
2910 Macromolecules 1988,21, 2910-2913 

Registry No. KSCN, 333-20-0; H2S04, 7664-93-9; KI03, 
7758-05-6; Ba, 7440-39-3; Ca, 7440-70-2; Ag, 7440-22-4; Pb, 
7439-92-1. 

(13) Shoun, R. R.; McDowell, W. J. Radiochim. Acta 1981,29,143. 
(14) Jeffreys, G. V.; Davies, G. A. In Recent Advances in Liquid- 

Liquid Extraction; Hanson, C., Ed.; Pergamon: London, 1971. 
(15) Boyd, G. E.; Vaslow, F.: Lindenbaum, S. J. Phvs. Chem. 1967. 

References and Notes 
(1) Myasoedova, G. V.; Sawin, S. B. CRC Crit. Reu. Anal. Chem. 

1986, 17, 1. 
(2) Porath, J. Biotechnol. Prog. 1987, 3, 14. 
(3) Hirai, H.; Toshima, N. In Tailored Metal Catalysts; Iwasawa, 

Y., Ed.; Reidel: Dordrecht, 1986. 
(4) Fritz, J. S.; Gjerde, D. T.; Pohlandt, C. Ion Chromatography; 

Huthig: Heidelberg, 1982. 
(5) Marhol, M. In Zon Exchangers in Analytical Chemistry; 

Svehla, G., Ed.; Elsevier: Amsterdam, 1982; Comprehensive 
Analytical Chemistry, Vol. 14. 

(6) Akser, M.; Wan, R. Y.; Miller, J. D.; Quillen, D. R.; Alexan- 
dratos, S. D. Metall. Trans. B 1987, 18B, 625. 

(7) Strategic Materials: Technologies to Reduce U.S. Import 
Vulnerabilities; Office of Technology Assessment. U.S. Gov- 
ernment Printing Office: Washington, DC, 1984. 

(8) International Symposium on Metal Speciation, Separation 
and Recovery: Proceedings; Patterson, J. W., Ed.; Lewis: Ann 
Arbor, MI, 1986. 

(9) Sekine, T.; Hasegawa, Y. Solvent Extraction Chemistry; 
Marcel Dekker: New York, 1977. 

(10) Vernon, F.; Nyo, K. M. Anal. Chim. Acta 1977, 93, 203. 
(11) Stary, J.; Hladsky, E. Anal. Chim. Acta 1963, 28, 227. 
(12) Kolarik, Z.; Grudpan, K. Soluent Extr. Ion Exch. 1985,3,61. 

71,-2214. 

Sorbents 1985,3, 101. 

(16) Brajter, K.; Miazek, I. Talanta 1981, 28, 759. 
(17) Szczepaniak, W.; Kuczynski, K. React. Polym., Zon Exch., 

(18) Kratz, M. R.; Hendricker, D. G. Polymer 1986, 27, 1641. 
(19) Moyers, E. M.; Fritz, J. S. Anal. Chem. 1976, 48, 1117. 
(20) Alexandratos, S. D.; Wilson, D. L. Macromolecules 1986, 19, 

280. 
(21) Alexandratos, S. D.; Quillen, D. R.; Bates, M. E. Macromole- 

cules 1987, 20, 1191. 
(22) Peters, R. W.; Ku, Y. AZChE Symp. Ser. 1985,81, 9. 
(23) Klein, G.; Jarvis, T. J.; Vermeulen, T. In Recent Developments 

in Separation Science; Li, N. N., Ed.; CRC: West Palm 
Beach, FL, 1979; Vol. 5, Chapter 11. 

(24) Alexandratos, S. D.; Strand, M. A.; Quillen, D. R.; Walder, A. 
J. Macromolecules 1985, 18, 829. 

(25) Alexandratos, S. D.; Bates, M. E.; Walder, A. J. Sep. Sci. 
Technol., in press. 

(26) Edwards, J. 0. J .  Am. Chem. SOC. 1954, 76, 1540. 
(27) Alexandratos, S. D.; Wilson, D. L.; Strand, M. A.; Quillen, D. 

R.; Walder, A. J.; McDowell, W. J. Macromolecules 1985, 18, 
835. 

(28) Mathur, J. N. Solvent Extr. Zon Exch. 1983, 1, 349. 
(29) Handbook of Chemistry and Physics, 51st ed.; Weast, R. C., 

Ed.; CRC: Cleveland, OH, 1970; Sect. B, p 232. 

Oxygen Binding and Transport in the Membrane of 
Poly[ [ tetrakis(methacrylamidopheny1) porphinato] cobalt-co-hexyl 
met hacry late] 

Hiroyuki Nishide, Manshi Ohyanagi, Osamu Okada, and Eishun Tsuchida* 
Deparment of Polymer Chemistry, Waseda University, Tokyo 160, Japan. 
Received December 23, 1987 

ABSTRACT The copolymer of [a1a’,~~’,a”’-meso-tetrakis(o-methacry1~idopheny1)porp~nato]cobalt with 
hexyl methacrylate (1) gives a transparent and flexible membrane. The covalently introduced (porphinato)cobalt 
reversibly forms its oxygen adduct in the membrane state. Oxygen-binding equilibrium and kinetic constants 
of the (porphinato)cobalt are much larger than those of the corresponding [a,a’,~”,a’”-meso-tetrakis(o-pi- 
valamidophenyl)porphinato]cobalt (2) dispersed in the membrane of poly(buty1 methacrylate). Oxygen- 
permeation behavior through the membrane is in accordance with a dual-mode transport model. Ratio of 
Dc to D D  (Dc and DD are diffusion Coefficients of oxygen via the fixed (p0rphinato)cobalt and through polymer 
matrix) is 10 times larger for the copolymer membrane 1 in comparison with that for the dispersed membrane 
2, which indicates effective facilitation in the oxygen transport. 

Introduction 
A polymer membrane containing a metal complex that 

interacts specifically and reversibly with molecular oxygen 
is of great interest as a facilitated transport membrane of 
oxygen. The authors have recently reported’+ that oxygen 
transport through a poly(alky1 methacrylate) membrane 
was augmented by the addi t ion of a [a,cY’,a”,a’‘’-meso- 
tetrakis(0-pivalamidophenyl)porphinato]cobalt (CoPP, 2) 
complex or a (NJV’-bis(salicy1idene)ethylenediamine)cobalt 
complex, which forms oxygen adducts rapidly and rever- 
sibly even in the solid state. The authors discussed the 
oxygen permeation profile based on a dual-mode transport 
model (eq l).1-3p7 Here, P is permeability coefficient of 

(1) f‘ = k$D[1 + FR/ (1  + Kp,) ]  

F = Dc/DD R = C‘cK/kD 

oxygen, kD is solubility coefficient of oxygen dissolved in  
a polymer matrix according to Henry’s law, Dc and DD are 
diffusion coefficients of oxygen via the complex and 
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through a polymer matrix, Cc’ is saturated a m o u n t  of 
oxygen reversibly bound to the complex, K is oxygen- 
binding equilibrium constant, and p 2  is upstream oxygen 
pressure. The first term of eq 1 represents the permeation 
for a rubbery polymer membrane, and P is enhanced b y  
the additional second term representing the contribution 
of the complex. 

Four requisites are considered from eq 1 t o  increase the 
second term or  P: a decrease in p2, an increase in e,’, large 
K, and large Dc. In fact, Ps2 increases with a decrease in  
p;+ and higher concentration of the complex in  a mem- 
brane brought  about higher oxygen p e r m s e l e ~ t i v i t y . ~ ~ ~  
F r o m  the s tudy  using the CoPP and 

(2) M + o2 k.., M-O~ 
kofl 

K = kon/koff 

M = metal ion of the porphinato complex 
the FePP complex with various axial, nitrogenous lig- 
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ands,S*6 the authors concluded that the complex is to have 
both a strong oxygen-binding affinity (large K )  and a large 
oxygen-dissociation kinetic parameter (k, or Dc) in order 
to enhance the facilitated oxygen transport in the mem- 
brane. For example, if one assumes a complex with both 
a strong oxygen affinity of K = 1 cmHg-’ and a large 
kinetic parameter of Dc/DD = 0.2, an outstanding oxygen 
permeation coefficient of Po* = 1.3 X lo-’ cm3(STP) cm-2 
s-l cmHg-’ is estimated with eq 1 for p 2  = 15 cmHg (air), 
DD = 1 X lo* cm2 s-l, k D  = 1 X cm3(STP) 
cmHg-’, and Cc’ = 10 cm3(STP) ~ m - ~ .  But there still 
remain a couple of unsolved problems along this assump- 
tion. First, it is difficult to prepare the membrane con- 
taining the complex homogeneously in higher concentra- 
tion by dispersing it in polymer. Second, the variation in 
the complex often increases its oxygen-binding affinity but 
is accompanied with a decrease in the kinetic parameter. 

The authors have synthesized novel metalloporphyrin 
derivatives with oxygen-binding ability in homogeneous 
solutions,@ and in this study selected one of them: [a,- 
a’,~’’,a”’-~e~~-tetrakis(o-methacrylamidophenyl)porphi- 
natolcobalt (CoMP)? The CoMP complex h expected due 
to its methacrylamido residues in the porphyrin structure 
to show both a strong oxygen-binding affinity and a large 
oxygen binding/ dissociation kinetic parameter and to be 
covalently introduced in a polymer chain. This paper 
describes the preparation of copolymer of CoMP and hexyl 
methacrylate (l), excellent oxygen-binding capability of 
the covalently fixed CoMP complex in solid state, and 
efficiently facilitated transport of oxygen in the membrane. 

Experimental Section 
Materials. a,a’,a’’,a’”-meso-Tetrakis(o-methacrylamido- 

pheny1)porphine (MP) was synthesized by reacting a,a‘,a‘“a’‘‘- 
meso-tetrakis(o-aminopheny1)porphine with an excess of meth- 
acrylic acid chloride as in the previous papers and was purified 
by chromatography on silica gel. 

Copolymerization. MP (84 mg, 0.09 mmol) was dissolved in 
30 mL of benzene, and 74 g (440 mmol) of hexyl methacrylate 
and 360 mg (2.2 mmol) of azobis(isobutyronitri1e) were added. 
This was degassed, sealed, and then heated with stirring at 60 
O C  for 4 h. The reaction mixture was added dropwise in a large 
amount of methanol. The precipitate was dissolved in benzene 
and purified by several reprecipitations. Yield 55.6 g. The MP 
residue content in the copolymer was determined spectroscopically 
by using the assumption that the molar extinction coefficient of 
the porphine residue of the copolymer is the same as that of MP. 
The MP content in the copolymer was 0.15 wt % (27 mmol %). 
Molecular weight of the copolymer was determined to be 9.1 X 
lo‘ by gel-permeation chromatography (with THF as the solvent 
and polystyrene as the standard). 

The incorporation of cobaltous ion was carried out by heating 
the copolymer with cobaltous acetate in chloroform/methanol. 
The CoMP copolymer was purified by chromatography on silica 
gel. The complete incorporation of cobaltous ion was confirmed 
by disappearance of fluorescence based on the metal-free MP 
residue and complete change of UV spectrum. 

Preparation of Membrane. The CoMP copolymer was 
complexed with 1-methylimidazole (Im) ([Im] / [CoMP residue] 

Table I 
Visible Absorption Maxima of the CoMP Copolymer and 

Lifetime of Its Oxygen Adduct at 25 OC 
lifetime 

ab8 m a ,  nm in solid 
complex” deoxy oxy membrane in toluene 

CoMP copolymer 528 545 >1 month ca. 1 day 
CoMP 528 (545) <5minb 0 
COPP 528 545 >1 monthb ca. 1 week 

a Complexed with 1-methylimidazole (Im) ([ImJ/[Co] = 10). 
Dispersed in the PBMA membrane. 

= 10) in toluene under nitrogen atmosphere. The toluene solution 
was carefully cast on a Teflon plate under an oxygen-free at- 
mosphere, followed by drying in vacuo, to yield a transparent, 
wine-red color membrane containing 0.17 wt % CoMP residue 
and with a thickness of 55 pm. 

Spectroscopic and Permeation Measurements. Oxygen 
binding to the CoMP complex of the copolymer in a solid mem- 
brane state was observed by a spedral change in visible absorption 
using high-sensitivity spectrophotometer (Shimazu Model UV 
2000). Oxygen and nitrogen permeation coefficients for various 
upstream gas pressure were measured with a low-vacuum per- 
meation apparatus (Rika Seiki Inc. Model K-315 N-Ol), as re- 
ported in previous paper.2 

Results and Discussion 
Oxygen Binding in the CoMP Copolymer Mem- 

brane. The MP porphyrin was covalently introduced in 
poly(hexy1 methacrylate) by radical copolymerization. The 
content of MP residue in the copolymer was restricted to 
less than 5 wt % in the present paper because copolymers 
with higher content gave a brittle powder and could not 
be made into a membrane. The MP copolymer was com- 
pletely derived to the CoMP copolymer by the incorpo- 
ration reaction of cobaltous ion (see Experimental Section). 
The copolymer containing 0.17 wt 5% CoMP gives a 
transparent, wine-red color, and flexible membrane. 

The UV-visible adsorption spectrum of the deoxy CoMP 
membrane was changed to the spectrum assigned to the 
oxy CoMP complex (Co/02 = 1:l adduct, A,,, see Table 
I). The Co(I1) complex slowly oxidized during the oxygen 
binding to the Co(II1) complex that cannot bind oxygen 
any longer. The lifetime (half-life period) of the oxygen 
adduct is also given in Table I. It is known that the oxygen 
adduct of the Co(I1) complex forms with another Co(I1) 
complex a p-dioxo adduct (Co/Oz = 2:l) which is 

co-02 + Co(I1) + Co-02-Co - Co(III)-O~--Co(III) 
(3) 

converted irreversibly to a p-oxo Co(II1) complex (eq 3).8 
The a,a’,a”,a’”-tetrakis substituents on the porphyrin 
plane sterically inhibit this p-dioxo adduct formation and 
enable the (porphinato)cobalt(II) complex to bind oxygen 
reversibly.1° Actually the tetrakis(pivalamid0) groups of 
CoPP (2) prolong the lifetime of the CoPP-oxygen adduct 
in toluenelo and also in the solid membrane state. On the 
other hand, the CoMP complex is irreversibly oxidized on 
exposure to oxygen in toluene and forms its oxygen adduct 
for only a few minutes in the solid membrane state. It is 
considered that the tetrakis(methacrylamid0) groups of 
CoMP are not large enough to sterically inhibit the irre- 
versible p-dioxo addud formation. 

In contrast to the monomeric CoMp complex, the CoMP 
copolymer (1) forms its oxygen adduct reversibly. The 
CoMP complex is covalently fixed in the polymer chain 
in dilute concentration, which strikingly suppress the ir- 
reversible p-dioxo adduct formation of CoMP and prolongs 
the lifetime of the reversible oxygen adduct. Especially 



2912 Nishide et al. 

E 
A 

!{ 

Macromolecules, Vol. 21, No. 10, 1988 

f 2.4 

0 0  
2.2 

Table I1 
Equilibrium Constanta and Thermodynamic Parameters for 

Oxygen Binding of the CoMP Copolymer in Solid 
Membrane State 

complex K, cmHg-' AH, kcal mol-' AS, eu 
CoMP copolymer 3.7 -14 -37 
COPPC 0.056 -14 -44 

membrane. 
Data at 25 OC. bData from Figure 2. Dispersed in the PBMA 

Table I11 
Kinetic Parameters0 and Activation Energy (E,)  for 

Oxygen Binding of the CoMP CoDolymer 
102k,, 10kort, E,(on), EJoff), 

complex mmHg-' s-' s-l kcal mol-' kcal mol-' 
CoMP copolymer 4.5 1.4 9.5 25 
CoPPb 0.016 0.28 8.7 22 

'Apparent rate constants (thickness of the membranes; 55 pm) 
at 25 "C. bDispersed in the PBMA membrane. 

in the membrane state, the CoMP copolymer maintains 
its oxygen-binding ability for over a month even under air 
atmosphere. 

Oxygen-binding equilibrium constants (K) were deter- 
mined by conducting the Langmuir-type oxygen-binding 
equilibrium measurement as in the previous papers2f and 
are given in Table 11. Thermodynamic parameters for the 
oxygen binding were determined from the temperature 
dependence of K (20-40 "C) and also are given in Table 
11. The K value of the CoMP copolymer is extremely 
larger than that of the corresponding CoPP complex dis- 
persed in the PBMA membrane. Table I1 indicates that 
the larger A S  value of the CoMP copolymer in comparison 
with the one of CoPP contributes to the extraordinarily 
strong oxygen-binding affinity of the CoMP copolymer. 
It has been reported that the amido groups of CoPP in- 
teract with the cobalt-bound oxygen molecule through an 
intramolecular hydrogen bond and suppresses a rotational 
motion of the bound oxygen molecule along the cobalt- 
oxygen coordination bond.ll It has been also reported that 
an increase in freedom of the rotational motion of co- 
balt-bound oxygen molecule reduces the negative entropy 
change for the oxygen binding and results in a very large 
K value.12 It is considered that the methacrylamido groups 
combined with the polymer matrix produces a distortion 
between the methacrylamido fence and the porphyrin 
plane, induces a decrease of the intramolecular hydrogen 
bond between the amido group and cobalt-bound oxygen 
molecule, and brings about the strong oxygen-binding 
affinity. 

Apparent k,, and kOff were estimated by analyzing time 
courses of the oxygen adsorption to the CoMP copolymer 
membrane according to pseudo-first-order kinetics and 
listed in Table 111. Both the k,, and kOff values of the 
CoMP copolymer are much larger than those for the CoPP 
dispersed in the PBMA membrane at  the measuring tem- 
perature. These large kinetic parameters for the oxygen 
binding are also probably explained by the distorted 
structure of CoMP combined with the polymer matrix 
mentioned above. Effect of the oxygen-binding capability 
of the fixed CoMP complex with both of extraordinarily 
large K and kOff upon oxygen transport in the membrane 
is discussed below. 

Oxygen Permeability in the CoMP Copolymer 
Membrane. Oxygen sorption and desorption to and from 
the CoMP complex fiied in the copolymer membrane were 
very rapid and according to the Langmuir isotherm. It is 
expected that oxygen is not immobilized to the CoMP 

1 I 

0 200 400 600 800 
P* "Hg 

Figure 1. Effect of upstream gas pressure on permeation 
coefficient for the CoMP copolymer membrane (oxygen at (0) 
20 "C, (0) 25 "C, and (0) 30 "C; nitrogen at (0) 25 "C). A control 
oxygen permeation coefficient for poly(hexy1 methacrylate) at 25 

complex during the passage through the membrane and 
that oxygen transport is facilitated by the additional 
Langmuir mode transport, as has been reportedI4 by the 
authors for the membranes containing a cobalt porphyrin 
complex as a fixed carrier. 

Figure 1 shows the effect of upstream oxygen pressure 
(p2(02)) on the oxygen permeability coefficient (PJ in the 
copolymer membrane covalently containing 0.17 wt % 
CoMP residue. The glass transition temperature is -17 
"C for the copolymer membranes with and without imid- 
azole, and the membranes were in a rubbery state a t  the 
temperatures for the permeability measurement. This 
denies a physical effect of p 2  on P which often has been 
reported for glassy polymers. A control Po, value for 
poly(hexy1 methacrylate) is plotted also in Figure 1, which 
is independent of p2(02) .  Another control experiment was 
carried out for nitrogen permeability coefficient (PN ) in 
the copolymer membrane. PN, in Figure 1 is independent 
of p2(N2) because the CoMP complex does not interact 
with nitrogen. On the other hand, Po, for the copolymer 
membrane obviously increases with a decrease in p2(02)  
in Figure 1, which indicates that oxygen transport occurs 
by the dual mode. 

As has been shown in Table 11, the oxygen-binding 
equilibrium constant ( K )  of the CoMP copolymer de- 
creases with temperature (negative enthalpy change). 
Therefore, it is assumed that contribution of the Langmuir 
population based on the CoMP complex decreases with 
temperature. However the p 2 ( 0 2 )  dependency of PO, is 
rather enhanced at higher temperature as is seen in Figure 
1. The oxygen desorption rate from the CoMP complex 
is much reduced with a decrease in temperature (see Table 
111), so that this kinetic property of the CoMP complex 
in the oxygen binding influences the oxygen-transport 
phenomenon more than the property of CoMP in the ox- 
ygen-binding equilibrium does. 

The effect of p 2 ( 0 2 )  on Po, could be analyzed by using 
eq 1, which means that the oxygen permeability in the 

"c (A). 
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Table IV 
Dual-Mode Transport Parameters for the CoMP Copolymer 

T, kD, Cl , ,  
complex O C  DD, cm2/s Dc, cm2/s F(Dc/DD) cm3(STP)/cm3 cmHg cm3(STP)/cm3 

CoMP copolymer" 20 1.2 X lo4 8.7 X lo4 0.07 1.3 x 10-9 0.03 
25 1.4 x io+ 2.2 x 10-7 0.16 1.5 x 10-3 0.03 
30 1.7 X lo4 5.0 X lo-' 0.29 1.5 x 10-3 0.03 

CoPPb 25 7.0 X lo-' 1.4 X 0.02 1.0 x 10-3 0.2 
CoPP' 25 1.2 x 10" 1.1 x 10-8 0.01 1.1 x 10-3 0.3 

CoMP content = 0.17 wt %. bDispersed in PBMA membrane; CoPP content = 2.5 wt %. Complexed with poly(octy1 methacrylate- 
co-1-vinylimidazole); CoPP content = 1.3 wt %. 

50t--@. =- 

a 20 

' O L  0 0 200 400 600 800 

Pp "Hg 

Figure 2. Effect of upstream gas pressure on induction period 
for the CoMP copolymer membrane (oxygen at (0) 20 O C ,  (0) 
25 O C ,  and (0) 30 "C; nitrogen at (0) 25 "C). 

CoMP copolymer membrane can be explained in terms of 
the dual-mode theory. 

The time lag (6) for oxygen permeation also depends on 
p 2 ( 0 2 ) ,  as shown in Figure 2, in the same manner as the 
permeation coefficient. This behavior indicates that ox- 
ygen clearly interacts with the CoMP complex in the 
membrane. This is further supported by the result that 

is independent of the upstream gas pressures for ni- 
trogen permeation in the copolymer membrane. In Figure 
2 one also notices that dol and the pz(Oz)  dependency of 
60, decrease with temperature. Bol and the pz(Oz) depen- 
dency of do, are based on the oxygen binding to the fixed 
CoMP complex and are enhanced at  lower temperature 
because the oxygen-binding equilibrium constant (K)  of 
CoMP increases and the desorption kinetic parameter (koE) 
of oxygen from CoMP decreases with a decrease in tem- 
perature (see Tables I1 and 111). 

The effect of pz(Oz)  on the time lag could be analyzed 
by using the theoretical equation for the dual-mode 
transport.2 This also supports the dual-mode transport 
of oxygen in the copolymer membrane and a pathway of 
oxygen permeation via the fixed CoMP complex. 

The oxygen permeation parameters calculated are given 
in Table IV. Attention should be paid to the F(Dc/DD) 
values which indicate the mobility of the adsorbed oxygen 
to the complex. The F value in the CoMP copolymer 

membrane is much larger than those for the PBMA 
membrane containing the CoPP complex and the poly- 
(octyl methacrylate-co-1-vinylimidazo1e)-CoPP complex 
membrane. This is corresponding to the larger kofl of the 
CoMP copolymer in comparison with the referenced com- 
plex fixed in the membrane (see Table 111). The F in- 
creases with temperature, which suggests that an increase 
of the koff with temperature (also see Table 111) enhances 
the F value and which contributes to the facilitated 
transport of oxygen at  higher temperature as has shown 
in Figure 1. 

In the CoMP copolymer membrane, the facilitation of 
oxygen transport is clearly observed although the mem- 
brane contains a small amount of the complex ([CoMP] 
= 0.17 wt 5%). This is based on the oxygen-binding ca- 
pability of the fixed CoMP complex with both of ex- 
traordinarily large K and koff. 
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