effects arising from the high level of confinement experienced 

by the chains in the very narrow pores (~1 nm pore radius) of the 7 nm SiO2 nanoparticle 

packings (an effect known as hyperconfinement) and the slip of polymer melt on the silica 

nanoparticles but no definitive reason has been able to successfully explain the observed 

dynamics. Specifically, we would like to understand the following aspects:  
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1) what does the size-independent nature of infiltration mean for infiltrating polymer 

dynamics? Are any non-linear effects like stresses arising from chain perturbation, 

extension, orientation etc. responsible for this behavior? 

2) why is the size-independent viscosity observed only in the capillary rise into 7 nm SiO2 

nanoparticle packings? The confinement levels are higher than ever probed before in the 

CaRI system or by other research groups using AAO pores, mesoporous materials, etc.  

Could the extreme nanoconfinement or the high capillary pressure generated in the pores 

be responsible for the infiltration dynamics? Can we define a cutoff pore size below which 

such effects begin to be seen?  

Further theoretical work should be focused on modelling the flow dynamics of polymers 

undergoing infiltration into nanoparticle packings made of <10 nm nanoparticle packings. 

The factors contributing to the flow resistance should be delineated to understand their 

dependence on molecular weight. Simulations can also help probe the structure of the 

infiltrating polymer melt simultaneously and the degree of orientation of chains or their 

segregation can hold key to the reasons behind the molecular weight-independent dynamics 

seen in the 7 nm SiO2 nanoparticle packings.  

Another way in which the dynamics and thermodynamics of polymers in highly confined 

conditions can be probed is through capillary rise into nanoparticle packing with polymer 

brushes grafted on the nanoparticle surface. This system offers opportunities to understand 

the effect of soft confinement on polymer chains and the degree of confinement of the 

infiltrating polymer can be tuned by appropriate choice of size and density of graft. By 
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taking advantage of a silane intermediate step, we are able to graft poly(acrylic-acid) 

(PAA) on the surface of silica nanoparticles in a nanoparticle packing made of 27 nm SiO2 

nanoparticle. The silica nanoparticle film is spin coated on the surface of silicon wafer by 

spin coating from an aqueous nanoparticle dispersion (15 % by wt. solution of Ludox TM-

50 in water). The nanoparticle film is then rinsed in water and isopropanol to get rid of 

condensed counterions and then plasma cleaned. Freshly plasma treated film is exposed tp 

a 0.5% by wt solution of (3-Aminopropyl)triethoxysilane(APTES) in toluene (total volume 

= 15 ml) and left undisturbed for 3 hours. The film is then removed from the solution, 

rinsed with a copious amount of toluene and then dried in air. The refractive index increases 

from 1.3 to 1.35 indicating the deposition of amine-functionalized layer on the surface of 

SiO2 particles. The film is then made to react with 1.5 by wt.% of PAA in 40 ml DMF for 

12 hours at 100 °C. This allows the grafting of PAA on the SiO2 surface by an amide 

linkage between the carboxylic groups on the backbone of the polymer chain with the 

amine group on the nanoparticle surface. A further increase in refractive index of the film 

from 1.35 to 1.4 indicates that the grafted-to approach results in the formation of polymer-

grafted nanoparticle packings. Further work can be performed to optimize the density and 

length of the polymer brush on the particle surface and study the infiltration dynamics of 

polymer into these modified nanoparticle packings. The presence of a dense layer of 

polymer brush on the surface of the silica nanoparticles can reduce the enthalpic drive for 

infiltration and increase the entropic resistance due to the loss in entropy of the confined 

polymer as well as the brush. This can have interesting effects on the dynamics and 

thermodynamics of infiltration into the nanoparticle packings.  
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6.2.2 PDMS-water and silica – condensation and dewetting behavior arising from the 

interplay of mutual affinities and exclusivities 

Owing to the fact that the LeCaRI process can be accomplished at room temperature 

without any heating, water condenses in the nanopores and occupies the void volume 

during and after infiltration. The capillary condensation of water into the nanoparticle 

packings has impact on the infiltration process and the dynamics of polymer chains within 

the packings. As seen in section 4.3, the presence of water inside the nanoparticle packing 

limits the amount of polymer infiltration. Furthermore, Section 5.3 shows that the mobility 

of PDMS spreading under confinement in the nanopores is enhanced with increasing 

humidity as the condensed water reduces the friction between the particle and the polymer. 

Water and PDMS have no preferential interactions but both water and the low surface 

energy polymer are drawn into the pores of the packing by capillarity and strong 

interactions with the silica nanoparticle surface.  

The presence of both water and polymer in the nanopores of the nanoparticle packing and 

the interplay between nanoparticle-water-polymer arising from mutual affinities and 

intermolecular forces can give rise to interesting phenomena. The LeCaRI films, when 

immersed in water, undergo dewetting by gradual loss of polymer from within the pores. 

Typically, the refractive index of the composite film decreases from 1.44 to 1.4 over many 

days of immersion in water indicating polymer expulsion from porous space. One pertinent 

question is: what happens when a low-Tg infiltrated nanoparticle film is exposed to high 

humidity? Answering this question is important not just to understand polymer-particle 
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interactions in the presence of water but also to elucidate the effect of humidity on the 

performance of these composite films made by PDMS infiltration into hydrophilic silica 

nanoparticle packings. Our preliminary results show that based on the preparation 

conditions that affect the surface of the nanoparticle film, one can observe either 

condensation of water on the surface of the packing or expulsion or dewetting of polymer 

from the nanopores onto the surface of the composite film.  

When a LeCaRI film made by stamping of PDMS gel on a spin-coated TM-50 27 nm SiO2 

nanoparticle film is exposed to saturated water vapor using a homemade airtight chamber, 

condensation of water is observed on the surface of the composite film. The saturated vapor 

is created by taking advantage of the room temperature vapor pressure of the water inside 

the chamber without any heating. (Figure 6.1(a)) The film is held at room temperature 

without any subcooling. The condensation of water on the surface and the growth of 

droplets to sub-micron sizes occurs spontaneously at room temperature. Figure 6.1(b) 

shows the optical microscopy images of the condensed water droplets on the surface of the 

composite film. The dropwise condensation of water on the surface is also seen for 

polystyrene-infiltrated nanoparticle film and PDMS-infiltrated films in which PDMS has 
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been crosslinked. (Figure 6.1(c)) This confirms that the droplets observed are made of 

water rather than of polymer.   

Bare nanoparticle films which have not been filled with polymer in the pore spaces also 

show dropwise condensation for packings made from 27 nm SiO2 nanoparticles (Figure 

6.1(c)). Contact angle hysteresis has been known to lead to dropwise condensation on 

hydrophilic films, albeit under subcooling conditions.292 An important observation is that 

the kinetics of droplet growth/condensation on the surface of polymer-filled nanoparticle 

films is much faster than on the surface of bare nanoparticle films. Figure 6.1(d) contrasts 

polymer-filled and bare sides of a nanoparticle packing and show that the amount of 

condensation on the polymer-filled region is much higher. On bare silica films, the droplet 

growth and condensation take place over several minutes (5-10), whereas the polymer-

   

       

          

     

        

         

   

      

   

Figure 6.1: (a) Saturated atmosphere chamber made by assembling 3-D printed cover and a base that holds 

the pool of water and a stage for the sample. (b) Condensed water droplets on surface of 27 nm silica 

nanoparticle packings infiltrated with PDMS. (c) from left to right – water condensation on polystyrene-

infiltrated 27 nm silica nanoparticle packings, infiltrated PDMS where the polymer has been crosslinked 

post-infiltration, bare nanoparticle film. (d) preferential condensation on surface of polymer-infiltrated 

region compared with the bare nanoparticle region that shows no dropwise condensation. (e) The 

condensation on a polymer-infiltrated nanoparticle film is selectively removed from the region which was 

beneath a droplet of water showing that exposure to water eliminates condensation supporting nature of the 

film. 
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filled films exposed to the same conditions are covered with microscopic droplets in a few 

seconds. We believe that the heterogenous surface composition of the composite film and 

the concave domains of the protruding heads of the nanoparticles provide the necessary 

surface topography to facilitate condensation at room temperature. The reduced contact 

angle hysteresis and friction leads to faster Oswald ripening and coalescence and growth 

of the water droplets on the surface of the polymer-filled films. (Figure 6.2) 

 

Figure 6.2: Schematic showing hypothesized mechanism for observed room-temperature condensation of 

water on surface of polymer-infiltrated films. Capillary condensation creates condensed water bridges at 

room temperature on the nano-concave asperities at the top of the film. The presence of polymer expels the 

condensed water to the surface which then grows by coalescence and/or Oswald Ripening. Inset on left shows 

surface evolver simulation of condensed bridge of water between two spherical nanoparticles. Inset on right 

shows the surface of a polymer-infiltrated nanoparticle film covered with droplets (scale bar = 50 microns).  

We observe that the condensation of water on the surface of the polymer-infiltrated films 

is suppressed if the film is rinsed in water. Figure 6.1(e) shows that the region which was 

exposed to a sessile water droplet loses its ability to support condensation after the water 

droplet is cleared away. This is seen in the reduction in the haziness of the film surface that 

is attributed to the build-up of condensation. This puzzling aspect challenges our 
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understanding of the mechanism behind the rapid dropwise condensation and makes it hard 

to tap into the technological possibilities of this discovery. A robust, rapid dropwise 

condensation-supporting surface operating at room temperature without any cooling can 

find applications in atmospheric water harvesting, water recovery in solar desalination 

units, heat exchangers and condensers.  

If a SiO2 nanoparticle film is rinsed with water prior to infiltration by LeCaRI, the resulting 

composite is prone to dewetting of PDMS and expulsion of polymer from the nanopores 

in the presence of water vapor. The PDMS inside the nanopores undergoes dewetting when 

the composite film is exposed to high humidity. Based on preliminary experiments, we 

believe that the PDMS is expelled out of the nanopores as a thin film on the surface of the 

nanoparticle packing and then undergoes dewetting due to inherent instability of a thin film 

of PDMS atop a water-filled silica nanoparticle packing. Figure 6.3(a) shows the dewetting 

motion as seen through an optical microscope. Flower-like fronts of moving PDMS, edge 

retraction and breakup into droplets are seen which are characteristic of dewetting of 

unstable thin films.  

Finally, we have been able to retrieve the expelled polymer into a depleted gel by leaving 

the depleted gel and the polymer-filled film in conformal contact in a humid chamber. As 

the condensing water pushes out the polymer, the dewetted polymer is collected into the 

depleted PDMS gel. (Figure 6.3(b)) Complete removal of polymer from the pores by 

dewetting can take >2 hours and the PDMS gel which holds the retrieved polymer can be 
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used for further stamping onto a new, bare nanoparticle film. A control sample where the 

depleted gel and the composite film are held at room humidity conditions does not show 

any motion of polymer from the nanoparticle packing into the gel confirming the role of 

water condensation and resultant dewetting in this process. The dewetting and retrieval of 

polymer from withing porous void spaces can have immense applications in membrane 

cleaning, oil recovery, and in understanding the stability and dewetting dynamics of 

ultrathin polymer films.  

Figure 6.3: (a) Silica nanoparticle films made from 27 nm silica are washed before infiltration fills the pore 

space. The resultant composite films show dewetting patterns when exposed to humid atmosphere. (b) When 

a polymer-infiltrated nanoparticle film is held along with a depleted PDMS gel in humid atmosphere, the 

polymer can be leached outwards into the gel. This polymer-loaded gel can then be used for another round 

of stamping.   
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Figure 6.4: Possible mechanism for polymer dewetting from within the nanoparticle films upon exposure to 

humidity – pictured pathway shows the growth of water capillary bridges expelling polymer from within the 

porous space, followed by the formation of a thin film of polymer on the surface of the packing which dewets 

following thin film instability. 
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A pathway can be hypothesized for the dewetting action: polymer might be expelled from 

within the pores due to growth of water capillary bridges, the expelled polymer first forms 

a thin film which then undergoes dewetting on top of the water-filled nanoparticle film. 

Future work is needed to detail the mechanism behind the dewetting process.  

6.2.3 Loading of gels 

As we shown in Section 5.3, depleted gels which are void of uncross-linked PDMS chains 

can be loaded with new polymer chains to make loaded gels. These loaded gels act as 

reservoir of high mobility polymeric chains which can be leached into the pores of a 

nanoparticle packing to create PINFs by the LeCaRI process. This can have immediate 

applications in extending the applicability and versatility of LeCaRI as a technique to create 

composite films. Any low Tg polymer can be loaded into the voids of a depleted PDMS 

gels and subsequently be extracted into nanoparticle films made from different 

nanoparticles to create a variety of polymer-nanoparticle composite structures. This can be 

extended to high Tg polymers by heating the loaded gels in contact with the nanoparticle 

packing to help induce wicking of the polymers into the nanopores. 

It is important to understand the loading thermodynamics and kinetics of a depleted PDMS 

gel with a polymer from a solution. Previous work in this area has focused on partitioning 

of proteins from solutions into hydrogels, polymers into gels to make double-network gels, 

and spherical and non-spherical solutes into coacervates.293–301 Researchers have 

extensively reported on the solute uptake of hydrogels e.g. drugs, small molecules, 

polymers, and proteins into polymer hydrogels. They varied the mesh size and the polymer 
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(solute) size, changed the nature of interactions between the polymer solute and the 

network polymer, and monitored the diffusive profile of absorbed polymer to find the 

partition coefficient and diffusion coefficient of solute in the gel.302–308 However, a 

systematic study of transfer of polymers or macromolecular solutes into hydrophobic 

elastomers and the associated transport and thermodynamics has been undertaken only in 

a very limited way.  

Understanding the thermodynamics of solute partitioning between a solution and an 

elastomeric network, the associated time scales, and their dependence on the nature of 

polymer, solvent and network can be advantageous in the design of solute-loaded polymer 

gels. This understanding can also be translated to applications such as transfer of color 

pigments into commercial rubbers, gel electrophoresis, recovery/removal of impurities 

from processed rubbers, loading of viscous polymers/solutes in rubbers for drug delivery 

e.g., recombinant DNA loaded into hydrogels for targeted delivery.  

The relative amount of polymer loaded into the pores of the PDMS and the rate at which 

loading occurs will vary with these parameters: 

- Mesh size of depleted PDMS relative to size of chain (effect of entropic 

confinement) 

Mesh size can be controlled by varying the cross-linking ratio of the monomer and 

the cross-linking agent and it can be easily measured by rheology. The polymer gel 

is swollen in the solvent and the degree of swelling is controlled by the nature of 

interactions between the gel chains and the solvent molecules. Polymer chain sizes 
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can be controlled by varying the chain length and the solvent quality. Thus, the 

relative size of the loading solute chain to the mesh pores can be controlled by the 

size of polymer chain, degree of crosslinking of the gel, and the nature of solvent-

solute-mesh interactions.  

- Enthalpic interactions between the polymer and the gel 

Polybutadiene (with some preferential interactions with PDMS) and PDMS have 

been chosen as the low Tg polymers in our preliminary studies. Other hydrophobic 

polymers can be chosen to vary their interactions between the gel such that the role 

of enthalpic interactions can be probed. 

- Quality of solvent (good, poor, or non-solvent to the gel and the polymer) 

- Concentration of solution (dilute, semi-dilute and concentrated regimes) 

- Polymer flexibility or segmental and chain mobility  

The partition coefficient, defined as the equilibrium fraction of loaded polymer in the gel 

divided by the volume fraction of polymer in the solution at equilibrium, is the measure of 

the amount of polymer that partitions from the solvent into the gel. The amount of intake 

of the polymer from the solution to the gel can be determined by considering a simple 

theoretical model309 which relates the measured loading coefficient to the above listed 

parameters.  

In preliminary experiments, we have loaded 1,4-polybutadiene (Mn: 1,530-2,070 and 5000 

g/mol) into a depleted PDMS gel and then contacted the loaded gel after drying with a 

silica nanoparticle packing for LeCaRI of the loaded polymer into the packing. The amount 
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of infiltrated polymer is monitored by ellipsometry and gravimetry and we have determined 

that the amount of loading inside the gels depend on the concentration of the polymer 

solution, molecular weight of the polymer, and the loading time. Figure 6.4(c) shows the 

amount of loading in 24 hours of polybutadiene of two different molecular weights 1000-

2000 kg/mol (red diamonds) and 5000 kg/mol (blue squares) into PDMS gel measured for 

different concentration of polybutadiene solutions in toluene. The amount of loading 

increases with increasing concentration of the loading solution and seems to saturate at 

around critical overlap concentrations of the polymer solution. The loading for the higher 

molecular weight polybutadiene is markedly less than the lower molecular weight which 

indicates that chain size plays a decisive role in the amount of loading of the polymer into 

the gel.  

The amount of time it takes to saturate the gel with the loaded solute or the minimum 

loading time gives an estimate on the dynamics of the loading process. Minimum loading 

time can be used to find the transport properties of the polymers from the solutions into the 

gels.  

𝜏𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = 𝜏𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑔𝑒𝑙 + 𝜏𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑠𝑜𝑙𝑣𝑒𝑛𝑡     (6.1) 

1

𝐷
= 

1

𝐷𝑔𝑒𝑙
+

1

𝐷𝑠𝑜𝑙𝑛
         (6.2) 

Assuming Dgel << Dsolution, the time scale should be controlled by the Dgel term.  

Slowdown in diffusion of polymers and small molecules in gels has been the subject of 

intense investigation in the fields of drug delivery into human tissues, gel-based separation 
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techniques, and hydrogel-based adhesive materials. Typically, polymer chains have greater 

mobility than small nanoparticles of the same size especially when the hydrodynamic 

radius is greater than the mesh size. The spherical non-flexible solute cannot move into the 

pores but owing to their flexibility and diverse modes of motion, polymer chains can 

diffuse into the pores of the packing. Their mode of diffusion also varies as opposed to the 

small molecular solutes – while models that consider tortuosity of flow path in the gel, an 

effective medium permeability of the gel, and enhanced frictional drag inside the gel have 

been used to explain the slowdown of smaller solutes inside the gel, polymer dynamics is 

explained by rather sophisticated theories like the entropic barrier model and the reptation 

model.33,41-52  

Figure 6.5: (a) Schematic shows loading of depleted gel from a polymer solution, subsequent heating removes 

the solvent and leaves behind the loaded polymer. This dried gel can then be used for LeCaRI into a silica 

nanoparticle packing. (b) Factors that affect the loading process have been delineated – size of polymer, mesh 

size, loading time, concentration of solution. (c) Gravimetric measurements show amount of loading in 24 

hours of polybutadiene into PDMS gel measured for different concentration of polybutadiene solutions in 

toluene for two different molecular weights 1000-2000 kg/mol (red diamonds) and 5000 kg/mol (blue 

squares). (d) Nanoparticle film stamped with a polybutadiene loaded PDMS gel shows clean infiltration. 

(Credit: Stefani-Millan Higuera)     
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D, the effective diffusion coefficient, depends on the molecular weight, polymer mobility, 

concentration of polymer solution, and the mesh size of PDMS. The mechanism of polymer 

diffusion into confined spaces such as PDMS pores can be understood with the help of 

scaling of the D with polymer size, mesh size, and other parameters aided by a suitable 

choice of diffusion model.   

Celebrating the 50 years of the publication of the journal Macromolecules, a recent 

perspective article identified 10 outstanding grand challenges in the field of polymer 

science.320 One of these challenges is the goal of control over ‘scale-up and processing to 

retain/perfect nanostructure’. In this thesis, we show that material dynamics can be affected 

by the extreme confinement of macromolecules, water capillary condensation driven by 

hydrophilic concave nanopores in the nanostructure, and high interfacial area which are all 

inherent to nanostructured materials. Perturbation to material dynamics at the nanoscale 

can be utilized in designing processing pathways towards controlled nanostructure (like 

graded nanoporosities), superior mechanical properties, stimuli responsiveness, and unique 

functional attributes. We hope that the key results demonstrated in this thesis can guide 

processing pathways to nanostructured materials for advanced energy harvesting materials, 

separation membranes, organic electronic devices, and multifunctional coatings.   
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 Appendix 

A1. Calculation of physical properties: Bulk viscosity, contact angle, and 

surface tension calculations 

The surface tension of bulk Polystyrene varies with temperature and molecular weight 

as:321,322 

𝛾 = 𝛾∞ − 
𝑘

𝑀
2
3

                                                                                                                               (𝑆1) 

where 𝛾∞ varies with temperature(T), k is a constant, and M is the molecular weight. The 

following expression has been developed for MW = 240,000 g/mol:  

𝛾 = 34.60 − 0.05𝑇(𝑖𝑛 ℃)
𝑚𝑁

𝑚2
                                                                                                (𝑆2) 

for calculating polymer surface tension at the different temperatures. From literature,  

𝛾∞ = 42.3 − 0.071 ∗ 𝑇(𝑖𝑛 ℃)
𝑚𝑁

𝑚2
                                                                                         (𝑆3) 

 and using equations S1-S3 at 155 °C for MW=240,000 g/mol, we find  

𝛾 = 42.3 − 0.071 ∗ 𝑇 −
17166.401

𝑀
2
3

  
𝑚𝑁

𝑚2
                                                                            (𝑆4) 

Contact angle comes from nanodroplet measurements of polystyrene on a thick silicon 

oxide layer atop a silicon wafer using AFM in tapping mode,162 θ = 20°. 

Bulk viscosity is obtained from Fox-Flory relationships163,165,323 developed for entangled 

PS(M>38,000 g/mol): 
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log 휂217 = 3.4 log(𝑀) − 13.40                                                                                                (𝑆5) 

log(
휂

휂217
) = 2.68 ∗ 1010 ∗ 𝑒−

1330
𝑀 ∗ (

1

𝑇6
−

1

4906
)                                                              (𝑆6) 

where η217 is the viscosity at T=217 K which calculated and then used to calculate the 

viscosity at desired molecular weight and temperature. Here, the temperature is in 

Kelvins.  

A2. Two-fluid capillary bridges: partially vs engulfing bridges and 

implications for capillary forces between spherical particles 

A2.1 Introduction 

Liquid-air interfaces are shaped by the forces of surface tension and gravity with surface 

tension often being dominant in the micron scale and below. A familiar example is the 

spherical shape of water droplets in an immiscible medium such as an oil bath. Here, the 

high surface energy between the oil and the water forces the droplets to adopt an energy-

minimizing spherical configuration. When liquids come into contact with a solid surface, 

the resulting wetting phenomenon at the air-liquid-solid contact line and the geometrical 

restrictions placed by the solid shape the liquid as demonstrated by a sessile droplet on a 

flat surface. Liquids held between two solid surfaces of any arbitrary shape adopt an 

energy-minimizing configuration in which the liquids adhere to both solids and seem to be 

bridging them. These liquid bridges are called capillary bridges and are ubiquitous in 

granular and soft matter. Capillary bridges exert an attractive force between the two solids 

due to a combined effect of the pressure drop across a concave interface and the surface 

tension acting along the contact line. Thus, they play an important role in the cohesion of 



 

147 

 

granular matter in the pendular and funicular regimes.324–327 Capillary bridges have been 

used for suction-based material-handling systems where load is supported by the force 

exerted by capillary bridges.328 Liquid bridges between parallel plates have been solidified 

through crosslinking/polymerization to make solids with unique curvature.329
 Colloidal 

particles bridged by polymer solutions, organic solvents, and cross linkable precursors have 

been used to make patchy/multifunctional colloids that are used as molecular models due 

to their directional interactions.330,331 

The capillary bridges formed by a single liquid between two solids in air have been 

considered in most cases. A secondary liquid exists as an external medium enveloping the 

solids and the bridges. Model triple-phase diagrams of the two immiscible liquids and the 

colloidal solid showing the configuration adopted in varying concentration of the three 

components have been developed.332–334 Such a triple phase system can form bijels, 

pickering emulsions, etc. when the colloidal particle concentration is low. At higher 

concentration of the colloids, the liquids can form bridges between the particles. The 

preferential interactions of one of the liquids in a binary immiscible or partially miscible 

mixture to the solid colloidal particles has been used to make capillary suspensions of soft 

colloids bridged by pendular or funicular bridges and colloidal aggregates.335–339  For 

example, PDMS-bridged colloids in an aqueous environment have been used as thixotropic 

pastes for 3-D printing.340 Binary liquids have additionally been considered before but as 

two phases occupying a porous media e.g. in oil recovery and water purification 

applications.341,342 In this case, only one of the liquid is able to form bridges between the 
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solids. The non-wetting oil phase typically exists as ganglia or pockets of accumulated 

liquid in the porous phase.  

Thus, capillary bridges formed by equal amounts of two immiscible wetting liquids 

existing in air medium or a third immiscible medium between high fraction of solids has 

not been explored before. Studying this regime is important because of the implications on 

the force exerted by the liquid bridge on the solids. Can we increase the force between two 

solids by modulating the morphology and the constituents of the capillary bridge formed 

between them? In bulk conditions without the influence of bounding solid interfaces, two 

liquids can adopt one of three possible configurations based on the value of their interfacial 

tensions: 343 

𝛾1 + 𝛾2 < 𝛾12, phase separated(the two liquids exist as separate entities),  

|𝛾1 − 𝛾2| <  𝛾12, partially engulfing(one liquid partially covers the surface of the other 

liquid), and  

|𝛾1 − 𝛾2| >  𝛾12 , totally engulfing(where one liquid covers the surface of the other liquid 

completely).  

Can the same configurations be realized in the case of liquid bridges of immiscible 

liquids between two solid surfaces? Do these configurations result in a stronger 

capillary bridge than the sum of both liquid bridge alone as single capillary bridges 

between the two solids? The configuration of the liquid is controlled by the wetting 

condition at the contact line, the constant pressure gradient across the curved interface 
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given by the Laplace equation, and the shape of the solid boundary. The differential 

equations describing the system can be solved along with the imposed boundary conditions 

and the wetting conditions and such numerical solutions have been attempted before for 

the simple case of a single liquid between two parallel planes, two spheres, 344–348 etc. In 

the case of two liquid bridges, additional information is specified into the problem to 

describe the interaction between the two liquids in addition to their wetting on the solid 

surface. Thus, the parameter space consists of the liquid interfacial tensions(γ1, γ2, γ12),  

volumes(V1 and V2), and contact angle of the two liquids on the solids(θ1 and θ2). To handle 

such a large parameter space and the complicated analysis involved, we eschew any 

attempts to analytically specify and solve the equations involved. Rather, we use gradient-

descent techniques to arrive at the equilibrium configuration by using a constrained 

optimization tool called surface evolver. 349 Surface evolver allows specification of the 

geometry of the problem along with the wetting conditions and the solid boundary and 

enables easier and faster computation of the energy-minimized equilibrium 

configuration.350–353 We choose contacting spheres as a model for the two solids and the 

liquid interfacial tensions, volumes, and contact angles are varied to understand the 

morphology and forces arising out of the two liquid bridges. 

Natural nanostructured materials like nacre employ compliant soft materials between two 

hard solid surfaces to increase the toughness and the strength of the composite 

materials.94,141,142 Such nanostructured materials realized by combining soft and hard 

materials can be envisioned using capillary bridges as well. While the morphology and 
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adhesive force of a single liquid between two solids is well understood, the same has not 

been studied for two liquids forming liquid bridges between solids. In this study using 

surface evolver simulations, we show that the morphologies of the compound bridge made 

by two immiscible liquids between two spheres are quite complex with a fascinating 

interplay of interfacial tensions, volumes, and contact angles. We report the formation of 

partially engulfing and totally engulfing liquid bridge configurations between two 

contacting spheres similar to the bulk behavior of the two liquids. With varying contact 

angles and volumes of the two liquids in the partially engulfing case, the less wetting liquid 

adopts an asymmetric configuration away from the axis connecting the two spheres. This 

occurs with increasing contact angle and volume of the less wetting liquid as well as 

increasing volume of the more wetting liquid. The forces are never additive Fa + Fb is not 

equal to Fa-b where Fa and Fb are forces due to single liquid bridges between the two spheres 

while Fa-b represents the force exerted by the compound liquid bridge formed between the 

two solids. Interestingly, we see that Fa + Fb > Fa-b i.e. the force exerted by the compound 

bridge is weaker than the sum of the two liquids alone. This arises due to the asymmetrical 

configurations of the less wetting fluid which reduces adhesion between the spheres due to 

a positive pressure jump at the convex surface and a smaller contact line of the less wetting 

liquid on the two spheres.  

A2.2 Methods 

To find the equilibrium morphologies of the capillary bridges, we use a commercial 

software called surface evolver.349 Surface evolver provides algorithms to set up a model 
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for fluid surfaces and uses gradient-descent based energy minimization to find the energy-

minimized configuration of the system. In the absence of external fields like gravity, 

electrostatics, etc. this means that the evolved morphology corresponds to the one with 

minimum surface energy of the system. The program allows the user to specify the initial 

coordinates of the system on a cartesian coordinate grid, impose geometrical constraints 

on the fluids, define energy terms such as surface tension and contact angle, and then 

evolve the system towards its energy minimum state. Here, we present details of (a) how 

the initial state of the capillary bridge morphology is specified, (b) how the geometrical 

restriction imposed by the spheres and the energy constraints arising out of wetting of the 

fluid on the solids are specified, and (c) how the system is evolved to its energy minimum.  

A2.2.1 System initialization 

In surface evolver, the initial configuration consists of a set of points specified on a 

cartesian coordinate system. The points are joined together by triangles to make surfaces 

that represents the fluid boundaries (fluid-air interface). Surface evolver does not fill the 

internal volume occupied by the surfaces, rather the energy minimization is done entirely 

with the help of the bounding surfaces of the fluids without any internal volume elements. 

The surfaces are used to define the contours of a body whose volume is kept conserved 

during the simulation. This approach is different from other mesh-based simulations like 

finite element, finite volume, etc.  

Firstly, two trigonal bipyramids are specified with centers at z = zlo = 2 and z = zhi = 2 + 2R 

to represent the two spheres of radius R(=3*). In Figure A2.1(a-i), the two bipyramids of 
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edge length √2R are shown(in gray). The distance between the centers of the two 

bipyramids is chosen to be twice the radius so that the lowermost point of the upper 

pyramid and the uppermost point of the bottom pyramid touch at a single point. These 

contacting bipyramids evolve to make contacting spheres which aid in visualization and do 

not contribute in any way to the optimization of the fluid surface. Rather, the geometric 

constraints placed on the fluid in the next section specify the shape of the top and bottom 

faces of the fluid bridge.  

Single capillary bridge: The single capillary bridge morphology is initialized by setting up 

the fluid as a hexagonal column, shown (in green) in Figure A2.1(a-i to a-iv). Equidistant 

points along the vertices of a hexagon of internal angle 120 0 (between two adjacent edges) 

and edge length √3/2 are specified on two planes z = zup = zlo + R/3 and z = zdown = zhi – 

R/3. These represent the contact points of the fluid on the upper and lower spheres. The 

points at the zup are joined by vertical lines to corresponding points at zdown  to create six 

vertical faces along the six edges. These are the bounding faces of the bridge on the sides 

whose center lies on the z-axis. Note that the top and the bottom faces of the hexagonal 

column of fluid are not specified explicitly – they are specified as implicit faces. This 

means that the information contained in the face - area of the face, its contribution to the 

volume of the fluid, and wetting constraints - are all imposed with the help of boundary 

integrals. This is discussed in the next section. Finally, the six bounding faces of the 

hexagonal column are used to specify a body element that is specified a target volume 

Vsingle = 1*.  
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The compound bridges made by two liquids may fall into one of the three categories: 

partially engulfing, totally engulfing, and phase separated(not interacting). We simulate the 

first two by specifying the initial system as discussed below.  

Partially engulfing two-liquid bridges: The initial configuration for a bridge made from 

two liquids is specified differently than the single liquid capillary bridge. The specification 

for the spheres remains the same – they are specified as bipyramids above and below the 

bridge which evolve into spheres upon minimization. The two liquids are specified as two 

half-hexagons of edge length √3/2 and center along the z-axis that are fused together. 

  

 

 
  

 

     
 

 

 

 
 

 

 

  

 

  

 

   

   

   

                

           

                

       

       

          

      

          

          

       

  

          

      

        

          

         

          

      

Figure A2.1:Initial configuration of models for: (a)Single bridges - (i-ii)trigonal bipyramids with green 

hexagonal columns representing two contacting spheres and liquid bridge, (iii-iv) hexagonal column(green) 

bridge; (b)Compound bridge for partially engulfing liquids – (i-ii) trigonal bipyramids representing spheres 

and hexagonal columns fused together as an octagon representing two liquid bridges, (iii-iv) two half of 

hexagonal columns(red and green) representing the two bridges with their interface represented in gray, (c) 

Compound bridge for completely engulfing liquids – (i-ii) trigonal bipyramids representing spheres and two 

hexagonal columns representing two liquid bridges, (iii-iv) two hexagonal columns(red and green) 

representing the two bridges with their mutual interface represented in green and the outer bridge represented 

in red. 
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Shown in Figure A2.1(b-iii) is the compound bridge made by the two halves (shown in red 

and green) whose upper edges have been marked by ABCDE and AHGFE. The two halves 

represent the two liquid bridges and a vertical face (shown in gray whose upper edge is 

AE) where the two hexagons meet represents the interface between the two liquids. The 

top and bottom face are not specified, they will be specified with the help of constrained 

edge integrals (see next section). The faces that make up the right semi-hexagon along with 

the middle face are used to define the right bridge body element and the same is done for 

the left bridge. The volumes of the two bodies can also be specified as Vgreen and Vred.   

Totally engulfing two-liquid bridges: In this case, the starting configuration consists of two 

liquid bridges – one nested inside the other- along with the bipyramids which evolve into 

spheres. The two liquid bridges are setup as hexagonal columns but of different sizes such 

that the edge length of the outer column is twice the edge length of the inner column(edge 

length = √3 and √3/2 respectively). The upper edges of the two bridges, shown in Figure 

A2.1(c-iii) in red and green, have been marked as KLMNOP and UVWXYZ respectively. 

The faces of the outer bridge along with the inner faces(with a negative sign to account for 

outward facing normal) are used to define the boundaries of the outer bridge while the inner 

bridge is bounded by the inner faces. The volumes of the two bodies can also be specified 

as Vgreen and Vred.   

Specification of the faces that make up the fluid bridge and the two contacting spheres 

completes the definition of the system by defining the bodies in the system. The bodies are 

independent morphological unit whose volume is conserved by the evolver and set at the 
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target volume specified by the user. For example, in case of partially or totally engulfing 

bridges between two contacting spheres, the bodies that make up the system are the two 

liquid bridges. The bodies are evolved such that the internal volume matches the target 

volumes. This conservation of volume is done automatically by the evolver. Since the 

sphere is specified only for visualization, its volume is neither specified nor accounted for 

by the program. Specification of the contribution of an implicitly defined face to the 

volume of the body involves a boundary integral as described in the next section.  

A2.2.2 Geometric, energy and volume constraints  

The geometric constraints placed on the bridge are due to the two spheres. As the fluid 

contacts the sphere at the top and the bottom face, the fluid surface needs to match the 

contour of the spherical surface. This is specified by imposing a constraint on the points 

along the contact line specified at the top and bottom planes of the hexagonal column. 

These points and all other points that are generated by successive meshing of the contact 

line must obey: 

(𝑥 − 𝑥0)
2 + (𝑦 − 𝑦0)

2 + (𝑧 − 𝑧0)
2 = 𝑅2          (A2.1) 

where x0, y0, z0 are the coordinates for the center of either sphere, x,y,z are the coordinates 

of the points on the contact line, and R is the radius of the sphere. The constraint forces the 

points to lie on the surface of the spheres.  

Energy is the essential variable that is optimized in the surface evolver simulations. Each 

iteration of the evolution process leads to creation of a mesh from the points and then 
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evaluating the energy of the system. With gravity and other forces neglected, the 

contribution of each face to the energy is the product of the area of the face and the surface 

tension. Surface tensions are specified for each face when the faces are initialized(default 

is 1). The contribution of each explicitly-defined face to the total energy is evaluated by 

the software and the total energy is used to guide further optimization of the structure.  

The implicit faces at the top and bottom do not have explicit tension values associated with 

them. The wetting of the fluid on the solid at these two faces needs to be specified in the 

form of a contact angle. This is equivalent to specifying the interfacial tension between the 

sphere and the particle as the two quantities are related by the Young-Dupre equation, given 

by: 

cos 휃 =
𝛾𝑆𝐿−𝛾𝑆

𝛾𝐿
, where 𝛾𝑆𝐿 is the interfacial tension between the solid and the fluid, 𝛾𝑆 is 

the surface tension of the solid, and 𝛾𝐿 is the surface tension of the liquid in the bridge. 

This gives us,  

𝛾𝑆𝐿 = 𝛾𝐿 cos 휃 + 𝛾𝑆                          (A2.2) 

Setting the solid surface tension to be zero simplifies the definition of the interfacial tension 

as 𝛾𝑆𝐿 = 𝛾𝐿 cos 휃. For the two liquids, the contact angles can be specified as 휃𝑔𝑟𝑒𝑒𝑛 and 

 휃𝑟𝑒𝑑. The interfacial tensions between the solid and the two liquids thus become 

𝛾𝑔𝑟𝑒𝑒𝑛 cos 휃𝑔𝑟𝑒𝑒𝑛 and 𝛾𝑟𝑒𝑑 cos 휃𝑟𝑒𝑑.  

The contribution of the interfacial tension at the implicit faces to the total system energy 

needs to be accounted by an integral along the contact face. We use Stokes’ theorem to 
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convert this surface integral over the face into an integral over a loop that bounds the closed 

surface which is the contract line. Mathematically, this is written as:  

∬ (�⃗� × 𝐴 ) 𝑑𝑆
𝑆

= ∮ 𝐴 ⋅ 𝑑𝑙 
𝐿

          (A2.3) 

Where the S is the contacting face of the sphere and the liquid and the integral is converted 

from a surface integral to an edge integral along the contact line L. 

Here, we need to specify a vector A along the contact line such that the curl of A(�⃗� × 𝐴 ) 

is equal to 𝛾𝑆𝐿, the interfacial tension of each face(which is equal to 𝛾𝐿 cos 휃). This is given 

by choosing A as  

𝐴 =  −
𝑦𝑅

𝑅+𝑧−𝑧𝑙𝑜
𝑖̂ +  

𝑥𝑅

𝑅+𝑧−𝑧𝑙𝑜
𝑗̂, for the lower sphere contact line and  

𝐴 =  −
𝑦𝑅

𝑅−𝑧+𝑧ℎ𝑖
𝑖̂ +  

𝑥𝑅

𝑅−𝑧+𝑧ℎ𝑖
𝑗̂ , for the upper sphere contact line    (A2.4) 

(see Brakkecitation
 for complete derviation of the above two forms of the integrand A) 

The volume of the liquid that makes up the bridge is calculated in surface evolver by 

integration of the distance of the facet from the x-y plane – the distance is positive if the 

facet is above the x-y plane and negative otherwise. The contribution of each explicitly 

defined face to the total volume is automatically accounted for by the software during the 

optimization. For implicitly defined faces, the contribution to the volume must again be 

written as a boundary integral following the stokes’ theorem. Here, the curl of Av(�⃗� × 𝐴𝑣
⃗⃗ ⃗⃗ ) 
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is equal to z�̂�, where z is the distance of the face from the x-y plane and �̂� is a unit vector 

along the z-direction. Thus, the choice of Av along the contact line is given by354: 

𝐴 𝑣 = (
1

2
𝑧𝑙𝑜 +

1

3

(𝑅2+𝑅(𝑧−𝑧𝑙𝑜)+(𝑧− 𝑧𝑙𝑜)2)

𝑅+𝑧− 𝑧𝑙𝑜
) (−𝑦𝑖̂ + 𝑥𝑗̂) for the lower sphere contact line, and 

𝐴 𝑣 = (
1

2
𝑧ℎ𝑖 −

1

3

(𝑅2+𝑅(𝑧ℎ𝑖−𝑧)+(𝑧ℎ𝑖−𝑧)2)

𝑅+𝑧ℎ𝑖−𝑧
) (−𝑦𝑖̂ + 𝑥𝑗̂) for the upper sphere contact line  

 (A2.5)             

Thus, the energy and volume constraints of the top and bottom faces are specified using 

what are called constrained integrals along the contact line. The constraints need to be 

applied to each point along the contact line. All the points that are created on the contact 

line during successive refinement of the mesh will inherit these constraints. The volume of 

the fluid bridge is set to be conserved while the energy is minimized as discussed in the 

next section. 

Applying energy and volume constraints to partially engulfing bridges involves an 

extension of the integrals. For each bridge that is defined, the top and bottom faces are not 

explicitly defined. Thus, the energy and volume integral needs to be evaluated along the 

top and bottom contact line for both the bridges. At the common middle edge between the 

two bridges, both integrals are applied. Figure A2.1(b-iii) shows the upper contact line of 

the compound bridge as ABCDEFGH. Along the closed loop ABCDEA, the surface 

integral over the face ∬ 𝛾𝑔𝑟𝑒𝑒𝑛 cos 휃𝑔𝑟𝑒𝑒𝑛 𝑑𝑆
𝐴𝐵𝐶𝐷𝐸𝐴

 is converted into an edge integral over 

ABCDEA written using equation(A2.4). The same integral is applied along the red bridge 
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contact line EFGHAE whose value accounts for the interfacial tension contribution of the 

red bridge-sphere contacting face ∬ 𝛾𝑟𝑒𝑑 cos 휃𝑟𝑒𝑑 𝑑𝑆
𝐸𝐹𝐺𝐻𝐴𝐸

. The volume integrals are also 

written in the same manner such that the volume of the two bridges are set to be Vgreen and 

Vred. 

The completely engulfing bridge configuration has two bridges with the top and bottom 

surfaces of both bridges implicitly defined. The constrained energy and volume integrals 

for the inner bridge are written in the same manner as those for the single bridges between 

spheres. The integrals for the outer bridge are not as straightforward; this is because the 

surface between the outer bridge and the sphere is not bounded by a single closed loop. 

Here, the energy contribution of the outer bridge interface with the sphere is: 

∆𝐸 = ∬ 𝛾𝑜𝑢𝑡𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑑𝐴
𝑜𝑢𝑡𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

         (A2.6) 

As shown in Figure A2.1(c-iii), the outer surface contacting face is bound by two edges 

KLMNOP and UVWXYZ. It would not be possible to write the energy(and volume) 

contribution of the outer face as a single integral over either edge. In the absence of an 

inner bridge surface, this integral would have been written as a single constrained integral 

over the edge KLMNOP but this overestimates the surface area between the sphere and the 

outer bridge, so we need to subtract the energy contribution from the inner bridge surface 

area. 

∆𝐸 = ∮ 𝐴 . 𝑑𝑙  
𝑜𝑢𝑡𝑒𝑟 𝑏𝑟𝑖𝑑𝑔𝑒 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑙𝑖𝑛𝑒

− ∮ 𝐴 . 𝑑𝑙  
𝑖𝑛𝑛𝑒𝑟 𝑏𝑟𝑖𝑑𝑔𝑒 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑙𝑖𝑛𝑒

 = ∮ 𝐴 . 𝑑𝑙  
𝐾𝐿𝑀𝑁𝑂𝑃

− 

∮ 𝐴 . 𝑑𝑙  
𝑈𝑉𝑊𝑋𝑌𝑍

           (A2.7) 
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Here, A is written such that  �⃗� × 𝐴  = 𝛾𝑜𝑢𝑡𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝛾𝑟𝑒𝑑 cos 휃𝑟𝑒𝑑. 

A2.2.3 Evolving from initial configuration to energy minimum 

Setting up the initial configuration of the system along with the constraints acting on the 

fluid is followed by iterative evolution of the system towards a global minimum. Surface 

Evolver software provides commands and pre-defined routines to perform this operation. 

Briefly, the triangulated facets of the initialized surfaces are used to calculate the energy 

after ensuring that all geometrical and volume constraints imposed on the system are 

obeyed. Then the gradient of the energy is evaluated at each point to calculate the direction 

of the steepest descent of the gradient and magnitude(scale) of the displacement of the 

point coordinates to reach energy minimum. The coordinates of each point are changed 

accordingly. This can be followed by refining of the mesh which is the division of existing 

facets to add more points in the mesh and create more facets. The mesh can also be cleaned 

at intervals by equitrangulation(redistributing vertices such that all triangular facets are 

almost similar in size) and vertex averaging(evaluating new vertices as the mean of 

surrounding vertices). The conjugate gradient descent mode can also be used for faster 

evolution towards minimum. Longer edges can be subdivided, very small triangles and 

edges can be removed to aid in the evolution. A combination of mesh refining, gradient 

descent evolution, and mesh cleaning steps are required to evolve the system to the optimal 

minimum. Ultimately, the sequence of steps followed is dependent on the system 

specifications and the complexity of the constraints applied.  
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The bipyramids surrounding the bridge on top and bottom evolve into spheres in the first 

step of evolution and then are held fixed. Then, the bridge is evolved towards the 

equilibrium morphology. Upon multiple iterations of refinement, evolution, and mesh 

cleaning, the system energy, which rapidly decreases at first, begins to plateau towards a 

minimum. To investigate whether the optimized configuration is indeed a minimum, the 

eigenvalues of the hessian matrix are calculated. For the system to be in a minima, the 

eigenvalues need to be all positive. Any non-positive eigenvalues indicate that the system 

is either in a saddle configuration or in a non-optimum state. Once the system meets the 

criterion for the evolved configuration, the configuration can be used for further analysis.  

A2.2.4 Calculation of forces 

The forces exerted by the liquid bridge on the two spheres can be evaluated using a number 

of strategies.  

1) Using energy of the system before and after perturbation: Force is the rate of change of 

energy of the system with respect to translation of the rigid body while other constraints 

remain imposed. From the energy minimized configuration(energy = E1), the system can 

be displaced slightly in the positive z-direction by moving the upper sphere by ∆𝑟 units. 

The energy is calculated in this new configuration after optimization(=E2). The difference 

in the energy before and after displacement is evaluated and divided by the displacement 

amount to calculate the magnitude of the force. This is given by 

𝐹 =
𝐸1−𝐸2

∆𝑟
            (A2.8) 
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To improve the accuracy, a central difference method may also be used where the energy 

after perturbation in the z-direction(E2) and energy of the optimized configuration(E3) after 

perturbation in the negative z-direction by the same amount(∆𝑟) are used in equation A2.6. 

𝐹 =
𝐸2−𝐸3

2∗∆𝑟
            (A2.9) 

Even though the two spheres are squished in this configuration, the integrals written for 

the bridge and the calculation of energy and volume works neatly. Equation A2.8-9 can be 

used to evaluate the force from an equilibrated configuration upon perturbing the system 

slightly away from equilibrium.  

2) The virtual work principle can also be used to calculate the force acting on the two 

spheres. According to this principle, if the system is initially at equilibrium, the 

perturbation does not change the energy to first order as long as constraints are imposed. 

Thus, the change in energy after perturbation can be used directly without optimization(or 

re-evolving the system towards a new minimum) to calculate the force. The resultant error 

scales with displacement as Δr2 and can be neglected in favor of faster computation. Only 

the constraints need to be applied in the new energy configuration before evaluation of the 

energy. Another addition to the virtual work principle is imposition of the global 

constraints such as volume using their corresponding lagrange multiplier(pressure for 

volume) to calculate the force. This can be understood clearly if we write the work done 

on a system following first law of thermodynamics as 

𝑤 = 𝐹 ⋅ 𝑟 + 𝑃𝛥𝑉 = 𝐹 ⋅ 𝑟 + 𝛤𝛥𝑉                   (A2.10) 
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where F is the force applied to displace the system by r, V is the volume and the 

corresponding lagrange multiplier(𝛤) of volume is P(pressure). This gives 

𝐹 =
𝐸1−𝐸2 −ΓΔ𝑉

∆𝑟
                                (A2.11)        

where the virtual work principle is applied accounting only for all constraints other than 

volume conservation.  

3) Explicit force calculation can be done by accounting for the surface tension force acting 

along the contact line and the laplace pressure difference across the curved bridge surface. 

For a single bridge, mathematically, this is given by: 

𝐹 = −∆𝑝∬𝑑𝐴 +  𝛾 cos𝜑 ∮𝑑𝑙                   (A2.12) 

where the area integral is evaluated over the bridge faces defined explicitly, and the edge 

integral is evaluated over the contact line of the liquid on the sphere. The pressure 

difference Δp has a negative sign to account for the drop in pressure across a concave 

interface and ϕ is defined to be the angle of the liquid bridge surface with the vertical.(the 

force is calculated in z-direction so the component of force along z is to be considered.)  

While equation A2.12 provides a mechanism to calculate the force from the equilibrium 

configuration, the actual calculation, which involves the evaluation of area and edge 

integrals and the angle ϕ, is not straightforward. For the variety of configurations that we 

see in this study, it becomes difficult to evaluate the force analytically. We verified that 

methods 1-3 are equivalent for the case of single liquid bridges and then use only the virtual 

work method to calculate the force for the more advanced cases of two liquid bridges.  
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All quantities are numerical without any simulation units in surface evolver. To convert it 

into real world values, a baseline system of units in SI format could be chosen as length  – 

smallest length scale in system in meters, energy – interfacial tension between the two 

liquids for double bridges or tension of a liquid in single bridge in Joules, etc. For our 

system, the length scale of the system can be set as S m and tension can be scaled by the 

value of the interfacial tension between the two liquids in SI units which is γinter N/m. Thus, 

the energy reported by the program of x will be equivalent to x.γinter.S
2 J, the volume of y 

is equal to y.S3 m3, and the force reported by the software and elsewhere in this article is 

in the units of γinter.S N.    

A2.3 Results and discussions 

A2.3.1 Single liquid bridge 

The single liquid bridge morphology has been simulated for varying contact angle and 

volume as shown in Figures A2.2(a) and (b). At low contact angles and volumes, the liquid 

forms an axisymmetric bridge connecting the two solid spheres with a concave liquid-air 

interface. With increasing contact angle and volume, the bridge adopts an asymmetric 

configuration displaced away from the axis. This has been observed previously in 

experiments and simulations and can be explained by the instability of the nodoid formed 

in between two contacting spheres with increasing positive curvature of the bridge.355,356
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The force acting on the two contacting spheres due to the liquid bridge has been calculated 

by using the energy, virtual work, and analytical methods. The results of the force 

calculated using the three methods for increasing contact angle have been plotted in Figure 

A2.2(c). The force reported by all three methods are of similar magnitude with almost equal 

values for the low contact angle axisymmetric bridges while there is significant deviation 

in the analytical method from the virtual work and the energy methods at high contact 

angles. These deviations can be explained by the errors in the analytical method which was 

developed keeping an axisymmetric bridge in mind. As the bridge is shifted to asymmetric 

position, the calculation of the force using the analytical methods suffers from errors due 

to miscalculation of the angle subtended by the tension acting along the contact line on the 

z-axis. This does not invalidate the energy and the virtual work methods, rather it shows 

that the energy and the virtual work methods are robust even for non-axisymmetric 

morphologies. The force exerted by the liquid bridge on the two spheres decreases in 

      

   

Figure A2.2: (a) axisymmetric bridge,  contact angle θ = 20°; (b) asymmetric bridge, θ = 90°; (c) capillary 

force vs. θ. The drop volume in (a) and (b) is 1. The two spheres show in gray are contacting in both the 

cases.  
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magnitude with increasing contact angle – as the liquid becomes less wetting on the solids, 

the adhesive force of the bridge reduces. At high contact angles as the liquid approaches 

the non-wetting regime, the asymmetric liquid bridge exerts no attractive force on the solid 

which is reported as a small positive value here. Overall, we see that in accordance with 

theoretical predictions, the attractive force exerted by the bridge reduces with increasing 

contact angle for a given volume of the fluid. We are interested in studying the dependence 

of the force on the wetting angles and volumes of the two liquids in a compound liquid 

bridge made of two liquids. The virtual work principle owing to its reliable accuracy and 

robustness would henceforth be used in the following sections to calculate the force exerted 

by binary immiscible liquid bridges between two spheres.  

The morphology of binary immiscible liquid bridge depends upon an interplay of the 

following factors: 

1. Interfacial tension of the two liquids and their respective surface tensions 

2. Wetting angle of two liquids on the solid – effect of contact angles 

3. Volume of the two liquids 

From the bulk phase diagrams, we can identify three morphologies for two free (not 

bounded by any solids) liquids – phase separated, partially engulfing, totally engulfing – 

based on the relative magnitude of their interfacial tensions. We choose a representative 

set of interfacial tension value from each regime and study the morphology of the double 

liquid bridge so formed.  
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A2.3.2 Binary liquid bridge – partially engulfing liquids in bulk (|𝛄𝟏 − 𝛄𝟐| <  𝛄𝟏𝟐) 

Based on the bulk phase diagram, we can choose interfacial tension which correspond to 

partially engulfing in bulk. For such a pair of liquids, the interfacial tension between two 

liquids is greater than the difference of their surface tensions. Such a pair of liquids can be 

simulated by choosing 𝛾𝑔𝑟𝑒𝑒𝑛 = 1, 𝛾𝑟𝑒𝑑 = 1, 𝛾𝑟𝑒𝑑−𝑔𝑟𝑒𝑒𝑛 = 1. The contact angle for each 

liquid can be varied from 0.5 to 89. 5(the values 0 and 90 have been avoided since they 

lead to difficulties in computational evaluation of the minima). For each pair θgreen and θred, 

the energy-minimized morphology was obtained by evolution using Surface evolver with 

volume of the two bridges set as Vgreen = Vred = 1. Similar to the bulk behavior, the bridge 

formed in each case is partially engulfing – the liquids share an interface with each other 

while also bridging the two solid spheres together leading to two adjoining bridges with a 

common interface. Three representative morphologies are shown in Figure A2.4. The 

compound bridge can adopt one out of these three common morphologies seen in our 

investigations, all of which have been shown in Figure A2.3. 
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Typically, at low values of the contact angle and when the two liquids have the same 

contact angles, the compound bridges formed lie side by side with their interface lying 

along or close to the axis of the two spheres. The adjoining bridges morphology changes 

as either of the liquid becomes slightly less wetting than the other or when both liquids 

have a high contact angle. Consider the case of θgreen = 40 and θred varying from 40 to 89.5 

such that θgreen <= θred. As shown in Figure A2.4(a), at equal values of the contact angles, 

the two liquid bridges are similar to each other, and their interface occupies the middle 

position coinciding with the z-axis. As θred increases, the red bridge occupies an asymmetric 

position away from the central axis and the green bridge is shifted to occupy more towards 

      

 
 
 
 

                   

  

  

  

  

  

  

  

  

  

Figure A2.3: Liquid morphologies obtained for completely engulfing configurations. The labels indicated 

why it was not possible to simulate a certain range of parameters The two spheres (not shown) are contacting 

in all the cases.  
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the central axis. This means that the favorable wetting angle of the green bridge is 

accommodated by ensuring greater contact area between the green bridge and the sphere 

and reducing the red bridge contact area by pushing it to the side. Finally, at high value of 

θ2, the asymmetric bridge forms a spherical orb-like section on the side while the more 

wetting liquid of the green bridge moves closer to the axis occupying a larger section of 

the contact line on the solids. This gives an appearance of a red ring on the green bridge 

with the less wetting liquid occupying the signet position.  

This behavior is seen in a large portion of the configuration diagram of the obtained 

morphologies of the compound bridge. When the two liquids are equally wetting, they form 

adjoining bridges which are equally situated around the central axis.(Figure A2.4(b)) As 

the contact angle of one of the liquid increases, it occupies an asymmetric position to the 

side of the central axis.(Figure A2.4(c)) With further increasing contact angle, the less 

wetting liquid is pushed more to the side to occupy an asymmetrical side position and the 

more wetting liquid occupies more area close to the central position. At high contact angles 

= 1
= 1

   

         

Figure A2.4:(a) Morphologies obtained by surface evolver minimization of partially engulfing bridge 

configuration for different contact angles and identical drop volumes (V1 = V2 = 1) (b-d) Representative 

morphologies obtained for identical drop volumes (V1=V2=1) and different combinations of contact angles. 

The two spheres show in gray are contacting in all cases.  
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of both liquids, both bridges become asymmetric and form a compound asymmetric bridge 

to the side.(Figure A2.4(d)) Thus, increase in contact angle of either or both of the liquids 

leads to asymmetrical off-axial configurations.  

The asymmetric position occupied by a single fluid bridge between two contacting spheres 

occurs with increasing contact angle of the liquid on the solid as well as increasing volume 

of the liquid.356 Three representative cases were chosen to illustrate this behavior in the 

case of compound bridges as shown in Figure A2.5. At θgreen = 30 and θred  = 60, with equal 

volumes of the two liquid, the bridge is formed with the red liquid at an asymmetric off-

axial position and the green liquid occupying more area on the two spheres. As the volume 

of the red bridge is further increases,(Figure A2.5(a)) the red bridge becomes more 

asymmetrically placed and begins to adopt a spherical-section morphology typically seen 

for non-wetting(θ close to 90°) liquids and the green bridge moves closer to the center. 

Similar results are seen(Figure A2.5(b)) when the volume of the red bridge is kept constant 

while the volume of the green bridge is increased. The green bridge stays closer to the axis 

while the red bridge occupies a more off-axial position. Unlike in the previous case of 

increasing volume of red liquid, the concave surface of the red bridge does not approach a 

sphere-like curvature with increasing green liquid. At equal contact angles of the two 

liquids θgreen = 50 and θred  = 50, increasing volume of either liquid pushes it to off-axial 

positions as seen in Figure A2.5(c). 
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Figure A2.5: Liquid morphologies obtained for different combinations of contact angles and drop volumes. 

The two spheres show in gray are contacting in all the cases.  

The asymmetrical configuration adopted by either of both liquids and the larger contact 

area of the more wetting liquid on the solids can have interesting effects on the force 

exerted on the two spheres by the compound bridge. In Figure A2.6(a), the calculated 

forces for each morphology in with varying θgreen and θred  have been reported. The 

magnitude of the force is always negative which shows that the compound bridge exerts 

an attractive force on the two spheres even when both liquids approach the non-wetting 

state. We also report the sum of the forces(Figure A2.6(b)) acting on the two spheres with 

the two liquids alone – Fa + Fb to contrast it against Fa-b, the force exerted by the 

compound bridge on the two solids.  Contrary to expectations, Fa + Fb is not equal to 

Fa+b despite the similar magnitude of the surface tension of the two liquids. The 

compound bridge morphologies are not simply equivalent to the summation of two single 
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bridges. This arises out of asymmetry of the less wetting bridge and we can see that in 

these cases Fa+Fb > Fa+b. Thus, asymmetry leads to loss of the attractive force acting 

on the two spheres. Such an asymmetric configuration is possible only in the case of 

contacting spheres. Despite the reduction in the net force due to the asymmetric 

configuration, the force between the spheres always stays attractive. In Figure A2.6(c), the 

force exerted by a compound bridge at various values of contact angle of red liquid has 

been plotted against increasing contact angle of the green liquid. Show alongside is the 

force exerted by a single bridge of V=1, γ=1 with varying contact angle. It is seen that with 

increasing contact angle of the green liquid for the same value of the red liquid contact 

angle, the force reduces but it never becomes less than the value of a single bridge with the 

same contact angle as the red liquid. Thus, the compound bridge may not be as strong as a 

single liquid bridge of its more wetting component(green) or the additive force of both its 

         

Figure A2.6: (a) Capillary force Fa-b for different combinations of contact angles. The liquid  volumes here 

are 1 and 1. (b) Sum Fa + Fb of the single bridge capillary forces, i.e. the sum of the forces calculated when 

only the red or green liquids are present and each bridge is axisymmetric. (c) Fa-b at different contact angle 

of red bridge compared with force exerted by a single bridge of γ = 1(square) plotted against contact angle 

of the single/green bridge.  
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components(Fa + Fb) but it is stronger than the force exerted by a bridge made of an 

equivalent volume of the less-wetting component alone.  

A2.3.3 Binary liquid bridge – totally engulfing liquids in bulk (|𝛄𝟏 − 𝛄𝟐| ≥  𝛄𝟏𝟐) 

Totally engulfed bridges – the inner liquid surface tension is larger than the sum of the 

other liquid surface tension and the mutual interfacial tensions. Thus, the liquid with the 

lower surface tension envelops the liquid with higher surface tension to create an engulfed 

morphology. To simulate such an engulfed morphology in a liquid bridge, we started with 

an initial geometry of two bridges with one nested inside the other and set the tension 

values as 𝛾1 = 2, 𝛾2 = 1, 𝛾12 = 1. The contact angles of the two liquids on the solids and 

their volumes were specified and the system was allowed to evolve towards equilibrium. 

The configurations obtained are summarized in Figures A2.7 for varying contact angles.  
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Figure A2.7: Liquid morphologies obtained for completely engulfing configurations. The labels indicated 

why it was not possible to simulate a certain range of parameters The two spheres (not shown) are contacting 

in all the cases.  

The inner bridge contact angle is influenced by the outer bridge contact angle and their 

interfacial tension. This can be seen by writing the Young-Laplace equation at the triple 

phase contact line of the inner liquid-solid-outer liquid to calculate the contact angle of the 

inner liquid bridge on the solid. This is different from the contact angle specified before 

which was the contact angle of the inner liquid on the solid in air whose value is given by 

Young-Laplace equation for the inner liquid-solid-air triple phase contact line. Thus, the 

effective contact angle of the inner liquid phase becomes: 

cos 휃1
𝑒𝑓𝑓

=
|𝛾1 cos𝜃1−𝛾2 cos𝜃2|

𝛾12
                   (A2.11) 
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Thus, the binary liquid bridge formed from a pair of liquids with bulk contact angle values 

(θ1 and θ2) will have an inner liquid bridge with contact angle 휃1
𝑒𝑓𝑓

. Based on the values of 

the interfacial tensions and the contact angles chosen, there are two possibilities for the 

contact angle of the inner liquid bridge where the liquid bridge morphology becomes ill-

defined: 

1.  |cos 휃1
𝑒𝑓𝑓

|>1 where the brackets indicate absolute value of the cosine term. This 

means that the inner bridge is not wetting the solid. This is seen in the left section of the 

configuration diagram(Figure A2.7) where no stable configuration of the binary bridge has 

been detected. An example of this system would be PDMS and water on silica particles 

where both the liquids have small contact angles on the silica particle and the PDMS 

engulfs water due to its low surface tension. However, the binary liquid bridge with both 

PDMS and water wetting the solid is aphysical despite the high wetting tendency of both 

liquids on silica.   

2. at high values of 휃1
𝑒𝑓𝑓

, where the inner bridge becomes asymmetric. Inner bridge contact 

angle is higher than bulk contact angle – at high enough values, this leads to asymmetry. 

This leads to the asymmetric inner bridge intersecting with the outer bridge creating a 

configuration which is unrealistic. This is shown in right section of the configuration 

diagram in Figure A2.7. 
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All other configuration between these two unrealistic extremes have been obtained in our 

simulations. In these configurations, the engulfed liquid adopts a contact angle different 

from the bulk contact angle specified.  

The force exerted by the binary liquid bridge in the engulfing configuration results from a 

combination of the action of both the wetting bridges. Unlike the partially engulfing case, 

both liquids here occupy an axisymmetric position with respect to the two spheres. 

However, this does not lead to the resultant force becoming a simple sum of the forces 

exerted by the two liquids acting alone. This is due to the differing contact angle of the 

inner bridge liquid in the engulfed configuration as opposed to the bulk value of the contact 

angle. Figure A2.8(a) and (b) summarize this – the force exerted by the engulfing bridge 

always stays attractive. The forces arising from the sum of the two liquid bridges Fa + Fb 

is greater than the force exerted by the compound bridge.  In Figure A2.8(c), the force 

exerted by a compound bridge at various values of contact angle of red liquid has been 

plotted against increasing contact angle of the green liquid. Show alongside is the force 

         

Figure A2.8: (a) and (b): forces Fa-b and Fa + Fb  for different combination of contact angles, as in Fig. 5 but 

now for the totally engulfing bridge (c) Fa-b at different contact angle of red bridge compared with force 

exerted by a single bridge of γ = 1(square) and 2(diamond) plotted against contact angle of the single/green 

bridge.  
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exerted by single bridges of V=1, γ=1  and V=1, γ=2  with varying contact angle. The 

compound bridge force is close to the force exerted by a single liquid bridge of the inner 

liquid. This means that in case a configuration of an inner liquid nested inside the outer 

liquid is possible, the force exerted is equal to the force exerted by the inner liquid alone 

as a single bridge.   

A2.4 Conclusions 

In this contribution, we studied the morphology and force between two spherical particles 

of capillary bridges of two wetting liquids which are immiscible. Bulk liquid phase 

behaviour gives three possibilities for the bridges: phase-separated, partially engulfing, and 

totally engulfing. We study partially engulfing and totally engulfing bridges here. 

Increasing contact angle or volume of either liquid in the partially engulfing bridges leads 

to an asymmetric bridge where the more wetting liquid pushes the less wetting liquid to 

the side.  Calculated force shows that the compound bridge is not as strong as the two 

bridges together for the same volumes. In the case of the engulfing liquid bridge, 

morphologies exist only in a narrow window – some configurations could not be 

determined by our algorithms. At high contact angle, asymmetric inner bridge intersects 

the outer bridge while in the lower contact angle regimes, inner bridge contact angle 

becomes aphyscial due to an ill-defined contact angle. Calculated force again shows that 

the compound bridge is not as strong as the two bridges together for the same volumes. 

Our attempts to produce a stable configuration for an engulfed bridge at low contact angles 

did not lead to success. As a result, we are still left with the question: can two wetting 
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liquids with low contact angles on a solid form engulfed bridge? If so, what is the 

morphology? – we leave that for future studies.  

A3.Matlab code for extraction of Diffusivity from concentration profiles 

of polymer spreading in nanoparticle films 

 
%%This code fits the extracted concentration profile to 

extract diffusivity %%using convolution-based method 

 

function[D,c_calc_final,error]=diff_analysis_convolution(c0

,c,m)        

%y is distance, c and c0 are diffusion profiles at time t 

and initally 

%%create variables, time=size of data set/(size of 

dist)*11.5*60 seconds, 

%%each mapping run on the ellipsometer takes around 11.5 

minutes  

interval = 11.5; 

t=m*interval*60; 

%% 

%%read in the intial raw data and add boundaries from -5000 

to 5000 microns 

x=zeros(10001,1); 

A=-5000:30:5000; 

for i=1:1:size(A,2) 

    if(i<(((-(A(1,1))-500)/(A(1,2)-A(1,1)))+1)) 

        x(i,1)=c0(1,1); 

    end 

    if((i>=(((-(A(1,1))-500)/(A(1,2)-A(1,1)))+1))&&(i<=(((-

(A(1,1))-    500)/(A(1,2)-A(1,1)))+68))) 

        x(i,1)=c0(i-((-(A(1,1))-500)/(A(1,2)-A(1,1))),1); 

    end 

    if(i>(((-(A(1,1))-500)/(A(1,2)-A(1,1)))+68)) 

        x(i,1)= c0(68,1); 

    end 

end 

%% 

%%choose initial value of diffusion coefficient*time = Dt  

%%create a gaussian g(D*t) and convolute with profile 

created previously 
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Dt=0.01:0.01:100;k=1;Er=zeros(1,size(Dt,2));c_calc=zeros(68

,size(Dt,2));cks=zeros(1,size(Dt,2)); 

n=-100:1:100; 

for Dt=0.01:0.01:100 

g=1/(sqrt(4*pi*Dt))*exp(-n.^2/(4*Dt)); 

c1=conv(x,g); 

%%interpolate the profile in y and find best fit to the raw 

data at time t 

d = fix(size(g,2)/2)+fix((size(A,2)/2))-fix(68/3)-51;    

c_actual=c1(d:1:d+67,1);      %251 = 

(size(g)/2+1)+size(A/2)-y/3 

MSE =0; 

for i=1:1:size(c,1) 

    MSE = MSE + (c_actual(i,1)-c(i,1))^2; 

end 

c_final=c_actual;minima_MSE=MSE;ck_min=0; 

%find minimum MSE by shifting 100 units back and forward 

for ck=-50:1:50 

d = fix(size(g,2)/2)+fix(size(A,2)/2)-fix(68/3)+ck;    

c_actual=c1(d:1:d+67,1);      %251 = 

(size(g)/2+1)+size(A/2)-y/3 

MSE =0; 

for i=1:1:size(c,1) 

    MSE = MSE + (c_actual(i,1)-c(i,1))^2; 

end 

if(MSE<minima_MSE) 

    c_final=c_actual;minima_MSE=MSE;ck_min=ck; 

end 

end 

Er(1,k)=minima_MSE; 

c_calc(:,k)=c_final; 

cks(1,k)=ck_min; 

k=k+1; 

end 

%%repeat for each value of Dt and record MSE 

%% 

%%choose Dt corresponding to lowest MSE and calculate D 

%%(micron^2/seconds) 

min=Er(1,1);pos=1;min_ck=cks(1,1); 

for i=1:1:size(Er,2) 

    if(Er(1,i)<min) 

        min=Er(1,i);pos=i;min_ck=cks(1,i); 

    end 

end 
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Dt=0.01:0.01:100; 

D=Dt(1,pos)*900/t; 

%D=Dt(1,pos)/delta_t; 

%% 

c_calc_final=c_calc(:,pos);     

error=min; 

%%end of the code 
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