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A B S T R A C T   

Owing to its applications in various fields, such as biomedical, microelectronics, sensors, and polymer com
posites, polymer nanoconfinement is a widely studied topic. This confinement changes the configuration of 
molecules compared with those of solids, which, in the case of polymeric films, decreases the glass transition 
temperature and mechanical properties of the polymer. In this study, nanostructured polymethylmethacrylate, 
presenting three-dimensional nanoscale confinement were evaluated using amplitude modulation–frequency 
modulation atomic force microscopy for the first time. The Young’s moduli and loss tangents were measured, and 
the results suggest that for cells smaller than approximately 39 nm, the Young’s modulus of the 3-D confined 
polymer enhances that of the raw solid owing to reduced molecular mobility. This research shows that the 
molecular mobility was reduced because polymer chains were confined within three-dimensional space.   

1. Introduction 

1.1. Confinement in polymers 

Polymer nanoconfinement has been widely studied because of not 
only the inherent fundamental science associated with this phenomenon 
but also the technological implications arising from the use of ultrathin 
polymeric films in various applications. Such structures are used in 
biomedical applications, including tissue engineering, wound dressings, 
and biological membranes [1], and fields, such as microelectronics, 
sensors, and polymeric composites [2–5]. 

Polymer nanoconfinement induces molecular changes by altering the 
molecular mobility and dynamics, interchain entanglements, and even 
the way stress is transferred between chains compared with those in the 
same polymer in its bulk state [6]. Such changes strongly affect polymer 
film macroscopic properties, such as the glass transition temperature 
(Tg) and mechanical properties [1,7,8]. Therefore, the understanding 
and control of this confinement is key from a scientific and technological 
perspective. 

In the last few years, considerable effort has been made to study 
changes in the glass transition temperature (Tg) and relate them to 
changes in the molecular dynamics of nanoconfined polymers. The 

magnitude of these changes has been both experimentally measured and 
theoretically modeled for thin films [9]. Multiple studies have shown 
that Tg is affected by several variables. For instance, Tg depends on the 
presence or absence of a substrate or the interaction between the poly
mer and substrate [10]. Additionally, for some ultrathin films, Tg in
creases when the thickness reduces in the presence of a specific substrate 
exhibiting a strong attractive polymer–substrate interaction [11]. 
However, Tg usually decreases when the film thickness is reduced, which 
has always been true for freestanding films [8,12–15]. 

The mechanical properties of such confined structures, on the other 
hand, have also been investigated. For example, Stafford et al. used 
buckling-based metrology to measure the elastic moduli of polystyrene 
(PS), polymethylmethacrylate (PMMA), and polydimethylsiloxane 
(PDMS) films ranging from 5 to 200 nm thick and found that when the 
thickness decreased, the elastic modulus drastically decreased, espe
cially compared with that of the bulk [15]. Yiu et al. used dynamic 
mechanical analysis to measure the stress–strain curves of freestanding 
PS and PS–PDMS films ranging from 8 to 130 nm thick and found that 
the Young’s modulus decreased with decreasing film thickness, espe
cially at low strain rates [16]. Moreover, PS thin films have shown the 
same trend using thermal stress techniques, surface wrinkling, and 
molecular dynamics simulations [17–20]. However, some studies using 
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nanoindentation and bubble inflation rheometry to measure thin films 
have revealed that mechanical properties improved with decreasing the 
film thickness [13,21,22]. For nanoindentations, the enhanced me
chanical properties have been attributed to the contact stress generated 
at the probe–polymer interface and the interaction with a much harder 
substrate and not to the film itself [23]. For bubble inflation rheometry, 
on the other hand, the origin of the enhanced mechanical properties 
remains unclear and has been attributed to the measurement hetero
geneity. Therefore, previous studies have shown that Tg and mechanical 
properties usually both decrease when polymer are nanoconfined in the 
form of a film. 

Although some works relate changes in Tg of films to changes in 
molecular dynamics, multiple works have proven that this is only true 
for the bulk polymer but in films measurements regarding Tg and mo
lecular mobility are decoupled [24]. However, it seems that in the case 
of mechanical properties changes can be related to changes in molecular 
dynamics. A previous study has shown that, unlike polymer chains in 
bulk materials, those within films are not spherically symmetric but are 
stretched in the plane and exhibit fewer intermolecular interactions 
[25]. Additionally, near the material surface, polymeric chains are less 
intertangled than they are in the bulk, which increases their mobility 
near free surfaces [26,27]. Thus, as the polymer film thickness de
creases, more polymer chains lie on the free surface, which increases the 
chain mobility of the entire structure and decreases the mechanical 
properties which is undesirable in many of the previously mentioned 
applications. 

The determination of the mechanical properties of nanoconfined 
polymers, on the other hand, is not easy. For this objective, atomic force 
microscopy (AFM) has evolved remarkably during the last decade. One 
of the most extended techniques for measuring the mechanical proper
ties of nanoconfined polymers is nanoindentation, which enables poly
mer elastic moduli to be measured fully with nanometric resolution. 
However, this technique exhibits strong tip–sample interactions, which 
hinders the isolation of the sample information [23]. Although dual 
alternating current (AC) resonance tracking (DART) exploits both 
cantilever flexural modes to enable measurements to be made in the 
tapping mode [28], the amplitude modulation in both modes does not 
enable AFM measured quantities (e.g., amplitudes and phases) to be 
linked directly to material viscoelastic properties, including the Young’s 
modulus. The introduction of amplitude modulation–frequency modu
lation atomic force microscopy (AM–FM AFM) enables material 

information about dissipation and complex Young’s moduli to be 
measured directly and rapidly. To the best of our knowledge, AM–FM 
AFM has only been previously applied to measure viscoelastic properties 
of bulk polymers, polymer blends, and soft matter in studies by Garcia 
et al. [29–31]. To date, the application of AM–FM AFM to nanoconfined 
polymers, especially those in 3D nanoporous structures, remains unex
plored, and it is described along this study. 

1.2. Nanocellular polymers 

In this study, three-dimensional (3D) porous structures (nanocellular 
polymers) were produced, and their mechanical properties were 
measured at the nanoscale using AM–FM AFM. 

Cellular polymers are biphasic materials comprising a gaseous phase 
dispersed in a continuous polymeric matrix. When the gaseous phase, i. 
e., pores or cells, is at the nanoscale, cellular polymers are classified as 
nanocellular polymers (Fig. 1) [32,33]. As shown in Fig. 1b and c, cell 
sizes in the nanometric range imply that the solid phase is also within 
the nanometric scale. Polymeric chains are organized inside cell walls of 
a certain area and thickness (ξ) much smaller than the cell size (ϕ)
(Fig. 1e and f). Cellular polymers can be understood as an entire set of 
self-standing films placed in a 3D structure, wherein the film area is the 
surface area of the cell wall (Fig. 1d) and the film thickness is the cell 
wall thickness (Fig. 1e). The characteristics of the nanocellular materials 
used in this study are described in the Results section. 

The results of this study show that the confinement of the polymer 
within the 3D nanoporous structure increases the Young’s modulus of 
the solid compared with that of the solid polymer used to produce the 
nanocellular material and reduces the loss tangent because of hindering 
of the molecular mobility. 

2. Results 

2.1. Nanocellular materials 

In this study, polymethylmethacrylate (PMMA)-based nanocellular 
materials were used. As-supplied PMMA pellets were compression- 
molded to produce 4 mm thick solid sheets (see the details in the Ma
terials and Methods section), which were then used to produce cellular 
materials through gas-dissolution foaming. Herein, “solid phase” and 
“solid PMMA” refer to the polymeric phase in the cellular material and 
“raw polymer” and “bulk PMMA” refer to the PMMA before the cellular 

Fig. 1. a) Scanning electron microscopy (SEM) image of nanocellular polymer. b) Magnified structural image of single cell. c) Schematic of single 3D tetrakaide
cahedral cell. Schematics showing d) x–y and e) z–y planes of cell wall and f) cell wall of nanocellular material comprising internal polymer chains. 
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structure was produced. 
The properties of the cellular materials used in this study are pre

sented in Table 1. A set of cellular materials exhibiting similar cell sizes 
(approximately 200 nm) and different relative densities ranging from 
0.47 to 0.26 was selected (“A” samples). A second set of cellular mate
rials exhibiting different cell sizes ranging from 217 to 14 nm was used 
(“B” samples). The relative density (ρr), cell size (ϕ), standard deviation 
of the cell size (SD), cell nucleation density (N0), theoretical cell-wall 
thickness (ξ) and open cell content (OC) of the materials are also lis
ted in Table 1. The material characteristics were measured as indicated 
in the Materials and Methods section. 

“A” samples were produced using gas-dissolution foaming with 
saturation parameters of 31 MPa and 24 ◦C and foaming temperatures 
and times ranging from 40 ◦C to 110 ◦C and between 1 and 5 min, 
respectively. A detailed description of the production method can be 
found elsewhere in the literature [34]. 

“B” samples were produced using different process parameters. B1 is 
the mean values of the A-samples. B2 was produced using cyclic gas- 
dissolution foaming, wherein the saturation conditions of the first and 
second cycles were 20 and 31 MPa and − 32 ◦C and 24 ◦C and foaming 
was conducted at 60 ◦C and 80 ◦C for 1 min, respectively. All the sample 
preparation details are described in a previous study [35]. Finally, 
samples B3–B5 were produced using saturation pressures of 6, 10, and 
20 MPa, respectively, a saturation temperature of − 32 ◦C, and a foaming 
temperature and time of 60 ◦C and 1 min, respectively. The production 
method is described in detail elsewhere in the literature [36]. 

For the A samples, the relative density changed the most markedly 
while the cell size remained almost constant. For the B samples, on the 
other hand, the cell size changed the most remarkably. The effects of 
these changes on the other cellular material parameters is important for 
this study. For the A materials, the reduced relative density clearly in
creases the OC content as ρr decreases. For the B materials, the reduced 
cell size increases the cell nucleation density and decreases the cell-wall 
thickness. Thus, cell sizes around 200 nm present N0 around 1014nuclei/
cm3 and cell wall thickness between 60–100 nm and cell sizes around 14 
nm led to 1016nuclei/cm3 and 7 nm cell wall thicknesses. This evolution 
of the cell wall thickness with the reduction of cell size is also appre
ciable to a lesser extent for A-samples, and it will be really important to 
understand the mechanical response of the studied samples. 

2.2. AM–FM measurements 

AM–FM, with a resolution of at least 10 nm, was used to image the 
samples (Fig. 2b and e) and calculate the loss tangent and measure the 
Young’s modulus locally (Fig. 2c and f) (see the details in the Materials 
and Methods section). 

In addition to the AFM image, the loss tangent (tanδ) was obtained 
using the conventional AFM tapping mode for each sample. Because the 
loss tangent is the dissipated-to-stored power ratio, it is affected by other 
forces and dissipative processes involved in the tip–sample interaction. 
Therefore, obtained loss tangents represent an upper bound for the 
actual material loss tangent. 

The Young’s modulus, on the other hand, was measured using the 
AM–FM mode by relying on the use of two tip resonant modes simul
taneously. For each sample, the Young’s modulus was obtained by 
assuming a Hertz punch model interaction [29], and the Young’s 
modulus of raw PMMA (3.7 GPa) was used as a reference (see the Ma
terials and Methods section for additional details). 

Three images per sample, at different length scale, were obtained at 
3 × 3, 1.5 × 1.5, and 0.5 × 0.5 µm2. The maximum and mean Young’s 
moduli and mean loss tangent were extracted from each image, taking 
particular attention to possible experimental artifacts. Finally, the ob
tained values were divided by corresponding values for raw PMMA to 
obtain the specific Young’s modulus (Er) and specific maximum Young’s 
modulus (Ermax ).

2.3. Young’s moduli for solid phase at scale of hundreds of nanometers: 
Influence of density on Young’s modulus 

The A samples were selected to study the mechanical response of the 
solid phase within a porous structure comprising approximately 200 nm 
cells and cell-wall thicknesses ranging from 60 to 100 nm. The influence 
of the relative density on the Young’s modulus can be studied for these 
samples. In particular, the A samples present cell sizes between 184 and 
234 nm, cell-wall thicknesses from 57 to 120 nm (Table 1), and a range 
of relative densities from 0.26 to 0.47. 

The mean and maximum specific Young’s moduli of the solid phase 
are plotted as functions of the relative density in Fig. 3. The magnitudes 
of both exhibit a similar behavior, i.e., the lowest-density samples 

Table 1 
Characteristics of nanocellular materials used in this study [34–36].  
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present very similar Young’s moduli. However, with increasing relative 
density >0.3, the Young’s modulus rises. The highest-density samples 
(ρr> 0.35) present local maxima higher than those measured for the 
solid PMMA sheet polymer. However, for all the samples, the mean 
value is <1, meaning that compared with the raw PMMA, the solid phase 
in the cellular material presents a reduced E value. 

The observed changes in the relative density are triggered by changes 

in the gas-phase concentration, both the cell size and number (i.e., cell 
nucleation density) (Table 1). Additionally, such changes in the gaseous 
phase imply some important structural changes in the solid phase. To 
elucidate the Young’s modulus evolution, the dependence of the 
Young’s modulus was studied for parameters defining both gaseous and 
solid phase. As shown in Fig. 3, because the Ermax trend is more pro
nounced, the magnitude of Ermax was studied. 

Fig. 2. a, d) Scanning Electron Microscopy (SEM) micrographs; b, e) Atomic Force Microscopy (AFM) images; and c, f) Young’s modulus maps of samples B1 and B3, 
respectively. 

Fig. 3. Mean and maximum specific Young’s moduli plotted as functions of relative density.  
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Fig. 4 shows Ermax plotted as functions of the cell size, cell nucleation 
density, theoretical cell-wall thickness, and OC. In addition, the blue 
intensity indicates the relative density magnitude; i.e., the darker the 
color, the higher the density. 

Notably, above a threshold value for all the magnitudes, the relative 
Young’s modulus slightly increases. Fig. 4.a shows how samples 
comprising small cells usually exhibited both the highest density 
(darkest color) and the best mechanical performance. However, the 
sample with the smallest cells (A3) still exhibited a high Young’s 
modulus although the relative density is not the highest one and cell 
nucleation density is relatively low. Although the Young’s moduli only 
slightly changed, the obtained results may indicate that the cell size is an 
important parameter to consider. 

For the solid phase, the dependence of the Young’s modulus on both 
ξ and OC is shown in Fig. 4c and d, respectively. The lowest-density 
samples exhibited the highest OC and thinnest cell walls. Although the 
samples presenting a completely open structure exhibited cell walls 
thicker than 100 nm, the highest-density samples presenting an almost- 
closed structure exhibited much thinner (up to 60 nm) cell walls 
(Table 1). The increase in the Young’s modulus with the decreasing OC, 
suggests that thinner cell walls could improve mechanical properties. 
These changes in the solid phase may affect the molecular configuration 
and, therefore, mechanical properties of the solid phase. However, 
because the observed trends are subtle, samples exhibiting much 
different structures were studied for a much more in-depth analysis. 

Therefore, the introduction of the solid phase within approximately 
100 nm thick cell walls negligibly changed the Young’s modulus 
compared with those of cellular materials exhibiting thicker cell walls. 
In addition, the mean mechanical responses were worse than those of 
corresponding bulk materials. 

2.4. Young’s moduli for solid phases at scale of tens of nanometers 

For the B samples, the Young’s modulus 3D maps (Methods section 
for further details) are shown in Fig. 5. 

Clearly, the dynamic range of the Young’s modulus color scale 
changes with decreasing cell size. To obtain 3D maps comprising a 
similar color range, the scale maximum must be increased from 2.8 to 18 
GPa for approximately 200 and 14 nm cells, respectively. To quantify 
these changes, the maximum and mean specific Young’s moduli are 
plotted as functions of the cell size (Fig. 6). 

Obviously, the magnitudes of both suddenly increased with 
decreasing cell size, suggesting that there exists a cell size threshold 
below 100 nm for which the Young’s modulus of the solid phase in
creases sharply and considerably surpasses that of bulk polymer. For 
cells smaller than 50 nm, not only the local Young’s moduli are above 
that of the bulk polymer but also the mean Young’s modulus of the solid 
phase indicates that the polymer within the cellular structure performs 
better than the bulk. Thus, for the sample comprising 14 nm cells, E is 
more than three times higher than that of the solid, and the local 
maximum E values are almost five times higher than the maximum E of 
the raw polymer. 

The reduction of the cell size reduces the cell-wall thickness of the 
cellular material, meaning that the polymer chains are forced to order 
within less space as the cells become smaller. According to previously 
published studies, molecular chains confined within thin films increase 
the molecular mobility and reduce the Young’s modulus [20]. There
fore, to study the molecular mobility within the structure in this study, 
the loss tangent was measured and is plotted as a function of the cell size 
in Fig. 7a. 

Fig. 7a shows that the reduction of the cell size reduced the loss 
tangent. As described in section 4.2.4 this measurement was carried out 
at room temperature. The loss tangent can be associated to some 
relaxation process or the molecular mobility of polymeric chains. Since 

Fig. 4. Maximum specific Young’s modulus plotted as functions of a) cell size, b) cell nucleation density, c) cell-wall thickness, and d) open cell content. Color 
intensity indicates magnitude of relative density, wherein darkest color corresponds to highest relative density. 
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PMMA do not present any relaxation process at room temperature (see 
Figure S1 in Supporting Information), a higher tanδ is associated to a 
higher mobility, meaning that in these structures, unlike in 2D films, the 
reduction of the cell size reduced the molecular mobility. As shown in 
Fig. 7b, the lower the tangent, the higher the Ermax value, suggesting that 
lower molecular mobilities stiffen the polymer matrix. 

In the amorphous bulk, the polymer chain size can be defined by its 

radius of gyration 
(
Rg= 〈R2〉

1
2
)

and end-to-end distance (R) [37]. Rg is 
the root-mean-square distance of the chain segment from the chain’s 
center of mass, while the end-to-end distance represents the separation 
between the beginning and end of the polymer chain (Fig. 8a). PMMA 

presents a wide molecular weight distribution, wherein the mean Mw 
(=83 kg/mol) indicates the mean weight of the polymer chains and Mz+1 
(=149 kg/mol) indicates the weight of the longest polymer chains. The 
upper bound for the molecular weight (Mmax) is 242 kg/mol. The chain 
length, end-to-end distance, and radius of gyration were calculated 
using both molecular weights (Table 2). Clearly, in the bulk polymer, the 
polymer chain presents a mean R value of 20 nm, while the longer chains 
present a maximum R value ranging from 26 to 33 nm and a mean Rg 

value of 8 nm, with the longest chains presenting a maximum Rg value 
ranging from 11 to 13 nm. 

For the nanocellular polymers in this study, these molecular chains 
are forced to arrange within cell walls in three spatial directions. If 

Fig. 5. Cell-size dependence of Young’s modulus (3D maps) for B samples comprising a, b) 217; c, d) 100; e, f) 39; g, h) 24; and i, j) 14 nm cells.  
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Fig. 6. a) Mean and b) maximum specific Young’s moduli plotted as function of cell size. Color scale indicates different cell sizes.  

Fig. 7. a) Loss tangent plotted as function of cell size. b) Maximum specific Young’s modulus plotted as function of loss tangent.  

Fig. 8. Schematics showing a) radius of gyration and end-to-end distance of polymer chain configured in bulk; polymer chains confined within cell walls b) thicker 
and c) thinner than gyration radius, respectively; and d) polymer chain confined within 3D nanopore wall smaller than gyration radius. 
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considering cell walls as thin films of thickness ξ, when a single cell wall 
is thick enough (Fig. 8b), the polymer chain will present the same 
configuration as that in the raw material, meaning it has same molecular 
interactions. However, if the cell wall is thinner than the polymer chain 
dimension (Fig. 8c), the configuration will be less folded and exhibit 
fewer molecular interactions than the one in the solid [27]. This is called 
“one-dimensional (1D) confinement” and has previously been discussed 
for thin films. If the film surface area, defined by ϕ2, on the other hand, is 
smaller than that of the polymer chain (Fig. 8d), the polymer chain will 
be confined in all directions, and the final polymer chain configuration 
will be different from that in the solid, which will lead to higher mo
lecular mobility and more molecular interactions. However, results in 
this work show that this 3D structure cannot be considered as a collec
tion of isolated 2D films, but a collection of interconnected films that 
leads to a 3D confined structure. Therefore, the polymer chain will be 
confined in three spatial directions, which can be defined as 3D 
confinement. In this case, polymer chains will arrange in a three- 
dimensional and interconnected structure, and, thus, the molecular 
disposition will be different from that in a 2D film, never having the 
polymer near a free surface but 3D confined. 

Therefore, for these materials, two magnitudes can be defined as 
C1D = ξ/R and C3D = ϕ/R. When these magnitudes are less than unity, 
the polymer is forced to arrange in a smaller space than that in the solid 
disposition. To evaluate when the polymer chains start to be confined, 
these magnitudes were calculated for RMz+1. 

According to the data listed in Table 3, 1D confinement begins for 
cells smaller than 100 nm, which is enough to increase the polymer Tg, 
as indicated in previous studies [34], and suggests that in this structure, 
the 1D confinement is unlike that in films (in which Tg decreases with 
confinement) owing to the three-dimensional arrangement. However, 
such 3D porous materials do not still exhibit improved mechanical 
properties. The evaluation of C3D, on the other hand, reveals how 
polymeric chains start becoming 3D-confined for materials comprising 
cells <39 nm, for which the Young’s modulus starts improving. 

Although film-like structures are produced near equilibrium, nano
cellular foams are produced from strong thermodynamical instability, 
which enables such structures exhibiting extraordinary mechanical 
properties to be generated far from equilibrium. In addition, the 
macroscopic mechanical properties of nanocellular polymers have 
recently been presented in other studies [38,39]. Although some pre
vious studies have shown that above a certain cell size, mechanical 
properties improve, the mechanism through which this occurs has never 
been proven. The results of this study indicate that the explanation of 
this improvement is at a molecular scale and that the improved solid 
phase could enhance the mechanical properties of the entire cellular 
material. 

Therefore, at the nanoscale, polymer mechanical properties can be 
improved by confining polymer chains in 3D nanostructures, which can 
enable the implementation of polymers in applications, wherein such 
polymers were previously unusable owing to mechanical integrity re
quirements, and revolutionize fields, such as surgical treatments, mi
croelectronics, polymer nanocomposites, membranes, sensors, and 
aeronautic and automotive applications. 

3. Conclusions 

The Young’s moduli and loss tangent of nanoporous PMMA were 
studied using AM–FM AFM. 

In nanocellular porous structures, polymeric chains are organized 
within the solid phase forming the cells. In this study, materials exhib
iting cells around 200 nm and relative densities ranging from 0.47 to 
0.26 and a set of materials comprising cells ranging from 200 to 14 nm 
were analyzed. These materials have cell walls with a surface area 
around the cell size squared, and a thickness ranged from 62 to 7 nm, 
respectively. 

In the sample comprising 200 nm cells, the average Young’s modulus 
of the solid phase was less than that measured for the raw polymer and 
increased with increasing relative density. Changes in the relative den
sity are related to changes in both the cell size and cell nucleation 
density, which simultaneously modify the morphology of the solid 
phase. The samples comprising the smallest cells and exhibiting higher 
densities lead thinner cell walls and slightly higher mechanical 
properties. 

With decreasing cell size from 200 to 14 nm, on the other hand, the 
Young’s moduli of the solid phase clearly improves for cells smaller than 
39 nm. Below this cell size value the Young’s modulus was enhanced 
compared with that of the solid polymer. Moreover, for the material 
comprising 14 nm cells, the Young’s modulus and local Young’s moduli 
were three and more than five times higher than those of the raw 
polymer, respectively. Compared with the sample comprising 200 nm 
cells, the sample comprising 14 nm cells exhibited a loss tangent that 
was four times lower, which suggests that the improved Young’s 
modulus is attributed to the reduced molecular mobility of polymeric 
chains. 

The study of the morphology of the polymer chains within the 
cellular structure clearly revealed that polymer confinement within one 
dimension produces chains exhibiting a molecular mobility similar to 
those chains in the raw polymer. However, the presence of a 3D struc
ture with the three dimensions of the space being smaller than the 
dimension of the original polymer chains leads to a 3D confinement that 
increases molecular interaction and reduces molecular mobility and, 
therefore, considerably increases the polymer mechanical response. 

4. Materials and methods 

4.1. Materials 

4.1.1. Solid PMMA 
The raw material, polymethylmethacrylate (PMMA; V825T grade) 

pellets, was supplied by ALTUGLAS® International (Colombes, France). 
The PMMA had molecular weights (Mn and Mw) of 43 and 83 kg/mol, 
respectively, as measured using gel permeation chromatography, a glass 
transition temperature (Tg) of 114 ◦C, as measured using differential 
scanning calorimetry, and a density of 1.19 g/cm3, as measured at 23 ◦C 
and 50 % relative humidity. 

The solid PMMA had a melt-flow index of 1.92 g/10 min, as 
measured at 160 ◦C/10 kg, a zero-shear viscosity of 7095 Pa•s, as 
measured using shear rheology, and a Young’s modulus of 3.7 GPa, as 
measured using tensile tests on a universal testing machine INSTRON 
(model 5.500R6025). Strain/stress curves were obtained following the 
ISO527 standard at room temperature and a strain rate of 2 mm/min. 

Table 2 
PMMA chain length, end-to-end distance (R), and gyration radius (Rg) calculated 
using Mw, Mz+1, and Mmax.   

Chain length (nm) R (nm) Rg (nm) 

Mw 276 19.55 7.98 
Mzþ1 493 26.00 10.61 
Mmax 802 32.98 13.46  

Table 3 
Characteristics of nanocellular materials used in this study and produced in 
previous studies and magnitudes defined to evaluate 1D and 3D confinements 
[34-36].  

ϕ(nm) ξ (nm) C1D C3D 

225 62 2.38 8.65 
100 22 0.85 3.85 
39 19 0.73 1.50 
24 12 0.46 0.92 
14 7 0.27 0.54  
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4.2. Methods 

4.2.1. Compression molding 
Solid PMMA sheets (4 mm thick) were produced by compression- 

molding PMMA pellets. The PMMA pellets were dried overnight at 
70 ◦C and then heated at 200 ◦C for 9 min. For an additional minute, a 
pressure of 42 MPa was applied while maintaining the temperature. 
Finally, the molded PMMA sheets were cooled at the ambient temper
ature and same pressure. 

4.2.2. Density 
The density (ρs) of the raw PMMA was measured using gas pycn

ometry (AccuPyc II 1340, Micromeritics, Norcross, GA, USA). The 
density (ρf ) of the cellular materials was determined using the Archi
medes’ principle-based water displacement method and an AT261 
Mettler–Toledo balance. The relative density is defined as the cellular- 
to-raw material density ratio (Eq. (1)) as follows: 

ρr =
ρf

ρs
(1)  

4.2.3. Cellular structure 
The cellular structure (Fig. 2a and d) was visualized using field- 

emission scanning electron microscopy (FESEM; FEI QUANTA 200 
FEG, Hillsboro, OR, USA) and a method published in a previous study 
[36]. Prior to visualization, it is necessary to follow the next procedure. 
Firstly, samples were fractured after immersion in liquid nitrogen to 
ensure that the cellular structure was preserved. Then, the surface was 
coated with a 5–10 nm thick layer of gold or iridium using a sputter 
coater (model SDC 005, Balzers Union, Balzers, Liechtenstein). The 
obtained micrographs were analyzed using ImageJ/FIJI-based software 
to obtain the cell size, standard deviation of the cell size, and cell 
nucleation density [40]. Each SEM image was masked, which enabled 
the software to obtain quantitative data for the cellular structure [40]. 
To validate the data homogeneity, a minimum of 200 cells were 
analyzed in different regions for each material, which enabled the cell 
size corresponding to the mean diameter of the measured cells and 
corresponding standard deviation to be obtained. In addition, the cell 
nucleation density represents the number of nucleation points per unit 
of volume of the raw material and was determined using Kumar’s 
method [41]. 

For nanocellular materials, because the micrograph resolution hin
ders the experimental measurement of the cell-wall thickness (especially 
for cells smaller than 100 nm, see Fig. 2d), theoretical approaches can be 
used instead. In this study, the cells were assumed to exhibit a tetra
kaidecahedral geometry, and Eqs. (2) and (3) were used to determine 
the cell-wall thicknesses (Table 1) of the closed and open cellular ma
terials [42], respectively, as follows: 

ξ =
ϕρr

1.18
(2)  

ξ2 =
ρrϕ

2

1.06
(3) 

Eqs. (2) and (3) were used for samples A1–A5 and the remaining 
samples, respectively. 

4.2.4. AM–FM AFM 
AM–FM AFM (Cipher ES Environmental AFM, Oxford Instruments, 

Asylum Research, Wiesbaden, Germany) was used to analyze the sample 
surfaces. The Young’s moduli were locally measured using the AM–FM 
viscoelastic mapping mode. The microscope was equipped with an 
AC160TSA-R3 tip (Oxford Instruments, Asylum Research, Wiesbaden, 
Germany) and operated in tapping mode with blueDrive photothermal 
excitation. 

Conventional AFM tapping-mode imaging operates by fixing the 

tip–substrate distance and scanning the sample surface. The cantilever is 
driven to oscillate in its fundamental flexural mode (at a fixed fre
quency) to maximize the recorded signal and signal-to-noise ratio. The 
tip–substrate distance is maintained by a feedback loop that varies the 
cantilever vertical position (z-axis). During scanning, variations in the 
cantilever oscillation amplitude and phase are registered to provide 
information about the surface topography and material loss tangent 
(tanδ) at a nanometric resolution. The latter can be calculated using the 
measured amplitude (A) and phase (φ) and the following relationship 
(Eq. (4)) [43]: 

tanδ =

A
A0

− sinφ
cosφ

(4)  

where A0 is the free oscillation amplitude (measured far from the sample 
surface). 

4.2.5. Young’s modulus measurements 
The AM–FM mode relies on the use of two resonant modes of the tip 

simultaneously: the fundamental mode, which is operated in amplitude 
modulation, as in the standard AFM tapping mode, and, typically, the 
second resonant mode (at a higher frequency), which is operated in 
frequency modulation, hence the name AM–FM. In FM, similar to AM, 
the second mode phase is constantly maintained at 90◦ by adjusting the 
drive frequency in a feedback loop. During scanning, the recorded fre
quency shifts are proportional to changes in the contact stiffness and 
sample elastic modulus. Moreover, by constantly maintaining a 90◦

phase, the FM mode does not perturb the AM fundamental mode, which 
provides measurement stability and robustness. Notably, both modes are 
simultaneously excited, which enables the combined acquisition of 
topography and loss tangent images with the viscoelastic information 
provided by the FM mode. The elastic modulus can be directly deter
mined from these measurements using contact mechanics models 
[31,44]. However, the use of a reference sample with a known Young’s 
modulus is much simpler for calibrating system parameters and gua
rantees that the exact cantilever shape does not affect the final results 
because of the system linearity. This will be the approach used in this 
work, raw PMMA was used as a reference for calibrating the system, and 
the magnitudes measured for the foam directly referred to the analogous 
magnitudes measured for the solid. By assuming a Hertz punch model 
interaction, the functional dependence of the Young’s modulus can be 
expressed as follows (Eq. (5)) [29]: 

Eʹ =
k2

rc

Δf2

f0
2

= CΔf2 (5)  

where rc is the tip radius; k2 and f0
2 are the spring constant and free 

oscillation frequency of the cantilever’s second resonant mode, respec
tively; and Δf2 is the frequency shift recorded in the FM mode. Although 
the proportionality constants could be different depending on the 
tip–sample modeling, the relationship between the Young’s modulus 
and frequency shift will always be linear, which is sufficient to calibrate 
the proportionality constant (C) for any tip. This is conducted by 
measuring the surface of a raw PMMA sample identical to that used as a 
precursor for the studied nanocellular foams. The control software of the 
Cypher AFM allows to apply this model during AFM operation and 
directly provides the Young’s modulus and loss tangent images, together 
with the other images simultaneously obtained: amplitude, phase, fre
quency shift, etc. In the selected calibration model, the tip radius is the 
free parameter, which is adjusted until the average Young’s modulus of 
the reference sample is 3.7 GPa and is maintained for all the measure
ments until the tip shows evidence of wearing or is changed. 
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