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ABSTRACT: The temperature dependence of electric conductivity, the frequency and tempera
ture dependence of the dielectric constant, and the hydrogen-deuterium exchange reaction of the 
amide group were studied for solid poly(y-methyl L-glutamate), poly(y-benzyl L-glutamate), and 
poly(fJ-benzyl L-aspartate). A linear relation was found between the activation energy for 
conductivity and the reciprocal of the static dielectric constant, and was interpreted in terms of the 
carrier generation process. The conductivity at the glass-like transition temperature was about 
3 x 10- 18 ohm - 1 em - 1. The generation of protons from the amide groups was concluded to be a 
source of the charge carriers in solid polypeptides. 
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their molecular structures are given as follows: 

(-NH-CH-CO-) PMG n=2, R=CH3 
I P 

Research on the electric conductivity of nylons 
and polypeptides has frequently been pub
lished.1 - 17 The generally accepted view is that the 
conduction of these substances is partly ionic and 
partly electronic5 -s and is caused by the transport 
of charge carriers through continuous chains of 
hydrogen bonds of the amide groups. Ions supplied 
from residual impurities have also been considered a 
source of charge carriers.9·10 

PBG 2, CH2C6H5 

In previous papers/ 5 - 17 it was shown that 
the conductivities of poly(y-methyl L-glutamate) 
(PMG) and nylon 12 were higher in the direc
tion of the chain of hydrogen bonds than in other 
directions. We therefore consider that the electric 
conduction of these polymers depends mainly on 
the nature of hydrogen bonds and is modified by 
other factors. In the present paper, attention is 
directed to the controlling factors for conduc
tivity other than hydrogen bonds. One attempt 
has also been made to obtain additional experi
mental evidence that protons from amide hydro
gen atoms migrate as charge carriers. PMG, poly
(y-benzyl L-glutamate) (PBG), and poly(/3-benzyl 
L-aspartate) (PBA) were used as polymers and 

OC-OR PBA I, CH2C6H5 . 

PBG is known to have two solid-state modifi
cations18·19: "Film A" cast from chloroform so
lution, and "Film B" cast from benzene solution. 
"Film B" has been argued to have 'stacks' of 
benzene rings in the side chain and to form a super 
helical structure. "Film A" of PBG, PMG, and 
PBA has been reported to have no such side chain 
structure. The helical structure of PBA is known to 
be quite unstable.20 

EXPERIMENTAL 

Ajicote A-2000 was used as the raw PMG ma
terial and was supplied by Ajinomoto Co. Ltd., as a 
10 weight percent solution. PBG was obtained from 
Kyowa Hakko Kogyo Co. Ltd., and PBA from 
Miles Laboratories, Inc. Ajicote A-2000 was diluted 
by triChloroethylene, whereas PBG and PBA were 
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Table I. The list of the samples used 

Annealing 
Thickness 

Sample Solvent 
temperature 

oc !lm 

PMG -1 EDC+PC+TC" 125 37 Ajicote A-2000 
-2 EDC+PC+TC• 120 39 Ajicote A-2000 
-3 EDC+PC+TC" 60 30 Ajicote A-2000 

PBG -1 Chloroform 100 15 
-2 Benzene 75 9 Stacked 
-3 Chloroform 50 15 

PBA -1 Chloroform 100 14 Molecular weight= 3900 
-2 Chloroform 55 16 Molecular weight= 3900 

• EDC, ethylene dichloride; PC, perchloroethylene; TC, trichloroethylene; Ajicote A-2000 was made by dissolving 
PMG in EDC and PC. 

dissolved in chloroform. Part of the PBG was 
dissolved in benzene. 

Film samples were made from solutions of about 
2 to 3 weight percent. The PMG and PBG solutions 
were cast on quartz plates at room temperature and 
dried slowly. After being peeled off the quartz plates 
by immersion in methanol, the films were washed 
with acetone in an ultrasonic washer. After the films 
were dried in an ambient atmosphere, a gold elec
trode provided with a guard ring were vacuum
evaporated onto the film. Since the degree of poly
merization of the PBA used was low, the film was 
quite brittle. Therefore, the PBA films for electrical 
measurements were made by casting the solution 
directly onto gold plates, which constituted part of 
the electrodes. The PBA film used for infrared 
measurements was made by casting the solution 
onto CaF2 plates. Its thickness was estimated from 
the concentration of the solution, the volume pour
ed onto the plates, and the area of the film. The 
thickness of the film samples was measured with a 
dial gauge. The samples thus prepared are listed in 
Table I. 

The films were dried and annealed at a pressure 
less than 10- 2 Torr for a few hours prior to each 
electrical measurement. The annealing temperatures 
are shown in Table I. The de conductivity was 
measured at various temperatures below the anneal
ing temperature, using a Takeda Riken TR-84M 
vibrating-reed type electrometer. The conductivity 
of each sample was determined by subtracting the 
discharging current from the charging current. The 
dielectric constant was measured by a General 
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Radio 1615-A capacitance bridge. 
The deuteration of the amide groups in the 

polypeptides was investigated by infrared spectros
copy, using the method reported by Blout et al.21 

After thin films of polypeptides were immersed in 
heavy water (99.75% pure, Merck) and maintained 
at 52°C, the optical density of the amide II band 
relative to the amide I band was measured as a 
function of immersion time. 

RESULTS 

Electrical Measurement 
Figure 1 shows Arrhenius plots for the con

ductivity (j of solid PMG, PBG, and PBA. These 
plots can be represented by the equation 

log (j=const-iJH*/RT (I) 

where iJH* is the activation energy for (j, R is the 
gas constant, and Tis the absolute temperature. The 
values of iJH* and the conductivities at 1000/T= 
3.0, (j1 , are given in Figure I. For PMG the 
temperature dependence of log (j shows a break 
point at about 0°C. In the temperature range below 
the break point, the activation energy is smaller. 
The conductivity at the break point is of the order 
of 10- 17 ohm- 1 cm- 1. No break point was ob
served for PBG and PBA possibly since the dura
tion time of the absoption current in the low con
ductivity region is very large, making it difficult to 
measure the steady-state conductivity. 

It has been reported that the temperature de
pendence of (j of polymers usually exhibits a break 
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Figure 1. Temperature dependence of polypeptide conductivity. The activation energy in the tempera
ture range near 1000/T= 3.0 and the conductivity -log 111 are shown in this Figure. (111 is the conductivity 
of polypeptides at 1000/T= 3.0.) 
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Figure 2. Glass-like transition temperature Tg' of 
polypeptides plotted as a function ofT'. Line numbers 
and corresponding references are: I, 2, ref 27; 3, ref 23; 
4, ref 26; 5, ref 18; 6, ref25; 7, ref 28; 8, ref 24. Some T." 
values were from the figures given in the references. 

near the glass transitiOn temperature.22 The re
ported values of a at the break point are scattered 
around 10- 17 ohm- 1 cm- 1 • It was found that this 
value of polyphenylene oxide linearly increased with 
an increase in the concentration ofimpurities.22 The 
glass-like transition in polypeptides is attributed to 
the onset of side-chain motion, and is quite similar 
to the glass transition of polymers from the stand
point of the temperature dependence of the specific 
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Figure 3. Dielectric constants of polypeptides as a 
function of frequency at various temperatures. The static 
dielectric constants are shown on the left side. 

volume.23 The break point of the conductivity of 
PMG shown in Figure 1 seems to be related to the 
glass-like transition. Accordingly, we assumed that 
the conductivity at the glass-like transition tempera
ture of a pure polypeptide, a', was about w- 17 

ohm- 1 cm- 1 . The difference in a' between PMG-1 
and PMG-2 probably results from the difference in 
impurity content. Although the conductivity of 
polymers at the glass transition temperature should 
have been 1 x 10- 17 ohm- 1 cm- 1 , the values mea
sured at these temperatures of polypeptides were 
10- 17 ·5 ohm -t em - 1 . The glass-like transition tem
peratures T' of PMG, PBA, PBG, and stacked 
PGB thus determined by conductivity were esti
mated to be -2.7, 20.1, 21.4, and 33.3°C, re-
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spectively. The relation between T' and reported 
glass-like transition temperatures Tg-Is,23 - 28 is 
shown in Figure 2, which indicates that Tg' and T' 
agree fairly well. Therefore, T' and a' obtained here 
are considered to correspond to the glass-like 
transition. 

Figure 3 shows the dielectric constants of poly
peptides as a function of frequency at various 
temperatures. The static dielectric constant c:, was 
estimated from the lowest frequency limit of the 
observed dielectric constant. The contribution of 
the conduction loss appearing in the low frequency 
range29 has been omitted. The activation energies 
for conductivity of the polypeptides are plotted as a 
function of the reciprocal of c:,.....jn Figure 4. The 
value of c:, is temperature dependent, so that the 
maximum value of c:, in this figure was used. 

The activation energies of the polypeptides are 
seen to be inversely proportional to c:,, although no 
such clear correlation is found for the other poly
mers plotted in Figure 4. The intercept of the 
straight line at 10/c:,=O is 8 kcal mol- 1. The linear 
relation for these polypeptides may be due to a 
property held in common by these polymers such 
that they possess a chain of hydrogen bonds consist
ing of amide groups. The data points for nylon 6 
and nylon 12, which have the same sort of hydrogen 
bonds, fall on a line that is the same as that in 
Figure 4. Along with the fact that the direction of 
carrier transport in nylon 12 and PMG is parallel to 
the direction of hydrogen bonds/ 5 •17 this finding 
suggests that these polymers have the same mech-
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anism of conductivity. 

Hydrogen-Deuterium Exchange 
It is often argued that amide hydrogen acts as a 

charge carrier.1,3,s,1 4 If the conduction in hy
drogen-bonded solid polymers such as polypeptides 
originates from the transport of protons through 
the chain of hydrogen bonds, the amide hydrogen 
should be released from amide groups. Released 
hydrogen in certain cases may be ionized and thus 
move as a charge carrier. The release of amide 
hydrogen was checked by a hydrogen-deuterium 
exchange experiment. 

Figure 5 shows infrared spectra of a thin PMG 
film before (broken line) and after (solid line) 
soaking for 460 h in heavy water at 52°C. The rate 
of deuteration was determined as a function of 
time, and the results are shown in Figure 6. For 
PMG and PBA, a short initial period of fast ex
change rate is followed by a slow deuteration rate. 
This initial reaction may take place in the peptide 
groups near either the surface of the film or the ends 
of the molecules. Since the degree of polymerization 
of PBA is low, the ratio of the coil region to the 
helix region must be large. 30 This fact may account 
for the large initial decrease of the amide hydrogen 
content in the PBA film. No deuteration of the 
amide hydrogen could be seen in PBG, suggesting 
that the rate of deuteration of the amide groups in 
the PBG film is much slower than that in the PBA 
film. A similar trend has been reported for the 
deuteration ofPBG and PBA in solution.31 The rate 
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Figure 4. The activation energy of polymers is shown as a function of the reciprocal of the static 
dielectric constant. The filled circles are for polypeptides. 
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Figure 5. Infrared absorption spectra of deuterated PMG film soaked in heavy water at 52oC for 460 h 
and that of the original film. 
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Figure 6. The time dependence of the optical density of amide II absorption. The PMG, PBG, and PBA 
films were soaked in heavy water maintained at 52oC. 

constants for deuteration in the region of slow 
exchange rate were 4 x 106 s for PMG and 7 x 106 s 
for PBA. 

DISCUSSION 

As shown in Figure 4, the activation energy for 
conductivity varies linearly with the reciprocal of 
the dielectric constant; i.e., 

represents the contribution of charge separation 
against the Coulomb force in the continuous me
dium of the dielectric constant <:,. Charge carriers 
may be generated by the self-ionization of amide 
groups. If the separation distance of the initial ion 
pair is r and the dielectric constant of the medium 
surrounding the ion pairs is <:,, the contribution of 
the carrier generation to the activation energy can 
be calculated from eq 2, with A given by 

iJH*=iJH6+A/t:, (2) (3) 

where iJH0 * is a constant and the second term where q is the charge of the carrier and <:0 is the 
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permitivity of vacuum. If we assume that q is equal 
to the charge of an electron and equate E, to the 
observed macroscopic value, we obtain r to be 
1.1 A, which indicates that it is not legitimate to use 
the macroscopic dielectric constant for E, in eq 3, 
since the distance 1. 1 A is too small to be considered 
reasonable. Thus the continuous medium approxi
mation does not hold in this case. More detailed 
considerations on the electrostatic structure 
of molecules, such as the distribution and direction 
of dipoles and charges, must be made. 

The constant term iJH0 * in eq2 may be regarded 
as due to the transport of charge carriers. Two 
mechanisms may be considered for carrier trans
port. One is associated with the dissociation of 
hydrogen bonds, followed by the reorientation of 
the amide groups in polypeptides, i.e., the local 
helix-coil transformation in the ()(-helix. The dis
sociation energy for the CO-HN hydrogen bond is 
known to be 8 kcal mol- 1 .32 The reported activa
tion energy of rotation is 8 kcal mol- 1 for the CC 
bond, and 14 kcal mol- 1 for the CONH bond in 
polypeptides.33 The activation energy for carrier 
transport associated with the rotation of the amide 
group may not be less than the sum of the dissoci
ation and rotation energies, about 20 kcal mol- 1 

The other mechanism of carrier transport is pro
ton hopping through the chain of hydrogen 

bonds. The activation energy for this process 
is not known. We assume that it is equal to iJH0 . 

The activation energy for the carrier mobility in 
PMG measured in a previous paper16 was 29 kcal 
mol- 1 , which is quite different from the activation 
energy (8 kcal mol- 1) obtained in this paper. This 
discrepancy can be explained by considering the 
carrier transport in polypeptides as a multi-step 
hopping process: a charge carrier is generated in
itially by the self-ionization of an amide group, the 
generated carrier then hops many times through the 
chain of hydrogen bonds, and finally the carrier 
collides with the opposite charge and disappears. 
The hopping carrier may behave as a carrier in the 
free state, while the non-ionized hydrogen of the 
amide group may be considered as being in the 
trapped state. The effective mobility of a charge 
carrier is then given by the mobility of a free carrier 
multiplied by its fractional hopping time. The acti
vation energy of the apparent mobility may be the 
sum of the activation energy of mobility and that of 
carrier generation. 
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The process of hydrogen-deuterium exchange of 
amide groups in solid polypeptides is not yet clear. 
The generally accepted view for this process in 
solution is that the helix region of polypeptide 
molecules is in dynamic equilibrium with the coil 
region. The exchange takes place between the amide 
hydrogen in the coil region and the deuterium of 
heavy water.34 As shown in the present paper, solid 
PMG and PBA immersed in heavy water exchange 
their amide hydrogen with a deuterium of heavy 
water. In regard to the exchange reaction in the 
solid state, Praissman and Rupley35 have shown 
that a portion of the hydrogen atoms Included in 
crystalline insulin is exchanged with tritium of 
tritiated water. The characteristic time constant r of 
hydrogen-deuterium (or tritium) exchange can be 
determined from the concentration Q of the amide 
hydrogen using the relation 

log Q=const-t/r. (4) 

The values of r in polypeptides and insulin are 
shown in Table II. The magnitude of r in the solid 
state is larger than that in solution. The values in the 
solid state are almost constant, being of the order of 
107 s. Those in the solution are scattered from 105 to 
106 s. Thus, the hydrogen-deuterium exchange in 
the solid state is much slower than that in the 
solution. The reason for this is that the ()(-helix is 
stabler in the solid state than in solution and that 
the concentration of heavy water in the side chain 

region of polypeptides is lower in the solid state 
than in solution. The solubility of heavy water in a 
PMG film at 52°C is 1.6 weight percent. The reason 
for the difference in ()(-helix stability between the 
solid state and the solution and which of the two 
factors dominates deuteration is not clear. 

Table II. The time constant of hydrogen 
exchange in various materials in the 

solid state and in solution 

Time constant of hydrogen exchange/s 
Material 

Solid state Solution 

PMG 4 X 106 

PBA 7 X 106 2 X 106 a 

Insulin 9 X 106 b 5xl04 b 

PGAd 3 X 105 ' 

a Reference 32. b Reference 36. 'Reference 30. d Poly(L
glutamic acid). 
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Another mechanism of hydrogen-deuterium ex
change is the diffusion of deuterium atoms directly 
through the chain of hydrogen bonds, as charge 
carriers are transported by the hopping process 
discussed above. Deuterium is taken up by the film 
as a result of hydrogen-deuterium exchange at the 
surface of the film. In this case, the diffusion 
constant of deuterium can be estimated from the 
thickness of the film (about 3 micrometers) and the 
time constant of deuteration determined by infrared 
absorption. The relevant equation is36 

n=O 

(5) 

where D is the diffusion constant, d is the thickness 
of the film, and n is a non-negative integer. The 
diffusion constant of deuterium in the PMG film 
was estimated to be 9.5 x 10- 15 cm2 s- 1 . The dif
fusion constant of water vapour through the side 
chain region between helices in solid PMG at 25°C 
is reported to be about 10- 7 cm- 2 s- 1 •37 Thus, the 
diffusion of deuterium occurs not through the side 
chain region but through the chain of hydrogen 
bonds. 

There are still other possibilities for hydrogen
deuterium exchange: heavy water diffuses in the side 
chain region between helices and the hydrogen
deuterium exchange takes place at active points of 
the polypeptide (chain ends and the coil regions). It 
is clear that the hydrogen atom of an amide group 
is easily released and transported in the form of a 
proton. 

CONCLUSIONS 

In regard to electric conduction, polypeptides 
have the following properties in common. The 
conductivity at the glass-like transition temperature 
is about 3x 10- 18 ohm- 1 cm- 1 and its activation 
energy is linearly dependent on the reciprocal of the 
static dielectric constant e5 • The activation energy at 
the limit of 1 j e.= 0 is 8 kcal mol- 1 . These properties 
are considered to arise from the following con
duction mechanism: a proton from the amide group 
becomes a charge carrier and is transported through 
the chain of hydrogen bonds consisting of amide 
groups. Hydrogen-deuterium exchange experi
ments suggest that amide groups easily release 
hydrogen atoms and that the amide hydrogen is a 
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potential carrier source in polypeptides. 
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