
THE INVESTIGATION OF PROTEINS BY DIELECTRIC 
MEASUREMEXTS’ 

J. L. ONCLEY 
Department of Physical Chemistry, Harvard Medical School, Boston, Massachusetts 

Received February 86, 1948 

The dielectric behavior of a solute of long relaxation time in a solvent of shorter 
relaxation time is discussed. Procedures adapted to the measurement of both the 
dielectric constant and the conductance of such systems are outlined, and the 
effect of electrode polarization upon the results is also discussed. 

Such experiments yield data concerning (1) the dielectric increments a t  high 
and a t  low frequencies and (2 )  the behavior of the solution in the dispersion 
region. Interpretation of the increment results in terms of dipole moments and 
of the dispersion results in terms of the shape and size (and hence the hydration) 
of the molecules are discussed. Most of the dielectric studies upon protein solu- 
tion reported in the literature are briefly reviewed. 

The interactions of protein molecules with similar protein molecules, with 
other protein molecules, and with other types of molecules and ions are de- 
pendent upon the charge and dipole moment of the molecules or ions involved 
(7, 9). The dipole moments of protein molecules are often very large and 
play a most important part in the behavior of protein solutions, and in many 
cases these studies have been carried out in such a manner that information 
regarding the size and shape of the protein molecules can be obtained. 

I. INTRODUCTION 

The dielectric constant, e, of a polar solution can be related to the number of 
dipoles oriented by the external applied field and the dipole moment, p,  of the 
individual dipoles. Orientation is hindered by the Brownian motion of the 
molecules and by frictional forces, these latter forces being proportional to the 
rate of orientation (measured by the frequency, Y, of the applied field) and a 
constant T, designated as the “relaxation time,” dependent on the viscosity of 
the solvent and the size and shape of the dipoles. Thus the degree of orienta- 
tion a t  unit field strength will decrease in a frequency region where the hindering 
frictional forces and the orienting forces become of the same order of magnitude. 

Figure 1 represents the dielectric behavior of a solution of protein molecules 
with relaxation times of the order of microseconds, dissolved in low-molecular- 
weight polar solvent molecules with relaxation times much smaller than this. 
The figure is divided into five regions, each of which exhibits a different dielectric 
behavior. In region A the orienting torque acting on both solute and solvent 
molecules is sufficient to overcome all frictional forces, and we find both being 
oriented and a constant and high value of e, designated E O .  In  region B, how- 
ever, the frictional forces on protein dipoles with the larger relaxation time 

1 Presented a t  the Symposium on Physicochemical Methods in Protein Chemistry, which 
was held under the joint auspices of the Division of Physical and Inorganic Chemistry and 
the Division of Biological Chemistry a t  the 102nd Meeting of the American Chemical 
Society, Atlantic City, Kew Jersey, September 8-12, 1941. 
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can no longer be neglected, the orientation of these dipoles is no longer in- 
dependent of the frequency, and we find a region of decreasing dielectric constant. 
In  region C this frictional force has overcome completely the orienting force 
on the protein dipoles, and they then contribute very little to the dielectric 
constant of the solution, which we designate E,. In regions D and E we have 
similar changes in the orientation of the solvent dipoles, but in the case of 
studies where the relaxation times of the solvent molecules are smaller than 
those of the protein dipoles by a factor of 100 or more, which is usually the 
case with protein solutions,' the dielectric behavior in this region does not 
complicate that observed in regions A, B, and C, and furnishes little or no 
information regarding the properties of the protein molecules. 

, - - - - - - - - - 

I 
I 

Frequency (Cycles persecond) 

FIG. 1. Schematic diagram of anomalous dispersion of the dielectric constant (e') ,  the 
specific conductivity ( K ) ,  and the dielectric absorption (Ad') for two widely separated criti- 
cal frequencies. (From Oncley, Ferry, and Shack: Ann. N. Y. Acad. Sci. 40,371 (1940)). 

11. METHODS OF MEASUREMENT 

The measurement of the dielectric properties of protein solutions over an 
extended frequency range can be carried out by any of several methods which 
have thus far been devised and employed. They are more or less classifiable 
as (1) bridge methods, (2) resonance methods, (3) force methods, ( 4 )  calorimetric 
methods, and ( 5 )  various other methods, involving comparisons of phase and 
magnitude of the voltage across an unknown and a standard. 

(1) The bridge method involves the comparison of the resistance and capa- 

2 The relaxation time of water a t  room temperature is of the order of 10-11 sec., while that  
of the amino acids and simpler peptides is 10+ sec. 
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OSCILLATOR 

citance of a cell containing the solution under investigation with some arrange- 
ment of standard resistances and capacitances. The main source of difficulty 
in measurements of this type with solutions of high conductance is in the selec- 
tion of a suitable resistance standard. Apparatus used for the study of protein 
solutions has been described by Errera (18), by Daniels, Mathews, and Williams 
( l l ) ,  by Oncley (32, 33), and by Ferry and Oncley (21). Apparatus suitable 
for such measurements has also been described by Cole and Curtis (10) and by 
Hemingway and McClendon (25). A modification of the bridge described 
previously (21, 32, 33) is now being used in our laboratory. The standard 
capacitance is a GeneralRadio Type 722-D precision condenser, and the standard 
resistance is made up of a General Radio Type 669 compensated slide-wire 
resistor (1 ohm), of two General Radio Type 668 compensated decade-resistance 
units (10 and 100 ohms), and a series of 100-ohm resistance units such as are 
used in the General Radio Type 510 decade-resistance, which are shunted with 
trimming condensers adjusted to eliminate exactly the effective inductance of 
the entire resistance  omb bin at ion.^ The ratio arms are General Radio Type 
516-P4 units, of 1000 ohms each. The fourth arm of the bridge is made up of 
resistance units identical with those used for the standard, and of a series of 
variable air condensers. The unknown is connected in parallel with the standard 
arm of the bridge, and measured by substitution methods. By a suitable choice 
of detector and oscillator equipment, this bridge may be used over a wide 
frequency range.4 

3 A brief description of the standard resistance is necessary. Almost any type of re- 
sistor has a certain amount of residual capacitance or inductance. The type 668 and 669 
units tha t  we have employed have an  almost constant residual inductance, and can be 
represented by a resistance R,, variable from 0 to  111 ohms, and a series inductance La, of 
about l . l f  0.05 microhenrys. The type 510 resistance, Rb, shunted with the trimming 
condenser, cb, can as a first approximation (i.e., a t  low frequencies) be considered as a 
fixed resistance Rb and a fixed series inductance, -C&. When these units are connected 
in series, we have a total series resistance of R, 4- Rb and a total series inductance of L, - 
C&:. By a proper adjustment of cb we can reduce this series inductance to zero a t  low 
frequencies. Experimentally we find this to be a perfectly feasible method for obtaining a 
variable resistor with very low residuals between 1000 and 5,000,000 cycles. The resistance 
Rb can be set equal to 50, 100, 200, or 300 ohms. Higher resistances cannot easily be used, 
since the capacitance of the switch and connections is so great tha t  the value La - CbRi 
becomes negative even without any shunting condenser. 

4 The equipment used in this laboratory consists of the following: 

44IPLIFICR DETECTOR FREQCESCY RANGE 

I 
Clough-Brengle Type General Radio Type1 

79-U audio fre- 1 
quency oscillator I 
684-4 modulated os- 814.4 amplifier 
cillator 

684A modulated os- 
cillator 

814A amplifier 

General Radio Type General Radio Type 

General Radio Type None 

50 to 8,000 

10,000 to 100,000 

100,000 to  5,000,000 

General Radio Type 
760A sound ana- 
lyzer 

Sargent Model 11- 
UA all-wave re- 
ceiver 

Sargent Model 11- 
UA all-wave re- 
ceiver 

I 
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(2)  The resonance method is widely used, especially for the higher range of 
frequencies (above lo6 cycles per second). It involves the measurement of the 
resonance frequency of a circuit which includes a cell containing the solution. 
It has been widely used by Drude (14) and others. Many modifications have 
been proposed, the most accurate of which is probably that of Wyman (48). 
Elliott and Williams (16) have recently described a method applied to protein 
solutions. 

(3) The force method involves the measurement of the deflecting force exerted 
by an applied electric field upon a conducting ellipsoid suspended in the solution 
under investigation. It was originally described by Furth (24) and has most 
recently been applied by Shutt and his coworkers (4, 15,42). It is most effective 
a t  the low frequencies (10’ to lo4 cycles per second). 

(4)  The calorimetric method involves the determination of the expansion 
of the solution as a measure of the heating produced by an applied field of high 
frequency. It has been used for the study of various solutions by Malsch (29), 
Debye (13), Martin (30), Schmelaer (40), and others. Its application to protein 
solutions has been described by Shack (41). It is most effective a t  the higher 
frequencies, but is capable of use over most of the usual dispersion range for 
protein solutions of not too high conductance. 

(5 )  Various other methods have been used for the measurement of the con- 
ductance and capacitance, or in some cases of the relaxation time directly, of 
a solution. Most of these methods depend upon the direct comparison of 
magnitude and phase of the voltage across an unknown and a standard capa- 
citance, often by means of an oscillograph measurement. A recent publication 
of Wyman and Marcy (52) describes such an apparatus. 

111. DIELECTRIC INCREMENT 

The dielectric increment of a solution, Ae, is defined as the increase in dielectric 
constant of the solution, e, over that of the solvent under similar conditions, 
e ; that is, 0 

(1) 0 A e = e - e  

In  the case of most polar solutes in solvents of high dielectric constant, this 
increment is found to be a t  least approximately proportional to the concentra- 
tion (50, 51). In  the case of protein solutions, it is convenient to define a 
quantity Ae/g, designated the “increment per gram,” where g is the concentra- 
tion of the protein expressed in grams per liter. This increment per gram is 
related to the increment per mole, 6, by the equation Ae/g = 6/M,  where M is 
the molecular weight of the solute (51). 

Low-frequency increment 
The increment measured in the low-frequency region, indicated by A in 

figure 1, is called the low-frequency increment, and designated AEO. It is in- 
dependent of frequency over a wide range of frequencies, if complications due to 



INVESTIGATION O F  PROTEINS BY DIELECTRIC MEASUREMENTS 437 

polarization capacity are eliminated by proper methods of measurement. A 
linear relationship between the low-frequency increment AEO and the concentra- 
tion has been observed in dilute solutions of a considerable number of proteins. 
In  many cases this linear relationship holds up to quite high concentrations, 
but in some cases, especially when AEO/g is large, the increment per gram de- 
creases somewhat with increasing concentration. In  general we may write 

A E ~  = Eog - Fog2 (2) 
where Eo and Fo represent parameters characteristic of the individual proteins. 
Terms in higher powers of g may sometime be required, but present indications 
are that the coefficients for these terms will be small, and negligible except in 
very concentrated solutions. 

High-frequency increment 
The increment measured in the high-frequency region, indicated by C in 

figure 1, is called the high-frequency increment, and designated A€,.  The 
high-frequency increment has been measured for only a few proteins. If we 
assume that the dielectric constant a t  high frequencies, E,, is due largely to the 
contribution of solvent molecules (assuming the volume occupied by the protein 
to have a high-frequency dielectric constant of unity),' then we obtain the 
equation 

AcJg = (eo - l)~/1000 (3) 
where v is the volume of water (in cubic centimeters) displaced by 1 g. of anhy- 
drous protein. We can set v = 5 + W / P O ,  where PO is the density of the solvent, 
ij the partial specific volume of the solute (anhydrous), and w the number of 
grams of water which appear to be associated with each gram of anhydrous 
protein. If w = 0, and 5 = 0.75, we obtain a value of Ae,/g = 0.059 for water 
a t  25°C. and 0.060 a t  0°C. The observed values are of this order of magnitude, 
but slightly larger. If we assume reasonable values for w (34)) the agreement 
is very good. 

Total increment 
The total increment is designated AEL, and is the sum of the low-frequency 

and high-frequency increments. In  cases where proteins are dissolved in mixed 
solvents, there is sometimes difficulty in exactly defining the composition of the 
solvent, since one or more of the components may be more strongly absorbed 
by the protein molecules. In  these cases i t  is not possible to compute accurately 
the low-frequency and high-frequency increments, but the total increment may 
still be accurately obtained. 

6 The value of unity for the high-frequency dielectric constant of the protein is too small, 
since i t  neglects entirely the optical polarization of the protein and the polarization of the 
hydrated water molecules. The value (eo - 1) in equation 3 is, however, probably within 
5 or 10 per cent of the proper value for solvents of high dielectric constant. 
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IV. ELECTRODE POLARIZATION 

One of the most serious difficulties involved in measurements by any of these 
methods is the complication introduced by electrode polarization. This effect 
is most serious a t  low frequencies and high conductivities, but decreases in 
magnitude until i t  may properly be neglected a t  high frequencies or for solutions 
of very low conductivity. It is discussed in some detail by Jones and Christian 
(26), by Cole and Curtis (lo),  by Fricke and Curtis (22), by Oncley (32), by 
Ferry and Oncley (21), and by Dunning and Shutt (15) and must be considered 
as a possible source of error in all work of this type. Correction for this effect 
was made very successfully a t  frequencies higher than 25,000 cycles for salt 
solutions and protein solutions (32) by plotting capacities against vT3” and de- 
termining B empirically as the slope of the resulting straight line. The dielectric 
increment Ae is thus given by 

Ae = (C, - B v - ~ ’ ~  - CB)/Q (4 
where C, is the cell capacity a t  frequency v with the protein or salt solution, 
C; the cell capacity with conductivity water, and Q the cell constant (dC,/de’). 
Below 25,000 cycles, however, the plot against v-3‘2 was often found to deviate 
from linearity, and i t  was no longer possible to correct for the polarization capac- 
ity effect by this simple procedure. To involve the least additional complica- 
tion, a method of comparison between solutions of equal conductivities has been 
employed. If the polarization correction is represented by B v - ~ ’ ~  + f(v), where 
f(v) takes care of the departure from linearity of the Y-~” plot, and if f(v) should 
prove to be dependent only on the conductivity, but not on the nature of the 
solute, then the difference between the corrections for two solutions of different 
solutes, but with the same conductivity, should be proportional to Y - ~ ” .  

The parameter B will in general not be the same for the two solutions, 
but the difference, AB, can be determined from the plot of (C, - C:) against 
Y - ~ ” ,  where CL is the capacity of the cell when filled with a potassium chloride 
solution of the same conductivity, and the values of Ae obtained as 

Ae = (C, - CL - ABv-~’~)/Q ( 5 )  

This method has been tested by a series of measurements comparing solutions 
of potassium chloride, ammonium sulfate, glycine (with potassium chloride added 
to adjust the conductivity), and lactoglobulin in glycine, and proved to be 
satisfactory for frequencies above 10,000 cycles (21). 

V. CALCULATION O F  DIPOLE MOMENTS 

The interpretation of dielectric increments obtained in polar solvents in terms 
of the dipole moments of the solute molecules has been discussed by numerous 
workers (23, 28,31,37,43-45,47, 50, 51). In  the case of protein measurements, 
where both the high-frequency and the low-frequency increments can be ob- 
tained, we can eliminate some of the approximations which are often introduced. 
This is especially important when we are dealing with proteins with small values 
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of the low-frequency increment per gram. 
and dielectric increment may be expressed by the equation 

The relation between dipole moment 

p' = [9000kT/4nNb] [M(Aeo/g - Ae,/g)] (6) 

where N is Avogadro's number, k is Boltzmann's constant, T is the absolute 
temperature, and p is the dipole moment of a single molecule in solution. This 
moment is not necessarily equal to the moment of a single molecule in the gas 
phase, but is in general somewhat greater (28). 

The parameter b may be evaluated in several different ways : 
(I) Direct application of the Debye theory to polar media (32) yields a value 

b = ( e o  + 2) ( e ,  + 2)/3, which may be approximated by the equation b = 
(e" + 2)'/3 for solutions with sufficiently small increments. 

(2)  Studies by Wyman and others indicate that b = ( E  - a ) / p  in pure liquids 
and b = (E  - e" - a ) / p  in binary mixtures, where p is the volume polarization 
and a another parameter. Wyman (50) suggests the values b = 8.5 and a = - 1 
as best representing the bulk of the available data. 

(3) We may evaluate b by assuming values of (Aeo/g - Ae,/g) and p for the 
glycine molecule. Various measurements' indicate that p is close to 15, and we 
will choose this value. The total increment per gram may be taken as 0.36.7 
(4) Onsager (37) has computed b as a function of an internal refractive 

index, n, giving the result b = (n' + 2)'/2 = 4.5 [l + (nz - 1)/312. 
(5) Kirkwood (28) has presented a method for computing b in terms of the 

hindered relative rotation of neighboring molecules. Me gives the equation 

cos dw dv = 4.5(1 + p)  1 
where 

e - W i k T  dwdv = 1 

Here y is the angle between the dipole moments of an arbitrary pair of molecules, 
and W is the potential between an arbitrary pair of molecules. The integra- 
tion extends over all relative orientations (dw) and positions (dv) within a sphere 
of volume uo which includes the molecule and the first few shells of neighboring 
molecules. 

For the calculation of dipole moments i t  is convenient to modify equation 6 
to become : 

P = adM(Aeo/g  - Ae,/g) = adM(AEt /g)  
6 Kirkwood (27) estimates the moment as 15.0 Debye units, on the basis of studies of the 

solvent action of neutral salts on glycine at low dielectric constants by Cohn (5), and 
Scatchard and Prentiss (39) estimate the moment as 14.8 Debye units, on the basis of freez- 
ing-point measurements. A value near 15 is obtained by consideration of the distance 
separating the positive and negative charges in the glycine molecule. 

7 (Aeo/g) from Wyman and McMeekin (53) and (Ac,/g) calculated from equation 3, taking 
0.582 for the partial specific volume of glycine (6). 
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0°C. 

0.136 
2.28 
2.76 
3.13 

Here a new parameter 

a = 1/90001cT/(4rNb) = 0.403 X 10-”1/T/b 

has been introduced, and values of both b and this quantity a t  0”, 20”’ and 25°C. 
are tabulated in table 1. Values of n calculated from Onsager’s equation and 
of fi  calculated from Kirkwood’s equation are also given for the various 
values of b. 

The assumption of b = 5.8, as obtained by method (3) using 15 for the dipole 
moment of glycine, appears to be the most reasonable choice we can make a t  the 
present time, and the values for a calculated from this b value are those used 
in the calculation of all protein dipole moments. It would seem unlikely that 
these values should vary more than perhaps rrt15-25 per cent from the true ones. 

20°C. 25°C. 

0.146 0.149 
2.36 2.38 
2.86 2.89 
3.24 ~ 3.28 

__-- 

VI. DISPERSION STUDIES 

The study of the region B, figure 1, in which dielectric dispersion occurs is 
capable of giving us information dependent upon the size and shape of the 

Debye . . . . . . . . . . . . . . .  . : .  . . . . . . . . . .  
Wyman. . . . . . . . . . . . . . . . . . . . . . . . . .  
Empirical..  . . . . . . . . . . . . . . . . . . . . . .  

TABLE 1 
Various  evaluations of b and a for equation 7 and the corresponding values for  the dipole 

moment of glycine 

2160 
8 . 5  
5 . 8  

a X 10’8 I DIPOLE 
MOMENT 

OF 
GLYCINE 

0.77 
12.3 
15.0 
17.0 

8 . 1  I 479 
1.457 I 0.89 
1.182 ’ 0.29 
1.000 1 0.0  

* Minimum values for b. 

molecules, and gives us one of the most powerful methods for the accurate meas- 
urement of these quantities that is a t  present available. 

Dispersion of dielectric constant 
The quantitative behavior of the dielectric constant in this dispersion region 

Debye (12) has treated the simplest case involving a is somewhat complex. 
single relaxation time, and has obtained the equations 

E’ = 6, + (EO - E J / ( l  + V ” V 3  (8 )  

Here E’ is the usual dielectric constant of the solution (often called the “real” 
dielectric constant), eo and E, are the dielectric constants observed in regions 
A and C, respectively, v is the frequency, usually expressed in cycles per second, 
or megacycles per second, and vc is the “critical frequency,” defined as 1/(2RT), 
where T is the relaxation time, which is the time required for l / e  of 
the molecules to become randomly distributed if they were completely oriented 
by a field, and then released a t  t = 0. 
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This simple theory, involving a single relaxation time and critical frequency, 

(9) 

can be extended to include the case of several relaxation times, giving 

e' = E, f A E I / ( ~  + v2/$) 4- A c / ( l  + Y ' / V ; )  + 
where AEI, Aez, etc., represent the total dielectric increment associated with the 
critical frequencies vl, v2, etc. The critical frequencies are defined as before; 
that is, vi = 1/(27rri). An ellipsoidal molecule would in general have three 
relaxation times, but if we restrict ourselves to ellipsoids of revolution, then 
we have only two relaxation times, T,  and Tb, and hence two critical frequencies, 
vu and Vb. Equations of Perrin (39) give T~ and Tb in terms of the ratio of axes 
of the ellipsoid, a /b ,  and the relaxation time r0 of a sphere of the same volume, 
and we can thus express v, and Vb in terms of a / b  and YO. If AE, be taken as the 

LoglaRelative Frequency, Y/V, 

FIG. 2. Dielectric dispersion curves for elongated ellipsoids of revolution (according to 
Perrin). Constant dipole angle (0 = 45') and varying axial ratio ( a / b  from 1 to 50). 
(From Oncley: J. Phys. Chem. 44, 1103 (1940)). 

sum of At,  and AEb, then equation 7 can be expressed in terms of a/b,  YO, AE,, 
and Ae,/Aeb, and we can construct series of curves of (e' - e,)/Aet against 
V / V O  for various values of asymmetry, a/b ,  and increment ratio, Aea/Aeb. Such 
curves are illustrated in figures 2 and 3. By comparison of the experimental 
values obtained in region B (figure 1) with theoretical values calculated in this 
manner, we can evaluate a/b,  Aeu/Aeb, and vo. The values of yo (or r0) are di- 
rectly related to the molecular volumes, V ,  of the particles: 

YO = k T / ( 8 a 2 ~ b 2 q )  = RT/(GnVq) = 1/(27rro) (10) 

V = RT/(GTVVO) = RT~o/(31)  (11) 

(1W 

or 

For water a t  25OC., this becomes 

V = ~ 4 7 , o o o / ( ~ o ) z ~ , ~  = 925o(~o)z5,~ X 10' 
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where YO is expressed in megacycles and T~ in seconds. The relaxation times are 
usually reduced to the value which would be obtained at 25OC. in water, using 
the equation 

Q6,w = ~ T / ( 2 9 8 *  71/926,w) = T / ( 2 ~ v c . 2 9 8 * ~ / ~ z K , z o )  (1lb) 

The increment ratio, AEa/AEb, may also be expressed as a "dipole angle," 8, 
defined as the angle between the geometric axis a of the ellipsoid and the electric 
moment vector. Since the electric moment p will be the vector sum of the two 
moments pa and pb, and since the moments are proportional to the square roots 
of the increments, we have 

tan 8 = pa//& = d A € b / A € a  (12) 

2 0  G L  -2 -1 0 
Log,, Relative Frequency, Y/Y, 

FIG. 3. Dielectric dispersion curves for elongated ellipsoids of revolution (according to  
Constant axial ratio (a/b = 9) and varying dipole angle (e from 0" to 90"). Perrin). 

(From Oncley: J. Phys. Chem. 44, 1103 (1940)). 

Dispersion of conductance 
Measurements of the specific conductancela K ,  of a protein solution can also 

be used to  evaluate the total dielectric increment and relaxation times of mole- 

8 The specific conductance of a solution, K ,  is determined from the measured parallel 
conductance, G ,  by the equation K = 0.0885G/Q = kG, where k is the usual conductance cell 
constant and Q is the change in cell capacitance (in fipfds) caused by a unit change in the 
dielectric constant (Q = dC/da'). Here G is expressed in fimhos and K in pmhos per centi- 
meter. 

We may also express the dielectric losses in these solutions in terms of the imaginary 
part of the complex dielectric constant, or by the phase angle. The complex dielectric 
constant, E, is composed of a real part, E', usually simply called the dielectric constant, and 
an imaginary part ,  e". We have e = E' - id', where i = g. The phase angle, 6, is 
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At low frequencies (region A, figure 1 )  this conductance will have the 
We thus have 

cules. 
value KO, which increases in region B to the value K , in region C. 
the equations 

K = K ,  - ( K ,  - Ko)/(1 -k Y 2 / / Y f )  = KO f ( K ,  - Ko)(V/Vc)2/(1 f vz/Iy:) ( 1 3 )  
and 

K = K ,  - A K I / ( ~  + v2/v2)  - A K Z / ( ~  4- v z / v ~ )  - * . 
= K~ + A K ~ ( v / v ~ ) ~ / ( ~  + Y ' / Y ~  + A K ~ ( Y / Y ~ ) ~ / ( ~  + Y ' / / Y ; )  . . (14)  

TABLE 2 
Comparison of results obtained o n  several protein molecules studied b y  both bridge and 

calorimetric methods* 

i PROTEIN 

i Egg albumin (8-9 per cent concentration), 
1st relaxation.. . . . . . . , . , , . . , . . . . . . . . . . , . 

Egg albumin (8-9 per cent concentration), 
2nd relaxation.. . . . . . . . . . . . . . . , . . , . . . . . . . 

Egg albumin (8-9 per cent concentration), 
total increments. . . , . , . . , . . , . . . . , . , , . . . . 

i 
I Carboxyhemoglobin (horse) . . . . . . . . . . . . . , . 

1 Lactoglobulin (0.1 per cent in water).  . . . . . 

Bridge 
Calorimetric 
Best values 

Bridge 
Calorimetric 
Best values 

Bridge 
Calorimetric 
Best values 

Bridge 
Calorimetric 
Best values 

Bridge 
Calorimetric 
Best values 

CRITICAL 
FBEQUENCI 

YO 

0.88 
0.80 
0.86 

3.6 
3.3 
3.4 

1.9 
2.0 
1.9 

2.4 
2.2 
2.4 

DIELECTRIC 
[NCREMENT 

A f d g  

0.092 
(0.102) 
0.094 

0.071 
(0.062) 
0.063 

0.163 
(0.165) 
0.157 

0.44 
(0.40) 
0.42 

1.5 

1.5 
(1.4) 

C 0 NE U C T - 
ANCE 

:NCREMENT 
AKdg 

(0.045) 
0.046 
0.045 

(0.142) 
0.114 
0.119 

(0.187) 
0.154 
0.164 

(0.46) 
0.44 
0.44 

(2.0) 
1 .7 
2.0 

* Taken in  part from Oncley, Ferry, and Shack (36). 

to  correspond with equations 8 and 9 for the dielectric constant. 
V ,  represent the conductance increment and critical frequency of the 
region. The relation 

Here A K ~  and 
dispersion 

A K ~  = A e p i / l . 8 0  (15)  

defined by the equation tan 6 = E"/E'. When dealing with solutions having D.C. conduct- 
ance, K O ,  we must not include this part  of the loss when computing the imaginary dielectric 
constant. The value as corrected for this D.C. conductance has been designated Ad', and 
called the dielectric absorption (36, 41). It is related to the conductance by the equation 
As" = 1.80 (K - K O ) / Y .  Here the specific conductance K (and KO) is expressed in pmhos 
per centimeter, and the frequency Y in megacycles per second. 



0 0  

8 

-10 -0.5 0 as 1.0 

Log,o Frequency in Megacycles 
FIG. 4. Dielectric absorption of carboxyhemoglobin solutions : 0, experimental measure- 

(From Oncley, Ferry, and ments of ( K  - K O ) / g ;  curve A, ( K  - K O ) / ~ ,  a d  curve B, Ae"/g. 
Shack: Ann. N. Y. Acad. Sci. 40, 371 (1940)). 

Log,, Frequency in Megacycles 

FIG. 5. Dispersion of the dielectric constant of egg albumin, showing resolution into two 
Debye curves : 0, experimental measurements of AE/g; heavy curve from bridge measure- 
ments, and broken curve from calorimetric measurements. (From Oncley, Ferry, and 
Shack: Ann. N. Y. Acad. Sci. 40, 371 (1940)). 
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0.06) 

0.06) 

0.1) 

TABLE 3 
Dielectric increments and dipole moments of various protein molecules 

Er 

0.42 
0.3 
0.21 
0.3s 

0.2s 

0.2f 

1.58 

1.9: 

0.17 

0.24 

1.14 

1.35 

0.8 

0.1c 

1 .o  

0.4: 

PROTEIN 

Horse carboxyhemo- 
globin. . . . . . . . . . . . . . .  

Pig carboxyhemoglobin 

Insulin . . . . . . . . . . . . . . . .  
Myoglobin. . . . . . . . . . . . .  

Insulin 

Insul in . ,  . . . . . . . . . . . . . .  

Lactoglobulin. . . . . . . . . .  

Lactoglobulin . . . . . . . . .  

Egg albumin 

Horse serum albumin 
(carbohydrate-free). . 

Horse serum pseudo- 
globulin-7 . . . . . . . . . . .  

Horse serum pseudo- 
globulin-7 . . . . . . . . . . .  

Edestin 

Gliadin 

Secalin 

Zein, . . . . . . . . . . . . . . . . . .  

SOLVENT 

Water 
Water 
Water 
SOYo aque- 

ous pro- 
pylene 
glycol 

90% aque- 
ous pro- 
pylene 
glycol 

100% pro- 
pylene 
glycol 

M/2 + MI“ 
glycine 

M/2 f lM/. 
glycine 

Water 

Water 

Water 

Water 

2 M glycin 

56Y0 aque 
ous eth 
anol 

54% aque- 
ous eth- 
anol 

72% aque- 
ous eth- 
anol 

REFEBENCE 

- 
EM 
ERA 
CR€ 
“C . - 

25 
20 
25 
25 

25 

25 

25 

0 

25 

25 

25 

0 

25 

25 

25 

25 

- 

- 
Eo 
- 

.3: 

.1E 

.51 

.8i 

.1i 

. Ot 

.2c 

. 7  

- 

- 
Fa 
- 

.02 

1.04 

1.01 

1.02 

- 

SI 

67,000 
67,000 
17,000 
40,000 

40,000 

40,000 

40,000 

40,000 

44,000 

70,000 

42,000 

42,000 

10,000 

42,000 

24,000 

40,000 

- 
P 

- 

480 
410 
170 
360 

310 

300 

730 

770 

250 

380 

100 

300 

400 

190 

440 

380 

- 

exists between the conductance increment, the critical frequency, and the 
dielectric increment of any dispersion region when conductances are expressed 
in bmhos per centimeter and critical frequencies in megacycles. Measurements 
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of this type on a solution yielding a single relaxation time are shown in figure 4. 
The results of a comparison of conductance increments, dielectric increments, 
and critical frequencies by independent bridge and calorimetric methods are 
recorded in table 2. The mean values in this table are weighted, more weight 
being given to the low-frequency bridge data and to the high-frequency calorim- 
etric data. Values enclosed in parentheses are calculated from equation 15. 
Figure 5 also compares the data obtained by these two methods in the case of 
egg albumin. 

VII. RESULTS 

A survey of the dielectric constant literature for protein solutions reveals 
few data of significance before those of Wyman (49). Before this time most 
workers had made measurements a t  such high frequencies that the results ob- 

LogcFrequency x -) in Megacycles 

FIG. 6. Dielectric dispersion curves of various proteins. 1, edestin; 2, horse ?-pseudo- 
globulin; 3, horse serum albumin; 4, egg albumin; 5 ,  horse carboxyhemoglobin; 6, lacto- 
globulin; 7, insulin. 

tained fell in region C (figure l), where the contribution of the protein molecules 
to the dielectric constant was very small, and even these measurements were 
very uncertain. The development of new techniques of measurement since 
1928 have made observations in regions A and B much more reliable. The 
results which we  ill consider are confined almost entirely to these more recent 
investigations. 

Dielectric increments 
The dielectric increments and dipole moments of a number of protein molecules 

are recorded in table 3. The observed low-frequency increments vary from 
about 0.1 to over 1.8, a variation somewhat greater than has been observed in 
studies upon amino acids and peptides (33, 51). Dipole moments of from less 
than 200 to about 1400 Debye units have been computed from these results, 
using equation 7 with b equal to  5.8. These values of dipole moment seem very 
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and unhydrated, and then computing the number of unit charges, z ,  which must 
be located a t  each end of a dipole of this length in order to give the observed di- 
pole m ~ m e n t . ~  Values obtained in this way are all much smaller than half 
the total anionic and cationic charges, which is roughly the maximum possible 
value, zmaX.. The ratio z/zmax. obtained for serum albumin is about 0.02, for 
hemoglobin 0.03, and for edestin 0.01. These molecules would accordingly 
have moments many times those reported here if they were very unsymmetrical 
electrically, and these measurements can be taken as proof of a fairly high 
degree of electrical symmetry. 

Relaxation times 

The observed critical frequencies and relaxation times of most of the proteins 
which have been studied are recorded in table 4. These values have been ob- 
tained from dispersion curves, such as illustrated in figure 6 .  In the cases where 
two critical frequencies have been observed, the data have been interpreted in 
terms of the geometrical asymmetry a /b ,  the dipole angle 0, and the relaxation 
time T~ of a sphere of equal volume. These values can be expressed in terms 
of the asymmetry a / b  and the hydration of the protein molecules, w, and these 
quantities can be compared with those obtained by diffusion, ultracentrifuge, 
x-ray, and other methods. Figure 7 illustrates this comparison, the results 
being recorded as areas which represent probable combinations of asymmetry 
and hydration. The agreement is fairly good in most cases, and all of the 
molecules recorded here would appear to be more or less elongated ellipsoids 
with hydration values from 0.2 to perhaps 0.6. 

When these results are compared with similar studies on other macromolecules, 
they appear to indicate a characteristic degree of rigidity in protein structure 
which is not found in most materials. 
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