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Atypical pH Response of Some Nonsilicate Glasses 
Herman F. Shermer, Gerald F. Rynders, Given W . Cleek, and Donald Hubbard 

It is generally believed that a glass, in order to yield electrodes whose voltage characte r­
ist ics serve as a satisfactory indicator of t he hydrogen-ion activity of aqueous solutions in 
accord with the dictates of the Nernst equation , m ust possess at least a minimum hygro­
scopic ity and an adequate chemical durability, uniform over an extended pH range. Th ree 
series of llons ili cate glasses, Na20-MgO-P20 s, Na20-GeO, and BaO-B. 0 3, were investigated 
for t hese t hree properties. In accord wi th the fact t hat all of t he members of t hese series 
exhibited very poor chem ical durabi lity and many of t hem possessed very low hygroscop icity, 
none of t hem produced elect rodes that had a satisfactory pH response. A.ll of the ser ies 
co nfirmed t he generally accepted fac t t hat hygroscopicity cannot be d irectly correla ted with 
chemical durabili ty of glasses. For example, some members of t he BaO-B20 3 se ries possessed 
hygroscopic propert ies that co mpared favora bly with Pyrex 7740, yet had unusuall y poor 
chemical dura bili ty. 

1. Introduction 

The question is often asked, " Is the presence of a 
s il icate framework n ecessary in order that a glass 
may yield electrodes that possess satisfactory voltage 
r esponse to hydrogen-ion acti vit~T of aqueous solu­
tions?" Certainl~T , not all silicate glasses possess 
th is inter esting and useful characteristic. In fact , 
considerable evidence indicates that only those 
s ilieate glfLsses Lh aL hav e adequ aLe hygroscopiciLy 
and uniform chem ical durab ili ty over an extended 
pH range produce electrodes that approximate t,h e 
dictates of the Nernst equation [1 , 2, 31.1 These 
p ast experiments indicate i.n a general way that these 
features of adequate hygroscopicity and satisfactory 
chemical durabili ty may be of more significance than 
the particular chem ical constitu ents of the electrode 
glass in determining the sui tabili ty for use in pH 
measurements. With these features in mind, th e 
following limited series of glasses containing no 
Si02 were examined for their pH response: Soda­
m agnesia-phosphate (N a20-MgO-P20 5); soda-ger­
mania (N a20-Ge0 2); and baria-boric oxide (BaO­
B 20 3) . 

2. Experimental Procedures 

The exp erimental procedmes followed in this 
investigation for chemical dmability (surface altera­
tion by an interferometer m ethod [2, 4]), hygro­
scopicity (water sorbed, mg/cm 3 [3, 4]), and pH 
response (mv/pH [4]) were gen erally similar t o those 
reported in earlier publica tions on silicate glasses. 
Such special alteration of procedures as w'ere dictated 
b y th e nonsilicate glasses ar e m en tion ed in the text 
for those experimen ts in which changes were required. 

As it was impossible to fuse phosphate mixt ures in 
p latinum without destruction of the crucible, th e 
Na20-MgO-P20 s glasses were prepared in a special 
zirconia (ZrOz)-lined fire-clay crucible adopted for th e 
purpose by Douglas H . Blackburn and Louis G. 
Cossette. The zirconia liner minimized obj ec tion­
able con tam ina tion of tIle m el ts, which in turn gr eatly 

I Figures in brackets uldieate the li terature references a t the end of tbis "aper. 
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improved the spectral transmit tance of the r esulting 
glasses to ul traviolet light. 

The N azO-GeOz glasses were m elted and fined in a 
platinum crucible. No glasses were obtainable for 
60 percen t and 70 percent of GeOz. Furthermore, 
the glasses n ear 85 percent and 90 percen t of Oe02 
exhibi ted a strong tenden cy to devitrif.v , even on 
r apid chilling of th e m el ts, whereas those above and 
below this region showed less tenden cy to do so. 

The B aO-Bz0 3 series of glasses was also prepared 
in platinum. The compositions produced included 
the entire glass-making range for this binary system . 

3. Results and Discussion 

3.1 . Na20-MgO-P20 s Glasses- Chemical Durability, 
Hygroscopicity, and p H Response 

Table 1 and figures 1, 2, 3, and 4 illustrate the 
ch emical durability, hygroscopicity, and pH response 
of a series of Na20-MgO-P 20 s glasses compared with 
Corning 015 electrod e glass, Pyrex 7740 (a glass of 
low hygroscopicity), and a P 20 5 glass.2 The chemi­
cal dLll'abilities or these phosphate glas es (fig. 1) 
are markedly different in magnitude and in kind 
from the vario us series of silIcate glasses previously 
studied . Each of the presen t glasses was attacked 
vigorously at all pH values, and non e of them 
exhibi ted s'welling in acid buffers, as was so charac­
teristic of many of the silicate glasses [2 , 4]. This 
iDdicates th ere was no prefer en tial leaching at any 
pH of certain constituen ts of the glass, hence no 
leaving behind of a chemically durable, negatively 
charged framework [5], which in t urn suggests that 
no satisfactory elect.rical equilibrium, either real , 
pseudo, or transient, could be set up sui tably for 
indicating hydrogen-ion activi ty ot aqueous solu­
tions. Further, the hygroscopicity of th ese glasses 
(water sorbed in 1 hour), table 1 and figures 2 [Ind 3, 

2 'rhe P20S glass was prepared from am monjum dihydrogcn phosphato, 
N H.JI,PO., in tbe special fire·elay cruci ble witb a ZrO, liner. T he en ti re batch 
was placed in t be crucible at room temperature and tben heated to 10000 C in 
a poroximately 2 hours. T bis procedure was necessa ry, bee. usc if the batch was 
added to a hot crucible, the chillin g effect resultin g from tbe rapid evolution of 
gases in variably cracked t ile crucible. T he resul Ling glass at room tempera ture 
sbowed such features as flexibility upon tbe stead y 'WI)lication of bend ing forces. 
bu t shattered readily under a sharp blow. It ap pa rentl y can be mainta ined 
indefinitel y witb adequate desiceatioll . 



TABLE 1. Chem1:cal durability, hygroscopicity, and pH response of some Na20-MgO-P20s glasses 

Composition Surface alterations for exposures of 6 hr at 80° C and pH- Water sorbed m- pH response 
(batch ratio) between 

pH 4.1 and 
2.0 4.1 6.0 8.2 10.2 n .8 1 hr 2hr pH8.2 

NaH,PO,H,O MgH, (PO,). 

Fringes Fringes Frinyes Fringes Frinyes Fringes my/em' mg/em ' my/pH 
0 10 18 attack ___ _ 24 attack ______ 24 attack ____ 40 attack ____ 156 attack _____ 900 attack ___ __ 17 34 I. 
1 9 4~ attack ___ 3 SCb attack __ 7~ attack ___ 21 attack ____ 27 attack ______ 365 attack _____ 19 37 - - -- - - -- --~ 
2 8 3 attack _____ __ 9 attack ___ __ 12 attack ____ 20 attack ______ 100 attack _____ 19 32 17. 
3 7 3 attack _____ 2~ attack ____ _ 6 attack _____ 7~ attack ___ n attack ______ 90 attack ______ 21 37 23. 
4 6 6 attack _____ ----- -- ----- 3 attack __ ___ 15 attack ______ 85attack ______ 22 48 Devit.d 
5 5 6 attack _____ 6 attack _______ 6 attack _____ 12 attack ____ 18 attack ______ 270 attack _____ 23 00 Devit. 
6 4. 12 attack ____ 9 attack _______ 10 attack ____ 12 attack ____ 27 attack ______ 540 attack _____ 29 84 10. 

P ,O, [12,141 _________________ WS, __ _______ WS ____________ WS ___ __ ___ __ WS ____ ______ WS ___ ___ ___ ___ WS ____________ 277 655 - --- - --- ---
Corning 015 _____ ------- - - -- 2 /10-sweIL 2/1O- sweIL __ _ Z/lO- sweIL _ SC ____ __ ____ 1/4+attack ____ 2 attack _______ 104 168 59. 
Pyrex 7740 _____ 

- - - - -------- ND a ________ ND ________ __ _ N D ___ __ __ __ Dcb ______ ____ 1/4-attack ____ 1!)i attack _____ 17 24. 12. 

a N D, not detectable; bSC, surface cut; cD, detectable; dDevit., devitrification; oWS, water soluble. 

was considerably less than for most pH responsive 
silicate glasses [4, 6).3 Thus the second require-

3 The lower limit of hygroscopicity for a satisfactory pH responsive glass has 
not yet been established . For the Na, O-CaO-SiO, and Na, O-PbO-SiO, glasses 
a "sorption" value of about 30 mg/cm' seemed to be ind icated for 1 hour expos ure 
to 98-percent relative humidity, whereas the Li,O-SiO, glasses showed a somewhat 
lower limit. See, Donald Hubbard , Given W . Cleek, and Gerald F. Rynders, 
E lectrode fnnction (pH response) , hygroscopicity, and chemical durability of 
NaoO-CaO-SiO, glasses, J. Research NBS 44, 247 (1950) RP2076; DonaldHnbbard, 
Mason H. Black, and Gerald F . Rynders, Electrode function (pH response) , 
hygroscopicity, and chemical durability of soda-lead oxide-silica glasses, J . 
Research NBS 45,430 (1950) RP2154; Donald Hubbard and Given W . Cleek, 
Deuterium and hydrogen electrode characteristics of lithia-silica glasses, J . 
Re,earch NBS 49, 267 (1952) RP2363.: 
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FIGURE 1. Chemical durability of Na20-lVIgO-P20S glasses. 

Exposure 6 hr, SOo C. Curve designations refer to composition ratios of table 1. 
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ment for satisfactory electrical response to hydrogen­
ion activity is also lacking in these glasses. In 
accordance with the poor durability and low hygro­
scopicity of the available members of this series, no 
electrodes were obtained possessing satisfactory pH 
response (table 1 and fig. 4). 

The chemical durabilities of these phosphate 
glasses are so poor that they obviously cannot be 
used as containers for aqueous solutions. However, 
their hygroscopicity is such that they might tenta-
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FIGURE 2. Comparison of the hygroscopicity of a series of 
Na20-MgO-P20 5 glasses with Pyrex 7740 and Corning 015. 

Exposure to approximately 9S-percent relative humidity. Experimental 
values for water sorhed by P,O, glasses are given in table 1. 



'" E 
0 ..... 
co 
E 

Cl 
w 
m 
IX: 
0 
VJ 

IX: 

100 

90 

80 

70 

60 

50 

40 

, 
I 

I 
I 

! 
I 

I 

" 2 Hours , , 

w .... 
e:( 

cr ---_--_0-_-_-...:--:.::.-'"'--' __ / 
.......... /" ~ 

30 

20 

10 

0 
10 

FIGURE 3. 

- ..... ---

SA TCH COMPOSITION 

I Hour 

NoH.PO. 'H2 0 
MgH.(pO.). 

7 
3 

H ygToscopicity-composition CUTves for a se1'ies of 
Ns20-MgO-P20 S glasses. 

tively be expectcd to maintain clear surfaces upon 
exposure to air. 

Figure 3 sho"1s the results of plotting the hygro­
scopicity against the batch composition ratios. In 
the absence of phase-equilibria data, and because of 
thc uncertain composition and limited range, it is 
questionable if one is justified in plotting the broken 
lines other than to point out that the same features 
seem to be reflected in the chemical-durability curves 
and to a less and uncertain extent in the pH-response 
data (fig . 4). The pH response data was particular­
ly uncertain because of pronounced devi trification 
while attempting to blow electrode bulbs. The 
procedure finally adopted was to merely seal the end 
of thin-walled tubes and fill them with mercury [7]. 
Even this simplified technique was inadequate for 
glasses 4: 6 and 5: 5. 

3 .2 Na20·Ge02 Glasses- Chemical Durability-Hy­
groscopicity, and pH Response 

Figure 5 shows the chemical durability-pH curve 
over the range pH 2 to pH 11.8 for a soda-germania 
glass containing 5 percent of Na20 and 95 percent of 
Ge02. This glass is more vigorously attacked in the 
acid range below pH 4 and in the alkaline range 
above pH 8 than at intermediate pH values; never­
theless, it is attacked vigorously by all the buffer 
solutions. No comparison is readily possible with 
the customary pH-responsive silicate glasses, as the 
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FIGURE 4. Comparison of the pH res ponse of electrodes pre­
pared from some Ns20 -MgO-P20 S glasses with the chemical 
durability and hygroscopicity of the glasses. 

surface alteration of this soda-germania glass exposed 
for 1 minute at 25° C is much larger than the attack 
or swelling exhibited by an acceptable silicate glass 
after 6 hours of exposure at 80° C. As the available 
samples of most. of the germania glasses were of 
inadequate size for use as specimens for chemical 
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Exposure I min at 25° C. 

durability by the interferometer procedure, in 
addition to the fact that some of the members, such 
as the 85 p ercen t Ge02, devitrified so rapidly that 
clear specimens for in terferometer flats could not. be 
made even upon rapid chilling, another procedure for 
intercomparison of the chemical durability of the 
members of this series was tried. The total solid s 
dissolved (milligrams per gram of glass) in 50 m] of 
distilled water in I hour with intermittent agitation 
at 25° C was determined on powders that passed a 
I 50-mesh sieve. This procedure for determining the 
relative chemical durabilities 01 th ese Na20-GeOz 
glasses proved to be generally unsatisfactory, but at 
the same time gave in teresting resul ts (table 2 and 
fig. 6). The series revealed a minimum weight of 
total solids extracted near 85 percen t Ge02' Fur­
ther, the samples for 85 percent and 100 percen t of 
Ge02 gave persisten t colloidal suspensions that 
passed thro ugh the filters. TIlls suspended mat,erial 
was recorded among the total solids. The other 
members of the series fil tered clear. Pyrex 7740 and 
Corning 01 5 were similarly treated for comparison . 
The Pyrex powder gave a slightly opalescent filtrate. 
Obviously, the chemical durabili ties of these N a20-
Ge0 2 glasses compare very unfavorably with pH­
r esponsive glasses . 

The hydroscopicity curves for 1 and 2 hours of 
exposure to 98 percent relative humidity and the 
water retained upon heating to 110° C after the 2 
hours of exposure are given in figure 6. Eaeh of 
these curves passes through a minimum near 90 
percent of Ge02. 

As it was impossible to blow electrode bulbs of the 
usual Cremer-Haber type, an effort was made to 
produce glass electrodes by coating platinum wire 
with a thin unbroken layer of glass by dipping the 
wire in the molten glass, or by means of the burner 
to run a bead of the glass along the wire, leaving a 
t hin glass coating [7] . If a successful con tinuous 
film of glass was established, electrodes of high 
resistance, as indicated by the megohm bridge, were 
obtained. This very high initial resistance fell 
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rapid ly toward the lower limit of the instrument as 
th e glass took on water and was dissolved in the 
buffers. The voltage responses obtained were tran­
sient and must be classified as superfic ial or even 
sp urious. Certainly the pH -response characteristics 
of these electrodes were no better than the values 
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------- ---- - ---

TABU" 2. Chelllir:al dura bility', hy(Jroscopicity, and pH r~sponse of a. serws of ?\a20 - C: c0 2 (Jla sses 

Olasses 

Selids 
c1issoh'ec1 

Chemica! dura bility in 1 [,0 

ll emarks 

" rater sorbed in-

1 h I' 2 11 r 

---1---_·1-------------1------------
P ercent 

25 
20 
15 
10 

P ercent 
i5 
80 
85 
90 
95 

100 

m!l/!I 
4 12 
278 
246 
3i 5 
377 
329 

F iltf' rcd clear _______________________ __ _ 
clo _____ ___________________ _______ _ 

Coloid"l suspensio n ____________ _____ _ _ 
Filtered cleaL _______________________ _ 

do ____ __________________________ _ _ 
Colloidal suspension __ ______________ _ _ 

Corni ng 01 5 ____ _ 8l 
22 

Fil tered clca r _______ . _________________ _ 
P yrex 7740 ___ _ F iltrate , opa l"seen L __ _______________ _ 

recorded. Al though the hygroscop icity values for 
these oda-germanifL glasses we1'e ad equ ate for pl-l­
responsive elec Lrodes, the chemical-durabili ty ehar­
fLcteristics were hopelessly unsaLi sfacLory. Under 
these circumstances, no physicochemi cal equilibria is 
possible, and hence no sati factory pl-l response can 
be expected. 

The same difficulties in blo wing electrodes were 
encounter ed with a soda-lime-germania glass pre­
pared by John K . Taylor 4 for comparison wi Lil 
Corning 015 electrode gIa:::;:::; of Lhe soda-lime-silica 
series. Although his glass exhibited accepLable 
hygroscopic ch aracteris tics, no successful electrodes 
were obtained. 

An overall picLme o[ the inLerrelation of hydl'o­
scopicity, chemical durabiliL,\T, and pH response wiLh 
the composiLion is given in figure 6. Also included 
in Lhis flgure are lh e approxim ate compositions aL 
which new phases appeal' in Lh e equi li brium diagrftms 
(table 3) [8]. Al though the data are too meager [01' 

definite conclusions, they do sugges t some COlTe­
spondence between the chemical anel physical prop­
elties of the glasses and the criLical poinLs of the 
phase equilibrium di agr am for this sys tem of oxides. 

T ABLE 3. Known cOnlponnds and e'uteclics oJ the K azO-Ge0 2 
l'hasc-equilib1'1'u11I s!,stem [8J a 

Me lti ng OcO, point Com pounds 

°c Percent 
l\1otagermanBte (Na,O, OcO,) __________________ _ 1, 083 
Eutectic L __ _____________________ ______________ _ 778 75.8 

799 
789 78. 5 

Digerma nate (:--J a,O, 2000,) __ __________________ _ 
Eutectic lL ____________________________________ _ 
'l'ctragcrmanaLc (N <1 20 ·40C 0 2) __________ . ______ _ 1, 052 
E utectic IIL ______________ ------- .. 1, 042 89. 2 

a.Oeorgc 11. Ugrin ic revieweci the li terature of the phase·eq uilibria work on 
ge rmanium-oxi de sys te ms. 

4 Pe rso nal com mu n ication . 

F IGURE 7. S 1l1Jace . aUel"ation (exposul"e 5 min, 25° C) of 
three BaO-B20 3 ulasses over the l"ange pH 2 to pH 11 .8. 

1' hese glasses represent the extremes of behav ior for the series, The chemical 
du rabilities of all other members of the series fall between thcse limits. 
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3.3. BaO-B20 a Glasses 

a . Chemical Durability 

Table 4 gives the data o? tained or: .a series of 
B aO-B20 a glasses for ch emlCal durabilIty, hygro­
scopicity, and pH resp01?-s.e. This serics of glassc~ 
extends over the composltlOn r ange 29.6 percent of 
B aO where two immiscible layers appear [9], to n ear 
60 l;ercen t of B aO, above which devitrification 
limits the glass-making r ange. Figure 7 illustrates 
the extremes of chemical durability over the r ange 
pH 2 to pH 11 .S exhibited by these gla~ses. The 
ch emical durability of this B aO-Bz0 3 sen es was so 
poor that the exposure t ime was reduced to 5 minutes 
and less at 25° C instead of t he conven tional 6 hours 
of exposure at SOo C previously adop ted for silicatc 
"'lasses. These abbreviated exposures were neces­
~ary in order to keep the surface al terations within 
th e limitations of the interferometer method. The 
n ature of the attack-pH curves for these glasses was 
m arkedly differen t from th~ numerous silicate glasses 
previously studied [2 , 4], Wlth all the me~bers of t~ e 
series being more vigorously attacked m the aCld 
buffers th an at the higher pH values. The glass of 
60 percen t of BaO exhibited swelling at pH 6 and 
pH 8.2, resulting in a conspicuous nonreflec ting film 
on the surface of the specimens involved . This fea­
ture was so unexpected t hat the experimen ts were 
repeated, with the same results. A more easily 
understood picture of the ch emical-durability ch ar­
acteristics of this series of glasses is given in figure 8, 
in which the chemical durability in the buffers at 
various pH values is plo tted against th e chemical 
composition (percentage of BaO). For pH 2 and 
pH 4.1 th e surface alteration (attack ) declines with 
increasing percen tages of B aO and then increases 
again with further increase above 51.4 percent of 
BaO. The curvc at pH 6 shows the same features 
over the composition range, excep t for the glass 
containing 60 percen t of B aO. For this glass thc 
surface alteration is one of swelling, plo tted as nega­
tive attack in the figures, giving the curve a uniquc 
hook at the end. The curve for pH 8.2 exhibits this 
same feature , although not so conspicuousl~T . 

The question always ariscs as to what is the sig­
nificance of the changes in chemical and physical 

properties wi th composition. In presen ting th e 
data for chemical durability and hygroscopicity of 
the BaO-B20 a series of glasses, lines are drawn 
(fig. S) at th e eu tectic and compound composi tions 
indicatcd by the phase-equilibrium diagram for this 
binary system [9]. There is li ttle to decide as to 
wheth er the eu tec tic or compound composi tions 
h erald the change in direction that appears in th e 
plotted data . The maximum and minimum com­
position ranges that migh t enter the argumen t ar e 
represen ted by vertical solid and dashed lines, 
respectively. Obviously, all that these data incli­
cate is that th e ch emical and physical properties of 
glasses are influenced by the materials from which 
thc glasses are made, and that the phase-equilibrium 
diagram is probably the best indicator available at 
presen t as to what compounds are mel ted, dissolved , 
or dissociated in th e glassy state. The departure 
from randomness upon cooling the glasses from 
above th e liquidus to room tempera ture, including 
the annealing schedule, probably contribu tes to 
emphasize the position and sharpness of th e breaks 
as surely as does th e sensitiveness or reliability of 
the physical and chemical indicators used. Cer­
tainly th e ra tes of departure from randomness are 
very differen t for glasses of different composition in 
the same series [10] . 

b. Hygroscopicity 

The hygroscopicity da ta for 1 and 2 hours of ex­
posure to th e high humidity maintained by a satu­
rated solution of CaS0 4·2H 20 at room temperature 
are given in table 4 an d show these glasses to be 
very nonhygroscopic (approximately equivalen t t o 
P yrex 7740 [11]) at 46.9 percen t B aO and grel;1t.er. 
B elow this percen tage of BaO the hygroscOplClty 
rises with increase in the percentage of B z0 3 • These 
glasses furnish an in ter esting example illustrating 
the distinction between a chemical-durability test 
(ability to withstand attacks by liquids) and one for 
serviceability of op tical glass (the ability to maintain 
a polished surface upon exposure to air). T hese 
glasses obviously would be wor thless as con tain ers 
for most aqueous solutions over the range pH 2 to 
pH 12, bu t accep table for op tical elemen ts, at least 
in th eir first line of defense against atmospheric 
moisture. 

TABLE 4. Chemical durabiUty, hygrosr;opicity, and pH l'esponse of a series nf BnO-B20 3 glasses [Iii] 

Composition 

BaO- B,O, 

Percent Percent 
29.6 • 70. 4 
36.6 63.4 
41. 9 58.1 
46. 9 53. 1 
51. 4 48.6 
53.6 46.4 
56.1 43.9 
60.0 40.0 

Corning 015 __ ____ _ _ 
Pyrex 7740 ____ __ ___ _ 

Surface alterations for ex posures of 5 min atI25° 0 and pH- Water sorbed in-
pH response 
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FIGURl~ 8. Comparison oJ the pH response oJ elect'·odes pre­
paredfrom some BaO-B20 3 glasses w~th the chemical durability 
and hygroscopicity oJ the glasses. 

(Sec tex t eonco rn ing t he pi I-response chararteristics of tbese glasses.) 

c . pH Response 

For this BaO-B20 3 series only those glasses con­
taining less than 47 percent of BaO exhibited hygro­
scopici ty values sufficiently high to b e classified as 
possible pH-responsive glasses. Of these, the glass 
of 29.6 percent of .BaO showed evidence of inhomo­
geneity, probably separation in to t.wo immiscible 
phases [9]. An electrode prepared from this glass 
was very short-lived and gave very indiffercn t pH­
response values. Glasses containing 46 .9 p ercent 
of BaO and greater had hygroscopicity values that 
correspon d favorably with P yrex 7740, and in accord­
ance with their low hygroscopicity, electrodes pre­
pared from them showed no evidence of voltage 
r esponse to hydrogen-ion activity of the buffer solu­
tions. The glass of 41.9 percent of BaO gave one 
electrode that started off with no pH response, then 
gave two quick values of 54 and 57 mv/pH between 
pH 4.1 and pH 8.2. Thjs performance was followed 
in a relatively few second s by failure of the bulb. 
Whether those two readings should b e classified as 
transient or spurious is uncertain. In light of past 
experience of the effect of poor chemical durability 
on pH response of glass electrodes, it seems reason­
able to classify these r eadings as bo th t l'an sien t and 
spurious. Cer tainly trus electrode pedormance could 
not be repeated, even after many attempts involving 
the consumption of several yards of tubing. The 
overall picture of relation of pH response (drawn as 
a dash ed line), ch emi cal cl urabili ty, and hygroscop­
icity as a function of the composition is given in 
figure 8. 

4 . Conclusions 

None of th e Na20-MgO-P20 5, th e Na20-Ge0 2, 
and BfLO-B20 3 glasses examined had sufrLCien Lly good 
chemical durability to produce electrodes that even 
approximated the th eoretical vol tage r esponse dic­
tated by th e Nemst equation . In addition, many 
of the glasses had very low hygrosco pic properties, 
thus ruling them out as possible sources of elecLl'odes 
acLing as hydrogen-ion indicators. H ence, for all 
practical purposes, the electrical response of all these 
glasses to hydrogen-ion activity of aqueous solu tions 
must be classified as superfLcial or negligible. 
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