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Abstract

Skinless polymer foam was prepared by treating poly(methyl methacrylate) (PMMA) with supercritical carbon dioxide (scCO,). The film
was immersed in scCO, with ethanol to nucleate, and then incubated in a hot water bath to induce nuclear growth and to prepare skinless
PMMA foam. The obtained polymer foam had a low density and cells were connected to each other to make channels through the skin layer.
Low molecular weight PMMA formed skinless foam with larger cells through expansion. PMMA film containing tin meso-tetraphenyl porphyrin
was also foamed with same procedure and the foam was used for photoinduced hydrogen evolution. A larger amount of hydrogen evolved from
the photocatalyst on the skinless PMMA foam in comparison with the foam with skin. Enlargement of effective surface area of solid support and

light scattering within the foam could enhance turnover number (TON) of photocatalyst.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Photocatalytic water splitting is a challenging reaction to
supply hydrogen from a sustainable source. Tetraphenyl por-
phyrin (TPP), phthalocyanine and bipyridyl complex were
studied as organic dyes for photoinduced hydrogen evolution.
Wang et al. reported that tin tetraphenyl porphyrin (SnTPP)
acts as an effective photocatalyst for photoinduced hydrogen
evolution with visible light [1]. Compared to other organic
dyes, SnTPP has some advantages in the photoinduced hydro-
gen evolution system with polymer solid. TPP dissolves in var-
ious organic solvents compared with phthalocyanine, and it
can readily disperse in polymer matrix. The molar extinction
coefficient of TPP has larger value than that of tris(2,2’-bipyr-
idyl) ruthenium complex in a visible light region.
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While SnTPP is stable against light irradiation among met-
alloporphyrins, irradiation of intense light onto its solution
causes degradation of SnTPP. The durability of the dye can
be extended by immobilizing the dye on a solid support [2—
4]. Immobilization of SnTPP on the solid might reduce the
chance of photocatalyst to contact with other reactants such
as water and electron donors which may inhibit the hydrogen
evolution photoreaction. Some studies paid attention to the
morphology of the solid support in order to increase the effi-
ciency of photoreaction on the solid support. Porous material
is attractive as a catalyst because of the ability to absorb and
interact with atoms, ions and molecules such as zeolite/silica
[5] and polymer/silica [6]. Rachel and coworkers used pumice
stone as a solid support [7].

Supercritical carbon dioxide (scCO,) fluid is a tunable me-
dium that can be used as an additive in polymer processing
[8—10]. For example, scCO, has been used as a foaming agent
for polymers such as polystyrene [11], polycarbonate [12],
poly(ethylene terephthalate) [13], poly(ethylene-co-vinyl ace-
tate) [14] and PMMA [15,16]. Average cell size and bulk
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density can be varied by processing conditions, such as pres-
sure, temperature and decompressing rate [17—19]. When
the polymer matrixes were foamed with pure carbon dioxide,
the resulting polymer foam had an unfoamed skin layer around
the film surface [20]. Rapid diffusion out creates a skin layer
near the edges in which the gas concentration is too low to
contribute to nucleation of gas cells [15,21]. The skin layer
blocks the penetration of reactant into the polymer foam,
which reduces the apparent reactivity of the photocatalyst on
the polymer matrix.

In this work, we prepared skinless PMMA foam with super-
critical fluid. scCO, was used as an inert foaming agent
because it did not inhibit the photoreaction. Our strategy to
prepare skinless foam was: (1) to add a modifier into scCO,,
(2) to treat the scCO,-impregnated film in hot water (foam-
ing), and (3) to adjust the molecular weight of the matrix poly-
mer. The foamed films were applied as a solid support for
inducing hydrogen evolution with visible light.

2. Experimental
2.1. Materials

Low molecular weight PMMA (LPMMA) and high molec-
ular weight PMMA (HPMMA) were provided by Wako Pure
Chemical Industries Ltd. and Nacalai Tesque, Inc., respec-
tively. They were used without further purification. The
molecular weights of PMMAs were measured by GPC with
polystyrene standards. Weight-average molecular weights
were 1.72 x 10° and 1.12 x 10° for LPMMA and HPMMA,
respectively. Carbon dioxide was obtained from Uno Sanso
Co., Ltd. (>99.5% pure). TPP was obtained from Kanto
Chemical Co. Ltd. 2-Mercaptoethanol and hexachloroplatinic
acid (H,PtClg) were purchased from Nacalai Tesque, Inc.
All other reagents were of reagent grade and were used with-
out further purification. SnTPP was synthesized by refluxing
the mixture of tin(Il) chloride dihydrate and TPP in N,N-di-
methyl formamide [22]. The synthesized compounds were
identified by "H NMR and UV—vis spectroscopies.

2.2. Foaming of photocatalytic film with supercritical
carbon dioxide

A 10 wt% PMMA solution in toluene was casted onto
a glass plate to obtain a film having ca. 100 um in thickness.
The cast film was dried for 24 h at ambient temperature, and
then placed in a vacuum oven at 50 °C for 24 h and at room
temperature for 24 h. The dried film was cut into 12 cm?
pieces (3 cm x 4 cm) for foaming experiments. Sn'TPP was
doped into PMMA film by casting PMMA onto the glass plate
with SnTPP. An organic dye, SnTPP, was compatible to
PMMA and was dispersed in the PMMA matrix without
aggregation of SnTPP.

A supercritical carbon dioxide extraction system (ISCO-
2200) was applied for impregnation of carbon dioxide at a
supercritical condition. Fig. 1 shows the schematic illustration
of the apparatus. The cast films were set in a high-pressure

a

Fig. 1. Schematic representation of foaming equipment with (1) carbon di-
oxide feed, (2) cylindrical pump, (3) pressure gauge, (4) temperature indicator,
(5) high-pressure column, and (6) thermostat bath.

column (10.89 mL) and the entire column was placed in a ther-
mostat oven. The temperature in the oven was held constant
from 30 to 80 °C. At a given temperature, CO, was fed into
the column from a high-pressure pump until a target pressure,
15—25 MPa, is reached. A small amount of ethanol was added
to scCO, as a co-solvent; 0—7.5 mol% of CO,.

The supercritical fluid was impregnated into PMMA film at
the target pressure, for 5 to 60 min. After scCO, impregnation,
the vessel was depressurized at a rate of 1.3 MPas™' and the
film was immediately dipped into water at 95 °C for 2 min.
During the heating process, CO, bubble expanded in the
PMMA films. The foamed film was quenched in cool water
at 20 °C to fix the porous structure. The PMMA films were
dried under vacuum at 50 °C for 2 h.

2.3. Characterization of the PMMA foam

The morphology of PMMA foam was observed with a scan-
ning electron microscope (SEM, Hitachi-2600 electron micro-
scope). SEM images gave us information about cell structure
and thickness of skin layer (the unfoamed layer surrounding
the foam). Pt/Pd was sputtered on the film to avoid the charge
up of specimen. Images were acquired at an acceleration volt-
age of 15 kV. The density of the polymer foam was measured
with an electronic densitometer EW-300SG (Alfa Mirage Co.
Ltd.).

2.4. Photochemical assay

PMMA film and PMMA foams were dried under vacuum at
50 °C for 2 h, and then they were used in a photoinduced hy-
drogen evolution system. The sample mixture of photoinduced
hydrogen evolution was composed of 2-mercaptoethanol (an
electron donor), Pt colloid and PMMA foam containing
1-umol SnTPP as a photosensitizer. The hexachloroplatinic
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acid (H,PtClg) was reduced to metal Pt with sodium citrate
[23]. The reaction mixture was put in an optical cell and the
headspace in the optical cell was kept to 700 pL. Nitrogen
gas was bubbled into the aqueous solution to remove oxygen
in the system just before the irradiation. The optical cell in
a thermostat water bath (30 °C) was irradiated with a 300-W
tungsten lamp (Philips-JCR). A Toshiba L-39 filter was used
to ensure that only visible light (A > 390 nm) was irradiated
on the sample. The quantum input rate into the optical cell
was measured as 0.23 mmol L' s with a standard oxalate
actinometry. The generated gas was collected with a gastight
syringe, and the amount of hydrogen evolution was analyzed
by gas chromatograph (Hitachi G-3000), which was composed
of molecular sieve 5 A (60/80) column and thermal conductiv-
ity detector [5].

3. Results and discussion
3.1. Preparation of skinless polymer foam

Supercritical fluid was impregnated into a polymer film and
then the impregnated carbon dioxide was expanded at ambient
pressure. The film was foamed as follows: (1) polymer film
was saturated with supercritical carbon dioxide fluid at
a high pressure (15—25 MPa); (2) polymer/gas mixture was
quenched into a supersaturated state by reducing the pressure
(pressure quench), phase separation took place between the
polymer-rich and gas-rich phases to form cell nuclei; and (3)
nuclear growth of gas cells within the polymer film. When
PMMA film was foamed with pure carbon dioxide, trace
amounts of gas cells formed around the middle of the film
as shown in Fig. 2 (Foam I). We improved the foaming step
to make foam without a skin layer which disturbs the penetra-
tion of reactant, and a larger cell is preferred for the smooth
penetration of aqueous solution. The foam’s morphology
will be affected by increasing CO, sorption because large
sorption of CO, causes density fluctuation of CO, to be larger
in PMMA film, which will produce PMMA foam containing
cells percolating from the surface to the middle of the foam.
Hirogaki et al. reported that addition of polar modifiers, i.e.,
alcohol or acetone, increased the affinity of the CO, fluid
for PET [24]. The following three factors were investigated
to enlarge the cells in polymer foam and to prepare an efficient
solid support for hydrogen evolution: (1) addition of modifier
with scCO,, (2) additional treatment in hot water (foaming),
and (3) molecular weight of matrix polymer.

Fig. 2 shows a sectional view of HPMMA casted film and
foam prepared by four procedures. Each foam was treated with
scCO, at 50 °C and 20 MPa for 15 min. Foam II was obtained
by exposing HPMMA to scCO, containing adding 5 mol% of
ethanol. Foam III was prepared by soaking Foam I in water at
95 °C just after scCO, sorption (foaming step). Similarly,
Foam IV was prepared by soaking Foam II in a hot water bath.

3.1.1. Modification of scCO; with ethanol
As shown in Fig. 2, cells in Foam II were obviously larger
than those in Foam I. Figs. 3 and 4 show the average cell

diameter and the thickness of skin layer for PMMA foam pre-
pared with scCO, containing from 1 to 7.5 mol% of ethanol as
a co-solvent. PMMA film, treated with the modified CO,, be-
came foam with a larger cell diameter and the cell size showed
a bimodal distribution (Fig. 3). Another feature of Foam II is
that the thickness of skin layer decreased monotonously from
45 to 35 um by adding ethanol in scCO, (Fig. 4).

The addition of ethanol into scCO, enhanced the affinity
between cellulose derivatives and CO, fluid [25]. The result
suggests that the addition of ethanol into scCO, could also en-
hance the affinity between semipolar PMMA and scCO,. The
skin layer on the polymer foam was formed through rapid re-
lease of CO; near the surface of polymer film. The decrease in
the skin thickness is attributed to the delayed release of sorbed
CO, from PMMA film. By increasing the affinity between
scCO, and matrix polymer, the fluid was held in the PMMA
film for a longer period. However, Foam II still had skin layer,
and another procedure was required to prepare skinless
PMMA foam.

3.1.2. Additional foaming in a hot water

Foam III was prepared from Foam I by additional foaming
in hot water. The process made cells larger (13 + 2.5 pm) and
made the density of the foam lower than those for Foam I
(Table 1). The thickness of the skin layer decreased to
10 & 1.0 pum, but the top surface of the Foam II was covered
by dense skin layer.

3.1.3. Modification of scCO, with ethanol and additional
foaming in a hot water

The additional foaming for Foam II lowered the density of
the foam as shown in Table 1. Cells in Foam IV-i have larger
cell diameters and some of them were coalesced to make huge
cell by both ethanol addition into scCO, and nuclear growth in
hot water (Fig. 2). Fig. 5 shows PMMA foam prepared with
scCO, containing 0.1—5.0 mol% of ethanol as a co-solvent.
The cell size showed unimodal distribution when PMMA
film was treated with pure scCO, (Fig. 3(a)). When PMMA
films treated with scCO, containing more than 0.1 mol% of
ethanol, cell sizes showed a bimodal distribution. Both diam-
eters of larger cells and the fraction of them increased in the
foam with the concentration of ethanol in scCO,. After
pressure quench, the sorbed film was phase separated to
CO,-rich phase and polymer-rich phase. The increase in
CO, sorption could make larger density fluctuation of CO,
in PMMA film. When CO, sorption was not sufficient, only
CO,-rich phase contained CO, enough to nucleate. On the
other hand, the polymer-rich phase could also nucleate when
supercritical fluid sorbed in polymer film by adding ethanol.
At this stage, larger cells come from the CO,-rich phase and
smaller cells from the polymer-rich phase. Therefore, addition
of ethanol in scCO, resulted in bimodal distribution of cell
diameters.

Fig. 6 shows PMMA films foamed in a hot water at 95 °C
for 1—120 s after they were impregnated with scCO, contain-
ing 5.0 mol% of ethanol. As the foaming time was prolonged,
the cell diameter became larger and was saturated around
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Unfoamed film

Foam Il

Foam IlI

Foam IV-i
(Cross-section)

Foam IV-i
(Surface)

Fig. 2. SEM images of PMMA cast film and PMMA foam. PMMA foam prepared with scCO, at 50 °C and 20 MPa for 15 min. The image on the right side shows
an enlarger view of the image on the left side. Bottom image is the surface view of Foam IV-i.
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(a) EtOH 0%

Relative frequency

(d) EtOH 5%

(e) EtOH 7.5%

10 15 20
Cell diameter / pm

Fig. 3. Cell size distribution in PMMA foam prepared with scCO, at 20 MPa
and 50 °C for 15 min. The additive in the supercritical fluid was (a) none, (b)
1.0% ethanol, (c) 2.5% ethanol, (d) 5.0% ethanol and (3) 7.5% ethanol.

120 s. The viscosity of the polymer matrix decreased at ele-
vated temperature, and nuclear bubbles coalesced each other
to enlarge cell diameters in the foaming process. As shown
in Fig. 2, the side view of Foam IV-i shows that the cells
formed channels through the entire foam and the channel
reached the surface of polymer foam. The foam had no skin

50 ' | ' | ' |

30 -

20 - 1

Thickness of skin layer / um

L | L | L | L
0 2 4 6 8
Concentration of ethanol / mol%

Fig. 4. Effect of ethanol addition into scCO, on the thickness of skin layer. The
PMMA foam was prepared with scCO, at 20 MPa and 50 °C for 15 min.

Table 1
Density and thickness of skin layer for PMMA foams prepared with scCO,

3

Foam Density/gcm™ Thickness of skin layer/um
Cast film* 1.18 -

Foam I* 1.01 47.2 (£2.3)

Foam 11" 0.97 37.4 (£2.4)

Foam IIT* 0.66 10.1 (£1.0)

Foam IV-i* 0.49 0

Foam IV-ii® 0.06 0

* Prepared with HPMMA (M,, = 1.12 x 106).
® Prepared with LPMMA (M,, = 1.72 x 10°).

layer anymore and percolation of channel enhanced the reac-
tive surface area, which can improve the ability of polymer
foam as photoreactor.

3.14. Effect of molecular weight of polymer on foaming

Fig. 7 shows polymer foams prepared from PMMAs having
different molecular weights. The weight-average molecular
weights of HPMMA and LPMMA were 1.12 x 10° and
1.72 x 10°, respectively. Though skinless foam could be pre-
pared from both polymers, the density of LPMMA foam
(0.06 g cm°) was less than the one for HPMMA foam
(0.49 gcm ™). The number density of cells decreased and
the wall between the cells became thinner in the LPMMA
foam (Foam IV-ii). Colton and Suh discussed that lower mo-
lecular weight polymers had fewer nucleation sites using the
classical nucleation theory [26—28]. Taki et al. measured the
steady shear viscosity of polypropylene (PP) having different
molecular weight in scCO,. The shear viscosity for low molec-
ular weight PP (M, = 1.84 x 10° ) was more than one order of
magnitude lower than those for high molecular weight PP
M, =6.10 x 105) [29]. In this system, carbon dioxide dif-
fused out from the matrix after pressure quench, and the vis-
cosity of the matrix gradually increased with an elapse of
time. At the same CO, sorption, the viscosity of LPMMA ma-
trix is around one-sixtieth of that for HPMMA matrix [30,31].
The low viscosity will lead to larger expansion and coalesce of
cells during the foaming process. Therefore, LPMMA foam
has larger specific surface area and more photocatalysts exist
on the surface of cell when SnTPP-doped PMMA was foamed
by this foaming procedure.

3.2. Photoinduced hydrogen evolution with the foamed
film system

PMMA foams were prepared from SnTPP-doped PMMA
film, and the foam was applied to the photoinduced hydrogen
evolution system. Fig. 8 shows the hydrogen evolution from
SnTPP on PMMA foam with the elapse of time. When the un-
foamed film was used as solid support, 2.3 pL. of hydrogen
evolved after a 30-h irradiation. When Foam I and Foam II
were used as solid support, the system evolved 0.9 and
2.5 pL of hydrogen, respectively. These two foams did not in-
crease the efficiency of photoreaction at the interface of poly-
mer and aqueous media. When Foam III was used in the
hydrogen evolution system, it evolved 3.5 pL of hydrogen
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Fig. 5. Effect of ethanol addition into scCO, on cell structure in PMMA foams.
The foam heated at 95 °C after the impregnation of scCO, with ethanol at
50 °C and 20 MPa for 15 min.

after a 30-h irradiation. Beside surface area enlargement, mi-
crocellular foam scatters incident light in the foam [32]. The
diffuse reflection of the irradiated light increases the fre-
quency of collision between photon and photocatalyst, which
is a factor to enlarge the reaction yield on Foam III. For Foam
III, the amount of hydrogen evolution slightly increased in
comparison with those for other PMMA foams with skin,
Foam I or Foam II. When skinless Foam IV-i was used as
photoreactor, SnTPP evolved 9.1 pL of hydrogen, which is
about four times larger than that for the unfoamed film. Dense
skin layer on the polymer foam blocked the diffusion of reac-
tant onto the reaction site in the foam even if the polymer
foam had enough cells in their interior. Skinless foam,
Foam IV, enabled the reactant to penetrate onto the reaction
site.

Table 2 summarizes the maximum amounts of hydrogen
evolution and induction times of photoreaction for SnTPP-
doped PMMA foam. The maximum hydrogen evolution was
estimated from the first-order reaction kinetics. On Foam IV-
i, SnTPP reacted with a shorter induction time and larger maxi-
mum hydrogen evolution. In the induction period, the aqueous
solution penetrated through the microchannel and the system
reached an equilibrium state for the inhomogeneous reaction
between reactant in the aqueous phase and photosensitizer
SnTPP on the polymer solid. The foam morphology might
accelerate the diffusion of reactant to the reaction site in
Foam IV-i.

Fig. 9 shows the hydrogen evolution from Foam IV pre-
pared with LPMMA (Foam IV-ii) and HPMMA (Foam IV-i).
After a 30-h irradiation, HPMMA and LPMMA foams evolved
9.1 and 16.9 pL. of hydrogen, respectively. When Foam IV-i
was applied in the photoinduced hydrogen evolution system,
induction time was 2.8 h before hydrogen evolution. On the
other hand, photocatalyst on Foam IV-ii evolved hydrogen
immediately after photo-irradiation. Penetration of a liquid
into a capillary is expressed with the Lucas—Washburn
equation:

2:rywcostﬁ?t ()
2n

where x denotes the distance penetrated by the liquid, yry
the surface tension of the liquid of viscosity 7, 6 the contact
angle between the liquid and the capillary surface, r the in-
ternal radius of the capillary, and ¢ the penetration time
[33,34]. For Foam IV-i and Foam IV-ii, the penetrated dis-
tance of water was estimated by average pore radii. The pen-
etrated distance for Foam IV-ii was ca. 25% longer than that
for Foam IV-i during the same reaction period. In the present
reaction system, reactants diffuse onto the reaction site
within the polymer foam through the flow of aqueous solu-
tion. Then, the reactants could reach the reaction site more
rapidly for Foam IV-ii. As shown in Fig. 7, Foam IV-ii
had a thinner cell wall, which means that it had a larger sur-
face than Foam IV-i. The lower density of Foam IV-ii also
supports that this interpretation would be valid for whole
of Foam IV-ii not only in a view area of microscopy. While
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Fig. 6. Effect of foaming time on morphology of PMMA foam. The foam heated at 95 °C after the impregnation of scCO, with 5 mol% of ethanol at 50 °C and

20 MPa for 15 min.

Foam IV-i and Foam IV-ii contained the same amount of
photocatalysts, a larger fraction of photocatalyst existed on
the surface of Foam IV-ii, because Foam IV-ii has a larger
surface/bulk ratio. The photocatalyst in the bulk cannot react
with the reactant in the aqueous solution, so the larger sur-
face/bulk ratio increased the reaction rate of photoinduced
hydrogen evolution. Fast penetration of aqueous phase and
large specific surface area caused more than 1.8 times evolu-
tion of hydrogen from SnTPP on the Foam IV-ii system than
that on the Foam IV-i system.

In this work, turnover number (TON) was defined as an in-
dex for efficiency of hydrogen evolution among various poly-
mer supported system. The TON of hydrogen evolution can be
defined by the following equation:

The number of reacted photoelectrons
The amount of tin porphyrin

_ The mole of evoluted H, (mol) x 2

~ The mole of tin porphyrin (mol)

TON =

(2)

TON was calculated under the assumption that all the porphy-
rin in the solid related to the photoreaction. The assumption is
not exactly valid for the present system, but we can compare
the reaction efficiency of organic photocatalyst on other poly-
mer system by using TON. In this system, TONs were 1.3 and
2.4 for Foam IV-i and Foam I'V-ii, respectively. TON of hydro-
gen evolution was reported for chlorophyll a-FSM [5],
RuQPIm free-standing film containing MV>" system [4]
and chlorophyll ¢-PVP—SME [2] as 0.10, 2.1 and 1.9,
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Fig. 7. SEM images of PMMA foam having different molecular weights. The
foam heated at 95 °C after the impregnation of scCO, with 5 mol% of ethanol
at 50 °C and 20 MPa for 15 min. Molecular weights of PMMA are 1.12 x 10°
(Foam IV-i), or 1.72 x 10° (Foam IV-ii).

respectively. TON of SnTPP on this skinless foam systems was
almost of the same order of magnitude even if semipolar
PMMA was used as supporting solid.

4. Conclusion

In this study, SnTPP-doped skinless polymer foam was pre-
pared with scCO, and examined for photoinduced hydrogen
evolution. Various foamed structures were obtained by

10

Hydrogen evolution / pL

Irradiation time / hr

Fig. 8. Hydrogen evolution from SnTPP-doped PMMA foam: Foam I ( A),
Foam II (), Foam III (@), Foam IV-i ([J) and cast film (A).

Table 2
Maximum hydrogen evolution and induction time for the photoinduced hydro-
gen evolution from the Sn'TPP-doped PMMA foam

Foam Maximum hydrogen Induction time/h
evolution/pL

Cast film* 2.54 3.80

Foam I* 0.74 3.11

Foam II* 3.07 4.20

Foam IIT* 442 423

Foam IV-i* 15.8 2.82

Foam IV-ii® 29.2 0

 Prepared with HPMMA (M,, = 1.12 x 10°).
® Prepared with LPMMA (M,, = 1.72 x 10%).

20 y T y T y T

Hydrogen evolution / pL

0 L | L | L |

0 10 20 30
Irradiation time / hr

Fig. 9. Effect of molecular weight on photoinduced hydrogen evolution from
SnTPP-doped PMMA foams. Molecular weights for PMMA were 1.72 x 10°
(Foam IV-ii, @) and 1.12 x 10° (Foam IV-i, O).

changing the preparation conditions: addition of ethanol in
scCO, and foaming process in a hot water bath, and molecular
weight of matrix polymer. The resulting polymer foam had
a low density and cells were connected to each other to
make channels through the skin layer. Low molecular weight
LPMMA formed foam with larger cells through expansion.
The number density of cells decreased and the wall between
the cells became thinner in the LPMMA foam (Foam IV-ii).
When the skinless PMMA foam was used as the solid support
for photocatalyst, a larger amount of hydrogen evolved than
that from SnTPP on the PMMA foam. Hydrogen evolution
from the LPMMA foam was 1.8 times more rapid than that
from the HPMMA foam. TON of SnTPP on this skinless
foam system was 2.4 though the value was estimated including
SnTPP in the PMMA bulk.
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