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I. INTRODUCTION flEcu -29W 
All intorfermeters divide a beam of l ight  i n t o  two or more parts 

wbich t ravel  different paths then recombine t o  form interference fringes, 

The form of these fringes is determined by the difference i n  optical 

path travelled by successive beans. Thus interfezmeters m e m e  

primarily differences i n  optical path. But as  the optical path i s  the 

product of the geometric path and the ref'ractive index, an in te r fenke tm 

either r n e m ' s  differences of gemetric path when the two beans travel  

in the aane medium, or  the difference of refractive index when the 

geometric paths are equal. Therefore, interferometers can be designed 

t o  measure the refractive indices of solids, liquids, solutions, and gcrse s. 

I n  measurements on sol ids  and liquids, an i n t ~ r f e m e t e r  has no 

great advantage over a precision refractometer. However, the interfero- 

meter is much better  adapted t o  the,measurement of the small difference 

between t l ~  refractive, index of a pure solvent' 'knd that  of a very dilute 

solution of a substance i n  tha t  solvent. The interferometer is even 

able to  detect these mall differences when the substances t o  'be dissolved 

are very s l ight ly  soluble. Only an intgrfermeter  w i l l  measure the re- 

fract ive index of a gas with .q accuracy. 

It has been the object of this investigation to  construct an inter- 

ferometer of the Rayhigh tgpe and adapt it for two purposes; first, the 

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



second, the measurement of the refractive indices of very dilute ~~o lu t ions  
-a + t ' -  by the difference method. 

I i-. An additive quantity, the molar refraction, can be cmputed from 

I ', 
the measured refractive index and demity of a substance . The molar re- 

f r a c t l w  may also be ohtaafned from empirioally dedueeel ata~~ii:  

structural refractive - constants. A comparison of the values of molar 

refractions observed with those obtained f r m  additive constmtcs g i w s  

infomation concerning the structure of thts s u b s t m e .  I n  this disserta- 

I t ion molar refraction data have, been obtained by experiment and from 

l i tera ture  sources fo r  this canparison. The molar refractions of ionic 

and covalent fluorides have - been discussed in detai l .  - . . 



11. HISTORICAL BACKGROUND 

Refractive Ldex 

When l igh t  passes from one medium in to  another medium it undergoes 

a change i n  velocity and, unless the beam is perpendid '& t o  the 

boundary, also fn direction. The change i n  direction i s  m e w e d  i n  

tms of t b  angle o f ,  incidenca i and the angle of refraction r which 

the incident and refracted bean make wlth the nomal t o  the boundary 

(See Figure 1). SnellBa law of refract ionsta tes  t ha t  

n, sin i = na sin r (1) 

where n, is the index of refraction of the first medium, frm which the, 

angle of incidence ( s in  i )  is measured, and a2 is the index of refraction 
. . 

of the second medium, f r m  which the'angle of ref'raction (s in  r) is 

measured. According t o  the ,wave, theory of Ught , 

where v, and v, are the velocities of the Ught. bean i n  the respective 

media. 

When air, or more accurately vacuum, is the first medium, the 

equation reduces t o  

n = sin i /s in r = vl/v2. 



Figure 1. Refraction -of li@t at a boundary 



&j ..k ,,,. 
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Thus the refractive index n is  a dimensionless constant whose value, for  
'. a,, -.'. 

C ' 

l igh t  of a given wave-length, is de tmined  by the na.ture and s t a t e  of 

a, aggregation of the substance and of the reference (air or vacuum) . If 
t 
& measurements of the refractive Index are t o  be s t r i c t l y  c q a r a b l e ,  it i8 

evidently necessary t o  specify the reference medium as w e l l  as to  control 

other variables which affect the velocity of l ight  i n  the ample i t s e l f .  

Since the index of refraction of air a t  O'C is ,about 1.000297, depending . , 

upon the peraentage of carbon dioxide i n  it, it is usually taken as unity 

in measurements on solids and liqu5ds. The refractive indices of gases 

are usually referred t o  vacuum as the reference ,medium; this yields an 

absolute index of refraction characteristic of the substance. 

The refractive 'index is of value in  three respects. . . Fi rs t ,  i t  serves 

a s  a means .for the i dentificstion of a substance, fo r  its quantitative 

a n d p i s  and as  a cri terion of i ts purity. The 'weFulness of the refractive 

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 

fo r  tihe evaluation of dipole moments of substances if the dielectric 

constant is measured at one temperature onlr. Third, certain functions 

of the refractive index, such as the molar refraction MR, are character- 

i s t i c  of a givenmolecule,and indicative of i ts structure. 

.I It is  important t o  notice that  the velocity of l igh t  i n  a medium 

depends on the wave-length, so rqya of Ught with different wave-lengths . 
.,̂  
\ 

are refracted differently and a composite ray is broken up by refraction 
- 

in to  hamogeneous r q a  of different wave-lengths. T h i s  effect  is known 

k" as dispersion. Comparable values. of refractive indicba must, theref ore, 



refer  to the sane wave-length. Very commonly the D l i n e  in the sodium 

spectrum, o r  selected l ines of the hydrogen discharge or mercury arc 

spectra, are used. 

The optical dispersion is  eqressed as nAl - nAz or as some simple 

function of it. Other expressions used are the %u valuen, 

and the specif IC d i ~ ~ e r e i o n l ' ~ ,  

Here %, 5,  and n re fe r  t o  the wave-lengths denoted by the Fraunhofer 
C 

0 0 
sgmbols6; C f a  H, = 6563 A, D fo r  NaD = 5893 A, and F for  Hg = 

0 
4861 A. With the intense and convenient l ight  sources now available the 

optical dispersion i s  readily measured and frequently used. It shows 

greater differences mong closely related compounds than the refractive 

index i t s e l f  and has been used t o  identify compounds of similar refractive, 

index. 
697 

For a wide variety of liquids an increase i n  temperature causes a 

decrease i n  the refractive index, but sane l iqu ids ,  especially a t  

temperatures near the boiling point, have mgatlve temperature coefficients. 

Thus i t . is  necesaarg t o  speciFy the temperature md t h i s  is usually done 

by w i t i n g  the temperature as a superscript, s .go, n" . Host data are 
0 0 0 

given for  15 C, 17.5 C,  and 20 C ,  but t o  canform with other phy8ico- 

0 
chemical data measurements at  25 C are becoming increasingly desirable. 



Pressure changes are usually neglected completely in liquid and 

solid refractive index measurements . Tiltone has shown that  an increase 

i n  pressure of one atmosphere will increase the refractive index by 

about 3 r loA so normal fluctuations of barometric pressure produce a 

negligible change durlng the neasu~ement of a reSrcu;Llve index. 

The refractive indices of solutions vary wlth concentration of 

solute and therefore maCg be used as a measure of concentration. The most 

reliable method u t i l i zes  interpolation k.ama an empirical c+8J.ibration 

curve made up using solutions of known concentration. In  certain cases 

there e d s t s  a l inear relationship between these two quantities but more 

generally the data are represented by a curve, the shape of which is 

influenced by the way f n  which the concentration is expressed; molarity 

M is more l ikely t o  give a nearly l inear relationship than tieight per 

cent p. For solutions i n  which tho components undergo association, or  

in which the intermolecular forces are mfficfently different from those 

in the pure components, a maximum or minimum in the refractive index 

versus molarity curve may occur. 

If it is necessary t o  predict a value of the refractive index of a 

solution of given concentration without use of a calibration curve one 

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

of the m a q y  functions proposed 9-la fo r  relating the refractive index, 

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



distinguish the two components, This equation is based on the assumption 

that,  f o r  binary mixtures, the specific refraction rG, calculated by the 

aeds to~e - i )de  formula, is a l i n e s  f w t i o n  of canposition, ca relation 

based on additivity of the Lorenz-Lorentz refraction is often used in- 

stead of t N o  .equation, Although tb additivity of the Lorem-Lorente 

.refraction for  mixtures is not d.waya as exact ar tha t  of other expressions 

fo r  refraction, its applioation has an advantage i n  tha t  the deviations 

from additivfty are often related i n  a simple way t o  the forces witbirr 

and between the molecules, 

When debmining the ref'ractive index of a pure campound the mount 

of impurity in the material used is of uboa t  importance, Therefore it 

is  of same advantw t o  be able t o  estimate how pure a smple should be 

t o  e v e  the accuracy desired i n  the refractive index. The following 

fornmlal", based on equation (6), is usem in certain cases in  estimating 

the degree of purification necessary fo r  measurements of a given accuracy, 

The symbols n, no, and na refer  t o  the mixture, the pure substance, and 

the impurity, respectively, and pl i s  the weight percent h p w i t y .  It is 

assumed that  the impurity is  known and that  the density of the impurity 

and of the pure compound are the sane. It .therefore applies beat td solu- 

tions containing a small amount of a solute havPng physical and chemical 

properties closely similar t o  those of the solvent--a situation frequently 

encountered i n  the f ina l  purPfication of liquids, Volume percent may be 

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



5 One should therefore estimate the precision with wNch one is justified 
*, . 
.*c in measuring the refractive index of a substance having a probable 

'T might percent impurity p l .  

The Interferometer 

As was noted i n  the introduction, the interferometer may measure 

differences in optical path,. in length, o r  in refractive index. ' To this 

end there have been devised interfermeters which f a l l  into two general 

classific&ions--division of wave Front requiring point or  slit sources, 

and division of amplitude requiring broad o r  extended eources. Examples 

of the f i r l t  c lass  are the Fresnel b ipr im and E'resnel mirror, Lloyd's 

mirror, Billet 's s p l i t  lens, and Reryleigh'e interferometer. I n  each 

case when the slit is  too wide the fringes disappear. This disappearance 

of the fringes was actually used by Michelaon in his method of measuring 

the angular diameter of stars md by b rha rd t  in his adaptation of 

Michelsones method of obtaining the diemeters of ultramicroscopic 

part icles . 
In  the second class, where the beam is divided by par t i a l  reflection 

a t  a half-silvered mirror,. there is a point-to-point correspondence be- 

tween the wavefronts of the transmitted and reflected beams. T h i s  means 
, * 

that .  with division of amplitude extended l igh t  sources may be used. 

- Examples of this class" are the interference effects of thin films and 
.* ,? 

the interferometer systems of Jmin, Mach, Michelson, Fabry-Per0.i; , and 
,. 

Lmer-Gehrcke. Since this work is concerned with refractive index 



measurement, no detailed mention shall  be made of aqy or dl of the 

various types of interferometers fo r  other measurements than that of re- 
I6 

fractive index since they have been extensively reviewed by Candler. 

Perhaps the beginning of the interferometer should be traced beck 

t o  the astronumclrs: whu hit slal-u centuries reelimred that the emthls  

atanosphere refracted the l ight  passing through it and therefore that the 

position of a s t q  is displaced. From the time of Tycho Brahe, when 

astronomical techniques first became sufficiently precise, a,ttempts have 

been made t o  correct this deviation. In 1805 ~elambre" used a large 

number o f  astronomical obsekations t o  determine the refract ire index of 

a i r  for white l ight .  The f i r s t  accurate laboratory measurement was made 

about the same time by Biot and A ~ Z I ~ O ~ J ~ '  who measured the deviation of 

white l i g h t  passing through dir enclosed i n  a hollow glass prism. 

Grimdldi, who was the f i r s t  to obseme accurately and describe dif- 

fraction, or  the bending of l igh t  around the edges of obstacles, reported 

as  early as 1665 an experiment which he believed proved ths interference 

of l ight .  ' However, interference could not have occurred under the. con- 

ditions of his exgeriment. A century later this experiment was modified 

by Young i n  trying t o  verify the principle of the interference of l ight ,  

and true destructive interference of l i gh t  observed. Fresnel then 
4 .* c m i e d  this work further and produced interference inthout the  diffraction . . 

effects  obeerved by Young. The developent of the various: types and forms - 
b '"-; " . of interferometers followed this basic work. 
- 

The refractive indices of gases were f i r s t  measured by the prism 

i?* methodx8 which is explained i n  some de ta i l  by partington. l9 Observations 



are made using a hollow. gl *s  prism which is f i r s t  evacuated and then 

f i l l ed  w i t h  the pure dry gas t o  be measured. A prism constructed by 

w o n g =  consisted of a wido &ass tube with glass plates. cemented on 

the ends. 

Jmin in 1857 f i r s t  used an interferometer to measure the refractive 

index of a gas. Taldng advantage of the increased accuracy, i(ettelsral 

measured the refractive index of air with the red, yellow, and green 

lines i n  the spectra of lithium, sodium, and thallium, respectively, and 
1' 

thua obtained a value fo r  the dispersion of air. Since that date aome 

forty measurements have been made on a i r .  In measurements of wave-length 

the primary standard is the wave-length of the red cadmium radiation i n  

standard air, but there has been a decided trend ' to adopt 9s a standard 

the green line of the mercury isotope of m a s s  198 because of its purity 

and availzbility . 
Lard Rzyleigh aa,aa designed an interferometer i n  1896vhen he wished 

t o  measure the refractive indices of, the recently discovered gases, argon 

an8 helium. Refractive, indices have usually been measured with h i s  fonn 

of the interferometer, or the Jmin interferometer; however, many inter- 

ferometers of other types have been, or could be,'adapted. The Rayleigh 

interferometer is by far the most accurate and convenient means available 

fo r  measuring smell changes i n  refractive indices. It surpasses other 

interf  erential methods, such as that of Jmin, because the fiduciary 

system is a similar se t  of fringes not a cross wire.  This feature 

was introduced by Haber and  owe.^ Subsequently the duyleigh inter- 

f erameter has been extensively developed by Williams, Geffcken , 



C a r l  Zeiss, Inc , , Adam Hilger & Co . , and others. The problm' of cal i -  

27 bration has been discussed by E d w a r d ~ ~ , ~ ~  and by Adams, who have also 

considered the errors  due t o  dispersion, 

A Raylei@ interferometer i d ,  in principle ,  an instrument which 

divides a collimated beam of l i g h t  f r m  a single source in to  two pa r t s  by 

meant3 of twlo adjacent slits. These t ravel  different  para l le l  paths and 

recmbine t o  fonn ver t ica l  s t r a igh t  interference fr inges.  If the opt ica l  

path of' one of these divided interfer ing beams is  changed there i s  a 

l a t e r a l  shift of the  whole fr inge system, T h i s  s h i f t  i s  observed i n  a 

telescope and its magnitude is  found in terms of the number of fr inges 

displaced from the originel  position, and can be c a i b r a t e d  
2s-aa $, 

terms of the change i n  refract ive index, A gas, l iquid,  o r  solution 

placed i n  one of the divided interfer ing beams w i l l  change the opt ica l  

path of t h a t  beam and cause the fr inges t o  be d i a p l a e d  appreciably. 

If an Interferometer is used t o  memure the r e f r a c t i n  index of a 

l iquid,  it is  not possible t o  count the, number of fr inges displaced and 

special methods are uaed, such aa the  compensating plates  deercribed by 

candleru o r  a ro ta t ing  chamber described by Geffcken,'* These . a b o  re- 

sult in greater convenience 8nd accuracy with gaseous measurements. 

The. compensating p la tes  are glass pla tes  of equal thickness, ground 

f la t  t o  a quarter of a wave-length; one i s  introduced i n  each of the 

para l le l  l i gh t  be m s  of the Royleigh in ter f  erametor. They produce equal 

path lengths when para l le l  t d t h  one another, but i f  one is t i l t e d  s l igh t ly  

with respect t o  the  other a difference i n  opt ical  path length i s  tntro- 

duced and the fr inges displaced, If the fr inges are diap1aced.b~ the  



4 
introduction of the substance t o  be measured they can be returned t o  the 

1 .  

4 - 
original position by rotating one compensating plate and the exact 

number of displaced fringes found. Hansensu has described f ive  types - 
b 

4 of these compensators. 

Low intensity is  a major diff iculty with the Rayleigh instrument, 

so a bright source i e  essential. A mercury arc with a green f i l t e r  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, which must be narrow aince an 

increase i n  width reduces the v i s ib i l i ty  of the fringes. One of the 

developments or modi f ic~ ions  t o  m e t  this objection was that  made by 

~ i l l i a m s " ~  which allows a sl i t  up t o  three times as wide as that  permiss- 

ib le  i n  the Rayleigh instrument. W i l l i a m s  introduced a second rhmb , 
referred t o  as an Albrecht rhomb, which takes the place of the double ' 

slit. About a twenty-fold gain in brightness is obtained, as a conserva- 

t ive  estimate. The Snstrument has been used very l i t t l e ,  perhaps because 

it is  not easy to  adjust. 

The Rayleigh interferometer has been adapted t o  tb measurement of 

the refractive index of crystals ,39   he precision of the measurement 

of the refractive index is  f 3 x loa.   or isotropic solids, the 

b technique is simpler than 'with anisotropic solids. , For the l a t t e r ,  the 

specimens mu& be examined under the polarizing microscope37 t o  determine - 
,* , .,- the orientation of the polarisability ellipsoid. The ordinary inter- 

ferometer ce l l s  are replaced by a single vessel having parallel windows 

9,, wNch are large enough to  allow both bems t o  pass. The vessel is f i l l ed  



with an appropriate liquid whose index of refraction can be varied 

continuously. A single crystal fragment as small as 0.5 m. in cross- 

section is immersed i n  the liquid and placed i n  the path of one of the 

beams. I f  the refractive index of the liquid dSfe r s  sU ~ h f J y  fm that  

of the solid,  the ordinary interference Fringes appear distorted, having 

a V-shaped notch; however, when the refractive indices are equal, the 

fringes have sharp straight  edges as i f  no crystal were i n  the beam a t  

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

refractive index of the solid. 

Kruis and ~ e f f c k e n ' * ~ ~  have described the precautions and refine- 

ments in  the usual instrument mcess@ry t o  ob tdn  an a c m w y  of 
8 f 1 x 10' i n  the measurement of the refractive index using monochromatic 

l igh t .  'An ingenious modification of the Rayleigh interferometer by 

~ e f  f cken41,42 eliminates the dispersion effect by using monochromatic 

l igh t  i n  conjunction with a rotating chamber. The fringe order is de- 

termined by counting the number of fringes which pass while the ce l l s  

are slowly turned through a given angle with respect t o  the axis of the 

interfermeter.  This device is not yet  available commercially. This is 

unfortunate for  with it one would be able t o  make rapid precision measure- 

ments of even very large differences i n  refractive index, and also could 

measure the rela.tive dispersion more conveniently. Fleasurements of 

absolute values of the refrmtive  Indices of liquid substances may adso 

be made wSth the rotating chamber, but experimental detai ls  have not bean 

published. 



The Raylelgh interferometer is frequently used t o  determine a single 

varylng component i n  a transparent mixture. This component may be solute 

or solvent, electrolyte or  non-electrolyte or  aqy substance which w i l l  

not attack the cel l .  The analysis of aqueous ~olutions haa hmn des- 

cribed by Adam. 2' Gans and Bose ,44 and by Bar th  .46 A prn t i r l  list of 

other q p l l c  ations for  whlch the instrument has been used follows ." 
The analyses of the following have been carried out: smoke,47 mn- 

48 
aqueous solutions, f lue  g~ beer ,60a' milk so i l s   colloid^^^ r 

6096a9e3 r iver  and -11 ~ a t e r , ~ ~ , ~ ~  m i n e  a i r ,  49,6647 content of COa in 

60,6= m d  gos C02  tension in venous blood (pregnancy test),  

and water purity.4e,64~62'66 It has been used as an interferential  

galvanometer ,67 to  m e m e  lengths ,'% 68 coefficients of. thermal expansion 

of metals ,67r70 percentages of peptone i n  serums in  biologlcol work,71 

i n  serologicd studies ,71973 and i n  immunological studies .74 It has bean 

used as a precise pressure gage ,7B'7a t o  measure wave-lengths ,7e979 in 

fermentation r a t s  studSes ,32 and in general kinetic ra te  studies. 80'82 

Refractivity Formulas. 

The refractive index f a r  a given wave-length variea considerably 

*r with the physical erta%ca of a given substance., being rnuoh smaller for  the 

gaseous than for  the l l q u l d  state .  It is t o  be anticipated that  the 
- 
v 

5 
variation of density is  the m a i n  factor causing this change, and m a n y  

- .  attmpta were made to connect the refractive index with the density. It 

was found that  various function8 of the refractive index, when divided 



by the density, had numerical values which were constant f o r  a given 
0 

subrstance , independent of temperature of pressure . The constant value 

obtained f o r  a given subatance is  usually called the  specif ic  or  molar 

r e f r ac t iv i ty  of the  substance, depending on whether one gram or one 

mole i r s  chosan, and htas the. dimensions of volume. The f i r s t  such func- 
83 

t i o n  wcw deduced frao NewtonBa corpuscular theory of l i g h t  by 

Laplace. e40es The co rpua~ les  on 'entering a medium a t  an angle were 

suppoaed to be a t t rac ted  by it, and hence the light-ray refracted.  

Newton showed empirically t h a t  (na - l),/d i s  roughly the ame i n  the 

l iqu id  and vapor states f o r  o. number of substances. Hence, 
' 

Here k is a constant which wps taken t o  .be a mattimure of the attra.etion 

of the l i g h t  corpuscles by the medium. 

This equation was thought t o  be conffrmed by experiments on gases 

by Uiot end ~ r a ~ o ~ ' 9  8a'9a but more accurate measurements by Arago and 

P e t i t  t en  years l a t e r  showed marked devlatlons , the value' of (n2 - l ) /d  
. . 

being much l e s s  f o r  a vapor than f o r  the  corresponding l i q u i d  substance 

whereas the  change i n  density should have compensated the  change in the 

square of the refract iva . index. 

The Newton-Laplace equation gave .wrry t o  a very simple formula 

(n - l ) / d  = k, (91 

92 proposed empirically by Beer, and by Gladstone end Dele . 93-9" Thig 

formula holds very well f o r  a part icular  s t a t e ,  gaaeous o r  l iqu id .  

A deduction of it 18 given by Du.fetg6 and Sutherland . 97 



A more precise re la t ion  was derived independently by Lorem and 

Lorente from en t i r e ly  d i f fe rent  assumptions. Lorenr considered the 
. . 

passage of light through spherical molecules immersed i n  an e l a s t i c  

e ther  with the assumption t h a t  the  velocity of l i g h t  i n  a substance is 

an average between the value i n  f r e e  space and in the molecules them- 

selves. Lomnts deduced it from Maxwell's e l e c t m a g n e t i c  theory of 

l i gh t .  For l igh t  of a given frequency, passing through a substance, 

t h e i r  re lat ionship takes the form 

na - 1 1 rn * T i  a constant 

various workers have found tha t  one o r  another of the formulas work'uell  

f o r  cer ta in  claases of compounds buti not as well f o r  others. It appears 

t h a t  a s ingle  fonnulo cannot sa t i s f ac to r i ly  represent the e f f ec t s  of 

changing temperature, density, arid refract ive index. 

The Lorem-Lorents formula ha.8 been derived theoret ical ly .  It 

reduces to the Newton-Laplace and Gladstone-Dale equations a8 the ' l imiting 

cam fo r  gaaes. Thus, s t a r t i n g  with the Lorem-Lorentz equation, since 

it followa tha t  when the refract ive index is nearly unity,  then 

or ,  rearranging the  constants, 



which is the Gladstone-Dale equat5on. &ilarly, 

or,  rearranging the  constants, . 

wNch is the Newton-Laplace equation. Hence these three formulas f o r  

specif ic  refract ion d i f f e r  only by a constant fac tor  .for gases. 

For l iqu ids  the Gladstone-Dale and tb Lorenz-Lorentz equations are 

usually nearly equd ly  s a t i s f a ~ t o r ~ , ~ ~ ' ~ ~ ~  but when the same. substance 

i s  cumpared.in the gaseous and l iquid s t a t e s  the second is decidedly 

superior. Workers have extensively tested both formulas fo r  e f fec ts  of 

changes of s t a t e ,  pressure, temperature, and concentration changes; each 

claim8 that one or  the other is be t t e r  f o r  a ce r t a in  type of substance 

under t h e i r  par t icular  conditions. However, there seems t o  be only one 

formula t h a t  i s  extremely consistent and precise,  t h a t  of ?$loam. 

na - -1 1 = const. 
f i a r ' 4  ' ;i 

This empirical formula of ~ ~ l a n a n n ' ~ ~  is the  roost successful in all, re- 

spects.  ~ i sen lohr 'O~  stated t h a t  Byhmann's function is nearly- independent 

of teinperature over a wide range. Nany others have found that t h e i r  

r e su l t s  agree only with Eykmannts equatfon.lo7 Homver, his equation has 

not ye t  been blessed by a theoret ical  deduction, and therefore seems 

destined t o  lie dormant f o r  awhile. Partington says t ha t  n.. . unlike so  



many formulae which a re  ueeless fo r  pract ical  application, ( th i s )  is 

one which deserves t o  be kept i n  mind i n  the laboratory.. . ." Many 

other fomulas  have been proposed 188-180 but a re  not i n  c m o n  use. 

A precision technique for  measuring the molar refract ion of solutes 

has been developed by ~ohner,"' ' b f  f cken ,"2-'" and Krui~3''~-'~* f o r  

aqueous solutions.' Gsffcken and Kruis emphasize the  importance of 

d i f f e ren t i a l  measurements. The r e l i a b i l i t y  of the. r e su l t s  depends on 

the 'following precautions: (1) The solut ion arnd solvent ahould be com- 

pared under ident ica l  conditions. (2) The measurements of 'the re f rac t ive  

indices of the solution and solvent should be made on the same samples 

as those used f o r  determination of the densi t ies .  43) The solvent used 

f o r  reference and tha t  u68d i n  preparing the solution should come from 

the same source. (4) Special devices and precautions should be taken 

f o r  t ransferr ing sind s tor ing  the  l iquids  t o  prevent any change of con- 

centration by evaporation. ( 5 )  A l l  al iquots  should be made up from a 

single  stock solution, preferably using weight buret tes .  

The molar refract ion of a solute, is obtained from t h a t  of the solu- 

t ion  by assuming t h a t  the  t o t a l  molar refract ion of the  solution i e  the 

sum of the molar refract ions of the pure solute  and solvent,  each multi- 

pl ied by i t s  respective mole f rac t ion  i n  t he  solution, N=(HR) + N ~ ( W )  a 

MI. The. molar refract ion of the solut ion MR is defined bg the  

.*era M,, Ma, N,, and Na are the molecular w i g h t s  and mole f rac t ions  of 



the solvent and solute respectively. The' Lorem-Lorenta molar re- 

fraction MI, the density d ,  and the refractive index n refer t o  the 

solution. 

Before considering i n  de ta i l  the Lorem-Lorenta relation between 

refractive Ldex and density, it should prove of some interes t  to  con- 

sider some other relationships of various properties to . that  of refrac- 

t ive  index or  molar ref  rsction. Several such empifie al relationships 

are l i s t ed  i n  Table I. . . 

The' Lorem-Lorentz molar refraction equation has been, and probably 

will continue . to  be, used .the most and so it will be of some interest  

here t o  discuss it further.  In the derivation of the hrena-Lorentz 

equation one lnust f i r s t  find the relat ion between the dielectr ic  con- 

stant  k and the refractive index n. Froan Maxwell" electrmagnetic 
. . 

equations for  the case of a non-conducting, isotropic medium . . with plane 

waves traveling i n  the x direction and with wave fronts paral lel  to the 
. . . . 

yz plane, it can be shown that  the following differential  equations of 

the wave motion result .  

and 

- where gls the magnetic f ie ld ,  t the e lect r ic  intensity, c the  Wlocity 
fl 

L9 sf light i n  vacuo, u the magnetic permeability, and k the dielectric 

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



BE'IUCAL R7UTIOl4SHfgS Olls REFlZ4CTNE INDIM APJD MOLAR 
REFRACTION TO OPHER PROPERTIES 

Relationship' Remarks Reference 

b = k R  k - b .O3 For most sub- hYe ZLB-l%2 

stances 

T, . - klR + k2 

bTb + C = R 

b = 4 r L  

R = constant 

pil/db ' Vb " SR 

M le/R = 8 PC 

[F] = - [PI log(naO - 1) 

 ye^^^-^^^ The f actor'..,1.8 : is an 
average of values ranging 
f ran 1.6-2 .O 

k, and ka are constant8 wanan 

b and c are constants Llringston aa8,ias 

The ,constant varies from waldenY9"' 
1 .=-I .25 

Loreno and 
~~m aae-as7 

Joshi and %lia4' 
. . 
Kev t o  svmbols: -- - " - -  - -  

b - Van der Weal" 6oefficient 
R - Lorem-Lorentz molar refract ion 
pc - C r i t i c a l  pressure. 
Tc - Cr i t i ca l  temperature 
r~ - Lorem-Lorenta specif ic  refract ion 
% - Surface tension sit the boiling, 

point 
Tb - Boiling point,  degree3 Kelvin 
1, - Latent heat of evaporation per gram 
M - Molecular migh t  

no - Refractive index at OOK 

do - Density a t  abaolute zero 
V, - ~ o l a r  volume a t  OOK 

Vb - Molar volme at the  boil- 
ing point 
Density a t  the boi l ing point 

$11 P arachor 
[F]- Refrachor 
n20- Refractive index of sodium 

D line at 20 '~  



differentiating twice with respect t o  x, and then twice with respect t o  
4-  

L, time t ,  the resul t  is: 

and 

It is seen from these equations that  the velocity of the waves i s  - 

For two isotropic non-conducting media i n  which the velocities of l igh t  

aro v b n d  fl, t l m  relation become8 

But va/fl equals nM/na and if one medium is vacuum, both u and k fo r  that  
. . . . 

m e d i u m  become unity, hence 
1 

n = (uk)3 . 
For non-polar molecules u can be taken as unity and we have 

This is a consequence of M a m e l l e s  theory and has been verified experi- 

mentally. - 
y# ' I n  considering the optical properties of a dielectr ic ,  ~ o r e n t z  *'41 

- calculated the local e lect r ic  f ie ld  which polarises 8 single atom or 

:? 
molecule of a dielectric by substituting a ~ a r y  s m a l l  spherical cari ty 



i n  place of the atom or molecule wlth the unchanged continuous d ie lec t r ic  

on a l l  s ides  of the  cavity. TNs f i e l d  P ie usually called the Lorem 

f i e l d  and f s given by 
A -4 

P - B + ( 4 %  / 3 ) F  (25) 

where B is the  applied or externa l  e l e c t r i c  in tens i ty  and ? the polari- 

zation. It dm also be shown tha t  the e f f ec t  of the atoms o r  molecules 

which are removed in forming the cavftg is sero.  Lorents then assumed 

t h a t  if there . re  N @  molecules in the un i t  volume, it i a  possible t o  

assign' t o  each an average induced mament g, which is proportional. t o  the  

f l e l d  F, such t h a t  

Z - m - 7  . (26) 

where 0~ IS the  atamic p o l a r i ~ a b i l i t y .  ' Frm equations (25), (26), and 

the definit ion of the  e l e c t r i c  dieplacenapeat 5, 

one has 

1 )  ( 1  - bn a *  4/3)  = L s ~  N I  PC (28) 

I n  the presence of a d ie l ec t r i c ,  
2 

D - k Z '  (29) 

and by subst'itution i n  equation (28) 

k - 1 k c r # @ - / ( l  - 4% N @  oc/3). (30) 

and also 

k + 2  - 3/(1 - b~ Nao<./3) 



Dividing emation (30) b y  equation ( j l ) ,  the result  is 

( k  - l ) / (k + 21 = (4 w /3) N@ . (32) 

If this. is then divided by d, the density of the dielectric., and g8/d 

se t  equal 'ta m i e ,  which is the number of molecules i n  a unit mass of the 

dielectr ic ,  one obtains 

(k  - l)/(k + 2)d ( 4 % / 3 ) ~ ~  . (33) 

Xf M is the molecular weight of the dielectr ic ,  MNr equals the number of 

molecules per mole, or Avogadro 's number I; hence, 

( ~ / d ) ( k  - l)/(k + 2) - ( & W / j )  IJ 3 = Pi,, (34) 

where P, is the molar induced polmisation. ~s was pr?viously shown, 
QI 

i f  n is the refractive index of the medium for  very long waves, 

k = n', (24) 

and so 

where MR is the molar refraction. This then is the Lorem-Lorents 

equation for  the special . c a b  o f  l igh t  of a given f'reguency. 

The molar refraction MR i a  a property characteristic of a given 

molecule and indicative of i ts  structure. For a long time the tern 

ncharacterfsfic of the  molecule^^ wcns understood. t o  mean that  the value 

ir The nuclei are not able t o  respond t o  the high fre-quencies of visible 
l igh t  so the refractive index does not include the atomic polariaa- 
b i l i t y  . 



of the molar refraction is independent of temperature and pressure 

1 b whether the eubstmce is present in the gaseous, l iquid, or solid s ta te .  
4 - - - "Indicative of the molecular structuren ww understood t o  mean tha t  the 

L molar refi8ation of a molecule is a property which can be additively 

b 
> . composed of increments assigned t o  atoms or group8 present i n  the male- 

cule, or to constitutive factors. There has been erme criticism of the 

application of the molar refraction r d u e 8  and $0 the sonrce of these 

values should be examined more thoroughly. 
- 

The erperimental foundatdon fo r  the applicatien of the principle ef 

additivity is the a p p r o ~ a t e  constancy @f the difference between the 

molar refractions of adjacent members of a hanola&crms ser ies .  If atomic 

refractions are used, the increment may be expressed by 
Ha 

Therefore, by taking the difference betwen the molar refraction values 

1 for several saturated h#rscarbons differing by CH, i n  composition, the 

value of MR may be found. Considering the right-hand side of 
CH a 

equation (361, the molar refraction values of carbon and hydrogen can be 

determined .by finding directly the molar refractions of diamond and 

hydrogen. But despite the fac t  that  these molar refraction values &n 

be determined accurately to four figures, the values of the molar refrac- 

C t ion increment fo r  CH, from the two sources do not agree. In fac t ,  in 

the saturated hydrocarbon ser ies ,  i t s e l f ,  6he specific refraction in- 

.P creases with molecular weight, but the increase fo r  each additien CH2 . 
decreases on ascending the series. This type'of error is not serious - 

7 i f  it is realiaed that  it is present. However, fo r  olef ins and 



acetylenes, the calculated molar re f rac t ion  values are eo different  fram 

the experimental values tha t  constant increments f o r  the double and t r i p l e  

bonds n u s t  be assigned. Also different  values must be assigned t o  oqygen 

and nitrogen i n  d i f fe rent  homologow s e r i e s  and values may be asaigned 

in di f fe rent  ways. This cr i t ic ism should not impair the use of a table  

of increments sf atamic refract ions as  ,long as the.number and nature of 

the  constants chosen w e  adequate and consistent and the conclusions drawn 

do not go beyond the l imitat ions of the  system. 

'Lack of exact addi t iv i ty  stems from several sources. The influence 

of con jugation r e s u l t s  i n  both posi t ive .and negative deviations . There- 

fore  it is not possible t o  use a s ingle  constant increment f o r  conjugation 

since the exaltation depends on the molecule. This exal ta t ion is  not 

Umited t o  conjugated double bonds but has been observed in  other instances, 

e.g,, the value f o r  chlorine i n  acid chlorides is always somewhat higher 

than the normal value. Another source is  the influence of r ing s t ructures .  

Here values have been observed which are higher, lower, and exactly the  

same as the predicted molar refract ion,  

Not enly isomerism but.even mere association of neutral  molecules 

can lead t o  large changes of molar refraction. Also, seemingly val id  

conclusions regarding t h e  value of dimes  can lead t o  error. T h s ,  while 

one would be inclined to assume t h a t  the value f o r  acetic acfdm in the  

l iquid s t a t e  should be Antermediate'between the  observed values of the 

monomer and dimer, the molar refract ion of the l iqu id  is lower than t h a t  

of e i ther .  



Since subst i tut ion of a given atom i n  two d i f fe rent  molecules cannot 

be expected t o  place it i n  an ident ica l  enviroment, an ident ical  e f fec t  

on the molar refract ion cannot be expected and constant hcrements are 

not found."" gxtensive experimental evidence concerning the  molar 

refract ions of inorganic and organic substances 14' leads t o  the  conclusian 

t h a t  deviations from addi t iv i ty  of the ~ore 'nz-~orente  equation can be con- 

sidered as an indication and measure of changes i n  the electronic systems 

involved. These changes are due t o  in t r a -  .and intermolecular e l e c t r i c  

interact ions between the pa r t s  of the system. 

The Lorenz-Lorents molar r e f r ac t ion . fo r  i n f i n i t e l y  long waves is 

considered a measure of the electronic  polar izabi l i ty  of the molecule, 

i .e., of the looseness of its electronic system. There is a good r e a ~ o n ~ l ' l ~ ~  

t o  believe tha t  the  increase of the molar refract ion which usually 

accompanies an increase of temperature of a liquid, o r  accompanies i ts 

vaporization, i s  a r e a l  indication of the loosening of the electronic 

shell due t o  the increase i n  distance between the molecules. 

A l ist  of the atmi'c refract ions tha t  have been .considered i n  the 

discussion is given i n  Table 11. These are the values calculeted by 

Vogel t~,Z47,~6 f o r  the sodium D l ine .  

A second n~ethod of using molar refract ion values i s  by use of the 
. . 

so-called bond  refraction^?^" jlso These seek t o  take in to  account the  

cond character o r  electron configurations of the  atoms concerned by use 

of additive bond refract ion values. Various increments are  assigned t o  

the bonds between atoms. 



TABLE XI' , 

ATCHIC REFRACTIONS 

Atom Value 

0 (ether) 

C 4  (double bond only) 1 a . 5 7 5  

N (tertiary aliphatic) 2.943. 
- - . . . - - -. ~ - , L D L . C r - x ~ - Z z . f f f  f -A--- - 



v Ac~ording t o  Fajans and Knoor, u1~'b2 the ordinary atonic reffac- 
c. - 
2 2 

t ions  have no simple physical significance but the bond refract ions m a y  

+ be regarded as measuring the polar iaabi l i ty  o r  deformability of the - 
A 

-4 electron groups i n  an external e l ec t r i c  f i e l d ,  o r  i n  the f i e l d  produced 

by strongly polar  groups i n  the molecule i t s e l f .  ~ e n b i ~ h , = =  and 

~ a r r i c k , ~ ~  found the bond r e f r a c t i v i t i a s  to be rddi t ive dth a deviation 

of less than 0.7 percent.   ow ever, averages still must be taken t o  

obtain a par t icu lar  ,bond refractf  on. For example, the conjugated double 

bond varies from 1.a t o  1.58, the average being 1.29. 



111. THEORY OF THE UYLEIBI IMTERFEROMETm 

In  the  Rayleigh interfenmeter  l i g h t  from a narrow slit irr colllmatod 

by a lens and passed through a double slit .  One of the divided beans 

passes through the reference c e l l ,  the  other through ' the solution. t o  be 

campared. The emergent beams recombine t o  form interference fringes i n  

the focal  plane of a telescope. Thw , in principle,  the Rayleigb in ter -  

ferometer m q y  be regarded as a diffrectfmr grating with only two openings, 

Although; as i n  the case 'of the  usual diffract ion grating, it is not the  

diffract ion effects  a t  each slit t h a t  give it its important properties, 

but t f ~ e  interference ef fec ts  of the  beams diffracted at the two apertures. 

We-wfU, therefore, b r i e f ly  investigate the shape ancl intensf ty dis tr ibu-  

t ion  of the fringes produced by this double slit. 

The in tens i ty  and distr ibut ion of the Fringes may be found.through 

a detailed derivation of the double-slit diffract ion phemmenon . The 

resul t ing equation is 

I 2 4 R ~ '  s in2  @ cos2\d , (37) 

P a 
which s t a t e s  t h a t  the in tens i ty  is proportion&, t o  the square of the 

amplitude. The fac tor  s ina  g /P? i s  tha t  derived f o r  a single slit of 

width a, and the quantity is a variable which s igni f ies  one-half the 

phase difference i n  radians between the  contributions from opposite edges 

of a,ny one slit .  The second factor  cos2 \d is character is t ic  of the 

interference pat tern produced by the two beams of equal in tens i ty  but 



with phase differences 5 ; it s igni f ies  one-half of .-the phase difference 

from corresponding points i n  the two adjacent slits. The resu l tan t  

in tens i ty  w i l l  be sero when e i ther  of the two fac tors  i s  eero. For the 

firs* factxr this will aeeur when P 7 ) ,  2 cir , 3 , ..., and f o r  tho 

second fac tor  when Y = %/2, 3 */2, 5 */2, .... The tuo variab1es.p 

and 3 are not independent. The difference i n  path from the two edges of 

a given sl i t  t o  the screen is a ain 8. The corresponding phase difference 

is (2  Q / h ) a s i n  8. which equals 2 . The path diiference frcm arly 

two oorresponding points i n  the two slits i s  d s i n  8 as i l l u s t r a t e d  i n  

Figure 2 f o r  the two points a t  the lower edges of the slits, and the 

phase difference is (2 p / ) d s i n  8 which equals 2 X . Therefore, i n  

terms of the  dimensions sf the  slits, 

A study of Figure 3 reveals t h a t  cer ta in  orders are missing, or a t  

l e a s t  one reduced t o  two mrudma of very .low in tens i ty .  These so-called 

missing orders occur -where the condition f o r  a maximum of-  the interference, 

and f o r  a minimum. of the diffract ion,  are both f u l f i l l e d  fo r  the  sane. 

value of 8, t h a t  is, f o r  

so  tha t  

d s i n 8  = m h  and a s h 8  = p k  

The physical picture .  of the cause of missing orders i s  as follows. 



Figure 2. Xllustra%ion of the path difference of 
parallel rap. 



Figure 3 .  Pattern for a double slit . 
The broken l ine  envelope designates the diffraction pattern,. 
The solid line designates the interference pattern.. 



-, The point on the screen where the missing order, m = , + 3 (Figure 3) ,  - - 
4- occurs i s  just three wave-lengths far ther  from the center of one slit 

than frm the center of the other .. Hence we might e q e c t  the waves fran - e- 
(t, the two sli ts  t o  arr ive in phase and t o  a madnun. Houeve~, 

this point is at the same time one wave-length far ther  from the edge of 

' one slit than from the other edge of tha t  slit .  Addition o f t h e  secondary 

wavelets from one sl i t  gives zero in tens i ty  under these conditions. The 

same holds true f o r  e i ther  s l i t  so tha t ,  although we may add the contribu- 

t ions frcnn t h e  two slits, both contributions are z e r o  and must therefore 

give zero resul tant .  

An important aspect of the opt ical  parts ~f t h ~ !  instrument ie +hat 

there are c r i t e r i a  a t o  how flat the  f la t  surfaces must be. I f  the f l a t  

surfaces of an opt ical  pa r t ,  such = . t h e  end p la tes  of the  c e l l s ,  or the 

compensating plates ,  are not flat t o  within a quarter of a wave-length, 

then the fr inges will be dis tor ted i n  erne manner. This c r i t e r ion  of a 

quarter of a wave-length can be arrived at by consi'dering a aurface of 

varying thickness. If the surface is  not plane-parallel, so  tha t  one 

p a r t  makes an apprecf able angle wlth another, the in ter fer ing  rays do 

not enter the eye para l le l  t o  each other, but appear t o  diverge from a 
-. - 

point near the surface. This will r e s u l t  in curved fringes or  complete 

lack of h.inges if the path difference is large, We can apply the 

equation 

2 nd cos + = (m +$) , 

fo r  br ight  fringes,  as given by f i lms of varying thickness . If cos / 



equals .sanity, i . e . ,  observations are -made nonnal t o  the f i e l d ,  then for 

the number sf fringes m equal to  sero, 

where nd i s  the optical path, So it is  seen that, for sero fringe move- 

ment, the optical path should differ by a quarter of a wa.ve-length or 

l e s s  and the surf ace of a fAat plate, should be ground t o  a quarter of a 

wave-length . 



IV . APPARILTUS AND MEPHOD 

Construction of the Interferameter 
- -- 

The Ragleigh interfenmeter i l lus t ra ted i n  Figure 6 consists essen- 

t i a l l y  of a l i g h t  source, a single slit, a double slit, a double c e l l  fo r  

the sample and standard substance, two th in  movable glasq plates inclined 

i n  the optical path and controlled by movement of a calibrated dial, and 

a telescope t o  observe the fringes. The source i s  focused on the single 

slit by m e w  of a lens, and a f i l t e r  is mounted in front of the slit t o  

provide monochromatic l ight .  An achromatic objective, .lens makes the 

l ight  paral lel  and a deviation prism brings the two s e t s  of fringes to- 

gether fo r  easier matching. 

The general construction, materiala, and over-all plan of the in- 

strument are now described along with detai ls  of the construction of each 

of the parts. For this purpose, it will be of value t o  refer  often t o  

the schematic diagram of the infierferameter (Figure 4) and the photographs 

(Figures 5 and 6). 

The supPo& upon which all the cafriages rested was an optical bench 

consisting of two bars each two meters long, one a round rod and the 

other a beveled square bar, supported by four posts. These posts are 

seen i n  Figure 6, and it is t o  be noted tha t  each of the four have two 

leveling screws so that  the whole system could be accurately leveled. 

A series of carriages were machined From aluminum and served to support 

the various parts of the interfermeter,  A krmrled hand screw passes 

-34- 
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Figure 5 .  The Interfermeter (side -., ; ::c 
-9: : 
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6. The Interferometer (enrl view) . 



through both the base of each carriage and a matching block beneath so 

t h a t  tightening the screw locked the carrioge in place; the dosign of 

the pieces prevented twisting. 
U 

A mercury-arc source wm enclosed i n  a special  housing A mounted 

.on the opt ica l  bench. A magnifying l ens  of 6'"ocal length is held i n  

a standard lens-holder B (see Figures 5. and 6) which can be rotated, 

moved up and down, o r  moved l a t e ra l ly .  Thfs makes it possible t o  focus 

l i g h t  exactly on the s ingle  slit. 

An upright holder C i s ' u s e d  t o  hold the f i l t e r  a d  single slit  in 

place; both may be moved l a t e r a l l y  i n  grooves i n  the  holder. The center 

of the single slit  was f i m d  at  a posit ion 2.511 above the cmriage . This 

determined the l eve l  at  which the other pieces were s e t .  

The next carriage D supports both a 2'"iaaneter acbrcanatic lens of 

7" focal  ' length and the double slit. m e  lens  holder which held the 

achromatic lens could be moved l a t e r a l l y  or ro ta te .  Next t o  the l ens  

holder was a ver t ica l  upright E which held two clanps similar to those 

used on a microscope stage, enabling the double slit t o  be adjusted. 

The double slit was milled *om aluminum,, one edge of a 600 dovetail  

cu t te r  being used t o  obtain a unifom slit aperture 0.5 mm. wide and 

h cm. long; the distance between slits was 1 an. 

The supporta f o r  the gas c e U  F could be moved l a t e r a l l y  by moving 

the  aluminum blocks G i n  a s l o t  milled in the carriage. 

Originally four 50 cm . tubes, each 1 om. x 1 cm . in cross-section, 

were . t o  be bomd together. If the diagonally opposite tubes are f i l l e d  

*. General Elec t r ic  Co., Type AH-b 

'.. 



with the same gas and the other s e t  of diagonally opposite tubes are 

evacuated, the combination acts the same as two tubes each twice as long. 

This arrangement of the gas ce l l s  G can be seen i n  Figure 5 .  The mechani- 

c a l  systm f 6 ~  the compensating plates H was made t o  hold the four plates 

fo r  the four-tube cel l .  The object of the device containing the cmpen- 

sating plates is t o  enable t m  pieces of glass J,J in  diagondly opposite 

corners t o  be rotated by turning shaft  ,I though a measurable angle, in- 

dependently of the pair L ,L (Figure 7) . The l a t t e r  pa&? can be rotated 

through aqy desired angle by turning shaft M, which is  c o a x i a l  .with 

shaft  K; this angle of rotation need not be measured. In operation l igh t  

passing through one diagonally opposed pair  of c e l l s  passes through 

plates J,J and l igh t  frm the other pair through plates L A .  The position 

of the l a t t e r  pair  is fixed i n  argr given series of meamanents but mqybe 

&aged when it is  desired to  a l t e r  the sensi t ivi ty of the instrument. 

The sensi t ivi ty is leas t  When plates L,L are a t  an angle t o  the beam and 

greatest when plates L,L are perpendicular t o  the beam. An extremely 

s m a l l  rotation of the compensating plates J,J must correspond t o  a large 

rotation of the dial so that  up t o  l / l O U  of a fringe m q  be detected. 

The glass plates were cemented t o  a freaework (P and Q) which was sub- 

s t i tu ted fo r  the plates of a precision radio condenser. The spindle of 

the framework 6, which held one s e t  of plates, was rotated by a s e t  of 

anti-backlash gears with a 1:10,000 ra t io  and the angle of rotation was 

read on a dial N . A compass did divided accurately in to  360 degree 

divisions (Figure 6) was used for  the dial. A counter was attached 

through a system of gears so each complete rotation of the dial would 



Figure 7. Framework to hold the compensating plates.  



r eg i s t e r  a mark. The other s e t  of compensating plates  were placed in 

the frame P i l lus t ra , ted  i n  Figure 7.  T h i s  piece was la rge  enough t o  

allow the framework Q t o  ro t a t e  inside it and was shaped to  hold the 

p la tes  pa ra l l e l  t o  each utlt~er a ~ d  even Mth the other s e t  when one wished 

t o  place the two i n  coincidence t o  observe the white l i g h t  f r inges.  In 
# 

actual practice,  only the bottom two glass p la tes  were used; the upper 

two were omitted because of the d i f f i cu l ty  i n  adjusting the four compen- 

sa t ing  plates; a lso,  this gave s tat ionary fringes whrich acted as the 

reference s e t .  

The deviation prism R w a s  placed i n  an upright holder. The exact 

height of this prism had t o  be qui te  careful ly  ,set  so t h a t  a s l igh t  tilt 

of the prism would r a i s e  the lotaer f r inges and cu t  out the view of the 

obstructions (Figure 8) . The p r i m  S (Figure 6 )  was placed i n  a c y m d r i -  
. . 

c a l  holder T, the center axis of which extended through two 'holes in the 

upright and allowed the prism t o  be rotated.  

The telescope arrangement is bes t  described in two par t s .  The first 

par t  holds the achrmatic  collimating lens which focuses the pa ra l l e l  

l i g h t  on the cyl indrical  lens ,  and the second part  i s  the mechanism hold- 

ing the cyl indrical  lens.  The whola telescope was held i n  posit ion by 
- 

two large uprights U and V. The holes i n  these were smewhat larger 

3 rn than the actual s ize  of the tubing of the telescope so t h a t ,  by means of 

positioning pins .and springs, the telescope could be moved same distance 

;;i - up and down a t  both uprights.  T h i s  i s  i l l u s t r a t e d  i n  Figure 9 which 

also shows the method by which ro ta t ion  of the focusing sleeve w i l l  move 

B the lens  pa ra l l e l  t o  the l i g h t  beam but wi l l  not ro t a t e  the lens or  any 
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3 other part of the system. Figure 10 i l lus t ra tes  _the second part of this 
+ - 

4 I' .- . system. The large cylindrical block 14, as seen in Figure 10, .fitted 

closely into the aluminum tube X and could rotate.  The block 7d held a 
* 

b piece of aluminum Y, which could be moved la tera l ly  in a s lo t  by means 

of a screw. I n  the sliding piece Y a vertical. circular hole holds a 

knurled knob 2 which extends down into the large opening of the cylindrical 

block and holds the cylindric a 1  lens, trhich was simply a piece of thin 
- 

s t i r r ing  rod. A one-eighth inch in dlaneter hole was cut i n  the centar 

of a circular piece of thin aluminun and placed in a. threaded rlng t o  

serve as an aperture; it could be rota.ted i n  and out of the cylindrical . 

block. 

The Cells 

The ce l l s  for  use with liquids were cut from a block of Monel and 

the faces were machined flat. Two ce l l s  were made, both 1.17" wide and 

1.15" high. The small ce l l  was 0.96ll cm. in length and the large c e l l  

2.3706 cm. i n  length. These lengths were detarmfned by a traveling micro- 

scope. Two troughs were machined i n  the piece, each 0.8&" deep, leaving 

- a middle partition 0.120" wide. Glass plates, optically f l a t  t o  one- 
* 

quarter wave-length, amre cemented on the ends with optical wax. 
'h 

A cover was used t o  prevent evaporation. f n operation these ce l l s  were 

- 
d ? 

placed i n  a block of aluminum (711 long by 5" wide by 3" high) which had 
6 

a trough cut down the center just wfide enough t o  contain 'the ceU and - 
d ~ :  Equal parts of beeswax and rosin. 

1, 



Figure 9. Mechanism for adjustment' of the focusing lens 
of telescope. 



Figure lO . Cylindrical lens holder. 



L: 

A provide good thermal contact. A cover one inch thick was then placed 
L. 

I over this. The block had been so constructed t h a t  water could he 

i. cf rculated through it and the cover t o  keep the c e l l  a t  a const ant 
C 

t;i temperature. fa1 tlua $elutions LO be m e w e d  were kept in a large 

constant-tmperaturs bath. A pump circulated water from this bath t o  

the  codling system f o r  the c e l l s .  The solutions were thus at the same 

temperature as the c e l l  and tl iemal equilibrium was usually reached in 
+ 

t e n  minutes or l e s s .  Variations of , 0 .loOc i n  the bath temperature 

+ 
r a r e l y a f f e c t e d  the c e l l  temperature over - 0.01~~ since the Monel c e l l  

block responded slowly t o  a change in temperature. 

T l u  gay ceUs COrisistad of two copper-plated brass tubes t l ree-  

eighths of an inch square and 102 -08 cm, long, which were soldered to- 

gether. The ends were milled f l a t  and quartz pla tss  attached using 

fluorothene wax, (This c e l l  was t o  be used with halogen fluorides .) 

There was one opening in  each tube through which the gas was introduced 

or  removed. A water jacket surrounded the tubes except for  the ends. 

It was constructed with a space above the cells so the upper beam, which 

provided the  reference fringes,  would be present.  Silver solder was 

used wherever it Would be i n  contact with the  gas t o  be measured. The 

c e l l s  and windows were intsnded f o r  use with the  highly corrosive halogen 

1 fluorides but were su i tab le  f o r  any gas. 



Operation 

Solutions 

The system i s  first aligned by re~novlng tile c e i l s ,  deviation prism, 

and compensating plates ,  and obtaining good sharp fringes: This is done 

i n  the  following manner. , The f i r s t  lens B is made t o  focus the l i g h t  

d i r ec t ly  on the s i n d e  slit, which has been previously 1oca.ted i n  the 
- 

center of the system. Ifith the l i g h t  on, the f irst  collimating lens 

(Figure 5)  is placed i n  position a t  exactly i ts focal  length away from 

t h e  single slit. ' T h i s  i s  accomplished by placing a mirror i n  the  l i g h t  

, bean and ~ f l e c t i n ~  ,Lh~e para l l e l  Light from the collimating lens back 

through the lens and forming tile image of the single slit just next, t o  

the actual slit. By moving the  collimating lena along the opt ical  bench, 

the slit  image will be seen t o  be wide and indis t inc t ,  then narrow and 

c lear ,  and once again indis t inc t .  The position fo r  the sharpest hag8 

possible is located and t l a  lens  fixed there.  The' telescope is next 

inserted with only the focusing lens i n  place and the para l le l  l i g h t  . 

and focusing lens are  centered. The double-slit is then fixed in place 

and moved l a t e r a l l y  so tha t  the middle of the two pa ra l l e l ,  ve r t i ca l  - 

. . 
beams of l igh t  from the double-slit i s  i n  the exact center of the focus- 

d ing lens.  T h i s  may be observed from e i the r  side of the telescope. 

The cylindrical lens  is then put i n  place and moved l a t e ra l ly ,  or  rotated - 
by rotat ing the cylindrical block W, t o  locate the fringes. It was also 

- occasionally necessary t o  ro ta te  - ths cyl indrical  lens about i t s  axis 

(9 t o  obtain sat isfactory fr inges.  After tile fringes have been found , 



minute variations i n  the adjustments can be made t o  increase t h e i r  

Srqightness and sharpness. The focusing lens  might be .moved pa ra l l e l  t o  

the l i g h t  beam by turning. the focusing sleeve, the 'collimating lens  may 

be twiuted  lightly i n  pos i t iu~ i ,  zu.~d cylindrical leiises of d i f fe rent  

s i zes  may be used. After this, the c e l l s  are put i n  place, one bean 

passing through one s ide,  the other through the other s ide .  The com- 

pensating p la tes  are put i n  place and adjusted so t h e  fringes are not 

dis tor ted.  The deviation prism i s  next; added t o  remove the e f f e c t  of 

the obstructions by rais ing the lower bean (see Figures U a  and ~ b ) .  

The constant-temperature water b&h is connected and water is 

circula$sd t h i t u & l ~  U L ~  coollmg Block Wound the ce l l .  The solvent t o  be 

used i n  the measurements i 5  placed i n  the c e l l  and thermal equilibrium 

established. Temperature g a d i e n t s  in the l iquid  are  shown by weaving, 

curving, and other  motions of the fr inges.  A q r  air current, caused by 

a fan, heat, person breathing close to the instrument, etc. ,  will cause 

this shimmy of the  frfnges. 

The mercury l i g h t  is then replaced by a.white l i g h t  source. A very 

few strongly colored fringes are seen i n  the  upper reference s e t .  The 

compensating p la tes  are rotated by the dial u n t i l  the lower fr inges come 

i n t o  view and are  made coincident with the ref,erence s e t .  The f i l t e r  

is removed f o r  this operation. One then switches. back t o  the green 

mercury l i g h t  and, remembering which fr inge i s  which, the zero posit ion 

i s  approached from both direct ions and the average reading taken f o r  the 

posit ion of the zero-order f r i n g e .  . 





.i 1'he solution is now placed i n  one side of the  c e l l ,  allowed t o  . .. 

. .) -. . come t o  thermal. equilibrium, and white l i g h t  substituted again. The! 

'23 
dial is rotated u n t i l  the a t e  l i g h t  fringes are again coincident with 

the  reference s e t .  ' The mercury l i g h t  is again used t o  obtain the average 

reading of the position of the zero-order fr inge because fringes obtained 

with monochromatic l igh t  are so much sharper. The solution is removed, 
- 

the c e l l  rinsed thoroughly with d i s t i l l e d  water and the zero-order fr inge 

- reading checked @I before. The c e l l  is then rinsed with the next solu- 

t i o n  and f i l l e d  again. This rinsing is always a necessary precaution 

because the  di lut ion of the solution by the water remaining i n  the c e l l s  

c auses an er ror ,  especially with very d i lu te  solutions . Drying the c e l l  

did not prove pract ical  because it disturbed the c e l l  position and changed 

the zero point.  It &so proved unsatisfactory with more concentrated 
' % 

solutions since appreciable mounts of salt remained. 

The solutions were,added with a pipet te  which was first rinsed with 

the solution; they were taken out by an eye-dropper. The solutions were 

made up f'rm the same batch of water tha t  was used f o r  the  standard 

.+ reference' l iquid, and the rinsing l iquid was the sane. . 

The procedure f o r  the  calibration and sample calculations are given 

Fn Section V. 

The refract ive indices of the ~ o l u t i o n s  of the two salts, potassium 
4 

ferrocyanide and potassium ferricyanide, were measured with the Dipping 

- .. -> Ref ractometer made by Bausch and. Lomb Company. The measurements were 
* 

made using only prism A and uere made with the yellow sodium doublet . . - 
radiation as a l i g h t  source. 

i 



Gases 

The system was aligned as described i n  the previous section on solu- 

t ions.  The gas c e l l s  were then placed i n  the system and t* deviation 

prism adjusted in place. The c e l l s  were raised o r  lowered u n t i l  the 

fringes appeared sharpest and brightest .  The compensating p la tes  may or  

may not be used. I f  not, the water bath was  connected t o  the water jacket 

of the tubes, and both c e l l s  were connected t o  the vacuum l i n e  and evacu- 

ated. The whole system must, of course, be devoid of leaks. Using the  

mercury l i g h t  source, and watching the  fringes,  the gas t o  be measured is 

slowly l e t  i n  one side of the  c e l l .  After a number of fringes have passed 

the valve is shut off and the pressure recorded from the nercury mano- 

meter. These two quantit ies are a l l  t ha t  .is necessary t o  calculate the 

refractive index. The fringes should 'be watched careful ly before intro- 

duction of the gas and a f t e r .  A slow movement i n  e i ther  direction indi- 

cates a leak, reaction, adsorption, etc.  The fr inges should s t a r t  

perfectly matched with the  reference s e t  and end i n  the same way t o  elimi- 

nate estimating fractions of a fr inge.  The fr inges can be matched with 

a. precision of about one-tenth of a fringe. I f  the gas m a y  be condensed 

by use of a D r j  Ice-isopropanol bath or  a l iquid nitrogen bath, it is 

wise t o  count the fringes and read the pressure as the gas is removed 

from the c e l l s .  If the values obtained are not the sane, then some 

d i f f i cu l ty  i s  present which m u s t  be located. Impurity of gases can cause 

a great mount of trouble.  A small percentage of impurity, even if only 

s l ight lymore vola t i le ,  w i l l  tend t o  go in to  the c e l l s  first and give a 



greater percentage of impurity in the f i r s t  few measurements. This i s  

overcome by calculating the values as one makes the measurements and 

continuing t o  make measurements with f resh  sanples of gas u n t i l  constant 

values of the refract ive index a r ~  obtained. 

A second method, using the compensating plates ,  eliminates the 

necessity of .  allowing only an in t eg ra l  number of f r inges t o  pass.. The 

exact f rac t ion  of a f r inge  can be found i n  the manner i l l u s t r a t e d  by the 

following ' typical  example. The, f r inges  are s e t  & exact coincidence 

when the  c e l l s  are evacuated. ' I f  about lk0.5 fr inges have passed when 

the valve i s  shut o f f ,  then readings are  taken of the 140th - and lust - 
fringe. I f  the reading f o r  the u t h  - fringe reading was 220.0, t h a t  f o r  

the Nst - 240.0, and the initial reading 228.5, then the f rac t ion  of a 

fringe is 

Details of the actual  handling of the gases are given i n  the ,  follow- 

ing section which describes the gas-handling system. The methods of 

cal ibrat ion and calculation have been described in Section V I .  

Gas Handlinp Equipment 

Vacuum Line 

The c e l l s  were t o  be used. f o r  both unreactive gases and the react ive 

halogen fluorides and the vacuum system was b u i l t  so t h a t  both could be 

handled. Halogen f luorides  react with glass,  mercury, e tc . ,  and so must 



be handled only i n  a special  all-metal system. To this end, valves A ,  

B, and C i n  Figure 12 are metal with brass bellows and all connections 

t o  them and t o  the c e l l  are copper tubing, silvered-soldered i n  place. 

Closing valve R shuts off paDoage t u  Lhe Bowdon gage but not t o  the c e l l .  

Likewise, when valve C i s  closed to  the sample conteiner , passage from 

8 t o  the Bourdon gage remains open. The r e s t  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 w e a c t i v e  was t o  be measured, its cant-ainer was attached 

t o  t h e  qen.end of valve P. 'Rle containers were of glass and were sealed 

d i r ec t ly  t o  the vacuum l i n e  while the materials were frozen out' i n  a 

l i qu id  nitrogen bath, Then valves D, F, and A are opened t o  the vacuum 

l i n e ,  .while valve B i s  shut,  When the plug of the three-way stopcock F 

was rotated, it closed the connection t o  the vacuum l i n e  and opened the 

connection t o  the substance so there could be no accidental l o s s  of the 

compound by pul l ing it through the vacuum line. A s  the gas s l o ~ ~ l y  

entered the c e l l s  the fr inges were counted and the manometer read with s 

cathetometer. The substance may be condensed back i n  the container by 

cooling it, or merely pulled out through the  vacuum l i n e  by turning 

stopcock F. Stopcock F is the only one t h a t  needs t o  be turned t o  allow 

the gas i n  and out of the c e l l s  and the rnanmleter. It was placed within 

rea.ch of the operator when observing the  fringes.  It i s  suggested tha t  

a hand t a l l y  a l w a y s  be used when counting the fr inges as the mind tends 



Figure 12. System for evacuating and filling the 
gas cel ls .  



t o  wander and the count i s  eas i ly  l o s t ,  especially when several.  hundred 

fringes are t o  be.counted. 

For reactive compounds, both valve D and valve F were opened t o  the 

vaouum l ine .  Tl~e s a p l a  tube and an empty Monel tube Y were connected 

t o  the  vauurn l i n e  a% C through Hoke bellows valves M and p l .  The scmrple 

has been placed i n  the container X and when connected valves M and C are 

opened. After evacuation t o  a sui tably low pressure ( about 0.1 micron) , 
valves A and M are closed. Opening valve N allowed the gas t o  pass in to  

the c e l l  axxi the conhecting Bourdon gage where the pressure was read and 

recorded. The fr inges were counted as the gas entered. After closing 

vslve N ,  valve M was, opened and the gas condensed i n t o  smple  tube Y 

which was surrounded by a D r y  Ice-Fsopropanol mixture o r  by l iqu id  nitro- 

.gene A cer ta in  portion of the gas sometimes did not condense. Then the 

gas was pumped out, passing through the sodz-lime t rap ,  by closing valve 

M and opening valve A. 

The purpose of the sample tube Y was t o  condense the gas, which may 

have reacted somewhat with the system, i n to  a separate container znd so 

not contaminate the sample in tube X . The special ly  purif ied halogen 

fluorides were stored i n  Monel tubes and had been handled only in a 

special  all-metal vacuum l ine.  

Measurement of the Pressure of 
the Halogen Fluorides. 

Since the halogen fluorides reac t  with glass and mercury, the con- 

ventional pressure measuri~g devices such as were used f o r  the other 



gases could not be u t i l ized  here. A method of measuring the pressure 

accurately over the  range 0-760 mm. of He. wa.s devised. Scvcral 

is 
Helicoid gages were already in use anl had an accuracy of ? 1 mm. a t  

Lhie best .  The Helicoid mechanism was dismantled and a micrometer w a s  

attached t o  the Bourdon tube i n  such a way tha t  t he  movements due t o  

pressure changes, wllich 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 llmagic-eyeN tube. The electronic c i r c u i t  

used f o r  this purpose i s  given in Figure 13. The micrmeter was turned 

u n t i l  the  eye jus t  opened (indicating contact) and the reading taken. 

'l'hese micrometer readings were calibrated against the  mercury manometer. 
+ 

The precision of the readings on the micrometer was - 0.0004 inches wNch 
+ 

corresponds t o  a pressure of - 0.25 xum. of mercury. Since the cal ibrat ion 

does vary with changes i n  temperature, the whole un i t  was enclosed in a 

constant temperature air bath. T h i s  used a l i g h t  bulb as a heat source, 

a f an  f o r  c irculat ion,  and a bimetall ic thermoregulator t o  maintain the 

0 temperature constant w i t h  0 -1 C . 

Measurement of Densities of Solut3.ons 

)ill density measurements on the solutions 'were made i n  a modified 

Osttrald pycnometer .lB? The arms of the  pycnmeter were of equal and 

uniform bore and were c d i b r a t e d  t o  read d i r ec t ly  the volume i n  each 

arm above the zero point.  The volume of the pycnmeter t o  the zero 

- * American Chain and Cable Co ., Helicoid Gage Division 



1 meg. 

Figure 13. Electronic contact indicator f o r  the 
pressure gage. 



.i marks was determined by f i r s t  weighing the pycnometer and then f i l l i n g  .- . 
it with water t o  some leve l  i n  the arms . . and reweighing. After a sui table  

-&I 
period of waiting while the pycnometer was immersed i n  a. constant 

*. .. temperature bath, the lovels of 'Lile .ms were read. The density of water 

1 is available in the ' l i t e r a tu re  so  , the volume could t h i n  be c aleulated. 

From this, the volume of the anos was subtracted, and hence, the volume 
- 

of the pycnmeter determined. T h i s  was repeated several times and an 

- average value of 20.2611 accepted. 

I n  the  determination of the density of solutions,  the same procedure 

was followed except t h a t  the experimentally determined weight was divided 

by t h e  volume of the Wilis plus the  zero volume (20.2611 cc .I.. 
. . 

The usual precautions were observed, such as handling the pycnmeter 

orily with covered f ingers ,  removing the s t a t i c  charge i f  'any accumulates , 
r insing thoroughly with water several times a f t e r  a solution was removed, 

and then with acetone and ether  r inse ,  and allowing the pycnmeter t o  

come t o  equilibrium wi th  the  moisture i n  the a i r  before weighing. A l l  

weights were corrected f o r  buoyancy, 

A plo t  of the molarity of the solution versus the reciprocal. of the 

density should .give a s t ra ight  l i n e  f o r  d i lu t e  solutions.  If any point 

- was not on the l i n e  the density measurement'was rechecked. 

Materials 

Halogen Fluorides 

Cfiorine monofluoride was prepared in a nickel system by mixing 

equal mounts of chlorine gas and chlorine t r i f luo r ide  gas at about 200°c, 



Both the chloririe and the  chlorine t r i f luor ide  were previously purified * 

A by several d i s t i l l a t ions .  The product was purified by trap-to-trap 

d i s t i l l a t i o n .  Its puri ty  was checked by a determination of t h e  spectrum. 

k This indicated that t races  of o ohlorlne oxide lrligllt Be present. w 

The remaining hialogen fluorides were purchased from Harshaw Chemical 

Company. These were each purified and the purity usually determined 
- 

from freezing point curves. Iodine pentafluoride was purified by distill- 

- ation i n  a Monel s t i l l ,  The mold  concentration of impurities was found 

t o  be 0,0025. Bromine pentafluoride was purified by a similar d i s t i l l -  

. at ion and the concentration of impurities found t o  be. 0.02 molal. Bromine 

t r i f luo r ide  and chlorine t r i f luo r ide  were not obtained as pure .as the 

other compounds. These were d i s t i l l e d  from the i r o n  shipping tank in to  

a t r a p  on an all-nickel vacuum line; three successive trap-to-trap 

d i s t iUa t ions  were made with the middle f rac t ion  taken f o r  measurements. 

Probably no more than one t o  two mole percent of 'impurities were present. 

Fluorocarbons 

F'urified samples of perfluoroethiyl e ther ,  1,1,1,2,2,3,-heptafluoro- 

propane, and perf luorotr ie thyl  mine  were furnished through the courtesy 

of W, H ,  Pearlson of the Minnesota Mining and Manufacturing Company. 

These compounds contained only t races  of impurities. 

The sample of purified chlorotrifluoroethylene was obtained from 

the  Union Carbide and Carbon Corporation, . This was purified by three 

tr ap-to-trap d i s t i l l a t i o n s  . 



Sal t s  

Potassium chloride, oodiun~ chloride, monium chloride, sodium 

r C '  si l icofluoride,  and potassium si l icofluoride were Baker's Analyzed C. P i  .' 
* .. grade meeting the A.C.S. specifications.  These were recrystal l ized four  

times using the same batch of water t h a t  was used t o  make the  solutions 

- and serve as the reference l i q u i d ,  

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

f luoride Merck's reagent grade. These were recrystal l ized as described 

above. 

A l l  the  fluoborates were Baker and Adamson products, made by the 

General Chemical Division of Allied Chemical and Dye Corporation. The 

fluoboric acid was purif ied by the company and was said t o  contain 2.13% 

of meta-boric acid as an impurity. The others, potassium fluoborate, 

ammonium fluoborate, and sodiwn fluoborate were' of technical grade and 

. were recrystal l ized f ive  times; water from the same batch t h a t  served as 

the reference l iquid w a s  used f o r  the recrystal l izat ions and was also 

used to make the solutions and d i lu ted  aliquots.  Sublimation of monium 

fluoborate proved u n s u c c e s s ~ .  Potassium f luot i tana te  was a student 

preparation and same care was taken i n  recrystal l iz ing it t o  assure a 
- 

f i n e  product'. 

b 



V. REFIUCTIVB INDICES Pm MOUB REFKACT%ONS OF SOLVTIONS 

Theoretical 

The inser t ion of a c e l l  containing a pure l iquid  or  a solution i n t o  

the beam produces a discontinuous shift of the  fr inges so  tha t  the  number 

of f r inges  displaced cannot be counted. This .introduces a d i f f i c u l t y  

not encountered in the measurement of the refract ive index of a gas, . . 

since gases can be 'introduced gradually i n t o  .the l i g h t  path by sllowing 

them t o  flow in to  an evacuated tube, and the number of f r inges displaced 

can be counted direct ly .  Since, with monochrmatic l i g h t ,  it is im- 

possible t o  t e l l  which fringe i n  the displaced s e t  corresponds t o  a 

given one i n  the or ig ina l  s e t ,  white l i g h t  is used t o  locate  the so- 

cal led zero-order fringe. This is  the  part icular  f r inge produced f o r  

exactly equal optical. paths of the two beams. After location of  this 

fr inge,  monochromatic -. l i g h t  is used and the  campensating p la tes  are ... . . . 

rotated u n t i l  the zero-order f r lnge is brought back t o  a l i m e n t  with 
3 .  

the.zero-order fringe of the f iduciary s e t  of fixed fringes; the number 
. .. 

of fr inges displaced can then be counted. 
. . . . 

It should be mentioned here tha t  the interferometer is r a r e b  used 
. . 

t o  measure the absolute r e f r a c t i w  index of a pure l iquid o r  solution. 
. . .. . .. . .  . . 

The m b e r  of f r inges sh i f t sd  by the introduction of the l iqu id  i s  
. . . . 

usually 'too great t o  count even if the change i n  opt ica l  path is not so . . 

great as t o  destroy the v i s i b i l i t y  of the fr inges ent i rely.  Usually, 



however, the fringes are destroyed and the  interferometer must be used 

as a d i f f e ren t i a l  instrument. It therefore finda i ts  greateet appli- 

cation in the measurement of refract ive indices of d i lu te  solutions or 

diluted aliquot3 of moro oonoontrafed solubions. Since t h e  solutions 

tha t  are t o  be compared are very close i n  composition and the method i s  

a. d i f f e ren t i a l  one, no special  regulation of . the . temperature i a  required 

as both standard and solution Nil1 have the sane temperature coeff ic ient .  . . . . .  . 

+ 
With aqueous solutions a variation of - 0 . 9 ~  i~ permissible even i n  

very precise work. 

We now discuss the white l i gh t  f r inges i n  greater  d e t a i l  since 

t h e i r  use is essent ia l .  With monochromatic l i g h t  there ia one a e t  of 
. .  . . . . . . 

fr inges for  the  part icular  wave-length used. Between the bright.  f r h g e s  
. . . . 

there  is destructive int,erferenc&, 1 .e . , dark fringes.  FIith white l i g h t  
. . 

thore is a different s e t  of fringes f o r  each wave-le-h of light preasnt 
. - .  . . 

and so at certain intervals the fr inges of one s e t  overlap those of 
. . .  .. . .. . . . .  

anothw. I n  the  region of the zero-order fringes all the various wave- . 
lengths are aupepimpoaed .and resu l t  i n  a whiOe f r inge .  It i a  bordered . . . . 

.by a sharply defined black region. The f i ra t-order  f r inge,  a s - t h e  first 

f r inge  on e i the r  side of the rem-order fringe is c l l l ed ,  dl1 not ham 

all th@ wave-lengths. exactly superimposed, I n  f a c t  it ' will have a blue . -  . . , 

edge on the aide toward the zero-order. fringe jince the wv8-len@;th of 
. . . . 

t he  blue radiation f e shorter ,  and wi l l  have a red edge toward the 
. . .  

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

f i r s t -order  Prlnge lip. thus become spread sanewhet and the dark fringe . . 

between the first-order and the second-order fr inge has become smeller 



in width. Thia spreading of the fr inges contbue,a and even at  a short  

dirtance from the zero-order fringe the overlapping has become ao 

uniform the fr inges can no longer be obrervad 'and M a e  l i g h t  results: 

This provides a method of .  locat ing the center as &om f n Figure 14. 

The blue fringes . . of shorter  waw-length . .  . . ( . i l lustratad i n  Pi@re lb), 

and the  red fiiagea of longer nva-length ( ~ ~ u r t r s t e d  i n  Figurs lhb) , 
are auperfmposed with f-8 of intermediate wave-lea&h . . t o  form the 

pattern ehown . - i n  Figure f ic .  For purposes of i l l u s t r a t i o n  the red'and 

blue bands have . h e n  . .  chosen of. . convenient . . . . width . . and spacing . such . t h a t  . .. 

only reven Priqers are dirtinguishable i n  t he  superimposed pattern while 

This method oflocatiing the zero-order f r inge  gives r i s e  t o  some 

complications. If the opt ical  dispersion in the solution and the cam- 

pensating p la te  d i f f e r s  too much from the opt ica l  dispersion i n  the 

reference l iquid  and the other compensating p la te ,  the edges of the zero- 

order f r inge  become gradually colored, Mdle one of the adjacent f i r s t -  

order f r inges  l e s t 8  i ts usual color and becomes w h i t e .  Thus the location 

of the zero-order fringe will be i n  error  by one whole fr inge because the  

reference s e t  remains unchanged. F o r . s t i l 1  greater differences i n  dis- 

pereion the adjacent second-erder f r ing? becomes white, and so on, 

One method of meeting this d i f f i cu l ty  i8 60 take readings a t  several 

cloeely spaced concentrations covering the region i n  which the  s h i f t  

occurs. Another method available is t o  calculate the chromatic aberration 

of the compensator and match it t o  t h a t  of the solution, f o r  the wander- 

ing of Ohe achromatic fringe i s  due t o  the  d i f fe rent  ep t ica l  dispersions 



of the s ~ l u t i o n  and water on the one hand, and of g lms  a d  air on the 

ether.  O r  one may p lo t  the concentrations of various di luted aliquots 

of the  aolution versus the interferometer reading and obtain a c d i -  

bration curve. In the, region of each shift of one fr inge there will be 

a corresponding s h i f t  i n  the curve as shown i n  Figure 15. I f  the concen- 

t r a t ions  are d i lu t e  enough, the portions of the cal ibrat ion curve are 

pa ra l l e l  and the sections which are d i f fe rent  by one fr inge,  two fringes, 

- etc . ,  may be sh i f ted  the equivalent of t h a t  number of f r inges en the 

graph. A s t ra ight  l ine i s  obtained i n  t h i s  way and t he  correct concen- 
b 

t r a t i o n  of an unknown arolution may then be ~ b t a i n e d  by interpolation. 

We can now investigate b r i e f l y  the main types of compensators. 
. 

 win"^ used two t h i ck  plates, which can be rotated about a cannon 
- 

axis. One plate  is  i n  each beam of tb interferometer and the  common 
a. 



Df al Reading 

Figure 15. Typical cal ibrat ion curve fo r  solutions. 

axis of ro ta t ion  .is perpendicular t o  .the beam of l i g h t .  If the two 

p la tes  are set a t  a small angle t o  one another, a ro ta t ion  of the com- 

bination a l t e r s  the  path difference, the  change being roughly p r e p ~ r t i o n a l  

t o  the  angle between the p la tes  and t o  the angle of rotation. The sensi- 

tiviiiy can thus be varied over a wide range. A simple modification s f  

tho J w i n  coypensator, introduced by low,"* keeps one plate  fixed while 

the other rotates;  i n  the zero posit ion the t w s  pla tes  are para l l e l  t o  

one another. I n  another method a th in  glass p r i m ,  moved perpendicular 

t o  i t e  refract ing edge, introduces a path difference proportional t o  the 

displacement. Kosters modified this form and uses two prima, aret i n  

~ p p e s i t e  direct ions which l i e  i n  one beam of the interferometer and m a y  



be moved re l a t ive  t o  one another to, change the opt ical  path. A paral lel-  

faced glass block of nearly equal. opt ica l  path l i e s  i n  tho ether beam. 

Both the p r ima  and the block should be made from the same melt. 

An importark f a c t  which does net oeem t o  be mentioned i n  a r t i c l s s  

concerning the opt ical  perto of the  interferometer is tha t  each end 

p la te  of a gar or l iquid c e l l  ahould be made out of a s ingle piece of 

glass .(or whatever other material  might be used); Also, the compenaat- 

ing p la tes  ahould be cut f r m  the  erne piece of material ,  mmking t he i r  

proper orientation. Daapite the facf t h a t  glass  i s  supposed te be iao- 

t ropic ,  the strains tha t  it is subjected t o  i n  .its preparation a r e  

evidently enough t o  cause it t o  derptroy the  v i s i b i l i t y  af the fr inges 

if the  orientation of the p la tes  is not the  same aa i n  the original  piece. 

Thia mearas tha t ,  even theugh ground f l a t  t o  a quarter of a wave-length 

and ident ical  i n  thickners, two pieces e f  glass from different  source8 

introduced one i n  each beam, an fo r  compensating plates ,  w i l l  probably 

deatrey the v i s i b i l i t y  of the  fr inges and be ef no value. If ene of 

these plates i s  held in one beam in a fixed position and the other rotated 
0 

90 , the fringes inspected, and this pracedure repeated fo r  the four 

erientationer on one side of this second p la te  and then fo r  the other four 

erientat ions on the  opposite side of the plate ,  an orientation might be 

b found where the fringes are visible  and s traight .  If not, continue by 
8 

ro ta t ing  the first plate  90 , then repeating th above procedure t r ~  give 
- * 
i- a t o t a l  ef 64 orientations.  Therefore, p la tes  at  each end of the c e l l  

should preferably be one piece of glass arnd the compensating platea ahould - 

=. be cut  from one piece of glass, marking the  proper orientation beforehand. 



Method of Calculation 

The method of calculating the re f rac t ive  indices of solutions 

measured by the d i f f e ren t i a l  method is  described. Since a l l  measure- 

ments ware made in aqueous solutions a t  ~O'C, the exact refract ive index 

ef  water for 20% was found frsm as many sources as possible in the 

l i t e r a t u r e  .='9 Values a t  temperatures r e l a t ive ly  c1o.e t o  20'~ vsre 

converted t o  t h a t  temperature using standard formulas for the temperature 

coeff ic ient  ef the refract ive index sf water. The average value from 

these data f er . the re f rac t ive  index ?f water a t  20°c, and f o r  the mercury 
0 

green radiat ion of 5461 A ,  is 

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

depend. 

The equatien 

nd = 4 TO A/CL 

where A m f s the number of fr inges,  the wave-length, CL the length 

of the l i g h t  path ( c e l l  length), and nd the difference i n  the refract ive 

index, was ured t o  f ind the change i n  refract ive index per s ingle  fringe, 

A n . The value f 0und was 

A cal ibrat ion curve waa , then made by plot t ing graphically the reading of 

, the  canpensating dial on the instrument a a function of the number sf 



fringes.  This was done by se t t ing  the zero-order f r inge sf the wkite 

l i g h t  fringe8 i n  exact coincidence with the fixed fiduciary s e t  of 

fringes.  The mercury source was then substi tuted fo r  the w h i t s  l i gh t  

t o  sbta1.n more dia t inot  fringes.  Several readings of the posit ion of 

t h i s  coincidence were taken approaching from each direction; an average 

value was used f o r  the posit ion of the  cero-order fringe. Then the dial 

was rotated u n t i l  the firat-order f r inge  t o  the  l e f t  s ide was exactly i n  

coincidence with the sera-order f r inge of the f ixed met. Again several 

readings were taken approaching from both s ides .  This was continued 

f o r  40 fr inges la the l e f t  and repeated for  24 fringes t o  the  r igh t  of 

the ~ero-order  f r inge.  The prscis isn of these fr inge se t t ings  was 

calculated from tha deviation of the  d i a l  readings when several se t t ings  

were made on a par t icular  fringe, and also from the  deviation of the 

difference i n  the dial readings from fringe to fr inge.  In the region 

of the zero-order f r inge th precision of the fr inge alignment was 1.16% 

o r  approximately t o  1/l00 of a fr inge.  Toward the extremes of the 

range the precision of the se t t ings  decreased t o  3.03% or approxLmately 

1/33 of a f r inge  . 
Since the change of the refractive index per f r inge is known, the 

number of fringes was plot ted as a function of both d i a l  reading and re- 

f r ac t ive  index on the same graph. Since each f r inge  corresponds t o  

exactly the sane change in t h e  refract ive index, the p l s t  of number of 

f r inges versus refract ive index i s  a s t r a i g h t  line. Rotation of the 

compensating p la tes  through a given angle, by ro ta t ion  of the d i a l  by 

a def in i te  increment, pmduces a larger  change i n  opt ica l  path when the 



pla tes  make a larger  angle with the ver t ica l  direction. This r e su l t s  

i n  a s l igh t ly  curved l ine  f o r  the  p lo t  of number of fringes versus the 

d i a l  reading. To find the refract ive index of a solution from the 

ewerimentally deten~~ined d i a l  reading the number of fringes correepond- 

ing t o  %he d i a l  reading is located on the appropriate cur=, then a 

hor i son td  l i n e  through this point is drawn t a ~  the refract ive index 

curve and the re f rac t ive  index read froln the graph (Figure 16). 

A method of calculating the molar polarization of a solute  a t  in- 

f i n i t e  di lut ion from the densi t ies  and d ie l ec t r i c  constants of a se r i e s  

of d i lu t e  solutions has been devised by Halverstadt and K d e r .  16' The 

Name11 re la t ion  k = na suggested the subst i tut ion of the square of the 

refract ive index n2 f o r  the d i e l ec t r i c  constant k i n  t h e i r  equations. 

This method ha8 been used here t o  obtain the  molar refract ion of the 

solute' from the re f rac t ive  indicea and densi t ies  of a se r i e s  of d i lu t e  

solutions. The specif ic  volumes ,2 of the solutions are f i r s t  plot ted 

as a function of weight f ract ion w,. The slope and the intercept '6 

a t  i n f i n i t e  di lut ion are  found Pram the graph. If the values de not 

l i e  close t o  a s t r a igh t  l i n e  the measurements are repeated since the 

>, . relationship should be l inear  f o r  d i lu te  solutions.  Next the squares of 

. I; the refract ive indices of the solutions na are plotted as a function of 

2 
5 the weight f rac t ion  of solute v, and the s l o p e  s . and intercept n, at 

i n f i n i t e  di lut ion are found from the graph; a l inea r  relationship between 

4: *. the quant i t ies  is again assumed. The spec i f ic  refract ion r i  is then 

found from the equation 



a TABLE I H  
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NLR4l3B.B OF FRINGES VXRSUS DIAL READING 
FOR CALIBRATION CURVE 

Fringe Di a1 
Number Re adi ng 

Fringe Dial 
Number Re adiag 



250 0-360 ~ i a l '  Reading 110 2 20 
I 

1.33mw 1.333000 1.334000 1.335000 

Refractive Index 

- 
w Figure 16. Calibration curve for conversion of  dial readings to  

refractive index. The upper curve is a p lo t  of number of fringes 
versus the dial reading. The lower curve is a p lo t .o f  number of 

L - fringes versus the refractive index. 



The weight f rac t ion  wz i s  found from the re la t ion  

whem M is the molarity of the solute ,  MW is the  molecular weight of the  

solute, and d is the density of the  solution. 

The ref rac t ive  index of the solution is obtained from a p lo t  of 
. . 

molarity as a functien of d i a l  reading. If there is no zero-order fringe 

s h i f t  a s ingle  straight line is  obtained; however, i n  many cases the 

dispersion is large enough t h a t  there are  s h i f t s  i n  the zero-order $ringe 

position. The p lo t s  of molarity versus dial reading then become broken 

lines' of posi t f  ve o r  negative slope depending on whether the solution -has 

a higher or  lower refract ive index than the pure solvent. Examples of 

these are shown in Figure 17a and 17b and the method of computing refrac- 

t i v e  index from dial reading in these cases w i l l  now be described. 

Dial Reading 

Figure 17a. Molar concentration of solute as a function 
of dial reading f o r  solutions whose refract ive index is 
larger  than tha t  of the pure solvent.  



D i a l  Reading 

- F i v e  17b. Molar concentration of solute  as a function 
of dial reading fo r  solutions whose refract ive index is 
smaller than tha t  of the pure solvent. 

A 1 1  the dial readings whose abscissas w i l l  in tersec t  on section 0 of 

e i ther  graph (Figure 17a and 17b) w i l l  give the correct refract ive index 

as previously explained. Those which intersect  on section 1 w i l l  be one 

fr inge in error ,  these on section 2 will be two fringes i n  e r ror ,  e t c .  

The error  i n  the number of fringes can then be determined from the molar- 

ity versus dial reading p lo t .  To determine this number pa ra l l e l  s t ra ight  

lines are drawn f o r  aa many sections 0, 1, 2, etc. ,  as may be needed 

noting tha t  the width between the l i n e s  is one fr inge (which, i n  turn, 

can be expressed i n  termer of dial reading using the original calibration 

currs) . Any point not f a l l i n g  on ene of the  l inbs  must be i n  e r ror  and 

should be rechecked or  discarded. 

The method of finding the refract ive index i n  the above cases may be 

shown by an i l l u s t r a t i o n  i n  which tk~a e r r s r ,  fo r  example, is two fringes. 

For a salt of the f i r s t  type such as potassium chloride i n  Figure 17a, 
+ 

point B i n  Figure 18, corresponding t o  a part icular  dial reading A, is 



v located on the cal ibrat ion curve. If this gives a reading of the number 
4 

ih 
Y '  

of fringes as 17.4 then, since there i s  an er ror  of , t w u ,  f r inges,  two are  

6 subtracted and point C is found a t  15.4 which, when extended t o  the left, 

d in te rsec ts  t h e  refract ive index curve at D. This gives the corrected 

refract ive index reading a t  E. 

For a salt o f . t h e  second type such as sodium fluoborate i n  Figure - 

.17b, the steps t o  locat? A and B i n  Figure 19 are the same, but, since 

- the fr inge er ror  is in the  opposite direct ion,  two fr inges are added 

resu l t ing  i n  a pe in t  C higher than point B by exactly two fr inges.  The 

ordinate D corresponding t o  C give the corrected re f rac t ive  index read- 

ing a t  point  E. 

I 1 - Dial A Readinp 
E .  

Refractive Index 

Figure 18. Method of using the cal ibrat ion curve 
of F i g u r ~  1 6  Mien there is a zero-srder fringe l a s s .  



t 
D i a l  A Reading 

3% 

Refractive Index 

. Figwe 19. Method ef using the calibration curve, 
of Figure 16 when there is a zero-order fringe gain. 



Results 

Data and Calculations 

A detai led calculation of the  molecular refract ion of sodium chloride 

from .dilute solution measurements is now presented as an example of the 

procedure followed i n  every case. 

~ l i q u d t s  of an or iginal  soluticn of known concentration were diluted 

and the concentratiens computed from the  volumetric data. The densities 

of , the solutions were determined as previously described. A s  a check on 

the precision of the density da.ta the specif ic  volumes of the solu- 

t ions  were plot ted graphically as a function of the molarity (Figure 20) 

and any measurements which did not f a l l  on the resu l t ing  s t r a igh t  l i n e  

were repeated. 

The d i a l  readings on the interferometer necessary t o  restore  the 

white l i g h t  fringe to i t s  initial posit ion are measured upon introducing 

each solution i n t o  the ce l l .  The molarit ies of the solutions were then 

plot ted graphically as a function of d i a l  reading (Figure 21) and a se r i e s  

of p a r a l l e l  s t r a igh t  l i n e s  obtained as described i n  the previeus sect ion 

f o r  the example ef potassium chloride. The f r inge  er rors ,  i f  any, are 

now found from the graph and the refract ive indices are obtained frm 

the cal ibrat ion curve. The data  and r e s u l t s  are  shown i n  Table V. The 

molar refract ion is now found by p lo t t ing  graphically values @f na and 

'd l a  versus weight f ract ion of solute w,. From the slopes of these graphs 

(Figures 24 and 2 9 ,  0< and @ , and the intercepts at i n f i n i t e  di lut ion,  



0.996 ' 0.998 

Specific Volume 

Figure 20. l'lolar concentration as a function of specific 
volume for sodium chloride. 



Dial Reading 

Figure 21. Molar concentration as a function of dial reading for sodium chlcd.de. 



$. 2 0 ' 0 
na and 3 a , the specific refraction r, was calculated using equation . 

Then, from the equation - 
0 

MR = W r , ,  

we have 

The data  zreswmnarited i n  the  lower par t  of Table V. Data and r e s u l t s  

f e r  the remaining compounds studied are presented in  Tables V I  t o  XVITC. 

The greateat saurce of e r ror  i n  the determination of the molar 

refract ion by this methad is t h a t  sf ,  f inding the  slope of the Limes. 

The maximuaa' error i n  doing this is  0 .% which introduces a 2% ,error  in 
. . . .  

the determination of the  w e l a r  refr8ction. In some instances, the e r ror  

is greater than t h i s  up t o  4% i f  the  plot ted points d id  not fall exactly 
. . 

on a. s t ra ight  l i n e .  (see method of calculation) . 
- 



0.006 
. . . .  ... 

Weight Fraction w2 

Figure 22. ' The square- of the refractive index as a function 
sf the weight fractisn of sodium chloride. 



Weight Fraction w, 

Figure 23'.' The specific volume as 'a function ef the 
weight fractien of sedium chloride .. 
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TABLE V 

., MOLAR REFRACTION OF SODIUM CHLORIDE 

Weight 
Molarity Density Fraction Dial Fringe Refractive 

M d w a Reading LOBS Index 
d 

Values of the parmeters i n  equation (44) as found 
from graphical plots of the above data: 

o( = 0.4777 - 
= -0.7092 

3 Molar refraction calculated from equa.tion (46) : 

MR = 9.40 



MOLAR RSRACTION OF POTASSIUM CHLORIDE 

Molarity Density Weight D i a l  Refractive 
M d Fraction w, Reading Index 

Values of the parameters i n  equation (44) as found 
from graphical plot8 of the above data: . 

Molar refraction calculated from equation (46) : 

HR = 11.68 



TABLE VII 

MOLAR RE3WLCTION OF MONIW FLUOBOHIL'TB 

Molarity Denai t y  Weight Dial Refractive 
P4 d Fraction wz Reading Index 

Values of the parameters i n  @quatian (a) as found 
from graphical plots of the abo& data: . 

Molar refraction calculated frem equauon (46) : 



TABLE VXII 

MOLAR W K A C T I O N  OF FWOBORIC ACID 

. . 
Melarity Density !!eight D i a l  Fringe Refractive 

M d Fraction w2 ' Reading Gain Index 

Values of the parameters in equation (44) as found 
from. graphical of the above datat 

Molar refraction calculated from equation (46) : 



TABLB I X  

MOLAR KEFRkCTION OF AMMONIUM CHLORIDE 

Molarity Density Weight . D i a l  Fringe Refractive 
I! d - Fraction wg Reading Loss Index 

Values of  the parameters i n  equation (44) as found 
from graphical plots  of  the above data: . 

Molar refraction calculated from equation (46): 



TABLE X 

MOLAR W F U C T I O N  OF 'SODaCUM FlUORIDE 

Molari ty Density Weight , Dial , Refractive 
M d Fraction wg Reading Index 

Values of the parameters i n  equation (44) as found 
from graphical plots of the above data: . 

Molar refraction calculated from equation (46) : 



TABLE XI 

MOLAR R G U C T I O N  OF SODIUM SILICOFIUORIDE 

Molarity Density Weight . Dial" Refr'ative 
. I4 d Fraction wz Reading Index 

Values of the parameters. i n  equation (&) .as found 
from graphical plots of the above data: : 

'Holar refraction calculated from equation (46) : 

MR = 13.20 



TABLE =I . 

MOLAR REFRACTION OF POTASSUM SILDCOFUIORUIE 

Wolarity Density Weight . D i a l  Refractive 
M d Fraction wa Reading Index 

Values of the parameters i n  equation (44) as found 
frum graphical. plots of the above data: . 

~ o l a r  refraction cdcula ted  . from . equation (b6) : 

m 17.40 



(c . 
1 *., 
I TABLE XIXI 

MOLAR RElKRAC!l!ION OF SODIUM FWOBORATE 

Plolarity Density Weight Dial ~ r i n ~ e  Refractive 
M d Fraction w, Reading Lass Index 

Values of the parameters i n  equation (WI) as found 
from graphical plots  of the above data: 

Molar refraction calculated from equation (46) : 



Molarity Deneity Weight - D i a l '  Refractive 
X d Fraction w, Reading Index 

Values of the parameters i n  equation (4.4) as found 
fraer graphical plots of the above data.: . . 

Molar refraction calculated f m  equation (46): 



Plolari t y  Density Weight D i a l  ~ e f  ractive, 
M d Fraction wa. ' Reading Index 

Values of the parameters i n  equation (u) as found 
from graghical plots  of the above data: . 

hlolar refraction calculatdd from equation (46) : 

HR = 6.44 



MOLAR REFRACTION OF POTASSIUM FWRICYANDE 

- 
.- - I---- -- - 

Molarity Density Weight Instrunegt Refractive 
M d Fraction w2 Reading Index 

9;1 Immersion refractmeter , ' 

Values of the parameters i n  equation (u) as found 
from graphical plots of  the above data: . 

Molar refraction calculated from equation (46) : 



T A B U  .XVIX 

MOLAR REFRACTION OF ParASSIUM FERROCYANIDE 

Mol a r i i q  Density Weight I-nstnrmegt Refractive 
M d Fraction wa Reading Index 

Values of the parameters in equation (44) 8.a found 
from graphical plots of the above data: 

Nolar refraction calculated rrom equation (46): 

M R .  = 69.06 



* TABLE XVIII 

Refractive Specific 
Index Volume 

a Data from Landolt-Bornstein. Rf . la 
Values of the parameters in equation (44) as found 
from graphical plots  of the above data: - 

Nolar refraction calculated. . from . equation (46) : 



VX . REFRACTIVE INDICES AND MOLAR REFRACTIONS OF GASES 

Theoretical 

If a thickness t of a substence having a re f rac t ive  index n is 

introduced i n t o  the path of one of the  beams i n  the interferometer, the 

opt ica l  path i n  this beam is increa.sed because of the f a c t  t h a t  l i @ t  
. . 

t rave ls  more slowly i n  the  substance and consequently has a shorter wive- 

length. The opt ical  path 5s now net tfwough the  medium, whereas. it is  

t through a corresponding thickness of vacuum, and the increase i n  

opt ica l  path due t o  inser t ion  of the substance is (n - 1 ) t .  This w i l l  

introduce (n - 1) t /h .  ex t ra  waves. in the path of one beam, s o  if w c a l l  

A m  the number of f r inges by which the fringe system is displaced when 

the  substance i s  placed i n  the beam, we have 

( n - 1 )  t . =  ( A m )  A .  . I 47) 

Thus a measurement of the  number of f r inges and the thickness of the 

sample gives a value of the refract ive index of the  substance when' 

radiat ion of known wave-length is used. 

Since tfze re f rac t ive  index depends on the mount of gaseous sub- 

stance i n  the c e l l s ,  the prac t ica l  formula becomes 



where p is the pressure of the gas i n  the ce l l s .  This then gives the 

refract ive index a t  a s ta.ndard pressure of one atmosphere. 

Another variable i s  the temperature of the system. This was e i ther  

controlled by circulat ing l iquid  from a thermostat through a jacket 

around the c e l l s  or  e lse  the system was allowed t o  come t o  room temper- 

ature.  The l a t t e r  can be done when conversion formulas are available 

t o  calculate the  refractive index for  o°C, the usual temperature f o r  . 

comparing refract ive indices. One such equation su i tab le  f o r  a i r ,  is  

0 
where nt is the refract ive index a t  a part icular  temperature t C ,  no is 

the  refract ive index st O'C, and s is a constant character is t ic  of air 

and equal t o  0.00367. This and other such equations are empirical. 

A t h i rd  factor  is the wave-length of the ' radiat ion used in measur- 

ing the  refract ive index. The interferometer acts i n  the sense of a' 

prism refract ing l i g h t  of various wave-lengths d i f f e ren t  amoxkts and 

w i l l  give ' a  different  refract ive index f o r  a different  wave-length. To 

i l l u s t r a t e ,  the f o l l o e n g  tab le  gives the values of the  refract ive 

indices a t  several wave-lengths. (see Table XU). 

A tab le  like this allows one ' t o  s e t  up .an empirical general inter-  

polation equation, as did Barrel  and Sears f o r  air, k i th  the r e su l t  

where P is the pressure i n  millimeters of mercury, T the temperature i n  

degrees centigrade and the constants have the following valuest 



TABLE $U[ 

RETRACTIVE INDICES OF A I R  FOR RADIATION OF VARIWS WAVE-LENGTHS 

Radiation (n - 1)106 
- -lt--- -- - 

Cadmium red l ine  6440 81 271.70 
a 

Mercurg green l ine 5461 A 
0 

Cadmium blue Une 4801 A 
0 

Nercury violet l ine  4359 A 276.30 

- 0.73 r 10" 

Cmchy's dispersion formula, which was mathmatically derived, is 

essentially identical. It can have even more terms if necessary but a 

soleewhat aimpler fonn of it is usually sufficient: 

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

constents have been determined for  approximately sixteen gases so the 

refractive indices fo r  these gases nrw be found for  wave-length. 

The refractive index value should be corrected t o  a standardised wave- 

length, which is usuaUy that of inf in i te  wave-length. Many t h e 8  the 

w e  t o  vhich the refractive indices ere to be put is not such as t o  warrant 

this correction, and sametimes the data and conversion factors are just 

not 'available . 



Investigation of the molar ref ractioa values found for gases shows 

that ,  for  some substances, the Lorenr-Lorentmr values are constant to  

7000 almosphere8. In other cases an increase i n  the molar refraction 

values with pressure was found at relatively low preesuree. Many modifi- 

cations of the molar refraation equatiom were attemptisd to  correct fo r  

this change but none are satisfactory except perhaps fo r  e few partdcu- 

l a r  gases . 
Findlly, since the molar volume is involved i n  the molar refraction 

. . 

equation, different equations of s ta te  have been used to  reduce the 

density t o  the idcal staae. "&a& is, assuming that  a gas begins t o  
. . 

deviate a t  higher pressures frrnn 'the ideal  gas equation, 

PV 0 nliT. ( 5 2 )  

f t is known, of course, that  few gases obey the ideal gas equation 

s t r i c t ly .  It is usually assumed tha t  if the refractive index of the 

gaseous substance is determined a t  a very low pressure, it probably follows 

the ideal gas law. 'Phis can be quite easi ly checked by finding the re- 

fractive index a t  several pressures differing by nearly equal increments 

and noting i f  there is a change of the refractive index. If so, this 

indicates same lcind of non-ide al behavior. 



Hesults 

Data and Calculations 

From the equation, 

it is seen tha.t only h m ,  the number .of fringes, and p, the pressure, 

are variable i n  the determination of n, the refractive index. CL, the 

c e l l  length, must f i r s t  be determined before a l l  the constants may be 

combined. 
. . 

The c e l l  length was deterniined by two methods. The f i r s t  is an 

indirect 'method. making use of the . . hown refractive index value of nitrogen. 

The accepted value for  the refractive index of nitrogen a t  25% is 

1.0002767. ':&en t h i s  gas was introduced in to  the interferometer, an 

average of 80.1 fringes passed fo r  a pressure of 117 -65 mm . Substituting 

these values I n  equation (481, one obtains a value of 102.07 cm . fo r  the 

ce l l  length. The second method t o  determine the cell length was t o  

measure it directly using a. standard meter bar for comparison. The value 

detemined by this procedure was 102.08 on. 

Equation (18) now reduces t o  

The aver age. value of h m/p was found to  calculate the refractive index 

of the gases. Then from the Lorem-Lorents equation, 



where V is the molar volume of the gas at  a pressure of 760 m,, the 

molar refract ion is calculated. The molar volume .was calculated from 

the idea l  gas equation (52) f o r  the par t icu lar  temperature a t  which the 

compound was run. 

The f i r s t  gas whose refract ive index was determined was tha t  of 

nitrogen. This served as a check o'n the accuracy of t h e  instrument and 

gave experience in i t s  operation. The values obtained are  shown i n  

Table E along with values from the' l i t e r a tu re  f o r  comparison. The 

measured c e l l  length was used i n  obtaining the observed refract ive 

indices given i n  this table .  
. . 

TABLE .X . 

DETERMINATION OF THE REFRACTIVG INDEX OF NITROGBN 
AT !lW DIFFERENT TBfPERATURES 

(i Pressure Number of Fringes Temperature nab,. n 

- - --- - - - 

+E These values were obtained by converting the value a t  O'C 
given i n  the l i t e r a t u r e  t o  20°C and 25%. 

The main source of e r ror  i n  the  measurement. of the refract ive indices of 

the gases is t h a t  of the pressure measurements and exact number of 

f r inges counted. Therefore, an est imate ' for  each substance may be made 



s by noting how the individual h m/p values vary.from the average f o r  
-2 

N each part icular  compound. This may then 'be found i n  terms of the 

4 refract ive index or molar refract ion.  ) 

The halogen fluorides which were measured were quite corrosive 

t o  glass  and mercwy, and therefore it was not possible t o  use an ordi- 

nary mercury manometer t o  measure the pressure. The pressure measuring 

system as described i n  Section IV was used. A calibra.tion is needed t o  

convert the pressure readings from the Bourdon pressure gage, which 

were i n  a rb i t ra ry  units (distance measured with a micrometer) t o  m i l l i -  

meters of mercury. The data  f o r  this cal ibrat ion is given in Table XXV. 

I n  the region of Bourdon gage read,ings from k16 t o  409, the average 

slope is 6.43, while i n  the region from 409 t o  400, the slope i s  6.71. 

Only the f i r s t  region was used i n  the measurements. Thus the equation 

t o  convert the pressure readings of the Bourdon gage.to millimeters 

of mercury i s  

Pmm = 6-43 A ( 55) 

where A is the  difference i n  the Bourdon gage readings between vacuum 

and the pressure t o  be measured. Therefore, as a convenience, the 

average of the Bourdon gage readings was found and converted t o  m i l l i -  

meters of mercury pressure. 
6' 



TABLE 9[XT 

DETERMINATION OF THE MOLAR REFRACTION 
OF C H L O R O T ~ O R O ~ H ~ E N E  

Fringes 
Displaced 

Pressure 
(mm .) 

- w- . . =- 

Calculated refractive index: 

Calculated molar refraction: 



e 
TABLE XXII 

9 . . 

DE?rEFNINATION OF THE MOLAR REFRACTION 
OF PWFLUOROGTHPL EXHER 

Fringes 
Displaced 

Pressure 
(mm .I 

Aver age 3.55 

Calculated refractive index: 

n = 1.0014396 

~ o l a r  volume at ~Pc:  

. . 
= 24 ,bSO cc ./mole vm . . 

Calculated molar refraction: 



DETEBMINATION OF TILE MOLAR IUPRACTIOM OF 
1,1,1,2,2,3,3--~'PTAFLUOROPROBANE 

Fringes Pressure 
Displaced (m .) 

2.51 
2.38 
2 137 
2 . 9  
2.37 
2.52 
2.50 
2 3 2  
2 958 
2.47 
2 .a 
2.56 
2.69 
2.51 
2.57 
2.47 
2 .kh 

hve r age 2.52 

Calculated refractive index: 

Molar volume at 25%: 

V, = 24,450 cc ./mole 

Calculated molar refraction: 



TABLE XXTW 

DEl'EXMIEJATION OF THE. MOLAR REFRACTION 
OF PWFUJOHOTFUFTHYL AMINE 

Fringes 
Displaced 

Pressure 
(m .) 

A v e r  age 5.209 

Aver ag;e 5.233 

C alcula ed refractive index: 8 n2 oo = 1.002ll78 ' 

n 7 = 1.0021265 
Molar volume a t  28.0 OC: Vm 24,697 cc./hole 
Molar volume a t  27.5 OC : V, = 24,656 cc ./hole 
Calculated molar refra.ction: MR = 34.96 cc./hole (average) 



TABLE XXV 

CALIBRATION DATA FOR CWXRSION OF BOURDON GAGE 
BEADINGS TO PRESSlTRE 

Bourdon Gage f Pressure 
Ro*g (iuo , ) 

Column 3 
?53zir, 

Aver age 

Aver age 

* is the difference between the reading for 'vacuum (416.0) ' 
and the reading a.t the given 



TABLE x%n: 

DATA FOR DGP'EXIF4INATIOEJ OF THE MOLAR REFRACTION 
OF IODINE PENTI\ELUORIDE 

Pressure Number of Change i n  Pressure 
(~icrome ter ~ e a d i n ~ )  Fringes Per 10 Fringes 

Aver age 0.55 
- 



Using the  average change i n  pressure per t a n  fr inges (0.55) and the . . 
A equation from Table XICVI, - U 

?* 

Pm of Hg = 6.k3 .A , 
r 

the number of f r inges per millimeter pressure change 

i s  found. Then, by use of equation 53, 

and n = 1.001156 

From the idea l  gaa law the molar volume 

= 24,780 cc ./hole Vm 

is calculated a t  29 '~ and the  molar refract ion found using equation 54 

WR = 19.17 f 0 -27 cc ./nola 

This i e  an example of the procedure used f o r  the calculation of 

the molar refraction of the halogen f luorides ,  i n  t h i s  ins6ance of 

iodine pent afluori.de . The c a l ib r  akion data. f o r  . the Bourdon gage reading - 
a 

t o  pressure conversion factor  (equation 55) is given i n  Table XXV and 

*a explained on page 105. 



TABU XrVII 

DATA FOR DETEXMINATION OP THE MOLAR REFRACTION 
OF BROPUNE F ~ A F L U O m E  

Prerseure Number of Ohwgs' In Brcsaure 
(~icrme ter ~eading) Fringes Per 50 Fringes 

Continued next page 

0297 121 



Pressure Number of C h q e  in Pressure 
(pllicrome ter ~e &ing) Fringes Per SO Fringes 

--rV-.-m==.-- ' 

Lu 1s 
409.9 
408.9 
Lo? .8 
406.4 

yq Continued next page 



Pressure Number of Change in Pressure 
(~icrom eter ~e adinel Fringes Per 50 Fringes 

402.8 
401 .5 
400.3 
401.7 
402.9 
b04 .1 
IPS ;4 
406.7 
LO7 -9 
4Q8.8 

Aver age 3.32 
---.--.a 

Calculated refractive insex: 

n = 1.000951 
~ o l c l r  volume at 25% : 

= 24,451 cc./mole 
Calculated molar refraction: 

MR = 15.L8 f 0.56 cc./firole 



TABLE XWIII 

DATA FOR D ~ ~ A T I O N  OF THE MOLAR REFRACTION 
. . OF CHLORINE MONOFLUORIDE 

Pressure Number of Change i n  Pressure 
(~icrcaneter ~eading)  Fringes Per 10 Fringes 

Average 1.363 

Calculated refractive . . index: 

n = -1.000469 

tiolar volume for 2k0c: 

Cdoulated molar refraction: 



TABLE XXM 
4 7 

.. DATA FOR D ~ ! ~ ~ I N A T I Q N  OF THE MOLAR REFRACTION 
OF BROMINE TREUJORIDG 

b 
-r--- --- -- 

-----r%R.Y -- - ' ' 

A 

Pressure Number of Change in Pressure 
(#Pcrma%er ~eading)  Fringe$ Perb 20 Frlilgtzu 

Aver age 1.745 
. .. - - .  -_5.-.r.iliDL-= -.- -. - .. ... . . 

Calculated refractive index: 

volume for 53'~: 

Calcula,ted molar refraction: 



TABLE XXX 

DATA FOR DJ3l'WMmATION OF THE # O M  REFRACTION 
OF CKLORINE FRIFLUORIDE 

Pressure . Number. of  Change i n  Pressure 
(~icrmeter ~ e a d i p ~ )  F r i n g e s  Per 2 0  Fringes 

3 '-- Continued next page 



TABLE XXX - Cur~'t;inued 

. . . . . .  . 

Pressure Number of Change i n  Pressure 
(Micrometer ~ e a d i n ~ )  Fringes Per 20 Fringes 

Average 2 .m 

Calculated ref'ractive indext 

Molar volume at 26'~: 

Calculated molar refraction: . 



V . DISCUSSION 

L The molar refract ion of a compound may be considered t o  be the sum 
. , 

of the  individual atomic re f rac t ion  values f o r  the atoms tha t  form the 

compound, Since only the molar re f rac t ion  values may be experimentally 

- determined f o r  a substance, there must be a standard or accepted value 

of some atomic refract ion t o  which all the others w i l l  be referred. 

There seems t o  be no accepted standard, most authors merely choosing an 

initial value by a reasonable guess. This has resul ted in some confus- 

ion and the da ta  are usually not comparable v l th  one another without 

some modification, 

The procedure used here to ch,oose the initial value is based on t h e  

assumption tha t  ionic  +ef rac t iv i t ies  should be roughly proportional t o  

the volumes of the ions.  The r a d i i  of the spherical ions of several 

alkali halides are given by ~aulin~"' and from these the respective 

volumes have been calculated. The molar refract ions f o r  several of the 

a lka l i  halides a t  i n f i n i t e  d i lu t ion  have been quite accurately determined 

from solut ion me&urements. . These have been divided in to  ionic refrac- 

t ions with the same r a t i o  as the volumes of the ions. When t h i s  was done 

f o r  several chloride salts a constant value f o r  the ionic refract ion of - ." 
.m 

the chloride ion was found. This value provides 'the basis  f o r  the calcu- 

l a t ion  of other ionic  refractions.  
R 

'3 

The values f o r  the ionic  refract ions at i n f i n i t e  di lut ion of all the 

. ions determined by the author are l i s t e d  i n  Table Xlm as calculated from 
h 



Ionic Ionic 
. Ion Ftefraction Ion Refraction 

I(+ . 3.32 BF,- 6.45 

+ - - 
10.78 Na 1.20 SiF, 

+ = 
NH4 4-60 T ~ F ,  20.04 

H+ -0.31 ~ 1 -  8.26 

the data of Table XXI1,. These empirical constants reproduce the observed 

molar refractions of the  compounds with a mean deviation of 2 0.04 co ./mole. 

The molar refraction of the bifluoride ion has l i t t l e  significance since 

the very d i lu te  solutions measured probably contained l i t t l e  of this ion, 

Since covalent character tends t o  shorten bond lengths and decreases 

the effective s i ze  of a species, the ionic refractions should be the 

maxima observed or  assigned f o r  the given atom. The ionic refract ion 

values f o r  the bromide and iodide ions were taken from Fajans' s e t  of 

values and t h a t  of fluoride had to be estimated since no ionic refraction 

+. value could be found for  it. 

Next, the covalent atomic refractions f o r  the halogens were found. 

4 The atomic refractions of chlorine and bromine were calculated from the 
(I 

molar refractions of the halogen'molecules while those of fluorine and 

,.I iodine were the values assigned t o  them by vogelle from his investigations 



TABLE XXXII 

MOLAR REFRACTIONS OF IONIC CWOUhTDS 
IN mFINITPELY D r n E  SOLUTION 

Compound Molar Refraction 

: - 
of numerous organic compounds. The ionic and covalent atomic refractions 

of the halogens used i n  this investigation have been assembled i n  Table 

XIU[III .  

The atomic refraction should decrease if the atom 'loses electrons, 

i . e . ,  changes t o  a higher oxidation state ,  but there seems to be no 

t!l 



TABm XXUII 

COVALENT ANTI I O N I C  REE'RACTIONS 
FOR THE HALOGEX ATOMS 

4 

I 

8 
Type of Bond Fluorine Chlorine Bromine Iodine 

Ionic 1.80 8.26 , 11.59 18.16 

- Covalent 0.78, 5.77 8.45 13.95 

sat isfactory way t o  determine the amount of decrease. A fixed vslue was 

chosen f o r  the atomic refract ion of f luorine and the dif'ferences between 
v 

the r e f r ac t iv i t i e s  of ~ l *  and ~1"'~ and of B~III and B r  estimated. 

Using these differences as  a basis, an empirical set of atomic refract ions 

f o r  the h&ogen atoms in various oxidation s t a t e s  was obtalmd.  ~ h e s e  

values a r e  f o r  use i n  pure covalent compounds and are shown i n  Table 

Since the ionic  radii are,  in general, larger than the covalent 

r a d i i  of the elements it would be expected tha t  increasing ionic character 

of bonds would tend t o  lengthen the internuclear distances. Atomic re- 

fract ions,  in turn, tend t o  increase with s b e  hence the molecular 

refract ion might be expected t o  increase with increasing ionic character. 

To t e s t  this hypothesis the molecular re f rac t ion  of a simple molecule 
\. 

has been assumed t o  be la rger  than the  value obtained by summing the 

# covalent atomic r e f r a c t i v i t i e s  by an amount proportional t o  the percent 
+ - 

ionic  character of the bonds. Thus 



TABLE XI[IWI 

COVALENT ATOMIC FWKACTIONS FOR DLFFFEDR 
OXIDATION STATES OF XHE HAUGENS 

4 . 
s A t o m  Atamic Refraction 

where x is the f rac t ion  .of ionic  character. The values t o  be expected 

f o r  pure ionic and pure covalent compounds were taken from Table XXIIi 

and the fract ion ionic  character w a ~  then calculated f o r  each of the  

compounds i n  Table XXXVI from the  observed molar refract ions.  For com- 

parison, the estimates of the ionic character f'rom electronegativity 
% 

differences are also listed.="' 

For the  fluorocarbon derivatives i n  Table ZUW, the atomic refrac- 
. . . . 

f, t ions of f luorine have been calculated by subtracting the atomic re- 

fractions values of t i e  other atoms and bonds using the values . . given in 

,& Table 11. The values obtained were a l l  approrrfmately 1 .lo cc ./mole which 

l i e s  between the covalent refract ion and the ionic refract ion f o r  fluo- 

,*J r ine  and indicates  about 36% ionic character (Table MUIVT). 



TABLE XXXV 

SJMMARY OF REFRACTIVE INDICES AND MOLAR 
WRACTIONS FOR (iACSES 

Refractive Temperature t401ar 
Compound Index OC Refraction 

CC1F=CG2 1 .Om9622 20 .O 15.77 f 0.32 



T A B U  EW'b 

IONIC CHARACTM OF VARIOUS C m S  

C'alculat ed Ionic Ionic Character 
Substance Character From the From Electronegatidty 

Refractivities . ' Differences 

i! + Ionic contribution from carbon-hydrogen bonda ignored. 



- 

An interferometer of the Rayleigh type, which i s  adaptable for 
? 

measurements of the re f rac t ive  indices of both solutions and gases, has 

been constructed. An extensive ,review of the l i t e r a t u r e  concerning the 

instrument, its theory, and applications i s  included along with a dis- 

cussion of re f rac t ive  indices and molar refractions.  A discussion of 

methods of solving various experimental problems' encountered i n  building 

and using the instrument has been included. 

The use of the interferometer f o r  solut ion measurements has been 

discussed i n  d e t a i l  including the method of cal ibrat ion and the problem 

of the mero-order fringe loss  o r  gain. 

A vacuum system 'was -designed f o r  handling both unreactive gases and 

the corrosive halogen fluorides.  It consisted of copper tubing, copper- 

plated brass gas c e l l s ,  and brass Sylphon valves wherever the halogen 

fluorides were in contact with the system. The remainder of the vacuum 

system was of conventional construction f o r  handling ordinary gases and 

materials f o r  cal ibrat ion of the instrument. A '  special  pressure gage 

was made f o r  measuring pressures of the gaseous halogen fluorides . It 

consisted of a Bourdon tube, the movement of which was measured by a 

4 = micrometer. An electronic  device was designed t o  indicate contact be- 

tween the micrometer screw and the Bourdon tube. 

$ The molar refract ions of potassium chloride, sodium chloride, 

ammonium fluoborate , fluoboric acid, sodium fluoborate , ammonium 
4) 



?' 
fluoborate , sodium f luoride,  sodium si l icofluoride , potassium ai l ico-  4 - .  

I .  

fluoride,  potassium f luot i tana te ,  potassium bifluoride,  potassium ferro- 

cyanide, and potasskan ferricyanide were determined at i n f i n i t e  d i lu t ion  

from the measured refract ive indices and densi t ies  of d i lu t e  aqueous 

solutions of each. A s e t  of ionic refract ions has been calculated from 

these molar refract ion values which reproduces the  observed molm re- 

frackions with a mean deviation of :O .04 cc ./mole. The ionic refract ions 

were assigned t o  the atoms. i n  the r a t i o  of the volume of the free spheres 

calculated from the ionic r ad i i .  

The ref rac t ive  indtces of nitrogen, chlorotrifluoroethylene , per- 

f 1uoroe.bhyl e ther ,  '1,1,1,2,2,3,3-heptafluoropropane , perf luorotr ie thyl  

mine ,  chlorine monofluoride, chlorine t r i f luor ide ,  bromine t r i f luor ide ,  

bromine pentaflyoride, a d  iodino pentafluokde were determined and the 

respective molar refract ions were calculated. An empirical procedure 
I 

was devised t o  estimate degree of ionic  character in 'simple molecules. 

The value of the  ionic character determined in t h i s  manner was compared 

with the percent ionic character as determined by the electronega.tiuity 

differences f o r  the atoms involved. 
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