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Abstract 

Polymer infiltrated nanoporous gold (PING) is prepared by infiltrating polymer melts into a 

bicontinuous, nanoporous gold (NPG) scaffold.  Polystyrene (PS) films with molecular weights 

(𝑀௪) from 424k Da to 1133k Da is infiltrated into a NPG scaffold (ca. 120 nm), with a pore 

radius (𝑅௣) and pore volume fraction of 37.5 nm and 50%, respectively.  The confinement ratios 

(𝛤 ൌ  
ோ೒

ோ೛
) range from 0.47 to 0.77, suggesting that the polymers inside the pores are moderately 

confined.  The time for PS to achieve 80% infiltration (𝜏80%) is determined using in situ 

spectroscopic ellipsometry at 150℃.  The kinetics of infiltration scales weaker with 𝑀௪, 𝜏80%  ∝

 𝑀௪
1.30 േ0.20, than expected from bulk viscosity 𝑀௪

3.4.  Further, the effective viscosity of the PS 

melt inside NPG, inferred from the Lucas-Washburn model, is reduced by more than one order 

of magnitude compared to the bulk.  Molecular dynamics (MD) simulation results are in good 

agreement with experiments predicting scaling as  𝑀௪
1.4.  The reduced dependence of 𝑀௪ and the 

enhanced kinetics of infiltration are attributed to a reduction in chain entanglement density 

during infiltration and a reduction in polymer-wall friction with increasing polymer molecular 

weight.  Compared to the traditional approach involving adding discrete particles into the 

polymer matrix, these studies show that nanocomposites with higher loading can be readily 

prepared, and that kinetics of infiltration are faster due to polymer confinement inside pores.  

These films have potential as actuators when filled with stimuli-responsive polymers as well as 

polymer electrolyte and fuel cell membranes. 
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Introduction 

Polymer nanocomposites (PNCs) have been widely studied in academic, national and 

industrial laboratories1–3. PNCs are broadly defined as a mixture of an inorganic nanofiller 

dispersed within a polymeric matrix, resulting in a material with properties that the individual 

components would not exhibit by themselves. PNCs have been utilized in applications involving 

gas separation membranes 4,5, optically responsive devices6–8, mechanical reinforcement9,10, and 

ion conduction11. The unique properties of PNCs depend on factors such as inorganic nanofiller 

type, dispersion, loading, as well as the polymer matrix characteristics. In most research, the 

fabrication of PNCs relies on mixing inorganic nanoparticles (NP) into a polymer matrix.  

Depending on processing conditions, the NPs can disperse by thermodynamic or kinetic 

trapping, or aggregate as NPs self-assemble to reduce unfavorable NP/matrix interactions.  

However, this general approach does not ensure a homogenous dispersion of NPs particularly 

when a high loading is required where initial interparticle spacing is on the length scale of the 

NP size. For instance, Krook et al (2019) investigated the miscibility of nanoplates in a lamellar 

diblock copolymer and found that the equilibrium interparticle spacing is 6.4 nm12, implying 

limited and conditional miscibility of NP inside the polymer matrix. In another study by Krook et 

al (2018), when the concentration of monodisperse nanoplates increases to 0.05 vol% in the 

block copolymer (BCP) assembly, the nanoplates disrupt the lamellae structure of BCP resulting 

in a disordered system13. Thus, nanofiller dispersion in polymer matrices in most 

nanocomposites is limited to low loadings. 

Preparing PNCs with a high loading of NPs is a challenge because most combinations of 

polymer and bare NPs result in aggregation of NPs. Though traditional PNCs typically contain 

low to moderate concentrations of inorganic nanofiller, for instance, commercial tires only 
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contain ~ 22 wt% carbon black nanofiller14, novel methods have been developed to increase NP 

loading.  Lu et al (2003) performed free radical polymerization of monomers in the presence of 

NPs, thus trapping the NPs at a loading as high as 86 wt% (ca. 22 vol%)  in the PNC15. Similarly, 

LaNasa and Hickey (2020) fabricated ultra-high loading PNCs by using a surface-induced ring-

opening metathesis polymerization pathway to graft polymer chains on silica nanoparticles16. 

Srivastava and Kotov (2008) explored approaches to create PNCs with high loading through 

layer-by-layer assembly of polymers and NPs/nanowires17. Although these methods successfully 

produce PNCs with a high loading of NPs, there are some limitations to their applicability. 

Namely, the prior approach is limited to systems where the NP and monomer are miscible in a 

common solvent before initiating polymerization, whereas, the latter approach is limited to 

systems where the NP and polymer are oppositely charged. 

To expand the possible combinations of polymer and NPs, a novel PNC method was 

developed using capillary rise infiltration (CaRI)18. This method starts with a two-layer system – 

a polymer thin film over a uniformly distributed layer of NPs. This bilayer was annealed above 

the polymer glass transition temperature (𝑇௚) to fill the NP interstitial space via capillarity. Using 

nanoindentation and contact mode AFM, these PNCs were shown to exhibit a significant 

enhancement in scratch and wear resistance19, as well as high fracture toughness 20,21. These 

PNCs also demonstrated increased hardness, modulus, and fracture toughness. Compared to 

other existing approaches for generating high NP loading PNC, CaRI is attractive because of its 

versatility, namely, compatibility with many NP fillers and polymer matrices, and ease of 

fabrication. However, in CaRI systems, the NP interstitial pore size is not uniform or 

homogeneous, and the random arrangement of NPs may result in colloidal level defects such as 

vacancies and interstitial particles. In this paper, we adapt CaRI to fabricate a new type of PNC 
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via infiltrating polymer into a nanoporous gold (NPG) exhibiting bicontinuous channels of gold 

and air. Limited research has been done utilizing NPG as a template for actuators and catalyst 

support22,23. In our approach, polymer infiltrated nanoporous gold (PING) is presented as a new 

approach to achieve an interconnected polymer and metal structure that does not require a 

favorable thermodynamics of mixing.  In a previous study, spectroscopic ellipsometry was 

shown to be a sensitive tool to characterize the thermal properties of fully infiltrated PNCs24.  In 

prior studies on the CaRI of polymers into nanoparticle films, polymer infiltration kinetics was 

also found to depend on polymer molecular weight, the extent of confinement, the presence of 

water and polymer-surface interactions 25–29.  We believe that the PNCs made by PING provides 

a simple and scalable platform to prepare membranes for actuators, gas separation and fuel cells.  

The mechanism of polymer infiltration into nanoporous gold is capillary rise, a 

phenomenon where liquid spontaneously fills a narrow channel without the assistance of external 

forces. For Newtonian fluids, the capillary effect is described by the Lucas-Washburn Equation 

(LWE)30,31. 

ℎሺ𝑡ሻ ൌ  𝑡0.5ට
ோ೛೚ೝ೐ϒ ௖௢௦ఏ೐

2ఎ೚
       Eq. 1  

In Eq. 1, ℎሺ𝑡ሻ is the height infiltrated by the liquid, t is the infiltration time, 𝑅௣௢௥௘ is the radius of 

the pore, ϒ is the surface tension of the liquid, 𝜃௘ is the equilibrium contact angle, and 𝜂௢ is the 

fluid viscosity. The LWE assumes that the size of the fluid particle is an order of magnitude 

smaller than the radius of the channel, which enables the fluid to be treated as a continuum 

medium 30,32.  The scaling of polymer infiltration height ℎሺ𝑡ሻ with 𝑡0.5 is well-documented. For 

example, polyethylene (PE) infiltrated into cylindrical anodized alumina oxide (AAO) nanopores 

exhibited LWE scaling such that flux ~ 𝑡0.5, although the molecular weight dependence differed 
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from bulk behavior33. Similar behavior was observed in molecular dynamics simulations of 

unentangled polymers in CaRI experiments34. Polyethylene oxide (PEO) chains infiltrated into 

confined AAO cylindrical nanopores where 𝑅௚ ≫  𝑅௣௢௥௘ again exhibited LWE scaling ~ 𝑡0.5 35. 

Interestingly, these studies found that low molecular weight PEO chains exhibited slower than 

theoretically predicted infiltration, whereas high molecular weight chains exhibited faster 

infiltration. 

  For these studies of capillary filling of PEO in nanopores, Yao et al. (2018) developed a 

model to account for these deviations from bulk viscosity scaling32: 

ఎ𝑒𝑓𝑓
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8𝑁𝑒
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3𝑁𝑅𝑝𝑜𝑟𝑒
2቉

െ1

       Eq. 2 

Here, the effective polymer viscosity, 𝜂௘௙௙, deviates from the bulk viscosity, 𝜂0, due to two 

phenomena which dominate in distinct regimes of confinement. The first term in Equation 2 

captures the dead zone effect, in which strong adsorption of chains to the capillary surface 

creates a zone of thickness 𝛥𝑅 where polymer imbibition is blocked. Accounting for this dead 

zone, the effective pore radius is defined as 𝑅௘௙௙  ൌ  𝑅௣௢௥௘ –  𝛥𝑅. The reduced pore size 

increases 𝜂௘௙௙, leading to infiltration dynamics slower than bulk behavior. The dead zone effect 

is expected to dominate when the polymer radius of gyration is much smaller than the pore 

radius, 𝑅௚ ≪  𝑅௣௢௥௘.  Adapted from the work of Johner et al. (2010), the second term in Equation 

2 describes reptation-like flow under confinement, which models infiltration as plug through a 

capillary36.  This term dominates in highly confined systems, i.e. when 𝑅௚ ≫  𝑅௣௢௥௘.  Polymers 

confined in a reptation tube much smaller than their bulk length scale are driven by the capillary 

pressure gradient and infiltrate with a scaling of ~𝑁1, showing enhanced mobility over bulk. In. 
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Eq. 2, 𝜙 is the fraction of chains participating in reptation, 𝑁௘is the entanglement length of the 

chains, 𝑏 is the Kuhn length of the polymers, 𝜁 is the friction coefficient of one Kuhn segment, 

and 𝛼 is a general scaling exponent. 

 Deviations from the LWE have been observed both experimentally and computationally, 

with a variety of molecular weight scaling exponents 28,34,37,38.  Beyond the dead zone effect and 

modified reptation contributions enumerated in Equation 2, confinement can change other 

materials parameters that impact capillary rise infiltration of polymers in pores. For example, in 

contradiction to the PEO studies described previously 35, experiments and self-consistent field 

theory simulations found that shorter chains can infiltrate faster than theoretically predicted39. 

Such a contradiction demonstrates the complexity of polymer capillary rise infiltration and the 

other materials parameters that can impact the relationship in Equation 1.  

The interaction between the infiltrating polymer and the scaffold surface is one such 

parameter.  Diffusion of entangled polystyrene (PS) in a 2D slit geometry of alkylammonium 

modified mica-type silicates was found to scale inversely with molecular weight (𝐷 ∝  𝑁-1) 40. 

The weaker dependence than expected from reptation (𝐷 ∝  𝑁-2) was attributed to attractive 

interactions between the polymer and confining surface. Using in situ nanodielectric 

spectroscopy, the infiltration kinetics of cis-1,4-polyisoprene (PI) in AAO nanopores proved 

quite different when the nanopores were silanized, a process which decreases PI-AAO 

adsorption41. Molecular dynamics simulations of polymer infiltrates into random close-packed 

NPs in the presence of solvent exhibited infiltration times with a non-monotonic dependence on 

polymer-NP interaction strength28. Infiltration dynamics increases in speed as the polymer-NP 

attraction increases until a strong-adhesion limit is broached, beyond which infiltration slows.  
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The system in the present work, PS infiltration inside NPG, does not exhibit strong polymer-

surface attraction, existing well below this strong-adhesion limit.  

The entanglement density of polymers is often cited as an explanation for the capillary 

infiltration dynamics of polymers. Using small angle x-ray scattering (SAXS) to follow PS 

infiltration into AAO cylindrical nanopores, an effective viscosity scaling of 𝜂௘௙௙ ~ 𝑁1.5േ0.1 was 

found for 𝑅௚ ≫  𝑅௣௢௥௘ and attributed to a confinement-induced reduction in entanglements 

during infiltration37.  Recent molecular dynamics simulations of polymer infiltration into a 

cylindrical nanopore measured a reduction in entanglements during capillary infiltration which 

scales inversely with capillary radius38. These observations align with work studying non-

infiltrating polymers under confinement. Experimental study of ultrathin PS films revealed a 

decrease in entanglement density with decreasing film thickness42. Simulations of entangled 

polymers under thin film confinement demonstrate that uniaxial compression of chains drives 

chain segregation, reducing the number of accessible interchain contacts and thus reducing 

entanglements 43,44. Further computational studies extended this finding to cylindrical 

confinement 45,46 and tortuous networks with multiple confinement length scales47. 

Entanglements are of particular interest in this work, in which entangled PS chains infiltrate into 

a NPG scaffold.  

 As exemplified by Equation 2, infiltration kinetics depends strongly on the degree of 

confinement.  The confinement ratio, 𝛤, is defined as 𝛤 ൌ 𝑅௚/𝑅௣௢௥௘, where 𝑅௚ is the radius of 

gyration of the polymer, and 𝑅௣௢௥௘ is the radius of the pore.  Using CaRI, polydimethylsiloxane 

(PDMS) infiltration was investigated into a dense silica NP packing with a confinement ratio, 𝛤, 

varying from 0.6 to 1.5.  This system exhibited a crossover in diffusive behavior at 𝛤 = 1, with 
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𝐷 ∝  𝑁ି1 for 𝛤 > 1 and a scaling exponent between 0 and -1 for 𝛤 < 125. PS infiltration into 

similar silica NP packings at much higher degrees of confinement, 𝛤 varying from 2 to 15, 

exhibited viscosity scaling 𝜂௘௙௙ ~ 𝑁0.8 26. Beyond the pore radius, the pore geometry is an 

important factor in infiltration kinetics. Work comparing the infiltration of PS into AAO with a 

tortuosity close to 1 versus infiltration into tortuous porous glass finds an inverse scaling of 

infiltration velocity with tortuosity48. 

The present study quantitatively measures the kinetics of entangled PS infiltration into 

NPG under moderately confined conditions where 𝑅௚ is slightly less than the 𝑅௣௢௥௘.  The 

experimental confinement ratio 𝛤 varies from 0.47 to 0.77. The infiltration time scales with PS 

molecular weight as 𝜏80%  ∝  𝑀௪
1.30 േ0.20, straying from bulk viscosity scaling with 𝑀௪

3.4.  Further, 

the PS viscosity extracted from infiltration studies is reduced by over an order of magnitude 

compared to the bulk. This study of a moderately confined polymer is an important contribution 

to the field because of the bicontinuous pore geometry with zero-mean curvature, compared to 

studies of concave cylindrical pores of AAO and convex pore of nanoparticle packings. The 

unique properties of this system drove us to use molecular dynamics simulations of polymer 

infiltration into NPG to illuminate experimental findings.  Simulation results well agree with 

experimental scaling, 𝜏௜௡௙௜௟௧௥௔௧௜௢௡ ∝ 𝑁1.4. These simulations provide insights into the mechanism 

of infiltration by analyzing transient chain level behavior such as the fraction of chains adsorbed 

to the gold surface, entanglement density, and chain 𝑅௚ during infiltration. These simulation 

properties and their implications on experimental polymer infiltration kinetics are expounded 

upon in this work.   
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Materials & Method 

 

 Samples. The polystyrene (PS) samples with different molecular weights were purchased 

and used as received.  Important molecular characteristics and length scales are described in 

Table 1.  

Table 1. Characteristics of PS and confinement parameter values  

Sample Name 𝑀௪ (Da) PDI 𝑅௚ (nm) 𝛤 = 𝑅௚/𝑅௣௢௥௘ 

PS-424k 424,000 1.06 17.8 0.47

PS-610k 609,500 1.06 21.4 0.57

PS-807k 806,815 1.03 24.6 0.66

PS-954k 954,000 1.06 26.7 0.71

PS-1031k 1,031,454 1.06 27.8 0.74

PS-1133k 1,115,960 1.02 28.9 0.77

 

The PS in these studies are entangled with weight average molecular weights ranging from 424 

kDa to 1,116 kDa and have a low polydispersity (PDI), less than 1.06.  The calculated radius of 

gyration (Rg) is given by Rg = ට𝑏2𝑁
6

.  The Rg is calculated from the Kuhn length, b = 1.8 nm for 

PS, and the number of Kuhn segments, 𝑁 ൌ  ெೢ

ெ೚
, where the Kuhn monomer molar mass for PS is 

720 Da49. Solutions of PS and toluene are prepared using 2.4 wt.% of polymer. The PS solution 

is stirred overnight. Then, the solutions are spin coated onto silicon wafers (1 cm x 1 cm) at 4000 

rpm for 1 minute. After that, the polymer films are annealed at 100°C in the Mettler heating 

stage (Mettler FP-82) under argon flow for 10 minutes to ensure a complete evaporation of the 
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solvent. The resulting polymer thicknesses range from 150-500 nm as measured by reflectometer 

(Filmetrics F3UV).  

Nanoporous Gold (NPG) Fabrication.  NPG is crucial in this study as it is used as the 

structure and template for measuring the polymer kinetics during the PING formation.  NPG are 

prepared using a gold alloy anodic corrosion methodology50.  A Au-Ag (12 karat) foil with 

Au35Ag65 at %, is purchased and used as received. 15.8 M Nitric Acid is used to selectively etch 

Ag from the 12 karat composite. As the Au-Ag foil is immersed in nitric acid, HNO3 first 

dissolves the less noble Ag atoms at the interface, leaving behind the Au rich layer. 

Subsequently, the Au atoms nucleate and grow Au-rich islands, which in turn exposes the 

underlying layer containing Ag. The Au islands eventually form the bicontinuous structure used 

in this study. The fabrication and structural characterization of the NPG has been previously 

studied 51–53. Due to the high mobility of the gold atoms, the NPG scaffolds are annealed at 

175°C for 3 h prior to forming a bilayer with PS. This pre-annealing step prevents structural 

changes in the NPG during polymer infiltration at 150°C 24. 

Bilayer Formation. This NPG scaffold is then deposited on a PS film. To form the 

NPG/PS bilayer, the pre-annealed NPG (1cm x 1cm) is floated onto a DI-H2O surface. The 

suspended NPG is then lifted from underneath by a silicon wafer previously coated with a thin 

PS film. The bilayer is then dried on a hot plate at 60°C until water is completely evaporated 

from the sample surface. 

In Situ Ellipsometry. Spectroscopic ellipsometry (SE) ( J.A. Woollam, Alpha SE) is 

used to determine the infiltration extent of polymer in the NPG. The utilized  wavelength range 

is 380-900nm. A Linkam THMSEL350V heating stage with a vacuum chamber is used for 

heating. The accuracy of the heating stage is 0.1°C with respect to the set temperature. The 
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heating rate is 30°C/min, and the sealed chamber ensures a continuous flow of N2 to prevent 

polymer degradation.  The samples are heated to 70°C and held at this temperature for 5 minutes 

to ensure equilibrium before ramping to 150°C. Subsequently, the temperature is heated at a rate 

of 30°C/min and then held at 150 °C to study infiltration. Because the bulk PS 𝑇௚ is 100°C, 

temperatures higher than 100°C will induce polymer infiltration into NPG. As a result, the 

infiltration time refers to the time after when the heating plate reaches 100°C. The heating stage 

takes ca. 1.7 min to ramp from 100°C to 150°C. During infiltration, the temperature is stably 

held at 150°C. Effective Medium Approximation (EMA) Model with two material constitutes 

(see SI for further information) is used to capture the change in optical constants within the NPG 

composite as polymer fills the pores and approaches the top surface. The infiltration extent (IE) 

is given by, 𝐼𝐸 ൌ  ሺ௡೟ି ௡೔ሻ

ሺ௡೑ି ௡೔ሻ
.  The initial refractive index, 𝑛௜ , is calculated by averaging the 

refraction index values during the first six min (i.e., prior to the PS infiltration). The final 

refractive index (after complete infiltration),  𝑛௙,  is calculated by averaging the refraction index 

during the last two minutes when infiltration is complete. Details of the EMA fitting model are 

given in the SI.  

Small Angle X-Ray Scattering (SAXS). Dual Source and Environmental X-Ray 

Scattering (DEXS, Xenocs Xeuss 2.0) at University of Pennsylvania is used for measuring NPG 

ligament-ligament distance. Six tubes with sample to detector distance of 6390 mm results in a q0 

range of 0.003-0.09 Å-1. Cu Kα, with a wavelength of 1.54 Å, is used as the light source. NPG 

samples are peeled off from the substrate using Kapton tape. The scattering data is collected for 

1 h for each sample. The collected spectra are then azimuthally integrated into a curve for 

analysis. A control scattering collection of pure Kapton tape is also performed for 1 h to 

eliminate any effect from the tape on the scattering curve. 
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 Water Contact Angle Goniometry. Static and Dynamic Water Contact Angles are used 

to measure the surface energy of the NPG/PS composite. Uniform DI-H2O droplets were 

deposited onto the sample surface using a Gilmont Micrometer Dispenser. The system is 

illuminated using a Stocker Yale Imagelite Lite Mite - Model 20. Pictures of the water droplets 

were captured using a Sony CCD N50 Video Camera Module with a Navitar Zoom 7000 close-

focusing macro video lens mounted on an optical table. The captured pictures are analyzed using 

Image J, plugin “LB-ADSA,” which uses the Young-Laplace equation to fit the shape of the 

water droplet for the exact contact angle.  

 Atomic Force Microscopy (AFM). Bruker Icon AFM with tapping mode is used to 

probe the surface morphology of the NPG/composite. The images collected are 2*2 µm2. 

Tapping mode AFM tips, Tap300Al, have a tip height of 17 μm and radius of 10 nm. The AFM 

images are analyzed using Gwyddion software.  

 Scanning Force Microscopy (SEM). FEI Quanta 600 SEM is used to detect the 

secondary electron signals at 15kV. The images are taken top-down to measure the ligament-

ligament distance and in cross-section to measure the NPG thickness as well as infiltration 

extent. SEM images analysis also utilizes Gwyddion software. 

Simulation Details. All simulations are performed on Stampede2 from the Texas 

Advanced Computing Center (TACC) through the Advanced Cyberinfrastructure Coordination 

Ecosystem: Services & Support (ACCESS) program54 using LAMMPS with the Velocity Verlet 

algorithm and a Nose-Hoover thermostat55 in the canonical (NVT) ensemble. Periodic boundary 

conditions are used in the x and y directions, with infiltration progressing in the z direction.  
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Entangled polymer melts are simulated using a modified coarse-grained bead-spring 

Kremer-Grest (KG) model56. Nonbonded monomers interact through the LJ potential 𝑈௜௝
௡௕ ൌ
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monomer mass. Monomers bonded together on the same chain interact via a finitely extensible 
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ఙ2  and 𝑅0 ൌ 1.5𝜎. The original KG model is modified by the additional of an angular 

harmonic potential 𝑈௔௡௚ ൌ ௄ഇ

2
ሺ𝜃 െ 𝜃0ሻ2 where 𝐾ఏ ൌ 10 per radian2 is the interaction strength 

and 𝜃0 ൌ 120 is the equilibrium bond angle. This potential increases the average number of 

entanglements per chain without requiring long chain lengths, giving an average number of 

monomers between entanglements of ൏ 𝑁௘ ൐ൎ 17.557.  

Polymer films are generated by random growth of polymers in a simulation box with 

walls on the top and bottom, followed by the application of soft potentials to push overlapped 

monomers apart. For efficient equilibration of entangled polymers, connectivity-altering Monte 

Carlo moves are used 58,59. Films are equilibrated at high temperature, 𝑇 ൌ  1.2, and a time step 

of 𝛥𝑡 ൌ  0.002𝜏. Equilibration proceeds until diffusive behavior of the center of mass mean 

squared displacement (MSD) is observed. The MSD is calculated with a moving time origin for 

improved statistics, and three independent film configurations are generated for each system. 

All polymers in this study are above the entanglement degree of polymerization.  The number of 

monomers per chain are 25, 50, 100, 150, and 200, with 𝑁/𝑁௘ approximately equal to 1.5, 3.0, 

6.0, 8.5, and 11.5, respectively. The entanglement statistics during the equilibration of chains are 
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included in Figure S7 of the Supporting Information. The polymer density is 0.85/𝜎ି3. The films 

have dimensions 𝐿௫ ൌ 𝐿௬ ൌ 100𝜎, 𝐿௭ ൌ 40𝜎. The polymer films are placed on a 2𝜎 thick 

support consisting of immobile LJ particles with a configuration taken from the middle 2𝜎 of a 

larger film.  

A simulation box with hard walls at the top and bottom and dimensions 𝐿௫ ൌ 𝐿௬ ൌ

100𝜎, 𝐿௭ ൌ 400𝜎 is randomly filled with two types of LJ particles. A repulsive LJ potential is 

applied to induce spinodal decomposition. Simulations are run until the average ligament-to-

ligament distance reaches the desired value, and then one of the two particle types is deleted, 

creating a nanoporous structure. LJ particles which are separated from the surface, or those with 

no nearest neighbors, are removed to create a nanoporous structure. The top and bottom surfaces 

are deleted, and the structure is placed 1𝜎 from the top of the free surface of the supported 

polymer film. The LJ potential between particles within the nanoporous structure and polymer 

atoms is neutral i.e., 𝜖 ൌ  1.0 and 𝜎 ൌ  1.0. Here, we create a nanoporous structure with an 

average pore radius 𝑅௣௢௥௘ ൌ 6.27𝜎. The structure factor of the nanoporous gold structure and 

characterization of the pore radius is included in Figure S8 of the Supporting Information. The 

confinement ratio is defined as the polymer radius of gyration within a bulk melt over the pore 

radius, 𝛤 ൌ 𝑅௚/𝑅௣௢௥௘. For the polymer lengths used in this work the confinement ratio ranges 

from 0.46 ൑  𝛤 ൑  1.35. The polymer is allowed to infiltrate the nanoporous structure during 

constant NVT dynamics at 𝑇 ൌ  1.2. The total number of LJ particles in our simulations is 

1477795. Simulation images of the nanoporous gold structure, as well as initial and post-

infiltration polymer configurations, are shown in Figure 1. 
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Figure 1. (top) The left-most image shows the system configuration at t = 0. Particles that make up the nanoporous 
structure are shown in gold, polymer beads are shown in red, and particles within the thin support structure at the 
bottom of the polymer layer are shown in blue. The system is periodic in the x and y directions. The plot in the 
center shows the density profiles of polymer chains before infiltration versus z position for 𝛕 = 0.  The right-most 
figure shows a zoomed in portion of the simulation box aligning with the density plot. (bottom) System 
configuration at t = 165000000, or 𝛕 = 330000, showing polymer beads (red) partially infiltrating into nanoporous 
structure (gold). The plot shows the density profiles of polymer chains versus z position for  𝛕 = 330000.The right-
most figure again shows a zoomed in portion of the simulation box aligning with the density plot. At this time point, 
all of the polymer reservoir has infiltrated into the nanoporous gold, and the gold structure has dropped to fill  the 
empty space in the bottom of the simulation box. On both density plots, the dashed red horizontal  line shows the z 

threshold z′ , where ׬ ⬚
௭′

0
𝜌ሺ𝑧ሻ𝑑𝑧 ൌ 0.99𝜌𝑡𝑜𝑡𝑎𝑙 , or at which 99% of the total polymer density is contained. The 

dashed gold line shows the z position of the bottom of the nanoporous gold structure, zgold. The polymer infiltration 
height, h99, is defined as z′ - zgold. 

z

z
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Results and Discussion 

Characterization of Nanoporous Gold (NPG).  

In this study, polymer is infiltrated into the pores of a nanoporous gold (NPG) scaffold.  

The scaffold is prepared by dealloying a ca. 100 nm film with nominal composition Au35Ag65 at. 

%.  In the gold-alloy etching process, also known as depletion gilding or gold coloration50, the 

less-noble (Ag) element is removed, leaving behind Au adatoms that diffuse to form Au clusters 

and eventually Au ligaments.  The resulting structure is bicontinuous with gold ligaments and 

nanopores as shown in Figure 2a.  Figure 2a (inset) shows a cartoon of the NPG structure, that 

defines d which is the average distance from the center of one ligament to the center of  an 

adjacent ligament. Because pristine NPG spontaneously coarsens at moderate temperature, post-

dealloying coarsening is needed to stabilize the structure.  Both thermal and chemical coarsening 

has been studied 51,53,60–62 .  Because the NPG/PS infiltration studies utilize thermal annealing at 

150°C  (i.e. above the PS glass transition temperature), the NPG was thermally coarsened at 

175°C for 3 h prior to preparing the NPG/PS bilayer. Our prior study showed that this treatment 

prevented NPG coarsening during infiltration at 150 °C 24.   

 Small-angle X-ray scattering (SAXS), SEM and AFM were used to characterize the 

structure of the NPG.  Figure 2b shows the SAXS intensity versus wavenumber (q) before and 

after coarsening the NPG at 175°C for 3 h.  For as-prepared NPG, the maximum-intensity peak 

position is located at 0.00873 Å
ି1

, corresponding to d = 89 nm, with a small shoulder at 0.02139 

Å
ି1

 which corresponds to d = 36 nm.  This shoulder may reflect scattering from Au 

nanoparticles (NP) resulting from incomplete ligament formation.  Upon annealing, the 

maximum intensity moves to lower q, qmax = 0.00513Å
ି1

, and the shoulder disappears 

suggesting dissolution of the Au NP.  For bicontinuous structures, the ligament-ligament distance 
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is given by d = 1.23 * 
2గ

௤೘ೌೣ
 51,63, where the factor of 1.23 accounts for the random arrangement of 

ligaments.  For as prepared NPG, d is 89 nm, whereas after thermal treatment d = 150 nm.  The 

full width at half maximum (FWHM) of the annealed NPG is shown in SI Fig. S1. The 

broadness of the scattering peak reflects the heterogeneity of the pore size which is verified in 

SEM and AFM images. For annealed NPG, the lower bound of the FWHM is 𝑞ிௐுெ,௟௢௪௘௥ = 

0.00218 Å
ି1

, corresponding to 𝑑௨௣௣௘௥  ൌ  355 𝑛𝑚.  The upper bound is 𝑞ிௐுெ,௨௣௣௘௥  = 0.00829 

Å
ି1

, corresponding to 𝑑௟௢௪௘௥  ൌ  93 𝑛𝑚.  The calculation can be verified through the SEM/AFM 

images in Figure 2, as some pores have larger values in the longitudinal direction.  As noted 

previously, this thermal treatment is sufficient to lock in the NPG structure during polymer melt 

infiltration at 150°C.  For all subsequent discussion, “NPG” will refer to the coarsened structure.  

 

Figure 2. NPG structural analysis. A) SAXS spectra of as-prepared and coarsened (175oC, 3 h) NPG film. The 
maximum q values are used to determine d values of 89 nm and 150 nm, respectively. The high q region scales as q-

4.  The inset defines d as the ligament to ligament spacing. Inset cartoon adopted from Welborn and Detsi (2020).  
B.) SEM and c) AFM height images of coarsened NPG in a top-view.  White and gold colors, respectively, represent 
the ligaments of the NPG.  Dark regions in both images correspond to open pores. 

The coarsened NPG was also characterized by real space methods, namely SEM and 

AFM.  Figure 2b is an SEM image showing that the NPG displays an interconnected network 

structure when viewed top down.  Line-scans (see SI, Fig. S2) are used to determine the 

ligament-ligament distance, d  = 146 ± 9 nm, which is in good agreement with SAXS (Fig. 2a).  

Figure 2c is an AFM height image of the coarsened NPG exhibits a network of gold ligaments.  
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By taking a 2D correlation function, the ligament-ligament distance can be determined from the 

distance between peak heights as shown in SI (Fig. S3).  To randomize measurements, 

correlations were determined at -45°, 0°, 45°, 90°. From AFM, the ligament spacing was found to 

be 114 ± 39 nm, which is less than the values from SAXS and SEM.  The large uncertainty may 

result from limited resolution due to the tip radius (10 nm) as it traverses the narrow pores (75 

nm).  This resolution limit is evident upon comparing the narrower ligament widths in the SEM 

image (Fig. 2b) compared to the broader widths in the AFM height image (Fig. 2c).   

Pore volume is another important characteristic of the NPG.  In addition to d, the pore 

volume fraction and pore radius were determined for the NPG.  As modeled via ellipsometry and 

calculated from 2D correlation function analysis of the AFM image (Fig. S3), the porosity of the 

NPG is approximately 50% by volume, which agrees well with our previous study24 . As shown 

in Fig. 2a, the ligament-ligament distance is the sum of the ligament width plus the diameter of 

the pore. Thus, the average radius of the pore is given by Rpore =  
ௗ

4
 , which is 37.5 nm in this 

study.  

Characterization of NPG/PS before and after complete infiltration.  

Before investigating the kinetics of infiltration, the initial NPG/PS bilayer and the 

NPG/PS composite (PING) after complete infiltration were characterized.  The preparation of 

NPG/PS on a silicon substrate was described in the Materials and Methods section. Figure 3a 

shows a cross-sectional SEM image of a bilayer with a 120 ± 4 nm thick NPG top layer (white) 

over a 80 ± 3 nm thick PS layer (dark).  The edges of both films are observed as well as the gold 

ligaments on top of the NPG.  Figure 3b presents a cross-section image of PS-424k in the NPG 

after complete infiltration at 150°C for 3 h. The final thickness of PING is 128 ± 8 nm. From 
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Figure 3, PS-424k appears to completely fill the pores. The NPG thickness before and after 

infiltration are within experimental uncertainty, indicating that the NPG takes up the PS without 

swelling. 

 

Figure 3. a) Cross-sectional SEM image of the prepared bilayer. The top-most, middle and bottom layers represent 
the NPG (120 nm), the PS film (80 nm), and the silicon substrate. The tilt angle is 5°.  b) Cross-sectional SEM 
image of the NPG after complete infiltration by the PS-400k after annealing for 3 h at 150C. 

The surface characteristics and properties of the fully infiltrated NPG/PS films were also 

determined. As polymer infiltrated the NPG from below, the color of the film became 

progressively dimmer as shown in Figure S4 as the film transitioned from initial to partial to 

complete infiltration. Tapping mode AFM was used to characterize the topography of the 

NPG/PS-424k film before and after complete infiltration as shown in Figure 4.  The AFM tip 

radius is 10 nm. Before infiltration (t = 0 s), the NPG (~ 120 nm) lies on top of the PS-424k film 

(~ 80 nm) and, as expected, the height image in Fig. 4a is very similar to that in Fig. 2c for the 

neat NPG film. The bicontinuous gold ligament structure (bright features) can be clearly 

visualized. The height scale bar from 0 to 100 nm was chosen to be the same as that of Fig. 2d. 

The surface roughness of the bilayer is 𝑅௤ = 3.3 ± 0.7 nm, implying that the surface is relatively 

rough due to the open pores at the surface.  However, after complete infiltration, Figure 4b 
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shows that the surface becomes smoother with ligaments (bright spots) rising at most ca. 50 nm 

above the background. This decrease in roughness is attributed to the PS domains (dark) filling 

the pores between ligaments. Quantitatively, the surface roughness decreases to 𝑅௤ = 1.8 ± 0.1 

nm. 

 

Figure 4. a) AFM height image of NPG (ca. 100 nm) over PS-424k film (ca. 100 nm).  Surface roughness is 𝑅௤ = 

3.3 ± 0.7 nm.  The structure is similar to that in Figure 2c.   b. AFM height image of the NPG after complete 
infiltration by PS-424k after annealing at 150°C for 3 h.  Surface roughness is 𝑅௤ = 1.8 ± 0.1 nm 

 

To further investigate surface properties, water contact angles were measured on a pure 

PS-954k film, a solid gold film and a fully infiltrated NPG/PS-954k film.  As shown in Figure 

5a, the equilibrium water contact angle for PS-900k is θ = 89.9 ± 0.7°, in good agreement with 

literature64. Because it is porous, the NPG absorbs water and delaminates from the substrate. 

Thus, a solid gold film was used as a surrogate for the NPG film. The gold wafer, made by 

sputtering a layer of gold on a silicon wafer, exhibits a water contact angle θ = 64.4 ± 2.7°, 

which is in good agreement with the range of values from the literature, 60 to 65° 65. Given that 

the porosity of the NPG is ca. 50%, the water contact angle for fully infiltrated NPG can be 

estimated by averaging the contact angles of PS-954k and gold, and is 77.2°.  This estimate 

assumes a smooth surface and does not account for the effect of nanoscale roughness shown in 
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Fig. 4b.  As shown in Figure 5, the measured contact angle for the NPG/PS-954k film is slightly 

larger, θ = 80.1 ± 0.5°, than the simple rule of mixtures prediction.  This small difference might 

be attributed to PS domains that partially spread over the gold ligaments on the top surface.  

Nevertheless, because θ < 90°, the top of the NPG/PS-954k film appears to contain both PS 

domains and gold ligaments at the surface.  The water contact angle results are qualitatively 

consistent with the AFM height map shown in Figure 4b that displays patches of PS (dark) and 

gold ligaments (bright). Thus the AFM results suggest that PS does not spread across the entire 

surface to form a uniform wetting layer over the gold ligaments. AFM phase images shown in 

Figure S5 of the SI support this conclusion.  In addition to the static contact angle, we have also 

measured the dynamic water contact angle on fully infiltrated NPG/PS-954k as shown in Fig. S6. 

Future studies will apply ToF-SIMS to quantify the relative areas of PS and gold on the surface.  

⬚⬚⬚⬚  

Figure 5. Room temperature water contact angle measurements on a) PS-954k film,  b) solid gold film on silicon,  
and (c) NPG after complete infiltration by PS-954k. 

Kinetics of Polystyrene Infiltration into the NPG Scaffold.  

After characterizing the initial and final states, the kinetics of polystyrene infiltration into 

a NPG scaffold is investigated using in-situ spectroscopic ellipsometry (SE). The infiltration 

extent (IE) is determined from the refractive index of the top layer at time t, 𝑛௧, via 𝐼𝐸 ൌ

 ሺ௡೟ି ௡೔ሻ

ሺ௡೑ି ௡೔ሻ
, where 𝑛௜ is the initial refraction index of the top layer, and 𝑛௙ is the final refraction 
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index of the top layer (see SI for details).  Figure 6 shows the IE as a function of annealing time 

for PS-954k infiltrating into NPG at 150°C.  From 0 to 10 min, PS-954k fills approximately 35% 

of the NPG; however, from 10 to 20 min, PS-954k only fills an additional 23% of the NPG. The 

slower kinetics of PS infiltration is reflected by the parabolic shape with a negative concavity 

shown in Fig. 6b.  According to the classical LWE model, the capillary driving force becomes 

weaker as infiltration increases resulting in a slowing down of the advancing polymer front. To 

compare infiltration times as a function of PS molecular weight, the time to infiltrate 80% of the 

NPG, τ80%, was chosen. This time point was convenient for several reasons.  First, the 80% 

filling fraction value can be more accurately measured than the 100% value which is approached 

asymptotically as shown in Figure 6b. Further, using τ80% allows for a higher molecular weight 

range to be explored using reasonable annealing times.  Figures 6a and 6b show that τ80% = 38.8 

min for PS-954k infiltrating into the NPG at 150°C.  

 

Figure 6. Infiltration of PS-954k into NPG at 150°C. (a) Plot of the infiltration extent as a function of the log time . 
(b). Plot of the infiltration extent as function of linear scale between t = 0 and t = 100 mins. The time to reach 80% 
infiltration is represented in the insets and has a value of 38.8 min for PS-954k at 150°C. 

Using 𝜏80% measurements from SE, the kinetics of polystyrene infiltration into NPG was 

measured for weight-average molecular weights (Mw) from 424k to 1133k g/mol.  For a pore 
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radius of 37.5nm, the confinement ratio 𝛤 ranges from 0.47 and 0.77 as shown in Table 1.  

Figure 7 shows how infiltration time increases as Mw increases upon annealing at 150°C.  For 

example, PS-424k (𝑅௚ = 17.3nm) exhibits 𝜏80% = 9.69 min, which is 5x faster than infiltration of 

PS-1133k (𝑅௚ = 28.9 nm) where 𝜏80% = 49.9 min. Note that the PS in this study (Table 1) have 

Mw values above the entanglement molecular weight of PS (𝑀௘ = 17k g/mol)49 and therefore the 

bulk melt viscosity (η) scales as 𝜂 ∝  𝑀௪
3.4 49,66,67.  From the LW relationship, 𝝉 ~ η, and 

therefore if bulk viscosity controls the molecular weight dependence of infiltration, 𝜏80%  ∝

 𝑀௪
3.4.  However, as shown in Fig. 7,  𝜏80%  ∝  𝑀௪

1.30 േ0.20, demonstrating that the molecular 

weight dependence of infiltration in NPG is much weaker than expected from bulk behavior. 

 

Figure 7. Infiltration time as a function of polystyrene molecular weight at 150°C. In these studies 𝜏80% represents 

the time for PS to infiltrate 80% into the NPG scaffold. The scaling of 𝜏80%with molecular weight is weaker than 

expected from bulk viscosity where 𝜏80%  ∝  𝑀௪
3.4. 

 

Next, we compare experimental results with prevailing models.  For 𝑅௚ ≫  𝑅௣௢௥௘ and 𝛤 

≫ 1, Johner, Shin and Obukhov (2010) developed a theoretical model that captures reptation of 
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polymers under strong confinement.  The pressure gradient within the pores results in enhanced 

mobility and faster infiltration36 where 𝜏 ∝  𝑀௪
1 .  In previous experiments under confinement 

35,37, the PS and PEO infiltration time in nano-sized cylindrical pores were found to scale as 𝜏 ∝

 𝑀௪
1.4 and 𝜏 ∝  𝑀௪

0.9, respectively.  Additionally, polymer infiltration in a densely packed SiO2 

nanoparticle scaffold scaled26 as 𝜏 ∝  𝑀௪
0.8 . Though the polymers used in these studies were 

entangled, the scaling behavior approximately suggests that 𝜏 ∝  𝜂 ∝  𝑀௪
1 .  Thus, for both the 

model and experiments where 𝛤 > 1, the infiltration rate exhibits a weaker dependence on 𝑀௪ 

than expected from bulk behavior. 

Infiltration time (Figure 7) can be used to determine the effective viscosity (𝜂௘௙௙ሻ of PS.  

Using a modified Lucas-Washburn Equation (LWE) that accounts for tortuosity68, the height that 

PS travels at time t is: 

ℎ2 ൌ ൬
ϒ ோ೛೚ೝ೐௖௢௦ 𝜃 

4 ఎ೐೑೑ ఛ2 ൰ 𝑡  Eq. 5  

where ϒ is the surface tension of PS at 150°C, 𝑅௣௢௥௘ is the average pore which is 37.5 nm, τ is 

the tortuosity factor of the NPG 69 which is taken as 1.5, θ is the contact angle between PS and 

gold 26, which is assumed to be 20°. Calculations for the surface tension and bulk viscosity are 

given in the SI. As shown in Figure 8, the effective viscosity of PS infiltrating inside the NPG is 

lower than that of the bulk (𝜂௕௨௟௞ሻ. For 424k-PS, 𝜂௘௙௙ is 7.0 ∗ 106 Pa*s and 𝜂௕௨௟௞ is 2.9 ∗ 108 

Pa*s, which is 40x greater than the viscosity of the confined polymer. For 1133k-PS, the 

reduction in viscosity is even larger with 𝜂௘௙௙ ൌ 3.8 ∗ 107 Pa*s and 𝜂௕௨௟௞ ൌ 8.4 ∗ 109 Pa*s 

resulting in a difference of more than two orders of magnitude. As shown in Figure 8, the 

difference in 𝜂௕௨௟௞ െ 𝜂௘௙௙ increases as 𝑀௪ increases.  As observed in MD simulations in Figure 
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10, one possible explanation is that the reduction in entanglement density increases as 𝑀௪ 

increases.  In summary, the PS infiltration time exhibits a weaker dependence on 𝑀௪ than 

expected from bulk behavior and PS viscosity inside the nanopores is greatly reduced relative to 

bulk viscosity. In addition to predicting the scaling behavior of infiltration time with  𝑀௪, the 

next section will investigate the mechanism of infiltration using molecular dynamics simulations. 

 

Figure 8. The effective viscosity of PS in the NPG and bulk viscosity as a function of molecular weight at 150°C. 
Red circles represent the bulk viscosity values calculated at the same molecular weight as the NPG studies.  The 
dashed red line is a fit that scales as 𝑀௪

ଷ.ସ.  The gray squares represent the effective viscosity determined from the 
infiltration times given in Figure 7.  The effective viscosities of PS confined in the NPG are much lower than the 
bulk values. 

Molecular Dynamics (MD) Simulations of Polymer Infiltration into NPG. 

To compare experimental results with simulations, molecular dynamics is used to 

determine the height of the polymer front as it infiltrates into the NPG.  The methods section 

describes the system (Figure 1) and simulation details.  The height of the polymer front is 

calculated from 𝜌ሺ𝑧ሻ, the local polymer density in the z direction. The infiltration front can be 
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tracked as the z threshold z′, where ׬ ⬚
௭′
0 𝜌ሺ𝑧ሻ𝑑𝑧 ൌ 0.99𝜌𝑡𝑜𝑡𝑎𝑙, or at which 99% of the total 

polymer density is contained. This threshold is depicted via a dashed red line in Figure 1 at  𝛕 = 0 

(initial configuration) and 𝛕 = 330000 (after infiltration). The difference between this height and 

the bottom of the nanoporous gold structure, 𝑧′ െ 𝑧𝑔𝑜𝑙𝑑, is referred to as ℎ99ሺ𝑡ሻ. The infiltration 

rate, ℎ99
2ሶ , is calculated from the slope of the linear region when plotting ℎ2

99 versus time. To 

compare with experimental scaling of 𝜏80% with molecular weight (Figure 7), 1/ℎ99
2ሶ , which is 

proportional to the infiltration time, 𝜏௜௡௙௜௟௧௥௔௧௜௢௡, is plotted versus the number of monomers per 

chain 𝑁 on a log-log plot. In previous works simulating polymer dynamics during capillary rise,  

in addition to tracking the infiltration front, the infiltration of the bulk of the polymer is 

characterized via the z threshold z′′, where ׬ ⬚
𝑧′′

0
𝜌ሺ𝑧ሻ𝑑𝑧 ൌ 0.85𝜌௧௢௧௔௟, or at which 85% of the 

total polymer density is contained34. The dynamics of the infiltration front more closely match 

the experimental conditions tracked in this work and are thus reported here. The bulk infiltration 

dynamics are included in Figure S9 of the Supporting Information for completeness.  

Figure 9 shows infiltration rate and infiltration time for N = 25, 50, 100, 150 and 200 

monomers.  Those five polymer chain lengths incorporate the range for PS used in the 

experiments, as N approximately ranges from 30 to 90 for the PS used in the experiments. Note 

that N/Ne increases from 1.5 to 11.5, respectively, for our simulated system.  Figure 9a shows 

that the progression of infiltration slows down as polymer length increases.  For each polymer, a 

linear regime is observed as expected from the LWE model. Figure 9b shows that infiltration 

time increases with 𝑁 and that this time scales as 𝑁1.4. This result is in good agreement with the 

experimentally observed scaling shown in Figure 7, where  𝜏80%  ∝  𝑀௪
1.30 േ0.20. As discussed 

previously, this scaling deviates significantly from that expected for bulk behavior, 𝜏଼଴% ∝ 𝑀௪
3.4. 
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Figure 9. (a) The square of the infiltrated polymer film height ℎ99
2  as a function of simulation time. Each color 

corresponds to a different polymer chain length, 𝑁, as noted in the legend. An average of triplicate runs is shown, 

with error bars included on the plots. (b) Inverse infiltration rate 1/ℎ99
2ሶ  as a function of the number of monomers. A 

log-log scale is used to show the scaling of infiltration time with 𝑁, 𝜏௜௡௙௜௟௧௥௔௧௜௢௡ ∝ 𝑁1.4.  

The difference between the scaling from simulations and the 𝜏~𝑁1 behavior predicted by 

the model in Equation 2 may be attributed to several factors. The confinement ratio, 𝛤, in the 

simulations ranges from 0.46 to 1.35. The shorter chain lengths are not in the highly confined 

regime required for this reptation-like flow and lack sufficient entanglements to be considered 

within the reptation regime. In addition, the tortuosity of the gold surface changes the expected 

pressure gradient in comparison to an ideal cylindrical capillary36.  

Previous studies have shown that confinement reduces the number of entanglements in 

polymer chains compared to the bulk value 37,42,43,45,47. A reduction in entanglements decreases 

polymer viscosity, thus leading to faster infiltration than predicted by bulk behavior. Figure 10a 

shows the change in the average number of entanglements per chain, 𝛥 ൏ 𝑍 ൐, over the duration 

of infiltration for all chain lengths. Only infiltrated chains, i.e. chains with a center-of-mass z 

position above the bottom of the nanoporous gold structure, are considered for the average 
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number of entanglement analysis. The Z1+ algorithm70 is used to analyze entanglements in all 

simulations. All chain lengths show a decrease in entanglements as infiltration time increases, 

consistent with the experimentally observed decrease in viscosity.  As chain length and thus the 

degree of confinement increases, the magnitude of 𝛥 ൏ 𝑍 ൐ increases from about -0.5 to -2.0 

entanglements per chain for N = 25 and 250, respectively.  Rather than using the loss of 

entanglements, comparing entanglement length, 𝑁௘, as chain length increases provides a clearer 

comparison. If the change in entanglements is sufficient to explain the confined polymer 

viscosity, one would expect 𝜂 ∝  1/𝑁𝑒, giving 
ఎ𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑

𝜂𝑏𝑢𝑙𝑘
 ∝  

𝑁𝑒𝑏𝑢𝑙𝑘
𝑁𝑒𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑

 . The ratio of bulk 

entanglement length versus infiltrated entanglement length during the course of infiltration is 

included in Figure S10 in the Supporting Information. Figure 10b shows 𝑁𝑒𝑏𝑢𝑙𝑘
𝑁𝑒𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑

 versus 𝛤 at 

the final simulation time point for each chain length, capturing the total change in the 

entanglement length over the course of infiltration. This ratio increases as N increases; if 

entanglements played a dominant role in the changes in the infiltration rate, we would thus 

expect smaller deviations from bulk viscosity for higher molecular weight polymers. However, 

with the dynamic scaling found experimentally and computationally in this work, 
ఎ𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑

𝜂𝑏𝑢𝑙𝑘
 ∝   

𝑁1.4

𝑁3.4 
 ∝

 𝑁െ2, one would expect larger deviations from bulk viscosity as N increases. The experimental 

results in Figure 8 show this latter trend; namely, the difference in 𝜂௕௨௟௞ െ  𝜂௘௙௙ increases as 𝑀௪ 

increases. Although a reduction in entanglements can enhance infiltration kinetics, the change in  

entanglement per chain does not explain the scaling observed in this study.  
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Figure 10. Effect of confinement on entanglements. (a) The decrease in the average number of entanglements per 

chain over the course of infiltration, 𝛥 ൏ 𝑍 ൐ ൌ ൏ 𝑍 ൐௧ െ൏ 𝑍 ൐௕௨௟௞. (b) 
𝑁𝑒𝑏𝑢𝑙𝑘

𝑁𝑒𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑
 at the final simulation time 

point versus the confinement ratio 𝛤. 

The model from Yao et al (2018) assumes that chains obey Gaussian equilibrium 

statistics and are not deformed by flow32,36. There have been conflicting results with regards to 

the shape of polymers during capillary infiltration, with reports of both unperturbed dimensions37 

and chain extension in the direction of flow38. The reduction in entanglements for confined 

polymers is thought to be driven by chain compression in the confined dimension which reduces 

the pervaded volume of chains and thus the number of available interchain contacts 42,43. 

Confinement of significantly long polymers can even drive chain segregation 44,46.  This chain 

segregation produces an entropic barrier to polymer diffusion, as chains must adopt highly 
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extended conformations to exchange positions with neighboring chains. Figure 11 shows the 

normalized one-dimensional radius of gyration in each direction for free (open circles) and 

highly adsorbed (solid circles) chains. Values are normalized to the bulk polymer Rg in each 

direction such that a value of 1 represents a chain that has retained bulk dimensions in that 

respective direction. Free chains are defined as those chains with no polymer beads within 1.5𝜎 

of any gold surface bead, while highly adsorbed chains have at least half of the total chain length 

within 1.5𝜎 of any gold surface bead. There is clear extension in the direction of infiltration (z 

direction) for both free and adsorbed chains, with the extent of chain stretching scaling with the 

degree of confinement. Highly adsorbed chains retain bulk shape in the x and y directions for all 

confinement ratios, while the most confined free chains (𝛤 = 1.35) are compressed in the 

confined x and y directions.  

 

Figure 11. Normalized one-dimensional radius of gyration in each direction, split into free  (open circles) and highly 
adsorbed (closed circles) chains. Free chains are defined as those with no polymer beads within 1.5𝜎 of any gold 
surface bead, while highly adsorbed chains have at least half of the total chain length within 1.5𝜎 of any gold surface 
bead. The x-axis corresponds to increasing chain length, plotted as the confinement ratio, 𝑅௚/𝑅.  Chain extension in 

the z-direction is observed for both free and adsorbed chains.⬚⬚⬚⬚⬚⬚⬚⬚⬚⬚ 
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Although the dead zone effect is expected to slow infiltration compared to bulk behavior, 

the opposite effect to that observed in this system, we investigate if a dead zone could be present 

in simulations. To probe for a dead zone, we calculate ௗ௭

ௗ௧
, the instantaneous velocity in the z 

direction of the center of mass of each polymer chain within the simulations. The effect of 

polymer surface adsorption on ௗ௭

ௗ௧
 is quantified via the number of adsorbed beads out of the total 

number of beads of chain length N for each polymer. A bead is considered adsorbed if the chain 

bead is within 1.5𝜎 of a gold surface bead. Figure 12a shows the z velocity dependence on the 

fraction of adsorbed beads per polymer, 𝑓௔ௗ௦. The adsorbed fraction, 𝑓௔ௗ௦, varies from 0 to 1 

where 𝑓௔ௗ௦  ൌ  0 represents a free chain not interacting with the gold surface and 𝑓௔ௗ௦  ൌ  1 

represents a chain fully adsorbed to the gold surface.  For all chain lengths, the z velocity of the 

polymers decreases as the fraction of adsorbed beads increases.  Despite this, even the longest 

chains exhibit motion at high 𝑓௔ௗ௦, with  ௗ௭

ௗ௧
 ൐  0.  The lack of dead zone behavior is consistent 

with the experimental system because chains do not have a strong affinity for the gold surface, 

and thus are less likely to strongly and permanently adsorb to the surface.  

 

 

Figure 12. (a) Chain center of mass z velocity 
ௗ௭

ௗ௧
, versus the fraction of adsorbed polymer beads for each chain 

length. A monomer is adsorbed if the chain bead is within 1.5𝜎 of any gold surface bead. The adsorbed fraction is 

defined as 𝑓௔ௗ௦  ൌ ሺ
# ௢௙ ௔ௗ௦௢௥௕௘ௗ ௕௘௔ௗ௦

ே
ሻ. (b) The fraction of total chains (𝑓௖௛௔௜௡௦) at each adsorbed fraction for each 
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chain length. (c) The fraction of highly adsorbed chains 𝑓௔ௗ௦  ൒  0.5 (red) and the fraction of weakly adsorbed 
chains 𝑓௔ௗ௦  ൑  0.5 (black) versus the confinement ratio 𝛤. 

 

Figure 12b shows the fraction of total chains at each value of 𝑓𝑎𝑑𝑠⬚
. This fraction is 

calculated using all time points throughout the course of infiltration. The two shortest chain 

lengths, N = 25 and N = 50, have radii of gyration smaller than the characteristic pore radius, 𝛤 < 

1. The highest fraction of chains for these polymers under low confinement are the free chains, 

with 𝑓௔ௗ௦  ൏  0.1. Once the radius of gyration is near or exceeds the pore radius, as is true for the 

other chain lengths (N=100, 150, 200), excluded volume interactions press chains toward the 

pore walls, and the largest fraction of chains exist in a partially adsorbed state.    

In Figure 12b, above 𝑓௔ௗ௦  ൎ  0.6, one sees that the number of chains with a large 

absorbed fraction decreases with increasing N. Despite the bias away from completely free 

chains, the fraction of slower moving, highly adsorbed chains is lower for longer chains. Figure 

12c depicts this trend, plotting the fraction of highly adsorbed chains 𝑓௔ௗ௦  ൒  0.5 in red and the 

fraction of weakly adsorbed chains 𝑓௔ௗ௦  ൑  0.5 in black for each simulated 𝛤. This finding aligns 

well with previous works 39,71,72 demonstrating through both experiment and simulation that 

surface adsorbed polymer concentration scales inversely with molecular weight. A model for the 

probability distribution of adsorbed monomers has been developed previously73 in which the 

mean value of 𝑓௔ௗ௦ is located at 𝑓௠௘௔௡ ~ 𝑓௠௔௫  െ 𝑁ି1/6 where 𝑓௠௔௫ is the maximum adsorbed 

fraction. Such a model is for equilibrium distributions, which are not captured in Figure 12b, but 

demonstrates the N dependence of the adsorbed fraction.    Previous research has also shown that 

polymer diffusion near surfaces exhibits non-monotonic behavior, at first increasing with 

increasing surface coverage until a maximum is reached and diffusion slows as macromolecular 

crowding at the surface dominates74 . Combined with work demonstrating that shorter chain 
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lengths have faster adsorption dynamics39, one would expect lower surface coverage with 

increasing N, as shown in Figure 12, and thus higher diffusion within the nanoporous gold in 

comparison with bulk diffusion.  

Previous simulation work modeling the dynamics of polymers confined in nanoparticle 

packings found that polymer segments in contact with nanoparticle surfaces experienced higher 

local friction, and thus slower dynamics75. When the authors compared a polymer nanocomposite 

system with a lower polymer fill fraction, ϕpoly = 0.2, to a system with higher polymer fill 

fraction, the higher ϕpoly = 0.87 system contained a notable number of chains with faster 

dynamics than the ϕpoly = 0.2 system. Since both systems have the same amount of available 

nanoparticle surface area, but there are more polymer chains in the more filled system,  the 

polymers in the ϕpoly = 0.2 system have a higher percentage of polymer segments adsorbed to 

nanoparticle surfaces than the polymers in the ϕpoly = 0.87 system. The deviation in 𝑓௔ௗ௦ between 

the two systems leads to a difference in local friction, explaining the enhanced dynamics in the   

ϕpoly = 0.87 system75,76. A similar argument can be applied to the system studied here. As 

depicted in Figure 12, on average 𝑓௔ௗ௦ decreases with increasing chain length. The local friction 

due to surface adsorption in the system thus decreases with increasing chain length. The capillary 

force balance is between the pressure gradient and the frictional force. Under constant capillary 

pressure, the frictional force decreases with increasing chain length. One would thus expect 

larger deviations from bulk dynamics with increasing N due to a larger driving force during 

infiltration, which agrees well with the  
ఎ𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑

𝜂𝑏𝑢𝑙𝑘
 ∝   

𝑁1.4

𝑁3.4 
 ∝  𝑁െ2  experimental scaling behavior 

depicted in Figure 8, where the decrease from bulk viscosity grows with chain length.  

The results from molecular dynamics simulations of capillary rise infiltration of weakly-

interacting entangled polymers into nanoporous gold reveal two main factors driving the 
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experimentally observed reduction in viscosity and change in infiltration scaling exponent. The 

first is a reduction in chain entanglement density during infiltration. The number of 

entanglements decreases for all chain lengths studied, but there is a smaller delta in 

entanglements for larger chains. This trend means that entanglement density alone cannot fully 

explain the observed viscosity changes, where the decrease in viscosity increases with molecular 

weight. The second factor we attribute to the reduced viscosity is a  decrease in the fraction of 

chains adsorbed with increasing polymer molecular weight. Less adsorption leads to decreasing 

friction with molecular weight, and thus lower viscosity.  

Conclusion  
 
 In this work, the dynamic scaling of capillary rise infiltration of polystyrene as a function 

of molecular weight is measured inside a nanoporous gold (NPG) structure.  The bicontinuous 

structure is characterized by SAXS, SEM and AFM.  The NPG film is about 120 nm thick with a 

pore radius of 37.5 nm and a pore volume fraction of about 0.50.  For a moderate degree of 

polymer confinement in the NPG (0.47 < 𝛤 < 0.77) and entangled PS, the infiltration time scales 

as 𝜏80%  ∝  𝑀௪
1.30 േ0.20, which is weaker than predicted if bulk viscosity dictates capillary flow.  

For 0.46 < 𝛤 < 1.35, molecular dynamics simulations of polymer infiltration inside NPG yields 

an apparent scaling 𝜏௜௡௙௜௟௧௥௔௧௜௢௡ ∝ 𝑁1.4, in good agreement with experimental studies.  Using the 

infiltration time, the effective viscosity of entangled PS is significantly reduced compared to 

bulk, with the difference increasing with molecular weight. Molecular dynamics simulations of 

the nanoporous gold system demonstrate a reduction in entanglements for all chains, which 

supports the increased kinetics. However, the reduction in entanglements decreases as chain 

length increases, indicating that reduced entanglement alone does not explain the trend in 



38 

experimental viscosity. The simulations reveal a decrease in the fraction of highly adsorbed 

chains with N, which reduces polymer-wall friction with increasing polymer molecular weight. 

This behavior captures the observed experimental kinetics and viscosity. Through studying PS 

kinetics inside NPG during the formation of PING, we now better understand how to infiltrate 

polymers into a metal scaffold, facilitating future studies that utilize other polymeric materials to 

create PING that can serve as actuators, cell membranes, and optical response materials.   
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