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In this study, we have investigated a UV-induced chemical foaming method to create a
nanocellular polymer thin film. A small amount of photoacid generator (PAG) was mixed
with poly(methyl methacrylate-co-tert-butyl acrylate) (PMMA-co-P1BA). After UV
irradiation followed by heating, fert-butyl ester group in the P/BA was deprotected with the
acid generated from the PAG, and isobutene gas was produced in the polymer matrix. The
resulting polymer foamed with the gas had cell size and cell density ranging from 100 to 200
nm and from 1 x 10" to 9 x 10" cells/cm?®, respectively. Several key parameters were found
that would affect largely on the formation of the nanocellular structure, i.e., foaming time
and temperature, UV dose, molecular weight of polymer.
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1. Introduction

Nanocellular foams, defined as polymer foams
with cell size less than 1000 nm have received a
large attention for their superior thermal and
mechanical properties [1-3]. Due to Knudsen effect,
the thermal conductivity of the nanocellular foams
significantly decreases by reducing the cell size less
than the mean free path of air (~100 nm) [4,5]. In
addition, the highly dense, nano-size pores may
interfere with the crack propagation. This results in
an improvement of the mechanical properties, such
as the Young’s modulus and impact resistance [6,7].

Currently, most of the researches in nanocellular
foams are conducted by physical foaming, where an
inert gas, such as CO; or N, is introduced into the
polymer matrix at high pressure [8]. The cell size
and density can be controlled by adjusting the
pressure drop rate during the bubble nucleation [9],
inducing heterogeneous nucleation with bubble
nucleating agents [10,11], and wusing block
copolymer templates with different gas absorption
in each block [12,13]. These methods enable to
fabricate highly dense cells in nanometer size.
However, the major disadvantage of physical
foaming is the complexity of the process, requiring
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high pressure and temperature.

Chemical foaming is another well-known
foaming process where a chemical blowing agent is
mixed into the polymer matrix. Upon heating at a
high temperature, the chemical blowing agent is
thermally decomposed and the gas is produced to
generate the cells. The «cell structure is
predetermined by the size and dispersion of
chemical blowing agents. In the conventional
chemical foaming, the chemical blowing agents
have a micrometer size with a limited dispersivity
[14,15]; it is not directly applicable to nanocellular
foaming.

To overcome such limitations, Kojima et al.
demonstrated the new chemical process in which
the polymer itself act as the chemical blowing agent
[16] (Fig. 1). Poly(methyl methacrylate-co-tert-
butyl acrylate) (PMMA-co-PfBA) was selected as a
self-formable polymer matrix and mixed with a
small amount of the photoacid generator (PAG). By
irradiating the sample with UV light, an acid was
generated from the PAG. Upon heating, the acid
diffused around and deprotected tert-butyl ester in
PrBA (Fig. 2). Consequently, isobutene gas was
produced to foam the polymer. Kojima et al.
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Fig. 1. Schematic flow of UV-induced chemical
foaming process [16].
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Fig. 2. Deprotection reaction of fert-butyl ester in
PMMA-co-PBA [16].

successfully created polymer foams with cell size of
220-400 nm [16]. However, the fundamental
mechanisms of the UV-induced chemical foaming
process have not yet been elucidated. Therefore, in
this study, we investigated how the nanocellular
structure would be generated in the UV-induced
chemical foaming by varying the process conditions
and materials parameters, such as amount of UV
irradiation, weight fraction of PAG, foaming time
and temperature, and polymer’s molecular weight.

2. Experimental

A random copolymer, PMMA-co-P/BA (Polymer
Source Inc.) was used as a foamable polymer with
the specifications shown in Table 1. Three PMMA-
co-PrBA samples were used here, which have
similar mole fraction of P/BA (fpma) with largely
different weight-averaged molecular weights (M.,).
Since the P/BA is set to be the major component, the
glass transition temperature of the PMMA-co-P/BA
(7:) becomes closer to that of pure P/BA, 41 °C. For
the majority of the experiments, PMMA-co-PrBA
with the My, of 258000 was used.

Table 1. PMMA -co-PfBA specifications.

No. | foma My PDI | 7,(°C)
1 | 075 [ 258000 [ 1.8 45
2 | 064 | 108500 | 1.13 53
3 | 072 | 44000 | 120 57

For PAG, an iodonium salt photoacid generator,
BBI-109 (Midori Kagaku) was selected since the
maximum absorption wavelength was 238 nm,
close to the wavelength of our UV lamp, 254 nm.

PMMA-co-PrBA thin films were prepared by
solution casting. A polymer solution was prepared
by dissolving 5.00 wt% of PMMA-co-PrBA and

0.25 wt% of BBI-109 into propylene glvcol methyl
cther acetate (PGMEA) (Sigma Aldrich). All
chemicals were used as received from the supplier.
As soon as 20 uL of the solution was casted on a 1
cm x 1 em silicon wafer, the film was covered with
aluminum foil to prevent the activation of BBI-109
and dried at room temperature overnight. The film
was further dried on a hot plate at 100 °C for 5
minutes to ensure no residual solvent. After all the
drying steps, the colorless transparent PMMA -co-
P/BA films were irradiated using a 254 nm UV lamp
(UVGL-58, UVP) with intensity of ~1 mW/cm?*,
Immediately after the UV irradiation, the polymer
film was heated on a hotplate. During the heating,
the isobutene gas was produced by the acid
diffusion, and the nanocellular structure was
generated. In what follows, the heating time and
temperature are referred to as foaming time and
temperature, respectively.

The resulting cell structure was observed by
scanning e¢lectron microscope (SEM) (SUSO000,
Hitachi High-Tech). First, the foamed film was
cracked along with the silicon substrate. Then,
approximately 1-nm-thick Pt was deposited on the
cross-section of the foamed film, prior to the
observation by SEM.

The rheological propertics of PMMA-co-PrBA
was measured using a rheometer (ARES, TA
Instrument). PMMA-co-PrBA bulk sample with
dimension of 40 mm x 10 mm x 1 mm was prepared
by compression molding at 150 °C and ~20-30 MPa.
In the torsion-mode experiments, complex viscosity
of the sample, n* was mecasured under the
maximum strain of 1% and frequency of 0.63 rad/s.

3. Results and discussion
3.1. Formation of nanocellular structure

The following conditions were used as a standard
case to demonstrate the formation of the
nanocellular structure. The M, of PMMA-co-PrBA
was fixed at 258000. The film thickness after the
drying step was ~10 um estimated from the cross-
section SEM image |[Fig. 3(a)]. Excess UV dosage
of 3600 J/cm? was used to ensure that activation of
the PAG was completed. By heating the film on a
hotplate at 80 °C for 180 s, a foamed film was
obtained. The cross-section SEM image of the
foamed film was shown in Fig. 3(b). Figure 3(c)
shows the cross-section SEM image near the center
of the foamed film [Fig. 3(b)] with a higher
magnification. The cell structure was analyzed from
Fig. 3(c) using the procedure described in Ref. [17].
The cell size (d) and density (V) were calculated
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Fig. 3. Cross-section SEM images of PMMA-co-P/BA film: (a) as casted, (b, ¢) foamed at 80 °C for 180 s with
low and high magnification, respectively. (d) Optical image of the PMMA-co-P/BA film peeled off from the Si
substrate, after foaming at 80 °C for 180 s.

Fig. 4. Cross-section SEM images of PMMA-co-PfB A films foamed at 80 °C. The number on the top right corner

corresponds to the foaming time.

from
d=2%d;/n, N= /A (1)

where d;, n and A are the circle-equivalent diameter
of individual cell, the total number of cells, and the
arca of the cross-section SEM image. Using Eq. (1),
cell size and density of the foamed sample in Fig.
3(c) were estimated at 139 = 40 nm and 4.7 x 10"
cells/em’®. These numbers are close to those
obtained by Kojima et al. [16], demonstrating that
our UV-induce chemical foaming process worked
properly.

3.2. Foaming time and temperature

First, effect of foaming time was investigated.
The experiments were conducted using the same
materials and conditions as those described in the
previous section, except the foaming time. Figure 4
illustrates the cross-section SEM images of the film
heated at 80 °C for 60 to 600 s. The cell size and
density estimated from the SEM images were
plotted in Fig. 5 as a function of foaming time.

Although no cells were observed at the foaming
time of 60 s, cells were sparsely formed at 150 s.
This indicates that the rerf-butyl ester deprotection
reaction started sometime in between 60 and 150 s.
As the foaming time was increased from 150 to 210
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Fig. 5. Change in cell structure with foaming time: (a)
cell size (d) and (b) cell density (V). Both were
estimated from the SEM images in Fig. 4.

s, the cell size and the density were gradually
increased from 128 to 154 nm [Fig. 5(a)] and from
1.8 x 10" to 63 x 10" cells/cm’® [Fig. 5(b)],
respectively. It is most likely that during 150 and
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210 s, more isobutene gas was produced from the
tert-butyl ester deprotection reaction by the
acceleration of acid diffusion. Interestingly, a slight
decrease in cell size was observed from 240 to 360
s [Fig. 5(a)]. It is speculated that most of the fert-
butyl ester group in PrBA was deprotected by 240 s,
and then that excess amount of the isobutene gas
was diffused out of the polymer matrix. After 360 s,
the cell structure was almost unchanged.

Next, the foaming temperature was varied while
keeping the other conditions the same. Three
foaming temperatures were investigated: 70, 80 and
90 °C. At each temperature, the cross-section SEM
images of the films were taken after heating for 60,
180 and 600 s (Fig. 6). At 70 °C, no cells were
observed within 600 s of foaming. This signifies
that 70 °C was too low to initiate the ferf-butyl ester
decomposition reaction. In contrast to 70 °C, large
cells were formed throughout the image after
heating the film at 80 °C for 180 s or 90 °C for 60 s.
The cell size and the cell density of the foamed films
for 600 s are summarized in Table 2. The size and
the density at 90 °C are found to be larger by ~54
nm and ~1.7x10" cells/em?, respectively, than those
at 80 °C. Such increase may be explained by the
softening of polymer matrix at higher temperature.
As shown in Fig. 7, the complex viscosity of the
bulk PMMA-co-P/BA, n* decreases monotonically
with temperature. Indeed, n* decreases from 9.1 x
10°to 6.4 x 10° Pa-s when the foaming temperature
increases from 80 to 90 °C. Note that the n* was

600 s

o I pm
Fig. 6. Cross-section SEM images of PMMA-co-PfBA films foamed at different temperatures: (top) 70 °C,
(middle) 80 °C and (bottom) 90 °C. At each foaming temperature, the SEM images were taken at the foaming
time of (left) 60s, (center) 180 s, (right) 600 s.

Table 2. Cell size and density after foaming for 600 s.

Foaming Temp. Cell Size Cell Density
°C) (nm) (cells/cm?)
80 131 £39 7.1 x 10"
90 185 +45 8.8 x 10"
1010g
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Fig. 7. Changes of the complex viscosity of the bulk
PMMA -co-P/BA (n*) with temperature.

measured using the bulk PMMA-co-PrBA without
PAG. Since the PMMA-co-PrBA loses the weight
during the foaming process, 1* would be even
smaller, enhancing the foaming at higher
temperature.

3.3. UV irradiation

The UV dose was varied to 60, 180, 300 and 600
mJ/cm?®, while the other parameters are kept the
same as the standard case. The cross-section SEM
images are summarized in Fig. 8, and the cell size
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films irradiated with UV dose of (a) 60, (b) 180, (¢)
300 and (d) 600 mJ/cm?and foamed at 80 °C for 180 s.

Table 3. Effect of UV dose on cell structure.

UV Dose Cell Size Cell Density

(mJ/cm?) (nm) (cells/cm?)
180 323+ 132 0.7 x 1013
300 140 £33 4.6 x 10"
600 141 £33 5.0 x 10"

and the cell density of each SEM image are listed in
Table 3. No foaming was observed in 60 mJ/cm?
irradiated film. With 180 mlJ/cm? irradiation, the
cells were sparsely distributed with a relatively
large size, indicating that the activation of PAG was
insufficient and the gas was generated locally. As
the UV dose was increased to 300 mJ/cm?, smaller
cells were formed with a higher density. Since the
cell size and the cell density remained almost the
same between 300 mJ/cm? and 600 ml/cm?, it is
most likely that the PAG was fully activated with
300 mJ/em®.

500 nm

Fig. 9. Cross-section SEM images of PMMA-co-
PtBA films with M, of (a) 44000, (b) 108500 and
258000, foamed at 80 °C for 180 s.

3.4. Molecular weight of polymer

Three different molecular weights were chosen
for PMMA-co-PrBA: 44000, 108500 and 285000
(see Table 1). The cross-section SEM images of the
film heated at at 80 °C for 180 s are shown in Fig.
9. It is clearly seen that the cell size increases with
the increase of molecular weight of PMMA-co-
P/BA. Since the smaller M., polymers have a lower
viscosity (Fig. 10), it is speculated that they would
not be able to capture a large amount of the gas
bubbles in polymer matrix. When the M, is
sufficiently large, e¢.g., 285000, the polymer
viscosity may become high enough to hold the gas
bubbles in polymer matrix.

10°
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Fig. 10. Complex viscosity of PMMA-co-PfBA (n*)
as a function of temperature.

3.5. Comparison to physically foamed nanocellular
structure

So far, by adjusting the process and materials
parameters in the UV-induced chemical foaming,
we were able to create the nanocellular foams with
cell size and density ranging from ~100 to 200 nm
and from ~1 x 10% to 9 x 10 cells/cm?,
respectively. These specifications are comparable to
those obtained from some physical foaming
processes. For example, nanocellular structure
generated by the heterogeneous nucleation process
has cell size of ~200 to 600 nm and density of 10"
to 10™ cells/em® [18-22]. In this process, clay
nanoparticles were added into some common
polymer matrices, e¢.g., PLA, HDPE, PC and SAN,
not only to induce heterogencous nucleation but
also to improve the mechanical strength of the
foamed sample.

In case of physical foaming with block
copolymer templates, the template was prepared by
self-assembling the block copolymer into a periodic
structure that consists of a CO;-phallic domain.
Then a supercritical CO> was injected to the self-

697



638

1. Photopolym. Sci. Technol., Vol. 32, No. 5, 2019

assembled block copolymer at a high pressure,
followed by a rapid drop of the pressure. The final
nanocellular foams had the cell size and density
ranging from ~10 to 100 nm and from 10" to 10'°
cells/em?®, respectively [13,23,24]. Itis expected that
such cells may also be generated with the UV-
induced chemical foaming method by further
increasing the molecular weight of the polymer, the
amount of PAG, and adjusting the P/BA ratio.

4. Conclusion

We have investigated a UV-induced chemical
foaming process, where PMMA-co-PrBA was
foamed by photoacid catalyzed deprotection of the
tert-butyl ester group in PABA. Using this method,
nanocellular structures were generated with cell size
and cell density ranging from 120 to 200 nm, and
410" to 910" cells/cm’®, respectively.

By varying the foaming time, development of the
nanocellular structure was observed. In the mitial
stage of foaming, small cells were sparsely formed
throughout the film. With acceleration of the acid
diffusion, the cell size and the cell density were
gradually increased. After a certain foaming time,
most of the fert-butyl ester group in PBA was
reacted and the gas generation was almost complete.
At this stage, excess isobutene gas diffused out of
the film, resulting in a slight decrease in cell size.
Finally, the cell size and the cell density became
unchanged.

We also demonstrated that the cell structure could
be largely affected by the foaming temperature, UV
irradiation and polymer molecular weight. For
instance, the cell size and the cell density
significantly increased with the increase of foaming
temperature. This could be explained by the fact that
the polymer was largely softencd at higher
temperatures. The polymer would also need a larger
molecular weight to prevent the gas from diffusing
out from the polymer matrix. As for the UV dose, a
larger amount would be preferred since all PAG
could be activated and therefore the cell nucleation
sites could be increased.
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