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ABSTRACT: Thermally and UV crosslinked poly[propargyl(3-methoxy-4-propargyloxy) cinnamate] (PPOF) were investigated in terms
of their physical, thermal, optical, and gas-permeation properties. The crosslinked membranes had high gel contents because of the
formation of a diacetylene network. The wide-angle X-ray diffraction patterns showed that all of the membranes were amorphous in
structure, regardless of the type of crosslinking reaction. The membrane density increased after the crosslinking reaction; this sug-
gested that the free volume of the crosslinked membrane was lower than that of the untreated membranes. Drastic color changes in
the membranes were also observed because of the highly conjugated crosslinked network of diacetylene. In addition, the conjugation
caused by diacetylene crosslinking led to visible absorption within the range 400-600 nm. The gas permeation of the crosslinked
membrane was reduced compared with that of the untreated membranes. In particular, the gas permeability of the thermally cross-
linked membrane was lower than that of UV-irradiated membrane. On the basis of this result, the degree of crosslinking by thermal
treatment was higher than that of UV irradiation. Hence, the crosslinked PPOF membranes showed improved gas-barrier properties
due to the high conjugation of the crosslinked diacetylene network induced by thermal treatment and UV irradiation. © 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 130: 277-286, 2013
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INTRODUCTION

Environmental problems are currently being experienced world-
wide; these include global warming caused by an increase in
greenhouse gases (including CO, from the consumption of fos-
sil fuels, e.g., coal and oil), air pollution, and the depletion of
fossil fuels. Thus, a reduction in CO, emissions and the con-
sumption of fossil fuels all over the world is an urgent priority.
The use of biobased polymer materials (i.e., bioplastics) made
from natural resources, which are ecofriendly renewable resour-
ces involving plants and nonfood materials, is one of the most
effective methods for addressing these environmental challenges.

At present, some of commercially produced biobased polymer
materials include poly(lactic acid) (PLA), denatured starch and
cellulose, and polyester from microorganisms (e.g., polyhydrox-
yalkanoates).! PLA is the most widely used biobased polymer
for packaging, electronic, and automobile applications because
it is an environmentally friendly, biodegradable polymer with a
low melting point and high moldability.

© 2013 Wiley Periodicals, Inc.
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Ferulic acid is a biomass hydroxycinnamic acid derivative, a lig-
nin precursor in plant cell walls, and is obtained from rice
bran.” Ferulic acid has a wide range of applications, including
as an antioxidant,*'* discoloration agent in food applications,"
skin-lightening agent and sunscreen in cosmetics,'® packag-

17,18 . . . .
and an anticancer and antihyperglycemic agent in

ing,
medicinal and pharmaceutical applications.”*° Studies of poly-
meric materials containing feluric acid have been reported.’*?
However, the gas-permeation properties of its crosslinked diace-

tylene polymers have not been reported yet.

Diacetylene-containing polymers generally undergo crosslinking
reactions under thermal, photochemical (i.e., UV), or high-
pressure treatments.”*™*’  Crosslinked ~diacetylene-containing
polymers are insoluble in common organic solvents and cause
membrane color changes.”> The crosslinking reaction is expec-
ted to improve the physical and chemical properties of the poly-
mers because of volume contraction in the covalent coupling of
adjacent diacetylene units, which leads to an enhanced density.
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Several studies have been reported on the synthesis and struc-
tural analysis of diacetylene-containing polymers**™® and on
some of its characteristics, such as gas separation,” optical
properties,”®****4¢ physical properties,*"**** thermal proper-
ties,"**® and mechanical strength.**** We recently reported on
the synthesis and mechanical strength of novel diacetylene-
containing polymer from ferulic acid.** However, the physical,
thermal, optical, and gas-permeation properties of this polymer
and its crosslinked polymers have not yet been investigated. In
particular, properties such as the gas-barrier properties (i.e., low
gas permeability) and thermal stability are important and desir-
able characteristics in electronic devices, optical materials, and
packaging applications. In this study, the characterization and
gas-permeation properties of a crosslinked, biobased diacety-
lene-containing polymer synthesized from ferulic acid was
investigated.

EXPERIMENTAL

Chemicals

Ferulic acid (99%), propargyl bromide (80 wt % in toluene),
copper(I) chloride, and N,N,N’,N'-tetramethylethylenediamine
were purchased from Aldrich and were used without further
purification. Potassium carbonate, acetone, and N,N-dimethyl-
formamide (DMF) were purchased from Junsei Chemical Co.,
and o-dichlorobenzene was obtained from Kanto Chemical Co.
The solvents were dehydrated with a well-dried 4-A molecular
sieve before use.

Synthesis

Poly[propargyl(3-methoxy-4-propargyloxy) cinnamate] (PPOF)
was prepared according with a previously reported method.** It
was purified several times by reprecipitation with chloroform/
acidified methanol to remove all catalyst traces. The polymeriza-
tion proceeded via both head-to-tail and head-to-head linking.

Propargyl(3-methoxy-4-propargyloxy) cinnamate: Yield =
62.7% and melting point = 91 = 1°C. Fourier transform infra-
red (FTIR; KBr, cm™"): 3290, 3228 (C—H stretching); 2115
(C=C stretching); 1719, 1708 (C=O stretching); 1631, 1599,
1513, 1467 (benzene C=C stretching); 1457 (CH, bending),
1430 (C—O stretching); 1368 (C—O stretching); 1303 (CH,
bending); 1270 (C—O stretching); 1235 (=C—O—C stretching);
1142 (=C—0O—C bending); 1035, 1020 (C—O bending); 858,
806 cm ! (benzene C—H bending). 'H-NMR [hexadeuterated
dimethyl sulfoxide (DMSO-dg), 6, ppm]: 7.70-7.67 (d, 1H),
7.13-7.11 (d, 1H), 7.07 (dd, 1H), 7.05-7.02 (d, 1H), 6.37-6.34
(d, 1H), 4.82-4.80 (d, 4H), 3.90 (s, 3H), 2.54-2.50 (d, 2H).
BC-NMR (DMSO-ds, d, ppm) 166.53, 150.59, 150.00, 146.21,
128.77, 123.33, 115.89, 114.26, 111.56, 79.52, 79.23, 78.22,
77.15, 56.82, 56.18, 52.16. Ultraviolet—visible (UV—vis; DMF):
A = 323% 1.

PPOF: Yield = 92.6%, number-average molecular weight (M,,)
= 16,000, weight-average molecular weight (M,,) = 41,000, M,/
M, = 2.5, and [5]3% = 0.58 dL/g. FTIR (KBr, cm ') 1715
(C=0 stretching); 1633, 1597, 1508, 1465 (benzene C=C
stretching); 1449 (CH, bending); 1420 (C—O stretching); 1367
(C—O stretching); 1304 (CH, bending); 1263 (C—O stretching);
1231 (=C—0—C stretching); 1136 (=C—O—C bending); 1028
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(C—O bending); 845, 805 (benzene C—H bending). "H-NMR
(DMSO-dg, 0, ppm): 7.67-7.64 (d, 1H), 7.09 (s, 1H), 7.05 (s,
1H), 6.99-6.94 (t, 1H), 6.34-6.29 (d, 1H), 4.87-4.84 (d, 4H),
3.89 (s, 3H). "C-NMR (DMSO-ds, J, ppm): 166.19, 150.37,
149.51, 146.24, 128.86, 123.14, 115.53, 114.15, 111.51, 76.12,
75.79, 70.61, 69.60, 56.95, 55.99, 52.31. UV—vis (DMF): Apn.x =
323=* 1.

Membrane Preparation

The polymer solution was prepared in 2 wt % chloroform. The
filtered solution was placed at room temperature overnight to
remove some air trapped in the solution and then cast onto
glass Petri dishes. The solutions were covered with aluminum
foil to prevent an early crosslinking reaction by room light or
sunlight during evaporation. The solvent was then allowed to
evaporate for 48 h under atmospheric pressure at 23 = 1°C.
The membrane was immersed in methanol for 7 days to remove
any residual solvent. The methanol was replaced with fresh
methanol every day. The membranes were dried in vacuo at 23
+ 1°C for at least 24 h to remove the methanol. The noncros-
slinked membrane is called the untreated PPOF membrane in
this article. The thickness of the membrane was determined
with a digital micrometer (model MDC-25M], Mitsutoyo Co.)
with precision of up to *£1 um. The average thickness of the
membrane was 30 = 5 um.

Thermal and UV Crosslinking Reactions

The thermal treatment of the PPOF membranes was carried out
in a vacuum oven at up to 200°C for 4 h. These temperatures
were below and beyond the exothermic reaction based on the
crosslinking between diacetylene groups.’® The thermally cross-
linked membranes are called PPOF-thermal membranes in this
article. Meanwhile, the UV irradiation of the membrane was
conducted at 23 = 1°C for up to 5 h under a nitrogen atmos-
phere with a 100-W, water-cooled, high-pressure mercury lamp
(UVL-100HA, Riko Kagaku Sangyo, Inc.) as a light source. The
maximum energy distribution was 365 nm at a light intensity of
1.8 mW/cm?. The crosslinked membrane obtained under this
method is called the PPOF-UV membrane in this article.

Gel Content

The gel content of the PPOF membrane was determined after
the crosslinking reaction to evaluate the degree of crosslinking.
The crosslinked membranes were immersed into a chloroform
solution at 23 = 1°C for 24 h, and the nonsoluble parts (i.e.,
crosslinked parts) were filtered and dried in vacuo at 23 = 1°C
to remove residual solvent before weighing. The gel content was
calculated with the following equation:

M
Gel content (%) = ﬁl x 100 (1)
o

where M, and M, are the weight of the insoluble fraction and
the original weight of the crosslinked membranes, respectively.

Polymer Characterization

All of the 'H-NMR and "“C-NMR spectra were recorded at
35°C on a JNM-ECA500 NMR spectrometer operating at
500 MHz with DMSO-ds. Cross-polarization/magic angle spin-

ning (CP-MAS) solid-state C-NMR experiments were
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performed on a JNM-ECA400 NMR spectrometer operating at
400 MHz. FTIR spectroscopy was performed on an FTIR-4100
(Jasco Co.) at 23 = 1°C with KBr.

The molecular weight of PPOF was determined by gel permea-
tion chromatography relative to polystyrene (PS) standards at
40°C on an HLC-8220 (Tosoh Co.) with TSK gel columns
(Super AWM-H) and a detector (RI-8220) with DMF as the
eluent at a flow rate of 0.3 mL/min. The inherent viscosities
were obtained by the dissolution of PPOF in DMF at a concen-
tration of 0.5% w/v with a Cannon-Fenske viscometer at 30°C.

Membrane Characterization

All of the measurements for membrane characterization were
performed three times to confirm the reproducibility of the ex-
perimental data.

The membrane density was measured by a buoyancy method
with calcium nitrate tetrahydrate at 23 + 1°C.**

Wide-angle X-ray diffraction (WAXD) measurements were per-
formed on a Rint 1200 X-ray diffractometer (Rigaku, Co., Ltd.)
with a Cu Ku radiation source at a scanning speed of 2°/min at
40 kV and 20 mA at dispersion angles ranging from 3 to 50° at
23 *= 1°C. The radiation wavelength (1) was 1.54 A.

Thermogravimetric analysis (TGA) was performed with a Pyris
1 TGA thermogravimetric analyzer (PerkinElmer, Inc.) from 50
to 900°C in a platinum pan at a heating rate of 10°C/min and
a flow rate of 60 mL/min under a nitrogen atmosphere with
about 1.0 mg of polymer sample. Differential scanning calorim-
etry was performed on a Diamond differential scanning calo-
rimeter (PerkinElmer, Inc.) with an aluminum pan. The heat
scan was conducted from —100 to 250°C at a heating rate of
10°C/min under a nitrogen atmosphere. The glass-transition
temperature (T,) was determined at the midpoint of the glass
transition endotherm of the first heating scan.

UV-vis spectra were taken for a 0.1 wt % solution in DME,
whereas a Multi Spec 1500 spectrophotometer (Shimadzu Co.)
was used for the films. The membrane chromaticity was deter-
mined with a Spectro-Guide 45/0 spectrophotometric colorimeter
(BYK Gardner GmbH) with a white background based on ISO
11664. Refractive index measurements were determined on a DR-
Al refractometer (Atago Co., Ltd.) at 589.3 nm and 23 = 1°C.

Gas Permeation

All of the gas-permeation measurements were performed for at
least three polymer membranes to ensure the reproducibility of
the experimental results. The gas permeabilities of H,, O,, Ny,
CO,, and CH, were determined with the constant-volume/vari-
able-pressure method.””" The upstream gas pressure was 76 *
1 cmHg, whereas the downstream was in vacuo. All of the gas
permeabilities were assumed to behave ideally at 35°C. The gas-
permeation coefficient [P; cm® (STP) cm cm > s~' cmHg ']

was determined with the following equation:>>'

dp 273V 11

T dt760(273 + T)Ap @

where dp/dt is the pressure increase at the steady state t, at the
steady state, V is the downstream volume (cm?), T'is the tempera-
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ture (°C), A (cm?) is the effective membrane area, p is the up-
stream pressure (cmHg), and 7 is the membrane thickness (cm).
The ideal gas selectivity of gas A over gas B was expressed as the
ratio of the permeability coefficient of gas A over that of gas B:

Py
.

=P, (3)

RESULTS AND DISCUSSION

On the basis of the '"H-NMR, ">C-NMR, and FTIR results, the
polymer structure was confirmed, as shown in Figure 1. The
PPOF was soluble in common solvents, such as THE chloro-
form, dichloromethane, dimethyl sulfoxide, and DMF. The gel
content of the untreated PPOF membrane was 11 wt % because
the polymer underwent slow crosslinking, even at 23 * 1°C,
when kept for a prolonged period. The gel content of the cross-
linked membranes was dependent on the heating temperature
and the UV-irradiation time (Figure 2). Therefore, further
experiments were performed with the crosslinked membranes
treated at 100 and 150°C or with UV irradiation for 4 h because
the gel contents of the crosslinked PPOF-thermal and PPOF-
UV membranes were almost 100%.

The crosslinking induced by thermal or UV-light treatment
caused the membrane color to change; this indicated the forma-
tion of conjugated structures via diacetylene cross-polymeriza-
tion. Figure 3 presents the membrane color of the crosslinked
PPOF membranes. The untreated PPOF membrane showed a
light yellow color, whereas the PPOF-thermal membrane treated
at 100°C was orange—yellow, and the PPOF-thermal membrane
treated at 150°C became red—brown. On the other hand, the
untreated PPOF membrane became slightly yellow after UV
irradiation. The color indices were measured with a Lab system
to evaluate the membrane color change. The membrane bright-
ness index (L*) varied from 0 to 100. The maximum of 100
corresponds to a perfect brightness, whereas the minimum of 0
corresponds to a perfect block contrast. The redness (a* > 0)/
greenness (a* < 0) and yellowness (b* > 0)/blueness (b* < 0)
indices have no specific numerical limits. The overall color dif-
ference (AE*) was expressed with the L*, a¥, and b* indices as
follows:>

AE = \J (AL +(Aa") +(AD)? @)

When the AE* value is higher than 0.5, a membrane color
change is visible. The color indices suggested that the redness

increased in the PPOF-thermal membrane, whereas the
ICH3
(o} o}
+=-<¢ H,

Poly [propargyl (3-methoxy-4-propargyloxy)cinnamate] (PPOF)

Figure 1. Chemical structure of PPOF.
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Figure 2. Gel content with increasing (a) temperature and (b) UV-irradiation time for the PPOF membranes.

yellowness increased in the PPOF-UV membrane. On the basis
of these color indices, the membrane color was significantly
changed after the thermal treatment compared with no treat-
ment. The coloring was due to the formation of conjugated sys-
tems by the oligomerization of diacetylenic groups in the main
chain by the reaction, as shown in Scheme 1. In addition, the
cynnamic double bonds also formed a cyclobutane ring by ace-
tylenic bonds, as shown in Scheme 2. A previous study
showed the crosslinking of nontopochemical amorphous ali-
phatic diacetylene polymers.®® In our study, the structural
change induced by the different crosslink methods was exam-
ined on the basis of the membrane solid properties.

Meiji University Meij

e

L:89.3
a*:—4.80
b*:20.5
AE*:0

L: 59.4
a*:33.0
b*:91.4
AE*:85.7

PPOF-Thermal (100°C)

The physical properties of the untreated and crosslinked PPOF
membranes are shown in Table I. The membrane density of
the untreated PPOF was 1.261 g/cm’®, whereas that of the
PPOF-thermal and PPOF-UV membranes increased because
of the crosslinking reaction between diacetylene units. In par-
ticular, the membrane density after thermal treatment at
150°C was higher than those of the other crosslinked mem-
branes; this suggested that the degree of crosslinking was high
compared with those of the other membranes. The WAXD
patterns of the crosslinked membranes are presented in
Figure 4. The untreated PPOF and crosslinked PPOF mem-
branes were amorphous in structure because of their broad

L:17.0
a*:36.9
b*:26.7
AE*:83.7

Sity

PPOF-Thermal (150°C)

L: 85.5
a*:-2.88
b*:39.6
AE*:19.6

PPOF-UV

Figure 3. Photographs of the PPOF membranes. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Scheme 1. Mechanism of thermal crosslinking of the amorphous diacety-
lene-containing polymers.

halo, as shown in Figure 4. The d-spacing was calculated with
the Bragg equation:*’

A =2dsin0 (5)

Only the WAXD pattern of the PPOF-thermal membrane
(150°C) showed a widely broad halo with a low intensity.
Therefore, the d-spacing of the PPOF-thermal membrane
(150°C) could not be determined. The patterns of the untreated
PPOFE, PPOF-thermal (100°C), and PPOF-UV membranes
showed two broad halos; the first broad peak at 20 = 15.9-16.8
(d = 5.2-5.5 A) corresponded to the distance between the diac-
etylene linkage in the adjacent chains, whereas the second broad
peak at 20 = 23 (d = 3.8 A) corresponded to the distance
between the polymer segments. Interestingly, the d-spacing val-
ues of these membranes were almost the same, regardless of the
crosslinking reaction. This result suggests that the crosslinking
reaction could proceed when the distance between the polymer
main chains remained constant.

Furthermore, '>C CP-MAS NMR measurements were per-
formed on the PPOF membranes to investigate the structural
changes caused by the crosslinking reaction. The CP-MAS spec-
tra of each membrane are presented in Figure 5. Characteristic
signals in the untreated PPOF membrane were observed at 55—
60 ppm for —CH,—O— and CH3;—O—, 70-80 ppm for C=C,
110-140 ppm for C=C and aromatic carbons, 150 ppm for
—O—, and 170 ppm for C=O0. The crosslinking reaction caused
a decrease in the triple bonds from 70 to 80 ppm in all of the

Table I. Physical Properties of the Crosslinked PPOF Membranes

ARTICLE

D uv
H
o

Scheme 2. Mechanism of the photocrosslinking of the amorphous diace-

HO” Yo

tylene-containing polymers.

crosslinked membranes and the appearance of a new signal
around 90 to 100 ppm for the PPOF-thermal membrane
(150°C), which indicated the formation of a new triple bond
characteristic of polydiacetylenes. The enhancement of the peak
around 125-130 ppm for the crosslinked membranes resulted
from the formation of a double bond (C=C). In addition, a
novel peak around 90 ppm in the PPOF-thermal membrane
(150°C) appeared; this indicated new bonds formed by the
crosslinking reaction between diacetylene groups. On the basis
of these results, the thermal and UV-irradiated crosslinking of
PPOF gave different crosslinked structures. In addition, the
highest degree of crosslinking structure was observed in
the PPOF-thermal membrane (150°C). It was reported that
the thermal crosslinking reaction takes place via the reaction of
diacetylene groups, as shown in Scheme 1, whereas UV radiation
at room temperature promotes crosslinking reactions between
the photoactive cinnamate moieties and leads to the formation
of a cyclobutane ring as a result of [2 4 2] cycloaddition.”?>>¢
Unlike crystalline photoreactive diacetylene-containing polymers,
the diacetylene groups must approach each other by the thermal
motion of the polymer chains and react to provide diradical
species, as shown in Scheme 1. The radicals undergo further
reactions, such as the coupling and abstraction of propargyl
hydrogen, and the resulting radicals react with each other to
form highly crosslinked structures. When sufficient crosslinks
are formed, the polymer becomes hard, and the molecular
motion stops. Therefore, the polymer still contains a substantial
amount of unreacted diacetylene groups after heating.

Thermal Properties

The T, of the untreated PPOF membrane was around 56°C.*
The exothermic reaction of the diacetylene groups in the
untreated membrane started at 130°C in the first heating scan.
On the other hand, obvious endothermic peaks based on the
polymer glass transition for the crosslinked membranes were
not observed. This was because the random crosslinking reac-
tion between diacetylene groups restricted the mobility of the

Polymer Crosslinking Thickness Gel content d-spacing (A)

membrane conditions (um) (wt %) p (glem®) First Second Refractive index
Untreated PPOF — 29 + 2 11 + 3 1261 = 0.001 523 +0.05 3.75+0.04 1.678 = 0.002
PPOF-thermal 100°C, 4 h 30 +3 99 + 1 1.287 + 0.001 550+ 0.17 3.85+0.08 1.664 + 0.007
PPOF-thermal 150°C, 4 h 31 +7 98 + 1 1.330 = 0.001 Not applicable 1.647 + 0.001
PPOF-UV Room temperature,4 h 31 = 1 94 + 6 1.269 = 0.001 550 +0.56 3.80 +0.14 1.674 = 0.002
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Figure 4. WAXD patterns of the PPOF membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

polymer chain. In addition, only the PPOF—thermal membrane
(150°C) did not show an exothermic reaction based on the
crosslinking reaction; this indicated that the reaction was com-
plete under the thermal treatment at 150°C. On the other hand,
the crosslinking reaction of the PPOF-thermal (100°C) and
PPOF-UV membranes did not proceed completely because the
exothermic reaction was still observed.

Figure 6 shows the TGA curves for each PPOF membrane.
Interestingly, similar thermal decomposition behavior was
observed for all of the PPOF membranes, regardless of their

z.'u i
] j
c ]
Q i
£ :

-

Untreated ! '

(solution) ' :

N 1 L 1! Y 1
200 150 100 50
5 (ppm)

Figure 5. ?C CP-MAS spectrum of the PPOF membranes. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 6. TGA curves of the PPOF membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

crosslinking reactions. This result indicates that the new linkages
between the diacetylene groups in the crosslinked membranes
did not affect the thermal stability. This was because the poly-
mer main chains could begin to decompose at 250°C. There-
fore, there was no obvious difference in the thermal stability for
all of the membranes, regardless of their crosslinking reactions.

Optical Properties

The UV-vis spectra of the membranes were obtained and are
shown in Figure 7. The presence of diacetylene groups was evi-
denced by the absorption band at 254 nm.*' Interestingly, this
band remained nearly constant after the crosslinking reactions;

Thermal (150°C)

Thermal (100°C)

Absorbance

Untreated
uv

L 1 L | L | L 1 L 1 1

300 400 500 600 700
Wavelength (nm)

200 800

Figure 7. UV-vis spectra of the PPOF membranes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table II. Gas Permeabilities of the Crosslinked PPOF Membranes at 35°C

ARTICLE -

Permeability [cm3(STP) cm cm 2 s~ cmHg * x10 19

Polymer Crosslinking
membrane condition Ho 0, N> CO> CHy4
Untreated PPOF — 339 +0.32 0.118 = 0.007 0.0221 = 0.0020 0.598 = 0.046 0.0142 = 0.0001
PPOF-thermal  100°C, 4 h 2.09 + 0.03 0.0503 = 0.0041 0.00843 = 0.00028 0.288 = 0.011 0.00546 + 0.00040
PPOF-thermal  150°C, 4 h — — — — —
PPOF-UV Room 2.72 + 0.13 0.0908 = 0.0044 0.0128 = 0.0003 0.427 = 0.017 0.00849 + 0.00043
temperature,
4 h

this indicated the formation of a new triple bond in the cross-
linked polymers. For the PPOF-thermal membranes (100 and
150°C), the appearance of a new broad band was observed from
400 to 800 nm, with maximum absorption bands at 450 and
490 nm, respectively. This result was attributed to an increase in
n delocalization along the highly crosslinked diacetylene net-
work, which was responsible for the color changes of the mem-
branes,”” whereas the crosslinked PPOF-UV membranes were
not observed. Although the gel content of PPOF-UV was
almost 100%, this result also suggested that the low conversion
of the diacetylene crosslinking reaction took place under UV
irradiation. Therefore, the PPOF membrane was more suscepti-
ble to thermal crosslinking via diacetylene units than to UV
irradiation.

The refractive indices of the crosslinked membranes at 589 nm
are summarized in Table I. The crosslinking reaction resulted in
a slight decrease in the refractive index. For example, the refrac-
tive indices of the crosslinked membranes were approximately
0.014 for the PPOF-thermal membrane (100°C), 0.31 for the

-
o
[

Thermal (150°C)

10-10

10-11

Lo adul

1 0-12

Untreated

Permeability (cm*(STP)cm/(cm? s cmHg))

10"
1.260 1.280 1.300 1.320

Membrane density (g/cm?)
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Figure 8. Gas-permeability coefficients as a function of the membrane
density in the PPOF membranes. From left to right are the untreated
membranes, UV-treated membranes, and thermally treated membranes at
100°C. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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PPOF-thermal membrane (150°C), and 0.004 for the PPOF-
UV membrane. These results were attributed to the changes in
the conjugated crosslinked network of the diacetylene units
obtained by different methods, such as thermal treatment or
UV irradiation. As discussed previously, the high free volume of
polymers is related to decreases in the refractive index.*” The
order of the refractive indices of the crosslinked membranes was
Untreated PPOF > PPOF-UV > PPOF-thermal (100°C) >
PPOF-thermal (150°C). However, the physical properties of the
crosslinked membranes showed membrane densification com-
pared with the untreated PPOF membrane, as presented in
Table I; this indicated that the free volume could decrease after
the crosslinking reaction.

Gas-Permeation and Separation Properties

The results of the gas-permeation measurements at 35°C for all
of the PPOF membranes are summarized in Table II. The gas
permeability of the PPOF-thermal membrane (150°C) was diffi-
cult to determine because the membrane was brittle. The order
of the gas-permeability coefficients of each PPOF membrane

1000
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© 2l
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1.260 1.280 1.300 1.320 1.340
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Figure 9. Ideal gas selectivities as a function of the membrane density in
the PPOF membranes. From left to right are the untreated membranes,
UV-treated membranes, and thermally treated membranes at 100°C.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Table III. Gas Selectivities of the Crosslinked PPOF Membranes at 35°C
Gas selectivity
Polymer membrane Crosslinking conditions Ho/CH4 Ho/CO5 02/No COx/No CO2/CH4
Untreated PPOF — 239 + 24 58+1.0 54 +0.38 275+ 46 422 + 36
PPOF-thermal 100°C, 4 h 386 + 34 73+0.4 6.0+ 0.7 343+25 53259
PPOF-thermal 150°C, 4 h — — — — —
PPOF-UV Room temperature, 4 h 322 + 32 6.4 + 0.6 71 +0.5 334 +21 506 = 46

was the same for all gases: Py, > Pcoyr > Por > Pna > Popa
This order did not follow the gas size; for example, the gas criti-
cal volumes were as follows: 65.0 cm>/mol for H,, 73.4 cm’/mol
for O,, 90.1 cm’/mol for N,, 94.1 cm’/mol for CO,, and
98.6 cm’/mol for CH,.>® At the same time, the order was not
consistent with the gas condensability; for example, the gas crit-
ical temperatures were 304 K for CO,, 191 K for CHy, 155 K
for O,, 126 K for N5, and 33.3 K for H,.”® These results suggest
that the gas-permeability coefficients for all of the membranes
did not depend on either the diffusivity or solubility but on the
balance between the two properties. The order of gas permeabil-
ity was as follows: Untreated PPOF > PPOF-UV > PPOF-ther-
mal (100°C). This was the same as that of membrane density.
As mentioned previously, the decrease in the refractive index of
the membranes could have been related to the increase in free
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Figure 10. Relationship between the CO, and O, permeability coefficients
in various polymer membranes. The figure includes poly(1-trimethylsilyl-
1-propyne) (PTMSP),> poly(4-methyl-2-pentyne) (PMP),*? polydimethyl-
siloxane (PDMS),*" 5,5',6,6'-tetrahydroxy-3,3,3',3 -tetramethyl-1,1’-spirobi-
(PIM-1),%?
polymer [TR; 4,4-hexafluoroisopropyliden diphthalic anhydride-2,2’-bis

sindane-tetrafluoro-terephthalonitrile thermally rearranged
(3-amino-4-hydroxylphenyl) hexafluoropropane],** 6FDA-2,3,5,6-tetrame-
thylphenylendiamine (PI),®> low-density polyethylene (LDPE),*" PS,®! pol-
ycarbonate (PC),®" cellulose acetate (CA),°" high-density polyethylene
(HDPE),®" PLA,” PPOE, PET,®" poly(vinyl chloride) (PVC),’" and polya-
crylonitrile (PAN).®' [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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volume.* However, opposite trend was observed in the cross-
linked PPOF membranes. This reason may have been related to
the crosslinking reaction between the acetylene groups.

The gas permeability of each PPOF membrane as a function of
membrane density is presented in Figure 8. Although the gas
permeability of the PPOF-thermal membrane (150°C) could
not be measured because the membrane was brittle, the esti-
mated data are plotted in Figure 8. The estimated gas perme-
ability was lower than that of the other crosslinked membranes.
Therefore, the crosslinking reaction with thermal treatment in
diacetylene-containing polymer membranes were an effective
approach for enhancing the gas-barrier properties in this study.

The ideal gas selectivities at 35°C for all of the membranes are
summarized in Table III. The gas selectivity determined from
the P values of the crosslinked membranes increased with
increasing membrane density, as presented in Figure 9. For
example, the O,/N, selectivity of the untreated PPOF mem-
brane was 5.4, whereas those of the PPOF-thermal membrane
(100°C) and PPOF-UV membrane were 6.0 and 7.1, respec-
tively. The increase in the gas selectivity could have been due to
the difference in the gas diffusivity produced by the crosslinking
reaction. Therefore, the crosslinking in diacetylene units
improved the gas-barrier performance and gas selectivity and
was observed as a general trade-off relationship.

Figure 10 shows a comparison of the relationships between the
CO, and O, permeabilities of the PPOF membrane and those
of other existing conventional polymer membranes.>®* As
shown by this result, the gas permeabilities of the PPOF mem-
branes were higher than that of poly(ethylene terephthalate)
(PET), which is widely used in barrier applications, and were
lower than those of PS and PLA membranes, which are widely
used as packaging materials. In addition, the estimated gas per-
meability for the PPOF-thermal membrane (150°C) was lower
than that for PET. Therefore, the thermal and photochemical
crosslinking reactions of diacetylene polymer membranes effec-
tive ways to improve their gas-barrier properties because of the
highly crosslinked networks between the acetylene groups.

CONCLUSIONS

The physical, thermal, and optical properties of novel diacety-
lene polymer membranes synthesized from ferulic acid were
investigated with a focus on thermal and UV crosslinking reac-
tions. The crosslinked membranes showed high gel contents
because of the formation of a diacetylene network. The
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membrane density of the PPOF membrane increased after the
crosslinking reaction. The increase in the membrane density for
the thermally treated membranes was larger than that for
UV-irradiated membrane; this suggested that the degree of
crosslinking by thermal treatment was higher than that of UV
irradiation. Drastic color changes after the crosslinking reaction
were also observed in the crosslinked membranes. These results
were due to the highly conjugated crosslinked network of diace-
tylene. Moreover, the conjugation that resulted from diacetylene
crosslinking led to visible absorption within the range 400-600
nm. The gas-permeation properties of the PPOF membranes
were also lower than that of PLA, which is also fabricated from
biomass. Furthermore, the gas permeabilities of the PPOF mem-
branes decreased with the crosslinking reactions as a result of
the diacetylene network. Therefore, the thermally and UV-irra-
diation-induced crosslinking reactions of diacetylene polymer
membranes constitute an effective approach for improving the
gas-barrier properties.
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