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INTRODUGTIOH

The work of Jones and seven of his collaborators, viz.,

1 2 rr 4 K C
Lindsay, Carroll, Bassett,*-* Bingham, Rouiller, McI>Iaster,°

and Veasey on the relations between the conductivity and

viscosity of electrol3''tes in various organic solvents and

in binary mixtures of these, bas been fully discussed in

Monograph Mo. 80 of the Carnegie Institution of Washington.
p

In addition to this Jones and Schmidt have given a

complete historical sketch of all the work in mixed sol-

vents including that which followed the pu.blication of the

above mentioned monograph. This covered the work carried

Q 10
out by Tfe.hin ' and by Ereider. In both of these commu-

nications due credit has been given to previous workers

in this field. Therefore, to avoid unnecessary repeti-

tion, discussion of their results will be taken up only

in so far as they bear directly on this investigation.

(1) Amer. Chem. J., 28, 329 (1902).
(E) Ibid B2, 521 (1904).
(3) Ibid 32,409 (1904).
(4) Ibid 34, 481 (1905).
(5) Ibid 36, 427 (1906).
(6) Ibid 36, 325 (1906).
(7) Zeit. f. Phys. Chem., 61, 64 (1908).
(8) Amer. Chem. J., 42, 37 (1909).
(9) Zeit. f. rhys. Chem. 69, 389 (1909).

(10) Amor. Chem. J. 45, 295 (1911).





The first of these investigators in this laboratory

to note the phenomenon of negative viscosity was Veazey.

He measured the conductivity and viscosity of potassium

sulfocyanate in water, ethyl and methyl alcohols, and

acetone anc! in binary mixtures of these solvents. In water

and in certain mixtures of the alcohols with water he noted

a marked negative viscosity.

Prior to Yeazey's investigation, Suler had attempt-

ed to explain the lowering of the viscosity of a solvent

by a dissolved substance on the basis of the "electrostric-

tion" of the solvent caused by the charge upon the ions

of the solute as proposed by Crude and Eernst

.

But Wagner and I!uhlenbein showed that Euler's ex-

planation v;as not valid since certain non-electrolytes

in organic solvents also show negative viscosity, e.g.,

cyanobenzol in ethyl alcohol.

The explanation offered by Jones and Veazey is based

on their own observations and on the classical 7/ork of

Thorpe and Roger. ^ The latter have indicated that vis-

cosity phenomena are in all probability dependent upon

the frictional surfaces of the ultimate particles present

in any liquid or solution. A review of the data obtained

(1) Amer. Ghem. J., 37, 405 (1907).
(2) Zeit. f. Phys. Ghem. 25, 536 (1898)
(3) Ibid, 15, 79 (1894).
(4) Ibid, 46, 867 (1903).
(5) Phil. Trans., 185-A, 307 (1894).





by Vi'agner from his study of the viscosity of a number of

inorganic salts in water vTill show that he found negative

viscosity only in the case of caesium rubidium and potassium

salts—and in some instances thallous salts. The first

three metals occupy the maxima on the atomic volume work

2
of Lothar Meyer, i.e., they have the largest atomic vol-

umes of the elements. That some salts of potassium gave

positive viscosity is to be expected since it has been

shown that viscosity is an additive function of both the

cation and the anion of the dissolved salt. In the case

in question, the one might tend to lov/er the viscosity

of the solvent, the other to increase it, the final re-

sults depending upon whether the sum of these two opposing

forces was positive or negative. Potassium has the small-

est atomic volume of the three and in many instances the

positive viscosity effect of the anion would entirely

overcome the negative effect of the cation.

In view of these facts, Jones and Veazey offered the

apparently satisfactory explanation that "negative vis-

cosity" is due to a lescening of the skin friction between

the solvent and the molecules or ions of a solute because

of the large atomic volume of the cations as compared with

the molecular aggregates of the solvent. This explanation

follows directly from the work of Thorpe and Roger.

(1) Zeit. f. Phys. Chem., 15, 31 (1890).
(2) Ann. Ghem. (Liebig), Suppl., 7, 354 (1870).





W. Taylor measured the viscosity of one, two and

three molar solutions of potassitun chloride, broniae and

iodide in water at different temperatures and noted that

negative viscosity may pass over into positive viscosity

with rise in temperature and confirmed the view that vis-

cosity depends upon the nature of both cation and anion.

He noted also the negative viscosity effect of ammonium

iodide when dissolved in v/ater.

Eeference should be made to the extensive work of

2
Walden on the relations that exist between viscosity

and conductivity at infinite dilutions. He finds that

y^c^cy^,^ - for more than thirty organic solvents.

Exceptions have been noted to this relationship and these

will be taken up later

.

Glycerol as a solvent.- An examination of the litera-

ture bearing on this problem shows that only a little work

had been done previous to that of Jones and Schmidt.

3
Gattaneo measured the conductivity of several ha-

lides of the metals in glycerol and noted that the values

obtained were much smaller than the corresponding values

in water or alcohol.

(1) Edin Proc. 25, 227 (1904) and Edin Trans 45, 397 (1906

(2) Zeit. f. Phys. Ghem. 78, 257 (1911).

(3) Rend. E. Accad . Lincei., (5) 2, II, 112 (1893).





1
Schottner measured the viscosity of certain mix-

2
tures of glycerol and rater. Arrhenius studied the vis-

cosity of mixtures of various organic substances with

water, among them glycerol, and noted that the temperature

coefficients of viscosity were greatest where the viscosity

was greatest.

3Schall and Van Rijn determined the relative vis-

cosities of mixtures of glycerol with water and alcohol.

4
Lemke carried out an investigation on the conduc-

tivity and viscosity of water glycerol mixtures at 25°

and was led to conclude that ionization and hence elec-

trical conductivity is proportional to the viscosity of

the solvent as well as to the association. He noted the

periodic viscosity of sodium chloride in 9.8 percent

glycerol and water and a negative viscosity in water at

certain dilutions.

5Getman studied the viscosity of potassium iodide

in various organic solvents including glycerol and noted

negative viscosity only in the case of the latter. This

he attributed to the association of the solvent.

Jones and Schmidt have studied the conductivity

of lithium bromide, cobalt chloride and potassium iodide

(1) Wien. Ber. 77, II. 682 (1878).
(2) Z. f. Phys. Chem. I, 285 (1887).
(3) Ibid 23, 329 (1897).
(4) Zeit. f. Phys. Chem. 52, 479 (1905)
(5) J. Amer. Chem. Soc. 30, 1077 (1908)
(6) Loc. cit.





in glycerol at 25°, 35° and 45°, and in mixtures of

gljj-cerol with water with ethyl alcohol anfl with methyl

alcohol at 25° and 35°. Measurements of viscosity were

also made with the N/lO solution in the various solvents.

They have shown that glycerol is an excellent solvent and

in all probability a comparatively good dissociant since

it has a dielectric constant of 16.5 at 18° and an associa-

tion factor of 1.8 at that temperature. From this data

1 2
glycerol accorciing to the Thompson, Nemst and Dutoit

and Aston ^ hypothesis should h^ve a dissociating power

close to that of ethyl alcohol. The extremely low con-

ductivity values obtained were attributed to the high

viscosity of the solvent.

Schmidt noted that all the salts studied increased

the viscosity of glycerol in K/lO solutions but that KI

lowered the viscosity of water, and of 25 and 50 percent

glycerol with water at 25° and 35°. He also shov.-ed that

the effect of the several salts studied on the viscosity

of glycerol was in inverse ratio to the atomic volume of

the cations exactly analogous to the observations of Jones

and Veazey in aqueous solutions. Schmidt also found

glycerol to be an apparent exception to the observations of

Walden, previously mentioned, that ^c^V,^ = C. Further

(1) Phil. Ifeg. 36, 320 (1893).

(2) Zeit. f. Phys. Ohem. 13, 531 (1894).

(3) Conpt. Rend. 125, 240 (1897).

(4) Zeits. f. Phys. Chem. 55, 246ff (1906) and 78, 257 (1911).





exceptions in the case of water and glycol have been noted

by 7/alden from his ototi investigations.

The most extensive investigation of glycerol as a

solvent has recently been carried out by Jones and Guy.

They took up the behavior of seme tv^enty electrolytes in

pure glycerol and in binary mixtures of glycerol with ethyl

alcohol, with methyl alcohol and v/ith water at intervals

of ten degrees from 25° to 75° for the pure solvent and

from 25° to 45° in mixed solvents. Conductivity measure-

ments were made over a range of V - 10 to Y = 1600 and

viscosity measurements with the h/IO solutions. They find

that the molecular conductivities in glycerol are all ex-

tremely small but show a regular increase with increased

dilution and rise in temperature. Furthermore a study

of the temperature coefficients brought out the fact that

in the case of those salts that have been shown to have

large hydrating power in water, such as salts of barium

strontium, calcium and cobalt, the relative increase was

larger than v/ith salts of sodium potassium and ammonium

which show little or no hydrating power in aqueous solu-

tions. Here we have evidence of solvation in glycerol sup-

2porting that obtained by Jones and Strong from spectro-

scopic methods.

In mixed solvents, Jones and Guy studied salts of

(1) Amer. Chem. J., 46, 131 (1911).

(2) Monographs Kos. 130 and 160, Carnegie Institution of
Washington.
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potassium, sodium, ammonium and strontium in various mix-

tures of glycerol with water and with ethyl and methyl al-

cohols. They find that conductivities in such mixtures do

not follOT/ the law of averages but are always lower. This

they explain by the facts established by Jones and Murray

and Jones and Lindsay that two highly associated solvents

when mixed tend to break down the association each of the

other and hence their combined power of dissociating elec-

trolytes is less than if there v;ere no mutual lowering of

their association, i.e., if each solvent acted independent-

ly of the other

.

From the viscosity data Guy has shown that the tem-

perature coefficients of fluidity in pure glycerol are very

large and nearly equal to those of conductivity. Also that

the ternary electrolytes studied increased the viscosity

of glycerol to a much greater extent than the binary elec-

trolytes. This is attributed to the smaller atomic vol-

umes of barium, strontium, calcium and cobalt and to the

solvation of the molecules of the solute. In mixed sol-

vents the curves representing connuctivity and fluidity

were found to be strikingly analogous

.

Probably the most interesting point brought out by

Guy was the large viscosity lowering observed in the case

(1) Amer. Ghem. J., 30, 193 (1903).

(2) Ibid 28, 3£9, 1902.
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of certain salts in pure glycerol, e.g., N/10 solutions of

sodium nitrate, annonium bromide, amnoniun iodide and

rubiflium bromide. The expl^^^'^ion of this phenomena is

derived from that of Jones and Veazey for similar salts

in water. This fact suggested the closer study of some

of these sails over a wider range of concentration, the

present investigation being a continuation of the v;ork of

Jones and Schmidt and Jones and Guy.

Work on this problem was begun in collaboration with

Wm. A. A. Reinhardt, A.B., of Baltimore, a graduate of

this university, whose untimely and lamentable death in

September of last year prover^ a serious set back to the

carrying out of the investigation. The writer wishes to

pay tribute here to his friend and coworker as an earnest,

sincere student, one who was rapidly coming to the front

among the research students in this laboratory.

The conductivity data on ammonium iodide in mixed

solvents obtained by Mr. Reinhardt are incorporated in

this paper.

(l)Loo. Cit.
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BXPERIMEIJTAL.

Apparatus .

The constant temperature baths used in this investi-

gation were of the form usually employed for suoh work in

this laboratory. The thermostat for viscosity measurements

was provided with glass windows, both front and rear, to fa-

cilitate the reading of the viscosimeters . Both baths were

equipped with cooling coils in which the water was main-

tained at constant pressure. This facilitated temperature

regulation below 35°. A closely fitting cover was provid-

ed for the conductivity bath for work above 35°, to pre-

vent steaming and to maintain the air immediately above

the cells at as near as possible the temperature of the

water in the bath.

The temperature of the thermostats was maintained con-

stant to within 0.02° by means of electrically controlled

gas regulators devised by Eeid . The thermometer used in

the conductivity bath was of the usiial 100° enclosed

scale type, graduated in 0.1 and could be read to .02°

with a hand lens. For work up to 45° the viscosity bath

was provided with a 25° Beclimann thermometer graduated to

0.05° and with a certified Bender and Hobein thermometer

for higher temperatures. All thermorreters v:ere first

standardized against a certified Reichsanstalt instrument

(1) Amer. Chem. J., 41, 148 (1909).





and comparisons were frequently made during the course of

the work.

The conductivity apparatus consisted of the usual

Kohlrausch slide wire hridge, resistance box, inequation

coil and telephone receiver. This apparatus was made and

standardized by Leeds and Northrup of Philadelphia and in

addition the resistances were compared with a rheostat

which had been standardized by the Bureaii of Standards,

Washington, D.G. The bridge wire was calibrated as direct-

ed by Jones and found to be of uniform resistance thru-

out. Under favorable conditions separate readings with the

same resistance agreed with one another to one half of a

millimeter, the nature of the solvent preventing closer

agreements

.

The conductivity cells used were of two types, those of

2
the ordinary plate type as described by Bingham, had con-

stants ranging from 40 to 339 and were used v;ith the more

concentrated solutions. For the K/10 to h/1600 solutions,

five cells of the type previously described by Jones and

3 4
Schmidt, and Jones and Kreider were used. Their constants

ranged from S.35 to 4.36, and because of this they were well

adapted to the measurement of high resistances.

(1) Freezing Point Boiling-point and Conductivity Methods.

(2) Loc. Git.

(3) Loc. cit.

(4) Loc. cit.
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Cell constants were determined with a fiftieth normal

potassium chloride solution as a basis, this being diluted

to five -hundredth and two -thousandth normal for the lov;

constant cells. Checks were made at regular intervals and

showed only slight variations in the cell constants, especial-

ly in the case of the cells with concentric cylindrical

electrodes.

The molecular conductivity of the fiftieth normal so-

lution was taken as 129.7 reciprocal Siemens units, at 25°.

That of the more dilute solutions was determined by direct

measurements

.

Viscosity measurements were made with the Ostwald

1 2
viscosimeter as modifier! by Jones and Veazey, the sise

of the capillary being regulated to the solutions for which

they were employed. The viscosimeters were calibrated as

described by Schmidt, the time of flow for water in the

instruments used for glycerol being derived from the

formula: ^^^ ./ ///

where j^^ is the time of flow of water in the water vis-

_,/
cosimeter, 7^ the time for a slightly more viscous solution

,// /// A-*'

in the water viscosimeter; -f , t and 7^ the times of

(1) Ostwald-Luthor: Phys.-chem. Mess. 3rd Sd. (1910),
p. 232.

(2) Zeit. f. Phys. Chera. 61, 641 (1908).

(3) Loc. eit.
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flow of the solutions A and B of intermediate viscosities

between water and glycerol in an intermediate viscosimeter

and in the instrument for glycerol; t^ the derived time of

flow in the glycerol viscosimeter. The viscosineters were

filled by means of carefully calibrated pipettes with such

a volume of liquid as to fill them from the middle of the

upper to the middle of the lower bulb. With such an ar-

rangement, according to Appleby
^
the alteration in hydro-

static pressure due to small variations in the volume of

the liquid is a minimum.

On account of the steaming of the viscosity thermostat

at high temperatures, the viscosineters after filling were

provided with a simple apparatus designed to exclude dust

and moisture and to eliminate the danger of obstructing

the free passage of the air from one arm of the viscosimeter

to the other during the flow of the liquid through the capil-

lary. This consisted of two T shaped guard tubes each pro-

vided with a small bulb in the long ann. These bulbs -.vere

filled with cotton vrool to filter out dust particles. One

end of the cross arm of a guard tube was connected to each

arm of the viscosimeter and the opposite ends joined by a

short length of rubber tubing. The liquid was drawn up in

the capillary arm of the viscosimeter by compressing the

rubber tube and attaching the bulb arm of the guard tube

on that side to an aspirator, the air entering through the

guard tube on the opposite (reservoir) arm is thoroughly

(1) J. Chem. Soc, 972, SOOO (1910).
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dried "by passing over calcium chloride and freed from dust

ty the cotton wool mentioned above. When the liquid has

risen to a point slightly above the upper mark on the vis-

cosimeter the compression on the rubber tube is released

and the air pressure immediately equalizes itself on both

sides of the viscosimeter . By this arrangement no air from

the outside enters during the actual flow of the liquid

through the capillary.

Viscosimeter s, while being read, were supported in

the bath by means of special clamps with cork lined jaws

attached to a heavy stand which was carefully leveled.

Specific gravity determinations were made by means

of the Ostwald pycnometer as modified for liquids with

large expansion by Jones and Veazey.

All measuring flasks and pipettes were carefully cali-

brated either by direct weighing or by the method of Morse
2

and Blalock to hold aliquot parts of the true liter at

20°, and solutions were brought to v;ithin<9.1° of this

temperature before being diluted to the mark.

Solutions .

Because of a limited supply of salts at hand all solu-

tions were made up at 20° and a temperature correction made

(1) Loc. Git.

(2) Amer. Chem. J., 16, 479 (1904).





15

for temperatui'es above 25°. The expansion coefficient for

glycerol was taken as .00049 and was determined from speci-

fic gravity measurements in the viscosity work.

Solutions of the N, 3/4 N, n/2, 11/4 and l/lO normal

were made by direct weighing of the anhydrous salt which

had been previously dried for some time in an air bath at

130°-1353.From the l/lO normal solution the K/50 and K/lOO

solutions were made by dilution. These in turn served as
*

mother solutions for the M/200 and 11/400 from which the

U/eOO and K/1500 solutions were made in a similar manner.

The latter was made by diluting the H/400 solution four

times.

Because of the hydroscopic nature of the solvent and

the difficulty in obtaining proper drainage of burettes

containing it, measuring flasks were used exclusively in

the dilution of solutions in glycerol. In every case the

proper measuring flask was filled with the mother solution,

set in a thermostat at 20°, warmed in an air bath to 70°-80°,

drained as quickly as possible with the receiving flask,

then washed out at least three times with the warmed sol-

vent. The flask containing the more dilute solution was

then filled up nearly to the neck with the solvent warmed

and shaken thoroughly without wetting the neck, then filled

to a point slightly above the nark and finally set after

cooling to 20° in a thermostat. Final warming in the air

bath and thorough shaking completed the operation. The

flasks used were of Jena Eormal glass, eliminating as far





as possible the danger of the action of the solvent on the

glass. Some time was allowed before the final dilution to

the nark to permit tho glass to contract properly after the

unavoidable heating during the process of dilution.

On account of the extremely high resistance offered

^y glycerol solutions conductivity measurements were not

made at dilutions greater than U/l600. Even at that dilu-

tion considerable difficulty was experienced in obtaining

concordant readings. As an example it might be well to

note that I\f/1600 solutions in glycerol in a cell with a

constant as low as 2.3 required a balancing resistance of

from 8,000 to 10,000 ohms while pure glycerol in the same

cell required 20,000 to 22,000 ohms.

Confluotivity ancf viscosity measurements in pure

glycerol were made at intervals of ten degrees from 20°

to 75° and jn glycerol-watcr mixtures at 25 , 35°, and

45°. Viscosity measurements were not made at a greater

dilution than K/10 since at lower concentrations ^ ap-

proaches yjc^ too closely to be accurately differentiated.

Solvents .

Glycerol . - The glycerol used was from a new lot of

Kahlbaum's "Doppelt - Dist. 1.26" and had a mean specific

conductivity of about 0.6 x 10"*^ at 25° and a mean specific

gravity of 1.257 at the same temperature. Ho attempt was

made to redistill it, since Schmidt had already shown that

redistillation clid not appreciably lower the conductivity.
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Water . - The water was purified by the rnethod of

Jones and Mackay with the improyement as mentioned by

2
Schmidt and had a mean specific confluctivity of 1.5-2 x

-G o
10 at 25".

Salts .

The Eubidium and Ammonium salts used in this work

were from Kahlbaum's best products. These were re crystal-

lized two or three times from conductivity water and care-

fully dried each time at 130-135° before weighing. In

addition the rubidium salts were examined spectroscopical-

ly and showed the presence of only traces of sodium and no

potassium. The ammonium iodide was ptire white after dry-

ing and solutions of it in glycerol were only slightly

tinted after standing some time.

Procedure.

Conductivity data was calculated in the usual way.

Viscosity measurements were calculated fron the

formula

ri^ Set

in v;hich is the viscosity coefficient for the liquid

in question, the absolute viscosity of water, S the

specific gravity of the liquid at the given temperature,

(1) Amer. Chem. J. 1783 (1895).

(2) loc. Git.





J.O

t the time of flow of the same, Sq and to the density

and time of flow of water at the same temperature.

Fluidity was calculated from the formula

<f>-' f-
where (p represents the fluidity.

The absolute viscosities of water as driven by

Thorpe and Roger are

25° 0.00891 55° 0.005055
350 0.00720 65° 0.C04355
45° 0.00597 75° 0.003795

Temperature coefficients. - The temperature coeffi-

cients in conductivity units represent simply the actual

increase in conductivity per degree rise in temperature.

Percent, temperature coefficients, both of conductivi-

ty and fluidity, were calculated from the formula

Temp, ooeff. of lA,,f]. ~J— .(5fe.#£H^^.^k£

"

An attempt was made to obtain conductivity and vis-

cosity data on the sulfate of rubidium^ but it was not pos-

sible to obtain a solution of higher concentration than

Ij/200.

It was originally intended to carry on a parallel

investigation with caesium salts, but we have been thus far

unable to secure sufficient quantities for the work.

(1) Loc. Git.
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TABLE I . - Molecular Conductivity of Ammonium lodicie in

Glycerol at £5°, 35°, 45°.

A 25O /fy 35 < >^450

1.
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TABIE III. - Molecular Conduotlvlty of Aramonlum Iodide in

Glycerol at 55°, 65°, 75°.

A 55*

1,
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TABI*E V. - Molecular Conductivity of Rubidium Chloride

in Glycerol at 25^^, 55°
.
45° .

A 25^

1.
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TABLE VII. - Molecular Gonductivlty of Rubidium Chloride

in Glyoerol at 55^, 65f^,
75° -

1.
1.3
2
4

10
50

100
200
400
800

1600

.//.
55^ y^. 65^ >. 75*

2.205
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TABLE rx. - Mol.ecular Conductivity of Rubidium Bromide

in Glyoerol at 25°, 35°, 45°.

1.

1.

4
10
50

100
200
400
800

1600

yl/^ 25° >^ 35° y^^ 450

0.368





TABLE XI. - Mole onlar GonductiT-ity of P.ubidiurn 3romlde

in Glycerol ajt 55°
. 65°. 750 .

x4 55'

1.





TABLE ZIII. - Moleoular Conductivity of Rubidium Iodide

in Glycerol at 25°, 35°, 45°.

V
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TABLE XV.- Molecular Gonduetivlty of RuTDldlum Iodide

in Glycerol at 55°
. 65°. 75°.

X/ 55°

1.





TABLE XVII. - Moleoular Gonduotivlty of Rubiflium Nitrate

in Glyoerol at 25£, 55°
.

45°.

Jf. 25' /^^ 35'

2





TABLE XIX. - Molecular GopduGtlvity of Rubiaium Hltrate

in Glycerol at 55_^, 65^, 75^ .

28

2
4

10
50

100
200
400
800

^. 550 /^ 65* ^.75°

1.930





TABLE XXI. - Molecular Conduotivlty of Acmon lum lodlcle in a

Mixture of 75 percent Glycerol with Water at

25°, 350 . 45°.

J/^ 25 ^ 350 >^ 450

1.0
1.3
2.0
4.0

10
50

100
200
400
800

1600

5.48
5.39
5.24
5.18
5.26
5.56
5.71
5.81
5.76
6.06
6.03

8.24
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TABLE XXIII. - Moleoular Oonduetlvlty of Ammon lura Iodide in

a Mixture of 50 per oent Glyoerol with V/ater

at 25^, 352, 45^.

y^^ 25' >^ 35<

1.
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TABLE XZV. - Molecular Conductivity of Ammonium Iodide in

a Mixture of 25 per cent Glycerol with Water

at 250, 35^, 450 .

10
50

100
200
400
800

1600

61.58
64.32
66.69
68.54
68.12
69.21
69.68

y^^ 35^

76.71
80.30
82.86
85.87
85.07
87.26
88.47

/^ 450

92.62
98.25

101.50
104.39
104.17
105.92
106.85

TABLE XXV 1. -
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TABLE XIVII.- Molecalar Conductivity of Ammonium Iodide

in Water at 25°
.
55^

.
45° ,

1.3
2
4

10
50

100
200
400
800

1600

J/^ 25°

100.7
102.5
105.3
121.3
135.2
136.3
139.0
143.1
151.1
154.7

Jf, 35°

114.1
125.3
125.8
148.6
160.5
161.3
168.5
171.2
182.0
184.6

y^^ 450

130.4
147.5
151.3
172.6
186.3
190.8
197.7
202.9
215.1
218.4

TABLE iXVlll.





TABIE XZIX. - Moleo-glar Conduotivity of Rubidinm Bromide

in a Mixture of 75 per cent Glycerol with

Water at 25f;, 35^, 45°
.

yt^u 25°

1.
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TABLE XZZI. - Molecular Gonduotivlty of Hub idlug Bromide

in a Mixture of 50 per cent Glycerol with

Water at^ 25^, 55° . 45°.

A. 25°

1.
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TABIE ZZZIII - Molecular Conduotivity of Rubidium Bromide

in a Mixture of 25 per cent Glyoerol with

Water at 25_^, 35^, 45*^
.

2
4

10
50

100
200
400
800

1600

^^ 25°

51.79
54.23
62.88
69.27
69.44
71.39
73.40
74.16
82.85

/4. 35°

65.77
67.23
76.85
84.84
86.22
89.09
91.15
92.10

101.59

y/^ 450

79.87
81.80
93.67

103.77
105.46
108 . 43
111.22
111.81
123.19

TABLF. XZZIV. - Temperature Goeff ioients ,

Per Gent

.

Cond. Units.

25°-35' 35°-450 250-350 350-450

2
4

10
50

100
200
400
800

1600

0.0270
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TABLE XXXV. - Molecular Conductivity of Rubidium Bromide

in Vfater at 25^, 35^, 45£.

2
4

10
50

100
200
400
800
1600

96.3
107.8
121.8
137.2
142.'2
143 .3

148.4
152.8
151.8

y^^ 35°

119.8
132.1
143.8
163.0
167.2
170.1
174.9
179.1
179.9

^.- 45°

137.4
153.3
165.8
189.3
195.4
199.9
202.2
208.3
211.7

TABT.T?. ZXXVI. -
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TABLE ZXXVII. - Comparison of Temperature Coefficients of

Ammonium lodlc^e from 25^ to 55^ in Mixtures

of Glyoerol and Water .

V





TABLE ZZXIZ. - YiSQOSlty and Fluidity of Aromonlum Iodide in

Glyoerol at 25^, 35^, 45° .

Mol . cone.





TABLE XLI . - Ylscosity and Fluidity of Ammonium Iodide in
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TABLE ZIIII. - Viscoaity and Fluicilty of Rubldltim Chloride

in Glycerol at 25^, 35^, 45^ .

Mol. cone. /^ 250
f

35° ^45° ^25° ^35° ^45°

1.00
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TABLE ILY. - Visooslty and Fluidity of Rub id lug Chloride in

Glycerol ajt 55^. 65^, 75^ .

^ 65° 7 75° ^550

0.4177 0.2595 1.456

0.4195 0.2589 1.445

0.4341 0.2604 1.420

0.4423 0.2608 1.403

0.4470 0.2606 1.384

0.4505 0.26120 1.385

Mol . cone

.
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TABIE XLVII. - Viscosity and Fluidity of Rubidium Bromide in

Glycerol at 25;^. 35^, 45^ .

Mol . cone

.





*o

TABLE XLIX. - Viscosity and Fluidity of Rubidium Bromide in



'^O
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TABLE LZI. - YlSGOSlty anci Fluidity of Eu"biaiiim loaide in
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TABLE LXIII . - Viscosity and Fluidity of Rubiditup Iodide in
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TABLE LXV . - Yisoosity and Fluidity of Rubidliim Nitrate in

Glycerol at 25°, 35°, 45°.

Mol, cono.
>l

25° y^ 35°
/J

45° (0 25° CI) 35° 45

0.50
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TABLE LZVII . - Vlaooslty and Fluidity of Rubidium Nitrate

is Glycerol at 550
.
65° ,

75° .

Mol. oonc.





48

TABLE LXT7.





TABLE LXZI . - Viscosity and Fluidity of Ammonium Iodide in

50 per cent Glycerol with water at 25°
.
35°

,
45° .

Mol. cone.



. 1



TABLE LXZIII . - Viscosity and fluidity of AminoniTim Iodide

in 25 per pent Glycerol with water at

25°
. 55Q . 450 ,

Mol. cone. // 25°

1.00

0.75

0.50

0.25

0.10

Solv.

0.01802

0.01843

0.01910

0.01973

0.01997

0.02018

/7 350 /7 45° ^^25° ^35° <^450

0.01406 0.01124 55.49

0.01436 0.01147 54.26

0.01464 0.01157 52.36

0.01501 0.01180 50.68

0.01510 0.01182 50.07

0.01525 0.01189 49.55

71.12 88.97

69.64 87.18

68.31 86.43

66.62 84.75

66.22 84.60

65.57 84.10

TABLE LZXIV. - Temperature Coefficients of Fluidity .

Mol.
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TABLE LZZV. - Vlscoalty 6f Ammonltim Iodide in Water at

25°, 35°, 45°.

Mol, !onc. ^ 25° /^ 35° f 45' ^25° r 35'
f^'45<

1.00





TABLE LXZVII. - Viscosity and Fluidity of Rubidium Bromide





TABLE LXXIX. - Viscosity and Fluidity of RubidjLum Bromide
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TABIE IZZXI. - Viscosity and Fluiclity of Rubidium Bromide

in 25 per cent Glycerol with Water .

Mol. cone. .^ 25° /7 35° /; 45° ^25° ^35°
(f

45°

0.50
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TABIE IXXZIII. - Yisooslty and Fluidity of Rubidium Bromide





00

TABLE LXXZV.- Percentage Increase in fluidity of Rormal
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DISCUSSION OF RESULTS

The hypothesis of Dutoit and Aston, already referred

to makes the dissociating power of a solvent a function of

its own association. The degree of association of a solvent

by the method of Ramsay and Shields has been shown to decrease

withrisein temperature. Therefore, the increase in condnctiv-

Ity usually observed with rise in temperature, can not be due to

an Increase in the number of ions present but must be caused
(1)

by an increase in the velocity of those ions. As Guy and

others have already brought out, the change in the velocity of

the ions withrisein temperature is to be ascribed to the change

in the viscosity of the media surrounding the ions and in some

instances, to the change In the mass of the ionic complexes

formed by the l:.ns and a certain number of molecules of the

solvent

.

Previous workers with glycerol as a solvent have already

noted the enormous increase in conductivity of solutions In

It withrisein tenqperature. V.hile Guy has found some evidence

for the existence of glycerolates, the writer believes the

chief conditioning factor to be the change in the viscosity

of the solvent. It is with the viscosity phenomena and chief-

ly with that of the lowering of the viscosity of glycerol by

certain salts that this investigation has had to deal.

(1) Loc. cit.
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Both conductivity and viscosity data have been obtain-

ed on the various salts studied and are presented in tabular

form with accompanying tables of temperature coefficients. '

Tables I to XX, inclusive, contain the molecular conduc-

tivities at ten degree intervals from 26° to 75° of ammonium

Iodide and of the several rubidium salts which I have studied

in pure glycerol as a solvent, in agreement with the work of

preceding invest igatots, viz., Schmidt and Guy, all the values

for /'/ are seen to be extremely low, much smaller than corres-

ponding values in water. These values show a marked increase ,

with rise in temperature and in the more dilute solutions

{ll/lO to ir/ieoo) a regular Increase with dilution. It is to '

be noted that in the more concentrated solutions, especially

of the iodides,a decrease in conductivity takes place, the mini-

mum lying as a rule close to the value for the n/lO solution. '

A discussion of this phenomenon will be taken up after a review

of viscosity data.

The corresponding temperature coefficients of all the

salts studied both in conductivity units and in percentages are

of the same order of magnitude and show the same relative in-

crease with increased dilution. This is to be expected since
j

these salts are all binary electrolytes, and since all belong :

to that class whose cations possessing the largest atomic volumes,

have been shown to have little or no hydrating power in water.
j

Such is not the case with ternary electrolytes in glycerol and

especially with salts of calcium, strontium .barium and cobalt,
]

the explanation of which has been fully given by Guy who bases
;



aic
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his conclusions on the solvate theory. He points out that

If there be solvation this should be more marked in the more

dilute solutions where the amount of solvent per ion is great-

est. Hence a change in tenperature would produce the greatest

effect where the solvation was greatest, viz., in the more di-

lute solutions and in solutions of those salts which have the

greatest power of solvation.

The percent temperature coefficients are seen to be very

large, being from ten to eleven percent between 25 and 35 .

They decrease rapidly with rise in temperature, the value be-

tween 65° and 75 lying between four and a half and fjve per-

cent- This may be partially accounted for by the enormous de-

crease in the viscosity of glycerol with rise in temperature.

At 25 glycerol has a viscosity approximately 660 tlEes that

of water, while at 35 the value is 370 times that of water,

but little more than half as great. At 75 the ratio falls to
I

70, In no other comrron solvent are the temperature coefficients

of conductivity so great and the above ratios will show to some

extent why this should be the case. '

Tables XZI to ZXXVI, inclusive, contain the molecular con-
j

ductivities at 25 , 35 and 45 of ammonium iodide and rubidium

bromide in mixtures of glycerol with water. Figures 1 and 2

express these results graphically. The solvents were prepared

by diluting n. cc.of glycerol to one liter and denoting the

resulting solvent as a mixture of n. percent, glycerol, with

water.
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It will be seen that the condtictivity curves of such

mixtures show a decided sagging, the conductivity values be-

ing always less than would be expected from the law of aver-

ages. The explanation of this has been given by Jones and
(1) (1) I

Lindsey and Jones and Murray' for mixtures of water with

the alcohols and has been extended to mixtures containing gly-

cerol by Guy. A statement of the facts alone is necessary since

reference has previously been made to this phenomenon. V'hen

two highly associated liquids are mixed, or, to take a specif-

ic instance, when glycerol is mixed with water, it has been shown

that in such a case the properties of the mixture are not addi- ,

tlve, each solvent tending to break down the association of |

the other; the combined dissociating effect of the two being

less than would be expected had there been no such mutual dimin-

ution of the association. Guy has shown that in the case
i

of glycerol mixtures with the alcohols, the diminution of the

association takes place largely in the case of the glycerol.

In Tables XXXVII and XXXVIII a coEparison is made of the

temperature coefficients at £5°-35° of the two salts which we

have studied in mixed solvents. These are seen to diminish

rapidly with, addition of water, passing from 10 percent in pure

glycerol to 2 percent in 257o glycerol.

The curve representing the specific conductivities of

the various mixtures from glycerol to pure water is shown in

Pig. 3. The values for 50% and 257o glycerol are larger than

that for water, -^-'his Is probably due to the presence of a

few OH ions split off from the glycerol by action of the v/ater.

'1 J Loc. cit

.



-r'st'^



61

NEGATIVE VISCOSITY

A historical sketch of previous work in viscosity has

already been given in the introductory part of this memoir.

It Is necessary therefore to take up here only the more im-

portant points.

Veazey's apparently satisfactory explanation of the phe-

nomenon of negative viscosity has received ample corroboration

by later workers. It will be remembered that he attributed

the lowering of the viscosity of a solvent by a dissolved sub-

stance to the lessening in the skin friction between the mole-

cules of the solvent and the molecules or ions of the solute in

a given volume of the solution, because of the large atomic vol-

umes of the cations, viz., potassium, rubidium and caseium,

these three metals occupying the maxima on the atomic volume

curve. Subsequent investigations have shown that certain ammo-

nium salts in organic solvents, such as glycerol, are to be in-

cluded in this category. Although we may not speak of the am-

monium radicle IIH. as having atomic volume, still it is well

known that it possesses chemical properties closely allied to

the alkali metals.

It is not surprising, therefore, to find negative viscos-
eS-iec ts

ity^ produced by ammonium salts, and from observations made by

Guy on ammonium bromide, and from my own observations on am-

monium iodide it is probable that the molecular complex IIH^

should occupy a place on the volume curve close to rubidium.
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In Tables XXXIX to LXVIII, inclnslve, the viscosities

and fluidities of ammonium iodide and of rubidium chloride,
(1)

bromide, iodide and nitrate in pure glycerol at 25 to

75 are given for a range of dilution from H to u/lO. In

every case the viscosity of the solution is less than that of

the solvent . Even at 75 , rubidium chloride which increases

the fluidity the least shows a positive fluidity coefficient

of .3^ for the N/10 solution.

A table of percent temperature coefficients of fluidity

is given with each table of viscosities. These are seen to be

almost equal to the temperature coefficients of conductivity but

in every case are somewhat larger, ^'his is to be accounted for

by the decrease in association of the solvent with rise in tem-

perature causing a decrease in the ionization of the solute and

therefore a smaller conductive capacity. 2)his v/ould in part

offset the increase in conductivity due to an increase in the

velocity of the ions because of the decrease in viscosity of

the solvent withrisein temperatiire.

The greatest viscosity lowering or increase in fluidity

is to be observed in the case of the normal solution. This

is obvious since the effect is proportional to the concentra-

tion, ^he dilution curve does not pass through a minimum but

becomes asymtotic to that of the solvent at dilutions beyond

the 11/50. The percentage increase in fluidity becomes less

also with rise in temperature, which may be accounted for by

(1) li:/2 sol. saturated at 20°.
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the change In the molecular aggregates of the solvent and by

the greater effect of temperature than of the dissolved salt

on the viscosity of the solvent.

With the above facts in view, it is possible to explain

the minima found at low temperatures in the conductivity curves

for the concentrated solutions. These minima are more marked

at 25 and in the case of those salts which give the greatest

lowering of the viscosity of glycerol, viz., ammonium and

rubidium iodides. In the concentrated solution (U - H/4) the

ionization is nearly constant, while the negative viscosity

effect decreases with increased dilution.

Reference to Pig. 3 will show that the conductivity and

fluidity curves at 25 for rubidium iodide are practically par-

allel up to and through the U/lO solution. Beyond that dilu-

tion the increased ionization causes a rise in the conductivity

curve while the fluidity curve becomes the asyiiiitoi"e of the

solvent. Here we have conductivity varying directly as the

fluidity or inversely as the viscosity. It is of interest to

observe that a salt can lower the viscosity of a solvent to

such an extent as to increase its own conductivity in that

solvent' Fig. 4 shows similar results witli ammonium iodide.

Table LZXXV shows the relative percentage increase in

fluidity produced by normal solutions of the various rubidium

salts and of ammonium iodide at 25°-45°. It is evident that

of the halogen salts of rubidium the iodide produces the great-

est change in fluidity, followed by the bromide, then the chlor-

ide. This may be explained by the fact that when the cation.
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here rubidium, to which the increase in fluidity is mainly

due, remains the same, the negative viscosity effect is a

function of the molecular volumes of the salt in question.

If we divide the molecular weights of the three halogen

salts by their densities referred to water as a unit, we ob-

tain the following values:

Rbl. ^^fjH - 7.02; EbBr ^^^^ =5.95; RbCl, i^|^ =

5.496. Reference to the table will show that the experimental

data is in accord with this. rubidium iodide at 25° producing

a percent increase in fluidity of 26.3, rubidium bromide 18.5

and rubidium chloride 12.2. It was impossible to prepare a

normal solution of rubidium nitrate in glycerol at the normal

temperature 20°. The ll/2 solution was nearly saturated at

that temperature and shows somewhat greater negative viscosi-

ty coefficients than would be expected.

The N/4 solution, however, gives values between that

of rubidium bromide and iodide which is to be expected from

its molecular volume. Ho adequate explanation can be of-

fered for the apparently abnormal negative viscosity coef-

ficients of ammonium iodide in glycerol.

In Table IZXXVI is given the percentage increase in fluid-

ity at 25° produced by the two salts showing the most marked

negative viscosity effect, viz., rubidium iodide and ammonium

iodide over the range of dilution studied. That the increase

in fluidity is not exactly proportional to the concentration

may be due to the slight increase in ionization in the more

dilute solution the effect of the anions tending to offset
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that of the cation.

Tables LXIX to LXZXIV, Inclusive, show the viscosities

and fluidities of rubidium bromide and annnonium iodide in

glycerol-water mixtures at 25°, 35 -45 . The addition of

water to glycerol causes an enormous increase in fluidity.

The curve representing the fluidity changes with decreasing

percentages of glycerol shown in Pig. 5 is strikingly simi-

lar to the conductivity curves in those mixtures, (Flgs.l & 2).

The salts studied show negative viscosity in the glycerol

water mixtures and in pure water at low temperatures. In

water at 45°, rubidium bromide shows a tendency to pass over

to positive viscosity altho the transition is not very mark-

ed .

The last Table (LZXXVII) gives a comparison of the per-

centage increase in fluidity produced by normal solution of

the two salts in glycerol-water mixtures at 25 . The values

do not follow the law of averages in such mixtures out are

lower* -i-'his is in all probability due to the increased ioni-

zation in the mixed solvents, and also to the breaking down of

the molecular complexes of the solvent which would In both

cases give ultimate particles with greater frictional sur-

faces .
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SUMIMRY

The following points have either been confirmed or

brought out in this dissertation;

1. Conductivity values in glycerol are extremely

small but show regular increase with rise in tempera-

ture and except in special cases, with dilution.

2. In the case of salts producing a marked lower-

ing of the viscosity of the solvent, a minimum In the

conductivity curve of the concentrated solutions has been

noted, the conductivity varying directly with the fluidity.

3» Conductivities in glycerol-water mixtures do not

follow the law of averages, but are always lower.

4. Rubidium salts produce a phenomenal lowering of

the viscosity of glycerol, much greater than that of corres- .

ponding potassium salts.

5« Ammonium salts seem more closely allied to rubid-

ium than to potassium in their effect on the viscosity of

a solvent like glycerol.

6. The percentage Increase in fluidity of the solvent

prodiiced by the dissolved salt becomes less with rise in tem-

perature and with dilution.

*
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7. Kubidium salts In pure glycerol show no tendency

to produce positive viscosity even at 75 .

8. Curves representing fluidity and conductivity

In mixtures of glycerol and water show marked similarity

over the range of temperature studied.
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