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determined from X-ray data. The positive 
charge is assumed at the nitrogen atom and the 
negative charge is taken as being on the oxygen 
atom closest the nitrogen atom. Although X-
ray crystal structure studies12 indicate that the 
negative charge is probably located halfway be
tween the two oxygens, the diagram here indi
cates the closest position of the negative charge 
to the nitrogen atom. The configuration of the 
—C—COO- group illustrated in the diagram 
corresponds to the distance of closest approach of 
the negative and positive charges while still re
taining the normal bond angles and bond lengths. 
This configuration corresponds to a positive to 
negative charge distance of 2.48 A. or a dipole 
moment of this length times the charge on the 
electron or 11.9 X 10~18 e. s. u.—still a very large 
dipole moment to account for small values of 5. 

The possibility of bond angle distortion was 
raised by Edsall and Wyman.11 However, the 
bond angle deformation necessary to account for 
such small dipole moments would be tantamount 
to breaking the chemical bonds. 

Of course, dipole association could account for 
an apparent decrease in moment of the dipole. 

(12) G. Albrecht and R. B. Corey, THIS JOURNAL, 61, 1087 (1939). 

Introduction 
The similarity of physical properties of all the 

amino acids and betaines manifests itself in many 
ways. Their high melting points2 as compared 
with their uncharged isomers, their relative in
solubility in many organic solvents, and their 
dielectric behavior in various solvents,3a,b all 
indicate together with considerable supplemen
tary evidence,4 the presence of a common prop
erty, namely, the existence of these substances 
in the form of dipolar ions. 

In this paper the dielectric properties of these 
dipolar ions (or zwitterions, as they are sometimes 
called) in solution will be considered since it is 
these properties which are so closely similar among 
the various amino acids and betaines. Glycine 
and different betaines when in mixed solvents 
exhibit similar behavior of the dielectric in
crement, the change in dielectric constant of the 
solution with concentration of solute, with chang
ing dielectric constant of the solvent mixture. 

(1) Present address: Department of Electrical Engineering, Mass
achusetts Institute of Technology, Cambridge, Massachusetts. 

(2) E. J. Conn and J. T. Edsall, "Proteins, Amino Acids and Pep
tides," Reinhold Publishing Co., New York, N. Y., 1943; especially 
Chapter S by Edsall and Licatchard. 

(3) (a) J. Wyman, Jr , Chtm. Rn., 19, 213 (1936); (b) D. Price, 
L. G. Joyner and G. Oster, THIS JOURNAL, 66, 946 (1944). 

(4) Reference 2, Chapter 2 by J. T. Edsall. 

However, this would be expected to be dependent 
on the concentration of the dipoles giving a de
crease in 5 with increasing concentration. In 
these experiments no such effects were observed. 

An explanation for the "anomalous" lowering 
of 5 with lowering of e0 lies in the electrostatic 
behavior of dipoles in mixed solvents, a general 
theory of which is presented in the following 
paper. 

Summary 

1. The dielectric constants of solutions of 
glycine and of pyridine betaine in mixtures of 
water and dioxane were determined. 

2. The dielectric increments both of glycine 
and of pyridine betaine showed a regular decrease 
with decreasing dielectric constant of the solvent 
mixture. This decrease is similar to that ex
hibited by glycine betaine and the benzbetaines. 

3. The possibility of reversion of pyridine 
betaine to the un-ionized was examined. Calcula
tions show that the charged groups could ap
proach each other (and thus account for the 
experimental results) only if the valence bonds 
were tremendously distorted. 
CAMBRIDGE, MASS. RECEIVED NOVEMBER 5,1943 

With all the amino acids and betaines studied 
(ortho, meta and para benzbetaines,3a glycine, 
pyridine betaine)3b a regular decrease in the di
electric constant of the solvent mixture (alcohol-
water, dioxane-water, or benzene-alcohol mix
tures) was observed. A decrease in the di
electric increment corresponds to an effective 
decrease in dipole moment, the quantitative 
relation being shown below. A detailed study of 
the structure of one of these substances31" indicates 
that rearrangement of the charged groups within 
the molecule to form an uncharged molecule is 
probably not possible. The argument presented 
in reference (3b) may be carried over to other 
betaines and amino acids. In fact, there is fur
ther evidence6 that the benzbetaines and glycine 
betaine do not exist in the uncharged form in 
solvent mixtures of low dielectric constant in that 
the known uncharged isomers (esters of these 
dipolar ions, prepared by heating the dipolar 
solid to very high temperatures) have solubility 
properties vastly different from the dipolar sub
stances. 

A theory of the behavior of dipolar ions in 
mixed solvents will now be presented in which the 
existence (in any appreciable quantities) of the 
uncharged dipolar ion need not be assumed. The 

(5) J. T. Edsall and J.Wyman, Jr., THIS JOURNAL, 87, 1964(1935). 
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theory should be equally valid for all amino acids 
and betaines (aminophenol being a rare exception 
because of its unusual molecular structure). 
There is abundant evidence2 that amino acids and 
betaines do exist almost completely in the dipolar 
form in water and mixtures of water and ethanol. 
However, there is no direct evidence that the 
uncharged form is present also. It will be shown 
that the presence of the uncharged form, a notion 
incompatible with many of the properties of these 
substances, need not be assumed in order to ex
plain the dielectric behavior of betaines and 
amino acids. 

It is known from electrostatic considerations6 

that ions in mixed solvents will cause a sorting of 
the components of the solvent mixture so that 
the component of the solvent having the higher 
dielectric constant will gather about t i e ions, this 
being an arrangement corresponding to minimum 
free energy. For the same reason we would ex
pect sorting by dipolar ions in mixed solvents. 
The actual evaluation of the minimized free energy 
will not be attempted here since the problem is 
quite difficult even for ordinary ions; further
more, the exact distribution of the solvent com
ponents around the dipolar ions need not be 
known except that we would expect the layer of 
solvent immediately surrounding the dipolar 
ions to be made up predominantly of that solvent 
mixture constituent having the greater dielectric 
constant. Thus, we would expect water in water-
dioxane or water-alcohol mixtures to gather about 
the dipolar ions. Alcohol in alcohol-benzene 
mixtures would be expected to do likewise. 

From electrostatic theory It will be shown that 
the net effect of surrounding the dipole with a 
shell of material of dielectric constant greater 
than that of the bulk of the liquid is to reduce the 
effective moment of the dipolar ion. This shield
ing effect becomes more prominent as the differ
ence in dielectric constant of the shell surrounding 
the dipolar ion and the dielectric constant of the 
liquid in the bulk of the solution becomes greater. 
This, then, accounts for the_ decrease in dielectric 
increment of the dipolar ions as the dielectric 
constant of the solvent mixture is decreased. 

Relation of Dielectric Increment to Dipole 
Moment.—The dielectric increment, S, is de
fined by the relation that the dielectric constant 
of the solution of dipolar ions of concentration c 
is e = «o + 8c where e0 is the dielectric constant 
of the solvent. Wyman2 found that 5 is practi
cally independent of concentration, c. 

A relation between the dielectric increment and 
the dipole moment of the solute may be derived 
from the general theory of dielectrics due to 
Kirkwood7 which has been applied with some suc
cess to polar liquids by Oster and Kirkwood.8 In 
the ternary system of solvents of mole fractions 

(6) P. Debye and J. McAuley, Physik. Z., 26, 22 (1925); G. Scat-
chard, J. Chem. Phys., 9, 34 (194U. 

(7) J. G. Kirkwood, ibid., 7, 911 (1939). 
(8) G. Oster and J. G. Kirkwood, ibid,, 11, 175 (1943). 
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Fig. 1.—Experimental and theoretical dielectric incre
ments of pyridine betaine in water-dioxane mixtures: 

, experimental; , theoretical. 

X2 and X3 with solute (the dipole ions) of concen
tration Xi the dielectric constant of the solution, 
e, is related to the mean molar volume, v, the 
mole fractions, and polarizations P i , P 2 and P 3 
of the constituents by the formula 

(<• - 1) (2« + D X1P1 + X2P, + XiP, 
9 v { ' 

Combining equation (1) with the formula e = <0 + 
5c, where e0 is the dielectric constant of the mix
ture of solvents, constituents 2 and 3, and c is 
the concentration of the dipolar ion (constituent 
1) and after some algebraic manipulation and 
conversion of mole fractions to moles per liter 
one obtains the limiting polarization of the 
dipolar ions due to their permanent dipole 
moments 

ArNw 2000, , (6,- l)(2q, - 1),. 
/ | = T 3 i r = T! + 9^ V~R {2) 

where MM is the scalar product of the dipole 
moment M of the dipolar ion and dipole moment 
M of the dipolar ion and its shell of neighbors, be
yond which the dielectric constant equals the 
macroscopically observed dielectric constant, v 
is the molal volume of the dipolar ion and R is 
its molar refractivity. 

Equation (2) is valid for most substances when 
the dielectric constant of the solvent eo is above 
ten. Between ten and five the first term on right 
side of equation (3) must be replaced by the 

. .̂ 2000, / , . l \ approximation —g— a l l + s-j 1. 
Inserting numerical values for the constants in 

equation (2) then for 25° 

'4[«*«-t!?±s'«]» 
It is now necessary to calculate MM from an 

assumed model and so obtain values for 8 which 
we can compare with experiment. 
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Consider a point dipole of moment n a t the 
center of a sphere (the dipolar ion) of radius a 
and dielectric constant t\. Surrounding the 
sphere is a shell of inner radius a, outer radius b, 
and dielectric constant e*. The sphere and its 
shell are imbedded in a medium of dielectric 
constant e3. 

Since no free charges are present, the electro
static potential must satisfy Laplace's equation, 
V V = O everywhere. Across the boundaries the 
potential and the normal component of the dis
placement vector must be continuous, i. e., a t the 
boundaries the following conditions must be 
satisfied 

dr 

3^2 

dr 

(r = «) 

(4) 

From the general solution of Laplace's equation 
in spherical coordinates for this spherically sym
metric problem, namely 

<P = £ U^ + ̂ 1W 
«-0 v ' 

(5) 

the simplest solutions satisfying the conditions of 
the problem are taken. They are 

^i = -Ar cos 6 + (n/nr1) cos 0 (6a) 
^2 = -Br cos 6 + (C/r2) cos B (6b) 
^i = (D/r2) cos 0 (6c) 

Applying the conditions (4) to equations (6) 
yields for the field inside the sphere (region 1) 

e i O 3 

Ui - «0(62 + 26») - (2e, + e2)(e2 

(262 + 60(2«! + «0 - 2(62 - 6!)(6S 

and for the field in the shell region (2) 

H 6 ^ 
6 3 — 62 

(2«2 + 60(263 + t2) - 2(e2 - e0 (e j -

-

-

«•) 

< ) ' l 
• • > ( * ) ' 

(7) 

©•J 
(8) 

Since Ji is the moment of the molecule and its 
shell of neighbors, then 

1 4ir 
= M + (b3 - a3)l (9) 

4JT 3 

The second term on the right of the equation (9) 
comes from the electrostatic formula for the 
moment M of a region of volume v and dielectric 
constant e in a field of intensity E, namely 

1 
M = 

4x vE 

In equation (9) n does not equal the moment /x0 

of the molecule in free space, but rather 

IJ = Mo + 
- 1 47T 

4x J (10) 

Now /it and ;u act in the same direction so that 
Hix is simply the product of equations (9) and (10). 
The equation for jxji is considerably simplified 

if we take ( y 1 « 1 . If, due to sorting, the outer 

radius of the shell is only three times tha t of its 
inner radius the quant i ty (a/&)3 is sufficiently 
small so tha t the following equation holds to a 
good degree of approximation 

= ,.[ 
where 

[' 

1 -

2Ui - I)Ui 
(2£2 

2(6, 

+ «l)(2«3 

Mo 
- D(«2 -

-•«) 
+ 62.) 

«0 

(Ha) 

(lib) 

36!(2«2 + 60 

Equation ( l i b ) shows tha t ju is practically in
dependent of 63. I t will be noticed from equation 
(11a) tha t fiji is decreased when the dielectric 
constant of the shell, «2, is greater than tha t of the 
outer medium, 63. MM equals /u2 only when H = 
e3 as would be the case for dipolar ions in a single 
solvent, for, example, pure water. As the di
electric constant of the medium e3 (written e0 

in equations (2) and (3)) is reduced, MM approaches 
zero (es is generally large compared with unity and 
61 = w2, the square of the refractive index of the 
solute) and so by equation (3) 5 should approach 
zero (the other two terms in equation (3) not 
containing 5 are relatively small). The effect on e3 

of the sorting out of the higher dielectric constant 
constituent of the solvent mixture to form a shell 
about the dipolar ion has been neglected. This is 
a small effect, however, since the concentrations 
of the dipolar ions in the systems studied are very 
small compared with the concentration of the 
high dielectric constant constituent of the sol
vent mixture, so tha t the dielectric constant of the 
solvent would hardly be expected to be altered 
appreciably by this sorting process. 

The media 1, 2 and 3 have been treated as con
tinuous right up to the surface of the adjacent 
media. I t is known7 '8 t ha t in order to account 
for the dielectric properties of pure polar liquids 
it is necessary to examine a region near the sur
face of a molecule of the liquid where the dielectric 
constant cannot be considered equal to tha t of 
the bulk of the liqtiid. I t turns out, however, 
tha t the cruder continuum model proves to be 
sufficiently detailed so as to agree with the general 
features of the observed dielectric properties of 
dipolar ions in mixed solvents. 

Application of the Theory 
In order to test the theory, the dielectric in

crement of pyridine betaine in mixtures of water 
and dioxane have been calculated. This may be 
evaluated by combining equations (3) and (Ha) to 
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solve for 5. From the observed 5 for pyridine 
betaine in pure water we calculate its dipole 
moment y. to be 16.9 X 1O-18 e. s. u. In equa
tion (Ha) «i is replaced by the square of the 
refractive index of pyridine betaine which is 
determined from a calculated molar refractivity 
R. The molar volume of pyridine betaine in 
water is v = 99.6 cc./mole.6 The dielectric 
constant of water, ^, has the value 78.54. 

The theoretical and experimental315 results are 
illustrated in the figure. 

The deviations of the theoretical results from 
the observed suggest that the sorting of the water 
molecules by the dipolar ions is not complete and 
therefore the actual shielding effect is not as 
great as would be expected for a shell made up 
entirely of water molecules. 

The writer wishes to thank Professor J. G. 
Kirkwood for his helpful suggestions. 

In relation" to certain protein studies in progress 
in this Laboratory, there were desired poly
peptides containing three, four and additional 
residues of the amino acid /-tyrosine3 bound one 
to another with none but tyrosyl residues within 
the chain. For this reason the syntheses of 
tyrosyltyrosyltyrosine and tyrosyltyrosyltyrosyl
tyrosine have been carried out according to the 
procedures to be described in this paper. 

The starting material was the compound O-
acetyl-N-carbobenzoxytyrosyltyrosine ethyl es
ter, I, prepared according to the method of 
Bergmann, et o/.,4 which involves the coupling of 
O-acetyl-N-carbobenzoxytyrosyl chloride with the 
ethyl ester of tyrosine. This product may be 
applied in several ways toward the synthesis of 
the desired polypeptides. Its hydrogenation 
yields tyrosyltyrosine ethyl ester, II, to the free 
amino group of which additional tyrosine residues 
may be coupled through the action of the chloride 
or azide of a suitable tyrosine derivative. 

The preparation of O-acetyl-N-carbobenzoxy-
tyrosyl-O-acetyltyrosyl chloride, which after re
action with II would lead directly to a derived 
tetrapeptide, was first investigated. O-Acetyl-
N-carbobenzoxytyrosyl-O-acetyltyrosine was ob
tained in good yield by the saponification and sub
sequent acetylation of I, but attempts to convert 

(1) Present address: Experimental Station, du Pont Company, 
Wilmington, Delaware. 

(2) Present address: Shell Oil Company, Inc., Wood River, 
Illinois. 

(3) /-Tyrosine was used throughout; consequently all of the com
pounds described in the text contain tyrosine of this configuration. 

(4) Bergmann, Zervas, Salzmann and Schleich, Z. physiol. Ckem., 
224, 17 (1934). 

Summary 
A theory of the decrease in dielectric increment 

of dipolar ions with decrease in dielectric coilstant 
of the solvent mixture is presented. On the basis 
of electrostatic theory dipolar ions would be 
expected to sort out the solvent constituent of 
higher dielectric constant. The shell of material 
of higher dielectric constant thereby produced 
serves to act as an electrostatic shield thus de
creasing the effective dipole moment (and there
fore the dielectric increment) of the dipolar ion. 
The shielding effect becomes more prominent as 
the difference in dielectric of the shell surrounding 
the dipolar ion and that of the liquid in the bulk 
of the solution becomes greater. 

This continuum treatment leads to results 
which reproduce the general features of the ob
served results. 
CAMBRIDGE, MASS. RECEIVED NOVEMBER 5, 1943 

it satisfactorily into the chloride failed. The 
reaction of the free acid with phosphorus penta-
chloride yielded an oil, which in exploratory ex
periments with tyrosine ethyl ester gave no useful 
products. I t appears probable that the failure 
of this approach was due to an attack on the 
peptide linkage by the phosphorus pentachloride. 
Similar results were obtained by Pacsu and Wil
son,6 who studied the action of phosphorus penta
chloride and of thionyl chloride on carbobenz-
oxyglycylglycine. 

The azide of N-carbobenzoxytyrosyltyrosine 
coupled with II, would also yield a derivative of 
the tetrapeptide. This line of approach was next 
investigated. N-Carbenzoxytyrosyltyrosine hy-
drazide was obtained readily by the action of 
hydrazine hydrate on I. The corresponding 
azide was prepared and, without isolation, added 
in ethyl acetate solution to a similar solution of 
the ester, II. The failure to isolate any definite 
product and the inaccessibility of the two reagents 
employed led finally to the simple, direct ap
proach of adding single tyrosine residues step
wise to peptide esters of increasing length. 

This procedure, although laborious and time-
consuming, led finally to the desired products. 
For its consummation O-acetyl-N-carbobenz
oxytyrosyl chloride was coupled with tyrosyl
tyrosine ethyl ester, to give O-acetyl-N-carbo-
benzoxytyrosyltyrosyltyrosine ethyl ester, III. 
The latter was converted by hydrolysis to the 
carbobenzoxytripeptide, IV, which was catalyti-
cally reduced to the desired tripeptide, V. Re
peating this process, addition of another 

(5) Pacsu and Wilson, J. Org. Chem., 7, 117 (1942). 
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