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thus obtained was a dark red oil consisting essentially of 
2,4,6-tri-(dimethylaminomethyl)-»z-cresol. I t was soluble 
in cold water but only sparingly soluble in hot water. It 
can be distilled under a good vacuum; b. p. 200 ° (0.5 mm.). 
The crude oil was converted without distillation or purifica
tion to (VI) as follows: 

A mixture of 84 g. of the above red oil and 153 g. of ace
tic anhydride was boiled under reflux for two and three-
quarters hours and the reaction product fractionated under 
reduced pressure. The fraction boiling at 184-204° at 1-2 
mm. was collected; yield 103 g. Upon redistillation the 
product came over at 194-204° (1 mm.) as a colorless oil. 
Anal. Ci8H23Og: sap. value calcd., 612.8. Found: 608. 

Summary 

1. Phenol and m-cresol each react with excess 
formaldehyde and strongly basic non-aromatic 
secondary amines to take up three tertiary amino-
methyl groups in the free ortho and para positions 
to the hydroxyl group. These free bases on 
acetylation with acetic anhydride split off the 
tertiary amino groups and form the tetra-acetates 
of the corresponding but hitherto unisolated tri-
methylolphenol or tri-methylol-w-cresol. 
PHILADELPHIA, PA. RECEIVED OCTOBER 26, 1940 
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Studies of the Dielectric Properties of Protein Solutions. III. Lactoglobulin 

BY JOHN D. FERRY AND J. L. ONCLEY 

From measurements of the dielectric constant 
of a protein solution over a wide range of fre
quency, a description of the protein is obtained 
in terms of the dielectric increment and the form 
of the anomalous dispersion; and deductions may 
be drawn concerning the electrical symmetry and 
the size and shape of the molecule. Studies of 
solutions of hemoglobin1 and of the water-soluble 
proteins of normal horse serum2—albumins and 
pseudoglobulin—have been reported previously 
from this Laboratory. Measurements upon egg 
albumin,3 insulin4 and edestin6 have also been 
carried out and will be reported in detail later. 
The present paper is concerned with lactoglobulin. 

The crystalline lactoglobulin of Palmer6 can be 
prepared in a highly purified state, and its solu
bility in dilute salt solutions has been found to be 
nearly constant and independent of the amount of 
saturating bodyi7 Furthermore, its salting-in in 
dilute salt is very large, suggesting a high value of 
the dipole moment of the molecule.8 I t seemed 
of particular interest, therefore, to investigate the 
dielectric properties of this protein. 

Being a globulin, it has a very low solubility in 
water, and in aqueous solutions the increase in di
electric constant over that of water is too slight to 
permit its measurement with much accuracy. 

(1) Oncley, T H I S JOURNAL, 60, 1115 (1938). 
(2) Ferry and Oncley, ibid., 60, 1123 (1938). 
(3) Oncley, Fercy and Shack, Ann. N. Y. Acad. Set., in press. 
(4) Cohn, Ferry, Livingood and Blanchard, Science, 90, 183 (1939). 
(5) Oncley, J. Phys. Chem., in press. 
(6) Palmer, / . Biol. Chem., 104, 359 (1934). 
(7) Splrensen and Palmer, Compt. rend. trav. Carlsberg, 81, 283 

(1938). 
(8) Cohn, McMeekin, Ferry and Blanchard, / . Phys. Chem., 43, 

169 (1939). 

Although it is easily soluble in dilute salt (about 
0.01 M), solutions with conductivities correspond
ing to over 5 X 1O-4 M salt cannot be measured 
with our present apparatus. However, solutions 
of lactoglobulin in 0.25 and 0.50 M glycine can 
be studied easily. 

The dielectric measurements here reported were 
made in conjunction with the solubility measure
ments of Cohn, Ferry and Blanchard.9 Two 
preparations of crystalline lactoglobulin (I and II) 
were very kindly furnished by Dr. A. H. Palmer. 
Portions of these crystals, after being washed with 
conductivity water, were rotated in double glass-
capped solubility bottles at 5 or 25° for periods 
of from two to seven days with successive por
tions of 0.25 or 0.50 M glycine. After filtration 
by the usual procedure of this Laboratory,10 the 
filtrates were used for solubility and for dielectric 
constant measurements at 0 or 25°. For analy
sis, the protein was coagulated by heating to 100° 
in the presence of i f / 4 sodium chloride and was 
filtered on sintered glass, washed free of glycine, 
dried at 105°, and weighed. 

Method.—The dielectric measurements on 
preparation I of lactoglobulin were made exactly 
as described in the first papers of this series1,2 ex
cept that the use of a General Radio type 684A 
oscillator11 permitted extending the frequency 
range down to 12,500 cycles. 

Measurements on preparation II were made 
(9) Cohn, Ferry and Blanchard, to be published subsequently. 

Solubility measurements at two temperatures, 5 and 25°, indicated a 
heat of solution in 0.25 and 0.50 M glycine of approximately —2000 
calories. 

(10) Ferry, Cohn and Newman, T H I S JOURNAL, 60, 1480 (1938). 
(11) General Radio Company, 30 State Street, Cambridge, Mass. 
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with the following alterations in the experimental 
method. 

1. A cell constructed of two platinum cups mounted in 
a Lucite head was employed (Fig. 1). This had the ad
vantages of a smaller fluid capacity, thereby requiring less 
solution; a smaller electrical capacity, thereby diminish
ing the inductance effects in the bridge and the polarization 
capacity correction; and complete shielding of the inner by 
the outer electrode, thereby allowing the use of water as a 
thermostat medium. The platinum cups, which were 
sand-blasted on the surfaces in contact with solution, were 
slightly tapered, and cemented to corresponding tapers on 
the head with Lucite cement. The cell constant, Q{ = 
dC/di), was 5.46 MA*fd. 

2. The variable resistance in the bridge was placed in 
series with a 150-ohm resistance (instead of 100 ohms, as 
before), together with a variable capacity of about 50 v/iid, 
which was adjusted to balance the inductance of the vari
able resistance and hence eliminate the correction term12 

AC2. At the same time, the inductance of the cell and its 
leads was adjusted to equal that of the standard condenser; 
the terms ACi and AC3 accordingly cancelled, and it was 
unnecessary to calculate any inductance corrections. 

3. The range of application was extended to low fre
quencies by use of a Clough-Brengle13 type 79-U beat-
frequency oscillator, range 25-15,000 cycles, and, as a de
tector, a General Radio Company11 type 760 sound ana
lyzer, range 25-7500 cycles. The Sargent radio receiver 
previously described was modified by the introduction of an 
additional condenser decade to detect frequencies down to 
6300 cycles. It was possible to make satisfactory bridge 
balances at frequencies as low as 1000 cycles, but in prac
tice the lower limit was 10,000 cycles, on account of difficul
ties discussed in the next section. 

Polarization Capacity and Standardization of 
Low Frequency Measurements.—As described 
in the first paper of this series, the measured ca
pacities are too high by an amount which in
creases with decreasing frequency and is attribu
ted to polarization capacity at the electrodes. 
Down to 25,000 cycles, the lower limit of the origi
nal frequency range, the additional capacity 
AC6 has been accurately represented by the ex
pression AG2V-'/', where A is a constant for the 
particular solution, G the conductance of the cell, 
and v the frequency; or, since G varies but little 
in the frequency range where AC6 appears, by the 
expression Bv~l,\ Correction for this effect was 
made very successfully for salt solutions and pro
tein solutions by plotting capacities against G2v~'/a 

(or simply v~l/') and determining A (or B) em
pirically as the slope of the resulting straight line. 
The dielectric increment Ae was thus given by 
equation 10b, ref. 1 

(12) The correction terms discussed here are those given by equa
tions 0a to Qg, ref. 1. 

(13) Clough-Brengle Co., 2816 West 19th Street, Chicago, 111. 

Ae = (Cx - Bi." »/• - Ci)/Q (D 

where Cx is the cell capacity at frequency v with 
the protein or salt solution, Cl the cell capacity 
with conductivity water, and Q the cell constant 
(dCx/de), given in the first paper as 10.95. 

Below 25,000 cycles, 
however, the plot against 
v~'!i often deviates from 
linearity, and it is no 
longer possible to correct 
for the polarization ca
pacity effect by this sim
ple procedure. To in
volve the least additional 
complication, a method 
of comparison between 
solutions of equal con
ductivities was em
ployed. If the polariza
tion correction is repre
sented byBv~yi + / W 1 

where / W takes care of 
the departure from lin
earity of the v~i/l plot, 
and if / W should prove 
to be dependent only on 
the conductivity, but not 
on the nature of the so
lute, then the difference 
between the corrections 
of two solutions of differ
ent substances or mix
tures with the same con
ductivity should be pro-

I 
0 

- V i 

2 3 4 
Cm. 

Fig. 1.—Cell for dielectric 
measurements: A, concen-

The trie platinum thimbles; B, portional to v 
two constants B and B' 7/15 standard glass stop-
will in general not be the Pfrs' c- General Radio 
same, but their differ
ence, AS, can be deter-

plug; D, lucite top; E, 
lucite ring; F, brass spacers. 

mined from the plot of Cx- Cx' against v" 
and the values of Ae obtained as 

Vi 

Ae = [Cx - Cx' - ABv-'/>)/0 (2) 

This procedure also permits neglecting the correc
tion AC4, since the latter varies only with the con
ductivity of the solution. Thus equations 9a to 
9g of ref. 1 are no longer necessary, and equation 2 
above replaces equation 10b of ref. 1. 

A test of this method of correction was made by 
a series of measurements comparing solutions of 
potassium chloride, ammonium sulfate, glycine 
(with potassium chloride added to adjust the con-
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TABLE I 

DIELECTRIC INCREMENTS OF VARIOUS SOLUTIONS CALCULATED BY COMPARISON WITH KCl SOLUTIONS OF EQUAL 

CONDUCTIVITIES 

Solution 

(NH4)ZSO1 

Glycine, 0.5 Mb 

(NH4)aS04 

Lactoglobulin in 0.5 M 
glycine 

(NH4)2S04 

Glycine, 0.5 Mh 

Glycine, 0.5 M* 
Lactoglobulin in 0.5 M 

glycine 

Glycine, 0.25 M 
Glycine, 0.5 Mc 

Lactoglobulin in 0.25 M 
glycine 

(NH4)2S04 

Glycine, 0.5 Af 
Lactoglobulin in 0.5 M 

glycine 

Conductivity 
K X 10» 

KCl 
SoIu- com-
tion parison 

19 
19 
27 

27 
32 
30 
39 

40 

8 
5 

6 
18 
16 

16 

19 
19 
27 

27 
32 
32 
40 

40 

6 
18 
18 

18 

AB 
X 10> 

+ 2.1 
- 8.7 

0 

-21.5 
+ 11.8 
-15.0 
-29.7 

-39.0 

-Dielectric increment, At, at various frequencies* -

0.0032 0.005 

Temperature 25° 
0.010 0.032 0.100 0.32 

- 2 . 6 
11.7 

- 1 . 6 

22.0 

- 8 . 2 
7.7 

- 0 . 4 

- 1 . 1 
11.2 

- 0 . 4 

22.9 

- 2 . 5 
9.7 
3.7 

0 

11.0 

0 

22.8 

- 0 . 2 
11.4 
11.5 

0 

11.2 

0.2 

22.9 

0.2 
11.4 
11.2 

0 .2 
11.2 

0 

0.2 
11.4 

0 

1.00 

0 

11.4 

0 

3.2 

0 

11.5 

0 

22.8 

0.2 
11.5 
11.2 

15.9 19.6 22.0 22.5 22.2 

Dispersion 

0 0 
11.5 11.5 
11.2 11.4 

Dispersion 

Temperature 0° 

+ 5. 
+ 8. 

0 

+ 1. 
- 1 1 . 

- 7 .5 

Calculated from the equation Ae = (C* — Cx' 

5.1 
7.5 

9.7 
0 

11.2 

11.9 

ABv-

5.7 
10.6 

10.1 

0 
11.9 

14.6 

6 .1 
12.6 

10.4 

0.4 
12.3 

6.1 
12.8 

10.4 

0.4 
12.3 

6.1 
12.8 

10.4 

0.4 
12.1 

6.0 
12.6 

6.0 
12.4 

5. 
12. 

16.3 16.3 16.1 

Dispersion 
0.4 0.2 

12.1 12.3 

Dispersion 
«A ]Q. 6 Wyman and McMeekin16 give Ae = 11.3; Lind-

quist and Schmidt" Ae = 11.5. ° Wyman and McMeekin16 give Ae = 11.9; Lindquist and Schmidt18 Ae = 13.1. 

ductivity), and lactoglobulin in glycine.14 Lacto
globulin is a particularly suitable protein for such a 
comparison, because its dispersion occurs at rather 
high frequencies and scarcely overlaps the polari
zation correction region. 

Measurements were made, as usual, at fre
quencies spaced at approximately equal intervals 
logarithmically, ten to a decade. From the ca
pacity values (Cx) of every ammonium sulfate, 
glycine, or lactoglobulin solution were subtracted, 
point by point, the capacities (Cx') of a potassium 
chloride solution of the same conductivity. The 
plot of Cx — Cx' against v~3/* was much more 
nearly linear than that of Cx or Cx'. The slope 
of their plot, AB, was taken in the frequency re
gion 0.01-0.03 megacycles, and values of Ae cal
culated by equation 2. For the ammonium sul
fate, Ae should be zero, and for glycine it should 
be independent of frequency over the entire fre
quency range; for lactoglobulin it should be inde
pendent of frequency up to 0.1 megacycle, where 
dispersion begins. 

The data in Table I show that, above 0.01 
megacycle, these requirements are fulfilled within 
0.4 unit, but below that frequency there are in 

(14) We are indebted to Mr. Marshatl MeHn for making some of 
these measurements. 

some cases marked deviations. In the measure
ments on lactoglobulin, therefore, only data above 
0.01 megacycle are reported. 

Experimental Results 

Measurements were made in 0.25 M glycine and 
0.50 M glycine,17 on Preparation I at 25° and on 
Preparation II at 25 and 0°. From the capacity 
values (Cx) of every lactoglobulin solution were 
subtracted the capacities (Cx) of the correspond
ing glycine solvent, made up with a content of 
potassium chloride to give approximately the same 
conductivity. Values of Ae were then calculated 
according to equation 2. 

Low-Frequency Dielectric Increments.—The 
low-frequency dielectric increment, Ae0, was taken 
as the average of ten values of Ae from 0.010 to 
0.080 megacycle, inclusive. Table II presents 
values of Aeo and of Ae0/g, the increment per gram 
per liter. 

As in the case of serum pseudoglobulin,2 the in
crement Ae0 is not proportional to the concentra-

(15) Wyman and McMeekin, T H I S JOURNAL, 5S, 915 (1933). 
(16) Lindquist and Schmidt, Compt. rend. lab. Carlsberg, 22, 307 

(1938). 
(17) A few measurements were made on aqueous solutions of 

Preparation I, of concentrations about 1 g./liter at 25°. The average 
value of Aeo/g was 1,3 ±0.4, indistinguishable from the values ob 
tained in glycine solutions. 
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LOW-FREQUENCY 

Prepn . 

i 
i 

I i 
i 
i 

I i 
I i 

i i 
I i 

i 
i 
i 

II 
II 
i 
i 

i i 

II 
II 
II 
II 
II 
II 
II 
II 
II 
II 

Concn . 
l a c t o 

globul in , 
g . / l i t e r 

Temp. 

1.09 
1.20 
2.63 
2.72 
2.99 
3.28 
3.40 

Temp 

2.51 
2.69 

Temp. 

1.71 
3.48 
3.55 
7.05 
7.86 
8.70 
8.88 
9.09 

Temp 

2.20 
2.20 
2.89 
4.62 
5.49 
6.18 
6.60 
7.14 
7.21 
7.70 

TABLE I I 

DIELECTRIC INCREMENTS OF 

GLOBULIN SOLUTIONS 

m 

C o n d u c t i v i t y , 
K X 10« 

Sol
v e n t 

SoIu- com-
tion parison 

25°; Glycine concn. 

5 
5 

66 
62 

10 
11 
12 
13 
14 
13 
19 

12 

12 
12 

0 °; Glycine concn. 

7 
6 

8 
8 

25°; Glycine concn. 

5.60 

5.71 
5.67 
5.54 

16 
22 
19 
23 
40 
31 
25 
26 

. 0° ; Glycine 

5 
5 
5 

62 
60 

.56 

9 
16 
9 

11 
12 
11 
13 
12 
14 
14 

19 
39 

30 

concn. 

9 
16 
9 
9 
9 
9 

16 
9 

16 
16 

Aeo 

0.25 M 

1.5 
1.8 
3 .8 
3 .8 
4.2 
4.7 
5.1 

0.25 M 

4.3 
4 .4 

0.50AT 

2.6 
5.2 
5.2 
9.1 

11.0 
11.2 
11.7 
11.6 

0 . 5 0 K 

3.8 
4.2 
5.0 
7.5 
8.7 
9.4 

10.4 
10.3 
11.0 
11.3 

LACTC 

A « / « 

1.39 
1.49 
1.43 
1.39 
1.41 
1.43 
1.50 

1.71 
1.63 

1.50 
1.49 
1.45 
1.29 
1.40 
1.29 
1.32 
1.28 

1.75 
1.89 
1.74 
1.63 
1.58 
1.53 
1.57 
1.44 
1.53 
1.47 

tion. It can be expressed by the following inter
polation equations 

at 25°: Ae0 = 1.51 g - 0.025 g2 

a t 0 ° : Ae0 = 1.84 g - 0.047 g2 ('' 

In Fig. 2, the curves are calculated from equa
tions (3), while the points give the experimental 
values. The values of Ae0/g thus extrapolated to 
infinite dilution, 1.51 at 25° and 1.84 at 0°, sur
pass those found for all other proteins so far 
studied, indicating that lactoglobulin is a highly 
polar molecule. The corresponding figures per 
mole (taking the molecular weight as 40,000) are 
60,500 and 73,600. 

The fact that the dielectric increment per gram 
of pseudoglobulin, at 25°, also falls off with in
creasing concentration suggests that the decrease 
is due to electrostatic interaction between these 

molecules of high polarity. Comparison of the 
coefficients of g2 in equations 3 is in qualitative 
agreement with the calculations of Fuoss18 for the 
decrease of polarization through electrostatic in
teraction; the decrease should be greater for 
molecules of greater dipole moment and at lower 
temperatures. 

s 12 

•a 

3 
OJ 

s 

! 
0 

0° / 

7 n / 

/ 2 5 ° 

0 4 8 
Concentration, g./liter. 

Fig. 2.—Low-frequency dielectric increments of lacto
globulin solutions: curves from equations 3; points as 
follows: Preparation I, 25°, O, 0.25 M glycine; 0,0.50 
M glycine. Preparation II, 25°, • , 0.25 M glycine; 
3 , 0.50 M glycine; 0°, • , 0.25 M glycine; H, 0.50 M 
glycine. 

Dispersion.—Measurements did not extend 
to quite high enough frequencies to estimate the 
high-frequency dielectric increments, Ae00. Since, 
however, Ae0 was so large, the relative contribu
tion of Ae00 to the total increment A«o — Ae00 was 
slight, and for the purposes of analyzing the dis
persion Aa00 was estimated by assuming the vol
ume occupied by the protein to have a high-fre
quency dielectric constant of unity, so that 

Ae00 = - ( e » - 1)51/1000 (4) 

where e0 is the dielectric constant of the solvent, 
and v the apparent specific volume, taken as 0.75. 
For the eleven runs which included measurements 
over the whole frequency range, values of (Ae — 
Ae00V(Ae0 — Ae00) were calculated at each fre
quency. The deviations occurring in a single run 
can be conveniently described by plotting these 
values against the logarithms of the frequencies 
and finding the separation along the log v axis of 
two curves of the form of the unbroken curves of 

(18) FUMa, T*B» /ovmKAt., BS. 1031 (1034). 
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Frequency 
in 

megacycles 

0.010 
.0125 
.0160 
.0200 
.0250 
.032 
.040 
.050 
.063 
.080 
.100 
.125 
.160 
.200 
.250 
.320 
.400 
.500 
.630 
.800 

1.00 
1.25 
1.60 
2.00 
2.50 
3.20 
4.00 
5.00 

1 
1.01 
1.01 
1.00 
1.00 
1.00 
1.00 
0.99 
0.99 
1.00 
0.99 
1.00 
0.99 

.98 

.98 

.97 

.97 

.95 

.96 

.94 

.90 

.85 

.82 

.73 

.61 

.50 

.46 

.33 

.28 

Glycine 
concn. 0.25 M, 

2 

0.99 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.98 

.98 

.98 

.98 

.98 

.96 

.95 

.92 

.91 

.87 

.83 

.79 

.71 

.59 

.50 

3 

0.98 
0.99 
1.00 
1.00 
1.00 
1.00 
1.01 
1.00 
0.99 

.99 

.99 

.99 

.99 

.98 

.97 

.94 

.94 

.91 

.85 

.83 

.80 

.67 

.59 

.49 

DISPERSION 

-Temperature 25° -

Av. 
1.01 
0.99 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.99 

.99 

.98 

.98 

.98 

.97 

.95 

.94 

.92 

.87 

.84 

.80 

.70 

.60 

.50 

.46 

.33 

.28 

1 

0.98 
0.99 
1.00 
1.01 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.99 

.99 

.99 

.98 

.97 

.95 

.96 

.93 

.91 

.85 

.76 

.67 

.59 

.52 

TABLE IH 

OF LACTOGLOBULIN SOLUTIONS 
t ^ r 

Glyc 
concn. 0 

2 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.99 

.99 

.98 

.97 

.96 

.94 

.92 

.88 

.83 

.79 

.72 

.61 

.52 

.44 

.30 

.22 

.14 

- At0)AA* - A«„) 

ne 
.50 M 

3 
0.99 
0.99 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.98 

.98 

.98 

.98 

.97 

.95 

.93 

.89 

.86 

.81 

.75 

.68 

.59 

.50 

.44 

.31 

.22 

Av. 
1.00 
0.99 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.99 

.99 

.98 

.97 

.96 

.94 

.93 

.89 

.85 

.80 

.72 

.62 

.54 

.47 

.30 

.22 

.14 

1 
0.98 
1.01 
1.01 
1.01 
1.01 
1.00 
1.00 
1.00 
0.99 

.98 

.98 

.95 

.95 

.93 

.91 

.87 

.83 

.77 

.71 

.63 

.53 

.42 

.31 

.24 

.15 

.09 

.06 

.02 

2 
1.00 
1.01 
1.01 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.99 

.99 

.98 

.97 

.95 

.93 

.88 

.83 

.77 

.71 

.61 

.53 

.43 

.31 

.23 

.16 

.10 

.06 

.05 

Temp. 0" 
Glycine 

concn. 0.50 M 

3 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.99 

.98 

.97 

.95 

.93 

.89 

.84 

.77 

.70 

.62 

.50 

.40 

.29 

.23 

.14 

.10 

.05 

.03 

4 
1.00 
1.00 
1.00 
1.01 
1.01 
1.01 
1.00 
1.00 
0.99 

.99 

.98 

.97 

.96 

.94 

.92 

.88 

.82 

.75 

.68 

.58 

.50 

.41 

.30 

.23 

.15 

.09 

.05 

.02 

5 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.98 

.97 

.97 

.96 

.93 

.90 

.84 

.79 

.70 

.60 

.50 

.41 

.30 

.23 

.13 

.10 

.05 

.02 

Av. 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 

.99 

.98 

.97 

.96 

.95 

.92 

.88 

.83 

.77 

.70 

.61 

.51 

.41 

.30 

.23 

.15 

.10 

.05 

.03 

Fig. 3, so placed as to contain between them all 
the points with (Ae — Ae„)/(Aeo — Ae „) between 
0.95 and 0.05. For a typical run such a pair of 
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Logio frequency, v, in megacycles. 
Fig. 3.—Dielectric dispersion of lactoglobulin dissolved 

in 0.5 M glycine, O, 25°; • , 0°. Continuous lines, cal
culated from two relaxation times for an elongated ellip
soid, (T0)H,O,MO = 4.7 X 10"8 sec , a/b = 4, 6 = 63°; 
broken lines, calculated from one relaxation time, TH,O, M ° 
= 7.5 X 10"» sec. 

curves gives mid-point frequencies (i. e., where 
(Ae - Ae„)/(A«0 - Ae.) - 0.5) differing by 

about * 5% from their mean, vm. At a given 
temperature and glycine concentration, the values 
of vm for the several runs did not vary in any 
regular manner with the lactoglobulin concentra
tion over the range employed (up to 7.7 g./liter). 
Accordingly the results at each frequency were 
averaged, as follows: at 25° in 0.25 M glycine, 
three runs, with values of vm varying by * 10%; 
at 25° in 0.50 M glycine, three runs, vm varying 
by ±20%; at 0° in 0.50 M glycine, five runs, vm 

varying by =»=7%. The averages so obtained are 
given in Table III . 

The mean mid-point frequencies, vm, derived 
from these average values were 2.5 megacycles at 
25° in 0.25 M glycine, 2.2 megacycles at 25° in 
0.50 M glycine and 1.05 megacycles at 0° in 0.50 
M glycine. Now the interpretation of dispersion 
in terms of rotation of dipoles in a viscous medium 
gives for the critical frequency of a spherical 
molecule 

X0 = RT/6irt,V 

Where V is the molecular volume and t) the vis
cosity of the solvent. For a sphere, ve = vm, 



Jan., 1941 DIELECTRIC PROPERTIES OF LACTOGLOBULIN 277 

and for any other shape the ratio vjvm should be 
a function of the molecular shape only. Hence 
for comparison the above values of vm may be 
corrected to water at 25° by the equation (vm)&°>v, 
— >'m('?/'?25°.w)(298/r). The viscosities relative 
to water at 25° of the three solvents were 1.04, 
1.08, and 2.12, respectively, so that the values of 
(025°>w become 2.4, 2.6, and 2.4, respectively— 
in very satisfactory agreement. 

Discussion 
Dipole Moments.—The dipole moment may 

be estimated from the total dielectric increment 
by the empirical equation1 

Ii = a\/M(Aeo/g - A«oo/g) (5) 

where M is the molecular weight, and a is 2.9 at 
25° and 2.8 at 0°, when n is given in Debye units. 
Taking M = 40,000 and Ae„/g = -0 .07 at 25° 
and —0.08 at 0°, the dipole moment is calculated 
to be 730 Debye units at 25° and 770 at 0°. This 
difference may be due to a difference in the charge 
patterns at the two temperatures, arising from 
differences in dissociation constants of the groups 
dissociating in the neutral range—such as imida
zole or terminal amino groups.19 The dipole mo
ment of lactoglobulin is somewhat greater than 

- that of hemoglobin. This may be correlated with 
the effect of glycine upon the solubilities of the 
two proteins, as will be discussed in a subsequent 
paper.9 Although the dielectric increment of lac
toglobulin surpasses that of serum pseudoglobulin, 
and of edestin, these substances have higher di
pole moments by virtue of their greater molecular 
weight. 

Relaxation Times.—The inverse proportion
ality of mid-point frequency to the ratio of ab
solute temperature and relative viscosity as ob
served for lactoglobulin, supports the interpreta
tion of anomalous dispersion in terms of orientation 
of dipoles in a viscous medium. According to this 
interpretation, we should be able to analyze the 
dispersion curve in terms of the size, shape and 
dipole angle of the lactoglobulin molecule. The 
difference between the size so obtained and that 
obtained from ultracentrifugal and diffusion 
studies can be explained by hydration of the mole
cule. Figure 3 shows the observed dispersion 
curves in the various solvents. The continuous 
curves are calculated on the basis of the two re
laxation times6 of an elongated ellipsoidal mole
cule with a/b = 4, (T0)H2O, SS0 = 4.7 X 1O-8 sec, 

(19) Cannan, Cold Sprint Harbor Sy mf. Quant. Biol., 6, 1 (1938). 

and 6 = 63°; where a/b is the ratio of major to 
minor axes of the ellipsoid, (T0)H!O, 25° is the re
laxation time reduced to water at 25° for a spheri
cal molecule with identical molecular weight, and 
6 is the angle between the major axis of the ellip
soid and the electric moment vector, called the 
dipole angle. The broken curves are calculated 
from the simple Debye expression for a single re
laxation time, THiO, 25° = 7.5 X 1O-8 sec. Both 
sets of curves fit the points reasonably well; how
ever, the continuous curves fit somewhat better, 
especially the one at 0°. Since the measurements 
at 0° are more reliable (as evidenced by the 
smaller variations among the runs averaged) 
because of (1) the lower conductivity of the solu
tions at this temperature, and (2) the location of 
the dispersion at lower frequencies, we favor the 
interpretation based on the two relaxation times 
of an elongated ellipsoidal molecule. 

r-j-p From viscosity, 
J j assuming =*=10% 
A moc 

From diffusion, 
\ 1 f/fo, assuming 
i-=1 ± 4 % error 

From dielectric 
P̂ sN dispersion, as-
K\xi suming complex 

C curve 
From dielectric 

£771 dispersion, as-
VvA suming Debye 

D curve 

0.5 1.0 
Grams of water per gram of protein. 

Fig. 4.—Asymmetry and hydration of lactoglobulin, 
calculated from viscosity, diffusion and dielectric dis
persion. 

In Fig. 4 we have recorded values for the hydra
tion (calculated from the apparent size) and the 
shape of the lactoglobulin molecule as obtained not 
only from dielectric dispersion data, but also from 
diffusion and viscosity data, as recorded by Sved-
berg and Pedersen20 and by Poison.21 The small 
"island," area C, is obtained on the basis of two 
relaxation times, while a single relaxation time 
gives results falling within area D. Area A gives 
the results from viscosity measurements, and area 

(20) Svedberg and Pedersen, "The Ultracentrifuge," Oxford Uni
versity Press, London, 1940. 

(21) Polion, Kolloid. Z., Sg, £1 (1939). 
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B from diffusion measurements. I t would appear 
that a ratio of about 4 for a/b, and a hydration of 
about 0.3 g. of water per g. of protein would be in 
good agreement with all the available data. 

Summary 

1. The effect of polarization capacity upon the 
measurements of dielectric constants of conduct
ing solutions has been further investigated. 

2. The dielectric constants of solutions of lac-
toglobulin in 0.25 and 0.50 M glycine have been 
measured at 0 and 25° over a frequency range of 
10,000 to 5,000,000 cycles. 

3. The low-frequency dielectric increments per 
gram per liter, extrapolated to zero concentration 
of lactoglobulin, are in both solvents 1.51 at 25°, 

Introduction 
Although reports have been published on the 

crystal structures of all the alkali iodates, no 
completely satisfactory structure determination 
of any iodate has been made. The isomorphous 
crystals cesium iodate, rubidium iodate, potassium 
iodate, and ammonium iodate are pseudocubic 
and are said to give no powder lines indicating any 
deviation from the ideal perovskite structure as
signed to them.1'2'3 This places a regular octa
hedron of six oxygen atoms around each iodine 
atom with the distance 1-0 = 2.23 A. and gives 
the alkali atom a coordination number of twelve. 
Sodium iodate, which is orthorhombic, has been 
assigned a deformed anti-perovskite structure the 
alkali atom having a coordination number of six 
and the iodine atom twelve. Lithium iodate is 
hexagonal with a reported structure based on 
hexagonal closest packing,4 in which octahedra 
of oxygen atoms surround both lithium and iodine 
atoms, the 1O6 octahedra sharing corners and the 
LiOe octahedra sharing faces. 

Potassium iodate and the isomorphous ru
bidium, cesium and ammonium compounds are 

(1) V. M. Goldschmidt, "Geoohem. Vert. Gesetze der Elemente," 
VII and VIII. 

(2) W. H. Zachariasen, Skrifter Norske Videnskatsakad. Oslo I, 
Mat. Natur. Klasse, 1928, No. 4. 

(3) J. Qurddo, Anales soc. espafi. fis. iuim., 80, 811 (1932). 
(4) W, M- ZiwWm.an »nd V. A. B«rt», J»*M, Rn., Vt, »838 

(IMl). 

and 1.84 at 0°. These figures diminish with in
creasing concentration. 

4. The dipole moments are estimated to be 
730 Debye units at 25° and 770 at 0°. 

5. The mean mid-point frequency is approxi
mately proportional to the ratio of absolute tem
perature and relative viscosity of the solvent. 

6. The dispersion curves have been analyzed 
and the results compared with those obtained 
from ultracentrifuge, diffusion and viscosity meas
urements. All these data can be interpreted in 
terms of an elongated ellipsoidal molecule of axial 
ratio (a/b) 4 and hydration 0.3 g. of water per 
gram of protein. 
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known to be monoclinic hemihedral from crystal-
lographic and piezoelectric measurements and the 
assignment of a simple cubic structure to them on 
the basis of powder pictures is unsatisfactory, 
since the intensities of the lines are rather insensi
tive to the oxygen parameters and could be 
roughly accounted for by an essentially incorrect 
structure. The deviations from the ideal perov
skite structure may also be appreciable for so
dium iodate since the observed axial ratios 
0.903:1:0.636 differ considerably from those of a 
cubic perovskite structure in that orientation, 
viz., 1:1:0.707. The oxygen parameter in lithium 
iodate is not closely enough known to give the oxy
gen positions with any certainty. Hence none 
of the structure determintions can be accepted 
as showing what the configuration of the iodate 
group is. 

One might expect on chemical grounds and from 
the correlation of Raman spectra in crystals and 
solution5 that discrete iodate groups or simple 
polymers would exist in the crystal rather than 
regular IOe octahedra with shared corners. The 
observed I-O distance (2.23 to 2.33 A.) in these 
crystals seems rather large in view of the value 
1.93 A. observed in KIO2F2 and (NHi)2H3IO0,6 

(5) James Hibben, "The Raman ESect and Its Chemical Appli
cations," A. C. S. Moaograph' 1939, p. 378. 

(6) L. Helmholz and M. T. Rogers, THIS JOVSHAL, 63, 1S37 
(1940). 
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