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Abstract: Silver salt complex membranes with glassy poly(methyl methacrylate) (PMMA) unexpectedly showed
higher propylene permeance than those with rubbery poly(butyl methacrylate) (PBMA) where as neat PMMA is
much less permeable to propylene than that of neat PBMA. Such unusual facilitated olefin transport has been
systematically investigated by changing the side chain length of polymethacrylates (PMAs) from methyl, ethyl to
butyl. The ab initio calculation showed almost the same electron densities of the carbonyl oxygens in the three
PMAs, expecting very similar intensity of the interaction between carbony! oxygen and silver ion. However, the
interaction intensity decreases with the length of the alkyl side chain: PMMA > PEMA > PBMA according to wide
angle X-ray scattering and FT-Raman spectroscopy. The difference in the interaction intensity may arise from the
difference in the hydrophilicity of the three PMAs, as confirmed by the contact angle of water, which determines the
concentrations of the ionic constituents of silver salts: free ion, contact ion pair and higher order ionic aggregate.
However, propylene solubilities and facilitated propylene transport vary with the side chain length significantly even
at the same concentration of the free ion, the most active olefin carrier, suggesting possible difference in the pro-
hibition of the molecular access of propylene to silver ion by the side chains: the steric hindrance. Therefore, it may
be concluded that both the hydrophilicity and the steric hindrance associated with the side chain length in the three
PMAs are of pivotal importance in determining facilitated olefin transport through polymer/silver salt complex

membranes.
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Introduction

Polymer/metal salt complexes have attracted considerable
atteation because of their versatile applications to secondary
batteries, fuel cells, electrochromic displays and etc.'” Low
lattice-energy salts are dissolved in a polymeric ligand con-
taining oxygen, nitrogen or sulfur to form polymer/metal
salt complexes by coordinative interaction between the
ligand and metal ion. Polymer/silver salt complexes have
alsc been much interested recently because they can be used
successfully as facilitated transport membranes in solid-
statz for olefin/paraffin separation.*'® They have offered a
promise for highly efficient membranes to separate olefin/
paraffin mixtures. For example, 99% pure propylene con-
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centration can be obtained by a single pass of silver polymer
electrolyte membranes when a feed stream concentration is
50% propylene.*

The silver polymer electrolyte membranes consisting of
silver ions dissolved in poly(2-ethyl-2-oxazoline) (POZ) or
poly(N-vinyl pyrrolidone) (PVP) showed very high separa-
tion performance for olefin/paraffin mixtures.*® The propyl-
ene permeance increases up to almost 45 GPU at 140 kPa
feed pressure with increasing silver ion content, while the
propane permeance is reduced to as low as 0.003 GPU.*®
Thus, the ideal separation factor of propylene over propane
is approximately 15,000. The maximum actual selectivity
for gaseous mixtures, defined by the ratio of mole fractions
of the gas components in permeate and feed streams, is
higher than 50.° This exceptional performance enhancement
is achieved primarily due to 1) extremely high loading of
silver salts in the polymer matrix, which is possible by the
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interaction between silver ions and carbonyl oxygens of
polymer matrices,* and 2) a fast reversible reaction of silver
ions with olefin."

In a series of previous studies, we obtained results that
shed light on the mechanism of facilitated olefin transport
through silver polymer electrolyte membranes.”*' First, the
coordinative interaction between silver ion and polymeric
ligand induces the dissolution of silver salts in a polar poly-
mer solvent. Its intensity and silver salt concentration in the
polymer matrix determine the concentrations of ionic con-
stituents such as free ion, ion pair and higher-order ionic
aggregates. It is spectroscopically observed that all three
silver ionic constituents are converted into free ions under an
olefin environment, suggesting that the most effective olefin
carrier is the free silver ion.” On these experimental findings,
a new mechanism for the complexation reaction between
propylene and silver salt in silver polymer electrolytes was
proposed.’

Second, in facilitated olefin transport through silver poly-
mer electrolytes, a threshold concentration was observed at
the silver mole fraction of approximately 0.25 for AgBF, or
AgCF;S0; dissolved in POZ or PVP, below which facili-
tated transport was not observed.*® However, the propylene
permeance increased nearly linearly with the silver concen-
tration at silver concentrations above the threshold concen-
tration. The existence of the threshold concentration may be
attributable to the coordination behavior of silver ion with
polymeric ligand as well as olefin. For AgBF, or AgCF;SO,
/POZ or PVP systems,? it was found that 1) the most favor-
able coordination number of silver ion under a propylene
environment was 3, and 2) the interaction between silver ion
and amide carbonyl oxygen was marginally stronger than
that between silver ion and olefin. It was thus proposed that
a silver ion can act as an olefin carrier only when it has
vacant coordination sites, i.e., when the number of amide
carbonyl oxygens coordinated to the silver ion is less than 3.
It was further found that the threshold concentration for
facilitated olefin transport was strongly dependent on the
relative strength of the interactions of silver ion with the car-
bonyl oxygen and with olefin.” The threshold concentration
is high when the former interaction is slightly stronger than
the latter, and is low when the latter is stronger than the
former. This is the first report on the importance of the coor-
dination behavior of metal ion in determining the activity of
silver ion as olefin carrier, and the presence of the threshold
concentration for facilitated transport membranes in solid
state.

Third, the reaction mechanism between silver ion and
olefin can be elucidated by calculating the theoretical struc-
ture of a silver-polymer complex in the gas phase and the
electronic energies of its reaction step with olefin.”” The
reaction between silver ion and olefin is proposed to occur
by two steps; the first is to form a silver-olefin complex as
an intermediate, and the second is the exchange of the com-
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plexed-olefin in the intermediate with a new olefin. The first
complexation step is irreversible and slow, whereas the sec-
ond exchange step is rapid and reversible, which appears to
be the key step in determining facilitated olefin transport.
Note that the second step is only observed when a concentra-
tion gradient is present, but not in a homogeneous system.

Despite the extensive research on facilitated olefin transport
phenomena in the polymer/silver complex membranes, the
relationship between the structure of macromolecular ligand
and facilitated transport has been insufficiently explored.
Accordingly, very little information has been obtained about
the structural effect of polymer matrix, which is of pivotal
importance in the development of enhanced performance in
polymer/silver complex membranes. Among various polymer
matrices containing oxygen, three different polymethacrylates
(PMAs) such as poly(methyl methacrylate) (PMMA), poly
(ethyl methacrylate) (PEMA) and poly(buthyl methacrylate)
(PBMA) have been employed in this study because they
have the same molecular structure containing methacrylate
group except for the difference of side chain length of alkyl
group. Especially the polymers having similar M,, ranging
from 337 to 350 k have been chosen to avoid any possible
steric effect by the different entanglement of polymer chains.
Here we observed that silver salt complex membranes with
glassy PMMA showed unexpectedly much higher propylene
permeance than those with rubbery PBMA even though
neat PMMA is much less permeable to propylene than neat
PBMA. Thus we investigate the effect of macromolecular
structure on facilitated olefin transport and the importance
of side chain length of the ligand in determining the polymer/
silver salt complexation.

Experimental

PMMA (M,, = 350 k), PEMA (340 k), PBMA (337 k), sil-
ver tetrafluoroborate (AgBF,, 98%) and silver trifluoro-
methanesulfonate (AgCF;S0s, 994+%) were purchased from
Aldrich Chemical Co. and were used without further purifi-
cation. Polymer solution was prepared by dissolving 20 wt%
polymer in tetrahydrofuran (THF, 99+%, Aldrich). After
complete dissolution, the predetermined amount of silver
salt was added in the solution depending on the mole frac-
tion of silver salt, i.e. [Ag)/([COO]+[Ag]). The solution was
then cast on teflon-attached glass plate and dried under N,
environment. The films were further dried in a vacuum oven
for two days at room temperature.

Wide angle X-ray Scattering (WAXS) was utilized with Cu
K, radiation to determine the value of d-spacing in polymer/
silver complexes at a scanning speed of 5°/min. The contact
angles for polymer surfaces were determined using a contact
angle meter (Tantec, model CAM-Micro). The contact angle
of deionized water on polymer surface was measured by the
static drop method at room temperature. Each reported con-
tact angle value is the average of at least six measurements.
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The IR spectra were obtained with a pressure cell equipped
with CaF, windows by a 6030 Mattson Galaxy Series FI-IR
soectrometer, and 64-64 scans were signal-averaged at a
resolution of 4 cm!. Raman spectra for the polymer/silver
salt complexes were recorded at room temperature using a
Perkin Elmer System 2000 NIR FI-Raman. This experi-
mental apparatus includes a neodymium-doped yttrium alu-
minum garnet (Nd**:YAG) laser operating at 1.064 um.
Spectroscopic characterization was performed using a pres-
sre cell equipped with CaF, windows.

For the gas permeation test, the polymer solution was
crated onto a polyester membrane substrate (Whatman,
0.1 um) using a RK Control Coater (Model 101, Control
Coater RK Print-Coat Instruments LTD, UK). Mixed gas
(50:50 vol% of propylene/propane mixture) separation
p-operties through the membranes were evaluated by gas
¢ womatography (Hewlett Packard G1530A, MA) equipped
with a TCD detector. The stage cut (8), the ratio of permeate
to feed flow rates, was always less than 2%. The unit of gas
parmeance is GPU, where 1 GPU = 1X 10 cm® (STP)/em?® s
cnHg). The thickness of the top selective layer is ca. 1.5 um
as determined by scanning electron microscopy (SEM).

Calculation. The electronic energy (i.e., complexation
energy) was calculated by full optimization, without any
g:ometrical constraint, of Beckes three parameter hybrid
functional”® using the Lee, Yang and Parr correlation
functional®' with the 6-31+G(d) basis set® for non-metallic
elements and the Effective Core Potential (ECP) basis sets
o’ type LANL2DZ for silver cation. The program package
Caussian 98 was used throughout the work.

Results and Discussion

Electron Density of Polymer Matrix. The charge densities
o’ oxygens in the three polymer matrices were calculated
tteoretically at B3LYP/6-31G" level and the results are pre-
sented in Table 1. As seen, the charge densities of two ester
oxxygens in the three polymers are not significantly different
euch other, indicating the similar electron donation ability to
silver ion and thus expecting the similar interactions of silver
selt with three PMAs. Meanwhile, the higher negativity of
tke charge density for the carbonyl oxygen (C=0) than C-O
ir-espective of the polymer matrix represents that the silver
icns will be more favorably coordinated by the oxygen of
C=0 than that of C-O in ester group. It is a good accordance
with the previous FTIR spectroscopic results that silver ions
are coordinated mainly by the C=0O oxygen in ester group

Table I. Calculated NBO Charge Density (q) of Ester Oxygen
in Electron Unit at B3LYP/6-31G* Level

Oxygen Species PMMA PEMA PBMA
C=0 -0.599 -0.604 -0.600
C-O -0.567 -0.566 -0.558
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for cellulose acetate (CA)/AgBF, membranes.'°
Dissolution of Silver Salts. Despite the similar electrcr
densities of the oxygen in the three polymer matrices
remarkably different physico-chemcial properties for the
polymer/silver complex membranes have been achieved
The first is the different dissolution behavior of the silve
salt in the polymer matrix depending on the side chair
length of alkyl group. WAXS data of the three PMAs anc
PMA/silver salt complexes were measured and presented ir
Figure 1. Pure PMA gives rise to a [(26) vs 26 plot with twt
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Figure 1. WAXS data of AgCF;SO;, polymer and polymer/
AgCF;S0;, complexes with various mole fractions of silver salt.
(a) PMMA, (b) PEMA, and (c) PBMA.
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broad amorphous peaks. According to the previous resear-
ches,” these two peaks could be assigned to the interchain
distance and the distance between the pendant groups of
PMA. Since PBMA has longer pendant group, two peaks
are clearly separated. Furthermore, the Bragg d-spacing of
the interchain distance is longer and that of the pendant
groups is shorter in PBMA, in compared with those in PEMA
and PMMA. Meanwhile, the crystalline peak of AgCF;SO,
in the PMMA complex is hardly observed up to a silver mole
fraction of 0.2, whereas some crystalline peaks for PEMA
and PBMA complexes are shown. This represents that
PMMA can dissolve the highest concentration of silver salts
among the three PMAs.

The interaction between silver ion and polymeric ligand
primarily determines the dissolution ability of silver salt in
polymeric ligands and the ionic constituents of silver salts
including free ions, ion pairs and higher order aggregates.
For instance, free ions are more likely to be formed when
the interaction between silver ion and polymeric ligand and
consequently the dissolution ability of silver salts in a poly-
meric ligand are high. Therefore, the interaction is important
in the characterization of the ionic constituents. The FT-
Raman spectra of polymer complexes with AgCF;SO; were
obtained as a function of silver mole fraction. Figure 2
shows the Raman spectra of the v; symmetric stretching
vibration of SO; for the complexes with (a) PMMA, (b)
PEMA and (c) PBMA. According to the previous research,?’ %
the bands for the v, (SOy) stretching mode at 1032, 1037
and 1048 cm! in the complexes are assigned to the free ion,
ion pair and higher-order ionic aggregate, respectively. For
PMMA/AgCF;S0; complex, free ions are present up to the
silver mole fraction of 0.10, as seen in Figure 2(a). When the
silver concentration increased further above 0.10, the main
band shifts to a higher wavenumber and the band becomes
asymmetric, demonstrating the presence of both ion pairs
and free ions. The vibrational FT-Raman spectra of PEMA/
AgCF;S0; and PBMA/AgCF;SO; complexes in the v, (SO5)
stretching region show the similar behavior to those of
PMMA/AgCF;SO; complex except for the differences in
the relative peak intensities of free ions and ion pairs.

To obtain more quantitative information on dissolution
ability of polymer matrices for silver salt, the Raman spectra
for PMA/AgCF;SO; complexes with various silver mole
fractions were deconvoluted shown in Figure 3. The relative
concentration of free ions was calculated as the ratio of the
deconvoluted area under the peak with maximum value to
the total area of the v, (SO;’) envelope®*? and presented in
Figure 4. Irrespective of polymer matrices, only free ions
are present up to a silver mole fraction of 0.10, above which
ion pairs start to form and thus the fraction of free ions
decreases gradually. The higher concentration of silver salt,
the lower concentration of free ions is obtained. More
importantly, the concentration of free ions in all silver con-
centration ranges is in the order of PMMA >PEMA >
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Figure 2. FT-Raman spectra for SO;" stretching region for pure
polymer and polymer/AgCF;SO; complexes with various mole
fractions of silver salt. (a) PMMA, (b) PEMA, and (c) PBMA.

PBMA. This is because relatively hydrophilic PMMA can
dissolve silver salts more than PEMA and PBMA, which is
consistent with the WAXS results.

As the alkyl side chain is longer, the hydrophilicity will be
decreased: PMMA > PEMA > PBMA, as verified by mea-
suring the contact angles of water for the three polymers
(Table II). The lower contact angle of water for PMMA may
be associated with the higher concentration of hydrophilic
ester groups, representing more hydrophilic. Since silver
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Figure 3. Deconvoluted FT-Raman curves for SO; stretching
region for polymer/AgCF;SO; complexes with a silver mole
frection of 0.33. (a) PMMA, (b) PEMA, and (¢) PBMA.

Table II. Contact Angles of Deionized Water for PMMA,
PEMA and PBMA

PMMA
56° % 1

PEMA
72° %+ 1

PBMA
83°x 1

Contact Angle

salts are also hydrophilic, the hydrophilicity of the polymer
matrix might have a positive effect on the dissolution of
silver salt. Thus, the relatively hydrophilic PMMA would

Macromol. Res., Vol. 11, No. 5, 2003

—e— PMMA

10{ a—a—an —=— PEMA
@ —a— PBMA
Q
&; e
8 .\
(= s
2 A
'ts \A\.
o R |
L

0.0 1— T T T

0.0 0.1 0.2 0.3

Mole fraction of silver salt

Figure 4. Fraction of free ions in polymer/AgCF;SO; complexes
as a function of silver mole fraction.

have strong interaction with silver salts and thus dissolve the
higher concentration of the silver salts than PEMA or
PBMA. '

Facilitated Olefin Transport. It is found that the separa-
tion performance through the PMA/silver salt complex
membranes is very sensitive to the side chain length. The gas
transport properties of propylene/propane mixtures through
the three PMA membranes containing AgBF, and AgCF;SO;
at 23°C were measured and presented as a function of the
silver concentration in Figures 5 and 6. The permeation
result clearly indicates that the facilitated olefin transport
properties, including the selectivity of propylene/propane
and gas permeance, decrease irrespective of the kind of the
silver salt: PMMA > PEMA > PBMA. It should be noted
that glassy PMMA/silver salt complex membranes show
unexpectedly much higher gas permeance than those with
rubbery PBMA complex membranes even though neat
PMMA is much less permeable than neat PBMA. It is also
found that the polymer complex membranes containing
AgBF, showed better separation performance than those
containing AgCF;S0;.

It is well known that the free ion among the three ionic
constituents is the most effective olefin carrier and thus the
facilitated transport depends primarily on the concentration
of the free ion. The propylene permeances depend strongly
on the length of the side chain at the same silver more frac-
tion of 0.1 (Figures 5 and 6) even though the free ion con-
centrations are almost the same (Figure 4). This suggests that
the free ion concentration depending on the hydrophilicity of
the polymer matrix is important in determining the facilitatec
olefin transport, but other factors may also play important roles.

Olefin Coordination to Silver Ions. The different olefir
solubilities in the three PMA/silver salt complexes were
observed by FT-IR spectroscopy. Figure 7 presents the in-
situ FT-IR spectra of the three PMA membranes containing
AgCF,S0; with and without propylene sorption. Since the
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Figure 5. Mixed gas selectivity of propylene/propane through
polymet/silver complex membranes as a function of silver mole
fraction at 375 kPa, 23°C. (a) AgBF, and (b) AgCF;SO,.

shape and intensity of the free carbonyl peak in three poly-
mers at 1729 cm' nearly coincide each other, only the spec-
trum of PBMA is plotted for simplicity. For the polymer/
silver salt complex, the spectra of the three membranes before
propylene sorption were not significantly different each other,
showing two carbonyl peaks of the free C=0 at 1729 cm’'
and the complexed C=0 with silver ions at 1700 cm™. The
appearance of the complexed C=0 peak at a lower wave-
number may result from the loosened C=0 double bond
interaction by the coordinative interaction between silver
ions and carbonyl oxygen. However, when the membranes
were exposed to 345 kPa of propylene for 30 min and suc-
cessively purged with nitrogen for less than one second, the
spectra of the three polymer/silver salt complexes were
remarkably changed. The intensity of the complexed C=0
peak with silver ions at 1700 cm™ was notably decreased.
This result strongly suggests that some of the complexed
carbonyl oxygens become free, demonstrating that 1) olefins
and carbonyl groups compete with each other for the coor-
dination to silver ions, 2) the interaction of silver ion with
olefin is equivalent to or slightly stronger than that with
ester oxygen. Additionally, a new peak with relatively weak

380

—e— PMMA
5 124 (a) AgBF, —a— PEMA
0o —A—PBMA o
O
~ @
/./
g s o«
n
% -/l-——-l/
0w 4 a
5
A—=A A
z J A—A
2 o a—
00 01 02 03 0.4
Mole fraction of silver salt
4 -
— —e— PMMA
= (b) AGCF, SO, —=— PEMA
& 3 —a— PBMA
9 °
5 5. oé
8 ./o
8
8 1
o / /
B
S o] a— -
0.0 0.1 02 03 04

Mole fraction of silver salt

Figure 6. Mixed gas permeance of propylene/propane through
polymet/silver complex membranes as a function of silver mole
fraction at 375 kPa, 23 °C. (a) AgBF, and (b) AgCF:SO;.
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Figure 7. FT-IR spectra for PMMA, PEMA and PBMA com-
plexes containing AgCF;SO; with (thick line) and without (thin)
propylene sorption at a silver mole fraction of 0.33. For pure
polymer, the spectrum with propylene nearly coincides with that
without propylene sorption.
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intensity at 1589 cm™ appeared, which can be ascribed to the
complexed C=C of propylene with silver ion. Note that v,
znd v, of C=C in free propylene are 1665 and 1640 cm’,
respectively. The intensity of the new peak could be strongly
associated with the amounts of the propylene complexation
with silver ions and consequently the propylene solubility in
polymer/silver salt complex membranes.”® Since the intensity
of t1e C=C peak at 1589 cm is in the order of PMMA >
PEMA > PBMA, it can be obviously demonstrated that the
propylene solubility in the polymer/silver complex mem-
branes is arranged as the same order, which is in a good
agreement with the trend of facilitated olefin transport.

Role of Side Chain, We have obtained anomalously dif-
ferent propylene solubility and facilitated transport in the
PMA/silver complex membranes depending on the side chain
length of alkyl group. The three polymer matrices possess
the similar molecular structure and oxygen electron density
for the possible coordination to silver ions. However, the
dissolution ability of polymeric ligand is consistent with the
hvdrophilicity of PMAs. It is believed that the long side
cha n connected to the ester group may prohibit the spatial
access of olefin molecules to silver ions: steric hindrance.
The steric hindrance may also result in the difference in
facilitated olefin transport in addition to the hydrophilicity
of the polymeric matrices.

Conclusions

S lver salt complex membranes with glassy PMMA
showved unexpectedly much higher propylene permeance
than those with rubbery PBMA even though neat PMMA is
much less permeable to propylene than neat PBMA. The
three PMAs exhibit almost the same charge density of the
carbonyl oxygens for the coordination to silver ions. How-
eve:, the hydrophilicity decreases with the length of the side
cha n, and may primarily determine the interaction between
silver ion and carbonyl oxygen and consequently the free
ion concentration. It is also found that both the facilitated
olefin transport and olefin solubilities depend strongly on
the steric hindrance in addition to the hydrophilicity of the
polvmeric matrix. Therefore, it is proposed that both the
hyvdrophilicity and the steric hindrance associated with the
diffzrence in the side chain length are important in deter-
miring facilitated olefin transport through the polymer/silver
salt complex membranes.
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