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TABLE I

SYMBOLS USED IN YREFRACTOMMIRIC INVESTIGATIONS"®

equivalent welght M = molecular welight

molal (weipght) concentration = equivalents per 1000 grams
solvent

molar (volume) concentration = equivalents per 1000 ce
solution

concentration in grams solute per 100 grams solution
(%4 concentration)

Cy = 19122 Cg - koooog-p)
dénsity of solution
density of solvent
difference
error
D - D,
Rp - Ry = dispersion

Apparent molar volume of dissolved solute

A 1000 AD
= 5 - To,

specific refraction of solution (refraction per gram)
specific refraction of solvent

speclific refraction of solute

specific refraction of impurity

index of refraction of solvent

index of refraction of solution

¥This investigation 1s a continuation of the series of

"Refractometric Investigations" begun by Professor Fajans at
the University of Munich (1924). The previous papers will be
referred to by roman numerals. The references are arrsnged
chronologically in part I of the Bibliographye.
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@ - =5 p
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No“=1 A _ = electronic polarizability
@ - N7 c
N = Avogadros constant
A0 - 9.0, Avoe
- . 1000 AW
IT = function of N and Gy = E;Qo

frequency of light

2N <
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wave length of light
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mol refraction for wmve length A at a temperature of 25° C.
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A+ INTRODUCTION
The Lorentz-Lorenz expression for the molar refraction
of a pure substance is given by the following formule,
where ng is the refractive index for the wave length 4, D

is the density and M the molecular welght:

l'.-

L PR B D
Correspondingly, the refraction of a given welght, W, of
solution is defined by equation (2) and the apparent rew

fraction of a solute by equation (3), using the symbols
given in Table I:

W
Rsom-ﬁu = Raate =1 . W

b:olo ra B_.solu (2)

R’"P = [(looo + A -CJ)II. -70»75_,7.‘{;5)

It is seen from equation (3) that the apparent molar re-
fraction is obtained from the refraction of a solution by
subtracting the refraction of the solvent considered as
unchangede.

Molar refraction has the dimension of volume, but the
physical interpretation given is that refraction is & meas-
ure of the electronic polarizability, strictly speaking only

for infinite wavelength (Res), according to equation (4):

R, =% T ¥ (4)



Analogously the apparent volume (§) 1s obtailned by sube
tracting the volume of the solvent, considering i1t unchanged,
from the total volume of solution. As shown by the formula
in Table 1 1t can be easily calculated from density and con-
centration data.

The variation of both apparent molar refraction and
volume with concentration of the dissolved salt as well as
their absolute values at infinite dilution are very useful
for the understanding of chemical forces in solution,

The measurement of the index of refraction at several
wavelengths glives a value for the molar dispersion. The molar
dispersion is defined as the difference between the refraction
measured with sodium light and the refraction for light of
infinitely long wave length 1. e. D & RD - Rde A recent
systematic study of this property (See Bauer and Fajans, LV)
has shown that the deviations from additivity parallel those
found in the molar refraction, and that the molar dispersion
is even more sensitive to changes in the chemical forces
between particles than is the refraction,

The present investigation includes a refractometric
study of agueous solutions of silver fluoride and potassium
cyanate, and of solutions of lithium perchlorate, lithium
bromide and lithium ilodide in ether, as well as of lithium
perchlorate in acetone,

The investigation of silver fluoride is a continuation

of the study of the behaviour of solutions of compounds of



non-rare gas cations of which only CdCly (See Luldemann;
XLII) and AgNOg (See Bauer; 1) had béen.studied before in

the "Refractmetric Investigations". A study of the prop-
erties of many 1ln-organic compounds (See Fajans, 2,3) has
shown that the greater polarizing power of non rare gas
cations and their greater polarizability @s tompared to

rare gas ions is very importaent for the behavior of compounds
of these ions., The study of another salt could be expected
to add to the understanding of the effects due to the mutual
interaction of non rare gas cations with anions and water
molecules, In the case of AglF it was of interest to verify
the large change of apparent volume with concentration which
is indicated by the measurements of A. Heydweiller (4) and

to determine the concentration dependence of the apparent
refraction which was not shown by his measurements. Furthere
more, it could be expected that the loosening effect of F on
Ag+ (see Pajans, 5) would show up in the increase of apparent
refraction with increasing concentration,

The determination of a value of the refraction of the
cyanate ion (NCO™) is of interest in completing cdata in the
series of tri~-atomic isoelectronic particles (N0, COp, N3z=
etc.) containing 16 electrons.

The study of non-aqueous solutions was prompted by an
interest in the unusually large solubllity of LiClO4 in
ether which had been found by Willard and Smith (6). In

this laboratory Miss Jean Chu (7) has been studying the



conductivity of LiClO, in ether and the conductivity and
solubility of ILiBr and LiI in ether. The present investia=
gation of the apparent volumes, refractions and dispersions
extends that studye.

The conductivity measurements by Miss Chu (7) have Gnewn
that LiClO4 is practically undissociated in ether i.e. the
system consists of neutral molecules. In the "Refractometric
Investigations", until now the emphasis has been placed on
changes in refraction accompanying the formation of crystals
from lons, changes upon dissolving electrolytes in water or
changing thelr concentration., These investigations showed
systematic deviations from additivity of the Lorentz-Lorensz
refraction which are attributed to mutual interaction of ions
and of ions and solvent. Lilxtures of neutral molecules have
been studied by many investligators, but only the more accurate
determinations of Hubbard (8), lieL. Koenig=Gressmann (9) and
Linton (10) show deviastions from additivity with certainty,
ara these deviations are very small in the cases studied.

The system LiClO0,- ether combines a very polarizable
solvent (Rg ® 22.5) with a solute having a large dipole
moment; thus, relatively large deviations from additivity
were to be expect:d if the effecls observed in solutions of
electrolytes'are due to electric interactions,.

There are very few previous measurements of refraction
of salts in solvents other than water, Chengveau (11) has

reported the refraction of ZnCly in ether and LeBlanc and



Rohland (12) have measured the refraction of KI and Hg012 in
acetone, These data give approximate values for the apparent
molar refraction but are not sufficiently accurate to show
any change of refraction with increasing concentration. The
concentration dependence of apparent refraction is shown,
however, by the measurements of Schreiner (13) on HC1 and
LiCl in methanol and ethanol and of Pesce (14) on Ca(N03)2
in methanol,.

In order to compare the results obtained for 11Cl1l04 in
ether with more similar cases, measurements were also mede

of LiClO4 In acetone and of LiBr and I1il in ether,



Be EXPERIMINYTAL
I. APPARATUS
The apparatus used in this laboratory for refraction

measurements was set up by N. Bauer (1) and has been thoe=

roughly described by hime A briefer discussion of the appar-

atus and its manipulation will be given here, but modifica-
tions necessary for the fluoride solutions end solutions in
organic solvents will be described in detail,
(a). Pycnometer

Three 30cc, bicapillary pycnometers (see Fig. 1) were
used in this investigation., The diameter of each capillary
tube 1s approximately 0,6 mm which corresponds to 0.3 mg,.
water per mm. length. Graduated scales are attached to the
back of each capillary arm, and by viewing the scale thru
a telescope, the level of the liquid can be determined to
within 0,05 mm. The capillary bores had been found to be
very nearly uniform by measuring the length of a mercury
thread in various parts of the capillary tube. I'rom the welght
of this mercury thread, the volume per mm., of capillary
could be determined. The distance between the divisions on
the scales had previously been calibrated by Bauer (1l). With
this information one can calculate the weight of water,
which is the standard used, corresponding to any height of
liquid in the capillaries.

Bauer had used the method of applying pressure to bring

the level of 1liquid in the left capillary to a reference mark
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and only taking readings on the level in the right capillary,
In this investigation it was desired to be able to determine
denslties &s rapilly as possible in view cf wvorking with
organic solvents which evaporate casily. Thus both capillaries
were callibrated, anu when the proper amount of solution had
been introduced, recadings were quickly taken on the levels
of liquid in both capillaries without using the often trouble=
some method of applying pressure to bring the level in one
capillary to a reference marke In this way the ground caps
could be :ept on during the measurement, thereby reducing
evaporation of the solvent.

The temperature is kept at 25° 1 0.002° during the density
measurement by a precision thermostate.
(b). Refractometer

A Zelss~Pulfrich Refractometer with a speclal graduated
circle provided with accurate divisions was used for the
measurement of refractive indlices, VWith this instrument
readings on spectral lines can be determined to within
£0,00!'. Viater from the precision thermostat is circulated
around the prism and around the vessel containing the liquid
being measured., Beckmann thermometers, placed in the path
of the circulating water before and after it reaches the’
prism, indicate that the temperature is lept at 25° £ 0,05°
during a measurement. An air thermostat surrounding the
refractometer is kept at 25° & 0,39,

Special precautions required in the measurements on Agl

and ether solutions will be discussed later (Section II, c).
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The vessel which holds the liquid is attached to the
prism with a ground jJjoint, but to prevent leaking and to
insure rigldity, a suitable cement is avplied at this joint.
Picein was used in the measurements of AgF and Orange Shellac
(applied as a paste in alcohol) was found to be satisfactory
for ether, acetone and their solutions,.

(c). Light Source

During the investigation Bauer's original helium tube
burned out; a new tube was deslgned after discussion with
lire Kessler of the Physlcs Department. The new tube also
operates on a 15,000 volt transformer supplying a current
of 24 ma., In the construction, hollow nickel electrodes
were outgased by heating in a vacuum, and the 30 cm. tube was
filled with helium at a pressure of about 18 mm. The use of
nicﬁel electrodes and a higher pressure of hellium than in the
former tube are intended to prevent sputtering which was
probably the cause of the failure of the previous tube, The
work was done by lr. Iessler., This tube gave a very intense
helium spectrum 1n which seven lines are distinctly visible.
(d)e Glassware and liiscellaneous Apparatus

The relatively large amount of stock solution was always
kept in an Erlenmeyer flask having a siphon tube sealed 1nto
the cap., BRoth the cap and the outlet tube for forcing the
liquid out of the storing flask had standard tarer ground

glass joints which could be sealed together by paraffin when

not in actual use,
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Dilutions were made by means of 100 ml. cylindrical
flasks with a slde arm and a ground glass stopper (See Pige 2)e
These flasks were easlly weighed on the analytical balance,
and after weighing empty, with stock solution and after dilution
to the desired concentration, a siphon tube was inserted. In
this way solutions are easily transferred by applying pressure
thru the outlet tube. All glass transferring tubes were used,
a necessity in case of solutlons in organic solvents which
evaporate as well as absorb moisture when pi,etted or poured
directly from one flask to another.

Purified dried air (See N. Bauer, 1, page 54) was used
for applying pressure in transferring the solutions, and for
solutions in the organic solvents the alr was passed through
an auxilliary flask contalning liquid of about the same
concentration as the solution beipg transferred.

¥or the determination of concentrations by evaporation of
the solution, a 40 cc. welghing boktle with a well fitting
ground joint at the top was used,
II. SILVER FLUORIDE IN AQULEOUS SOLULIOHN
(e). PREPARAVION OF SOLUTIONS,

A very pure sample of sllver casrbonate had been prepared

obiniwed by

by Ne. Bauer (l). Silver fluoride solutions were,edding
purified hydrofluoric acld to this silver carbonate in
platinum vessels, Purification of HF. ‘‘he following
procedure similar to that described by Archibald (15),

kcAdam (16) and Lioles (17) was used for the purification of
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reagent hydrofluoric acid: About 2 grams of potassium
carbonate and 0.5 gram KinO4 were added per 200 cc H¥, The
former removes traces of H281F6, and the latter removes C1l~
end any organic matter present. The acid was distilled (110°)
from these reagents in a platinum distilling apparatus, and
then redistilled without further treatment. In both

distillations initial and final portions of the distillate

vere rejected.

M@;wvﬂr’
This reaction ,was very vigorous 1In the initial stages,

but the mlixture finally had to be heated to complete the
neutralization, This heating also served to remove excess
carbon dioxide which is evolved in the reaction. The acldity
was determlined from time to time in the final stages of the
reaction and the solution was filtered thru a sintered glass
funnel when it became perceptibly alkaline.* 1t had been
found previously that concentrated.silver fluoride solutions
are corrosive to glass (see also Guntz (18); therefore the
stock solution was diluted to approximately 5 molar before
filtering and the filtrate collected in a paraffined flask,
4 specially purified high melting Kahlbaum paraffin was used
to coat all the flasks used in this investigation,

The dilutions of the stock solution were made as described

" A final titration with 0.001 N HNOz was made according
to a method described by Hosa and Vinal (1Y, see also Bauer, 1),
in which the Ag‘ is precipitated with excess KCl before
titration. The stock solution was shown to be alkaline

presumably due to the presenca of some carbonate which amounted
to 0.005 # 0.002 %
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'in Section I, d using paraffined weighing bottles in every

cases.
(b) Analysis

In the evaporation method of analysis, a weighed amount
of the stock solution was converted to AgNOz by a double
evaporation with redistilled Nitric Acid in a platinum
evaporating dish. The AgNOz was transferred carefully to a
special evaporating vessel and purified dried air was passed
over it, It was finally fused at 210°c,

A potentiometric titration with a silver electrode was
also used to analyze the solution, DeHaen's "Guarantiert
Reagent" KC1l was used as a standard. A 0.2 molar solution of
KC1l was added from a "Soule" weight burette to a weighed amount
of AgF solution in a paraffined titration beaker., Near the
end point, 0.002 M KCl was added in small portions from a 10
ml burette. The procedure followed 1is described in detail
by Lange and Schwartz (20)., Table II gives the results of the

two series of analyses.

TABLE I1

ANALYSIS OF SILVER FLUORIDE STOCK SOLUTION

Trial Number Blectrotitration Evaporation
1 49,473 % 49.457 %
2 49,486 49,464
Se 49,465 49,478
Mean 49.475 4 0.008 ° 49.466 4 0.008

Concentration used 49,471 %
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The uncertainty in‘this concentration value as given in
Table II is about 0.02 %. The agreement between the two
methods 1s better than expected, but the analyses definitely
shows that the short period of contact with glass in the
filtration had no appreclable effect., By application of the
formula for estimating the error in apparent refraction due
to uncertainty in analyses (see Table I), one obtains
VR — ©6.004 cc.

(c). Protection of Glass from Silver luoride Solutions

(4) Density Measurements. It was found that the change
of the volume of the pycnometers due to the corrosive action
of AgF solutions more concentrated than 2 Holar was large
enough to make accuracy of 1 in 100,000 in density impossible.
An attempt was made to silver the inside of the pycnometers,
but 1t proved impossible to get an adhering film., Accordingly
paraffin was applied to the insides of the pycnometers by
rinsing them with a solution of paraffin in benzene, heating
slightly to evaporate all benzene and to cause adherence of
the paraffin, and then allowing them to stand 1n a vacuum
desiccator for an hour. The weight of the paraffined pycnometer
was reproducible to within a half milligram even after it had
heen calibrated with water. The process was repeated for each

new density determination. The bores of the capillaries were

also recalibrated with the weighed mercury thread (see Section I,

a). After several tests, it was concluded that the variations
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in the amount of paraffin in the caplllary bore wemt so small
that one callbration of the capillaries wéuld suffide for
the series of density measurements.

GL) Refractive Index lkeasurements., It was especlally
important to devise a means to protect the prism from the
corrosive action of silver fluoride solutions. Various thin
films of transparent substances were tried, but it was always
uncertain whether they would adhere during the whole series
of mearurements; this was necessary since they cannot be
reproduced. Finally & thin microscope cover glass, with a
thin film o% bromoform between it ard the prism, was attached
to the refractometer prism. (See Appendix).

‘d) D;séussion of bxperimental Results for Aqueous Silver

| Fluéride Solutions,

(1) Analysis of the Accuracy of the results.

Kohner (IX) has given a formula for evaluating the
errors.in refraction for aqueous solutions from the known
uncertainties in the determinatlion of density and index
of refraction,.

In anticipation of the analagous discussion of errors for ether
and acetone solutions, the derivation of the constants in this
formula will be considered. Irom the formula for calculating

R which was glven in Table 1, we obtain the followlng general

equation for the error in R :
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Joo O

e (vcaw) + %: V(A.D)) (s)

VR =

To evaluate the first part of the formula in terms of An,
a Taylor expansion of AY must be made (See Geffcken, XI).

Neglecting the higher order terms, the resulting equation

is

eV (AN) A
IR= 12 [R TR e v [

Substitution of the values ny ® 1.33 and D, = 0,997 and
o= 0.2055 in equation (6) give the following formula for

water solutions, which is that given by Kohner:

(7)

VR = ‘& [5-(. vean) + a.) Vean) ]

For silver fluoride solutions the accuracy in the
measurement of density and index o refraction is not as good
as that obtained by Bauer for AgNOzfor the reasons pointed
out in the previous description. The errors for both n and
d are = 0.042, and from equation (6) the resulting error in
refraction is 0,015/Cy. The scattering of the points (see
Figure 5) between 1 and 3 molar indicates an uncertainty of
0.005 cc. whilch is to be expected from the above consideration.

The error in the apparent volume is proportional to the
relative error in AD, For the most dilute solution (0.3M,.),

the error in QT is 0,06 cc while for the 5.7 moler solution the
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expected error is only 0.004 cc. The error due to impurity’*

assuming it to be Uog, is only 0.005 cc so it is neglected.,
One of the refraction values has been corrected due to
a large deviation of one poilnt from the 77 vs. V., curve.
4+ brief mentlon may be maede or this method of testing
refractometric data. It was shown by Geffcken (21), liasson
(22) and Redlich (23) that when the apparent volume ( jF ) or
the 77 values (See Iruis, XXIX) are plottea agalnst the square
root of concentration, a2 straight line results for most
electrclytes in water solutions. Since the former is only a
function of concentration and density and the latter only a
functior. of concentration and index of refraction, large
accidental errors iIn a single measurement of either n or 4 can
be corrected for when they fall off the curve. If a polnt
falls off both curves it can only mean that there is a
concentration errof and the data for thls concentration must

be discarded.

¥ Since there is no method given in the literature for

calculating errors in é due to lmpurities, a simple formula
will be developed here.

<
]

speewific volume of water

volume of 100 grams of solution
Py and P, z wt. 5 of salt and of impurity, respectively.

V] and vy = apparent specific volumes of salt ahd impurity.
V="Fv, +PVx + Lroe-(P+P)lv,
¢=/Vn= 4[V—(/“‘ﬁ)_\io+/’x(\/o—vx)]

¢ok‘ A[V_(Mo-fo) Vo_To'

éobs: ”Vp _71%—!(‘/‘ - V)
VE=A L (Yo - Vx)

I

i L et e S
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root
1 to

3.90
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‘'he Apparent Volume of Silver Fluoride in Aqueous
Solutione.

The apparent volume is a linear function of the square
of the concentrstion (see Fig. 3) in the region from

4 meclar. ‘the slope of this line in the linear region is

1
ce x (mol/liter) L.
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The apparent volume at infinite dilution (};) obtained
by extrapolation of this straight line is -3.30 cc. The

complete curve 1s se-shaped slince the slope becomes smaller

both above 4 molar and below 1 molar. ‘'he linear part can

be represented by: ¢ =z - 3.30 % 3.90 VCy. In general, the
velues of the apparent volume of salts for infinitely dilute
aqueous solutlion are obtained by such al extrapolation of the
linear évs. V@:, curves, using data 1n the concentratlion
range above 1 molar., The %gvalue =330 cc was obtained in
thiis way for AgPF.

If such an extrapolation were exact,'ﬂﬁaénvalue should
be an additive property. However, even for the series of
alkali halldes, there are deviations from additivity of ¢ Ce2
ce, and there are larger deviations for hydroxides, nitrates
and sulfates. The fgvalue of =-%.50, calculated for Agl from
é&;f’ézfﬂq’__gé(ﬂos , differs from the extrapolated value
by 0.2 cc. which is beyond any experimental error. Such
deviations in zdditivity are due to changes in slope of thejE
vs. VE; curve below 1 molar., This has been discussed in
detail by Fajans and Johnson (24, 25).

In this investigation of Agl, the points at the two lowest
concentrations already show a deviation from linearity, and a

very rough extrapolation of these points gives a.i&value of

~2.,2 ¢cc¢., This clearly illustrated that without accurate

measurements in the region below 1 molar, no "true"'divalue

can be given,
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In Flge. 4 are plotted seﬁe other duta on the apparent

volumes of silver fluoride at different temperatures. The

data of Heydweiller at 18° C’give about the same slope as

that found in this investigatlion but the absolute value of
the apparent volume 1is about 1 cc larger., That determined
by Zaslovskii (26) at 1 N is near the curve, and those

determined by Jellinek and Jahn-Held (27) at 20° for high

concentrations also fall near the curve,.
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(3). The Apparent Refraction of Sllver Fluoride in Aqueous

Solution.

e slope of the apparent refraction vs., concentration

-l
curve (see Fig. 5) is 0,017 cc x (mol/1000 g Hy0)-  up to 4

molar. Above 4 I the curve becomes less steep. The value

obtained for the apparent refraction at Infinlite dilution by

extrapolation of this curve 1s 7.52g # 0.01 cec. This value

may be checked by comparing the difference between AgF and
KF (7.525 = 4.86 = 2.665) with that for AgNOz and KNO-
(15,95 - 13,25 = 2.70). 1In the case of AgNOz*, the refraction
at infinite dilution was obtained by extrapolating the linear
part of the R vs (g curve (see Bauer, 1) above 1 molar since
this corresponds to the concentration range for which the other
3 salts were measured.

The data of Heydweiller (4) are also plotted in Fig. 4 to
show the greater accuracy realized in this 1investigation. His
data gived no information about the concentration dependence

of the refraction, but the average value of the refraction

does not diitfer very greatly from that given above.

* There is a distinct indication for a maximum in the
apparent refraction of AgNO, at 1 molar and the refraction
decreases again toward more dilute solutions, Such changes
in apparent refrsction in dilute solution have been observed
for other salts also (see Geffcken and Kruls, XXIX and
Brodskii, 28). The extrapolation of the data 1in the dllute

region gilves a Ry value which is 0.06 cc. smaller than that

obtained by the linear extrapolation mentlioned above and with
it the difference AgNOz - KNOz would be 2.64 cc.



Denslty,
Volume, and Refraction of Aqueous Solutions

P
o
3.7728
10.5814
14,7739
19.15895
27,7439

_31.81296

42,8583
49,4710

CV

o
0.30826
0,93026
1,36131
1.85538
2.99243
3.62140
5.,71686

7« 33097

TABLE III

concentrations
0 0
0.555 0430901
0.964 0.93266
1.166 1,36625
1.362 1.86546
1,730 3.02622
1.903 3667713
2,392 5.91138
2707 7.71644
A

(39.45)

36,190

55.426

54,627

33.280

324647

31,001

29.830

-0.864
0.502
1.310
2.143
3.565
4,245
6,002

7237

of Silver Fluoride at 25° C. st various

D5°
0.99707
1,03635
1.11464
1.16801
1.22854
1.36612
1.44123
1.68821

1.87433

r

(7.525)

7.540
7 .549
7.656
7.571
7.581
7.604

7.617

Refractive Index, Apparent Molar

25
NDS

1.32264
1.34503
1.,35041
1.35656
1.36959
1,37660
1,39906
1.41503
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I1I1I. APPARENT RISRACLIION 4LND VOLUME Or POTASSIUM
CYARATE IN AQULOUS SOLULION

Reagent Potassium ciﬁate (General Chemical Co.) was used
in preparing the solutions. lhe purity of a weighed amount of
the dried salt was checked by the method described by Lewls
and Brighton (29). #ccording to these authors, AgOCN can be
quantitatively preclpitated by an excess of AgNOz. This
procedure was followed and after filtration and washing with
1 N Ca(NOy),, the excess AgNO, in the filtrate was titrated
with KBr using phensofranine as an adsorption indicator.
Preliminary experiments with 0.5 gram samples of KOCNa.the
correction for the AgOCN dissolved by the wash solution amounted
to 0«4 %e The results of three analyses are as follows:

% CNO™ calculated 52,023 [ CNO~ found 51.97, 51.86, 51.804
rean 51.88 %. This was considered to indicate a purity
satisfactory for thig purposee.

Bach solution for measurement was prepared by adding
distilled watdr to a weighed amount of the dried salt. In this
particular case this is a more accurate way of determining the
concentration than the usual dilution by weight of a stock
solution because of the appreciable hydrolysis of cyanate and

continuous loss of NH3 according to the equation:

OCN™ + 2H0 ; NHS +_H005'
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Table IV
APPARENT VOLUME AND RLEMRACTION OF POUESSIUM

CYANATE IN AQUEOUS SOLUTIUNS AT 25° C

o, p2® ngs 25 RE5
— S
1.68, 1.07164 1.34642 3648 12.1,
54914 1.16531% 1.36241% 3842, 12,0y Mean = 12.13

% Values have been corrected for hydrolysis (see text)

For this same reason, the measurements had to be completed
quickly, and were finished about 6 hours after makihg up the
solutions. To establish the rate of change of n and D, the

measurements were repeated after about 4 hours., No change

was observed for the refractive index of thé l.68 molar solution,
but for the 3.92 molar solution, the first measurements gave

the values n g 1l.36330 (5 hr., after preparing the solution)

and D = 1.16730 (6 hr.); the second measurcments gave n = 1.36442
(11 hre) and D = 1.16865 (10 hr.). The values given in Table IV
for n and D of the 3.8 molar solution are obtained by extra-
polatlion to zero time from this observed rate of change. The
observed increase in n and Y with time are large, but the
corresponding decrease in apparent molar refraction over a 6

hour period amounted to 0.04 cc according to the data given

above,

In ordinary cases of hydrolyses where K;, is known, a
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.a correction can be applied as was done by Kohner (IX) for
AlClS; the correction was only 0.002 ce¢ in this case,

The mean of the apparent refraction for these two
measurements 1s 12,15 ¢c., Lthe total errors due both to
impurities and errors in n and P will be less than O.1 cc.
Upon subtracting the value R = 2,26 for the potassium ion
(XL1II), the value R = 9.8y # 0.1 cc is obtained for the
cynnate lon,.

lhe values obtained for the apperent volume have the
same magnitude and show the same gradatlion as revorted by
J. Traube (30) of 35.4 at 1.1 molar and 38,2 at 4,1 molar sat

18°C., 7The molar volume of the solid potassium cyanate is

39.4 cc/mol,

IV, Solutions of Lithium Perchlorate in Hther,
(a). Preparation of LiCl0,.

‘ There was available a pure sample of lithium perchlorate
prepared by Vm. Spurgeon (%1l). <This was used in the first
series of measurements on L10104 in ether. The following
method was used to prepare.L10104 for the second series of
measurements in ether as well as for the acetone soluticihs,.
Lithium carbonate (Baker's C.P.) was washed with hot distilled
water about ten times, and perchloric acid (Baker's Vacuum
distilled) was added until the solution was neutral to
methyl red. The solution was filtered, concentrated on the

hot plate, cooled, and the white needle shaped crystals‘were
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filtered. This product was recrystallized twice from re-

distilled water and dried at 130° C, The salt, a trihydrate,

fuses upon heating and must be stirred during the final stages

of drying to facilltate grinding. It is redried after grinding
1t to a powdered forme
(b). Purification of Lithyl &ther,

Anhydrous Ethyl kther (Mallinckrodt Chemical VWorks, Anal.
Reagent)was refluxed over sodium ribbon for at least four hours

and then distilled in an alle-glass distilliny apparatus; first

and last portions of ether were rejected. The constants of the

ether prepared in this way are: d25 m O0,70776 and ngs = 1,34944,

The density of ether from different distgllations varied only

1 unit in the fifth decimal which is within the errors of the
determination. Because of the great expansibility of ether, the
temperature control must be vefy goode The variations in the
index of refractidﬁ:ﬁp to 3 units in the fifth decimal; this is
due to the fact that the index decreases by 0.04,3 per 0.01°
increase in temperature. '‘his temperature coefficient of n is

about 20 times as great as that for water,
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Wave lengths and Frequencies of the lines of the Helium

Spectrum and the Refractive Index of the Refractometer

Spectral Line

weak red
red

yellow (Dg)
green
blue-~-green
blue

violet

Prism at various wave lengths

Abbr.

WeI

vy (Dg)

gr
bl,
bl.

[ 23 o

Ain A

7065.1
6678.15
5875.6
5015.68
4921.93
4'7115.143
4471 .48

Vzin sec

18,0055
20,1530
26,0342
55,7267
37,1006
40,4604
44,9520

2

x

10

28

(N25)2

2,602343
2,609006
2,627556
2.658984
24663679
2,675223
2.,691118

pPrism
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The value 0,70776 obtained for the density of ethyl ether

ggrees ver) well with that of DES = 0.70778 reported by

»

Timmermans (See annual Yables (32) ), Taylor (33) give the

density as 0.70768. <Yhere have been no values of the refractive
index at 25° C, previcusly reported.

The molar refraction and volume calculated from the
observed density and refractive index are given in Table VI,

For the molar dispersion, 1/R values are plotted against V’z

in Mig. 6 and the D value 1s also included in Table VI,

Table VI
Vonstants of the Solvents ‘Water, Lthyl Lther

and Acetone at 25° C

Ether iAcetone Water
d§5 0.70776 0.78482 0.9970%7
N%g 1.34944 1.35603 1.33264
o5 ume
R 22,502 16.170 374
o
D 0« 507 0.384 0.0824

(c). Preparation of Solutions.,

The flasks used for storing fhe stock solution as well as
the flasks for making the dilutions were suitable for ether
solutions and only small modifications in technique were

necessary. The chief difficulty involved in working with ether
solutions 1s the change in concentration due to evaporation
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of the solvent. The greatest loss of weight during weighing

a 100 cc flask with a ground glass stopper was about 0.l mge
per mine & correction could be applied to find the weight of
stock solution originally added as well as to find the weight

after the dilution with pure ether, Wwhen not being used for a -

measurement, the solutions in all flasks were sealed by applying
Kehlbaum paraffin to the joints (ordinary paraffin was softened
by the ether vapor). One source of error which cannot be
corrected for 1s the change of concentration of the stock solution.
However the vapor pressure of concentrated soclutions of LiClO4

is quite low and in the transfer of liquids, pﬁre dry air vas
passed over an auxilliary ether solution to minimize the

effect of eWegperation of e’cher.%alys'es of the stock solution
made at the beginnghg of the measurements and after the dilutions
were made are identical within the experimental errors of the
determination. <Yhe method of using an asuxilliary flask
containing the solvent vapor was used in transferring the
solution to pyknometers and refractometer as well.

(d). Analysis of Solutions.

& portion of the solution was weigﬁed in a small glass
stoppered bottle and the solution evaporated in the same bottle
over a water bath. after the ether had completely evaporated,
the solid LéCl@g was heated for several hours at 130° ¢, In

one trial there was a slight dark residuse. A small amount of

HC1l0, was added to it and upon evaporation a whige solld was
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formed which gave no test for chloride. '‘he concentrations
results were as follows:
Series 1  30.749 %;  30.762 % iean 30.755, %

Series 2  52.93g %;  53.094 % lean 53.016 %

(e). Refractive Index heasurements

The vessel which rests on the refractometer prism and
contains the llquid being measured has a cover with a ground
glass fitting. 'his proved to be the cause of conslderable
change of refraction due to evaporation of the solution while
in the refractometer vessel. Accordingly after the 1liguid was
Introdvced, aniezone wax was pressed around the top of the
ground joint, and with thils precaution the evaporation was
negligible during the time rsquired for a measurement. The
slight changes stlll present made the results for dispersions
of dillute solutions of LiOlO4 in ether less accurate than usual.
(f). Discussion of fxperimental Results for LiClO4 in ether,
(1). inalysis of the accuracy of the measurements.

lhe experimental points on the hefractilon vs. molalilty
curve as shown in Filg. 8 deviate from the smooth curve up to
0.02 cc. This is a laerge deviation compared to the accuracy
attainable in water solutions. However with ether solutions the
error in the density determination is # 0.0,2 as compared with
an error of only ; 0.055 with aqueous solutions, and the error
in the determination of refraetive index is also 0.0,2 as

4
compared with 0.041 in water solutions,
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Using the general formula (6) for estimating the

resulting uncertainty in apparent refraction, and substituting
the value n = 1.35, 90 = 0.215 and D =z 0.708 for ether, the

followlng formula 1s obtained for ether solutions:

VR=@J£€(£4V{A‘A)#’3.OV(«44)) (8)

For the estimated uncertainties in density and refractive

index measurements, this leads to the result that VR = 0.017/Cy.
This 1s in addition to any concentration error due to
evaporation. Thus the deviation of 0.02 cc. in the refraction

curve is within the expected errors. There is an error in

the absolute value of the refraction which arises from any
Impurities in the salt used and any error in the analysis of

the stock solution. Iliowever, few substances can dissolve in
ether as impurities, the fact that the two series of measurements
fall on a smooth curve make$ it unlikely that the absolute value
is off by more than 0.02 cce. 4&n error of 0.05 % in the

analysis will lead to an error of 0,015 cc in R,

(2). The hefraction versus “oncentration curve for LiClO4 in ether.

The apparent refraction of LiClO4 in ather shows the

largest change with increasing concentration of all the substancés
measured up to now, The initial slope is 0.21 cc/mol (1000gf1.
but the curve gradually becomes less steep above 3 molal and
the final slope at 10 molal is 0.04. The next highest positive
refraction slope is that for iodic acid which is O.l1l. The

largest negative slope was found for HI and is -0.06., The

slope of the same curve for LiClO, in water is 0.008 (XI).
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The R vs. Cg curve in the lowest concentration region can
be extropolated to obtain the value of the apparent molar

refractien at infinite dilution (See Fig, 8). Including all

the errors discuesed above as well as the uncertainty in extra-
polation the value of the refraction of LiClO4 in an infinitely

dilute ether solution is 11.40 2 0.05 cc. The great difference

between this value and that for the sum of the ions in aqueous
solution (1£.90 cc) will be discussed in the theoretical
sectione
(3). apparent Lolar Volume of L10104 in ether as a function
of Yoncentratione. |
i'ige 7 shows that when the apparent volume i1s plotted
against either the weight concentration (C § or the volume

concentration (Cv), a nearly linear curﬁe is obtained (See

discussion in C, IV, b). However, the extrapolation of the two

curves to infinite dilution by drawing a straight line thru
the last points givesgf\mﬂst differing by 0.2 cc; accordingly
the average value of 14.2O cc. 1s taken as the apparent

volume at infinite dilution. The slope of thef vs. G, curve

is 2.75 cc x (mol/liter)-1 up to 4 molar; that of the Pvs.
C, curve is initially 1.98 and changes to 1.73 cc x (mol/1000
gram ether)~=l in the range of 4 to 10 molael. The apparent

volume calculated for a saturated solution from the data of

willard and Smith (6) is also plotted.,
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TABLE VII

Density, Refractive Index (Dgz), Apparent
Molar Volume and Refractlon of 810104 in
Ether ‘Solutions at 25.000 Ce
for various concentrations

Seri;s 1l o e dgs N%g T
0 0 o 0,70776 1.354944 (38.70)
8.5012 0.612 0.8732 0.,76595 1.35846 37.92
12.0581 0.8983 1.2887 0,79265 1.36255 37 .50
17 .0906 1.3381 1,9374 0.83301 1.36872 356495
20,8629 1.6970 2.4778 0.86661 1.37352 36 ¢« 35
30,7556 2.7750 4.1746 0.95999 1.,38691 34.42
Series 2
36,9406 35608 5.5059 1.02559 1.39507 52456
41,0232 4,1383 6.5376 1.07330 1.40100 31.59
53,0160 6.0196 10,6054 1.20807 1.40940 25,19
Series 1
, RB%
(14.20) (11.40)
15.95 11.576
16.81 11.5669
18.07 11.821
19,05 11,901
21.90 12.100
Series 2
24,22 12,202
26,20 12.273
32,90 12.481
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Indices of Refraction and Reciprocals of tne
Molar Refraction for ether solutions of
L1Cl0, for various wave lengths of the Helium

.69
Spectral (N 1000/R

Line

WeT -————

r 1.880375
y(D3)1.886196
gr 1.895688
bl.grl.897130
bl  1.900607
v 1.,205170
Rp 11.90
Reo 11.76
D 0.14

84,947
84,774
84,381
84.225
84,069
83.2801

138 M

N§

1.950843
1.952960
1.958837
1.968642
1.970020
1.975594
1.978531

12,097

0.13g

Spectrum at 25° ¢

1000/R

82,028
8l1.954
8l.726
8l1.393
81l.3540
81;208
81.004

- 5,10 M

1000/R

1,969685
1.971711
1.977723
1.987961

1.,989399

1.9993121
1.997365

12,34,
1l1.181
0.160

81.327
81,268
81,031
80.574
80,502
804341
80.135
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(4). The apparent molar dispersion of LiClO4 in ether.
The reciprocal plotting method of Wulff (XXV) is used to
obtain the molar dispersion which is taken as the difference

between the refraction measured at the wave length of sodium

light and that for infinite wave length. Thils method is based

on dispersion theory and involves the plotting of reciprocal
refraction against the square of the frequency. Unless there

ié an absorption band near the visible regilon, a straight line
results anu the extrapolation to zero frequency gives the

value of 1/R for infinite vwave length,

Because of the extreme sensitivity of the index of
refraction of ether solutions to small temperature changes as
well as a slight amount of evaporation, the disperslion values
obtained for lithium perchlorate in ether are not as accurate
as desired. However measurements were made on several
solutions, those at high concentrations giving the more rellable
results, and in this way an average dispersion value 1s
obtained which can be compared to the dispersion determined
for acueous solution and for crystals.

The data for the molar dispersion is given in Table VIII
and the 1/R values are plotted against ¥° in Fige 9. The
value 2 = RD - Re® = O0.14 1s taken as the most probable value
at infinite dilution; the dispersion increases to 0.16 at

5.1 molar.
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Ve LITHIUM PERCHLORATE IN ACLTONE
(a)e Purification of Acetone
The starting product was reagent Acetone (General

Chemical Coe)e The drying of acetone is rather difficult

because of its reaction with drylng agents. J. Timmermanns

(34) used phosphorus pentoxlide as the final dryling agent in his

careful work. He reports the density value, Dis = 0.78492,

Since the treatment with P50y leads to some polymerization,
an elaborate fractionatlng system was used by Timmermans.
Accordingly other less efficient drying agents were tried.

Usling anhydrous choa, the lowest denslty obtained, 0.783554,
was 0.036 higher, the corresponding refractive index, n%g =
1.,35622. Hartley and Hughes (35) have shown that the presence
of small amounts of molsture increases the density and the
measurements of k.L. Gressmann-Koenlg (9) show that moisture
also increases the refractive index in spite of the fact that
pure water has a smaller index (l.33). Anhydrous copper sulfate
was tried next as a drying agent and the values D = 0,78482 and
n = 1,35603 which were obtained were unchanged after a second
treatment with the drying agent and a subsequent distillation.
Accordingly, this method of drying was used for the acetone in
this investigation;

It is believed that the acetone prepared in this way 1is

sufficiently pure, first of all because of the difference of
only 0.031 from Timmermans density value, and secondly because
the conduetivity was found by Miss Chu (7) to be very low in

concentrated solutions of LiClO4 (see Sect., C, IV, a).

L)
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TABLE IX

Optical Dispersion of Ethyl Ether and Acetone at 25° ¢

Ve

Spectral Line Ethyl Ether Acetone
Trial 1 2 3 1l 2
We T 4,68724 4,68864 4,68760 4,61038 4,614802
r 4,67871 4,.,67913 4,67876 4,60209 4,60214
Y (Ds) 4,65434 4,65438 4.65413 4,57657 4.57657
gr 4.61444 4,61456 4,61444 4,53504 4.53492
bl. gre. 4,60909  4,60947 4,60900 4,52848 4,52906
bl 4.59478 4,59551  4,59478 4,51315 4,51393
v 4,.57552 4,57665 4,57665 4,49312 4,49413
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Since only the difference in densitles and refractive indices
between solution and solvent enﬁers in the calculation of
apparent refraction and volume (See 'lable L), any error due to
impurities will be minimized because the same acetone is used

in the solutions as that used to determine the physical

constants glven above,

25 o5
4 - r.'l.:D3
obtains 74.00% cc as the molar volume of acectone at 25° C, and

Using the values D 0.78482 and = 1.35603, one
16.170 for the molar refraction for the helium-D‘3 line,

Two measurements were made of the molar dispersion of
acetond., Lhe 1/@’ values ane plotted against\/2 in Fige. 6.
The numerical values are tabulated 1in Table IX. The mean of
these two measurements give D = Rp = Keo = 0.384 ccC.

(b). kxperimental details and accuracy of the measurements,

The same precautions were used in the handling of acetone
solutions as already described for ether solutions. Since the
veapor pressure is much lower for acetone solutions, there was
less error due to evaporation of the solvent and a greater
accuracy was attained. . In making the dilutions of the stock’
solutions of Lc'ClO4 in acetone, there was observed a large
heat of dilution. Because of this, the weighings could not
be made until the solution had cooled tc room temperature.

The formulae developed for estimating the errors in

apparent refraction has the following constants for acetone
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solutions (cf. Sect. II, d&; IV, f).
VR- éﬂ\%(;g(‘g“).}-z.&‘v(zi 4)) = 0.008/

The errors in both density and index of refraction for these

solutions are g 0.041. The resulting error in refraction is

0.008/C,« That the deviations from a smooth curve is less

than 0.005 cc. for points above 2 molar shows that the expected

accuracy has been reallzed.
Concentration determinations by evaporation of the
solvents gave the following results for the stock solution:
45,749 %; 45,755 % Mean = 45.752 %
(¢)e The dependence of Apparent molar Volume on Concentration
for acetone solutions,
Just as for L:'LClO4 in ether, the apparent volume in
acetone 1s plotted against both Cv and Cg' The former plot
is linear between 1 and 5 molar and has a slqpe of 4.65 cc x
(mol/liter)=1l, ‘he gsvs. Cg curve has an initial slope of
3463 but is curved in the range between 2 and 10 molal. . An
average %;value of 11.00 cc. 13 obtained from the extrapolations
of the two curves, ‘l‘he@value calculated from Villard and
Smith'ls (6) data for a saturated solution falls on a smooth
curve extending beyond the points obtained in this
investigation,

(d)« The Apparent Refraction versus Concentration curve,

lhe apparent refraction curve (Fige. 10) exhibits a minimum
at about 3,8 molar. ‘<Lhe absolute value of the apparent re--

fraction is between that in ether and in water but the extra-
polation of the cuﬁve to infinite dilution gives a value only

slightly lower than that in water. The extrapolation of the



curve is rather uncertaln but the best value at infinite

dilution appears to be 12.88 4 0.01 cc/mol,.
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(e). The Apparent h?lar Yispersion of LiClO4 in Acetone.

The linear relationship between 1/R and V2 (see Sect., D

(5) ) seems to be fulfilled for LiClO4 in acetone (See Fig. 11).

However, there is a dimtinct tendency for a positive deviation

from linearity in the reg;on of lower irequency il.e. toward
the infra-red, +his was observed for liquid water in the
infra-red region (1). In the present case the accuracy of
the dispersion measurements 1s not as great but the deviation
of the last two points is well beyond the experimental error,
Therefore the extrapolation to infinite wave length (zero
frequency) was made by neglecting the points which deviate
from a straight 11he.

lhe dispersion values D at various concentrations
obtained from the extrapolation to{ =.0of the 1/R vs. V2
curves (Fig. 11l) are tabulated in Table X. The gradgation
of values shows that there 1s a minimum in the apparent
dispersion at about 3 molal just as was observed for the
refraction. The extrapolation of the curve through the points
at 137 and Z2.38 molal give the value 0.1l9 #* 0.05 cc for the
apparent molar dispersion at infinite dilution. The value

observed in aqueous solution is 0.19O CCe
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TABLE X

Denslity, Refractive Index, Apparent Molar
Volume and Refraction for acetone solutions
of LiCl0,4 at 25° ¢ for various concentra-

tlions
3 Cy Cg Dg5 Nﬁg
-a. 2 ] 0.78482 1.35603
12,7317 1.0585 1.3712 0.88420 1.37413
20,2106 1.8028 2.3807 0.948172  1.38402
28,7629 2,7787 347949 1,02753 1.39415
3540163 3.5790 5.0645 1.08713 1,40002
45,7522 5,1160 7.9268 1.18933 1.40563
s
™ -
(46.,75) (11.00) (12.88)
42.69 15.93 12.812
38.705 19.72 12.772
344115 24,26 12.760
30.515 27 .93 12,775
24,03 34.81 12.860
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TABLE XI

Indices of Refraction and Reciprocals of the NMolar
Refraction of acetone solutions of LiCl0, for various
wave lengths of the Helium Spectrum at 25° C.

ce,
137 2.38 5795 8,065 193

Spectral 25 \2
Line (N29)° 1.88@061 1,906919  1.934767 1.951101  1,967022
w.r 1300 78.260 78.740 77.852 78.734 78.180
(N25)2 1.882050 1.,909121 1.937057 1.953361  1,969270
r ;%99 78.192 78,555 78.672 78.588 78,070
(N25)% 1.888498 1.915546 1,943675 1.960059  1.975826
v(Dg) l%QQ 77.876 78.131 78339 78.266 77773
(N25)2  1,808761 1.926166 1.954281 1.970796  1.986557
gr 1%99 77 322 77767 77.961 77.845 77.316
(N25)% 1.900362 1.927806 1,955974 1.972489  1.987629

bl gr 1000
R 77 « 304 77.724 77.900 77,785 77« 399
(N25)2 1.904315 1.931797 1.959961 1.976077  1.992095
gr 1%99_ 77.089 77 .561 77.767 77.622 77.143
(¥°°)% 1.000359 1.937006 1.965323 1.981394  1,997436
v l%QQ 76,965 77 « 369 77 .537 77 .405 76.923
Rp, 12,812 12,772 12.760 12.775 12.860
Reo 12.623 12.589 12.595 12.596 12.671
D 0.189 0.183 0.167 0.179 0.189
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VI. APPARUUT RBFRACTION AND VULUME OF LITHIUM BROLIDE
AND bLIlHIUM IODIDE IN BYHHR
(a). Preparation of Lithium Bromide and Lithium Iodide.

Lithium Bromide was prepared by lilss Chu by recrystallizing
1ithium bromide (Eimer and émend, N.ﬂ.) three times from water.
It was necessary to grind small portions (after a preliminary
drying) because of the extreme deliquescence of anhydrous L¢ Br.
Just as 1n the case of lithium perchlorate the hydrate melts
and unless stirred in the final stages of drying, it becomes
a hard cake which 1s very difficult to break up. After
grinding, the powdered solid was dried at 280°. An analysis
of this preparation by Miss Chu gave the following results:

% Br= calculated, 92.02 %; % Br- found, 92.06, 91.94;
Mean 92.00 %. <“ualitative tests had shown no £ I~ to be
presente. |

After several attempts by lilss Chu to prepare anhydrous

lithium iodide by evacuuating the hydrate with and without

~ heating, the direct reaction petween 1ithium and iodine in ether

: as described by 4diegler (36) was used as a means of preparation.

- hetallic Lithium was cut into thin slices, washed with pure

- dry ether and placed in a solubllity tube which had a reflux

| condenser and drying tube attached. Slightly less than the

equivalent amount of reagent iodine (Resublimed, General

. Chemical Co.,) was added, and fihally pure ether was added thru

; a2 sidearm in the 250 cc solubility tube. <The whole tube was
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- ecooled in ice because the reaction is very vigorous under

ordinary conditions. ‘he tube was heated to 60° C when the

initial reactlion had subsided, and the reaction wsas complete
after about 7 hours,
One solution was prepared in the manner described above,

For the others, lithium iodlde was prepared in a similar way,

but by using an exocess of lithium and i1odine to produce an
amount of lithium lodide much greater than that soluble in

ether. Tthis solid was used in preparing the saturated

solutionse.
(b)e Analysis, w*
Both the evaporation method and an analysis by titration
wlth standard silver hitrate were used to determlne the
concentrations of lithium bromide and lithium iodide soclutions
in ether, The uncertainty in the analysis (40.1 %) account
for part of the scattering of the points of the apparent
volume (§0.2 cc) and refraction curves (#0.05 cc). The
general method for determining the concentration 1s to make
up a concentrated stock solution analyze 1t accurately, and
neke accurate weight dilutions. In the case of LeBr and L&l
solutions the errors due to evaporation would be gqulite large
since the vapor pressure of ether in these solutions 1is much

larger than that for LiCl0, solutions. However, the following

additional factors made such a technique impossible., Vhen

ether was added to an etheral lithlum bromide selution,mjt
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caused precipitation of the L1Br. .This phenomenon was probably
due to traces of moisture in the ether since addition of a drop

of water to the solution caused the same effect. Lther solution
of lithium iOdide proved to be very sensitive to light and
perhaps aire. Upon standing any length of time the color of
1iodine in the solution appeared, Therefore for both LE{Br and

141 the sclution of the concentration desired was made up from

the solld and measured as quickly as possible. Later it was

found that keeping metallic lithium in contact with the solution
would inhibit the decomposlition.

The titration mentioned above was made using eosln as an
adsorption indicator, weighed amounts of the ether soclution
were added from a Soule weight burette. It was found that the
use of Meloche-stopcock grease (insoluble in ether) on the cap
and on the stopcock prevented evaporation during welighing and
was not dissolved by the solution.
(¢c)e Discussion of ixperimental Results for LiBr and Lil in ZEther,
Pince each concentration for which the density and the
index of refraction were determined involved a separate analysis,
the errors in the apparent refraction of LiBr and Lil are large.

No accurate value cah be given for the refractlon at infinite

| dilution for this reason. The measurements for LiBr are 1n the

 concentration range below 1 molar where errors are expected to

i

 be especially large even for agueous solutions. Thus only an

- average value R = 11,39 can be givene.
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- The refraction values for LiI show a distinet increase from

1 molar to 3.5 molar which is well beyond the experimental
errors. JThe approximate value R = 16.,2 can be given for the

refraction in an infinltely dilute solution,

lhe apparent volume curves show considerable scattering

of the points for the same reason. Lithium Bromide has an

apparent volume which increases rapidly with increasing
concentration (See Fig. 12); theg value is 10,0 cc. The best
straight line through the three values determined for 1LilI

in ether has a slope of 2.0 cc x (mol/liter)-l and the Qg

value is 8.0 cc.
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Fig. lz. Apparent molar volume of L1Br and Lil in
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TABLE XII

Re fractlive Index,
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Concentration, Apparent

Molar Volume and Apparent Molar Refraction of ether

LiBr

0.298
0.609
0,675
0.826
0,908
1.10

1.048
1,177
1.22

il

0.652
1.56

3469
S.489

solutions of LiBr and L1I at 25° Ce

25
D,

0,70776
0.73126
0.75526
0,76002
0,77090
0.,77697
0,79134
0.78668
0,.79570
0.79704

0.,79085
0.90410
1.13635
1.14213

25
ND5

1.34944
1.35444
1.35789

1.36520

1.36582

1.36634
1,38897

1.43899

¢

(10.0)
11.45
12,50
13,93
14,79
14.33
16,55
16,29
17.30
18.6

9.08
11.30
14.56
14.25

v

43,25
39,73

36.79

35.72

66,38
64,54

64.22

»8

Ro,

(11.75)
11.22

11.46

! e eags

11.39

16.21
16.29

16.93

Mean
R -
D
11.39
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C. THEORETICAL
I, DISCUSSION OF RuPFRACTOMETRIC EFFECTS

In the "Refractometric Investigations™ which have been
carried out by Fajans and hils collaborators since 1924, ex- -
tensive experlmental data on refraction, volume and dispersion
of crystals, vapors and solutions have been collected (See e.g.
XXX and XLIITI). It has been shown on the basis of this ex=
perimental materlal together with a few simple theoretical
considerations that, when gaseous ions combine to form mole=-
cules or crystals or act on neutral molecules, the Lorentze
Lorenz molar refractlion can show large deviations from addit-
ivity. The indlividual effects to which these deviations are
due are the following: A

(1)e A cation fightens the electronic shell of an ad-
jacent anion or neutral molecule, i.e., decreases their
molar refraction and slze.

(2) An anion loosens the electronic shell of a neigh=
boring cation or neutral molecule, i.e., increases thelr
refraction and size.

(3)e Solvent dipoles lower the refraction of anions and
increase the refraction of cations. These effects in general
wlll be smaller than (1) and (2).

(4). Interaction between neutral molecules may lead to
elther a decrease or increase in refraction.

The first two effects have been thoroughly discussed

in "Refractometric Investigations" (see e.ge. Fajans, I, VII,
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XXX and Kruis, XLVII)e The magnitude of these effects depends
on the intenslty of the electric field of the acting charges
and on the deformabillity of the other particle. Effect (2)
has been demonstrated in a direct manner recently (see Fajans,
5) also by the conslderation of lattice distances in crystals.
The evidence for the tightening effect (3) of solvent
dipoles on anlons 1s based (see Fajlans, Holemann and Shibata
(XXI)) on data concerning the temperature dependence of the
apprarent refraction and volume of some salts in inflinltely
dilute agqueous solution. The results for the sodium salts
are plotted in Fig. 13. The temperature coefficient of the
apparent volume hes been discussed by Gibson (37), and. by
Fajens and Johnson (24). It was shown that the effect of the
oreaking of the tetrahedral structure of water (see Bernal and
Fowley 38) gave a positive component and the effect of the
attractive forces between ions and water gave a negative
component to this temperature coeflficient. The positive
influence of the "breaking effect” increases from Cl~ to
Cl10,~ since it was shown (24) to become greater as the differ-
ence between the volume of the ion and that of the water
molecule incresses. 'The negative influence of the effect
of the Borces becomes weaker with decreasing field of the
anion i.e. from C1~™ bo Cl04~. Thus as both effects act in

the same direction, the observed gradation (Fig. 13) for
the apparent volumes 1s gualitatively explained.



61

0.16 . 4.5
0.14 . 4.0
£
. 0.2 b/ 35 =
R ?
o 0.08 25
° o |
& v 2o
006 20
A cr "
= ]
0.04/ .5
ﬁ
0.02 10
NaCl NaBr Nal NaClO,

Fie, 1, Temperature coefficlent for the apparent
~nlar refraction and volume of NaCl, NaBr,
Mol and NaClO4




62

The AR/AT values show the gradation ClO4 < 61 <{Br<il
which indlcates that the deciding factor is not the sigze but
in all probability the polarizabllity which is smallest for
0104’ and largest for I, Since the increase in apparent
refraction must be obviously due to a weakening of a negative
effect in the Interactlon of ilons and sol;ént as the temp-
erature Increases 1i.,e, lon-water distance increases, th@se
data offerg evidence for a tightening effect of water dipoles
on anions,

The lon-solvent interactions discussed above are to be
expected for a2ll solvents, However, in the case of water
solutions, there will be an additional effect due to the
breaking of the loose tetrahedral structure of water by the
lons. That this factor may have an appreciable effect not
only on volume but also on refraction has been pointed out
by Kruis (LI). The molar refraction of all ligquids investi-
gated increases with incressing temperature (XXI), but
Kruist' plot of the data for liquid water shows that the re-
fraction decreases from 3.735 cc at 0° to 3.728 at 50° C.
Just as for many other anomalous properties of water, the
explanation lies in the fact that the increase in temperature
breaks the tetrahedral structure of water, and the closer
packing leads to a lower refraction.

In his discussion of the minimum in the apparent vélume

Vse. concentration curve for methyl alcohol-H50 mlxtures at
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about 10.mol percent methyl alecohol, Gibson (39) attributes
1t to the effect of the alcohol on the water structure, Th;
data of Koenig (9) and Linton (10) shows the same kind of a
minimum for acetone and ethyl alcohol 1n water solutions for
the apparent volume and the apparent refraction as weli. In
these latter cases, it 1s very likely that the change of the
structure of water is responsible for the refraction Qinima
as well as that for the apparent volume.

Effect (4), the interaction between neutral molecules
may cause the small deviations from additivity in the apparent
molar reffaction found for binary mixtures of organic liquids
(8,9,10). These deviations are of the order of magnitude
of one part per thousand in molar refraction. Such an inter-
sction has 21s0 been made responsible for the lncrease in the.
apparent refraction of nitric acid found by Lidhdemann (XLII)
and of perchloric acid (XII,XIII) in concentrated solutionse

A distinct interaction between neutiral molecules is also
shown by the decrease in the refraction of acetic acld vapor
as the temperature 1s increased (see Goldschmidt and H8lemann,
XLv)e The decrease takes place as the acetic acld dimers
dissociate with increasing temperature and amounts to 0.2 cc
per mol of the dimer. Fajans (40) considers the increased
refraction of the dimer to be the res&lt of ‘a. diminished |
tightaning effect on the oxygen octet of the OH group because
of the shift of the proton in hydrogen bond formation.

Some examples of interactions of neutral molecules in



aqueous sdlutlon are the following: Spacu and fopper (41)

have shown that the apparent refraction of mannite in water

increases with 1increasing concentration. Decreases in the
apparent refraction of some amino acids were observed by
Hedestrand (42) and of urea by Pesce (43) in water (See also

Brodskiil, 28). The case of amino acids is more complicated

due to the "gwitter-ions" nature of these molecules.

In the following discussion of the results, the molar
dispersion will also be included. The same effects are res-
pvonsible for changes in dispersion s in the case of the molar
refraction, but the former is relatively more sensitive to
forces between particles than the molar refraction (see Bauer
and Fajans, LV).

These general points of view concerning refractometric
effects will now be used in considering the observed re=-
fr.ctions and dispersions for the substances investlgated.

It is obvious that since so many effects enter, it is not
always possible to decide which of them 1s of decisive 1in-
fluencee.

II. ELECTRIC INTERACTION IN AQU&EQUS SOLUTIONS OF SILVER FLUORIDE
(a). Properties of the Silver ion and the Fluoride ion.

Many of the properties of silver compounds differ greatly
" fyom those of alkall compounds. Fajans (44) concludes from
a consideration of lattice distances, lattice energies, crystal
structure, solubilities, fopmations of complexes in solution,

color, that the factor responsible for these differences 1s
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the greater polarlzing power as well as the greater poiariza—
b1lity of the Ag’, which has an outer 18 electron shell, as
compared wlith that of the alkall ions of noble gas character.

In crystals where the anlion is not easlly deformed and
does not strongly deform the cation e.ge. in AgClO,, the
silver ion and sodium lon appesr to be of equal size. DBauer's
(1) data on solutions of AgNQz and the present data on AgF
Show that theé.value of silver ion is about C.5 cc. larger
than that of Na?. Bauer attributed this larger size of Ag*
in aqueous solution to a specific hydration of Ag® in which
it probably attdches only 2 water molecules but those very
strongly. Analogous to the behavior of Hso* and (Li'Hzo)’,
the field of Ag* is efféctively screened and thus the oAy
electrostriction of the more distan® water molecules is less
for Ag' than for Na¥ . The higher eqguivalent conductance of
Ag? (61.9 at 25°) as compared to Na® (50.1) also indicetes a
sereening of its field, vut the value for K? (73.5) gives
evidence that the Ag* exerts stronger forces on water than K*
The gradation of the relative viscosities at 1 molar, AgNOz
(1.05), KNOz (0.97) is further evidence that the electros-
triction of Agf is larger than for Kt.

Tt is evident that the fluoride ion exerts very atrong
forces on the surrounding water molecules. It was pointed
out (38,34) that although the free .aseous fluoride ion is
larger that the sodium ion, in aqueous solution the fluoride

ion appears to be slightly smaller, obviously due to a greater
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electrostrliction of the water. Strong interaction with

water 1s also indlcated by the fact that fluorides produce
the greatest increase in viscosity of all monovalent ions in
aqueous solution (see Bingham, 45).

From the discussion (see sect. C, I) concerning the
effects of the lons on the tetrahedral structure of water,
one can expect the strong electrostriction of F to give a
negative component to the apparent refraction of the aqueous
fluoride lon. However, from a conslderation of the grodation
of the refractions of gaseaus lons and the observed apparent
refrections in aqueous solution, it was concluded (XXX) that
the refraction of the agueous F 1is 0,16 cc. larger than the
gaseous ion. This positive refractometric hydration effect
is considered to be the result of the loosening effect of
this small anion on the sdjacent water molecules. The
polari,ation of the cation by the fluoride ion should also
give a positive refractometric effect. The positive slope
of 0,012 cc x (moles/1000 grams I—IQO)'l found by Beffcken
(X1) for_the R vse. Cg curve for potassium fluoride 1in aqueous
solutions wes sttributed mainly to this effect when lons.

assoclate,

(b). The Concentration Dependence of the Apparent Refraétion
and Volume.,
The specific properties of the two ions, Ag® and F, can
now be used in considering the changes in R and¢ for AgPF

solutions as the concentration is increased, The analogous
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data on KF offer a convenlent comparison which cen be ex=
pected to show how the nonrare gas Ag? differs from the rare
ges K% in its effects on volume and refraction in agueous
solutionse.

The factors which influence the slopes of apparent volume
and refraction vs. concentration curves for KF and AgF are
as follows: (1), Removal of the effects of lons on water as

concentration increases. (2). Interaction between ions in

formation of ion-pairse.

Effect (1) is the result of the screenlng of the electric
fields of the ions due to the approach of the counter lon or
to the formation of ion-pairs, as well as of the smaller
relative amount of water per ion in the concentrated solution

The change in apparemnt refractio;:;;moval of these
effeects of ions on weter will be influenced not only by sign
and magnitude of the effect, but also by the degree of screening
and association of ions which increases as the concentration
increases. Considering that a smaller osmotilc coefficient
(g) indicates a iarger degree of screening and assoclation
of ions in solution, the lower g value for AgF (0.59) as com=
pared with KF (0.71) means that there is more association ox
screening of the flelds of the ions in AgF solutions than for
KF,.

Since the refractometric hydration effect of the agt was
shown to be at least as great as that of the sodium ion

(-0.27 cc/mol; see Beuer (1) ) and that of the‘K* is certalnly
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samaller (XXX), the increase in R for the same degree of
assoclation must be greater for AgF than for KF, and slnce

the association 1s also stronger for AgF, the dR,/dc8 value

can be expected to be QOre positive for AgF solutions than for
KFe : ‘ ‘

However, the removal of the positive refractometric
effect of F on water will cause a greater decrease in apparent
refraction for AgF than for KF since there 1ls more association.
in the former.

For factor (2), the loosening effect of F- on the cation,
which was considered to cause the inecrease of apparent re-
frection of KF with increasing concentration, will be still
more important for the more polarizable Ag? (R = 4,9)s Thus,
the presence of a stronger individual effect and the greate r
degree of assoclation for AgF indicate a higher slope of R
VSe Gg for AgF as compared to KF.

For the observed change of apvarent refraction with
concentration all the factors except the more extensive re-
moval of the loosening effect of ¥~ on water for AgF give
greater positive components for AgF solutions than for KF.

The measurements show that the 1initial slope of the R vs. cg
curve for AgF ( 0.017) is substantislly larger than for KF

( 0.012). However, the AgF curve is not linear (see Fig. 5a)
and the slopé;kbecome equal at about 4.0 molal, the slope

for the KF curve which 1s linear up to 6 molal being higher

above this concentration (See Fige. 5b)e Since the removal
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of the loosenling effect of F~ on H20 gilves the only negative
component which 1ls greater for AgF, even without precise
knowledge of the magnitude of the various effects, the reversal
of the gradation of slopes 1Indicates the predominance of this
effect at high concentrations where more association occurfs.
This can be consldered as a new support for the existance of

a loosening effect of small anlons on water molecules,.

In the case of the apparent volume, the removal of the
effects of ions on the water will result in a greater increase
in @ for AgF than KF since the Ag has the larger electros-
triction. The more extensive screening and assoclation in
the case of AgF will remove the electrostrictive effect for
AgF to a greater extent than for KF. In addition the loosening
sction of F on Ag' can elsobe expected (see Fajans, 46) to
result in a2n increase ih the apparent volume.

All the factors mentioned =bove indicate greater positive
components to the apparent volume for AgF than KF as the cone=
centration is increased. The conslderably higher slope (x =
3.35) is thus obviously due to the greater electrostrictive
effect of Ag+ , the loosening effect on Ag*'by F- and to the
formation of more neutral ion=-pairs in AgF solutions at high
concentrationse.

III. THE REFRACTICN OF THE CYANATE ION

The cyanate ilon belongs to the series of linear triatomic

particles with 16 electrons. Oone of the possible ways of

comparing their propertiles is to consider these particles as




70

composed of 3 charged cores with 16 electrons in common to

them (see Fajans and Berlin, 47). Four of the series are

taoulated below with core charges and molar refraction ine

dicated:
6 5 5 6 4 6
ONN OCO
R=7.68 R= 6,68
565 5 5 4 6
N N N- N Cc o~
12.3 9.9

Comparing the refraction of NCO™ with CO, and NS- with
N,0, 1t is seen that an increase of the charge on the cores
results in a smaller molar refraction 1. e., stronger
binding of egactrons., The refractlion values for NS- and NCO™
are in aqueous solution, That the change from 6 to 5 in the
charge of an outer core 1s more effective than the simultaneous
change from 4 to 5 in the center core is shown by the increase
in refraction from NCO~ to NS-’ both in agueous solution, and
from CO, to N20, voth gaseous.

IV. BLECTRICAL INTERACIIOIS OF LiBr, LiI and LiCl04 Molecules
with Ether
(a). Properties of Lithium salts.

The lithium lon in agueous solution has a larger apparent
volume than the sodium ion; in analogy to the corresponding
behavior of HY Gronwall and LaMer (49 see also 24) take this
as evidence that (ILi o HzO)f is formed, and because of the
screening of the field of the ion in the complex, ity exerts

- +
a smaller electrostrictive effect on the water than does Na e«
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There 13 a clear indication that LiClo4 forms a mole=

cular crystal lattice. The compressibilities of perchlorate

crystals, as communicated to Prof. Fajans by Prof. P. W.
Bridgeman of Harverd University, show L1C1l04 to Dbe more
compressible than NaClO4 wnereas the opposite gradation would
be expected from the conslderatlion that Lif exerts greater
forces if both salts formed a coordination lattice. The low
melting point (236° C.) of LiCl0, 1s also in agreement with
the assumption of a molecular lattice. Also the relatively
low heats of sublimation and melting points (37) of L1Br and
LiI indicate that these salts also deviate from a coordination
lattice. |

The lithium salts listed in the previous paragraph are
the only alkall salts which are appreclably soluble in a solvent
of such low ddelectric constant as ether. This is a further
indication for a moleculer latiice of these salts. As expected
LiBr, LII and LiCl04 in ether (Dielectrilc Constant = 4.,35) are
only very slightly ilonlsed. Miss Chu (7) has obtained the
following rcsults for the electrical conductivity of these
solutions: For LiCl0, in ether A = 1.6 x 103 omm™! em.? for
a 0,6 molar solution; For LiBr and L1iI, A= ca. 10=Sfor 1
molar solutions.

The properties mentlioned above can be considered the
result of the strong forces exerted by the small lithium ion
and the consequent strong interaction with adjacent particle.
How this interaction affects the properties of the ether sol-

utions of LiBr, LiI and LiCl0, can now be discussed.
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(b). LiCl0, in Ethyl Ether

Willard and Smith (6) discovered the unusually large
solubllity of L1ClO04 in ether which is 0,792 moles Licio,
per mole of ether at 25° ¢, Since LiCl04 is present in
ARYEEN AR ether solutlons as molecules and not ions (para-
»graph a), the high solubility must be due to a strong inter=-
action between the LiClO4 molecule and the ether molecules,

Tne large heating effect observed when L1Cl04 dissolves in
.ether, as well as the heating produced upon diluting a solution,
are direct indicatlons of such an interaction. The consid=-
eration of the dipole moment of LiClO4 in ddoxane gives a
more detailled plcture of the interaction. Ferguson and
lalone (49) report a dipole moment of 7.8 Debyes for LiClO,
in dioxane. This very large dipole moment 1s obviously the
result of the following two factors (see Fajans and Spurgeon
(40) ): Pirst, the field of the lithium ion is not strongly
screened by the Cl0,” which is not easily deformed. Secondly,
this unscreened lithium lon can strongly polarize the ether
molecule (R = 22.5) to which it 1s attached.

The strong action of LiCIO4 on ether shows up in the
large decrease of the apparent molar volume in ether as
compared either to the volume of the solid or to Q;in HoO.

(See Table XIII). Since L & CcR0, is a fairly rigld molecule,
the whole dimunition effect must be the compression of etherxr
by the field of the dipole. The compressibility of ether

1s large (K = 200 x 10~% cc/atm.).
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The followling table shows that the apparent volume of

LiC10, in ether solutions 1s much less than in other solvents,

even in a saturated solution. The apparent volumes are cal-

culated from data of Willard and Smith (6).
TABLE XIII
Apparent Volume of Li1Cl104 in Various Solvents at
Infinite Dilution and iIn Saturated Solution

Solvent Q;.g'g _@_ Solvent satd .

ether 32.9 cc 14.2 methyl alcﬁhol 44,8 cc
acetone 40.0 11.0 ethyl alcohol 44,9
water 45,7 43,4 n-propyl alcohol 46,2
Vsolia 43.8 iso-butyl alcohol 40.0

As mentioned previously, the apparent volume versus
concentration curve 1is linear w.th the first power of the
concentration just as for otner cases of non-coulomblc inter-
action e.g. non-electrolytes in water and mixtures of organle
liquids. Redlich and Kligger (50) have discussed this linear
relation of ﬁvs. C in contrast to theé vse ¥{ Linear
relation for electrolytes in aqueous solution.

The apparent refraction at infinite dilution for L:LClO4
in water is 12.9 cc. while that in ether 1s only 11.4 cc; the
corresponding values for the molar dispersion are 0.191 and .
0.140 ce. The large dimunition of Loth refraction and dis-

persion from the values in aqueous solution are obviously the

result of a strong tightening effect of LiCl04 molecules on
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adjacent ether molecules,

Such a large refractometrlc effect becomes quite reasonable
when one conslders that there 1s a decrease of molar refraction

of ether when the vapor is condensed (Rygnep - R

= 22.76 -
i 1liq
22,47 = 0,29 for l(= 5461 A ; see Stuart and Volkmnann, 51

and Holemann, XLVI). The corresponding decrease in R. for

water is only 0.04 cc. It is evident from the consideration

of the apparent volume of LiCl0, in ether that LiClO4 com=

presses the ether strongly. Thus, 1f the condensatlon produces

a dimunition in R of 0.29 cc, a further and stronger compresslion
would be expected to produce still further decrease in R.
In addition to this effect there is the direct interactlon
of LiCl04 with adjacent ether molecules which can lead to a
considerable decrease in R due to the unscreened field of the
117 (Muaoy >T-8  Maestu =117 debyas), |
Accordingly, the large dimunition of apparent refraction
and dispersion compared to the values in aqueous solution
mast bé the result of both the tiglh ening effect of LiCl0,
on adjacent ether molecules and interaction between more re-
mote ether molecules which are compressed by the LiClO4.
The large increase in apparent refraction and dispersion
(see Fig. 9) as concentration increases 1is due to the removal
of the sbove effects as the amount of ether per mole of

Ld.GlO4 becomes lesg.

The data of Cheneveau (11) on zinc chloride in ether is

in agreement wlthh these results. At 16° ¢ he found the value
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of 17.7 for the refraction of a 204 aqueous solution snd only

16.8 cc for the salt in 17% ether solution.
about 1

The change of
cce 1s of the same order of magnitude as that observed

for L1Cl04 in the present investigation.

It is of interest to compare the relative changes of

refraction and dispersion, since it was shown (LV) from a

theoretlical consideration that dispersion changes should be
about twilce as great as the changes in molar refraction. The
dimunlition of refraction wupon going from aqueous solution to
ether solution 1s 1.50 cc (12%) and the analogous decrease
1n.hispersion is 0.05, cc (26%). The observed relative de=
crease in moler dispersion is very nearly twice that of the
.molar refraction,

A further indication of a strong interaction between
LiCl04 and ethyl ether is shown by the change of the infra-
red absorption spectrum (in the region 2-12 p) of the ether
by dissolved LiClO4. From the results kindly communlcated by
Professor Barker and Nr., Gates of the Physics Department, it
suffices here to mentil the following: A 1.3 molar solution
shows a decrease 1in the intensity and a widenlng of the strong
absorption band at 8.9 p, and a new band is observed at 11 M.
With increasing concentration there is a shift of this band
to longer wavelengths.

(c)e LiBr and LiI in ether.
The deta on conductivity mentioned in paragraph (a) of

this section shows that LiBr and LiI, like L10104, are present
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in ether solutlons as molecules,

Table XIV shows the avparent volumes of crystals, aqueous
ions and the molecules in ether for LiBr, LiI and Licl0,.

The difference between the volume in water snd ether is dis-
tinectly smzller for LiBr (l4cc) than for LiI (27 cec) and
LiClO4 (29.4 cc)e.

One striking feature of th€sedata is that the apparent
volume of Lil is smaller tnan that of LiBr; in aqueous solﬁti:n
“the lodide appears to be over 1l cc. larger. Two factors can
be responsible for this: (1l). A strong compression of the
icdide ion Dy the Li1?* ana by the surrounding ether molecules.
(2)e A stronger compression of ether by L1I than by LiBr.

TABLE X1V
Refractions and Volumes of Lithium Salts in
Crystals, in Water and in Ethyi Ether
Refractions LiBr IiI Licio

4
R 12.76 19.3 13.3
(gaseous ions)
R in .. 12.34 18.90 - 12.90
n20
R In pener 11.39 16,31 11.40
R crystals 10.56 15.98 - -
Volumes
V crystal 25,08 32.75 43.8
In HZO 24,07 35,60 43.44

In ether ' 10,0 8.0 14,0
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Since LAl and LiBr are present in ether as molecules, a
considerable decrease in refraction from that of the sum of E
the gaseous ions (see Table XIV) or from the ions in water g

is expected as a result of the tightening effect of the L1’

on the halide ion. The decrease in apparent volume from

water to ether shows that there is compression of ether which
as in the case of 11Cl04 should lead to an additional lowering
of refraction in ether solutlions.

It is of interest to note that the crystal refraction
of both LiBr and LiI is lower than that of molecules in ethere.
The extent of lowering of refraction will depend on the dis-
tance of the approach of the Li% and the halide lon, and this

will obviocusly be influenced oy the surroundings which are

different in the two cases,
V. CHELIICAL FORCzS IN SOLUTIONS OF LiTHIUM PERCHLORATE 1IN
ACETONE

The heat evolved in dissolving iithium perchlorate in
acetone is great enough té ceuse vigorous ﬁoiling of the
solution. The solubility is 0.745 moles LiClO4 per mole of
acetone which 1s only slightly lower than that in ethyl ether.
Conductivity meamurements by Miss Chu (7) show that in dilute
solutions of acetone, L1ClO,4 is highly ioni,ed. Thé equivalent
conductance approaches 140 ohm~1 cm.2 for infinite dilution,
but the conductivity falls very rapidly with increasing con-
centration, becouing 34.03 at 1.06 molar and 0.824 at 5.12

moler. Therefore, in considering the properties of the
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solution, interaction of both ions and molecules with the

acetone molecules must be considered,
Table XIII shows that §, in acetone is still a 1little

lower than in ether in splite of the smaller compressibility
of acetone (K = 8% x 1076 cc/atm. at 0° ¢). This indicates
clearly the much greater electrostrictive effect of ions as
compared to molecules; for conccntrations above 2 molal (See
Fig. 7) the QS value 1n acetone is larger. The large differ-
ence between the_ja values in water and acetone demonstrates
the effect of the greater ccmpressibility of acetone solvent
as compared to water (K = 49 x 10-%) since at infinite dilu-
tion, LiCl0, is present as the L1t ana Cl0,” in acetone as
well as in water, |

Other examples of the differences between the apprarent
volume of a salt in the state of lons and molecules are given
in Table XV. In Tabple XVI are shown the apparent volumes of
several salts in alcohols, glycol and liquid ammonia; These
latter examples are further 11lustration of the dependence
of apparent volume on the compressibllity and structure of
the solvent. The Alcohols are more compressible than water
and glycol 1is lééé compressible., The table will not be dis-
cussed further but it glves characteristic examples of the
dependence of § on the solvent.

The large change in apvarent volume with concentration
(See Fig. 7) for LiCcl0, in acetone is clearly due to the strong

compression of the acetone by Li' and 6104- in dilute solution




79

TABLE XV
Substance ol =- o -

éﬂ ﬁ ns Rmo1 R ions Rani.on
HSCCOOH (XLII) 11.37 cc =0,85 ¢ce l14.4 cc
HCOOH 8.0 =-0,81 9.88
%HgClz (XI1) l16.4 =0,40 9.06
iHgBr, 12.7 -0.42 12.87

TABLE XVI

Apparent Volumes of Salts in Various Solvents
at Infinite Dilution

Salt fwater Pmethanol _églycol {p) Veolia
LicCl 17,06 -3.,8 (d) (ethanol) =4.4 20,62
NaCl 16.28 “3.3 27.02
KCl 26 36 5e2 37 .49
LiBr 24,07 649 21.71 26,07
NaBr 23.45 27 29 32413
NalI 35.02 11.8 (c) 38.37 40,92
XI 45.23 21.9 47.16 53417
KCNS 48,0 28.2
NH,NO, 47.5 32.6 46,41
30a(NOz), 22.4 14.4 jfliq.NHsa(-55°c)

NacCl 16.28 -640 27 .02
NaNO; 27 440 | 3.0 © . 37.87
NH,Cl 36 . 00 0.2 35,03
NH,Br 43,0 ' 640 40,32
NH4NO 47.5 1.0 46.41
References:

a. See Akhomov (52) c. Stark (54)

b. Gibson (53) d. Vosburgh (55)
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and the removal of this effect as the ions assoclate.

The concentration dependence of the apparent refraction
and dispersion are compllicated in this case due to the fact
that the lons as well as molecules of LiClO4 both interact

with the acetone. The apparent refraction (See Fige. 10) as

extrapolated to infinite dilution is 12,88 cc-which 1is only
slightly lower then that in water (12.90 cc), decreases to
a minimum of 12,76 at 3 molal and increases again at higher
concentrations to 12,76 at 7.9 molal.

The increase in refraction above 3 molar corresponds
to the effect observed in ether since at this concentratlion
the sslt in acetone 1s less than asbout $% dissociated and the
obgserved effect 1s one between LiClO4 dipoles and the acetone.
Since acetone is less deformable than ether, the increase in
refraction and dispersion upon removal of acetone (1.0 in-
creasing the concentration) is much less than that observed
in ether solutlons.

Some kind of a loosening effect of lons on acetone or
vice versa Which is removed as the ions assoclate can explain
the initial decrease of the refraction of LiClO4 in acetone
(see Fige 7). However, until there is more knowledge about
the nature of the groups in the acetone nolecule, or until
data for this salt in other ketones 1s available for com=
parison, no detalled explanation can be givene.

In an infinitely dilute solution of LiCl0, in acetone

there are present only it ana C10,~ and acetone molecules.
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From the conslideration of apparent volume it 1s certain that

the ions compress the acetone very strongly. An appreciable

decrease in refraction when compared with that in water would
be expected as a result of this, since condensation of acetone

vapor produces a decrease of 0.15 cc. (see Lowery (53) ) in

refraction. However, the apparent refraction$extrapolated to

Infinite dilution” are nearly equal in acetone and water (see
Fige 7)e Tnis also indicates that the lons have some loosening
effect on the acetone or vice versa which balances the de=
crease in refrzction expected nos a result of the strong
electrostriction. This is analogous to thé positive re=
fractometric hydration effect for the fluoride ion in aqgueous
solution; as was pointed out in Sect. II, s, in spite of the
strong electrostriction, the loosening effect of F on the
water molecules produced an increase :n refraction.

An indication thet the effect is due to some property of
the acetone molecule is given by data of LeBlanc and Rohland
(12) for KI and HgCl, in acetone. The apparent refraction far
each 1s about 0.3 cc. larger than that for aqueous solutionse.
VI. REFRACTOMETRIC STUDIES OF SOLUTIONS IN ALCOHOLS

Table XVII gives some data showing changes 1n apparent
refraction in different solvents. The measyurements of E.

Sehreiner (13) on HOL and LiCl in ealcohols and of B, FPesce

*Since LiClO4is only about 20% ionized at the lowest
conc. fof which R was measured, the extrapolation of the K
vs. Cg curve to infinite dilution can involve a large errore.
A reversal of the slope of the R vs.‘fg)curve has been observed

for some salts in water (see Sect. 8.8
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(14) on Ca(N05)2 both show the concentration dependence as

well as the absolute value at infinite dilution which is given
in the table (see Fig. 14).

TABLE XVII
APPARLNT MOLAR REFRACTIUN OF SUBSTANCES IN WATuR,
METHANAL AND ETHAN@GL FOR INFINITE DILUTION

Solvent HClL (13) Licl (13) %ca(Nos)z (14)
H,0 8.52 cc 8473 11.36
Methanol 8430 8.55 11.20
Ethanol 8.10 8.38

Since the ions all lower the refraction of the solvent
and since the deformability of the solvent increases in the
order water, methanol, ethanol, the lower apparent refraction
at infinite dilution of the salt in tne latter is clearly
due to the negative refractometric effect on the solvente.

HC1 and LiCl show a decrease in refraction with increasing
concentration wnich is even larger than that observed 1n
aqueous solutions. The decrease in all cases is due to the
large tightening effect «f thgnzd’on cL upon association,and
o greater degree of association in tne alcohols accounts for
the greater negatlve slopese.

The results on calclum nltrate are interesting because
just the opposite slope is observed for the R vse. C curve:
(see Fig. 14) in methanol than in water. In aqueous solutions

the slope 1is =-0.005 cc x (molﬁbm‘rr)and in methanol, 0,002 ce

x (mol/1000 grams methanol). The previous discussion showed




AR x10* 1 cc/mol

83

HC\’jﬂ:lnd
i 1 »

2 % [ 8 o
C? m wols/icoo gms. solvent

Fig. 14. Concentration dependence of the apparent
molar refractlon of substances in agusous
and alcohollc solutions
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that when lons are dehydrated and association occurs upon
concentrating a solution, an increase in refractlon occurs
1f the anion is less polarlzable than the solvént end a
decrease occurs when the anlon is the more polarizable, In

water (R = 3.7 cc) a decrease is observed since the calcium

jon lowers the refraction of the nitrate (ROxygen = 4 cec)

more than it 4id the water. However in methanol (R =8,23)

the refractometric effect on the solvent is greatest, and an

increase in refraction is observed.

This type of study may e a method of deriving estlmates

of the refraction of groups in the organic moleculese.
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D. AP:ruiDIX %o B, II, c, 2
Some of tihie detalls of the protection of the prism

from tne corrosive action of AgF solutions by use of a microg-

cope cover glass with a ligquid between it and the prism will

be discussed here,

If one assumes that the microscope cover glass has very
nearly plane parallel surfaces, the relation be_tween the
tndices of refraction can be calculated.

Let ns = index of refraction of the glass

= ] u n n

ny of the liquid being measured

= " " " " of tne liguid between the

P2
cover glass and the refractometer prism
©, and eg = angle of incidence and refraction at
the first surface
S g and 9, = angle of incildence and refrection at
the second surface
Using Snell's Lal, one obtains:?
n,sine, = ngssineg = nzsi.ne‘2 (a)
As a condition for refrsction of the light at the cover

glass:? sinGy < 1

From equation (a)
N, o O 2 Ny @ Oz .
&—.m01<' | s 60='qo
N~
N < N
This shows that to obtaln refraction i.e. to prevent
total reflection at elther interface, the liquld between the

prism and the cover glass must have =& greater index of refractlion

~ | f
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than the liquid being measured. Bromoform (n S1.58) has a

higher n value than any solution of silver fluoride and thus

fulfills this requirement,

There will be a change in the observed refractive 1ndex
of a solution due to the presence of the microscope cover-
glass only if the surfaces of the cover glass are not plane

parallel. To determine whether this is so, water and a KCl

solution (Nl = 1,35609) were measured before and afber the

cover glass was put on the prisme. An increase in refractive
index of 0.0520 was observed for ve ter and an increase of

0.0518 for the KCl sclution. Accordingly, an average correction

of 0.0519 wes applied to all silver fluoride solutions measured.
To check the wvalidity of thils average correction, a more exact
trestment will be made.

The equation# connecting the true refractive index (n,)
and the refractive index observed with the cover glass (ngps.)
1s ng -n, = ten™ (Vg - nZ, )% (a)
where &k 13 the angle made by the two faces of the cover glass
and ng 1s 1ts refrasctive index. The derivation will notb be
given here. BY substituting the above data on water (N =
1.33264) and the KCl solution in equation (a), the values

n, = 1.52 and X = 0.7 'are obtained. The correction for any

¥1 thank Mr. Theodore Berl‘n for developing the methematical
expressions (a) and (p) anhd for valuable discussion concerning

this optical system for protecting the prism from AgF solutionse.
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refractive index can now be calculated. TFor n = 1l.41, that

of the most concentrated AgF solution measured, the calculated

correction 1s 0.0317. This is still within the errors of the

correction of 0.0519 which was spplied.

Another fmportant consideration in choosing a liquid to
place be_tween the cover glass and the prism 1s the 1ntensity
of the light. It can be shown that in order to obtaln the
maximum light intensity, the following egquation must hold:

(ng? - m?) = (02 - n 27 (? - n 2% (b)
In the range of indlces measured, the value of n, for the
ligquid between the prism calculated from equation (b) to gilve
the maxirmm intensity 1s ng = 1.61. Bromoform (n = 1.59)
appears to have an index near enough to this value to give
good intensitye. However, the llght intensity was diminished
considerably by the cover gless with bromoform between it and
the prism, and only the very intense yellow line could be
meamured. The reason for the cutti ng down of intensity may
be due to imperfections in the cover glass, absorption by
bromoform or to lack of parallelness of surfaces (the equation

(b) is based on this assumption.)
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E, SUMMARY
I. EXPLURImsSNTAL

(a) Apparatus used in this laboratory for the precise

measur ement of densities, indices of refraction and con=

Modil-

fications necessary in the handling of solutlons in organle

centrations of solutions has been described brieflye.

solvents were polnted out,

(b) The apparent molar refraction and volume (@) have
been determined for silver fluoride in aqueous solution from
0e4 tO 7.8 molal. The apparent molar refraction extrapolated
to infinite dilution was found to be 7.525 cc for the helium
Dz line at 259 ¢, The apparent volume in the range between
1 and 4 molar, can be represented by the equations?

P = -3.30 + 5.90 7T,

(¢) The refraction of the cyanate ion has been determined
from measurements on potassium cyenate for which the apparent
malar refraction is 12.12 cce. This gave the result &)3 25°=
9.86 for the cyanate lon in agueous solutione.

(d) ™e apparent molar refrgction, voiume, and dispersion
of solutions of LiClO4 in ether, have been determined in the
concentration range between 0.87 and 10,6 molal. The apparent
volume can be represented by the egquation? 15 = 14.2 * 1,75 Cg.
The apperent molar refraction was shown to increase rapidly
with increasing concentration, At infinite dilution R%g =
11,40 cc and at 10,16 molal it is 12.5 cce Measurements of

refractive indices at'V wave léngths gave the value of 0.14

cec for the molar dispersion QQ_: RD - Reo ) 8% infinite dilutione.

g
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(c) The apparent molar refraction, volume and dispersion

of solutions of L.’LClO4 in acetone have been investigated

from concentrations of 1.37 to 7.927 molal. ‘I‘hef vse ©C
v

curve from 1.9® to % molall can be represented by the equation:

é = 11,0+ 4,65 Cv. Both the zpparent molar refraction and

dispersion were shown to have a minimum at 3 molal. At

infinite dilution RS = 12.88 cc and D = 0.19 cc.

(d) The apparent molar refraction and volume have been
determined in ether solutions of LiBr from concentrations of
0.60 to 1.2 molar end for LiI from 0.65 to 3.49. For LiBr,
f& = 10,0 cc, and R%; = 11.39 cc (average value between 0.6
and 1.2 molar). TFor LiI,jﬁ = 8.0 ¢+ 2.0 Cg; the approximate
value of 16.2 cc is given for the apparent refraction at
infinite dilution, and it increases to 16,9 at 3.49 molar.
11, THEOR-TICAL

(1) The various refractometric effects are discussed
and the evidence for a tightening effect on anlons by water

molecules is presented,

(2) Tne concentration dependence of apparent refraction
and volume of AgF in aqueohs solution 1s consideredvin terms
of effects of ions on the water and the loosening of agt vy
F~. The comparison of the R vse. Cgcurves for KF_and AgF gave
additional support for the existence of a loosening effect
of F~ on water.

(3) A model of the triatomic cyanate ion consisting of

3 charged cores and 16 electrons in common ToO them is used
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to show the effect of core charges on the molar refraction.

(4) The fact that the absolute values of apparent refraction
volume and dispersion of LiClO4 in ether are nch smaller than
for aqueous solutions was shown to be the result of a strong
interaction between LiClO4 molecules and the ether as well as

interactions between the ether molecules which are brought

closer together by LiClO4. Tne strong field of i’ , unscreened

by the rigid 0104', was considered to be the main cause of

this interaction. The great increase of valué?%hese properties
with increasing concentration is due to the decreasing amount
of ether per mole of LiClO4.

(5) The very small apparent volume of LiClO, in acetone
was shown to be dueto the effect of the lons on the solvente.
The increasse 1in refraction above 3 molal was shown to be
analogous to that in ether, .ut. the initial decrease in re-
fraction and the nish absolute value of tnhe refraction and
dispersion could only bde explained on the assumption of some
loosening effect in the interaction between the lons and the
acetone molecule.

(6) The fact that the apparent volume of LiI in ether 1is
smaller than that for LiBr was considered to be either the
result of a strong compression of lodide vy Li? and the sur-
rounding ether molecules or to a stronger interaction with
ether in the case of LiI. The apparent refraction was shown
to be influenced strongly by the tightening effect of 17

on the halide ion as well as by solvent interactionse
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(7) Data from the literature were presented to show some
relatively strong refractometric effects for solutions of

other salts in alcohols,
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