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1.1 Introduction 

Low density nanocellular polymer foams are considered as a new class of materials 

with many promising applications, e.g. in acoustic and thermal insulation,1-4 catalysis 

and separation,5-6 electromagnetic shielding,7-8 as well as in packaging and tissue 

engineering.9-10 This is ascribed to the sometimes surprising structure property 

relationships for these foams with cell sizes of a few hundreds of nanometers and 

smaller. For instance, when the cell size in a closed cell foam is smaller than the 

collision mean free path of gas molecules (~ 70 nm for air at standard conditions),11 the 

thermal conduction by the gas phase of the foam cells will significantly decrease due to 

the so called Knudsen effect.1-2 This makes nanocellular polymer foams very promising 

candidates as high performance thermal insulation materials. 

 

 
Figure 1.1 Scheme of heat loss paths for a typical house (A); SEM images for typical 

microcellular foams with a relatively high thermal conductivity (B); and nanocellular foams (C) 

with a decreased thermal conductivity. Image (A) was obtained from reference [12]. Images (B) 

and (C) were adapted with permission from reference [3]. Note that 0.026 W K-1 m-1 is the 

thermal conductivity of air under standard conditions.2 

When considering that about 40% of the total energy consumption in Europe is used 

for heating and cooling of buildings and approximately 60% of this energy is lost 

through the walls and roofs of buildings, the energy saving potential by using better 

thermal insulation materials and strategies is evident (see Figure 1.1).3, 13 In addition, 

when this potential is exploited globally, its contribution to national and international 
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agreements concerning the reduction of fossil fuel consumption and CO2 emissions 

would be very significant.3 The use of conventional materials, like expanded 

polystyrene (EPS) and extruded polystyrene (XPS) foam with thermal conductivities of 

0.030 – 0.045 W m-1 K-1, necessitate employing thicker thermal insulation layers. This 

leads to increases in building costs and in highly populated areas to an expensive loss of 

effective floor space. Considering that for low density polystyrene foams the gas phase 

conduction of air inside the foam cells contributes with 0.026 W m-1 K-1 (i.e. 

significantly) to the total foam thermal conductivity2, 14-15 it seems logical to focus on 

the development of insulation materials for which the gas phase thermal conductivity is 

substantially reduced.  

Among the best thermal insulation materials available today are vacuum insulation 

panels (VIPs)16 and aerogel based materials.17 The gas phase conductivity of these 

materials is reduced to below 0.013 W m-1 K-1 as a consequence of the presence of 

vacuum, and pore sizes of below 100 nm, respectively.17 Figure 1.2 shows a photo 

demonstrating the high thermal insulation performance of an aerogel. Despite their high 

thermal insulation efficiencies these materials suffer from processability and pricing 

issues, limiting their wide spread utilization.17-18 Therefore industrial and research 

efforts are directed towards the development of nanocellular polymer foams, including 

new foaming strategies, that will allow the economical viable bulk production of a new 

class of highly efficient thermal insulation materials approaching aerogel performance.  

 

 
Figure 1.2 A photo showing the high thermal insulation performance of aerogel materials. The 

image was obtained from reference [19]. 
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Unfortunately, fabrication of polymer foams with small cells at a high cell density 

still remains a challenge.5 In order to increase the foam cell density and decrease the cell 

size, the most commonly used strategy is to foam polymers following saturation with 

high pressure physical blowing agents, e.g. > 300 bar CO2.20-21 However, applications of 

foaming processes utilizing such high pressure gasses are limited in industrial practice.3 

Besides the increase of the foaming pressure, another common strategy to improve 

the foam cell morphology is to introduce nanostructured heterogeneous phases, e.g. 

(nano)particles22-29 and block polymers,30-33 to the polymer matrix prior to foaming to 

act as heterogeneous nucleation sites during foaming.34 In general, it is accepted that to 

obtain cells with nanometer dimensions, heterogeneous cell nucleation is preferable 

compared to homogeneous nucleation due to the lower free energy required for this 

process.35 Silica nanoparticles are of particular interest as heterogeneous nucleation 

agents in polymer foaming due to their low cost, easy preparation, good size control and 

the ease of employing various surface functionalization strategies.25, 36 Figure 1.3 shows 

an example of the decreased cell size and increased cell density of a polystyrene foam 

nucleated by silica based nanoparticles as heterogeneous nucleation agents in CO2 

assisted batch foaming. However, the reported nucleation efficiency for nanoparticles, 

defined as the ratio of foam cells obtained in 1 cm3 and number of added particles per 

cm3, is typically very low, i.e. below 0.01.25, 29, 36 In other words, hundreds of well-

dispersed particles must be added to the polymer prior to foaming to eventually obtain 

one foam cell. Other types of nanofillers, such as nanofibers, nanotubes and nanoclay, 

suffer from low cell nucleation efficiencies, as well.23, 26 In order to improve the 

nucleation efficiency of nanoparticles in nanocellular polymer foaming, new particle 

designs are urgently needed.  

During the quest for obtaining designer nucleation agents for foaming, the influence 

of particles surface chemistry, surface curvature and surface texture on cell nucleation at 

the macromolecular length scale has been insufficiently reported in the open literature. 

Triggered by the apparent lack of in-depth understanding, it was of our interest to study 

the effect of CO2-philic low surface energy polymer shells grafted to inorganic 

nanoparticles, i.e. silica, on the cell nucleation efficiency. We also tackled an improved 

understanding of the physics behind nucleation in batch foaming processes. PDMS was 

selected to graft to silica nanoparticles due to its reported high CO2-philicity and low 

surface energy.37 Both are favorable parameters when improvements in foam cell 

nucleation is considered (see Chapter 2).37 Reports on nucleation agents consisting of 

hybrid silica polymer core shell nanoparticles were at the start of this project very 

sparse.38-39 
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Figure 1.3 SEM images of cross sectioned polystyrene foams batch foamed without (A) and with 

silica based hybrid nanoparticles as heterogeneous nucleation agents (B). The red arrows in (B) 

point at some hybrid silica nanoparticles. 

During the course of this project nucleation efficiencies of up to ~ 0.5 were obtained 

for PDMS grafted nanoparticles with a silica core diameter of 80 nm exploited as 

nucleating particles in polystyrene (PS) and poly(methyl methacrylate) (PMMA) batch 

foaming processes. This nucleation efficiency is significantly higher compared to the 

hitherto reported value of 0.01. To study the influence of nanocavities on cell nucleation, 

PDMS decorated raspberry-like nanoparticles were also exploited and used as 

nucleation agents in PMMA foaming. Nucleation efficiencies of up to ~ 6.2 were 

achieved for this novel hybrid nucleating particle design. In fact, to the best of our 

knowledge, this is the first time that nanoparticle based nucleating agents with a 

nucleation efficiency of above unity were reported for nanocellular polymer batch 

foaming. This allowed us to use foaming strategies with relatively low saturation 

pressures (i.e. below 60 bar) while obtaining a cell nucleation density comparable to 

foaming strategies that require significantly higher physical blowing agent pressures. 

Together with the acquired deeper understanding of cell nucleation by highly curved 

particles and the contribution of line tension to their nucleation efficiency, a strong basis 

for the design and preparation of new generation nucleating particlesis presented. 

Eventually it is expected that the results and answers to relevant fundamental physical 

questions described in this work will contribute towards the development of 

nanocellular polymer foaming for industrial practice. 
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1.2 Concept of this Thesis 

The aim of the work described in this Thesis is to prepare and exploit designer 

nanoparticles as efficient foam nucleating agents in nanocellular polymer foaming. 

Silica nanoparticles with a CO2-philic PDMS, polystyrene or polyfluoride shells are 

presented as heterogeneous cell nucleation agents with high nucleation efficiencies. The 

ease of PDMS grafting and its excellent nucleation performance rendered the 

corresponding silica core shell nanoparticles as the central nucleating agent platform in 

this Thesis. In addition, the influence of nanoparticle surface curvature and topology on 

the foam cell nucleation efficiency, and on foam morphology is systematically studied 

and discussed. 

Chapter 2 provides a literature review covering the general topics discussed in the 

subsequent chapters. Following a brief introduction to polymer foaming, particular 

attention is devoted to CO2 based foaming strategies. Emphasis is on new insights 

concerning heterogeneous nucleation at the macromolecular length scale and the 

thermal insulation performance of nanocellular polymer foams. Furthermore, the 

limitations and challenges in the understanding of the fundamental principles involved 

in cell nucleation in polymer nanocomposites foaming at the nanoscale are elucidated. 

Finally silica nanoparticle synthesis and subsequent surface derivatization strategies 

with polymers are discussed, as well.  

Chapter 3 describes the synthesis of low surface energy polymer grafted silica 

nanoparticles and applications of the core-shell nanoparticles as heterogeneous 

nucleation agents in CO2 assisted PS and PMMA foaming. The cell nucleation 

efficiency and cell morphology of the nanocomposite foams as a function of nucleating 

particle type were studied. The results indicate that proper selection of the polymer 

grafts yields nucleation efficiency values of up to approximately 0.5 (i.e. 1 foam cell per 

2 particles on average). This number was confirmed by the presence of only 2 to 4 

PDMS grafted silica nanoparticles per cell in cross sectioned nanocellular PS and 

PMMA foams. Overall it is shown that the presence of a thin low surface energy, CO2-

philic polymer shell around silica nanoparticles is beneficial for cell nucleation 

compared to pristine particles. 

In Chapter 4, bare and PDMS decorated core shell nanoparticles with different 

diameters were prepared and used as heterogeneous nucleation agents in CO2 blown 

PMMA nanocomposite foams. The influence of nanoparticle curvature and surface 

chemistry on cell nucleation and cell morphology was studied. The results obtained 

show that independent of the particle diameter, cell nucleation by nanoparticles was 

significantly enhanced by the presence of a grafted thin PDMS shell compared to their 

bare silica nanoparticle counterparts. The optimum core diameter of PDMS grafted 

nanoparticles for cell nucleation is around 80 nm which results in a nucleation 
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efficiency of ~ 0.5. Strikingly, the complete engulfment of particles with a (core) 

diameter below 40 nanometer at the cell wall interface points toward the presence of a 

positive line tension of ~ 0.42 nN. This line tension significantly increases the 

heterogeneous nucleation energy barrier and as a consequence reduces the nucleation 

efficiency, in particular for the smaller core shell particles, i.e. for particles with a 

diameter below 40 nm. At higher CO2 pressure drops the line tension length increased 

such that particles up to 80 nanometer were nearly entirely engulfed. It is shown for the 

first time that the contribution of line tension to the heterogeneous nucleation energy 

barrier needs to be considered in foaming of viscoelastic media in the foam processing 

window where heterogeneous nucleation is favorable. This pointed towards the need for 

new strategies and particle designs to further enhance the nucleation efficiency of 

nanoparticles. 

Chapter 5 describes the influence of nanoparticle surface curvature and surface 

chemistry on the adhesion behavior of particles residing at the CO2 swollen PMMA - 

CO2 interface. The experiments reveal how silica nanoparticles adhere to an elastic 

PMMA film surface above its glass transition temperature. The polymer was swollen 

with CO2, which closely matched the conditions of nanoparticle nucleated polymer 

foaming as presented in Chapters 3 and 4. It is shown that the relative degree by which 

the particles sink into the substrate is strongly size-dependent, and can even lead to 

complete engulfment for particles with a diameter below 12 nm. These findings are 

explained quantitatively by a thermodynamic analysis, combining elasticity, capillary 

adhesion and line tension. The deep understanding of the interfacial interactions 

between nanoparticles and CO2 swollen polymer matrix acquired is expected to aid in 

the optimization of nucleating nanoparticle design in combination with foaming 

conditions in nanocellular polymer foaming. 

In Chapter 6, bare and PDMS decorated raspberry-like silica nanoparticles were 

synthesized and exploited as heterogeneous nucleation agents in CO2 blown PMMA 

nanocellular foams. Here surface texture was considered as a particle design parameter 

since the free energy for cell nucleation is lower for nucleation from cavities with the 

right surface chemistry. The results show for the first time that multiple cells can 

nucleate and grow from a single PDMS decorated raspberry-like nanoparticle. The 

effect of surface texture on the cell nucleation efficiency is qualitative presented and 

discussed. It is reported that PMMA films containing raspberry-like silica nanoparticles 

absorbed significantly more CO2 during saturation compared to the relatively smooth 

particles. This is ascribed to capillary condensation of CO2 in the nanocavities of the 

textured particles. Surprisingly, the presence of a PDMS shell resulted in a further 

increase of CO2 absorption for the raspberry-like silica nanoparticles. This resulted in 

unexpectedly high nucleation efficiencies for these particles.  
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The highest nucleation efficiency of ~ 6.2 was obtained for a PDMS decorated 

raspberry silica core shell nanoparticle with a diameter of ~ 200 nm. This nucleation 

efficiency is ~ 21 and ~ 40 times higher compared to that of its bare raspberry and 

nearly spherical counterparts, respectively. To conclude, the significant higher cell 

nucleation efficiency of PDMS grafted raspberry silica nanoparticles is ascribed to a 

combination of i) the PDMS shell as favorable nucleation layer, ii) the significant 

increased absorbed CO2 concentration and iii) the reduced free energy for cell 

nucleation by “nano” cavities. 

The fundamental insights in heterogeneous cell nucleation at the nanometer length 

scale obtained in this Thesis offers a framework for the design of highly efficient 

nucleation agents for the eventual preparation of nanocellular polymer foams with cell 

densities exceeding 1014 cell cm-3. Chapter 7 provides an outlook for future directions. 

In particular, suggestions for the improvement and exploitation of designer 

nanoparticles as nucleating agents in nanocellular polymer foaming are presented. The 

importance of obtaining a deeper understanding of foaming at the macromolecular 

length scale in general is underlined, as well. In this Thesis one type of PMMA was the 

“work horse” for the majority of all experiments. Recent results reported however 

pointed out that optimization of the polymer matrix is also required.20, 40-41 It is 

anticipated that combining polymer foam matrices optimized for foaming with designer 

nucleating agents as presented in this Thesis eventually results in nanocellular foams 

with cell densities exceeding 1014 cells cm-3 that can be prepared in industrially relevant 

processes. 
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Chapter 2 

Nanocellular Polymer Foams as 

Promising High Performance Thermal 

Insulation Materials 

 

Low density, nanocellular polymer nanocomposite foams are considered as a 

promising new class of materials with many potential applications, for example to 

passively enhance the energy efficiency of buildings. This Chapter reviews recent 

developments in this field of polymer materials science. Particular attention will be 

devoted to CO2 based foaming strategies. The emphasis of this Chapter is on new insights 

concerning heterogeneous nucleation at the macromolecular length scale and the thermal 

insulation performance of nanocellular polymer foams. Furthermore, this Chapter 

discusses the limitations and challenges that remain to be solved before these highly 

promising nanocomposites become available on a commercially viable scale. The 

shortcomings in the understanding of the fundamental principles involved in cell 

nucleation in polymer nanocomposites at the nanoscale are elucidated in this Chapter as 

well. Since hybrid core shell silica nanoparticles are successfully exploited as 

heterogeneous nucleating agent in this Thesis their synthesis is presented and discussed 

in detail.  

 

 

 

 

 

 

 

*Part of this Chapter has been published in: Liu, S.; Duvigneau, J.; Vancso, G. J. Nanocellular 

polymer foams as promising high performance thermal insulation materials. European polymer 

journal 2015, 65, 33-45. 
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2.1 Preparation of nanocellular foams with CO2 

In the last decade an enhanced understanding of the reproducible nanocellular foam 

production has attracted great attention.1-6 In particular it is now evident that the addition 

of surface engineered inorganic nanoparticles with improved nucleation efficiencies to 

polymers is promising for driving the development towards cell nucleated and gas blown 

plastic aerogels with cell sizes close to the mean free path of gas molecules (< 100 nm), 

while maintaining a sufficiently low foam density to ensure low thermal conduction 

through the matrix.5, 7-20 In order for nanocellular materials to meet these criteria at least 

1014 cells per cm3 of unfoamed material or more must be nucleated, expanded and 

stabilized.2 Expansion and stabilization of the cells can be achieved via e.g. control over 

viscosity or temperature as is demonstrated by numerous examples.21-30 It is of primary 

interest to understand foam cell nucleation at the macromolecular length scale as well as 

how the thermal conductivity of nanocellular polymer based materials is related to their 

morphology. Before these aspects of foaming will be presented and discussed in detail 

this section will first introduce batch foaming of polymers in general. 

Foaming of polymers results in materials that feature trapped pockets of gas in a stable 

solid matrix phase. The solid typically consists of at least one polymer and potentially of 

multiple polymers and/or additives.31 The trapped gas can be confined to bubbles (closed-

cell foams) or to interconnected channels (open-cell foams). The gas is delivered by 

physical or chemical blowing agents.32-38 Commonly used blowing agents include 

hydrofluorocarbons (HFCs), e.g. HFC-245fa and hydrocarbons, e.g. pentane.39-40 The use 

of gases such as CO2 and nitrogen is receiving considerable attention from the early 90s.41 

CO2 is proposed as a blowing agent to replace CFCs and HCFCs which are banned due 

to their contribution to ozone depletion and/or global warming. Despite the environmental 

and economic advantages of using CO2, the low solubility (i.e. typically a few wt% or 

less) of this gas in most conventional polymer melts is a problem.1 Thus the foaming 

process results in rather high foam densities. Utilization of co-blowing agents, e.g. ethanol 

or water, have been demonstrated to enhance the CO2 solubility and eventually provide a 

better foam morphology.42-45 However, co-blowing agents other than water are also often 

plagued by negative environmental impact such as the banned CFCs. In addition, CO2 

has a high diffusivity, which means that after foaming rapid diffusion of CO2 out of the 

foam and relatively slow diffusion of air into the foam can cause foam instability and 

eventually cell collapse.46-47 Besides being ‘greener’, CO2 uptake by a polymer (melt) 

also alters its processability. For instance, CO2 dissolution in polystyrene (PS) was 

reported to lower the glass transition by over 50 °C.48 This implies that using CO2 as a 

blowing agent yields different and often small processing windows. However CO2 is still 

favorable over the use of solvent based approaches that are frequently encountered to 

prepare nanocellular polymers, such as microemulsion templating49-51 or sol gel 
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techniques,52 since these often require time consuming solvent exchange steps and 

supercritical or freeze drying to preserve the nanocellular structure. A particularly 

interesting processing window is observed for polymers that have retrograde vitrification 

behavior, i.e. for a certain pressure regime they have two glass transition temperatures. 

For a pressure in this regime the CO2 solubility is at low temperatures high enough to 

have a plasticizing effect, i.e. the polymer CO2 saturated system is in a viscoelastic state. 

Upon increasing the temperature (for the same pressure) the CO2 solubility decreases and 

the polymer exhibits a low temperature glass transition (Tg, low). Upon further heating a 

transition from the glassy state to a viscoelastic state is observed (Tg, high), which is 

ascribed to the increased chain mobility at higher temperatures. For instance, Handa and 

Zhang reported53 on the batch CO2 foaming (see below) of poly(methyl methacrylate) 

(PMMA) exploiting the retrograde vitrification behavior to yield nanocellular PMMA 

foams. 

 

 

Figure 2.1 Tg as a function of CO2 saturation pressure for PMMA as determined from DSC 

measurements (A). The solid line is a guide for the eye to clarify the Tg, low and Tg, high transitions. 

The dashed line is the CO2 liquid vapor equilibrium boundary. The images in (B) and (C) show 

cross sectional SEM images of foams prepared after saturation with 34 atm CO2 for 24 hours at 

temperatures above (24 °C) and below (-0.2 °C) Tg, low (indicated by the arrows), followed by rapid 

depressurization and foaming at 80 °C for 2 minutes. The scale bars in (B) and (C) represent 10 µm 

and 5 µm, respectively. Reprinted from reference [53], with permission from John Wiley and Sons. 

Figure 2.1 shows both glass transition temperatures for PMMA as a function of the 

CO2 saturation pressure (A). Cross sectional SEM images are also displayed, showing 

PMMA foams obtained after saturating a PMMA film with 34 bar CO2 at -0.2 °C (B) and 

24 °C (C), followed by a rapid pressure release and heating the films to 80 °C in a water 
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bath. The foam prepared after saturation at 24 °C was microporous (≈4.8 µm) while the 

foam prepared after saturation at -0.2 °C was nanocellular (≈350 nm). It was observed 

that choosing the saturation conditions such that the pressure and temperature are in 

between the Tg, low and the vapor liquid equilibrium for CO2 results in interesting 

processing conditions. 

Foaming processes are either non-continuous, e.g. batch foaming, injection molding 

foaming; or continuous, such as extrusion foaming.41 Currently, BASF has reported on 

the continuous extrusion of nanocellular PMMA with an extruder.54 The gas injection to 

the polymer melt was realized at 480 bar and cooling of the CO2 saturated melt to 

approximately the glass transition temperature of the neat PMMA (102 °C) was achieved 

via static mixers and melt pumps while maintaining a minimum pressure of 350 bar. The 

extruder die was 0.5 mm in diameter and about 1.8 mm in length resulting in a high 

pressure drop which favors nucleation (see section 2.4). The foams with about 100 nm 

pores and a density of approximately 200 kg/m3 appeared bluish with incident light. 

Nanocellular foams have been prepared in semi continuous processes, as well. An early 

example of this was reported by Krause and coworkers.55 In their setup a PEI 

monofilament was saturated with CO2 at 50 bar for 8 hours at room temperature after 

which the saturated filament was pulled through a specially designed die and for certain 

conditions open nanocellular morphologies were obtained. In addition, more recently 

Costeux and coworkers56 reported on the production of nanocellular foams consisting of 

a PMMA copolymer and its silica nanocomposites with an extruder in a, what appears to 

be, batchwise operation. The PMMA melt, including about 0.25 wt% Aerosil 300, was 

oversaturated with CO2 at approximately 170 °C and 560 bar at which the CO2 solubility 

was around 15 wt%. Subsequently, the extruder was allowed to cool in 30 minutes to 

38 °C at which the CO2 solubility was approximately 33 wt% followed by extrusion of 

the saturated copolymer through a 1 × 3 mm die. The resultant foam had relatively 

monodisperse pores with diameters of about 390 nm and a density of approximately 360 

kg/m3. 

This is mainly ascribed to the difficult control of key physical parameters, e.g. 

viscosity, CO2 solubility, diffusivity and temperature. The presented (semi)continuous 

processes are still only capable of producing foams on a rather small scale and thus 

regardless of the quality of the foam morphology the scaling issue remains to be solved. 

In view of market demands however, it is anticipated that in the near future new strategies 

will be introduced to scale the production of nanocellular foams. 

Presently the majority of the reported work on the preparation of nanocellular 

polymers is based on batch foaming processes. This approach has been used for the 

foaming of amorphous and semi-crystalline polymers, including engineering plastics, as 

well as for nanocomposites and nanostructured blends. In batch foaming the polymer is 

saturated with CO2 at a known pressure and temperature (see Figure 2.2). Foaming is 
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induced upon releasing the pressure or by increasing the temperature such that the 

dissolved CO2 becomes oversaturated in the matrix and cell nucleation occurs.18 It is 

believed that generation of nanocellular polymers with high enough cell densities require 

the saturation of a polymer with CO2 at lower temperatures, facilitating a higher solubility 

of the CO2. In order for the foam to expand, often a subsequent thermal conditioning step 

is required.2 

 

 

Figure 2.2 Schematic for batch foaming of a polymer with CO2. 

The relatively high pressures (up to several hundreds of bars) and long saturation 

times (up to weeks) required for batch foaming render this process mainly applicable for 

research in which relatively small pieces of foams are produced. The amount of foam that 

is prepared in a batch is limited to the size of the autoclave used. Another drawback of 

this approach is that often only thin foams are obtained with a homogenous morphology. 

Typical foam thickness is well below 1 mm, while for thermal insulation of buildings 

several cm thick foams are preferred. In addition, nanocellular polymer foams with a 

rather thick skin layer and/or additional microporous intermediate layers are frequently 

produced. Nonetheless, following the pioneering work of Krause and coworkers,57 batch 

foaming provided valuable insights in polymer foaming behavior, foaming conditions and 

morphology control. Recently the preparation of relatively thick, homogeneous 

nanocellular foams was also achieved (see section 3).58 Krause and coworkers reported 

on the foaming of poly(ether imide) (PEI) and poly(ether sulfone) (PES)59 with a 

nanocellular morphology via batch foaming with CO2 saturation pressures not higher than 

50 bar. Rodríguez-Pérez and coworkers60 reported the successful fabrication of PMMA 

nanocellular foams following the saturation of PMMA films with 33 bar CO2 with a cell 

size between 200 nm and 250 nm and a cell density exceeding 1014 cells cm-3. Tseng and 

coworkers61 reported the preparation of PMMA nanocellular foams following high 

pressure CO2 saturation (i.e. 138 bar), as well. The authors suggested that the viscosity of 

the CO2 swollen PMMA during foaming is one of the critical issues that affects the 

preparation of PMMA nanocellular foams. Kumar and coworkers62 reported nanocellular 
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PMMA foams prepared after saturation with 50 bar CO2 at temperatures between -30 °C 

and 100 °C and they argued that the CO2 solubility is a key parameter to control the foam 

morphology. 

Oshima and coworkers63 reported on the foaming of PS/PMMA blends prepared by 

in situ polymerization of PMMA nano sized confined domains in PS. Foaming of 1 mm 

thick samples was performed by saturating with 82 bar CO2 at 40 °C followed by cooling 

to the desired foaming temperature, i.e. 20 - 40 °C. Subsequently, foaming was initiated 

by releasing the pressure to atmospheric pressure at a controlled rate, i.e. 1 or 5 bar min-

1. The effect of blend composition, foaming temperature and depressurization rate on the 

foam morphology was elucidated. The optimized foam had approximately 50 nm cells 

and a cell density of about 8.5 x 1014 cells/cm3. This in situ blend preparation approach 

offers an attractive alternative strategy that avoids the use of block copolymers64-68 to 

control the foam morphology via confined CO2-philic domains. Costeux and coworkers69 

described that the batch foaming of poly(styrene-co-acrylonitrile) (SAN) to which 

poly(ethyl methacrylate) (PEMA) or poly(methyl methacrylate-co-ethyl acrylate) 

(PMMA-co-EA) was added resulted in the formation of foams with smaller cells and a 

narrower cell size distribution. It was shown that PMMA-co-EA blends with SAN 

resulted in general in foams with a cell size to below 100 nm and a cell density of up to 5 

x 1015 cells/cm3. The authors, interestingly, argued that the better foam morphology, i.e. 

higher cell density, smaller cells and higher porosity, of the blends with a smaller CO2 

content points towards a new mechanism for the nucleation of cells in a polymer in which 

i) macromolecular elasticity driven restriction of initial nuclei growth or ii) the existence 

of a separate CO2 phase or CO2 concentration fluctuations play a dominant role for the 

formation of these high numbers of cells at the foaming conditions used. 

 In order to improve the foam morphology, the design of batch foaming equipment 

also received attention. For instance, Janani and Famili70 presented a batch foaming 

device that allowed the instantaneous pressure release (≈3000 bar sec-1) to facilitate high 

cell nucleation rates followed by a rapid temperature quench to stabilize the (nanocellular) 

foam. The authors demonstrated that with their setup the formation of a skin layer as 

typically observed after batch foaming was prevented due to the increased cell nucleation. 

2.2 Addition of heterogeneous nucleating particles 

The addition of (nano)fillers to serve as heterogeneous nucleation agents favoring a 

higher cell density is extensively researched and reported, as well. Colton and Suh71-73 

were among the first to report on the addition of heterogeneous nucleation agents to a 

polymer matrix. They used zinc stearate below its solubility limit in PS foaming and 
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proved that heterogeneous nucleation was favored over homogeneous nucleation in their 

case. They also observed that the nucleation efficiency was only affected by the 

concentration of zinc stearate. Subsequently, it has been widely recognized that the 

addition of a low weight percentage of well dispersed nanoparticles to polymers offers a 

large number of potential nucleation sites. An additional advantage of adding 

nanoparticles is that the large number of heterogeneous nucleated cells rapidly consume 

the available blowing agent, frequently resulting in a narrower cell size distribution for 

nanocomposite foams compared to their pristine counterparts. Successful examples in 

which the nucleation efficiency was increased upon the addition of nanoparticles include 

polymer-nanoparticle combinations like LDPE-clay74, PS-CNF9 PS-clay,14 PS-silica,75 

PMMA-clay,14 PMMA-MWCNT,76 PMMA-silica, 16 SAN-clay77 and PU-clay.78 It is of 

key importance that the nucleation sites are evenly distributed in the unfoamed polymer, 

since a poor distribution results in the formation of inhomogeneous foams potentially 

with diminishing property enhancement (insulation). The preparation of well dispersed 

nanocomposites and the nucleation ability of nanoparticles in nanocomposite foams is 

since then widely investigated and reviewed. The interested reader is directed to the 

earlier recommended reviews.2, 5, 12, 35, 41 

At this point it is noteworthy to refer to the recent work by Costeux and coworkers58 

presenting the production of several millimeter thick nanocellular PMMA-co-EA 

nanocomposite foams via supercritical CO2 batch foaming. Silica nanoparticle or 

methacryl substituted POSS nanocomposite films were saturated with CO2 at pressures 

up to 330 bar for several hours. Following depressurization and foaming at an initial 

temperature the resulting structures were post treated at higher temperatures (≈80 °C) in 

order to maximize the porosity and reduce internal stress. The resulting foams were less 

brittle after the post foaming treatment. Figure 2.3 shows a cross sectional SEM image of 

a PMMA-co-EA foam containing 0.5wt% nanosilica. This particular sample had a pore 

size of 180 nm and a porosity of ≈82%. Homogeneous cell sizes of ≈100 nm and cell 

densities of 1016 cells/cm3 were achieved for similar nanocomposite systems. The 

porosity of these materials was as high as 85% and according to Costeux and coworkers 

these samples appeared bluish which is ascribed to their pore size of 100 nm and smaller. 

Following an introduction to the classical nucleation theory in the next section, more 

examples of nanocomposite nanocellular polymer foams, as well as silica nanoparticles 

synthesis and surface modification, will be presented and discussed, paying attention to 

the importance of nanoparticle size and surface chemistry with respect to their nucleation 

capability. 
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Figure 2.3 Cross sectional SEM image of a PMMA-co-EA nanocomposite foam containing 0.5wt% 

nanosilica. The pore size and porosity were 180 nm and 82%, respectively. Foams were prepared 

via the saturation of the nanocomposite polymer films with CO2 at 330 bar for 6 hours at 40 °C, 

followed by a pressure quench (1 second) and post foaming at 80 °C for 25 seconds. The scale bar 

represents 1 µm. Reprinted from reference [58], with permission from Elsevier. 

2.3 The classical nucleation theory to describe cell nucleation 

Obtaining nanocellular polymer foams with low densities requires the nucleation of 

many cells in a polymer matrix that can be vitrified to eventually yield stable cellular 

morphologies. It is of fundamental interest to understand the nucleation of pores with 

sizes that are only 1-2 orders of magnitude smaller than their final cell size. The most 

frequently encountered model used to describe the observed nucleation behavior is based 

on the classical nucleation theory (CNT).79-80 The CNT describes the formation of bubbles 

(i.e. cells) in low boiling liquids as the formation of clusters of molecules based on the 

capillary approximation, i.e. continuum thermodynamics, which assumes that the small 

nuclei have the same properties as the bulk. In other words, the surface tension of the 

highly curved cluster is assumed to be that of a planar surface, while in reality it can 

substantially deviate from this value due to size effects. According to the CNT, the steady 

state homogeneous nucleation rate, N0, is given by the following equation: 

𝑁0 = 𝐶0𝑓0𝑒
(−

∆𝐺𝑐𝑟𝑖𝑡
𝑘𝐵𝑇

)
                                    eq. 1 
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In which, ΔGcrit is the free energy of critical nucleus formation, kB is the Boltzmann 

constant, T is the temperature in Kelvin, C0 is the number of gas molecules dissolved per 

unit volume of polymer matrix and f0 is a kinetic pre-exponential factor which is weakly 

temperature dependent. From equation 1 it is clear that changes in ΔGcrit have the largest 

impact on the nucleation rate. The free energy of critical nucleus formation can be written 

as a function of the surface free energy, σ and the pressure difference between the 

saturation and foaming pressure, ΔP. 

∆𝐺𝑐𝑟𝑖𝑡 =
16𝜋𝜎3

3∆𝑃2                       eq. 2 

The nucleation rate for heterogeneous nucleation (N1) can be obtained by adapting 

equation 1 to the following equation: 

𝑁1 = 𝐶1𝑓1𝑒
(−

∆𝐺𝑐𝑟𝑖𝑡
𝑘𝐵𝑇

)
        eq. 3 

Here, C1 is the concentration of heterogeneous nucleation sites and f1 is the frequency 

factor of gas molecules joining the foam cell embryo. According to the CNT the free 

energy of heterogeneous critical nucleus formation scales with that of homogeneous 

nucleation by a factor S which is a function of the contact angle (θ) between the gas, 

particle and polymer surface (see Figure 2.4) according to the following equations: 

∆𝐺𝑐𝑟𝑖𝑡
ℎ𝑒𝑡 =

16𝜋𝜎3

3∆𝑃2 𝑆(𝜃)                     eq. 4 

𝑆(𝜃) = (
1

4
) (2 + cos 𝜃)(1 − cos 𝜃)2                   eq. 5 

∆𝐺𝑐𝑟𝑖𝑡
ℎ𝑒𝑡 =

16𝜋𝜎3

3∆𝑃2

𝑓(𝑚,𝑤)

2
        eq. 6 
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Figure 2.4 Scheme of a CO2 nucleus on a particle with radius R. 

Besides the contact angle, the surface curvature of the particles also plays an important 

role in the nucleation energy. The surface curvature dependence was added by Fletcher54  

in the form of the so called critical energy reduction factor (f(m,w)) according to the 

following set of equations: 

𝑓(𝑚, 𝑤) = 1 + (
1−𝑚𝑤

𝑔
)

3

+ 𝑤3 [2 − 3 (
𝑤−𝑚

𝑔
) + (

𝑤−𝑚

𝑔
)

3

] + 3𝑚𝑤2 (
𝑤−𝑚

𝑔
− 1) eq. 7 

In which, m, w and g are: 

𝑚 = cos 𝜃         eq. 8 

𝑤 =
𝑅

𝑟𝑐𝑟𝑖𝑡
          eq. 9 

𝑔 = √1 + 𝑤2 − 2𝑚𝑤       eq. 10 

With R being the radius of the nucleating particle (see Figure 2.4) and rcrit the critical 

radius of the nucleus according to:  

𝑟𝑐𝑟𝑖𝑡 =
2𝜎

∆𝑃
           eq. 11 

The highest reduction of the free energy of critical nucleus formation (ΔGcrit) is obtained 

when the surface curvature is low i.e. a flat surface would be optimal. Furthermore, the 

contact angle of the gas bubble on the particle should be as low as possible to obtain the 

highest reduction of ΔGcrit. In other words the gas phase should prefer wetting of the 
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heterogeneous particle surface instead of the polymer. The relation connecting the 

reduction factor, contact angle and relative radius, R/rcrit, is shown in Figure 2.5. From 

Figure 2.5 it is obvious that all particles with a radius exceeding 10 times rcrit (w=10) can 

be regarded as a flat surface and further increasing their radius does not influence the 

energy reduction factor. Furthermore the importance of controlling the contact angle for 

a given gas, polymer and nucleating particle surface combination is clearly visible, i.e. 

low contact angles give rise to the highest critical nucleation energy reduction, while for 

a contact angle of 90 degrees, there is no significant critical nucleation energy reduction, 

regardless the relative curvature of the particles. 

 

 
Figure 2.5 The critical nucleation energy reduction factor as a function of the contact angle (θ) and 

the relative particle radius (w). Reprinted from reference [16], with permission from Elsevier.  

2.4 Controlling particle surface chemistry to optimize 

heterogeneous nucleation 

It is anticipated that surface engineering of nucleating particles, which change the 

surface chemical composition and surface roughness, would have an effect on the 

particle’s foam nucleating performance. For example, He and coworkers81 reported on 

the fabrication of silica polycarbonate nanocomposite foams via batch foaming with CO2 
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as the blowing agent. Following saturation with 200 bar CO2 at 50 °C the pressure was 

released and the nanocomposite films were transferred to a glycerol bath with 

temperatures between 100 to 150 °C for 30 seconds followed by quenching in an ice water 

bath. For this system it was calculated that the Gibbs free energy for heterogeneous 

nucleation was approximately 5 × 10-3 times the energy required for homogenous 

nucleation. The cell size distribution of the nanocomposite foam containing 9.0 wt% of 

nanosilica ranged from 0.1 to 0.8 µm while the pristine PC foam had cell sizes between 

0.7 to 6 µm. The cell density increased from 1011 to 1013 cells cm-3 upon the addition of 

the silica nanoparticles. This observation is in line with the calculated decrease in 

nucleation energy upon the addition of nanoparticles. Interestingly, regardless of the 

nanoparticle loading, varying from 1.0 to 9.0wt%, the nucleation efficiency was in the 

order of 0.01 - 0.02%. This means that, if particle aggregation and cell coalescence are 

ignored and if every particle corresponds to 1 theoretical nucleation site, for every 10.000 

particles present only one cell is nucleated. Such relatively low nucleation efficiencies 

are frequently reported9, or can be extracted from experimental data reported, and imply 

that the used particles are often not energetically favorable. Hence nanoparticle surface 

engineering to optimize the surface energy of the nanoparticles offers a potential for 

improving the nucleation efficiency and is considered by us to be of key importance for 

the foaming of nanocellular materials. 

2.4.1 Nanoparticle surface engineering 

Ozisik and coworkers16 reported on a higher nucleation efficiency for 150 nm silica 

particles, compared to 15 nm silica particles, in CO2 blown PMMA foams containing 

1.0wt% silica particles. They suggested that the lower nucleation efficiency for smaller 

silica particles is caused by their larger surface curvature which increases the critical 

Gibbs free energy of nucleation; note that the critical cell radius for neat PMMA was 

calculated to be in between 4 to 10 nm for the conditions used. Furthermore they reported 

that changing the surface chemistry from bare silica to fluorinated silica the nucleation 

efficiency increased significantly. This is explained by the decrease in surface energy of 

fluorinated silica, as compared to bare silica, which should result in a reduced critical 

nucleus radius. The particle loading was constant in weight thus the number of smaller 

particles was significantly higher, even when corrected for the observed particle 

aggregation. To what extend this affects the nucleation efficiency, cell growth and cell 

coalescence and thus the final foam morphology remains to be seen. Enayati and 

coworkers75 prepared PS nanocomposite films with different types of silica nanoparticles 

i.e. 7 nm and 12 nm bare silica particles and 14 nm methyl functionalized silica. The 12 

nm bare silica particles increased the cell density 66 times compared to neat PS foams 

and were the best performing nucleation agents. We calculated for these foams nucleation 
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efficiencies in the order of 0.01 to 0.1%. The difference in performance for the larger 

silica particles was again explained by the larger relative curvature (w) of the larger silica 

particles which provides more favorable surfaces for the nucleation of cells at the same 

temperature and pressure conditions. The worse performance of the methyl functionalized 

silica particles was ascribed to their hydrophobic surface, which had a greater affinity for 

the PS compared to the bare silica particles. This yields a lower polymer-nanoparticle 

interfacial tension, increasing the contact angle between the polymer, gas, and particles, 

which results in an increase in the nucleation efficiency. Unfortunately, the authors did 

not take particle aggregation into account in their explanation, while for the nanoparticle 

types used it is well known that dispersion to the primary particle size is hard to achieve. 

Furthermore, the interfacial interactions between nanoparticles and polymer matrix is 

expected to influence particles nucleation performance as well.9, 17, 82 For instance, 

Ohshima and coworkers demonstrated that a poor affinity between heterogeneous 

nucleation sites and the polymer matrix can decrease the free energy barrier for cell 

nucleation and as a consequence increase the cell density in polymer foaming.83 In 

addition, examples exist where the nanoparticles have proven to be ineffective as 

nucleation agents.58, 84-87 This brings forward the importance of having well defined, well 

dispersed nanocomposites in order to study, understand and optimize particle dependent 

nucleation relationships at the nanometer length scale. 

2.4.2 Towards a nucleation efficiency of 100% 

Recently we have developed a series of silica core shell nanoparticles with shells 

consisting of surface grafted polymers in order to control the particle dispersion and 

simultaneously increase the nucleation efficiency with several orders of magnitude (see 

Chapters 3 and 4). For instance, silica poly(dimethylsiloxane) (PDMS) core shell 

nanoparticles were well dispersed in PS films. Following batch foaming of PS films 

containing about 4.0 wt% of these nanoparticles foams with cell sizes down to 600 nm 

cells and a cell density of up to 4.6 x 1012 cells/cm3 were obtained (see Figure 2.6). The 

nucleation efficiency for these designer silica nanoparticle nucleation agents was 

calculated to be as high as 0.3.88 Following work was directed towards the foaming of 

PMMA for which eventually nucleating efficiencies of ~ 0.5 were achieved (see Chapter 

4). These were at that time the highest nucleation efficiencies reported. It was found that 

the PDMS decorated nanoparticles have a significantly higher nucleation efficiency 

compared to their bare counterparts. This is ascribed to the high CO2 philicity and low 

surface energy of the thin PDMS shell around silica nanoparticles.89-93 Furthermore, the 

nucleation efficiency of nanoparticles was found to dependent on both particles size and 

saturation pressure. For instance, particles with diameters above 60 nm were found to be 

more efficient compared to the smaller ones, i.e. diameters, < 40 nm, when the foaming 



Chapter 2 

26 

pressure and temperature were ~ 55 bar and 40 °C, respectively. This is ascribed to the 

presence of a positive line tension and its contribution to the free energy for cell 

nucleation (see section 2.6.3 and Chapter 4). Increasing the saturation pressure to 300 bar 

resulted in a decrease of the cell nucleation efficiency for nanoparticles with a diameter 

of 80 nm. This was ascribed to a more pronounced effect of line tension at these foaming 

conditions, while at the same time homogeneous cell nucleation became more favorable 

due to a lower nucleation energy barrier compared to low pressure foaming (e.g., ~ 55 

bar). Critical evaluation of our particle design and recent modeling work on cell 

nucleation from convex/concave surfaces pointed us in the direction of using raspberry-

like nanoparticles to further enhance the nucleation efficiency of silica based 

nanoparticles. Combined with optimizing the surface chemistry by grafting a PDMS layer 

to these particles nucleation efficiencies exceeding unity have been obtained (see Chapter 

6). The excellent cell nucleation performance for these core shell raspberry-like hybrid 

particles is ascribed to the combination of a high CO2 absorption close to the particle 

surface, the low surface energy and high CO2 philicity of the PDMS shell, as well as the 

energetically favorable nucleation in nanocavities. It is expected that utilization of surface 

engineered nanoparticles opens new processing windows that eventually allow the 

blowing of nanocellular materials with higher cell densities and narrower cell size 

distributions. 
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Figure 2.6 Cross sectional SEM images of a bare PS foam (left) and a PS nanocomposite foam 

(right) containing silica PDMS core shell nanoparticles. Foams were prepared via batch foaming, 

i.e. saturation with CO2 at 55 bar at room temperature followed by a rapid pressure release and 

immersing the CO2 saturated nanocomposite films in a glycerol bath thermostated at 100 °C. 

Obviously every pore contains 1 to a few nanoparticles only, which is in agreement with the 

calculated nucleation efficiency of ≈30%.88 

2.5 The classical nucleation theory challenged 

2.5.1 Limitations of the classical nucleation theory 

As mentioned earlier, in order to prepare stable nanocellular polymer foams it is 

pivotal to understand and describe cell nucleation and growth at the macromolecular 

length scale. The fact that the use of the CNT to describe nucleation of cells in polymers 

is often accepted while the observed nucleation rates are frequently orders of magnitude 

underestimated (see below) underlines our deficiency in capturing nanoscale cell 

nucleation in polymers (i.e. viscoelastic liquids). The main shortcomings of the CNT are 

that i) the CNT assumes that the cells have bulk properties and a sharp interface and ii) 

the CNT assumes that the nucleating cell has an infinite planar surface. Intuitively for 
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nanometer sized cells in a macromolecular environment these assumptions are not correct. 

Thompson and coworkers94 explained that polymer chains on the outside of a curved 

(nano)cell interface can adapt more conformations compared to polymer chains near flat 

surfaces. Hence the free energy of the curved interface is significantly reduced which 

results in a decreased barrier for nucleation and thus in an increased nucleation rate. 

Furthermore the number of unfavorable energetic contacts between polymer chains and 

molecules in the cell near curved interfaces is also reduced, i.e. polymers in the vicinity 

of a curved interface are less likely to find a part of their chain in the interior of the 

energetically unfavorable cell. In addition, Thompson and coworkers mentioned that for 

small cells the diffuse walls collide causing increased mixing of polymer and fluid 

molecules, which results in a reduction of the interface energy, favoring lowering of the 

nucleation barrier energies and an increased nucleation rate. In the same report they 

compared homogeneous nucleation according to the CNT and a self-consistent field 

theory (SCFT), since the latter is not hindered by the previously mentioned limitations of 

the former. Interestingly, their SCFT calculations for the presented example revealed that 

the CNT predicts a critical radius that is more than 33% too large, a nucleation barrier 

that is six times too large and that the nucleation rate is underestimated by 5 orders of 

magnitude. They argued that based on their SCFT model these results point towards an 

underestimated competitive role of homogenous nucleation versus heterogeneous 

nucleation. Furthermore heterogeneous nucleation rates are often estimated based on 

modifications to calculations for homogenous nucleation rates, which implies that the 

rates of the former must be reconsidered, as well. 

2.5.2 Thought provoking models 

The CNT assumes a uniform pressure throughout the polymer-fluid system, while this 

is not necessarily the case during foaming. For instance, Park and coworkers95 have 

reported on the numerical analysis of the existence of growing cell flow induced pressure 

fluctuations near heterogeneous micrometer sized particles that decrease the free energy 

barrier for heterogeneous nucleation, as well as the critical radius, favoring a high 

heterogeneous nucleation rate. They have demonstrated that the pressure fluctuations 

depend on the configuration and dynamics of the nucleation sites. More recently, Park 

and coworkers96 reported on the batch foaming of intercalated and exfoliated clay HDPE 

composites. Surprisingly, the intercalated particles resulted in higher heterogeneous 

nucleation rates, despite their lower particle density and smaller interfacial area. This was 

mainly ascribed to the higher stress fields around the larger intercalated clay particles 

favoring stress induced cell nucleation as previously reported.  

Costeux and coworkers97 recently developed a density functional theory (DFT) which 

can be used to quantitatively describe the thermodynamic bulk and interfacial properties 
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of polymer-CO2 mixtures in a wide pressure and temperature range. They combined this 

DFT with the string method to calculate the minimum free energy path of cell nucleation 

and to make quantitative predictions for cell nucleation in poly(methyl methacrylate)-

CO2 mixtures.98 The authors reported that below a critical temperature there is a 

metastable transition from a CO2 rich vapor phase to a CO2 rich liquid phase for CO2 and 

as a consequence the phase that has the lowest free energy barrier for nucleation results 

in the formation of a cell that is either gas or liquid filled, respectively. This implies that 

nucleation of a CO2 gas filled cell in the metastable polymer CO2 mixture is a two-step 

process for certain conditions. Additionally, the calculation of the energy reduction factor 

according to the CNT is only valid for spherical nucleating agents, the effect of particle 

shape and roughness is not included. Park and coworkers99-100 developed a modified 

heterogeneous nucleation model that treated heterogeneous nucleation particles as a series 

of conical cavities with random conical angles (0° to 90°) in order to create random 

surface geometries. The CNT was as such corrected for the assumption that the nucleating 

particles have the properties of flat surfaces. Comparison of experimental values and their 

simulated values for the nucleation site density were, after iteration of the contact angles 

used for the gas/particle/polymer system, in good quantitative agreement. The authors 

rightfully argued that the validity of the determined contact angles requires further 

investigation. 

2.5.3 The effect of line tension 

Although in equation 6 the heterogeneous nucleation rate is corrected for the ratio of 

the particle size to critical bubble ratio as proposed by Fletcher,84 it still does not take into 

account the particle size dependent surface energy, which causes a change in the contact 

angle for the polymer, gas, particle interface. For instance, the line tension ( τ ), defined 

as energy per unit length associated with the three phase contact line (TPCL) due to the 

excess energy caused by the imbalance of intermolecular forces at the TPCL,101 has been 

shown to influence the surface nucleation.102-104 Closer examine a particle during 

nucleation it is obvious that a TPCL exists and thus that a line tension in the order of 10-

12 to 10-6 N needs to be considered when studying the cell nucleation.101-102, 105-106 For 

example, McBride and Law101 reported on the determination of the particle size 

dependent contact angle of a modified silica PS three phase system. Based on their atomic 

force microscopy analysis the contact angle of individual particles was determined. The 

contact angle decreased from ≈58° to ≈39° upon decreasing the silica particle size from 

≈200 nm to ≈88 nm, respectively. Interestingly, it was shown that below a particle size 

of ≈78 nm (rmin) no particle existed on the liquid vapor interface, which was ascribed to a 

line tension of ≈0.93 nN. Recently, Mi and coworkers107 presented a density functional 

approach, including line tension, to calculate the free energy barriers of bubble nucleation 
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in polystyrene and poly(methyl methacrylate) nanocomposites. The authors demonstrated 

that the addition of nanoparticles can improve the nucleation rates up to 5 orders of 

magnitude, and the critical radii shrink down to approximately half of the homogeneous 

nuclei radii. However, detailed insights in the effect of line tension on cell nucleation 

were not discussed by the authors. 

In our work of nanoparticle enhanced cell nucleation in PMMA foaming (see Chapter 

4), the complete engulfment of particles with a (core) diameter below 40 nanometer at 

the cell wall interface points toward line tension values of approximately 0.42 nN for the 

used foaming condition, i.e. the foaming pressure and temperature were 55 bar and 40 °C, 

respectively. The cell nucleation energy barrier was found to be significantly increased 

by a line tension of this magnitude. A closer investigation of the adhesion behaviors for 

individual nanoparticles at CO2 swollen polymer surface found that the interfacial 

interactions between nanoparticles and polymer matrix, e.g., line tension and 

elastocapillarity, are particle size dependent indeed (see Chapter 5). We show by a 

developed thermodynamic model that line tension is responsible for the engulfment of 

nanoparticles with a small size. These findings imply that the influence of line tension on 

cell nucleation in CO2 assisted nanocomposite foaming should be considered and that the 

classical nucleation theory must be reevaluated for these systems. 

2.5.4 Nucleation from pre-existing voids 

Some researchers considered the presence of microvoids with radii larger than rcrit so 

that after saturation with CO2 and depressurization these voids would grow without 

having to overcome the nucleation energy barrier.108-109 These voids could be present 

either in the polymer, on particle surfaces or in cavities of particles aggregates as well as 

at the surface of processing equipment. Harvey and coworkers110-111 were among the 

pioneers demonstrating that stable pre-existing cells (so called Harvey nuclei, see Figure 

2.7) exist in conical pits on a heterogeneous nucleating site. This form of nucleation 

includes homogeneous and heterogeneous processes from pre-existing gas cavities at the 

surface of suspended particles or processing equipment as well as tiny metastable cells in 

the polymer melt. When the polymer-gas system is in a supersaturated state, the radius of 

these pre-existing gas cavities is still less than rc as determined by classical nucleation 

theory. During the continuous pressure drop, the pre-existing gas cavities will overcome 

the finite free energy barrier as the degree of super saturation increases and consequently 

these cells grow spontaneously. However, Ward and Levart112 proposed that the existence 

of Harvey nuclei requires an interface with a contact angle which is greater than 90° and 

this rarely exists. They suggested that when the gas concentration is slightly higher than 

the saturation level, the existence of tiny cell nuclei in the bulk of the oversaturated 
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mixture or in conical pits on the surfaces of suspended nucleating agent particles is 

possible.113 

 

 
Figure 2.7 Scheme of a Harvey nucleus in a conical pit of a particle surface. 

Lee114 extended the cavity model concept and developed a “shear-enhanced 

nucleation model”. Lee suggested that nucleating particles tend to aggregate with each 

other to form a cluster of particles in the polymer matrix. The porous surfaces of the 

aggregates may not be completely wetted by the polymer melt, which results in the 

entrapment of gas molecules near the nucleating agent surface, forming gas cavities. 

Shear flow in the die during extrusion foaming is believed to enhance the detachment of 

these pre-existing gas cavities from the particle surfaces and following a pressure 

reduction these voids grow into cells. Han and Han115 also suggested that cell nucleation 

can be induced by shear force or flow due to the motion of gas clusters, even at 

thermodynamically unsaturated conditions, based on their in situ observation of bubble 

nucleation in concentrated PS toluene solutions. From these and other reports116-117 it is 

concluded that under shear homogenous nucleation is easily underestimated. None of the 

presented alternative mechanisms for cell nucleation is capable of quantitatively deriving 

the cell nucleation rate. Hence for the time being the CNT, with its various modifications, 

is still often employed as the basis for cell nucleation rate predictions or to explain 

experimental observations.  
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2.6 Thermal conductivity of nanocellular polymers 

2.6.1 The Knudsen effect 

Considerable research has been devoted to the understanding of the development of 

nanocellular polymers as a new class of high performance thermal insulation materials. 

In this paragraph we will discuss in more detail why nanocellular materials are receiving 

this much attention. 

Like for any other foam the thermal conductivity (λ) consists of four contributions:118 

𝜆 = 𝜆𝑠 + 𝜆𝑔 + 𝜆𝑟 + 𝜆𝑐       eq. 12 

In which λs, λg, λr and λc are the contribution of solid phase conduction, gas phase 

conduction, radiation and convection to the overall thermal conductivity (λ), respectively. 

For the small pore sizes, convective heat transfer can be ignored.119 The expected 

potential for nanocellular foams is based on the fact that when pore sizes are on the order 

of the mean free path of gas molecules, e.g. for air ≈70 nm at standard conditions, the gas 

molecules, instead of having many collisions with each other, enter the ballistic regime 

and as a consequence heat conduction by the gas phase is significantly reduced. This is 

also referred to as a Knudsen gas. In many reports one can find reference to the Knudsen 

equation: 

𝜆𝑔 =
𝜆𝑔0

1+𝛽𝐾𝑛
        eq. 13 

In which λg0 is the thermal conductivity of the gas at standard conditions (λair≈26 

mW/(m∙K)), β is a factor for the energy transfer between gas molecules and the 

surrounding solid walls (≈2 for air) and Kn is the Knudsen number, which is defined as 

the ratio of the mean free path of the gas molecules to the average pore diameter. 

Obviously from decreasing the pore size from ≈1 µm to below 100 nm the gas phase 

conduction is significantly reduced. Low density silica based aerogels are an outstanding 

example of the potential of nanocellular polymers. Due to their pore sizes well below 100 

nm and to their extremely low densities, these materials are reported to have thermal 

conductivities below 15 mW/(m∙K).120-121 This is significantly lower compared to the 

conventional thermal insulation materials such as PUR foams (20-30 mW/(m∙K)), 

XPS/EPS (33-40 mW/(m∙K)) and mineral wools (37-40 mW/(m∙K)).121 Like mentioned, 

their extremely high price and poor processability limit their wide spread application as 

thermal insulation material, although some aerogel based composites are gaining ground 

in niche applications. Hence polymers rendered nanocellular via e.g. CO2 foaming appear 

to be an attractive alternative from economic as well as processing points of view. 

Intriguing is that the vast majority of reports presenting the production of nanocellular 
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polymer structures mentions the applicability of these materials as thermal insulators, 

however not many reports offer an experimental quantification of the thermal 

conductivity of the prepared nanocellular polymer foams. This is probably explained by 

assuming that i) the foams prepared have often a graded cross sectional structure with a 

varying foam morphology and the structure is only partly in the nanocellular regime, and 

that ii) the foams obtained are often relatively small due to scaling issues in foam 

production. 

2.6.2 Thermal conductivity of nanocellular polymers 

Sundarram and Li122 recently reported on the thermal conductivity of PEI nanofoams 

with pore sizes of 86, 240 and 260 nm and porosities of 80, 77 and 74%, respectively. 

The thermal conductivity of their relatively small samples was determined with a transient 

plane source analyzer and subsequently the thermal conductivity of the nanocellular foam 

part was obtained via correcting the overall thermal conductivity for the presence of a 

skin layer and a microcellular foam region. The obtained thermal conductivity values 

were 19, 16 and 15 mW/(m∙K) for the PEI foams with pore sizes of 260, 240 and 86 nm, 

respectively. Molecular dynamics simulations were performed to model the thermal 

conductivity of nanocellular PEI (closed cells) and the resulting thermal conductivity 

values for PEI foams containing 1 or 5 nm pores were slightly lower compared to the 

experimentally determined values for the PEI foams. Due to computational limitations no 

PEI foams with larger pores were simulated. The MD simulations showed that besides 

capturing the effect of porosity, the pore size effect was also well described. This is an 

advantage compared to the more straightforward analytical models based on the rule of 

mixture for the gas and solid phase (i.e. porosity)123-124 including some modifications, that 

e.g. introduce an efficiency factor for the tortuous path of solid heat conduction through 

the cell walls124 or include radiation.125 Hence, the same MD simulations were carried out 

for a PMMA foam with various pore sizes and porosities.122 The thermal conductivity of 

a PMMA foam with 10 nm pores at 85% porosity was reported to be 8 mW/(m∙K), while 

at 60% porosity it would be nearly equal to that of still standing air (i.e. 25 mW/(m∙K) at 

atmospheric conditions).  

The thermal conductivity of the PEI foams reported on by Sundarram and Li122 were 

compared by Sonntag and coworkers118 with a model that estimates the thermal 

conductivity of a PS based aerogel. The calculated thermal conductivity values for the PS 

foams were 20, 18 and 13 mW/(m∙K) corresponding well to the PEI foams with thermal 

conductivities of 19, 16 and 15 mW/(m∙K), respectively. Despite the differences in matrix 

materials (PS vs PEI) the theoretical and experimental values are in fair agreement.  
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Figure 2.8 Calculated thermal conductivity of a nanocellular PS foam (aerogel model) as a function 

of the foam density and pore size. Reprinted from reference [118], with permission from Elsevier. 

Figure 2.8 shows the theoretical derived thermal conductivity of the PS foam as a 

function of the foam density and cell size. Obviously there is an optimum foam density, 

i.e. ≈ 0.1 - 0.2 g cm-3, at which the thermal conductivity is minimized for nanocellular 

foams to below that of stagnant air. At densities lower than these optimum values the 

contribution of radiation becomes significant while at higher densities the contribution of 

solid phase conduction increases. 

Zhao and coworkers have recently reported the fabrication of nanocellular 

PMMA/thermoplastic polyurethane (TPU) foams with nanostructured TPU domains as 

the heterogeneous nucleating agent. PMMA/TPU foams with an average cell size of 205 

nm and a porosity of ~ 0.88 were obtained. The authors demonstrated that the obtained 

foams exhibited a thermal conductivity of 24.8 mW/(m∙K) and a high compressive 

strength.126 Pinto and coworkers127 reported on the quantification of the gas phase thermal 

conductivity of PMMA/MAM blends that were foamed to open nanocellular foams with 

various pore sizes and densities ranging from approximately 320 nm to 10 µm and 0.32 

g/cm3 to 0.71 g/cm3, respectively. In fact these authors were the first to quantitatively 

report that the Knudsen effect for nanocellular polymer foams exists (see Figure 2.9). In 

Figure 2.9 the experimental data for λg of the PMMA/MAM foams with various pore sizes 

agree very well with the solid line which is representing the Knudsen effect (i.e. equation 

13). Furthermore it is obvious that when the pore size of the polymer foams is reduced to 

≈200 nm the gas phase conduction is reduced to below ≈50%.  
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Figure 2.9 Gas phase conduction for PMMA/MAM foams as a function of their pore size (open 

squares) compared to the Knudsen equation (solid line). Reprinted from reference [127], with 

permission from Elsevier. 

2.6.3 Competing (nanocomposite) polymer systems 

The Knudsen effect is present in nanocellular polymer foams and based on the 

discussed theoretical models foams with a density of about 0.15 g cm-3 and a pore size in 

the order of 70 nm appear as promising candidates to become a new class of high 

performance thermal insulation materials. Costeux2 graphically organized existing 

nanocellular foams that were reported in the accessible literature as a function of their 

cell size, porosity and expansion ratio, see Figure 2.10. From Figure 2.10 it is obvious 

that acrylic copolymers and nanocomposites58, 128 hold a great promise in terms of their 

cell size and porosity to classify as super insulating nanocellular materials. Unfortunately 

until today no thermal conductivity values for these foams have been reported in the open 

literature. If we take into account the penalty of up to a few mW/(m∙K) in thermal 

conductivity for using acrylate copolymers compared to using PS or PEI,118, 122 due to the 

higher solid phase thermal conductivity of the former, their expected thermal conductivity 

is still low. Hence, in agreement with what Costeux mentioned in his recent review paper,2 

it seems reasonable to assume that low thermal conductivity materials can indeed be made 

from these (nanocomposite) polymers. 
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Figure 2.10 Graphical organization of various nanocellular polymer systems as a function of the 

average cell size, porosity, expansion ratio and cell nucleation density. Reprinted from reference 

[2], with permission from John Wiley and Sons. 

2.7 Silica nanoparticles synthesis and surface modification 

As discussed above (see section 2.4) silica nanoparticles are of particular interest as 

heterogeneous nucleation agents in polymer foaming. This is ascribed to its low cost, easy 

preparation, good size control, and the ease of employing various surface 

functionalization strategies. In the following sections the commonly used approaches for 

the synthesis and subsequent surface chemistry or topology engineering of silica 

nanoparticles are shown. 

2.7.1 Stöber nanoparticles synthesis 

The Stöber method is a well-known and frequently used strategy for the preparation 

of silica sols and gels via hydrolysis and condensation of silicon alkoxides (general 

formula Si(OR)4), resulting in spherical silica particles.129-133 The hydrolysis and 

condensation reactions involved are shown in Figure 2.11.  
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Figure 2.11 Hydrolysis and condensation reactions occurring in the Stöber method for the 

formation of silica nanoparticles.  

The hydrolysis and condensation of silicon alkoxides is promoted through the 

introduction of hydroxide ions in the reaction mixture, by the addition of e.g. NH4OH, or 

the hydrolysis is acid catalyzed.133 The latter method results in a slightly broader particle 

size distribution.129 The size of the prepared silica nanoparticles can be controlled from 

several nanometers up to a few micrometers by manipulating the pH of the reaction 

mixture, e.g., by varying the concentration of NH4OH.134-135 Other important factors to 

control the particle size are the tetraethyl orthosilicate (TEOS) concentration and the type 

of alcohol used for the reaction. In a typical Stöber reaction with TEOS, water, NH4OH 

and either methanol or ethanol, the use of methanol will result in smaller particles 

compared to when using ethanol.135 Figure 2.12 shows SEM images of monodisperse 

silica nanoparticles with various diameters prepared with the Stöber method.136 

 

 

Figure 2.12 SEM images of solid silica nanoparticles synthesized by the Stöber method with a 

diameter of ~ 1800 nm (A), ~ 1100 nm (B) and ~ 600 nm (C).136 

When using TEOS as silicon alkoxide in the preparation of silica nanoparticles, the 

hydrolysis of TEOS is sometimes not complete and a part of the ethoxy groups remain in 

the particles. These ethoxy groups are able to be removed by hydrolysis in slightly acidic 

water, resulting in the formation of silanol groups.133 These silanol groups can be used 

for subsequent surface modification reactions of the silica nanoparticles by using a wide 

variety of available silane compounds.137 This silane based chemistry can for example be 

used to tether an atom transfer radical polymerization (ATRP) initiator to the silica 

nanoparticle surface, to be able to polymerize a polymer shell around the particle, or to 

be used as reactive sites to couple polymers with functional groups by the grafting to 
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method. 11, 138-143 The next section will focus on the formation of silica polymer core shell 

nanoparticles.  

2.7.2 Hybrid silica core shell nanoparticles 

Grafting polymers from/to silica nanoparticles surfaces is widely used to improve the 

compatibility between the particles and a polymer, resulting in the improved particle 

dispersion in the polymer matrix.144-145 In addition, it often leads to significant 

enhancement of the resulting nanocomposite properties, i.e. mechanical, optical or 

thermal.146-151 

Among the possible surface derivatization strategies, surface initiated ATRP (SI-

ATRP) is a frequently adopted reaction to graft polymers from silica nanoparticles.152-157 

ATRP is a type of ‘quasi’ living controlled free polymerization mechanism. By using a 

transition metal compound with ligands and a proper initiator, the polymerization 

conditions can be adjusted to have a linear reaction rate during polymer growth151, 158 and 

as a result a low polydispersity for the resulting polymers is achieved.159 For a general 

mechanism and further details of ATRP reactions the interested reader is directed towards 

the references 146, 147, 152 and 153. 

 

 

Figure 2.13 Schematic showing polymer brushes grafted from initiator tethered silica particles by 

SI-ATRP (A) and polymer brushes decorated to silica nanoparticles by the “grafting” to method 

(B). 

With surface initiated SI-ATRP, (block) polymers can be grafted from surfaces by 

polymerization from surface tethered initiator molecules.152-153, 160-166 The tolerance to a 

wide range of functional monomers makes this technique widely used.151-152, 159, 161, 167-

174 Due to the low concentration of active radicals, the risk of termination by the 

interaction between chain ends is reduced to a minimum.151-152, 161, 167, 175-176 With this 

method, it is possible to get a high grafting density resulting in a polymer brush shell 
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around the nanoparticles. For instance Matyjaszewski and coworkers177 reported the 

synthesis of styrene grafted hybrid silica nanoparticles by ATRP. The influence of the 

chain constraint on the glass-transition temperature of the grafted polystyrene (PS) was 

studied. The authors demonstrated that the glass transition of PS tethered to the curved 

particle surfaces was elevated compared to the glass transition temperature of bulk PS. 

This increase in glass transition temperature is attributed to the steric confinement of the 

grafted PS chains. Patten138 reported on the modification of silica particles with 2‐(4 

chloromethylphenyl) ethyldimethylethoxysilane for the preparation of a silica particle 

based ATRP macroinitiator. The subsequent ATRP of styrene resulted in a two times 

increase in particle diameter compared to the bare silica particles, as was measured with 

dynamic light scattering (DLS). Figure 2.13A shows a typical SI-ATRP for the grafting 

of polymer brushes from initiator tethered silica particles. In Chapter 3 the SI-ATRP of 

styrene from silica nanoparticles with a diameter of 80 nm is presented as well. 

Another common strategy to decorate a particle surface with polymer chains is the 

‘grafting to’ method. This method relies on the coupling of an end functional polymer to 

the surface of a particle by a chemical reaction or simply by adsorption.178-182 This 

method is shown in Figure 2.13B. Since PDMS is the grafted polymer of interest in this 

Thesis (See section 2.5.2) a few examples of the grafting to of PMDS are discussed here. 

Weis and coworkers183 reported the “grafting to” of poly(dimethylsiloxane) (PDMS) onto 

hydrophilic silica nanoparticles by adsorption of PDMS onto the silica surface from a 

PDMS solution, followed by a thermal treatment. The authors demonstrated that this 

procedure resulted in the formation of chain loops chemically attached to the silica surface 

with both chain ends. Liu and Li184 reported on the direct grafting of monoglycidylether-

terminated PDMS (PDMS-G) to 10 - 15 nm silica nanoparticles with surface exposed 

hydroxyl groups in the presence of Tin Chloride dehydrate as a catalyst. The obtained 

silica/PDMS star type polymers, as they referred to the obtained silica core-shell materials, 

possessed a better thermal degradation stability compared to the bare PDMS. In addition, 

Yang and coworkers185 reported the preparation of a PDMS/silica nanoparticle latex by 

an ultrasonical modification process and miniemulsion polymerization in the presence of 

hydroxyl silicone oil pretreated silica sol nanoparticles. The authors demonstrated that 

approximately 5.0 wt% PDMS was grafted to the ~ 79 nm silica nanoparticles. 

Besides surface chemistry modification of silica nanoparticles another interesting 

surface engineering strategy is the manipulation of the surface texture of the particles, 

such as the synthesis of raspberry-like silica,186 186-187mesoporous silica,188-191 and hollow 

core shell silica.192-194 There are two primary strategies to fabricate raspberry-like 

nanoparticles, i.e., by self-templated etching of spherical silica nanoparticles195 and 

immobilization of small silica nanoparticles to the surface of the larger ones196 as shown 

in Figure 2.14. Compared to the attaching method synthesis of raspberry silica 
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nanoparticles by the etching method is relatively easy. This is ascribed to its simple 

reaction procedure which consists of only two processes, i.e. the dissolution of SiO2 

species and re-deposition (growth) of the roughened silica layer in a one pot reaction. For 

instance, He and coworkers195 reported the synthesis of surface-roughened silica 

nanoparticles by a self-templated etching route with NaBH4. The authors demonstrate that 

coating of glass surfaces with the obtained raspberry-like particles followed by a 

modification reaction with perfluorooctyltriethoxysilane resulted in the formation of 

superhydrophobic surfaces. 

De With and coworkers197 reported the synthesis of raspberry-like nanoparticles via 

the dual size coupling strategy. Two different sizes of silica nanoparticles were prepared 

with each a specific chemical surface functionality. The smaller particles were amino-

functionalized, while the larger particles were epoxy-functionalized. Followed by the 

attachment of the smaller nanoparticles to the larger ones, raspberry-like particles were 

obtained. By adjusting the size of the larger and smaller particles it is possible to have 

precise control over the surface morphology. In Chapter 6 we employed raspberry-like 

silica nanoparticles prepared by the etching method, since those were stable during 

subsequent processing steps, i.e. sonication and melt blending. This we ascribe to the 

stronger neck formation during the redeposition step in the etching method compared to 

the available contact area for chemical bonding of smaller particles to the larger particles 

in the dual size coupling method.  

 

 
Figure 2.14 Scheme of the etching195 (A) and the dual size coupling197 (B) methods for the synthesis 

of raspberry-like silica nanoparticles. 

The versatile production and surface engineering of silica nanoparticles with various 

surface chemistries and roughness provided us with a very promising starting point for 

the design of nanoparticles that can be used as potentially efficient nucleation agents in 

CO2 blown nanocellular polymer foams. 
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2.8 Conclusion 

For nanocellular polymer foams to become applicable in areas like thermal insulation 

their cell density needs to be increased to above 1014 cells cm-3, while their cell size 

remains in the order of a few tens of nanometers. This requires that at least an equal 

number of foam cells are nucleated during the initial stages of foaming. Therefore it is of 

great importance to improve our understanding of cell nucleation at this length scale. 

Existing models and remaining questions have been discussed in detail in this Chapter. 

Despite the apparent lack in fundamental insights and experimental validation, a growing 

number of reports describe the preparation of batch foamed nanocellular films. From 

these reports an enhanced understanding in the available processing windows has been 

obtained. Acrylic copolymers and their nanocomposites have been produced into 

relatively thick nanocellular samples with cell sizes, cell densities and porosities close to 

the targeted values. Parts of the contributions are described in this Thesis.  

In particular the optimization of nanoparticle surface chemistry and roughness for the 

development of nucleation agents with high nucleation efficiencies, is considered 

promising for the preparation of blown polymers with e.g. high cell densities or narrower 

cell size distributions. 
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Chapter 3 

Nanocellular Polymer Foams Nucleated 

by Core-shell Nanoparticles 

 

This Chapter describes the synthesis of low surface energy polymer grafted silica 

nanoparticles for utilization as highly efficient cell nucleation agents to obtain 

nanocellular, CO2 blown polystyrene (PS) and poly(methyl methacrylate) (PMMA) films 

in a batch process. For nanoparticle surface functionalization Fluorolink E10 and 

poly(dimethylsiloxane) (PDMS) were used. Their successful grafting to silica 

nanoparticles was confirmed by Fourier transform infrared (FTIR) spectroscopy, 

thermogravimetric analysis (TGA) and transmission electron microscopy (TEM). 

Following melt blending of the modified silica nanoparticles with PS or PMMA their 

dispersion was evaluated by scanning electron microscopy (SEM) analysis. Our results 

show that proper selection of the polymer grafts results in achieving nucleation 

efficiencies of up to approximately 0.5 (i.e. 1 foam cell per 2 particles on average), which 

is the highest value achieved so far for nanofillers as nucleation agents. This number was 

confirmed by the presence of only 2 to 4 nanoparticles per cell in nanocellular PS and 

PMMA foams containing SiO2 nanoparticles with a PDMS shell as was observed in cross 

sectional SEM images. The lowest density foam we obtained (~ 0.32 g cm-3) had a 

nanocellular morphology with a cell size and cell density of ~ 440 nm and 1.85 x 1013 
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cells cm-3, respectively. It is shown that the use of a low surface energy thin shell around 

silica nanoparticles is beneficial for cell nucleation compared to untreated particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Part of this Chapter has been published in: Liu, S.; Zoetebier, B.; Hulsman, L.; Zhang, Y.; 

Duvigneau, J.; Vancso, G. J. Nanocellular polymer foams nucleated by core-shell nanoparticles. 

Polymer 2016, 104, 22-30. 
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3.1 Introduction 

Low density polymer foams with cell sizes of several hundreds of nanometers or 

smaller comprise a relatively new class of materials that is considered to be of interest for 

numerous applications, e.g. in lightweight structural supports1, catalysis2, thermal 

insulation3, sound insulation4, electromagnetic shielding5-6 and tissue engineering7. For 

instance, Miller and coworkers8 reported that the confinement of polymer chains in cell 

walls of nanocellular polyetherimide (PEI) foams leads to a significant increase of 

toughness and strain at break compared to the microporous material. This enables 

utilization as lightweight structural support. In addition, when cell diameters are close to, 

or smaller than, the collision mean free path of molecules making up air between 

successive impacts (~ 70 nm at standard conditions),9 the gas phase thermal conduction 

is minimized. This so called Knudsen effect renders nanoporous polymer foams very 

promising candidates as high performance thermal insulation materials10-11. For instance, 

Sundarram and coworkers reported a value of 15 mW m-1 K-1 for the thermal conductivity 

of a nanocellular polyetherimide foam with a cell size and porosity of 86 nm and 80 %, 

respectively. Despite the rather high polyetherimide foam density the thermal 

conductivity value for the nanocellular foam reported is significantly lower compared to 

that of conventional polyurethane based foams (20-22 mW m-1 K-1)12. 

For the applications described, control over the foam bulk density is as important as 

having a nanocellular morphology13. Among the possible foaming strategies usually 

employed, CO2 assisted batch foaming is frequently used for the preparation of 

nanoporous foams14-19. This is mainly ascribed to CO2 being considered as a green 

alternative to other blowing agents. A further advantage is the easy adaption of batch 

foaming conditions over a wide pressure and temperature range20. Unfortunately, due to 

its size limitations, batch foaming still remains a laboratory scale approach21. It is foreseen 

that in the near future novel foaming concepts will be developed that will allow the 

upscaling of nanocellular foam production to technologically relevant levels.  

The majority of the batch foamed nanocellular materials reported in the open literature 

had foam thicknesses restricted to below a millimeter. In addition, the foams typically 

had relatively low porosities, i.e. below 80%. It was only recently that Costeux and 

coworkers13 reported the batch foaming of polymethyl methacrylate (PMMA) 

copolymers with thicknesses exceeding a few millimeters and a maximum porosity of 

85%. However, the production of low density nanocellular polymer foams remains a 

challenge due to i) low cell nucleation numbers, ii) fast diffusion of CO2 out of the 

foaming polymer and iii) coalescence of cells during foaming.  

In order to enhance cell nucleation to levels exceeding 1014 cells cm-3 the introduction 

of nanostructured phases to polymers prior to foaming is considered a promising approach. 

According to the classical nucleation theory (CNT)22-23 heterogeneous nucleation is 
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preferred over homogeneous nucleation once the interfacial energy and domain size of 

the heterogeneous phase are properly selected. For instance, foaming of block copolymer 

blends24-26 and nanocomposites13, 17, 27-35 has been reported. 

Table 3.1 Overview of the (calculated) nucleation efficiency of different nanofiller/ 

polymer systems selected from the literature. 

Nanocomposites Nucleation efficiency 

Polypropylene/nanoclay27 < 1.0 x 10-4 

PMMA/nanoclay17 < 1.0 x 10-4 

PS/nanoclay17 < 1.0 x 10-4 

 PS/nanoclay34 7.4 x 10-4 

PMMA-co-EA/SiO2
13 0.1 

PMMA/SiO2
13 4.8 x 10-3 

PMMA/SiO2
30 2.8 x 10-4 

PMMA/fluorinated silane modified SiO2
33 1.5 x 10-4 

PMMA/hydroxyl-terminated SiO2
34 8.6 x 10-6 

Polycarbonate/SiO2
32 1.8 x 10-2 

PS/carbon nanofibers28 2.0 x 10-2 

PS/carbon nanotubes28 9.1 x 10-5 

PS/amino-terminated SiO2
37 < 3 x 10-4 

PS/ SiO2 with poly(ionic liquid) grafts37 < 1.7 x 10-3 

PS/SiO2 with PS grafts38 < 2.0 x 10-2 

 

Nano-clay and silica nanoparticles are among the most widely used heterogeneous 

nucleation agents32-33, 36. He and coworkers32 reported that the addition of nanosilica to 

polycarbonate prior to batch foaming significantly decreases the foam cell size and 

increases the cell density compared to neat polycarbonate foams. Ozisik and coworkers33 

described that fluorinated silane modified silica nanoparticles reduced the nucleation free 

energy barrier and increased the cell density of PMMA foams compared to foams 

containing pristine silica nanoparticles.  
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Despite effectively increasing the cell density of polymer foams upon the addition of 

(modified) nanoparticles, a closer examination of their nucleation efficiency shows that 

nanoparticles are still poor nucleation agents. The nucleation efficiency is defined as the 

ratio of the number of cells per cm3 of unfoamed material to the number of nanoparticles 

per cm3 unfoamed material28. This definition, as it is obvious, incorporates cell 

coalescence and cell collapse. Table 3.1 shows for a number of selected polymer 

nanoparticle systems the calculated nucleation efficiencies. Obviously the nucleation 

efficiency is often orders of magnitude below unity. In the best case the nucleation 

efficiency was 0.1, meaning that for every 10 particles added 1 cell was nucleated. 

In order to enhance the nucleation efficiency of silica nanoparticles Yang and 

coworkers37 reported on the grafting of highly CO2-philic poly(ionic liquid) from silica 

nanoparticles as nucleation agents for the foaming of microcellular polystyrene foams. 

Surface initiated atom-transfer radical polymerization (SI-ATRP) was used to graft 

poly[2-(methacryloyloxy)ethyl]trimethylammonium tetrafluoroborate 

(P[MATMA][BF4]) from silica nanoparticle surfaces. Grafted layers with thicknesses of 

several tens of nanometer were achieved. The authors demonstrated that the CO2 

solubility was slightly enhanced due to the presence of the surface confined 

P[MATMA][BF4] phase. Compared to microcellular polystyrene foams prepared with 

bare silica nanoparticles the cell density increased (factor ~ 5) and the cell size decreased 

(factor ~ 2). However, the overall nucleation efficiency of these polymer decorated 

nanoparticles remained poor (< 1.7 x 10-3). 

In this Chapter, a simple “grafting to” approach of CO2-philic and low surface energy 

polymers was employed to decorate silica nanoparticles in order to have a thin, low 

surface energy shell around the silica nanoparticles. The nucleation efficiency and foam 

morphology of the resulting materials are explored. Poly(dimethylsiloxane) (19.8 mJ·m-

2) (PDMS) and Fluorolink E10, i.e. a hydroxyl-terminated perfluoropolyether, (18.0 

mJ·m-2) were selected as the matrix polymers due to their known low surface energy and 

good wetting property with CO2
33, 40-41. For comparison, PS grafted nanoparticles were 

also synthesized. The core-shell nanoparticles obtained were used as highly efficient 

heterogeneous nucleation agents for the CO2 batch foaming of PS and PMMA.  
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3.2 Results and discussion 

3.2.1 Preparation and characterization of nanoparticles 

Stöber silica nanoparticles were synthesized, followed by their surface grafting with 

polystyrene, PDMS or Fluorolink E10, respectively. The reaction scheme is depicted in 

Figure 3.1 Silica nanoparticles with a diameter of ~ 80 nm were prepared via a Stöber 

reaction (step 3.1a), followed by the hydrolysis of the surface exposed ethoxy groups to 

silanol moieties (step 3.1b). Subsequently the hydrolyzed particles were modified with 

APTES, resulting in the formation of amine functionalized nanoparticles (step 3.1c). 

Following the reaction with α-bromoisobutyryl bromide a macroinitiator nanoparticle 

(step 3.1d) for the subsequent SI-ATRP of styrene (step 3.1e) was obtained. PDMS and 

Fluorolink E10 grafted core-shell structure nanoparticles were synthesized by the grafting 

to of PDMS-G (step 3.1d’) and Fluorolink E10 (step 3.1c’) to the amine functionalized 

and hydrolyzed silica nanoparticles, respectively. 

 

 

Figure 3.1 Particle preparation strategies: Stöber silica nanoparticles were prepared (a) followed 

by the hydrolysis of surface exposed ethoxy group in diluted HCl (b). Subsequently, amine groups 

were introduced to the surface of the nanoparticles (c) followed by modification with a bromine 

terminated ATRP initiator (d) for the SI-ATRP of styrene (e). The grafting to of PDMS and 

Fluorolink E10 are shown in Figure 3.1d’ and c’, respectively. 

Figure 3.2a shows FTIR absorbance spectra of the (modified) silica nanoparticles. 

The remaining ethoxy groups after the Stöber reaction of TEOS are clearly observed in 

the FTIR spectra of the SiO2 particles, i.e. the CH2/CH3 bending absorption band at 1452 
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cm‐1 and CH2/CH3 absorption band at 2980 cm‐1.43 After hydrolysis these absorbance 

bands disappeared (data not shown). The absorption bands at 1452 cm‐1 (ascribed to C=C 

stretching vibrations) and near 3000 cm‐1 (ascribed to aromatic and aliphatic C-H 

stretching) indicate the successful grafting of PS from silica nanoparticles38. The 

absorption bands for CH3 stretching at 2967 cm-1 and for C-H bending at 1263 cm-1 

confirm the successful grafting of PDMS to silica nanoparticles44. The absorption band 

at 1180 cm-1, which is ascribed to C-F stretching modes, indicates the successful grafting 

of Fluorolink E10 to the silica nanoparticles45. 

 

 

Figure 3.2 ATR-FTIR absorbance spectra (a) and non-isothermal TGA thermograms (b) of SiO2, 

SiO2-PS, SiO2-F and SiO2-PDMS nanoparticles. In Figure 3.2a the black arrows indicate 

characteristic FTIR absorption bands of the bare and core-shell silica nanoparticles.  

TGA was used to determine the amount of polymer grafted from/to the SiO2 

nanoparticles. Figure 3.2b shows the weight loss versus temperature curves for non-

isothermal TGA measurements of SiO2, SiO2-PS, SiO2-F and SiO2-PDMS. The weight 

percentage of PS, Fluorolink E10 and PDMS covalently bound to SiO2 nanoparticles was 

determined to be 18.4 wt%, 7.8 wt% and 5.0 wt%, respectively from mass loss values. 

Based on the TGA results, the molar mass of grafted polymer chains (i.e. 9061 g mol-1, 

1700 g mol-1 and 1000 g mol-1 for PS, Fluorolink E10 and PDMS, respectively) and the 

surface area of the used SiO2 nanoparticles (33 m2 g-1), the PS, Fluorolink E10 and PDMS 

grafting densities were calculated to be 0.45 nm-2, 0.90 nm-2 and 0.91 nm-2, respectively. 

TEM was used to confirm the core-shell structure of the nanoparticles (see Figure 3.3). 

The value of the bare silica nanoparticle diameter was determined to be 79.0 ± 9.0 nm. A 

clear core-shell structure is observed for the SiO2-PS, SiO2-F and SiO2-PDMS 

nanoparticles (see Figure 3.3b-d) and the shell thickness was estimated to be 12.5 ± 1.2 

nm, 8.0 ± 1.4 nm and 6.0 ± 1.3 nm, respectively. Hence, bare and core-shell nanoparticles 

were successfully synthesized, and the prepared nanoparticles were used as nucleation 

agents for nanocomposite foaming (see section 3.2.2). 
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Figure 3.3 TEM images of SiO2 (a), SiO2-PS (b), SiO2-F (c) and SiO2-PDMS (d) nanoparticles. 

The scale bars represent 50 nm. 

3.2.2 Nanocomposite foams 

Prior to foaming the prepared nanoparticles were melt blended in a PS matrix and 

pressed to films with a thickness of ~ 200 micrometer. The nanoparticle concentration 

was 4 wt% based on the silica core content. Hence all nanocomposite films had the same 

particle density prior to foaming (assuming a good particle dispersion). SEM was used to 

investigate the dispersion of nanoparticles in the respective PS nanocomposites.  

Figure 3.4 shows SEM images of sections of freeze fractured PS nanocomposite films. 

It is obvious that SiO2-PS and SiO2-PDMS nanoparticles were well dispersed in PS, while 

some aggregates for SiO2 and SiO2-F nanoparticles melt blended in PS were observed. 

For Fluorolink E10 modified nanoparticles the observed aggregation is ascribed to the bi-

functionality of the polymer used in the bulk grafting reaction i.e. potentially one chain 

end reacts with one particle while the other chain end may react with the same, or with a 

different particle. Hence, although undesirable, some particle aggregation could not be 

prevented for this type of core-shell nanoparticle. 
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Figure 3.4 SEM images of freeze fractured polystyrene films containing no SiO2 (a), SiO2 (b), 

SiO2-PS (c), SiO2-F (d) and SiO2-PDMS (e) nanoparticles. The white arrows point towards selected 

nanoparticles. The scale bars represent 1 μm. 

Table 3.2 Expansion ratio (𝑓) and foam density (ρ) of the obtained PS (nanocomposite) 

foams. 

 Neat PS PS with SiO2 PS with 

SiO2-PS 

PS with 

SiO2-F 

PS with 

SiO2-PDMS 

𝑓 2.5 2.3 3.1 2.9 3.3 

ρ (g cm-3) 0.42 0.46 0.34 0.36 0.32 

 

The PS nanocomposites with different core-shell structured nanoparticles were 

foamed after saturation with CO2 at 55 bar. The volume expansion ratio and densities of 

the obtained PS foams are shown in table 3.2. 

Figure 3.5 shows SEM images of sectioned PS foams without and with nanoparticles. 

From Figure 3.5 it is obvious that the incorporation of (modified) silica nanoparticles 

significantly decreases the cell size and increases the cell density. For a good comparison 

the cell size and cell density of the respective PS foams were determined. The results 

obtained are shown in Figure 3.6. 

The average cell size and cell density of neat polystyrene foams were ~ 2.4 μm and 

1.0 x 1011 cells cm-3, respectively (Figure 3.6a and b). Upon the addition of 4 wt% bare 

SiO2 nanoparticles to PS the cell size decreased to ~ 1.1 μm and the cell density increased 

to 1.2 x 1012 cells cm-3 (Figure 3.6a and b). This is ascribed to heterogeneous cell 
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nucleation at the silica nanoparticle-polymer interface. The cell size and cell density of 

composites containing SiO2-PS nanoparticles were ~ 0.7 μm and 2.5 x 1012 cells cm-3, 

respectively (Figure 3.6a and b). This improvement in foam morphology compared to the 

bare SiO2 nanoparticle containing PS foam is explained by the better particle dispersion 

for the PS grafted SiO2 particles (compare Figure 3.4b and c). This observation is in 

agreement with results reported by Jingtao and coworkers38. They showed that the 

grafting of PS on mesoporous silica nanoparticles improved the dispersion of the particles 

as well as the polystyrene foam morphology.  

 

 

Figure 3.5 SEM images of sectioned PS foams containing no SiO2 (a), SiO2 (b), SiO2-PS (c), SiO2-

F (d) and SiO2-PDMS (e) nanoparticles. The scale bars represent 1 μm. The saturation pressure and 

foaming temperature were 55 bar and 100°C, respectively. 

Upon the addition of SiO2 particles grafted with low surface energy polymers the cell 

size was further reduced to ~ 440 nanometers and the cell density increased to 1.85 x 1013 

cells cm-3 (Figure 3.6a and b). The effect on cell size and cell density was less pronounced 

for the Fluorolink E10 modified nanoparticles, which we ascribe to the observed particle 

clustering that reduces the effective number of nucleation sites (see Figure 3.4d). 

Figure 3.6c shows the calculated nucleation efficiencies of the nanoparticles used. 

Since 4 wt% of nanoparticles was added to the nanocomposites based on their respective 

silica content, the number of theoretical nucleation sites, i.e. 7.5 x 1013 particles per cm3 

of unfoamed material, was the same for all nanocomposites. Hence, this number was used 

to calculate the nucleation efficiency for each type of particles. The expansion ratios of 

the obtained foams as shown in table 3.2 are used to calculate the number of cells per unit 

volume of unfoamed material with equation 2. 
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Figure 3.6 Cell size (a), cell density (b) and nucleation efficiency (c) of neat polystyrene and 

polystyrene nanocomposite foams containing SiO2, SiO2-PS, SiO2-F and SiO2-PDMS nanoparticles. 

Obviously, the nucleation efficiency of polymer decorated particles is better 

compared to the bare silica nanoparticles. The highest nucleation efficiency, i.e. 0.25, was 

obtained for the PDMS grafted SiO2 nanoparticles. The SEM image in the inset in Figure 

3.6c shows that for this foam every cell cross section contains about 2 particles. If we 

assume that on average every cell was cut in half this number is in good agreement with 

the observed nucleation efficiency, i.e. 4 particles result in the formation of 1 cell. The 

nucleation efficiency of the PDMS coated nanoparticles is 15 times higher compared to 

the bare silica nanoparticles. In fact, to the best of our knowledge the nucleation efficiency 

obtained for these particles is the highest compared to data available in the open literature 

(see also table 1). In particular these particles perform significantly better compared to 

the CO2-philic polyionic liquid grafted nanoparticles reported on by Yang and 

coworkers37. However direct comparison is not trivial since it is known that the foaming 

conditions (i.e., foaming temperature and saturation pressure) used influence the 

performance of the added nanoparticles. Despite this, the high nucleation efficiency for 

the SiO2-PDMS nanoparticles is ascribed to i) the low surface energy of the PDMS shell, 

ii) the higher local CO2 concentration in the PDMS shell compared to the PS matrix and 

iii) their good dispersion in the PS matrix. In addition, the interfacial interactions between 

the nanoparticle shell and polymer matrix is expected to affect cell nucleation as well. In 

fact, it has been reported that for a poor polymer shell matrix interaction the nucleation 

energy barrier is reduced39. Studying cell nucleation at the nanometer length scale is 
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highly challenging and currently we are working on establishing methods to quantify the 

role of the low surface energy shell and the polymer interphase on cell nucleation. 

In order to further elucidate the impact of the grafted PDMS coating on nucleation, 

silica nanoparticles with a diameter of 120 nanometers and PDMS shells were prepared 

and melt blended with PMMA at a concentration of 4 wt%. Following CO2 sorption (55 

bar, room temperature, 4h) the CO2 saturated films were foamed at 40 °C for 3 min. The 

obtained foam (with a density of ~ 0.38 g·cm-3) had an average cell size of ~ 400 nm and 

a nucleation efficiency of ~ 0.5, while for the bare nanoparticles (120 nm) it was only 

0.09, as shown in Figure 3.7. Hence PDMS grafting to nanoparticles seems to be a very 

promising strategy for enhancing the nucleation efficiency of nanoparticles in polymer 

foaming.  

 

 

Figure 3.7 Cell size (a), cell density (b) and nucleation efficiency (c) of PMMA nanocomposite 

foams containing SiO2 and SiO2-PDMS nanoparticles. The number density of 120 nm nanoparticles 

per cm3 unfoamed PMMA is 2.3 x 1013particles cm-3. 

In fact, upon the addition of PDMS grafted nanoparticles, foam morphologies with 

relevant properties are within reach via batch foaming at relatively low CO2 saturation 

pressures. For instance, the theoretical thermal conductivity (λ) of the nanocomposite PS 

and PMMA foams obtained in this study can be determined using a model established by 

Sonntag and coworkers9 for the thermal conductivity of nanocellular PS foams. Based on 
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this model the λ for the PS and PMMA foams containing PDMS grafted silica 

nanoparticles was estimated to be ~ 22.0 mW m-1 K-1 and 24.0 mW m-1 K-1, respectively 

(see Figure 3.8). These numbers are lower compared to commercially available EPS and 

XPS (31.0-45.0 mW m-1 K-1) foams and can compete with existing polyurethane based 

foams (20.0-22.0 mW m-1 K-1). We note that the used model was in good agreement with 

reported thermal conductivity values for nanocellular polyimide foams. However, more 

recent work reported by Rodríguez-Pérez and coworkers11 points towards and 

underestimation of the thermal conductivity upon increasing cell wall thicknesses. In 

addition, the used model does not take into account the presence of nanoparticles in the 

cell walls and its effect on the solid phase thermal conductivity. 

 

 

Figure 3.8 Estimation of the thermal conductivity of PS and PMMA nanocomposite foams with 

SiO2-PDMS nanoparticles as nucleation agents. This image was adapted from reference [9]. The 

curved solid and dashed lines represent the thermal conductivity for a PS foam as a function of the 

cell size and foam density. We note that for the calculation of the thermal conductivity of our 

PMMA nanocomposite foam the model has been corrected for the thermal conductivity of PMMA.  

Since (meth)acrylate based polymers saturated at CO2 pressures exceeding 250 bar 

provided the lowest density nanocellular foams reported until today13 our future efforts 

are directed towards understanding and improving the nucleation behavior of polymer 

grafted nanoparticles in (meth)acrylate based polymer/CO2 systems. In particular the 

effect of particle size (i.e. curvature), surface roughness and the composition of the 

interface/interphase have our attention, since there is a lack in a quantitative 

understanding of the role of these parameters on cell nucleation at the macromolecular 

length scale. We believe that an enhanced understanding of these issues is of pivotal 



Chapter 3 

68 

importance for advancing nanocellular foaming to industrially relevant foaming 

conditions and levels.  

3.3 Conclusion 

In this Chapter silica nanoparticles grafted with low surface energy polymers were 

exploited as highly efficient nucleation agents in the CO2 batch foaming of PS and 

PMMA. Following the synthesis of SiO2, SiO2,-PS, SiO2-F and SiO2-PDMS 

nanoparticles with a core diameter of 80 nm they were melt blended with the respective 

matrix polymers. Batch foaming was used to produce micro- and nanocellular foams. The 

obtained nanocomposite foams showed that i) the addition of nanoparticles was favorable 

for cell nucleation and that ii) the grafting of a thin PDMS shell to the silica nanoparticles 

increased the nucleation efficiency to 0.5. The obtained nucleation efficiency of PDMS 

grafted nanoparticles is significantly higher compared to that of other nanofillers reported 

so far in the open literature. Hence, PDMS grafted silica nanoparticles are very promising 

to be used as highly efficient nucleation agents for nanocellular polymer foaming. Future 

work should be directed towards optimization of the particle size (see Chapter 4) and 

surface roughness (see Chapter 6) as well as the thickness and composition of the low 

surface energy shell next to increasing our understanding of the role of these parameters 

on cell nucleation and foam morphology.  

3.4 Materials and methods 

Materials. Tetraethyl orthosilicate (TEOS) ≥ 99.0%, (3-aminopropyl)-triethoxysilane 

(APTES) 97%, 2-propanol 99.5%, copper(I) bromide 98% and polystyrene (Mw = 230000 

g·mol-1, ρ = 1.05 g·cm-3) were purchased from Aldrich (Milwaukee, WI, USA). 

Ammonium hydroxide solution 28-30%, triethylamine (TEA) 99.5%, copper(II) bromide 

99%, α-bromoisobutyryl bromide ≥ 99%, hydrocholoric acid 37%, aluminum oxide (for 

chromatography), nonafluorobutyl methyl ether ≥99%, hydrofluoric acid (48%) and 

poly(dimethylsiloxane) monoglycidyl ether terminated (PDMS-G) (Mw = 1000 g·mol-1) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). PMMA was a gift from 

Arkema (VM100, i.e. a PMMA-co-EA polymer, ρ = 1.18 g·cm-3) (La Garenne-Colombes, 

France). Absolute N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) were 

purchased from Biosolve (Valkenswaard, the Netherlands). Ethanol absolute for analysis 

was purchased from Merck (Darmstadt, Germany). Hydroxyl-terminated 
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perfluoropolyether (Fluorolink E10, Mw=1700 g·mol-1) was a gift from Solvay Solexis 

(Milan, Italy). N,N,N’,N’,N’’-pentamethyldiethylenetriamine (PMDETA) 98% was 

purchased from Acros Organics (Geel, Belgium). Styrene was passed through an 

aluminum oxide column to remove the inhibitor. Copper(I) bromide was purified by 

stirring appropriate amounts in water free acetic acid for 24 hours, followed by filtration, 

washing with ethanol for three times and subsequent vacuum drying for at least 12 hours. 

Milli-Q water was produced by a Millipore Synergy system (Billerica, MA, USA). Unless 

otherwise mentioned all other chemicals were used as received. 

Stöber silica nanoparticles synthesis. To prepare Stöber silica nanoparticles (SiO2) 

with a diameter of ~80 nm, 168 ml ethanol was mixed with 28 ml Milli-Q water and 30 

ml TEOS in the presence of 2 ml ammonium hydroxide while stirring at 500 rpm at room 

temperature. After 1.5 hours the obtained SiO2 dispersion was centrifuged at 10,000 rpm 

for 30 min. Subsequently the collected SiO2 were redispersed in 2-propanol and 

centrifuged again. This washing step was repeated 2 more times followed by vacuum 

drying the collected SiO2 nanoparticles at room temperature for 12 hours. To prepare 

silica particles with a diameter of 120 nanometers 87.5 g ethanol was mixed with 4.4 g 

Milli-Q water and 8.6 g TEOS in the presence of 4.2 g ammonium hydroxide while 

stirring at 500 rpm at room temperature for 12 h. The washing, collection and drying step 

are the same as described above for 80 nm particles. 

Hydrolysis. To introduce silanol groups on the surface of the prepared SiO2 

nanoparticles, the particles were redispersed in Milli-Q water by sonication (BRANSON 

2510, Canada) for 1 hour. Subsequently, hydrochloric acid was added to the dispersion 

while stirring at 500 rpm until the pH of the solution reached a value of approximately 1. 

After 4 hours the dispersion was centrifuged at 10,000 rpm for 30 min. The collected 

nanoparticles were redispersed in Milli-Q water and centrifuged again. This washing step 

was repeated 2 more times followed by drying the silanol functional nanoparticles (SiO2-

OH) in vacuum at room temperature for 12 hours.  

APTES modification. 3.0 g SiO2-OH nanoparticles were redispersed in 100 ml ethanol 

followed by the addition of 15 ml APTES. The dispersion was left to stir at 500 rpm at 

room temperature for 17 hours. The APTES functionalized nanoparticles (SiO2-NH2) 

were collected by centrifugation at 10,000 rpm for 30 min and redispersed in ethanol and 

centrifuged again. This washing step was repeated 2 more times followed by drying the 

collected SiO2-NH2 nanoparticles in vacuum at room temperature for 12 hours.  

Grafting to of Fluorolink E10. 1.0 g of SiO2-OH nanoparticles were redispersed in 15 

ml Fluorolink E10 followed by heating the resulting dispersion to 150 °C for 17 hours 

while stirring at 500 rpm. Subsequently, the Fluorolink E10 modified nanoparticles 

(SiO2-F) were cooled to room temperature and washed with nonafluorobutyl methyl ether 
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for 1.5 hour followed by centrifuged for 30 min at 10000 rpm. This washing step was 

repeated 2 more times, followed by vacuum drying the SiO2-F nanoparticles at 100 °C 

for 12 hours. 

Grafting to of PDMS-G. 1.0 g of SiO2-NH2 nanoparticles were redispersed in 20.5 ml 

THF and 15 g PDMS-G while stirring at 500 rpm for 1 hour followed by sonication for 1 

hour. Subsequently, THF was removed by rotary evaporation and the resulting silica 

nanoparticle dispersion in PDMS-G was immersed in an oil bath thermostated at 80 °C 

for 17 h. Following cooling to room temperature the reaction mixture was washed with 

THF and centrifuged at 10,000 rpm for 30 min. This washing step was repeated 2 more 

times, followed by vacuum drying the PDMS-G grafted silica nanoparticles at room 

temperature for 12 hours. 

ATRP Initiator immobilization. 1.5 g SiO2-NH2 were redispersed in 75 ml DMF by 

30 minutes of sonication. The mixture was cooled down to 0 °C with an ice bath, followed 

by dropwise addition of 15 ml TEA and 5 ml α-bromoisobutyryl bromide within 30 min 

while stirring at 700 rpm. The mixture was left to stir for 17 hours at room temperature, 

followed by centrifugation at 10,000 rpm for 30 minutes. The collected particles were 

redispersed in ethanol and centrifuged again to remove unreacted TEA, α-

Bromoisobutyryl bromide and the salt formed by TEA and HBr. This washing step was 

repeated 2 more times, followed by vacuum drying the ATRP initiator functional 

nanoparticles (SiO2-Br) at room temperature for 12 h. 

SI-ATRP of styrene. 1.0 g of the SiO2-Br nanoparticles were redispersed in 10 ml DMF 

by 30 minutes of sonication. Two other flasks were prepared, one with 156 mg CuBr and 

24.3 mg CuBr2 and another one with 16.87 ml DMF, 12.5 ml styrene and 459 μl 

PMDETA. All three flasks were equipped with magnetic stirrers and sealed with a rubber 

septum. The flasks were purged with argon for 1 hour. Subsequently, the styrene solution 

was added to the CuBr/CuBr2 mixture, followed by the addition of SiO2-Br nanoparticle 

dispersion to the resulting mixture. Subsequently, the reaction flask was submerged into 

an 90 °C thermostated oil bath and stirred at 500 rpm for 17 hours under Argon 

atmosphere. To purify the core-shell nanoparticles, the reaction mixture was washed with 

DMF and centrifuged at 10,000 rpm for 30min. This washing step was repeated 2 more 

times after which the collected SiO2-PS was vacuum dried at room temperature for 12 h. 

In order to determine the molar mass of the PS brushes the SiO2 core of a ~ 100 mg 

sample dispersed in 2 ml THF was etched with HF for overnight followed by drying the 

residual polymer. Subsequently the molar mass was measured with GPC to be 9061 g 

mol-1. 

Nanocomposite preparation. Nanocomposites were prepared by dispersing 4 wt%, 

based on the bare silica nanoparticle weight, (functional) silica nanoparticles in PS or 
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PMMA with a mini extruder (DSM). In a typical procedure a dry blend of nanoparticles 

and polystyrene was fed to the extruder followed by internal mixing for 3 minutes. The 

barrel temperature was set to 155 °C and the screw speed was 100 rpm. Subsequently the 

polystyrene nanocomposite was collected and left to cool to room temperature.  

Film preparation. A hot press (Fortijne, the Netherlands) was used to press ~ 0.2 mm 

thick nanocomposite films in a mold (4 x 3 cm). The press temperature, applied load and 

press time were 130 °C, 250 KN and 10 minutes, respectively.  

Batch foaming of nanocomposite films. The obtained nanocomposite PS films were 

saturated with carbon dioxide (55 bar) in an autoclave for 3 hours at room temperature 

followed by rapid depressurization. Subsequently the PS films were foamed by 

immersion in a glycerol bath, which was thermostated at 100 °C for 30 seconds. Next, 

the samples were quenched to room temperature in a 50 : 50 water- ethanol bath followed 

by immersion in ethanol for 1 hour. Finally the foams were left to dry in air for at least 

12 hours prior to further analysis. For the foaming of PMMA nanocomposite films a CO2 

saturation pressure and time of 55 bar and 3 hours were used, respectively. Following 

quick depressurization the polymer films were foamed by immersion in a water bath 

thermostated at 40 °C for 3 minutes after which the samples were quenched in an ice bath 

for 30 minutes. Finally the samples were left to dry in air for at least 12 hours prior to 

further analysis. A scheme of the used foaming setup is shown in Figure 3.9. We note that 

the used foaming conditions provided the lowest cell size and highest cell density within 

a range of foaming temperatures (0 °C to 110 °C and times ( few seconds to 5 minutes) 

and thus they were selected as our standard conditions throughout this Chapter. 

 

 

Figure 3.9 Scheme of the CO2 batch foaming setup. The maximum operation pressure of this setup 

is ~ 60 bar. 
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Fourier transform infrared (FTIR) spectroscopy. FTIR spectra were collected with a 

Bruker ALPHA single attenuated total reflection (ATR) FTIR Spectrometer equipped 

with an ATR single reflection crystal (Bruker Optic GmbH, Ettlingen, Germany). The 

spectra were collected in the range of 400-4000 cm-1 (spectral solution of 4 cm-1, 1280 

scans). Background spectra were recorded against air. 

Thermo gravimetric analysis (TGA). The weight loss of the (modified) particles as a 

function of temperature was measured with a TGA400 (PerkinElmer, Inc., Waltham, MA, 

USA). A sample weighing ~ 3 to 6 mg was loaded into the platinum pan and set to 50 °C 

to stabilize. Subsequently the sample was heated to 900 °C at a heating rate of 20 °C min-

1. The applied N2 flow was 25 ml min-1. 

Transmission electron microscopy (TEM). To investigate the core-shell structure of 

the functionalized nanoparticles a FEI/Philips CM300 transmission electron microscope 

(Eindhoven, the Netherlands) was used. Diluted particle dispersions in THF were 

deposited on the carbon side of a carbon/copper grid (HC200-Cu) (EMS, Germany). 

Images were obtained in the bright field mode with a 300 kV acceleration voltage. 

Scanning electron microscopy (SEM). To investigate the morphology of the 

unfoamed/foamed nanocomposite films a high resolution scanning electron microscope 

(JEOL Field Emission JSM-633OF, JEOL Benelux, Nieuw-Vennep, the Netherlands) 

was used. The typically used electron acceleration voltage was 5 keV. Prior to analysis 

the nanocomposite films and foams were freeze fractured after cooling in liquid nitrogen 

for 5 minutes and the obtain cross sections were sputter coated (JEOL JFC-1300 Auto 

Fine Coater, JEOL Benelux, Nieuw-Vennep, the Netherlands) with gold under argon 

atmospheres for 40 s at a current of 30 mA.  

Calculation of cell density. The cell size and cell density were obtained by analyzing 

the SEM cross sections. Cell density (Nv) of the foams was calculated by Kumar's 

theoretical approximation42. No direct measurements of cell dimensions over the 

micrograph are required in this method, only the micrograph area (A) and the total number 

of cells (n) contained therein are measured. Together with the magnification factor of the 

micrograph (M), Nv can be calculated according to equation 1. 

                                       𝑁𝑣 = [
(𝑛𝑀2)

𝐴
]
3 2⁄

                                      eq.1 

By combining NV with the volume expansion ratio (B) of nanocomposite films after 

foaming, the cell numbers per cm3 of unfoamed materials (N) can be calculated 

according to equation 2. 

                                        𝑁 = 𝑁𝑣 ∗ 𝐵                                             eq.2  
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Chapter 4 

Silica Assisted Nucleation of Polymer 

Foam Cells with Nanoscopic Dimensions: 

Impact of Particle Size and Surface 

Functionality 

 

In this Chapter core-shell nanoparticles using silica as core and polydimethylsiloxane 

(PDMS) as shell with different diameters were prepared and used as heterogeneous 

nucleation agents to obtain CO2 blown poly(methyl methacrylate) (PMMA) 

nanocomposite foams. PDMS was selected as shell material as it possesses a low surface 

energy and high CO2-philicity. The successful synthesis of core-shell nanoparticles was 

confirmed by Fourier transform infrared (FTIR) spectroscopy, thermogravimetric 

analysis (TGA) and transmission electron microscopy (TEM). The cell size and cell 

density of the PMMA micro- and nanocellular foams obtained were determined with 

scanning electron microscopy (SEM). The results show that cell nucleation by the core-

shell nanoparticles was significantly enhanced compared to unmodified silica. The 

highest nucleation efficiency obtained had an value of ~ 0.5 for nanoparticles with a core 

diameter of 80 nm. The particle size dependence of nucleation efficiency is discussed 
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taking into account line tension effects. The complete engulfment of particles with a core 

diameter below 40 nm at the cell wall interface corresponds to line tension values of 

approximately 0.42 nN. This line tension significantly increases the heterogeneous 

nucleation energy barrier and as a consequence reduces the nucleation efficiency. The 

increase of the CO2 saturation pressure to 300 bar prior to batch foaming resulted in an 

increased line tension length. A decrease of the heterogeneous nucleation efficiency was 

observed for such foaming conditions, which we attribute to homogenous nucleation 

becoming more favorable at the expense of heterogeneous nucleation. Overall it is shown 

that the contribution of line tension to the free energy barrier of heterogeneous foam cell 

nucleation needs to be considered to understand foaming of viscoelastic materials. This 

finding emphasizes the need for new strategies and for the design of nucleating particles 

to enhance the foam cell nucleation efficiency. 
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4.1 Introduction 

Polymer foams are materials with numerous applications, and are used e.g., in the 

field of energy absorption, thermal insulation and as catalyst carriers.1-3 When the cell 

size in closed cell foams is smaller than the collision mean free path of gas molecules (~ 

70 nm at standard conditions), the thermal conduction by the gas phase encapsulated in 

the foam cells is significantly decreased due to the so called Knudsen effect.4-5 This makes 

nanocellular polymer foams very promising candidates as high performance thermal 

insulation materials.2 However, to fabricate foams with such small cells and with a high 

cell density remains a scientific and technological challenge.2-3 

Among the possible foaming strategies CO2 batch foaming is one of the most widely 

used approaches to prepare nanocellular foams.6-14 This is ascribed to the easy control of 

the foaming conditions and the use of CO2 as an environmentally benign blowing agent. 

Disadvantages of the technique are that i) it is limited to relatively small specimen sizes, 

and ii) it has a lower production efficiency when compared to continuous processes and 

as a consequence its industrial utilization has not been established. 

Tuning the foam cell morphology, defined by the cell size, cell density, cell size 

distribution and cell structure (e.g., open or closed cells), is an issue of great practical 

interest that will eventually allow one to determine the optimum foam structure for the 

targeted application.15-16 For instance, polymer foams with cell sizes of 100 nm or less 

and a cell density of 1015-1016 cells·cm-3 show high thermal insulation performances 

ascribed to the already introduced Knudsen effect.3 However, nanocellular polymer 

foams with small cell sizes (< 100 nm) and with high cell densities (> 1015 cells·cm-3 ) 

are still rarely reported.17-19 Besides optimization of the foaming conditions, another 

common strategy to enhance cell morphology control is to introduce nanostructured 

heterogeneous phases to the foamed matrix to act as heterogeneous nucleation cites 

during foaming.2, 12 In general, according to the classical nucleation theory, 

heterogeneous cell nucleation would be preferable due to the related lower nucleation 

energy barrier compared to homogeneous nucleation.20 For instance, (nano)particulate 

(fillers)17, 21-27 and block polymers28-31 have been widely reported in the open literature as 

heterogeneous nucleation agents.  

Silica nanoparticles are of particular interest as heterogeneous nucleation agents in 

polymer foaming due to their low cost, easy preparation, size control, and the ease of 

employing various surface functionalization strategies for their surface decoration. For 

instance, He and coworkers24 reported that the addition of silica nanoparticles in 

polycarbonate prior to foaming resulted in a more uniform cell size distribution and 

higher cell density due to heterogeneous nucleation compared to the pristine 

polycarbonate foams. Spontak and coworkers10 described the influence of nanoparticle 

concentration on cell morphology in CO2 assisted PMMA foaming. The authors 
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demonstrated that below a certain concentration of the nucleating silica nanoparticles, the 

cell size decreased and the cell density increased with increasing particle concentration. 

Zhong and coworkers32 as well as Ozisik and coworkers27 have shown that the surface 

derivatization of silica nanoparticles with CO2-philic surfactants can decrease the 

nucleation energy and significantly enhance the cell nucleation efficiency in CO2 polymer 

foaming compared to pristine particles. In addition, in Chapter 3 we presented the 

synthesis of PDMS grafted silica nanoparticles with a core diameter of 80 nm as highly 

efficient cell nucleation agents in CO2 blown batch foaming of polystyrene and 

poly(methyl methacrylate) films.13 Nucleation efficiencies of up to ~ 0.5 (i.e. 1 foam cell 

per 2 particles on average) were achieved for the foaming conditions we used. This is the 

highest nucleation efficiency value achieved so far for nanoparticles used as 

heterogeneous nucleation agents. We note that in this Chapter we used a custom build 

batch foaming device that allows the saturation of polymers with CO2 at pressures up to 

300 bar. 

To further study the influence of interfacial interactions and particle curvature on cell 

nucleation, in this Chapter bare hydroxyl terminated SiO2 nanoparticles and PDMS 

grafted core-shell nanoparticles (SiO2-PDMS) with different silica core diameters (from 

12 nm to 120 nm) were prepared and subsequently incorporated in PMMA to act as 

heterogeneous nucleation agents. We selected a CO2 saturation pressure of 55 bar and a 

foaming temperature of 40 °C based on our previously experimental results (see Chapter 

3) as this ensures highly efficient nucleation of PDMS grafted core-shell nanoparticles.13 

Under these conditions heterogeneous nucleation is still favorable compared to 

homogenous nucleation and the effect of particle size and surface chemistry is thus 

expected to determine the foam morphologies. In addition, this pressure (i.e. 55 bar) is 

still significantly lower than pressures used during the frequently exploited supercritical 

foaming conditions in batch foaming, e.g., using pressures up to 330 bar.33-34 We expect 

that an enhanced understanding of heterogeneous nucleation and foaming at relatively 

low saturation pressures would eventually result in the development of industrially 

relevant processes. 

We considered it of particular interest to decrease the PDMS grafted core-shell 

particle size to below the previously reported silica core diameter of ~ 80 nanometer (see 

Chapter 3),13 since a decreased particle size allows the introduction of more potential 

foam cell nucleation sites at the same weight percentage of particle loading. Provided that 

the smaller particles nucleate foam cells as efficient as larger ones, the use of smaller 

particles is expected to yield foams with a higher cell density and a lower overall foam 

density, without the need for adding additional solid mass (i.e. silica). For instance, foams 

for thermal insulation applications are expected to benefit from as low as possible silica 

weight concentrations as silica is a good thermal conductor. As we will show in this 

Chapter, nanoparticles with a high surface curvature, i.e. small diameters, especially 
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below 40 nm, were found to be less efficient for heterogeneous nucleation compared to 

particles with larger size. We show here that the less efficient nucleation for the smaller 

particles is ascribed to a positive line tension acting at the three phase contact line between 

the nanoparticle, CO2 nucleus and CO2 swollen polymer. Although the length scale over 

which line tension effects become relevant for viscoelastic polymer/particle systems used 

in nucleated foam production is not yet fully understood, it is generally accepted that line 

tension effects become significant at diminishing dimensions.35-37 In fact, we show that 

at the length scales relevant for our foaming process, line tension must be included in the 

models for quantitatively describing the free energy of cell nucleation in polymer 

foaming.  

Interestingly, morphology imaging of cellular materials, and in particular, capturing 

the position of the nucleating particles with respect to the matrix-cell gas interface, 

provides information about the influence of line tension effects on cell nucleation. For 

example, SEM micrographs reveal the absence of the smallest nanoparticles at the surface 

of the foam cell walls which supports the impact of a positive line tension and thus 

confirms that its contribution to the free energy of cell nucleation must be included in the 

models describing foaming. These results further underline the importance of obtaining 

an enhanced understanding of the interactions between highly curved particles with 

viscoelastic polymers when sizes approach the macromolecular length scale. This 

understanding would allow one to fully exploit the potential of nanoparticles as highly 

efficient nucleation agents in nanocellular foaming, as well as in numerous other 

applications, such as in electronics,38 sensors,39-40 adhesives41 and templated porous 

materials.42 

4.2 Results and discussion 

4.2.1 Preparation and characterization of silica nanoparticles 

Stöber silica nanoparticles (hereinafter we abbreviate “nanoparticle” with NP) with 

different diameters were synthesized, followed by their surface grafting with PDMS. The 

reaction scheme of the process we used is depicted in Figure 4.1A. Typically, silica NPs 

(SiO2) were prepared via a Stöber reaction43 (step a), followed by the hydrolysis of the 

surface-exposed ethoxy groups to silanol moieties (step b). The hydrolyzed particles 

(SiO2-OH) were derivatized with (3-aminopropyl)-triethoxysilane (APTES), resulting in 

the formation of amine functionalized NPs (SiO2-NH2) (step c). Subsequently, PDMS 

grafted core-shell NPs (SiO2-PDMS) were prepared by the grafting to of monoglycidyl 

ether terminated PDMS (step d). When commercially available silica core particles were 
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used, their surface was directly modified with N-(2-aminoethyl-3-

aminopropyl)methyldimethoxysilane to yield SiO2-NH2 followed by the grafting of 

PDMS to the particles. (We note that the diameter of the silica (core) NPs is depicted as 

round numbers while information about the corresponding average particle sizes and size 

distibutions is shown in Table 4.1). 

 

 

Figure 4.1 Schematic of the NP preparation process (A). Single reflection ATR-FTIR absorbance 

spectra of SiO2, SiO2-OH, SiO2-NH2 and SiO2-PDMS NPs with a silica (core) diameter of 80 nm 

(B). The black arrows in the FTIR spectra indicate characteristic FTIR absorbances of the 

(modified) NPs. Non-isothermal TGA thermograms of SiO2-NH2 and SiO2-PDMS NPs with a silica 

(core) diameter of 20 nm and 80 nm (C).  

Figure 4.1B shows the FTIR absorbance spectra of the (modified) NPs. The remaining 

ethoxy groups after the Stöber reaction of tetraethyl orthosilicate (TEOS) are clearly 

observed in the FTIR spectra of the SiO2 particles, i.e. the CH2/CH3 bending absorbance 

band at 1452 cm-1 and the CH2/CH3 absorbance band at 2980 cm-1.44 Following hydrolysis 

to obtain SiO2 NPs with surface –OH functionalities (SiO2-OH), these absorbance bands 

disappeared, which indicates quantitative hydrolysis of the remaining ethoxy groups.45 

The reappearance of absorbances at 2980 cm-1, 1450 cm-1 and 1380 cm-1 in the FTIR 

spectrum of amino-functionalized NPs (SiO2-NH2) are assigned to CH2 groups of the 

propyl spacer of surface tethered APTES. The absorption bands for CH3 stretching at 

2967 cm-1 and for C-H bending at 1263 cm-1 confirm the successful grafting of PDMS to 

silica NPs.46  
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Table 4.1 Determined NP diameters. 

Depicted NP diameter (nm) 12 20 40 60 80 120 

Average NP diameter (nm) 11.8 21.8 41.2 57.3 82.7 123.7 

STDEV (N > 150) 2.2 3.9 4.7 6.9 11.1 11.5 

 

TGA analyses was employed to determine the amount of grafted polymer. Figure 4.1C 

shows an example of the weight loss versus temperature curves for non-isothermal TGA 

measurements of SiO2-NH2 and PDMS grafted NPs with silica (core) diameters of 20 nm 

and 80 nm, respectively. The weight percentage of PDMS covalently bound to the SiO2 

NPs was calculated from the TGA charts (see Table 4.2). The results show that the amount 

of grafted PDMS increases from ~ 3.1 wt% to ~ 24.2 wt% with a decrease in the NP 

diameter from 120 nm to 12 nm. This is ascribed to the increased specific surface area for 

the smaller particles. Based on the TGA results, the molar mass of the grafted PDMS 

chains used (i.e. 1,000 g mol-1) and the surface area of the NPs (e.g. 33 m2 g-1 for 80 nm 

NPs), the PDMS grafting densities were estimated to be approximately ~ 0.9 chains nm-

2 for particles with a diameter between 12 and 120 nm (see Table 4.2). Thus the variations 

in silica NP surface curvature did not affect the obtained PDMS grafting densities.  

Table 4.2 Weight of grafted PDMS to silica NPs and the corresponding calculated 

PDMS grafting density as a function of the silica particle diameter. 

NP diameter (nm) 12 20 40 60 80 120 

Percentage of grafted PDMS (wt%) 24.2 15.9 8.7 6.3 4.8 3.1 

Grafting density (chains nm-2) 0.87 0.88 0.87 0.92 0.91 0.89 
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Figure 4.2 TEM images of SiO2-OH NPs with a diameter of 20 nm (A) and 80 nm (B) as well as 

SiO2-PDMS NPs with a silica core diameter of 20 nm (C) and 80 nm (D). The scale bars represent 

50 nm. 

TEM was used to confirm the core-shell structure of the hybrid NPs. Figure 4.2 shows 

TEM images of bare and PDMS grafted NPs with a silica core diameter of 20 and 80 

nanometer, respectively. A clear PDMS shell structure around the NPs is observed (see 

Figure 4.2C and D). From the TEM images the shell thickness value was estimated to be 

in the range of 6.0 ± 1.3 nm. The NPs obtained were subsequently used as heterogeneous 

nucleation agents for PMMA nanocomposite foaming. 

4.2.2 Nanocomposite foams 

Prior to foaming the NPs were melt-blended to PMMA and pressed to films with a 

thickness of approximately 200 μm. For comparison we kept the volume number density 

of the particles with different diameters constant at the value of 2.3 × 1013 particles cm-3. 

Thus, assuming a good particle dispersion, all nanocomposite films had the same particle 

number density per volume prior to foaming. 
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Figure 4.3 SEM images of cross sectioned PMMA foams containing SiO2-OH NPs with a diameter 

of 20 nm (A) and 80 nm (B) as well as PMMA foams containing SiO2-PDMS NPs with a silica 

core diameter of 20 nm (C) and 80 nm (D). The scale bars represent 1 μm. The saturation pressure, 

foaming temperature and foaming time were 55 bar, 40 °C and 180 s, respectively. 

PMMA nanocomposites with bare and core-shell NPs were foamed after saturation 

with CO2 at 55 bar. Figure 4.3 shows SEM images of cross sectioned PMMA foams 

containing 20 nm and 80 nm diameter particles, respectively, after 180 s of foaming. From 

Figure 4.3 it is obvious that the incorporation of PDMS grafted NPs can significantly 

decrease the cell size and increase the cell density compared to untreated silica. For 

quantitative comparison, the cell size and cell density of the respective PMMA foams 

were determined. The results are shown in Figure 4.4. 
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Figure 4.4 Cell size (A), cell density (B) and nucleation efficiency (C) of PMMA nanocomposite 

foams containing SiO2-OH and SiO2-PDMS NPs as a function of the silica (core) diameter. In (D) 

Cross sectional SEM images of PMMA foams containing PDMS grafted NPs with a silica core 

diameter of 80 nm foamed for 180 s are shown. The scale bars represent 200 nm. (Note: The error 

bars for the measurements involving bare silica in panel B and C are too small to be seen.) 

PMMA foams without added nucleating agents had a cell size and cell density of 

approximately 13 μm and 3 × 108 cells cm-3, respectively. Compared to these numbers the 

addition of the prepared (hybrid) silica NPs to PMMA as nucleating agents seems very 

effective. As is obvious from Figures 4.4A and B the cell size and cell size distribution 

both decrease while the cell density increases upon increasing the NP size. The cell size 

and cell density of PMMA foams containing 120 nm bare silica are ~ 810 nm and 2.1 × 

1012 cells cm-3, respectively, which is a significant enhancement compared to the structure 

of the foam obtained by incorporation of 12 nm bare silica. After the incorporation of 

core-shell NPs, the cell sizes are further decreased and the cell densities are significantly 

increased compared to the PMMA foams featuring bare silica. For instance, for PMMA 

foams nucleated by 120 nm SiO2-PDMS NPs the cell size decreased to ~ 410 nm and the 

cell density increased to 1.09 × 1013 cells cm-3. 

Strikingly, there is a sharp increase in the cell density for the SiO2-PDMS NPs starting 

at a particle diameter of ~ 40 nm and reaching a plateau value at ~ 80 nm. Regarding this 

observation we provide an explanation later.  
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The nucleation efficiencies of the NPs in our foaming experiments were calculated as 

the ratio of the number of cells per cm3 unfoamed polymer to the number of NPs per cm3 

unfoamed polymer (i.e. 2.3 × 1013, see also the experimental section). It is assumed that 

i) there is no cell coalescence and ii) that every particle provides one potential nucleation 

site. However, we note that the number of nucleation sites per particles is not limited to 

one. In principle there are no physical restrictions that prevent the occurrence of more 

than one nucleation event per particle, i.e. nucleation efficiencies exceeding unity are 

possible.  

The nucleation efficiency of NPs with a PDMS shell is significantly higher compared 

to that of the bare silica. For instance, a nucleation efficiency of 0.47 was obtained for the 

PDMS decorated silica with a core diameter of 80 nm, which is 12 folds higher compared 

to the value observed for the corresponding untreated NPs (which had a nucleation 

efficiency of ~ 0.04). The SEM images shown in Figure 4.4D reveal that every cell cross 

section contains approximately one particle. If we assume that on average every cell was 

cut in half this would correspond to two particles to nucleate one foam cell. This is in 

excellent agreement with the determined nucleation efficiency of ~ 0.5.  

We note that our NPs perform significantly better as foam nucleating agents compared 

to typical values, i.e. < 0.01, obtained for other nucleating agents, e.g. nano-clay,12, 22 

nanotubes47 and CO2-philic polyionic liquid grafted particles.32 Direct comparison of 

nucleation efficiencies is not a trivial task since it also depends on the used foam matrix 

as well as on the foaming parameters. Nevertheless, we ascribe the increase in cell density 

and high nucleation efficiency observed in our experiments to i) the good NP dispersion 

in the polymer matrix, ii) the low surface energy of the PDMS shell which reduces the 

nucleation energy barrier, and iii) the higher local CO2 concentration in the PDMS shell 

(~ 75 wt%)48 compared to the PMMA (~ 18 wt%) matrix.49 The higher CO2 concentration 

in the PDMS shell ensures that upon decreasing the pressure and increasing the 

temperature during foaming the amount of CO2 available for foaming is higher closer to 

the heterogeneous nucleation sites compared to the bulk of the matrix.13 This is expected 

to result in a higher nucleation rate at the energetically favorable particle interphases. In 

addition, it was reported that for weak polymer shell matrix interaction the height of the 

nucleation energy barrier is reduced, as well.50-51 

We attempted to prepare hybrid NPs with a higher PDMS grafting length in order to 

enhance the CO2 adsorption in the nucleating interphase. Upon increasing the grafting 

length by using a 5,000 g mol-1 PDMS, NPs with a core diameter of 80 nm had similar 

grafting percentages compared to the shorter PDMS grafts. For this size of core-shell NPs 

similar nucleation efficiencies were obtained. On the contrary the smallest particles 

(diameters below 40 nm) had a significant increase in grafting percentages for the longer 

PDMS chains. Surprisingly, this did not result in a significant increase in the cell 
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nucleation efficiency for these NPs. This is ascribed to the inefficient cell nucleation of 

NPs with (core) diameters below 40 nm as we will discuss hereafter. 

 

 

Figure 4.5 SEM images of 0.3 s foamed PMMA containing SiO2-OH with diameters of 20 nm (A) 

and 80 nm (B) as well as SiO2-PDMS with core diameters of 20 nm (C) and 80 nm (D). The scale 

bars represent 1 μm. The inserts are SEM/EDS images of the magnified parts and the scale bars in 

these inserts represent 200 nm. 

In order to further elucidate the cell nucleation process at the interface of the NPs, we 

foamed PMMA over a very short period of time, i.e. 0.3 seconds. (We note, that this was 

the shortest foaming time we could experimentally achieve.) Figure 4.5 shows cross 

sectional SEM images of PMMA foam cells containing bare and PDMS grafted silica 

with core diameters of 20 nm and 80 nm, respectively after foaming for 0.3 seconds. From 

Figure 4.5 it is clear that these foams have on average a smaller cell size and a thicker 

cell wall compared to the foams obtained over 180 s (see Figure 4.3). This we attribute to 

the limited time for cell growth. For instance, PMMA foams containing 80 nm PDMS 

grafted NPs foamed for 0.3 s and 180 s have average cell sizes of approximately 290 nm 

and 430 nm, respectively. Clearly, in the foaming process nucleation is followed by rapid 

cell growth. Unfortunately, the experimental limitations do not allow us to capture the 

cell morphology right after nucleation, i.e. on a time scale faster than 0.3 seconds.  

While most of the reports discussing heterogeneous nucleation with spherical particles 

ignore the position of the nucleating particles in the final foam morphology, we actually 

obtained valuable information from the position of the NPs after foaming. Namely, a 

striking difference in the morphologies captured in Figure 5 is the absence of NPs with 

20 nm diameter at the polymer wall cell interface, while the 80 nanometer particles are 

clearly visible. In addition, the 12 and 40 nanometer SiO2-OH and SiO2-PDMS NPs were 
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not visible at the cell wall surface either. Particles with a core diameter of 60 nm and 

larger at the cell wall were observed for both SiO2-OH and SiO2-PDMS NPs. 

4.2.3 Line tension effects on heterogeneous nucleation 

In this section we turn our attention to line tension effects to elucidate the observed 

differences and clarify its contribution to the free energy of cell nucleation. In Figures 4.6 

and 4.7 we provide schematics of a proposed CO2-NP cell embryo and proposed steps of 

cell growth for different NP sizes. 

 

 

Figure 4.6 Sketch of the cross section of a proposed CO2 embryo with radius r* in equilibrium with 

the CO2 swollen polymer shell on a spherical seed particle with a radius R. 
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Figure 4.7 Scheme of cell nucleation and initial cell growth from NPs with a diameter below 40 

nm (A) and above 60 nm (B). R and r* denote the radius of NPs and critical CO2 embryo, 

respectively. The line tension of a curved three phase contact line acts along the tangents of the 

contact line circle. 

When closer examining a particle during nucleation it is obvious that a three phase 

contact line exists (see Figure 4.6) and thus that a line tension ( 𝜏 ) in the order of 10-12 to 

10-6 N m-1 needs to be considered as part of the nucleation free energy barrier.35, 52 

Following nucleation of a capped nucleus on a highly curved particle,53 a positive line 

tension eventually results in the engulfment of the NP in the polymer foam cell walls (see 

Figure 4.7A). Although the frequently used classical nucleation theory for foam cell 

nucleation considers particle curvature effects to some extent,54 it does not include line 

tension effects in the nucleation energy barrier. When considering line tension effects the 

nucleation energy barrier can be written according to equation 1.53, 55 

∆𝐺∗ =
2𝜋𝑟∗2 𝜎 

3
𝑓(𝑚, 𝑤) −

𝜏

𝑅𝑡𝑎𝑛∅
𝑆 + 2𝜋𝑅𝜏𝑠𝑖𝑛∅                                     Eq. (1)  
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Where ∆𝐺∗ is the nucleation energy barrier, 𝑟∗ is the critical radius of a CO2 embryo, 𝜎 

is the surface free energy between polymer and CO2, R is NP radius, 𝑆 is the surface area 

between the critical CO2 embryo and NP and 𝜏 is the three phase contact line tension.  

The surface area 𝑆 can be obtained from Eq. (2):53  

𝑆 = 2𝜋𝑅2(1 − 𝑐𝑜𝑠∅)                                                                                  Eq. (2) 

The angle ∅ (see Figure 4.6) is given by56 

𝑡𝑎𝑛∅ = 𝑟𝑠𝑖𝑛𝜃/(𝑅 − 𝑟𝑐𝑜𝑠𝜃)                                                                             Eq. (3) 

Where 𝜃 is the contact angle (see Figure 4.6). 

𝑓(𝑚, 𝑤) is the energy reduction factor according to the classical nucleation theory:27 

𝑓(𝑚, 𝑤) = 1 + (
1−𝑚𝑤

𝑔
)

3

+ 𝑤3 [2 − 3 (
𝑤−𝑚

𝑔
) + (

𝑤−𝑚

𝑔
)

3

] + 3𝑚𝑤2 (
𝑤−𝑚

𝑔
− 1)  Eq. (4) 

In which,   

𝑚 = 𝑐𝑜𝑠 𝜃                                                                                    Eq. (5)                 

w = R/𝑟∗                                                                                   Eq. (6) 

𝑟∗ =
2𝜎

∆𝑃
                                                                                                              Eq. (7) 

g = √1 + 𝑤2 − 2𝑚𝑤                                                                                  Eq. (8) 

Here ΔP is the pressure difference between the blowing agent saturation pressure and  

atmospheric pressure.27   

Although the magnitude of the line tension is for numerous systems still under debate, 

it is agreed that for a positive line tension particles engulf when their size is smaller than 

the line tension length (i.e., L = τ/𝜎 ). Hence the engulfment of the smaller particles (i.e. 

a diameter below 40 nm) following bubble nucleation as depicted in Figure 4.7A is in 

agreement with L being approximately 20 nm and a positive line tension of ~ 0.42 nN ( 

τ = L × 𝜎 and 𝜎 is ~ 21 mN m-1 for the foaming conditions used57). The critical bubble 

radius for our system is on the order of 3 nm to below 1 nm (see also equation 7).58 Figure 

4.8 shows the calculated nucleation energy barrier as a function of the contact angle (𝜃) 

(Figure 4.8A), line tension (Figure 4.8B) and critical radius (𝑟∗) (Figure 4.8C) according 

to equation 1. 
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Figure 4.8 Nucleation energy barrier of the formation of a critical CO2 embryo on NPs as a function 

of the contact angle for a line tension of 0.42 nN (solid lines) as well as without the contribution of 

line tension (dashed lines) (A). Nucleation energy barrier as a function of line tension for a contact 

angle of 28° (B). The critical cell nucleation radius is 3 nm in (A and B). The nucleation energy 

barrier as a function of the critical CO2 embryo radius for a line tension of 0.42 nN and a contact 

angle of 28° (C). 

From Figure 4.8A it is clear that for a positive line tension of 0.42 nN, the nucleation 

energy barrier (shown by solid lines) is significantly increased compared to the barrier 

calculated according to the classical nucleation theory (shown by dashed lines). In 

addition, from high resolution SEM images, the CO2 swollen polymer – particle contact 

angles of bare and PDMS grafted particles as shown in Figure 4.9 were calculated 

according to:59 

𝜃 = arccos (
(𝐻−𝑅)

𝑅
)                                                                                           Eq. (9) 

Where R is the NP radius and H is the height of NPs above the cell wall after foaming 

(see Figure 4.9). 

The average apparent height of 80 nm SiO2-OH and SiO2-PDMS above the cell wall 

were determined to be ~ 47.6 nm and ~ 75.4 nm, respectively (without considering the 
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PDMS shell thickness). Hence, according to Eq. (9) the contact angles were ~ 28˚ and ~ 

79˚ for the 80 nm PDMS grafted NPs and bare NPs, respectively. We note that these 

contact angles are an approximation, since in situ determination of the contact angle 

during nucleation is not experimentally possible for our system. Thus we assume that 

these contact angles are representative. The lower contact angle for the 80 nanometer 

SiO2-PDMS particles compared to the bare NPs is ascribed to the energetically favorable 

interaction with the CO2 phase of the former, and explains also the higher nucleation 

efficiency. (We note that here identical contact angle values are assumed for NPs with 

the same surface chemistry.) 

 

 

Figure 4.9 SEM images of 80 nm SiO2-PDMS (A) and SiO2-OH (B) visible at the foam cell walls 

after 0.3 s foaming. The saturation pressure and foaming temperature are 55 bar and 40 °C, 

respectively. The red arrows point at some NPs. In (C) a scheme for the position of the 80 nm 

particles at the cell wall after 0.3 s foaming is shown. 

Thus from Figure 4.8 it is obvious that for the PDMS grafted NPs the nucleation 

energy is significantly affected by the contribution of line tension for the 12, 20 and 40 

nm particles. For the smaller bare silica NPs this effect is less pronounced. The larger 
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particles (> 60 nm) have nearly identical nucleation energy barriers for a given contact 

angle. Overall, bare silica particles have a higher nucleation energy barrier compared to 

the grafted ones. These results are in good agreement with the nucleation efficiencies 

presented in Figure 4.4, which shows a sudden increase in nucleation efficiency for 

particles larger than 40 nanometer when the contact angle for nucleation is low (PDMS 

shell) while for the bare silica particles there is a more steady increase in the nucleation 

efficiency. We note that the 40 nm value used in equation (1) is a well-defined size, while 

in the foamed systems the particles have a size distribution (see Table 4.1). This may 

imply that for a given particle size distribution with a mean value on the order of few tens 

of nanometers the smaller particles are not that efficient for nucleation when compared 

with the larger ones. The model used to calculate the free energy barrier for cell nucleation 

(i.e. equation 1) does not take this effect into account. In addition, it is not difficult to 

imagine that for increasing line tension values and increasing critical nucleation radii the 

nucleation energy barrier increases, as well (shown in Figure 4.8B and C). Interesting to 

mention here is that CO2 philic block copolymer based heterogeneous phases belong to 

promising nucleation agents, as well.8, 60-61 In fact it was reported by Rodriguez-Perez and 

coworkers61, for poly(methylmethacrylate)-co-poly(butyl acrylate)-co-

poly(methylmethacrylate) block copolymer domains in PMMA a nucleation efficiency 

close to unity was obtained. This high nucleation efficiency could be explained by the 

fact that depending on the nucleation point in these phase separated morphologies and 

subsequent cell growth these block copolymer domains do not experience a line tension. 

The smallest PDMS grafted particles were still favorable compared to their bare 

counterparts, showing once more the effectiveness of a CO2 philic, low surface energy 

shell grafted to a heterogeneous nucleation agent. Moreover, it is demonstrated that 

particle size is an important parameter to control and optimize foaming when 

heterogeneous nucleation is favorable over homogenous nucleation. For instance, if one 

would increase the CO2 saturation pressure, the surface energy of the CO2 swollen 

PMMA would decrease58 resulting in a larger line tension length. In fact, following CO2 

saturation at 300 bar and subsequent foaming for 0.3 seconds at 40 °C resulted in the 

nearly complete engulfment of the 60 nm and 80 nm bare and PDMS grafted NPs as is 

shown in Figure 4.10, indicating an increased line tension length. This is in line with the 

observed decreased nucleation efficiency, i.e. << 0.1, for particles with a silica (core) 

diameter below 80 nm at foaming conditions utilizing a CO2 saturation pressure of 300 

bar.  
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Figure 4.10 SEM images of cross sectioned PMMA foams containing untreated and core 

shell silica naoparticles prepared after saturation with 300 bar CO2. The foaming time and 

temperature were 0.3 seconds and 40 °C, respectively. From figure 4.10 it is obvious that 

a bimodal cell size distrubtion was obtained, this points towards the presence of 

homogenous nucleation. 
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To what extend line tension contributes to the reduced nucleation efficiency at these 

foaming conditions remains to be seen. The critical bubble radius for PMMA films 

saturated with 300 bar CO2 is reduced to values below 1 nm.58 This means that for these 

smaller capped nuclei on the surface of the NPs (diameter > 12 nm) the three phase 

contact line is diminished and as a consequence its contribution to the heterogeneous 

nucleation energy barrier is reduced as well. In addition, the higher the pressure drop the 

more favorable homogenous nucleation is compared to the heterogeneous process.14 

Interestingly, we observed evidence for homogenous nucleation in parts of the cell walls 

of PMMA foams prepared with a saturation pressure of 300 bar, which is in agreement 

with the observed reduced nucleation efficiency, as well. This means that following 

foaming from higher saturation pressures the resulting smaller critical bubble radius 

decreases the energy penalty of the line tension for nucleation while homogenous 

nucleation becomes more favorable.54 This limits the foam processing window where 

particles are effective as nucleation agents. Under such conditions relatively large 

particles are needed compared to the targeted foam cell sizes. This means that new 

strategies and particle designs must be developed that increase the nucleation efficiency 

and result in foaming of nanocellular PMMA foams with cell densities exceeding 1015 

cells cm-3. 

4.3 Conclusion 

PDMS decorated and bare silica NPs with (core) diameters between 12 to 120 

nanometer were exploited as heterogeneous nucleation sites in CO2 blown PMMA 

nanocellular batch foaming. NPs grafted with a ~ 6 nm thick PDMS shell were found to 

be more efficient as nucleation agents compared to their bare counterparts. The highest 

nucleation efficiency obtained was ~ 0.5 and the optimum core diameter of PDMS grafted 

NPs for cell nucleation is around 80 nm. The complete engulfment of particles with a 

(core) diameter below 40 nanometer in the cell wall corresponds to a line tension of ~ 

0.42 nN. It is shown that line tensions of this order of magnitude results in a significant 

increase in the heterogeneous nucleation free energy barrier. As a consequence the 

smallest NPs used were not as effective as expected. At higher CO2 saturation pressures 

(300 bar) the line tension length increased such that particles up to 80 nanometer were 

nearly entirely engulfed as well. The smaller critical bubble radii for these foaming 

conditions results in a significant decreased contribution of line tension to the nucleation 

free energy. Thus the observed decreased nucleation efficiency for these foaming 

conditions is ascribed to homogenous nucleation becoming more favorable at the expense 

of heterogeneous nucleation. Overall it is shown that line tension contributes to the 
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nucleation energy barrier in foaming of viscoelastic media and that as a consequence it 

affects the nucleation efficiency of highly curved NPs in the foam processing window 

where heterogeneous nucleation is favorable. The deeper fundamental insight obtained 

emphasizes the need for the development of new foaming strategies and particle designs 

that are expected to further enhance the nucleation efficiency of NPs in polymer 

nanocellular foaming. 

4.4 Materials and methods 

Materials. Tetraethyl orthosilicate (TEOS) ≥ 99.0%, 2-propanol 99.5% were 

purchased from Aldrich (Milwaukee, WI, USA). (3-Aminopropyl)-triethoxysilane 

(APTES) 99%, hydrocholoric acid 37% and ammonium hydroxide solution 28 - 30% 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly(dimethylsiloxane) 

monoglycidyl ether terminated (PDMS-G) (Mw = 1,000 g·mol-1 and 5,000 g·mol-1) were 

purchased from Gelest (Morrisville, PA, USA). N-(2-aminoethyl-3-

aminopropyl)methyldimethoxysilane (Dynasylan 1411) ≥ 99.0% was purchased from 

Evonik (Marl, Germany). PMMA was bought from Arkema (VM100, i.e. a PMMA-co-

EA polymer, ρ = 1.18 g cm-3) (La Garenne-Colombes, France). NPs with diameters of 12 

nm (Bindzil 40/220), 20 nm (Bindzil 40/130) and 60 nm (Levasil 50/50) were a gift from 

AkzoNobel (Bohus, Sweden). These particles were dispersed in aqueous solution and 

have surface exposed hydroxyl groups on the surface as received. Absolute 

Tetrahydrofuran (THF) was purchased from Biosolve (Valkenswaard, the Netherlands). 

Ethanol absolute for analysis was purchased from Merck (Darmstadt, Germany). Milli-Q 

water was produced by a Millipore Synergy system (Billerica, MA, USA). Unless 

otherwise mentioned all other chemicals were used as received. 

Stöber silica NPs preparation. To prepare Stöber silica NPs (SiO2) with a diameter of 

~ 80 nm, 168 ml ethanol was mixed with 28 ml Milli-Q water and 30 ml TEOS in the 

presence of 2 ml ammonium hydroxide while stirring at 500 rpm at room temperature. 

After 1.5 hours the SiO2 dispersion was centrifuged at 10,000 rpm for 30 min. 

Subsequently the collected SiO2 was redispersed in ethanol and centrifuged again. This 

washing step was repeated 2 more times followed by vacuum drying the collected SiO2 

NPs at room temperature for 12 hours. To synthesize the 40 nm particles 84 ml of ethanol 

was mixed with 14 ml Milli-Q water and 15 ml TEOS in the presence of 0.75 ml 

ammonium hydroxide in a 250 ml round bottom flask while stirring at 500 rpm. The 

reaction was conducted for 1.5 hours at room temperature. To synthesize the 120 nm 

particles 100 ml ethanol was mixed with 8 ml Milli-Q water and 5 ml TEOS in a round 
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bottom flask stirring at 500 rpm and subsequently 5 ml of ammonium hydroxide was 

added and reacted for 3 hours at 50 °C. The collecting, washing and drying step of NPs 

were the same as described for NPs of 80 nm. 

Hydrolysis. To introduce silanol groups on the surface of the prepared SiO2 NPs, the 

particles were redispersed in Milli-Q water by sonication (BRANSON 2510, Canada) for 

1 hour. Subsequently, hydrochloric acid was added to the dispersion while stirring at 500 

rpm until the pH of the solution reached a value of approximately 1. After 4 hours the 

dispersion was centrifuged at 10,000 rpm for 30 min. The collected NPs were redispersed 

in Milli-Q water and centrifuged again. This washing step was repeated 2 more times 

followed by drying the silanol functional NPs (SiO2-OH) in vacuum at room temperature 

for 12 hours.  

Amino-functionalization. 3.0 g SiO2-OH NPs were redispersed in 100 ml ethanol 

followed by the addition of 15 ml APTES. The dispersion was left to stir at 500 rpm at 

room temperature for 17 hours. The APTES functionalized NPs (SiO2-NH2) were 

collected by centrifugation at 10,000 rpm for 30 min and redispersed in ethanol and 

centrifuged again. This washing step was repeated 2 more times followed by drying the 

collected SiO2-NH2 NPs in vacuum at room temperature for 12 hours.  

The Bindzil 40/220, Bindzil 40/130 and Levasil 50/50 particles with diameters of 12, 

20 and 60 nanometer, respectively, were functionalized with Dynasylan 1411 in order to 

render their surface amino functional. Derivatization with APTES resulted in irreversible 

gelation. In a typical procedure 7 ml Dynasylan 1411 was added to 10 ml NP suspension. 

The dispersion was left to stir at 500 rpm at room temperature for 17 hours. The amino-

functionalized NPs (SiO2-NH2) with a diameter of 12 nm and 20 nm were collected by 

the addition of 5ml calcium chloride (1 mol L-1) that induces reversible aggregation of 

the NPs followed by centrifugation at 10,000 rpm for 30 min. The particles were 

redispersed in ethanol. This washing step was repeated 2 more times followed by drying 

the collected SiO2-NH2 NPs in vacuum at room temperature for 12 hours. The Levasil 

50/50 NPs were collected by repeated centrifugation as earlier described.  

Grafting to of PDMS-G to silica NPs. 1.0 g of SiO2-NH2 NPs were redispersed in 20.5 

ml THF and 15 g PDMS-G while stirring at 500 rpm for 1 hour followed by sonication 

for 1 hour. Subsequently, THF was removed by rotary evaporation and the resulting silica 

NP dispersion in PDMS-G was immersed in an oil bath thermostated at 80 °C for 17 h. 

Following cooling to room temperature the reaction mixture was washed with THF and 

centrifuged at 10,000 rpm for 30 min. This washing step was repeated 2 more times, 

followed by vacuum drying the SiO2-PDMS at room temperature for 12 hours. 

Nanocomposite preparation. Nanocomposites were prepared by dispersing the same 

amount (functional) silica NPs (2.3 × 1013 cm-3) in PMMA with a mini extruder (DSM 
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Xplore, the Netherlands). In a typical procedure a dry blend of NPs and PMMA was fed 

to the extruder followed by internal mixing for 3 minutes. The barrel temperature was set 

to 155 °C and the screw speed was 100 rpm. Subsequently the PMMA nanocomposite 

was collected and left to cool to room temperature.  

Film preparation. A hot press (Fortijne, the Netherlands) was used to press ~ 0.2 mm 

thick nanocomposite films in a mold (4 x 3 cm). The press temperature, applied load and 

press time were 180 °C, 250 KN and 10 minutes, respectively.  

Batch foaming of nanocomposite films. The nanocomposite PMMA films were 

saturated with CO2 (55 bar) in an autoclave for 4 hours at room temperature followed by 

rapid depressurization. Subsequently, the PMMA nanocomposite films were immersed 

in a water bath thermostated at 40 °C for different foaming time (0.3 s and 180 s) after 

which the samples were quenched in an ice bath for 30 minutes. The samples were left to 

dry in air for at least 12 hours prior to further analysis. For a scheme of the used foaming 

setup see Chapter 3. 

Fourier transform infrared (FTIR) spectroscopy. FTIR spectra were collected with a 

Bruker ALPHA single attenuated total reflection (ATR) FTIR Spectrometer equipped 

with an ATR single reflection crystal (Bruker Optic GmbH, Ettlingen, Germany). The 

spectra were collected in the range of 400-4000 cm-1 (spectral solution of 4 cm-1, 128 

scans). Background spectra were recorded against air. 

Thermo gravimetric analysis (TGA). The weight loss of the (modified) particles as a 

function of temperature was measured with a TGA400 (PerkinElmer, Inc., Waltham, MA, 

USA). A sample weighing ~ 5 to 10 mg was loaded into the platinum pan and the 

temperature was set to 50 °C to stabilize. Subsequently the sample was heated to 900 °C 

at a heating rate of 20 °C min-1. The applied air flow was 20 ml min-1. 

Transmission electron microscopy (TEM). To investigate the core-shell structure of 

the functionalized NPs a FEI/Philips CM300 transmission electron microscope 

(Eindhoven, the Netherlands) was used. Diluted particle dispersions in THF were 

deposited on the carbon side of a carbon/copper grid (HC200-Cu) (EMS, Germany). 

Images were obtained in the bright field mode with a 300 kV acceleration voltage. 

Scanning electron microscopy (SEM). To investigate the morphology of the foamed 

nanocomposite films a high resolution scanning electron microscope (JEOL Field 

Emission JSM-633OF, JEOL Benelux, Nieuw-Vennep, the Netherlands) was used. The 

typically used electron acceleration voltage was 5 keV. Prior to analysis the 

nanocomposite foams were freeze fractured after cooling in liquid nitrogen for 10 

minutes. 
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Calculation of cell density and nucleation efficiency. The cell size and cell density 

were obtained by analyzing the SEM cross sectional images. Cell density (𝑁𝑣) of the 

foams was calculated according to Kumar's theoretical approximation.62 No direct 

measurements of cell dimensions over the micrograph are required in this method, only 

the micrograph area (𝐴) and the total number of cells (𝑛) contained therein are measured. 

Together with the magnification factor of the micrograph (𝑀), 𝑁𝑣  can be calculated 

according to equation 10. 

𝑁𝑣 = [
(𝑛𝑀2)

𝐴
]

3 2⁄

                                                     Eq. (10)  

By combining NV with the volume expansion ratio (𝐵) of nanocomposite films after 

foaming, the cell numbers per cm3 of unfoamed materials (𝑁) can be calculated according 

to equation 2. 

𝑁 = 𝑁𝑣 ∗ 𝐵                                                            Eq. (11) 

The mentioned cell density in the main text are all refer to 𝑁. In addition, the nucleation 

efficiency (𝑓) of NPs during foaming can be calculated as:    

𝑓 = 𝑁 𝐶⁄                                                                 Eq. (12) 

Where 𝐶 is the number of NPs per cm3 (i.e., 2.3 × 1013) used for foaming. 
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Chapter 5 

Transition from Adhesion to Engulfment 

of Nanoparticles at the Melt-polymer 

Interface 

 
The adhesion of nanoparticles to polymer films plays a key role in various polymer 

technologies. In this Chapter we show experiments that reveal how silica nanoparticles 

adhere to an elastic PMMA film above the glass transition point. The polymer was 

swollen with CO2, closely matching the conditions of nanoparticle-enhanced polymer 

foaming. It is found that the degree by which the particles sink into the substrate is 

strongly size-dependent, and even leads to complete engulfment for particles below 12 

nm. These findings are explained quantitatively by a thermodynamic analysis, combining 

elasticity, capillary adhesion and line tension. We argue that line tension, here proposed 

for the first time in elastic media, is responsible for the nanoparticle engulfment. 

 

 

*Part of this Chapter will be published as: Shanqiu Liu, Anupam Pandey (co-first author), Joost 

Duvigneau, Julius Vancso and Jacco H. Snoeijer. Transition from Adhesion to Engulfment of 

Nanoparticles at the Melt-polymer Interface. Submitted. 
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5.1 Introduction 

The diminishing size of nanoparticles results in a tremendous increase in their surface 

to volume ratio, leading to unexpected but exiting properties.1-3 In polymer technology, 

the interface between added nanoparticles and a surrounding matrix can indeed dominate 

the properties of the hybrid material.4-10 With the growing interest in nanoparticles as 

fillers and/or active component in polymers, it is of key importance to develop a detailed 

understanding of the role of this interface on the resulting material properties.  

Recent studies have focussed on the adhesion of nanoparticles present at polymer/gas 

interfaces.11-18 Nanoparticles for example serve as highly efficient nucleation agents in 

CO2 blown polymer foams,19 or to prepare templated surfaces with controlled porosities 

and antireflective properties.20 However, the process of adhesion or embedding of 

nanoparticles presents a great challenge. Rubner and coworkers20 reported the controlled 

thermally assisted particle embedding of surface deposited silica nanoparticles on 

polymethylmethacrylate (PMMA) polymer films. Particle embedding was controlled by 

varying the thermal treatment temperature and time, and similar results were obtained for 

surface modified silica nanoparticles in films of PMMA and poly(methyl methacrylate-

co-methacrylic acid).17 As alternative to thermal annealing, Loos and coworkers18 

reported the embedding of gold nanoparticles in polystyrene (PS) films via CO2 saturation 

of the polymer substrate at relatively low temperatures. The CO2 saturated polystyrene 

surface exhibits an increased polymer mobility causing the particles to sink in the surface. 

Surprisingly, we find that reducing the particle size to macromolecular length scale even 

leads to complete engulfment of the nanoparticle into a polymer film..16 

From a theoretical perspective, the adhesion of nanoparticles requires a revision of 

the classical JKR theory,21-22 as it does not account for capillary effects at small scale. 

Recent studies showed that particle adhesion is governed by the elasto-capillary length 

𝛾𝑠/𝐸 ,23-25 where 𝛾𝑠  is the “solid surface tension” of the elastic polymer film. While 

particles much larger than 𝛾𝑠/𝐸 follow the JKR-law, smaller particles are dominated by 

capillary forces. In the latter case the film's bulk elasticity is negligible, and the adhesion 

was proposed to be equivalent to particle adsorption at a liquid interface. However, these 

proposed descriptions do not predict any engulfment, nor have they been compared 

directly to experiments on nanoparticles. 

In this Chapter we reveal a transition from adhesion, to wetting, to complete 

engulfment of silica nanoparticles on a PMMA film above the glass transition. Using 

atomic force microscopy (AFM), it is found that the relative degree by which the particles 

sink into the substrate is strongly size-dependent, and leads to complete engulfment for 

particles below 12 nm. These findings are explained quantitatively by a thermodynamic 

analysis, combining elasticity, capillary adhesion and line tension. We argue that line 
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tension, here proposed for the first time in elastic media, is responsible for the 

nanoparticle engulfment. 

 

 

Figure 5.1 Schematic showing deposition (A) and embedding (B) of nanoparticles on a PMMA 

film. CO2 treatment of the particle laden PMMA layer leads to embedding and even engulfment of 

the nanoparticles by the polymer film. The degree by which the particles sink into the PMMA is 

quantified by measuring the height of nanoparticles above the polymer layer using an AFM (C). 

5.2 Results and discussion 

5.2.1 Experiment results 

Here we show the adhesion of two types of silica nanoparticles, i.e. bare (SiO2-OH) 

and PDMS coated core shell particles (SiO2-PDMS), with different silica (core) diameters 

on the surface of CO2 swollen PMMA films. The schematic drawings of sample 

preparation as well as AFM measurement for the prepared samples are shown in Figure 

5.1. Silica nanoparticles were deposited by drop casting the particle solution diluted with 

2-propanol on PMMA films (see Figure 5.1A). Upon saturating the PMMA samples with 

58 bar CO2 at 40 °C the PMMA reaches a viscoelastic state.26-28 This allows the particles 

residing at its surface to (partly) sink into the polymer. 
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Figure 5.2 Stöber nanoparticle synthesis and subsequent derivation of PDMS grafted nanoparticles 

(A). AFM images of as deposited ~12 nm (B) and ~ 40 nm (C) bare particles (SiO2-OH) on glassy 

PMMA surfaces. In (D) and (E) the respective AFM images of the PMMA surfaces after embedding 

are shown. For a clear showing of the embedded nanoparticles the maximum Z-scale for figure C 

and E was set to be 20 nm. 

The equilibrium position of the particles is determined from the residual particle 

height (H) by AFM tapping mode imaging (see Figure 5.1B and C). The key point to note 

here is that the polymer has a finite storage modulus (Gˊ) at zero frequency, called the 

shear modulus G (Gˊ(w = 0)), which governs the equilibrium particle height H. 

Experimental details can be found in the method section. Figure 5.2A shows the synthesis 

of nanoparticles via a Stöber reaction (step 1), followed by the hydrolysis of the surface 

exposed ethoxy groups to silanol moieties (step 2). The hydrolyzed particles (SiO2-OH) 

were modified with APTES, which results in the formation of amine functionalized 

nanoparticles (SiO2-NH2) (step 3). Subsequently, PDMS-G was covalently attached to 

the surface of the nanoparticles via the grafting to method (step 4) to yield SiO2-PDMS 

core shell nanoparticles. The successful modification of the nanoparticles was confirmed 

by FTIR (see Chapter 4).  

The key parameter of interest is the apparent height H of nanoparticles deposited on 

PMMA film surfaces, before and after CO2-assisted embedding. The height profiles of 

the nanoparticles were obtained via tapping mode AFM measurements. All the obtained 

height values presented in this paper are the Gauss-averaged values for over more than 

100 individual isolated particles. We first discuss results on the stiff, glassy PMMA 

substrate, where no particle sinking is expected. Figures 5.2B and C show AFM height 
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images for bare particles on the glassy PMMA, respectively for particle diameters of 12 

nm and 40 nm. The average apparent heights of the as deposited silica particles prior to 

CO2 treatment of the PMMA surfaces agree well with the diameter of these nanoparticles 

determined by scanning electron microscopy (SEM). As expected, there is no embedding 

of nanoparticles in the polymer surfaces prior to CO2 treatment. In addition, decreasing 

the tapping mode setpoint values did not alter the obtained height values as well. Thus 

the agreement of the height values obtained with AFM and diameters obtained with 

scanning electron microscopy for the used nanoparticles confirms that the used tapping 

mode AFM imaging conditions are suitable to accurately determine the apparent height 

of the nanoparticles on the polymer films. 

 

 

Figure 5.3 Engulfment of silica nanoparticles in a rubbery PMMA film. The nanoparticle 

embedding exhibits a double transition upon reducing the size, from adhesion (A), to wetting (B), 

and engulfment (C). The plot shows measurements of the relative degree of embedding of the 

nanoparticles: the apparent height H normalized by the particle diameter D is shown for different 

particles sizes (circles for bare silica particles, squares for PDMS coated particles). Solid lines 

corresponds to the combined minimization of bulk energy, surface energy and line tension, given 

by equation (4). 

The main interest of this Chapter is to present the size-dependent degree of particle 

embedding in the CO2 saturated and softened polymer films. Remarkably, Figure 5.2D 

shows that the 12 nm particles are completely engulfed into the substrate, as they are no 

longer visible in the AFM measurement. By contrast, the 40 nm particles bare particles 

are still partly visible (see Figure 5.2E). For these nanoparticles we determined that the 

average height H was 6.9 nm, which corresponds to a ratio H/D of 0.17. Hence, the 

particle attachment and embedding to the softened PMMA film is strongly size-

dependent.  



Chapter 5 

110 

The relative degree of particle embedding is quantified in Figure 5.3, where we report 

the ratio H/D for different particle diameters D. The PDMS-coated particles (squares) are 

systematically less embedded than the bare particles (circles). This is due to the low 

surface energy and high CO2-philicity of the grafted PDMS that changes the interfacial 

interactions between the nanoparticles and the CO2 softened polymer. Another clear trend 

from Figure 5.3 is that large particles do not sink very deeply into the polymer films. 

Finally, regardless the surface chemistry of the particles, complete engulfment is 

observed for particles with a diameter of approximately 12 nm and less. These behaviors 

are explained below in detail. 

5.2.2 Thermodynamic model 

While size-dependent adhesion of nanoparticles has been predicted in theory and 

simulations,29-30 these do not capture the present experiments in particular they do not 

predict the engulfment phenomenon. Here we propose a thermodynamic model, by 

splitting the free energy in bulk contributions, surface contributions and a contribution 

due to the formation of a contact line. The latter term, referred to as line tension, is 

commonly used for wetting of nanodroplets. Here it is introduced for an elastic interface, 

motivated by recent studies on the equivalence between elastic and liquid contact lines 

and wetting.25 

The free energy can thus be written as: 

𝐹 = 𝐹𝑒𝑙 + (𝛾𝑠𝑝 − 𝛾𝑝)𝐴𝑐 − 𝛾𝑠𝜋𝑎2 + 2𝜋𝑎𝜏                                           (1) 

The first term represents the elastic energy due to the indentation, for which we below 

will use the Hertz scaling law 𝐹𝑒𝑙 ∼ ℎ5/2, where h = D-H is the indentation (see Figure 

5.5). The second term represent the exchange of particle-vapor surface with PMMA-

particle surface, which gives a change in surface energy (𝛾𝑠𝑝 − 𝛾𝑝) times the relevant area 

𝐴𝑐. Creating the contact also removes part of the solid-vapor energy. The associated solid 

surface energy is denoted as 𝛾𝑠, while the area is approximated as 𝜋𝑎2 where a is the 

radius of the contact. Up to this point, the free energy is identical to that posed in,24 which 

does not lead to engulfment. The key addition is the final term in (1) containing the line 

tension 𝜏, representing the energy necessary to create a contact line of perimeter 2𝜋𝑎. 

The ratios of bulk-to-surface energy and of surface-to-line energy naturally introduces 

two length scales in the problem, to which the particle diameter D needs to be compared. 

The first is the elasto-capillary length, 𝑙𝑒𝑐 = 𝛾𝑠/𝐸, where E is the Young's modulus of the 

polymer. We treat the polymer to be incompressible for which E = 3G. The Young's 

modulus of the swollen PMMA film is estimated to be approximately 𝐸 ∼ 106 Pa based 

on the rheology measurements as shown in Figure 5.4, while 𝛾𝑠  is approximately 21 
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mN/m.31 This gives 𝑙𝑒𝑐 ∼  20 nm, which is indeed a relevant scale for the particles 

considered here. The second scale is the so-called tension length, 𝑙𝜏 = 𝜏/𝛾𝑠, which is 

known in the context of nanodroplets.32-33 It is commonly accepted that 𝑙𝜏 should be of 

molecular scale,34 though much larger values are often claimed in the literature. The ratio 

𝑙𝜏/𝑙𝑒𝑐 is thus expected to be much smaller than unity and will appear as a parameter in 

the model. Another dimensionless parameter can be obtained from the work of adhesion 

𝑊 = 𝛾𝑠 + 𝛾𝑝 − 𝛾𝑠𝑝 = 𝛾𝑠(1 + cos 𝜃𝑦)                                              (2) 

which quantifies the energy per unit area required to separate two surfaces. Here we 

wrote it directly in terms of Young's angle 𝜃𝑦, which will be used as a model parameter. 

To explicitly perform the minimization we express the free energy in terms of the 

indentation depth h=D-H. For a spherical particle, one find the geometric relations 𝐴𝑐 =

𝜋𝐷ℎ and 𝑎 = √𝐷ℎ − ℎ2. Based on this we rewrite the free energy as 

 

𝐹 =
𝑐𝐸𝐷1/2ℎ5/2

√2(1−𝜐2)
− 𝜋𝐷ℎ𝑊 + 𝜋𝛾𝑠ℎ2 + 𝜋𝜏√𝐷ℎ − ℎ2                          (3)    

 

Here we closely followed,24 by approximating the elastic energy by the small 

deformation expression and use 𝑐 = 8/5√3 to recover the JKR result for large particles. 

The equilibrium position is obtained from 
𝑑𝐹

𝑑ℎ
= 0, which, upon writing ℎ̅ = ℎ/𝐷  and 

setting the Poisson ratio 𝜐 = 1/2, can be rearranged to  

 

8√2

33/2𝜋
(

𝐷

𝑙𝑒𝑐
) ℎ̅3/2 − (1 + cos 𝜃𝑦) + 2ℎ̅ + (

𝑙𝜏

𝐷
)

1−2ℎ̅

√ℎ̅−ℎ̅2
= 0                  (4)     

 

As anticipated, the contact angle 𝜃𝑦 and the two length scales, 𝑙𝑒𝑐  and 𝑙𝜏, appear as 

the relevant parameters. By solving ℎ̅  from (4), we can determine the sought-for 

equilibrium position H/D=1-ℎ̅. 
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Figure 5.4 Storage modulus of PMMA at 120 °C and 140 °C. 

5.2.3 Results from the thermodynamic model 

The typical predictions of (4) are illustrated in Figure 5.5, showing H/D as function 

of the particle diameter normalized by the elasto-capillary length, 𝐷/𝑙𝑒𝑐 . One indeed finds 

a monotonic dependence on the particle size. At large 𝐷/𝑙𝑒𝑐 , there is barely any 

indentation and the result coincides with the classical JKR-law. For 𝐷/𝑙𝑒𝑐 ≤ 1, however, 

one observes that the particles tend towards a preferred position that is governed by the 

Young's angle 𝜃𝑦 . This is because for smaller particles the surface energies start to 

dominate over the bulk elastic term. The red dashed line is the result without line tension, 

for which the particle position indeed approaches this wetting condition as previously 

found for elasto-capillary adhesion.24 Formally, this corresponds to 𝑙𝜏 = 0 in the limit 

𝑙𝑒𝑐 ≫ 1, and gives H/D = (1- cos 𝜃𝑦)/2.  

The addition of line tension dramatically changes the behavior for small particle sizes, 

and leads to engulfment. This can be inferred from the solid lines of Figure 5.5, which 

were obtained for different strengths of the line tension, namely 
𝑙𝜏

𝑙𝑒𝑐
= 10−5, 10−4, and 

10−3. The line tension introduces a critical particle diameter below which stable solutions 

cease to exist. Instead, one observes a bifurcation where the lowest free energy is achieved 

by completely engulfing the particle inside the elastic layer. The critical diameter for 

engulfment increases with 𝑙𝜏 . For the largest tension length shown in Figure 5.5, the 

plateau due to the wetting regime is no longer visible.  
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Figure 5.5 Thermodynamic model: Transition from adhesion to wetting to engulfment of 

nanoparticles, based on equation (4). The red dashed line represents the adhesion to wetting 

transition for 𝜃𝑦 = 45𝑜, for the case without line tension (𝑙𝜏 = 0). The gray solid lines incorporate 

line tension effects for 
𝑙𝜏

𝑙𝑒𝑐
= 10−5, 10−4, and 10−3 from left to right. The corresponding circles 

represent the critical nanoparticle diameter for engulfment given by equation (6). The inset shows 

a nanoparticle in and out of contact with a polymer film and relevant geometric variables. The 

difference in energy between the two states leads to equation (1). 

Such a line-tension induced bifurcation was previously observed for nanoparticles at 

liquid interfaces,35 and the same mechanism appears to be at play here. In the model, the 

critical diameter 𝐷𝑐  for engulfment is due to the disappearance of the energy minimum. 

The disappearance of the minimum can be found by the combined condition 
𝑑𝐹

𝑑ℎ
= 0, 

written as (4), and 
𝑑2𝐹

𝑑ℎ2 = 0. A closed form analytical expression for 𝐷𝑐  is obtained in the 

physically relevant limit  𝑙𝜏 ≪ 𝑙𝑒𝑐 , for which the elastic term can be treated upon 

expansion. This gives the critical diameter below which nanoparticles are unstable at the 

polymer interface: 

 

𝐷𝑐

𝑙𝜏
≃

2

[1−cos 𝜃𝑦
2/3]

3/2 − 𝑓(cos 𝜃𝑦) (
𝑙𝜏

𝑙𝑒𝑐
) + 𝑂 ((

𝑙𝜏

𝑙𝑒𝑐
)

2

)                                   (5)         

 

where 𝑓(𝑥) = (16/3√3𝜋)𝑥−1/3(𝑥1/3 − 1)
−4

(𝑥1/3 + 1)
−5/2

. Indeed, the critical 

diameter is directly proportional to the tension length 𝑙𝜏. However, there is an intricate 
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dependence on the contact angle. In particular, we find for 𝜃𝑦 ≪ 1  that (neglecting 

elasticity) 

 

𝐷𝑐 ≃ 2 × 33/2 𝑙𝜏

𝜃𝑦
3                                                                                        (6) 

 

The dependence ∼ 1/𝜃𝑦
3
 shows that for small contact angles, the critical diameter for 

engulfment can be orders of magnitude larger than the tension length. This pushes the 

engulfment diameter to the range of tens of nanometers. This effect is due to a geometric 

amplification of the influence of line tension, arising since contact lines with small 𝜃𝑦 

only probe the “ flat ” part of the top of the particle. 

5.2.4 Comparison to experiments 

Finally, we compare the theoretical prediction to our experiments. The results are 

shown as the solid lines in Figure 5.3, capturing the full range of data including the 

engulfment. Importantly, the model contains three parameters, one of which is eliminated 

by setting the critical diameter to 12 nm. Using the two remaining parameters to fit the 

experiment, we obtained for the coated particles (blue line) 𝜃𝑦 = 55𝑜, 𝑙𝜏 = 5 nm, 𝑙𝑒𝑐 =

12 nm, while for the bare particles (red line) 𝜃𝑦 = 34𝑜, 𝑙𝜏 = 0.6 nm, 𝑙𝑒𝑐 = 70 nm. We 

note that variations of approximately ±20% could be found when trying a good match of 

the data.  

A few observations can be made. Most importantly, the obtained values for the tension 

lengths are of the expected scale. This makes a strong case that even relatively large 

particles, possibly tens of nanometers, can be engulfed by line tension when 𝜃𝑦  is 

sufficiently small. When comparing the fitted values of the bare particles and the PDMS-

coated particles, we find that the PDMS induces a higher contact angle, as to be expected. 

However, the fitting requires an elasto-capillary length 𝑙𝑒𝑐  that is substantially smaller for 

the coated particle. A possible explanation is the rather crude approximation of the elastic 

energy, which is based on the result of linear elasticity and only holds for H/D not too far 

from unity. Still, the relatively simple thermodynamic model proposed here provides a 

very good description of the experimental data, and in particular explains the engulfment. 
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5.3 Conclusion 

In this Chapter we experimentally showed how nanoparticle adhere to soft PMMA 

films. Upon decreasing the size of the particles, we found a gradual transition from a 

classical adhesion regime to a complete engulfment of the particle into the PMMA. These 

observations were explained from simple thermodynamic considerations, but only when 

a line tension contribution is incorporated. Even though the PMMA has a nonzero elastic 

modulus, the contact line behaves very much like that of a liquid at the nanoscale. Of 

course, the modeling presented here is crude in the sense that all molecular interactions 

are effectively described by effective free energies. An important direction for future 

work is to reveal further details near the contact line by molecular simulation, and make 

the explicit link between molecular aspects and thermodynamics of nanoparticle 

adhesion.  

Despite this, it is now anticipated that for instance in heterogeneous nanocellular 

polymer foaming the contribution of line tension to the free energy of cell nucleation 

needs to be considered.36-38 In particular when nucleating particle dimensions are at the 

macromolecular length scale for which we have shown that line tension can severely 

influence the three phase contact line its effect can probably not be ignored. In addition 

it demonstrates that when interested in obtaining surface topology effects the use of the 

smallest nanoparticles on viscoelastic surface/interfaces may provide unexpected results 

due to line tension effects. Thus a deeper and better quantified understanding of the effect 

of line tension on nanoparticles is needed from both a physical as well as a practical point 

of view in order to fully exploit their potential at the nanometer length scales. 

5.4 Materials and methods 

Materials. Tetraethyl orthosilicate (TEOS) ≥ 99.0%, 2-propanol 99.5% were 

purchased from Aldrich (Milwaukee, WI, USA). (3-Aminopropyl)-triethoxysilane 

(APTES) 99%, hydrocholoric acid 37%, and poly(dimethylsiloxane) monoglycidyl ether 

terminated (PDMS-G) (Mw = 1000 g·mol-1) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Calcium chloride (CaCl2) was purchased from Aldrich Chemical 

Company Ltd (Gillingham, England). PMMA was a gift from Arkema (VM100, i.e. a 

PMMA-co-EA polymer) (La Garenne-Colombes, France). Absolute Tetrahydrofuran 

(THF) were purchased from Biosolve (Valkenswaard, the Netherlands). Ethanol absolute 

for analysis was purchased from Merck (Darmstadt, Germany). Milli-Q water was 

produced by a Millipore Synergy system (Billerica, MA, USA). Nanoparticles with 

diameters of ~12 nm (B220), ~20 nm (B130) and ~60 nm (Levasil 50/50) were purchased 
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from AkzoNobel (Bohus, Sweden). These particles were dispersed in aqueous solution 

and have surface exposed hydroxyl groups on the surface as received. Unless otherwise 

mentioned all other chemicals were used as received. 

Stöber nanoparticle preparation. To prepare Stöber silica nanoparticles (SiO2) with a 

diameter of ~ 80 nm, 168 ml ethanol was mixed with 28 ml Milli-Q water and 30 ml 

TEOS in the presence of 2 ml ammonium hydroxide while stirring at 500 rpm at room 

temperature. After 1.5 hours the obtained SiO2 dispersion was centrifuged at 10,000 rpm 

for 30 min. Subsequently, the collected SiO2 was redispersed in ethanol and centrifuged 

again. This washing step was repeated 2 more times followed by vacuum drying the 

collected SiO2 nanoparticles at room temperature for 12 hours. To synthesize the 40 nm 

particles 84 ml of ethanol was mixed with 14 ml Milli-Q water and 15 ml TEOS in the 

presence of 0.75 ml ammonium hydroxide in a 250 ml round bottom flask while stirring 

at 500 rpm. The reaction was conducted for 1.5 hours at room temperature. To synthesize 

the 120 nm particles 100 ml ethanol was mixed with 8 ml Milli-Q water and 5 ml TEOS 

in a round bottom flask stirring at 500 rpm and subsequently 5 ml of ammonium 

hydroxide was added and reacted for 3 hours at 50 °C. To synthesize ~150 nm SiO2, 8 

mL Milli-Q water, 10 mL TEOS and 5 mL ammonia hydroxide solution were added to 

100 mL ethanol, followed by stirring at 50 °C for 4.5 h. To synthesis nanoparticles of ~ 

310 nm 100 ml Ethanol was mixed with 8 ml H2O and 10 ml TEOS, followed by the 

addition of 7ml ammonium hydroxide and the reaction mixture was left at 50 °C for 4.5 

h. The collection, washing and drying steps for these nanoparticles were the same as 

described for the 80 nm nanoparticles.  

Hydrolysis. To introduce silanol groups on the surface of the prepared SiO2 

nanoparticles, the particles were redispersed in Milli-Q water by sonication (BRANSON 

2510, Canada) for 1 hour. Subsequently, hydrochloric acid was added to the dispersion 

while stirring at 500 rpm until the pH of the solution reached a value of approximately 1. 

After 4 hours the dispersion was centrifuged at 10,000 rpm for 30 min. The collected 

nanoparticles were redispersed in Milli-Q water and centrifuged again. This washing step 

was repeated 2 more times followed by drying the silanol functional nanoparticles (SiO2-

OH) in vacuum at room temperature for 12 hours.  

Amino-functionalization. 1.5 g SiO2-OH nanoparticles were redispersed in 50 ml 

ethanol followed by the addition of 7.5 ml APTES. The dispersion was left to stir at 500 

rpm at room temperature for 17 hours. The APTES functionalized nanoparticles (SiO2-

NH2) were collected by centrifugation at 10,000 rpm for 30 min and redispersed in ethanol 

and centrifuged again. This washing step was repeated 2 more times followed by drying 

the collected SiO2-NH2 nanoparticles in vacuum at room temperature for 12 hours. Due 

to the small size of B220 (12 nm) and B130 (20 nm), the nanoparticles could not be 



Transition from Adhesion to Engulfment of Nanoparticles at the Melt-polymer Interface 

117 

collected by centrifugation. After amino-functionalization 1 ml CaCl2 (1 M) was added 

to 15 ml of the reaction mixture of B130 and B220 to change the surface zeta potential of 

the nanoparticles. This caused reversible agglomeration of the nanoparticles and made it 

possible to separate them from the ethanol during centrifugation. 

Grafting to of PDMS-G to silica nanoparticles. 1.0 g of SiO2-NH2 nanoparticles were 

redispersed in 20.5 ml THF and 15 g PDMS-G while stirring at 500 rpm for 1 hour 

followed by sonication for 1 hour. Subsequently, THF was removed by rotary evaporation 

and the resulting silica nanoparticle dispersion in PDMS-G was immersed in an oil bath 

thermostated at 80 °C for 17 h. Following cooling to room temperature the reaction 

mixture was washed with THF and centrifuged at 10,000 rpm for 30 min. This washing 

step was repeated 2 more times, followed by vacuum drying the PDMS-G grafted silica 

nanoparticles (SiO2-PDMS) at room temperature for 12 hours.  

Sample preparation for embedding treatment. PMMA films of approximately 50 μm 

thick were prepared by drop casting a polymer-chloroform solution (0.1 g/ml) onto silica 

wafers (1 cm x 1 cm). Subsequently, the substrates were dried in air for 16 hours followed 

by annealing at 135 °C for 12 hours to relieve any potentially present residual stresses in 

the film before being slowly cooled to room temperature. Prior to particle deposition, the 

prepared nanoparticles (SiO2-OH and SiO2-PDMS) were redispersed in 2-propanol by 

sonication and diluted to a concentration of 0.005 wt%. Subsequently, a drop of the 

diluted nanoparticle solution was placed on the PMMA film, followed by drying the 

samples in a nitrogen box at room temperature for 12 h. The particles did not sink in into 

the glassy polymer surfaces as a result of this preparation method as was confirmed by 

AFM height measurements.  

Once prepared, the samples were placed inside a pressure vessel (Julabo, Seelbach, 

Germany). The temperature of the set-up was set to 40 °C and the set-up was flushed with 

CO2 for 20 s. Subsequently, the CO2 pressure was set to 58 bar. To ensure that the 

nanoparticles obtain an equilibrium state at the interface of the polymer matrix the 

samples were saturated in CO2 for 7 hours, subsequently, the pressure was slowly released 

and the samples were quenched to room temperature for further analysis. 

Atomic force microscopy (AFM) characterization. The apparent height of the 

nanoparticles before and after embedding was determined by AFM (MFP-3D, Asylum 

Research, Santa Barbara, CA, USA) analysis in tapping mode (amplitude set-point 250 

mv) using a silicon cantilever (Nano Word) with a resonance frequency of 320 kHz and 

a spring constant of 42 N m-1. The substrates were scanned at a minimum of three different 

positions and the obtained height images were analyzed. The height of more than 100 

individual isolated particles were analyzed for each data point. 
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Scanning electron microscopy (SEM). A high resolution SEM (JEOL Field Emission 

JSM-633OF, JEOL Benelux, Nieuw-Vennep, the Netherlands) was used to determine the 

diameter of of the prepared nanoparticles. The typically used electron acceleration voltage 

was 5 keV. To prepare samples for SEM measurement the nanoparticles were redispersed 

in 2-propanol at a very low concentration followed by dropping the solution on silica 

wafers. Prior to analysis the prepared samples were dried in a nitrogen box at room 

temperature for 12 h. The SEM images were analyzed with Image J(NIH). To determine 

the particle diameter more than 100 nanoparticles were analyzed. 

Fourier transform infrared (FTIR) spectroscopy. FTIR absorbance spectra were 

collected with a Bruker ALPHA single attenuated total reflection (ATR) FTIR 

Spectrometer equipped with an ATR single reflection crystal (Bruker Optic GmbH, 

Ettlingen, Germany). The spectra were collected in the range of 400-4000 cm-1 (spectral 

solution of 4 cm-1, 128 scans). Background spectra were recorded against air. 

Rheological experiments. The rheological experiments were carried out with an UDS 

200 rheometer (Anton Paar) using parallel plates (25 mm diameter, gap 0.8 mm) 

configuration at 120 °C and 140 °C in the oscillatory mode. 
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Chapter 6 

Multiple Polymer Foam Cell Nucleation 

Events from PDMS Grafted Raspberry-

like Silica Nanoparticles 

 

Bare and PDMS grafted raspberry-like silica nanoparticles with diameters from ~ 80 

nm to ~ 200 nm were synthesized and exploited as highly efficient nucleation agents in 

CO2 blown nanocellular PMMA foaming. The successful synthesis of core-shell 

nanoparticles was confirmed by Fourier transform infrared (FTIR) spectroscopy, 

thermogravimetric analysis (TGA), Brunauer-Emmet-Teller (BET) measurements and 

transmission electron microscopy (TEM). The cell size and cell density of the PMMA 

micro- and nanocellular foams obtained were determined by scanning electron 

microscopy (SEM). The results show qualitatively that an increased surface roughness 

increases the nucleation efficiency of the nucleating silica particles. This is ascribed to a 

decreased nucleation free energy for foam cell nucleation in nanocavities. For PDMS 

grafted raspberry-like silica nanoparticles with a diameter of 155 nm and 200 nm 

multiple cell nucleation events were observed. These hybrid particles had nucleation 

efficiencies of 3.7 and 6.2, respectively, which are the highest values reported so far for 

nanofillers as nucleation agents. The unexpected increase in nucleation efficiency to 
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above unity is ascribed to the significant increase in CO2 absorption for the 

corresponding PMMA nanocomposite films during saturation. This results in the 

presence of large amounts of physical blowing agent close to energetically favorable 

nucleating points. Furthermore, it is shown that as a consequence of cell coalescence the 

increased number of foam cells is rapidly reduced during the first seconds of foaming. 

Hence, in addition to the design of highly efficient nucleating particles, careful selection 

of foam matrix materials seem to be of pivotal importance as well. These findings are 

expected to open new avenues for the fabrication of super-efficient cell nucleation 

agents for nanocellular polymer foaming. 
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6.1 Introduction 

Nanocellular polymer foams are receiving considerable attention from the scientific 

and industrial communities.1-6 This is ascribed to the unexpected but sometimes exciting 

foam properties when their cells have diameters in the order of a few tens to hundreds 

of nanometers. For instance, the thermal conductivity of nanocellular foams is 

significantly reduced as a result of the Knudsen effect provided that the foam density is 

sufficiently low.2, 7 In addition, the mechanical performance in terms of e.g. the Young’s 

modulus, impact properties and shore hardness is significantly improved compared to 

microcellular foams with similar densities.8-10 These enhanced structure property 

relationships render nanocellular polymer foams of pivotal importance when 

considering new classes of materials for instance to achieve reductions in fuel 

consumption and CO2 emissions in transportation as well as for the thermal energy 

management of buildings. 

 Nanocellular polymer foam structures can be obtained by various strategies, e.g. 

selective extraction/decomposition,11-12 templating/imprinting,13-15 chemical/physical 

foaming,8, 16-20 etc. Among these methods, CO2 assisted batch foaming is of particular 

interest, which is ascribed to its good control over the foaming conditions as well as the 

low cost and environmental friendliness of CO2 as a physical blowing agent.9 In batch 

foaming the polymer is first saturated with CO2 at a few to several hundreds of bars for 

a given time (order of hours to days). Subsequently, foaming is induced by a quick 

depressurization step followed by an increase in temperature. This results in an 

oversaturation of the dissolved CO2 in the polymer gas mixture leading to cell 

nucleation followed by rapid cell expansion.21 Disadvantage of batch foaming is that its 

relatively small batch size (i.e. scale of liters) limits the industrial relevance of this 

process. On the other hand, nanocellular foam extrusion, i.e. a continuous process, 

remains challenging, which is ascribed to the difficult control over key physical 

foaming parameters, e.g. polymer viscosity, CO2 solubility, CO2 diffusivity and 

foaming temperature.22-24  

In addition to the nanocellular foam production challenges that have to be solved, 

nanocellular polymer foams with high porosities (> 85%) and cell densities (> 1014 cells 

cm-3) are rarely reported on.4, 25-27 This is ascribed to the fact that it is difficult to 

nucleate such high cell densities in the early stages of foaming as well as that on the 

time scale of foaming cell coalesce is hard to avoid. Frequently used strategies to 

increase the nucleated cell density rely on increasing the physical blowing agent 

saturation pressure and/or increasing the pressure release rate.3, 25, 28 

The introduction of nanostructured heterogeneous phases to polymers as 

heterogeneous nucleation sites prior to foaming has been considered a promising 
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approach, as well. Examples are the use of block copolymer domains29-32 and inorganic 

nanofillers.18, 33-38 

For instance, Rodríguez-Pérez and coworkers29 reported the CO2 assisted batch 

foaming of PMMA and poly(methyl methacrylate-block-butyl acrylate-block methyl 

methacrylate) (MAM) blends. The authors demonstrated that foams produced from 

these PMMA/MAM blends nucleated in the nanostructured MAM micellar phase, 

which is ascribed to the high CO2-philicity of poly(butyl acrylate) phase compared to 

the PMMA matrix. McClurg and coworkers31 demonstrated that the incorporation of A-

B diblock copolymers containing poly(dimethylsiloxane) as the core block into 

polystyrene prior to foaming increases the cell density of polystyrene foams. The 

nanostructured PDMS domains were considered as efficient nucleation sites because of 

their high CO2 philicity as well as to the low surface energy of PDMS.  

Compared to the incorporation of block copolymer micelles, silica nanoparticles are 

of particular interest to be employed as heterogeneous nucleation agents in polymer 

foaming because of their low cost, easy preparation and the simplicity of employing 

various surface decoration strategies.39-40 For instance, Zhai and coworkers37 

demonstrated that the incorporation of silica nanoparticles in polycarbonate prior to 

foaming resulted in a higher cell density and more uniform cell size distribution 

compared to the polycarbonate foams containing no silica nanoparticles as nucleating 

agents. Yang and coworkers41 reported that the decoration of silica nanoparticles with 

CO2-philic poly(ionic liquid) significantly enhances the cell nucleation in CO2 assisted 

polystyrene foaming compared to the polystyrene foams prepared with bare silica 

nanoparticles as nucleating agents. Despite these promising results we noted that the 

nanoparticles utilized so far suffered from very poor nucleation efficiencies, i.e. the 

number of foam cells obtained per number of nanoparticles per cm3 added to the 

polymer matrix prior to foaming. Nucleation efficiencies for these inorganic particle 

based nanofillers are typically far below 0.01.18, 41-43 Meaning that hundreds of added 

particles result in the formation of 1 foam cell during foaming. In these calculations it is 

assumed that homogenous nucleation and cell coalescence can be neglected.3 We have 

reported the successful utilization of PDMS grafted silica nanoparticles with a silica 

core diameter of 80 nm with a nucleation efficiency of approximately 0.5 for the 

preparation of CO2 batch blown PMMA foams (see Chapter 3 and 4).33 The good 

efficiency of these particles is ascribed to i) the low surface energy of the PDMS shell, 

which reduces the nucleation energy barrier, and ii) the higher local CO2 concentration 

in the PDMS shell (~ 75 wt%)44 compared to the PMMA matrix (~ 18 wt%).45 

Furthermore we demonstrated that the presence of line tension significantly reduces the 

nucleation efficiency of PDMS grafted nanoparticles with a silica core diameter below 

40 nm for the used foaming conditions (i.e. CO2 saturation pressure of 55 bar and 

foaming at 40 °C). In addition for higher saturation pressures (e.g. 300 bar) 
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homogenous nucleation is more and more favorable compared to heterogeneous 

nucleation and as a consequence the nucleation efficiency of particles up to 80 

nanometer was significantly reduced (see Chapter 4). Thus the use of smaller particles, 

e.g. 10 nanometer in diameter is considered unfavorable while it would allow the 

addition of the required high number of potential nucleation sites (> 1015 cm-3) at 

relatively low weight percentages of particle loading. As a consequence we concluded 

that new particle designs were needed to increase the nucleation efficiency to unity and 

if possible to even higher values.  

The effect of surface roughness on the free energy of foam cell nucleation was not 

included in the particle design so far. Yang and coworkers reported46 a thermodynamic 

model and analytical solution for the free energy of cell nucleation at the nanometer 

length scale in nanocavities. It was shown that cells nucleated from a concave surface 

have a lower nucleation free energy compared to the free energy of nucleation from flat 

of convex surfaces (e.g. spherical particles).47-48 Based on these results we included 

surface roughness as a parameter for new nucleating hybrid particles designs.  

Since the preparation of raspberry-like silica nanoparticles is fairly easy and well 

described in the literature,49-53 we considered these surface roughened nanoparticles as 

ideal candidates to explore the effect of nanocavities on nanocellular foam cell 

nucleation. He and coworkers51 reported on a method to produce raspberry-like 

nanoparticles by a self-templated etching route. This method limits the particle diameter 

to 60 nanometer or larger. In fact for the purpose of this work it is acceptable since it 

allows to study the effect of particle surface roughness on foam cell nucleation without 

other effects, like particle curvature dominating the nucleation efficiencies obtained (see 

Chapter 4).54-55 

In this Chapter we will show that raspberry-like silica nanoparticles are efficient 

foam cell nucleators with nucleation efficiencies that are comparable to their PDMS 

grafted nearly spherical counterparts. Upon decorating the raspberry-like silica 

nanoparticles with a few nanometer thick PDMS shell the highest nucleation efficiency 

obtained was 6.2 for particles with an overall core diameter of ~ 200 nm. This 

nucleation efficiency is nearly 40 times higher compared to that of a pristine nearly 

spherical silica nanoparticle with a similar diameter. In addition in this Chapter it is 

reported for the first time that smart particle design allows the nucleation of multiple 

cells per particle in nanocellular foaming. We will show qualitatively that the high 

nucleation efficiency obtained for PDMS grafted raspberry-like silica nanoparticles is 

ascribed to a significant increased absorption of CO2 during saturation. This results in a 

higher CO2 concentration close to the PDMS decorated energetically favorable 

nanocavities at the nucleating surface. The utilization of surface cavities combined with 

optimized surface chemistry for efficient heterogeneous nucleation at the 
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macromolecular length scale is expected to open new avenues for the production of 

nanocellular foams with high cell densities.  

6.2 Results and discussion 

6.2.1 Nanoparticles synthesis and characterization 

Raspberry-like silica nanoparticles (SiO2-R) were synthesized by the reaction of 

Stöber silica nanoparticles with NaBH4, followed by the surface grafting of PDMS to 

yield rough silica core PDMS shell hybrid nanoparticles (SiO2-RP). The reaction 

scheme is depicted in Figure 6.1A. (Hereinafter we abbreviate “nanoparticle” with NP.) 

During the reaction of nearly smooth Stöber SiO2 (SiO2-S) NPs with NaBH4 the high 

basicity of the dissolved NaBH4 results in the dissociation of Si-O bonds and 

subsequently in the formation of soluble mono- and polysilicate species. Eventually the 

dissolved silicate species in the solution become supersaturated which leads to the 

formation of small SiO2 domains on the surface of the remaining silica NPs (Figure 

6.1A, step 1).51, 56-57 

SEM images of SiO2-S and SiO2-R NPs with a diameter of approximately 155 nm 

are shown in Figure 6.1B and C, respectively. The diameter of the SiO2-R NPs is 

defined as the diameter of a circle just large enough to enclose the SiO2-R NPs outer 

surface. Particles with diameters between 80 nm and 200 nm were prepared. Table 6.1 

shows the particle size as determined by SEM image analysis for each particle type. The 

numbers prior to SiO2 refer to the appeared particle diameter. For instance 155SiO2-S 

refers to a Stöber silica NP with an average diameter of 155 nm. 

Table 6.1 Average NP diameter (D) and size distribution (StDev, N>150) as determined 

by SEM image analysis. (Note that for reasons of clarification SiO2 is removed from the 

abbreviations used in the Table) 

 80-S 80-R 120-S 120-R 155-S 155-R 200-S 200-R 

D 

(nm) 

83 75 124 117 156 153 195 204 

StDev 11 13 12 14 11 20 23 24 
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From Figure 6.1C it is obvious that small silica domains (with diameters of ~ 20 to 

30 nm) are present at the surface of the NPs after treatment with NaBH4, which is in 

agreement with the assumed deposition of silicate species at the silica particle surface 

during the reaction.51 Following the successful synthesis of SiO2-R NPs with diameters 

of ~ 200 nm, ~155 nm , ~ 120 nm and ~ 80 nm, a PDMS shell was grafted to yield the 

corresponding hybrid (SiO2-RP) NPs (Figure 6.1A). In brief, SiO2-R were derivatized 

with (3-aminopropyl)-triethoxysilane (APTES), resulting in the formation of amine 

functionalized NPs (SiO2-R-NH2) (step 2). Subsequently, PDMS grafted core-shell NPs 

were prepared by the grafting to of monoglycidyl ether terminated PDMS (step 3). 

We note here that prolonged sonication or even melt blending did not destroy the 

surface roughness of the (hybrid) raspberry-like NPs. Meaning that they are stable 

enough for utilization as nucleating particles in nanocellular foaming. 

 

 

Figure 6.1 (A) Schematic of the SiO2-RP NPs preparation process. In (B) and (C) SEM images of 

SiO2-S and SiO2-R NPs with a silica particle diameter of ~ 155 nm are shown, respectively. The 

scale bars in (B) and (C) represent 100 nm. 

Figure 6.2A shows FTIR absorbance spectra of SiO2, SiO2-R, amino-functionalized 

SiO2-R (SiO2-R-NH2), SiO2-RP and SiO2-SP NPs with a (silica core ) diameter of ~ 155 

nm. The remaining ethoxy groups after the Stöber reaction of tetraethyl orthosilicate 

(TEOS) are clearly observed in the FTIR spectra of the 155SiO2-S particles, i.e. the 

CH2/CH3 bending absorbance band at 1452 cm-1 and the CH2/CH3 absorbance band at 

2980 cm-1.58 After NaBH4 etching to yield surface roughened NPs these absorbance 

bands disappeared, which indicates quantitative hydrolysis of the remaining ethoxy 

groups of the 155SiO2-R NPs.51 The reappearance of absorbances at 2980 cm-1, 1450 
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cm-1 and 1380 cm-1 in the FTIR spectrum of 155SiO2-R-NH2 are assigned to 

absorbances of the CH2 groups of the propyl spacer of surface tethered APTES. The 

presence of absorption bands ascribed to CH3 stretching at 2967 cm-1 and to C-H 

bending at 1263 cm-1 in the FTIR spectrum of 155SiO2-RP NPs confirm the successful 

grafting of PDMS.59 The same absorbances are observed in the FTIR spectrum of nearly 

smooth PDMS grafted SiO2 NPs (SiO2-SP); their synthesis is well described in Chapters 

3 and 4 as well as in the experimental section of this Chapter.33  

To determine the amount of PDMS grafted to the silica NPs TGA was employed. 

Figure 6.2B shows the weight loss versus temperature curves for non-isothermal TGA 

measurements of nearly spherical and raspberry-like, amino-functionalized and PDMS 

grafted NPs with silica (core) diameters of approximately 155 nm. The results clearly 

show that the amount of PDMS covalently bound to the SiO2 NPs with a rough surface 

is significantly higher, i.e. ~ 10.3 wt %, compared to that of its spherical counterparts, 

i.e. ~ 3.0 wt %. This nearly 3.4 fold increase in PDMS grafted weight is ascribed to the 

increased specific surface area for the raspberry-like NPs. Brunauer-Emmet-Teller 

(BET) measurements were used to determine the surface area of the prepared silica NPs. 

The results are shown in Figure 6.2C. It is obvious from Figure 6.2C that the surface 

area of the silica NPs was significantly increased after NaBH4 treatment. For the NPs 

with a diameter of 155 nm the surface area increased from 32.4 m2 g-1 to 116.0 m2 g-1 

for the spherical and raspberry-like NPs, respectively. Nearly 3.6 fold increase in 

surface area is in good agreement with the 3.4 times higher grafted amount of PDMS to 

these particles. For the raspberry-like silica NPs with diameters of 200 nm and 120 nm 

the increase in PDMS grafting wt% were in good agreement with the corresponding 

increase in surface area as well. 

Based on the grafted PDMS mass obtained by TGA measurements, the molar mass 

of the grafted PDMS chains (i.e. 1,000 g mol-1) and the BET surface area of the NPs the 

PDMS grafting densities were calculated to be ~ 0.6 chains nm-2 for the 155SiO2-SP 

and 155-SiO2-RP NPs. This number is lower compared to the earlier reported value of 

0.9 for SiO2-SP NPs with diameters of 12 nm to 120 nm (see Chapter 4). This 

difference is ascribed to the known over estimation of the surface area of Stöber silica 

NPs determined by BET measurements60-62 compared to the used simple arimetric 

estimation of the NP surface area based on the determined particle diameters in earlier 

Chapters. When using this simple arimetric method for the determination of the grafting 

density of the SiO2-SP NPs with a particle diameter from 80 nm to 200 nm graftng 

density values close to 0.9 chains nm-2 were obtained. This is in good agreement with 

values for SiO2-SP NPs reported in Chapters 3 and 4. Based on these results we note 

that BET analysis is used here only to qualitatively show the significant differences in 

surface area of the particles before and after roughening their surface.  
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Figure 6.2 (A) Single reflection ATR-FTIR absorbance spectra of 155SiO2-S, 155SiO2-R, 

155SiO2-R-NH2, 155SiO2-RP and 155SiO2-SP NPs. The black arrows in the FTIR spectra 

indicate characteristic FTIR absorbances of the (modified) silica NPs. (B) Non-isothermal TGA 

thermograms of the 155SiO2-S-NH2, 155SiO2-R-NH2, 155SiO2-SP and 155SiO2-RP NPs. In (C) 

the specific surface area determined by BET measurements of SiO2-S and SiO2-R NPs with a 

diameter of ~ 80nm, ~ 120 nm, ~ 155 nm and ~ 200 nm is shown. (Note that for reasons of 

clarification SiO2 is removed from the abbreviations used in the Figure) 

Finally, TEM was used to confirm the core-shell structure of the PDMS grafted NPs. 

Figure 6.3 shows TEM images of 155 nm bare and PDMS grafted spherical and 

raspberry-like NPs. From these TEM images it is clear that there is a thin PDMS shell 

around the 155SiO2-SP (Figure 6.3B) and 155SiO2-RP (Figure 6.3D) NPs. The tickness 

of the thin PDMS shell around the NPs was estimated to be around 6.0 ± 1.5 nm, which 

agrees well with the results reported in Chapter 4 for SiO2-SP NPs with silica core 

diameters from 12 nm to 120 nm.  

Hence, PDMS grafted core shell raspberry-like particle synthesis was succesful and 

the obtained particles were subsequently used as nucleating agents in the CO2 assited 

batch foaming of PMMA foams presented and discussed in the next sections. 
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Figure 6.3 TEM images of 155SiO2-S (A), 155SiO2-SP NPs (B), 155SiO2-R NPs (C) and 

155SiO2-RP NPs (D). 

6.2.2 Nanocomposite foams 

Prior to foaming the prepared NPs were melt blended in a PMMA matrix and 

pressed to films with a thickness of around 200 μm. For comparison of the nucleation 

efficiency, the same volume number density of NPs (i.e. 1.07 x 1013 particles cm-3) for 

each nanocomposite film were used. Thus assuming a good particle dispersion in the 

PMMA films and that each particle can nucleate the same amount of foam cells all 

nanocomposite films had the same volume number density of potential nucleation sites 

prior to foaming. The particles were well dispersed in PMMA prior to foaming as was 

observed from SEM images of cross sectioned PMMA nanocomposite films (data not 

shown).  

Figure 6.4 shows SEM images of cross sectioned PMMA foams nucleated by 

155SiO2-S, 155SiO2-SP, 155SiO2-R and 155SiO2-RP NPs. The used CO2 saturation 

pressure for the nanocomposite PMMA films was 55 bar and following quick 

depressurization foams were prepared at a foaming temperature of 40 °C for 1 second. 

This relatively short foaming time was chosen since we were primarily interested in the 

nucleation efficiency of the prepared particles and not in the well developed foam 

morphology at the end stages of foaming (i.e. after several tens of seconds to minutes). 

From the SEM images in Figure 6.4, it is clear that for the used foaming time of 1 

second the PMMA foams have thick cell walls and struts as was expected. Furthermore, 

it is clear that the 155SiO2-S, 155SiO2-SP and 155SiO2-R NPs are present at the 

polymer foam cell wall surface. The 155SiO2-S NPs are slightly more embedded in the 

PMMA cell wall compared to the 155SiO2-SP which is in good agreement with the 
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reported results in Chapter 4 for the nucleation behavior of pristine SiO2 and 

corresponding PDMS grafted core shell NPs with (core) diameters up to 120 nm.33 

Remarkably, when examining the 155SiO2-RP NPs embedded in the PMMA foams 

it is clear that most of these particles are surrounded by a few primary polymer foam 

cells (see Figure 6.4D). Of particular interest is that the cell walls in between these 

primary foam cells is much thinner compared to the non nucleated/expanded PMMA 

matrix surrounding them and that the size of the cells around the 155SiO2-RP particles 

is fairly uniform. This points towards simultaneous multiple heterogeneous nucleation 

events per added particle. In addtion, the thin wall between some foam cells appears to 

be ruptured or partly disappeared. This indicates that cell coalescence of the cells 

growing in close proximity to each other occurs during the first second of foaming 

already. Regarding these observations, an explanation is provided later.  

 

  

Figure 6.4 SEM images of cross sectioned PMMA foams nucleated by 155SiO2-S (A), 155SiO2-

SP (B), 155SiO2-R (C) and 155SiO2-RP (D) NPs. The white arrows in (D) point towards 

155SiO2-RP particles showing multiple cell nucleation events per particle. The insets show higher 

magnification images of nucleating NPs in cross sectioned PMMA foam cells. The scale bars in 

the SEM images and insets represent 1 μm and 200 nm, respectively. The saturation pressure, 

foaming temperature and foaming time were 55 bar, 40 °C and 1 second, respectively. 
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6.2.3 PMMA nanocomposite foam morphology as a function of 

foaming time 

Based on the multiple foam cell nucleation events and early stage cell coalescence 

we were interested in the development of the foam morphology, i.e. cell size and cell 

density, as a function of the foaming time for PMMA foams nucleated by 155SiO2-RP 

NPs. Figure 6.5 shows SEM images of cross sectioned PMMA foams nucleated by 

155SiO2-RP NPs as a function of the foaming time from 0.3 to 30 seconds. The shortest 

foaming time we could experimentally achieve was 0.3 seconds. From the SEM images 

shown in Figure 6.5 it is clear that for a foaming time of fewer than 5 seconds multiple 

primary cells around a nucleating 155SiO2-RP NP are observed. While for foaming 

times longer than 5 seconds cell coalescence results in the formation of larger cells 

around the nucleating particles. This is obvious from the nearly smooth foam cell walls 

observed around the 155SiO2-RP NPs residing at the cell walls for foams prepared with 

foaming times of 10 and 30 seconds (Figure 6.5D and E). 

 

 

Figure 6.5 SEM images of cross sectioned PMMA foams nucleated by 155SiO2-RP NPs for 0.3 

seconds (A), 1 second (B), 5 seconds (C), 10 seconds (D) and 30 seconds (E). The scale bars 

represent 1 μm. In the insets, the foam cell wall around a single 155SiO2-RP nanoparticle in a 

cross sectioned PMMA foam cell is shown. The scale bar in the insets represents 200 nm. The 

saturation pressure and foaming temperature were 55 bar and 40 °C, respectively. 
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Figure 6.6 SEM images of cross sectioned PMMA foams nucleated by 155SiO2-S, 155SiO2-SP 

and 155SiO2-R NPs as a function of the foaming time. The scale bars represent 1 μm. The 

saturation pressure and foaming temperature were 55 bar and 40 °C, respectively.  

The SEM images of cross sectioned PMMA foams nucleated by 155SiO2-S, 

155SiO2-SP and 155SiO2-R with a foaming time of 0.3 seconds to 30 seconds are 

shown in Figure 6.6. No multiple cell nucleation events per particle were observed for 

foams nucleated by these NPs.  

For quantitative comparison, the cell size, cell density and nucleation efficiency for 

PMMA foams nucleated by 155SiO2-S, 155SiO2-SP, 155SiO2-R and 155SiO2-RP NPs 

were determined as a function of the foaming time. The results are shown in Figure 6.7. 

The nucleation efficiency was calculated as the ratio of the cell density divided by the 

number of NPs cm-3 added prior to foaming (i.e. 1.07 x 1013 NPs cm-3). 
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Figure 6.7 Foam cell size (A), cell density (B) and nucleation efficiency (C) as a function of 

foaming time for PMMA foams nucleated by 155SiO2-S, 155SiO2-SP, 155SiO2-R and 155SiO2-

RP NPs. The scale bar in the SEM images in the insets in (C) represent 200 nm. The used 

saturation pressure and foaming temperature were 55 bar and 40 °C, respectively. (Note that for 

reasons of clarification SiO2 is removed from the abbreviations used in the Figure) 

From Figure 6.7A it is obvious that independent of the use of 155SiO2-S, 155SiO2-

SP, 155SiO2-R and 155SiO2-RP NPs as nucleation agent the cell size of the 

corresponding PMMA foams increases for foaming times up to 10 seconds after which 

it reaches a plateau value which absolute value depends on the nucleating particle type 

used. For instance when 155SiO2-SP or 155SiO2-RP were used as nucleating agents the 

final foam cell size was 830 ± 330 nm and 460 ± 180 nm, respectively. 

The larger foam cell size (830 ± 330nm) obtained for the 155SiO2-SP compared to 

our previously reported values of 430 ± 131 nm for SiO2-SP with a core diameter of ~ 

80 nanometers, (see Chapter 4) is ascribed to a lower particle concentration (number 

cm-3) used for the 155SiO2-SP NPs in this Chapter (i.e. 1.07 × 1013 cm-3) compared to 

the concentration used in Chapter 4 (i.e. 2.3 × 1013 cm-3). Hence provided an assumed 
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equally efficient heterogeneous nucleation the nuclei concentration in this Chapter is 

lower while as a consequence the available amount of CO2 for cell growth is larger, 

resulting in cells with an increased cell size.  

The cell density of PMMA foams containing 155SiO2-SP is higher compared to 

those containing 155SiO2-S for the same foaming time (as shown in Figure 6.7B), 

which is ascribed to the high CO2-philicity and low surface energy of the thin PDMS 

shell of the 155SiO2-SP NPs. This agrees well with the trend in cell density that is 

reported in Chapter 4 for (PDMS grafted) SiO2 NPs with a (core) diameter between 12 

to 120 nm (Note: the saturation pressure, foaming temperature and time for these foams 

were 55 bar, 40 °C and 180 s, respectively).  

Interestingly, the raspberry-like NPs, i.e. 155SiO2-R, show a higher cell density 

compared to that of 155SiO2-S, as well. This is ascribed to the presence of cavities on 

the raspberry-like nanoparticle surfaces, resulting in energetically favorable cell 

nucleation.46 Furthermore, the cell density increases with the foaming time for PMMA 

foams containing 155SiO2-S, 155SiO2-SP and 155SiO2-R NPs for foaming times below 

10 seconds. This is the result of the continuous increase in cumulative cell nucleation 

events in these foams for increased foaming times. 

Strikingly, especially during the first 10 second of foaming in the presence of 

155SiO2-RP NPs the resulting foams exhibit a significantly higher cell density 

compared to that of 155SiO2-S, 155SiO2-SP and 155SiO2-R. For instance, PMMA 

foams with 155SiO2-RP foamed for 1 second have a cell density of ~ 4.0 x 1013 cells 

cm-3, which is ~ 25, ~ 37 and ~ 16 times higher compared to PMMA foams containing 

155SiO2-R, 155SiO2-S and 155SiO2-SP nucleating particles, respectively. In addition, 

the cell density of PMMA foams nucleated by 155SiO2-RP decreases upon increasing 

the foaming time. This is ascribed to the observed cell coalescence occurring during the 

early stages of foaming (see Figure 6.5).  

The cell nucleation efficiencies as a function of the foaming time for PMMA foams 

containing 155SiO2-S, 155SiO2-SP, 155SiO2-R and 155SiO2-RP as shown in Figure 

6.7C follows the same trend as the corresponding foam cell densities (compare Figure 

6.7B). Remarkably, the nucleation efficiency of 155SiO2-RP is well above 1 within the 

first 10 seconds of foaming, which is ascribed to the multiple cell nucleation events 

occurring per nucleating 155SiO2-RP particle. For instance, 1 second foamed PMMA 

containing 155SiO2-RP had a nucleation efficiency of ~ 3.7 which is ~ 37 times higher 

compared to the nucleation efficiency of 155SiO2-S particles, as is shown in Figure 

6.7C. Thus every single 155SiO2-RP resulted in the formation of almost 4 cells after 

foaming for 1 second. This is in good agreement with the visual observations in the 

SEM images shown in Figure 6.4. We note that the determined cell densities do not take 

the presence of cell coalescence into account. As a consequence, an even higher cell 

nucleation efficiency for the 155SiO2-RP nucleating NPs is anticipated. The excellent 
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nucleation performance of 155SiO2-RP is ascribed to the energetically favorable cell 

nucleation from the particles surface cavities46 combined with the presence of a CO2 

philic PDMS layer around the 155SiO2-RP NPs. 

6.2.4 PMMA foam cell nucleation versus surface roughness 

variation 

The presence of multiple nucleation events per 155SiO2-RP particles is promising 

for developing nanocellular foams with increased cell densities. To successfully exploit 

this it is of pivotal importance to obtain a deeper understanding of cell nucleation as a 

function of the surface roughness feature sizes. Therefore, we have prepared SiO2-R and 

SiO2-RP NPs with a diameter of ~ 80 nm, ~ 120 nm and ~ 200 nm as well to explore 

this qualitatively. Figure 6.8 shows SEM images of 80SiO2-R (6.8A) and 200SiO2-R 

(6.8B), as well as of cross sectioned PMMA foams nucleated by 80SiO2-RP (6.8C) and 

200SiO2-RP (6.8D) NPs. From the SEM images of the raspberry-like silica NPs it is 

clear that the feature sizes of the roughened surfaces are different for the ~ 80 nm and ~ 

200 nm particles, i.e. 80SiO2-R has only a few attached small particles to its surface 

while 200SiO2-R reveals numerous larger attached particles. The SEM images of the 

cross sectioned PMMA foams nucleated by 80SiO2-RP (6.8C) and 200SiO2-RP (6.8D) 

reveal distinct differences in the foam morphology as well. For instance, 200SiO2-RP 

clearly shows the presence of multiple cells around single nucleating particles, however, 

no multiple cell nucleation events are observed around single 80SiO2-RP NPs.  

It turned out that for the used etching method the initial Stöber silica nanoparticle 

size used directs more or less the final particle roughness obtained.51 Thus it was not 

possible to obtain particles with a similar surface roughness for particle diameters 

between 80 to 200 nm. 

Hence, below we present qualitatively how the nucleation efficiency of SiO2-RP 

NPs depends on the particles surface roughness for a PMMA foaming time of 1 second. 

Figure 6.9 shows the cell size (6.9A), cell density (6.9B) and nucleation efficiency 

(6.9C) for PMMA foams nucleated by SiO2-S, SiO2-SP, SiO2-R, and SiO2-RP NPs as a 

function of the silica particle diameter.  
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Figure 6.8 SEM images of 80SiO2-R (A) and 200SiO2-R (B) particles, as well as cross sectioned 

PMMA foams nucleated by 80SiO2-RP (C) and 200SiO2-RP (D). The saturation pressure, 

foaming temperature and foaming time were 55 bar, 40 °C and 1 second, respectively. 

From Figure 6.9A it is obvious that the average cell size for foams nucleated with 

SiO2-RP NPs is smaller compared to its counterparts with the same diameter. In 

addition, upon increasing the particale diameter from 80 to 200 nanometer the average 

cell size decreases and the cell size distribution becomes narrower. SEM images of 

cross sectioned PMMA foams nucleated by 80SiO2-RP particles did not reveal any 

multilple cell nucleation events per particle (compare Figure 6.8C), while for 120SiO2-

RP this was observed for some particles. The absence or reduced number of multiple 

nucleation events is ascribed to a lower surface roughness of the 80-SiO2-RP and 

120SiO2-RP NPs, i.e resulting in a reduced number of effective nanocativities. However, 

for PMMA foams nucleated by 155SiO2-RP and 200SiO2-RP particles multiple cell 

nulceation events were observed, which results in a higher CO2 consumption during cell 

growth compared to the foams without multiple cell nucleation events occuring. This 

explains the reduction in cell size to 156 ± 49 nm and 107 ± 58 nm for foams with 

155SiO2-RP and 200SiO2-RP particles, respectivley.  
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Figure 6.9 Foam cell size (A), cell density (B) and cell nucleation efficiency (C) for PMMA 

foams nucleated by SiO2-S, SiO2-SP, SiO2-R and SiO2-RP with diameters of ~ 80 nm, ~120 nm, ~ 

155 nm and ~ 200 nm. The saturation pressure, foaming temperature and foaming time for these 

nanocomposite PMMA foams were 55 bar, 40 °C and 1 second, respectively. The insets in Figure 

C show SEM images of cross sectioned PMMA foam cells showing the presence of multiple cells 

around single 155SiO2-RP and 200SiO2-RP NPs. The scale bars represent 200 nm. (Note that for 

reasons of clarification SiO2 is removed from the abbreviations used in the Figure) 

The occurance of multiple cell nucleation events for SiO2-RP NPs with various 

roughnesses has as expected a significant effect on the obtained cell densities and 

nucleation effciencies (Figures 6.9B and C). The 200SiO2-RP NPs have, similar to the 

155SiO2-RP NPs, a significant increase in cell density and cell nucleation efficiency ) 

compared to the other particle types. In fact for the 200SiO2-RP NPs the nucleation 

efficiency was ~ 6.2, which is the highest nucleation efficiency reported so far.  

In addition 120SiO2-RP particles have a higher nucleation efficiency compared to 

120SiO2-S, 120SiO2-R, 120SiO2-SP, as well (see Figure 6.9C). This is qualitiatively 

explained by the presence of some nanocavities. However, 80SiO2-RP show a 

comparable nucleation efficiency with 80SiO2-SP, which is ascribed to presence of 

mainly convex surface domains at its particle surface. Compared to concave surface 

roughness, convex structures have a higher cell nulceation free energy.47-48 

In addition, from Figure 6.9 it is obvious that for the particle sizes evaluated the 

SiO2-R NPs have nucleation efficiencies comparable to SiO2-SP NPs, while the SiO2-S 
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particles are the least effective nucleating agents. Overall it is shown that NPs designed 

with a concave surface roughness are more efficient to be used as nucleation agents 

compared to the nearly spherical ones and that a combination of roughness with a CO2 

philic low surface energy PDMS shell has a tremendous synergytic effect on PMMA 

foam cell nucleation. 

 

 

Figure 6.10 CO2 absorption for PMMA films containing SiO2-S, SiO2-SP, SiO2-R and SiO2-RP 

particles with diameters between 80 nm to 200 nm. The saturation pressure and time were 55 bar 

and 4h, respectively. The dashed line shows the CO2 absorption of PMMA containing no NPs. 

(Note that for reasons of clarification SiO2 is removed from the abbreviations used in the Figure) 

6.2.5 SiO2-RP nucleation mechanism elucidated  

The synergetic effect of a PDMS shell with the presence of cavities on the 

nucleation efficiency of SiO2-RP NPs in the batch foaming of PMMA was much higher 

than expected. In fact, we reasoned that for the higher number of cells to grow more 

CO2 as a blowing agent had to be available as well. Thus the CO2 absorption of PMMA 

films containing SiO2-S, SiO2-SP, SiO2-R and SiO2-RP particles with diameters of 80 

nm, 120 nm, 155 nm and 200 nm were determined in order to further elucidate the cell 

nucleation efficiency as a function of the particle type and size. The results are shown in 

Figure 6.10. As is obvious PMMA films containing SiO2-S and SiO2-SP have no 

significant differences in CO2 absorption independent of the particle diameter compared 
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to PMMA containing no NPs. The same is observed for 80SiO2-R and 80SiO2-RP NPs. 

Hence for these particles the overall CO2 concentration is not altered while locally in the 

PMMA films the CO2 concentration may vary due to the presence of a PDMS shell. 

Upon increasing the surface roughness of the particles, e.g. for the 120SiO2-R, 155 

SiO2-R and 200 SiO2-R NPs, the amount of CO2 absorbed is significantly increased. 

The presence of a PDMS shell increases the amount absorbed even more for these NPs. 

For instance for 200SiO2-R and 200SiO2-RP the increase in CO2 absorbed was ~ 4.7 wt 

% and ~ 8.8 wt%, respectivley, compared to the PMMA containing no particles ( ~ 18.2 

wt%).  

This increase in CO2 absorption for the rough particles is ascribed to i) capilary 

condensation of CO2 in the nanocavities63-65 and/or ii) to differences in the CO2 

absorption mechanism for the raspberry-like NPs. The even larger increase in CO2 

absorption for the rough particles with a PDMS shell with diamers of ~ 120 nm, ~ 155 

nm and ~ 200 nm compared to their bare counterparts is ascribed to the presence of CO2 

philic molecules attached to the nanocavity surfaces, which is known to potentially 

enhance the absorption of CO2.66-68  

 

 

Figure 6.11 Schematic representation of the nucleation of multiple cells from PDMS grafted 

raspberry-like silica NPs. Upon saturation of PMMA films containing SiO2-RP NPs CO2 capillary 

condensation in the cavities (step A) results in the presence of significantly increased amounts of 

CO2 in close proximity of the nucleating particle surface. The nanocavities are energetically 

favorable nucleating sites and together with the increased amount of available CO2 this results in 

more than 1 nucleating events per particle (step B) and subsequent cell growth (step C). 
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The higher physical blowing agent concentration close to the particle surface is 

favorable for increasing the nucleation rate and combined with the presence of a low 

surface energy PDMS shell in the nanocavities the foam cell nucleation efficiency of 

these particles is significantly enhanced. Figure 6.11 shows a schematic representation 

of the assumed mechanism leading to multiple cell nucleation events for raspberry-like 

PDMS grafted silica NPs in the batch foaming of PMMA. 

Overall we experimentally presented for the first time that multiple cell nucleation 

events on single NPs can be obtained with PDMS decorated core shell raspberry-like 

NPs as nucleation agents. These designer NPs exhibit a remarkably higher cell 

nucleation efficiency in PMMA nanocellular foaming compared to their bare and nearly 

spherical counterparts. We have also exploited 155SiO2-RP NPs in the CO2 assisted 

batch foaming of polystyrene  and the corresponding SEM images revealed the 

occurrence of multiple cell nucleation events as well. Hence, these hybrid core shell 

NPs are very promising as highly efficient cell nucleation agents in polymer 

nanocellular foaming in general.  

To fully exploit the high nucleation efficiency of SiO2-RP particles it is of pivotal 

importance to find foaming strategies and foam matrixes that allow not only the 

introduction of a high number of cell nuclei but as well that cells are stabilized early on 

in the foaming process, such that cell coalescence is prevented. For instance without 

optimization of any of the foam parameters and or composition of the PMMA 

nanocomposite matrix we have obtained a cell density of ~ 6.6 × 1013 cells cm-3, which 

is already very close to the order of magnitude of interest (i.e. 1014 cells cm-3). Future 

work must direct to developing new strategies for sufficiently increasing the surface 

roughness of NPs with a particle diameter < 100 nm. This is of interest since at the same 

weight percentage of particle loading a higher number of effective nucleation agents is 

available when smaller particles are used. Eventually using these particles it is assumed 

to reach nucleation site densities exceedeing 1015 cells cm-3. 

6.3 Conclusion 

Bare and PDMS decorated nearly spherical and raspberry-like silica NPs were 

synthesized and exploited as efficient nucleation agents in CO2 blown PMMA 

nanocellular foaming. Raspberry-like nanoparticles with a thin PDMS shell exhibit a 

higher nucleation efficiency compared to their nearly spherical counterparts. Multiple 

nucleating events per particle were observed for SiO2-RP NPs with core diameters of 

150 nm and 200 nm. The highest nucleation efficiency obtained was 6.2 for 200SiO2-

RP NPs. In this Chapter it is for the first time that a nucleation efficiency above unity in 
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nanocellular foaming is reported. Eventually, cell coalescence results in a decrease in 

cell density and to an increase in foam cell size. The significantly higher nucleation 

efficiency of the core-shell raspberry-like nanoparticles is attributed to the higher CO2 

absorption by their corresponding PMMA nanocomposites. This results in an increased 

physical blowing agent concentration available for nucleation close to the energetically 

favorable nanocavities as nucleating sites. Hence, PDMS decorated raspberry-like 

nanoparticles are very promising to be used as a new class of highly efficient nucleation 

agents. To increase our understanding of multiple cell nucleation events, future work 

should be directed to the quantification of the relationship between nucleation energy 

barrier and surface cavity structure dimensions, as well to optimization of foaming 

conditions to stabilize the nucleated multiple cells during the early stages of foaming. 

6.4 Materials and methods 

Materials. PMMA was bought from Arkema (VM100, i.e. a PMMA-co-EA polymer, 

ρ = 1.18 g cm-3) (La Garenne-Colombes, France). Ethanol absolute for analysis was 

purchased from Merck (Darmstad, Germany). Absolute Tetrahydrofuran (THF), 2-

propanol 99.8% and chloroform 99.9% were purchased from Biosolve (Valkenswaard, 

the Netherlands). Poly(dimethylsiloxane) monoglycidyl ether terminated (PDMS-G) 

(Mw = 1000 g·mol-1), ammonium hydroxide solution 28 - 30 %, (3-

Aminopropyl)triethoxysilane ≥98% (APTES), Sodium borohydride purum p.a., ≥ 96% 

(gas-volumetric) (NaBH4), Polyvinylpyrrolidone with molecular weight 40,000 g·mol-1 

(PVP40), TEOS Tetraethyl orthosilicate (TEOS) ≥ 99.0% were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Milli-Q water was produced by a Millipore Synergy 

system (Billerica, MA, USA). Unless otherwise mentioned all other chemicals were 

used as received. 

Stöber silica nanoparticles (SiO2) synthesis. SiO2 with a diameter of ~ 80 nm, 120 

nm, ~ 155 nm, ~ 180 nm ~ 200 nm and ~ 310 nm were prepared by the Stöber method. 

To prepare Stöber silica nanoparticles (SiO2) with a diameter of ~ 155 nm, 100 ml 

ethanol was mixed with 8 ml Milli-Q water and 10 ml TEOS in the presence of 5 ml 

ammonium hydroxide while stirring at 500 rpm at 50 °C. After 4.5 hours the obtained 

SiO2 dispersion was centrifuged at 10,000 rpm for 30 min. Subsequently the collected 

SiO2 was redispersed in ethanol and centrifuged again. This washing step was repeated 

2 more times followed by vacuum drying the collected SiO2 nanoparticles at room 

temperature for 12 hours. To prepare Stöber silica nanoparticles (SiO2) with a diameter 

of ~ 80 nm, 168 ml ethanol was mixed with 28 ml Milli-Q water and 30 ml TEOS in the 
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presence of 2 ml ammonium hydroxide while stirring for 1.5 hours at 500 rpm at room 

temperature. To synthesize the ~ 120 nm particles 100 ml ethanol was mixed with 8 ml 

Milli-Q water and 5 ml TEOS in a round bottom flask stirring at 500 rpm and 

subsequently 5 ml of ammonium hydroxide was added and reacted for 3 hours at 50 °C. 

To synthesize the ~ 180 nm particles 100 ml of ethanol was mixed with 8 ml Milli-Q 

water and 10 ml TEOS in the presence of 5.3 ml ammonium hydroxide in a 250 ml 

round bottom flask while stirring at 500 rpm. The reaction was conducted for 4.5 hours 

at 50 °C. To synthesize the ~ 200 nm particles 100 ml of ethanol was mixed with 8 ml 

Milli-Q water and 10 ml TEOS in the presence of 5.6 ml ammonium hydroxide in a 250 

ml round bottom flask while stirring at 500 rpm. The reaction was conducted for 4.5 

hours at 50 °C. To synthesize the ~ 310 nm particles 100 ml ethanol was mixed with 8 

ml Milli-Q water and 10 ml TEOS in a round bottom flask stirring at 500 rpm and 

subsequently 7.0 ml of ammonium hydroxide was added and reacted for 4.5 hours at 50 

°C. The collecting, washing and drying step of nanoparticles were the same as described 

for nanoparticles of ~155 nm. 

Hydrolysis. To introduce silanol groups on the surface of the prepared SiO2 

nanoparticles, the particles were redispersed in Milli-Q water by sonication 

(BRANSON 2510, Canada) for 1 hour. Subsequently, hydrochloric acid was added to 

the dispersion while stirring at 500 rpm until the pH of the solution reached a value of 

approximately 1. After 4 hours the dispersion was centrifuged at 10,000 rpm for 30 min. 

The collected nanoparticles were redispersed in Milli-Q water and centrifuged again. 

This washing step was repeated 2 more times followed by drying the silanol functional 

nanoparticles (SiO2-OH) in vacuum at room temperature for 12 hours.  

APTES modification. 1.5 g SiO2-OH nanoparticles were redispersed in 50 ml ethanol 

followed by the addition of 7.5 ml APTES. The dispersion was left to stir at 500 rpm at 

room temperature for 17 hours. The APTES functionalized nanoparticles (SiO2-NH2) 

were collected by centrifugation at 10,000 rpm for 30 min and redispersed in ethanol 

and centrifuged again. This washing step was repeated 2 more times followed by drying 

the collected SiO2-NH2 nanoparticles in vacuum at room temperature for 12 hours.  

Grafting to of PDMS-G to silica nanoparticles. 1.0 g of SiO2-NH2 nanoparticles 

were redispersed in 20.5 ml THF and 15 g PDMS-G while stirring at 500 rpm for 1 hour 

followed by sonication for 1 hour. Subsequently, THF was removed by rotary 

evaporation and the resulting silica nanoparticle dispersion in PDMS-G was immersed 

in an oil bath thermostated at 80 °C for 17 h. Following cooling to room temperature the 

reaction mixture was washed with THF and centrifuged at 10,000 rpm for 30 min. This 

washing step was repeated 2 more times, followed by vacuum drying the PDMS-G 

grafted silica nanoparticles (SiO2-SP) at room temperature for 12 hours. 
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Synthesis and modification of raspberry-like nanoparticles. To synthesize rough 

surface nanoparticles of ~ 80 nm, 0.3 g Stöber silica nanoparticles of ~ 80 nm and 0.25 

g PVP were redispersed in 10 ml Milli-Q water by sonication for 30 min. Subsequently, 

0.6 g NaBH4 was added to the dispersion while stirring at 500 rpm at room temperature 

for another 30 min. The resulting mixture was reacted at 50 °C for 1 hour and 15 min. 

To synthesize rough surface nanoparticles of ~ 120 nm, 0.3 g Stöber silica nanoparticles 

of ~ 155 nm and 0.25 g PVP were redispersed in 10 ml Milli-Q water by sonication for 

30 min. Subsequently, 0.6 g NaBH4 was added to the dispersion while stirring at 500 

rpm at room temperature for another 30 min. The resulting mixture was reacted at 50 °C 

for 3 hours and 20 min. To synthesize rough surface nanoparticles of ~ 155 nm, 0.3 g 

Stöber silica nanoparticles of ~ 180 nm and 0.25 g PVP were redispersed in 10 ml Milli-

Q water by sonication for 30 min. Subsequently, 0.6 g NaBH4 was added to the 

dispersion while stirring at 500 rpm at room temperature for another 30 min. The 

resulting mixture was reacted at 50 °C for 3 hours and 30 min. To synthesis rough 

surface nanoparticles of ~ 200 nm, 0.3 g Stöber silica nanoparticles of ~ 310 nm and 

0.25 g PVP were redispersed in 10 ml Milli-Q water by sonication for 30 min. 

Subsequently, 0.6 g NaBH4 was added to the solution while stirring at 500 rpm at room 

temperature for another 30 min. The resulting mixture was reacted at 50 °C for 6 hours. 

The prepared rough surface nanoparticles were collected by centrifugation at 10,000 

rpm for 30 min and redispersed in Milli-Q water and centrifuged again. This washing 

step was repeated 2 more times followed by drying the collected nanoparticles in 

vacuum at room temperature for 12 hours. The process of amino-functionalization and 

grafting to of PDMS-G to the rough surface nanoparticles were the same as described 

for the Stöber silica nanoparticles. 

Nanocomposite preparation. Nanocomposites were prepared by dispersing the same 

amount (functional) silica nanoparticles (1.07 x 1013 cm-3) in PMMA with a mini 

extruder (DSM Xplore, the Netherlands). In a typical procedure a dry blend of 

nanoparticles and PMMA was fed to the extruder followed by internal mixing for 3 

minutes. The barrel temperature was set to 155 °C and the screw speed was 100 rpm. 

Subsequently the PMMA nanocomposite was collected and left to cool to room 

temperature.  

Film preparation. A hot press (Fortijne, the Netherlands) was used to press ~ 0.2 

mm thick nanocomposite films in a mold (4 x 3 cm). The press temperature, applied 

load and press time were 180 °C, 250 KN and 10 minutes, respectively.  

Batch foaming of nanocomposite films. The obtained nanocomposite PMMA films 

were saturated with CO2 (55 bar) in an autoclave for 4 hours at room temperature 

followed by rapid depressurization. Subsequently, the PMMA nanocomposite films 
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were immersed in a water bath thermostated at 40 °C for different foaming time (0.3 

second, 1 second, 5 second, 10 second and 30 second) after which the samples were 

quenched in an ice bath for 30 minutes. The samples were left to dry in air for at least 

12 hours prior to further analysis. 

Fourier transform infrared (FTIR) spectroscopy. FTIR spectra were collected with a 

Bruker ALPHA single attenuated total reflection (ATR) FTIR Spectrometer equipped 

with an ATR single reflection crystal (Bruker Optic GmbH, Ettlingen, Germany). The 

spectra were collected in the range of 400-4000 cm-1 (spectral solution of 4 cm-1, 128 

scans). Background spectra were recorded against air. 

Thermo gravimetric analysis (TGA). The weight loss of the (modified) particles as a 

function of temperature was measured with a TGA400 (PerkinElmer, Inc., Waltham, 

MA, USA). A sample weighing ~ 3 to 6 mg was loaded into the platinum pan and the 

temperature was set to 50 °C to stabilize. Subsequently the sample was heated to 900 °C 

at a heating rate of 20 °C min-1. The applied air flow was 20 ml min-1. 

Transmission electron microscopy (TEM). To investigate the core-shell structure of 

the functionalized nanoparticles a FEI/Philips CM300 transmission electron microscope 

(Eindhoven, the Netherlands) was used. Diluted particle dispersions in THF were 

deposited on the carbon side of a carbon/copper grid (HC200-Cu) (EMS, Germany). 

Images were obtained in the bright field mode with a 300 kV acceleration voltage. 

Scanning electron microscopy (SEM). To investigate the morphology of the foamed 

nanocomposite films a high resolution scanning electron microscope (JEOL Field 

Emission JSM-633OF, JEOL Benelux, Nieuw-Vennep, the Netherlands) was used. The 

typically used electron acceleration voltage was 5 keV. Prior to analysis the 

nanocomposite foams were freeze fractured after cooling in liquid nitrogen for 5 

minutes. 

Surface Area measurement for nanoparticles. The specific surface area of the 

nanoparticles was measured from the nitrogen adsorption isotherm obtained at 300 °C 

using an ASAP 2010 Sorptometer (Micromeritics). Around 100 mg nanoparticle 

powder was used for each measurement. 

CO2 absorption measurement. To measure the absorption of CO2 PMMA 

nanocomposite films containing the same amount of the respective nanoparticles were 

saturated in CO2 at 55 bar for 4 hours. The weight of the PMMA (nanocomposite) films 

before and after CO2 saturation were measured. 

Calculation of cell density and nucleation efficiency. The cell size and cell density 

were obtained by analyzing the obtained SEM cross sectional images. Cell density (𝑁𝑣) 

of the foams was calculated according to Kumar's theoretical approximation.69 No direct 
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measurements of cell dimensions over the micrograph are required in this method, only 

the micrograph area (𝐴 ) and the total number of cells (𝑛 ) contained therein are 

measured. Together with the magnification factor of the micrograph (𝑀), 𝑁𝑣  can be 

calculated according to equation 1. 

𝑁𝑣 = [
(𝑛𝑀2)

𝐴
]
3 2⁄

                                                                                              eq.1 

By combining NV with the volume expansion ratio (𝐵) of nanocomposite films after 

foaming, the cell numbers per cm3 of unfoamed materials (𝑁 ) can be calculated 

according to equation 2. 

𝑁 = 𝑁𝑣 ∗ 𝐵                                                                                                     eq.2 

The mentioned cell density in the main text are all refer to 𝑁 . In addition, the 

nucleation efficiency (𝑓 ) of nanoparticles during foaming can be calculated as:  

𝑓 = 𝑁 𝐶⁄                                                                                                           eq.3 

where 𝐶 is the number of nanoparticles per cm3 (i.e., 1.07 x 1013) used for foaming. 
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This Thesis reported our efforts to design and exploit low surface energy CO2-philic 

polymer decorated hybrid nanoparticles as efficient nucleating agents in nanocellular 

batch foaming of polymers. In particular, we demonstrated that line tension and its 

contribution to the nucleation free energy affects the nucleation efficiency of particles 

with a diameter below the line tension length. Meaning that nucleating particles need to 

have a relatively large diameter in order to be highly effective. Eventually, we have shown 

that nucleation efficiencies above unity can be realized for silica nanoparticles with a 

rough surface and a PDMS shell in the CO2 blown foaming of PMMA. Despite the 

attained insights and guiding principles for optimized particle designs challenges remain 

to be solved before nanocellular foams are produced at industrially relevant levels. Here 

I will briefly present and discuss some of these of challenges and potential opportunities.  

7.1 Designer particles 

It is of primary interest to develop new strategies for the fabrication of nanoparticles 

with high nucleation efficiencies and with a particle diameter < 100 nm, because at the 

same weight percentage of particle loading a higher volume number density of potential 

nucleation sites is available when smaller particles are used. Our best performing 

nucleating particle had an increased CO2 absorption during saturation, resulting in the 

presence of larger amounts of blowing agent close the energetically favorable nucleating 

sites, i.e. PDMS grafted nanocavities. However, the synthesis of raspberry like silica 

nanoparticles with a diameter below 120 nm by the etching with NaBH4 (see Chapter 6) 

remains a challenge.1-2 

In an initial attempt to locally increase the amount of CO2 close to the particle surfaces 

we synthesized hollow silica core shell particles.3-5 Their shell consisted of a low surface 

energy fluorinated polymer. However, these hollow nanoparticles turned out to be not as 

effective nucleating agents as expected, which is ascribed to the poor particle dispersion 

in the polymer matrix prior to foaming. In addition their synthesis was rather complex.  

On the contrary PDMS grafted mesoporous silica nanoparticle are expected to be a 

very promising candidate for exploitation as highly efficient nucleation agents in 

nanocellular polymer foaming. This is ascribed to their expected high CO2 absorption in 

their PDMS decorated cavities6-10 as well as the energetically favorable cell nucleation 

from those cavities, resulting in multiple cell nucleation events per particle (see Figure 

7.1). Furthermore, there is no technical/physical limitation considering the fabrication of 

mesoporous silica nanoparticles with diameters below 100 nm. For instance, Kuroda and 

coworkers11 reported the successful synthesis of mesoporous silica nanoparticles with a 
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diameters of approximately 50 nm by using a so called “seed growth” method. For further 

details about the synthesis of mesoporous silica nanoparticles the interested reader is 

directed to the following references: references 12-17. 

 

 

Figure 7.1 PDMS decorated mesoporous silica nanoparticles as heterogeneous nucleation agents 

in CO2 assisted polymer nanocellular foaming. The image of a mesoporous silica nanoparticles is 

from reference [11]. 

It is expected that the grafting of PDMS to mesoporous silica will enhance the 

adsorption of CO2 but moreover decrease the nucleation free energy of its nanocavities 

leading to multiple nucleation events per particle. If the mesoporous inner structure 

allows an even higher amount of CO2 to be “stored” for nucleation and foam cell growth, 

the proper selection of foam cell matrix materials becomes of pivotal importance. 

7.2 Polymer foam matrix materials 

In Chapter 6 we have demonstrated that cell coalescence of neighboring nucleated 

cells on a particle occurs already during the first few seconds of foam expansion. This is 

ascribed to the absence of effective foam cell stabilization mechanisms. In most of the 

Chapters PMMA VM100 was exploited as the polymer foam matrix. The choice for this 

material was based on its known high affinity for CO2 and good foamability.18 In addition, 

we tried other more randomly chosen types of PMMA as well as other polymers, e.g. 

SAN and PC. None of the polymers screened were as good as VM100 in terms of their 

foamability. However, recent reported work confirms that optimization of the polymer 

foam matrix is unambiguously required.19-21 For instance, Tseng and coworkers21 reported 

the successful fabrication of nanocellular PMMA foams with a cell density above 1014 

cells cm-3 and a cell size below 100 nm by using PMMA with a molecular weight (Mn) 

of ~ 81 kDa. For identical foaming conditions different cell sizes and cell densities were 

obtained for PMMA with a Mw of ~ 64 kDa and ~ 58 kDa. To obtain these high cell 
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densities without nucleating agents the typically used saturation pressure and temperature 

were above 100 bar and below 0 °C, respectively. The authors attributed the observed 

variations in foam structure to the differences in viscosities of the expanding CO2 

saturated PMMA. It was assumed by them that the higher viscosity of the PMMA with a 

higher molecular weight resulted in better foam cell stabilization and a decrease in cell 

coalescence.  

In fact preliminary foaming tests with various types of PMMA have already resulted 

in new PMMA candidates for future work. Furthermore, it is expected that increasing the 

melt strength of PMMA, e.g. by branching, results in improved foam cell stabilization as 

well.22  

In addition, the foaming conditions used were revisited and this resulted in some 

promising processing windows as well. Overall it is envisaged that by combining new 

particle designs with improved foam matrix materials high cell density nanocellular 

foams can be obtained by low pressure saturation, i.e. below 60 bar.  

7.3 Bulk production challenges 

The requirement to nucleate a large number of growing foam cells and rapidly vitrify 

them renders currently used foam extrusion processes not applicable for nanocellular 

foaming. For instance common extrusion processes today first melt the polymer at 

temperature above the polymer melting temperature followed by injection of a physical 

blowing agents. Provided that enough physical blowing agents can be absorbed by the 

polymer melt one can imagine that it is hard to rapidly bring down the CO2 saturated 

polymer temperature down to temperatures that would allow the rapid vitrification. For 

PMMA we would run the extruder at approximately 180 °C followed by injection of CO2, 

while the foaming temperature is ~ 40 °C to 100 °C. 

We have identified bead foaming23-25 as a potentially interesting processing route for 

the production of nanocellular polymers. In bead foaming polymer beads, e.g. PMMA 

with nucleating particles, are dispersed in a medium like water while being saturated with 

the blowing agent. Since the polymer beads are small (~ 1 millimeter) gas diffusion and 

saturation are rather fast. Upon a rapid pressure release the beads can be exposed to the 

required foaming temperature rapidly for nucleation and expansion. In this way foaming 

times and temperatures are easy to control. Following expansion of the beads they have 

to be fused together to yield the foamed product. The interested reader is directed to 

references: 23, 26-30. 

Another advantage of bead foaming is its easy shapeability in the final foam product, 

which enables the fabrication of light weight structural parts with large dimensions, 
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complex geometries and a high dimensional accuracy.31 Currently, expanded 

polyethylene (EPE), expanded polypropylene (EPP) and expandable polystyrene (EPS) 

are three commonly used polymers for the fabrication of bead foams in the market.23  

 

 
Figure 7.2 Cross sectional SEM images of PLA bead foams obtained at 6 MPa and 17.2 MPa and 

at various saturation temperatures after 60 min CO2 saturation.24 

As a potential green substitute for EPS foams, polylactide (PLA) bead foams recently 

received increasing attention.24, 30, 32 For instance, Park and coworkers24 reported the 

fabrication of PLA bead foams with expansion ratios of 3 to 30 and average cell sizes 

from 350 nm to 15 μm, as shown in Figure 7.2. The authors demonstrated that the cell 

structure of PLA foams was significantly affected by the CO2 saturation pressure, as well 

as by the amount of perfected crystals that were generated during CO2 saturation. Despite 

the relatively poor nanocellular PLA foams obtained (see Figure 7.2) the work by Park 

and coworkers indicates that bead foaming is promising for the bulk production of 

nanocellular polymer foams. In addition it is expected that the utilization of our designer 

nanoparticles with high nucleation efficiencies will further increase the cell density of the 

prepared foams while cell sizes are reduced.  
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7.4 Nanocellular foam thermal conductivity measurements 

During the last months of this Thesis work, a thermal conductivity meter was 

constructed. Figure 7.3 shows a schematic of the build thermal conductivity meter.33 The 

device consists of a heating plate and a cooling plate that are maintained at a constant 

temperature. Between two sample slabs, a heat flow meter is present to monitor the heat 

flux and temperature in the middle of the sample sandwich. By this device, the thermal 

conductivity of relatively small samples, i.e 6 × 6 cm, can be determined.  

The PMMA nanocomposite foams presented in this Thesis were about 1 x 1 cm2 and 

their thickness was in the order of 0.4 millimeter. These dimensions did not allow us to 

determine the thermal conductivity of the foams experimentally. Attempts to increase the 

foam sample dimensions to 6 × 6 cm2 were successful. Unfortunately, the samples were 

not flat foam sheets. This rendered the home build thermal conductivity meter useless. 

Future work should be directed to obtain flat foam sheets. For instance by constraining 

foam expansion in a mold. First attempts were promising, but not good enough. The 

balance between mold volume and PMMA unfoamed film needs more attention. 

Eventually, it is our aim to establish thermal conductivity foam morphology structure-

property relationships. 

 

 
Figure 7.3 Schematic illustration of the setup build for measuring the thermal conductivity of the 

prepared polymer foams. T1 and T2 represent temperature sensors. 
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Figure 7.4 Estimation of the thermal conductivity of PMMA and polystyrene nanocomposite foams 

(obtained at 55 bar). This image was adapted from reference [34]. 

Figure 7.4 shows the thermal conductivity as a function of the foam density for 

PMMA foams with various cell sizes according to a model developed and reported by 

Sonntag and coworkers.34 The green and blue dots represent the calculated thermal 

conductivity of some of our PMMA and polystyrene (PS) nanocomposite foams, 

respectively. From Figure 7.4 it is clear that the estimated thermal conductivity of PMMA 

foams containing 200SiO2-RP particles is around 18 mW m-1 K-1, which is already lower 

compared to the conventional polymer foams on the market today. In addition, the 

obtained PS nanocomposite foam with a lower foam density and a larger cell size has a 

thermal conductivity of ~ 22 mW m-1 K-1, which is significantly lower compared to 

conventional PS based foams. Based on these results, it is not difficult to imagine that a 

decrease in both cell size and foam density are of pivotal importance to fabricate polymer 

nanocellular foams with high thermal insulation. We believe that with designer NPs like 

ours and different foam matrixes a new generation of commercially viable thermal 

insulation materials is within reach.  
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Summary 

Low density nanocellular polymer nanocomposite foams are considered as a 

promising new class of materials with many potential applications, for instance, in high 

performance thermal insulation. Nanoparticles in these foams act as energetically 

favorable heterogeneous nucleation sites. However, the currently reported cell nucleation 

efficiency in polymer nanocomposite foaming is very low, i.e. below 0.01. This results in 

foams with relatively low cell densities. In this Thesis the design and synthesis of surface 

functionalized nanoparticles and their exploitation as highly efficient cell nucleation 

agents in CO2 assisted polymer nanocellular foaming is presented and discussed. 

Poly(methyl methacrylate) (PMMA) was selected as the foam matrix polymer due to its 

reported potential for the fabrication of nanocellular foams with a high porosity. As a 

comparison, polystyrene (PS) was used, as well. The influence of nanoparticles size, 

surface chemistry and surface texture on foam cell nucleation are discussed in detail. The 

investigation of interfacial interactions between individual nanoparticle and CO2 swollen 

polymer matrix is presented as well. Decoration of silica nanoparticles with a low surface 

energy and high CO2-philic thin polymer shell, e.g. PDMS, is found to be an efficient 

strategy to increase the nucleation efficiency of silica nanoparticles. The low surface 

energy and relatively high CO2 sorption in the PDMS shell is favorable for heterogeneous 

nucleation and as a consequence these particles outperform every currently known 

nanoparticles as heterogeneous nucleation sites. 

In Chapter 1, a short introduction to the topics, the motivation and an overview of 

the work described in this Thesis are presented. 

A literature review concerning the general topics discussed in this Thesis is described 

in Chapter 2. Emphasis is on CO2 based foaming strategies, limitations and challenges 

of heterogeneous nucleation in polymer foaming and thermal insulation performance of 

nanocellular polymer foams. In addition, the synthesis and subsequent surface 

derivatization strategies for silica nanoparticles are elucidated, as well. 

Chapter 3 describes the synthesis of hybrid silica polymer core-shell nanoparticles 

and their exploration as highly efficient nucleation agents in CO2 batch foaming of PS 

and PMMA. Silica nanoparticles with a diameter of 80 nm were synthesized and surface 
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grafted with PS, Fluorolink E10 and poly(dimethylsiloxane) (PDMS). Following melt 

blending of the prepared nanoparticles with PS and PMMA, batch foaming was used to 

produce nanocomposite foams. The results emphases that proper selection of the polymer 

grafts, e.g. PDMS, results in achieving nucleation efficiencies of up to approximately 0.5 

(i.e. 1 foam cell per 2 particles on average). 

In Chapter 4, the influence of nanoparticle curvature on cell nucleation is described. 

Bare and PDMS grafted nanoparticles with (core) diameter from 12 nm to 120 nm were 

synthesized and used as heterogeneous nucleation agents in CO2 batch foaming of PMMA. 

The results show that nanoparticles with a diameter below 40 nm were less efficient as 

nucleation agents compared to particles with a diameter of 60 nm or larger. This is 

ascribed to the presence of a line tension at the three phase contact line of a nucleated 

bubble with the nanoparticle and viscoelastic polymer. The line tension contributes to a 

higher nucleation energy and thus renders these particles less efficient compared to their 

larger counter parts. This extra energy penalty is not considered in the classical nucleation 

theory and its adaptations. Experimentally the presence of a positive line tension was 

confirmed by the absence of the smallest nanoparticles (diameter < 40 nm) at the polymer 

cell wall gas phase interface, i.e. the particles were engulfed by the polymer. Particularly 

interesting is the fact that when the CO2 saturation pressure was increased from 55 bar to 

300 bar, which resulted in an increase CO2 concentration in the PMMA matrix, 60 and 

80 nanometer particles were also nearly completed engulfed. This is ascribed to an 

expected increase in the line tension length. As a consequence of this effect, in 

combination with an increased homogenous nucleation rate the heterogeneous nucleation 

efficiency was low. The results emphasize the need for the development of new particle 

designs that are expected to further enhance the nucleation efficiency of nanoparticles in 

polymer nanocellular foaming. 

In Chapter 5, the quasi 2D foaming mimicking experiments confirms the results as 

described in Chapter 4. More importantly it is demonstrated that the position of particles 

existing at the gas viscoelastic polymer interface is strongly size-dependent. The 

embedding of nanoparticles in CO2 swollen PMMA films exhibits a double transition 

upon reducing particle size, from adhesion to wetting and eventually to engulfment. 

Complete particle engulfment is observed for nanoparticles with a diameter of 

approximately 12 nm or less. These findings are explained quantitatively by a 

thermodynamic analysis, combining elasticity, capillary adhesion and line tension. 

To further enhance the cell nucleation efficiency of nanoparticles, In Chapter 6, 

PDMS decorated core-shell raspberry-like nanoparticles were synthesized and exploited 

as nucleation agents in PMMA nanocellular foaming. With these particles we report for 

the first time that a cell nucleation efficiency of above 1 was achieved. The highest 

nucleation efficiency obtained was ~ 6.2 for PDMS decorated raspberry-like 

nanoparticles with a silica core of ~ 200 nm, which is approximately 40 times higher 
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compared to that of a pristine nearly spherical silica nanoparticle with a similar diameter. 

The unusual high nucleation efficiency of these nanoparticles is ascribed to CO2 capillary 

condensation in the surface cavities combined with the known favorable nanocavity 

nucleation energy. Hence the results show that PDMS decorated raspberry-like 

nanoparticles are very promising to be used as a new class of highly efficient nucleation 

agents.  

Following the experimental work as described in the previous Chapters, Chapter 7 

provides an outlook concerning new particle designs (e.g. PDMS decorated mesoporous 

particles), optimization of polymer foam matrix and foaming strategies, as well as for the 

measurement of the thermal insulation properties of nanocellular polymer foams. 

Overall, in this Thesis, nanoparticles with specifically designed surfaces were 

synthesized and exploited as highly efficient nucleation agents in CO2 assisted 

nanocellular polymer foaming. The obtained fundamental insights into heterogeneous 

cell nucleation at the nanometer length scale offers a framework for the design of highly 

efficient nucleation agents in the relevant foam processing windows. Future work on 

these particles is expected to result in foams with a desired cell density and cell size, 

especially when these nanoparticles are combined with different polymer matrixes that 

allow i) a good foam cell nucleation and ii) vitrification of the foam matrix at a time scale 

fast enough so that cell coalescence is prevented. 
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Samenvatting 

Lage dichtheid nanocellulaire nanocomposiete polymeerschuimen worden 

beschouwd als een veelbelovende nieuwe klasse van materialen met vele mogelijke 

toepassingen, bijvoorbeeld als zeer efficiënte thermische isolatiematerialen. Nanodeeltjes 

toegevoegd aan de polymeren alvorens deze te schuimen dienen als energetisch gunstige 

heterogene nucleatie punten voor schuimvorming. De huidige nucleatie efficiëntie in 

schuimprocessen voor nanocomposiete polymeren is lager dan 0.01. Het resultaat is een 

schuim met een relatief lage schuimcel dichtheid. In dit proefschrift worden het ontwerp 

en de synthese van oppervlakte gemodificeerde nanodeeltjes en de toepassing daarvan als 

zeer efficiënte schuimcel nucleatie middelen in CO2 geblazen nanocellulaire schuimen 

gepresenteerd en bediscussieerd.  

Poly(methylmethacrylaat) (PMMA) was geselecteerd als de schuimmatrix vanwege 

het eerder gerapporteerde potentieel voor de fabricage van nanocellulaire schuimen met 

een hoge porositeit voor dit polymeer. Daarnaast werd polystyreen (PS) ook gebruikt. De 

invloed van nanodeeltje diameter, oppervlakte chemie en oppervlakte textuur op 

schuimcel nucleatie worden in detail besproken. Het onderzoek naar de invloed van 

grensvlak interacties tussen een individueel nanodeeltje en de CO2 gezwollen polymeer 

matrix wordt ook beschreven. Het modificeren van silica nanodeeltjes met een lage 

oppervlakte energie, dunne polymeerschil met een hoge affiniteit voor CO2, zoals 

bijvoorbeeld van poly(dimethylsiloxaan) (PDMS), is een doeltreffende strategie gebleken 

om de nucleatie efficiëntie van silica nanodeeltjes te verhogen. De lage oppervlakte 

energie en relatief hoge CO2 opname in de PDMS schil is gunstig voor heterogene 

nucleatie en als gevolg daarvan functioneren deze deeltjes beter dan de huidige bekende 

nanodeeltjes welke gebruikt worden als heterogene nucleatie punten.  

In Hoofdstuk 1 wordt een korte introductie tot de onderwerpen, de motivatie en een 

overzicht van het werk beschreven in dit proefschrift gegeven. 

Een literatuur overzicht betreffende de onderwerpen besproken in dit proefschrift 

wordt gegeven in Hoofdstuk 2. De nadruk ligt op CO2-gebaseerde schuimstrategieën, 

beperkingen en uitdagingen van heterogene nucleatie in polymeer schuimprocessen en de 

thermische isolatieprestaties van nanocellulaire polymeerschuimen. Daarnaast worden de 



Samenvatting 

166 

synthese en de daaropvolgende oppervlakte modificatie strategieën voor silica 

nanodeeltjes toegelicht. 

Hoofdstuk 3 beschrijft de synthese van hybride silica kern-schil nanodeeltjes en het 

exploratieve gebruik daarvan als zeer efficiënte nucleatiemiddelen in CO2 batch 

schuimprocessen van PS en PMMA. Silica nanodeeltjes met een diameter van 80 nm 

werden gesynthetiseerd en oppervlakte gemodificeerd met PS, Fluorolink E10 en PDMS. 

Na het mengen van de bereide nanodeeltjes met PS en PMMA in de smelt werd een batch 

schuimproces gebruikt om nanocomposiete schuimen te produceren. De resultaten 

benadrukken dat een juiste selectie van de polymeerschil, b.v. PDMS, resulteert in het 

bereiken van een nucleatie-efficiëntie van maximaal ongeveer 0,5 (dat wil zeggen 

gemiddeld 1 gevormde schuimcel per 2 toegevoegde deeltjes). 

In Hoofdstuk 4 wordt de invloed van nanodeeltjekromming op schuimcel nucleatie 

beschreven. PDMS gemodificeerde en ongemodificeerde nanodeeltjes met een 

(kern)diameter van 12 nm tot 120 nm werden gesynthetiseerd en gebruikt als heterogene 

nucleatiemiddelen voor het CO2 batchschuimen van PMMA. Uit de resultaten blijkt dat 

nanodeeltjes met een diameter onder de 40 nm minder efficiënt waren vergeleken met 

nucleatiemiddelen met een diameter van 60 nm of groter. Dit wordt toegeschreven aan de 

aanwezigheid van een lijnspanning op de driefase-contactlijn van een nucleërende 

schuimcel met het nanodeeltje en het viscoelastische polymeer. De lijnspanning draagt 

bij aan een hogere nucleatie energie en maakt deze deeltjes minder efficiënt in 

vergelijking met de grotere deeltjes. Deze extra benodigde energie wordt niet beschouwd 

in de klassieke nucleatie theorie of in de aanpassingen daarop. Experimenteel werd de 

aanwezigheid van een positieve lijnspanning bevestigd door de afwezigheid van de 

kleinste nanodeeltjes (diameter <40 nm) op het grensvlak van de schuimcel met de 

polymeercelwand, d.w.z. de deeltjes werden volledig door het polymeer omgeven. 

Bijzonder interessant is het feit dat wanneer de CO2-verzadigingsdruk werd verhoogd van 

55 bar tot 300 bar, wat resulteerde in een toename van de CO2 concentratie in de PMMA-

matrix, de 60 en 80 nanometer deeltjes ook bijna volledig in de polymeer celwand waren 

opgenomen. Dit is toe te schrijven aan een verwachte toename van de lijnspanningslengte. 

Als gevolg van dit effect, in combinatie met een verhoogde homogene nucleatie snelheid, 

was de heterogene nucleatie-efficiëntie van de nanodeeltjes bij deze schuimdrukken laag. 

De verkregen resultaten benadrukken de noodzaak voor de ontwikkeling van nieuwe 

deeltje stypen die naar verwachting de nucleatie efficiëntie van nanodeeltjes in 

nanocellulaire schuimprocessen verder zullen verhogen. 

In Hoofdstuk 5 bevestigen de quasi 2D model schuimproces experimenten de 

resultaten zoals beschreven in Hoofdstuk 4. Belangrijker nog is dat werd aangetoond dat 

de positie van deeltjes aanwezig aan het grensvlak tussen gas en viscoelastisch polymeer 

sterk afhankelijk is van de deeltjes diameter. De inbedding van nanodeeltjes in CO2-

gezwollen PMMA-films vertoont een dubbele overgang bij het verminderen van de 
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deeltjesgrootte, namelijk van adhesie tot bevochtiging en uiteindelijk tot volledige 

inbedding in de matrix. Volledige deeltjesopname door het polymeer wordt waargenomen 

voor nanodeeltjes met een diameter van ongeveer 12 nm of minder. Deze bevindingen 

worden kwantitatief verklaard door een thermodynamische analyse, die de elasticiteit, de 

capillaire adhesie en de lijnspanning combineert.  

Om de nucleatie efficiente van nanodeeltjes verder te verbeteren werden in 

Hoofdstuk 6, PDMS versierde kern-schil ‘framboosachtige’ nanodeeltjes 

gesynthetiseerd en gebruikt als nucleatiemiddelen voor PMMA nanocellulaire 

schuimvorming. Met deze deeltjes werd voor het eerst een nucleatie efficiëntie van boven 

de 1 bereikt en gerapporteerd. De hoogste nucleatie efficiëntie verkregen was ~6,2 voor 

PDMS gemodificeerde ‘framboosachtige’ nanodeeltjes met een silica kern van ~200 nm. 

Deze efficiënte is ongeveer 40 keer hoger dan die van een ongemodificeerd nagenoeg 

rond silica nanodeeltje met een vergelijkbare diameter. De ongebruikelijke hoge nucleatie 

efficiëntie van deze nanodeeltjes wordt toegeschreven aan capillaire condensatie van CO2 

in de oppervlakte caviteiten, gecombineerd met de bekende gunstige nucleatie-energie 

voor schuimcel vorming in nanocaviteiten. Uit de resultaten blijkt dat PDMS 

gemodificeerde ‘framboosachtige’ nanodeeltjes veelbelovend zijn om te worden gebruikt 

als een nieuwe klasse van zeer efficiënte schuim nucleatiemiddelen. 

Op basis van het experimentele werk beschreven in de voorgaande hoofdstukken, 

geeft Hoofdstuk 7 een perspectief voor nieuwe deeltjesontwerpen (bijvoorbeeld PDMS 

gemodificeerde mesoporeuze deeltjes), de optimalisatie van de polymeer schuimmatrix 

en schuimstrategieën, evenals voor de meting van thermische isolatie-eigenschappen van 

nanocellulaire polymeerschuimen. 

Samengevat werden in dit proefschrift nanodeeltjes met specifiek ontworpen 

oppervlakken gesynthetiseerd en benut als zeer efficiënte nucleatiemiddelen in CO2-

gebaseerde nanocellulaire polymeer schuimprocessen. De verkregen fundamentele 

inzichten in heterogene celnucleatie op de nanometer lengteschaal bieden een kader voor 

het ontwerpen van zeer efficiënte nucleatiemiddelen toe te passen binnen de relevante 

schuimverwerkingsparameters. Toekomstige werkzaamheden ten aanzien van deze 

deeltjes zullen naar verwachting resulteren in schuimen met een gewenste celdichtheid 

en celgrootte, vooral wanneer deze nanodeeltjes worden gecombineerd met verschillende 

polymeermatrixen die i) een goede schuimcelnucleatie mogelijk maken en ii) snel genoeg 

vitrificieren zodat cel coalescentie wordt voorkomen.
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