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Electroactive Poly(amino acids). Part 4.' Poly(y-ethyl L-glutamate) Modified by 
Side Chain Reaction with Ferrocenylmethylamine 
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Poly(y-ethyl L-glutamate) was treated with ferrocenylmethylamine to replace 0.21 side chain esters by 
ferrocenylmethylamide. The modified polymer could be coated onto platinum as a film which 
showed the redox behaviour of the ferrocene units. Reversible redox behaviour was found in 
acetonitrile and in water. In water the apparent diffusion coefficient of charge through the film 
depends markedly on the supporting electrolyte and increases in the sequence LiCIO,, NaCIO,, KCIO, 
which is the sequence of increasing limiting molar conductance for these salts. This suggests that 
the rate determining step for charge diffusion is electrolyte migration within the film. 

In a search for polymers with a relatively rigid spine and 
possessing flexible side chains to which electroactive groups can 
be attached, we have investigated materials derived from poly- 
(L-lysine) by modification of the side chain amine 
A second group of materials is derivable from poly(y-alkyl L- 
glutamates) by modification of the side chains through ester 
exchange or amide formation so as to introduce the desired 
electroactive centres. Electroactive polymers have recently been 
the subject of much research aimed at producing coatings which 
will modify the properties of a solid e l e ~ t r o d e . ~ ' ~  Of particular 
interest for incorporations into polymers are groups that will 
carry out an inner sphere oxidation-reduction process on some 
substrate in solution and subsequently be regenerated by outer 
sphere electron transfer from the electrode surface. Examples 
have been given recently where the catalyst can oxidise alcohols 
to aldehydes or ketones, reduce carbon dioxide, ketones and 
alkyl halides and catalyse the reaction between alkenes and 
oxygen to give a lkoxide~.~  As yet these systems cannot achieve 
large turnover numbers before the catalyst is destroyed. The 
poly(y-alkyl L-glutamate) groups are well suited to side chain 
modification for the introduction of electroactive catalytic 
centres and we present the results of some experiments on the 
modification of poly(y-ethyl L-glutamate). Part of our work in 
this area has been the subject of a brief communication.6 

Poly(y-methyl glutamate) has been modified by the 
introduction of electroactive groups for other purposes. 
Japanese workers ' have used ester exchange with ferrocenyl- 
methanol to generate a ferrocene-loaded polymer that can 
function as an ion gate. Here, oxidation of the ferrocene centres 
to the iron(II1) state opens the gate. Another group* has 
attached viologen groups by ester exchange and used a 
membrane prepared from the material to transport electrons 
between solutions of two different redox couples separated by 
the membrane. An alternative method for modifying the ester 
side chains by reaction with a substituted amine to form a 
substituted amide, offers much greater flexibility for our 
purposes in that both the amide group and the ester group can 
be varied. A range of poly(y-alkyl g1utamate)s is readily 
prepared from the appropriate N-carboxyanhydride by reaction 
with a variety of nucleophilic catalysts." In this first series of 
experiments using a polyglutamate, ferrocenylmethylamine was 
used to insert the electroactive sites (see Scheme 1). 

Preparation and Examination of the Polymers.-Poly(y-ethyl 
glutamate) was prepared with a degree of polymerization of 350. 
The material was freely soluble in a mixture of dimethyl- 
acetamide and ferrocenylmethylamine. Reaction between the 
ester groups and the primary amine occurred at 70 "C and, after 

some time, the doped polymer was precipitated by the addition 
of ether. The extent of ferrocene doping was determined by 
analysis of the product for iron. The degree of polymerization is 
assumed from the molecular weight of the parent poly(y-ethyl 
glutamate). 

The work described here was carried out using polymer 
loaded with 0.21 mole fraction of ferrocene side chains. The 
doping process, of course, offers possibilities for the preparation 
of electroactive polymers with a wide range of physical 
properties by beginning with a different poly(y-alkyl glutamate), 
and also by regulating the number of ferrocene groups attached. 

This doped polymer was dip-coated onto platinum from 
dimethyl sulphoxide solution. After being dried in uacuo the 
coated electrode was examined by cyclic voltammetry and 
chronoamperometry in acetonitrile containing 0.1 mol dm-3 
tetrapropylammonium perchlorate. 

Cyclic voltammetry between 0 and +0.8 V us. SCE gave 
information on the reversible electron transfer reaction of the 
ferrocene residue. Chronoamperometry was carried out by 
stepping the electrode potential from 0 to 0.8 V us. SCE and then 
collecting the resulting current transient due to oxidation of the 
film. 

Current transients recorded on chronoamperometry are 
ideally described" by the Cottrell equation [eqn. (l)] where 

OD 

i = (n  FAD*Co/n*t*)[ 1 + 2 1 (- l)kexp( - kd2/Dt)] (1) 
k =  1 

i is the current at time t ,  n is the number of electrons per 
active site, A is the surface area, dis the layer thickness, Co is the 
surface concentration of active sites per unit volume, D is the 
diffusion coefficient of charge through the film and k is an 
integer. Under conditions of semi-infinite diffusion d 2  > Dt and 
the exponential terms can be neglected. The inset of Fig. 3 shows 
the plot of i us. t-*. Values for DtCo are obtained from the 
limiting slope at large values of I-*. As charge accumulates on 
the surface of the film away from the electrode, this plot deviates 
from the line of limiting slope. 

Integration of the current transient also indicates the surface 
coverage (r) of electroactive groups. 

Results and Discussion 
Reversible redox behaviour of the ferrocene groups with 
k? = 0.384 V us. SCE was found in acetonitrile, with a linear 
dependence of anodic peak height on the square root of scan 
rate, Fig. 1, characteristic of a thick film where, on the time scale, 
d 2  > Dt. Ferrocene in acetonitrile solution shows 0.307 V us. 
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Fig. 1 Data from cyclic voltammetry using a thick film of ferrocene 
loaded poly(y-ethyl L-glutamate) on Pt; film area 0.202 cm2 solvent 
acetonitrile containing 0.1 rnol dm3 Pr,NCIO,, r 15.7 nmol cm-2 mea- 
sured by CA in acetonitrile, used in experimental sequence 17 of Table l 

Table 1 Chronoamperometry experiments on ferrocene-doped poly(y- 
ethyl glutamate) films (0.21 mole fraction ferrocene chains) as film on Pt. 
Electrode area 0.202 cm2; coatings no. 17, 20 and 30; potential step 
h 0 . 8 0  V us. SCE. Current transient was integrated over 2 s to obtain 
surface coverage, r, and fitted to the Cottrell equation to obtain DtCo. 

Experiment Electrolyte/ r/nmol Df Colnmol 
no.” Solvent 0.1 rnol dm-3 cm-* cm-2 S-f 

17-13 
17-30 
20-1 1 
2&22 
2&27 
3&2 
30-4 
30-8 

Pr,NCIO, 
LiClO, 
LiCIO, 
KCIO, 
KCIO, 
KCIO, 
KCIO, 
NaClO, 

15.7 
3.74 
4.05 
6.16 
5.10 
5.82 
6.40 
5.46 

21.2 
2.47 
2.92 
6.46 
5.27 
4.29 
6.26 
6.82 

” The first figure, 17,20 or 30, denotes the film number; the second figure 
denotes the experiment on that film. 

SCE.” The surface coverage of electroactive groups was 
determined by chronoamperometry, stepping the potential to 
0.8 V us. SCE and then integrating the current transient over 2 s. 
A surface coverage (r) of electroactive groups of 15.7 mmol 
cm-’ in acetonitrile (see Table 1) is of the same order of 
magnitude as that obtained for poly(NE-4-nitrobenzoyl-~- 
lysine) (12-28 mmol cm-’).’ However, since the mole fraction of 
ferrocene-doped side chains is 0.21, this film must be thicker 
than that obtained with PNBL so as to obtain the surface 
coverage of 15.7 mmol cm-’. The increase in thickness must be 
1/0.21, i.e. approximately five-fold. 

The response of this coated electrode in water was markedly 
dependent on the supporting electrolyte. Thus, peak heights on 
cyclic voltammetry increased on changing the electrolyte in the 
order LiClO, < NaClO, z KCIO,; at 0.1 V s-l, anodic 
peak heights were 25.6, 39.3 and 42.0 PA, respectively. The 
measurements were taken using the same coated electrode, 
number 30, conditioned in each electrolyte by ten prescans. A 
number of cyclic voltammograms made using the same coated 
electrode, number 17, are plotted together in Fig. 2 to indicate 
how peak height depends on supporting electrolyte and solvent. 

l o o r  
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Fig. 2 Cyclic voltammetry of ferrocene-loaded poly(y-ethyl L- 
glutamate) on Pt; - solvent: 0.1 mol dm-3 Pr,NCIO, in acetonitrile. -. -solvent: 0.1 rnol dm-3 LiCIO, in water; v = 0.1 V s-l; same film 
as used to obtain the data for Fig. 1 
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Fig. 3 Chronoamperometry of ferrocene-loaded poly(y-ethyl L- 
glutamate) on Pt; film area 0.202 cm’; solvent: water containing 0.1 mol 
dm-3 LiCIO,; potential step 0-0.8 V us. SCE; r 4.05 nmol cm-’ from 
integration of this curve. Inset shows a plot of i us. tt. Experiment no. 
2&11. 

Peak height increased on changing the solvent from water to 
acetonitrile. 

The results from chronoamperometry experiments with 
various supporting electrolytes and different films of the same 
polymer are collected in Table 1. The apparent surface coverage 
measured for the same electrode is much smaller in water than 
in acetonitrile. This is probably due to incomplete charging of 
the film during the time of 2 s allowed for integrating the current 
because diffusion of charge through the film is slower in water 
(average D*Co = 4.85 mmol cm-’ s-%) than in acetonitrile 
(D*Co = 21.2 mmol cm-’ s-*). In water the diffusion rate for 
charge through the films number 20 and 30 depends on the 
supporting electrolyte and increases in the order LiClO, < 
NaClO, KClO,. Film number 20 on chronoamperometry 
showed nearly ideal semi-infinite diffusion characteristics in 

Scheme 1 
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LiC104/H20 (Fig. 3) and layer-thickness-limited diffusion in 
Pr4NC104/AN. 

The dependence of D+Co on the supporting electrolyte in 
water suggests that the transmission of charge through the film, 
in this solvent, is limited by the diffusion rate for the ions of the 
electrolyte. The diffusion coefficient (D/cm2 s-') for univalent 
ions in solution is related to ionic mobility (u/cm2 V-' s-') by the 
Einstein equation'j [eqn. (2)] where k, is the Boltzmann 

ulD = e/k,T (2) 

constant and e the charge on the electron. The migration of 
charge through a film creates an electrostatic field and the 
diffusion coefficient for this process is the sum of the migration 
of both ions in this electrostatic field. The apparent diffusion 
coefficient for charge migration under these conditions is thus 
related to the limiting molar conductance (A/cm2 k' mol-') by 
the expression in eqn. (3). 

A/FD = e/k,T (3) 

We have available values of molar conductance only in 
aqueous solution and assume that these are relevant to the 
environment of the film. The values of A in water for LiC10, 
and KClO, are 106.1 and 140, respectively, at 25 "C; the 
corresponding values of D are 2.82 x and 3.73 x lW5, 
respectively. In aqueous LiC10, and KClO, average values of 
D+Coare2.70 & 0.23 x lW9and5.57 & 0.50 x 10-9molcm-2 
s-+, respectively. Taking the values calculated for D in water, 
values for Co of 5.0 x lC7 and 9.1 x l W 7  rnol dm-3 are 
obtained. 

As we have noted, the diffusion of ions within the film will be 
restricted so that D is grossly overestimated in the above 
discussion. This leads to an under-estimation of Co. An estimate 
for the likely maximum value of Co can be obtained from the 
dimensions of the crystalline form of the related poly(W- 
benzoyl-L-lysine). ' For the benzene ring 'concentration' in this 
polymer Co = 4.59 x mol ~ m - ~ .  Since, for the glutamate 
polymer the fraction of side chains substituted by ferrocene is 
only 0.21, the maximum value for Co becomes 1.25 x 10-4 mol 
CM-~ .  

The picture of charge migration limited by ionic mobility 
qualitatively fits the behaviour of this ferrocene-doped poly(y- 
ethyl L-glutamate) in aqueous electrolytes. A value for the 
concentration of active sites in the film can only be estimated as 
greater than 9 x lo-' but less than 1 x 10-4 rnol dmP2. 

In order to explain the behaviour of this film in acetonitrile, 
ion conductance values in this solvent are taken from the 
compilation of Krumgalz.I6 The values for Li' and ClO, in 
acetonitrile are not available. Examination of the data for other 
salts in acetonitrile indicates that it is reasonable to substitute 
the value of the ion conductance for Na' in place of Lif and the 
value of the ion conductance for NO3- in place of CI04-. On 
this basis estimates of the limiting molar conductance of LiCIO, 
and Pr,NC104 are 183 and 178, respectively. 

The limiting conductance of LiC104 and of Pr,NC104 in 
acetonitrile is greater than that of LiC10, in water. Hence, when 
ion diffusion is the important factor in the transport of charge 
through a polymer film, we can explain why the same film 
showed semi-infinite diffusion characteristics (i.e. d 2  > Dt) in 
LiC10,/H20, but layer-thickness-limited diffusion (i.e. 
d 2  d Dt) in Pr,NClO,/AN. It is only in acetonitrile that, on the 
time scale of the experiment, D is sufficiently large for charge to 
migrate to the far boundary of the film. Again, the increased rate 
for ion diffusion explains why, for the same film, peak heights on 
cyclic voltammetry increase on changing the solvent from water 
to acetonitrile (Fig. 2). A large value of D allows more 
electroactive sites to be engaged within the time scale of the 
experiment. 

Conclusions 
The method developed in this paper for exchanging polymer 
side chains through reaction with an amine should be capable of 
extension so as to introduce other electroactive groups into the 
side chain. The films which we prepared previously' from the 
homopolymer poly(N&-4-nitrobenzyl-~-lysine) were unstable in 
the charged state. In particular, after chronoamperometry the 
cyclic voltammetry behaviour of the film was changed. This 
ageing effect was attributed to repulsion between the charged 
side chains which destabilised the a-helix adopted by the 
uncharged form in favour of an irregular coil. The resultant 
changes in geometry caused the film to separate from the 
electrode base. We did not encounter this type of instability for 
the ferrocene-doped polyglutamate films. With the films 
described here, repeated cyclic voltammetry, chronoampero- 
metry and further cyclic voltammetry could be carried out 
without the response altering its characteristics. Clearly, in 
random doping of polyglutamate, we have sacrificed the 
structural regularity of a homopolymer. However, we have 
achieved a more stable system which is capable of easy 
extension to other electroactive groups. This is an advance and 
the extensions towards the incorporation of other transition 
metal redox centres should be possible. 

Experimental 
All solvents used were rigorously purified and dried according 
to literature methods. Gaseous effluents containing phosgene 
were passed through scrubbing towers containing aqueous 
sodium hydroxide before being released. 

IR spectra of poly(amino acids) were recorded using skins of 
material made by evaporating a solution in dimethylacetamide 
onto a sodium chloride disc, under reduced pressure in a current 
of air. 

In this context 1 mole of electroactive species refers to 
6.02 x electroactive units that are attached to the polymer. 
The mole fraction, n, of ferrocene-doped side-chains in a general 
polymer of structure shown in Scheme 1 is related to the 
percentage content of iron, F, by the expression in eqn. (4) where 

1 100 55.85 B 
n F A A  + 1  (4) _ -  _-.--- 

A is the formula mass of the undoped polymer unit and B is the 
formula mass of the doped polymer unit. 

Electrochemical Measurements.-Platinum wire was melted 
in a hydrogen-oxygen flame to form a sphere 1-2 mm in 
diameter. The wire was silver soldered to a copper lead and then 
fused into a glass support so that only platinum was exposed. 
The sphere was coated with polymer as described below. A 
coated electrode formed the working electrode together with a 
platinum wire counter electrode. The reference electrode was 
saturated aqueous sodium chloride-calomel (SCE) dipping into 
1.0 mol dm-3 sodium nitrate, then connected through a bridge of 
the supporting electrolyte. The cell was deoxygenated by a 
stream of nitrogen. 

Poly(y-ethylglutamate).-Phosgene was passed into a suspen- 
sion of y-ethyl glutamic acid hydrochloride (5.0 g) suspended 
in dioxane (70 cm3) at 5 "C for 10 min. The suspension dissolved 
as the mixture was slowly allowed to warm to room 
temperature. Finally the solution was warmed on a water bath 
at 55 "C for 1 h after which unchanged phosgene was removed 
in a stream of nitrogen. The solvent was removed under reduced 
pressure and the residue crystallized from dichloroethane and 
hexane to yield 4-(2-ethoxycarbonylethyl)oxazolidine-2,5-dione 
(2.6 g) as large cubes, m.p. 72-73 "C (lit.,17 m.p. 71-72 "C); 
v,,(KBr)/cm-' 1845,1780 and 174 1. 
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A sample (2.3 g) of the oxazolidine-2,5-dione, when left in a 
desiccator over silica gel for several days was converted to a 
powder. This was dissolved in dichloroacetic acid, precipitated 
by pouring the solution into water, filtered and dried to yield 
poly(y-ethyl glutamate) as an amorphous powder (1.2 g); vco/ 
cm-' 1733, 1654 and 1548; intrinsic viscosity, y~ = 0.0358 dm3 
g-' from which molecular weight = 5.5 x lo4, degree of 
polymerization = 350. 

Ferrocenylmethylamine. ' '--A solution of ferrocenylmethyl 
azide" (10 g) in ether (200 cm3) was stirred at room 
temperature with triphenylphosphine (10 g) for 24 h in a flask 
exposed to the moist atmosphere. Water (20 drops) was added 
and stirring continued for 1 h. The mixture was then filtered 
from triphenylphosphine oxide, the filtrate dried over 
potassium hydroxide and the solvent removed. The residue was 
dissolved in dry benzene and saturated with hydrogen chloride. 
Ferrocenylmethylamine hydrochloride separated and was 
collected as a yellow solid, m.p. 220-222 "C (decomp.) (lit.,20 
m.p. 233-235 "C). This solid was shaken with potassium 
hydroxide solution (40%), the liberated amine extracted with 
ether and distilled, b.p. 108-1 10 "C/0.3 mmHg (lit.,20 b.p. 108- 
110 "C/0.3 mmHg). 

Ferrocene-doped Poly(y-ethyl glutamate).-Poly(y-ethyl 
glutamate) (0.10 g) was allowed to swell into dimethylacetamide 
(0.8 cm3) and ferrocenylmethylamine (0.2 g) was added. The 
viscous orange solution was heated at 75 "C for 18 h, cooled and 
diluted with ethanol (5 cm3) and ether (20 cm3). This ferrocene- 
doped polymer (0.10 g) formed a dark orange solid (Found: C, 
54.4; H, 6.7; N, 9.2; Fe, 6.0%), mole fraction of ferrocene side 
chains = 0.21; vco(KBr)/cm-' 1725, 1640 and 1530. 

Coated electrodes were prepared by dipping the Pt-sphere 
into a solution of the polymer (3 mg) in dimethyl sulphoxide (1 
cm3) for 1 h, then drying the electrode in uacuo at 50 "C for 0.5 h. 

Acknowledgements 
We thank the SERC for support and Johnson Matthey for loan 
of platinum. 

References 
1 Part 3, A. M. Abeysekera, J. Grimshaw and S. D. Perera, J. Chem. 

Soc., Perkin Trans. 2, 1990,1797. 

J. CHEM. SOC. PERKIN TRANS. 2 1991 

2 A. M. Abeysekera, J. Grimshaw, S. D. Perera and D. Vipond, J.  
Chem. Soc., Perkin Trans. 2, 1989,43. 

3 J. Grimshaw and S. D. Perera, J. Chem. Soc., Perkin Trans. 2,  1989, 
171 1. 

4 For an overview see R. W. Murray in Electroanalytical Chemistry, A 
Series of Advances, ed. A. J. Bard, Marcel Dekker, New York, 1984, 
vol. 13, p. 191, and literature quoted in refs. 1-3. 

5 A. Deronzier, D. Limosin and J. C. Moutet, Electrochim. Acta, 
1987, 32, 1643; S. Cosnier, A. Vermzier and J. C. Moutet, J. 
Electroanal. Chem., 1985, 193, 193; F. Daire, F. Bedioui, J. Devynck 
and C. B. Charreton, J.  Electroanal. Chem., 1987, 224,95; L. Coche 
and J. C. Moutet, J.  Electroanal. Chem., 1988, 245, 313; F. Bedioui, 
P. Moizy, J. Devynck, L. Salmon and C. Bied-Charreton, J. Mol. 
Catal., 1989, 56, 267; I. M. F. de Oliveira, J.-C. Moutet and N. 
Vlachopoulos, J. Electroanal. Chem., 1990,291,243. 

6 J. Grimshaw and J. Trocha-Grimshaw, J. Chem. Soc., Chem. 
Commun., 1990,157. 

7 Y. Okahata and K. Takenouchi, Macromolecules, 1989,22,308. 
8 Y. Nambu, T. Endo and K. Tashiro, J. Poly. Sci., Poly. Lett. Edn., 

1985, 23, 409. 
9 A. Kotai, Acta Chim. Acad. Sci. Hung., 1967, 54, 65; A. Kotai, G. 

Szokan, 1. Ferencz and M. Almas, Acta Chim. Acad. Sci. Hung., 1969, 
62, 293. 

10 E. R. Blout, R. H. Karlson, P. Doty and B. Hargitay, J. Am. Chem. 

11 

12 

13 

14 

15 
16 
17 
18 

19 

SOC., 1954, 76, 4492; E. R. Blout and R. H. Karlson, J. Am. Chem. 
SOC., 1956,78,941; French Pat., 1603159 (1971). 
T. Kuwana, D. E. Bublitz and G. Hoi, J.  Am. Chem. Soc., 1960,82, 
581 1. 
P. Daum, J. R. Lenhard, D. Rolison and R. W. Murray, J. Am. Chem. 
Soc., 1980, 102,4649; P. Daum and R. W. Murray, J. Phys. Chem., 
1981,85, 389. 
See R. S. Berry, S. A. Rice and J. Ross, Physical Chemistry, John 
Wiley and Sons, New York, 1980, p. 1162. 
R. A. Robinson and R. H. Stokes, Electrolyte Solutions, 
Butterworths, London, 2nd edn., 1959, p. 463. 
H. L. Yakel, Acta Crystallogr., 1953,6,724. 
B. S .  Krumgalz, J. Chem. Soc., Faraday Trans. 1 ,  1983,79,571. 
W. E. Hanby, S. G. Waley and J. Watson, J. Chem. Soc., 1950,3239. 
H. Fujita, A. Teramoto, T. Yamashita, K. Okita and S. Ikeda, 
Biopolymers, 1966,4,781; P. Doty, J. H. Bradbury and A. M. Holtzer, 
J. Am. Chem. SOC., 1956, 78, 947. Their combined results yield the 
relationship log (r7/dm3 g-') = -5.09 f 0.21 + (0.77 f 0.04) log 
M. 
V. I. Boev, Zh. Obsch. Khim., 1978,48,1594. 

20 A. N. Nesmeyanov, E. G. Perevalova, L. S. Shilovtseva and V. D. 
Tyurin, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk., 1962,1997. 

Paper 0/04823B 
Received 25th October 1990 
Accepted 8th February 1991 




