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a Waters Radial Pak silica column and an 80/20 hexane/chlo-
roform (Aldrich, ethanol stabilized) mixture as eluent.
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Dual-Mode Transport of Molecular Oxygen in a Membrane
Containing a Cobalt Porphyrin Complex as a Fixed Carrier
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ABSTRACT: Molecular oxygen transport through a polymeric membrane is found to be augmented by the
addition of [a,o/,a” ,a’”-meso-tetrakis(o-pivalamidophenyl)porphinato]cobalt(Il)-1-methylimidazole (CoPIm)
complex, which forms an oxygen adduct rapidly and reversibly. The oxygen-binding rate and equilibrium
constants for the Co complex in the membrane, i.e., a fixed carrier, were measured spectroscopically in situ.
The oxygen permeability of the membrane containing CoPIm increased with decreasing upstream oxygen
pressure, which is in accordance with a dual-mode transport model. The oxygen-binding parameters, determined
spectroscopically, were adequate for an approximate analysis in terms of this model. The permeability ratio
(Po,/Px,) was greater than 10 in the membrane containing a large amount of CoPIm.

Introduction

Much effort has been expended in studying the selective
transport of gases through polymeric membranes.! One
method that has been reported to find oxygen permse-
lective membrane is the syntheses of polymers in which
the solubility coefficient of oxygen is greater than that of
nitrogen.2® However, it is difficult to prepare a polymer
in which only the oxygen solubility coefficient is sub-
stantially enhanced. This is easily understood from the
fact that there is only a small difference between the
solubilities of oxygen and nitrogen in organic solvents. In
fact, no permselective membrane has been successfully
prepared by this approach.

A polymer containing a carrier that interacts specifically
and reversibly with oxygen would be an interesting pos-

sibility as an oxygen permselective membrane. Metal
complexes such as iron porphyrin derivatives and co-
balt-Schiff base complexes form oxygen adducts reversibly
and bind oxygen according to a Langmuir isotherm. This
approach has been successfully applied as an oxygen-
transporting fluid* and as oxygen-separating liquid mem-
branes.®? Oxygen exhibited a high permeability in the
latter. However, for the liquid membrane the membrane
itself cannot be used under a differential gas pressure, and
the liquid medium containing the metal complex is va-
porized in use. Thus, it is not feasible to employ an oxy-
gen-enriching membrane to separate oxygen from air.
We preliminarily reported the preparation of a polymer
membrane containing a cobalt porphyrin complex as a
fixed carrier in the membrane that sorbs and transports
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oxygen selectively in the Langmuir mode.f Oxygen per-
meation in a membrane containing a cobalt complex using
cobalt—Schiff base complexes was also recently reported.’
The present paper describes highly selective transport of
molecular oxygen in a polymer containing a cobalt por-
phyrin complex as a fixed carrier. We also discuss the
permeation profile based on a dual-mode transport model.
The polymer membrane was prepared by homogeneously
dispersing in poly(butyl methacrylate) the [a,o/,a”,a’’-
meso-tetrakis(o-pivalamidophenyl)porphinato]cobalt-
(IT)-1-methylimidazole (CoPIm) complex, whose sixth co-
ordination site is vacant even in the solid state and able
to bind oxygen reversibly. Rapid and reversible oxygen
binding to the complex (the fixed carrier) in the membrane
was characterized in situ by spectroscopic methods. The
oxygen permeation behavior through the membranes is
quantitatively discussed in terms of the combination of
dual-mode-transport theory and the spectroscopic data.

Experimental Section

Materials. [a,0/,a”,a”’-meso-tetrakis(o- plvalam1dophenyl)
porphinato]cobalt(II) (CoP) was synthesized as in the literature.?
CoP was complexed with 1-methylimidazole (Im) in toluene under
a nitrogen atmosphere. Toluene solutions of the CoPIm complex
and poly(butyl methacrylate) (PBMA) (M,, = 32000) were mixed,
and the mixed toluene solution was carefully cast on a Teflon plate
under an oxygen-free atmosphere, followed by drying in vacuo,
to yield a transparent, wine-red membrane with a thickness of
60-65 um and containing 2.5-4.5 wt % CoPIm.

Spectroscopic Measurements. Reversible oxygen binding
to the CoPIm complex in the membrane was observed to be
accompanied by a spectral change in the visible absorption (using
high-sensitivity spectrophotometer, Shimazu Model UV2000).
Rapid and reversible oxygen binding to the CoPIm complex in
the membrane was also confirmed by flash photolysis (using a
pulse and laser flash spectrophotometer equipped with a kinetic
data processor, UNISOKU Model FR-2000). The laser flash was
applied perpendicularly to the light path of the spectrophotometer,
and the membrane was placed at the crossing of the laser flash
and the light path and at 45° to both. The rapid absorption
change was recorded with a contact-type photomultiplier to cancel
the noise caused by scattered light.

Permeation Measurement. Oxygen permeation coefficients
for various upstream gas pressures were measured with a low-
vacuum permeation apparatus in the chamber with stable ther-
mostating (Rika Seiki Inc. Model K-315 N-03). The pressure on
the upstream side was maintained essentially constant. The
pressures on the upstream and downstream sides were detected
by using a Baratron absolute pressure gauge (MKS Instruments
Inc.). Nitrogen permeation coefficients were measured by the
same procedure as for oxygen. The permeation coefficient was
calculated from the slope of the steady-state straight line of the
permeation curve.

Transport in a Fixed Carrier Membrane

The membrane containing the CoPIm complex as a fixed
carrier is assumed to sorb molecular oxygen by a dual
mode: Henry’s law sorption to the polymer domain and
additional Langmuir sorption to the complex. Ozxygen
adsorption and desorption to the CoPIm complex in so-
lution are known to be very rapid and reversible. If the
CoPIm complex is fixed in the membrane with preserva-
tion of its oxygen-binding ability, oxygen interacts with
the fixed CoPIm carrier rapidly and reversibly and is not
immobilized by it during the passage through the mem-
brane. Thus oxygen transport is expected to be accelerated
by the additional Langmuir mode in addition to the Henry
mode.

Paul and Koros have reported carbon dioxide transport
via a frozen free volume or microvoid that arises from the
nonequilibrium nature of glassy polymers and proposed
a dual-mode-transport theory to explain the behavior of
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Scheme I

Oxygen Transport System in a Fixed Carrier Membrane
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carbon dioxide transport in glassy polymers.®

This dual-mode-transport theory is applicable to oxygen
transport in the membrane containing the CoPIm complex
as a fixed carrier, as mentioned below. Scheme I shows
the oxygen permeability in the fixed carrier membrane that
is governed by both the Henry and the Langmuir modes.
That is, the oxygen permeation coefficient is equal to the
sum of a first term representing the Henry mode and a
second term representing the Langmuir mode (eq 1).

P = kpDp + DcCIK /(1 + Kpy) 0y

Here, P is the permeability coefficient, kp is the solubility
coefficient for Henry’s law, Dy and D are the diffusion
coefficients for Henry-type and Langmuir-type diffusion,
respectively, C¢’ is the saturated amount of oxygen re-
versibly bound to the binding site or fixed carrier, K is the
oxygen-binding and dissociation equilibrium constant, and
Do is the upstream gas pressure. Equation 1 is a function
of py, and P increases with decreasing p,.

The time course of the permeation of gas molecules
through membranes often shows an induction period
followed by permeation with a constant slope (steady
state). For a fixed carrier membrane the induction period
is expected to be enhanced because the fixed carrier in-
teracts with the penetrant and reduces its diffusivity in
the membrane. The induction period for the membrane
containing the CoPIm complex is also governed by both
the Henry and Langmuir modes (eq 2).%2

6Dpb/1? = [1 + RIfo(y) + FRfi(y) + (FR*f(0)] +
FRfy(y) + (FR)*)1/[1 + FR/(1 + y)]* (2)

2
fo(y)=%[-y—+y—(l+y)ln(1+y)]

2
y 3y I(+y)
hO) = [E 21+ T A+ ]
1 1 1 1
£0) = [ 6201+ T 2T+ 60+ ]

3 y
fsU)——[—§y+2(1+ )+(1+y)ln(1+y)]

611 1 In(1+y)
f4(y)—y3[§_2(1+y)2_ (1+y) ]

Here, 6 is the permeation time lag, F is defined as D¢/Dp,
and R is defined as KC¢'/kp. 0 also depends on p,.
Equation 2 is converted into eq 3, where F = Dc/Dp, R
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68[1 + FR/(1 + y)I°

[:0) + FRAG) + RGO

R 1 + FRfy(y) + (FR)’f,(y) 1
ot X))+
Dp  foly) + FRA(¥) + (FR)’fo(y) "Dp

= Cc’K/kp, y = Kp,, and [ is the thickness of the mem-
brane. The combination of eq 3 and 1 gives R/Dp and
1/Dp, and the permeation parameters, D¢, kp, and C¢/, can
be estimated.

@)

Results and Discussion

Oxygen Binding to the Complex in the Membrane.
The visible absorption spectrum of the red and transparent
membranes is shown in Figure 1. The spectrum of the
deoxy CoPIm complex (A, = 528 nm) was changed to the
spectrum with A,,, = 545 nm assigned to the oxy CoPIm
complex (O,/Co = 1/1 adduct) immediately after exposure
to oxygen. The oxy-deoxy spectral change was reversible
in response to a partial pressure of oxygen with isosbestic
points at 480, 538, and 667 nm. These visible absorption
spectra agreed with those for the corresponding complex
in toluene solution.

The reversible oxy—deoxy spectral change occurred very
rapidly; e.g., for a 65-um-thick membrane containing 2.5
wt % CoPIm the oxygen-binding and dissociation equi-
librium was established within a few minutes after expo-
sure to oxygen or in vacuo at 25 °C (Figure 2). Although
there have been a few reports on oxygen binding to the
cobalt-Schiff base complexes or iron porphyrin complexes
dispersed in or bonded to polymers in the solid state,
oxygen adsorption and desorption on these polymers oc-
curred very slowly even in a finely powdered state with a
large surface area.l? It is important for a fixed carrier of
oxygen that oxygen be sorbed and desorbed rapidly in
response to a partial oxygen pressure even after fixation
in the membrane.

v klPP
CoPIm-0, 2 CoPIm + 0, - CoPIm-0,  (4)
Ron
CoPIm + O, = CoPIm-0, (5)

Photodissociation and recombination of the bound ox-
ygen from and to the CoPIm complex in the membrane
(eq 4) was successfully observed by pulse and laser flash
spectroscopy. The oxygen-binding and dissociation rate
constants (k,, and k. in eq 5) of the CoPIm complex fixed
in the membrane could be determined in situ as follows.
Changing the monitoring wavelength from 510 to 560 nm
allowed a differential spectrum before and after flash
photolysis to be measured. The positive and negative
extremes in the differential spectrum, 528 and 545 nm,
were selected as the monitoring wavelengths thereafter
(Figure 3). These wavelengths agreed with the absorption
maxima of the oxygen adduct and the deoxy complex in
Figure 1. The validity of this measurement is supported
further by the following results: (1) Absorbance at 538 nm
is constant before and after flash photolysis (Figure 3).
This wavelength agrees with the isosbestic point of the
oxygen adduct and the deoxy complex as shown in Figure
1. (2) The absorption changes followed at 528 and 545 nm
are symmetric (Figure 3).

The k,, and k. were estimated by pseudo-first-order
kinetics (Figure 3) and are given in Table I. The &, and
kg values of the CoPIm complex in the membrane were
a little faster than or similar to those of the complex in
toluene solution. This means that the CoPIm complex is
active for oxygen binding even in the membrane and acts
as an effective fixed carrier of oxygen.
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Figure 1. Visible absorption spectral change in the oxygen
binding to the CoPIm/PBMA membrane at 25 °C, [CoPIm] =
2.5 wt %.
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Figure 2. Time course of the oxygen adsorption (O) and de-
sorption (@) in the CoPIm/PBMA membrane at 25 °C, [CoPIm]
=25wt %.
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Figure 3. Flash photolysis of the CoPIm/PBMA membrane
under exposure to air and approximation to pseudo-first-order
kinetics for the membrane at 25 °C, [CoPIm] = 2.5 wt %.

Table 1
Oxygen-Binding Rate, Equilibrium Constants,® and
Thermodynamic Parameters® for the CoPIm/PBMA

Membrane
physical 1075k, 10%,, K,L AH, keal AS,
state L mol™ g gt mol™! mol™? eu
toluene soln 1.2 1.2 10.1 -12 -36
membrane 5.2 2.8 18.6 -14 ~44

¢ Data at 25 °C. ®Data from Figure 5 (In K in atm™).

The oxygen-binding equilibrium constant (K = &,/ k)
was determined from the oxygen-binding and dissociation
equilibrium measurement by using Drago’s equation.!?
The oxygen-binding equilibrium curves are given in Figure
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Figure 4. Oxygen-binding equilibrium curve for the CoPIm/
PBMA membrane at (0) 20 °C, (@) 25 °C, and (@) 30 °C.
[CoPlIm] = 2.5 wt %.
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Figure 5. van’t Hoff plots of the oxygen-binding equilibrium
constants for the CoPIm/PBMA membrane, [CoPIm] = 2.5 wt
%.

4. The K (mmHg™?) obtained was converted to K (M)
by substituting the solubility coefficient of oxygen in the
membrane determined by the oxygen permeation mea-
surement mentioned later (Table I). The K value of the
complex in the membrane was a little larger than or similar
to that in the toluene solution.

The thermodynamic parameters for oxygen binding were
estimated from the temperature dependence of K (Figure
5) and are also given in Table I. The enthalpy change (AH)
for the complex in the membrane is more negative than
that for the solution. This favorable enthalpy change
contributes to the slightly larger K values of the membrane
system. The larger oxygen-binding affinity of the CoPIm
complex fixed in the membrane in comparison with that
in the solution may be explained as follows. While the
axial Im ligation is at equilibrium in the solution system,
the CoP-Im complexation is completed and/or the Im
ligand is immobilized to CoP, which brings about relatively
stable oxygen adduct formation for the complex in the
membrane.

The advantages of the membrane containing CoPIm are
that the fixed carrier maintains its rapid and reversible
binding capability of the penetrant even after fixation in
the membrane and that adsorption and desorption rate
and equilibrium constants of the penetrant at the carrier
site can be evaluated in situ.

Oxygen Permeability in the Fixed Carrier Mem-
brane. Figure 6 shows the effect of upstream gas pressure
{p2) on the permeability coefficients (P, and Py;,) in the
membrane containing 2.5 wt % CoPIm. 1302 increases with
the decrease in p,(0,), which is in accordance with eq 1.
Although the dependence of P on p, has often been re-
ported for glassy polymers,® glass transition temperatures
were 19, 15, and 20 °C for the membranes containing 0,
2.5, and 4.5 wt % CoPIm, respectively, and the membranes
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Figure 6. Effect of upstream gas pressure on permeation
coefficient for the CoPIm/PBMA membrane (oxygen at (O) 20
°C, (@) 25 °C, (@) 30 °C; nitrogen at (@) 25 °C) and for the inert
CoPIm/PBMA membrane (oxygen at (a) 25 °C).

were in a rubbery state at the temperatures employed for
the permeability measurements. In fact, Py, was inde-
pendent of py(N,) because the fixed carrier does not in-
teract with nitrogen. This was also supported by the fact
that Pg, was independent of p,(O,) for a membrane con-
taining the inert cobalt(IIT) complex (2.5 wt %), which does
not interact with or bind oxygen.

The induction period (6) for oxygen permeation also
depended on p,(O,) in the same manner as the permeation
coefficient, as shown in Figure 7. This behavior is in
agreement with eq 2 and indicates that oxygen clearly
interacts with the CoPIm complex in the membrane. This
is further supported by the results that # for nitrogen
permeation in the membrane containing the carrier and
6 for oxygen permeation in the membrane containing the
inert complex are independent of the upstream gas pres-
sures. In Figure 7 one also notices that fp, and the py(0,)
dependence of 8, decrease with temperature. 65, and the
p2(0,) dependence of 6, are based on oxygen binding to
the fixed carrier and enhanced at lower temperature be-
cause the oxygen-binding equilibrium constant of the fixed
carrier increases with decreasing temperature (see Table
I).
The effect of p;(0,) on POz was analyzed by using eq 1;
that is, Py, was plotted against 1/(1 + Kp,) (Figure 8).
The plots show a linear relationship: the oxygen perme-
ability in the membrane containing the complex as a fixed
carrier can be explained in terms of the sum of the Henry
mode attributed to the matrix and the Langmuir mode
attributed to the fixed carrier, that is, a dual-mode model.

The effect of ps(0,) on the induction period was ana-
lyzed by using eq 3. The FR value calculated from the
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Table 11
Dual-Mode Transport Parameters for the CoPIm/PBMA Membrane
C¢', em?

T, °C Dp, cm? st D¢, cm? g1 F (D¢/Dp)  kp, cm?® (STP) em™ cmHg™  (STP) cm™ K, cmHg?
20 6.6 X 1077 1.2 X 108 0.02 1.1 x 1073 0.2 8.4 X 1072
25 7.0 X 1077 1.4 X 1078 0.02 1.0 x 1078 0.2 5.6 X 1072
30 1.1 X 10°% 2.0 X 1078 0.02 9.2 X 107 0.2 3.8 X 1072
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- { 170
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®
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1 i 1
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B —k s N L N % A Figure 9. Oxygen permeability parameters in the CoPIm/PBMA
10~k s =% bl membrane plotted according to eq 3 (at (0) 20 °C, (@) 25 °C, (®)
30 °C).
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Figure 7. Effect of upstream gas pressure on induction period
for the CoPIm/PBMA membrane (oxygen at {(0) 20 °C, (9) 25
°C, and (@) 30 °C; nitrogen at (@) 25 °C) and for the inert Co-
PIm/PBMA membrane (oxygen at (a) 25 °C).
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Figure 8. Oxygen permeability in the CoPIm/PBMA membrane
plotted according to eq 1 (at (0) 20 °C, (@) 25 °C, and (®) 30 °C).

slope and intercept of the linear relationship in Figure 8
was substituted in eq 3; the left-hand term (Y) was plotted
against the right-hand term (X) (Figure 9), also giving a
linear relationship, which also supports the dual-mode
transport of oxygen in the membrane and a pathway of
oxygen permeation via the fixed carrier.

Dy and R (C’K/kp) were calculated from the slope and
intercept of the linear relationship in Figure 9, and F (=

Table III
Oxygen Permeability Coefficient (at 25 °C) and
Permeability Ratio (Po,/Py,)

CoPIm in permeability
membrane, wt % coeff® Py, /Py,
0 6.4 3.2
2.5 12 5.7
4.5 23 12

4 Upstream pressure: 5.0 mmHg. The permeability coefficient is
expressed in units of (cm® (STP) ecm/(cm? s cmHg)) % 10%.

D¢/ Dp) was given from FR (Table II). The results show
that Langmuir-sorbed oxygen has ca. 2% of the mobility
of that due to the Henry mode.

Although dual-mode transport due to partial immobi-
lization® has been reported for carbon dioxide permeation
in glassy polymers, we have verified the dual-mode
transport using a much simpler system.

The effect of the fixed carrier concentration in the
membrane on the permselectivity is shown in Table IIL
The permeability ratio (Py,/Py,) was above 10 for the
membrane containing 4.5 wt % CoPIm complex at the
upstream pressure of 5.0 mmHg. This result indicates the
possibility of high permselectivity with a membrane con-
taining a fixed carrier. High permselectivity for the
membrane containing a much larger amount of the CoPIm
complex will be reported in a subsequent paper.
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ABSTRACT: Poly(butylene terephthalate) undergoes a unique reversible crystalline o to 8 phase transition
when uniaxially drawn. The strained (8) phase of poly(butylene terephthalate) was obtained in a metastable
form by cold-drawing a fiber sample approximately 250% (>50% crystallinity). Wide-angle X-ray diffraction,
diffuse-reflectance IR, and 13C CP-MAS-DD experiments confirm the presence of the 8 phase. *C relaxation
measurements involving spin-lattice relaxation in the rotating frame, T, indicate that the aromatic rings
in the 8 phase possess more molecular motion than those in the o phase. Spin-lattice relaxation measurements,
T;, indicate that the terephthalate residue has increased mobility with respect to the o phase, which indicates
the driving force behind the reversible crystal-crystal transition is indeed the packing efficiency of the aromatic
rings in the a phase. The interior methylenes have motions of greater frequency and or amplitude with respect

to the exterior methylenes in both phases.

Introduction

13C NMR spectroscopy is an analytical tool that not only
probes static structural information but also allows dy-
namic measurements over a broad frequency range. The
available frequency range is from the kilohertz region (:*C
T,,) to the megahertz region (**C T;). The relaxation
behavior of the a-crystalline phase of poly(butylene tere-
phthalate) (PBT) (Figure 1) has been studied extensively
by Jelinski et al.'"'® The $-crystalline phase in PBT has
not been studied to date by 3C NMR.

PBT is a unique polymer because it undergoes a re-
versible crystal-crystal phase transition when uniaxially
stretched. It has been clearly shown by IR and WAXS!-%
that the a (relaxed) to 8 (strained) transition occurs at
strains as low as 5% and that the transition is complete
at 15% strain. When tension is released, the polymer
reverts rapidly back to the a phase with little hysteresis.
Static measurements have shown the major differences
between the phases lies in the conformation of the tetra-
methylene segments. The a phase is A-T-A (where A =
non-trans, non-gauche and T = trans) and the 3 phase is
the extended T-T-T configuration. It is believed that the
driving force behind the reversible transition is the en-
hanced packing efficiency of the terephthalate groups in
the a phase.

In the past, constant tension was required to maintain
a stable 8 phase. The restraint of constant tension pre-
cluded magic-angle spinning NMR experiments. This
problem has been avoided by using a fiber sample obtained
from Celanese Corp. The fiber, as spun, is an oriented,
semicrystalline sample with the o: phase being the domi-
nant form. Cold-drawing the fibers approximately 250%
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and releasing the tension create an oriented “metastable”
8 phase for which magic-angle spinning (MAS) experi-
ments can be performed. Infrared studies of the g-phase
fibers before and after the MAS NMR experiment show
negligible change in the amount of 8 phase.

In this paper, MAS-CP-DD experiments are reported
on this “metastable” 8 phase. In addition, T; and T,
measurements are reported for both phases.

Experimental Section

A commercially prepared melt-spun semicrystalline PBT fiber
sample was obtained from Celanese Corp. The unstretched fibers
refer to the samples as received. Drawn fibers are obtained by
cold-drawing on a stretch rack at room temperature to a strain
of approximately 250%. Annealed samples are obtained by
heating the fibers at 200 °C for approximately 8 h in vacuo with
no tension.

Diffuse-reflectance (DRIFT) IR spectra are obtained on a
FTS-20 Digilab FTIR spectrophotometer equipped with a narrow
band-pass mercury cadmium telluride (MCT) detector. All spectra
are recorded in the absorbance mode with double precision at a
resolution of 2 cm™. T'wo hundred scans of both sample and KBr
reference are collected to obtain a better S/N ratio. All spectra
are transferred to a DEC VAX 11/780 computer operating under
VMS 3.7 for data processing. The reflectance spectra are plotted
according to the Kubelka-Monk algorithm.

Wide-angle X-ray diffraction patterns are obtained with a
Statton camera (nickel-filtered Cu Ka radiation, A = 1.5418 A&).
Sample-to-film distance is calibrated with CaF,; powder. The
exposure time for each sample varied, depending on the degree
of crystallinity and sample-to-film distance.

13C NMR spectra are recorded at 37.7 MHz on a modified
Nicolet NT-150 spectrometer. Magic-angle spinning,?’ cross
polarization?® and dipolar decoupling® are used simultaneously
for the CP experiments. The radio-frequency fields are typically
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