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i, ]NTRODUCTION‘ HECM -Q?A/

A1l interferometers divide a beam of light into two or more parts

which travel different paths then recombine to férm interference fringes.
The form of these fringes is determined by the difference in optj.cal
path travelled by successive beams, Thus interfemeters-~measure
primarily differences in optical paf.h. But as the optical path is the |
product of tpe geometric path and tixe refractive index, an interferometer
eithsr measures differences of geometric path when the two beams travel
in the same medium, or the difference of refractive index when the
gecmetric paths are eqhal. Therefore, ixiterferometa*s can be designed
to meMe the refracfive indices of solids, liquids, solutions, and gasss.
In measurements on solids and liquids, an int;srferomete‘r has no

great advantage §ver a precision refractometer., However, the interfero-
meter is much better adapted to the measursment of the small difference
between the refractive index of a pure solvent and that of a very dilute
solution of a substence in that solvent. i‘m interferometer is even
able to detect these small differences when the sp'ibgtances‘to be dissolved
are very slightly soluble, Only an interferameter will measure the re-
fractive index of a gas with any accurécy.

_ It has been the object of this investigatiop to construct an inter-
ferometer of the Raylsigh type and adept it for two purposes; first, the

measurement of the refractive indices of gésés by an absolute method and,

1~
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second, the measurement of the refractive indices of very dilute solutions

by the difference method.

An additive quantity, the molar refraction, can be computed from
the measufed'ref‘ractivg index and density of a sﬁbstance. ~ The molar re-
fraction may also be obtzined from empirieullyn deduced atomic and
structural refractive constants. A comparison of the values of molar

refractj.ons observed with those obtained from sdditive constants gives

~ informstion concerning the structure of the substance, In this disserta-

tion molar refraction data have been obtained by experiment and from

literature sources for this camparison, The molar refractions of ionic

and covalent fluorides ha\[e.been discussed in detail,

02397 011




II., HISTORICAL BACKGROUND

Refraptive Index

When 1ight passes from one medium into another medium it undergoes

.a change in velocity and, unless the beam is perpendicular to the

boundary, also in dirsction. The change in direction is measured in
terms of the engle of incidence i and the angle of refraction r which
the incident and refracted beam make with the normal to the boundary

(See Figure 1). Snell!s law of refraction states that
ngsini = nysinr (1)

where n, is the index of refraction of the first medium, from which the
angle of incidence (sin i) is measured, and np is the index of refraction
of the second mediux;n , from which the angle of refraction (sin r) is

measured, According to the wave theory of light,

ny/ny = vy/fvy ‘2),

where v, and v, are the velocities of the light beam in the respective

media,
When air, or more accurateiy vacuum, is the first medium, the -

equation reduces to

n = sinifsinr = vi/v,. | (3)

0297 012
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Figure 1, Refraction of light at a boundary .
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Thus the refractive index n is a dimensionless constant whose value, for

- light of a given wave-length, is determined by the nature and stats of

aggregation of the substance and of the reference (air or vecuum) , If

measurements of the refractive index are to be strictly compareble, it is

- evidently necessary to specify the reference medium as well a3 to control

other variables which affect the velocity of light in the sample itself,
Since the index of refraction of air at 0°C is about 1,000297, depending .
upon the percentage of carbon dioxide in it, it is usually taken as unity
in me;surements dn solids and liquids.l The refractive indices of gases
ere usually rgferred to facuum as the reference medium; this yields an
absolute index of refraction characteristic of the substance.

The refractive index is of value in three reSppcts. First, it serves
as a means for the identification of a substance, for its guantitative
analysis and as a criterion of its purity. The usefulness of the réfractive
index for these purposes is due to the ease and precision with which it
can be determined, Second, knowledge of the refractive index is necessary
for the evaluation of dipole moments of substances if the dielectric
constant is measured at one temperature only, Third, certsain functions
of the refractive index, such as the molar refr&ction‘MR, are character-
istic of a given molecule. and indicative of its structure.

It is important tobnotice that the velocity of light in a medium
depends on the wavq-length, so rays of light with different wave-lengths
are refracted differently and & composite ray is broken up by refraction
into hamogeneOué rays of différent wave-lengths. This effect is known

as dispersion. Comparable values of refractive indices must, therefore,

-5 0297 014




refer to the same wave-length, Very commonly the D line in the sodium

spectrum, or selected lines of the hydrogen discharge or 'mercury arc
spectra, are used.
The optical dispersion is expressed &s na, = nA Or as some simple

function of it. Other expressions used are the "nu value",

v o= (np = 1)/ing = ng), )
and the Vspeci_fic- dispersion®™,

v = (op - nc?/d. (S?

Here Ny, Tp, and n, refer to the wave-lengths demoted by the Fraunhofer

o
symbols®; C for He = 6563 A, D for Nay = 5893 3, and F for Hg =

: 0
LB861 A, With the intense and convenient light sources now available the

optical dispersion is readily measured and frequently used, It shows
greater differences smong closely related -compounda than the refractive
index itself and has been used to identify compounds of similar refractive
index,

For a wide variety of 11quids6’7 an increase in temperature causes a
decrease in the refractive index, but some ]iquids , especially at
temperatures near the boiling point, have negative temperature coefficients.
Thus it is necessary to specify the temperature and this is usually done
by writing the temperature as a superscript, e.g., nzs. Most data are
given for 1500, i7 .5°c, and 2000, but to conform with other pﬁysico-

chemicsl dsta measurements at 25°c are becoming increasingly desirable,

wb-
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Pressure changes are usually neglected compietely in iiquid and
solid refractive index messurements. Tilton® hes shown that an increase
in pressure of one atmosphers will increase the refractive index by
gbout 3 x 10.5 so normal fluctuations of barometric pressure produce a
negligible chenge during the measurement of a refractlve index,

The refractive indices of solutions vary with concentration of

solute and therefore may be used as a measure of concentration, The most

reliable method utilizes interpolation from an empiricﬂ calibration

curve made up using solutions of known conceﬁtration. In certaln cases
there exists a linear rel#tionship between these two quantities but more
generally the data are represented by a curve, the sh@e of which is
influenced by the way in which the concentration is expressed; molarity
M is more likely to give a nearly linear relationship than weight per
cent p, ‘For sqlutions in which the components ﬁndergo assdqiation s O
in which the intermolecular forces are sufficiently different from those
in the pure components, a maximum or minimum in the refractive index
versus molarity curve may occur.

If it is necessary to predict a value of the refraétive index of a
solution of given concentration without use of a calibration curve one

can often use equation (6), which is among the simplest

100(n = 1) = pa(n; =1) + (100 = p,){ng = 1) - !
=R _L_...Ld_;__f. . __;.3;4 (6)

9=13

of the many functions proposed for relating the refractive index,

density, and composition of a mixture. The subscripts, one and two,

- 0297 p1g
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distingﬁish the two components, This equation is based on the assumption |
tha.t, for binary mixtures, the specific refraction rg,, calculated by the
Glsdstone-Dale formula, is a linear function of composition, A relation
based on additivity of the Lorenz-Lorentz refraction is often used in-

stead of this equation. Although the sdditivity of the Lorenz-Lorents

refraction for mixtures is not always as exact.aa that of other expressions

for refraction, its app_lic‘ation has an advantage in that the deviations
from additivity are often rélabed in a simple ﬁay to the forces within
and betwsen the molecules.

When determining the refractive index of a pure _compound the ano_unt.
of impurity in the material used is of utmost importance. Therefore it
is of some advantage to be sble to estimate how pure a sample should be
tg give the accuracy desired in the refractive index. The following
formulal®, based on equation (6), is useful in certain cases in estimating

the degree of purification neéessary for measurements of a given accuracy.
n=Ng = 0.01 P (nl - no) (7)

The symbols n, ng, and n, refer to the mixf;ure', the .pure substance, and
the impurity, respectively, and p; is the weight percent impurity., It is
'ass‘umed that the irfxpurity is known and that the density of the impurity
end of the pure compound are the same, It therefore applies best to solu-
tions containing a small amount of a solute having physical and chemical
properties closely similar to those of the solvent--a situation frequently
encountered in the final purification of liquids., Volume perc’eﬁt may be

used instead of weight percent: in equation (7) with about equal success.

8=
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One should therefore estimate the precision with which one is justified
in measuring the refractive index of a substance having a probable

weight percent impurity p,.

The Interferometer

As was noted in the i%xtroductim, the inmterferometer may measure
differences in optical path, in length, or in refractive index. To this
end there have been devised interferometers which fall into two general
classifications-~division of wave front requiring point or slit sources,
and division of amplitude reguir:l.ng broad or exbended gources. Examples
of the first class are the Fresnel biprism and Fresnel mirror, Lloyd's
mirror, Billet’s split lens, and Rayleigh's interferometer. In each
case vwhen the él:l.t is too wide the frizigeé disappear. This disappear;mce
of the fringes was actually used by Michelson in his method of measuring
the angular diameter of stars and by Gerhardt in his adaptation of
Michelson's method of obtaining the diameters of ultramicroscopic
particles ’. _ | |

In the second class, where the beam is divided by partial reflection
at a half-silvered mirror, there is a point-to-point correspondence be-
tween the wavefronts of the transmitted and reflected oeams. This means
that with division of amplitude extended light sources may be used, |
Examples of this} class®® are the interference effects of thin films and
the interferometer systems of Jamin, Mach, Michelson, Fabry-Perot, and

Lummer~Gehrcke., Since this woz;k is concerned with refractive index-

0297 n1sg
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measurement, no detéiled mention shall be made of any or sall of the
various types of interferometers for other measurements than that of re-
fractivé index since fhey have been extensively reviewed by ('Ja.ndle'r,]‘5
Perhaps the beginning of the interferometer should be traced back

to the estronumers why ‘for many centuries realized that the eerthls
atmosphere refracted the light passing through it and therefore that the
positioﬁ of a star is displaced. From the time of Tycho Brhhe, vwhen
astronomic sl tgchniques first became sufficiently precise, sttempts have
been made to correct this deviation, In 1805 Delambre® used a large
nunber of astronomical observations to determine the refractive index of
gir for white light. The first accurate laboratory measurement was made
sbout the same time by Biot and Arago®»17 who messured the deviation of
white light passing through air énclosed in a hollow glass prism,

~ Grimaldi, who was the first to observe accurately and describe dif-
fréction , or the bending of light around the edges of oﬁstacles s reported
a3 early as 1665 an experiment which he believed proved the interference
of light,  However, interference could not have occurred under the.con-
ditions of his experiment. A century later this experiment was modified
by Young in trying to verify the principle' of the interference of light,
and true destructive interference of light was observed. Fresnel then
carried this vork further aﬁd produced interference without the diffraction
effects observed by Young. Thé development ‘_of_ the various: types and forms
of interferometers followed' this basic work,

The réfractive indices of gases were first measured by the prism

method® which is explained in some deteil by Parl',:i.‘ngton.l9 Observations

=10
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are made using a hbllOW‘glass prism which is first evacuated and then
filled ﬁith the pure dry gss to be meésnred. A prism constructed by
Dulcmgzo cansisted of a widc glass tubw with glass plates cemented on
the ends, .

~ Jamin in 1857 first used &n interferometer to measure the refractive
index of a gas, Takiné adventage of the increased accuracy, Ketteler®!
measured the refractive index of air with the red, yellow, and green
lines in the spectra of lithium, sodium, and thallium, respectively, and
thus obtained a v;lue for the dispersion of a&ir, Since that date some
forty measurements have been made on air. In measurements of wave=-length
the primary standard is the wave-length of the red cadmium redistion in
standard air, but there has been & decided trend to adopt as & standard
the green line of the mercury isotope of mass 198 because of its purity
and availzbility. “ ‘

Lord Rayleigh??s%® désigned an interferometer in 1896 when he wished
to measure the refractive indices of the recently discovered gases, argon
and helium, Refractive indices have usually been measured with his form
of the interferometer, or the Jamin interferometer; however, many inter-

ferometers of other typss have been, or could be, adapted, The Rgyleigh

~ interferometer is by far the most accurate and convenient means available

for measuring small changes in refractive indices. It surpasses other
interferential methodé, such as that of Jamin, because the fidudiary
system is a similar set of fringes and not a cross wire. This feature
was introduced by Hasber and Lowe.3® Subsequently the Rayleigh inter-

ferometer has been extensively developed by Williams, Geffcken,

-11-
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Carl Zeiss, Inc.,, Adam Hilger & Co., and otﬁers. The problem of cali-
bration has been discussed by ﬁdwards“’28 and by Adams,27 who have also
considered the errors due to dispersion, ]

A Rayleigh interferomeier is, in prihciple, an instrument which
divides a collimated beam of light fram a single source into two parts by
means of tuo»adjacent slits. These travel different parallel paths and
recombine to form vertical straight interference fringes. If the optical
path of one of these divided interfering béams is changed there is a
lateral shift of the whole fringe system. This shift is observed in a
telescope and its magnitude is found in terms of the number of fringes
displaced from the original position, and can be calibraxedéa'33 in
terms of the change in refractive index, A gas, liquid, or solution
pl?ced in one of the divided interfering beams will change the optical
path of that beam and cause the fringes to be displaced appreciably.

If an interfercmeter is used to measure'the refractive index of a
liquid, it is not possible to count the number of fringes displaced and
specisl methods are used, such as the compensating plates described by
Candler® or a'rotating chamber described by Geffcken.®® These also re-
sﬁlt in greater convenience and accuracy with gaseous measurements.

The  compensating plates are glass plates of equal thickness, ground
flat to a quarter of a wavé-length; one is introduced in each of the
parallel light beams of the R&yleigh ihterferometer. They produce equal
path lengths when parallel with one another, but if one is tilted slightly
with respect to the other a difference in optical path length is intfo-

duced and the fringes displaced, If the fringes sre displaced by the
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introduction of the substance to be measured they can be returned to the
original position by rotating one compensating plate and the exact
number of displaced fringes found. Hansen®® has described five types
of these compensators,

Low intensity is & major difficulty with the Rayleigh instrument,
so a bright source is essential, A mercury arc with a green filter is a
commonly used monochromatic source for work with gases. Usually the
yellow sodium doublet has been used‘for liquid measurements., The low
intensity is caused by the collimator slit, ﬁhich must be narrow since an
increase in width reduces the visibility of the fringes. One of the

developments or modificstions to meet this objection was that made by

" Williams3® which allows a slit up. to three times as wide as that permiss-

ible in the Ra&leigh instruméﬂt.v Williams introduced a second rhomb,
referred to &s an Albrecht rhomb, which.takes'the place of the double
slit. About a twenty-fold gain in brightness is'obtained, as a conserve-
tive estimate. The instrunent has been used'very little, perhaps because
it is not easy to adjust,

The Ray}eigh interferometer has been adapted to the measurement of
the refractive index of crystals;39 The precision of the measurement

of the refractive index is } 3 x 107®, For isotropic solids, the

technique is simpler then with anisotropic solids. For the latter, the

specimens must be examined under the polarizing micréscope37 to determine
the orientation of the polarizability ellipseid, The ordinary inter-
ferometer cells are replaced by a single vessel ha&ing perallel windbws

which are large enough to allow both beams to pass. The vessel is filled

-13-
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with an appropriate liquid whose index of refraction can be variedv
contimwously. A single crystel fragment as small as 0,5 mm, in cross-
section is immersed in the liquid and placed in the path of one of the
beams. If the refractive index of the liquid.differs slightly-frum that
of the solid, the ordinary interference fringés appear distorted, having
a V-shaped notch; howéver, when the refractive indices are equal, the

fringes have sharp straight edges as if no crystal were in the beam at

all. A measurement of the refractive index of the liquid gives the

refractive index of the solid,.

Kruis and Geffcken®®"%° have described the precautions and refine-
ments in the usual instrument necessary to obtsin an accuracy of
fix 10 in the measurement of the refractive index using monochromaxic
light. An ingenious modification of the Reyleigh interferometer by
Geffcken®?,42 eliminates the disbersion effect by using monochromatic
light in conjunction with a.rotating chamber. The fringe order is de-
termined by counting the number of fringes which pass while the cells
are slowly turned through a given angle with respect to the axis of £he
interferometer, This device is not yet available commercially, This is
unfortunate for with it one would be able to make rapid precision measure-
ments of even very large differences in refractive index, and also could
measure the reiative dispersion more conveniently. Measurements of
absolute values of the refractive indices of liquid substances may also
be made with the rotating chamber, but experimental details have mot been

published.

1L~
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The Rayleigh interferometer is frequently used to determine a single
varying component in a transparent mixture. This component may be solute
or'solvent, electrolyte or non-electrolyte or any substance which will
not attack the cell, The analysis of aqueous solutions has heen Aeg=
cribed by Adans %3 Gans and Bose,%¢ and by Barth.®® A partisl list of
otherA applications for which the instrument has been used follows,%®’
The analyses of the following have been carried out: smoke ,%? non-
aqueous solutions,‘e flue gaﬁz,‘9 beer 59781 milk,82 soils,®2 colloids?®s
80,862,683 river and well water 2,54 mine air 4258887 content of CO, in
lungs,8%s%° O, tension in venous blood (pregnancy test)®%,%% and ges
and water purity,4®,54,62=6€ T4 has been used as an interferential
galvanometer ,®7 to measure lengths,®®:;®° coefficients of thermal expansion
of metals,%7s7° percentages of peptone in serums in biological work,”?
in serological studies,’2:?® and in immunological studies.”’® It hes been
used as a precise pressure gage,’®~77? to measure wawé-lengths,7°:79 in

fermentation rate studies,3? and in genersl kinetic rate studies,®°”82

Refractivity Formulas

The refractive index for a given wave-length varies considerably
with the physical state of a given aubstance; being much smaller for the
geseous than for the 1liquid state, It is to be anticipated that the
variation of density is the mﬁin factor causing this change,‘and many
attempts were made to connect the refractive index with the density, It

was found that various functions of the refractive index, when divided

15
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by the density, had nmnqricf.l values which were constant for & given
substance, independent of temperature of pressure. The constant value
obtained for a given substance is usuelly cailed the specific or molar
refractivity of the substance, depending on whether one gram of_' one
mole is chosen, and has the dimens‘ional of volume. The first such func-

e
tion was deduced from Newton®s corpuscular theory 3 of light by

" Laplace.®47%®  The corpuscles on entering a medium at an angle were

supposed to be attracted by it, and hence the light-ray refreacted.
Newton showsd empirically that (n?® - 1)/d is roughly the ssme in the

liquid and vapor states for a nﬁmber of substances. Hence,
(n® - 1)/a = L4 kfez = const. (8)

Here k is a constant which was taken to be a measure of the attrasction
of the light corpuscles by the medium, .

This equation was thought to be confirmed by experiments on gases
by Biot and Aregol?>87-51 put more accurate measurements by Arago and
Petit ten years later showed marked deviations, the value of (n? - 1)/d
being mucvh less for a vaspor than for the corresponding Z‘liquid'_ aubsti.u;nce
whereas the change in densify should have compensat;sd the change in the
square of the refractive index.

The Newton-Laplace equation gave way to & very simple formula
(n-1)/d = k, (9)

proposed empirically by Beer ,gz and by Gladstone and Dale.°®~® This
formula holds vez?y well for & particular state, gaseous or liquid-.

A deduction of it is given by Dufet®® and Sutherland.®’
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A more precise relation was derived independently by Lorenz and
Lorente from entirely different gssumptions. Lorenz considered the
'passagg of light throﬁgh spherical molecﬁles-immersed in an elastic
ether with the assumption that the velocity of light in a substance is
an average between the value in free space and in the molecules them-
selves. Lorentz deduced it from Maxwell's electromagnetic theory of
light., For light of a given frequency,pissing through a substance,

their relstionship takes the form

%;—:—% . %‘ - cqnétant (10)
Various workers have found that one or another of the formulas work well v
for certain classes of compounds but not as well for others. It appears
that a single formula camnot satisfactorily represent the effects of
changing temperature, density, and refractive index.
| The Lorenz-Lorents formula has beén derived theoretically, It
redgces to the Newton-Liplace #nd Gladstone-Dale equations as the limiting

case for gases. Thus, starting with the Lorenz-Lorentz equation, since
(n®-1) = (n-1) (n+1)

it follows that when the refractive index is nearly unity, then

rl = gn"'l). n-Al) 1 -2 -1
L (ni "y " . H = snd (11)

or, rearranging the constants,

r, = n-1 = rg (12)




which is the Gladstone-Dale equation. §1milarly,

r. o= (f-1) 1 = (n?-1) 1 (13)
L % -3 3. -3 ,

or, rearranging the constants,

3rp= (1) .1 = ry o (1)

. d o

vhich is the Newton-Laplace equation. Hence these three formulas for
specific refraction differ only by & constant factor for gases.
| For liquids the Gladstone-Dale and ﬁhe Lorenz-Lorentz equations are
usuelly nearly equally satisfaciory,96'1°‘ but wheﬁ.the same substance
is compared in the gaseous and liquid states the second is decidedly
superior, Workers have eitensiyely_tested both formulas for effects of
changes of state, préssure, temperature, and concentration changes; each
claims that one or the other is better for a certain type of substance
under their ﬁarticular conditions, Howevef, there seems to be 6nly one

formula that is extremely consistent and precise,'that'of Eykmann,

= . const. (15)

o F | o

n =1
‘ n? +0.4

This empirical formula of Eykmann®® is the most successful in all re-
specté. Eisenloh;“’6 stated that Eykmann's function is nearly 1ndepend§nt
of temperature over a wide range. Mahy oﬁhers_have found that their |
results agree only with Eykmannts equation.l®” However, his equation has
not yet been blessed by a theoretical deduction,Aand therefore seems

destined to lie dormant for awhile, Partington aéys that ".,. unlike 80
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many formu;ae which are useless for practicél application, (this) is
one which deserves to be kept in mind in the laboratory...." Many
other formulas have been prOpoaedloe'llo but are not in comﬁon use,

A pfecision technique for measuring the molar refracﬁion of solutes
has been developed by Kohner,***‘Geffcken,lla'lla‘and Kruiglt®-118 for
aqueous solutions., Geffcken and Kruis emphesize the importance of
differentizl measurements. The reliability of the results depends on
theifollowing precautions: (1) The solution and solvent should be com-
pared under identical conditioﬁs. (2) The measurements of the refractive
indices of the solution and solvent sﬁoﬁld be made on the same samples
as those used for determination of the densities. (3) The solvent used
for reference and that used in preparing the solution‘should'come from
the same source. (L) Special devices and precautions should be taken
for transferring dnd,storing the liquids to prevent any change of con-
centration by evaporation. (5) All aliquqts'should be made up from a
single stoc# solution, preferably using weight bureties.

The molar refraction of a solute is obtained from that of the solu-

tion by assuming that the total molar refraction of the solution is the

. sum of the molar refractions of the pure solute and sblvent, each multi-

plied by its respective mole fraction in the solution, N,(MR); + u;(ﬂh)z
a MR, The-molar refraction of the solution MR is defined by the |

expression

T gl 16)

‘where M;, M, N;, and N, are the molecular weights and mole fractions of
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the solvent and solute respectively. The Lorenz-Lorentz molar re-
fraction MR, the density d; and the refractive index n refer to the
solution,.

Before consideriﬁg in detail the Lorenz-Lorents relation between
refractive index and density, it should prove of some interest td con-
sider some other relationships of varlous prOperties to that of refrac-
tive‘index orhmolar refraction, Several such empirigal rela@ionships
are listed in Table I,

The Lorenz-Lorentz molar refraction equation has been, and probably
will continue to be, used the most and so it will be of some interest
here to discuss'it further. 1In the derivatioﬁ of the Lorenz-Lorents
equation 6ne must first find the relation betwsen the dielsctric con-
stant k and the refractive index n. From Maxvell’s electromagnetic
equations for the c;ae of a non-conducting, igotropic mediun with plane
waves traveling in the x direction and with wave fronts parallel to the .
yz plane, it can be shown that the following differential equations of

the wave motion result.

WVE/Nt2 - (c")uk), B/ ) x* (an)
and | | | ‘

hzﬂ;/‘otz = (c?/uk) 52;;'_; /b= (18)
where H is the magnetic field, E the electric intens;f.y, ¢ the velocity

of light in vacuo, u the magnetic permeability, and k the dielectric

constant. Then, by taking the general equation of plane waves and

-20-
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TABLE I

EMPIRICAL RELATIONSHIPS OF REFRACTIVE INDEX AND MOLAR
REFRACTION TO OTHER PROPERTIES

- Relationship Remarks ’ Reference
b =k R ' 'k = 4,03 for most sub- Guyel19-122
stances :
1.8 To/p, = B The factor-1,8'is an = Guyet?3-12¢
average of values ranging
from 1,6~2.0
T, = kiR + kp k, and k; are constants  Wan®’
BT, +c =R | b end ¢ are constants Livingstont2®»13°
b =kr - : Traube 120
R o/, = constant The constant varies from Walden?1s333
. ’ 1.20-_1 .25 R
M1,/R = 310 - Walden*2?
1
no =| (M + 2d4R) | 2. . . Herzld?
Em - 3;%;,
no/n, =1.11 Herz2®*
M/dg = Vo = 3R . Lorenz and
_ ) : Hen135'137
M/db - Vb - SR ) ' Hem134
M 1/R =8 pg A Herz 138,139
[F] = = [P} log(n?° - 1) ' ~ Joshi and Tulil4®
Xey to symbols. . ‘ o
b < Van der Waal's coefficient . ng - Refractive index at 0K
R =~ Lorenz-Lorentz molar refraction do - Density at abaolute zero
pe - Critical pressure : . Vg = Molar volume at 0%k
Tc - Critical temperature - Vy = Molar volume at the boil-
- Lorenz-Lorentz specific refraction ing point
Gb - Surface tension at the boiling - Density at the boiling point
point [P]- Parachor
T, - Boiling point, degrees Kelvin [F]« Refrachor
lg - Latent heat of evaporation per gram n29- Refractive mdex of sodium
M - Molecular weight D line at 20°C
=21~
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differentiating twice with respect to x, and then twice with reaspect to

time ¢, the result is:

\21—;_9'./Bt2 = ya 3272;/\33 A (19)

and
RN - NS (20)

It is seen from these equations that the velocity of the waves is

wie

v =c/(uk)? , ' (21)

For two isotropic non-conducting media in which the velocitises of light

are v! and v, the relation becomes
. 1
vi/¥0 = (ufk"/utk!)3 | (22)
But v!'/v® equals n¥/n' and if one medium is vacuum, both u and k for that
medium become unity , hence

a .
n = (uk)2 ., - (23)

For non-polar molecules u can be taken as unity and we have
k =n3, (2L)

This is a consequence of Maxwell's theory and has been verified experi-
mentally. | |

In considering the optical properties of a. dielectric, Lorents 19,242
calculated the local electric fisld which polarizes a aing‘le. atom or

molecule of a dielectric by substituting a very small spherical cavity

-P2-




L

in place of the atom or molecule with the unchanged continuous dielectric
on all sides of the cavity. This field F is‘ usually called the Lorensz
field and is given by

F =F + (b /3P (25)

where E is the applied or ,e#t.ernal electric intensity and P the polari-
zation, It can also be ahown that the effect of the atoms or molecules
whieh are removed in forminé the cavity is zero. Lorents then assumed
that if there aré N' molecules in the unit volume, it is possiblé to
assign' t§ each an avei'age induced moment m, which is» proportional to the
field F, such that |

m o= BN axF | T (26)

where o< is the atomic polarizability. From equations (25), (26), and

the definition of the electric displacement D,

-—n

D - E+Lq?P, (27)
one has

B/E-1 (L-Lan =/3) = Lao N ,  (26)

In the presence of a dielectiric,

D =~kxE (29)

and by substitution in equation (28)

k-1 e LgrNoc /(1 = LT N* o< /3), o (30)
and also 4
k+2 = 3/(1 -La Nt x/3) | (31)
=23~
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Dividing equation (30) by equation (31), the result is

(k=1)/tk +2) = (Lqr/3) N' =< | ' (32)

If this is then divided by d, the density of the dielectric, and N'/d
set equal to N®, which is the number of molecules in a unit mass of the

dielectric, one obtains
(k - 1)/(k +2)d = (Lo /3Ne < |, (33)

If M is the molecular weight of the dielectric, MN" equals the number of

molecules per mole, or Avogadro's number N} hence,

M/ (k-1)/(k +2) = (b /3) N = B (3)

where Pm is the molar induced polarizstion. As was previously shoﬁn,

#
if n is the refractive index of the medium for very long waves,

k = n? ()
and so
o=l .m 0 (®

where MR is the molar refraction. This then is the Lorens-Lorents
equaxién for the special .case of light of a given frequenﬁy.

- The molgr refraction MR is a property éharacteristic of a given
molecule and 1ndicatiie_of its structure. For a long time the term

Ucharacteristic of the molecule" was understood to mean that the wvalue

# The nuclei-are not able to respond to the high frequencies of visible
light so the refractive index does not include the atomic polariza-

2lj-
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of the molar refraction is indepsndent of temperature and pressure
whether the substance is present in the gaseous, liqﬁid, or solid state.
"Indicative of the molecular structure” was understood to mean that the
molar refraction of a molecule is a property which can be‘additively
composed of incréments assigned to atoms or groups present in the mole-
cule, or to constitutive factors. There has been seme ériticism of the
application of the molar refraction values and so the source of these
velues should be examined mbre thoroughly.

The experimental foﬁndation for the application of the principle ef
additivity.is the approximate constancy of the difference between the
molar refractions of adjacent members of a homologeus series, If atomic

refractions are used, the ihcremenx MRCH; may be expressed by

MRoy, = Mg + 2 MRy, | o (36)
Therefore, by taking the difference between the molar refraction values
for several saturated hydrecarbons differing by CHy in composition, the
value of MR

CHa
equation (36), the molar refraction values of carbon and hydrogen can be

may be found, Considering the right-hand side of

determined b& finding directly the molar refractions of diamond and
hydrogen. But despite the fact that these molar refraction values can
be determined accurately to four figures, the values of the molar refrac-
tion increment for CH, from the two sources do not agree, In fact, in
the ssturated hydrocarbon series itself, the specific refraction in-
creases ﬂiﬁh molecular weight, but the increase for each additien CH,
decreases on ascending the series, This type of error is not serious

if it is realized that it is present. However, for olefins and
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acetylenes, the calculated molar refraction values are so different from
the experimental values that constant increments for the double and triple
bonds must be assigned. Also different values must be assigned to oxygen
and nitrogen in different homologous series and values may be assigned
in different-ways. This criticism should not impair the use of a table
of increments of atomic refraciions as long as the number and nature. of
the constants chosen are adequate and consistent and the concluQions drawn
do not go beyond the limitations of the system.

'Lack of exact. additivity stems from several sources. The influence
of conjugation results in both positive and negative deviations; There-
fore it is not p§ssib1¢ to use a single constant increment for conjugation |
since the exaltation depends on the molecule. This exaltation is not
lﬁﬂited to conjugated double bonds but has been obse:ved'in other instances,
e.g., the value for chlorine in acid chlorides is always somewhat higher
than the normal value. Another source is the influence of ring structures.
Here values have been observed which are higher, lower, and éxactly the
same as the predicted molar refraction, |

Not enly isomerism but even mere association of neutral molecules
can lead to large changes of molar refraction., Also, seémingly valid
conclusions regarding the value of dimers can lead to error, Thus, while
one would be inclined to assume that the value for acetic acid®® in the
ligquid state should be intermediate'betwaen the observed values of the
monomer and dimer, the molar refraction of the liquid is lower than that

of either,

-26-
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Since substitution of a given atom in two different molecules cannot
be expected to place it in an identical enviromment, an ideﬁtical effect
on the ﬁolar refraction cannot be expected and constant increments are
not found.*® Extensive experimentalAevidence concerning the molar
refractions of inorganic and organic substances®® leads to the conclusion
that deviations from additivity of the Lorenz-Lorentz equéxion_can be con-
sidered as'an indication and measure of changes in the electronic systems
involved, These changes are due to intra-.gnd intermolecular electric
interactions between the parts of the system.

The Lorenz-Lorentz molar refraction for infinitely long waves is
considered a.meaéure of the electronic polérizability of the molecule,
i.e., of the looseness of its electrenic system. There is a good reasoni4i~1de
to believe that the increase of the molar refraction which usually
accompanies an increase of temperature of a liquid, or accompanies its
vegporization, is a real indication of the loosening of the electronic
shell due to the increase ih distance between the molecules.

A list of the atomic refractions that have béen.considered in the
discussion is given in Table II, These are the values calculzted by

19,147,248 o the sodium D line,

Vogel
A second method of using molar refraction values is by use of the
so-called bond refractionsl®®:28% fThese seek to take into account the e

cond character or electron configurations of the atoms concerned by use

of additive bond refraction values, Various incfements.are assigned to

the bonds between atoms,

-27- :
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N o ‘ ATCMIC REFRACTIONS

Atom : : | '. : Value

P g4 S S i ek s TR WITER (% LT e e r—veesn seenme

c | O 2.891
H . 1.028

0 (ether) 1.643
F | | | 0.8

c1 | 5.8LL
B | ‘- - 8.741
s S - 13.95
C<C (double bend only) - ’ 1.575
"N (tertiery sliphatic) - 2,941
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According to Fajens and Knoor,“i’"?2 the ordinary atomic refrac-
ti@ns have no simble physical significance but the bond refractions may
* ‘ be regarded as measuring the polarizability ér'deformgbility of the
electron groups in an external electric field, or in the field produced
‘by strongly polar groups in the molecule itself, Denbigh ’1§§ and
Warrick,”* found the bond refractivities to be additive with a devistion
of less than 0.7 percent. However, averages sti11 must be taken to
obtain a particular bond refraction . For example, the conjugated doublé

bond varies from 1.1l to 1,58, the average being 1.29.

-29~
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IITI, THEORY OF THE RAYLEIGH INTERFEROMETER

. In the Rayleigh interferometer light from a narrow slit is collimated
bi a lens and f)assed through a double slit;. One of the divided beams
passes fhrough the reference cell, the other through the solution to be
compared, The emergent beams recombine to form interference ffinges in
the focal plane of a telescope. Thus, in principle, the Rayleigh inter-
ferometer mgy be regarded'. a8 a diffrsction greting with only two openings s
Altheugh, as in the case of the usual diffraction grating, it is not the
diffraction effects at each slit that give it its important properties,

but the interference effects of the beams diffracted at the two apertures.
| We -will, théref.ore, briefly investigste the shape and intensity distribu-
tion of the fringes produced by this double slit, '
The intensity and distribution of the friﬁges may be found - through
a detsiled derivation of the double-slit diffraction phenomenon, The

resulting equation is

I % LR,® sin®Q cos® Y (37)
v Q2 '
which states that the intensity is proportional to the square of the

amplitude, .Thé. factor sin2¢ / @2 is that derived for a single slit'of
width a, and the guantity @ is a variable which si@ﬁies one-half the
‘phase ldifference in radians between the contributions from opposite edges
of any one slit. The second factor cos® ¥ is characteristic of the |

interference pattern prbduced by the two beams of equal intensity but
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with phase ciifferences $ ;3 it signifies one-half of the phase difference
from corresponding points in the twe adjacent slits-. The resultant
interisity wi_ll be gero when either of the two factors is gero, For the
first factor this will eccur when @ = ™, 2‘-11' s 3, ..., 2nd for tho
second factor when ¥ = ™/2, 3~ /2, 5 ™/2, .... The two variables @

and ¥ are not independent. The difference in path from the two edges of

8 given slit to the screen is a 8in ©. The corresponding phase difference

is (2™ /N ) a sin @, which equals 2¢ . The path difference from any

two corresponding poir_xts in the two slits is d sin © as illustrated in

Figure 2 for the two points at the lower edges of the slits, and the
phase difference is (2 % / & ) d sin © which equals 2 ¥ , Therefore, in
terms of the dimensions eof the slits,

¢ .

(-] [~V

(38)

A study of Figure 3 reveals that certain orders are missing, or at
least one reduced to two maxima of very low intensity, These so-called
missing orders occur where the condition for a maximum of the interference,

and for a minimum of the diffraction, are both fulfilled for the same.

value of 6, that is, for

dsin® = md and a sin @ . PA | (39)
so that o -

d/a = m/p. - (4o)

The physicel picture of the cause of missing orders is as follows,

~31-
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' Figure 2, Illustrstion of the path difference of
parallel rays, _ :
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Figure 3. Pattern for a double siit.
‘The broken line envelepe designates the diffraction pattern,
The s0lid line designates the interference pattern..
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The point on the screen where the miséing order, m = : 3 (Figure 3),
occurs is just three wave-lengths farther from the center of one slit '
than from the center of the other. Hence we might expect the waves from
the two siits to arrive in phase and to prodﬁce a maximum, However,

this point is at the same time one wave-length farther from the edge of
one slit than from the other edge of that slit. Addition of the secondary

wavelets from one slit gives zero intensity under these conditions. The

" same holds true for either slit so that, although we may add the contribu-

tions from the two slits, both comtributions are zero and must therefore
give gero resultant.

An important aspect of the optical parts of the instrument is that
there are criteria as to how flat thé flat surfaces must be. If the flat
surfaces of an optical part, such as the end plates of the cel;s, or the
compensating plates, are not flat to within a Quarter of a wave-length,
then the fringes will be distorted in same manner. This criterion of a
quarter of a wave-length can be arrived at by considering a surface of
varying thickness. VIf the surface is not plane-parallel, so that one
part makes an appreciable angie with another, the interfering rays do
not enter the eye parallel to each other, but appear to diverge.ffcm a
peint near the surface, This will result in curved ffinges or complete
lack of fringes if the path difference is large, We can apply the

equation

2ndcos ¢ = (m+'!5>)}, | (L)

for bright fringes, as given by films of varying thickness. If cos ¢

-3k~ o
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equals unity, i.e., observations are made normal to the field,‘then for

the number of fringes m equal to szero,

o= A/ | w2

where nd is the optical path, So it is seen that, for gero fringe move-

ment, the optical path should differ by a quarter of a weve-length or

less and the surface of a flat plate should be ground to a quarter of a

wave-iength.
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IV, APPARATUS AND METHOD

Construction of the Intefferometer

The Rayleigh interferometer illustrated in Figure 5 consists essen-
tially of a light source, a siﬁgle slit, a doubléAslit, a double cell for
the sample and standard substance, two thin movabie glasg plates inclined
in the optical path and controlled by movement of a calibrated dial, and
a telescope to observe the fringes. The source is focused on the single
8lit by means of a lens, and a filter is mounted in front of the slit to
provide monochromatic light. An achromatic objective lens makes the ‘
light parallel and a deviation prism brings the two sets of fringes to-
gether for eesier matching.

The general construction, materials, snd over-all plan of the in-
strument are now described'along with defails of the construction of each
of'the parts. For this purpose, it will be of value to refer often to
the schematic diagram of the interferameter (Figure L) and the photographs
(Figures 5 and 6), |

The suppoft upon which all the carriages rested was an optical behch
consiéting of two bars each two meters long, one a round rod and the
other a beveled squere bar, supported'by'four posts, These postg are
seen in Figure 6, and it 1s to be noted that each of the four have two
leveling screws so that the whole syétem coﬁl& be accurately leveled,

A series of carriages were machined from aluminum and served to supportA

the various parts of the interferometer, A kmurled hand screw passes

-36=
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through both the base of each carriage and a matching biock beneath‘so
that tightening the screw locked the carrioge in piace; the deeign of
the pieces prevented twisting.

‘A mercury-arc source* wes enclosed in a special housing A mounted
on the optical bench, A magnifying lens of &' focal length is held in
a standard lens-holder B (see Figures 5 and 6) which can be rotated,
moved up and dowh, or m;véd laierally. This ﬁakes it possible to focus
light exactly on the single slit.

An upright holder C is used to hold the filter and single slit in

“place; both may be moved laterally in grooves in the holder, The center

of the single slit was fixed at a position 2.5" above the carrisge, This
determined the level at which the other pieces were set,

The next carriage D supports both a 2" diameter achromatic lens of

" focal length and the double slit. The lens holder which held the

aéhrcmaxic lens could be moved laterally or rotate., Next to the lens
holder was a verticsl upright E which held two clamps similar to those
used on a microscope stage, enabling the double slit to be adjusted.

The double slit was milled from aluminum, one edge of a 60° dovetail

cutter being used to obtain a uniform slit aperture 0,5 mm. wide and -

4 cm. long; the distance between slits was 1 cm.

The supports for thg gas cells F coﬁld be moved laterally by moving |
the aluminum blocks G in a slot milled in the cafriage.

Origihally four 50 cm, tubes, each 1 ecm, x 1 em. in cross-séction,

were to be boxed together. If the diagonally opposite tubes are filled

% General Electric Co., Type M-

o
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with the same gas and the other set of diagonally opposite tubes are
evacuated, the combination acts the same as two tubes each twice as long.
This arrangement of the gas cells G can be seen in Figure 5, The mechani-
cal system for the compensating plates H was made to hold the four plates
for the four-tube cell, The object of the device containing the compen=~
sating plazes-is to enable two pieces of glass J,J in diagonally opposite
cornefs to be rotated by turniﬁg shaft K through a measurable angle, in-
dependently of the pair L,L (Figure 7). The latter pair can be rotated
through any desired angle by turning shaft M, which is cosxisl with

shaft K; this angle of rotation need not be measured. In operation light

' passing through one diagonally opposed pair of cells passes through

plates J,J and light from the other pair through plates L,L. The position
of the latter pair is fixed in any given series of measurements but mgy be
changed when it is desired to alter the sensitivity of the instrument .
Thé sensitivity is least wheﬁ plates L,L are at an angle to the beam and
greatest when plates L,L are perpendicular to the beam, An extremely
small rotaiion of the compensating plates J,J must correspond to a large
rotation of the dial so that up to 1/10V of a fringe may be detected.

The glass plates were cemented to a framework (Pland Q) which was sub-
stituted for the plates of a precision radio condenser. The spindle of
the framework @, which held one set of plates, was rotated by a set of
anti~backlash gears with a i:I0,000 ratio and the angle of rotation was
read on a dial N, A compass dial divided accurately into 360 degree
divisions (Figure 6) was used for the dial, ‘A counter was attached

through a system of gears so esch camplete rotation of the dial would
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? ’ register a mark, The other set of compensating plates were placed in
> < the frame P illustrated in Figure 7, This piece wés large enough to
allow the framework Q to rotate inside it and ﬁas shaped to hold the
& plates parallel to vach vther and even with the other set when one wished
to place the two in coincidence to observe the white light fringes. In
actual préctice, only the bottom two glass.plates were used; the upper
i | two were omitted because of the difficulty in adjusting the four compen=-
- sating plates; also, this gave stationary fringes which acted as the
reference set, ' -
The deviation prism R was placed in an uprigh£ holder., The exacﬁ
height of this prism had to be qﬁite carefullyAsetAso‘that a slight tilt
) of the prism would raise the lower fringes and cut out the view of the
% . obstructions (Figure 8). The prism S (Figure 6) was placed in a cylindri-
cal holder T, the center axis of which extendéd.through two ‘holes in the
upright and allowed the prism to be rotated.
| The telescope arrangement is best described in fwo parts. The first
part holds the achrométic collimating lens which focuses the parailel
light on the cylindrical lens, and the second part is the mechanism hold-
ing the cylindricel lens. The wholes telescope was held in position by

two large uprights U and V., The holes in these were somewhat larger

A

a ’ | than the actual size of the tubing of the telescope so that, by means of
fpositioning pins and springs, the telescdpe could be moved some distance

;; up and down at both uprights. This is jllustrated in Figure 9 which

élso shows the method by which rotatibn of the focusing sleefe will move

» the lens parallel to‘the light beam but will not rotate the lens or ény
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other part of thelsys'tem.' Figure 10 illustrates the second part of this
system. The large cylindrical block W, as seen in Figure 10, fitted
closely into the aluminum tube X and could rotate. The block W held a
piece of aluminum Y, which could be mo%red laterally in a slot by means
of a screw. In the sliding piece Y a vertical circular hole holds a

knurled knob Z which extends down imto the large opening of the cylindrical

_block and holds the cylindricsl lens, which was simply a piece of thin

stirring rod. A one-eighth inch in dianeter hole was cut in the center
of a circular piece of thin zluminum and placed in a threaded ring to
serve as an aperture; it could be rotated in and out of the cylindrigal

block.

The Cells

The cells for use with liquids were cut from a block of Monel and
the faces were machined flat, Two cells were made, both 1.17" wide .and
1.15'" high. The small cell ﬁas 0.9611 em, in length and the large cell
2.3706 cm, in length. These lengths were determined by‘ a traveling micro- _

scope, Two troughs were machined in the piece, each 0,860" deep, leaving

- amiddle partition 0.120" wide, Glass plates, optically flat to one-

quarter wave}-length , were cemented on the ends with Optibal wax.11$
A cover was used to prevent evaporation. In operation these cells were
placed in a block of aluminum (7" long by 5" wide by 3" high) which had

a trough cut down the center just wide enough to contain the cell and

# Equal parts of beeswax and rosin.
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Figure 9. Mechanism for adjushnent' of the focusing lens
of telescope. :
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provide good thermal contact. A cover one inch thick was then placed
over this. The block had been so constructed that water could be
circulated through it and the cover to keep the cell at a constant
temperature. A1 the svlutions to be measured were kept in a large
constant-temperature bath. A pump circulated water from this bath to
the cooling system for the cells, The solutions wefe thus at the same
tempefature as the cell and thermal équil;brium was usually reached in
ten minutes or less. Variations of :0 .10°C in the bath temper ature
rarely affected the cell temperature over * 0.01°%C since the Monel cell
ﬁlock responded slowly to a change in temperature.

The gus cells consisted of two copperdplaﬁed brass tubes three-
eighths 6£ an inch square and 102,08 cm. long, vhicﬁ were soldered to-
gether. The ends were milled flat and quartz plates attached using
fluorothene wax. (This cell was to be used with halogen fluorides.)
There was one opening in each tube through which the gas was introdﬁced
or removed, A water jacket surrounded the tubés.except for the ends,
It was constructed with a space above the cells so the upper beam, which
pro&ided the reference fringes, would be present, Silver solder was
used wherever it would be in contact with the gas to be measured, The
cells and windows were intanded for use with the highly corrosive halogen

fluorides but were suitsble for any gas.

<L 5=
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Qger ation

Solutions

The.system is first aligncd by removing the cells, deviation prism,
and compensating plates, and obtasining good sharp fringes. This is done
in the following mammer, The first lens B is made to focus the light
directly on the single slit, which has been previously located in the
center of the system. ‘!ﬁtﬁ the light on, the first collimating lens
(Figure 5) is placed in position at exactly its focal length away from

the single slit. ' This is accomplished by placing & mirror in the light

-beam and refiectitlg Uhw parallel light from the collimating lens back

through the lens and forming the image of the single slit just next to

the actual slit, By moving the collimating lens along the optical bench,

the slit image will be seen to be wide and indistinct, then narrow and
clear, and once again indistinct. The position for the sharpest imége
possible is located and the lens fixed there, The telescope is next
inserted with only the focusing lens in place arxd the parallel light :
and focusing lens are centered, The double-slit is then fixed in place
and moved lateraﬂ.l& so that the middle of the two'parallel , vertical
beams of']ight from the double-slit is in the exact center of the ;‘ocus-
ing lens. This may be observed from either side of the telescope,

The cylindrical lens is then put in place and moved iaterally, or rotated
by rotating the cylindrical block W, to locate the fringes. It was also
occasionaliy necessary to rotate the cyiindrical lens about its axis

to obtain satisfactory fringes. After the fringes have been found

49~
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minute variations in the adjustments can be made to increase their
brightness and sharpness. The focusing lens might be moved parallel to
the light beam by turning the focusing sleeve, the collimating lens may
be twisted elightly in position, and cylindrical lenses of different

sizes may be used. ifter this, the cells are put in place, ona beam

-passing through one side, the other tihrough the other side, The com-

pensating plates are put in place and adjusted so the fringes are not
distorted, The deviation prism is next added to remove the efféct of
the obstructions by raising the lower beam (see Figureé 1la and 11b).

The constant-temperature water bath is connected and water is |
circulated through the cooling block around the cell, The solvent to be
used in the measurements is placed in the cell and thermal equilibrium
established, Temperature gradients in the liquid are shown by weaving,
curving, and other motions of the fringes. Any gir current ,‘caused by
a fan, heat, person breathing close to the instrument, etc., will cause
this shinmy of the fringes.

The mercury light is then replaced by a white light source. A very
féw strongly colored fringes are seen in the upper reference -set. The
compensating plates are rotated by the diai until .the lower fringes come
into view and are made coincident‘ with the ref,erehce set . The filter
is removed for this operation, One then switches back to the green
mercury light and, remembering which fringe is which » the zero position
is approached from both directions and the average reading taken for the

position of the zero-order fringe.' ‘
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Figure 1lla, Monochromatic light fringes

Figure 11b, Fringes with obstructions
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The solution is now placed in one side of the cell, allowed to

.come to thermalAequilibrium, and white light substituted again, The

dial is rotated until the white light fringes.are again coincident with
the reference set, The mercury light is again used to obtain the average
reading of the position of the zero;ordér ffinge becausé fringes obtained
with monochromatic light are so much sharpef. The solution is removed,
the cell rinsed thoroughiy with distilled water and the zero-order fringe
reading checked as before, Thé cell is then rinsed with the next solu-
tion and filled agaiﬁ. This rinsing is.always a necessary precaution
because the dilution of the solution by the water remaining in the cells
causes an error, especielly with very dilute solutions. Drying the cell
did not prove practical because it disturbed the cell position and changed .
the zero point, It also proved unsatisfactory with more concentrated
solutions since appréciable amounts of salt remained.

The solutions were added with a pipette which was first rinsed with
the solution; they were tsken out by an eye-dropper. The solutions were
made up from the same batch of watef that was used for the standard
reference liquid, and the rinsing iiqqid was the same,

The procedure for thé calibration and sample calculaxions are given
in Section V,

The refractive indices of the solutions of the two salts, potassium
ferrocyanide‘and potassium ferricyanide, wére me asured with the Dipping
Refractometer made by Bausch and.Lomb.Company. The measurements were
made using only prism A and were made with the yellow sodium doublet -

radiation as a light source,
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Gases

The system was aligned as described in thé previous section on solu-
tions. The gas cells were then placed in the system and the deviation
prism zdjusted in plece. The cells were raised or lowered until .the
fringes appeared sharpest and brightest, The compensating plates may or
may not be used, If not, the water bath was connected to the water jacket
of the tubes, and both cells were connected to the vacuum line and evacu-
ated, The whole system must, of course, be devoid of leaks. Using the
mercury light source, and watching the fringes, the gas to be measured is
slowly let in one side of the cell, After a mmber of fringes have passed
the valve is shut off and the pressure recorded from ﬁhe nercury mano-
meter, These two quantities are all that is necessary to calculate the
refractive index, The fringes should be watched carefully before intro-
duction of the gas and after., A slow movement in either dirsection indi-
cates a leak, reaction, adsorption, etc. The fringes should start
perfectly matched with the reference set and end in the same vfay to elimi-
hate estimating fractions of a fringe. The fringes can be matched with
a precision of gbout one-tenth of a fringe, If the gas may be condensed
by use of a Dry Ice-isopmpanol bath or a liquid nitrogen bath, it is
_wise to count the fringés and read the pressure as the gas is removed
from the cells. If the values obtéihed are not the same, then some
difficulty is present which must be located. Impurity of gases can cause
a great amount of trouble, A small percentage of impurity, even if only

slightly more volatile, will tend to go into the cells first and give a
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s greater percentage of impurity in the first few1neasureménts. This is

overcome by calculating the values as one makes fhe measurements and

continuing to make measurements with fresh samples of gas until constant
. values of the refractive index are obtained.

A second method, using.the compensating platés, eliminates the
necessity of.allbwing only an integral number of fringes to bass, The
exact fraction of a fringe can be found in the manner illustrated by the

- following typical example, The_fringes are set in exact coincidence
when the cells are evacuated, ' If about 1L0.5 fringes have passed when
the valve is shut .off, tﬁen readings are taken of the 1llOth and 1llst.
fringe, If the reading for the 1LOth fringe reading was 220.0, that for
the Uidst 240.0, and the initial reading 228,5, then the fraction of a
fringe is A |

228.5 - 220.0 .
300 < 220.0 or 0.L25.

Details of the actual handling of the gases are given in the follow-
ing section which describes the gas-handling system. The methods of

calibration and calculation have been describgd in Section VI,

Gas Handling Equipment

. A Vacuum Line

- - The cells were to be used for both unreactive gases and the reactivé
J:"’*

' halogen fluorides and the vacuum system was built so that both could be

handled, Halogen fluorides react with glass, mercury, etc., and so must
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be handled only in a special all-metal system, To this end, valves A,
B, and C in Figure 12 are metal with brass bellows and all connections

to them and to the cell are copper tubing, silvered-soldered in place.

Closing valve R shuts off'paooage to Lhie Bourdon gage but not to the cell,

Likewise, when valve C is closed to the sampie container, passage from

B to the Bourdon gage remains open. The rest of the system was constructed

of Pyrex glass, using vacuum stopcocks. The two three-way stopcocks E
and G, and those on the manometer, were always kept open during measure-
ments,

When an unreactive was to be measured, its container was attached

to the apen.end of velve I', The containers were of glass and were sesled

directly to the vacuum line while the materials were frozen out in a
liquid nitrogen bath, Then valves D, F, and A are opened tq the vacuum
line, ‘while valve B is shut, When éhe plug of the three-way stopcock F
was rotated, it clésed the comnection to the vacuum line and opened the
connection to the substénée so there could be ﬁo accidental loss of the
compound By‘pulling it thrbugh.the vecuum line, As the gas slowly
entered the cells the fringes were counted and the manometer read with =2
cathetometer. The substance mgy be condensed babk.in the container by
cooling it,'or merely pulled out through the vacuum line by turning
stopcock F, Stopcock F is the only one that needs to be turﬁed to allow
the gas in and out of the cells and the manometer. It was placed within
reach of the operator when observing fhe fringes; It is suggested that

& hand tally always be used when counting the fringes as the mind tends

064
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Figure 12, System for evacuating and-filling the
gas cells,
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to wander and the count is easily lost, especially when several‘hundred
fringes are to be counted.

For reactive compounds, both valve D and valve F were opened to the
vaocuum line; The sample tube end an empfy Monel tube Y were connected
to the Vacuuin line at C through Hoke bellows valves M and N, The sample
has been placed in the contéiner'x and when connected valves M and C are
;)pened. After evacuation to a suitably low pfessure (ébout 0.1 micren),
valves & and M are closed, Opening valve N allowed the gas to pass inf;o
the cell and the connecting Béurdon gage where the pressure was read and
recorded. The ffinges were éounted as the gas entered. After closing
valve N, valve M was opened and the gas condensed into sample tube Y

which was surrounded by a Dry Ice-isopropanol mixture or by liquid nitro-

.gen, A certain portion of the gas sometimes did not condense, Then the

gas was pumped out, passing through the soda~limé trap , by closing valve

M and opening valve A,

The purpose of the sample tube Y was to condense the gas, which may |

have reacted somewhat with the system, into a separate container znd so.
not contaminate the sample in tube X. The specially purified halogen
fluorides were stored in Monel 'tﬁbes and had been handle"d only in a |
;special 2ll-metal vacuum line,
Measurement of the f’ressure of
the Halogen Fluorides

Since the halogen fluorides react with glass and mercury, the con-

ventional pressure measuring devices such as were used for the other
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gases could not be utilized here, A method of measuring the pressure
sccurately over the range 0-760 mm, of Hg, was devised, Scvcral
Helicoid gages were éiready in use and had an accuracy of X 1 mm, at

Lhie best, The Helicoid mechanism was dismantled and a micrometer was
attached to the Bourdon tube in such a way that the movements due to
pressure changes, which expanded or contracted the tube, were detectable
by it. The contact between the micrometer and the tube was detected by
the opening or closing of a "magic-eye" tube. The electronic circuit
used for this purpose is givén in Figufe 13. The micrometer was turned
until the eye just opened (indicating contact) and the reading taken,
These micrometer readings were calibrated againgt the mercury manometer,
The pr'ecisicm of the readings on the micrometer was : 0 .000L inches which
corresponds to a pressure of 2 V(_) 25 mm, of mercury.  Since the calibration
does vary with changes in temperature, the whole unit was enclosed 1n a
constant temperature air bath, This used a light bulb as a heat source,

a fan for circulation, and a bimetallic thermoregulator to maintain the

‘temperature constant with 0.1%.

- Measurement of Densities of Solutions:

A1l density measurements on the solutions were made in a modified
Ostwald pycnometer ,18€ The arms of the pycnometer were of egqual and
uniform bore and were calibrated to read directly the volume in each

arm above the zero point., The volume of the pycnometer to the zero

# American Chain and Cable Co., Helicoid Gage Division
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Figure 13, Electronic contact indicator for the
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marks was determined by first weighing the pycnometer ahd then filling -
;i.t with water to some level in_ the arms and reweighing. After a suitable
beriod of waiting while the pycnometer was immersed in a constant
temperature\bat-h , the lovels of Lhe arms Were read. The density of water
is available in the literature so the volﬁme could then be calculsted,
From this, the volume of the arms was subtracted, and hence, the volume
of the pycnometer determined, This was repeated several times and an
average value of 20,2611 accepted. |

In the determination of the density of solutions, the same procedure
was followed except that the experimentally determined weight was div_idéd
by the volume of the aris plus thé zero\voiume (20,2612 c.c.),.

The usual precautions were obserfed, sﬁch as handling fhe pycnometer
only with' covered fingers, removing thé static charge if ‘any accumulates,
rinsing thoroughly with walt.er several times after a solution was removed,
.and'then with acetone and ether rinse, and allowing the pycnometer to
come to equilibrium with the moistui'e in the air before weighing, All
wéights were corrected for buoyancy,

A plot of the molarity of the solution versus the reciprocai of the
density should give a straight lin_e for dilute solutions., If any point

was not on the line the density measurement was rechecked.
Materials
Halogen Fluorides

Chlorine monofluoride was prepared in a nickel system by mixing

equal amounts of chlorine gas end chlorine trifluoride gas at about 200°C ,
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Both the chlorine and the chlorine trifluoride were previously purified
by séveral distillations, The product was purified by trap-to-trap
distillation, Its purity was checked by a determination of the spectrum.
This indicated that traces of a ohlorine oxide might be present,

The remaining halqgen fluorides were purchased from Harshaw Chemical
Company. These were each purifiéd and the purityAusually:determined
from ffeezing point curves. Iodine pentafluoride was purified by distill-
ation in S,Ménel still, The molal concentration of impurities was found
to be 0.0025, Bromine pehtafluoride was purified by a similar distill-
ation and the concentration of impurities found t§ be. 0,02 molal, Bromine
trifluoride and chlorine trifluoride were not obtained as pure as the
other compounds, These were distilled from the iron shipping tank into
a trap on an all-nickel'vacuum line; three successive trap-to-trap
distillations were made with the middle fractien taken for measurements.

Probably no more than one to two mole percent of impurities were present,

Fluorocarbons

Purified samples of perfluoroethyl ether, 1,1,1,2,2,3,~heptafluoro-
propane, and perfluorotriethyl amine were furnished through the courtesy
of W, H, Pearlson of the Minnesota Mining and Manufacturing Company.
These compounds contained only traces of impurities,

The sample of purified chlorotrifluoroethylene was obtained from
the Union Carbide and Carbon Corporstion, This was purified by three

"~ trap-to-trap distillations,
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. General Chemical Division of Allied Chemical and Dye Corporation, The - i

. were recrystellized five times; water from the same batch that served as

Salts

Potassium chloride, sedium chloride, ammonium chloride, sodiﬁm
sili-céfluoride, and potassium silicofluoride were Baker'®s Analyzed c, P.
grade meeting the A,C,S. specifications, These were recrystallized four
times using the same batch of water that was used to make the solutions

and serve as the reference liquid,

The potassium bifluoride was Merck's pure grade and the sodium

flueride Merck'!s reagent grade, VThese‘ were recrystallized as described

above,

A1 the fluoborates were Baker and Adamson products, made by the

fluoboric acid was purified by the company and was said to contain 2.13%
of meta-boric acid as an impurity., The others, potassium fluoborate, -

amonium fluoborate, and sodium flucborate were of technical grade and

the reference liquid was used for the recrystallizations and was also
used to make the selutions and diluted aliquots. Sublimation of zmmonium
fluoborate proved unsuccessful. Potassium fluotitanate was a student
preparatioh and some care was taken in recrystallizing it to assure a

fine product.,
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V. REFRACTIVEZ INDICES AND MOLAR REFRACTIONS OF SOLUTIONS

Theoretical

The insertion of a cell containingAa pure ligquid or a.solution into
the Beam produces a discontinﬁous shift of the fringes so that the number
of fringes displaced camot be counted, This'introduceé a difficulty
not encountered in the messurement of the refractive index of a gas,
since gases can be introduced gradually into the light path by allowing
them ﬁo flow into an evacuated tube, and the ﬁumber of fringes displaced
can be counted diréctly. Since, with monochromatic light, it is im-
possible to teli which fringe in the displacéd set corresponds to- a |
given one in the original set, white light is used to lbcate the so-
called zero-order fringe. This is the particular fringe produced for
exactly equai optical paths of the two beams., After loéatipn of this
fringe, monochromatic 1light is used and the compensating plates are
rotated unfil the zero-order fringe is brought back to aligmment with
the zero-order fringe of the fiduciary set éf fixed fringes; the nﬁmber
of fringes displaéed can then be counted. |

'It should be mentioned here that the interferometer is rarely used

to me asure the sbsolute refractive index of a pure liquid or solution,

The number of fringes shifted by the introduction of the liquid is
usually too great to count even if the_chahge in optical‘path is not so

great as to destroy the visibility of the fringes entirely. Usually,
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however, the fringes ars destroyed and the interferometer must be used
as a differential instrument. 1t therefore finds its greatest appli-
cation in the measurement of fefractive indices of dilute solutions or
diluted aliquots of more conoentrated solutions. Since the solutions

thset are to be compared are very close in composition and the method is

 a differential one, no special regulation of the tempefaturg is required

as bo;h standard and solu;ion.will have the same temperature coefficient,
With aqueous golutions a variation of O.SOC‘ia permissible even in
very preclse work, ' | _ ' ‘

We now discuss the white light fringéa in greater detail Since
their use.is essential, With monochromatic light thgre is one set of
fringes for the particular wave-length used. Between.the‘prightAfringes
there is destructive interference, i.e., dark fringes, With white light
there is a different set of fringes for each wave-length of light present
and 3o at certain intervals the fringes of one set overlap those of
another. In the region of the zero-order fringes all the various wave-

lengths are superimposed and result in 2 white fringe. It is bordered

.by a sharply defined black region. The first-order fringe, as the first

fringe on either side of the zero-order fringe is called, will not have
all the wave-lengthgggxactly:auperimposed. In fact it'wi;l have a blue
edge on the side toward the zerpfordervffinge_since the wave-length of
the blue radiation is shorter, and will have a red edge toward the

opposite side since the wave-length of the red radiation is longer. The

first-order fringe has thus become spread somewhat and the dark fringe

between the first-order and the second-order fringe has become smaller
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in width. This spreading of the fringes continues &ad even at a short
distance from the zero-order fringe the ovorlappiné has become so
uniform the fringes can no longer be observad and white light results.
This provides a method of-logéting the center as shown im Figure 1k,
The blue fringes of shorter wave-length (1llustrated in Figure 1ha),
and the red fringes of longer wave-length (illqltratqd in Figure lhb),
are superimposed with fringes of_intgrmediata wave-length to form the
pattern shown in Figure lhc. For purposes of illustration the red and
blue Sands have been chosen of convenient width and spacing such that .
oply seven fringes are diatinguishable in the superimposed pattern while
actually perhaps tweivq are distinguishable,

This method of locating the zero-order fringe gives rise to some

- complications. If the optical dispersion in the solution and the com-

pensating plgxe differs too much from the opticél\disperaion'in_the
refgrence liquid and the other compensating plate, the edges of the zero-~
order fringe become gradually colored, while one of the adjacent first-
order fringes leoses its usual color and becomes white, Thus.the location
of the zereo-order fringe will be in error by one whole ffinge becau?e the
reference set remains unchanged. For still greater differences in dis-
persion'the adjacent second-order fringq~becomes vwhite, and so on,

One method of meeting this difficulty is to take readings at several
closely apéced concentrations covering the region in which the shift
occurs. Another method available is to calculate the chromatic aberration
of the compensator and match it to that of the solution, for the wander-

ing of the achromatic fringe is due to the different eptical dispersions
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Figure 1. Wuille light fringes

of the solution and water on the one hand, and of glass and air on the
other., Or one may plot the concentrations of various diluted aliquots
of the solution versus the interferometsr reading and obtain a cali-

bration curve. In the regiom of each shift of one fringe there will be

a corresponding shift in the curve as shown in Figure 15, If the concen-

- trations are dilute enough, the portions of the.calibration curve are

parallel and the sections which are different By one fringe, two fringes,
etc., méy be shifted the equivalent of that number of fringes on the
graph, A straight line is obtained in this way and the correct concen-
tration of anbunknown solution may then be obtained by interpolation,

We can-now investigate briefly the'mainltypesvof compensators .
Jemin®®? used two thick'plaxes, which can be rotated sbout a comﬁon

axis, One plate is in each beam of the interferometer and the common

-66~
0297 075



///’
7
boy
E -
2 7
Dial Reading

Figure 15. Typical calibration curve for solutions,

axis of rotation is perpendicular to the beam of light. If the two
plates are set at a small angle to one another, a rotation of the com~
bination alters the path difference, the change being roughly prepartional
to the angle between the plates and to the angle of rotation, The sensi=-
tivity can thus be varied over a wide range, A simple modification of

the Jamin compensator, introduced by Lowe,158 keeps one plate fixed while_
the other rotates; in the zsro positién the two platés a?e parallel to

one another. In another method a thin glass prism, moved perpendicular

to its refracting edge, introduces a path difference probortional to the
displacement. Kosters modified this form and usés two prisms set in

opposite directions which lie in one beam of the interferometer and may
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* be moved relative to one another to change the optical path. A parallel-

= faced glass block of nearly equal optical path lies in the other beam,
» . Both the prisms and the block should be made from the same melt.
3 An important fact which does net seem to be mentioned in articles

concerning the optical parts of the interferbmeter is that each end .
plate of a gas or liquid cell should be made out of a single piece of

glass (or vhatever other material might be used). Also, the compensat-

5

ing plétes should be cut frem the same piece of'material, marking their
proper orientation, Despite the fact that glass is supposed te be iso-
tropic, the strains that it is subjected to in its breparation are
evidently enough to cause it to destroy the visibiiity of the fringes
if the orientation of the plates is not the same as in the original piece.
This means that, even though ground flat.to a quarter of a wave-length
and identical in_thickneas, twb piecés of glass from different sourc&s
intreduced one in.each beam, as for compensating plates, will probably
destroy the visibility of the fringes and be of no value, If ene of
these plates is held in éne beam in a fixed position and the other rotated
900, the fringes inspected, and this precedure repeated for the four
erientations on one side of this second plate and then for the other four
erientations en the.eppcsite side of the plate, an orientation might be‘

» found where the fringes are visible and straight, If not, centinue by

' rotating the first plate 9065 then repeating the above precedure to give
féi a total of 64 oriéntations. Therefore, plates at each end of the cell
. should preferably be one piece of glass and the compensating plates should

x be cut from one piece of glass, marking the preper orientation beforehand.

-68=

0237 077

.



5

Method of Calculatien

The methed of calculating the refractive indices of selutions
measured by the differential method is described. - Since all measure~
ments were made in aqueous solutions at 20°C, the exact refractive index
of water for 20°C was found from as many sources as possible in the
literature ,¥®%,26% yalues at temperatures relatively close to 20°C were
converted to that temperature using standard formulas for the temperature
coefficiént of the refractive index of water., The average value from
these data fer the refractive index of water at 20°C, and for the mercury
green radiation of SL61 X, is

n = 1.334468 I 0.000002

This is the important zero peint upon which all the calculated values

depend.

The equatien

n, = Am A /L (L3)

where A m is the number of fringes, A the wave-length, CL the length
of the light path (cell length), and ng the difference in the refractive

index, was used to find the change in refractive imdex per single fringe,

N nt'. The value found was
An* = 5681.7 x 10~°.

A calibration curve was then made by plotting graphically the reading of

the cempensating dial on the instrument as a function of the number of
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fringes. This was done by setting the zero-order fringe of the white
light fringes in exact coincidence with the fixed fiduciary set of
fringea; The‘mercury source was then substituted for the white light

to abtain hore distinot fringes., Several readings of.the position of
this coincidence were taken approaching frem each direction; an average
value was used for the position of the iero-order fringe. Then the dial
was roiated until the first-erder fringe té the left side was exactly in
coincidence with the gereo-order fringe ef the fixed set, Again several
readings were taken approaching frem both sides, This was centinued

for 4O fringes to fhe left and repeated for 2L fringes to the right of
the zero-orderifringe. The precision of these fringe settings was
calculated from the deviatien of the dial readings when several settings
were made on a particﬁlar'fringe, and alse from the deviation of the
differehce in the dial readings from fringe to fringe, In the region
of the zero-order fringe the precision of the fringe alignmént was 1,16%
or approximately to 1/100 of a fringe. Toward the extremes of the

range the precision of the settings decreased to 3,03% br approximately
1/33 of a fringe. .

Since the change of the reffactive index per fringe is known, the’
number of fringes was plotted as a functien of both dial reading and re-
fractive index on the same graph, Since each fringe coerSponds to
exactly the same change in the refraciive index, the plet of number of
fringes versus refractive index is a straight line. Rotation of the

compensating plates through a given angle, by rotation of the dial by

‘& definite increment, produces a larger change in optical path when the
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plates make a larger angle with the vertical direction. This reéults
in a slightly curved line for the plot of numper of fringes versus the
dial reading. To find the refractive index of a solution from the
experimentally determined dial reading the number of fringes correspond-
ing te the dial reading is'locﬁted on the apprepriate curve, then a
horizontal line through this peint'is drawn to the refractive index
curve and the refractive index read from the graph (Figure 16) .

A method of calculating the melar pelarizationléf_a soluﬁe at in-
finite dilution frem the densities and dielectric‘constants of a series

of dilute solutions has been devised by Halverstadt and Kumler € The

‘Maxwell relatiom k.= n3 suggested the substitution of the square of the

refractive index n° for the dielectric constant k in their equations,
This method has been used here to obtain the molar refraction of the
solute from the refractive indices and densities of a series of dilute
solutions. The specific volumes ¥ ;, of the solutions are first plotted
as a function of weight fraction w,. The siope @' and the intercept 3 1
at infinite dilupion are found from the graph, If the values de not

lie close to a straight line the measurements are repeated since the
relationship should be linear for dilute selutions. Next the squares of
the refractive indices of the solutions n° are plotted as a function of
the weight fraction of solute w, and the slope'CK, and intercept nlz at
infinite dilution are found from the graph; a linear relafienship between
the quantities is again assumed, The épeéific refraction r, is then

found from the equation
ra = =< % o+ (Xl 4‘@) nz'l .
(n® + 2’5 - . n2 +2 ° Sbh?
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TABLE III

FOR CALIBRATION CURVE

NUMBER OF FRINGES VERSUS REFRACTIVE INDEX

KR TR o il

N

Refractive Fringe Refractive
Number Index Number Index

Lo 1.336711 7 1,334866
39 1,336683 6 1.334809
38 1.,336627 S 1.33L752
37 1.336570 N 1,33L695
36 1.336513 3 1,33L638
35 1.336L57 2 1.33L582
3k 1,336400 1 1.334525
33 1,3363L3 0 1.33LL68
32 1.336286 -1 1.33L411
31 1.336229 -2 1.33k354
30 1.336173 -3 1,334298
29 1,336116 =L 1.334201
28 1,336059 -5 1.33L184
27 1.336002 =6 1.33h127
26 1.3359L5 =7 1.334070
25 - 1,335888 -8 1.33L013
2l 1.335832 -9 1.333957
23 1.335775 -10 1,333900
22 1.3357186 =11 1.3338L3
21 1.335661 -12 1,333786
20 1.335604 =13 1,333729
19 1.3355L8 -1L 1.333673
18 1,335L91 -15 1.333616
17 1.335L43L =16 1.333559
16 1.335377 =17 1.333502
15 1.335320 -18 1.3334LS
1k 1.335262 -19 1.333388
13 1.,335207 =20 1.333332
12 1,335150 -21 1.333275
11 1.335093 -22 ¢ 1.333218
10 1.335036 -23 1.33316
9 1.33L979 =24 1.33310L
8 1.334923 _—
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NUMBER OF FRINGES VERSUS DIAL READING

TABLE IV

FOR CALIBRATION CURVE

Fringe Diel Fringe Dial
Number Reading Number Reading
Lo L3 5 157.2
39 56.0 N 171.3
38 69.1 3 185.7
37 82.0 2 199.8
36 94 .8 1 214.0
- 35 107.6 o] 228.6
3k 120.6 -1 2u3.7
33 133.5 -2 258.5
32 1L6.5 -3 273,0
31 159.5 =k 287.6
30 172 .6 "5 302 -5
29 186.,0 -6 316.8
28 199.5 -7 331.2
27 213.0 -8 345.6
26 2264 -9 360.0
25 2L0.0 -10 14.2
2l 253.8 -11 28k
23 267.6 -12 L2.8
22 281 .k -13 57.2
21 295.1 -1l 71.6
20 309.0 =15 86.3
19 322.6 -16 100,7
18 336.3 -17 115.4
17 350.2 -18 130.2
16 L.2 -19 14,8
15 17.8 - =20 159 .k
AR 31.8 =21 173.8
13 L5.7 -22 188.6
12 59.4 -23 203.7
10 86.9
9 100.8
8 11L .6
7 128.8
6 143.0
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Figure 16, Calibration curve for conversion of dial readings to
refractive index, The upper curve is a plot of number of fringes
versus the dial reading. The lower curve is a plot of number of
fringes versus the refractive index.
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The weight fraction wy; is found froem the relation

= M) o)
R - aal {15)

where M is the molarity of the solute, MW is the molecular weight of the
solute, and d is the density of the solution,

The refractive index of the solution is obtained frem a plot of
molafity ;s a functien of dial reading, If there is no zero-order fringe
shift a single straight line is obtained; however, in many cases the

dispersion is large emough that there are shifts in the zero-erder fringe

- position, The plots ef molarity versus dial reading then become broken

lines of positive or negative slope depending on whether the solutien has
a higher or lower refractive index than the pure solvent, Examples of
these are shewn in Figure 17a and 17b and the method of computing refrac-

tive index from dial reading in these cases will now be described.

Dial Reading
Figure 17a, Molar concentration of solute as a function -

of disl reading for selutions whose refractive index is
larger than that of the pure solvent.
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Molarity

Dial Reading
- _ ‘ Figure 17b. Molar concentration of solute as a function

of dial reading for solutions whose refractive 1ndex is
smaller than that of the pure solvent,

All the dial readings whose abscissas will intersect on sectien O of
either graph (Figure 17a and 17b) will give the correct refractive index
as previously explained. Those which intersect on section 1 will be one
fringe im error, those on section 2 will be two fringes in error, etc.
The erroer in the number ef fringes can then be determined from‘the molar-
ity versus dial reading plot. To determine this number parallel straight
lines are drawn for as many sections O, 1, 2, etc., as may be needed
noting that the width between the lines is one fringe (which, in turn,
can be expressed in terms of dial reading using the original calibration

- curve), Any point not falling on ene of the lines must be in error amd

shoul& be rechecked or discarded, |

The ﬁethod of finding the refractive index in the above cases may'be

~ shown by an illustration in which the errer,'fof example, is twe fringes,

For a salt eof the first type such as potassium chloride in Figure 17a,

# point B in Figure 18, corresponding to a particular dial reéding A, is
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located on the calibration curve. If this gives a reading of the number
of fringes as 17.4 thén, since there is an error of ‘two fringes, tﬁo are
subtracted and peint C is found at 15.L which, when extended to the left,
intersects the refractive index cﬁrve at D, This gives the corrected
refractive index reading at E.

| For a salt of the second type such as sodium fluoborate in Figure
"17v, the steps to locate A and B in Figure 19 are the same, but,.since
the fringe error is in tﬁé opposite direction, two fringes are added
resulting in a peint C higher than point B by exactly two fringes. The
ordinate D corresponding to.C give the corrected refractive index read-

ing at peint E.

9
[
q
T 17Uk
1 9 : .
o 1.4 v A
S s
K
2
|
&
L . {Disl # Reading

Refractive Index

Figure 18, Method of using the calibration curve
of Figure 16 when there is a zero-order fringe less.
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‘Number of Fringes

Dial | A Reading
E
Refractive Index

- Figure 19, Method of using the calibration curve

of Figure 16 when there is a zero-order fringe gain,
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Results
Data and Calculations

n A detailed calculation of the melecular'réfraction of sodium chloride
from dilute solution measurements is now presented as an example of the
procedurg followed in every case. '

Aliquots of an original selutien of known concentration were diluted
and the concentrations computed frem the velumetric data, The densities
of the solutions were determined as previously described. As a check on
the precision of the density data the specific velumes ¥ ,2 of the selu-
tions were plotted graphically as a function of the molarity (Figure 20)
and any measurements which did net fall on the resulting straight line.i
were repeated,

The dial readings on the interferometer necessary to restore the
white light fringe to its initial position-are measured upen intreducing
each solution intq the cell., The molarities of the solutions were then
plotted graphically as\a function of dial reading (Figure 21) and a series
of parallel straight lines obtained as described in the previeus section
for the example of potassium chloride, The fringe errors; if any, are
now found from the graph and thé refractive indices are obtained frem
] the calibratien curve, The data aﬁd results are shown ih Table V.'vThe
melar refraction is now found by pletting graphically values of n® and
313~versus weight fraction of selute w,. Frem the slopes of these graphs

(Figures 2L and 25), o and ( , and the intercepts at infinite dilution,
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Figure 20, Molar concentration as a function of specific
volume for sodium chloeride.
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Figure 21. Molar concentration as a function of dial reading for sodium chleride,
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: 0 ‘0
nlz and ¥ , the specific refraction rj was calculated using equatien

r3 = 3 (0.777) (1.00178)  + (1.00178 - 0.7092)
~ (1760605 + 2)2 | |
- 1,780805 - 1
TﬁEE%TT

ra = 0.16085

Then, from the equatien
' 0
MR' = MWI‘z 3 ‘bé)
we have

MR = SBUSTY = 9.0

The data are summarized in the lower part of Table V., Déta an& results
for the remaining compounds studied are presented in Tables VI to:XVIII.
The greatest source of error in the deterﬁination of the molar

refraction by this methed is that of finding the slope of the 1ine§.
The maximum error in doing this is 0.9% which introduces a 2% error in |
the determination of the melar refraction. In some instances, the érror

is greater than this up to h% if the ?;otted points did net fall exactly

on a straight line. (See methed of calculatien).
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Figure 22, The sguare of the refractive index as a functien
. of the weight fractien of sodium chleride.
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'TABLE V

MOLAR REFRACTION OF SODIUM CHLORIDE

' Weight
Molarity Density Fraction Dial Fringe Refractive
M d Vg Reading Less Index
0,00000  (1.00178) ©.0000CO 228,5 1.33LL68
0.01915 = 0.99%888  0,001121 178.1  1.33k665
0.03829  1.00138 0,002239  11k.1 (-1) 1.33u92k
0.07658  1.00221  0,00LL70 17.1 (-1) 1,335263
. - 3.7 (-2)
0.09573 1.00221  0.005583 31L.2 («2) ~ 1,335465
' 328.4 (=1) .
0.13402  1,00379 ©0.00780k  .219.0  (-2)  1,335618
019146 1,00612 0.,011123  57.8 - (-3) 1.336483
82.9 (~1)
69.8

(=2)

Values of the ﬁarameters in equation (LL) as found
from graphical plets of the above data: .

1.780805

n2
Bo = 1,00178
o = 04777
@ = -0.7092
Molar refraction calculated from equation (L6):
MR = 9,40
-85~
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TABLE VI

MOLAR REFRACTION OF POTASSIUM CHLORIDE

-,

Molarity  Density  Weight - Dial Refractive

M d Fraction wy 'Reading Index
0.,00000 (1.00178) 0.000000 228.5 11.33k4468
0.02558  0,99940  0,001908 161.2 1.334735
0.0757k 1.00183 0.,005711 - 20.3 1.335300
0.12790 1.00427 0.009495 2001 1.335830
0.,1918L 1.00721 0.014201 - 95.3 1.336508

Values of the parameters in equation (4L) as found
from graphical plots of the above data: .

n® = 1.780805
y° = 1.00178
o~ = 0,830
@ = -0.6330

Molar refraction calculated from equation (L6):

MR = 11.68
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TABLE VII

MOLAR REFRACTION OF AMMONIUM FLUOBUKATE

Sy - Y 3 AL EBLA

N T

Molarity Density Weight Dial Refractive
M 4 - Fraction wy - Reading Index
0..00000 (1.00178) O 00000 228.5 1.334L68
T 0.02725 0.99943 000286 2Ll .8 1.33L4L03
0.06813 1,00129 0,0071L 269.9 1.33L304
0.13426 1..00429 0.01423 | 310,k 1,334148
0.20439 1.00726 0,02128

350.5 1.333991

Values of the parameters in equation (LL) as found
from graphical plots of the above data: .

n® = 1,780805
¥ = 1.00180

e< = -0,06077
@ = -0.4280

Molar refraction calculated frem equatien (L6):

MR = 11,08




N

TABLE VIII

‘MOLAR REFRACTION OF FLUOBORIC ACID

Molarity Density =~  Weight " Dial Fringe

227.7 (-3)

' Refractive
M d Fraction w; = Reading Gain Index

0.00000  (1.00178)  0.000000 - 228.7 1.33LL68

0.04066  1.00061 0.003569 2705  (-1) 1.334356

' 0.1016)  1.00397  0.008892 364 (-1) 1.33L18L

- 330 (-2) -

0.20328  1.00916  0.017692 0.8  (-3) 1.333660
6.8 (-2)

0.30492  1.01335  0,026430 156.6  (=3) 1.335508

4o (-2) |

0.40656  1.01839  0,03506L . 207.1  (=2) 1.333260

Values of the parameters in equation (Lk4) as found

from graphical plats of the above datas

n® = 1,780805
KO e 1.001&

o = «0,0922

d = 0,569
Molar refraction célculated from equation (46):
MR = 6.14 |
-88-
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PO A TABLE IX

& : MOLAR REFRACTION OF AMMONIUM CHLORIDE

Molarity  Density Weight - Dial Fringe  Refractive

M d - Fraction waz  Reading Loss Index
0,00000  (1,00178)  0.000000 228.7 1.33LL68
0.035k3  0.99888  0.001899 183 (-2) 1.33479L
0.05315  0.9913  ©.0028L6 3.9 (-2) 1334976
0.08858  0.9976  0.00L7W0 . 328.5  (-h) 1.335293
017725  1.00127  0,009466  111.3  (=5)  1.336157

Values of the parameters in equation (LL) as found
* from graphical plots of the above data: .

n® = 1,780805
_x° = 1.00173
< = 0.7
@ = 0,316

Molar refraction calculated from equation (L6):
MR = 12.86 -




TABLE X

MOLAR REFRACTION OF SODIUM FLUORIDE

Molarity Density Weight -  Dial . Refractive

M ‘ d Fraction wy Reading Index
0.0000 (1.00178) 0.,000000 228.7 1.33LL68
- 0.0221 0.99922 -  0.0009L5 195.4 - 1.33L598
0.03ls  0.99970  0.001l17 179.3 1.334662
0,0562 1,00073 0.,002360 L6.5 1.334791
0.1120 1.00328 0.004708 68.8 1.335111

0.1691 1.00559 0.007043 3847 1.335416

Values of the parameters in equation (LL) as found
from graphical plots of the above data: .

n® = 1,780805
ﬂao = 1,00178
o = 0,36i5
@ = -1.09
Molar refraction calculated from equation (L6):
MR = 2,47 |
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| - TABLE I

. MOLAR REFRACTION OF SODIUM SILICOFLUORIDE

Molarity  Density Weight - Didl® Refractive
.M d Fraction w, Reading Index
) .dooooo (1.00178)  0,0000000 228.7 1.33LL68
0.002665  0.99871  0.0005018 220.6 1.334498
0.,003998 0.99892 0,0007525 217.2 1.334513.
0.006663 0.99932 0.0012537 210.0 1.3345L0
0,013330 1.00036 0.,0025058 194 .4 1,334603

0.0199%0 1.,00143 . 0.0037537 178.7 *© 1.33L661

Values of the parameters in equation (LL) ‘as found
from graphical plots of the above data: -

n® = 1.760805
\&0 = 1,00171
o< = 0,524 .
Q = «0,817

‘Molar refraction cslculated from equation (L6):

MR = 13,20

«91-
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TABLE XII -
MOLAR REFRACTION OF POTASSIUM SILICOFLUORIDE

Molarity Density Weight - Disl  Refractive

M : d Fraction wy Reading Index
0.00000 (1.00178) 0.000000 228.7 1.33L4L68
0.00125 © 0.99838  0.000277 22k 1.33hhok
10.00250 0.99860 0.00551L 221,05  1.334l96
0.00250 0.99861 0.00551L 221,05 .1.33L496
0.00375 0.99885 0.008269  217.5 1.334513

0.00500 - 0.99%03 0.001102 215.2 _1.3311521

Values of the parameteré in equation (LL) as found
from graphical plots of the above data: .

n® = 1,760805
~6° = 1,00181
o = 0,422
@ = -0.767

Molar refraction calculated from equation (L6):

MR = 17.40




\»-.--/w

i

&

MOLAR REFRACTION OF SODIUM FLUOBORATE

TABLE XIII

3L0.7

‘Molarity Density Weight Dial Fringe Refractive
M d Fraction w, A Reading Loss Index
0.00000  (1.00178  0.00000 228.5 1.33LL68
- 0.04630 1.00141 0.00L97 260.1 (-1) 1.33L400
- 277.9 (~2) 1.33LL00
0 .06482 l.OOééS 0.00709 266.7 (‘l) 1.33L375
009261 1.00456  0,01012 292.6  (=2) 1.33433L
0.11113  1,00889  0.1211 3005  (-2) 1.334301
0.18321 i.omfs 0.01989 (-35_ | 1.334200

Values of the parameters in equation (LL) as found

from graphical plots of the above data:

Molar refraction calculated from equation (L6):

n® = 1,75080
X° = 1.00178

o = «=0,0362

@ = -0.6275
MR = 7.63
.93-
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MOLAR REFRACTION OF POTASSIUM FLUOTITANATE

TABLE XIV

Molarity Density Weight Dial Refractive
M d Fraction w, Reading Ingiex

G .00000. (1.00178) 0008000 228.7 1.33LL68

0.0086l 0.99952 0.002075 199.5 1.33L583

0.01080 0 .99995 0,002593 190.6 1.33L616

0.01728 1.00073 0.00L146 17h.5 1.334680

0.02161 1.001L46 0.005179 159.9 1.334739

Valuss of the parsmeters in equation (LL) as found
from grephicel plots of the above data:

Molar refraction calculated from equation (L46):

0,

2

n -

xo = 1,00178
o< = 0,150
1€ = «0,018

MR = 26.68

1.780805
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TABLE XV
MOLAR REFRACTION OF POTASSIUM BIFLUORIDE

Molarity

 Density Weight . Dnial Refractive
M ' d Fraction wy. Reading Index
0.00000 (1.00178) 0,000000 1228.7 1.33LL468
~ 0.0193l 0.99941 0.001511 20447 1.334560
002900 10.99950 0.002266 1%0.1 1.33L615
0.04835 11,00108 0.003772 173.1 1.334685
0.09670 1.00386 0.007599  127.5  1.334868
0.14505 1.00630 0.011246 - 96.7 1.335051

Values of the parameters in equation (LL) as found
_ from graphical plots of the above data: .

n® = 1.,780805
x° = 1.00178
~ = 0,351
@ = -0.7118

Molar refraction celculated from equation (L6):

MR = 6.44
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TABLE XVI

MOLAR REFRACTION OF POTASSIUM FERRICYANIDE

Molarity Density Weight Instrument Refractive
M d Fraction wy .Reading Index
0.,00000 -— | 0,000000 14,90 1.333221
| 0.00L49) 1.00952 0,001610 23.10 1.336408
0.00997 . 1,02031 0.003185 31,58 1.340058
0.01479 - 1.0310k 0.004728 39.79 1.3k281L

0.0197k 1.0197 . - 0.006238 h8.21 - 1.3k4599L

# Immersion refractometer

Values of the parameters in equation (Lk) as found
from graphical plots of the above data: .

n® = 1,777.8
Ko = 1.,00129
=< = 0,5557
@ = <=0,6709
. Molar refraction calculated from equation (L6):
MR = 60.91 -
¢
-96~
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) _ ) TABLE XV1I

e ‘ MOLAR REFRACTION OF POTASSIUM FERROCYANIDE

Molarity Density Weight Instrumept  Refractive
M d Fraction wjp Reading Index

0.000000 - 0,000000 14.90 '1,333221

0,00L812 1,01013 0.001750 23.80 1.336674

0,009620 1.02137 0.003L66 32.80 1.336674

0.01L420 1.03262 0.005L1k ko 1.3b3ke2

0.01%221 1.04385 0.006781 50.10 1.3L6707

) *.Immqrsion refractometer

Values of the parameters in equstion (L4) 28 found
from graphical plots of the above data:

2 = 1.777L8
© = 1,00129
o =  0.5316
@ = -0.631

Molar refraction calculated tfrom equation (46):

MRl_ = 69,06

1= |
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- TABLE XVIII
s MOLAR REFRACTION OF POTASSIUM CHLORIDE®

i SR} SETIS e S s gy, s S s e ) 1 e - ST
= e = by . o

. KC1 gn, equiv. Refractive Specific
I00 gn. sol'n iter ‘ Index Volume "

0.9466  0.1274 - 1.33376 0.9969

0.9769 0.1315 © 1.33380 0.9962

1.0003 01318  1.33388 0.9963

24297 0.3299 1.33877 .~ 0.9879 -
- b.6LTh 0.6398 1.33871 0.9742

7.1636 . 1.,0022 \ 1.3L215  0.9587

5.4579 1.3L50 1.34523 0.9431

% Data from Landoli-Bornstein.4 Rf. 161

Values of the parameters in equation (Ll) as found
- from graphical plots of the above data: .

" n® = 1.7755

% = 1.0028

=5 = 0,361

Q = 0 0616

Moler refraction calculated from equétion (L6):
. ' MR = 11,59 -
%
r]
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VI. REFRACTIVE INDICES-AND MOLAR REFRACTIONS OF GASES
Theoretical

If a thickness t of a substanée having a refractive index n is
introduced into the path of one of the beams in the interfefometer, the
optical path in this beam is increased because of the fact that light
travels more slowly in the substance and consequéntly has a shorter wave-
length. The optical path is now n.t through the medium, whereas it is
t through a corresponding thickness of vacuum, and the increase in
optical path due to insertion of the substance is (n - 1)t. This will

introduce (n = 1)t/\ extra waves in the path of one beam, so if we call

- Am the nmﬁber of fringes by which the fringe 'system is displaced when

the substance is placed in the beam, we have
(n=-1)t = (Ama. . (&7) -

Thus a measurement of the number of fringes and the thickness of the
sample gives a value of the refractive index of the substance when
radiation of known wave-length is used.

Since the refractive index depends on the amount of gaseous sub-

stance in the cells, the practical formula becomes -

Am 760 A = (n=-1) (L8)
p t :

-99-
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where p is the pressure of the gas in the cells, This‘tben gives the
refractive index at a standard pressure of one atmosphere,

Another variable is the temperature of the system. This was either
controlled by circulating liquid from a thermostat through a jacket
around the cells or else the system was allowed to come to room temper-
ature., The latter can be done when conversion formulas are availéble
to-calculate the refractive index for 0°C, the usual temperature for

comparing refractive indices. One such equation suitable for air, is
ng -1 = (no - VAL +=Xt) (L9)

where ny is the refractive index at a particular temperature t °C, ng is
the refractive index at O°C, and o< is a constantvchgracteristic of air
and equal to 0,00367, This and other such equations are empirical.

A third factor is'the wave-length of the radiation used in measur-
ing the refractive index. The interferometer acts in the sense of a
prism refracting light of various wave-lenéths different amounts and
will give a different refractive index for a different wave-length, To
illustrate, the following table gives the values of the refractive |
indices at several wave-lengths, (See Table XIX).

A table like this allows one to set up an empirical general intere
polation equation, as did Barrel and Sears for air,‘ﬁiﬁh the result

(ngp 1) - FA + %ﬁ + %?] P (i S ji P) (So?

where P is the pressufé in'millimeters of mercury, T the temperéture in

degrees centigrade and the constants have the following values:

=100~ .
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TABLE XIX
REFRACTIVE INDICES OF AIR FOR RADIATION OF VARIOUS WAVE-LENGTHS

—]
P e L, TS LMD T e - s > —————

Radiation . (n - 1)10¢

Cadnium red line  6LLO 3 271,70
Mercury green line SLEl 4 273.19
Cadmium blue line LOL 4 274.78 -
Mercury violet line 4359 3 276.30
A = 0376153 x 0°° ¢ = 17.59 x 107
B o= 212x10"° & = 0,73 x10"°

® = 0,73 x20° |
Cauchy's dispersion formula, vwhich was mathematically derived, is
essentlally identicsl. It can have even more terms if necessary but a

somewhat simpler form of it is usually sufficient:
n-1 = A + B/\?% - (51)

vhere A and B are constants which. are different for every gas. These

constants have been determined for approximately sixteen gases so the

refractive indices for these gases mazy be found for any wave-length.

The refractive index value should be corrected .to a standardiged wave-
length, which is usually that of infinite wave-length, Many times the
use to which the refractive indices are to be put is not such as to ﬁarrant
this correction, =znd sometimes the date and conversion factors are just

not available.
~]101-
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Investigation of the molar refraction values found for gases shows
that, for some'substances, the Lorens-Lorents values are constant to
7000 atmospheres. In pther cases an increase in the molar refrection
values with pressure was found at relatively low pressures., Many modifi-
cations of the mplar refraction equations were attemptad to corfect for
thié chenge but none are satisfactory except perhgps for a few particu-
lar gases, .

Finally, since the moiar-vo1qm9 is involved in the molar refraction
equation, differenp equations of stateAhave been psed to redqce the
density to the idesl stafe. ‘That is,'assumipg that a gas begins to

deviate at higher pressures from the idesl gas equation,

It is known, of course, that few gaées obey the ideal gas equation
strictly. It is usually assumed that if the refractive index of the .
gaseous substance is determined at a very low'pressure, it probably follows
the ideal gas law, This can be quite easily checked by finding the re-
frective index at several pressures differing by nearly equal increments
end noting if there is a change of the refractive index. If so, this
indicates some kind of non-ideal behavior, |

-102-
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Regults
Data and Calculations

From the eéuation,

it is seen that only A m, the mmber of fringes, and p, the pressure,
are varisble in the determination of n, the refractive index. CL, the
cell length, must first be determined before all‘t.he constants may be
combined, ‘ o _ ‘

| The cell length was deterniined by two methods. The first is an

indirect method making use of the lmown refractive index value of nitrogen.

. The accepted value for the refractive index of nitrogen at 25°C is

: 1.0092767 . ¥hen this gas was introduced into the interferometer, an

aversge of 80,1 fringes passed for a pressure of 117.65 mm. Snbstitutixig
thése values in equation (L8) , one obtains a value of 102.07 cm. for the
cell length, The second method to determine the cell length was to
measure it directly usi'ng & standard meter bar for comparison, The value
def.e_rmingd by this procedure was 102.08 cm. |

Equation (L48) now reduces to

106,56 Dm =(n-1) (53)
: p

The average value of [ m/p was found to calculate the refrsctive index

of the gases. Then from the Lorenz-Lorenta equation,

-103-
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2.1 al
fl“zv MR (54)

where V is the molar volume of the gas at a pressure of 760 mm,, the
molar reffaction is calculated., The molar volume was calculated from
the ideal gas equation (52) for the particular temperature at which the
compound was run, o

The first gas whose refractive index was detemined was that of
nitro,gen. This served as a check on the accuracy of the instrument a.nd
gave- experience in its operation, The values obtained are shown in'
Tablé XX along with values from the literature for comparison, The
measured cell leﬁgtlx was used in obtaining the observed refractive

indices given in this table,

TABLE XX

DETERMINATION OF THE REFRACTIVE INDEX OF NITROGEN
AT TWO DIFFERENT TEMPERATURES

Pressure Number of Fringes Temperature Nohs n*
10L.45 " 70.0 25% 1.0002720 1.0002720 -
117.65 80.1 20°%¢c 1.0002766 1.0002768

& These values were obtained by converting the value at 0°C
given in the literature to 20°C and 25°C,

The main source of error in the meamrem‘erit_ of the refractive indices of

- the gases is that of the pressure measurements and exact mumber of

fringes counted. Therefore, an estimate for each substance may be made

-104- |
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by noting how the individual A m/p values vary.from the average for
each particular compound. This may then be found in terms of the
refractive index or‘molar refraction, ,

| The halogen fluorides which were measured were guite corrosive.

tu glass and mercury, and therefore it was not possible to use an ordi-
'nary mercury manometer to measure the pressuré. The pressure measuring
system as describéd in Section IV was used, A calibration is needed to
‘convert the pressure readings from the Bourdon pressure gage, which

were in arbitrary units (distance measured with a micrometer) to milli-

meters of mercury, The data for this calibration is given in Table XXV,

In the region of Bourdon gage readings from 416 to LO9, the average
slope is 6,43, while in the region from LO9 to LOO, the slope is 6.71.
Only the first region was used in the measurements. Thus the equation
to convert the pressure readings of the Bourdon gage.to millimeters

of mercury is
' Pm = 643 A (55)

where A is the difference in the Bourdon gage readings between vacuum
and the pressure to be measured, Therefore, as a convenience, the

average of the Bourdon gage readings was found and converted to milli—

meters of mercury pressure.

-105-
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TABLE XXI

oy, ‘ DETERMINATION OF THE MOLAR REFRACTION
OF CHLOROTRIFLUOROETHYLENE

. cara . e,

Fringes Pressure - A m/p
Displaced (mm.) - .

- 139.0 | 56.95 2.4k
1140 47 .10 ' 2.2
171.0 A 71.15 2.l
151.0 | 62.95 2.0

Average 2.42 |

Calculated refractive ihdex:
n = 1,00098L0
Molar volume at 20°C:
.Vm = 244,035 cc./mole
Caiculated molar refr;ction:

MR = 15.77 cc./mole

-106-
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TABLE XXII

DETERMINATION OF THE MOLAR REFRACTION

OF PERFLUOROETHYL ETHER

i
k

Fringes Pressure A m/p
Displaced (mm )
220.0 62.5 3.52
65.5 18.35 3.57
100.0 28.25 3.5k
66.0 18.75 3.52
180.0 50.85 3.5L
101.0 28.70 3.52
19.0 11.80 3.56
1409.0 114.10 3.58
Average 3.55 -

Calculated fefzjactive index:

n = 1.00111396

Molér volume at‘25°C:

Vp = 2,450 cc./mole

Calculated molazf refragtion:

MR = 23.19 cc./nole

~107~-
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TABLE XXIII

v DETERMINATION OF THE MOLAR REFRACTION OF
1,1,1,2,2,3,3--HEPTAFLUOROPROPANE

Fringes Pressure A m/p
Displaced ‘ (rm . )
105.0 : L.195 2.51
39.0 16,40 2.38
125.0 52.70 2.37
25.0 10.00 2.5
164.0 69 .10 2.37
158.0 ' , 62 .80 2.52
89.0 35.55 2.5
21.0 8.50 2.52
250.0 96,65 2,58 -
25.0 10.15 2.47
199.0 76.55 2.0
350.0 ‘ ) 137.15 2,56
99.0 36.75 2.69
100.0 A 39.40 2.51
150.0 58.50 2.57
164 .0 66.60 2.47
104 .0 : L2.70 2.LY
Lverage 2.52

Calculated refractive index:
‘ n =_ 1.,001023
- ‘ " Molar volume at 25°C: o
- Vp = 24,450 cc./mole
Calculated molar refraction:

MR = 16.67 cc./mole -

5
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TABLE XXV

DETERMINATION OF THE MOLAR REFRACTION

OF PERFLUOROTRIETHYL AMINE

ov———

i

e

Fringes Pressure A m/p

Displaced (mm.,)
50.0 9.65 5,181 28.0%
%0 9.90 5.051 '
50,0 9.75 5.128

. 25.0 L .85 5.154
50.0 9.50 5.263
50.0 9.30 5.376
50.0 9.20 5.435
50.0 9.80 5.102
0.0 9.70 5.155
50.0 9.65 5.181
50,0 9.70 5.155
35.0 6.60 5,303

Average £.209

1070 . 20.75 5.157 27.5%C
. 25.0 L.75 5.263
25.0 L.75 5.263

- 25.0 L.75 5.263
133.0 26.20 5.225
% .0 9.45 5.291
50,0 9.70 5.154
344.0 65.70 5.236
50.0 9.60 5.222
5.0 9.ks 5.2388 -
100.,0 19.10 __5.236 .

Lver age 5.233

Calculated refractive index:
n28.0 = 1,0021178
n?1-5 = 1.0021265

Molar volume st 28,0 °%C: V, = 24,697 cc./mole

Molar volume st 27.5 °C: V, = 2L,656 cc./mole

«109-
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TABLE XXV

CALIBRATION DATA FOR CONVERSION OF BOURDON GAGE
READINGS TO PRESSURE

Bourdon Gage - Pressure Column 3

Reading (v, ) + Column 2
116.0 0 .00 0.00 -
L1575 0.25 2,70 10.8
L1k .95 1.05 7.35 7.0
Lk.h 1.6 10.35 6.47
Lk .0 2.0 12,90 6.45
L13.9 2.1 13.85 6.60
L13.2 2.8 17.45 6.23
113.0 3.0 19.35 6.5
a2 ;25 3.75 23.80 6,46
h12.2 3.8 24 .00 6.32
11,7 L.3 27.65 6.4
10,9 5.1 32.80 6.43
410 .65 5.35 35.00 6.54
410.5 . 5.5 35.50 6,46
. Average 6.43
L08.8 7.2 4,8.10 6.68
lo8.L 7.6 .50.80 6.69
L07.8 8.2 55.65 6.79
Lo7.2 8.8 58.15 6.61
- 406.5 9.5 63.90 6.72
Los5 .6 10.4 69 .35 6.66
Lo5 .2 10.8 - 72,00 6.67
Lok.o 12,0 81.30 _ 6.77
L03.2 12.8 85 .85 6.71
Lo2.0 - 14.0 9,.85 6.77
01,6 .4 97.70 ‘ 6.78
Loo.5 15.5 105.25 6.80

Average 6.711

%  is the difference between the reading for vacuum (116.0) ~
and the reading at the given pressure,
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TABLE XXVI

DATA FOR DETERMINATION OF THE MOLAR REFRACTION
' OF IODINE PENTAFLUORIDE

Pressure Number of Change in Pressure
(Micrometer Keading) Fringes ~ Per 10 Fringes

113.3 10 | 0.5
L412.8 B '
a4 .2 20 0.5
413.2 10 0.5
2.7 9 0.55
2.2
111.5 10 0.6
1109 6 0.6
110.5 N
lak.1 10 0.6
13,5 10 0.5
413.0 . 10 0.6
2.k 10 6.5
111.9 10 0.6
111.3 8 0.5
- 110.9
113.5 9 0.55
113.0 9 0.6 .

- 412,25 9 0.55
111.9 [ 0.6
1115 |
L1}.0 10 0.6
N 9 0.5
113.0 8 0.6
1125 9 0.55 .
l12.0 10 1.0
.0 |

Averagé 0.55
~111-
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Using the average change in pressure per ten fringes (0.55) and the

equation from Table XXVI, |
Pom of Hg = 6.3 A .
the number of fringes per millimeter pressure change

A m 10 .
P 0.55 x 6.43

is found. Then, by use of equation 53,

Anm - - 6 . 10 x L06.56
—— gu06.56 (n '1) 10 RS

“and n = 1.001156

From the ideal gaes law the molar volume

V= 2L,780 cc./mole

(55)

1156.0

is calculated at 29°C and the molar refraction found using equation Sk

MR = 19.17 1 0.27 cc./mole

This is an example of the procedure used for the calculation of

the molar refraction of the halogen fluorides, in this instance of

iodire pen’tafiuoride. The calibration data for -the Bourdon gage reading

to pressure conversion factor (equation 55) is given in Table XXV and

“explained on page 105,

=-112=-
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TABLE XXVII

DATA FOR DETERMINATION OF THE MOLAR REFRACTION
OF BROMINE PENTAFLUORIDE

Pressure Number of Change 1n Pressure
(Micrometer Reading) Fringes Per 50 Fringes

409.0 24 o 3.13
410.,6 : _
L15.9 S 28 3.75
413.8 _

115.9 70 3.86
L10.5 11 3.54
113.4 ,

L15.9 118 3.60
LO7 .k ‘ 33 2,58
L09.1 25 3.0
110.8 - C '

415.9 142 3,59
Lo5.7

415.8 © 20 3.75
L1h.3 20 3.50
L32.9 © 20 L.50
11,1 20 2.75
410.1 20 3,00
L08.8 20 , 3.00
Lo7.6 20 T 3,50
L06.2 20 3.00
L05.0 20 2.75
Lo6.1 20 3.25
LOoT7.4 20 3.00
Lo8 ,6 20 3.00
409.8

L09.9 ' 5 3.50
110,25 5 L.50

L10.7

Continued next page
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TADLE XXVII ~ Continued

Pressure Number of Change in Pressure
‘(Micrometer Reading) Fringes - Per 50 Fringes
110.7. L 2,50
lio.9 5 l;,00
111.3 6 2.5

111.6 ,
115.8 20 3.75
1ak.3 20 3,50
2.9 7.4 3.75
L1.h
ln1.5 20 L .00
L09.9 20 2.50
L08.9 20 2.75
L07.8 $ 20 3.50
Loé.L
406.1 20 3.00
Lok.9 20 3.25
103.6 20 3.25
Lok .9 20° 3.00
L406.,1 20,5 3.25
Lo7 .4 1n.5 3.04
L08.1
l15.8 20 3.50
kb 20 3.50
ln3.0 20 3.75
1.5 20 3.25
Lo .2 20 3.00
109.0 20 3.00
l07.8 20 3.00
06,6 20 3,00
Los. L 20 3.25
LoL.1 20 3.25
Lo2.8
Continued next page
~11h-
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" TABLE XXVIT - Conlinued

A

Pressure _ Number of Change in Pressure
(Micrometer Reading) ’ Fringes Per 50 Fringes

L02.8 20 3.25
L01.5 20 3.00
400.3 20 3.5
401.7 20 3.00
L02.9 20 3,00
Lok .1 20 3.25
Los.L 20 3.25
1106.7 20 3.00
407.9 12 3.75
108.8 ’ .
L15.5 20 L .00
413.9 20 . 100
L12.3 .

L1313 20 3.25
L10.0 20 3.00
108 .8

108.2 20 3.25
406.9 20 360
405.7 20 3.25°
Lok .4 20 )
403.0 20 " 3.00
,01.8 0 3.25
00,5 20 3.00
399.3 20 3.25
398.0

396.5 20 3.75
396.2 20 3.00 .
395.0 20 *3,00
393.8 20 3.25
392.5 S

Average . 3.32

Calculzted refractive index:

n =

1.000951

Molar volume at 25°C:

Vy -

24,451 cc./mole

Calcul ated molar refraction:

MR =

15.48 2 0.56 cc./mole
~115-
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TABLE XXVIII

DATA FOR DEFERMINATION OF THE MOLAR REFRACTION
OF CHLORINE MONOFLUCRIDE

U

‘ Pressure Nmnber of Change in Presgsure
- (Micrometer Reading) Fringes * Per 10 Fringss
L1k.9 L 1.5
L13.4 10 : : 1.3

L12.1

R 7 1,29
112.8 | ~ |
l15.0 1o 1.3
413.7 ' ‘ 9.5 1.36
L12.4 ‘ _ .
L11.9 ' 7 : - 1.L3
L12.9

Average 1.363

Calculated refractive index:
"n = 1.000L69
Molar volume for 2&?0:

Ve = 24,369 cé.[hole

~ Calculated molar refraction:

MR = 7.62 ¥ 0.25 cc./mole

116
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TABLE XXIX

DATA FOR DETERMINATION OF THE MOLAR REFRACTION

OF BROMINE TRIFLUCRIDE

Pressure Number of Change in Pressurs
(Micremeter Reading) Fringes FPer 20 Frlnges

ia3.9 16 1.67

el 15 1.86

1104 T 1.60

’ﬁﬁé‘ 15 1.73

1203 15 1.73

1122 7 1.71

2.2 15 1.60

R 1k 1.86

m.i 1L 1.7

L11.8 9 1.55

T 15 1.73

1133 15 1.86

hll.9 15 1.86

112 L 6 1.66
Average 1,745

- Calculated refractive index:
n = 1,000725
Molar volume for 53°C:
Vy = 26,719 cc./mole
Calculated molar refraction:

+

MR = 12,92 I 0.33 cc./mole
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TABLE XXX

DATA FOR DETERMINATION OF THE MOL&R REFRACTION
OF CHLORINE TRIFIUORIDE

Pressure Number of Change in Pressure
(Micrometer Reading) Fringes Per 20 Fringes
1k, 3 }
o 2 2
Lo7.9 20 1.9
0.0 20 21
03.9 ’
101.8 20 2.1
1142
11119 %0 23
L09.8 20 2.0
tg;-.a 20 2.1
T *
1037 20 2.0
Lo3.2
L4011 | 20 2.1
L1k.k
112.1 2 2
L10.1 4O 39
398.5 °
Lik.bL
L12.2 20 2.2
lak.3 20 2.1
la2.2 20 1.8
Lo8.7 20 1.8
Lo6.9 20 1.9
LO5.0 .
Continued next page
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TABLE XXX - Couhiuued

Pressure Number of Change in Pressure
(Micrometer Reading) Fringes Per 20 Fringes
L13.9 20 2.0
411,9 20 1.9
L410.0 20 1.9
408 .1
Lo6,7 , 20 1.9
L02.9 20 1.8
399.3 20 20
397.4 ’

Average 2,00

Calculated refractive index:
n = 1,0006326
Molar volume at 26°C: .
V, = 24,533 cc./mole
Calculated molar refraction:

MR = 10.34 ! 0.50 cc ., fmole
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VII. DISCUSSION

The molar ref;action of a compound may be considered to be thélsum
of the individuel atomic refraction values for the atoms that form the
compound.” Sinceldnly the molar refracfion values may be experimentally
determined for a substance, theré must be a standard or accepted value

- of some atomic refraction to which all the others will be referred.
There seems to be no accepted standard, most authors merely choosing an
initial value by a ressonable guess., This has resﬁlted in some confus-~
ion and the data are usually not cumpafable with one another without
some modification, | .

The procedure used here to choose the initial value is based on the
assumption that ionic refractivities ahéuid be roughly'proportional to
the volumes of the ions, The radii of the Sphericgl ions of several

188 and from these the respective

alkali halides are given by Pauling
volumes have been calculated, The molar refragtions for seﬁaral of the
alkali halides at infinite dilution have been quite accurately determined
from solution measurements. These have been divided into ionic refrac-
tions with the same ratio as the volumes of the ions. When this was done
for several chloride salts a constant value fér the ionic refraction of
the chloride ion was found., This value provides the basis for the calcu-
lation of other ionic refractions, |

The valueslfor the ionic refractions at infinite dilution of all the

ions determined by the author are listed in Table XXXI as calculated from

-120-
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TABLE XXXI

IONIC REFRACTIONS

e ——r = = et " PAAT el
e e e, e B

Ionic Ionic .

- Ion Refraction Ion Refraction
k¥ 3.32 BF,~ 6.45
Na® 1.20 | sﬂ*s‘_ 10.78
N * L.60 TR 20.0
n* . -0.31 c1” 8.26

HF 5 3.12

the data of Table XXXI1, These empirical constants reproduce the observed
molar refractions of fhe.cbmpbunds with a mean deviation of I 0,04 cc./mole.
The molar refrgction of the bifluoride ion has little significance since
the very dilute solutions measured probably contained little of this ion,

Since covalent character tends to shorten bond lengths and decreases
the effective size of a species, the jonic refractions should belthe
maxima observed or assigned for the given atom, The ionic refraction
values for the broﬁide and iodide ions were taken'from Fajans' set of
values and that of fluoride had to be estimated since no ionié refraction
value could be fourd for it, |

Next, the covalent atomic refractions for the halogens were found,
The atomic refractions of chlorine and bromine were calculated from the
molar refractions of the halogen molecules while those of fluorine and

iodine were the values assigned to them by Vogél19 from his investigations

=]121=-
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TABLE XXXII

MOLAR REFRACTIONS OF IONIC CQMPCUNDS
IN INFINITELY DILUTE SOLUTION

Compound Molar Refr;ction
Kc1 | 11.58 1 0.10
y NaCl 9.,0 2 Q.20
NH BF, 11.08 1o0.21
mm; | 6;&1632
NaBF; | 7.63 20.15
NH;Cl | 12.86 2 0.16
NaF 2.7 203k
NaaSiF; | 13.20 2 0,22
KéSiFs L 17.k0 2 0,70
KoTiFe - 2.8 %25
KF 6. * 1.6
K;Fe(CN)e. 69.06
KoFo(CN) o - 60.91

of mmmerous organic compounds. The ionic and covalent gtomic refractioﬁs
of the halogens used in this investigation have been assembled in Table
XXXIIT.

The atomic refraction should decrease if the atom loses electrons,

i.e., changes to a higher oxidation state, but there seems to be no
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TABLE XXXTII

COVALENT AND IONIC REFRACTIONS
FOR THE HALOGEN ATCMS

Type of Bond Fluorine Chlorine Bromine Iodine
Ionic 1.80 8.26 . 11.59 18.16

Covalent 0.78 5.77 8.L5 13.95

satisfactory way to determine the amount of decrease. A fixed value was

chosen for the atomic refraction of fluoripe and the»differences between
\'/

the refractivities of ClI and ClIII, and of BrIII and Br ~estimated.

Using these differences as a basis, an'empirical set of stomic refractions
for the halogen atoms in various oxidation states was obtained, These
values .are for use in pure covalent compounds and are shown in Table
XXXIV,

Since the ionic radii are, in geaeral; larger than the covalent

radii of the elements it would be expected that increasing ionic character

~of bonds wouid tend to lengthen the internuclear distances. Atomic re-

fractions, in turn, tend to increase with size hence the molecular
réfraction.hight be expeéted to increase with increasing ionic character,
To test this hypothesis the mplecular refraction of a simple molecule
hés been assumed to be larger than the value obtained by summing the
covalent atomic refractivities by an amount proporfional to the percent
ionic character of the bondé. Thus

MR\ o = MReoy, + X [MRygns. -~ MR ] (56)

cov,
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% : - 'TABLE XXXIV

COVALENT ATCMIC REFRACTIONS FOR DIFFERENT
OXIDATION STATES OF 1+HE HALOGENS

& Atom : Atomic Refraction
cat 5.77
] R | ' | 5 27
Bri | 8.k5
BrI;I | 7.10
BrY : 6.L5
1! 13.95
' 8.60

where x is the fraction of ionic character., The values to be expected
for pure ionic and pure covalent compounds were taken from Table XXXIIL
and the fraction ionic character was then calculated for eéch of the |
compounds in Table XXXVI from the observed molar refractions., For com-
parison, the estimates of the ionic character from electronegativity
differences are also listed,'®®
For the fluorocarbon derivatives in Teble XXXV, the atomic refrac-
1. tions of fluorine have beeﬂ calculated by'subtracting the~atomic ro-
fractions values of the other atoms and bonds using.the valueslgivénvin
M{ © Table II. The values obtained were all approximately 1,10 cc,/mole which
lies between the covalent refraction and the ioﬁic refraction for fluo-

c rine and indicates about 36% ionic character (Table XXXVI).
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TABLE XXXV

SUMMARY OF REFRACTIVE INDICES AND MOLAR

REFRACTIONS FOR GASES

LY

. Refractive Temperature Molar
) Compound ~ Index oc Refraction
. CC1F=CG, 1.0009622 200 15.77 2 0.32
(CoFg) 20 1.001L396 25.0 23.9 o0.L8
n=C oF ;H 1,001023 25.0 16.67 2 0.33
(CoFg) oM - 1,002126 275 34.96 X 0.6}
CIF 1,000L9) 24.0 7.62 20,25
C1F, 1.0006326 26.0 10.34 2 0.50
BrFg 1.000725 53.0 112.92 20.33
BrFg 1.000951 25.0 15.48 X 0,56
IFg 1.001156 29.0 19.17 2 0.27
1.
@&
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TABLE XXXVI

IONIC CHARACTER OF VARIOUS COMPOUNDS

Calculsted Ionic

Ionic Character

v Substance Character From the From Electronegativity

' Refractivities Differences
CCl; | 8% 6%

) CHF 4 35% % L2%

. CFq 39% L2%
CellyaF 36% % k2%
Cal,Cl 5% % 6%
C1F 30% 22%
ClF, L9% L7%
BrF 55% 51%
BrFg 61% 65%
IF, 12% | 73%
HF 61% 59%
HC1 16% 18%
HBr 1% n%
HI 23% L%
SiF, 64% 0%

. 5iCl, 59% 0%

v SiBr, 16% 228

é : # Ionic contribution from carbon-hydrogen bonds ignored.

®
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VIII. SUMMARY

An interferometer of the Rayleigh type, which is adaptable for
measurements of the refractive indices of both solutions and gases, has
been c&nstructed. Aﬁ exﬁensive~review of the literaturé concerniﬁg the
instrument, its theory, and applications is included along with a dis-
cussion of refractive indices and molér reffactions. A discussion of‘
methods of solving various experimental problems encountered in building
and using the instrument has been included.

The use of the interferometer for solution measurements has been

discussed in detail including the method of calibration and the problem

of the sero-order fringe loss or gain,

A vacuum systemiwas-désigned for handling both unreactive gases and
the corrosive halogen fluorides, It consisted of copper tubing, copper-
plated brass gas cells, and brass Sylphon valves wherever the halogen
fiubrides were in contact with the system, The remainder of the vacuum
systém was of conventional construction for handling ordinary gases and
materials for calibration of the instrument. A special pressure gage
was made for measuring pressures of the gaseous halogen fluorides. It
consisted of a Bourdon tube, the movement of which was measured by a
micrometer. An electronic‘device was designed to indicate contact be-
tween the micrometer screw and the Bourdon tube.

The molar refractions of potassium chloride, sodium chloride,

ammonium fluoborate, fluoboric acid, sodium fluoborate, ammonium
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fluoborate, sodium fluoride, sodium silicofluoride, pbtaésium silico~-
fluoride, potassium fluotitanate, potassium bifluoride, potassium ferro-
cyanide, and potassium ferricyanide were determined at infinitg dilution
from the measured refractive indices and densities of dilute aqueous
solutions of each, A set of ionic refractions has been calculated from
these molar refraction values which reproduces the obgerved molar re-
fractions with a mean deviation of 0.0k cc./mole, The ionic refractions
were assigned to the atoms. in the ratio of the volume of the free gpheres
calculated from the ionic radii,

The refractive indices of nitrogen, chlorotrifluoroethylens, par;

fluorcethyl ether,'1,1,1,2,2,3,3-heptaf1uoropr0pahe, perfluorotriethyl

- amine, chlorine monofluoride, chlorine trifluoride, bromine trifluoride,

bromine'pentafluoride, and iodine.pentafluoride.were determined and the
respective molar refractions were calculated, An empirical procedure

was devised toiestimaie degree of ionic character in simple molecules.l
The value of the ionic character determined in this manner was compared

with the percent ionic character as determined by the electronegativity

differences for the atoms involved.
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