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1 Introduction

In everyday experience glass seems to be a quite stable and almost inert ma-
terial. It very effectively shelters us from the environment in buildings, aircrafts
and submarines, and it serves as container material for almost every chemical.
A large amount of practical chemistry takes place in containers made from glass
and most theoretical insights of the chemical sciences were achieved just that
way.! Nevertheless, glass is anything but inert. There is even one particular appli-
cation of its special dispositions which has led to a kind of “quiet revolution”(Alan
Rocke): the measurement of acidity. In a relatively recent monograph on the ap-
plication of the pH electrode the authors enthusiastically claim: “The glass elec-
trode is to solution chemistry what the silicon chip is to computers — the central
component.”?

Though many experts will agree that modern pH-measurement is of extraordi-
nary relevance in terms of its prevalence and its societal impact (consider, for
example, the emergence of “acid rain”), it has not been investigated adequately
by historians and philosophers of chemistry. At the most it is just mentioned as
important, but when it comes to the narratives of what is sometimes called the
“instrumental revolution” or the “material turn”, the humble acidity measure-
ment seems not to count as proper instrumental achievement.? One task for the
present study will be to locate the position of the pH-electrode in the history of
chemical measurement in the first half of the 20th century, in a direction quite
different from the widely noted moves towards “Big Science”.

In the modern scientific common sense, acidity is considered to refer to the
“activity”, or, the effective concentration of hydrogen ions. The description of
aqueous acidity found one culmination with the formulation — or invention — of
the pH concept by Sgren Sgrensen in 1909. Today, this apparently simple number
representing acidity is almost a chemical celebrity: we find it as required informa-
tion on every package of cosmetic articles like shampoo, as well as in the blood
analysis results that a physician is perhaps desparately trying to explain to us, not
to mention the ubiquitous applications with respect to environmental issues. In
his small book on the history of acidity, which is one of the very few attempts to
grapple with that concept, the German historian and philosopher of chemistry
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Rudiger Simon repeatedly claims the following: “The dilution law found by Ost-
wald in 1888 and the introduction of the pH value by Sgrensen (1909) facilita-
ted the quantitative registration of the hydrogen ion concentration in aqueous
systems.”* This statement suggests that it has been deeper theoretical findings
rather than practical decisions which guided the success of that breathtaking
development. We will put that assumption under scrutiny. What exactly was the
interrelation between pertinent theories and practices in the context of acidity?

Following this introduction we will give in Section 2 an overview of the first steps
of the development of the glass electrode by Max Cremer. Section 3 will give the
history of the invention of the pH concept — and its somewhat overestimated
relevance. Section 4 will investigate the early technical development and design
of measurement. Finally, we will conclude with a discussion of the relevance of
the glass electrode in analytical science / chemistry.

2 Biological membranes and electrochemical potential

The glass electrode, which is the key component in pH meters, was in fact develo-
ped before the pH concept was created. From a merely conceptual —and modern
— point of view, the glass electrode has its origins in two central principles: the
electromotive force and the concept of semipermeable membranes. When Max
Cremer (1865-1935) in 1906 published his seminal work on the “electromotive
properties of tissues”® the theory of electromotive forces was well on its way
already®; and in 1890 Wilhelm Ostwald had published an article on semipermea-
ble membranes, which opened the way for membrane science.” As we will see,
however, it was rather the ingenious setting of Cremer’s experiments than strict
theoretical reasoning that brought about his surprising discovery.

Cremer was a physician (doctorate Munich 1887) and physiologist.® He was
among the first to apply electrical measurement devices in biology and may be
considered one of the founders of modern electrophysiology (Elektrobiologie).
His long paper is mainly devoted to the electrochemical differences in polypha-
sic electrochemical cells as a model of electric phenomena in living matter. In
electrochemistry a cell is usually analyzed as consisting of two “half cells”. One
paradigmatic example is the Daniell cell, first invented in 1836 by the English che-
mist John Frederic Daniell (1790-1845). In the widely adopted configuration of
the Daniell cell, a copper electrode in a copper sulphate solution was connected
to a zinc electrode in a zinc sulphate solution. The two half-cells were separated
by a diaphragm, which was originally an ox gullet,® and later a beaker made from
porous (unglazed) ceramic. The diaphragm prevented the metal ions from wan-
dering into the other chamber and causing unwanted electrode reactions and
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a breakdown of the potential. In such classical setups, one electrode served as
a “donor”, and the other was the “acceptor”. Hence, the Daniell cell is a typical
redox system, such that zinc plays the role of the former (and has the tendency
to dissolve), copper that of the latter (with a precipitation tendency). In modern
standard conditions the Daniell cell provides 1.1 Volts.

In the abovementioned article from 1890, Ostwald suggested a theoretical mo-
del for semipermeable membranes:

As can be inferred from the above, the claim that semipermeable membranes can allow the
passage of certain ions but not others throws plenty of light on so many and different areas that
a single person can by no means think of finding a solution to all these experimental problems

presenting themselves.*

In Ostwald’s statement we can identify the point of motivation for Cremer, who
took up just one out of those “different areas”, namely Pfeffer’s clay cell, a soaked
clay beaker that can be used, for example, to separate sugar from water. Cremer
writes:

Only later one extended this notion of semipermeability as well to such membranes in which
single ions were not capable of passing through the membranes. We owe this extension to
Ostwald, and it is indeed he who must be considered the founder of the membrane theory for

biological currents [biologische Stréme].**

The notion of membrane stems from the Middle Ages. It became particularly im-
portant in the chemical sciences at the end of the 19th century, and it is indispen-
sable in many important modern technological applications. We will come back
later to the question of the validity of the membrane theory for the explanation
of the mechanism of the glass electrode.

In his study Cremer systematically investigates “diphasische Fliissigkeitsketten”,
that is, two-fluid electrochemical cells. For this purpose, he analyses electroly-
tes of the same and different kinds in the same and different concentrations.
For his measurements he uses galvanometers of the Deprez-d’Arsonval type or
the Einthoven type,' and in both cases he uses a battery to balance the cau-
sed potentials, such that the compensational force equals the electromotive
potential he wants to measure. In the “mainly experimental” part of his article
he reports the results in which a good fifth of the whole work is devoted to glass
membranes. The basic construction he uses is similar to an apparatus used ear-
lier and for different purposes by Helmholtz and Giese.” In his Faraday lecture
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Fig. 1: Drawing of the apparatus Cremer used in his study
from 1906; From Cremer, “Ursache” (1928) p. 1014, the-
re is no drawing of his apparatus in the original article.
The inner and outer liquids are each connected to elec-
trodes, and separated from each other by the glass bulb.
The electrodes and the electrometer are not shown in

this picture.

from 1881, Hermann von Helm-
holtz had reported on his and
his co-worker Wilhelm Giese’s
experiments with a special kind
of Daniell cell. What was spe-
cial about their apparatus was
the application of a glass bulb
as the diaphragm between the
two half-cells.* Although he la-
ter qualified the impact of the
Giese-Helmholtz apparatus on
the conception of his experi-
ments, Cremer followed a simi-
lar idea and had his laboratory
technicians prepare glass balls
of 6-10 cm diameter and 0.01
mm thickness (see Fig. 1).

With this apparatus Cremer
performed experiments with
solutions of different acidity
and measured up to several
hundred millivolts. He describes
his findings as follows:

It seems as if a very minimal acidifying of one side is sufficient to cause big electromotive forces

in comparison to the electromotive forces in physiology. Not only sulphuric acid, but acetic acid

also acts this way . . .. As | brought diluted sulphuric acid to the outer side of a bulb to the 0.6

percent kitchen salt solution and caustic soda to the inner, the electromotive force increased

...1t00.55 Volt.*

From this and other statements in the 1906 paper, it is easy to tell that the mo-
tivation of the author was not a mainly physico-chemical one as with his pre-
decessors in electrochemistry, such as Ritter, Faraday, Helmholtz, Arrhenius and
Nernst.’ Rather, Cremer used physico-chemical methodology to model biolo-
gical phenomena in a more quantitative vein, avoiding speculative hypotheses
such as the vis vitalis, which were alien to him as he stresses in the introduction

to his article.
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In 1928, perhaps in order to defend his priority for the glass electrode, which
in the meantime had become a wider-known successful measurement device,’
Cremer published a review article about the “causes of electrical phenomena”, in
which he describes the early story of his achievement as follows:

| had the correct guess that, if one could somehow make very thin membranes of solid, badly
conducting material, they possibly could give noticeable electromotive force in relatively simple
cells. For that membrane not to have cracks it should consist of a relatively rigid material, and
in that connection | recalled the bulbs which the glassblowers used to fabricate when they join

glass tubes; therefore | decided to perform experiments with such glass bulbs.*®

Only three years after Cremer’s first publication a scientific concept came into
being that would turn out to become one of the most frequently measured items
in the vast field of the investigations of living or non-living substances. The next
section is devoted to this concept, namely the pH. As we will show, like the glass
electrode it was developed from a biochemical perspective.

3 The pondus hydrogenii

“Many students believe that there is some mystery to the pH. This is not the
case. It is solely a matter of convention and definition.”* This assessment from
a modern popular-scientific introduction to biochemistry by Ernest Baldwin cor-
rectly points to the conventional theoretical background of that concept. That
assessment was valid in the past, and it remains valid in the present. There are
disadvantages to the mathematical definition of pH that are obvious to all those
who teach and handle that concept routinely, of which the mystery mentioned
by Baldwin is only a minor one. The pH is a convenient representation of a parti-
cular type of empirical data, and it contains the risk that humans can face when
they try to handle — or understand — logarithms as naturally as ordinal numbers.
The difference of pH 2 and pH 5, for example, is easily underestimated intuitively.
In fact, it is a factor of three orders of magnitude: in a solution of pH 2, there are
1000 times more hydrogen ions than in that of pH 5.

Rarely can an event of exceptional significance to the history of science be dated
so precisely as the “birth” of the pH concept. On 29 May 1909, the Danish scien-
tist Sgren Sgrensen (1868-1939) submitted the second communication of his
“Enzymstudien” to the Biochemische Zeitschrift.?® Sgrensen was, like Cremer, a
biochemist with a medical background. He was the Director of the chemical de-
partment of the Carlsberg Laboratory supported by the famous brewing compa-
ny. He was working on protein chemistry at the time, and starts his contribution
as follows:
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“It is a well-known fact that the rate of an enzymatic cleavage is among others
dependent on the degree of acidity or alkalinity of the solution under examina-
tion.”??

In the course of the study Sgrensen emphasizes the importance of the degree
of dissociation, recognizing the fact that not all acids (or bases or salts) dissocia-
te completely when dissolved in water. The momentous introduction of the pH
value, however, he gives only after about one half of the almost seventy-page
article:

As to the number p, | suggest the name ‘hydrogen ion exponent’ [Wasserstoffionenexponent]
and the notation p,,. By the hydrogen ion exponent ( p,;) then is understood the Briggs logarithm
of the reciprocal value of the molar concentration of the solution with respect to hydrogen

ions.”?

The number p is the power of the (molar) concentration of the hydrogen ion,
Cp. According to Sgrensen, the latter “is smaller than 1 in all cases described in
the present essay and can be identified with 10°.” Concentrations higher than
one-molar were not relevant for him, because these do not occur in biochemis-
try (a fact which only later would become obvious, when researchers of a more
physico—chemical orientation began to figure out the application range of the pH
concept). In the first monograph on the measurement of acidity in biochemistry,
the German (later American) Leonor Michaelis (1875-1949) addresses the use-
fulness of the “Wasserstoffionenexponent” as follows:

It is thus beneficial for the graphic representation to operate with the logarithm instead of the
hydrogen number itself. But the method of the concentration cell as well gives only this loga-

rithm in the first place. Hence the suggestion of S.P.L. Sgrensen rightly became accepted. . . .?*

In the second edition of his monograph published in 1922, Michaelis maintains
his positive estimation of the pH concept. Hence it becomes clear that already a
few years after the introduction of the concept it was widely accepted and began
to settle in the basic canon of the biochemical, and then of the physico—chemical
sciences. Michaelis” claim, however, that attempts to measure acidity inevita-
bly result in logarithmic numbers is over-theorized and misleading. Though the
Nernst equation claims a logarithmic connection between the electric potential
and the concentrations of stuff in a redox or osmotic system, the practical reali-
zation of an acidity determination does not necessarily include logarithms, if the
calibration of the process is performed properly. The same is true for traditional
acidity measurements via titration.
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There is another interesting argument in favor of the logarithmic representation.
In a later synopsis of the field, Ludwig Kratz, chemist with the Jenaer Glaswerk
Schott in Landshut, claims that Sgrensen’s choice of a logarithmic scale can neit-
her be traced back to mere arbitrariness nor to pure convenience or usefulness.
He argues that chemical reactions are influenced rather by large changes of hyd-
rogen ion concentrations, for example one order of magnitude, than by smaller
changes like the doubling of concentration. He concludes:

“The pH number is thus representing the correlations of natural laws much bet-
ter than the concentration.”?*

By “natural laws” Kratz seems to mean something like the Nernst equation, or,
more generally, the central thermochemical relation between the change of the
Gibbs enthalpy and the equilibrium constant of a chemical process, AG = RT In K.
As to the latter, the logarithm creeps in via the mathematical integration of a
term in the form of 1/x, perhaps an operation that is considered “natural” or
“necessary” by most natural scientists. As we will see more clearly in the next
section, acidity measurements using the glass electrode were particularly well-
suited for connecting with these logarithmic expressions.

However, the coherent linkage between pH, the glass electrode and the above-
mentioned lawlike statements is not something that dictates scientific practice
absolutely. The pH measure in the end only expresses the molar concentration
of hydrogen ions, and there are other ways of getting at that information. There
were indeed other acidity-measurement devices competing with the glass elec-
trode, including the hydrogen gas electrode, the quinhydrone electrode, and co-
lored indicators. In addition, pH-measurements with the glass electrode are not
entirely self-reliant, as they have to be calibrated by other techniques (which
Kratz does mention in his book), often by means of standard solutions.

At this point it will be instructive to have a brief consideration of the competing
acidimetric devices. The hydrogen (gas) electrode consists of a piece of platinum
streamed with hydrogen gas in an acidic solution. Malcolm Dole states:

Practically of no great application but theoretically of the utmost importance is the hydrogen-
electron [sic] method for determining the pH; this is because the hydrogen electrode gives
the standard pH values to which all other methods must be referred and by which all standard

solutions, new types of electrodes and new pH methods must be checked.?
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Known and applied since the later 19th century, the hydrogen electrode is still at
the center of electrochemistry. By convention, its electromotive force (emf) is set
to zero, and all other reduction potentials are referred to it. As Dole rightly emp-
hasizes, its applicability is restricted to well-defined laboratory settings. Moreo-
ver, it is a redox electrode by definition, and therefore other oxidizing or reducing
agents must be absent during measurement. Hence, the hydrogen electrode can
by no means compete with the glass electrode in everyday practice.

The quinhydrone electrode is an invention of the 20th century.? It uses the redox
reactions between the organic substances quinone and hydroquinone, which are
a function of the hydrogen-ion activity. Disadvantages are the restricted applica-
ble pH-range (8.5 is a critical point), the disturbing impact of oxidizing or reducing
chemicals, a “salt error” (the reactivity of quinone and hydroquinone being affec-
ted by salts), sensibility to some proteins, and sensibility to higher temperatures.
However, the quinhydrone electrode has one main advantage compared to the
hydrogen electrode: it is simpler to use as it does not require the mechanism of
bubbling hydrogen gas through.

Colored indicators have played an extraordinary role in the practical detection
and description of what now is called acidity ever since humans became aware
of acids.?” According to Dole, Friedenthal and Salm made the decisive steps to
establish colorimetric determination methods. In one of his early publications in
1904, Friedenthal mentions the other methods known till then (cleavage rates of
esters, inversion rates of sugars, and “direct measurement of H*-ion concentrati-
ons with gas electrodes”), and continues:

“None of these methods allows for the immediate measurement of the reaction
of a solution in an absolute manner without considerable expenditure of time
and apparatus.”®

This statement shows that the economical side of laboratory work was a strong
driving force. There was, by the way, also no sign in those pre-pH papers of the
later notion that the logarithmic H*-concentration would be the more natural
way to represent acidity. Friedenthal’s research-economic statement applies of
course as well to his own specialty:

Although the p,, value [sic] can be determined colorimetrically with the same precision as with

any electrometrical method under suitable conditions, the development has been much more

into the direction of the latter [the glass electrode], because the field of application is signifi-
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cantly smaller for colorimetric methods, and they are less suitable for in-situ monitoring or even

for p,, [sic] process regulation.”

But we need to recognize that the glass electrode also had limited applicability,
and the same can be said about the pH as a particular representation of the
acidity concept. In arguing for the naturalness of the pH concept one may point
to the fact that the concentration of hydrogen ions in pure water is something
close to 107 mol/L, and that there is a strong relation between the concentrati-
ons of H* and OH" in water. However, that fact is true and meaningful only in the
normal sort of aqueous solutions, which are of course prevalent in biochemistry
but not in all areas of chemistry. Because the pH concept and the glass electrode
emerged from bioanalytical perspectives, the interest for the more extreme con-
ditions at the edges of the pH scale or the applicability of the concept and the
measurement device to non-aqueous solutions only commenced after a period
of settling or “first success”. Note that suggestions to extend the acidity-defini-
tion to non-aqueous matrices began around 1923.

4 Further developments of an apparently simple measurement
device

From the second to the fourth decade of the 20th century the glass electrode
passed through its decisive historical period:

The experiences of almost two decades turned the glass electrode, considered an only occassio-
nally applicable laboratory oddity at the start, to the tool proving itself again and again allowing

for the exact determination of one of the most important and informative reference numbers.*®

Some of the crucial steps of this story, all of them associated with biochemical or
biomedical motivations, will be addressed in the following.

4.1 The application perspective

The next important step in the development of the glass electrode following
Cremer’s studies was made by the eminent German chemist Fritz Haber (1868—
1934) and his Polish Ph.D. student Zygmunt Klemensiewicz (1886—1963), already
in the year of the invention of the pH concept.?! We may assume that Haber is
the main if not only author here — the text is mainly written in the first person —
and Klemensiewicz his technically skilled assistant®?:

The following descriptions show that one can obtain the same success [with respect to acidime-

tric measurements] with a piece of ordinary Thuringian glass® instead of a hydrogen electrode®
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The “piece of ordinary glass” was nothing
else than a glass bulb the principle of which
the authors obviously borrowed from Cre-
mer (cf. Fig. 2 and Fig. 1).

In the 1909 article, Haber is quite self-re-
liant and clearly condescending to Cremer.
Though he introduces the work of Cremer
by refering to its “physiological interest”,
he does not acknowledge Cremer’s expe-
rimental work as the obvious precursor to
Fig. 2: Scheme of the apparatus used for  his own. About the relevance of his results,

“acidimetric” measurements, from Haber he points out:

& Klemensiewicz, “Phasengrenzkrafte”.

One will find out that the ideas and experiments available in the present paper will clearify these

observations in a manner that will not diminish their physiological interest.*

Haber clearly rejects the applicability of the theory of the semipermeable mem-
branes to the glass electrode. He claims that his results deliver a solution to Cre-
mer’s problems and gives an extensive discussion of the theory of the cause of
the electric potential on the basis of Nernst’s equation.® In a simplified, general
form applicable to the case here, the latter is: emf = (RT/n) In(c,/c,).*” The authors
use several drawings of neutralisation curves to illustrate their main point, which
is, in modern terms, the acidimetric potentiometric titration. These curves make
it obvious that the relation between potential and concentration is logarithmic
(which in fact is what is the core of the Nernst equation). Cremer, however, by
no means denied the importance of Nernst’s law here. The main difference bet-
ween the two interpretations is rather located in their differing description of the
mechanism. Rudolf Beutner, another electrophysiologist and former co-worker
of Haber, discusses the discrepancies between these two in more detail.*® He
calls Cremer’s approach “interphasic”, and that of Haber “phase border potential
theory” (Phasengrenzkrafttheorie). Cremer claims that positive and/or negative
ions of the electrolyte wander more or less into the membrane due to their diffe-
rent velocities. In contrast, Haber categorically rejects the idea of intruding ions.
He seems to be not interested in further theoretical speculations about what
happens in the membrane. Cremer, on the other hand, tries to expand the inter-
phasic approach to all types of membranes. The specifity of the glass electrode
is not as central to him, as it is to the two researchers from Karlsruhe, because
his main interest is membrane biochemistry. Hence, he was partly correct with
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respect to his explanation of the glass electrode’s functionality, but yet without
sound arguments. And at the same time he was partly wrong, because other
membranes do not behave like thin glass.

The disagreement between Cremer and Haber mirrors a common conflict in che-
mistry, namely between kinetic and thermodynamic explanations of processes.
There is some quotidian chemical saying that some processes are kinetically dri-
ven, and others by the free energy. From a thermodynamic point of view, the
chemical potential (free energy) is the necessary condition for the realization
of any chemical process; however, specific details of that process (e.g., reac-
tion paths and rates) are not determined by the potential. On the other hand,
it would also be wrong to consider the kinetics (or mechanics) necessary and
the potential secondary. Cremer, to be clear, did not claim a kinetical priority for
the mechanism of the glass electrode. Rather he expressed an interest in the
pertinent mechanism and claims some intrusion of ions due to their mobility. As
it turned out later, this idea was not as wrong as Haber thought. If we were to
answer the question for the priority of the invention of the glass electrode, we
would have to divide the credit: Cremer found the phenomenon, and Haber and
Klemensiewicz outlined the application.*

4.2 The specifity of glass

The early investigations on the glass electrode and the formulation of the pH
concept belong to the end of the long 19th century. In retrospect it becomes
clear that after the initial activity we witness a period of a somewhat retarded
development in that field. In the preface to the third edition of his important
monograph on the determination of hydrogen ions, which contains an exhausti-
ve bibliography, W. Mansfield Clark shows a graph with numbers of publications
in the field from 1910 to 1927. In the early years before World War |, he counts
fewer than 100. There was a resurgence of activity by 1920 with 300 publications
in that year, and for 1927 almost 1,500.%° However, the glass electrode did not
become a main feature until the 1930s.

The American chemist Malcolm Dole (1903—-1990), who himself was involved in
the development of the glass electrode, says:

Between 1920 and 1930 pH measurements by means of indicators and by means of the quinhy-
drone and hydrogen electrode reached a high state of perfection .. .. At the same time the true
thermodynamic significance, or perhaps | should say the lack of thermodynamic significance, of
the pH concept finally became understood. Yet the glass electrode was practically unknown . . ..

[The 1930s] actually witnessed the most valuable development from a practical standpoint that
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has ever been made in the field of pH, namely, the invention of glass electrode pH electrometers
which have literally swept the country and are now so extensively used that they are manufac-

tured by mass production methods.**

Dole is referring to the then-standard measurement methods, those which Mi-
chaelis was writing about when he emphasized the advantages of the pH from
his point of view.

It is not easy to decipher, however, what Dole means by the “lack of thermody-
namic significance”. It would be outright contradictory, for example, to state that
the pH measurement yields logarithmic data (as Michaelis does, too) on the one
hand, that is to accept the accordance with Nernst’s theory, and to claim that the
pH suffers from a lack of thermodynamic significance, on the other. It seems that
Dole is addressing the fact that the pH concept does not involve a redox process,
as would perhaps be suggested by the general formula for the reaction quotient
Q (customarily, the concentration of oxidized substance divided by the concen-
tration of reduced substance). Rather it is a concentration cell, but even that fact
would have to be interpreted thermodynamically.

Hence, both pH and glass electrode exhibit certain theoretical weaknesses.* In-
triguingly, the applicabilities of both were not diminished by that fact. Although
almost all published experimental work since the 1920s is accompanied by some
theoretical discussion, the practical success is of highest priority. In a survey of
the actual developments from 1935, Kurt Schwabe (1905—-1983) states the ob-
vious:

“The most important property of the glass which determines the electrode func-
tion is its composition.”*?

Accordingly, research was conducted in order to find out the most appropriate
material for the design of the electrodes.* Like most of the researchers before
them — particularly Walter Hughes — Duncan Maclnnes and Malcolm Dole from
the Rockefeller Institute for Medical Research (the latter at Northwestern Univer-
sity later), both central figures in the further development of the glass electrode,
recommended “soft glass” for the preparation of the electrodes according to
their results.*® Accordingly, Dole summarizes the international research work up
to 1940 as follows:

the best glass for glass electrode work except in the range of high temperature and high pH is
the Corning 015 glass, glass having the composition SiO, 72 %, Na,0 22 %, CaO 6 %.°
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During the years to come further improvements were made, the most important
of them being the partial replacement of the glass modificator sodium by lithium
with its more mobile ions. This part of the story, however, is beyond the scope of
the present study.

4.3 More biological relevance of pH-measurements

The first scientific paper on the applications of the glass electrode listed in the
Chemical Abstracts of the American Chemical Society after World War | is about
the determination of hydrogen ions in blood, from 1925. While working on her
Ph.D. thesis at University College London, the British chemist (and later also phy-
sician) Phyllis Margaret Tookey Kerridge (1901-1940) designed a new apparatus
to determine the pH of biological samples. Her apparatus, illustrated in Figure 3,
consisted of a glass bulb filled with a solution of known acidity; the top part of
this bulb was a very thin concave glass membrane, making a small inverse bulb as
it were, a “spoon” into which the solution of unknown acidity would be placed.
The spoon had a volume of only about 1 cm3, which was very convenient for
analyzing small samples of physiological fluids. Compared to the previous arran-
gements such as those shown in Figures 1 and 2 above, the main advantages of
Kerridge’s design were clear:

The membrane blown in this way seems to be under less strain than when blown at the end of
a tube, and does not break so easily, and the quantity of liquid required for the spoon is very

small.*’

Kerridge also devised another form of the apparatus, in which the solution of un-
known pH was made to flow through a glass tube that included a section blown
into a thin-walled spoon shape. In either version, the two solutions are connec-
ted with calomel electrodes and the potential is measured with a quadrant elec-
trometer of the Dolezalek type. One main advantage of the application of the
modified apparatus is that it can easily be put in a thermostat. Kerridge gives
more important methodical hints which throw some light on the possible com-
plications and suggestions on how to handle them:

Newly-blown glass electrodes require careful cleaning with chromic acid, steaming for about 2
hours and soaking in distilled water for 24 hours before they can be used. Even after this treat-
ment there may be a potential at the glass surface of 40 millivolts or more, which decreases
slowly with time until after about 2 days it reaches a constant level of 4 or 5 millivolts which it

will retain for weeks.*®
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Calomel
Electrode

Fig. 3: Kerridge’s modified apparatus for pH measurement (Fig. 2 from Kerridge, “Glass Electrode”,
p. 612)

Considering these empirical insights, it becomes obvious that there is a complex
chemical reaction involved here.

The following are a few selected results from the 450 pH-measurements Ker-
ridge made in her study (presumably at 18° C):* blood (human-oxalated) 7.42;
blood (dog-defibrinated) 7.75; bean seedlings (agueous extract) 5.87; Phosphate
solution 7.37; Phosphate solution by hydrogen electrode 7.39; Sycamore leaves
(aqueous extract) 4.88; Sycamore extract by hydrogen electrode 4.91.

Finding a satisfying consistency between glass electrode and hydrogen electrode
measurements, Kerridge felt justified in avoiding theoretical discussions of the
apparatus, at least for the time being:

The chemical and physical theories as to the behaviour of the glass are not considered here, as

the true explanation does not yet seem to have been found beyond dispute.*®

4.4 History of science mingles with history of economy

That pH electrometers “literally swept the country” (the United States of Ameri-
ca), as Dole put it, was due to the extraordinary industrial success of an invention
by the analytical chemist Arnold Orville Beckman (1900-2004), which provides
another important biological moment in our story.>?
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At the end of 1934 Beckman met an old classmate from their student days in
lllinois, Glen Joseph, who worked for the California Fruit Exchange (later Sunkist).
Beckman says:

He had to measure the acidity of lemon juice that had been treated with sulfur dioxide. He was
making by-products from lemon juice — pectin, citric acid, things like that. He couldn’t use a hyd-
rogen electrode or quinhydrone electrode, and he couldn’t use colorimetric indicators, because

the sulfur dioxide would react. So he had to use a glass electrode.*

At the beginning of that project, the main problem was the electrical measure-
ment. To achieve suitable sensitivities the electrodes had to be large, but if they
are built too big they tend to break. The galvanometers were another drawback
with respect to sensitivity and ruggedness. Beckman, who had great familiarity
with modern electronics from his work at the Bell Laboratories, applied the quite
novel vacuum-tube voltmeter as the measuring device, and built himself*® the
first “acidometer” (later “pH meter”) for the California Fruit Exchange. Together
with his student Henry Fracker he applied for a patent in October 1934, which
was approved in October 1936.%

Asked whether he in the beginning of his commercial activities relied a lot on
the contacts he had from the years in the academic world, Beckman answered:

No, not really. At that time [the middle of the 1930s], pH was a new term. A few physical che-
mists knew about hydrogen-ion concentration and were familiar enough with it to work with
the negative logarithms encountered in pH. But pH was just coming on the scene. The symbol
had been proposed by the Danish biochemist Sgrensen years before, but it hadn’t taken hold.
But now about this time, chemists, and particularly biochemists, were beginning to realize that
hydrogen-ion concentration was an essential factor in many chemical reactions. So the interest
in hydrogen-ion determination rose rapidly. That, coupled with the fact that our instrument

made it so easy that anybody could measure pH accurately, without having a lot of training.>

Beckman sold hundreds of pH meters during the first years, which was entirely
unexpected by the colleagues and companies whom he had asked before ab-
out the prospects. The production of the pH meter was the start of a company
operating world-wide (first called National Technical Laboratories, later Beckman
Instruments, and finally Beckman Coulter). Beckman Instruments developed into
a major firm, recording an overall annual revenue of $228,6 million by 1975.%¢

The practical applications of the glass-electrode pH meter were many and va-
ried, among which “acid rain” is perhaps the most important. Natural rain is not
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pH-neutral. Because all gaseous combustion products (from forest fires, volcanic
emissions, and animals) soluble in water cause an increase of the hydrogen-ion
concentration, the pH of natural rain is already lower than pH 7. In the last third
of the 20th century environmental concerns became reasonably strong, and one
key concern was the anthropogenic influence on the pH of rain.*’ It is hardly pos-
sible to give the correct number of all the pH meters ever used for the monitoring
of acid rain, but it is certainly in the order of many thousands.

After Beckman'’s invention, it became unnecessary to have specific training for
acidity measurement, and pH meters are now not to be found in laboratories
only. The simplified handling is, however, not without risks:

In many respects the glass electrode makes possible the ideal measurement, a measurement
in which the glass bulb is inserted into the solution whose pH is to be determined, a switch
pressed and the pH immediately read off the dial; as simple and as quick as the measurement
of temperature with a mercury thermometer. However, the very ease and speed of the method
may lead the unwary scientist into a deluded sense of experimental security; it is not always
possible or usually advisable to rely uncritically upon the pH reading of these convenient mea-

suring instruments.>®

These risks, of course, can become even more serious than Dole is describing,
because in practice it is only very rarely the “unwary scientist” who performs the
measurement. Sometimes even laymen and amateurs do the job. It is unlikely,
however, that significant errors occur in cases like acid-rain monitoring and most
pertinent biomedical situations, because extreme degrees of acidity and alkalini-
ty are very rare. The next short section describes systematic measurement errors
of the pH electrode, which the researchers became aware of in the 1930s.

4.5 An extension of the biological applications — alkali error and acid error

Though a good part of the monograph by Malcolm Dole is devoted to biological
and medicinal topics,* it contains two chapters of more general interest, which
go beyond the merely practical question of applicabilty and tell us more about
the “nature” of the glass electrode. These chapters (»Limitations of Glass Elec-
trode in Alkaline pH Range« and »Limitations of the Glass Electrode in Acid and
Nonaqueous Solutions«) are devoted to what is sometimes called the alkaline
error and the acid error, respectively. These typical aspects of the behavior of
the glass electrode were found by systematic research. In order to quantify some
preliminary observations, Dole designed an “experimental method of measuring
glass electrode error”. His apparatus allowed for simultaneous measurements by,
and thus a comparison of, glass electrodes and hydrogen electrodes. He found
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out that the presence of alkali-metal ions in the analyzed solution led to a sig-
nificant deviation of the glass electrode readings from the hydrogen electrode
measurements. The emf, measured with the hydrogen electrode, does not go
linearly with the electrode’s pH value in elevated regions, particularly if sodium
is in the solution. Interestingly, sodium-free solutions of a pH up to 13 (realized
by solutions of tetramethylammonium hydroxide®), do not cause an electrode
error. Dole concludes that we must consider the glass electrode as a “mixed elec-
trode” in that at higher sodium concentrations the mechanism is no longer ex-
clusively influenced by hydrogen ions only. To put the point simply: if the sodium
ions are in the majority, they act like adding to the activities of the hydrogen ions
such that the solution seems to be less alkaline than in reality. Dole describes the
situation of this very specific chemical situation in a telling thought experiment:

“If a glass could be invented into or out of which sodium ions would not migrate
in an electric field, electrodes of this glass would have no sodium errors.”¢

On the other side of the scale, at very low pH values, the measured values are
also lower than expected theoretically (or determined by the hydrogen electro-
de). This is what is called the “acid error” by the specialists. Again, Dole had an
ingenious idea to pin down the cause of this effect experimentally. Because he
found no direct dependencies of this electrode error upon the concentration of
anions and cations, among them hydrogen ions, he concluded:

the negative errors must be caused by a decrease in the chemical potential or vapor pressure
of the water in the solution in contact with the glass surface. This conclusion was tested by
adding ethyl alcohol to the solution at constant pH, and measuring the error which was found
to be negative in sign and entirely similar to the errors produced by adding concentrated acids

to the solution.®

Hence, his central hypothesis is that water plays a crucial role in the mechanism
of the glass electrode, which is definitely not the case for the hydrogen electro-
de. What matters according to Dole’s interpretation is that hydrogen ions carry
water molecules with them. And because these hydrated hydrogen ions (the fa-
mous H.0" of modern textbooks or even bigger aggregates®) diminish the water
concentration of the analyte, the quotient of inner and outer water concentra-
tion, which Dole calls the “water activity”, becomes different from 1. In all those
cases, whether realized by larger amounts of non-aqueous liquids (e.g. ethanol)
or by higher acidity, the pH reading becomes smaller (more acidic) than what
corresponds to the actual hydrogen ion concentration.® Hence, the cations, par-
ticularly those of sodium and of hydrogen, although only if present in high con-
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centration, can have an unwanted lowering impact on the readings of the glass
electrode.®

5 The voice of the pH-electrode

In the modern interpretation of the mechanism of the glass electrode the mobi-
lity of the alkali-metal cations is the central point.®® Sodium ions — partly exchan-
ged by the smaller and even more mobile lithium ions — move much more freely
in the outer aqueous gel surface layer®” than for example calcium ions do. In con-
trast, the silicate net with its negatively polarized oxygen atoms is almost entirely
stationary, such that the two different local concentrations in the measurement
situation lead to different electrical potentials at the measurement and the com-
parison electrodes, respectively. It is just the extreme mobility of hydrogen ions
in wet glass that causes this result. There is no redox process involved at all.

As we have seen, the history of the glass electrode is full of pieces of scientific
reasoning, yet cannot be described as a result of theoretical reasoning as in the
classical verification/falsification mode. There are several unexpected (and un-
expectable) aspects — among them discoveries like the outstanding selectivity
of the glass electrode for hydrogen ions and the independency of the measured
potentials from reduction or oxidation — which turned out to be crucial. This is a
typical situation in chemistry. In fact, the glass electrode is a kind of “experimen-
tal abstraction” in that its extraordinary selectivity for hydrogen ions in aqueous
solutions is “luckily” applicable to the characterization of acidity.

Although it may sound weird, the applied glass electrode is a kind of chemical re-
action without stable products. The intermediate situation — a metastable state
— allows for a reliable and reproducable electrical measurement that can be cali-
brated in many (though not all) interesting cases.®®

In comparing chemical work in the classical period of “wet chemistry” to that of
modern spectroscopic analysis, the British historian of science David Knight says:

Chemists did not understand the basis of spectroscopy, while they were familiar with the dia-
gnostic reactions underlying the analysis tables; spectroscopes had to be made foolproof before

they would find their way generally into chemistry laboratories.®

The main point of this description can also be applied to the early history of the
glass electrode. One main similarity is the missing understanding of the pertinent
mechanisms in the early stages of development. But the glass electrode simply
worked, and there was no need to make it foolproof, because it was already near-
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Fig. 4: Schematic cross section of the glass electrode. Because the alkali glass modifiers (Na* or Li*)
migrate into the direction of the lowest H* concentration (the highest pH) particularly in the hydrated
regions Il and 1V, a potential is caused between regions | and V. The net-building and the stabilizing
constituents of the glass (Silicates and Calcium) are immobile. The chemical reactions in the glass

phase are very quick but do not reach equilibrium under usual conditions. (Drawing by the authors.)

ly so from the start. In most chemical cases success comes before understanding.
What makes the glass electrode even more unusual is the fact that it developed
almost entirely independently from what is sometimes called the instrumental
revolution, and independently from the core modes of research in the chemical
sciences, namely synthesis and analysis, too.

Our main conclusion from the present study is the following: The pH concept and
the glass electrode, which at first glance very much look as if they are typical re-
sults of physico-chemical activities, turn out to be biochemical achievements. In
1941, Malcolm Dole stated: “The importance of the glass electrode in the world
of biology and biochemistry has become so great that any book on the glass elec-
trode that did not treat fully this aspect of the subject would be incomplete.””® In
this paper we have attempted to provide an informative account of the bioche-
mical dimension of the glass electrode. But going beyond Dole’s statement about
the applicability of the glass electrode, we have also tried to show that biochemi-
cal contexts were crucially important in the development of the pH concept itself
as well as its measurement.

Summary

This paper examines the early histories of the pH concept and the glass electro-
de, the device that enabled a convenient measurement of pH. Contrary to the
common impression that the pH concept arose as part of the establishment of
physical chemistry in the work of Arrhenius, Nernst and others, we show that
both the pH concept and the glass electrode have been motivated by biochemi-
cal ideas and demands. Among those working in the biochemical contexts were:
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Sgrensen, who invented the pH concept in 1909; Cremer, who made the first
usable form of the glass electrode in 1906; Kerridge, who devised a particularly
effective form of the electrode for physiology in the 1920s; and Beckman, who
invented the widely commercialized form of the pH meter in the 1930s. Even
though the value of pH is straightforwardly deducible from hydrogen-ion con-
centration, both the particular logarithmic scale that is our familiar pH measure
and the glass electrode for its measurement were practical solutions particularly
suited to the needs of biochemistry. The successful uses of the glass electrode
for pH measurement preceded the theoretical understanding of its workings in
physical chemistry by several decades, which is understandable given that the
glass electrode functions through chemical reactions without stable products.
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