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Permeability-Controllable Membranes. 9.l Electrochemical 
Redox-Sensitive Gate Membranes of Polypeptide Films Having 
Ferrocene Groups in the Side Chains2 
Yoshio Okahata* and Kazuya Takenouchi 
Department of Polymer Chemistry, Tokyo Institute of Technology, Ookayama, Meguro-ku, 
Tokyo 152, Japan. Received April 20, 1988; Revised Manuscript Received July I ,  1988 

ABSTRACT: Poly(y-methyl-L-glutamate-co-y-(ferrocenylmethyl)-L-glutamate) (PMLGFc(x), x = S-lOO%) 
and poly(y-tetradecyl-L-glutamate-co-y-(ferrocenylmethyl)-L-glut~ate) (PC,,LGFc(x), x = 6-98%) were 
prepared from poly(y-methyl-L-glutamate). Permeation of water-soluble fluorescent probes through 
PMLGFc(x) films cast on a platinum minigrid sheet was enhanced by a factor of 1-5 by an electrochemical 
oxidation of a ferrocenyl (Fc) unit in the side chains, compared with that of the reduced form. Permeability 
could be changed reversibly at least 20 cycles by repeated redox reactions. The extent of rate enhancements 
(Pox/Prd) depended on the content of Fc side chains. Upon oxidation of Fc to Fc+ side chains in the film 
a-helical conformations of polypeptide chains decreased and permeants could diffuse easily in the hydrophilic 
Fc+ side-chain region or the disordered random coil polypeptide region. In the case of the PCI4LGFc(x) 
film containing both ferrocene and long alkyl chain groups in side chains, permeability was regulated by both 
electrochemical redox reactions and temperature changes (melting of side chains). When the anionic (NS-, 
NS2-, and NS3-) and cationic (NA+ and NA2+) probes were employed as a permeant, storage and release 
phenomena of permeants were observed due to the electrostatic interaction with Fc+ cations in the film by 
redox reactions. When the vinyl polymer having ferrocenyl groups in side chains (PFcAc) was employed as 
a cast film on a Pt grid, redox-sensitive permeability changes were not observed. 

Biological membranes are mainly composed of lipid 
bilayer matrices, proteins incorporated either in  the in- 
terior or on the surface, and polysaccharides adsorbed 
mainly on the surface. Lipid bilayers and protein mole- 
cules play important  roles in the transport of specific 
substrates and are considered to form a “hole” or a 
“channel” across the membrane b y  molecular conforma- 
tional changes responding to external stimuli. 

As a model of lipid bilayer matrices, we have prepared 
some kinds of permeability-controllable artificial lipid 
membranes: a multibilayer-corked capsule m e m b ~ m e , ~ - ~  
a monolayer-immobilized porous glass  late,^^' and a 
multibilayer-immobilized cast film.’S8-l0 Permeability 
across these artificial lipid assemblies supported b y  the 
physically strong membranes could be changed reversibly, 

0024-9297/89/2222-0308$01.50/0 

responding to various outside effects such as temperature 
changes (phase transition), photoirradiation, ambient pH 
changes, electric field, and protein interacti0ns.l’ These 
permeability controls could be explained b y  orientation 
changes of lipid matrices responding to external stimuli. 

As a structural model of membrane proteins, synthetic 
polypeptide films have been prepared so that their  
permeability by the conformational change of the helical 
structure or the side-chain mobility could be regulated.l2-lg 
For example, the permeability of poly(g1utamic acid)- 
containing polymer membranes can be affected b y  the 
conformational changes of a-helical polypeptide segments 
responding to ambient pH changes.l2-I4 The ion perme- 
ability and membrane potential of polypeptide membranes 
having photoresponsive groups such as azobenzene in  side 
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films on a n  electrode have been recently reported by 
several g r o ~ p s . ~ l - ~ ~  

Experimental Section 
Materials. Preparations of freely water-soluble nonionic 

[2,6-bis[ (1,3,4,5-tetrahydroxycyclohexanecarboxamido)methyl]- 
naphthalene (NQ,)], cationic [ 1-(trimethylammoniomethy1)- 
naphthalene bromide (NA+) and 2,6-bis(trimethylammonio- 
methyllnaphthalene dibromide (NA2+)], and anionic [sodium 
naphthalene-1-sulfonate (NS-), disodium naphthalene-l&di- 
sulfonate (NS2-), and trisodium naphthalene-1,3,6-trisulfonate 
(NSg)] fluorescent permeation probes were reported elsewhere.20 
Poly(y-methyl-L-glutamate) was used without further purification 
which was presented from Aji-no-mot0 Co., Tokyo (average D, 
= 2500). 
Poly(y-methyl-L-glutamate-co-y-(ferrocenylmethyl)-L- 

glutamate) [PMLG-Fc(x)] was prepared by an ester exchange 
reaction of poly(y-methyl-L-glutamate) (PMLG) and excess 
amounts of ferrocenylmethyl alcohol2' (mp 47-76 "C) in 1,2-di- 
chloroethane at 70 "C for 2-10 h in the presence of a small amount 
of concentrated HzS04. The polymer was repeatedly reprecipi- 
tated from 1,2-dichloroethane with excess of methanol to remove 
unreacted ferrocenylmethyl alcohol. The content ( x %  ) of fer- 
rocenylmethyl groups in the polymer side chain was regulated 
by the feed of ferrocenylmethyl alcohol in exchange reactions and 
determined by elemental analyses (C, H, N, and Fe). 

Poly( y-tetradecyl-L-glutamate-co-y-(ferrocenylmethyl)-L- 
glutamate) [PC14LG-Fc(x)] was prepared as follows. Poly(y- 
tetradecyl-L-glutamate) was obtained by an ester exchange re- 
action of PMLG with a large excess amount of tetradecanol 
according to literature.22 The polymer was purified by repeated 
reprecipitation from 1,2-dichloroethane with excess of methanol. 
It was confirmed by 'H and 13C NMR spectra and elemental 
analyses (C, H, and N) that y-methyl groups were converted more 
than 98% to Cu side chains. The obtained PC14LG was convested 
to PC14LG-Fc(x) by the ester-exchange reaction with ferroce- 
nylmethyl alcohol in a similar manner as PMLG-Fc(x). The 
experimental conditions and results are summarized in Table I. 

Poly(ferrocenylmethy1 acrylate) (PFcAc) was prepared by a 
radical polymerization of the respective monomer (mp 56-59 "C) 

'COHk 

NQ2 
anionic ( Na salts ) 

cationic (Br salts) cn, 

-film cast on Pt grid 

PMLG-Fc(x) (R=C@ - 1 PMLG-FC+(X) 

PClbLG-Fc ( x )  (R=  n-Cl4H29)'- PC~L,LG-FC'(X) 
( X  = 0, 6, 13, 23, 45, 68, 89, 100) 

( X  =O, 6, 32, 46, 82, 98 1 
Figure 1. Experimental setup for permeation of fluorescent 
probes through redox-type polypeptide films cast on a Pt minigrid 
sheet. (a) Reference electorde, Ag/AgCl in saturated KCl(4.05 
V versus SCE); (b) Pt wire for counter electrode; (c) Pt minigrid 
sheet (100 mesh, 70 Mm thick, and 28-mm2 area) embedded in 
polypeptide films, (d) potentiostat; (e) polyethylene tube; (0 I-cm 
quartz cell. 

chains can be reversibly changed by photoirradiation due 
t o  the cis-trans photoisomerization of azobenzene groups 
in side chains.l6J6J* Polypeptide films containing thiol 
groups in the side chains can be ion permeability regulated 
by a chemical oxidative r e a ~ t i 0 n . l ~  

In this paper, we describe that electrochemical potentials 
can also ac t  as a stimuli which causes t h e  reversible per- 
meation changes of the  synthetic polypeptide membrane. 
Poly(g1utamate ester)s having various amounts of ferro- 
cenylmethyl groups in side chains [PMLG-Fc(x)] were 
prepared by an ester exchange method from poly(y- 
methyl-L-glutamate). PC,,LGFc(x) having both ferrocene 
and  long tetradecyl alkyl groups in side chains were also 
prepared. T h e  polypeptide film was cast on a Pt minigrid 
sheet and permeation of water-soluble substances through 
the film was followed fluorophotometrically by switching 
on and off a n  electrical potential applied on a Pt grid/film. 
A schematic illustration of the  permeation apparatus and 
the  structures of polypeptides a n d  permeants are  shown 
in Figure 1. Freely water-soluble fluorescent probes 
(nonionic NQ,; anionic NS-, NS2-, and NS>; cationic NA+ 
and  NA2+) were used as a permeant.  

Permeation control of chloride anions by electrochemical 
redox reactions was first achieved by Burgmayer and  

by using a conductive polypyrrole film de- 
posited on a Au grid sheet. T h e  electrochemical binding 
and release of various anions and a cation from polypyrrole 

COOCH2 I 

6 
Fe 

PFcAc 
in benzene in the presence of 2,2'-azobis(isobutyronitri1e) at 70 
"C for 90 h. The polymer was purified by reprecipitation from 
benzene with excess of n-hexane. Average degree of polymeri- 
zation was estimated to be 2 X lo4 by gel permeation chroma- 
tography. 

The structures and purities of obtained polymers were con- 
T i e d  by 'H NMR, '% NMR, and Et spectroscopy and elemental 
analyses (C, H, N, and Fe). 

Characterization of Polypeptide Films. The polymers, 

PC,,LGFc(x) ( x  = 0,6,32,46,82,98), and PFcAc were dissolved 
in chloroform (0.6 wt %). When the solution was spread on a 
flat glass plate and dried, the film was enough physically strong 
to be detached from the glass plate. 

Circular dichroism (CD) spectrum of films were measured by 
using a Jasco J-20A spectropolarimeter. CD spectra of the reduced 
and oxidized films cast on a quartz plate were taken in distilled 
water before and after immersing them into an aqueous solution 
of cerium(1V) ammonium nitrate (oxidizing reagent) for 5 min. 

Absorption spectra of the film were measured with a Shimazu 
UV-240 spectrophotometer. The film cast with 1 Hm thick on 
the inner surface of a UV cell and filled with distilled water was 
measured in both the reduced and oxidized forms before and after 

PMLG-Fc(x) ( X  = 0, 6, 13, 23, 45, 68, 89, loo), PCIdLG, 
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Table I 
Preparations and Characterizations of Poly(g1utamate) Containing Ferrocene Side Groups 

re1 content of a-helix 
conformc ferrocenylmethyl alcohol Fc content, 

polymers in feed, g (“01)” % b  red form ox form 
PMLG 100 100 
PMLGFc(6) 0.15 (0.7) 6.4 82 74 
PMLGFc(l3) 0.3 (1.4) 13.2 62 44 
PMLGFc(23) 0.5 (2.3) 23.4 40 13 
PMLGFc(45) 1.3 (6.0) 45.3 38 14 
PMLGFc(68) 1.4 (6.3) 68.2 36 14 
PMLGFc(89) 2.0 (9.3) 88.9 35 4.9 
PMLGFc( 100) 5.0 (23) 99.5 32 12 
PCl4LG 100 100 
PL14LGFc(6) 0.33 (1.5) 6.1 98 95 
PLldLGFc(32) 0.5 (2.3) 31.8 87 65 
PLldLG-Fc(46) 0.67 (3.0) 46.4 75 42 
PLIdLG-Fc(82) 1.66 (7.7) 81.9 40 20 
PLldLGFc(98) 5.0 (23) 98.7 32 12 

Poly(?-methyl-L-glutamate), 0.87 g (6.0 unit mmol), or poly(y-tetradecyl-L-glutamate), 0.50 g (1.5 unit mmol); solvent, 1,2-dichloroethane 
Estimated roughly from ellipticity at 222 nm of 100 mL, concentrated H,SOd 0.1 mL. Obtained by Fe content from elemental analyses. 

circular dichroism spectra. . 

immersing aqueous Ce(1V) ions for 5 min, respectively. 
IR spectra of the film cast on a KRS plate ( T E r  and T1I) were 

carried out by using a Jasco IR-1800 spectrometer. 
Differential scanning calorimetry (DSC) of the PC14LGFc(x) 

film was carried out with a Daini-Seiko-Sha Model SSC-560 
instrument. A small piece of the film was sealed with 50 pL of 
distilled water in an Ag-sample pan and heated from 5 to 90 OC 
a t  a rate of 2 “C min-*. 

Cyclic voltammetric studies of the ferrocene-containing films 
cast on a Pt wire as a working electrode were carried out in 
N2-purged 0.05 M KC1 aqueous solution using a three-electrode 
potentiogalvanostat (Nikko Keisoku Co., Model NPGFZ-2501). 
A platinum wire and AgfAgC1 in saturated KCl(4.05 V versus 
SCE) were used as the counter and reference electrodes, re- 
spectively. 

P e r i e a t i o n  Measurements. The chloroform solution (0.6 
w t  %) of polymers was cast on a platinum minigrid sheet (100 
mesh, 70 gm thick) attached at the bottom of a polyethylene tube 
as shown in Figure 1. The film was transparent, physically strong, 
and water-insoluble. The film thickness was estimated to be 100 
& 5 gm from the scanning electron micrograph observation. 

Fluorescent probes were dissolved in 0.05 KC1 aqueous solution 
(5.0 X lo-‘ M) and stored in the upper cell in Figure 1. Permeation 
through the filmfgrid (28-mm2 area, 100-pm thickness) was 
followed fluorophotometrically in the lower cell at 340 nm (excited 
at 280 nm) in 0.05 M KC1 aqueous solution. The aqueous solution 
was 02-degassed and N2-purged before each experiment. The 
relative permeation coefficient, P (cm2 s-l), was obtained from 
the following equation:’SB-l0 

P = J d / C $  (1) 

where d and S are a thickness and an area of the f i ,  respectively. 
J and Co are a flux of permeation (a slope of Figure 3) and an 
initial concentration of the probe in the upper cell, respectively. 

Permeation experiments were carried out upon applying the 
potential +0.5 V and 0 V versus SCE to the Pt gridffilm in order 
to oxidize and reduce a ferrocene unit in the film, respectively. 
The reference electrode (Ag/AgCl/aqueous KCI) and the counter 
Pt wire were set in the upper and the lower aqueous solution in 
the cell, respectively, as shown in Figure 1. The same poten- 
tiogalvanostat was used as that in cyclic voltammetric studies. 
Since the upper probe solution is not stirred during experiments, 
the small amount of concentration polarization of the probe may 
be considered, which makes the measured permeability lower than 
actual. 

The decomposition and quenching of fluorescent probes were 
not detected under applying a potential of -0.5 to +0.7 V on the 
Pt grid/film during permeation experiments. Since the reference 
electrode and the counter electrode are on opposite sides of the 
dividing minigrid sheet, the potential of the working electrode 
may not show the correct value. When the Pt counter electrode 
was set in the upper solution with the reference electrode, however, 

J 1 

0 + O  5 + l o  

E /V vs S C E  

Figure 2. Cyclic voltammograms of the PMLGFc(45) f i  cast 
on a Pt wire in 0.05 M KCl aqueous solution. Sweep rate: 50 
mV s-l. 

the fluorescence intensity was markedly reduced and the per- 
meation of probes was not constant, probably because probes were 
electrochemically oxidized or reduced. However, the reliable and 
reproducible permeation results were obtained, when three 
electrodes were set up as shown in Figure 1. 

Results and Discussion 
Cyclic Voltammograms of Films. Figure 2 shows a 

typical cyclic voltammic curve of the P M L G F c ( 4 5 )  film 
cast on a Pt wire in N2-purged 0.05 M KC1 aqueous solu- 
tion with a scan rate  of 50 mV s-l. T h e  curve indicates 
t he  chemically reversible one-electron oxidation and re- 
duction steps: Ew = +0.42 V versus SCE in anodic region 
(Fc t o  Fc’) a n d  E,, = +0.32 V versus SCE in  cathodic 
region (Fc+ to  Fc). T h e  difference of potential between 
the  oxidation and  reduction peaks (electrochemical irre- 
versibility) shows that the  reaction does not  follow the  
Nernst equilibrium prediction because of t he  high resist- 
ance of the f i b .  Shapes of cyclic voltammic curves hardly 
changed at least for 5 min under these sweep rates in the  
range of 20-50 “C. Other P M L G F c ( x )  and PC14LGFc(x) 
films ( x  = 6-100) showed t h e  similar cyclic voltammic 
curves (E, = 0.42 f 0.03 a n d  Epc = 0.32 f 0.03 V versus 
SCE). Peak top  currents in  both anodic and  cathodic 
regions decreased with decreasing the content of Fc groups 
in side chains of polypeptide cast films. The  vinyl polymer 
containing Fc groups in all side chains (PFcAc) also showed 
similar cyclic voltammic curves. 

Redox reactions on the  film were also confirmed by 
electronic spectra. When the  PMLG-Fc(45) cast film 
soaked in a n  aqueous solution of cerium(1V) ammonium 
ni t ra te  (oxidizing reagent, 0.1 M), the  film turned from 
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Table I1 
Redox-Sensitive Permeation Rate Constants of Nonionic NQ, Probes through Polypeptide Films 

P, cm2 s-l temp, 
polymers OC red Fc form ox Fc+ form re-red Fc form POXlPred" 

PFcAc 
PMLG 

PMLG-Fc( 13) 

PMLG-Fc(45) 
PMLGFc(68) 
PMLEFc(89) 

PMLG-Fc(6) 

PMLG-Fc(23) 

PMLG-Fc(100) 
PCl4LG 

PCldLG-Fc(6) 

PC14LGF446) 

PC14LGFc(98) 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
50 
30 
50 
30 
50 
30 
50 

"The extent of rate enhancement by the oxidation. 

24.2 
0.914 
2.30 
3.31 
2.00 
4.80 
9.33 

11.7 
33.7 
<0.001 

2.58 
<0.001 

1.58 
3.98 

31.6 
30.5 

105 

brown to dark green (A, = 260,380, and 630 nm) which 
agrees with the absorption spectrum for Fc+ cations.23 
After immersing the Na2S204 aqueous solution (reducing 
reagent, 0.1 M), the f i i  reverted from dark green to brown 
(A, = 290 and 380 nm). When the PMLG-Fc(45) film 
cast on Sn02/glass transparent electrode was oxidized and 
reduced electrochemically by applying +0.5 and 0 V versus 
SCE, respectively, similar spectral changes were observed. 
These results indicate that the ferrocene groups in side 
chains of polypeptide can be reversibly oxidized and re- 
duced in the film. 

Redox-Sensitive Permeation of PMLGFc(x) Films. 
Figure 3 shows typical time courses of permeation of the 
nonionic water-soluble fluorescent probe NQ2 through the 
PMLGFc(x) film (x  = 0, 23,45,100) cast on a Pt minigrid 
sheet under an intermittent redox potential applied to the 
Pt grid/film. Permeations of the NQ2 probe was followed 
fluorophotometrically in an N2-purged 0.05 M KC1 aqueous 
solution (see Figure 1). A nonionic permeant was chosen 
to avoid the effect of electrostatic interaction and repulsion 
with the grid/film. 

The permeability was relatively slow in the reduced form 
of PMLGFc(x) films. Upon applying the potential +0.5 
V versus SCE to the Pt grid/film, the film turned from 
brown to dark green immediately which means the oxi- 
dation of ferrocene (Fc) to ferricinium cations (Fc+) and 
then permeability of NQ2 probes increased within 30 s by 
a factor of 1-5, depending on the Fc content of the film. 
When the potential on the Pt grid/film was switched off 
to 0 V, even after 10 min in the oxidized form, the dark 
green PMLGFc+ film was reduced to the brown P M L G  
Fc film and permeability reverted to the original slow rate 
within 30 s. Permeability changes of these PMLG-Fc/ 
PMLG-Fc+ films ( x  = 23-100%) on a Pt grid could be 
reproduced repeatedly at least 20 cycles without damaging 
the film chemically and physically. 

The permeability of PMLG-Fc(x) films increased with 
increasing the content of Fc side chains in polypeptides 
and the permeation change due to redox reactions was 
clearly observed in PMLGFc(45) and -Fc(llO) films. In 
contrast, the permeability of the PMLG film having no Fc 
side groups was very slow and not affected by redox re- 
actions. When the polyvinyl-type film (PFcAc) was em- 
ployed, the permeability was relatively fast and hardly 
affected by redox reactions. This indicates that the po- 
lypeptide structure and Fc side chains are important to 
change permeability by redox reactions. 

23.0 
0.955 
2.25 
3.80 
2.95 

25.1 
31.6 
28.8 
87.6 
<0.001 

2.86 
<0.001 

2.51 
24.0 
44.7 
88.3 

158 

24.0 
0.940 
2.28 
3.33 
2.05 
4.95 
9.40 

10.9 
34.5 
<0.001 

2.78 

1.62 
3.85 

32.0 
33.5 

103 

1.1 
1.1 
1.0 
1.1 
1.5 
5.2 
3.4 
2.5 
2.6 

1.1 

1.6 
6.0 
1.4 
2.9 
1.5 

0 10 20 30 40 
Time / min 

Figure 3. Typical redox-sensitive permeation changes of the 
nonionic NQ, probes through (a) PMLGFc(100), (b) P M L G  
Fc(45), (c) PMLG-Fc(23), (d) PMLG, and (e) PFcAc films fol- 
lowed fluorophotometrically. The potential 0.5 and 0 V versus 
SCE was applied to the Pt gridjfilm at ox and red, respectively. 

6 

5 

' 0  20 40 60 80 10% 
Fc-Content/% 

Figure 4. Dependence of the permeation rate in the reduced form 
(Prd) and the rate enhancement by the oxidation ( P o J P d )  on 
the content of ferrocene (Fc) side chains of PMLG-Fc(x) films. 

The permeation rate constant, P (cm2 d), was calculated 
from slopes of Figure 3 from eq 1. Permeation measure- 
ments were carried out three times in each experiment 
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Figure 5. Circular dichroism spectra of (a) the PMLG, (b) the 
reduced form, and (c) the oxidized form of the PMLGFc(45) film 
in distilled water at 25 O C .  

(deviation &lo%) and the average P value was summarized 
in Table 11. As shown in Figure 4, the permeation rate 
in the reduced form increased simply with increasing the 
content of Fc groups in side chains, but the extent of 
permeation enhancement (Pox/Prd) by the oxidation in- 
creased with increasing the Fc content of side chains and 
gave a maximum at  45% of Fc content in the film. 

a-Helix Structures in  Films. Poly(g1utamate ester) 
is known to take a-helical conformation of polypeptide 
chains in the film as well as a homogeneous s o l ~ t i o n . ' ~ - ' ~ ~ ~  
Figure 5 shows the circular dichroism (CD) spectra of 
PMLGFc(x) films in distilled water. The CD spectrum 
of the oxidized film was taken in distilled water after im- 
mersing it into a Ce(1V) aqueous solution for 5 min. The 
CD spectrum of the PMLG film showed a strong negative 
curve at 222 and 208 nm, which indicates that poly(g1u- 
tamate) chains take mainly right-handed a-helical con- 
formations in the film. In the case of the reduced form 
of the PMLGFc(45) film, the intensity of CD spectrum 
decreased relatively. When the film was oxidized, the 
ellipticity a t  222 and 208 nm decreased greatly compared 
with that of the reduced form and reverted to nearly the 
original intensity by the reduction of the film in Na2S204 
aqueous solution. Thus, PMLGFc(45) chains take partly 
a-helical structures in a similar manner as the homo- 
polymer of PMLG in the film, and the oxidation of Fc side 
chains decreased the a-helical conformation of polypeptide 
chains. 

Figure 6 shows the part of IR spectra of the PMLG and 
the PMLG-Fc(45) films in reduced and oxidized forms. 
Similar results were obtained as those obtained from CD 
spectra. The PMLG film showed a strong absorption at  
620 cm-l, which also indicates polypeptide chains like 
mainly an a-helical structure in the fi1m.'2-14i25*26 In the 
case of the reduced form of the PMLG-Fc(45) film, the 
absorption at 620 cm-' decreased and a new absorption 
appeared at  650 cm-l, which indicates the random coil 
structure of polypeptide chains.26s26 Upon oxidation of the 
PMLGFc(45) film, the absorption at 650 cm-' increased 
greatly and the 620-cm-' absorption decreased. This means 
also that the oxidation of Fc side chains decreases a-helical 
structures of polypepetide chains in the film. 

The homopolymer of PMLG was supposed to take a 
100% a-helical conformation of the polypeptide chains in 
the film and the relative extent of a-helical structure of 
PMLGFx(x) films was roughly estimated from the relative 
maximum value of ellipticity at 222 nm from the CD 
spectra of Figure 5 and shown in Table I. The a-helical 
conformations of polypeptide chains changed to random- 
coil conformations with increasing Fc content in the side 
chains. Moreover, the oxidation of Fc groups in side chains 
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Figure 6. Infrared spectra of (a) the PMLG, 03) the reduced 
and (c) the oxidized form of the PMLGFc(45) film. 
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Figure 6. Infrared spectra of (a) the PMLG, 03) the reduced 
and (c) the oxidized form of the PMLGFc(45) film. 

form, 

accelerated the formation of random-coil conformations 
of PMLG-Fc(x) films. 

Permeation Mechanisms. Permeation changes by 
redox reactions on a Pt minigrid sheet can be explained 
as follows from the above structural data of PMLGFc(x) 
polypeptide films. In solid membranes of synthetic po- 
lypeptides, permeants are thought to diffuse not in the 
rigid helical skeleton but in the relatively fluid side-chain 
region. Permeation through PMLGFc(x) films increased 
with increasing Fc group content in side chains (Figure 4 
and Table 11). Polypeptide chains begin to take the dis- 
ordered random coil structure instead of the rigid a-helical 
conformation with increasing the content of bulky Fc side 
groups and the permeant can easily diffuse through the 
random-coil region. Upon the oxidation of the PMLG- 
Fc(x) film, the lipophilic Fc side chain is changed to the 
hydrophilic Fc+ cationic groups and the a-helical confor- 
mation is distorted by the formation of swelled Fc+ groups 
or the electrostatic repulsion between cationic Fc+ side 
chains. The water-soluble permeant NQ, can easily diffuse 
and permeate through the hydrophilic and swelled side- 
chain region or the random coiled polypeptide chain re- 
gions. The redox reaction of Fc side chains is plausible 
to occur in the small part of the film near the Pt grid, 
because it is difficult to accomplish complete oxidation or 
reduction in the 100-hm-thick film in the short time of 
permeation experiments. However, the tiny redox reaction 
in the film seems to be effective to change the peptide 
conformation and the probe permeation. 

The extent of the permeation enhancement (Pox/Prd) 
by the oxidation of the film showed the maximum at x = 
45% in PMLG-Fc(x) films (see Figure 4). The Pox/P,ed 
value increased with increasing the Fc content below x = 
45% because the effect of the redox reaction on permeation 
increases with the Fc content in the film. At  the higher 
Fc content above x = 45%, the pox/pr ,d  value decreased 
with the Fc content. This is explained by the fact that at 
high content of Fc side chains the permeability of the 
reduced film increased largely due to the random-coil 
conformation of polypeptide chains and the effect of the 
oxidation apparently decreased. 

The micromosaic and heterogeneous structure (rigid 
helical skeleton and fluid side chain region) of polypeptide 
membranes is important in the redox-sensitive permeation, 
because a cast film of PFcAc vinyl polymers showed little 
permeation change upon redox reactions on a Pt grid (see 
Table I1 and Figure 3). 

Temperature-Sensitive Permeation of PC14LGFc- 
(x) Films. Poly(glutamate), having long n-alkyl side 
chains, is known to have thermotropic p rope r t i e~ .~~p~ '*~~  
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Figure 7. Differential scanning calorimetric curves of (a) 

in distilled water. Scanning speed 2 O C  min-'. 

Long alkyl side chains produce a paraffin-like crystal 
around a-helical polypeptide chains and melt with in- 
creasing temperatures. Figure 7 shows the differential 
scanning calorimetry (DSC) of PC14LGFc(x) ( x  = 6,46, 
98) films in aqueous solution. The endothermic peak was 
observed at 37 "C, indicating the melting of tetradecyl side 
chains around a-helical polypeptide chains in the case of 
the PC14LG-Fc(6) film as well as a homopolymer of 
PC14LG. The enthalpy change (the peak area) a t  37 "C 
decreased with decreasing the content of long alkyl chains: 
AH = 0.78, 0.45, and 0.020 kcal mol-' for PMLG-Fc(6), 
-Fc(46), and -Fc(98) films, respectively. 

The PC14LGFc(x) polymers having both long C14 alkyl 
and Fc groups in side chains showed CD spectra similar 
to those of the PMLG-Fc(x) films in Figure 5: the in- 
tensity of a negative curve at 222 and 208 nm decrease with 
increasing the content of bulky Fc side chains and by the 
oxidation of Fc groups. The relative a-helical conformation 
content was calculated roughly from the ellipticity a t  222 
nm of a homopolymer of PC,,LG as a standard (see Table 
I). The extent of a-helical conformations of PC14LGFc(x) 
films is larger than that of PMLGFc(x) films in all range 
of Fc content. Long alkyl chain may help to form rigid 
a-helical conformation of polypeptides compared with 
short methyl groups even when the amount of bulky Fc 
groups increased in side chains. The a-helical extent of 
PC14LGFc(x) films did not change in the range 10-60 "C, 
independent of the melting of C14 side chains. 

Permeation of NQ2 probes through PC14LGFc(x) films 
could be reversibly regulated by repeated redox reactions 
on a Pt grid as well as through PMLG-Fc(x) films. The 
permeability and the extent of rate enhancement (Pox/ 
Prd), however, were largely affected by temperatures. 
Arrhenius plots of permeation rates in both the reduced 
and oxidized forms of PC14LG-Fc(6), -Fc(46), and -Fc- 
(100) films are shown in Figure 8. Numbers in the figure 
are activated energies (E,, kcal mol-'), calculated from each 
slope of the Arrhenius plots. When the PC14LGFc(6) film 
having a small amount of Fc groups and a large amount 
of long alkyl chains was employed, the permeability was 
very slow (P  < lo-" cm2 s-') below 37 "C and drastically 
enhanced at  temperatures above 37 "c. This is explained 
by the melting of paraffin-like side chain regions at 37 "C 
and permeants diffuse smoothly through fluid liquid re- 
gions around a-helical polypeptide backbones. The per- 
meation change responding to redox reactions were small 
above 37 "C because of the low content of Fc side chains. 
The activation energy of permeation through the disor- 
dered oxidized membrane was smaller than that through 
the rigid reduced form. 

In the case of PC14LGFc(46) film, the permeability of 
the reduced form increased incontinuously near 37 "C, 

PC~!LGFC(~), (b) PC14LGFc(45), and (c) PClILGFc(98) films 

60 40 20 
7 

-6 t - I  h 

-8 - 

50 40 x) 60 40 

PClbLG-Fc(98) 

responding to the melting of the 54% content of long alkyl 
side chains. The permeability of the oxidized film en- 
hanced compared with that of the reduced form at all the 
temperatures and increased linearly with temperature. 
Since the side-chain region is already disturbed by the 
formation of hydrophilic Fc+ cations, the permeability of 
the oxidized film may not be affected by the melting of 
C14 side chains. The E, value (8.0 kcal mol-') for the 
permeation through the disturbed membranes such as the 
oxidized film and the reduced film above 37 "C is smaller 
than that for the solidified, reduced film below 37 "C (E, 
= 8.6 kcal mol-'). The large rate enhancement by redox 
reactions (P,,,/P,,d) was consequently observed in the 
solidified film below 37 "C rather than in the melting state 
above 37 "C (see Table 11). 

In the case of the PC14LGFc(98) film, in which almost 
all of alkyl side chains were substituted by Fc groups, 
permeability of both the reduced and oxidized films was 
relatively extensive and increased linearly with tempera- 
tures. The activation energy for the oxidized form (6.3 kcal 
mol-') was very small compared with that for the reduced 
film (15 kcal mol-'). This also suggests that NQ2 probes 
easily permeate through the swelled and disordered side- 
chain region or the random-coil region of the oxidized film 
relative to the rigid Fc side-chain regions. 

Storage and Release Phenomena of Ionic Per- 
meants. Since the oxidation of PMLG-Fc(x) films on a 
Pt minigrid sheet produces cationic Fc+ groups in the film, 
permeation of charged fluorescent probes such as anionic 
(NS-, NS2-, and NS%) and cationic probes (NA+ and NA2+) 
may be affected by the electrostatic interaction with cat- 
ionic Fc' groups in the film. Figure 9 shows typical time 
courses of permeation changes of dianionic NS2- and di- 
cationic NA2+ probes through the PMLG-Fc(45) film un- 
der applying +0.5 V and 0 V versus SCE on the Pt 
grid/film, together with the results of nonionic NQ2 probes. 

When the nonionic NQ2 probe was employed as a per- 
meant, the permeability enhanced simply within 30 s by 
oxidation (stage 2) and reverted to the original slow rate 
by the reduction of the film (stage 4). In contrast, the 
permeation of the dianionic NS2- probe decreased by ox- 
idation and increased largely by the reduction of the film 
and the permeability changes were complex. In the case 
of dicationic NA2+ probes, the permeability increased by 
oxidation with a time lag and then decreased gradually. 
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Table I11 
Permeation Changes of Charged Probes through the PMLG-Fc(45) Film by Redox Reactions 

P, 10" cm2 sW1 

ox Fc+ form re-red Fc form red Fc form 
permeants stage 1 stage 2 stage 3 stage 4 stage 5 p o x 2 l p r e d l  Pred4lP0, 

nonionic 

anionic 
NQz 4.80 25.1 

NS- 5.04 0.822 2.37 
NS2- 6.38 0.780 4.70 
NS3- 5.82 0.451 1.32 

NA+ 5.46 55.3 7.54 
NA2+ 6.04 72.0 13.4 

cationic 

0 5 IO 15 20 25 0 5 IO IS 20 25 0 5 IO 15 20 25 

T i m e /  mtn 

Figure 9. Complex, redox-sensitive permeation changes through 
the PMLGFc(45) film depending on the charge of ermeants 

Permeation was followed fluorophotometrically. The potential 
0.5 and 0 V versus SCE was applied to the Pt grid/film at ox and 
red, respectively. 

(nonionic NQ,, dianionic NS2-, and dicationic NA R probes). 

Permeation rates calculated from each slope of Figure 9 
were summarized in Table 111, together with those of 
mono- and trianionic (NS- and NS3-) and monocationic 
(NA+) probes. 

The complex permeation phenomena of ionic probes in 
Figure 9 can be explained as follows. In the case of the 
anionic probe permeation, cationic Fc+ charges produced 
by the oxidation accumulate anionic permeants in the film 
with electrostatic interactions and the permeability 
throught the film is consequently decreased (stage 2). The 
electrostatic repulsion of anionic probes with the counter 
electrode (the cathode) in the receptor compartment may 
affect the decrease of permeation. When the cationic Fc+ 
charges in the film are enough neutralized by anionic 
probes, the probe begins to overflow (stage 3). Upon re- 
duction of the film, the charges in the film disappear and 
the accumulated anionic probes are released at  once (stage 
4). With passing time, the storage of anionic probes de- 
creases and the permeation rate reverts to the original 
reduced rate (stage 5). Thus, the permeability is drastically 
decreased by oxidation (Poxz/Pdl = 0.0784.16) due to the 
storage of permeants in the film and is enhanced by the 
reduction (Pred4/Po12 = 56-190) due to the release of the 
accumulated probes. The extent of the storage and release 
phenomena increased with increasing anionic charges in 
permeants (see Table 111). 

In the case of the permeation of cationic probes, the 
oxidation of the film enhances permeation or release of 
cationic probes compared with nonionic probes due to the 
electrostatic repulse with cationic Fc+ charges in the film 
(stage 2). The permeability decreases gradually with time 
because of the decrease of the probe concentration in the 
film (stage 3). Upon reduction of the film, the permeability 
reverts to the original slow rate (stage 4). Thus, in the case 
of the cationic probe, the permeability enhanced relative 

4.95 5.2 0.20 

46.3 5.52 0.16 56 
63.4 7.57 0.12 81 
85.6 6.32 0.078 190 

6.08 
6.54 

10 0.11 
12 0.091 

to that of the neutral probes by oxidation due to the em- 
phasized release by the electrostatic repulsion (Pox2/Prdl 
= 10-12 in Table 111). 

When PMLG was cast on a Pt grid instead of P M L G  
Fc(x) films and the +0.5 V potential was applied to the 
electrode, the permeability of the anionic NSs and cationic 
NA2+ probes slightly decreased and increased, respectively. 
This means that the applied potential affecta partially the 
diffusion of ionic probes due to the ionophoresis; however, 
it does not play an important role for the observed storage 
and release phenomena of ionic probes. 

Permeation and release of various anions through po- 
lypyrrole films deposited on an electrode have been re- 
ported to be changed by the positive charge formation on 
the film by the oxidation.s35 The binding and release of 
cationic dopamine from the polypyrrole film deposited on 
an electrode has been also reported to be changed by the 
electrochemical redox reactions.36 These ion gate mem- 
branes of polypyrrole, however, showed slow responses, 
taking 5-15 min for the permeation change, and poor re- 
producibility because of the morphological damages of the 
membrane by repeated redox reactions. In contrast, our 
ferrocene-containing polypeptide films showed high 
physical stability and quick reponse for permeation, 
storage, and release of permeants. The micromosaic 
structures (fluid Fc side chain and cy-helical skeleton) of 
polypeptide films are useful to achieve the reversible and 
quick responsive permeation changes. 
Summary 

Permeations of the water-soluble permeants through the 
ferrocene-containing polypeptide film could be controlled 
by electrochemical redox reactions of ferrocenyl side 
chains. The redox-sensitive permeation was explained by 
changes both in the hydrophilic nature of the fluid side 
chain region and in the content of cy-helical conformations 
of polypeptide chains. By the introduction of long alkyl 
side chains with Fc groups, permeability can be controlled 
by both redox reactions and temperatures because of the 
melting of paraffin-like side-chain regions in the film. 
When the charged permeants were employed, the perme- 
ability could be changed complicatedly by storage and 
release phenomena of ionic probes in the film due to the 
electrostatic interaction with the cationc Fc+ side chains. 
The micromosaic and heterogeneous structure (rigid helical 
skeleton and fluid side-chain region) of polypeptide mem- 
branes is important because vinyl polymer membranes 
(PFcAc) showed little permeation changes upon redox 
reactions on a Pt grid. 

This is the first example of reversible, highly responsible 
permeability control of polypeptide membranes by redox 
reactions. We have also studied the permeability control 
of a redox-site-containing, multibilayer-immobilized film 
by electrochemical redox reactions, in which the fluidity 
of the lipid bilayer matrix is regulated by redox reactions 
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on a Pt minigrid sheet.'JO These electrochemically 
switchable films composed of lipids or polypeptides are 
interesting as a new type  of synthetic signal-receptive 
membrane and as a synaptic model membrane in which 
a nerve impulse (electric signal) initiates the rapid release 
of a chemical intermediary such as acetylcholine. 
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Chromophores 
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ABSTRACT: Side-chain cyclization in polymers was studied by observing the kinetics of excimer formation 
and decay in copolymers containing approximately 1% of bis[w-(1-naphthyl)alkyl] esters of fumaric or itaconic 
acids. In the fumarate copolymer series the relative intensity of excimer fluorescence decreased with increasing 
number of CH2 groups between the naphthalene chromophore and the ester linkage. Only 20-40% of starting 
conformations cyclized to give excimer during the singlet lifetime, with a rate constant of 5 X lo' to 5 X lo8 
s-l, depending on solvent and temperature. The remainder decayed with the same lifetime as a monomeric 
model compound. In the itaconate ester copolymers the fraction of cyclizing monomer species was considerably 
smaller, but the rate of cyclization was comparable to that observed for the fumarate copolymers. Studies 
on a variety of bichromophoric model compounds showed that the geometry a t  the central C-C bond has 
a pronounced effect on the fraction of chromophore pairs capable of reaching the excimer configuration. 

Introduction 
The reaction between groups attached to a polymer 

chain is an important  class of physical phenomenon, with 
relevance to chain branching, ring formation, and intra- 
molecular catalysis.lP2 Photophysical studies on model 
polymers can provide fundamental  information on such 
intrachain reactions, provided the model system is carefully 
designed. An example is the use of excimer and exciplex 

formation by Winnik and co-workers to study the rates of 
end-to-end chain cyclization in   polymer^.^ In order t o  
create a well-defined model system the University of To- 
ronto group had to achieve quantitative labeling of both 
ends of monodisperse polymers with chromophoric groups. 

A related problem which has received little attention in 
the li terature is  the process of side-chain cyclization: il- 
lustrated in  Figure l. W e  define side-chain cyclization 
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