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ABSTRACT Dielectric relaxation measurements over an extremely wide frequency region from 100 kHz 
to 20 GHz were performed on poly(g1utamic acid) in dilute aqueous solution at 25 "C. Three relaxation peaks 
could be found. The high frequency peak around 10 GHz could be easily due to orientation of water molecules, 
and the intermediate one around 100 MHz could be assigned to a microBrownian motion of the main chain. 
The relaxation strength of the intermediate process is proportional to ffi8, where f c  is the fraction of coil. This 
means that linear linkage of five repeat units in the coiled part is required for the motion. At  the limit of 
fc = 1, the relaxation time for the lowest frequency process is 1 X 10-8 s, which is in complete agreement with 
that for the overall rotation of a coiled polymer in solution. On the other hand it takes a value of 5 x 10-8 
s at fc = 0, which is reasonably in good agreement with that observed for the overall rotation of a rodlike 
polymer with the same size in solution. 

Introduction 

Poly(g1utamic acid) (PGA) is one of the good analogues 
to investigate molecular dynamics of real proteins. It 
exhibits a helix-coil transition in aqueous solution around 
pH = 5. If the pH value is less than 5, it prefers the helix 
structure.' The transition could be seen in dielectric 
properties of the solution too." It was reported that the 
solution shows two relaxation One observed at 
around 20 GHz could be concluded to be due to the 
orientation of water molecules, and the other observed at 
around 100 MHz was suggested to be caused by the micro- 
Brownian motion of the polymer chain, judging from the 
dependence of relaxation strength on the fraction of coiled 
part.4 

The repeat unit of PGA has two dipole components: 
one is perpendicular to the chain contour and the other 
is parallel to Dielectric relaxation due to the former 
component reflects the micro-Brownian motion of the 
chain, and that due to the latter reflects the overall rotation 
of the polymer. The peak of the former relaxation is 
usually located at a frequency around 100 M H z . ~ ~ ~  If PGA 
takes a helix structure, hydrogen bonds between oxygen 
and proton atoms bring a fairly big resultant dipole 
moment as a whole.1° Therefore dielectric relaxation 
strength and relaxation time depend on the molecular 
weight of the protein. If PGA takes a randomly coiled 
structure, the relaxation caused by the parallel component 
has a smaller relaxation strength and a shorter relaxation 
time than those for the helix structure. 

The relaxation peak around 100 MHz was first observed 
by the use of a time domain reflectometry (TDR) m e t h ~ d . ~  
After this observation it was suggested that the peak has 
a strong possibility of being due to truncation error of the 
Fourier transform or due to evaluation of the dc conduc- 
tivity of the electrolyte solution.'l It was further pointed 
out that only a peak can be seen if the TDR method is 
employed. However a high frequency impedance mea- 
surement on a PGA solution has exhibited clearly the 
existence of the relaxation peak between 10 and 100 MHz.~ 

Once is was thought that the TDR method is inadequate 
to measure dielectric material with high dc conductivity 
like an electrolyte solution. It was believed almost 
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impossible to evaluate the contribution of the dc con- 
ductivity to the complex permittivity, especially in the 
low frequency region. However it was shown recently that 
if a standard sample with known permittivity and dc 
conductivity is employed as a reference and ita dc 
conductivity is adjusted to be nearly the same as that of 
the unknown sample, the complex permittivity of the 
unknown sample can be obtained as a function of the ratio 
of Fourier transforms of the two reflected waves from the 
known and the unknown 

In this work we employed this reference TDR method 
in order to investigate the dielectric properties of PGA in 
aqueous solutions with various pH values in the frequency 
range 105-1010 Hz. Our peculiar interest is focused on 
whether the 100-MHz peak exists or not and on ita origin. 
Around 100 MHz, bound water exhibits certainly a 
relaxation peak. This was observed already for tropo- 
collagen15 and DNA.14 Another origin is the chain motion 
of the polymer concerned. If so, relaxation strength and 
relaxation time depend on the fraction of coiled part and 
the strength should disappear for the helical polymer. 

Previous dielectric measurements on the PGA aqueous 
solution by TDR covered only a narrow frequency range 
from 50 MHz to 10 GHz according to the time windows 
used.4 Therefore only two relaxation peaks could be 
observed at around 100 MHz and 10 GHz, respectively. 
However in this work several time windows including one 
extremely long time range were employed for the TDR 
measurements and one more peak could be found at lower 
frequency. 

Experimental Section 

The sample preparation was the same as reported in the 
previous paper.' The PGA sample used in this work is the same 
as that used in the previous work, which was purchased from 
Sigma Chemical Co. The viecosity-average molecular weight is 
5.1 X l@. Deionized and distilled water is obtained from 
Whittaker Bioproduct Inc. The pH value of the solution is varied 
by adding HCl or NaOH. The concentration of PGA is 5 mg/cma 
for all the solutions measured, and the temperature employed is 
25 OC. 

The system and the apparatus of TDR measurement were 
reported already.1s14 The measurement procedure is essentially 
the same as that used previously. If a known sample with known 
permittivity e; is used as a reference sample, the unknown 
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where ~ ( w )  is the Fourier transform of the reflected wave from 
the unknown sample, rs(w) is that from the known sample, yd 
is an electric length of the cell, d is the geometric cell length, c 
is the speed of propagation, and w is the angular frequency. When 
the unknown sample has a dc conductivity a, the known sample 
is adjusted to have nearly the same conductivity so that Rs(t) - 
Rx(t)  reaches zero or nearly zero at a sufficiently long time. If 
the adjustment can be done successfully, truncation error for the 
Fourier transform of R&) - Rx(t)  can be avoided. For the 
measurements of an aqueous solution, water is usually employed 
as the reference sample and the dc conductivity is adjusted by 
adding HCl or NaC1, the value of which is determined from the 
value ofRs(t) at a sufficiently long time whereRs(t) -Rx(t)  takes 
a constant value close to zero. Thus e* can be determined 
accurately from eq 1 without the truncation error. Furthermore 
ax can be determined from a plot of e’’ against log f in a very low 
frequency region. Finally, we obtain e* = e* - ax properly. 

Two cells with different d and yd were employed in this work. 
For the accurate measurements in a frequency range higher than 
100 MHz, the short cell with d = 0.01 mm and yd = 0.11 mm is 
used, and in a range below 1 GHz a long cell with d = 2.1 mm 
and yd = 4.3 mm is used. Time windows employed are 5,20,50, 
and 100 ns for the short cell and 200 ns, 500 118, 1 ps, and 10 ps 
for the long cell. In the overlapping area of frequency between 
100 MHz and 1 GHz, data obtained by two different cells are in 
complete agreement with each other. 

Results 
The dielectric absorption curve for the sample with pH 

= 6.77 shows definitely three relaxation peaks, as is seen 
in Figure 1. If the relaxation process is assumed to be a 
sum of the three independent processes 

the complex permittivity E* can be explained sufficiently, 
as Figure 1 shows, where cm is the permittivity at the 
limiting angular frequency w - 0, ~i is the relaxation time 
for each process, Aei is the relaxation strength, and ai and 
pi are parameters describing a distribution of relaxation 
times, respectively.16 For the sample with a pH value 
>6.45, three relaxation peaks could be observed clearly. 

On the other hand for the samples with the pH value 
between 5.15 and 6.15, the low frequency process 1 is so 
big that the process cannot by explained by a sum of two 
process 1 and h. At least three processes are required, it 
is assumed, to explain the total dispersion and absorption 
curves observed, as Figure 2 shows. A least fitting 
procedure gives the most appropriate value to each 
parameter in eq 2. The values thus obtained are listed in 
Table I. In order to avoid complexibility, we use a suffix 
h for the high frequency process, m for the intermediate 
process, and 1 for the low frequency process, respectively. 
In the previous work? the process 1 could be found because 
of a low resolution in a low frequency region lower than 
10 MHz. The process 1 could not be distinguished from 
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Figure 1. Frequency dependence of the dielectric dispersion 
and absorption for a PGA aqueous solution (5 mg/cm3, pH = 6.8) 
at 25 O C .  The solid curves are calculated by eq 1. Three relaxation 
peaks can be seen definitely for the absorption curve at about 
4 MHz, 30 MHz, and 18 GHz, respectively. 
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Figure 2. Frequency dependence of the dielectric dispersion 
and absorption for a PGA aqueous solution (5 mg/cm3, pH = 5.4) 
at 25 OC. The solid curvesare calculated by eq 1. Three relaxation 
peaks can be seen for the absorption curve. 

Table I. Dielectric Relaxation Parameters in Eq 1 
Determined for a PGA Aqueous Solution (6 mg/cma) with 

Various eH Values at 25 O C  

8.40 0.978 73.0 -11.07 0.82 0.86 15.8 -8.44 1.00 2.5 -7.53 
7.20 0.970 72.5 -11.07 0.81 0.86 15.2 -8.40 1.00 3.3 -7.24 
6.77 0.967 72.2 -11.07 0.76 0.82 14.5 -8.28 1.00 2.2 -7.41 
6.45 0.964 72.6 -11.07 0.77 0.81 14.0 -8.13 1.00 5.3 -6.94 
6.15 0.956 72.4 -11.07 0.75 0.78 13.7 -8.14 1.00 47.4 -6.24 
5.85 0.926 72.9 -11.07 0.77 0.76 12.2 -8.03 1.00 29.1 -6.29 
5.65 0.885 72.6 -11.07 0.76 0.79 9.8 -7.94 1.00 83.2 -6.26 
5.40 0.781 73.2 -11.07 0.81 0.96 7.1 -8.01 1.00 1850 -5.41 
5.15 0.607 72.2 -11.06 1.00 1.00 2.6 -7.97 0.92 1760 -5.18 
4.75 0.342 73.1 -11.06 0.95 5760 -5.29 
4.50 0.175 70.8 -11.07 0.94 6730 -5.29 

the dc conductivity. Therefore experimental values of 
the parameters for the process m were fairly different from 
the values reported previously. Especially there were 
found large discrepancies for a pH value <5. 

The relaxation time rm and the relaxation strength Aem 
for the intermediate process are plotted against the pH 
value in Figure 3. An abrupt change is seen in Atm at pH - 5.5, where T~ has the minimum value. In the case of 
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Figure 3. Variation of Acm and rm with the pH value for a PGA 
aqueous solution (5 mg/cm3) at 25 O C .  
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Figure 4. Variation of At1 and 71 with the pH value for a PGA 
aqueous solution (5 mg/cm3) at 25 OC. 

the low frequency process, A s  changes little with the pH 
value if the value is greater than 6.5 but steeply changes 
in the vicinity of pH = 5.5. Similarly, 71 changes with the 
pH value, as Figure 4 shows. 

In the case of the high frequency process, both 7h and 
AEh do not change with the pH value at  all. The process 
can be due to the bulk water process, judging from the 
relaxation time and relaxation strength. The parameter 
cq, remains unity for all solutions measured, and &, is 
slightly lower but very close to unity. 

Discussion 

It is known that the PGA shows a helix-coil transition 
in aqueous solution in a region 4 < pH < 6.' The present 
dielectric data on Acm and Tm also exhibit a transition in 
the same region. In the previous paper we reported the 
result of molar ellipticity measurements obtained by CD 
spectra for the same PGA and a fraction of the coiled 
part.4 Therefore present dielectric properties can be 
plotted against the fraction f c .  In Figure 5 plots of Aem 
and T~ against f c  are shown, and those of A q  and 71 are 
shown in Figure 6. 
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Figure 5. Dependence of rm and At, on the fraction of coiled 
part in a PGA aqueous solution at 25 O C .  The solid curve for Atm 
is calculated by eq 17. 
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Figure 6. Dependence of log TI and log ACI on the fraction of 
coiled part in a PGA aqueous solution at 25 O C .  

The total dipo_le moment of the PGA with degree of 
polymerization M is written as 

(3) 

where G l i  is the dipole component o t i t h  repeat unit 
perpendicular to the chain contour and pili is that parallel 
to the contour. The time-dependent correlation function 
is given by 

(4) 

In general the perpendicular component does not correlate 
with the parallel one. The former brings about a dielectric 
relaxation independent of the molecular weight of the 
polymer6 and the latter causes a _relaxation Geepending on 
it.lo Therefore the term (Ci=1" MI(O)X~=I" ~l lr ( t ) )  can be 
eliminated in eq 3. The first term in eq 4 is rewritten as 
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work the same polymer is used for all the measurements, 
then we have 

= npLzg(t) (5) 
where $i(t) = ( i l i (0 ) i l i ( t ) ) /p l z  is the_ auto_correlation 
function of the ith component, $1 il( t )  = (1.11 i( 0 ) p ~  I (  t )  ) /p 1 
is the cross-correlation function between_ the ith and Zth 
components, and p1 is the magnitude of pi, The function 
g(t) at  t = 0 gives the Kirkwood g factor, which usually 
takes a value between 0.4 and 0.9 for randomly coiled 
polymers. Orientation of the ith perpendicular component 
requires a conformational change of neighboring repeat 
units.17 In other words, the orientation of the ith com- 
ponent possibly occurs only when a linkage of the 
neighboring several repeat units forms the coiled part. If 
it is assumed that the orientation requires the linkage of 
more than m units, the correlation of the perpendicular 
components for partially coiled polymer is given by 

n n 

since the probability of the linkage of s repeat units in the 
coiled part is given by fc". If g,(O;fc) is assumed to be the 
same as g(0) in eq 5 and 4;(t;fc) is defined as 

41(t;fc) = gs(t;fc)/g(0) (7) 
eq 5 is rewritten as 

where $ l ( O ; f c )  = 1. 
reflects-the 

overall rotation of the polymer molecule, since Ci=ln pili is 
proportional to the end-to-end distance of the molecule.1° 
Therefore if the polymer is completely random, the dipole 
correlation is given by 

On the other hand, the orientation of 

n n 

i=1 1=1 

In the case where the excluded volume effect cannot be 
ignored eq 9 is written as 

where h(n) depends slightly on n if n is not big enough. 
If the polymer is a rodlike polymer, we get 

n n 

i = l  1x1 

where fl is the angle between the helical axis and the parallel 
component of each dipole. In the case of PGA, it changes 
from the randomly coiled polymer at  f c  = 1 to the rodlike 
polymer atfc = 0, and its fraction of the coiled part changes 
accordingly with the pH value. Therefore we get the 
following equation as a total equation for the time 
correlation: 

for PGA, where h(n,fc) coincides with h(n) if PGA is coiled 
and it coincides with n cos2 0 if PGA is a helix. In this 

n n 

i = l  1=1 

Complex permittivity E* is related to eqs 4,8,  and 13 as 

where N is the number of polymer molecules per unit 
volume and F1 or F2 is a ratio of the internal field to the 
applied field. The Fourier transform of -&(t) is described 
empirically by 

Therefore eq 14 is rewritten as 

(16) 

where the relaxation process denoted by h is the bulk water 
process which is not concerned in this work. It is natural 
that F1 is taken as a constant for the process m. Then we 
get 

[1 + &uh)Bh]ah 

where AtmC is the relaxation strength at  f c  = 1. Experi- 
mental results on A t m  can be explained satisfactorily by 
eq 17 in a region where f c  is bigger than 0.8, as is seen in 
Figure 5, and we obtains = 4.9 and Acme = 17.6, respectively. 
The value obtained for s is in good agreement with that 
obtained previously. It is noted that A t m  vanishes a t  f c  - 
0.4. This was not found in the previous work.4 

The chain motion reflecting orientation of the perpen- 
dicular component will be influenced by the helical part 
neighboring the coiled s repeat units. The relaxation time 
is naturally bigger for the higher constant of the helix 
part. The experimental result shown in Figure 5 shows 
that the relaxation time increases radically with a decrease 
of f c  for 0.85 < f c  < 1 and remains constant for fc < 0.85. 

In the low frequency process, the relaxation strength 
and the relaxation time depend largely on f c ,  as Figure 6 
shows. The relaxation time 71 extrapolated to f c  = 1 is 1 
X lo4 s and is in good agreement with that for the overall 
rotation of other coiled polymers with the same molecular 
weight in solution. On the other hand, it has a value of 
5 X 1V s, if f c  is extrapolated to zero. This value is in 
good agreement with that of a helical polymer of the same 
size in solution. Examples are PBLG1°J8and poly(n-butyl 
isocyanate).le Therelaxation time at f c  = 0 is also explained 
as the overall rotation of the ellipsoidal molecule about 
the short axis.2o 

If f c  is decreased, the helical part of the PGA molecules 
is increased. Accordingly, the molecule expands and the 
relaxation time becomes long. Nevertheless if the helical 
part increases to the same extent, the relaxation time will 
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not be able to be explained by rotation of a spherical 
molecule or that of a rodlike molecule. The fact that the 
relaxation time observed for f c  < 0.6 is constant but the 
relaxation strength increases rapidly evidences the com- 
plicated structure of PGA. 

A ratio of the relaxation strength A 9  a t  f c  = 0 to that 
at fc  = 1 is 1 X lo4. If F1= F2 is assumed, the ratio is given 
by eqs 10 and 11 as n[cos2 O/h(n)l - n and it is expected 
to take a value close to n = 3.5 X lo2 for the present PGA. 
The observed value of 1 X lo4 is fairly big compared to the 
predicted one. This large difference will come from 
migration of counterions along the PGA helix. The ion 
migration will always bring about a big strength. 
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