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earth salt hydrate in NMA should be preferen
tially solvated with NMA. Furthermore, the prop
erties of the resulting mixed solvent should differ 
negligibly from those of pure NMA. 

The limiting equivalent conductances of the 
strontium, calcium, barium and magnesium ions in 
NMA at 40° are 10.4, 10.2, 10.1 and 9.8 ohm-1 

cm.2 equiv.-1, respectively. These are based on 
the values of anionic conductances which were re
ported in a previous paper.6 Insofar as the series 
of alkaline earth ions is concerned, the barium ion 
is generally the most conducting; however, in NMA 
its limiting equivalent conductance is intermediate 
in the series. This behavior is very much analo
gous to sodium salts having greater limiting equiv
alent conductances than corresponding potas
sium salts in N,N-dimethylacetamide16 and N,N-
dimethylpropionamide.17 In comparison to aque
ous solutions, obviously unusual relative ionic 
solvation effects are operative in the amides. 
This is further illustrated by the limiting equiva
lent conductance of each of the alkaline earth ions 

(16) G. R. Lester, T. A. Gover and P. G. Sears, J. Phys. Chem., 60, 
1076 (1956). 

(17) E. D. Wilhoit and P. G. Sears, Trans. Ky. Acad. Set., 17, 123 
(1956). 

Most studies of the dielectric constants of gases 
have been made at relatively low frequency, gen
erally of the order of 1 megacycle. In the range 
between 0 and 10 megacycles the dielectric con
stant has been found to be frequency-independent 
for all gases. At the other extreme of frequency, 
refractive index measurements of high accuracy are 
available in the optical region where the dielectric 
constant is found to be much lower. Between the 
frequency regions accessible by these two methods 
there is a wide range of frequency where measure
ments were not possible before the development of 
microwave techniques. 

For gases at moderate or low pressure, it has 
been presumed generally that the dielectric con
stant would be independent of frequency until the 
measuring frequency approached the lowest reso
nance frequency of the molecule, normally for the / 
= 0 —*• J = 1 rotational transition. Boggs, Crain 
and Whiteford,2 however, have measured the di-

(1) A portion of this work was supported by Air Force Contract AF 
33(6165-2842. 

(2) J. E. Boggs, C. M. Crain and J. E. Whiteford, J. Phys. Chem., 61, 
482 (1957). 

in NMA being 15-20% greater than that of the 
potassium ion which is the most conducting of the 
alkali metal ions which have been studied. 

As indicated earlier in the discussion, the results 
presented in Table II are based on the Shedlovsky 
equation14 which at low concentrations reduces to 
the limiting theoretical Onsager equation. Since 
this same method of analysis has been used for 
treating the data for alkaline earth salts in aqueous 
solutions,18 convenient comparisons are facilitated. 
An analysis of the data by the new Fuoss method19 

is inapplicable since the method has been worked 
out only for the symmetrical valence type of elec
trolyte. 

This research involving the use of NMA as a 
solvent represents by far the most comprehensive 
study of the conductances of alkaline earth salts 
in a non-aqueous medium. Additional work in
volving the behavior of NMA solutions of several 
other 2-1, 3-1, 2-2, 1-2 and 1-3 salts is in progress 
in this Laboratory. 

(18) T. Shedlovsky and A. S. Brown, THIS JOURNAL, 56, 1066 
(1932). 

(19) R. M. Fuoss, ibid., 79, 3301 (1957). 
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electric constant of a number of gases at a fre
quency of 9400 megacycles and have found that 
while some gases show the static value of dielectric 
constant, others (CH3Cl, CHClF2, CHCl2F, CH3Br, 
and possibly CClF3 and CCl3F) have a distinctly 
lower dielectric constant at 9400 megacycles than at 
low frequency. This result cannot be attributed to 
dispersion involving a pure rotational transition, 
since, for CH3Cl and CH3Br at least, the measure
ment frequency is well below the frequency of the 
first rotational spectral line. More recently, Boggs, 
Thompson and Crain3 have shown that no measur
able variation in the dielectric constant occurs in 
the frequency region surrounding the first rotational 
line of cyanoacetylene or the third rotational line 
of tf-butyl iodide. While such a variation would 
certainly be expected to be present, its magnitude 
must be below the ± 0.5% level which could be de
tected. These workers also have shown3 that the 
dielectric constants of CH3Cl and CH3CCl3, which 
are lower at 9400 megacycles than at low frequency, 
are still decreasing at 9400 megacycles. 

(3) J. E. Boggs, C. M. Thompson and C. M. Crain, ibid., 61, 1625 
(1957). 
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The dielectric constants of CH3CN, CHFs, CHCl8 and CH3CCIj have been measured at 9400 megacycles over a range of 
pressures and temperatures. For these gases, as well as CH3Cl and CH3Br reported earlier, the orientation polarization at 
9400 megacycles is appreciably lower than the static value. The difference is shown to be due to dispersion associated with 
low-frequency inversion transitions. The dielectric constant measurements are correlated with published data on micro
wave absorption by the pressure-broadened inversion transitions. Moreover, the measured dielectric constants can be ac
curately predicted by application of the Van Vleck-Weisskopf theory of the intensity of spectral lines to an inversion transi
tion occurring at zero frequency. 
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In the relatively early days of microwave studies, 
several workers4""6 observed appreciable absorption 
in gaseous alkyl halides, which they attributed to 
pressure broadening of low-frequency inversion 
transition lines. Birnbaum has recently made a 
much more thorough study7'8 of this effect for 
symmetric top molecules. Application of the Van 
Vleck-Weisskopf equation for the shape of pres
sure-broadened lines to a transition at zero fre
quency gives an expression for absorption as a func
tion of frequency identical with the Debye equa
tion which describes dielectric relaxation in polar 
liquids. The absorption data obtained by Birn
baum are in fairly good agreement with the Debye 
equation but are better fitted by the Cole-Cole 
equation which makes allowance for a distribution 
of relaxation times. 

The present study presents the results of dielec
tric constant measurements on certain symmetric 
top molecules at a frequency of 9400 megacycles 
and correlates the resulting information on dielec
tric dispersion with Birnbaum's data on microwave 
absorption. It also shows that the observed di
electric data can be predicted from fundamental 
theory, assuming that the dispersion is due to the 
possibility of low-frequency inversion transitions. 

Experimental 
The apparatus and general methods of measurement were 

similar to those used by Boggs, Crain and Whiteford.2 

Dielectric constant values were obtained for each gas using 
a Crain refractometer,9'10 a series of measurements being 
made at varying gas pressures at each of four different tem
peratures between 30 and 90°. At the low pressures used 
(1.5 to 10 cm.), deviations from the ideal gas law were not 
observed. There was a considerable tendency for some of 
the gases to adsorb on the wall of the refractometer cavity, 
but after a short time the pressure and refractometer read
ings became stable. Since the electric field in the cavity 
is zero at the walls, the electrical effect of adsorbed gas 
should be minimal. 

All of the liquids were purified by fractional distilla
tion through an efficient column. Compounds which are 
gases at room temperature were purified by fractional dis
tillation on a vacuum line. In some cases, tests for purity 
were made by gas phase chromatography. 

Results 
For all of the gases measured, the quantity (e — 

1) was found to be a linear function of pressure 
over the rather limited pressure range used. In 
each case, a straight line was obtained when the 
molar polarization was plotted against the recipro
cal temperature. The value of the molar polariza
tion at 30° taken from this line together with the 
extrapolated distortion polarization and the low-
frequency values of the same quantities taken from 
the literature are shown in Table I. The data for 
CH3Cl.and CH3Br previously reported by Boggs, 
Crain and Whiteford2 are included for comparison. 

It will be noted from Table I that the distortion 
polarization measured at 9400 megacycles agrees 
within experimental error with the value obtained 

(4) Vf. D. Hershberger, J. Appl. Phys., 17, 495 (1946). 
(5) J. E. Walter and W. D. Hershberger, ibid., 17, 814 (1946). 
(6) B. Bleaney and J. H. N. Loubser, Proc. Phys. Soc. (London), 

A63, 483 (1950). 
(7) G. Birnbaum, / . Chem. Phys., 27, 360 (1957). 
(8) G. Birnbaum, Ph.D. dissertation, George Washington Univer

sity, 1956. 
(91 C. M. Crain, Rev. Sci. Iustr., 21, 456 (1950). 
(10) C. M. Crain and C. E. Williams, Electronics. 29, 150 (1950). 

G a s 

CH3Cl 
CH3Br 
CH3CN 
CHF3 

CHCl3 

CH3CCl3 

Pm (CC.) 
9400 Mc. 

78.0 
76.2 

291 
41.1 
.37.0 
66.5 

TABLB I 
Pm (cc.) 
"Static" 

84.4" 
80.3b 

322c 

63.2^ 
45.9-' 
9 1 . T 

Pu (cc.) 
9400 Mc. 

14.2 
14.6 
15 
8.0 

23.3 
28.4 

PD (UC.) 
"Static" 

14.1° 
15.26 

11. V 
8.8* 

25.3-f 

27.0-' 
" R. Sanger, O. Steiger and K. Gachter, HeIv. Phys. Acta, 

5, 200 (1932). 6 C . P . Smyth and K. B. McAlpine, J. 
Chem. Phys., 2, 499 (1934). c L. G. Groves and S. Sugden, 
/ . Chem. Soc, 158 (1937). d J . N. Shoolery and A. H. 
Sharbaugh, Phys. Rev., 82, 95 (1951). • K. L. Rama-
swamy, Proc. Indian Acad. Sci., A2, 364 and 630 (1935). 
•' A. A. Maryott , M. E. Hobbs and P. M. Cross, T H I S 
JOURNAL, 63, 659 (1941). 

from low-frequency measurements. In every case, 
however, the total polarization is appreciably lower 
at the higher frequency, indicating a smaller value 
for the orientation polarization. 

Discussion 
According to the Debye equations, the real part 

of the complex dielectric constant 
e* — ef -j- Ie" 

is given by 

and the imaginary part, or loss factor, is given by 

1 + (XMA)2 ^' 

where X is the wave length of the measuring radia
tion, XM is the critical wave length for which the 
loss factor is a maximum, en' is the value of the di
electric constant at zero frequency and tj is the 
value the dielectric constant approaches at fre
quencies well above those at which absorption oc
curs. As has been pointed out by Birnbaum,'3 

the Van Vleck-Weisskopf equation for the shape of 
spectral lines broadened by molecular collisions 
reduces to this same form when written for the 
special case of a line at zero frequency. 

Rearranging equation 1 gives 

1 _ il°l_T" ta'^ A. i ' n 
e - * - TTJxTiW + <€co ~ 1] 

Since (e0' — «»') and (tJ — 1) are each propor
tional to pressure and XM decreases with increasing 
pressure, this leads in general to a rather complex 
dependence on pressure. However, if XM/X is 
large, (e' — 1) becomes essentially equal to (e«' 
— 1), and consequently is directly proportional to 
pressure. Since this is the pressure dependence 
we have observed experimentally, it must be that 
XM is well above the wave length of 3.2 cm. used in 
our measurements and we are observing the value 
of the dielectric constant after all of the dispersion 
connected with the low-frequency absorption has 
had its effect. If our measurements had been ex
tended to higher pressure, which was impossible 
experimentally, the value of XM would have de
creased, and we would presumably no longer have 
found a linear relation between (V — 1) and pres
sure. 

Of the gases we have studied, Birnbaum7'8 has 
measured the loss factor for CH3Cl, CH3Br, CH3CN 
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and CHF3 over a range of frequencies and pressures. 
From his measurements and the Debye relations 
he derives values for (tan S/p)^., the maximum 
value of the ratio of the loss tangent to pressure 
(which is independent of frequency), and for Av/p, 
the variation of line width with pressure. The 
maximum absorption is obtained when v = Af, so 
XM = 1/AK. From equation 2, CM" = 1A («o' — 

tj), so (e</ — e»') at any pressure will be given 
by 2 (tan 5/p)u- Table II shows the values of the 
critical wave length and ( t / — «»') calculated 
from Birnbaum's absorption data and the value of 
(«o' — «') measured by us, all calculated at the 
temperature of 26° used by Birnbaum and at a 
pressure of 100 mm., which is the highest pressure 
we have used. It must be emphasized that the 
tJ involved in this calculation is not the value of 
the dielectric constant at infinite frequency but the 
value to which the dielectric constant would be re
duced at high frequency by the Debye absorption 
alone. At still higher frequency, dispersion con
nected with rotational transitions would appear, 
and the dielectric constant associated with molec
ular distortion alone might be considerably lower. 

TABLE II 

Birnbaum Birnbaum Observed 
Gas XM (cm.) («>' - 1»') X 10« («' - «') X 10« 

CH3Cl 66 10.0 10.2 
CH3Br 78 7.6 6.6 
CH3CN 22 32 49 
CHF3 147 33 36 

It will be noted from Table II that there is 
good agreement between the values of (e</ — 
«»') calculated from Birnbaum's adsorption data 
and the measured values of (e0' — «') for CH3Cl, 
CH3Br and CHF3. This confirms the conclusion 
reached from the pressure dependence of the di
electric constant that at the pressures we have 
used all of the dispersion connected with the low-
frequency absorption has had its effect below the 
measuring frequency of 9400 megacycles so that e' 
is equal to e. ' . The discrepancy between the 
measured and calculated values of CH3CN is 
considerably larger than the estimated error in our 
measurements of e'. The sample we used was 
Eastman spectroscopic grade and showed only com
pletely negligible traces of impurities in a vapor 
phase chromatograph. The average deviation of 
the points on our plot of molar polarization vs. re
ciprocal temperature was 0.4%. It must be re
membered, however, that («</ — «') represents a 
small difference between two relatively large num
bers, especially in the case of CH3CN where the 
orientation polarization is down by only about 9% 
at 9400 megacycles compared with the static value. 
If the low-frequency measurements, made in 1937, 
were in error by as much as 3%, our value of 49 
X 10~5 would be reduced to 32 X 10 -5 in agree
ment with Birnbaum. An error of 2% of the low-
frequency dielectric constant would put our meas
urement in agreement with the theoretical value 
to be discussed below. 

The loss measurements made by Birnbaum de
viate somewhat from the values predicted by the 
Debye equations. The deviation is of the sort 
that would be expected if there was a distribution 

of relaxation times or line widths rather than the 
single value on which the Debye theory is based. 
Such a situation is treated by the empirical relations 
of Cole and Cole,11 which may be written in the 
form 

, , Uo' - * , ' ) [ ! + ( X M / X ) ' - " sin («7r/2)] 
e = e „ " M + 2 ( X M A ) 1 - " sin (<*7r/2) + ( X M A ) 2 ' 1 - " ' 

(3) 

and 
„ = Uo' - C S = Q ( X M A ) 1 - " cos ( « r / 2 ) 

' 1 + 2 ( X M A ) 1 ^ S m (O.TT/2) + ( X M A ) * ' 1 - " ' 

where a is a constant with values between 0 and 1. 
For a = 0 the Cole-Cole equations reduce to the 
Debye expressions. 

From his absorption measurements, Birnbaum78 

has derived a value of a = 0.051 for CH3Cl. Using 
Birnbaum's measurements of the loss factor at 1193 
and 2216 megacycles, equation 4 can be solved for 
XM and for (e0' — ««.')• giving values of 81 cm. and 
13 X 10"5, respectively, for CH3Cl. The distri
bution of relaxation times results in the dispersion 
curve being spread out over a somewhat wider 
frequency range. If the Cole-Cole equation is 
valid, it would appear that our dielectric constant 
measurement at 9400 megacycles might not be 
quite down to the e=' value. This calculation and 
those used in preparing Table II, however, are 
made for a pressure of 100 mm., which is the upper 
limit of the pressures we have used in measuring 
the dielectric constant. At lower pressures the 
value of XM will be greater and the variation in the 
dielectric constant will occur at a lower frequency. 

It is of interest to examine the slope of the curve 
of dielectric constant vs. frequency in the region of 
our measurements. Converting wave length to 
frequency and taking the derivative, one obtains 
from equation 1 

de' = _ 2W - «. QUAM) 

diT „M[1 + UAM)2]2 

Substituting the values for CH3Cl at 100 mm. 
pressure and v = 9400 megacycles, gives de'/dc 
= —5.0 X 10~17 per cycle. If one assumes the 
Cole-Cole equation rather than the Debye equa
tion, the slope is given by the derivative of equa
tion 3, which is 

dc_' 2((Q' - 6„')(1 - « ) U A M ) 1 - " 

df yM[l + 2 ( X A M ) 1 - " sin (ajr/2) + U A M ) 2 ' 1 - " ' ] 2 

Inserting the appropriate values for CH3Cl at 100 
mm., 26°, and a frequency of 94C0 megacycles 
gives de'/dv = —6.6 X 10 -17 per cycle. Boggs, 
Thompson and Crain3 have measured the fre
quency dependence of the dielectric constant of 
CH3Cl at 42° and 9400 megacycles and have re
ported a value equivalent to de'/df = —(2.0 
± 0.4) X 1O-14 per cycle at a pressure of 100 mm. 
It is clear that the frequency variation of the di
electric constant which they observed, if real, can
not be explained in terms of the low-frequency 
Debye absorption alone. 

The extent of lowering of the dielectric con
stant of a gas due to low-frequency inversion transi
tions also can be approached in a more funda
mental way by making use of the Van Vleck-

(11) K. S. Cole and R. H. Cole, J. Ckem. Phys., 9, 341 (1941). 
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Weisskopf evaluation of the intensity of a pressure-
broadened spectral line applied to the special case 
of a transition at zero frequency and using the di
pole moment matrix element for an inversion transi
tion. The dipole moment of a rotating molecule 
may be resolved into two components, one per
pendicular to the direction of total angular momen
tum which gives rise to the ordinary rotational 
spectrum, and one parallel to this direction which 
can interact with an electromagnetic field only if 
the molecule undergoes inversion. I t is the latter 
component with which we are concerned. 

The Van Vleck-Weisskopf equation specialized 
as described above becomes 

* ~ ZkT S / j K lwK I ,« + A„» 

where N is the number of molecules per cc, / JK is 
the fractional number of molecules occupying the 
JK rotational energy level, and |JUJKI is the dipole 
moment matrix element for an inversion transition 
Birnbaum7'8 gives a closed expression for evalu
ating the sum 

<M2JK> = S/jK |MJK I2 

in terms of the permanent dipole moment, /x, and 
the molecular rotation constants, Aa and B0. 
At a given pressure, the maximum loss occurs when 
v = Av, and at this pressure e0' — e = ' = 2 tu"• 

Table III shows the values of < M 2 J K > / V cal
culated from Birnbaum's expression, values of 
B0 as tabulated by Gordy, Smith and Trambarulo12 

and values of A0 calculated from molecular struc
tural parameters for the gases we have studied. 
It will be noted that this quantity represents the 
fraction of the total orientation polarization that is 

(12) W. Gordy, W. V. Smith and R. F. Trambarulo, "Microwave 
Spectroscopy," John Wiley and Sons, New York, N. Y1, 1953. 

In a search for means by which to connect the 
structure of proteins with their function, hemo
globin quickly presents itself as an interesting sub
ject for experimental attack. Physical and chemi
cal differences between hemoglobin with and with
out oxygen have been reported.1 Of most in-

(1) R. Lemberg and J. W. Legge, "Hematin Compounds and Bile 
Pigments," Interscience Publishers, Inc., New York, N. Y., 1949, 
Chap. 6. 

due to the inversion effect. The remaining frac
tion will disappear as the measuring frequency is 
increased through the region of rotational absorp
tion for the molecule. Table III also shows the 
values of («0' — e.') at a pressure of 100 mm. cal
culated on the basis of this model and the observed 
values of (e0' — e'). With the exception of the 
results for CH3CN, as discussed above, the agree
ment is quite satisfactory. This lends strong sup
port to the explanation we are proposing for the 
observed variation of dielectric constant with fre
quency. 

TABLE II I 

G a s 

CH3Cl 
CH3Br 
CH3CN 
CHF 3 

CHCl3 

CH3CCl3 

< (C2JK) > / M > 

0.100 
.073 
.075 
.415 
.425 
.373 

n X 10i» 

1.87 
1.80 
3.94 
1.64 
1.01 
1.79 

T h e o r e t i c a l 
(eo' — «eo') 

X 10 ' 

10. 
8. 

38 
37 
14 
39 

8 
2 

Observed 
( « » ' - € ' ) 

X 10 ' 

10.2 
6.6 

49 
36 
14 
40 

Contrary to previous expectations, dielectric 
dispersion in a gas is not restricted to the region of 
rotational absorption. A considerable portion of 
the orientation polarization, depending on the 
shape of the molecule, disappears at relatively low 
frequencies due to dispersion associated with low-
frequency inversion transitions. Measurements of 
dielectric constants in the microwave region can 
be correlated with absorption measurements on 
the pressure-broadened inversion spectral lines, or 
the dielectric constant in the microwave region can 
be calculated accurately from molecular structural 
parameters. 
AUSTIN 12, T E X A S 

terest among these is the marked difference between 
the X-ray diffraction patterns and the optical di-
chroism of the two forms.2 Indeed the X-ray pat
terns are so different as to suggest that the internal 
structure of the molecule becomes drastically al
tered on oxygen uptake. The significance of this 
intriguing fact and its possible relationship to the 

(2) J. Boyes-Watson, E. Davidson and M. F. Perutz, Proc. Roy. Soc. 
(London), A191, 83 (1947); M. F. Perutz, ibid., A195, 474 (1919). 
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Dielectric Properties of Hemoglobin. II. Anomalous Dispersion during Oxygenation 
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The dielectric properties of horse and bovine hemoglobin were determined in the frequency range from 50 kc. to 6 mc. as a 
function of oxygen pressure. The anomalous dispersion which appears in this frequency region is well fitted by the equation 
of Cole and Cole so that the data can be analyzed in terms of the real component of the dielectric constant «', the mean 
dielectric relaxation time TO and the distribution parameter for these times a. The dipole moment M. and r0 for unoxygenated 
horse hemoglobin were 380 debye and 14.5 X 10~8 s e c : for oxygenated horse hemoglobin 430 debye and 1O-7 sec. and 270 
and 12.7 X 1O-8 sec. for bovine oxyhemoglobin. In confirmation of previous studies, the difference, eo — «», in dielectric 
constant at frequencies below and above the dispersion region, was found to pass through a series of maxima and minima. 
The maxima occur a t about 25 and 75% oxygenation, the central minimum at 50%. Supplementing these findings both 
7o and a were found to follow the same pattern with the extrema at the same oxygen pressures, a of horse hemoglobin was 
large at all oxygen pressures, indicating a wide distribution of relaxing species, but that of bovine hemoglobin was much 
smaller and its change as a function of oxygen was also less pronounced than horse hemoglobin. Aggregation or dissociation 
of the protein and protein-protein interactions are excluded as sources of phenomena and the possibilities that change in 
protein shape or charge distribution may be controlled by oxygen pressure are discussed. 


