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Conrad ii, Jankowski

N egh frequency titration 1s an eleétrometric teciinique
of end polnt detection, It possesses the advaantase over
existing techniques in that 1t elluinates tlie necessity of
internal electrodes, |

Tl.e purpose of tiils 1nvest1gation was the st&dy of the
edvantages and disadvante es inherent 1n the nethod and a come
perison of thls method to coaventional methods of end point
detection,.

Tiie instrunent used was a conventioual tuned plate, tuned
grid, 3600 KC crystal oscillator utilizing a (L5 triod.. Iiieas-
urements were made by a capacltlve loading of tne plite cire
cult, The effect measured was the maxlnaii blased grid voltege
of the loaded clrcuit while the instrusent was in oscilleation,
The end polnt detected by the lnstrument as used 1s explained
in terms of conventional coaductometric tilitratlons wiilch may
be related to this technique by oridinsry methods of electronic
circuit reduction,

Of the factors evsluated most lnportant sre tine effects
of solvent system, dissoclatlion of the substarce tltrsated, and
the concentraetion. The effect of the solvent systen is cone
ventional and in accordaace with the Ergasted tieory of acids
and bases., it was found that weak bazses suci as dlieihylanie
line, pyridine, hexauetLylenedilsauiine, B-hydroxyquinoline, enl-
line, p~toluidine, and g-clanine, when titrated with a strong
acid such as perchlorlic acld gave better end polnts in ascetle

acid media than in water or dloxane. The de;ree of dissoclaw
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tlon of the suLs:.e.ce tilitreted 1a a parilcular solve:..t 8, sten
red & profound effect. Tl nore L1117y loulzed sabsicnces
rave Letter end polats t.a> te less dlssuciatud or "weak®
substarices, The elfeci cf coucentrallon i1s peri.eps tle zot
unconventional aspect of tle il frequeuncy tec.ilave 1a tlist
seasltivity of responss is not a linesr funcliion oi concen-
tratione 7Tlie meirods utilized pave two re io:8 of meximum
sensitivity sepereted bty a rcjlon cf low seunsltivity. It

wes found trhat esch syetem titrsted had a unlque re;ion of
highest se.sitivitye. i@ locatlion of tils meximuu reion of
senslitivity dcepends upon the kind of ions present. Ulis repg=-
jons of maximum sensitivity varied from 0.05.=-0.0021 for ainle
line to 0.,lil=0.0Li for dietirylaniline,

In acetiec acld medla tle precision ¢f Ligii frequ. ney ei
polnts ccoperes favoravly witih poteantiorietric end polnits wiiere
tiie concentrstlion of maxl.uw sensitivity is uvilized., In nost
cases of wecelt beses tie Lish frequency region of ~exiiiul 861:81le
tivity extends to lower couacurtrations tliaa does li:e potontioe
netric conceatration rawe. L@ potentionetric retliod in acee
tic acid systems extends to weaker basos tian does tle Ligh
frequency metnod studied here, Thus hlgh frequency tecliile
gues and potentiometric .iedthous are conplocciutary to the atudy

of acetlc acld systens,-
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INTRIOLICTION

Higzh frequency titration i1s a relative nswcomer to tue
field of electrometric analysis, consequently most studies
have been primarily concernei with 1lnstrumentatlion eani the
theoretical basis for measurement. Only few papers have
dealt with problems of construction and opersation.

Althougzh high frejuency methods possess unique provere
ties only a few of its possibllities have been reallized. 0=
tentially such an instrumeat could be widely useful wherever
a measure of solutlon concentration 1s desired., iost studies
to date have used high frequency wmethods on classical deter=
minations for instrumental and theorsetical back round, rather
than for tie purpose of improving tihe determination. This is
to be expected, since instrunentation and tueoretical ramie
fications must be unierstood, prior to s.plication,

Several excellent review articles have avgaared (3),11,33,
€7) and reviewers a-ree concerning tne nature of the measurew
ments, however instrumentation seems to bs a matter of indive
dual preference,

In light of the fors;oing, tinls stuly siresses avplicae
tion of nigh frequency tecuniguus to analytical problsms,
rathier than theoretical aspecis. An investization was made
of various operating technliqucs on a simple hign freyuency

titrimeter of the type describsd by itall (37)e Various cells



were evaluatad froa tue operatiocal standpuints rinaily a
stuiy was made of hi h frejucncy azplicatlosns to nonacueous
acldebase titrations. &ince this is not an exisuatlve ree
port on tue subject of ki.h frequency anslyals in nonagueous
media the study 1s speclifically lisited to soue acetis acid

systens,



HITWonllAL CACHSHOIND

Hirh fregiency anelysis, & msthod 1n the gsneral field
of eleactrometrio analysis has rained widespr-ad actention in
the past few years, Tals methol possesses certaln aivanta. es
over standard methods of electro-analysis. Conductounetric,
potentioretric end ariiod mervivis do not plve sactisfactory
results with a great many l.aportant s;siens, a’and many systeas
wiich give adegiate rosults are eontaminatsd by tuc launersion
of electroies or deactivaLe ti.e electrudes unicss elaborae

precaations are taken.

Apnlications

Tue hiyh frequsency methods, even thou h they have {inhere
ent limitations, have been used for many divoerse determinae
tions. Sucoessful hi.h frequency analytical procedures havo
been reportsd for: classical acidimatry, (2,4,11,22,35,39,
40,45,53,66)3 nonagqueous acidimetry, (45,65); oxidiretry,
(45)3 ¢eneral precipitation reactiuns, (21,30,43,45,62,60);
adaptation to continuous readin: and constant rscording eappae
ratus, (21,6i}); kinetio studies, (25,30,32,46); berylilum dee=
termination, (3)3 mercurimstric determination of chloride,
(12); micro titrations (16); voiumstrie thorium determination,
(1l); determination of calcium and magnesium 1lons, (10,47);
enelysis of mixtures, (67); detection of chromaio:raphils zones,

(52)3 sulfate dotermination, (51,52); deteruination of water



in alcohois, (53); moistire testur, (6); indicator for pilpe=
line liquid separation, (25)3 measure.cnt of dielectric cone
stants, (1,5,25,31,33,37,53); dlpole moment measursaent, (27);
a comparator for solutions, (13)3 capacity msasurencnt, (279);
argentometric titrations, (3); versenats titrations, (192);

and dimethyljzlyoxime chelation, (53).

Instrument Classification

A brief survey of the litsrature on this subdbject, would
seem to indicate that tasse wmetiods, each uslnz differsent
technigues, instruments, ani measuring different electrical
properties, are only related by tuelr use of a ligh freguency
alternating current. Tals observation gives rise to taa gene
oeral characteristic comvion to all high fregquency measuring dee
vices, When a solution is pleced in the tank circuit of an
oscillator, circult paraneters due to tae sclution alter tae
characteristics of that oscillator to a degree deterained by
the neture and concentration of tne solution, and as the cone
centration of the solution changes, these osclllator charage
teristics are furtier altecred. Ideally, for analytical pure
poses, a chan5§ of solution concentration shoull cazse a iine
ear response of & single variable characsteristice. Ia prace
tice tihe oscillator chonges that are noted in conjunction with
solution ochanges are chan; e in frequency and cnange in power
losses In the lanua e of current literature the solution
chan;zes measured are capaclitance and hi;:h freguency conduce

tance or a comhination of the two (57).



This dusal nature of the chan;e offers a convenient dise
tinotion between types of instruments for purposes of descripe
tion., Taey can be classifled as instruments which measure
change of frequency (capacitance), those which measure a
function of power loss (conductance), and thoss which mease
ure a combination of the two,

Fregvreney —measurenont, The frequency measuring instrue

ment has a response of the type, shown in Figures 1, 2 and 2a,
and oean be further broken down into two sub;roups depending
upon getual operation of the instrument. One eub;roup util®
1zes two osclllators to measure the change of frequency, an
indicator oscillator and a refersnce oscillatore This is the
80 called beoat frequency technlque (1l=1l,37,52,54,04,65,68).
Tae indicator oscillator contains the unimowmn to be analyzed
in its tank circult. During the determination the charactere
1stio frequency of tne indicator oscillator is casangede 7The
degree to which tiie frequency ciaanzes is primarily a function
of the change of capacitance of the cell contalning the une
knowne Tihe alternating current of different freguencies from
the two osclllators is fed into a mixer ampliifier circuit and
the chanpge in the freguency of the indicator oscillator 1s
recorded as a beat frequency changee. Tals beat freguency
change can be determined with a freguency metsr or by deotere
mining the anpropriate lissajous pattern of an oscilloscope.
The reference oscillator may be an unloaded indicator o0solle
lator or any stable osclllator operating at aan eppropriate

frequencye It has been su;yested (i;3) that by using a stable
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receiver a beat can be taken on tiie tone of Natlonal Bureau
of Standerds statlion W.w,.V,.

In the second subgroup of frejuency measuring metnods an
indicator oscillator is used, whlch by suitable tunling devices
in 1ts circult is returasd to its orlginal frejusncy (8,25,27,
31,37,42,57,62,62,63). Usually the tunin; is achleved by ree
moving capacitance from tie tank circuit althoagh it has been
suggested that slug tuning of the inductance may serve the
same purpose, Ian this metiiod a referernce oscillator may or
may not be used, The tuning usually is to tie original resoe
nant frequency which may be determined by means of & frequene
oy meter or a sultable detector with a "mazic oye™ indicating
device, If a reference oscillator is used, tunlng ias carried
out on the indicator oscillator until a zero beat results on
tr.e recordsr, which may be a null-polint galvancmeter connected
to a rectifier circult, an oscillpscope, by earphones or sone
audio methocd when sultably amplified,

Power loss measuraninte -h:@ gecond ;eneral technijue

of hi:zh frequency &nalysis is the method using power loss meas-
urements which is & function of conductance. Chan; ing the
concentration of a solution, wihilch is part of a tanit eircuit

of an oscillator, chanzes tne characteristics of that circuit
through change of tne reaistance of tue solution and 1ts sube
sequent adbsorption of resl power frou tne oscillator circulte,
This power loss when the frequency reaalns constant, manifests

itself by changes in the elecirical properties of the oscilla~



tor tube in the tank ecircuit, T@i®e chan,ss and measuremsnts
wnich have been reported sre plate voltasze or current (14,27,
31,51,65), and grid voltage or curran%, (2,3,L,27,37:53,53)
Tne characteristia responses for this ty.e cf messuresent are
shown in Figzures 3 ani . riteasurements of ths r=sel component‘
of 1mpelance in whish the amiunt of radio frequency current
transmitted throush a cell is rectiflied and measursed have
been desoribesd by Dlake (1520, 22-25),

Dugl resnnonceg maagureqent, A third type of inatrument
S

glves measurenants deoendent upon chansss of both frequency
and conductance., Thess ara the Instruments which measure vole
tage or current change in & tuned cirocuit which mey (2,3) or
may not {(4);~};7) be operated at resonant frequency. Some dee

vices measuring impedance directly have been reported, (36,

39,43,57)

Circult Characteristics

Tne specific response obtained 1s dependeant upun the
relationship ani values of the clrcult paraneters. Y.ie parae
meters may be expressed as complex vestor operstora arising
from instantaneous values and operating upon the natwork quan-
tities of current, voltaze and frejquencye. Tiie vector opera-
tors derived from the parameters are variable in two senses,
direstly and indirectly (not to be construel as linear and
non-linear relationships). Directly variable are those vece
tors which change due to changed paramefar values such as

chanzed oonductance or caracltance ceused by solution chaniee
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Chhanges due to a volitloral change of ome or niore of tleo rule
tivalued parameters installed in the circuit aro also direct
varisbtles, Indirectly varlable are those vectors wi:lch are
changed not ty a change in circuit perameter values but rsather
a vector readjusted by a ciianged clrcult quentity, chilefly
frequency chiange due to a dirsctly changed vectore, Individusl
circuit components pive rise to one, voth or reltiaer directly
or indirectly veriesble vector quantities,

Oscillators, A discussion ol oscilletor ietworlt paraie

eters must of necessity recognlze the 1lnherent differences in
different types of osclllators. 7o date a wide v.riety of

di ferent osclllators have been used, Wworkers Lavo reported
successful uso ofg tunred plate oscillator (24,45,54), Colpitts
oscillator (11,12,14,15,47,6(0), tuned plete and tuned ;rid oa=~
cillator (4,32,44,46,47,51,52,64), and tiwe crystel osclllater,
(25,27,31,39) and others less frequently reported include
cathode coupled, magnetic feedltieck and quarter wave length
concentric osclllators, Tie cpriltericn for choosing an oscile
lator 1s its stability and reproducibility.

Equivalent clrcult, Ilgh frequenc, measuring devices nay

be resolved into an equivalent adraittince network systen. 7The
adinittance network of Filsure li composed of non directly vare
lable vector quantlties 1s a gs.eral representation of any high
frequency instrunent., The values of the admltvaaces ¥ -Y, de-
termine tlie characteristice of tiie Instrument, T.e dilference
between 1lastrurients arises from tie charascteristic meusured,

he monner of .ieasurciernt (A-A') and tle experiiiental set



up of the solution measured across B =« bB', Thus the manaer
of measurenent and the clircult quantity asccount for differe
ences dbetween frequency caanygse, powsr loss, and dual resgonse
instruments, The network is tne equivalent circuit of thne
apecifiec oscillator used., 7Tue solution=-cell equlvalent cire
cuit 1s the representation of the experimental set upe Iig=
ure 5 is the ejuivalent sircult of a solution in a capacltance
type cell in parallel with a variable restoring capacitor,
with the aid of specifioc equivalent circuits the response of
an instrunent may be calculated as a function of solution
concentration,

Resvnonse curve, T:0 response obtalned or measurement

i3 a function of current, volta,e, and freguency, operated
upon by caanlex operators, the directly (iy) and indirectly
variable (Yy,) adnittances. Consldering tie cell-solution ejule
velent clircult analysls tie expression Y, = GP*JBD is odbiaine
ed where Gp 3 (w2ic?)/ [icPew?(C g ) 2]

and Bp3 [{wo k@ wdc Ca(CerCy)3 / {k&wz(c,wc)z}}[-czl

T, the net adnittance of equivalent circuit Figure L

Gp hizh frequency conductance teram

Bp imaginary part of tne adnlttance

w 27f, where f is the frejue:cy

k low frequancy conductance

C, capacitance due to walls of ccataliner

ceracitance due to solution

C, the varlable capacitor for eircult adjustuent
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J 1s an operator. If C, is set equal to zero tuie expresslon
reduces to thst of lellly aud #cCurdy (57).

Circult reductions of other experlnenitsl set ups have
tesn reported (39,57)e Approxiaations can eaad have been iade
of the functlon, f(YI,YaY,K,f) knowlng tire eppropriate cire
cult paraneters of Yy wlth tle attendcnt assunptlions as to the
nature of the changes or constency of Yg,V,I,f (39). Because
of the naturc of thie ascuwmptloins and tie fact thet the equivae
lent network 1s also a simplified epproximetion, perfe.t airee=
rent was not exnected between calculated and experimental re-
sults, The equivslent circuit of the solution (Figure 5) and
1ts celculated admlttance can yield a great deal of informae
tion concerning the response of a given type ianstrurient and
the correlatlion of thls resnonse to esarlier experimental re-
sults,

In the frequency aeasuring nctirods, frequency whiich is
a function of cepecitance, or beat frequency 1ltself, is plote
ted agalnst concentratlon clhiange of the solutions The plots
glve rise to curves siillar to Figures 1, 2, and 2a, To ex-
plaln the sheps of thess curves 1t 1s necessary to refer back
to the equlvelent clrcult, Figure 5, asswilng 02 to lLiave 1ne
finite impedonce. Vhen tlie lmpedance of lig beco.es small cone
pered to Cg (at high eleciroljte concentrstion) Cg is eliost
ghorted out end the frequency approaches 1/(2TVLC) asyiptoli-
cally. In dilute solutiuns in which the limipedance of Kg 1s

large compered to that of Cg the frequency approaciies



(1/2 W) C/(Cg*Co)/(iCgCo)) mBymptoticallye In tie inlerme=
diate concentration rerions where thie ilupedances of hg and
Cg &re of the saus ordsr, tie frequency varlcs monatonically
wilth conceniration between the two limlita,

For eonductance (power loss methods) an exuvlanation of
the shape of Firure 3 1s based on tie assumdtion taat tie ree
sistance Rg of the solution 1s chanzing winlle the other prope
erties remain spproximately constante At hich concentrations
Rg 1s £mall and paszes the ocurrent wita little sbsorptlon, howe
ever, absorption inoreases wita increasing lHge Abuve a cere
taln lialt tue ocepacltance of ti.e solutlon Cg be;ins to shunt
grzater portions of tne current and whon Rg 1s large ernoagh,
absorption is smnsll because tue current 1la Ay is szalle ihus
tne power absorption passes tirousn a meximun as does tue plate
current, ete, From IFl,ure 3 it can be seen tnat there are
two re;ions of maximum sensitivity (on elither side of the Lu:ip)e
Consequontly the concentration limltationa are mich less see
vere than those for frequency measuring lnstrunents. 1oe dJual
responae instrument which measures the effect of both dlelece
tric chan e and power losa chan;e has gilven excellent results
(4:s45), however, in sone titrationes a rapid conductance change
near tie end point may work in cpposition to the capacitance
change and make the end polnt detsrmination less snarp tuan

would otiierside be expected (33).



In tue precedinyg discussion little has been sald concern-
ing the effect of oonductancs on frsquency measureasnted In
most cases 1t affects tue freguency oaly sli;htly, however in
cases of larger conductaance change (overloallng tue orcllla-
tor) it is pomsible to daupen oscillation complstsly, waenever
conductance 13 suficient to cnangs the fregquency apprecladly
the oscillator must be brought back to maximaa resonance by

edjustment of a variable capacitor in the tank circult,.

These conclusions are in asreeament with tis conclusions
drawn by earlisr workers. Forman and Crisp (33) showed thnat
change in frequency was due to change in dielectric constant
of the solution (or change in capacitance of the cell) and
power loss was primarily a funotion of tie conductance of the
solution, remembering tiat in cases of meéasurexnent with rapide-
1y changing polarity, wiith the electrodes lsolated from solue
tion, tne ordinary ohmic cunceptlion of conductance {s invalid.
The Gp termz is the real component of the coaplex ainittance
functione Tnls real conductance coiponent in ionic solution

18 the roesult of the movement of molecules relailve to theird

lIn electironic terminolo:y, change of freauency dae to
loadinge.

27Tne ahsorption of poser manifests itself by a nsating
effect. A rise In temperature or change in viscosity of a
solution in a tank circuit, other tinln.s remaining uncnan;ed,
will eause a changre in tues characteristicas cof that tank clre
cuit, Tuis coulld conceivably bs a source of error in titra-
tions, however, the voltayes used are low, consequently the
amount of power dissipated 1s low enovuzh so tihst teaperature
effects can be 1pgnored,
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neighbors. (e power loss (conductaance) effect 1s concerned
with the storuze of energy and its subseguent return to the
signal source, If tis source and tie system did not have their
ipherent euergy losses it would be possible to transfler snergy
from source to sysiem without attenuations The nature of the
conduc tance chan;e Las been investigated by Forman and Crilsp
(33) and fichards and Loomis (53), who have derived mathemae
tical expressions relating power loss to speciflc coaductivity
and dlelectric constant of the solvents An empirical relation-
snlp of frequency correspinding to maxinua energy loss has dbeen
s:own to be A‘@=kkby Forman and Crisp (33), in whica A is the
wave length, for maxlmzunm powsr loss, Y is tas concentrativn of
thie solution and Kg is a particular constant for eacih sluple
electrolytes Tuls relationsiilp was deteriained by maana of the
tempereturs rise of a solution tssted in a calorimeter during

a definite tims Intervels T:1s relationship is indicative of
the concentration limitations of the metihod, since outside of

a certaln conceatration re lon, thoe de rse to wi:ilch poser loss
or wave lsnrth (frequency) changes with respect to concentrae
tion falls of sharplye. Conseguently outside of tnls rezion

the sensitivity is not gr.at enough to eatisractopily indlcate

an end point in a titration.

Cell Types
iarlier worikers used iniuctance tyse cells, (31,44,45).
Jnimowns were pleced 1a & glass contalner waleh in turn was

piazed la the inductance coll of the oscillator clircuit.
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Several disaiventazes are saild to be sitendent upon ecoil type
cells wiich are sald to be overcomne by using tie capscitance
tyie cells (11). Heportel disadvantazes are a lack of reproe
ducibility and a lower order of sensitivity than thet of the
capacitence cell, Kecently fujiwara and iiajeshi (30) have re=
ported overcoming these difficulties by modifying the oscile
lator eircult, and measuring tesnnique, The ecapmcitance type
cell 1s a contalner, usually glass, wita external coandenser
Plates which are part of tne osciliator circuit. 7The gecueew
try of the cells reported has bsen diverse and grcatly de=
pendent upon the system aaalyzed and tiie particuler use.

dost emplcy & pair of wmetal bands about a glass cyliﬁdar.
Several studies of cell gewnstry have been made (54,57) and
1t has been found tihat plate size alffects the losding of tihe
oscillator. Cells have been desi;ned for epecial purposes,
flow cells for constant recoraingz apparatus, coversd cells
for inert atmospliere studles, finzer type cells, and cells

for stulylng ohroaatographlc zones,.



Tho TIZATIOA ChilVe

The shape of a titration curve can be explained plctor-
ally by considering tue tltration graph to be the locus of a
point moving on tuse avpropriate resoonse curve. rOr a speci-
flo exanple relating conscentration to grid current by moans
of the response curve of ¥Ficure 7, conslder a tltration occure
ings in a concentration range wnere the inltial and end point
concentrations are on opposite sldes of the "hump". In this
case tie grid curreant incrvaseg at the beglnanlin; of tiue titiae
tion until the "hump® is paased, aftsr which the current dee
creases as the end point is approacied. After the end point
is passed the grid curreat increases passing over tne "hunp"
and decreases again. The resultant titration gracsh has a
"pip" shaoed anpearance. Lepeniling upon tae sterting point
and tue conceatration changes whieclh occur, a large varlety of
complicated titration curves can bs obtalned,

For the c&se of an aqueous titration the ;raph 1s similar
to that of a conductometric titration, providel tiie titration
is carried out on the linear portion of the conesntratlion-Ire-
quency cnan;e or concentration-power loss cnanze relationsualpe
Up to the end point the chan;e is due to the sum of the eciani-
es from decrease in concentration of substance titrated, tae
increase of reaction prolduct, and dllution factor due to in-

creagsed voluma upon additlion of titrant. After t.ae end point,



tue change 1s duo to tne sun of changes fron ad.ition of ex-
casa titrant, and tue dllution factore. 1In owxdoer to obtain a
snerp breakx at tis end point and linear resuovnsa daring the
titration 1t s necessary that ihe substance beln; titrated
and the titrent bothh be In the conecentration Paagel of (reate
est sensltivity (-reatest chan~e) for t.at perticualar fregaen-
cye Asauming linesrity of ine gra:li, & socond optlmua condle
‘tion exists. Kor si.arper end polnt breaxs, Lo excezs titrant
should change tiae direction of tiie resyonse, or & least crane
the alope of tne sraph sharylye Xonellagar curves suould have
& cusp or inflection at tiw end pointe 4@ cousideratious mene
tioned aedove hold true for both power meazurin; iastrdaents
and frequency measurin; instruiasats,

The concentration and non-linearity lirnltaticns ean be
overcon? soxgowhat by the use of hi lhier workin. frojucncies
(Fi,ares 2 and 2a).

If an 1ldeal ni:n frequency titratlion can be npogtaulated,

a grabh of this titration will possess certaln attridbutes
azainst which the propertiss of aotuel hipgh fregisncy tltrae
tion grache c¢en be contrasted. (e comparisovn will show the
advanta:.'es, disadventa.es, optimun woriklnsg conaltlons, anil the
greateat sources of error imerent in tue meilnouis used Liorea
ine ldeallity strived for in t:e grapileal represeatantion

is priaarily based ujpon two condlfiona: a suarp Lirsak at tue

liear tus end point tie prsssnse of reaction procuct, if
a hisnly ionized substance, will infiusace L@ optluza concene
tration for the sreatust caange.
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eni point, and & linear resuonse of tiue dspenient vari-blee?
Thus the 1dsal hich fregjasncy ora-n would rese:ble a typleal
gonductounetrioc titration graphe A hi.h de-rece of curvature
Indiostes a ‘'reat departure froa llnecarlity &13 asiie froan otne-
er consldurations a mors inferior (rapn. 1LTiese cl.or coiside
erations, w:izh are often mitizgating faotors justifyla- cone
clusiona, are: synuetry, nuzbsr of polats, and &aiis of Drvake
Tue most imnportant of the tiree 1s tivw an.ise of Uie bresk at
|

the end polint, 1deally tne breck at tue end point should be
a8 sharp aa possible, tiius the saaller the anile batwsen the
tan-ents at the end point, the sarper tie end point, wal cone
versely no bresak &t all woull resultl in an &an le bstween t:e
tancents of 1329, Unfortunately two eopposing teniencles are
present here, escii 1limriting the angle of tis end polint breake
The smsller the break 1.8., &8s tue tangonts auproeca 1309,
tho greater 18 t.ue effect of random errors ia cha:zing tie lo-

catlion of ti:s breaks T larger t:2 breal, l1.0., 83 tii6 tane

centa epproach 0%, tie grater t.e ran:-e nocessary for t.s

’

2A mora linser res-onsg oy & particular concentration
ran;e can ba ecnleved by incersasins tue worilng (rejucney of
tio instrument ard/or witiin llaits, c.anged cell rooastey
and plate sizo.

Hailliey ani seuurdy (57), have saown tizt for a partie
culepr conezntrstion and a particalar gijelesn, Ui© cuslng pro-
Jestlon of tihe anaittance of t e parallel esulvalent cirsult
for the fastmanznt used under snecifled condltlonn wien nade
@ function of egpecifiec conductivity willl yield a transfex
:lot by moans of wihich tis egalvelent con.uctsuctrice titration
;rach may be pieysred, ihds ls satiavetically egulivalent o
allowiany ti.e rzaponss Lo becows a psramelsr of a funastion of
specific conrluctance wuleh 1s In turn plotsad a-alzst the ine
denealent varinble yieliln- & linssr ¢ranhe
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measuring instrunent, wiich in this case ls & vacuum tube
voltneter (V.. eVere)e Tius the mlinlinza ancle of tia break

13 1lixlted by tihe maxinmum volia e chtajnebis dug to thoe na-
ture of the oscillating trliode and &iso taue maxisia ran_e of
L.:@ vacuus Lube volitawsbtere i@ optllwua sogle ol the tan, sale
at tie broaic due to tuese conslierations is 1a t ¢ vicinity
of 379,

It can be sald frou & qualitvatlve stuadpoint, tiust if s
curva posses.es uxesd of syazetry L.e sanslie> 1: L. e probablle
ity of ranioas errors preasnt causin; a distortion cof tue end
pointe It can alao he sald qualititively, for a ;realer nuie
ber of poinis tne probabllity ia lar;er bLiat In a s:ucothed

curve tiie positive and neorative ranllsa errors cancele



EXPLATLUTAL HETULD ALD DISCUSSION OF LILLOULIS

Preparation of lieezents

All chomlcals used were of reagzent grade, o speclel
purification of reagents was carrled out excépt in the case
of dioxane e&s mentiornied and the aliuilnwa oxlnete wiitlch was
repreclpitated fron a éllute acetic &cid solution several
times, lielting points were taiken on the orgsnic solids to
confirm their purity, g;reeing to # 19, except glycine which
deconiposed at a poiat 10° lower than the theoretical decore
position point.

Solids used were welghed out to tiie nearest 0.1 of a
milligram employing wel;lits calibrsted a;ainst Lureau of
Standard welphts, All solutions were conpeared against stande
ard solutions using potentiometric, conductouctric or visusl
indicetors, #8 a nmneans of detectling tltretion end points,
wherever these riecms were snnlicable, L:iquids were measured
in calibrated glassware,

Aqueous ecids and taszes were prepered to tiie approximete
desired normicellty aid standardized a;&ingt known acids or base
es, Prinary standard ¢rede potassium acid piithalate was used
as the prl~ary standsrd, ind points were detected conducto=
motrically or visuslly wlth metiiyl red or phenolpi:thelein ine
dicator, Tie res;ents used for aqueous studles were rea_ent
grodé, acetle acld, hydrochloric ecid, oxslic scid, ortho-
phoéphoric acld, phenol, potassium hydroxide, sodium cliloridse,

sodium hydroxide, and sulfuric ecld,



Aclis and bases in cdloxano media were prepsared with
dioxane redistilled over sodium., ‘"he bases were compared
srainst a standard percliloric acid solutlion in dlioxans use
iny metihyl violst in chlorobenzene as tie indicator. T.e
perchloric acld solution was standardized azainst rea;ent
grade diphenyl-uanidine using methyl violet indicator (3i)e.
The rea-ants used for stulles 1n dioxane media werc, anlline
diphenyl;uanidine, percihloric acid 70«72y, pyriilne, ani
p-toluidine,

Tiwe acetie acld welia uclds and bases were prepared from
duPont CePe glacial acetlc aclid and C.P, acetio aniydride.
‘The rea-ents useld were, fealanine, aluuinum oxinate, p=auind
ace to.hienone, o =amino=1schuteric acid, aniline, beuzlidens,
banéoic acii, dietiaylaniline, clyclne, hsxsnethivlenedlardine,
B-napthylanine, B=-nyiroxyquinoline, perchl:r»ic acid, pnenol,
phiislic acid, potaszium acld phthalate, .. 1.1, sodiua
acotate, sodiua perchlorate, p-=toiuldine, and urca.

T.e 5lacial acetlo scid was assused to contain 0.54 of
waters Inoash acetioc anhyiride was added to react witn 505
of the water pr-sent, ifty percsnt was chosen ao that tlie
final solution would contain lsss than 0.3% of waler and no
excess of acetic anhydride. Tie 0,35 or lscs water level was
shown by earlier worke:ra not to affect tho solution measure=
menta (34,65)e¢ In tie preparation of perehiloric acid solue
tlons enough acetic anhyldride was adied to react with ybe of
the water present. Perchloric acid solutlons were standarde

1,ed arainst primary standsrd porassium acid phtnalate dige



golved 1n acetic amcid ({1)e Conunarisons of solitlons were
made conductosetrically, potentionetrically and visually

using methyl violet indlcator,

Ineidenial Instrusentution

Agids from hich frecuency measureients on tie lansirue
ment, wiich will be dascridbed below, coucerisona and incle
dental measure.snts were carried out oa otuer instruientse.
A Bockran model li=2 1ins opurated pil meter usin: tyoe i)70=00
red label ;lass elecirode sad a calowel tjie - 37) fiber elsc-
trole, was used for titr-sticna in ecetls acid xedla, in the
manner reportel by previous workers (34,55,50,57,53)e An Ine
dustrial Instiurents conductivity bridse mudel ko=-13 at 1003
eycles per gzecond with Becikuan platinized nlatinuzam fasersion
electrodes, was uged for titretions in aaqusous edla aad for
so1e scelioc acild ella titratlons in tue usual menncere. A
Heathkit vacuum tube voltmetsr model V-5A wailch was uscd to
measure the grid potentlal of tiue nlgih freguency titriueier,
Line volta e was controllsd by a 120 volt Sola cuustzul vole
ta.e tranaformer Cerisl De73537. A UsS. Aramy &S1:nal Corps
surplus frequency ueter trpe BU=221D) was used to determnine
freguency resrolualbllity of tus experimontal instrunents A
Fiecher slectrie block melting point s)paratus was uged to de-

termine tie purity of the or,anlc sollus.

Arparatus
The titrimeter used with feow modiflicationz, cilefly in

the power supply, hLas & clrcult (P1:ure 6) wnicih has be:n ree
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corded by rall ani ot:.ers (1,5,3))e A 3000 kilucycle crye
stal with ti.e eppropriute coil was used ratnér thaa L@ two
me acycle orystal used by iiall, tue varisdle cajacitor uti-
lized a national jearel drive, ani tre 2J volt direzt cure
rent was taken from a line operated, l:alf wave voliase re=
gulator power supply, eaploylin:; & selenium rectifier, (iig-
urs 6).

A short description will be given Lere of tue function
and operstion of tae various cou.sonents of tie ecirculte 7.
6:5 "maslc eys" tube functlons both s &n cscillator tiiode
and a resonance inidicatore “ue trivas caclilator clrcult 1s
of the tuned plate tuned ;rid t:rpe with a plezo-aciive quarts
crystal aa tie yrid portiou of tie rcaonant ofrcult end as
tizea frequency controlliin; device., 7The cirsuit osclllates whene
ever the plate parallel reconaat circuit is tunczd to the satie
fregquency as tae flxed quarts crystale Tue transfer of cnere
£y between plate ani grid circults takes place t.irou.h tus
plate=grid capscitence of tane tibe., OUszcillalion exlsts wien
F= ]:27!/10]-' wiocre £ ls the crystal frejquency, L is the
inluctance and C tie capacltance of tuhe parallel resonant
oircuite Tne state oi oscillatlion is marked by a decrease in
pliate current, ¢~1d currsnt, aand jrid volta.e. dUruph B, Flie
ure 7 18 a representution of tue ;zrid alp reaponss for a tuned
plate tuned prid oscilletor aa describad by Jeice iiall (37)e
The instruzunt used here belinyg essentially thie sadieo laslilmie

ment with a fes moiifications has a sinliar responzee
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In tius orld elr:ult the He¥e choks prevents tne hi: n
frequency alternatin:; eurreant from short circulling tie crye
stal throurh tae »rid leak resistor,.

™o 6.5 "na 12 eyo™ also functlons as a catiiode tubs ine
dicator, iihen thers is no oscillation tue plate currcnt 1s
hi~n, thus the tubsa tarpet is malintalnred et {its lcwest poton-
tisl with respsct to tre cathoies A control elecirods 1is
connected throi-r a resistor to t.s plete of tie trilode and
i tuercfore at a higner poteatial than the plate, due to ti.e
potentisl drop across the plete r gistor. hie shnlow an.le
i1s the widest et this nolnts Vhen tie clrculi is in oscllla-
tion there 43 a reclistribution of potentlal erowunl tas rplute
circult, The potentlal drop from tns cathoze to L e rlete
incressres becaisse tiie effectlve resistunce of tials uanlt ine
creases wiile tiuse plate loal resistor remalns constante iue
rlate current decreascs ani hence tne voltese drop &crouss tue
piate load rcsistor dscreases ani t.e volirze of t.e plate ao=-
proaches tue volta;e on tite corntiol electirode znd tae shaldow
angle becones smaller,

If t.e capacity in the plate tuning circuit is Incrsase

or decreased teyond cortein limlts it will no lonyer ba 1n
resonance with the guart: ecrystsl an! osciilaticn will stop,.
At thls point there will be a sudlen lu-p in plate currcnt,
the votentlal of the =lates wiin rosgecet to tie catuods Jo-
creases and as & congequaence tiie snadow an;le will w!ien
abrurtly. Thias point 1s rexroducible snl can bs used a3 &

baeis for messuromentse
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In parallel with the capscltance type cell is a series
of eapacitors, C) throu.,h Cj inciusive, kijure 0. iue C)
variable casacitor is tus rouzn sajustment, tne Cp varlubie
capacitor, withh tne national reducing drive, is lues fine ade
Justment for tue propsr capacitance to grouiuca oscillatione.
The fixed capacitors 03 tarouszh Cg allow ti.e clrcult actwork
gapacitance to be rousily adjusted to pruper ran; e fur viclile
lation to occur depending on swilen pusition.

The ﬁs variabls resistor acts as & potenctiometer wilch
gilves an oppos=in; voltaie, baluucing tue measurei grid vole
teve, The opposing voltuxe serves to bilas the vacuum tube
voltueter (V.T.V.%.) b7 a predeterained constunt potentisle

Tie rssponse curve of gravh B, rigure 7 13 given in terms
of the absolute grid volta.e, In the titrations of tuls study
a blags was placed on t.e vecuum tubo voitnetere Lf a blus
whoae value is larger tnan toe waexisum value of itue grid vole
tage 18 imovosed, an examr-le ol wialcn mighs be a8 twenty volt
bias, on tte grid dip response curve of yrapn B ki ure 7, &
reversal of itne resconsd is obtuined as depicted 1n grapi A
Filgure 7 It can bs seen tust a twenty voll LIias wili resalt
in voltayge reaain.s suci tuet a twenty volt urid volta;e ;ives
a rcading of O volts on tie V.i.ve'ie, nineteen grid volts,
vives a one volt reailng etoe Tie purpose oi bilasinz the vole
tare was 80 thial by choosing t.e proger blas voltaze tie ranue
measured ocould cover tue entire voltmoter scale and so ine

crease the pointer deflectlion thereby dssressin:; tae reading
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error.l irhus tue response of thls instruusnt csn be dige
cussed in torms of twu differ:«nt curves,

Titrations for tiils study wore carried out usin: both
t:e "bowl™ sheped responze and the "auwp®™ samped responses
No differeace was expected or found In ti.e observations or
agonclusions from t-eae obzervatlions except tie Inversion of

the rolationahlp between conlictance and res..onsee. i@ ine
clusion of curves rrom both tyrnes of ros:onse (whileh are naree
1y horizontel mirror 1aa;ss of each other) wes for tue pure
pose of showin: tne counplete sonvortabllility of one ideatlity

to the otnsre Jnlass, otherwise spscified, tua volti; e mecase
urencnts are of tiue "hunp" shaped rosponze. Lor any related
set of curves on aay one figurse tha use O a partloulisr Ivge
ponse measarcnint 1s consisteat.

Instrunont chiszactoristica, eproducitvillity of tue in-

strumant was determinz:d usins en Army surplas frejucncy mster.
Cat in and cut out points a&s determlnel by suddea openiag end
closing of the "maclc eys", wers exactly reproduczidle waen
deternined a3 the nullepolnt of beat frequency by using eare
pnones. The variable condenser dlal regilas was rzoroducibie
to + 0.3 d1al units., 'ils was teated on verious portions of
the varisble capacitor rangje by t.e exsedlent of usin, difier=-
ent coancaentrations of hyirouciloric acid solutions 1a tie cell.

7hne variabllity of the diel reaiia s was found to be reaster

iive readiny error of the V.i.Veds in Lne tirese violid
ran;e estliated as bein: + - millvolits.
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at the first 55 and trne last 5% of tue capecitor range,
Peak voltagez seasurenents wers exactly reproducible with
respsct to voltase eand freguency for several diffecrent cell
loads. A%t the peak volta-e relative capacitor readin. s were
reproducible to ¥ 2 dial units. At tiie peak volta e point
the frequency was found to be constant even uuder chaaring
load conditions in the eells At other grid volita.es not on
the flat top portion of tine charscteristic grild volta e ca=
pacitance curve t:.e frequency shanved different amounts.
Reproiueibility of grid voltage during loadinz meesurenents
was possible but only il i reat care was takon wita repeating
tiie prearranzred capacltor settin. .

8$tabllity measurcnents were made at vurlous grid volte
a;;08 and 1t was found tnat at all rld voltages tuere was a
slow steady rise whicin ceased after a rerloi of 90 minutes.
The rise at tiia peak volta; 8 was slower than taat fur lower
grld potentials. i@ cause of tiile, slthou; n not definitsly
ascertaincd ocan lozically be attributed to hivating of tae
erystal during oscillation ead coolini; of tie triode during
oscillation and tnelr subsequent attalnnent of thermal equle
librium wita the suvrounuing se

Ztabillity with reapset to stirving was msasurod using

both mas netlc stirrer and molor driven padldle stirrer. It.

zA hump suaped eurve sxowsd to tuie rint witn a flat
top roesulved wien ocapaclitance removed froa circuilt 1s piote
toed agalnat grid volturee 1508 yrid volusge on t.e flia:tened
top portion 18 tiie "poak volta e,
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was found that the glass padils stirrer wien motionless In
any position or rotatsd &t any s»2ed had no e¢ffect cn tiwe
grid potentlal, unless alr wes beaten 1nto t:s solutiocn. At
a speed walch alr was beaten f:1to t.o soiution, violent fliuce
tuations of grid potlentisl occcurreds &ith tie marneblic stire
rer ti,e saue effuct waa noted, Alsv noted was ;enerally lowe
ered gonaitivity (ldeniical solutions tiiratal unier identlie
cal coniltlons had a less s.arp end point break)s A 0oticne
leas ma,/astlie stirrer ygave varied ruvalings, decsnding uson
the orientation of the gtirrsr eleaent. 1@ two latter ef=-
fects were atiributed to the presence of a wasa ol metal in

t..@ atl.rer eiecincnt,

Cell Tynes and Charactcristics

Severzl different tyro calls were tzsted for apcilcabile
ity to the pressnt projecte T .6 cells desciribed Lers arc tye
piecal hi L frequency titratlon cells In tuat tre electiodes
are slesctrically insulated froa the solution by the container
walls, Tie electioiles ere sultebly counled, by means of coe
axial caile or by direct conriectiond. to tue ninte cirsult of
taie oscillator (Fi;nrs 6).

In tie finzer tyoae oall (Firure 3) a rlass test tube or

"riager™ was fusal over a clircular onsnin: in tue bottom of

Azbirect connection was achilevel by festenin: a male
coaxial connector to tius cell aaxd tald f:aiale coaxial con-
nector to tiie instru:ent in such a nanner tnat tiey could
be connectad witrLout &1 Intervenin ; cablse



a beaker-liks container. vn the outslie surfaces of tae con=
tainer copper folil was comeuted reealting in two eylindrical
concentric condenser pletes, with tue solution concentrically
containe! between the two plates. iechanlical difficulties in
csonstruction and Inufficieént stirriny made the use of otneyr
cells desceribed here more feesible,

Dip electrodes (Flyure Y) of differz=nt sizes, saapes and
modea of shielding were devised. These consisisd of two cone
denser plates coated with an insulating material, innerased in
tne solutlion, allowin; the solution to flow betwesn and around
the plates. Tune chief diffisulty incurred in suci arran e~
ment was that thie level of tiie liquid caanged wita respect to
the electrodes, consequentiy a very large part of tie cuange
measured was due to volu:ue chance.

The eylinder type cell {Flgure 10) consiated of a bsaxer
tyre econtainsr on tne ocutside of which two hemlesylinders of
copper foll were cemuvnted as sondenser plates. This cell
proved to be entirely satlafactory in use, providéd suffie
cient solution was used to minimize the volume enan;e effest,
One defficiency of cell desi;n for all of taie above mentlioned
cells which was not overoome, but wit. careful titration tecie
niques could be minlzized, was shleldin,; the cell from stray
external capacltance and radiations,

The band ty: e cells consiasted of @ series of glass cone
tainers on wnich two metal bands were placed, one above tne

other (Fi ure ll)e. Bsands of brass, alunlnum, copper and gale
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vanized 1ion of different widtns an. witia different couvplling
arrangsasnis on the cutslde of i container, were trled.
Urie cell with tue plates inside tne container, iasulsted from
the solution bty lajquer was tsstede racztors waich afiected the
sencitivity of ti.e responss for tids tyse cell were found to
be, eize of plates, thicknsss snd kind of insulation, and sepe
aration of platess Tiece factors wers noted qualitatively
ratiner tian quantitatively and furiher iavestl,ailon along
this 1lno was precluded by other unsultable features of band
typs eells. ‘e chlef difticulty was to deel n aieguate
shleldilng for & csll on which coupling protiberances extended.
A gocond dlifficulty waa present iIn the forn of reaponse ¢:.&n,.e
due to volune chlian,es Otner studles of talis type cell have
besn reported previously (55,57).

no last type cell testad conslzted of a polyetihiylane
contalner wita elsctrodes iwvbeded in tie botiom (Fi ure 12).
T.is was tne cell subsejuently used for all quantitative none
aguaeous hil:h fregquancy tltrationas, ™8 aivanta, es observed
in thiis cell compared to tiia othora were, a i .0 da2 ree of
sensitivity, probably dne to the use of polyetiylsne ratner
than glass ag an irnsulsting: materisl, a smaller cihan.e dus to
volume change by placing the elscirsdes at tre hotliom of the
cell, ease of construction ancd snieldin., wulen was achleved
by fastening tne entire assembly to the boliom of a heavy

ooprer eup.
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Ganeral Exoerineatal irocedure

Solations of knowa concentrations wepre plpstis. Into tle
experimental cells Voliumes of solution from ons =le to 5O
mle were used, Ad.litioncl sclvent was tien plpeteld inbto ta
titratlon vessel to increaze tiec volune 80 tiat Lo electrodes
were well below tiio solution a.rfuce. Solveni wes added in
25 mle, 50mle, or 102 ml. :orticns depending upon the partice
ular cell used and tiue volams of solution alrsany iresent,

Thie instrurcnt wes then adlusted to proper workin: ran e for

tiis eoncontration of solution used. Iuils was Jdono by a trial
and error cholce of a serles fixed condenser ani adjustment
of the C; verlable capacitor {Figure 6)s Upon finsl aljust=-
ment these controls reralned fixed throu.lioat tiie tltration.
The volta.;® bilas &3 duternlined by the 33 veriahis registor up
to this point has bson Beroes 71he V.TeVele 18 aijazied to tie
32 volt rance, The H3 rotentiometer is tien maljusted, wiile
ths instrunent 1s in oscillation, 8o tiat tiie voltinie recase

ured {s within tae proper rangeu and 18 nositive or nega;ivas

depending uoon tiie caoise of "boal" or "nuas® sharsd resjsonse.

ufje proper ran:-e caolce 1s en 1lastaace of & priord
knowled:re, however tuls knowled.;n is of a jersral sort w.ich
can be detaralane: by a vreliminasry titratlon carriad out with
no bias on tne 30 voit svalce in general it wes found for
tie acueous titrations tae ren:;e was rarely grealer tian 3
volts and for non aquoous titrations the reaie waa racely
greater than l.5 voiis.

55ince D.Ce measursments are beiny nale on te V.. ..V. W
1t 1s necessary to reverse t.e polarity escli tiro tie re-
spouse ocurve ias inverted,
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Tous for aqueo.us titrations the HJ was adjusted so tuat the
VeTeVeide rezistered O or 3 volts, witn tie instruczeat ia ose
cillation at tae Initial ¢oint of tune titration, aad witn
the appropriate polarity for tis response desirsd., For none
aqueous titrations R; 1s adjusted so t.et t.e V.i.V.i. re=
gcisters 1.5 volts with t.e appropriaste polarity. For any
one titration t.e Ky setiing romains constant.

Meaguremunts were made by recording grid voltayge or Cj
variable capaciter reading versus ml. of titrant added. 4etie
ods of measurensnt will be discuasei below. TLuring the titra-
tion tne buret tip was below the surface of t:e solutlion tie
trated except where otherwise noted, the stirrer was adjusted
to the maximum speed at wh:ich no solutlion swirling occurred,
H“easurements were taken between 45 sand 6J seconds after addie
tion of tne titrant except asm otiherwise notede Tals was to
permit complete stirring of tie solution to take place. Tue
size of titrant inorements was such that & greater nunber
realin;s was taken just before sni just after tie end point.
End polntas were dstected by grapuin; tiie oscllilator clharace
teristio versuas mi., of titrents At the end point a break in
the graph was observed.

Several ditferent tecaniques were used for obtaining high
frequency measuremente. OUne group of related techinigues were
based on power loss measurensnts, indicated by chanpe in grid
voltace wiien tne cirocult waz in oscillation. In tue othner

group the change in capaclitance necessary to return tie in=-
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strument to its resonant frequency was use?i as & basis for
measuremant,
The power losa measuremsntis are made by observinyg the

feut 1n vole

followingz shinracrteristics at constant frequency;
taze", the rrid potsatial at wnich osci{llation just beglns,
when the "eye" anapped shut es eapascitance is removed froa

tie circiit by means of the variable capacitor; "cit out vole
tace™, tne pgrid potential just before osclilation cesses whan
the "eye™ snapped open as capucitznce is added to tne clrecuit
by means of the variable capacitory "perk volta e measureuent”,
the maximaz potontlisl by adjusting tue variable capacitor so
that a ochange in eltier direction will cause a loworing of the
potential es indicated by the V,T.V.ii,

Another power loss measurenent recorass ths zrid potantial
as increments of titrant are added duriny titration without
chan;ing the variablas cavacitor from some pre-arraned setting.
In this ty-e of measurewsnt the frequeney doea not remain con-
stant. This 1s essentially a loadin; messurenent because cae
pecitance and conductan-:e are luzuped into a eia-le measurexsnts.
Excellsnt results have previoualy been reported for thls type
of measurszent (L4,45).

Capacltance chan e rmeasurenents were made by two teconie
ques correspondin: to cut Iin and cut out volta.e moasurciacnts
desoribed above. Instead of recordins grid potentlsl at tue
pointa msntionsd, the relative variable capacitur settings in

dial units %o tiie nearest tonta of a disl unit were recordad,
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These nethods willl be referred to a8 cute-in snd cuteout capae

cltence chan;e riethods, respectively.

Grenhlar Procedure

Flgures 13 throuiy 27 ere salected grapiis of tie tlirae
tions carried out with tiie instruwient describked. 1i8 granis
representod liere are deplcted &s osclllator ciiarscteristic
versus percentage of the theoreticel amount neutrelized, The
atclssa 18 represented in unlt of percent of tihe stvolchiocre=
tric end polnt with the center mark equsl to 10054 A few of
the larcer scale granhis start with 60% &.d 80%, The ordinste
is represented in units of miliivolts except for Fiure lb.
Loth the independent and denendent variacles sre recorded ss
relative units,

Hoat of tle indlvidusl prephs ero a.ootled to minilze

6 Tg 1-dlvidusl polit protzile resdlng er-

end point errors,
rors, in keepln; with ti.e estz lisled converntion of showing
ti:e error &s telng comnletely contained in tlie dependent varle
able, are shown L7 clrecle size in Pigures 14-17, 22a«27, tue
scele of thie otier fijurss preclude tie use of thls conventions

The uncerteinty shown is the reasding uwicertainty, other sour=-

ces of error sre discussed telow,.

6F1gure 15 shows toth suootitied end non-snoothied rrani:s
for the samo titrations, Saoothilng greshic: 1 r esulis L8 not
uncovmon for titrations sud conslstis of cdrsula: &3 suooth &
curve as possible throush the provalle locztlion of 4hie ;rcate
est number ol points,.



Sources of Error

The error of the rethodl staidied, is the error of tie lo-
cation of ti.e end point break witn resyect to tie appropriate
percenta;;e valucs locatsd on tie abclssa. {'istorally this
error may be resresented as the alicbraic sua of two errors,
displacenont of the break on a stationary grach &nd t..e dlse
placemaent of tine abclasa values with resgect to t.e break.

Tie random sources of error can be suuierizei as errors
of standardization, tie drswin: errvr, asl t:e error ol tu.e
individusl points. 1he errors of tie indiviuual polnts are
readin; errora and instrunent errors, suciL as t.ue chanze of
thermal equilidriun, dilution durin; thwe titration, fluctuae
tion of t.:e supply voltaje and fluctuatlon of t.:d circult pae-
raneters due to stray rallation, cepacltancs, or otner unde=
ternined causes. individual roints dlspiaced by raudon errors
di4 not effsct tiie location of t.e end polint greatly since the
graph was recordel as a smoothed curve.

Detsrninant errors Qera kect at a minisum by a metihod of
cross checks, such as double readin s, ani gre:zhin: in & ane
ner to mini:lize prejlud;excnte.

Preiietabls conditlon errors such as the cablcal expane
sion of ecetio scid sclutions (J.ll percent per °C) standarde
1zed et one tenpsraturs tltrated at anotizr, were eéltier mine
Inized by making tie conditions cunstsnt or waking t.e ape

propriste corrections ia taue calounlztions,



L3

“dsgrussion cf iesults

fowep lnsg maseva-anta £ Ryasois meiia, The powsr loss

measured here was t19 loalin- neaaurencnt tecanlue utilizing
the "nu1;" snaped rosponse, Th.e cell usel waz the polyethiye
lane cell of Fi:iure 12, witnh a pelile stlirrer, ITtia solutllion
cousisted of a measured voluue of the standardizei base dilute
od with a measarel volua & of solvant so taat the total volune
wasg greater thean 5) ule T.e paiallel caacitors w.re &.djusted
80 that ti.e V.l'uVaeis roisiered in ti.o rezlon of tie first 20
ger cent of t.e fregucacy resonaicse curvs {an absolute grid
voltays of a’proximately 5 volts)e e anproprlale V.i.Vede
ran-e was sclectod by aljustin; tne H} resistore Tue titra-
tion was carried out usin; a stenlard scid solutlon with the
buret tip belows tie surfaces Juring tis titrstiion tie inatrue
msnt{ controls were f'ixed,s The resuit was a ,rspn of tae vole
uae of titrant versus t:8 zcale reaitlng of tiie blased V,U.V,..i,

The purpose of the squeours titrations waz to testi Lue sta-
bility and sensitivity of t .8 Inztrusent sand to detoraine thae
effect of cell gseonetry end dosl;m. These resuilis have been
sumarizei under inatruacnt el call ciaractoristics,

The a~iedus hyirociilorie ecid, sodliwn bviroxide titratlons
of Plzure 13 ani Tabls I show the effszct of workiz: on diffe-
rent portions of tue rezoonse curva of kil -ure Te 1In ;enersi
the curves of Figure 13 pive a aynoysis of all previousaly Pee
ported curvs siapes for tiis %;.e of $itration (4,22,45:, froa
the almost linsar (A) througn vario:s de;yreces of curvataie (H,

C,D) to tiie 1nvarted ons (£.F)e Tie explsantion 1s tuat tie
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res;onse volta e 1s a function of conductance, e titrae
tion curvs 1s ti:é locus of a point foilowin_ tie couductaace
chanres on tae resjonse curve of Flpire Te Conalder tie inle-
tisal point of curve A to be on t.e left siide of tie "hump”,
as the titration pro. resses and cunidictance dscrenses, tne
loocus of tne polnt moves down tie .rapn 8sd the ressonse vole
tazo decreasss until the end point is reached, After tiie end
point the conductance inoreaszs end t:.e point woves baock up
t..e respones curve to the ri iit. Consejucnlly wien titrant
addeld 18 plo.ted againat V.T.V.. s readin =, or in tsrms of
Floure 7 taue verticeal position of the movin, yoint, a V shap=
el curve results.
TaBLL T
LOALTES CEAS TR P TLITCATULUES OF ALTL0U8 Bfoaol Tuwoihls

ACID #ITH 15336 N FOTASSIUA EXULAVKILE

Flgure 13 | Normaallity | ¥eq. Teken | 4eq. Found Do;l:t;on
A 0.0475 e 707 LeT0T 0
3 0.0301 8.632 34632 0
¢ 0.1927 17623 17.01 1.5
D 03663 36.61 37400 =1J.5
B 0.71563 3375 35.35 2.4
¥ 145l 37.43 37.51 2.0

Simllar explanationz may be advanced to explain tre siianss

of the curves B,C,0,5,F, of Firure 13. [:us 21l twe curves of

Figire 13 can be considered vloias of a movin: point to the
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left up to the end polint, to tue rl, Lt after tue end polint,
on tne "uurp® curve of Figire 7. Iuis curved grazna (B,C,»)
are a rasult of ti:e point moving over t.e gurved top portion
of the "uucp", The invertel grapnus (£,F) aire a result of the
starting point belng on thse ri;s:t sids of the "uump®,

The sreatesat sensitlvity, ti.at 1s tue  reatest cnange of
power loss per unlt ehian,8 in concentration and colgegzusatlly
tie sharpest end point breax, occurs on toe stralat llne side
portions of t.s response curve, raanlnation of ¥ijure 13 cone
firms this, Curve A is tlis only one tiat does not eonforu to
tiuls generzl tendency ani tiils is very likely due to ths very
dilute state of the solutlon since tne chense of conductance
is Bsnall due to the reduced nuaber of ions involved,.

T::e considerations glvan above for ajueous titratliozs are
analogous to factors present in non~ajunoous titrucionse! ilowe
ever ti.e effects noted are consiierably reduced since tie sud-
stznces involved are less lonlzeble and eonszejusntly have a
smaller conductance. T.@ golvent systoms t.emselves ares in-
herently less conlducive to hi h conluctivities.

In general aqueous titrations pave t.:e most satlisfectory
results for atrong aclds titrat.d with stron; beses (Figure 13)

and vige versa., Acids such as hydrociiloric, sulfuric, and

(201d base titrations in tieir widest sense do not nece
essarily involve lateraction of nydroxyl anl hydroniun lons
(34535,41,42,60)e Sinee hign conductivities in tis aqueous
titrations of Plgure 13 ere due culefly to tiese two louns,
1t s reasonabls to exnoeb t.at in t.e absence of one or the
other or both, tiie condustive chnuracter of tuv solution 1s
lowared anid coasiderably altarsd,



tribasie phosphorie, and bases such as sodium hydroxide,

and potassium hydroslide geve excellent results, weak acids
such as dibasio phosphoric, acetic, and monobasic oxalile,

when tit:rated with a strong base gave falir results, end points
were not as s:uarp as those for strong acida, Very weak bases
and acids, aniline, phenol, and monobasic phosphorie hitherto
unreported in the literature of high frequency titration,

wien titrated with strong acizls or bamses resnectively, showed
no end point bresak,

Pawer losg moagurements {n dioxare meiia, A series of

preliminary titrations were made in dioxane to determinas {ts
sultability for adaptation to high frequeancy technijues,

fo-e comparisons of titrations in each of tiie respective media
are ghown in Figure l;. Uulioxane, and aprotie solvent, gave a
sharp end point where both azid and base wsre strong, such as
pyridine (Fi:ure 1} ecurve B} titrated with perchloric acid.
Weak and intermediate bases, such as aniline, when titrated
with porchloric acid (Fizure 1} curve A) gave irresular graphs.
The titrations represented in Figure 1), curves A and B were
oarried out at tie optimum concentration (anproxinately Q.01H)
for tiease compuunds in dloxane, Otier high frequency titrae
tiona in dioxane (not shown Lere) verifiei these results 1l.e.,
dishenylruanidine a strong base gave a reletively shcrp end
point br-ak, petoluidine a weak bsse gsave no end point.

Power loss messarcrnents in scetic acid mcdla, Ttrations

of aniline and pyridine at arproxizately 0.01: concentration

wore carried out in acetic acid wedia (Figure 1lj curve C anie
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line, curve D pyridina) for purposss of comparison with dio=-
xane as & solvent, It will be noted tat the ma;ymitude of

the end point break for pyridine ia both medla 1s soproxizately
the same even tlhioush dioxane measurenent was taxen in tiue opw
timum ooncentration ran;e and acetis scildi measurement was not.
Cosparison with titrationz earried out In tie ostluua concens
tration ran-es for aniline (ir'lgure 22 curve A) and pyridine
(Fl-ure 22 curve () sliow much sharper end points in tie acetio
0cid medis,

Conventional taeories of solvency state that acetlic acild
&3 & gsolvant causes a greater degrse of dlissoclation of weax
bases than does wate: or dioxane as & solvent {3L)e. Tius
acetlo acld syatems allow greater conductance ehangses duriny
the course of a titration, givinz a snharper end polint. ITheo-
rotically and exparinentirnlly aocetisc ecld systems ghowed a wi-
der ran-e of applicebllity for wesk bases tuan ¢d1d water or
dioxane syatems, For thlas reason 1t was decldel to conline
tie invastigation of the titration of weak bases to tne acee
tle acid melia, Une limitatlon of acetio acld was its power
of solvenay, 8Some audbslances auch aa aluiulinua oxinate could
not he titratcd because of linmited solublillity,

Concurrent with tiie study of solvent eyxtems was an ine
vestiyation of the various posmible measireuent techuiques.
Sone tuciniques werae superior Lo others and &lthoish eaxchi sole
vent systen was tesbted by each pussible technique, tie pre=
vious discuseion was conidensed ani confined to loadiin; nease
urcmsnts for resasons which wlll beco e apuarent in tius dlse

cassion of measurenent taocunlingues,



Various operating procsdures are feasible as mentloned
in the section on exserimental methols, T.e previsusly dase
cribed methods of eut in voltsaze, cut 1in caraczitance, peek
voltage, and loadin: neasare-entas were utiliged for the tle
tratlon of so.lfua acetate, B-nydroxyqulnolins, anl @e-alanine,
with peronlorio azid as thae titrant in acetic acid nedia.
(A,8, and C curves res;ectively for il ure 135,15,17 ani 13).

Cat ¥n voltare masanremsnte, 1he general prucedure for

thlis measurement invcelves tne sae prellninsry steps used for
loading wmeasurencntse To® rosroise measured, was tie scale
reading of the V.T.V.+7s &L t..9 0256t of oscillation a3 inil=
cated by the s:dden closure of tiie G5 eye, Tuls measursaent
was obtained by inorcasiny t.e e¢acacitance, usin:; tioe CZ vare
iable capacitor until tis fnastirasent was oat of oscillatiion,
tuen carefully a’justing the 02 canacltor until oscillation
Just started3 wien the voltapgs rcaliny was taken.

Curves of taue cut in volta e (Fi ure 15) s-o¥ tis €Xxe
trere irrepularity and a conzlete lack of ead polnt for tnls
opsratiny procedurs, iie curves are giown by a dohtsd line
connectin: t.e roints, but & mcre accurale represeatation
comensuratin: with tne uncertainty and irreprodacibllity of
toe indlvidual polints izt be yiven by t.e solll curves of
Flgure 15, Tie cnan<e of voltn.e at t . eanl point break was

of the sa9e ma:nitude as the uncertainly cf tre vulta-e reade

B{he storylin  of oscillation for each reaiin, i3 an un-
desirabls characterietisc of this methol snd 2llicd wetio.s,
since tre instrument is not sllowei to reach eguilibrium,
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ing (on the oxder of 270 neve)es At tle stert cof oscillutlon
for the first 0.3 unit of the Cp dial (an;roxe (02 ril)
volta-e incrcese wns on the order of 2.5 volia, Luo Lo tie
relatively coarse diel control? conired to tie volts e elnic0
et tie o:.8et of osclllation, &t wes Llipossiblc to ta s & vole
ta-e roailn: sand spaclfy it o3 the cut Ln volta as A furtler
defect waa an upvard creoen cof tho volta 6 w,lcli leveled out
efter 59 ninutesetd

Cut 3n cenpelteorce enmiratcite Mirure 146 and Toble II

ghiow thoe reaulta of tie sane tltratlions uain;: tiwe cut in cgpoe
citrnce teciininue, 7@ procedure Lnvolved for LLis nersiroe
ment 18 1deticel to Lle procodure of thoe cul in volls 8 meaSe
urerents exccpt tiunt tie ca varisile ceopciior soebtlln; 1s tle
denendent varistle ratier ti.an %0 pensuroed volip o, LIlor
fderl conditlons of couceniratlion end polite woere oucerved

\"’

using thls opureting procedure, howsver ma:y of l.e delecia

present in cut In voline ~ersusuroent are alszo nresonl lere.

7,10 resctlion tlie of tis operaior t¢rnin¢ tio &isl st
different sneuds wos a l&*"e eubor Lere, 2o ssluly a co qtnr*
speed moc' rnical drive elec :aaica‘ld oner ntgi by L@ Lstiie
ment may heve ac~rfn~wﬂ tila mechinnlceal dlendve.ic e, hoiusver
it 18 thourht thnt sulflcloalb Lucileah i1a e peer ireln exlais
to melte even this wmnicriiclle, Arnctiior n'~s¥Lla soluricen to
ti.ls protles of ro¢ihldﬁ a coirse adjustacatl, 1Is to use a
strllep Co capecltor, howcver irils would effostively cut down
tiz rance of tie instrunent end titrectiosa Involvia, large
ch.asres could ncet be mada,

10716 upwrrd eli b of easurald volie e i8 equivelent to
a downwerd cre en of orid valtr ce i@ 140 (t) ol ti:@ ell-b
of neeacred voline is & r4h;pr0ca1 TeLction of Lhe reonltude
o ti'e volin; O,
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TRLRALTICAS L ACLIIC ACIL w2IA BY DIV oD SLASIREAT
TECHNIL LS PIT L1132 N P RCULURIC Auly
Subsg tance lor.ality |63 Taken | iiene Found | Deviation
T1trated YePote
16
A Solium ]
Acetate «02363 1.713 1,725 by
B B-liyiroxy- , .
auinoline Q.01770 1,06k 1.074 %3
c A=Alenine Cel1722 1,017 1.11D 83.8
17
A vodium
Acetate 0601702 1.21) l.021 1.9
o A=Alanine 0.,01031 1.131 l.131 0.0
13
A Sodiun ' ,
Acetate 002357 Je2,0 0.4393 2.8
B Bellyiroxye= ,
quinoline 0,1005 56307 5.322 2.3
C B=Alanine 0401702 1.019 1.019 0.0

It will be noted from Figwre 15 and Table II that tas end point

brecaks in terms of dial units waro vary small (+0.3), since

the uncertainty of reonroduclnsg a dial setting was +0.1 the end

points obtalned were unrelliabls,

The time rejulrsd (3/4 to 1

hour) to carry out a titration using t.:e method of cut ia vole

ta;e or cut in capnclitance is a disadvantars of tuu met.ol.

The techniques (not recorded ne:e; of cut out volta'e snd cut

out ocrpacitence, in wilch t..e procedures are identical with

those above excect tiat the point recorded was jJur:y before Ose

cillation ceasel, auffer t .« sa:e defects ani gave leas reprow

duc'ble resulta,
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Loadins~ measure .ets, At constant conductaiice tne grid

volta e passes through a typlcal parallel resonance curve
with respect to changing capacitances. Any portion of tiie re-
sonance curve could te used for tie titration response 1T the
frequency were kept constent, Ia practice adjustaent of th
capacltence 18 rot fine exourh to kcep the frequency constant
except on the flettened maxinma ci the resona:ce curve, Due

to this iastrunent chierscteristic tuwo types of niessure«ent
are pogsible, Tie flrst 1s to allow both tire net cell capae
citance and conductaiice to cheance., Lie measured voltaoce is
then e function of the lwmped para:eters, the so-called loead=-
ing measurenent. Tlie second iIs tiie so called peak volta_e
meesureqaent, l1.e.,, the measuresent of ti:e maxinwi ¢rid voltu;e
after each increneant of titrant 1s sdded, kecpl:y; tlie free
quency constant by aldjusting tie Cp cepaciitor. Tie capaclter
ad Justrient is not critical since thie frecquency at tuhe raxlanua
grid voltage romalns consteat over a raige of 3.0 capaciﬁor
dial units, The resultant grephs of the titretions of tvoth
mothods ere reproducible aad in riost cases gave pood end points,
Since the instrurent was allowed to war:i un for over a:i hour
and waa not out of oscilllation st any tliie, therial equille
brium was malntelned,

Fizure 17 represeats t..c rcsults obtalned for loading
messure;ents, usin;; ti.e procedure ol pa;e §3. Trie volte, e
rence utilized was the first 20 pcrcent of tlhe rusonaiice curve.
Curve A of Figure 17 1s on» of a series of reverse titratlons

carried out in this study, In this exaiple thie titrant was
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. Fig. 17. Loading Voltage in Acetic Acid Media




soiium acetste and the scubstanse titrated perchiiloris acld.

The ea.inslzed breagi mentlionad above was nol noted in tue cone
ventional titration of sodlum acetate wita perchloriec acld.

In zeneral not all reverse titrations shiowed this en:nasized
end point breake Froam tie standpolint of conventional titrae
tions wita percliloric scii tie reverse titiations for both
loadlny and peak volite; e measuremnciis were lsss satisfactorye

Pea voltnrae measureamente, T.1s 13 a conductsnce meage

urement teclinique utilizing both "hwap" and "bowl” slaped rese
ponse curvea, Ine titrstions listed here have ell been car=
ried out using the cell of Figure 12 utilizing a paddle stirrer
as previously described, ihe solutlon titrated consisted of

a measured volume of the stands:rdized base diluted with a
measured volume of solveat so that t.e total volume was greate
er than 50:l1. The parallel capscitors were adjusted so tuat
tiie VeToVelde Peglatered tre meximum (about 13 v) or minimum
voltu;® posslble depending upon tue regcgonse useds Tue spnroe
priete V.T.V.i4. rane was gselectcl by al usting tue 33 resis=
tore The titratlonas were carried out using standard perenloe
ric acid as titrant.dl purdng tie titration tie (p capacltor
was adjusted after each increment of titrant so tlint the :iaXe
L@um or minloaunm voltags, as the case may ba, was re;lstered,
Tus resultant seiles is plotted as a prepa of tie percent tle

trataed versus ti.e scale readin, of the viessd V.T.Y. .

lligveral titrations, as noted, w:e so~called reverse tie
trations, that i2, titration of percnlorio acid wih thie arproe=
priate base as a titrant.
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The graphs of Pi-ure 13 are titrations of (A) modium
acetate (&) 8-hydroxyquinoline, e:d (C) #-alanine using tie
peak volte;e metliod of neasuresent., Acceptable o:d points
arc present excent for curve C and this is prokably due to
the very low lorlzation of g-elanine, (on the order of
KBI":Z') = 10-13) .

Conparison of a large nu.iter of titrs:ilons carried out
usin;; both peak volte;e a.d loading techitiques jave compare
able results with reference to accuracy end reproducibility
wwever In riost cases the end polnt break was noticeetbly less
shiarp for tle loauing neasuresents., Couparison of curves C
of Figjure 17 end 13 suiows tials for the case of f-alanine,.

This levellny effect was caused by allowing tie capacitaice

te

to very during thie titrstions GCeveral exceptions to tlils

lavelin:; elfect were ncted 1n sowe loadl. wmoasure.ent tlitrae-
tions, The shiarper then ordiazry break of Figure 17 curve A
1s an exanple,

Peeic volis e meusuresent was chosen 1n favor of loading
measuresents for tuls stady. 1Tlie reasons are, sli htly siiarpe
er end points obtalned by pealk voltea:;e measurenents, and the
fact ti.at th:e more concentreted solutlons tend to load the

3

rcuit oul of osclllstions

e

tank ¢

o

Llect o cocentration, A sueries of

-

titrations on a

varlety of weeri Lases was carrled out 1a acetic acid solutlon,
perchloric acid teing t:e titrant. ©he purpose was to cieck
tlie clisrecterlstic cuarves olLislned for any one substa.ce snd
tie chenges ti:at occur in tl.ese curves wien tiie solution cone

centretion is virlcd.
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Tae first seriss of Tltrutions were carried out on the
base B-hyiroxyquinoline es repressntsd in rFigures 1y, l)a
and Table IiI,.
SaBLo IT1
3 BYLHLAT. UINVLINe TITHAWICHS IN AC TI0 ACID welUlA wWIDH

01132 ¥ PHRCHLOHIC ACID

Figure wormalily | Xeq. Taken | Xeqe. Found | Ueviation Pe.pets
19 A 0.1065 54307 Sedj2 =248

B 0.052¢1 2.6.5 2,655 0.0

c 0.23,633 0e5314 05314 QeV
l5a A 0.002453 04159 0e160Z 5.0

B 0.001774 0.1063 041053 ~Qely

The most concentrated solutions, curves A and 8 Figure
19 show a eharacteristio dip before tha end point, most proe
nounced for curve A, Thia is caused by the formation of a
precipitate which effectively rewoves tie partlcipating fons
froa solution. Curve C furtiuer indlcazes this tendency ele-
thouh only in a very mild forme. During the titration repre=-
sentad by curve C the precipltate formed was evident by only
a alizut opaleacence whereas in titraticns A and B large ory-
stals foruaedes The dip wes caused by the suwiation of two
non-linear volia;es, ona incraasing tiae other deorcasing,
The dupth of tie dip depends upon tune rate of change of tne

two voltaes.

The tendency ohaerved for J=hydroxyquinoiine is tnat tie
end polnb breaiis becom wore obtuse &3 tie concentration dee

creases, Tu® titrations of Kl ures 1) and 17 a were carried
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out on the ri it side of tue "hump". dn curve ¢ of Figare 1)

ani curves A ani B of Fi_ure l1lja tiue top of the "uwsp" was
approeciied froam t:e ri nt as 1s Inilcated by tie s.ape and
direction of tie curvature. Thne decreasing siarpness of the
curve at ti.e lower ceoncsntratlons on tie rignht side of tae
"hump" eorresponds to the Ll iier error level of these titra-
tions shown in Table Y1I, Tae lsft side of tue "hunp” with
tihe corvusponiingzg increase of sonsitivity evidently oocurs at
concantrations too low for prectical analysis. Ihe :0re re=
liable results occur at hi:her concentrations, however a spec=-
ifloc optimum concentration cannot be predicted since the sharpe
ness of ti:e end point dbreak due to sensltivity 13 obscured by

the precipitate dip.
Flgare 20 and Table IV are titrations of various concene
trations of eniline in socetic acld media using perculoric acid

titrant.
TAluy I v .
AVILIAE TITAALIONUS Id AJEIIC ACIO  EOIA KISl «1132 N

PLRCILOTIC ACID

b ———
_ — T
Flgure 23| Normality | iegs Teken | o, Found| Deviation
' PepeTs
A 0.052%8 2.013 2.60) 8.0
B 0.01765 1.056 1.066 iy
c 0.02525 0.2630 0.2533 =142
D 0.00175 0.1049 041033 «10,.0

iagner and Kaufman have repourtsi results for this partie

cular system (65) usinz tie tecnaique of frequsncy chan_:e
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rneasuresentes T.e relative starpness of tha end polnt breaxs
are approxiqately tihe saze for the two metnods., Tne graphs
of Wagner aand Kaufmwan show a more lln ar relstionsiip of tne
response t:an do tie pyra s on iisure 22, ine rslative accure
acy of tue two methods will be discussed in the final ssction,.
In tiwe curves of Fil,ure 2) titrations were maieo on both
sides of tue "nu.p" shaced rcsoonso curve (figure 7). Tae
curves may be explalned in terma of enanging conductances.
The Ky of aniline 13 small anl tiie coaductance chan.e dus to
1@ removal of the base by titration is ne, lidblbles Tho cone
duotance cuange due to the salt which 1s aspreciadly hi.ily
disaoci«ted 1s relatively larpse {uring a titration, up to
the end point, the conductance for dilute solutions increasge
es due to the formation of a salt more ionizabls than the orige
inal base, Aftcr the end poulnt the condiotanoce increused at
a8 greator rate than before due to adlition of tie excess acild
w. ich has a higher conductance than the salt. In terus of
voltae froma the rigat stde of the "hump" (Figure 12) the vole
ta.re decrenae.~up to the eni point at a ceriain rate and de-
creases at a faster rate after the end polnt. =1lace tue overe
all conductance cuanie depends upon overall concentration cuan;e,
t:é more concentruted solulions will have a lar;e:r total vole
tase clian.;ee Tiils ocan bs seson by comoaring curvss B and C of
Flzure 20 The size of ti.e end point break depends upon tie
differonce of tiue conluctance c.ianze befure sni after tie end

polnt.
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Curve D, shows even less of aa oversll volta:e cnan;e in
aillition to havin; a V suape caused by a crossing over tie
"nuap® at tne end point. Titration A departs from tie above
considerations of siape and overall slope in that the concen-
tration of t:e solutlon is high enouzh to suprsss tie ioniga-
tion of the salt forued, In tnis resject it is essentially
a non aqueous buffer solution with resvect to the salt. Tnese
observations verify the fact that aniline 1s a wcax base in
ecetioc acid, and postulates tiiat aniline perciilorate though
not a "weak™ salt 1s not completely ionized in scetlc acid.
Aniliine in scetic acid 1s 8 relatively weak base, tuerefore
an optimum econcentration for titration as suca does not exist,
however a gresater overall conductance onan,;@ occurs &t tae
hil-her concentrationa,

A series of titratlons were msde of various concentra-
tions of hexamethylenedianine in acetie¢ acld meila wlta pére
chloric acid as t:ie titrant, T8 results of tnese titrations
ars sghown in Figires 21 and 2la and Table V. The hexametny=-
lenediamine titrations sre straicsnt forward Ia every respect,
tne salt is stronsly lonlzed, the base modsrately so, end tuere
is no precipitates formation. There 1a but a single end polnt
breaw, this indlcuates ti:at the hasic groups are indlstin; uish-
aﬁlo anl that hexan:thylenediamine aots as a moOono-acid bass.

‘™o oversll grid voltage cnan:e in the dilute curves is
toward incr:ese in coniductince on tie lsft side of tue "buwl"
for Fivcure 21 ourve C and U, ani Flgurs 21la curves A,3, and

Ce Thls indicates that tne conductance increase prior to tue
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Fig. 21, Peak voltage measurement of hexa-
methylenediamine in acetic acid media
with 0.1132 N perchloric acid,
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end point, due to salt foraation is greater than the conduce
tance decreass due to base titration. The end polat of curve
B8 Fiyare 21 occurs at tue minima of tae "bowl" and scousequsnte
ly displays no broak, Titration A ¥i,are 21 veccurs on tae
rignt slde of tne "bowl™ and consejquently displays a V saane.
It can also be noted tuat tihe dearce of curvature remains ree
latively constant waille thie sharpness of tioe breaks decrease
with deoreased conscentration. OUptimum concentration for tie
tration ocours in the more concentrated re¢gion.
TABL- Ve
EURA G TOVLWMIITAIN, TIIRATIONS I3 ACLTIC ATIO iinIA

“ITH 41132 N #EACULORIC ACID

m——

‘—;1guro Holarity_Tgﬁmo. Taken Mméh é;;;ET Leviation PepeTe
21 A 0.2549 2.736 2734 o
B 0.02747 1.375 1.376 0.2
c 0.00917 05434 0.5463 -3.6
D 0400509 0.2740 0.274,0 0.0
21la A 0.00148 0609390 0.09770 50
B 0.000661 0423756 003950 0.0
c 0.0003690 0.01976 0.02016 20.0

Figurss 22 and 22a and Table VI represent a seriss of tle
trations of various concentrations of pyriiine in scetlis ecid
media with perchloric ecid ss tiie titraat. The curves of
tuese Fipgurces s.ow tne typical d1p prilor to tie end point dae
to thie formation of a precigitate (65). Iue dip 18 wost evi-

dent in eurve C of Fisure 22, less 80 in curve V and vanisnes
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conpletely in the crapi8a of Figure 22a, The precipitete dip,
of curves A and I, Plgure 22, are not shiown since tiie suclssa
coordinate starts et 80 percent, All the titrations except C
of Figure 22a had their initlal inceptlion on the right side of
the ™hunmp" shaped response curve. As the concentration dee
creases for this series of titrstlions so does the sliarpness of
the end point., Optlmum concentrstlion here 1s in the more cone

centrated regions as 1t was for b~hydroxyquincline,

TACLL VI,

PYRIDIIE TITRATION IN ACETIC ACID IELIA WITH ,1132 N

PLRCHLCORIC ACID

Fogure| Jormality |iieq. Taken| Meq. Found [Deviation P,p.T.
22 A | 0.09300 14,833 4.9126 0.6
B | 0.04,8%6 2,014 2.0360 1.1
¢ | 0,01636 0.,9770 0.9799 0.0
D | 0.008915 0.4330 0.4973 2.0
22a A | 0,004934 0.2922 0.2022 0.0
B | 0.001646 0.09850 0.09353 =540
¢ | 0.000898 0.04919 0.04722 «440

The graphs of Figures 23, 23a, and 23b represented in
Table VII are the tltretions of varlous conceatrations of di-
ethyleniline in acetic acld media wlth perchloric acid as the
titrante The titrations of Fizures 23 through 23b show the
results wilch would have been predicted except for curve B
Figure 23a., 1ihese curves, "tent" or V shaped depending upon
whether the left or tre ri;hit side of the "bowl" curve was

used to show typicel titration curves resultlng from t..e cone-
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ductance cnan;.es wien & awiium stran.‘th bass 1s titreted with
a strong acid an! ti.e salt forued 18 soluble and highly ilone
1zed, Tue titrations of Figures 23 turough 23b could be terme
ed tue titrations of a well behaved aystem.
TADLE VIT,
DIZTIVLANILI Y TITRATIVEY T3 ACusliC AMID «+ DIA 417

o1132 H PziliLoanlC AZID

Piéuvorﬁﬁ$§mallty “eqe Tuitun | Lieqe Foun& De;i;;iodné:ﬂ.fo
23 A 0.2737 9.09 9oy 0.0
B 0.97109 53 5eits0 0.0
¢ 0.01073 Je5445 045445 0.0
23a A 0.09300 4,833 o873 2.0
B 0495326 2.55 - 24455 0.0
c 0.01636 0.37)9 0.9741 -5.0
)} 0.023315 04392 0.4390 0.0
23b A | 0.004934 | 0.2470 0.2450 -3.1
B 0.001546 0.03359 0.09830 0.0
c 0.0003%38 0.04320 - 0.04837 «10.1
230 4 0.000339 04044720 0.04959 8.0
B 0.0230333 0.34320 Ko E.P, No E.P.

The grachs of Flgure 23b were made for tiv expre¢sged pure
pose of sihowing that a pertectly lincar response c¢an be obtalne-
ed with a well behaved sysisea provided tnat the response range
13 80 chosen that the strai;nt side of tne "bowl™ curve is
utilized, In Figure 23b, as 1a Figures 23 and 23a, a decrease

of sonaitivity results witn a decreasze in concentration. Tie



tration B of ¥i ure 23a dlsplays a s:uall dip before the end
point, tahe cause of which i3 not kaowne. Tuls &1, could not
be cduplicatei, a1l all subsequent titrations of tals system
at and naar tals concentration, yleldei y<raphs wiidse apprear=
ance 18 a graph indio-tsel by tie dotted lins replécing /3¢ ]
dipe A plausidble explanation of tnis effect 1s, tiat at tae
ti e of messursqaent t:iere wasas a varlation ia sup.ly voltage.

The curves of Fisure 230 arse of titrations 1dentical |
with the C graph of Fi,mre 23b exce;t for tnhe adilition of tue
neutral salt, sodiun perchlorate, wiilch was adi:led for tie pure
pose of determining the rssult of loweriny tﬁe total resise
tance of tne solution, In erurve A Fi{ urs 233 tae solution is
060227 H eodlum perchlorate anld curve B is J.0455 N sodlua
psreinlorste, The ad .itlion of a smnall asmount of a neutrsl salt
to tiie solution titrated in curve C rijure 23b r.sulted in a
decraeass of eensitivity (curve A Fi. ure 23c¢). This less.ning
of tiis end polnt breax was pensrally noted where tie concen=-
tration of tiae nsutral salt was not suffieclent to dait.en os=-
cillation completely. The more concentrat.d the nsutral salt
in the titrated solution the greater the uncertainty and rsne
dom sprsaiing of iniividual pointa (Curve B Fi ure 23e)e.

iffect of base egt=un;the Titratlons in acetls acld media

vaing econventional method=s of end point det:.ction nave been ine
vestigated by a crest number of workers. A few of tiese in-
vestiigsetors have made an attemnpt to put acetlic acld ayatenms

on the sawne mutuenatical footing a8 ajusous systease (K1 to 43
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and 63). This nuriorical slassifiocation of scetioc aside-wsak

base systems though net complete and of questiionable absolubde
value (59), allows an ordering of ti.e bases titrated in this
study, from stron:est to weakeat, #1ltn tue bases taus ordere
ed aocordin,; to stren;th, titratioas under identical oondie

tions should plow characteristio differences due to the base

1tself and differences in degree of ionlzation. T:ue ordered

titrations of bases are shown in Figures 24, 2ia and Table

VIII. These titrations have been carried out usin; tne peak

volteze teohnique in acetio acid media with perchlorie socid

as the titrant,

TABLE VIIT.
OF BATED OF LDIFF R-NT U174

COVMPARILOH Qv TITRATIONI H3Th3

IN ACETIC ACID wiDIA VITH <1132 K PLRCULUIIC ACID

Base NHor:ality | Heq.Taken | ‘eq.Found |Jeviation
T trated f’opn Te
24, A |Pyridine | 0.01636 0.9790 0.9790 0.0
B |bicinyle
aniline 0.008915 0.43%0 0.4890 0.0
c Hexame=
thylene=
dismine 0.009170 0.5,84 0.5484 0.0
2ia A |Aniline 0.01765 0.056 1.066 9.
B |A-Alenine| 0.009290 045090 0.5905 1.0
c Urea 00009175 0.5030 No £.P, NoeBeP,

Compariaon of the titration ocurves show & progressively

poorer end point break as the bazicity decreases until no end

point at all is evident for tue urea titratiom (ocurve C Fige

ure 2ia).

Curve A of Firure 2l shows the typieal tent shape
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curves of the riyht alde of the "hump® wihile curve B and C
show the tent shaje of the left side of ti:e "bowl", 1his in-
dilcates a deoroare of conductance up to tie ¢nd polint and in-
er-aze afters As the base bacones pro.;ruvssively weager tne
chanze of conductance 1s no longer decendent upon toe enange
of concentration of tue buse but rat.er upon t.e ocouceantrailon
of the ealt formede. Tuls trend in 1ts extreuwe 13 shwown in
Curve A of Figure 2ia wuere tne ri:ht side of tas "bowl" suaped
curve produces a typieal V sinapsd curve, Curve 8 ol Fi:are
2la shows the V shape of tno left silde of the "uuwp”, Titrae
tion A Fizure 2) is an extrene exanple of tie precipitation
formation dipe. The titretions sitnou:i done et optimum cone
centrations, snow progressively poorer end polat breaks ss tue

bacze becomes weaker,

Othar e thods of end point detest‘on, The titrations of

the acetioc acid systous discussed from the stendpoint of hizh
freguzncy end polnt detestlon were alao carriel out using cone
ventional methods, sone were carriel out using a vest fre .uency
metiiod. Ihiese analyses by otizpr metnods wers uaie for tas pur-
pose of detovalnlng tne accuracy of the high frequency we tnod
studle i hisre and for t..s purpose of coxvariug the gquallity of
the end point obtained arainst toe end points of conventional

met 0dae

Conventlonal conductonstris titrutions withi & oridpe were
attempted on scetia acid systems. In & fow cases detectable
eni points wers obtained, however the bruaiks were snall.

The bulk of tiue nonehiix frequcncy titr:iicas were pote

entiometrie titrsutions carried out in tis usual manner (34,



41,42,43,50,56,63)e It was found that a gruat wajority of tie
trations cited here gave satisfactory titration curvss votene
tiometrically. (figares 25,25, and 27 are selectsd exa:ples.)
Seversil titrations In acetic ascid medlia wers ocazrried out
wits a thirty mersacycle besat frequency, hish frequency device
(43)e T8 results were insonclusive, in comparison to the pow-
oer loss titrimeter, soma titrations nal bettar breaks, otaczrs
poorsre A plausible explanation for tula, drawn froa the Jene
erel charucteriztica of tar two types of instrurents, 13 tnat
witi.in a certain rsn_e, tus beal frcqivncy instrumcnt at 39
magacycles is more senalilve tanan tne powsr loss instrument
at 3.6 mopacycles. Slnce tao ran,s of tne power 1loss instrue
ment 13 larger than the range of ths beat frequsncy instrue

m3nt, the above appsrently andimcloas resulta ara exulained,

Suanary and Conclusion

itany factors are capsble of affecting t.e quality of an
end point, Coiie factors end their effects are quite obvious
and corrections can be made to ainirnize the ercors toaey may
caiuse, xpansion of the solutions wlth increaced temperature,
and prediotable instrumeant chan;es, are corre¢otable factors.

Poszibles rcandom errors f.eve been minimized by tie aupro-
priate treatient of data, nowever tie cunveniional met Dis use

el as refereno: metinods ary relatively unpruclaelz tuerefore

1270 precision of acetic ecld medla titrations has been
vaciously repurted as $0.2% for t.ue potvntiometrie metiod (32,
47) and $0.35 for tas fndicator metiods (32).
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i1t should be expected that thls be reflected in ti.e precision
of the dnta of the present astidy. A calculation of avera; ;e
end stendard deviationsl3 o1 tae iacorrect aassunption ti.at tue
raference msth s are preclse ylelds a resuit {avsrage devia=-
tion 1s 0.2)3%, o 1s 0.7%) wnlch coapares r'avorably with tne
gtandard rmethods.

Two factors found not to affect tle end point in any way,
are {=nersion of tihe buret tip, and t.a wa nitude of the bias
of the V.I.V.¥.., Taough no efiesct waz noticei by ghaniing
these fuctors, must titrations wors carried out with t.e buret
tip insersed and a bias sufficiently great to azive the "huup"
snaped response for reasons of manipulative convenlence.

Stirring spsed wasa not & critical factor if beating did
not occur. The gless palile stirrer was found to be superior
to the ma=netioc astirrer whilch nal a tendency to decrease son-
sitivity.

The method of measurvment 18 a factor affecting tiia quale
ity of the end point ani can be discussed by comnparing tone &de
vantoves anil disadvantayes of the slx metiiods studlel. Tue
loadling measureients an.’. peak volta e measurcacnts presented
a rroater nunber of aivanta;es in the acetic acld system than
did the othier four mstuoda,

The cat I1n and cut out volta; ¢ m=-ti0is, thougi satisfac-

tory 1in aqueous msdla for atrong aclde and bazes whers t.e

13Cslculations were rade on the 47 peak volts.-e titrations
ratier than tie total of 213 titrations pesriormed, since a
yreat many of these tit:rations werc of an exploratory nature.
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overall volta; 2 chanye was large co.pared to tne uncertainly
of the indiviiual points, eo0uld not be utilized for weak da«
ses in the acetic «cid systza slnce the uncertainty of tae
reaiin;s wers of t.e aame order of zapaltuds as t..e end point
break.

The cut 4a and cut out capacitance msthiods grve satiafluoe-
tory rusults in s:ueou2 sedla for etrony anl iaterrediate acids
and bases. In the smcetic acld imedla these twd met.ods showed
s2all end polnt breaks for strong and intsrmedliate bases, none
for weak bas2s3, 118 uncertalinty of the reailan:s, tasuzh of
conelideradbly lsss ma.nltude thian the end point breaks, are
still a large accuracy reducing factore A furtier encountaers
od difflculty, wiiere tie oscillator 13 constuntly teken in and
out of oscillation, is t:.e ustter of the upward or:ep of vole
taze as crystal and trioda reaca tuoerasal equllibriun,.

1lwo feotors which have a profound influsence oca tis quale-
ity of tne end polint are tine ordsr of titration anl tus pree
senco of & neutral elsctrolyto. ihere bothh acld ant base are
strong tie orier of titration nss no effect, wnere one or tne
otner 1s weak tiie wsalk member must be titrutsd witih the strong
to avoid adverse effestse This observation is analogous to
t1e same effect noted in conventional oonductonctrle tltra-
tions, Tae desensitization due to a neutral elestroiyte 1s
also analo;ous to the effect noted 1n conventlional conducto=~
metrie titrauions.

Ho ailynifieant ohanye iﬁ response wa3 noted wiean the ore

der of solvent-saxiple Introdu:tion was roverseds Freek vol-
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taze timel reaiin;s indleated that for tne syatems studled
he.ra tie interval bstween successive inasreunsnts of titrant,
iz not a si:inifisant fastor.

Back titration fa tue usual ssnse w.ere & wesk base was
over titrated witn & strong staaiard acid then back titrated
to an end poind wita a stronz standard base, was found to aave
no aivanta.;ss ovar tis conveational titration to tie direct
end point.e In a fow cases back titrztion gave a low:r sonsle
tivity thuan tne coaventional titration.

T™e importance of tae soivent san be extrapolated from
tus results obtuined for agueous, dioiane, and acetlc acld
media, In general tie propsrties of a solvent which allows
it to incrwase the dissoclation of a weak acid or base and
tnereby inorcase ti:e conductance, are advantageous to Ligh
frequency end polints.

uigh frequency wethoda of analysis in non-aqueous medla
possess definlte concentration iimitations. Lie more versae
tile instrumcntis, sucn as tie une dlacusssed in tihls stady,
having & more extonded conceavrsatlon ran. e tends to have otaer
off sstting defecta., ixtension of tie conconiration ran e use
ually results in & lowered se¢enaitivitye Increasiag fregucncy
usually extenis tie concentration renze witiaout a deorvase in
senz2itiviiy, however in wust cases tae instrument becumnas :sore
complex with attendent unceairable complications.

T:e effect of concentretion in peair voltaje mwasursnent
is prediotable from t..e gceneral cuarscteristics of Ll h free

guency instrum:nts. Since cavacitunce 1s aljusted to renaln
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constanl duriay a series of aeasurenc=nts the response noted

18 almoat conpletely due to chen:e in coniuctanss. Zonduc-
tance of a solution depends upon thie number and mobility of
the ions pressnt, tast is, the concentration ani kind of ions
rresent. Zonsidering a responss for & particulsr system tne
consentration defincs the mepnitade of tie r sponse, Tue
particalar systsa defines tuce funotional raiationsihaip between
concentration and rusponae, wilcnh is in &ll probeblllity anie-
gue for each system and is a function of tne dissociation of
the particulsr substence in that systom. ‘ithus tne Optimam
conoeatration for greatest sensitivity cannot be calculuted
from the presunt developnent of tihe metahod It must be Jdeture
nined axperincntallye A penersl cbservation in thls stady

was tnat tie lower the degree of lonizatlion tae higher tne
concentration requir:d for maximum sensitlivitys A compurison
of tiie potsationetric metuod of analysis to the h;gh frequency
peak voltase mothod of aialyszis will serve to show the relative
acventsgzes and disadvanta:es of the mstnod. In the course of
this study it was found that thie potentiometric method had a
more severe concsntration limitatlion tuan did tae tigh froe
quency metnod, taat 1s, in the vory diluts solutions wihers a
potentionetric end point was unsatisfa:tory tae higa frsjuency
me thud gave a batter eud polnte The lialtatlion of base sirentus
%38 lsss seve:re for potentiom.tric titrations than for nigh
frequsncy, that is, basce wnlch were too weak to show a high
fruquancy end point, have reportedly boen successfully titrae

ted potentiometriocally.



APPL:HDIX
Instranent Parts List (Figure 6)

Capacitors

C1s 0-100 mmf midget air padder

Coy 0=35 mnf midget air padder

C3» LO mmf mica

Cu. 25 mmf mica

CS' 10 mmf mica

C7s Cgs Cgs Cy0» 0.001 mfd 450 volt paper
C11s C12s 40 mfd electrolytic can

Resistors

R1, 150K 1 watt

Ry, 41K 1 watt

R3, 10K wire wound pot.
Ry, 15K 1/2 watt

Rg, 2K 1/2 watt

Rgs 3900 ohms 1/2 watt
R?’ 1200 ohms 1/2 watt
Rg, 1/2 megohms 1/2 watt
Ry, 600 ohms 1/2 watt
Tubes

OA 3,

80 Diode rectifier

635 "Ma;1lc Eye"



viscellaneoug parts cont'd

power transformer
SePeSeTs switch

6 terminal rotary switch
crystal

Tuning coil

pllot lignt 6 volt

dry plate selenium rectifier
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High frequency tltration 1s an electrouetric techinlque
of e:d point detectlon. It possesses the advantsa;e over
exlsting techniques In that it eliminates the necessity of
inter:.al electrodes,

The purpose af tiils lnvestigutlon was the study of the
sivantases and dlsedventa;es ircherent in the method and a come
parl son of thls riethiod to conventional methods of exd point
detection,

Tre instrwient used was a conventlonal tuned plete, tuned
grid, 3600 XC crystal oscillator utilizing a 6L5 tricde. liease
urewcnts were msde by & capecitive loading of tiie plate cire
culte "he effect msasured was tie maxinwa btlased prid voltege
of tiie loaded circult wiile the lnetrunent was 1n oscillation.
The end point detected by thie instrument as used is explained
in terms of conventlonal conductounstric titrations which uay
te related to thls techiniqus by ordinary :ietliods of electronic
clrcult reduction,

Cf tie factors evalueted nmost inportant are tre effects
of solvent system, disscclatlon of tle substance titrated, and
ne concentratlon. The effect of tle solvent sjystem 1s cone
ventional a:4 in accordance with the irgnsted theory of acids
ard bases, It was found tiiet wesk bLases sucli as dluethylanie
line, pyridine, hexancthylenedisarilne, 3=hydroxyguinollne, anie
line, petoluidine, and esalanlne, when titrated witi a sirong
acld sucli s perchlorlc acid geve better end pclats in acetic

actd :cdla than in water or dloxane. The de:rece of dlssocliae

"
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tlon of the sul:stance titratud in a perticuler solvent systea
I.ad a profound effect, <The ricre hi hly lonized sutsteiices
~ave better end points than the less dissocisated cr "weai"
substances, The elfect ¢f corcentratlon is poriapns tle wnost
unconventlonal aspect of the Liph freqaency teclinique in that
sensitivity of response 1s not a linesr function of concen=
tration, The meti.ods utllizel pave two regions of mexliawn
sensitivity seperatcd by a reslon of low sensitivitye It
wasg found tiel easch systeu tltreted hed a unique re;ion of
hipghest scneitivity. Tiie location of this maxlmus reglon of
sensitivity depends upon the kind of lons presente. 7Tiie rege
1ons of mexinunm senaltlvity veried from 0,0L:i-0.002:% for anl-
line to 0,1Y=0,01i for dlethyleniline,

In acetic acid medla tiie precision of ni;h fregueacy end
polnts compnres favoratly witi potentliometric eid points wiiere
the concentratlon of maxluuwn senslitlvity is utillized. In most
ceses of weak bases the Llgh frequency reglon of waxl uwi sensi-
tivity extends to lower conceniratlons tlian does {:ie potentio=-
metric concontration range. The potentionetiric netiod in ace=
tic acld sy stems extenus to weaker tases than does tle nirk
frequancy metiod studled heres Shius high froquency tochni-
ques anl potentiometric metliods are conplerontary to tie study

of acetic acld systo..se
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