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Effect of Temperature on the Electrical Resistance and 
Voltage Departures (Errors) of Glass Electrodes, and 
Upon the Hygroscopicity of Glass 

Donald Hubbard 

.The effect of temperature upon t he electrical resbtance and pH response h as bee n 
studied on elec trodes prepared from t hree types of g lasses: P yrex 7740, commercia l soft
glass .tubing, and Corning 015 ; glasses of low, intermediate, and high hygroscop icity, re
spectively. The r esults show t ha t e lectrica l resistance is not the dete rminant in most 
cases of vol tage departure from t he t heo retical, and in t he inherent fai lure of many glasses 
to act as satisfactory indicators of hyd rogen-ion activity of aq ueo us solu t ions. FOI' examp le, 
t he elect rod es prepared from Pyrex glass gave no signifi can t pH response even when t he 
resistance was as low as 12 megohm s. The resul ts of e lectrodes from glasses of in te rm edia te 
hygroscopicity gave a pseudo-correspondence of pH response with resistance whereas 
electrodes of Corning 015 gave voltage depart ures that co uld in no way be a tt ribu ted to the 
electri cal resistance of t he e lectrode . . 

1. Introduction 

Considerable confusion exists in th e general con
cep t as to what part the electri eal res istance of a 
glass electrode plays in its voltage response to hydro
gen-ion activity of aqu eous solutions, the vol tage 
departures (erTors) that a ppeal' at high alkalini ties 
and in the "superacid" region, and par t icularly in the 
failure of electrodes from many glasses to follow 
the simple dictates of the N ernst equation, t::..E = 
0 .000198Tt::..pH. For example, the difference in 
performance shown between electrodes from Pyrex 
7740 and a satisfactory pH-respons ive glass (fig. 1) 
is presumed to be related somehow to a difference in 
res istance of the glass m embranes form ing the effec
tive por tion of the elec trode. With th e electrometer 
t ubes available r equiring grid CUlTen ts of only 10- 12 

t o 10- 15 amp, a glass elec trode having a r es istance as 
great as 1,000 megohms would exhibit an IR drop 
(errol') ranging from 10- 3 to 10- 6 v [1, pages 47 and 
89 to 92).1 Such errors ar e small, and for most 
practical pH measuremen ts can be di sregarded. It 
is obvious that glass electrodes exhibiting large 
voltage departures, pH enol'S, hut having res istances 
less than 1,000 megohms, are failing to show full 
pH response not because of their high electrical 
resistance nor because of a lack of sensiti vitv of the 
available indicating electrometers. " 

The presen t investigation was under taken to as
certain what individual parts the hygrosco picity 
(water sorption) of the glass and the electrical resist
ance of the glass membrane play in the over-all 
picture of the ab il ity, or lack of ability, of electrodes 
from various glasses to act as indicators of hydrogen
ion activity of aqueous solutions over the temperature 
,range 20° C to neal' t he boiling point of water . 

2 . Experimental Procedures 

Tbr hygroscopicity values were obtained in the 
apparatus described in previous publi cat ions [2]. 

I Figure in bracket~ indicate the li terature rCff'fCnCcS at t he end of tll is pap(l f . 

The experiments at elevated temperatures were 
carried out by immersing the humidity chamber in a 
thermostated water bath . Although no m echanical 
d ifficulties were encountered , this procedure for 
obtaining hygrosco picity was not entirely sa t,isfac
tory, because of excessive condensation on the walls 
of t,he chamber at the elevated temperatures for the 
high humidity (approximately 98 percent) required 
for the experiments. However, th e resul ts appeared 
to b e quali tatively acceptable. The hygroscopicity 
values reported are those obtained for I -hour ex
posures. 

The vol tage performance of any experimental 
elec t,rode was determined by the vol tage change that 
appeared when the cell consist ing of the experimen tal 
electrode and a reference elecLrode was t ransferred 
from a buffer solution at pH 4.1 to a buffer at pH 8.2. 
The reference electrode employed was either a hydro
gen electrode 01' a glass elec trode calibrated at the 
elevated temperatures. Thus if the experimen tal 
electrode gave full pH response, no change in voltage 
appeared in the two buffers at any temperatures. 
Typical examples of th e data obtained by this pro
cedure are illustra ted in figure 1 for a commercial 
electrode and one prepared from Pyrex glass 7740 
The above pH interval was chosen because it is a 
region of uniform chemical clurabili ty of the glasses 
studied [3]. Thus, voltage shifts are eliminated or 
minimized , which might be credited to a ch ange in 
chemical durability [2] , The calibrated m ercury
fill ed glass electrode [4] was preferred over the 
hydrogen electrode as a reference elec trode because 
of operational simplici ty and rase of temperature 
control by eliminating the hydrogen-gas chain . 
Furthermore, with both the reference and experi
mental electrodes filled with mercury, any small 
thermoelectric vol tages generated at th e P t-Hg 
junction would be compensated by the symmetry of 
th e sys tem . All electromo tive-force m easurements 
were made with a Beckman pH meter , laboratory 
model G. 

The resistance values for th e experimen tal glass 
electrodes were followed at the differen t tempera-



1 

> 200 
E 
W· 
0:: 
~ 
I-

~ 
w 
0 

W 
<9 

~ 100 

-' 
~ 

o 

~ ~ 1,40 'c 
30,20 

Py rex 

Commercial 

e!-=-=====-!!!!!!!!;~§§§§§~~901'C 
20 ,30,40,50 J 

4 6 

pH 

FIGU RE 1. Voltage depaTtllres at various temperatures observed 
over the interval pH 4.1 10 pH 8.2 for two glass electrodes, one 
of which was a commercial glass-electrode and the other pre
pared fr om P yrex glass 7740 . 
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FIGURE 2. Effect of temperature upon the resistance, hygro
scopicity, an d pH res ponse of electrodes pTe pared fr om P yrex 
glass 7740, a glas8 of lo w hygroscopi city. 

tures with an RCA Senior Voltohmyst TWV- 97 A, 
which imposes 1.5 v across the glass membrane, 
while the bulb of the electrode was immersed in 
Britton universal buffer at pH 4.l. The electrical 
connections for these measurements were established 
by means of platinum leads, one of which was 
dipped into the buffer solution and the other into 
the mercury filling the glass electrode bulb. A 
number of parallel observations were made with a 
General Radio type 544- BS8 megohm bridge oper
ating with 100-v drop across the terminals, to make 
sure that neither polarization nor the voltage gen
el"ated by the battery, consisting of the two cells, 
glass electrode, and platinum wire , was causing 
spurious resistance values to be reported [5]. The 
higher voltage of the megohm bridge might cause 
polarization resistance at the glass surface or even 
puncture the glass membrane, whereas the low 
operation voltage of the Voltohmyst might be 
seriously affected by counter voltage generated by 
the battery consisting of the glass electrode and the 
external platinum-wire connection. Because the two 
instruments indicated approximately the same re
sistance, it seemed reasonably sure that the effects 
of polarization and interfering voltages were not 
large. 

3. Results and Discussions 

3 . 1. Electrodes Prepared from Pyrex Glass 7740; A 
Glass of Low Hygroscopicity 

Figure 2 and table 1 show the effect of temperature 
upon the electrical resistance and pH response of 
electrodes prepared from the sample of Pyrex 7740, 
chemical-ware glass, and the hygroscopicity of this 
glass over the same temperature rang.e. The reo , 
sistance curves for these three electrodes are in 
accord with the long known fact that the electrical 
resistivity of glass decreases rapidly as the tempera
ture is increased and follows in a general way the 
exponential equation 

where 
R = the resistivity, 
B = a constant, 
A = a constant involving the activation energies, 
T= temperature, I 
e= 2.71828, the limit of the series (1 + 1/n )n as 

n= co [6]. 
At times the resistance curve obtained experimentally 
may depart conspicuously from this shape ; typical 
examples obtained on an electrode are illustrated bY "1 
A and B in figure 3. Such S curves can be readily . 
accounted for qualitatively by electrical surface · 
leakage under conditions in which the resistance of 
the electrode bulb becomes increasingly great in 
comparison to the surface resistance of the glass 
tube. The total resistance, R, of the two con-

338 



84000 

~OOOO 

76000 

72000 

68000 pt 

64000 

60000 

06000 

52000 
<J) 

" I 
0 

48000 " /oJ 

" ...; 44000 
Buffer pH 4 ·1 

0 
z 
;! 
<J) 

40000 iii 
UJ a: 

36000 

A 
32000 

28000 

24000 

20000 

16000 

12000 

8000 

4000 

oL-L-L-L-L-L-L-L-L-L-L-L-~~~==~~ 
~ m ~ ~ ~ ro ~ 00 ~ ~ 

TEMPERATURE 'c 

F I CURE 3. R esistance values obtained on a single glass electroclr 
i ll1lslrating the eilect of su.rf ace concl1lcti vi ty u pon the shape of 
the resistance-tempera ture curves. 

Curves A and n w ere obtained before surface treatment; C, after cleanin g and 
dryi ng. In sert is a schrmatic diagram illustrating the rcsis tanc('s in vol ved. 
Te=slIr face resistance, rb= resistance of the glass electrode 

ductors, electrode bulb and glass surface in parallel 
(fig. 3 inser t), whose separate resistanccs are Tb and 

1'" is given by the relation 

l /R= l /Tb+ l /l's, or R=~· 
1'0- 1', 

As To becomes so very large as to approximate the 
resistance of an open circui t, R approaches Ts as a 
limiting value 

l /R= l / oo + 1/1'" or R = Ts. 

These S curves are readily brought back into con
formi ty by cleaning, drying, or treati.ng the surface 

250401- 53- - 4 

T ABLE J. Chal'acterist?:, resistance, voltage departure, and 
hygroscopicity values observed at different temperatwes fo r 
electrodes prepared from glasses of high , i n ter mediate, (md 
low hygroscopicity 

~o. 

ornin g 015 electrode 

'r r mpcl'· 
a.ture 

'Vaipr Yoltnge m eetrieal 
sorbed dellarture resistance 

°C ?ny/em 3 1n1l!plI Jld:eqohms 
20 105 0 11 5 
:10 0 '18 
·10 112 0 19 
50 0 9. 3 
60 131 0 4.8 
70 0 2.5 
80 144 0 1.1 
90 0 0.59 
20 105 5 495 
30 4 22;5 
40 1 12 3 120 
50 2 59 
60 131 1- 33 
70 0 17 
80 J..l4 0 9.3 
90 0 58 

r 
105 42 9.50 

30 32 .)00 
40 112 19 250 
50 12 110 
60 13l 8- 45 
70 8.5 21 
80 144 8.5 10 
90 9.5 b. 2 

Sort·gloss electrode It 

20 20 0 8,300 
30 0 3,800 
10 Jt) 0 1,800 
50 0 950 
GO 53 0 350 
70 0 120 
80 87 0 4 1 
90 0 16 
20 26 
30 .~2 31 , 000 
-to 36 36 12, 000 
50 15 5, 390 
(i0 ,)3 1 2, 490 
70 () 1, 1LO 
80 87 0 4.)5 
90 0 207 

Pyrex 77·10 electrode 

20 17 46 5.800 
30 47 2, 300 
40 15 4R 1,000 
50 49 300 
60 16 50 00 
70 51 30 
80 17.5 53 19 
90 54 12 

r 17 
40 15 
60 16 900 
70 300 
80 17.5 120 
90 61 
20 Ii 
40 15 
60 16 
80 17.5 1, 000 
90 500 
9.S 350 

of the glass stem with appropri.a te water repellan~s, 
such as paraffin, organic cbloros ilanes, or commercial 
D esicote [6]. 

The . voltage-departure characteristics of electrod e 
1 as affected by temperature are also plo tted in figure 
2. From this curve it is evident that there was no 
improvement in tho pH r esponse of this Pyrex elec
trode, although the resistance foIl to such low values 
as 99, 35, 19, and 12 megohms. In other words, the 
low resistance was not accompanied by a correspond-
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ing improvement in pH response. Electrodes 2 and 
3 were checked at 30° and 90° 0 and were also found 
to be unresponsive to the pH of the buffer solutions. 
Obviously, if electrical resistance were the majol' 
determinant in pH response of this glass, the three 
Pyrex electrodes would be expected to develop im
proved response at different temperatures in accord 
with their resistance curves. However, they are all 
useless as indicators of hydrogen-ion activity. Only 
upon a study of the hygroscopicity curve obtained 
on Pyrex glass does one get a plausible reason for 
the complete indifference of these electrodes to the 
lowered resistance at the elevated temperatures (fig. 
2). The water sorbed by th e glass has not changed 
appreciably with the increase in temperature and 
does not at any temperature approach a value com
mensurate with an effective electrode glass. [5, 7] 
Oertainly the lowered resistance can not be attribut,ed 
to water penetrating the glass. As a result , th e 
voltage departure of the electrode in my/pH be
comes greater 'with increased temperature. This in
creased departure is largely the result of th e temper
ature effects inherent in the derivation of the N ernst 
equation. Based on previous evidence, the elec
trodes prepared from this nonhygroscopic glass prob
ably would have no satisfactory pH response, regard
less of how thin the glass membranes were blown 
[5 , 8, 9] . 

3.2. Electrodes Prepared from a Glass of 
Intermediate Hygroscopicity 

Figure 4 shows th e effect of temperature on th e 
resistance and pH characteristics of two glass elec
trodes prepared from a C0mmercial soft glass of inter
mediate hygroscopicity. The performance of th ese 
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FIGURE 4. Effect of temperature 1lpon the electrical re,;istance, 
hygroscopicity, and pH response of electrodes prepared fTOm 
a glass of intermediate hygroscopicity . 

electrodes more nearly follows the general conception 
of the part that resistance should play in determining 
the suitability of a glass for pH measurements. 
Electrode 1 at 20° 0 was very sluggish in drifting 
toward a steady voltage, whereas at 30° and 40° 0 
the performance was still sluggish, but markedly 
improved . Above 50° 0 the resistance of the bulb 
fell rapidly below 1,000 megohms, and the electrode 
performed in an acceptable manner for high-temper
ature pH measurements. As the chemical durability 
of this glass is fa.r superior to that of Oorning 015, 
the life expectancy of electrodes prepared from it 
when used for high-temperature pH meaSUl'ements 
would be correspondingly greater [1 , 10, 11]. Elec
trode 2 was blown with a bulb considerably thicker 
than electrode 1. At 30° 0 the voltage departure 
was large und very unsteftdy. Thi s electrode showed 
marked improvement, but was still unserviceable at 
40° and 50° C. The voltage departures were small 
at 60° and 70° 0, but the electrode perfo"mance was 
still sluggish . Beyond 80° 0, the resistance of the 
bulb had fallen well below 1,000 meg0hms, and the 
over-all pedOl'mance of the electrode was acceptable. 
As the pH response of th ese electrodes improved with 
decrease in resistance, a correla tion of the pH re
sponse with the resistance values would apparently 
be acceptable, but not entirely adequate, as will be 
seen from the discussion and evaluation of the data 
in figure 7. However, the shape of the hygroscop
icity-t.emperature curve is entirely different from that 
of Pyrex dnd probably is equally satisfactory in 
accounting for the improved performance of the 
glass electrode. (Compare the hygroscopicity curves 
in fig . 2 and 4.) 

3.3. Electrodes from Corning 015 

Figure 5 shows the electrical resistance and voltage 
performance of t hree electrodes prepared from a 
single sample of Oorning 015 glass. Electrode 1 
had low resistance values at all temperatures, ranging 
from 115 megohms at 20° 0 to 0.59 megohm at 90° O. 
Having been prepared from a glass of relatively 
high hygroscopicity and of uniform chemical dura
bility over the pH interval chosen, this thin-walled 
electrode gave satisfactory performance (approxi
mating t he t heoretical) over t he temperature range 
from 20° to 90° C. Electrode 2 was blown from the 
same length of glass tubing as electrode 1, but witb 
much heavier wall t hickness. The resistance curve 
for this electrode fell below 500 megohms at 20° 0 
and showed the usual rapid decline with increased 
temperature. However, this thicker electrode ex
hibited appreciable voltage departure at all tempera
tures up to 70° 0 , beyond which temperature it 
paralleled the performance of the reference electrode. 
Electrode 3, with a wall thickness in excess of 1 mm, 
still had r esistance values lower than many satis
factory electrodes, but gave voltage departures over 
the entire temperature range from 20° to 90° C. 
This performance is in accord with the general 
knowledge that every glass has a cri tical thickness at 
which voltage departures appear [8]. Such failures 
of an electrode to respond to hydrogen-ion activity 
certainly cannot be attributed to electrical resistance 
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of t he electrod e, because at all temperatures the 
resistance is at valu es far below that at wbi cb the IR 
dL"Op across the membrane wo uld be as great as 1 my. 
Possibly proton or H .O+ r esistance du e to the Lhi ck
ness of t he membrane, lack of water pelleLration of 
the glass, or a combination of both, give a more 
acceptable con cept. It seems probable t haL the 
glass- water- hy dL"Ogen-ion-activity equilibrium docs 
not become established throughou t the glass, even 
though t he inherent hygroscopiciLy of the glass is 
high (fig. 5). 

In order to further emphasize the lack of universal 
correspondence between voltage depar tures of glass 
electrodes and electrical res istance of t he glass m em
brane, r esistance val lies were determined for an 
electrode of Coming 015 over an extended pH range 
(conc. H 2S04 to pH 12) for temperatures from 20 0 to 
90 0 C, and the results considered in relation to a 
conventional voltage depar tm e cm ve obtain ed at 
room temperature over the same pH range (table 2, 

fig. 6). These results show that t he voltage depar
tures in the biah alkaline and superacid ranges are 
not attributable to excessively high electrical resist
ances, nor are they associa ted with marked changes 
in electrical resistance. Their causes have been dis
cussed elsewb ere in connection with the water 
activity of the solu tions [1], chemi cal durability of 
the glass [2], heterogeneous equilibria at the glass 
electrode solution interface [15], and equilibra tive 
response to ion other tha,n bydrogen [1, 16]. 
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TAB r,E 2. !?esis tance values obtained for an electrode of Corning 015 over an extended pH mnge for lempemtures from 20 0 lo 900 C 

Rcsistan ce in -

'fcmpcralurc H ,S O. Britton buffers at p H-

~_I ION 
I 

IN O. IN 2 I 4.1 0.0 8.2 JO.2 U.8 

----- --------
' C 1lIeyoh",s Jl f egohms Afegohms Jlfeyohms lIfer/ohms .J\fegrJhms l\fegohms .. \{eooh ms .JVfegohms ;Ifeyohms 
20 138 139 J39 139 139 J:)9 139 1:19 J39 J39 
30 59.4 59. 2 59 59 59. 2 59. 2 59.2 59. I 59.2 59.2 
40 24 2. 24 24 23. 9 24 24 24 24 24 
50 108 10.7 10.7 10.7 10.7 JO.7 10.7 10.6 JO. 7 10. 7 
60 5 to 5.3 5. I 5 5 5 5 5 5 5 5 

70 2.39 to 2. 7 2.3 2.3 2.29 2.29 2.27 2.29 2.3 2.27 2.27 
80 1. 21 to 1.42 I. In I. 19 I. 20 I. 19 I.l 9 I. 19 1.19 I. J9 1. J9 
90 . 60 to .72 .59 .57 .57 .57 .58 .57 . 57 .57 

I 
.57 

I 

341 



:J: .. .... E 40 

!l!' 
~ 30 
~ 
W o 
W 20 

'" ~ 

Corning 015 u 3 

FIGURE 7. Compan'son of 
the voltage departure and 
electrical 1'esislance vaLues 
of electrodes prepared fTom 
Corning 015, a commercial 
sofl-glass t1lbing, and P y
rex glas .s 7740. 

~ 10 
Corning 0 15 " 2 

'l"' hn resistance sequence for each of 
the olectrodes was produced by 
var y ing the temperature. 

o 
Corning 015 "I . --------o--o---o----o-~-+_+_ 

Sofl Gloss "I 
+- + 

RESISTANCE, MEGOHMS 

3 .4. Hygroscopicity versus Temperature 

Although the hygroscopicity curves for the three 
glasses reported must be classified as being of un
certain reliability, they do warrant a brief evaluation. 
If adsorption were the major factor contributing to 
the water sorbed, the hygroscopicity curves should 
decrease with increased temperature [12]. As the 
curves for two of the glasses, figures 4 and 5, show a 
liberal increase with temperature, it is obvious that 
absorption and reaction are predominating factors. 

4. Summary 

Figure 7, in which the voltage departures (errors) 
are plotted as the dependent variable and resistance 
as the determinant, illustrates the incongruous part 
played by electrical resistance in the over-all picture 
of the pH response of glass electrodes. Not only do 
the pH response-resistance curves for electrodes from 
different glasses not coincide, but eurves for elec
trodes from the same length of tubing (Corning 015 
and soft-glass tubing) fail to exhibit similar character
istics. From the present investigation the part 
played by electrical resistance in determining the 
effectiveness of a glass for use as glass electrodes 
seems to b e largely superficial. For example, elec
trodes prepared from glasses of low hygroscopicity, 
such as Pyrex, do not develop a staisfactory pH 
function even at very low resistance values. Fur
thermore, electrodes from glasses of high hygrosco
picity and low resistance, such as Corning 015, fail to 
gi ve full response to hydrogen-ion activity if the 
membrane thickness is excessive. From the data 
on the above two glasses, plus the rcsults obtained 
on a glass of intermediate hygroscopicity, it appears 
that resistance values below 1,000 megohms are 
desirable, but certainly not sufficient to bring about 
staisfactory pH response. 

Voltage departures from the theoretical pH re
sponse can appear for glass electrodes of low elec
trical resistance for the following reasons : 

1. Low hygroscopicity of the glass from which the 
electrode is prepared [2, 7] . 

2. Membrane walls greater than a limiting thick-
ness value, w'hich differs for every glass [8] . 

3. Poor chemical durability of the glass [2] 
4. High concentration of electrolytes [13, 14, 15]. 
5. Inhibiting films [9]. 
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