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As is known, the potential of a glass electrode varies linearly with the pH
of a solution over a wide area. A deviation from rectilinearity is observed in
strongly slkaline and acid regions. In the alkaline region, the glass electrode
potential — golution pH curve, or what 1s the seame, the calibration curve of the
glass electrode at a certain pH value, deviates from rectilineamrity and often
passes through™s maximum. :

. As wes established by Nikolsky, the devidtion from rectilinemrity of the
potential — solution pH curve 1. an alkaline reglon is explained by a shifting of
the hydrogen function of the glass electrode to a sodium functien; the length of
the rectilinear portion of the glass electrode calibration curve belng related,

sccarding to Nikolsky, £3] to the exchange constamt K of the glass ions, wheres

K = aﬁ of the solution Bpge of the glass
“PH*' P the glase >Na' of the splution

‘ﬂ and 8n,- .re the mctivities of the sodium and hydrogen ions in the glass and
in the solutjon,

The location of the break in the Nikolsky calibration curve is also related
tg the value of the mrobiange constmnt for the glass ions. The formula for the
glass electrode potential — glass constent curve has the following appearance:

) 2,3RT -
B =Eo +=F ~ log (aﬂ'nolution + Kegg - B°1uti°n)

vhere E mnd Ep are the potentlal and null potential of the glass electrode.

From the litersture dsta, & deviation from rectilinearity of the potent1a14—
solution pH curve is also cbserved in the acid region, but with a reverse sign to
that of the alkaline region. ' '

Having investigated the behavior of the glass electrode over a wide pH interval
we Observed for the first time not only & deviation from rectilinearity in a strong-
1y acid region, but also the fact that the characteristic curve for the glass elec-
trode passes through a minimum. : .

Examining‘the\glass electrode as a membrane through which thefhydrated hydrogen
ions pass, Dole [2] explains the deviation in the acid region by the difference in
activity of water on both sides of the membrane. Dole alsd exflands Bis cheory to
non-agueous solutions, malntaining that the ordinary glass electrodes cannot be
used for measuring the activity of hydrogen ilons in non-aqueous solutions. “According
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to Dole, the electrode reaction at the glass electrode can be written as follows:
H (1) + Hzo(P'Hzo) __iHan_* H° (ng) + HZO(P'hZO)

where H' . 1s the hydrated proton. Then the equation for the glass electrode
potential-will take the form:

E = 2.3RT a; . 2.3RT
F lbg aos + F

where P is the vapor tension of water.

Calculating the equation for the hydrogen'electrode from the equation for the
glass electrode, Dole found the magnitude of error of the glass electrode equal to:

" 2.3RT
AE = T log a’H.:aO’

_;?!(320)
where aH0 = §7rzg—g)
And consequently for an anhydrous medium, in particular for anhydrous ethyl
alcohol where the activity of water becomes negligible, but where an aqueous solu- -
tion is contalned inside the electrode, the error reaches such a magnitude that

the glass electrode cannot be used for measurement. ;

-~ the activity of ﬁater in the externalﬁsolution.

Dole then draws the conclusion that the glass suitable for work in non—aqueous
solutions should allow only unhydrated hydrogen lons to pass through:

As a result of experimental investigations in 1938 Izmailov and Belgova [a]
found that in alcoholic mixtures containing 50 and 70% ethyl alcochol and at a pH-
interval of 4 to 8, the glass electrode behaves exactly as in aqueous solution.

Later, Izmailov and Frantsevich- -Zabludovskaya [4], investigating the behavior
of glass electrodes, made from electrode glass of the usual composition, in mix-
tures of ethyl alcohol and water, in acetone mixtures &nd in 90% methyl alcohol,
showed that the glass electrode was fully suitable for the measurement of pH in non-
aqueous solutions.

We continued the investigation of the behavior of the glass electrode in water
and in mixtures of ethyl alcohol and water, up to absolute ethyl alcohol. In each
case the glass constant was calculated, and this done, a relationship was found
between the constant measured and the molarity of the alcohol in the mixture. We
also calibrated the glass electrode with buffered solutions in sbsolute methyl
alcohol.

EXPERIMENTAL
Alkaline Region

"In our work we conducted an investigation of the behavior of glass electrodes
in the media shown in Table 1.

We used these alcohol-water mixtures since their HC1 activity coefflcients were
known. ,

We investigated glass of three different compositions. The compositions of
the glass are given in Table 2.

Spherical electrodes were prepared from the glass, according to Haber. In all
cases the inside of the electrodes was. filled with an aqueous Welbel solution. The
prepared electrodes were submerged in 0.1 N HCl for 3 - 5 days. Thereafter the ‘
electrodes were stored in distilled water.
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~ TABIE 1

e e T
Expt. Bolvent ‘ ' | pH intervals
_No. | (%byweigny) | OF he solution ) BT
1 Wa.tez"”n..nu-u.n,” - N “"'099 + 1h-0
2 20 etmo.lae.-ocponw 0:0891 “ O.B + lh‘,3
5 T1.9 @th&nOluguuun 0.4 = 0.6 +.14.86
h 88.5 ethanol sns.seq 0.75 . = 0.5 + 16.56
5 93.5 ethanol ..as a4 0.85 - 0,5 + 15,85
6 100.0 Eth&D.Ol q!qtﬂ 1!0 + 016 + 1)"“1
T 100,0 methanol ... 1.0 + 0.9 + 15.8
TABLE 2 v
“ Exjit.‘ ——— h ‘ Compositién of t‘he.glass‘ (in %) A
Ko Type of 1888 THIG, | Nag0 | CaO | Ro0s | Remainder
"1 | Yuz @lass.eecssensecoes | 1240 | 20,0 | 8.0 | = | =
2 McInnes and Dole Glass : f
(Corning Ols)thnupv- T2.0 22,0 6-0 “"-"“7_._ -
3 "Eldat® b glass 66.93 | 22.84 | k.92 | 0.55 b, 76

Measurements with the glass electrodes were carried out with 8 vacuum~tube
maplifier in conjunction with & Raps potentiopeter, the construction of which
is described in detsil by _Izmgilw -and Zebars [s]. -

Thé camposition of the cell, dwring measurement of aqueous golutions and mixs
tures of mlcohol snd water by means of the glass electrode, was the following:

Ve ‘
HoCla | Investigated Weibel's | Weibel's

He KClgat, KClgat. | molution (Glass #queous | HgoCla He
: solution | solutien

Tn the case of sbsolute methyl ard ethyl alcohols, the aquecus calomel elec=
trode snd the aqueous bridge was eliminated from the cell. All the measurements
were conducted in & circult with a quinhydrone electrode placed in an alcoholic
solution which gerved as & Btandard halfw-cell and consisted of 0.0l N HCl and
0.009 N NaBr. ‘ ‘ , :

Contact was mccomplished by means of a bridge filled with a saturated solu-
tion of KBr™ in absolute alcohol. :

For calibrating the glass electrodes in water, m series of buffer solutlons
was prepered: according to McElvain, pH 2,7-8.0; accarding to Borensen, pH 9.5~
10.1; snd according to Ringer, pH 11.3-12,3. For higher pH values solutions of
sodiwm hydroxide were used. ‘ ‘ '

In a strongly acid region (pH from -1 to +2) the electrodes were calibrated
with hydrochlaric acid salutlons. ' L

A series of buffer solutions, mixtures of gn acid and its salt, Were prepared
in ethanol-water mixtures and in sbsolute ethyl and methyl alcohols (L1 salt was
used for absolute ethyl mlcohol snd scdium salt for all the other cases).

. The composition of the buffer solutions sre shown in Tsble 3; For the more
alkaline regions, solutions of sodium hydroxide were prepared in mixtures of eihyl
alcohol and water and in solutions of sodium slcoholate in absolute alcohols, hav-
ing the pH vmlues shawn in Table 3.
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TABLE 3

. — ' Concentration thyi ﬁlcdhcif($ byﬁméight) ethyl.
Eﬁgt' Buffer acid salt - — ‘ Eéﬁﬂl:?l
. {20.0 } T1.9 | 88.5 |93.5 |100.0 1004
_ L . pH of the buffer solutions
{  |trichlerescetate | O.1 o1 | - - - - Lo | 4.0
2 . |salicylate...... | 0.1 0.01L | 3.4 | 3.8 k56 | 5.0 | 5.9 | 6.0
3 Salicylate...... | 0.01 0.1 5.1 5.6 6.2k 6.8 8.1 -
N ST 9 0.1 5.7 6.3 |. 6.9 T4 - 8.4
I |Benzoaté...... 0,01 |0.1. (6.6 7.3 8.0 8.4 - -
0.1 0.01 | 8.2 | 8.7 9.3 9.8 [11.5 |10¢1
5 |Veronalate...... | g g0j rg,l 9.6 | 10.1 | 10:7. [11.3 |12.7 | 12.4
: 0.1 [0i01710.0 | 10.9 11.5 12.0 [13.4 | 12.2
Phenolates,...... | g 3 0.1 }11.3 | 12.0 12.6 |12.9 |[1%.1 | 13.h
K : ‘ {&h . PH of the alkalline solutions
7. J:Soigﬁfbﬁﬂfﬁﬂ?ﬂgﬂi&% o '
! hydroxide or- sodiv : 14.0
alcoholate...... | = - |1k.3 | 14.86 | 15.56 |15.85 | - 1.k
: : 15.8

The pH of all the solutions was measured with a hydrogen electrode in a concene
tration cell relative to the standard, a 0.1 N HC1l in the corresponding solvent;
j.e., the standard was an infinitely diluted solution of ions in the given medium

and not in water. .

The pH values were calculated from the data on the activity coefficients of
0.1 N HC1 [5]. In the case of the alcohol-water mixtures the calculation was.
made according to the formulas A .

_ Eg—E __ o
log & = §.yigy 8t 18

and consequently, PH = Egi%_h° The values for the E and Ep used in our cells
. were taken from the wor%' o? Harned [e].

The glass electrodes were first calibrated by aqueous buffer solutions. The
results of the calibration were plotted graphically, as the potential — solution
pH curve. The calibration curves for Yuz glass and MacInnes and Dole glass in
aqueous buffer solutions are given in Figs. 1 and 2. The calibration curve for
npldaf® glass has en identical appearapce. As is evident from the disgrams, the
break in the curve for all three glasses lies at pH = 115.1.

Nikolsky and Téﬁqacheva [7] proposed to calcitlate the exchange constant of the
glass ions by the psésition of ‘the maximum on the callbration curve of the glass
electrode. The equation they progosed‘is of the form: .

- log K = 2‘3521'11!1;&1:: ~ PKy

where pHpax 1s the pH value at the break point of the'caliﬁration curve, and PKy
is the ion product of the medium. - - ) .

Having substituted the pHyoyx Vvalues of the calibration curves in the equation,
we found that the value for the exchange constant of the glass lons for all three
glasses in water was K = 6.31-10" 13, i , ,

The glass electrodes were then calibrated in the above-mentioned alcohol-water
solutions. The results of the calibration were plotted using the same coordinates.
iIn order to obtain a more coherent picture of the influence of the alcohol content
in the solution on.the calibration curve of the glass electrode, the calibration
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results of the entire series of solutions were plotted on the same graph, but one
graph for each glass, on Fig. 1 — for the electrode made from Yuz glass and on
Fig. 2 — for the electrode made  from MacInnes and Dole glass. -

As is evident from the results of the measurements, an increase in the percent
of alcohol in the alcohol-water mixtures shifts the position of the bresk in the
calibration curve towards the direction of the higher pH Values. Thus, for example,
if for 20% ethyl alcohol the break on the calibration curve of the glass electrode
made from Yuz glass lies at PH pmgx = 11.0, then for 93.5% ethanol, PHpgx = 11.65.
The same situation is observed for MacInnes and Dole glass, but the displacement
is somewhat greater. . : :

It should,also be pointed out that the deviation from the rectilinear relation-
ship between the potential of the glass electrode and the pH of the solution occurs
much sooner. for those calibration curves corresponding to a higher alcohol content.
Consequently, an increase in the content of alcohol in the solution leads to a
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decrease in the rectilinear portion of the calibration curve,‘whiéh results in & .
restriction of the range in which the glass electrode may be used for the measure- jﬁ#
ment of pH in ethanol-water mixtures and in absolute alcohol. A

"Having constructed the calibration curves of the glass electrode in the alcohols,
and having consequently obtained the value for pHpgx, we calculated the values for
the exchange constants of the glass ilons in the corresponding mixtures of water and
ethyl alcohol, using the Nikolsky and Tolmacheva formula. We obtained the velues
for the ion product of the medium, necessary for calculation of K, from a graph
constructed from Kilpi's data [8]. The values for pK4 were then found to be the

. following: o PRy
100.0% (by welght) ethyl alcohol ... 20.2

95.5% | oo 17.35

88.5% cos 16.8

71.9% : eos 15.7TH

20,0% : 14.25

The results of our calculations for the exchange constants of the glass ions are
glven in Table k. :

If, iIn accordance with this data, the value of pKy for absolute ethyh alcohol
is taken to be equal tq l9oh, then the constant of Yuz glass in absolute ethanol.
will be equal to 1.26-10-7, and MacInnes and Dole glass equal to 0.3°1077,

As is evldent from the above table, the value for p shifts to the more
alkaline region with increase in ethyl alcohol content. e value of the glass
constant sharply increases on addition of a small quantity of alcohol to the
water. Thus, if K of the glass is equal to 6.3°10 13 in water, then in an alcohol-
water mixture containing 0.089 molar parts of ethyl alcohol, the K for Yuz glass
is equal to 1.78-30°® and K for MacInnes and Dole glass is equal to 8.9-10 °. By
such a tiny addition of ethyl alcohol to the water, the glass constants increase

4.5 exponential units. On changing from the ethanol-alcohol mixture containing
0.089 mol. parts of alcohol to a mixture containing 0.5 mol.parts of ethyl alcohol,
the constant increases approximately ten times. But in alcohol-water mixtures with
higher and contiguous contents of ethanol, the constant practically does not
change either for Yuz glass or for MacInnes and Dole glass.

If the value of the glass constant 1s compared in water and in absolute ethanol
it may be seen that the constant in absolute ethyl alcohol, for both glasses, is
greater than the glass constant in water by 6 exponential units. ‘ ‘

" We also calibrated the glass electrodes made from these glasses in absolute
methyl alcohol. A graphical representation of the calibration is shown on Fig.

3., 1In this case the value of pHmgx for Yuz glass is equal to 13.3 and for MacInnes

and Dole glass it is equal to 13.8. Taking the ion product of absolute methyl
alcohol equal to 17.05, we find the value for K for both glasses from the Nikolsky
and Tolmacheve formula::for Yuz glass: K = 2.82:10710 gnd for MacInnes and Dole

o TABLE L ‘

E tJ Percent Ethanol . Yuz glass MacInnes and Dole "Eldaf" glass
oo, | (by weight) glass | ‘

1 100.0ceeveccacs 13.1 {8.10-1077 | 18.45 |2.0 1077 - -

2 93.5 tevooesso 11.6.|1.12:107® | 12.10 {1.41-1077 | 12.0 |2.24-1077

3 88-5 seo0sossse lla’"‘ 7.9 "10-7 11.80 1.58.10-7 11.5 6.31.10-7

4 T1e9 seeoenone 11.1 |2.75°10°7 | 11.45 [6.91-1078 - -

5 ) 20.0 o000 800008 ll‘uo lo78°10-8 11,15 8091'10-9 —— —

6 0.0 (water).. |13.1 [6.31-107%3| 13,10 |6.31-107*3 | 13.1 |6.31-107%2
L]
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glass.

lass 2.82:1071%; Izmailov and Frantsevich-Zsbludovskeya [®] present data In 90%
by weight) of methyl alcohol for Yuz glass. They found the pHpygx equal to 13.2
and the value of K e€qual to 3.98:107%2 st pKy = 15; i.e., the value for the glass

constant in absolute methyl alcohol is greater than in methanol-water mixtures.
On the basis of the foregeing 1t may be concluded that the exchange constant of
glass lons increases on changing from water to alcohol-water mixtures and further
increases on changing to gbsolute slcohols.

We were also interested in the questlon of the relationship of the magnitude .
of the potentigl for the same glass electrode in different media at equal pH values,
Tn the work of Izmailov and Frantsevich-Zabludovskaya [4], data are cited for .
messurement with the same glass electrode in aqueous solutions, in 95% ethyl alcohol
and in 90% methyl alcohol. According to their data, the fluctuations observed In
the potential of the glass electTtode result only from changes in external conditions.

We conducted measurements of aqueous solutionsand.buffer mixtures in absolute
ethyl and methyl alcohols with the same electrode. Since a saturated calomel
electrode was substituted by & quinhydrone in the absolute alcohols for the gxperl.
ments where the absolute alcohols were used in a variable cell with a glass elegtrode,
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it is zatural that thnl pbserved potentials of both cells were not commensurate.,

In this case we calculated the potentimls of thelguinhyérons electrodeu in the ob

sbsolute alcohols, The valuss for ¥g in the absolute alcohols were taken from Ir

Brodsky's monograph [10]. - | ' o
We shifted the position of the calibration curves to correspond to the differ.

_ence in potentials between the sgueous saturated calomel electrode and the quine-

hydrone electrode in sbsolute mlcohol. As is evident from Fig. 4, the calibration
curves sre situsted close to each other. The smount by vhich the calidration

curves differ may be explained by the difference in phase and diffusion potentials. |

It iz quite evident from Fig. 5 that the potentials coincide at the medial pH
values for electrode No. 2, made from MecInnes and Dole glass placed in aqueous
buffer soiutions snd im buffer solutions im 88.5% ethyl alcohol. The calibration
of the electrodes was conducted under identical conditions. As is evident in this
case, the calibration curves coincide at the rectilinear pertion.

As & result of these experiments it can again be confirmed that the potential
of & glass elsctrode at medial DH values does not depend upon the medium in vhich
the messurement is comdwcted. ‘

(fAdi0 o1l Reglon

At the present time there is very little data in the literature on the behavior -

of the glass electrode in the acid region inm sgueous solutions and still less in

the acid region in non-mgueous : media.!. ‘Re:winvéstigatéd the behavicr of glass.- .

* " electyodes in acid snd strongly acid regions in water, in ethanol-water nixtires

H -l',

‘and in sbsolute ethyl and methyl alcohols. The electrodes made from Yuz glass mnd

from Macinnes and Dole glass were calibrated.

With this aim in mind, hydrochloric acid splutions were prepared in water
snd in alcchols. The pH of the hydrochlaric acid solutions was determined by the
hydrogen electrode relative to a standard. As in previous messurements, the sten-
derd was & 0.1 ¥ solution of hydrochloric acid in the corresponding medlum.

The results for the calibration of glass electrodes in the above solutions
of hydrochloric scid are given on Fig. 1 for Yuz glass. As may be observed from
Fig. 1, the calibration curve for the electrode has two bresks: a maximum in the
slkaline region and a minimm in the scid oregions. The deviattem in Theratid regiom
has & reverse sign in relation to the deviation in the alkaline region. It should
be noted that in the works on the glass electrode presented in the monographs of

- Pchelin [11] and Dole [2], menticn is made only of the deviation from rectilinesr-

ity of the calibration curve in the acid regionm.

Measurement with a glass electrode in strongly acid solutions is very diffi.
cnlt, The potential is not well established in the extremely acid point of the.
£ield. Electrodes made from Yuz glass = wetted for 2.3 days as well as faor a
longer period of time — give, in &1l cases, a minimm in the acid region. The posi-
tion of the minimm then shifts to a less acid region on changing from water to
absolute elcohol, which is easily seen fram Table 5. As concerns MacInnes end Dole
glass, we cannot cite smalogous data. Some of the electrodes, wetted for a longer
period of time, showed a minimm on the calibration curves. The calibration curves
for electrodes prepsred a long time before calilbration Just exhibited a strong
deviation from rectilinesrity. Even for those electrodes which showed & mindimum
on the calibration curve, the position of the minimum did not chemge on varying the
solution investigated, sud remzined at all times at a pH of =0.5.

Shifting the position of the minimm .gs well as the previcusly-mentioned devia-
tion of the calibration curve from rectilinesrity shoften the vectilinear portion
of the calibration curve as the alcohol comtent increases. In Table 6 is given the
relatiomship of the magnitude of the rectilinear portion of the calibratiom curve

W = e en

The behavior of the glass electrode is practically.unknown in strongly acid:non-szueous solutions.
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Availshle experimentsl data 1s still : -
too meager to make general conclusions o the behavior of the glass electrode 1R
the acld region, in particulsr in =n mcid reglon of nom-aqueous solutions, but this
question deserves attention. : .

Relationship of the Glass Electrode Potential to tipAbsolute Acidity

0f especigl interest”ls the representation of our results by the universal
scale pA, which is standardized against an infinitely diluted solution of the
scld lons in aqueous solution by the use of the sverage activity cpefficient. The
uﬁversal scale PpA, proposed by N.A.Izmailov [12], differs from the pH scale by the
value 1g Yo: ' :

OV £\ N

PA = PH — 108 Yo» 3

' vhere Yo 18 the average coefficient of the lons at infinite dilution in the glven
medium, referred to sn infinitely diluted mqueous. solutiom of the ioms as a stam-
dard:. The value log Yo for ethyl alcohol iy shown in Table T

‘The calibratitn curves for glass electrodes mide from Yuz glass sre shown
in the pA scale on Figs. 7 and 8 (for/acid and alkaline reglons respectively). -
Glass electrodes made from MacTmnes end Dole glass glve anglogous cslibration curyes,
vhich exhibit a contraction of the minims and mexims in the pA¢scale.
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Exp.| Wolar fraction Length of thg Exp.| Molar Irection log Y
o, | of ethsnol 'Apctilinesr Por- ¥o. | of ethanol og Yo
: “tion for Yuz glass .
in pH units 1 0.089 0.127
1 (:»j(;.( ' )‘ 10.9 2 0.5 0.597
b water o I
2 | 0,0891 9.8 3 0.75 1.03k4
13'. 005 ’ /."- gag . h‘ 0085 . . 1027
Oaw O
5 0.85 6.4 5 1.0 2.32
6 lbo 5-6 ’

As may be geen fram Fig. T, on shifting the calibration curve for absolute
alepchol to the acid region 1t approaches s pA value of ~1.7. As is evident from
the disgramsy the minims snd maxima of the calibration curves in different alcohol=
weter mixtures, using the pA scale, lie along one stralght line and tend to coalesce.
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Fig. 7. Calibration curves of glass S : pA
. electrods made from Yuz-glass using Fig. 8. Calibration curves of & glass
'*”t@@hﬂﬂ4Y§?§al~ﬁcéle?7A°ia regio@;/ﬁ .. electrode made from Yuz glass using .
. Bth§l eléchol: 1~ 100,0%: 2- 88.5%5 the universal scale. Alkaline region.
| 3= T1.9%; 4 - 20.0%; 5 - water. hyl slcohol: 1 - 100,0%%-2 - 93.5%;

3 88.5%; 4 - 72.9%;:5 - 20.0%.
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This consequently indicates that the erfors of the glass electrode in acid
and alkaline reglons are fractions of the total acidity of the medium.

It should be noted that since 1941 we conducted all the experimental work
with our own glass furnace.

We wish to take this opportunity to expreés our deep gratitude to V.A.Pchelin
for his kindness in providing us with electrode glass.

SUMMARY

1. An investigation of the behavior of glass electrodes made from Yuz glaas and
MacInnes and Dole glass was conducted in ethanal-water mixtures and in absolute
ethyl and methyl alcohols. It was established that in all these solutions the
calibration curve of the glass electrode contains a maximum in the alkaline region.
With increase in ethyl alcohol content, the position of the maximum shifts to a
more alkaline region.

2. In aacid (hydrochloric acid) region a deviation is observed from the rec-
tilinear potential — solution pH curve, which has a reverse sign to the deviation
of the alkaline region, both for agueous solutions as well as for alcohols. The
calibration curve for a glass electrode made from Yuz glass possesses & minimum
in the acid region. The position of the minimum, as well as the beginning of
deviation from rectilinearity, shifts to a less acid region from water to absolute
ethyl alcohol.

3. The value, K, of the exchange constant for glass ions increases on shifting
from water to absolute alcohols. If for water, the K of the investigated glasses
equals 6.31:10713, then in absolute ethyl alcochol the K for Yuz glass equals
8.0:10"7 and for MacInnes and Dole glass equals 2.0-10"7. 1In absolute methyl
alcohol the value of K for Yuz glass is equal to 2.82:107'°, and for MacInnes
and Dole glass it is equal to 2.82-10711,

4. The use of the glass electrode for measuring pH in mixtures of ethyl
alcohol and water and of absolute ethyl and methyl alcohols is quite practical,
but with an increase in the alcohol content the region of applicability of the
glass electrode is curtailed.

5. It was shown that the errors of the glass electrode in acid and alkaline
regions are situated at the same value of the absolute acidity, pA.
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