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One important aspect of the behavior of ion pairs in solvents of .low dielectric
constant is the influence of polar molecules and other ion pairs on the thermodynamic
activity of the ion pairs. Dipole-dipole forces should be quite strong in such cases, and
fairly large “salt effects” may be expected. These equilibrium salt effects may provide
insight into the kinetic salt effects observed for certain reactions in the same solvent.
This work is primarily an investigation of the suitability of the glass, chloranil, and
silver-silver chloride electrodes for such measurements in glacial acetic acid.

There are a large number of experimental observations which indicate the sensitivity
of glass electrodes to water. A glass electrode which has not been soaked in water for
a long time must be restandardized frequently when used in dilute agueous solutions.
Measurements in concentrated aqueous solutions have led to the suggestion? that the

‘ glass electrode responds to the activity of H3O* rather than 1+, This cannot be
completely correct, since in that case measurements under nearly anhydrous conditions
would be erratic and quite unreliable, in sharp contrast to the results obtained in acetic
acid in a number of laboratories3-5 including the general use of the glass electrode for
potentiometric acid-base titrations in glacial acetic acid56. Some measure of the
accuracy with which the glass electrode provides a direct measure of the hydrogen ion
activity is available {from direct comparison with the hydrogen electrode over the range
0 to 96% acetic acid in water3 and from an indirect comparison with the quinhydrone
electrode®. These studies indicate that glass electrode potentials are reliable thermody-
namically to within 15 and 5 millivolts respectively. ‘

This general level of reliability for the glass electrode has been confirmed in this
work by repeated measrements over a period of months on tﬁe same solution and by .
direct comparison with the chloranil electrode. Readings in error by as much as 30
millivolts were observed following drastic changes in the water concentration, however
even without special care or prolonged standing before readings there was dgreement
within 20 mv. between the glass ahd chloranil electrodes during the course of acid base
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titrations. Thus thermodynamic data, equilibrium constants and activity coefficients,
can be readily obtained with a glass electrode in acetic acid with an uncertainty of less
than a factor of 2 even in exceptionally unfavorable cases. In particular, data on the
effect of water on acid base titrations in acetic acid are reported here, corﬁplementing
and extending the recent studies of Bruckenstein and Kolthoff? and Schwartzenbach
and StensbylO, Correlations are also possible between this potentiometric data on

activities and studies of vapor presure and freezing point depression.
Experimenial

To avoid the uncertainty involved with liguid junction potentials all the electrodes
used were placed in the same flask. A 100 ml. flask was fitted with four long necks as in
Fig 4. The central vertical neck was fitted with a mechanical stirrer operating through
a loose fitting cork. A glass electrode, Beckman 1190-80, or 40498, and Ag/[AgCl electrode,
Beckman 1264 or 39261, were each sealed with picein cement into one of the necks. The
fourth neck was used for the introduction of a long capillary buret tip as well as for
platinum electrodes and hydrogen when they were wused. This neck was loosely
stoppered with a suitably bored cork. The two necks which were not tightly sealed were
about 20 cm. long, sufficient so that the pickup of moisture from the air by the solution
in the flask was negligible. The flask was immersed in a water I:;a‘ch adjusted to 25°C.
A second similar flask was constructed from a 50 ml. flask and fitted with a second
pair of electrodes.

An ordinary run consisted of a series of about 25 potential readings taken over a
period of several hours as portions of a sodium acetate solution were added from the
buret to an initially acid solution. The potential measurements were made with a
Beckmann model G pH-voltmeter. When three electrodes were used, measurements were
made comparing both of the other electrodes to the glass electrode. In a few cases the
other electrodes were compared directly, giving a reading negligibly different from the
difference of the other two values. In other runs portions of water or a solution of
water in acetic acid were added to HCl or sodium acetate solutions.

Solutions of HCI in acetic acid were prepared by adding concentrated aqueous
hydrochloric acid and acetic anhydride to glacial acetic acid. These solutions lost HCl
on standing and when they were poured into the flask containing the electrodes. On
standing in this flask there were additional smaller losses of HCI! shown by a drift in
the potential readings. The concentrations of HCI present were calculated from the
amount of sodium acetate solution required to reach the equivalence point of the
titration as determined from a plot of potential vs. volume of sodium acetate solution
added. All other concentrations were calculated from the initial concentrations of the
solutions used assuming negligible volume changes on mixing. The water content of each
original solution was determined by Karl Fischer titration. In a number of the runs
the water content of the final solution was also determined. This was generally
somewhat higher than the value calculated from the water contents of the component
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solutions, corresponding to the pickup of one to three extra milliequivalents of water
in the process of filling the cell. In calculating the water concentrations it was
assumed that this extra water was present Aat the beginning of the series of measurements.

Standard C. P. and reagent grade chemicals were used throughout. The glacial acetic
acid used generally contained 0.05 to 0.10 M water. Sodium acetate solutions were prepared
from anhydrous material or from the trihydrate, adding acetic anhydride and refluxing
for at least 10 hours when lower water concentrations were desired. These solutions
were standardized by potentiometric titration vs. a solution of HCIO4 in glacial acetic
acid using NazCOg3.H20 as a primary standard. A 0.643 M sodium perchlorate solution
was prepared by weighing the anhydrous salt which was obtained by storing the
monohydrate on a watchglass in a dessicator over drierite for 7 weeks. Portions of
glacial acetic acid and sodium perchlorate were dried further by refluxing with acetic
anhydride, but in most of the work no attempt was made to operate with water concen-
trations of less than 0.1 M. )

Between some of the runs the electrodes were checked by obtaining potential readings
for a standard reference solution. Three such solutions were wused; all moist sodium
acetate solutions saturated with NaCl

The initial solution was saturated with NaCl before some of the titrations. -For this
purpose finely divided NaCl was prepared by the addition of HCI to a solution of sodium
acetate in acetic acid. The precipitated NaCl was collected and washed with methanol.
Distillation Products Industries  tetrachlorohydroquinone (white label) and chloranil
(practical) were recrystallized from acetic acid before use.

Calibration of the Glass Electrode. Electrode Dvift

The glass electrode responded rapidly to chénges in the .acidity of the acetic acid
solutions. On taking alternate readings on solutions of HCI and sodium acetate saturated
with NaCl, after each change the readings were nearly constant after. three minutes.
Nevertheless slow drift of the potential readings was observed under certain conditions,
depending on the nature of the solution and the past history of the electrodes. The first
reference solution was used with the glass - Ag/AgCl electrode pair over a period of
almost 4 months. About 90% of the potential readings with this combination at 25°C
were within the range 35244 millivolts, but values as high as 379 mv. were obtained
immediately following measurements on solutions with H20 concentrations of around 8
M. This reference solution was itself approximately 1.4 M in HzO. In these cases the
readings dropped on prolonged standing with the reference solution, but as much as 24
hours was sometimes inquired for apparently complete recovery. An attempt was made
to get larger transient effects by changing from an aqueous solution to a reference
solution 0.43 M in HO, but the drift following this change was less than 10 mv. Repeated
measurements orn a reference solution can also show long term changes in the glass
electrode. Such an effect is shown in the measurements with the second glass electrode;

they show a slow increase of 25 mv. over the first month of use.
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Another source of data on the reliability of the glass electrode in this work is the
-reproducibility of readings on similar solutions. The agreement in relative potentials in
the course of repeated titrations is generally excellent, within 5 mv, provided the water
concentration is 0.2 M or-higher. To attain this level of reproducibility it is necessary
to ground the pll meter and the water bath and to allow sufficient time for equilibrium
to be established in the solubility of sodium chloride. The first points beyond the
equivalence point in a titration of HCl with sodium acetaté are often high due to
supersaturation with sodium chloride. - The precipitation of NaCl from a dry acetic acid
solution is quite slow even with plenty of seed crystals available. As much as 20 minufes
with vigorous stirring may be required to establish equilibriﬁm with 0.3 M 1120 present.
Equilibrium is reached faster at higher water concentrations, but the addition of water
also decreases the sharpness of the end point. as described below.

An attempt was made to calibrate the glass electrode by direct measurement versus
a hydrogen electrode. The hydrogen electrode has been wused sucessfully in glacial
acetic acid9~10,3, however these publications indicate that extreme precautions are
necessary to obtain reliable potentials in dry solutions. A number of glass vs. hydrogen
electrode readings were obtained in the rénge 680 to 695 mv. wusing one of the wet
“}eference solutions. This is a reasonable range for variation in the glass electrode in
the light of the other data. However with the .eIectrodes and apparatus for hydrogen
purification which we used it was impossible to obtain reproducible potentials with the
hydrogen electrode in dryer HCI solutions. The obsetved potentials versus the glass
electrode ranged from 385 to 677 mv.

In view of these difficulties with the hydrogen electrode, the glass electrodes were
calibrated by comparison with the chloranil electrode. Since both chloranil, C6C1402, and
tetrachlorohydroquinone, CesCl4OH2, are onlyi moderately soluble in acetic acid, it is A
quite simple to keep the solution saturated and their activities constant. Thus the
¢hloranil electrode is sensitive only to the activity of hydrogen ions. As Ilong as the
solid phases are the acetic acid solvates, the potential of a chloranil electrode versus a
hydrogen electrode should be 680 mv., the E° value reported by Heston and Hallll., The
chloranil- electrode is susceptible to poisoning, but much less. so than the hydrogen
electrode. Twice in the course of this work the glass vs. chloranil readings suddenly
increased by about 500 mv., but the original reading was restored by replacing the
platinum electrode. The principal disadvantage of the chloranil electrode is the sensitivity
of the Ag/AgCl electrode to the presence of chloranil and tetrachlorohydroquinone.
The presence of these materials introduced an error in the Ag/AgCl potentials of from
0 to 80 millivolts depending on the solution and the condition of the Ag/AgCl electrode.
Thus while the chloranil electrode could be wused to check the glass electrode in a
particular type of ti{ration, any quantitative conclusions must be based on similar
titrations with chloranil absent.

As .expected from the drift effects described above for the glass elecsrode, the glass

vs. chloranil electrode measurements were not entirely reproducible. Readings with the
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first glass electrode in solutions which had been stirred with chloranil and tetrachloro~
hydroquinone in the presence of the electrodes for an hour or more fell into two groups,
~10+2 and —28+6 mv. The lower values were mostly obtained following measurements
at exceptionally high water concentrations. A somewhat larger range was observed
during titrations: —25 to 0 mv. for titrations of HCl with sodium acetate and —40 to 11 mv.
for runs in which successive portions of water were added to solutions of HCI in acetic
acid. The range --10x15 mv. includes essentially all the experimental values for the
difference between the first glasselectrode and the chlorani} electrode obtained when
the water concentration was consistently maintained below 2 M.

" The second glass electrode gave.higher readings. These values increased still more
dﬁring the first month while the readings on the reference solution rose. The difference
between these two types of measurements was nearly constant at about 323 mv. Because
of this steady drift, the changes in potential during the various types of titration are
more significant than the actual values. The spread between the highest and lowest
values in particular titration were: HCI vs. s‘odium acetate, 4, 9, and 20 mv.; HCI vs. H20,
12, 17, and 23 mv.; and sodium acetate vs. 20, 8, 11, and 12 mv.

Combining the glass vs. chloranil potential measurements with the E° value for the
chloranil electrode in glacial acetic acid!3 gives 67015 mv. for the stgndard potential
of the first glass electrode. This is in excellent agreement with the best of the direct
measrements égainst the hydrogen electrode cited above. The corresponding values for
the sencond glass electrode ranged from about 720 to 760 mv. )

An additional calculation of E° for the glass electrodes used here is possible from
the measurements of glass vs. Ag[AgCl potentials at known concentrations of HCI
and H20. The reading of a hydrogen electrode vs. the Ag/[AgCl electrode in such a
solution can be calculated from the data of Aston and Gittlér14 for the potential of
this electrode pair as a function of ‘the HCI partial pressure in atmospheres, E=150.8-59.1
log pH Cl The potential for a given HCI concentration can be calculated using the
Henry’s law constant, 0.334 atm, 1. mole~!, measured by Rodebush and Ewart!3, Then a
correction can be made for the effect of the H20 on the activity of HCl from the
measurements described below. The E° values calculated in this way generally fall
within the ranges given above, and have the advantage of giving a value determined
during the particular titration under consideration. For quantitative comparisons of
different runs most of the potentials given below and plotted in the figures have been
corrected to values for a hypothetical glass electrode with an E° of 7b0 mv.,, correcting
all potentials in a run on the basis of one point during the run or a measurement on
one of the reference solutions immediately preceding or following fhe run.

Solutions of HCL. The Effect of Water.

The dependence of the glass vs. Ag/AgCl potentials on the concentration of ICl
was given within experimental error by the equation E=Z+59.1 log CHCL Thus Henry’s
law is followed within experimental error by solutions of HCl in acetic acid over the
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concentration range from 0.003 to 0.18 M, and ionization and association of the HCIl must
both be small. This agrees well with the direct experimental test of Henry’s lawl3, and
with the genelally low wvalues (ca. 10-7) found for ionization constants in acetic acid
generallyl4. Moreover HCl is a weak acid in glacial acetic acid with an ionization constant
even smaller than 10-7 15, The potentiometric data of Mukherjeels on HCI solutions in
acetic acid is inconsistent with these considerations and with the 'data reported here,
apparently because of the failure of his hydrogen electrode to give reliable potentials in
-this solvent,

_ The addition of water lowers the activity of HCI and the observed potentials, Thus
the quantity “Z” from the above equation, the potential corrected for the HCI lconcentr-
ation, is a funtion of the water concentration of the solution as well as the standard
electrode potential of the particular glass electrode being used. Comparable values can
be obtained by correcting the potentials to an E° values of 700 mv. for the glass
electrode. These corrected “Z” values from a number of different runs are plotted against
.the water concentration in figure 1. The irreproducibility of the values at the lowest
water concentrations is evident. However the agreement in most runs over the concen-
tration range from 03 to 6 M 120 is excellent. This data. cannot be fitted by the
formation of a single complex species such as H3zOCl, and there is no appreciable linear
region With any integral slope in a plot of Zcorr. vs. log CH,0. Thus it appears best to
treat the effect of water as a medium effect.

For the data obtained in solutions saturated with NaCI shown in figure 1, there is
excellent agreement with the equation Ecorr. = 823 — 331 CH,0 + 177 C?*H,0
shown as a solid line in the figure. Thus the potentials corrected to E°=700 are
given by the equation

Ecorr. = 823 + 59.1 log CHCI — 33.1 CH,0. + 177 C?H;0

Since Ecorr=823+59.1 log ¢HC! if one chooses a hypothetical ideal undissociated unit

concentration solution of HC! in dry acetic acid as the standard state for its activity,
one obtains the equation log ¥ HCI = —0.56 CH;,0+0.03 C2H,0 for the activity coefficient
of HCI in these solutions. .

At the higher water concentrations the solubility of NaCl is high enough to have
an appleciable effects on the potentials. The data on HCI solutions with no sodium
chloride present are adequately represented by the equation

Zcorr= 823 — 33.1 CH,0 + 1.18 C?H,0.

Sodium Acetate Solutions. The Effect of Water.

After excess sodium acetate has been added in a titration the electrodes still
respond to the activity of HCl. However the concentration of HCI it no longer directly
measureable, and its activity is determined by the equilibrium

HC1 + NaOAc = NaCl(s) + HOAc.
The activity of NaCl thus has a very great mfluence on the readings, and failure

to achieve solubility equilibrium can introduce considerable error in the observed
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potentials. Thus the somewhat increased experimental scatter shown by these results in
basic solutions is not unexpected. When solubility equilibrium is established, the potential
should be given by the equation

Licorr = 823 + 59.1 log (K aHOAc/@NaOAc).
Since the activity of sodium acetate is at least approximately proportional to its
concentration, with the proportionality constant ¥ NaOAc’ this can be rearranged to give
Z* corr = Ecorr 4 59.1 log CNaOAc = 823 + 59.1 log K + 59.1 log [@HOAc/yNzOAc).
. Z* may be some what dependent on the sodium acetate concentration, but such effects
over the concentration range 0.005 to 0.09 M are not clearly larger than the experimental
uncertainty of about 10 mv. In dilute solutions with water concentrations above 3 M,
the disproportionation of NaCl to give HCI and NaOAc becomes appreciable. However
ionization of the sodium acetate does not appear to be an important factor below 10 M
H20. This can be substantiated from conductance data which yield an io‘nization :
constant of 2 X 10~7 for sodium acetate in dry acetic acidlé, and indicate that it is only
about 20 times more ionized in the ‘presence of 15 MAH2015. Also the pfesence of NaCl
should repress the ionization of sodium acetate. '

The addition of water raises the potential readings in these basic solutions, with
the further addition of water giving a rather flat maximum. Z* values from a number
of runs including some in which either or both the H2O and sodium acetate concentrat~
ions were varied are shown in figure 2. Again the experimental scatter is worst for the
dryest solutions. Most of the data could be fitted within 10 mv. by a straight line,
however most runs show some curvature and the quadratric

‘ Zrcorr = 345 4+ 106 CH,0 —0.6 C2H:0
gives a somewhat better fit as shown in figure 2. This gives the equation

log [ r NaOAc [@HOAc) = —0.18 CH;0+0.01 C®H;0

for the effect of water on the activity of sodium acetate.

The Titration of HC! with Sodium Acelate.

The equations for Z and Z* given above summarize the behavier of the potential
through the course of a titration. The difference between the constant terms gives a value
of 1.2 x 108 for the equilibrium constant K. The addition of water shifts the equilibrium
markedly toward the left, and reduces the sharpness of the potential change at the
equivalence point, The concentration equilibrium constant 1/CHCICHaOAé, is given by
the equation

log(K yHCI ¥NaOAc [@HOAc] = 8.09 — (.74 CH:0 + 0.04 C?*H,0
The effect of water is large enough that the end point becomes quite indistinct above
6 M Hz0 in titrations with 043 M sodium acetate. Since water lowers the potentials of
acid solutions more than it raises those of basic solutions, the potential at the equivélence
point is lowered somewhat. Several of the titrations with 043 "M sodium acetate are
shown in figure 3 to illustrate these points., Since large quantitites of water reduce the
sharpness of the endpoint, and in the driest solutions the glass electrode appears to be



8 % % % | | ™ A = M

- ’ Conve Crzo Lidume
nd

4o0r

corr

L
450
z o 4 : 3 ] .
o ‘ NS A
. F/GURE 2 ’ Velunie qf base , mi.
afs i L ‘ ‘ : FIGURE '3 .
Corre{rted potentials in Sodium acetate et ase IGURE 5

Solutions vs, water concentration ) Hel Litrated with 095M Naofe,

To Baittery To Battsry
850

Capillar:
buret t;g

Becknan, eckman 1264
. N . 1190-80 43/ pgel efectrode
7 3 3 3 glass eletrod
CHzo Stirrer Platinum electrode

F?GURE li Joo mb f/a&/(
Correclea polantials in Hel Solutions
5 FIGURE 4

¥
Luater  concentration Speciod flask for titration



" _ Glass Electrode Potentiometry in
" A = M Gfacial Acetic Acid 89

more erratic and the rates of solution and precipitation of NaCl are inconveniently

slow, the best titrations from an analytical viewpoint are in the range 0.4 to 1.0 M_IH20.
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