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pH Response of Nonhygroscopic Glasses
Richard G. Goldmon and Donald Hubbard
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for which the thickness elecicie
progressive removal of water,

1. Introduction

A= 1= well known, any sificate glass upon immersion
in an agqueous solution, develops =n alectromotive
foree, which, in tha case of certain glasses, varies with

H according to the Nernst equation, A%=0.000195%-

ApH, over an_extended m:lgi-a of hydrogen-ion ac-
tivity. The suitability of such glasses s indicators of
hydrogen-ion aclivity of agqueous scluticns seema to
be largely dependent uj}on adequate hygroscopicity
and uniform chemical durability over &s long &
range as possible [1 to 4].'  Glasses of adequate hy-
proseopicaty but of very poor chemical dursbility
exhibit substantial vol departurea ferrors) from
the theoretical at all pH walues [2, § to 7] whils
glasges of aeceptable durability but ot very low hygro-
scopicity slso fail to develop the full pH response of
50 mv/pH at 25° C as indicated by the readings of the
conventionsl, commercisl electronic pH metars [1, 2,

5 to 8. The pressnt investigation was undertaken
to ascertain if the falure of electrodes d from
glassea of low hygroscopicity to exhibit the full pH

respones is merely the result of insufficient sansitivity
of the indicating instrument or is due to an sctual
failure of these glas=es to respond to hydropen-ion
activity. Thea high resistance, exueediuﬁhl J000 mog-
ohms, of the alectrodes made from the nonhygroscopic
glllusaea would be the major contributing factor in
the firat case, while in the second instence the deger-
mining agent would be the abaence of sufficient water
in the plass to give the electrode the capacity to fune-
tion 86 B “water electrode™ [2, 9, 10] or as & “protode™
{11, .

The problem apparently resolves itself into deter-
mining whether electronic or protonic resistance lim-
ita the proper functioning of thes: electrodes® If &
parallel exista betwaen the electronic resistaner and
the voltage departures of the glass electrodes, then
there is renson to believe that resistance limits their
functioning ; whereas, if experimental evidence points
toward “sorbed water™ as the only relaied entity,
then protonic resistewnce is the determining factor.
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Thiz Intter statement is merely another way of say-
ing that protons or hydronium ions Hi#O" necessarily
move fromn water site to water site within the glasa,

_From a practical standpoint it wonld be most de-
sireble to be able to use electrodes prepared fromn
many of the glasses of low hypgrosecopicity because of
their superior chotics]l durability. Such elecirodes
would betier survive severe operational conditions
of high-scid concentrations, temperaturs and alka-

linity,
2. Experimental Procedure

The pH response sod other electrical character-
istics of the experimenial glaws elecirodes were
determined on specimens ufg tha =imple Cremer—
Haber type [1, 2] prepared by blowing & smsll tin-
walled bulbh on the end of a section of plass tubing. -
Because of their convenience of preparation and the
relative simplicity of interpretation of the experi-
mental resulis, mercury-filled electrodes [13] were
prefen['ed over the customary inner-solution filled
type 2]

All ol] the routine pH and voltege messurements
were obtained on a Beckman pH meter, ]nhomla?'
model G, using a wellconditioned glass electrode
of Corning 015, the hydrogen electrode, or the
saturated calomel bhali eell as the reference elee-
trode, depending on the limitations dictated by the

erimental sondilions,

ke electrometer employved, other than the
Beckman pH meter, was one assembled using the
General Eleetric GL-5740/FP-54 Plistron tube,
which, when properly installed and operated, can
readily detect currents as low a3 1077 amp—about
60 electrons per second. This sensitivity being
far better than was feasible to handle effectively,
the simple circuit terommended for the tubo i
measurements of carrents of the order of 10°®
amp was modified for use in these eXxperiments. .

The hygroscopicity data wero obtained by observ-
ing the increase in weight of l,idg of powdered glass
(passed by & Tryler Standard 150-mesh siava),
exposed to the high humidity maintained B
setursted solution of CaS30,-2H,0 under controlled
conditiona of temperature gnd time, a procedure
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previously proposed for determining the service-
ability of optieal glasses [14, 15].

The resistance values of the glass electrode were
determined with & resistance bridge, General Radio
Mogohm Brdge Type 344 BS38, operating with &
A00-% drop across the terminals: and alsn with an
RCA Senior Voltohmyst, Type WV-07A, which
applied anly 1.5 v acrosz the resistance undsr
measurement. Kesistance readi wore obtained
while the electrode wae immersed in the solutions
in which voltage departures appeared. The cir-
cuit was completed throvgh the mervury column of
the glass electrode and a platinum wire dipped
directly into the solution. This system ﬂ-dl.‘lBH AO
unsvolidable yncertainty to the resistance readings,
because it constitutes a hattery whose voltaps is
readililaﬁmted by the oxidation-reduction potentin]
and pH of the eolution. The platinum wire and tha
ﬁlﬂﬂﬂ eloctrode were held a fixed distance apart

uring the measurements, after which the glass
electrode was replaced with & second platinum, wire
in ovder to observe the resistance offered by the
solution slona. In order o reduce the electrie
leakage from surface conductivity, the stem of the
lasa electiode was trentod with commercial Desicote.

rganic chlorosilanes, such as Desicote, for example,
dimethyl dichlorosilane, (CH,); SiCl;, resct with
adsorbed moisture on the surface of gima evolving
H{1 gas, and deposit on the glass surfece a water-
repellent layer of dimethyleiloxane groups spprox-
imately 10° molecules thick [16). The glass elec-
trodes were rgrapnred from thin-wall tubing,
which had s relatively low resistance per unit area.
It was therefore neces to reproduce the depth
of immersion to aveid resstance variztions as large
s 4 megohms,

3. Resulis and Discussion

3.). Insbrumentaton

Using the comumercinl Beckmen pH meter, the
full theorstical pH response of 59 mv/pH over the
225;& H 4 to 8 eould be obtained with electrodes

e Irom glasees having & Reopicity a8 low
as 35 mglfem'. The assembled Genersl Eleetric
Pliotron electromater allowed the use of plasses
of much lower hygroscopicity, For example, by
enreful attention to shielding and other dotails,
the full theoretical pH response was cheerved with
an electrods made from hard glass tubing having a
hygroscopicity value of 19 mgfem®, The improved
sensitivity of tha indicating instrument obviously
aifecta a considerable extension of the range of
usable plasses. However, imstrumentation  dif-
ficulties involved in obtaining adequate electric
ahielding and insulation became increasingly ap-
parent. The ultimate limit to be attained
improved instrumentation, assuming perfect shield-
ing in which zll interfering charges are avoided,
ia tha minimum noise lavel determined by the Brown-
ian movement.? However, in the present problem
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the practical limit falls far short of this epeculative
theoretical one.

From the above evidence alons one is inclined to
feel that elecirode= preparad from all the giasses of
very low hj'gmsm]?]i:it probably develop proper
EH response, but the o ia frustrated in appre-

ending it. In the case of elecirodes mada from
these Don copic glasees the factors of high
resistivity and low water content paralle] ons another,
making 1% impossihle to ascertam which one is tha
determining factor, Experiments designed to sepa-
ratn the effects of high resistance snd low water
content might possibly give a satisfactory answer.
With the attention focused oo the resistance of such
electrodes, one i8 inclined to rogard the thickness
a8 the limiting barrier. There is some experimental
evidence to support the opioion that by a suflicient
reduction in the thickmess that i3, hy a sufficient
reduetion in the length of the resistive path, the fufl
pH response of these electrodes could be realized
[17, 181]. Nevertheless, the sttainment of sufficiently
thin films = us difficult aa the other direst approaches
to the problem, becauze of the Limited strength of
glass membranes thinner than 1 g [19).

3.2. Water Content and pH Response

If ans focuses attention on the water aspect of the
problem coneetning the responss of the glass slectrode
to hydrogen ions, there appear= to a definite
lower limit beyond which a glass alectrode cannot
ba expacted to function ﬂ]llempqu. If the glas
electrode funections vis the acid-base equilibria
attaingbla through the dis=ocistion conetant of
water, [HY}[OH ]=K.,=10"4, then it is chvicus
that any glass in order to dnvﬂltg the full theoretical
pH response must contsin snfficient water to give
one o more dizspciated molseules at all times. Tt
iz certainly as difficult to measure these quantities of
water a3 1 iz to obtain a direct soswer from the
instrumentation or thickness approach. But these
considerations do lead to pertinent answers. If the
thickness at which pH response fzilurez appeared
for electrodes made from four glasses previously
investigated [18] is plotted agninst the hyproscopicity
of the glass, n curve is obtained, figure 1, which,
when extrapolated to zero thickness, indicates that
electrodes from glasses having less than a certain
limiting hygeoscopicily {approximately 15 mgfem?)d
bave no proper pH function at any thickness.
These data may be open to considerable criticism
but at least they do give a definite lead for additiona

expaTiments.

E’h&t nonhygroscopic glass membranes of infini-
tesimal thickne=s do not pomsess p satisfactory pH
funetion s even more siriki supporied by experi-
menta on the thickness of inhibiting films oo electrode
surfaces [27]. In these experiments nenhygroscopic
glass layers less than 200 A {2310 %cm) thick,
generated on the surface of elestrodes from Corning
015 glase hy acid leaching followed by heat treat-

+ It the vogReakion i tad (hiat th feeselibm of the h of xhex
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ment, caused almost complete parmanent loss of pH
function,  Similar nonhygroseogic glass layers
than 30 A thick brought about appreciabla loss of
pH response.

The following experiments were designed to
eliminate electrie resisiance &2 a determining factor
in the observed voltsge departures of the pglass
electrode in the “superacid’ region [20, 21], and wore
performed in =uch 8 manner that it was hoped the
only, or main, coniributing variable was the pro-
gressive withdmwal of water from the eleetrode
glass [2, 9, 10]. The woltage departures of & wall-
conditioned electrede of Coming 015 glass were
followed well into the superacid range, using the
hydrogen alectrode as the reference, and any voltage
departures observed wers attributed to the plass
clectrode. 'This seemed & remsonsble assumption
because In gll previoue axperiments in which the
voltages of the glass and hydrogen electrodes have
not paralleled each other, experimental evidence,
such as changad chemical durability and hygre-
scopicity of the glass, has elways indicated that the
glazs electrode was at fault [3 to 8. In previous
experiments in which water was withdrawn or
excluded from the electrods plasa by dehydration,
ponealing [2], and leaching followed heat treat-
ments [26, 27], tha voltage deparfures intraduced in
each case were accompanied by variations in re-
sistatice or by surface alterstions, The swrface of
the electrode remained unaltered throughout the
Ez.ﬂﬂﬁtlt- experiments, as indicated by examination of

ts on Corning 015 {4] with an interferometer; at
fea=t, no alteration of the surfzce was deteeiod.
The usual swollen, silicarich surface formed on this
glass in acid solutions [4] was not remaved, and it
remained ewollen over the period of the experiments
in the acid solutions of high coneentration, Hence,
the large voltage departures catnot be attribyted
to any radical mechanienl or chemical alterntion of
the clectrnde surface, such as in brought about by
gdzrgiluonc acid or etrengly alkaline solutions [4,

. 23]

The data presented in table 1 and Phtt-ed in figures
2 43 6, inclusive, com the vo departures
exhibited by a typical glass electrode with the accom-
panying Tesistance, in solutions of vaﬁyin concen-
tration for two mineral acids, H30, and H;PQ,, snd
three organie acids; HCOUOH, CH,COOH, and
DgH,COgH, All of theza volisge departures and
resigiznce values were obteined on the same slece
trode, so that all the daia are direcily comparable.
The resatance walues obtained with the hin
bridge type 544-BSE wnd the RCA Semior Valt-
ohmyst are included in the plots as solid and broken
lines, respectively. Thera is some vneertainty as to
which of these instruments yields the more acceptabla

TanLx 1, Vdiﬂz depariurer of (e ﬁlu efectrode in o
alitEond 20y, HyPO,, HCOOH, CH,CO0H, &nd
CHLCOOR compared wnith the rextatancs of the eloctrode in
eqeh of the roiwhiong
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data. Certainly the Voltohmyst ® can be made to
ﬁwe spurious reaults because of the voltage developed
the battery consisting of the glesa cell and the
platinum electric contact.
A typical exemple of spurious data is shown in
b for acatic . These are the apparent re-
sistance values for the plass slectrode obtained in the
ncatic acid solutions after the pH determinations had
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been made, using the hydrogen electrode and the
calomel half-cell. The same effect wae observed
afier bubbling hydrogen gas through the H,S0,, but
was Iiot a3 prohounced. Vol or polarization
effects induced by the presencs of hydrogen gas are
presumably the .reason for these l'ugEa gpurious
resistances. J& s interesting to note that the large
drop in these apperent Tesistance values appoars
near 50 percent SH:CDQH, the same concentration
at which marked repression in the rate of ewselling
had appeared in chemical-durability measuromentsa
[22]. In spite of its shoricomings, the Voltohmyst
may often giva mora reliable read than the re-
sistance brtdge becauss its low-voltage operation
minimizes elecirelysis and polarization. The 500 ¢

BN
oo o
ool
E i
§ T !
o i
S
§. - Rrplatonce E
I
—m_r
=400 —
mnlalolq!aln!ulalnllmo
'LCtHﬁ'GDﬂH
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of 0 glase eleetrode ((orning DLF) in oarfeus concenirafions

of propiontc daced. .
—[——; Hepdings obtaioed with o7 bridps; ———3——, readings
abtained with 1.6~ voltohmyst, .

acroed the terminale of the resiatance hridge could
concaivably canse trouble. In fact, this instrument
finglly ferminsted the resizfance experiments pre-
sented in this sequence by puneturing the experi-
mentel electrode.  Although the resistance hrid
gave mors reproducible resulta than did the Velt-
ohmyst, the values obtained by the twe instruments
usually apreed closely, and in the rcases of sub-
stantial d%ls:grmnant {acotic and propionic acids)
the Voltohmyst gave the lower resistance values,
poasibly indicating less polarization. )
Figure= 2 to 6 show that no general correlation
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exista hetweon the vol depariures and tha sor-
reeponding resistanca of the elactrode in the solutions.
The voltege depurtures follow an orderly sequence
a= water 18 withdrawn, for asch series of concentra-
tions for each of the acids, whareas the resistance of
the slectrode remeins low gnd essentislly constant
throughout the experiments. There appears to be
one notable exception io this near-constancy of the
resistanca in the case of pmpionic B, OWEeVerL,
this appsrent incressea In the resioiance of the
elactrode turna out to be meraly the resistance of the
_fqu-strengt.h pmpi_onic acid (bp 141,1°C) super-
impoead on the resistonce of the glass electrode.

he spparent pH values indicated by the hydrogen
electrode and eatureted calomel half-cell were ob-
tained and inserted in the fizures to emphasize that
thare was no lack of hydrogen-ion activity in any of
the solutions. In other words, the fmilure of the
glags sipctrode to indicats hydrogen-ion activity and
t2 behave a2 » hydrogen electrode is not due to any
shortage of hydrogen-ion activity of the solutiona,
In faect, the hydrogen-ion activity of the conmcen-
traded acid solutions 18 anomalously high, ss indi-
cated by the hydrogen electrode. i= latter
phenomenon has often reised the gquestion: does
either the glass or hydrogen electrode pive any ac-
captable jnformsation about concenirated solutions
of theae strong electrelytes, espociplly aa the hydro-
gen-electrode rendings imply activity of hydrogen
10ns far In excess of that availshle from the fult Ei‘fs-
sociation of the acid moleculs? However, this
anomaly i one of the wnsolved problems in the
theory of solutions [24).

A glance at 7, in which the pH wvalues in-
dicated by the gless and hydrogen slectrodes in the
sulfuric acid solutions are ploited, leaves one with
the impression that the glass alectrode pives s more
logical answer than does the hydrogen electrode.
Accepting the Wynna-Jones line of reasoning that
the glass slectrode responds to protone [12]brnl;har
than water activity [2, 8, 10], the pH values obtained
by the plass efectrede sel! & more comprehendible
story shout the dissociation of H,%0, than does the

rated hydrogen-ion activity indicated by the
h%mgau eloctrods.  Certainly the hydrogen elec-
trode must be responding to some property other
than hydrogen ions.

4. Summary

Experiments have heen carmied out that were
designed to ascertain if electrodes prepared from
plasees of low hygroscopicity and high elactrical re-
siatanee fail to demonstrate full theoretical pH re-
sponae becpuse of the lack of sensitivity of the
indicating instrument or because the glasses fail to
respond to hydrogen-ion activity due to the absenece
of woter. By means of an electrometer having
greater sensitivity than the usual commercial elec—
tronic pH meters, electrades prepared from glasasea of
hygroscopicity lying between 19 and 35 mgfem?® were

L Hydrogan E lécirods —
-rE A R
'a f— -
asl | I | | | | | | |
0 20 40 &0 B 100
% 150,
Ficure 7.

Comparizon of the pH voluet indicpied the
Apdrogen and gE.'ﬂ electrodes for aguetows dofabions af I?,SO._.
using tha saduraiod cofmmel Aalf-call 2z tha rafovence dlecirode,

found to vield the full theoretical pH response, in-
dicating thet considerable use may be obtamed from
nénh COpic ses by improved instrumenta-
tion. Howsver, the inpressed resistance exhibited by
aloctrodes prepared from glasses of still lowar hy
sco;ilmléy gppears to offer an insyrmountshle obstacla
to the direct resolution of this prohlem.

Nevertheless, evidence was obtained by extra-
polation of hygroaeopicity-thickness data that indi-
cated that electrodes from glasses below a limiting
hygroscopicity would not have full pH response, even
ﬂmuEg their thickness were reduced to near zero.

evidence showed that upon progreesive
removal of water from the glass, vo]IJ departures
appeared in elecirodes, although the elecirie resist-
ance remdained low and esentially constant through-
out the experimenta, i.udimhinicl:hat es of very
low water content would not show full pH response
to hydrogen-ion activity, regardless of the sensitivity
of the indicating instrumtent. These dats and con-
clusions seem 10 be compatible with the findings of
earlier investigators [2, 3, 5, 8. 7, 9, 10, 25, 28], which
indicata that water plays & vital role in the mecha-
nigm of the glasselectrode response to hydrogen-ion
activity.
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