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CHAPTER I
A STATEMENT OF THE PROBLEM

An extensive literature has been established on the
use of high frequency conductometric methods in chemical
respond to chemical changes without having electrodes
immersed in the reacting solutions has attracted the atbten-
tion of many investigators. Untll the last few years,

practically all of the investigations were concerned wiﬁh

agueous solublons, with the exception of measurements of
dielectric constants.

There seemed no logleal reason for not extending the

use of the high frequency instruments to the study of

Bronsted acid-base re&qtions, organic syntheses, rates of
reactlon, and the other commonly studied aspects of non-
aqueous chemistry. A few early works were published with
regard to esterifications and the titration of weak acids in
organic solvents; but no extensive reports were forthcoming
on the general utility of high frequency titrimetry in non-
aqueous systems until the paper of Grove and Jeffery (1960),
Since 1960, an inoreasing interest has been shown in non-
aqueous use of high frequency titrimeters, as will be shown
in the next chapter.



It seemed only a matter of time until someone would
perform the research ﬁeaessary to allow the use of solvents
which could be kept in the liquid state (at atmospheric pres-
gsure) only at low temperatures, The classical example of
such a solvent is liquld ammonia which boils at -33.4°C.,

ture solvents such as sulfur dioxide, hydrogen eyanide and
hydrogen fluoride, A major obstacle to the use of such low
temperature liquids with high frequency titrimeters was the
lack of a sultable cell; one which could maintain the low
temperature necessary to preserve the liquid state for the

protracted periods of time required to perform titrations,

; Thus, 1t was the purpose of the present investigation %
to develop a c¢ell which would permit the use of high fre-

quency titrimeters for studylng low temperature, nonagueous
solvents-~gpecifically ammonia, On the assumption that a

suitable cell could be constructed, a further aspiration of

§ the research was to Investigate the response of high fre- E
quency titrimeters to a sufflelent number of liquid ammonia | |
reactions to show that an attractive area of chemical |

- research had been exposed by the development of the ocell,




CHAPTER II
HIGH FREQUENCY TITRIMETERS

History. The earlieét work on equipment suitable for
high frequency studies of chemical systems was that of
Blake (1933}, althou
given the oredilt, In his early work, Blake seemed primarily
interested in the physles of the equipment and its response
to aqueous solutions of electrolytes rather than to titra-

tions, At a later date he turned hils attentlon to the

application of the apparatus to chemical studies, and
published one of the two exlating bovks devoted exclusively

to high frequency titrations and instruments (Blake, 1950;
and Cruse and Huber, 1957).

But even though high frequency methods were suggested
by Blake some thirty years ago, little interest in these

methods was shown until the pioneer work of Jensen and
Parrack at Texas A and M College (1946) resulted in an
explosive, world-wide development, It is interesting to note

that the initial manuseript of Jensen and Parrack contained

no reference to the work of Blake and was apperently pre-

LN

pared independently of any influence of Blake's earlier

efforts,
In the sixteen years that have elapsed since Jensen
and Parrack's first paper, over two hundred papers have




been published on high frequency titrimetry, lncluding
several reviewé; and no major scientific country in the
world has falled to produce work on the subJect. The flrst
commercially avallable instrument, the E.H. Sargent Company's

Jensen and Parrack Hlgh Frequency Titrator, was based on the

degign of the Jensen-Parrack instrument; and the most recent-

1y developed instrument was the Sargent-Jensen Model HF High
Frequency Titrimeter, Thus the stature of the research team
of Jensen and Parrvack as the prime developers of high
frequency titrimetry has been well demonstrated, and the
consensus among reviewers of lnstrumental methods was that
the Texas work, rather than that of Blake, triggered the out-
pouring of research that followed the 1946 publication,

Design and Construction. The essentlal features of a
high frequency titrimeter consisted of three main compbnents:
the cscillator which supplied the high frequency field, the
solution cell which interacted electroﬁically with the
oscillator, and the detector which measured variations in
| some parametver of the osclllator caused by changes in the
cell, In 1954, two excellent articles (Sherrick, Dawe, Karp
and Ewen; and Rellley) reviewed the modificatiqns that had
been investigated wilth respect to each of the three mentioned

components and established a theoretlcal basis for thelr
design, Blaedel and Malmstadt (1950) postulated that the

R R LT e I



loading mechanism by which the cell interacted wlth the
oscillator 1n§olved capacltance changes almost exclusively;
and also, extended the range of frequencies to 350 megacycles.
By 1958, a well written, simplified description of the equip=-
ment was avallable in a textbook (Willard, Merritt, and

Dean) on instrumental me
thig dissertation has drawn largely on these references ine-
order to outline the fundamental features of & high frequency
titrimeter, ,

Willard, Merritt and Dean (1958) point out that:

A current alternating at frequencies exceeding

1 megacycle per second affects the conductance and
capacitance of a solution placed within the fleld, The
vessel containing the solution 1s placed in the fleld of
an inductance coll or between the plates of a capacitor
carryin% the high frequency ocurrent., Since the induct-
ance c¢oll or the capacitor ls part of the high frequengy
oscillator clrcult, any changes in the composition of the
solution will he reflected as changes in the frequency
of the ogolllator or changes in the plate and grid
currents and voltages, ‘

The essential parts of an oscllator have been sghown
in the schematlc diagrams of Figure 1.A‘In part la, the three
components of a simple oscillator have been arranged, The
condenser's capacitance, C, was in parallel with the coil's
inductance, L, and some sort of reslstlve components, R,

The resistive components were inherent in both C and L. At
resonance, the oscillator current surged back and forth
through the resistance ag the condenser was discharged

through the coll, and the frequency of the back and forth
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motion was given by the relationship

1
f 58—
2 TIVIC

Thus, was established the fundamental frequency of the

to operate in the 2-500 megacycle per second reglon of radio
waves, |

In Figure 1b, the schematic dlagram of & tuned-grid
osclllator clroult has been shown as a modification of the

- la cireult, The use of an electronic tube to amplify the

resonant ourrent of the oscillator allowed the decaying
effects on the current, due to the resistance, to be counter-
écted. The use of two inductances Ly and Lp, on a common
core, made 1t possible to design a system that would continue
csaiilating indefinitely at some pre-selected resonant |
frequency. In Figure 1lb, the induotance, Lp has been shown
in the plate circult of the tube and the oscillator lnduoc-
tance, 1-1,_ in the grid cirocuit; but in other instrumental
designs Ly has been placed in the plate eclrcuit,

A variation on the oseclllator circults shown in
Figure la and 1b was developed by thnsbn and Timnick (1956)
who replaced the coll (inductor) with a coaxial half-wave
line, permitting operation at frequehoiea up to 130 mega-

‘eycles per second. Operation at higher frequencles made



8
posslble the use of higher eoncentratidns of reagents in the
cell. |

The titration cell has been incorporated into the
oscillator circult as a part of either the coil or the

capacitor; but, in either case, the net effect of such a

il

g g

NSO .| 118 1 UL
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cell at high frequencies was (o aiter the capacitance of
resonant circult, Such changes in the oscillator's capacl-
tance were reflected in changes in (a) the resonant frequency
of the oscillator, (b) the grid current, (¢) the plate
current, or (d) some combination of all of these variables,

For example, Jensen and Parrack's origlnal titrimeter used a

- milllammeter to measure plate current in the range of 15 to

20 megacycle per second.
A distracting difficulty assoclated with many of the

early iﬁstruments was a tendeney for the output signal to

dpift with time due to instrument warm-up, aging of bthe

electronic components, or spatlal varlations between compon-
ents as a result of 1nadequaté mechanicallrigidity of the
system, These problems were minimized by the development

of béat-:requency 1nstrﬁments of the type diagramed in

Figure lc., In such instruments, two oscillators that gen=-
erated nearly ldentical frequencles were éoupled so that
thelr output resulted in a lower beat-frequency signal, The_
cell was assoclated with only one of the oseillators, and

that oscillator also contained sensitive variable capacltors,
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Typioally, one of the variable capacitors was used to estab-
lish & zero point when the cell was a part of the system,
but before any reaction took place., After the reaction took
place, a second variable condensor was used to return the

electronic system to its original zero point "beat"; and

_H =

LU |

018 K L 1 L

this condensor was equipped with a ealibrated dial
gave an indication of the magnitude of the change that
ocourred in the cell, }

 Both the CF-120 High Frequency Titrimeter
(Clinkscales and Frye, 1960) and the Sargent Model V Chemical
Oscillimeter -(Sherrick, Dawe, Karr, and Ewen; 1954), the
instruments used in this investigation, are of the beat-

frequency type; but the methods used to measure their signal

output are different.
Cell design haa'been a major concern of several inveg-

tigatorsg and was a significaht phage of this investigation,

' However, it was considered desirable to disouss the detalled

design of cells in the same chapter (IV) used to describe
the cell actually bullt for uée in this ?esearch.

| The final aspect of the general problem of designing
a high frequency titrimeter was relaﬁed/to the technique of
measuring the output of the osoillator-cell combination.

Ag mentioned above, microammeters have been used, as well as

some devices to determine the beat-frequency. In the later

—— opategory were oscilloscopes (Fischer and Figher, 1952) and
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matohing signal generators for those instruments utilizing
only one oscillator circult. Researchers have veported
using wheatstone bridges (Mord, Hyodo, and Murakamis 1950),
and Johnson and Timnloek (1956) used a polavograph in con-
Junetion with their previously mentioned 130 megacyele per

LR GOV 150 K T

HUIE 4L

second instrument. The most sophisticated approach to the

meagurement of the instrument signal wag the use of a record-

“ing potentiometer by the staff of E. H, Sargent and Co.

(1954) and by Musha, Ito, and Takeda (1952).
Many other,investigators have made specific improve-

ments in some detail of a high frequency titrimeter, but to

elaborate on each contribution was beyond the scope of this

introductory chapter; especially when an excellent compila~

‘tion was made in Sclentific Apparatus and Methods (1957),

the house organ of E.H. Sargent and Company. Cruse and
Huber (1957) gave a table summarizing the type of instrument,
the type of oseclllator, the parameters measured, the type of
cell, the'frequency, and the original literature references
for high frequency titrimebers reported éo that date; and
only a few new instruments have been reported since,

The more interesting of the newef‘reparts were Congeiller
and Courteix (1958), Tarnay and Juhaz (1&38), Clinkscales and
Frye (1960), Kimura (1961), Pungor (1960), Ermakov (1960),
Groubert and Caillon (1960), and Lorenz (1960). Some other

recent references were listed in Chemlgal Tltles, but neither
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had covered a tremendous range of chemical activities

11

 the original Jjournal nor a chemical abstract was avallable to

permit an evaluation of the significance of the research;
Mukherjee (1957), Musha and Takeda (1957), Mai (1961),
Vakhtel and Chernyakina (1961), Matsuda and Matsuda (1961),
Gorokhovskii, Samitov, and Tremasov (1960), and Kashima
(1960)

PY
=

Agglicatiohs gg'&gueéus Systems. Because the present
regearch was primarily concerned with nonaqueous resactions,
the prior art of aqueous studies was satisfactorily reviewed
by the previously mentioned Scientific Apparatus and Methods
article (E,H, Sargent and Company, 1957). The investigations

inecluding acid-base titrations (of all degrees of acid and
base strengths), binary and ternary analyses, analytical
methods for determining metals and thelr complexes, ester-
ifiecation, saponification, chromatography end polnts, precipi-
tations, water hardness, chelate reactions, reaction rates,
and on-gtream control of industrial processes,

Newer research was oénsidered of greater interest In
the present investigatlon, and the literature sinee‘1957 has
been reported more exaustively than that of the earlieﬁ
period,

) Clinkscales (1957) pullt a heterodyne type, 120 mega~

cycle per second instrument and demonstrated i1ts effectiveness
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by performing conventional acid-base tltrations, dlelectrilc
'maasurem@nts and salt-pesponse experimenhs. The apparatus
was also puggested as a sultable instrument for student use
in undergraduate analytical chemistry courses (Clinkscales
and Frye, 1960).

Mandel'bers and Zarinskii (1958) obtained a Russian

patent for an "Appartus for high frequency titration and for
determination of the concentration of solubions.”
Nakano, Ishikawa, and Shibata (1958) found that the

presence of sodlum carbonate accounted for the cross-~over of

the response curves of sodium chloride and sodlum hydroxide,

A titrimeter operating at the unusually high frequency

- of 500 Me, per second was developed by Paucek (1958) and %
found suitable for titrations in the .05 M to .1 M range of |
lonic salt concentratlions,

Titration curves for barium, silver and sodium ions
were reported by Barbl (1951).

Solls and humus were analyzed by means of & 420 mega-
ocycle per second instrument in the work of Pavel and
Zagvorka (1958), | |

Jobngon and Neale (1961) studied high frequency
effects in polyelectrolytes,

The "determination of codeine and salicylic acid in

ST ) I R

sn aqueous environment" was performed with "high frequency
currents" in the research of Kalinowski (1961),
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Anikin, Kirpichev, and Gordeev (1961) investigated
- the absorbtion of the energy of a high frequency electric
fleld by aqueous and alechollic solutions of alkalin@ sarth
chlorides,

The high frequency titration of meveaptans was

An extensive series of researches has been carried
out in Hungary under the direction of Pungor. Papers bearing
only his nane appéared on the development of & 130 megacycle

per second instrument (1959), the oxidation of ¢hlorpro-

mazine (1960), and a review of high frequency methods (1962),
Pungor and Balazas reported that the 130 megaeycle per second

1nétrument was useable for titrating hydrochlorle acid and
mcetic acid at conpentrations of one and twenty gamma per
miliiliter, respectively; and cations were tityrated in concen~
trations of two gamma per milliliter for silver nitrase

) and ten gamng per milllllter for barium acetate., Pungor, 7
%  Tacacs, and Scherr-Bruzer (1960) investigated the use of \ §

N ﬁhair,high frequency hiﬁr&méﬁar to tegt the stability of é
pharmaceutical injection solubions, chlorpromagine and

- vitamin 2, in sealed ampules., Pungcr and Zappl (1959)

: developed & method for the "rapid determination of aluminum,"

and in the same year peported again on an investigation of

aluminum complexes, Pungor continued hils extensive work in
the field of high freguency titration by again collaborating
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with Balazs (1962) in a study of the use of methyl glucamine
standard solution for a titration of cations with a "high

frequency end-point indicator."

Macro amounts of "fluoride" were determined by steam
distillation in conJjunction with high frequency titration in

the investigation of Calkins (1962)

Il L L el Ll kil

- A}

Applications to Nonagueous Systems, As in the case of

applications to aqueous systems, the Sargent (1957) review
article cantéined an excellent summary of the developments
to that date. The use of dielectrlc properties to evaluate
the composition of mixbtures of organic solvents occupied the
attention of most early investigators, Thé methods were

initially concerned with blnary systems but soon became

sufficiently sophisticated to handle ternary systems and

binary systems containing added electrolytes, Some work was
done on solids, especially with a view toward the determina-
tion of moisture content, Many titrations were performed in
nonaqueous solvents such as benzene, alcohols, aceblc aeid,
dimethylformamide, phenol, and pyridine, Some work on rates
of reactlions were reported, especlally in connectilon with the
formation and hydrolysls of esters.

Since the 1957 review arﬁicle, increased efforts have
been expended on the study of nonaqueous research with high fre-

quency titrimeters, The vecent literature has been summarized
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in this dissertation as & convenilent source for future
investigatora,

A serles of rate studles has been performed at the
Univeraity of the Pacific by students of Dr, H.G. Frye,
Lowry (1958) investigated the kinetics of the pyridine

eatalyzed egterificatlion of acetle anhydride with ethanol,

Lewis (1950) extended these studies’by hls work on the acetlc

anhydride~-isobutanol system, and Abraham (1961) explored the

propionic anhydride reactions with l-propanol and 2-propanol,
| Conaeiller and Courteix (1958) used a two megacycle

per second crystal osclllator of their own design, along with

some unique cells, to titrate organic bases with perchloric

acid in a solution that used acetic acid as the solvent, , §
- Methanol-benzene solutions of sodium methylate were also used
ag a titrant for organic aclds, Caffelne was sald to be

titrated with a reiative precision of 1 per cent.

A valuable report on the suitability of solventa for

the titration of acids and bases was published by Grove and
Jeffery (1960), using acetonitrile, ethylenediamine, and
butyl amine for the titrétian-(babh conductometric and high

Lo (vEtid NEIRH
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frequency) of ammonium lodide, 3,5-dinitrobenzole acld,
potassium methoxide and tetrabutyiamine‘hydroxide. It was

concluded that the best solvents were those with relatively

FIRT I 1 T I

high dielectric constants and very weakly basic properties,




16
Groubert and Caillon (1960), using modified high
frequency instruments, studled the dielectrie propertles of
ethylene glycol and dlacetone aleohol, ,
Several recent articles have appeared for whieh no
detalled information is avallable, except the title,
Matsuda and Matsuda (1961) released a paper entitled

: b [ WS TR REY A RSEARE 42

"Quantitative analysis of halogen of alkyl tin halides by
high frequency tihr&tian," Simonyl and Tokar (1961) used
aluminum halide alcoholates to titrate nonaqueous solutions,
Golub and Golodets (1961) investigated lead lodide complexes
in nonaqueous solvents, Kirilyuk and Miskidzhyan (1961)
analyzed the mechanism of electrolytlc dissociation in non-
adueOus systems, Cruse (1961) used high frequency
titration methods to analyze organic compounds, Ershov and
Pokrovskaya (1961) titrated cresol isomers, Csley and
Hubboush (1961) determined the composition of organic liquids
by titrating them with water (with alcohols and aromatic
hydroocarbons as solvents)., Anakin, Kirpichev, and Gordeev
(1961) investigated the absorption of high frequency energy
by alecoholic solutions of alkaline earth ohlorides, And
finally, PuJishima and Takeuchi (1962) reported a "Rapid
determination of trace carbon in metals, by using high

frequency condensers of submerging ﬁype¢"
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CHAPTER III
A SUMMARY OF LIQUID AMMONIA FROPERTIES AND REACTIONS

Physlcal and Chemical Properties, Excellent reviews

have been written on liquid ammonia and 1ts reactions (Watt,

TR O R TR AT
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a chapter in the paper-bound book by Sisler (1961). For
the purpose of this investigation, the more significant
physical and chemical properties of liquid ammonia have

been summarized in Table I3 and the general reactions

- that oceur in liquid ammonla have been reviewed with

specific examples noted which have possible application to
high frequency work,

The solublility of a chemical compound in liquid
smmonia plays an important part in its seiection for study,
g0 a composite list of solubilities was assembled from
the above review articles., Table II summarizes general
qualitative solubllity information on inorgenic compounds,
and Table III, summarizes general qualitative solubility
information on organic compounds, In general it has been
noted that organic species tend to be more sulﬁbla in liquid
ammonla than in water; but for inorganic compounds the con-
verse was true, Reactlons occuring in liquid ammonla have
been clgssified in various ways in review articles, Some of

the sub-divisions used were: Metathetlcal, Aminolysis,

T T ——— E T ———



TABLE I
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SOME USEFUL FROPERTIES OF LIQUID AMMONIA

Melting point, ©°C, 77,74
Boiling point, °C. -33.35
Heat of Fusion, cal, per mole 1352
Heat of Vaporization, cal, per mole 5581
Dielectric Constant
-60°¢, 26,7
-34%, 22
Heat of Formation (gas), cal. per mole ~11,040
Critical Temperature, °C. 133.0 :
Densilty %
liquid (-33.4°C.), g. per ce. 67T |
gas (-34°C.), mg. per cc. .863
Specifié Conduectance (=35°C.), mho
distilled from sodium 1 x 1074
in apparatus with stopcock grease 1x 10’8 %
Kyon = (NHy*) (NH;™), (-50°¢.) 1.9 x 10-33 é
Ionization Potential, e.v. 10,154 ;

Viscosity (-349C.), poise

2,558 x 1073
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~ TABLE II

SOLUBILITIES OF CLASSES OF INORGANIC COMPOUNDS
IN LIQUID AMMONIA

Alkall amldes

[

s
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Soluble, except for lithium and
- godium salts,

Ammine-metal cations

Ammonium selts

Argenates

Carbonates
Halides

Nitrates and nitrites

Oxides and hydroxidea

Perchlorates.

- Persulfates

Phosphates
Sulfates and sulfites

Sulfides
Thiocyanates

Soluble. Those catlons most highly

aquo-solvated tend to show greatest

solubllity in liquid ammonia,

Soluble, except for the salts of
insoluble oxy~anions listed below

NO=, CNS and OAc are
amgoné delgqueacentNH3

Insoluble

“Insoluble

Soluble, with increasing solubllity
as atomlec number of halide
increages, Exceptlonss MNost
fluorides, CaClp+2HoO and ZnClg.

Soluble

Ingoluble

Soluble

Soluble

- Insoluble

Insoluble, Ammonium sulfate forms a
soluble 3-ammoniate,

Insoluble
Soluble

T T



TABLE IIX

SOLUBILITIES OF CLASSES OF ORGANIC COMPOUNDS
IN LIQUID AMMONIA

Acid amides

Alcohols and phenols

Soluble

Small molecules are soluble,

10T N R 2 1 T

Aldehydes and ketones

Alkanes
Alkenes and alkynes

Alkyl halides

Amines

Aromatic hydrocarbons

Carboxylic acids
Esters
Ethers

Nitroalkanes and
nltroaryls

Nitrogen bases

Bugars and alkalolds

Sulfonic acids

Moderately soluble, most aldehydes
react and some ketones,

Ingoluble
Low solublility

Small molecules are soluble and
react with increasing speed as
halide silze increases.

Solubility decreases from primary
to secondary to tertiary and all
decrease with increasing
molecular weight.

Benzene and toluene are soluble,

solubility decreases with
molecular welght.

Form ammonium salts, of which
small molecules are soluble,

.Small molecules are soluble and

react.
Eto0 1s moderately soluble, large
molecules become insoluble,
Soluble and react'
Soluble
Soluble

Form soluble ammonium salts.
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Ammonolyses, Ammonolytic, Ammono Acids, Ammono Bases, and

Metal-Ammonie Solutions. For the purpose of this lnvesti-

gation, reactlons were classifled to émphasize their general
application to chemloal processes, rather than 1o the special
interests of researchers in liquid ammonia, with the ultimate

aim of drawing the attentlion of other investigators to the

UL TR LA

L

Lt BRI

F [ T

utility of high frequency titrimetry. The sub-divisions were
Oxldation-Reductlon, Acld-Base Titratiohs, Rate of Reactilons;
and Organic Synthesis, As with all such classgifications,

gome reactlons were diffilcult to limit to one sub-dlvision

~and the actual assignment was arbitrary.

Oxidation-Reduction Reactlons in liquid ammonia have

been studled most intensively from the viewpoint of using
the reducing properties of solutionsg of alkall and alkaline
earth metals in liquid ammonia., The most obvious reactions
to investigate were between the metal and liquid ammonia
itself, but such resctlions were generally slow unless cata-

lyzed by finely divided transition metals such as iron,
aml 4 onmy —FE& 5 ant 4 owmy” 4 Hp

watt (1950) reviewed the literature of metal lons
reduced by Mx and MII metals in liquid ammonia, and discussed

- the results in terms of four possible outcomes:
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Depending on the metal produced, it may (a) undergo
reduction to lower oxidation states, (b) catalyze the
reactlion between alkall or alkaline earth metal and
solvent, (e) react with the amide formed catalytically
or, (d) participate in no further reactions,
1It was interesting to note that the presence of the lodide
ion in a redueibie metal salt seemed to prevent that metal

from catalyzing the formation of amldes.

The reduction of inorganic anlons has been studied
less intensively than the reduction of cations, but the
process generally consisted of either lowering the oxidation

state of an lon, as in the case where NO,™ was reduced to

Nog““, or the formation of multiple negative ions, as when

Sy~" was reduced to both 87 and 8{x-1)+ The second

phenomenon was more frequently reported than the first, %

An idea of the scope of the reactions with chemical
elements was given by Sisler (1961) who listed the products
obtéined by reactions of alkall metal-ammonia solution
reductions of Oy, Sg, Se, Te, P, As, Sb, Bi, Ge, Pb, and Hg.

Solutions of alkali metals in liquid ammonia have %
been used to reduce a large number of acids (Audrieth and
Kleinberg, 1953). The basic nature of the liquid ammonia
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golvent enhanced the dissoclation of even extremely weak
acids and hence promoted the reduction of such acids to a

greater extent in liquid ammonia than would have been the

| NI T E IR [ K A

case in less basle solvents, In fact, some specles that
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ordinarily were considered bases were reduced as acids by
alkall metals in liquid ammonia, For example, each of the NH,
groups in sulfamide supplied a hydrogen atom with the resultant
formation of SO,(NH)o ™~ and Hy., Some typlcal acid species
reduced by M' in 1iquid ammonia weve: NHy', GeHy, PHg, AsHg,

NH2, urea, hydrazine, orgsnie acids, phenols; and aleohols,

i {1
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‘The literature on the use of the ammonium lon for
syntheslzing inorganic chemicals was covered intensively by
Watt (1950), and Table IV has generalized much of the infor-
mation he presented,

Many typleal reductlon reactlons encountered in
aqueous and nonaqueous chemistry also occurred with MI and
M golutions in liguid ammonia, Oxldes and halides were
reduced to free metals., The oxidation state of the central

‘metal ilon in complexes was lowered, as in the case where

NL(CN)y™~ was reduced to give KyNi(CN)g, an unusual compound
containing zero-valent nickel., Hydrocarbon lons were pre-
pared by the reduction of acetylenes and alkyl halides,
Metal to metal bonds were created by reducing alkyl tin
halides. And as a f£inal example, electrochemical oxldation-
reduction processes were utilized in 1liquid ammonia in the
preparation of solutions of aluminum and beryllium metals.
Jolly (1956) pointed the way to caloulating redox
potentials for liquid ammonla half-reactions, based on the

thermodynamic treatment of standard potentisls in aqueous



TABLE IV
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PRODUCTS FORMED BY THE REDUCTION OF AMMONIUM SALTS

BY ALKALI OR ALKALINE EARTH METALS

IN LIQUID AMMONIA

Salt Prdducts in Addition to Hp

NHyX MIX ana MIlx,

NH,,NO, M,IN0, (no H, formed)
NHyN, Ny and HE(NG),
; NHy,CN ut (eN), - onm,

(NH)y, )8 MEIS and s

NHy,0Ac mtoac |
NH,, SO, NH, MISO,NH, E
A NH, SCqH; uiscg; _
; NH, C10y, mlcioy

0 b
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solutlon, The more generally useful values calculated by

Jolly were rearranged to provide Table V which may be used

to predict reactions in liquid ammonia in a manner analogous

'to the use of standard potential tables in aqueous chemlstry.

The more recent investigations on oxidatlon-reduction

eactions in ligquid ammonia have |

15'

een reviewed in all issues
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of Chemical Titles, Jortner (1961) discussed the interaction
of cations and electrons in metal-ammonium aolutioﬁs.
Reinaecker and Roloff (1961) prepared catalytically active
nickel. Two Russian articles related to studies of oxygen
in metal-ammonla solutions; Makarov and Skovnin described

the "molubllity of pétasslum ozanide in liquified ammonia
(the ammonia-potassium ﬁriaxide‘syatem)." and Nevzorov (1961)
investigated the "polarigation and transport of oxygen in
11quid ammonia." Ugl and Bodesheim (1961) reduced both iso-
nitriles and alkaline earth metals, Evers and Filbert (1961)
measured the volume expansion of sodium-in-ammonia solutlons,
Tgou, Du, and Xue (1961) used sodium to reduce insulin and
1ts benzyl derivaties, Emeleus and Mackay titrated sodlum
with phosphine, arsine, stibine and germanes, The "Infra-red
Spectra of marginally metallic systems, Sod fum-ammonia
solutions." were obtained by Beckman and Pitzer (1961),.
Scdium-ammonia golution was also used by Kocor and Kotlarek

(1961) to reduce 2,6~ and 1,5-dihydroxynaphthalene ethers.

Berns, LePoutre, Bockelman, and Patterson studied the salt
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TABLE V :
OXIDATION POTENTIALS IN LIQUID AMMONIA AT 25°
Couple E° t E® , volt
P Acid’ volts Bage’ 'O 0
L= Lit + e~ 2.34 2.70
Ba = Ba™* + 2¢” 2.2 I
Ca= Ca'*t 4 2e” 2,17 2.83 -
K =K++ e‘ 2,04 2004
" (am) = © 1.95 1.95
Na = Na* +e” 1.89 2.02
1 7n = Znt* +2e” 0,54 1.8 )
Ni = N1¥* +2e” 0.1 1.3
Fe = Fe¥t 4+2¢~ 0.0 i
Cu = Cut + e~ -0,36 1.3
ou =-Cu*t +2e” 0,40 —— i
Ag = Agt +e” =0,76 1.0 é
IV = 3Ip(g) *e -1,26 -1.26
] Cl = %Clg(g) +e - =1,91 -1,91 -
F-o= %Fg(g) +e -3.50 -3.,50 E

TR
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effegt of sodlum chloride in sodium-ammonia solution.

Lithium-ammonia solution was used by Schaub and Weiss (1961)

to form steroid enoclate anlons from conjugated unsaturated

ketones, Foster and Mackle (1962) measured the absorption

spectra of substituted polynitrobenzenes in an investigation

of the interaction of eleatron acceptors with bases,
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Hueckel and Jennewein (1962) reduced and methylated l-methyl
naphthalene. A reaection for the separation of hydrogen
peroxide ln a llquld ammonla medlium was reported by Mirvanov,
Dzyatkevich, and Vovehenko (1961). And finally, Iehniowski
and Clifford (1961) reported a "Polarographic study of
chromium (III) in ammonia solvents (Divers/liquids)."”

An extenslve series of artlcles on the properties of
metal-ammonlia solutlons was written by Paoloni in the period

1960-1961, These reports suwmmarized thermodynamic measure-

ments in 19603 and electrochemical properties, spectroscople

~and photochemlcal dava, theoretlcal interpretations, and

electronic structure, all in 1961,

Acld~Bage Titrations in liguid ammonia usually have
involved the ammonium ion as the acidic species, Liquid
ammonia exerted a "leveling" effect on the acid strength of
any proton donor which dissolved, in a manner analogous to
the comparable aqueous phenomenon which generated hydronium
ions, Audrieth and Kleinberg (1953) described 1iquid ammonia
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as being "more an acid-leveling than an acid-differentiating
solvent," pointing out that the percentage ilonlzation of

acids 18 much less in 1iquid ammonia than in water because

of the lower dilelectric constant of the ammonia, Typileally,

the converslon of an acld into the ammonium lon has been

A
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represented by the equation
NHg + HK — NHy + X~

It was furthermore pointed out that no abnormal lonie
mobility has been observed for the "hydrogen ion' associated
with the ammonium ion 1n liquid ammonia, even though the
"hydrogen ion" associated with the hydronium ion in aqueous
golutions has displayed enhancéd mobility. The conductances
of the ammonium lon in ammonium salts have been shown to lie
in the same range as those of the alkall metal ions in thelr
corvesponding salts, Equivalent conductance at -33°C, is
between 300 to 340 for all such salts in liquid ammonia,

The Bronsted concept of Boids has permitted the
inclusion of organic amido and imido derivatives in the list
of acids that can exist In liquld ammonia., As was pointed
out earlier in this chapter, speciles su&h 28 urea exhibit
sufficiently acldic properties to be reduced by active
metals. In the Bronsted sense, solvated metalllec ions also
have dlsplayed acidic properties. The amldo complexes of

‘silver, copper and zine (Sisler, 1961) were ammine complexes
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which had lost protons to strong bases, For example:
Ag(NH3)p* +2 B™ —3 Ag(NHp)p~ +2 H:B

The strongest base that has been reported in liquid

ammonia is the amide lon, whilech 1s much stronger than the .
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hydroxide lon. Thus liquid ammonia made avallable reactions
that requiréd stronger bases than were pbssible in water,

Ah interesting example was shown in the reaction where
acetylene was involved in an acld-base reaction with the amlde
1on; with the result that a stable solution of acetylide ion
was Formed s |

HCSCH + iNH,™ ——>  HOZC:™ + :NHg

The existence of strongly basic alkyl lons has been reported
(Watt, 1950) as a result 6f reactions between RX and metal-
in-ammonia solutions, Such R™ speciles could not exist in

aqueous solutions, but in liquid ammonia they have been used

‘to form alkyl organle metallic compounds,

For purposes of titratlon, the most common reactlon
encountered in liquid ammonia, comparable to neutrallzing a
strong acld wlth a strong base in aqueous chemistry, has been

between ammonium lions and amlde 1053:

NHy* + NH;m ——> 2 NHg
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Rates of Reaction have been studled only to a limited

extent in liquid ammonia, as evidenced by the fact that the
most recent review (Sisler, 1961) made little specific
mention of quantitative studies., However, the literatuve of
liquid ammonia was replete with qualitative indications of

varying rates of reaction, often not explioitly stated by an
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author whogse main interest was in anobher aspect of the
problem under investigation,

The outstanding pioneer in the study of the physical
chemical properties of liquid ammonia, C.A, Kraus (1953),
pointed out the‘need for definitive studies on catalysts
that cause M* and M'T metals to react with ammonia to form
amides. He suggested that any finely divlded surface could
aot ag a catalyst, although oxides and metals were known to
be especlally effective., The amide reactlon was usually a
source of difficulty at low metal concentrations, and may
nave competed with a desired redox syntheses, |

Another indication of competitive rates was implied in
those Investigations which desoribed the ylelds of geveral

~products that resulted from a particular reaetion. For

example, Audrieth and Kleinberg (1953) desoribed the action
of liquid ammonie on halogenated hydrocarbons. In general,
lodides were gtated to bé most easily subJected to solvoly-
#1s with the resultant formation of amines and ammonium
iodide; but at the bolling point of ligquid ammonia, even the

e
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‘reactlons of 1odides were "rather slow," Further, in discuss-
ing the ammnnolyéia of specific compounds, it was noted that
both primary amines and secondary amines were formed, with
the relative amount of the primary amine being larger when
the alkyl group was larger (10 per cent RNH, from n-amyl

bromide and 90 per cent RNHo from n-dodeayl b bromid e)

ol 2 S —

These authors also reviewed the ammonolysis reactions
- for esters and reported items of potential interest from
the standpoint of rates:

The extent of ammonolysis is definitely dependent
upon the nature of the ester., For instance, ethyl
egters of formie, acetle, proplonic, valarie, caprylic
and phenylacebtic acids undergo no appreciable regation
when allowed to stand with liquid ammonia at -33YC, for
a period as long as 24 hours, The ethyl esters of
mono=-, di«; and trichloracetic acld glve quantitative
yielda of correspanding amides under the same conditlons,
Ethyl oxalate is rapidly and completely converted to
oxamide, Ethyl malonate also undergoes ammonolysis
quibe rapidly.

Rate studles, begun concurrently in Russia by
Shatenshtein and the U.S.,A., by Audrieth, were performed on

the ammonium ion caﬁalyaia of a larger number of esters, but

ol [t 1)
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= : : the ammonolysis was carried out at temperatures above the
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boiling point of amméonia, Watt and his students at the
University of Texas, in the early 1940's, found that all
electrolytes acted as catalysts for the ammonolysis of
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‘organi¢ halides, but agaln the work was at elevated tempera-

Ll

A survey of the literature published in the past two i
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or three years has been undertaken with the help of Chemlcal

Titles.' No great inerease in the volume of research re;ated

t0 kinetle studies was noted, although the research on liquid
ammonia of the three early 1n#eatigators, mentioned previously

has continued, Watt and Vaughm (1961) reported evidence for

a "trans" effect in the ootahedral spin-paired cobalt (III)
eomplexes as a result of their investigation of the mechanism

of electrodepositlon of cobalt in liquid ammonia,

Shatenshtein and Ranneva (1961) considered the factors affect-
ing the mechanlsm and partial rate of deuterium exchange in

both dimethyl anlline and liquid ammonia; and Shatenshtein

(1962) published an article entitled “Maohaﬁism of the pro-

: tephiiia substitutlon of hydrogen in aromatic compounds by

means of hydrogen isotope exchange with liquid ammonia."

A typographical error was undoubtedly present in the spelling
of Shatenshtein's name 1ln the report by Astafev, Rabinovigch
and Schatenshtein (1961), that described the mechanism by

which potassium amide initlated atyrene polymerization inv

liquid ammonia.

Tesl and Audrieth (1960) strayed somewhat from the
study of rates of reaction but maintalned thelr interest 1n

liquid ammonia by the "Quantitative determination of somei

“\)‘I\M\IH bl g o

 halogens and halogenldes of phogphoronitrile by means of

metallic sodium in liquild ammonia.” x !
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Haul, Ihle, and Schierholz (1961) reported on

deuterium exchange between hydrogen and liquid ammonla,
using potassium amlde as a catalyst, Shimo, Wakamatsu, and
Inoue (1961) studied the solvent catalyzed alkylation of

active methylene groups in ligquld ammonia,

b o e e b ot

Organic Synthesis, The Sisler (1961) review,

classified those organic and organo-metalliec reactions that
had been atudiéd into five categories; (1) metatheais
reactions which took advantage of solubility characteristics
of substances to prepare odmpounds such a8 metal alcoholates,
(2) and (3) reactions of ammono acids and bases (previously

discussed in this chapter under the heading

Acid-base titrations), (4) reactions of metal-ammonia

gsolutions (previously discussed in this chapter under the

heading Oxidation-reduction reactions), and (5) ammonolyses.

Some of the ammonolysis reactions mentioned by Slsler
were previously discussed in this chapter under the heading
Rates of reaction, for example the reaction of alkyl halides
to form amines, The other large class of reactions surveyed
was that of the esters which were usually converted to acild
amides. Reactions of ammonis with nitriles and with the
unsaturated hydrocarbon portions of esters were discussed
also, |

In general, the Sisler review seemed weaker in the

&
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discussion of organlc reactions than in its treatment of
other reactions in liquid ammonia, Therefore, the review
of the recent llterature on the reactions of organic species

in liguid ammonia was allowed to over=-lap Sisler's work

and include all of the researches reported in Chemical
Titles, - e

A relatively large number of the investigations of
organle chemistry in liquld ammonia took advantage of the
reducing properties of metal-ammonia solutions and some of
those were mentioned earlier in this chapter under the
other headings; but, in general, such reactions have been
relterated in this section of the chapter for the éonveniance
of the reader chiefly lnterested in organic chemistry.
Organo-metallic references have been included in this
section also,

A palr of articles has appeared on using the reduaing
powers of metal-in-ammonia solutions for opening rings

in organic compounds and for syntheses, Suquet and Schmitt

- (1960) used ethanol and lithium in liquid ammonia for

"opening the heterocycle of some alkylphenol thiazilnes
at the nitrogen., . ." Tomite and Ujile (1961) cleaved some
heterocycies containing sulfur and oxygen by means of alkali
metals in liquild ammonia.,

Ugi and Bodensheim (1961) reduced isonitriles,

‘Sedium in liquid ammonia was used by Tsou, Du, and Xue (1961)
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to reduce insulln and 1ts benzyl derivatives., Shimo and

Wakamatsu (1961) synthesized dl-glutamie acid by the Michael
reactlon of acetamldomalonic aclid and acetamldocyancacetic
acid derivative with acrylic acid derivative, Kocor and

Kotlarek (1961) reported the reduction of 2,6-and 1,5-di-

hydroxynapthalene ethers by sodlum, Reports related to the
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synthesis of sterolds Involved hydrophenanthrene and hydro-

: chryaane’derivativas, as synthesized by Négata, et _al,,

(1961), ana the lithium-ammonia reduction of conjugated
unsaturated ketones by which Schaub and Welll (1961) formed
"sterold enolate anions.”" Shimo, Wakamatsu, and Inoue (1961)
reported on "solvent catalyzed alkylations of active methy-
lene groups in liquid ammonia." Shatenshtein (1962) discuss-
ed the mechanism of the protophilic substitution of hydrogen
in aromatie compounds by means of hydrogen isotope exchange

with liquid ammonia, Absorption spectra of substlbuted

- polynitrobenzenes in liquid ammonia were discussed by Fosber

and Mackie (1962), Huckel and Jennewein (1962) reduced and
methylated l-methyl napthalene. FPhenanthrene was reduced
with sodium by MeJer (1961)., And finally, mention should be
made of the fact that Reinaecker and Roloff (1961) prepared
catalytically active nlckel by reduotion in liquid ammonia,

(The préparation_of.catalytic nickel, although an inorganic

reaction, was thought to be of chlef interest to organic

chemists interested in the hydrcganaﬁion of arganié
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compounds, )
In oconnectlion with organo-metallic compounds, Behrens
has partloipated in the investigatlon of the addition of

“metallic carbonyls to liquid ammonia with an article (Behrens

and Hagg, 1961) on the binuclear metal ccmpounds of chromium

nd_molvhdenum and with two papers on

10 R N O O S N

S Y] . y—— LR

(TR AT TR UG Y 00 OO L S (5

dinickelate (-1) (Behrens and Lohoefer, 1961; and Behrens,
Zizlsperger, and Rauch, 1961). Behrens and Zizlsperger (1961)
reported on the reactlons of nickel carbonyl with liquid
ammonla and with sodium borohydride in liquid ammonia,

Applications to High Frequency Tiltrimetry. The fac-
tprs which determined ﬁh@ sglection of particular liquid
ammonia reactlons for study by high frequency methods fell
into two categories; and, although the gross features of
these categories were apparent, 1t was believed that some of
the less obvious aspects were of sufficlent interest to
warrant discussion and exemplifieation,

1, Titrahiona in which 1cn1é gpecies were precipitated
would have caused large changes in instrument
response and would have gilven sharp end points as
the eapacitance of the cell decreased suddenly.

Some metathesis and neuxralization reactions
belonged to this category; but of even greater
“interest were the reactions of a conducting
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species with the solvent, For example, in an
earlier portion of this chapter, 1t was m@nﬁiohed
that the highly ionic sodium-ammonia solution was
converted (when catalyzed) to a suspension of
insoluble sodium amide with hydrogen gas bubbling
out of the mixture, as shown in equation (1).
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2 Na + 2 NHy —— éNay_rL&,\_ + Hy | (1)

During the time that the sodium concentration
exceeded the response limits of the titrimeter,
no deorease in cell capacitance would have been
observed, but as the podium concentratlion decreased -
to within the sengitive range of the titrimeter,
the instrument readings would have decreaged,
along with the sodium conaentratibn, until the

"no response” pattern of insoluble sodium-amide
was obtained as a constant reading., A titration
curve like the one shown in Figure 2a would have
resulted from such & reaction, The reaction of an
alkall metal bo glve a soluble amide, for example
potassium, probably would not have resulted 1n &
"ugeable" titration curve.

The time required for a given weight of sodium
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End point

Instrument response

" Tifféfi&h“;a}{gﬁig”:'“"“ e D ;

a. Reactions resulting_in decreased cell capacitance,

End point

Instrument response

Titration variable

b. Reactions resulting in increased cell capacitance.

Figure 2. Characteristic high frequency titration curves,
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to veach the "end-point" sould have been measured
(part A of the titration curve) and used to cal-
culate rate congtants for the reactiong or the
portion of the titration curve that represents the
maximum change in instrument response (part B of
the titration ocurve) ocould be followed by an auto=

01 . R T O A S R

matic recorder to give a sensitive indication of
time versus sodium metal concentratlon, again
permiting the caloulation of rate constants,
Metatheses and neutralization reactions would
result in a curve like that of Figure 2a only in
those cases where some of the reacténts were ionlc
aﬁd all of the products of the reaction were
elther ingoluble or ncn-idnie. Many reactions
that at first seemed to be of these types would
have had sufflclent lonle concentratlon remaining
after the end point to exceed the response limits
of the titrimeter and, therefore, would have been
difficult to work with unless the concentrations
of reagents were carefully controlled, Edquation
(2) nas been written to represent a neutralization
reaction that would result in curve la; and
equations (3) and (4) have been written to repre-
gsent a agomparable neutralization reactlon and a
metathesis diffioult to follow by means of high
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frequency titrimetry, even though there would be

fewer lons present after reaction than before,
In the equations, solid substances of low solu-
b1lity have been underlined and soluble specles

have been shown in 1onic form,
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K" + ONH,™ 4 (NH))p80, — Ky80, + NH, (2)
XK'+ NHp™ + NHyT + I —> KY 4 IT 2NH3 (3)
Ba't + 2NO3” + 2NH,* + 8™~ —>  BaS + 2NHy* + eNog™  (4)

Titrations in which insoluble substance react to

form soluble, lonlc species would have resulted
in large changes in instrument response and would
have given sharp end points as the capacltance of
the cell increased suddenly, A similar change
would have occurred in those cases where a non-
ionic substance reacted with the solvent (op some
other non-ionic molecule) with the formation of
ionic products, In such instances,; a curve like
the one 1n Flgure 2a would have resulted.

Neutralization reactions could have resulted
1ﬁ curve 28, 1f the original acld or base was

Insoluble and the final solution contalned a

LN,
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soluble salt, However, if elther the rescting

acid or the base was insoluble and the resulting

RN 3 At W 8 0110 Psted bt o

salt was also insoluble no titration curve would
have been obtained., Similarly, if both the
reacting acld and base were soluble and the

resulting salt also soluble, no titration curve

would have resulted, Equation (5) has represented
a neutraiization reaction that would have resulted
'in the type curve shown 1ln Flgure 2a, The part of
the curve that was generated subsequent to the end .

point was essentially the salt response curve for

I3l J)uasan

the salt formed in the reactlon.

1

"y

NaMHp +MNH +I° —> N +I° 42 Nig (5)

The solvolysis reactions of alkyl halides

would have resulted in the formation of curves

=

like 2b, A generic substance has been shown under-

Hek

going such a reactlion in equation (8).
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RX + 2 NH3 —> RNH, + NHy* + X~ (6)

However, these reactions have been catalyzed

by ammonium lon, and it would have been possible

[ I R & [ |1 K N A R

to use such a large concentration of the catalyst
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that no titration curve would result,
| Titration curve 2b could have been used for
rate studies in a manner analogous to the use made
of curve 2a, The reaction up to the end point

could have been timed, or the section of the curve

ML
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have been recorded to get an accurate indication
of the concentratlon changes versus tlme,

The discussion presented in this section of the

- ehapter hasg been limited to'those reactions in which large

changes occured in the concentration of ions, and the pre-
gent investigation has been desligned to investigate such
changes., By the careful selection of the substances involved
in a particular type of reactlon so that the solubility and
ionic changes result in large Ilnstrument response, it has
gseemed possible to study a variety of reactions involving
acid-base neutralizations, oxldation-reductions, rate studies
and organic synthesis,

No doubt more mubtle changes in Instrument response
also would have had interest. Presumably the high frequency
tltrimeter could have respondéd to dielectric changes less
déastic than those represented by molecule-to-ion conversions;
for example, the solvolysis of an ester to an acld amide. A

preliminary investigation of the capacitance changes in the

hf-cell by the addition of high dielectric, non-ionic

with rapldly increasing instrument response could



molecules to liguid ammonia could have beeh a step toward

the study of such reactions.

43

20 28 O 1 O L

ERERESTRTRRINS .‘\.1[4;&.“‘1&.1‘ [

RN L T

I ——————————



CHAPTER IV
A TITRIMETER CELL SUITABLE FOR USE AT LOW TEMPERATURES

Degign. The arrangement of electrodes in cells used
in conventional room-temperature high frequency studies has

been investigated by many researchers, and a survey of the

efforts suggested three major deslgn categories as iIndicated
in the schematlc drewing of Figure 3, The unusual designs of
Conseiller and Courtelx (1958) have been largely ignored by
other investigators,

The decislion was made to modifly the design shown in
Figure 3¢, by enveloping it in an evacuated Dewar-type glass
Jacket; (1)L1n order to keep a uniform separation between.
fixed concentrlc electrodes, and (2) in the bellef that the
dielectric material between the electrodes was being sub-
Jected to more uniform stress than was possible with designs
3a or 3b, |

The slze of the electrodes was arrivéd at in consulta-
tion with Dr. H.Q. Eﬁye (1961) on the basis of his experience
with both the 120 megacycles per second instrument bullt as
the University of the Pacific (Clinkscales and Frye, 1960)
and the commercially avallable 5 megacycies per second
Sargent Model V Chemlcal Oscillometer., The final dimensions
were chosen to glve a cell that responded t0 each of these

avallable inastruments, and the result is shown schematically
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a. Curved electrodes

45

b. Side and bottom eiectrodes

Figure 3. Three main types of cells used with high

frequency titrimeters.

¢c. Concentric-band electrodes
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in Flgure 4.

.Gonstructiohﬁ The glass walls of the cell consisted
of conventional pyrex tubing with the inside cylinder belng
twenty-five millimeters, inslde dlameter, and the middle
cylinder being forty-five millimeters, inside dismeter, The

outslde cylinder was seveniy-five millimeters, ingide diam-
eter, The copper electrodes were cut from twenty gauge
copper sheet and silver soldered Into twenty-five millimeter
wide bands of the appropriate dismeter to allow a firm £it
againgt the respe@tive glasg surfaces, OStranded elghteen
gauge copper wire was silver soldered to each electrode, and
each plece of stranded wlre was also silver soldered to
twenty-four gauge tungsten wire which was the portion of the
electrical lead that passed through the outside glass wall of

the cell, The use of tungsten minimlzed the problems inherent

in making a vacuum-tight glass~to-wire seal, but tungsten was
not sultable for the entire lead because lts stiffness would
‘have caused undesirable ahifting of the electrodes during the
process of annealing the glass portion of the cell, After
the electrodes were in place and the leads brought through
the glass wall, the bottom of the outside glass cylinder was
rounded off and attached to & plece of twelve milllmeter,
inside diameter, heavy-walled glass tubing suitable for
attachment to the vacuum pump, The cell was annealed and thé
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Figure 4. The hf-cell for low temperature studies with
high frequency titrimeters.
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electrodes were cleaned of copper oxide with dlilute nitric
acld., The pressure Iin the Dewar sectlon of the cell was

reduced to 10"'6

millimeters of mercury, and the bottom tube
was sealed off, The cell held approximately fifty milli-
liters when filled to the top of the inner cylinder and 125

milliliters brim full, .

| The resulting low temperature cell was labeled the
hff-cell as a conveniently short name, suggestive of both
its originators and its function,

In order to attach the hf-cell to both the CF-120
Titrimeter and the Model V Chemlical Oscillometer in a manner
that would minimize the effects of extraneous electrical and
maghetlc flelds, the cell was mounted in a silver plated
brass eylinder, recovered from war surplus radar equipment,
The elghteen gauge brass ground-ring, shown in Figure 4, was
desligned to serve also as a suspendlng support which centered
the hf-cell in the cylindrical shield, as shown in Figure 5,
‘The tungsten wires projecting from the outside wall of the hf-
¢ell were soldered with electrical grade tin solder to
stranded wireg leading to a bakellte case equipped with
banana prongs arranged to plug directly into the 0F~1éo
- Titrimeter, Alligator clips from these banana prongs to the
coaxial cable input of the Model V Chemical Oscillometer
permitted convenient interchange of the hf-cell between the

two Instruments.

;
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Pigure 5. The hf-cell in its metallic shield.
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When used at room temperatures, no particular atten-

tion was given to the problem of sealing the brass cylindri-
cal shield so as to keep condensed moisture away from the
tungsten leads, However, at btemperatures representing the
liquid range of ammonia, all openings in the cylinder were

sealed with plastie electrieal tape or rubber cement. .

This seal inecluded the oylinder-to-glass section where the
top of the hi-cell extends from the shleld, Glass tubes of
caleium sulfate drying agent were loosely plugged at each end
. with glass wool and taped lnside and to the béttam of the
shield, thus keeping to a minimum the vapor pressure of water
in the sealed-off space, ,

Cell Capacitance Caléulatiogg, The mathematical

relationships pertaining to thé design of cells compatible
with a partloular oscillator were thoroughly described by
Sherrick, Dawe, Karr and Ewen (1954), and have not been
summarized in this dissertation., The same authors develobed
equations for caloulating the cell ocnétants of concentrilc-
band cells, analogous Yo the bf-cellg,and the pertinent
relationships have been organized in Table VI for conven-
lent reference. |

The entire grauplef equations rests on the assumption
that the capaciltance of ﬁhe cell was equivalent to a single

parallel plate condenser where the metal plate areas were
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SUMMARY OF BQUATIONS POR CALOULATING OELL CONSTANTS,
CAPACITANCE, AND DIELEQTRIC CONSTANTS IN
HIGH FREQUENCY RESEARCH

“Fquation ' ,
Nunmber Relationship¥ Comment
¢, G4 For determining the
41 G total capacitance
Cq + 5 of the system.
¢_ ¢ A special form of
42 ¢ m‘a”g$“%” 4«1 with air or a
g 0 vecuum in the cell.
¢ |
G, + 8z + 1) For the determina-
: - 8 ) tion of dlelectric
4= K = = gr— congtants fron
G - 8(=2 4+ 1) - ingtrument dial
g " Gg ' units,
S, For getting € /C, to
4~4 5 = o 5 with
¢ use in 4~3% with
g nonionic systems,
¢, 8, For getbing c-o/cg o
4-5 0. % K (5 R use in 4«3 wi
) A By ™ - in 4«3 with
g wiRCl k@l ionic systems.
, For ealculating di-
46 g = Ai§§3~;l electric constants

from scale unlts
without €,/C

> S .bdls héﬁe’been deéeriﬁ@d in

the dissertation,
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he
gseparated by two kinds of dielecotric material: (1) the glass
walls between the metal rings, and (2) the fluild in the
annular space of the cell. Because the two glass walls were
constant in thickness and dielectric constant, the total
capacltance (C) was considered as that 6f two capacitance

in series, one of the capacitances baing;fixedf(ﬂg),and the

other variable (Cg), When the cell contalned air (ideally a

vacuum) with a dielectric constant (K) of one, the total

capacitance was glven the notation C,, The term S was used,
with an appropriate subscript, to represent instrument scale
readings, Thus S; and Sp stood for two diffevent instrument
dial values in a particular experimental determination using
solutions with dlelectric constants of K; and K, respectively,
Simllarly, the Sgnq and Sy represented instrument dial values
taken with potassium chloride solution and water, In order to
convert instrument dlal values to absolute capaciltance units,
the various cell constants needed to be evaluated by compar-
ison with a standard condenser,
Attention has been called to the qualitative differ-

ence of the instrumental response obtalned in systems of low

dielectric constant and that obtained in ionic solutions,

Equations 4-4 and 4-5 have been developed to allow determl-

natlons to be made in elther type of system,
Equation 4-6. involved two generalized constants

A and B. By measurlng the 8 values of two different known
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dieleetrie liguids, simultaneous equations were set up which
permitted caloulation of A and B, Once established, the
values of A and B were used to determine K for other liquids
in subsequent measurements, The use of equation 4-6 resulted

in the avoidance of a caleulation of Oo/Cg+ In actuality A

1 2
(g -wi)
&

which ineludes effeots.caused by the inductence (L) of the

system and the frequency of the instrument (w = 27T7f).

is_equal to C; and B iz equal o Cy multiplied by the term
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CHAFTER V
THE FREPARATION OF REAGENTS

Liquids. The liquids used in this investigation were

water, methanol, ethanol, acetone, carbon tetrachloride,

l-iodopropane, benzene and ammonia. The detalls regarding

source, purlty and speclal treatment have been glven fopr each
substance, |
| Water from the dlstilled water tap in the laboratory
was redistilled in glass equlpment without a fractionating
column and stored in a glasg-stoppered borosillcate bottle
equipped with an "ascarite" tube to minimize re-solution of
carbon dioxide.
Methanol was purchaged from Matheson, Coleman and Bell,

The "absolute, ACS Analyzed Reagent" was stored in a glass
stoppered borosilicate bottle and used without further treat-
ment. ~

- Ethanol was purchased from Commercial Solvents Company.
The anhydrous product (tax-free, 200 proof) was transferred
from the original filve galldn container, stored in glass
stoppered borosilicate bottles, and used wilthout additional
treatment.

_ Acetone was obtained from a stock room bottle that
was not the original cbntainer. The liquid was stored

several hours over freshly heated silicon dioxide drying
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agent and distilled in glass equipment without a fractiona-
ting colurin, The middle 80 per cent fraction of the sample,

distilling at 57°C. (uncorrected), was stored in a glass-
stoppered borosllicate bottle, Wash-grade acetone, of no

gpecial purity, was used to make the 602 slurries.

Carbon tetrachloride was obtained from a stock room

- - - - ¥ s 2 ———— —

bottle which contained no information regarding its source.

The material was stored for several days over [reshly heated
silicon dioxlde drying agent and redistllled in glass equilp-
ment without a fractionating column, The middle 80 per cent
~ portion of the sample, distilling in the range T4.5 - 76.0°C,

(uncorrected), was stored in a glass-stoppered borosilicate

bottle, |
The 1~iadopropane, obtained from Matheson, Coleman
and Bell, was used without addltional treatment. The bolling
point range was given as 100-102°C,
Benzene was withdrawn from a bottle in the stock room
which was not the origlnal container. The liquid was dried
several hours over freshly heated silicon dloxide drylng

agent, and distilled in glass equipment without a fraction-

BRI i R i S

ating column, The middle 80 per cent portion, boiling in the
range 80.0 - 80,5°C. (uncorrected), was stored in a glass-

stoppered borosilicate bottle,

g TR R

Ammonia was purchased from the Braun-Knecht-Helmann

JEF A

Division of the Van Waters and Rogers Company., The
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refrigeration grade, anhydrous material was delivered in a

350 pound pressurized tank (96 p.s.i.g. at 60°F,) equipped
with an X-type dip-stlck outlet valve, By rotating the tank
to the approprilate side‘it was posslible to remove elther
liquid or gaseous NH3., All of the liquld ammonla used as a

solvent in the present research was drawn from the eylinder

il e
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as a gas and condensed (carbon dioxide-acetone slurry) into a

glass vessel conbtalning pieces of sodium metal, The inlet

tube of the glass vessel was arranged so that incoming gas

was bubbled through a solution of sodium-in-ammonia and the

' space around the inlet tube was packed with glass wool,

Thus, the glass vessel served as a "scfubberf for the 1néom1ng
ammonia.gas, After a sufficlent quantity of gaseous ammonia
was condensed for a titration, the liquid was allowed to
warm up and pass from the "gerubber" to the hf-cell in the
gas phase, The purified ammonia gas was re-condensed into
the hf-cell by means of a cold finger filled with a carbon
diloxlde-acetone slurry. |

The "scrubber" served as a purifier of incoming
gaseous ammonia, even after its own‘supply of metal-in-
ammonla solution had been 1os£ as a result of ammonla evapora-
tion. The unreacted sodium metal from the sodlum-in-ammonia
éolution waes deposited over the entire surface of the glass

wool, resulting in the exposure of "make-up" ammonla gas to a

large surface area of sodium metal. The "make-up" gas was
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occasionally required to adjust the amount of liquid ammonla

in the hf-cell to the desired volume,
The ammonia inlet train included a graduated cylinder
fastened to the cold finger by means of new, black-rubber

pressure tubing. Occasionaily, the gas evaporating from the

L. NERL NG IRE LT STy

to obtain an accurate liquid volume measurement, In those
instances, the liquid was poured from the graduated cylinder
through the rubber tubling and into the hf-cell, At no time
was there any residue In the hf-cell that would suggest

~materlals had been leached out of the rubber tublng by the

liquid ammonia, but no specific testé were performed to prove

that such was the case,

Solids. Most of the solids consisted of salts and
the treatment was determined largely by the detailled proper-
tles of the particular compound. A large group of recently
purchased, freshly opened, non-hygroscopic salts were merely
stored 1n desslcators over anhydrous calcium sulfate, For
convenlence, salts of that type have been listed ln groups
according to source so as to avold a tedious repetition of
the procedures used in working with them., Salts requiring
special treatment have}been discussed individually.

Lithium fluoride and sodium bromide were obtained as

~ "Certified Reagents" from the Fischer Sclentific Company.

"scrubber" was cohdensed into the graduated cylinder in order

o
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The K and K Laboratories supplied rubidium chloride,
99.8 per cent; rubldium bromide, 99.8 per cent, caesium
chloride, 99 per cent, and caesium lodide, no per cent purity
given. |

Ninety nine per cent pure cobalt trifluoride was

purchagsed from A D, Maglay, . .

3 2 LD gdyg—2

Baker and Adamson supplled reagent grade A.C.S,
potassium chloride crystals; reagent grade potsssiuvm fluoride
(anhydrous, granular); reagent grade A.C,.S, potassium bromide
crystals; reagent grade A,C,S8, sodium fluoride powder;
reagent grade A.C,S, cupriec nitrate crystals; reagent grade
cupric bromide; and reagent grade granular ammonium sulfate,

Anhydrous caleium sulfate, "Drierite,” was the product
of the W,A, Hammond Drierite Company.

The J,T. Baker Chemical Company was the source of C,P,
~chromium fluoride powder; "Baker's Analyzed", C,P, cadmium

containing 99.2 per cent of the hexahydrate,

A few materials were stored in bottles that were not
the original aontainers;zand therefore; the original purveyor
was not determinable, The general appearance of the compounds
suggested that they were reasonably pure, 8o no attempt
was made to purchase new supplies with preclsely known |
purities, Substances in this category were; sodium lodide,

sodium metal (approximately one pound extruded chunks,
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| ghloride, The resulting white

59 -
stored under xylene), potassium metal (stored under

toluene), sodium chloride (labeled U,S.P.), and antimony

trifluoride (a student preparation). |
The only avallable ammonium lodide contained a brown

iodine impurity which was washed out with carbon tetra-

The resu 10 W granules were dried in

8
vacuum desiccator over anhydrous caicium sulfate,

Ammonium fluoride was prepared by neutrallzing aqueous
HF (stored in a wax bottle) wilth concentrated reagent grade
ammonlium hydroxlde, The resﬁlting solution was flltered
through paper and evaporated to dryness at room temperature

in a vacuum desiccator,

| Silver iodide was prepared by adding a slight excess
of tenth molar agueous silver nitrate to a concentrated sol-
ution of ammonium iodide, The resulting yellow precipitate
‘was flltered out on a fritted glass funnel and washed
successively with one molar ammonia, distilled water, and
~acetone., The product was dried at reduced pressure in a

vacuum deslccator over anhydrous calcium sulfate,
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CHAPTER VI
THE USE OF THE HF-CELL WITH THE CF-120 TITRIMETER

Titrimeter Modifications and Operation., The mounted

and shlelded hf~cell was designed to connect, by means of

three banana plugs, directly into the titrimeter, re

&

placing
the plastic cell and the assoclated cell holder deseribed
in the Clinkscales (1957) University of the Pacific thesis,
Two minor chénges were made in the output detection
seation of the instrument, The ear-phones were replaced with
a Heathklt Laboratory Oscllloscope, with the beat-frequency
being fed into the vertical input; and the National "one
thousand-to-one" dial, which had become defective, was re-
placed with a somewhat less sensitive dial obtalned from
war-gurplus radar equipment, The replacement dial had
approximately & two hundred-to-one ratio. The exact ratio
between the fine and coarse dials was not considered important,
because only the difference between successive readings was
used in plotting the final titration or response ourves,

: Reprodueibility of readings of the fine dial‘was
investigated by repeaﬁedly turning the dial clockwise and
knqunter-clcckwise past the resonance point, On the basis of
about 200 readings, the reproduclbility was found to be plus
or minus three., When the coarse dial was changed and an
attempt was made to set 1t back to the place from which 1t
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was moved, without watching the oécilloscope, the repro-
ducibllity averaged plus or minus eleven fine-dial units,
with an ocaslonal variation of as much as twenty-five fine
dial units; Howéver, when the oscllloscope was watched, it

was possible to set the fine dial at any desired point and

adjust the instrument by means of the coarse dial until the .

ARSI . 1161 o Y I B

resonance péttern appeared on the oscllloscope., This was
interpreted to 'mean that only the reproducibillity limltations
of the fine dlal were of significance in the operation of the
CF-120 Titrimeter, ;

The titrimeter signal on the oscllloscope was capéble
of being adjusted to a thin-lined, practically flat ellipse
with the long axls symmetricélly oriented around the
horizontai zero-line of the oscilloscope, When resonance
was almost established,’the signal line broadened in the
vertical direction to a maximum determined by the setting of

the variable resister in the output of the CF-120 Titrimeter,

. At the exact point of resonance, the oscilloscope signal
wﬁwguﬁdenly collapsed to practically zero and then, Just as

- suddenly, returned to maximum as the dial was turned past the

pointAof reéonanqe.

The oircuit of the CF-120 Titrimeter generated
harmonic resonances which caused the oscilloscope to go |
through the same rise-fall-rise pattern as did the funda-

mental resonance. The harmonic resonances appeared when the
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d1al was turned eilther clockwise or counter-clockwise f£rom
the fundamental resonance, but the extent of the vértical'
rise of the oscilloscope signal was considerably less than
the rise obtained for the fundamental resonance. By adjust-

ing the fundamental resonance to give a full scale vertical

LI A% I 1TV T LT

units on the Heathklt Oscilloécope picture tube, 1t was
possible to estimate the intensity of the harmonic resonances
by measuring the extent of thelr vertlcal broadening., Two
categories of harmonic resonances were observed, those of
medium Intensity, gilving essentially & half-scale rise of
about fifteen to twenty unitas, and those of weaker intensity,
generating a rise of six to eight units, After some pracgtice
with the instrument no diffieculty was experienced in deciding

when the fundamental resonance was being observed.

Responge Patterns, When the hf-cell was plugged into .

the CF-120 Titrimeter and an attempt was made to follow the
changes in all of the resonances, both fundamental and
harmonic, as the cell was filled with liquid, a bvewlldering

'sequence of chenges occured as the level of the liquid

increased, Both harmonic and fundamental resonances appeared
on the oscllloscope at a partilcular liquid level, and these
changed systematically as the liquld level rose, Eventually
however, when fhe hf-cell was filled to a point past the

rise Just prior to the resonance dip, & rise of thirty-four
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lower edge of the ground ving, a particular fundamental
resonance; with 1ts associated harmonics, became stablized.
Figure 6 shows the f£illing pattern observed with water and
acetone. (Acetone was chosen for work at room temperature
because it had a dielectric constant approximately the

same as liquid ammonia at its boiling point). The filling

pattern for the acetone below thirty milliliters was omitted
to increase the leglbllity of the figure, but it closely
paralled that of water, |

No signiflcance has been attached to these patterns
below the forty milliliter or "full" level of the hf~-cell,
Above the "full" level, the presence of harmonics along with
the fundamental resonance made 1t imperative that the
operator of the instrument follow a particular signal through=-
out the course of an experimental determination.

It was apparent that the hf-cell should be filled
wlith at least forty-five milliliters of liquid in order to
give pignals at a constant dial reading, but in practioce,
stirring the contents of the hif-cell required at least
seventy-five milliliters of liquid, Thus, experimental
difficulty was not created by the fluctuating response
pattern obtained when the cell was‘partially filled.

An interesting applicatilon of these filling pattern
data was envisioned when a large dial change was expected in

a partlcular determination., In some cases, Tor example 1If
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Migure 6,

CF-120 Titrimeter response pattern when the
hf-cell is being filled with water or acetone.
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acetone was the solvent, it was desirable to follow the
Increase 1n the weak harmonle rather than the fundamental so
as to leave more "room" on the dial for dial increases ocour-

ing during the experiment,

Experimental Resultg, The capacitance of the hf-cell

was 500 large to permit the use of significant amounts of
lonic substances in aqueous solutiong., When attempts were
made to study lonlc solutions, the CF-120 Titrimeter cesased

to resonate in a manner that could be followed by the
oscilloscope, From the operators point of view, the harmonic
beling tracked on the diél went off scale and no other

harmonic respnances appeared at any point of the dial,

- Suddenly, the signal just ceased to exist, To a degree; the

same problem was encountered even when a liquid with a lower
dielectric constant than water was used as the solvent; but
oseillation could be maintained if, rather than lonlc sube
abancés, some low-dielectric material was added to the
solvent, |

The results obtained with the addition of water to
methanol and acetone have been summarized in Figure 7. The
cholee of these solvents reflects the fact that their
dlelectrio constants bracket that of liquid ammonia at its
bolling point.

In Figuve 8, the results have been shown of an atbtempt
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Increase in coarse dial units.
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Ml. of water added to 75 ml. of solvent

Figure 7, Kesnonsn curve of water in acetone and methanol,
using the hf-oell and the CF-12O Tritrimeter. '

P PR R 1( 1.1 [ER] [ucoi f (HINRH . K

FUNEE RS 4 [T 1 1T R NI N RO

TR



67

3000 |-

fine dial| units.

Increase in response,

2000

1000 b

* The Titrimeter signal ceased
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Figure 8. CF-120 Titrimeter response curves for aqueous
KCl and for water added to acetone in the hf-cell.
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to add a salt to a solvent such as acetone which has a low
dielectric constant in comparison with water, Aqueous
solutions of potassium chloride contalned sufficlent water to
keep the salt 1n solution in the acetone; but, the CF-120

Titrimeter ceased to oscillate when any significant amount of

;

salt was added. The titration curve with pure water was
1ncludéd for comparative purposes, The low lonic concentra-
tions permissible and the lnherent undesirabllity of working
with a three component mixture caused an abandonment of this
type of investigatlon,

The use of salts which dissolved directly in the ace-

‘toné, without reQuiring the solubilizing effect of water, was

consldered a more promising area of study. The addition of
acetone solutions of cadmium iodlde to pure acetone was
1nvestigéted and the results have been presented in Figure 9,
The equipment arrangement permitted the slow evaporation of
acetone during the tltration, and the resultant temperature
change caused significant changes in instrument response.

By knowing the slope of the response-temperature ocurve (to be

discussed later), it was possible to correct the raw data as

shown for the ,0100 M CdI, titration, but the uncor-
rected curve was omitted to improve the legibllity of the
Flgure,

SO | (O] 1o LR ]



I I [

69

0 .10mM Od'12 in acetone

O .o010 M CaI, in acetone
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Figure 9. CP-120 Titrimeter response to acetone solutions
of Cd12 added to acetone in the hf-cell.
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Because of the low tolerance for ionlc compounds,
displayed even when acetone was the solvent, 1t was decided
nqt to attempt to use liguld ammonia in the hf-cell with the
CF=120 Titrimeter, at least until considersble experience
was obtained with the ammonia and hf-cell and the less

sensltive Sargent Model V Chemlcal Osolllometer,

ke . I L LT K T

Comments on instrument operation, One aspect of the

operation of the CF-120 Titrimeter was uncovered that con-
fllcted with the informatlon supplied by Clinkscales (1957)

| who Indicated that the voltage supply was set at about 300

volts, In this inveétigation, the covarse dial of the CF»lEO
Titrimeter was set at thirteen, the hf-cell was filled with
atr, and the fine dial was used to establish resonance at
different voltage settings. The strongest respcnse'was
obtained when the valtage was 190 volts, and thils gave a
cO?responding power supply current of about twenty-six
milliamperes, All of the data reported in this dlssertatlon
were obtained with the power supply set at 190 volts,
Instrument warm-up was not necesgsary for the protracted
periods of time suggested by previous lnvestigaters, Lowpry
(1958), Lewis (1959) and especially Abraham (1961) turned

- the CF-120 Titrimeter on several hours before they used 1t,
- gtating that the purpose of the long warm-up was to minimize

instrumental drlft during an experiment. For,ﬁhe present

T p——
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investigation, the tubes were all checked and those that
~ appeared sub-standard, in any way, were repiaced. in
Figure 10, the change in ingtrument response with time has
been plotted, using the hf-cell filled with seventy-five
milliliters of water, Little drift ocoured except during

the first few minutes of operation,

Temperature fluctuations; ocouring in the hf-cell
during a titration, were reflected 1in the Instrument response,
as shown in Figure 11 and Figure 12, The slope of the instru=
ment response-temperature curve for fine dial readings was
found to be minus twenty-seven fine dial units per degree
when acetone was the liguid (Figure 11)., A less sensitilve
measurement (Figure 12) was obtalned for the coarse dial
unlts, but these data were interestlng because they permitted
& rough comparison of the surprisingly different slopes of
the instrument response~temperature curves of acetone and
water. The slopes were -.09 and ~.03 coarse dial units per

- degree, respectively,
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Figure 10. The effect of warm-up time on the response
of the CF-120 Titrimeter with the hf-cell and 75 ml.
of water.
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fine dial units.

Increase in response,
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Slope = -~ 27 units/degree
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o i - -
0 10 - ° 20 30
Temperature, C.

Figure 11. The effect of temperature on the response of
the CF-120 Titrimeter, using the hf-cell and 75 ml.
of acetone.
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Figure 12, A comparison of the response-témperature
‘relationship of water and acetone, using the CF-120
Titrimeter and hf-cell with 75 ml., of liquid.
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CHAPTER VII

THE USE OF THE HF-CELL WITH THE SARGENT
MODEL V CHEMICAL OSCILLOMETER

Titrimeter Modification and Operation, The major
modiflcation of the Model V Chemical Oscillometer consisted

of replacing the conventlonal tltration cell with the hf-gell
and the auxillary apparatus needed to work with liquid
ammonia, '

The hi'-cell was attached by means of the three banana
plugs proJjecting from the c¢ircular, black-plastic box, visl-
ble in Flgure 5. One of th@ threaded couplings was removed

from the transmission cable, supplied as standard equipment
with the chemical Oscillometer; and alligator c¢lips were
soldered to the core-wire and to the outside, woven shield,
The alligator clips were atbached to the two banana plugs
leading to the hi-cell electrodes., A separate wire, with an
alligator clip on each end, was used to ground the third

g
E
g
E

banana plug to the metal sghell of the oscillometer, To add
rigidity to the connection between the hf-cell and the

I |

Chemical Oscillometer and to shield the connections against
external eleotrical and magnetic effects, a cylinder of

copper gauze was taped to the black box and around the trans-

AT I T T A Ea]

mission cable, Also, the gauze was grounded to the Chemical

S

Oscillometer chassis,
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The equipment needed to f111 the hf-cell with liquid é
ammonia, to keep the system stiﬁred and at constant tempera- ;
bure, to add solid or liquid samples, and to aspirate the
hf'-cell contents have been shown schematically in Figure 13,
The coid—finger was filled'with a solid carbon dioxlde-

acetone slush to gondense ammonia into the hf-cell, After =

the desired quantity of ammonia had condensed, excess solld
carbon dloxlide was removed from the cold-finger and small
pleces were re-added at intervals in order to keep the
hf-cell contents at the bolling point of liquid ammonia,
The temperature of the acetone In the cold-finger

varied from -369C, to -429¢, depending on the experimental

conditions, but In all cases 1t was possible to maintain the
temperature of the hf-cell contents within % ,1%, of
~33.40C,, the boiling point of liquid ammonia,

| During many of the experiments, an A.8.T.M 33C ther-
mometer, -38° to +42°C,, was used to determine the tempera-
ture of the hf-cell contents, but 1t was found equally

feasible to observe the manometer and adjust the celd»finger‘

:
:

temperature to give a pressure of one atmosphere in the
hf-cell, Variations in atmospheric pressure were not suffi-
glent to affect the bolling point of the liquid ammonia more

o1 JROT [T 61 (T T T T

than the ¥ ,19C.; and, therefore, the thermometer was not

uged In some of the experiments; rellance being placed on f

the observation of the manometer.
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- Figure 13. A séhematic»diagram of the shielded hf-cell,
: equipped for use with liquid ammonia.
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S0lid samples were added to the liquid ammonia in the
hf-cell as individual crystals or pellets, welghed to the
nearest ,lmg, The space above the ground-glass seal of the
"sample-adder” was evacuated with a Welch Duo-Seal pump and

refilled with air passing through an anhydrous calclum

sulfate drying tube. (In cases where the solid was something

1L JRT 2T ISRECL 1 W

I R

1like sodiﬁm metal, capable of reacting with dry air, the
evacuated space was filled with helium,) The rubber cap was
rémcved, the sample quickly added, and the cap replaced,

Any molst air admitted with the sample was re-evaéuated and
the chamber was again filled with dry air (or helium), On
1ifting the glass rod to open the ground-glass seal, the
sample fell into the hf-cell,

Liquids were added by inserting & syringe needle
through the rubber cap above the ground-glass seal and inject-
ing a sultably sized liquid aliquot which fell into the hf-cell
when the glass rod was lifted, For small samples, the hold-
up around the glass seal was so large that the "sample-adder"
was replaced by a short length of straight glass tubing |
topped with & gum rubber cap suitable for use with a syringe.
Thus, 1t was poaaible to inject the sample directly into the
hf~cell and, if desired, to have the tip of the syringe
needle below the surface of the liquid ammonia,

The stirring rod entered the hf-cell through a glass

gleeve which was filled with Dow Corning Stopcock Grease
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S8ilicone Lubricant, To improve the ability of the seal to

resist pressure variations within the hf-cell, a twenty centl-
meter length of rubber tubing was used to extend the glass
gleeve, and the dlameter of the tubing was such that a small
torque was required to turn the stirring rod, even when lub-

ricated with the sllicone grease. During an experiment the

S T
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rubber tubing temperature would rise to about 50°0.3 but by
careful selection of its diameter and by keeping plenty of
silicon grease between the glass and the rubber, a seal was
obtalned that would withstand a vacuum of about 200 mm, of
Hg and a pressure of about 50 mm, of Hg, During the extremes
of pressure encountered when‘ths hf-cell was being filled
with ammonia or aspirated to bemove the products of a
reaction, the stirrer was stopped and the rubber tubing was
wired to the glass stlirring rod.,

After the completion of an experiment in the hf-cell,
the contents were aspirated into an ad joinling vessel and the
liquid ammonia was recovered by condensing 1t in the
"sorubber." The hf-cell and 1ts assoclated apparatus was
cleaned, rinsed with acetone, and reassembled for the next
experiment. Prlor to re-filling the hf-cell with ammonia,
the system was drled by being evacuated to below ,1 mm, of
He. _

During the cleaning process 1t was possible to

visually inspect the hf-cell to see if any undissolved

g
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resldues remained from solid samples added during the pre-
vious experiment. DMNMost of any precipltate formed during a
reaction was sufflclently finely divided to be aspirated with
the liquid ammonia,

The operation manual for the Sargent Model V Chemical

Oscillometer was written before the "Internal Reference'

capacitance was added to the instrument. Thus, the procedure
used in this experiment was slightly different than that
described in the manual, Rather than using the hf-cell
(empty or full of liquld ammonia) to establish a zmero-point

on the instrument dial, the “"Internal Reference" was used to

establish ﬁhe zero-point, By returning the instrument to the
"Internal Referenoe" after each reading, the zero-point was
kept independent of instrument drlft; and reproducible
instrument response was obtained within * 1 scale unit.

When the Sargent Recorder was used in c¢onJunction
with the Chemical Oscillometer, the "Internal Reference"
could not be used to establish the zero reference without
saorificing Recorder senéitivity. In such cases, the pro=-
gedures described in the operatlion manual were followed
exaotly,

The Sargent Cell Compensator was avallable as an
accessory for use with nonlonic solutions, The Cell
Compensator consisted of a calibrated variable inductance

in series with any cell used with the Chemical Oscillometer,
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By £illing & cell with a solution which exerted the maximum
- response anblelpated in an experiment, 1t was possible to
get the Cell Compensator so that the full scale, 32,000 units,
of the Chemlcal Osclllometer was belng used, When thé Cell
- Compensator was used with lonic solutions, the Chemilcal

Oscillometer ceased to osclllate at such a low lonic concen-

 tration that no practical advantage resulted,

Preliminary Studies. Prior to working with liguid
ammonia, the response characteristics of the hf-cell were .
investigated brieflvaith water and acetone,

In Figure 14, the response of the Chemical Oscillometer
to aqueous solutions of a strong acid (HCl), a weak acild
(HOAe), and a soluble salt (KC1l) were shown using the hfwcell;
and the resulting curves were completely analogous to the
curves obtained with the commercially avallable cells
supplied by the instrument manufacturer, The shape of the
hf-cell response curve was the same as for the Sargent cell,
but the magnitude of the response was decreagsed, For strong
electrolytes in the hfwcell,:the reglon of maximnm response
was obtained with concentratlons of two to four millimoles
per liter of aqueous solution, depending on the ionic specles,
Weakly dissoclated substances such as acetlc acld falled to

demonstrate a reglon of maximum response,

i
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Figure 14. Response curves for hydrochloric acid,
potassium chloride, and acetic acid added to water,
using the Sargent Chemical Oscillometer and hi-cell.
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A titration of 5 x 10”% M HC1 with .0100 M NaOH was
performed in the hf-cell, and the results have been shown in
Figure 15. The end point obtained from the titration curve
'did not agree well with the visual end point obtained with
phenolphthalein, but the shape of the curve was typilcal for

#uch titrations in conventlonal cells. Had the concentrations

of the solutions used for the titratlon been selectdd to be
in the reglon of maximum response, a greater correspondence
‘batween the visual and experdmental end points would have

been obtained. A ten-fold increase in the consentrations of

the solutiona would have been about right.

The response curves of an lonle substance, Gdla, and

of a non-ionlc substances, Hgd, in acetone have been shown in
Figures 16 and 17 respectively. The reglon of maximum res-
ponge for Cdl, occurred at about 6 x 1072 mole fraction of
salt, With water; no inflectlon poinﬁ was observed in the

response curve; and the resulting plobt was typleal of plots

obtained with non-ionlc species in the Sargent cell,
sfipecially when the Sargent Cell Compensator was used to

inerease the effective_capaé;tance of the hf-cell,
The curve resulting from the nonaqueous titration of
CdIp with NHg (both compounds dissolved in acetone) has been

%
?

plotted in Figure 18 and compared with the curve that resul-
ted when Nﬂg was added to pure acetone., An inberesting

plateau was observed in the CdI, curve, and represented a
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Figure 15. Titration of hydrochloric acid with potassium
hydroxide in aqueous solution, using the Sargent Model
V- Chemical Oscillometer and the hf-cell,
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Figure 16; The response curve for cadmium iodide in
acetone, using the Sargent Model V Chemical
Oscillometer with the hf-cell.

”o



86

+2 Y 4

o ®

= 1000 L

A ,

P J/ With cell compensator

@

&0

&

®

m' .

o )

0.

o .
9, 500 ,

= ¢

0 /.

& a. . _ e e O2 O
s ' el

5 _ O

= e Without cell compensator

A
0. ' e ——— o ————
0 8 - 12 - 16 20

Ll b

Ml. of water added to 100 ml. of acetone.

Figure 17. The titrationiof acetone with water, using
the Sargent Model V Chemical Uscillometer and hf-cell.



300 ﬁ
87
2
P i
o . |
i
g !
o !
e 1
8 H
0 H
‘@
B 200 |
o
oo o - - T {
% s
0 !
o
m‘ H
Kf. i
o l
ot
[0}
g
a Y  .0026 M CdI, in acetone
i o -
o 100
0] ;
©
Q
¥
O .
g
—~ .
Pure acetone 5
}

¢ v: 1” 2y _wu,,w.4%w.1. ,,6,”“___.V“w8,4,, o 10”
Ml. of .19 M NH3 (in acetone) per 75 ml. of solution.

Figure 18. Titration of CdI, with ammonia, in zcatone,
‘using the Sargent Chemicgl Oscillometer and - #-c=11l,



88
response that did not appear when an identical titration
was performed with an Industrial Instruments, Inc.
Conductance'Met’;er° | »

Presumably the initilal CdIa~in-aéetone golution was

dissoclated into Cd** and CA(Iy)™", and at least three reac-

ca** + 0aI"7 4 4 NHy —  Cd(NH),*+ 4 CdI,"" (7)

0d** + CAIy™T + 4 NH3 —3° 2 Cd(NHz)pIp - (8)

ca** + 041y + 8 NH; —> 2 Ca(NHy ), ™ + 4 I (9)

Equation (7) would have been expected to give only a slight
decrease, if any, in instrument response a8 the ammonia was
added, and equation (8) would have been expected to gilve a
large decrease in response. Thus, neither (7) or (8)
"explained" the shape of the titration oruve. Also, the
product of equation (8) would have been anticipated to be
insoluble, but no préoipitabe appeéred at any stage during
the titration, Equation (9) would have been expected to give

the largest initlal increase in response that was observed
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experimentally, but (9) would not have "explained" the
plateau, Several other equations could have been written to
represent interactlons between ammonia and the ions of CdI,
solutions, and perhaps the plateau was the result of a more

subtle reactlion that occurred between partially solvated

cadmium (II) or iodoeadmium (II) ions. This questlion has been

LR LLLITE

discussed further in the next chapter.

Preliminary studies in liquid ammonila consisted of
determining the 1nstrument regponse caused by the addition of
water and methanol to liquid ammonia., It was believed that
some gspecies might be added to the liquid ammonia as water
or methanol solutions, and hence it was considered desirable
to be able to estimate the effect caused by these solvents
alone. The response curves have been gilven in Figure 19,

A cursory investigation of the effect of temperature
on the response of the Chemlcal Osclllometer indlcated that
corrections due to the small, normal, temperature variations
from the boiling point of the liquid ammonia were less than
the reproducibility of the instrument scale itself, Thus, no
calibration curve relating temperature to instrument scale

was prepared,

Response Patterns in Liquid Ammonia, The largest

group of compounds for which response ocurves were obtained
was the alkali metal halides. It was hoped that variations
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Figure 19. Titration of liquid ammonia with water and
methanol at =33 “C., using the Sargent Model V Chemical
Oscillometer and the hf-cell. ‘
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in the instrument responge curves would have signlficance
for determining molar conductivities and ion mobilities in
7 liquid ammonia, The response curves for thé chlorides have
been presented in Figure 20, and those for the potassium

halides in Figure 21, The response curves for additional,

in Figure 22, and the data for assorted ammonlum salts,
sllver lodide, cupric bromide, and sodium and potassium
metals were plotted in Figure 23,

The outstanding feature of the response curves was the

remarkable similarity of all the salts., In each case, the

maximum response of the Chemlcal Osclllometer occurred at

approximately 1 x 1072 mole fraction, equivalent to ,006
molal or ,009 molar solution., Nelther the extreme differ-
ences in formula welght nor the effect of multivalent lons
geemed to make a difference, Only in the case of the soluble
alkall metals was the sensitivity significantly different,

being of the order of .5 x 10*9 mole fraction; and the
mobllity expeoted of the ammonlated electrons present 1n such

solutions would have led one to predict guch an Ilncreased

instrument response,
The fallure of the response curves to demonstrate
- gystematle variations in proportion to the molecular welghts
of the alkall metal salts was disappointing., At first

AL I N L) ‘&lﬂ“‘lllﬂﬂ O O

glance, Figure 21 seemed to suggest that the size of the

miscellaneous alkalli metal hallides have been grouped together
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negative lon in such salts played a role in the high frequency
response caused by the salts, but closer scrutiny of the data
in other Figures, suggested that the resulﬁa shdwnvin Figure
21 were fortultous rather than coﬁsistento' |

The low "apparent” response of Iithium fluoride

(Figure 22) and ammonium fluoride (Figure 23) was not & valid

L ‘ ‘ﬂ .ﬁ}ﬂ'ﬂiﬂ‘.;_ [ R

1 ‘le

indication of low instrument response to solutlons of the
palts. Rather, the low response resulted from the failure of
the galts to dissolve very much, and the lncrease 1n the
response with concentration probably refleetéd a slow rate of
solutlion for the solids added to the liquld ammonia,

The response curves of the alkall metals were drawn

from data which is sﬁbject to qualification, As pellets of

metal were added to the liquid ammonia, a large instrument
response wag obtained. However, the pellets‘immediately
began to react with the liquid ammonia; and before successive
pellets could be added to get an accumulative responsé, the
response due to the first pellets had partially faded, The
method finally used to get the response curves for sodium and
potassium involved adding pellets of different size, reading
thg response, and letting the response drop back to zero |
before the next pellet was added, Thug, each point on the
response curve for sodium and potassium represented the .

response to a single addition rather than to an accumulation

| of dissolved substance,
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Even sb, some error (neglected when plotting the Figure) was

i Hi i fl‘ V‘.ﬂ\ﬁ].‘.“.f\ L

present due to the reactlon of part of the pellet during the

o ’[.Hi]li

time the remainder of the pellet dlssolved. Fortunately,
the amides formed by the reactlons of the metals with the
:ammonia were lnsoluble and caused no residual response, The
reaction of alkall metals with the solvent has been discussed -

further 1n a later section of this chapter.

Experimental Results of Chemlcal Reactions in Liquid

Ammonia. The reaction of l-iodopropane with liquld ammonia
was investlgated to see if products of the reactlon would

invoke sufficient instrument response o permlt rate studiles,

'The primary reactlon to be expected was:
n-C3H7I + 2 NH3 — n-CgHoNHy  + NHyt +I7 _ ' -

although little instrumental response was anticipated from

the formation of an amine, the generation of the salt was

expected to result in sufflclent response to permlt the

reaction to be followed,

SR -

Experimentally, ten microliters (.102 mmole) of
l-iodopropene was inJected into 100 ml. of liguid ammonia at

M

- its bolling point. The final mole fractlon of ammonium

iodide was 2,6 x 10~5 and, based onh the response curve for

ammonium iodide, the increase in instrument response should
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have approximated T40 Sargent Model V Chemlcal Oscillometer
seale units,

The vate of reaction was so slow that it was not prac-
tilcal to supervise it throughout the entlre process. At the
suggestion of Dr, W, H, Wadman (1962), the increase in instru-

_ mental readings were plotted against the reclprocal of the

L. .’Flil m.WITPT.ITwll}.ﬂlf‘jll AL

time of reactlion so that an extrapolation to zero would repre-
sent the response increase at infinlte time, These data were 
used to prepare Flgure 24, and the response increase of 705
seale units obtained when the reciprocal of bime was extrapo-
lated to zero seemed reasonably close to the anticlpated

value of T4O, The half-life of the reaction was calculabed
to be 380 minutes on the éasis of the T40 value for a maximum
increase in response at the "completion" of the reaction.

The rate of reactlon of an alkali metal with the sol-
vent to form amides was investigated with sodium and
potassium, Earlier in this chapter, mention was made of the
diffioulties involved in obtaining a response curve for
sodium, According to Jolly (1960), a solution of sodium in
ligquid ammonla should have been gtable unieaa a catalyst
(iron (III) nitrate) was added. This was substantiated by the
fact thet sodium-ammonia solutlons remained stable for many
hours in the "scrubber" section of the apparatus used in the
present investligation, However, when small pleces of sodium
were added to ammonia in the hf-cell, the intense, dark blue
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Figure'24. The ammonolysig,with time of l-iodopropane in -

liquid ammonia at =33 ~C., using the Sargent Model V
Chemical Oscillometer and hf-cell.

QR 1 Ak

\h.ﬂ“A‘\ 1
i




KT

100
color, initially present, faded away in a matter of minutes.
When the dark blue solution was aspirated out of the hf-cell,
the color remained for several hours at 78°C,, the tempera-
ture of the dry-lice-slurry.

An inltial assumption, that the high frequenecy energy
of the Chemlcal Osclllometer was causing the reaction, was
disproved by the fact that the blue color faded Just about as
fagst with the instrument turned off as when 1t was turned on,
The phenomena were further investigated by adding Dow Corning
Stopcock Grease to the flask into which the blue solution was
aspirated, Even at -78°C,, the blue color was discharged
over night. Thus, 1t seemed likely that the sllicon grease
ugsed to lubricate the stirrer was catalyzing the reaction
between sodium metal and liquid ammonia,

Rate studies of»amide formation in potasslum-in-ammonia
solutions were alded by the use of the Sargent Recorder. As
different sized pleces of metal were added to bolling liquid
ammonia in the hf-cell, the course of the reaction was follow=-
ed by means of the recorded change in instrument response as
a function of time, |

The decay curves resulting from several additions of
metal have been superimposed in Flgure 25, The immedlate
"loss" of the first few potassium pellets was attributed to
reactions of the alkall metal with traces of water absorbed

on the walls of the hf-cell and on its accessory equipment.,
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Figure 25, The effect of time on the reaction of potassium Wi@h liquid ammonia
at -33°C, as shown by the change in response of the Sargent Model V

Chemical Oscillometer with the hf-cell,
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This was sbmswhat,surprising bgcause the entire system was
pumped out for several hours with the Welch Duo-Seal Vacuum
Pump (less than ,1 mm, of Hg with a COp-acetone slurry trap),
but no other explanatlon of the rapid removal of the potassium
" has been fortheoming,

In Plgure 25, the time required for the response to

decrease to lts initial value was a function of the slze of
the potassium pellet., No catalyst was added, but 1t was
assumed that silioon'grease was causing bthe same effect on the
potassium-ammonla reaction that 1t displayed in the sodium-
ammonia reaction, It was interesting to note that the use of
potassium metal for this study would not have been predicted
from a study of the literature which stated that potassium
amide was soluble in 1liquid ammonia (whereas sodium and
lithium amides were "insoluble"), As a point of fact, how-
ever, KNHy was so insoluble that it generated no Instrument
responae;«whatsoaver, in the Chemical Oscillometer with the
hf-cell, Rate constants for the potassium-ammonia reactlon
were not calculated because of uncertainty about the degree
of catalytic effect exerted by the silicon grease and about
the exact size of the potassium pellets (to be discussed
further in a later paragraph).

Preparatory to the reduction of metallic cations with
| sodium and potassium, some qualitative solubility studiles

were performed, It was considered desirable to have a
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soluble metallic fluoride so that the products of the reduc-
tion reaction, the reduced metal and the alkalli metal fluoride -
salt, would bé insoluble and thus cause a decrease in instru~ =
ment respénse during the reactlion, However,; the fluorides of
copper (I1), antimony(III), chromium(III), and cobalt(II) were

ingoluble in boiling liguid ammonia., The SbF34aeemed t0 react,

as evldenced by its color change from yellow to white, but the
white product was insoluble.

Copper(IL) fluoride was also insoluble in water, bub
1t did dlssclve in concentrated aqueous ammonia, Hence, two
milliliters of water was added to the hf-cell containing a
suspension of 361 mg, of copper(II) fluoride in 100 ml, of

ligquld ammonla at itg boiling point, The Ancrease in the
regponse of the Chemical Oscillometer was no more than would
have been expected from the addltlon of the water to pure
ammonia and there was no change in color suggesting that the
water had caused the copper salt to go into solutlion, There-

fore, attempts to get a metallic fluoride into solution with =

il

liquid ammonia were abandoned,

A 1liguid ammonia solution of copper(II) bromide was

treated with an excess of sodium metal at ~33°C, The concen-
trations were well above those that could be followed by the
Chemical Osclllometer, but i1t was hoped that a qualitative
indication of the reduction of copper(II) cation to the metal

(I

would suggest further work at sultable concentratlons,
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A black precipltate formed, from which the ammonia was
pemoved., The black residue partially dissolved in water %o
give a blue solution characteristic of the tetramminecopper=-
(II) 1on. All of the water-insoluble, black reslidue dlssolved
in sulfuric acid except for a tiny portion which dissolved

in nitric acid. Apparently the exceedingly small amount of

copper metal formed by the reducing action of the sodium was
gufficlent to catalyze the reaction between the remaining
godium and the ammonia to glve sodium amlde which, in turn,
precipitated most of the copper(II) ilon as cupric amide, No
further attention was given these reactions of copper com=-
pounds,

In Chapter 3, it was noted that the iodlde ion promoted
smooth reduction of metallic catlons by alkali metal-liquid
ammonia solutions, Therefore, an attempt was made to reduce
silver iodilde wlth potassium metal, A preliminary trial at
relatively high concentration of silver lodide (1;9 mmole
of Agl in 100 ml, liquid NHg, treated with ,055 mmole of K)
resulted in a black precipitate which did not dissolve in
sulfuriec acid, but did dissolve in nitric acld, The unre-
duced, yellow silver iodide was admixed wifh the black silver
metal after the liquld ammonla was evaporated from the system,

In an effort to use the Chemical Oscillometer and hf=
cell to follow the silver lodide-potassium metal reaction,

the procedure was repeated using 43.7 mg. of AgI (.018 mmole)
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and "tltrating" 1t with small pellets of potassium metal,
Figure 26 summarizes the results, The Chemical Oscillometer
response'increased,BMO scale units when the silver ilodide
wag added to 90 ml, of liquid ammonia, Such an Increase

reflects the fact that the sllver iodide concentration in

ammonia was in the reglon of maximum response-sensitivity,

1 Hm”:“-Iil!“‘H‘IH]‘L' M

as indicated by the response curve presented earlier, The
decrease in response caused by the first few potassium
pellets was not fully understood because the loss of sllver

iodide should have been counterbalanced by the gain in

’potassium iodide,

Ag(NH3)2+ + I+ K —> K"+ I7 +Ag+ 2 NHg

An explanation of the fallure of the excess amounts of potassg-

dum, added at the end of the experlment, to cause an Ilncreased

instrument response (in excess of that caused by the silver
fodide alone) was ailded by the observation that the blue

golor of the metal-ammonla solutlon was never present,

‘Apparently the silver metal catalyzed the amide forming

reactlon of ammonla with the excess potassium to the extent

that there never was developed a slignificant concentration of

metallic potassium in ammonia. It was observed that the

black, flocculent sllver metal made 1% difficult to ascertaln

the presence of the blue metal-ammonia in the reaction

E
=
=
=

R

e



106

400

s
o
O

T

A d L)

Theoretical
end point

N
o)
©

200

n
Q
o

Instrument response increase, Sargent scale units.
B ' ‘
o
S

R ey .,20 )
Mmole K per .19 mmole AgI in 90 ml, liquid NH3

Figure 26. The reduction of silver(I) iodide by potassium
in liquid ammonia at -%37C., using the Sargent Model V
Chemical Oscillometer and the hf-cell.
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mixture, Only by turning off the stirrer, so that the silver
metal could settle away from the top portion of the mixture,
was ;t possible to observe the absence of the blue color,

The final reaction studied in this investigation
involved the addition of & strong acid, ammonium lodide, to &

suspension of an insoluble base, potassium amide. The results

ST
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have been plotted in Figure 27. The potassium amide suspen-
sion (.45 mmoles in 90 ml, 1liquid NH3) resulted from the
experliment performed with potassium in liquid ammonia
(Figure 24), Welghed pellets of ammonium iodide were added
until the instrument response ceased to increase. The _

resulting ourve was, in essence, the response curve for

potassium lodide up to the theoretical end point, followed'by |

the responge curve for ammonium lodilde,

An unfortunate choicé of tltration indlcator and
technique resulted in the difflculty alluded to earlier with
regard to the determination of the size of the pellets of
sodium and potassium metals., As each pellet was added to the
hf-cell, one of identical size (as judged by eye) was placed
in a small flask and saved for titration with ,0100 M hydro-
chloric acld, using phenolphthaleln as the indicator. Thus
the results were erroneous té the extent that the metals
absorbed carbon dioxida from the air during the time between
the addition of the pellet to the flask and the titration,

Under ordinary laboratory conditlions, the error lIntroduced
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‘Figure 27. The titration of potassiym amide with ammonium
iodide in liquid -ammonia at =33 “C., using the Sargent
Model V ChemiCal Oscillometer’and;hffcell, '




Uy

T KT X T SR e

.. 41

, 109
by carbon dioxide oontémination might have been ignored as
small compared with the error introduced by the visual
selection of “1dentica1“ pellets (an error estimated to be
less than 10 per cent); but in the 1aboratcry used for the
present'investigation, the use of carbon dloxide-acetone
much higher than ordinary carbon dioxide concentration., A

better experimental approach would have been to add the

pellet of alkali metal to an excess volume of acld, and then

to back=-tltrate the excess amount of acid, The unrellability

‘with regard to the size of the alkall metal pellet ih no way

invalidated concluaslons regarding the usabillty of high
frequency titrimetry to the study of the reactions of such -
meﬁals in iiquid ammonla, The important consideration was
whether or not sufficent response would occur to Justify

further study, not the precise end point of the reaction,
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CHAPTER VIII
SUMMARY AND SUGGESTIONS FOR FUTURE STUDY

Summary. Chemical reactions in liquid ammonia at
-33,4°C, have been investigated successfully by means of
high frequency titrimetry. The Sargent Model V Chemlcal

S ST AR

Oscillometer was used in conjunction with a specially
designed titrimeter cell, aonﬁaining electrodes built inside
of an evacuated Dewar-type Jackét. Details of the design and
consbruction of the special cell, called the hf-cell, were
presented, ,

As an indication of response sensitlvity, the response
eurves of a group of fourteen alkali metal halides were deter-
mined, and the salt concentration at which maximum sensitivity
oseurred was about 1 x 107 mole fréction for each salt,
equivalent to a molality of .006 or a molaﬁity of ,009,
Additional response curves were obtained for sodium and
potassium metal, copper(II) bromide, silver(I) lodide,
ammonium fluoride and ammonium lodide, All of the response
curves demonstrated maximum response sensitivity essentlally
like that of the alkali metal salts except in the case of
sodium and potassium metals which exhibited a maximum
vesponse sensitivity at about .5 x 107 mole fraction,

Response curves were obtained also for the addition of water
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and of methanol to liquid ammonia,

The uncatalyzed rate of ammonolysis‘of an alkyl hallde,
l-lodopropane, was investigated and the reaction was found to
have a half-life of approximately 380 minutes and to result
in a predictable response change in the titrimeter.

with sodium metal resulted in the precipitation of copper(II)
amide, but the reduction of silver(I) lodide was achleved
with potassium metal, With the proper cholce of silver(I)
iodide concentration, the reactlion caused response changes
in the high frequency titrimeter,

The rates of reac#ion of sodlum and potassium metals
with the liquid ammonila solvent were Iinvestigated, ailded by
the use of the Sargent Recorder in the case of potassium,
’The time required for potassium to react with the ammbnia was
a function of the initial concentratlion of the metal, There
was evidence that the reaction of sodium (and, presumably,
potassiqm) with ammonia was catalyzed by sllicon grease,

The acid-base titration of insoluble potassium amide
with ammonium lodide was performed to demonstrate that the
regponse changes of the titrimeter could be used to followr
the neutralimation reaction, even though no inflectlion in the
titration curve was obtalned at the end point,

 The suitability of the hf-cell for use with the
CP-120 High Frequency Titrimeter, designed and bullt at the

Attempte to study the reduction of copper(II) bromide
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Universlity of the Paclflc, was briefly investigated by
studying the response curves of water, methanol, aqueous
potaasium'chloride, and an acetone solution of cadmium lodide
when acetone was used as the solvent. The CF-120 Titrimeter
was lnecapable of generating a beat-frequency signal when

highly ilonized solutions were placed in the hf-cell, appar-

ently because the hff-cell had too 1arge a capacitance,

A titration of an acetone solution of cadmium iodide
with an acetone solution of ammonia in the Sargent Model V
~ Chemical Oscillometer and hf-cell suggested that there méy ‘
© be interesting areas of study in nonaqueous chemlcal reac-

tions other than those of 1iquid ammonia,

- Suggestions for Future Study. An important area of

investigation remains that of cell deslgn. It would be
desirable to have a cell in which electrodes were inter-
changeable so that the capacltance of the system could be
easily changed to accomodate titrimeters which have differ-
ent frequencies of operation.

Rates of studies of ammonolysis reactions, comparable
to that of l-lodopropane, appear to have conslderable
Interest. The effects of changes 1n alkyl configuration,
halide, and catalysts would seem susceptible to lntensive
Investigation, 1n gitu. A type of ammonolyéis not studied

in this investigation, but closgely akin to the lniodopropane
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reaction, would involve esters, For example, I.,W, Davies
(1962) suggested that the ammonolysis of diethyl phthalate
would have the interesting posslbility of forming elther the
dl-acid amide derivative or the imide (or both?),

The titratlion of strong acids with strong bases does.

not appear to have much interest, However, the development

of cells with greater sensltivity and of titrimeters operat-
ing at higher frequencies might permit the step-wisge tltra-
tion of succéssively weaker acids in polybasic specles such
as sulfamide, |

The reactions of metal-in-asmmonia solutions appear to
have great interest, in splte of the extensiVe work that has
already been reported'on such systems, More exacting exper-
imental conditions may be required in such studles and a
dry-box, an all-giass vacuum line and hf-cell, and a liguld-
nitrogen trapped vacuum-pump would seem Indlcated,
Dr, G, Julian (1962) suggested the use of commercially avail-
able alkall metal-mineral oil emulsions, diluted with addi-
tional mineral oil, aé an improvéd method of adding small
guantities of such metals to the liquid ammonia in the hf-cell,

A small, but important, area of research would involve
the determination of solubilities of ionie specles in liquid
ammonia, Surprisingly often; the present literature 1s |
wrong or misleading. The high frequency tiltrimeter 15'

extremely sensitlve to the presence of dissolved lons, and
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remarkably lnsensitive to the presence of dispersed, but

undissolved, lonic¢ substances.

| The plateau observed in the cadmium iodide-ammonia
titration in acetone would seem deserving of additional
- Anvestigation, The use of a recording infrared spectropho-

tometer to determine the changes in the concentration of

un-complexed ammonla might give a clue to the nature of the

species responsible for the plateau,
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EXFERIMENTAL DATA FOR FIGURE 6
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0F—120 Titrimeter, coarse dlal units

M1, water
ﬁgiiglgo Fundamental resonance Harmonle resonance

0 17.0 22,6
18,0 R o gEdl
18.6 22,0

12 20,00 21.3

16 23.1 20,0

18 27.2 5,2 e

20 36.0 14.0 4.9

22 53.5 30.5 9 -

24 73.2 48,5 .2

26 70.0 6.2

28 20.6

30 33.2

32 43.5

34 52,1

36 58.3

38 2.4 61.3

40 3.6 62.4

50 3.9 62.6

5 4,0 62.6
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EXPERIMENTAL DATA FOR FIGURE 6 (continued)

M1, acetone

CF-120 Titrimeter, coarse dial units

ﬁgéiglgo Fundamental resonance Harmonic resonance ;
o - 25 ‘fi v

30 17.4 43,9

32 27.6 55,0 5.2
34 34 62,2 12.3
36 39.8 68.6 17.9
38 43.1 T2.5 21.1
40 45,0 Th.5 22,7
50 46.0 756 23.8
75 k6o 75.6 3.6

* Below 30 ml., the pattern for acetone closely
resembled that obtalned for water,
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EXPERIMENTAL DATA FOR FIGURE 7

M1, water OF-120 Titrimeter Ml. water CF-120 Titrimeter

In 75 ml,
acetone

10
. 13
20
25
30
3B
o
»

50

“Coarse
dial
units

55.2
56.1
57.0
57.6
58,0

58.5

59.0.

7.3

8.5

9.4
10,3

10.9

11,3

11,8

Increase

in 75 ml,
methanol

10

15

20

25

30

35

4o

45

50

“Coarse

dial

units Increase

54,1 0
55.6 1.5
56.8 2,7
57.5 3.4
58.0 3.9
58,3 h,2
58.9 h.8
59.1 5.0
- 59.2 5,1
59.8 5.7
60,0 5.9
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EXPERIMENTAL DATA FOR FIGURE 8
Ml,.'of' water added Increaée in CF+120 'I‘itx‘i_metez-} response,
to 75 ml, acetone fine dial units
0 0
2 305
b 693
6 955
8 1166 .
10 1335
12 . | | 1476
14 : 1589
16 1695
18 1804
20 1881
24 2008
30 | 2198 :
35 | 2290 :
s 2360 2
45 | 2425 -
50 2495 E
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EXPERIMENTAL DATA FOR FIGURE 8 (oontinued)

M°1§§ity %&’72623? Inerease in CF-120 Titrimeter response,

aq%ggus acetone fine dial units, hfecell
1 213
- e _ 42%, . B
001 b 732
6 1001
8 1193
10 1387 :
1 252
-3 653
.01 5 938 -
T 1473
8 * |
- — %
L3 | 257 E
o 2 | 401 :
, i ,

¥ The (F-120 Titrimeter ceased to give a signal with the
- addition of more titrant.
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| EXPERIMENTAL DATA FOR FIGURE 9
Moles CF«120 Titrimeter response,
per  Ml, of | fine dial units
Cllter  titrant¥ Temperature Temperature
- “uncorrected - oorrected
1 BE** 16
.10 2 166%% 124
3 15%H 166
4 No response _ ———
2 15 o
Ll' 26 g d
41 28
14 68 -ty e
20 92 62
010 _
30 114 71
40 5 91 L
| E

50 160 -

- % CdIp dissolved in acetone added to 75 mol, of acetone,
#* Not plotted in the figure,
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EXPERIMENTAL DATA FOR FIGURE 10
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Warn-up time,
minutes

CF =120

Titrimeter response, coarse dlal unlbs

with the hf'-cell and 75 ml, water

Fuhdamental WaTHonLlc
resonance resonance
2' B 9° SRR o o4 Y
5 3.8 62.6 '
7 3.7 62.5
27 3,8 62,4
30 3.9 62,7
127 4.o 62,6
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EXPERIMENTAL DATA FOR FIGURE 11

Inarééaé in éF—laé Titriﬁecer rééﬁonse,
Temperature, °c, with the i%?gegié;ngn%gsél. éoetmne

- 29;8 : L —— — én_w.‘ S ———

28,2 - % -
26,5 138
24.3 | 181
20.5 228
19.5 270
| 18,0 320
16.1 360
15,1 400
13,8 440
| 11,6 500
7.0 600
b7 650
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EXPERIMENTAL DATA FOR FIGURE 12

Increase in CF-120 Titrimeter response,
coarse dial unilts,

Solvent Temperature, i1 tne hf-cell and 75 ml. solvent

9

Fundamenta.l Harmonic
resonance resona-nce
57.6 h67MW7mﬁ - Abw 7
42,9 ) 3
 Water _3&.6 o7 .6
13,1 1.6 1.2
2.3 1.7 1.5
18.7 0 0 0
11.2 ) o5 .8
Acetone 6.7 1.1 1.1 1.3
4.8A 1;3 1.2 1.6
-6 1.6 1.7 1.8
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EXPERIMENTAL DATA FOR FIGURE 14

Titrant Mmole of

Increase in response, Titrant Mmole of\ Increase in reéponse,

titrant Sargent Model V- titrant Sargent Model V
per 100 Chemlcal Oscillometer per 100 | Chemical Oscillometer
ml, ﬂéo scale units ml, Héo '~ seale units
01 0 .20 324
.02 -2 L0 383
04 3 HCY .60 e
.06 156 .08 423
.08 30 1.00 432
KC1 <10 4g
.20 122 .01 o
.40 266 .20 -0
.60 327 Ol 2
.80 357 .06 5
1.00 378 . .08 9
HOAc .10 15
.01 0 .20 20
W02 5 40 31
<Ol 51 .60 45
HC1 .06 110 .80 57
.08 165 - 1,00 73
10 208
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EXPERIMENTAL DATA FOR FIGURE 15
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Ml,of .01M KOH Inecrease in response, Sargent Model V
per 100 nml, of Chemical Oscillometer Scale units

,0005M HC1*

s -
1.0 1
1.5 : | =5
2.0 . 4 -1
2.5 -2
3.0 -25
3.5 ~30
4.0 = -30
h.5 -28
5,0 -29
5.5 ' -26
6.0 ‘ -23
6.5 19 .
7.0 13
8,0 -2
9.0 11
10,0 2l

* End Point with Phenolphthalein 5,00 ml,
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EXPERIMENTAL DATA FOR FIGURE 16

Mole fraction Increase in response, Sargent Model V
of Cdl, in Chemical Osclllometer scale units

acetone, x 102

3.1 175

15.1 773

3.9 256

4.6 | 327

5. 395

6.1 451

6.9 501

TeT , : . 453

8.5 K82

9.2 614
10.0 641
11,5 | 691 %
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EXPERIMENTAL DATA FOR FIGURE 17
m, gtater  Ingmageinespene; Szt el v
of adgetone No cell compensator Bell Gcmpensat.or
0 - 0
2 41 245
v o 78 437
6 108 619
8 | 137 718
| 16 - 161 « | 9301
12 186 1060
14 . 207 | - 1218 :
w6 025 1332 E
18 | 243 sy %

20 260 1542
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EXPERIMENTAL DATA FOR FIGURE 18

140

"Mi. of .19 M

NH3* added to

Increase in response, Sargent Model V

75 ml, of Chemlcal Osclllometer scale units
solutilon ‘ e -

.0026 M CaIp* Pure acetone

,f;,,Q,,m,f;,,m,,,”,;i 0 0
.50 - 185 -2
1,00 o 267 -4
1,50 278 -
2,00 2Ly -3
2,50 200 -
3.00 168 -
3.25 R 157 -
3.50 - 156 -
3.75% 167 -
4,00 155 -2
4,25 - 151 -
4,50 | 133 -
b,75 118 e
5,00 107 -
5.50 89 .
6.00 70 -
7+00 61 oo
8.00 . 58 1
9,00 52 -
2

10,00 , 45

* All solutions used acetone as the splvent,
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EXPERIMENTAL DATA FOR FIGURE 19

Solvent Mole Fraction ,
of solvent in Inorease in response, Sargent Model V
liquid NH3 at Chemical Oscillometer scale units

-339¢.

,0083 6

014 o | 28

.027 68

HRo .040 110

| .050 - 138
077 | 220

100 307
.0080 3

,016 | (K4

.02} 109

_' .032 . 145

CHyOH |

- »039 , 172

.U | | | 199

061 , \ 243

o 283




EXPERIMENTAL DATA FOR FIGURE 20

Mole fraction x 100 of salt in
ligquid ammonia at -33°C.

Increase in response, Sargent Model V
Chemical Oscillometer scale units,
using the hi-cell

Licl NaCl

3.22 « 19
T.4Q 1.62
4.3 2,80
21,4 4,00
34.4 5.25
66.5 6.94
87.3 12.0
36.0

62.9

KC1%

RbC1

CsCl¥*

Licli

. NaCl

RbCl

CsCl

.83
1.50
2.92
3.40
4,72

18.3
23.8

.70
3.0
5.0
8.9

16.5

34.0

53.0

646

830

871

905
920
934

936

2U9
550
- 728
766
812
846
8g2
924
928

430
Th2
823
880
924
938
gkl

338

589

755
799
838
870

*  Not all solube dissolved and estlmates of ecorrected mﬁlé fractions have been made.
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EXPERIMENTAL DATA FCR FIGURE 21

Mole fraction x 105 of salt
in liquid ammonia at -33°¢C.

Increase in»respaﬁse, Sargent Model v

Chemical OseillQmeter,scale units,
usingvtha hf=-cell

KI

oty

KBr

KI

KF*  EC1* KBr

EC1* |

.83 1.87
1.50 2.57
2.92 3.72
3.40 5,92
4.72 8.21

18.3 1.2
23.8 21.8
31.0
40.8
76.1

45
.99
1.37
2.00
2.80
3.47
4,78
7.97
14.0

344
52k
702
755
790
858
8ol

hoh
602
668
715
755

773

792

822

230
392
47k
57k
631
662
697
734
750

* KF was so insoluble that no response was observed, and tbe\ KCl mole fraction

23.8 x 10™2, was adjusted for the amount that failed to dissolve,

ENT



EXPERIMENTAL DATA FOR FIQURE 22

Mele fraction x 105 salt in
Liquid ammonia at -33°C.

"
Increase in response, Sargent Model V

Chemieal Gseillameter scale units

using hhe hf-cell

Nal

LiF*  NaF*  NaBr Nal RbBr _ CsI  LiF* _NaF*  Nabr RbBr _CsI
1.06 © .58 1.10 .36 .24 10 ) 15 500 14 100
15.6 1,30 2.08 ,92 JTO 26 502 724 372 323
43.2 2,00 2,72 1.80 1.32 36 671 816 655 525
3.40 5.80 3.28  4.50 826 892  TTL T82
6.40 6.72 5.01  6.58 93 gl2 830 822
13,1 11.8 9.10 9.92 9917 g45 875 850
21.0 23.8 13.6 18.4 1023 967 897 875
3.0 40.2 17.6  29.5 1040 976 9ok 888
55.0  55.0 26.6 44,7 1047 978 916 8o
9470 30.5  70.2 ‘ 902

1055

¥ NeF was so insoluble that no increased response was observe&, aﬁﬂ LiF was

- incompleveay dissolved with the bulk of the apparent male fraction

being in suspension,
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EXPERIMENTAL DATA FOR FIGURE 23

Mole fraction x 10° of substance* in ‘ Increase in response, Sargent Model V
liquid ammonis at -33°C. - Chemical Oscillometer scale units,
_ using the hff-cell
Na K* NHﬁF* NE&CI ﬁHﬁI; Agl GuErE* Na K* NﬁﬁF* NE@Cl Nﬂﬁl Agl CuBrE*
| .

.24 .39 2.00 5.60 45 «10 27 290 310 27 | 773 99 281 32
1.20 .80 5.0 11.6 .91 1.90 .72 835 750 67 828 349 365 190
2.50 .96 13.3 17.9 1.22 4,10 1.42 917 830 99 846 467 571 380

16.1 2,06 24,8 24,3 1,76 11,2 2.14 963 875 100! 875 608 Th5  4gh
2.57 30.9 2,26 16.4 3.81 900 - 866 T06 782 668
53.9 2.95 21.8  5.79 870 773 804 758
81.0 5,65 49,1 8,02 878 884 8i4 811
8.05 10.0 | | 918 838
12,3 14,0 : ; ohs 866
15.8 19.1 o o954 868 -
37.0 1 978
55.6 : L 983
* S0y was so insoluble that no inereased response was observed; NH@F was Incompletely
. d%ssclved with the bulk of the apparent mole fraction being in suspension; the X metal

response curve was merely incomplete and does not represent limited solubility; and -
the CuBr. solution was turbid after the addition of the last pellet, suggesting that
its solu Eility had been exceeded.
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EXPERIMENTAL DATA FOR FIGURE 24

Reaotion 1, Reciprocal Response increase, Sargent Model V

e T wimses + CPOREE DL oo s
= = o -
80 .0125 - 68
95 +0105 93
135 00Tk 140
180 L0057 | 211
225 . 0044 275
J 270 .0038 358
330 .0030 Ly
375 .0027 | 450
405 .0025 467

* Calculated from the reaction time for the ammonolysils

of 10 microliters of l-iodopropans in 100 ml, of
liquid ammonia at -33°C, -
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EXPERIMENTAL DATA FOR FIGURE 26 |

WMoles of potassium Response Inorease, Sargent Model V
per .19 mmole Agi in Chemical Osclllometer scale units
90 ml, of liguid with the hf-cell
ammonia
0 L 340% -

.002 325

008 270

015 276

.035 20k

3045 ) 298

.059 321

078 328

158 353

24T 353

* This was the Increased response due to the siiver lodide
- and was in reference to zero for pure ammonia,
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EXPERIMENTAL DATA FOR FIGURE 27

Mm°1¢4gf Nﬁgg Response increase of the Sargent Model V
RN, in 90 mi.  Chemical Oscillometer and the hf-cell

of liquid NH3

.02 ‘ 280
.06 515
.13 | 640
.24 | 735
52 | 850
1.09 - | - 875 | | | E
1,92 895

3,10 905
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