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The remarkable advances which have been made
in the application of instruments to the problems
confronting the chemist have been the topic of two

previous communications in the ANALYTICAL
EDITION (October, 1939 and 1940). In October,
1940, an initial treatment was concerned with a

very general discussion of instruments of all kinds.
It has become apparent that there is a real need
for extensive, detailed discussions of various analyti-
cal methods. The editor has arranged for a series
of expert reviews, several of which are in prepara-
tion. It seemed advisable to preface this series
with some sort of preliminary survey or classifica-
tion designed to illustrate the contemporary
status of the field, to indicate the wide variety of
techniques, and to dispel the notion, from which
even the experts are not wholly immune, that prog-
ress is largely confined to a certain specialty or
method. It is apparent that there is no “best”
method for any kind of analysis.

The assignment of this problem to the author
was based on no better recommendation than the
last one—an interest in the subject and a pleas-
antly wide acquaintance with people who are doing
important work in the field.

The collaboration which the author has had in
this compilation is evident in the following pages.
Several of the contributors of these examples are
the experts whose detailed and authoritative ex-

positions are to follow this review. Some serious
defects and omissions are glaringly evident and the
author’s attempts to secure expert help and in-
formation were unsuccessful, in many cases for the
reason satisfactory to every American—National
Defense. This is no indication that those who
could cooperate were not similarly committed and
otherwise engaged in important and pressing work.

For the omissions and inaccuracies the author
will plead the largeness of his design, with little
hope for exoneration or clemency. The misplaced
emphasis is intentional; in most cases the amount
of discussion or detail is in inverse proportion to the
state of development of the topic. Some instru-
ments, which are fairly time-honored, are still
treated in detail for reasons that are apparent. The
literature dealing with some of the better known

techniques is voluminous; in many it has become
reduced to textbook practice. On those topics the
few observations are opinionated and are not to be
taken too seriously.

When a survey of modern analytical chemistry
requires the description of instruments ranging
from hydrometers to cyclotrons and it can be
shown that these devices are all eminently prac-
tical and paying their way, one instinctively won-

ders how the modern analyst is to be appraised. It
is evident from the contemporary scene that his
former slogan “dry-ignite and weigh” no longer
carries him through the day’s work. He must be-
come familiar with a bewildering array of tech-
niques and at least moderately acquainted with
the dialect of the physicist and engineer. By and
large, he has done this and acquired a reputation
for a broad outlook and wide range of experience
none too common in other branches of chemistry.

IT WILL be necessary to explain the title of this review
and the author’s interpretation of its meaning. To be

sure, a precedent exists (165, 259) for the use of “Instru-
mental Methods. . . .” but a special intent and purpose lie
behind its use. Avoiding quibbles about the strict meaning
of “instrument” and its Biblical, Shakespearean, and musical
uses, it is generally considered to imply a tool, aid, adjunct,
or means of accomplishing some purpose. These are too
general for the author’s purpose and he has tried to restrict
the term to the interpretation preferred by instrument engi-
neers. Although it has not been possible to adhere rigidly to
the adopted definition in all cases, the concept may be illus-
trated by a specific example.

It is well known that the boiling point of a binary liquid mix-
ture can be related to its composition either on the basis of
theory or, if pronounced deviations from ideality exist, on an
empirical basis. If the boiling point of an unknown sample were
measured and appropriate corrections were made for the baro-
metric pressure, the composition could be calculated from the
standard boiling point-composition curve. This is a physical
method of analysis based on a definite property of the system.
The device shown in Figure 1 has extended this fundamental
idea to the point where we may designate it as an instrumental
method of analysis. In this case two liquids are boiling at the
same time, the unknown liquid and pure water. When a steady
state has been reached in the boiling process, the zero of a sliding
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scale on the thermometer which measures the boiling point of the
unknown is set to the observed boiling point of the water ther-
mometer. The position of the first thermometer is now read
off from the adjacent scale which is calibrated not in degreesbut in percentage composition (in the specific instance shown
here per cent of alcohol by volume).

The improved technique has eliminated the need for baro-
metric correction and the instrumental indication is in terms of
the desired constituent. A physical method of analysis has
been converted into an instrumental method of analysis.

Courtesy, C. J. Tagliabue Co.

Figure 1. Ebulliometer

Without intending to claim that we have hereby dis-
covered a startlingly new principle, it does emphasize a point
of view which has very important practical consequences.
A rough analogy is to be found in the very common practice of
calibrating volumetric solutions in terms of per cent of the
desired constituent, even making due correction for a stand-
ard blank, instead of using the more formal scheme of normal
or molar solutions. Although all devices are not conven-

iently designed to give a direct answer, it is to be regarded as
the ultimate goal of a true instrument. In practice it boils
down to the fact that in practical work computations must
be reduced to a minimum, and although these may be the
delight and pleasure of the research man the burden need
not be tolerated if a comparable degree of ingenuity and skill

can be exercised in the original design. In the following
pages there are numerous examples, some of them time-
honored, in which this ideal has been achieved; in others the
need is so apparent that it at once explains the comparatively
rare use made of the method despite its other attractive
features.

If the intent of this term has been made clear it follows
that many extremely important adjuncts to analysis cannot
be considered here. That they are eminently worthy of
discussion as important aids goes without saying. In addi-
tion, it will be found that we have not adhered consistently to
our formulated definition of the instrumental method. Such
methods are included nevertheless because by their nature
they possess the inherent possibility of such development.

Density
Density is an unspecific property, but in systems of known

composition it may be used as an accurate means of specifying
concentrations (57). The simplest instrumental indication
is afforded by hydrometers, and these devices are riot only
made to read specific gravity directly but may be obtained
in a form which is calibrated directly to give the desired in-
formation. Typical examples are shown in Figure 2. Among
some of the special scales we note alcohol, calibrated in per cent
or in per cent of proof spirit; and scales to read calcium chlo-
ride, glue, salt, milk, sugar, sirup, or tanning liquor.

Precision hydrometers cover a restricted range and can be
provided in a practical and technical form reading to one unit
in the third place of specific gravity. This degree of pre-
cision translated into specific-purpose instruments might be
illustrated by a precision sugar hydrometer covering a range
of 69 to 81 per cent by weight which will give a reliable indica-
tion to 0.1 per cent. The proper use of hydrometers has been
specified by the National Bureau of Standards and among
other conditions assumes careful temperature control, equal-
ity of temperature of hydrometer and the liquid, and the use of
the hydrometer with the liquid for which it is intended, be-
cause different surface tension effects may be revealed despite
a common value of the density.

Specific Gravity Balance. The principle of the hy-
drometer may be extended with an increase of precision of
about one order of magnitude by using a simple balance.
Thus the Westphal balance (Figure 3) will read to about one

unit in the fourth decimal place of specific gravity. This
device becomes a means of a direct instrumental method of
analysis if the scale is calibrated not in specific gravity units
but in terms of the desired quantity.

U1 Lracentrifuge
A very long extrapolation from these simple devices is illus-

trated by the ultracentrifuge. This instrument is one of our
most important means of studying substances of high molecu-
lar weight and is one of the few methods whereby information .

can be obtained from such complicated substances as proteins
and polysaccharides. The specific sedimentation velocity is a
constant characteristic of the dissolved unit, but it cannot be
used without further information in calculating molecular
weights on account of shape factors. Such information can
be obtained, however, by a correlation between this quantity
and diffusion constants.

Instruments and Methods. Two notable examples of
this equipment are illustrated from the laboratories of well-
known investigators in this field: Figure 4, the ultracen-
trifuge of the Svedberg type (270), with rotor cell and bearing
housing, and Figure 5, the ultracentrifuge laboratory from
the camera end of the instrument. The process of centrifugal
sedimentation is followed by allowing light to pass through
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windows in the rotor and photographing the position of the
boundary between solvent and solution at stated intervals.
Either the light absorption or the scale method (Lamm) may
be used. Figure 6 shows an analytical ultracentrifuge for the
study of plant and animal viruses and of the protein com-

ponents of sera. This instrument is of the air-driven type
{18, 306).

Applications. Density methods have been widely used
and in principle are well suited to the automatic recording
and telemetering of information of analytical interest.
Dozens of methods and uses of this type are described by
Gmelin {67) and in engineering texts. The ultracentrifuge
in conjunction with related techniques such as absorption
spectra and electrophoresis has afforded information on the
nature of high-molecular-weight compounds where ordinary
analytical methods can give either no answer or at least only
approximate information. The discussion of density has
been limited here to liquids and solutions. It is more com-

pletely discussed in connection with gas analysis.

Thermal
Thermal methods include boiling point elevation and

freezing point depression as well as the emission or absorption
of heat accompanying chemical changes. These methods in
general have limited analytical application but a few are

Courtesy, Fisher Scientific Co.

Figure 3. Specific Gravity Balance
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Courtesy, J. W. Williams, University of Wisconsin

Figure 4. Ultracentrifuge, Showing Centrifuge
Casing, Rotor, Cell, and Bearing Housing

Courtesy, R. W. G. Wyckoff, Lederle Laboratories, Inc.

Figure 6. Analytical Ultracentrifuge

worthy of mention. The ebulliometer has been mentioned
above. The. freezing point depression for ideal solutions can
be related simply to the composition, provided the molecular
weight and the freezing point depression constant are known.

The use of cooling curves in phase rule studies, particularly
metallurgical, are well known and furnish information which
is of importance in establishing the nature and composition
of the various solid phases. The thermal techniques which

are discussed under gas analysis might be
included here.

Instruments. Changes in temperature
or the heat evolved in a process can be
measured in a great variety of ways and are
discussed in many standard works. We
may mention in passing the use of gas and
liquid thermometers, thermoelectric and
resistance thermometry, and radiant heat
by the thermopile and bolometer.

Applications. A useful application of
the freezing point method is illustrated in
Figure 7, which shows the Hortvet eryo-
scope used for determining the amount of
added water in milk. The freezing point
is measured with a short-range thermom-
eter graduated in 0.01° divisions. The
freezing is accomplished by the evapora-
tion of ether by a current of air, for which
purpose a filter pump may be used. A
scale attached to the instrument converts
the observed temperatures directly to per-
centages of added water. The use of this
instrument has been described in several
places.

A measurement of the amount of heat
evolved during the progress of a titration
has been used on a number of occasions.

Courtesy, J. W. Williams, University of Wisconsin

Figure 6. Ultracentrifuge Laboratory, Showing Camera in Right
Foreground
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The first practical
use seems to have
been made by Bell
and Cowell (16).
Other examples
have been de-
scribed by Somiya
(264). In general,
the titration is
carried out to
within a few per
cent of the end
point and the
change in tem-
perature after
small additions of
reagent is noted.
The measurements
are continued
somewhat beyond
the end point and
its true location is
determined graphi-
cally. Most of
the cases con-
sidered by Somiya
were concerned

with concentrated or fuming acids and the temperature rises
were considerable. ' He points out, however, that the water
content of concentrated sulfuric acid can be determined more

accurately by thermometric titration than by acidimetry.
With more refined measurements this technique can be ex-

tended profitably to much more dilute solutions.

Courtesy, New York University

Figure 8. Thermometric Titration Apparatus

Figure 8 shows an arrangement which has been used in the
writer’s laboratories for this purpose, with means for showing the
titration both with the Beckman thermometer and by a differ-
ential thermoelectric method which is represented schematically
in Figure 9. In the latter the heat evolution in the titration vessel
is exactly and automatically compensated by the electrical addi-
tion of heat in the reference vessel. The multijunction thermo-
couple and galvanometer control this process through the agency
of a simple photoelectric relay which switches a constant heat-
ing current on or off. A Telechron clock indicates the time
during which constant heat is imparted to the reference cell.
The lapsed time is therefore proportional to the heat which has
been evolved as a result of the titration increment (Figure 10).

These methods are not particularly useful unless con-

siderable heat is evolved or unless automatic means such as
the one described are used to measure the temperature rises.
Unless the results are automatically recorded and evaluated,
the need for graphic computation of the end point has the same

time-consuming drawback characteristic of other methods
such as conductance titrations.

Courtesy, New York University

Figure 9. Thermometric Titration Apparatus

Courtesy. New York University

Figure 10. Thermometric Titration Curve

Courtesy, Arthur H. Thomas Co.

Figure 7. Cryoscope
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Courtesy, Podbielniak Centrifugal Super-Contactor Co.

Figure 11. Automatic Recording Low-Temperature
Fractional Distillation Analysis Apparatus

Installation in laboratories of Catalytic Development Co., Marcus Hook*
Penna., for research and development on catalytic cracking

Distillation methods might be classified under this heading
and throughout the history of chemistry distillation has been
used as an adjunct in chemical analysis. However, com-

pletely automatic distillation techniques primarily for
analytical purposes have been developed, a striking example
of which is shown in Figures 11 and 12. This instrument
provides a complete record of the distillation history from
liquid air temperatures to 250° C. A schematic diagram of
the distillation apparatus is shown in Figure 13.

Analytical Molecular Still. The cyclic molecular still is the
outcome of efforts to make the short-path high-vacuum sur-
face evaporator into a tool for exact analysis and research.
The apparatus in its present stage of development is shown in
Figure 13 A.

A is the distillation column contained within the glass con-
denser, B. The column is filled with oil which is stirred by the
small air motor, C, while it is heated electrically through current
leads shown on the right-hand frame support. The pressure in
the apparatus is determined by the Pirani gage tubes, D, and
meter, D1. The substance to be distilled is placed in the reservoir,
E, and circulated by the magnetic pump, F, and actuating box,
Fl, through the preheated tube, G, which should be wound with
fine Nichrome wire and fed by current controlled through a
resistance. During circulation the distilland from E passes
back through the water-cooled tube, H, into the upper reservoir,
E1. An iron ball separates the reservoirs and the ball is with-
drawn when needed, by hand magnet (not shown). The vacuum
equipment consists of high-speed condensation pump, K, con-
nected to an intermediate booster, L, the reservoir, M, a freezing
trap, N, useful in collecting solvents, and a mechanical pump not
shown but generally situated below table at O. The high-
vacuum system is connected to the still through the manifold box,
P, and the wide return in tube Q.

To operate the still a liquid is placed in the reservoirs and the
ball separating them removed to the side pocket, R. The liquid
is circulated under gentle heat while the vacuum pumps are
started. When the pressure has fallen to less than 10n the tem-
perature is fixed at a predetermined level and samples of the frac-
tion are collected in the receiver, S. After one complete cycle
(the ball having been placed in position at the beginning of the
cycle) the stopcock, T, is manipulated, receiver S changed to a

new one, stopcock T again manipulated, and the material in El
let down to E and circulated at a new temperature generally ex-
actly 5° or 10° higher than the previous one. This series of
operations is kept up until sufficient material has been collected,
generally over a range of 120° to 200° C. The concentration of
all constituents of interest is then determined in each fraction
and the concentration multiplied by the weight of the fraction,
which equals total yield, is plotted graphically against tempera-
ture. There results an elimination curve or series of curves,
such as shown in Figure 13B.

Gas Analysis
The analysis of gas can be accomplished by a great variety

of techniques, starting with the simple absorption methods,
bell chamber equipment, electrolytic conductance, thermal
conductance, and combinations of these methods preceded

Courtesy, Podbielniak Centrifugal Super-Contactor Co.

Figure 12. Automatic Recording Low-Temperature
Fractional Distillation Analysis Apparatus

Installation in laboratories of Lion Oil Refining Co., El Dorado, Ark.,
for analysis of natural gas and gasolines and for separate determination

of paraffin and olefin in Ca and C4 cracked refinery gas fractions

by preliminary chemical treatment, by the heat evolved in
catalytic combination, or by optical methods, including ab-
sorption in the visible, ultraviolet, and infrared, as well as
refractometric methods utilizing the interferometer. They
range from the analysis of a fraction of a cubic millimeter to
the completely automatic recording of gas composition on an
industrial scale {54).

Theory. Our knowledge of the gaseous state is in a high
state of development and the contributions from thermo-
dynamics and the kinetic theory have provided very accurate
equations of state. Several of the methods used for the
analysis of gas are based upon straightforward applications
of the theory. Others, such as thermal conductance and the
heat of catalytic conversion, for the most part require em-

pirical calibration; for, despite extensive theoretical investi-
gations, the predictions of the properties of mixtures, es-

pecially in the case of thermal conductance, are not accurate
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enough for analytical purposes. The wide range of applica-
bility and the extreme sensitivity of some of the instrumental
methods make this one of the most important branches of
analytical chemistry.

Instruments and Methods. Determination of Gas
Density. The measurement of gas density is extremely im-
portant and has formed the basis for many automatically re-

cording systems. The gas density balance illustrated in
Figure 14 is based on a measurement of the pressure of the
gas necessary to bring a balanced float to a standard equi-
librium position under conditions of constant temperature.
Its uses have been described by Edwards {62). It is appli-
cable to a wide range of systems, but since density is an un-

specific property, in some cases the measurement must be
preceded by chemical treatment. Numerous recording
methods for engineering applications have been described
{71). In one method the streaming gas properly throttled
flows into one tube and displaces a suitable manometric
liquid into another limb of the tube {278).

Among the dynamic methods the effusion velocity principle
has been applied in a number of ways by allowing the gas to
diffuse out through a pinhole orifice {65). The density and
composition of simple mixtures can be inferred from the rate
of effusion. Here, too, theoretical predictions are not too
helpful because the mixture laws apply only with systems
containing molecules with the same number of atoms and
viscosity coefficients that do not differ too widely. As a

rule empirical calibration is necessary. An example of this
type of instrument is shown in Figure 15.

Effusiometers of the recording type employ a diving bell
principle or floating plunger to actuate the recording pen.
These arrangements are well suited for telemetering.

The Ranarex principle depends upon an aerodynamic
coupling between a motor-driven ventilator fan and a similar
fan which is connected with the indicating mechanism. The
degree of coupling is a function of the gas density (Figure
16).

The many extensions and elaborations of these principles
have been described {57, 65, 71,260, and in standard engineer-
ing works).

Absorption Techniques. The classical absorption tech-
niques form the subject matter of many treatises and manuals
{65, 69, 92,93,115,181,212, 297, SOI). Atypical example of a

modern coordinated unit for the analysis of gases is shown in
Figure 17. Very frequently a problem reduces to detection
of a gas and a rough quantitative indication, particularly in
the case of highly toxic or otherwise hazardous gases.

Figure 18 indicates a convenient portable hydrogen sulfide de-
tector. The simple bulb aspirator draws a sample of the sus-
pected air through a renewable detector tube. The reaction of
hydrogen sulfide on the filling of the tube produces a color
change, the extent of which is compared with an adjacent scale
reading directly in per cent of hydrogen sulfide. The instrument
indicates the actual concentration of the gas in amounts ranging
from 0.0025 to 0.04 per cent by volume. The calibration is

Figure 13, Schematic Diagram of Distillation Apparatus
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based on the assumption that the bulb has been squeezed ten
times, expanding completely after each aspiration. Figure 19
illustrates the convenient portable nature of the equipment for
field work and the simple renewal with reagent cartridges.

One of the nicest examples of refinements in the general
technique is to be found in the modern means for analyzing
extremely small amounts of gas. Of these the systematic
developments and studies by Blacet and Leighton (19-28)
form an outstanding example. The apparatus which they
have developed for this purpose is shown in Figures 20, 21,
and 22. The merit of their equipment lies not merely in
the small samples which can be accommodated but more

particularly in the high degree of selectivity and precision.
This is best illustrated by an excerpt from one of their papers
(22) as shown in Table I.

Table I. Analyses for Acetylene in the Presence of
Propylene and Carbon Monoxide

Deter- Volume of Acetylene
urination Sample Theoretical Determined Difference

Cu. mm. % % %
1 45.44 33.10 33.09 -0.01
2 40.75 33.10 32.98 -0.12
3 37.66 33.10 33.15 +0.05
4 40.82 33.10 33.11 + 0.01
5 42.61 33-. 10 32.80 -0.30

Av. 33.03 0.10

Another approach to the inicroanalysis of
gases is to be found in the early work of
Langmuir in analyses conducted at very
low pressures. These are discussed in
great detail in several monographs on high-
vacuum technique (60, 97, 206).

Another approach to the microanalysis of
gases is to be found in the Bareroft-Warburg
manometer, which has widespread use in
biological investigations. This equipment,
examples of which are shown in Figures 23
and 24, is useful not only in measuring
small amounts of gas but in following the
kinetics of gas reactions. Some applica-
tions of the equipment, illustrated in Figure
23, have been described (9, 146).

Bell Chamber Methods. The general
principle involved in this technique consists
in trapping the gas under a floating bell
in which the supporting liquid contains a
reagent that absorbs the gas. Thus in the
specific instance of a recording carbon di-
oxide meter the liquid is a concentrated
solution of sodium hydroxide. As the
carbon dioxide in the gas is absorbed the
diving bell sinks and moves the indicat-
ing or recording element in proportion to
its motion. This instrument is exemplified
by numerous combustion recorders and in
the medical field by metabolism apparatus
(Figure 25).

This class of instrument is also suited
to telemetering, in which case the moving
element upsets the balance of an inductive
bridge, or through related transfer mecha-
nisms (71).

Electrical Conductivity. This technique
is more properly discussed under electro-
lytic conductance, but instruments of this
class are based on the absorption of the
gas in question by a suitable electrolyte,
after which changes in the conductance of

the solution are measured. It has been used specifi-
cally for the measurement of water vapor, carbon dioxide

Figure 13B. Elimination Curve for Molecular Still
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{291, 300), and sulfur dioxide, although in principle any gas
which can be made to react with a suitable electrolyte may be
used—i. e., carbon monoxide has been analyzed by this
method by preliminary catalytic conversion to carbon di-
oxide, which is measured in the ordinary way. Equipment
of this sort has been used to measure carbon dioxide in the
conventional combustion train. Instrumental details are

described in most treatises on conductometric analysis.
Thermal Conductance. This very important method of

gas analysis is based on the thermal conductivity of the gas
as a function of its composition. At atmospheric pressure
the thermal conductance is relatively independent of the
pressure and solely a function of the composition of the gas.
At low pressures (10-2 to 10-6) the thermal conductivity of a

gas in a given cell is extremely sensitive to pressure and indeed
forms the basis of a very sensitive pressure gage (Pirani gage).

The simplest thermal conductance gage consists of two con-
tiguous chambers. Along the axis of each chamber is stretched
a fine wire having a high-temperature coefficient of resistance,
usually platinum. The wires form two arms of a Wheatstone
bridge. One wire is surrounded by a standard reference gas and
the other by the gas to be analyzed. The two wares are heated
by the bridge current to a temperature of the order of 100° C.
above the surrounding and the heat loss by gas conduction de-

termines the effect of
temperature of the
wire, w'hich in turn
determines its elec-
trical resistance and
therefore the state
of balance of the
bridge.

The complete
theory and practice
of this principle have
been described in
many places and
are the subject of
an excellent mono-

graph (51), which
gives complete de-
tails of the under-
lying theory and the
characteristics and
particular advan-
tages of the various
bridge circuits.

Courtesy, Burrell Technical Supply Co.

Figure 15. Gas Density
Balance
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portable device uses a single filament on which the gas is
eatalytieally oxidized or burned. The compensating resistor
consists of a small lamp bulb. The process of combustion raises
the temperature of the measuring filament and the electrical
unbalance caused by the increase in resistance is indicated
directly on the meter in per cent of explosive mixture. In
this model a small piston pump is used instead of an aspirator
bulb. Standard flashlight batteries are employed for heating
the filaments.

In the combustible gas indicator shown in Figure 35 (center
and lower left) two platinum filaments are employed and the
combustible gas is oxidized or burned on the surface of one of the
filaments. The electrical unbalance is indicated on a scale
calibrated to give readings directly in per cent of lower explosionlimit concentration. A single indicator can be calibrated to
give direct readings from one or several combustible gases and
vapors, including petroleum, alcohols, ethers, acetone, natural
gas, blast furnace or coke-oven gases, etc.

Another class of indicator is illustrated in Figure 35 (upper
right). The carbon monoxide-bearing air is drawn into the

Figure 16. Portable Gas Density Indicator (left) and
Indicating-Recording Gas Density Analyzer (right)

The suitability of the method and the degree of precision
which is obtainable are governed primarily by the value of the
specific conductance of various gases. Table III (197) of last
year’s review lists values for some of the commoner gases re-

ferred to air as unity. It has been pointed out very clearly
by Daynes that these values and practically all those that
have been recorded in the literature are to some extent de-
pendent upon the apparatus and experimental conditions
which were used for their determination. This is just another
way of indicating that most instruments used for this kind of
measurement do not conform strictly to the conditions im-
plied in the definition of thermal conductance. It also illus-
trates why empirical calibration is necessary.

The many applications of this principle include equipment
for the automatic analysis of dissolved oxygen in feed water
(Figures 26 and 27), of carbon dioxide (Figures 28 to 31),
and of sulfur dioxide (Figure 32). Perhaps one of the best
indications of the wide range of utility is shown by the
comparative records of Figure 33. Of
particular interest is the trend toward the
development of all-glass cells (Figure 34)
which permit the use of relatively corrosive
samples (106, 226, 293).

Heat of Catalytic Conversion. An ex-
tension of thermal methods which at least
in some instrumental aspects is similar to
the thermal conductance method is the
utilization of the heat of reaction evolved
when the gas in question is subjected to
some chemical reaction (81).

Courtesy, Burrell Technical Supply Co. and Buick Metallurgical Dept.,
General Motors Corp„

Figure 17. Use of Gas Analysis Apparatus in Metal-
lurgical Laboratory

Courtesy, The Permutit Co.

Figure 35 (upper left and lower right)
illustrates an instrument for the detection
of explosive gas mixtures. This completely

Courtesy, Mine Safety Appliances Co.

Figure IS, Hydrogen Sulfide Detector
A hand-operated instrument for quick and accurate detection and measurement of low

but dangerous concentrations of hydrogen sulfide.
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Courtesy, Mine Safety Appliances Co,

Figure 19. Hydrogen Sulfide Detector

 f *b

Courtesy, F. E. Blacet, University of California, Los Angeles

Figure 20. Two Forms of Blacet-Leighton Apparatus
for Microanalysis of Gases
(Left) Eimer & Amend style

(Right) Arthur H. Thomas Co. style

instrument by a motor-driven pump provided with a flowmeter
indicator. The gas is drawn through a catalytic conversion
chamber filled with Hopealite, The heat of conversion to carbon
dioxide is measured by the series of thermocouples in series with
the indicating meter which is calibrated to read directly in per
cent of carbon monoxide. The scale ranges from 0 to 0.15 per
cent and can be read directly to 0.005 per cent and estimated to

Courtesy, Arthur H. Thomas Co,

Figure 21. Blacet-Leighton Gas
Analysis Apparatus

0.001 per cent. In a hand-driven model a small highly efficient
four-cylinder radial pump develops proper suction for sampling
and an automatic regulator maintains the correct sample flow
which is indicated on a diaphragm-type pressure gage. The
motor-driven type could be operated from any 6-volt alternating
or direct current supply or from self-contained Edison storage
batteries.

Two extensions of this principle, shown in Figures 36 and 37,
provide automatic alarm features. The one shown in Figure 36
contains a ventilating fan delivering 20 liters of air per minute.
The sample passes through a divided cell containing active and
inactive Hopealite. Thermocouples indicate the differences in
temperature of the two cells on a scale which is calibrated directly
in per cent of carbon monoxide. If the carbon monoxide exceeds
0.02 per cent the meter closes a circuit and sounds an alarm which
persists until the meter is manually reset. The model shown in
Figure 37 is a completely explosion-proof combustible gas alarm
that contains two platinum filaments in a balanced circuit.
Catalytic combustion on one of the filaments with a consequent
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Courtesy, Arthur H. Thomas Co.

Figure 22. Details of Blacet-Leighton Gas Analysis
Apparatus

Courtesy, C.[N. Frey,[Fleischmann Laboratories, Standard Brands, Inc.

Figure 23. Barcroft-Warburg Apparatus

Courtesy, C. N. Frey, Fleischmann Laboratories, Standard
Brands, Inc.

Figure 24. Flask-Manometer Assembly for
Barcroft-Warburg Apparatus

temperature rise unbalances the circuit and indicates directly on
the scale calibrated for the gas in question. When the meter
reading exceeds a predetermined limit an alarm is sounded which
persists until the circuit is manually restored. A nonsparking
diaphragm pump furnishes the circulation of the gas.

A very complete classification of the characteristics and ap-
plicability of the catalytic conversion technique (71) gives
details concerning the nature of the gas, range of concentra-
tions. temperature effect per unit per cent of the gas-measur-
ing element, sensitivity, appropriate catalyst, and the field of

Courtesy, Fisker Scientific Co.

Figure 25. Metabolism Apparatus
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Figure 26. Dissolved Oxygen Analyzer
Courtesy, Cambridge Instrument Co., Inc.

application. In addition to the gases already discussed, am-

monia, hydrogen sulfide, methane, hydrogen, and the vapors
of benzene and alcohol are included. This list is concerned
with actual installations and in principle any system which
can be subjected to preliminary chemical treatment can be
followed by one of the foregoing instrumental methods.

Optical Methods. Any of the methods dis-
cussed below in connection with optical
instruments can be applied to the detection
or analysis of gases, and this applies for the
visible, ultraviolet, and infrared regions of
the spectrum. Chlorine, bromine, or iodine
vapor is amenable to photometry in the
visible, mercury vapor and many hydro-
carbons can be detected in vanishingly small
amounts in the ultraviolet, and carbon di-
oxide to the extent of less than 0.0001 per
cent can be detected by a characteristic ab-
sorption band in the infrared. The use of
the interferometer (63, 6J+) for very exact
analyses of gases is discussed in connection
with refractive index.

Conclusion. The general topic of gas
analysis covers an extremely wide range
of techniques and particularly from the

industrial point of view is in a high state of development.
Some of the indirect applications of these methods are star-
tling and in some cases have revived old and almost discarded
practices. One illustration which bears this out is difficult to
classify but may truly be characterized as an optical method
for the analysis of incandescent gas or vapor.

Figure 27. Schematic Diagram of Dissolved Oxygen Recorder
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Figure 28 (Left). Micromax Carbon Dioxide
Recorder-Thermal Conductance Cell

Courtesy, Leeds & Nortkrup Co.

Figure 29.

Courtesy, Leeds & Nortkrup Co.

Micromax Carbon Dioxide Recorder

t---•?5"-
Non-Clogging Primary Filter

Figures 38 to 41 show the photoelectric scan-
ning of the flame issuing from a Bessemer con-
verter. Careful speetrographic studies (Figure
38) show that a useful correlation can be ob-
tained between the incandescent gases and the
correct blowing time of the converter. The
locations of the photocell amplifier, recorder,
and the flame target are shown in Figure 39.
A complete record is shown in Figure 40, which
after appropriate interpretation by the steel
master gives a perfectly reliable indication of
the condition of the charge.

This important investigation has been
described in great detail on the basis of
countless observations by Work (SOS), and
its results have revived great interest in the
Bessemer process.

     

Figure 30. Schematic Diagram op Carbon
Dioxide Analyzer Utilizing Thermal Con-

ductance Principle
Courtesy, Brown Instrument Co.
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Spectroscopic
An index to the literature on spectro-

chemieal analysis from 1920 to 1939 lists
1446 references {190). As the authors
of this valuable compilation point out,
as late as 1910 it was believed that these
methods were of little qualitative value
and that quantitative spectrochemical
analysis had shown itself as impractical.
In addition to about 30 textbooks and
manuals on the subject, a number of
compilations and bibliographies cover the
subject fully {IS, 84, 242, 256, 257, 280,
281). A very fine approach for the stu-
dent or beginner is to be found in Brode’s
text {SO), which gives a very thorough
treatment of the theory, instrumental
methods, and applications of spectroscopic
methods as well as detailed directions for
representative experimental work.

It may suffice here to outline the main
features of modern spectroscopic work and

to indicate some of the uses which have been made of this
very valuable technique.

Theory. The contributions which spectroscopy has made
to our knowledge of the universe range from astrophysics to
the energy states in atoms. We are concerned here with
the analytical information which they can furnish. The
methods are applicable from the infrared to the x-rays.

Emission Spectra. Under suitable conditions of excita-
tion, atoms can be made to undergo definite electronic transi-
tions which are followed by the emission of characteristic
spectral lines. The lines are absolutely characteristic of an
element and the certainty associated with this fact makes
spectroscopy one of the most reliable means of identification
known. The wealth of lines, particularly those due to iron,
nickel, tungsten, and many other elements, may cause some

confusion, and indeed, skill and experience are required to
avoid this complication. (Toxicologists and spectroscopists

Courtesy, Brown Instrument Co. and Olidden Co.

Figure 31. Flowmeters, Carbon Dioxide Recorders, Draft Gages,
and Preheated Air and Feed Water Temperature Recorders on

Control Panel

Figure 32.
Courtesy, Leeds & Northrup Co.

Sulfur Dioxide Recorders
Measuring cell assembly (left) detects per cent of sulfur dioxide in

continuous sample of flue gas from sulfur burner.
Micromax recorder (right) indicates and records per cent sulfur dioxide in

flue gas from sulfur burner.

Courtesy, Brown Instrument Co. “From Dayne's Gas Analysis by Measurement of Thermal Conductivity ”

Figure 33. Gas Analysis by Thermal Conductance Measurements
(Left) Carbon dioxide analysis from flue gas of a 250-horsepower boiler unit
(Right) Respiration of a single housefly (Diptera domesticus)
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were amused some years ago in New York when one of the
prominent iron lines was mistaken for that due to a relatively
rare and highly toxic metal.)

The classification of spectral lines has occupied the atten-
tion of spectroscopists for many years. One of the finest
compilations is the M. I. T. Wavelength Tables (111), which
contains 109,275 entries giving the wave length, and the

Courtesy, Leeds & Northrup Co.

Figure 34. All-Glass Thermal Conduc-
tance Cell

intensity in arc, spark, or discharge tube. These tables super-
sede anything previously done, especially for the analyst,
and the details of the job, which employed an automatic com-

puting and recording comparator for determining wave lengths
and recording the intensities, are fascinating reading (110,118).
The use of tabular compilations of this sort presupposes an
accurate measurement of wave length of the observed lines.
This is done with an accurate comparator, of which there are
several (197, Figure 5), and usually in terms of adjoining lines
of known wave length. Accurate interpolation can be made
by means of dispersion formulas, such as that of Hartmann
(109). The tables are then consulted and after tlie responsible
element is located it is advisable to seek other known lines of
this element on the spectrogram in order to avoid possible
confusion with some foreign line. An alternative approach
is to photograph a contiguous spectrum, using the suspected
substance as a source, and seek identity in the lines. A large
number of spectrographically “pure” substances are available
for this purpose (129,180).

Quantitative spectroscopy may be practiced in a number of
ways (59, 208, 209, 224). In general, one seeks some con-

nection between the blackening of the plate and the amount
of the substance whose spectrum has been excited. A few
of the methods may be mentioned; each has its proponents
and enthusiasts and volumes have been written on the subject.

1. The use of standard samples containing known amounts
of the desired constituent. These and the unknown sample are
excited and photographed under identical conditions.

2. The “internal standard” method of Gerlach, in which (91)
the intensities of the lines in the known and unknown are referred
to some common line of an extraneous element which remains
unchanged in both spectra.

3. The use of homologous pairs (91).

With all these methods the intensity of the lines is measured
with a densitometer, examples of which have been described
(197, Figures 56 to 59); other examples are shown in Figure
48.

Instruments and Methods. Spectrographs with a

prismatic dispersion and dispersion by means of gratings are
available in all sizes and types, representative examples of
which are shown in Figures 42, 43, and 44. The question of
“size” in a spectrograph is determined largely by the nature
of the problem. For many purposes, particularly in the non-
ferrous field, moderate dispersion is satisfactory, but for com-

plex spectra, especially in the ferrous alloys, the highest dis-
persion is essential. The grating is preferred by many on
account of its practically uniform dispersion throughout the
spectrum. The relative merits of the two are discussed in
standard texts.

Excitation Sources. The spectrum of the sample may be
excited in the direct current arc, in the alternating current arc
or spark, by the Abriss-Bogen or interrupted arc, and by the
acetylene flame (see also 38). The direct current are, espe-
cially by arcing the sample to exhaustion, affords one of the
most sensitive methods. The alternating current arc is more
easily controlled, yet retains some of the advantages of the
direct current arc. Most of the newer offerings of equipment
make provision for all the electrical modes of excitation
(Figure 45). An interesting trend is also observable in the
number of completely coordinated assemblies which are offered
for routine and research work (Figures 46, 47, and 48). It is
becoming increasingly apparent to instrument manufacturers
that a complete line of instruments for spectrographic analy-
sis is of great advantage and convenience to the customer,
and that for continuous routine work he should be furnished
with a spectrograph, easily adaptable excitation equipment,
densitometer, and other auxiliaries. Most instruments have
also been designed with the thought of adapting them to re-
lated problems, such as absorption work. This is exemplified
by the illustration of spectrophotometry, in which the addition
of appropriate accessories converts the instrument into
a spectrophotometer.

The numerous illustrations (Figures 49 to 52) given here
are intended to illustrate in part correct and convenient
modes of installing such apparatus for maximum efficiency
(142,143).

A view of the source room in the spectroscopy laboratory
at the Dow Chemical Company is shown in Figure 53 (142,
143, 232-4).

This fireproof room houses the transformers, motor generators,
condensers, resistors, synchronous interrupter, and other auxiliary
source equipment necessary for the 35,000-volt alternating cur-
rent condensed spark, two 25,000-volt alternating current con-
densed sparks, two 220-volt direct current arcs, and two 2200-volt
alternating current ares.

Each of these excitation sources is wired to a selector panel
(Figure 54). One receptacle carries one side of the secondary of
each of the sources, the other side being a common ground.
The smaller receptacle carries two low-voltage leads for operating
a contactor for each source. By means of this panel any source
can be made available at any one of the four spectrographs lo-
cated around the source room.

A view of the plate-interpretation room (Figure 55) shows the
Hilger nonrecording microphotometer and the calculating board,
used to convert microphotometer readings to per cent of the
element in question.

Figure 56 is a view of one of the Bausch & Lomb medium
quartz spectrographs. In addition to the spectrograph there is
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to be seen the outlet panel on which are mounted the control
switch, warning lights, and double range ammeter, in addition
to the power outlets.

A similar outlet panel is located above the source tables before
the other Bausch & Lomb medium quartz instrument, the Gaert-
ner quartz Littrow, and the Cenco Replica grating instrument.

Applications. For the countless applications of emission
spectroscopy the reader must be referred to the copious
references in the compilations quoted. They cover every con-
ceivable field of analysis, from the examination of alloys,
works of art, biological fluids, foodstuffs, toxicological (87, 88)
and forensic specimens, to products of combustion, gases

in internal combustion engines, fuels, glass, plants, and water
analysis.

Precision, Rapidity, and Costs. It is not unnatural for
the beginner or prospective spectroscopist to raise questions
of precision, rapidity, and costs. A glance at any spectro-
graphic laboratory will tell him that this is very expensive and
elaborate equipment and although the wide range of appli-
cability may be evident, he is interested in a definite answer to
these questions. Since spectroscopic methods are among the
most delicate which we have, and combine with a high de-
gree of certainty and reliability, it is worth noting at the out-
set that the precision even for minute traces is rarely less than
10 per cent; and with the very best resources of densitometry

Courtesy, Mine Safety Appliances Co.

Figure 35. (Upper Left and Lower Right) Explosimeter. (Center) Combustible Gas Indicator.
(Lower Left) Gas Indicator. (Upper Right) Carbon Monoxide Indicator
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Courtesy, Mine Safety Appliances Co.

Figure 36. Cakron Monoxide Alarm and Ventilation Control

Courtesy, Mine Safety Appliances Co.

Figure 37. Explosion-Proof Com-
bustible Gas Alarm

and under carefully controlled conditions may be made as

high as 2 or 3 per cent. Concerning the rapidity of the
methods much Has been said and published, but in the early
days of quantitative spectroscopy it was shown by Meggers
(190) that a series of analyses which required a full day's
work by conventional chemical methods could be accom-

plished in less than 2 hours speetrographically and with no

particular sacrifice in precision. The rapidity of the method
must be gaged on the assumption of very careful preliminary
development of the method and operating conditions. It is
essentially in routine examinations that the economy in time
becomes more and more apparent. In many procedures by
the judicious apportioning of the work it has been possible to
reduce quantitative analyses to a few man-minutes per deter-
mination.

Costs must be appraised on the same basis, especially in
view of the high initial cost of the equipment, but here again
experience has shown on numerous occasions that the costs
can be brought even below those of conventional methods.
Again in routine work it is apparent that cost and speed are

interrelated and an increase in the former implies a certain
reduction in the latter.

The present enormous industrial activity will undoubtedly
produce new and startling figures bearing on these questions.

Absorption Spectroscopy-Spectrophotometry
Spectrophotometry is concerned with measurement of the

amount of light absorbed or reflected at each wave length
through the spectrum. It may be applied to the visible, ultra-
violet, or the infrared. It will be more convenient to discuss
the latter separately, although the laws applying to it are the
same.

The law applying to the absorption of light at each wave

length is that of Lambert and Beer.

The transmission, T, is defined as the ratio of the emergent
intensity, I, to the incident intensity, h. For a solution contain-
ing a light-absorbing species of concentration c, in a layer of thick-
ness t, we have the relationship:

I = h X 10-fcl (1)

from which we may write
- log I/h = kct = - log T (2)

or
log Jo/I *» kct = E (3)

where E is the extinction, E/t is the extinction coefficient, and k
is the molar extinction coefficient, provided c is expressed in moles
per liter. There is no particular uniformity in terminology or
symbols in this field and it is still necessary for investigators to
report the meaning of the symbols which they employ and the
units in which they are expressed. Some investigators have used
the term density, D, instead of extinction, E. The use of E con-
forms more nearly with European practice and D seems to have
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Courtesy, H. K. Work, Jones and Laughlin Steel Corp.

Figure 38. Spectrograms of Bessemer Flame
as a Function of Blowing Time
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Courtesy, H. K. Work, /ones and LouyMm Steel Corp.

Figure 39. Schematic View of Photoelectric Besse-
mer Flame Scanning

Courtesy, H. K. Work, Jones and Laughlin Steel Corp.

Figure 40. Automatic Record of Bessemer Blow

been borrowed from the field of photographic densitometry,
where it is used to give an exact expression for the blackening of a

plate.

The foregoing discussion of extinction and extinction co-
efficients implies a definite wave length, A. Indeed, the
variation of extinction with wave length is the only funda-
mental way of expressing the “color" of a light-absorbing sub-
stance and a curve relating extinction to wave length gives us
the absorption spectrum or characteristic color curve. To be
sure, in most measurements the transmission is measured
directly and the extinction or extinction coefficient must be
computed from the transmission data. It can be shown that

if one plots log extinction as a function of the wave length,
such curves will be still more useful from the point of view of
identifying a colored substance. Such curves are inde-
pendent of the concentration and thickness and can be super-
imposed by a shift along the ordinate (log E) axis. This is
shown very nicely by Figure 57 (upper)1, which shows the log
extinction curves for a dye notorious for its deviation from
Beer’s law. The curves are taken at six different concentra-
tions (1.25, 2.5, 5, 10, 20, and 40 mg. per liter), and should
be directly superimposable by shifting them along the ordi-
nate axis if the typical “color” is independent of concentra-
tion. That this is not the case for this substance is shown in
the lower graph, which illustrates the failure of Beer’s law
except at a pivotal wave length of approximately 552 milli-
microns. This shows the Beer’s law can be applied with
confidence at this wave length but would be highly in error

at others, particularly at the longer wave lengths.
Very frequently elaborate series of transmission curves are

presented to illustrate changes in the absorption of a sub-
stance, hut they are almost useless in that form for any ac-

curate appraisal of the changes unless they are recalculated
to the log E basis. To be sure, the point-by-point recalcula-

1 The writer is greatly indebted to W, A. Shurcliff of the Calco Chemical
Division, American Cyanamid Company, for the preparation of the curves

in Figure 57, to illustrate this important principle.

Courtesy, H. K. Work, Jones and Laughlin Steel Corp.

Figure 41. Photocell Head, Amplifier, and Recorder
for Control of Bessemer Steel Making

Courtesy, Bausch & Lomb Optical Co.

Figure 42. Spectrograph
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Courtesy, Jarrell-Ash Co. and Adam Hilger, Ltd.
Figure 43. {Upper) Technical Grating Spectrograph. {Lower) Fully Automatic Large

Quartz and Glass Spectrograph

tion is laborious, but in the case of recording spectrophotom-
eters the labor is completely eliminated by the introduction
of a log log l/T cam (Figure 58) with which curves similar to
Figure 57 are obtained.

Analytical interest resides in the fact that for systems obey-
ing Beer’s law a plot of extinction against concentration is
linear. In seeking the conditions under which this useful
relationship may be obtained the importance of the log E
curves is once more evident, in that if the curves are completely
superimposable Beer’s law will hold at any wave length. If

Figure 45. Control Panel
for Spectrograph Excita-

tion Equipment
Courtesy, Baird Associates

4* 4*

Courtesy, Baird Associates

Figure 44. Three-Meter Grating Spectrograph

there is a common point, as in Figure 57 (lower),
that wave length alone will be satisfactory. In the
former case the principal advantage lies in the fact
that one has complete freedom of choice, which may
be very useful if other light-absorbing species are

present.
The analysis of mixtures is spectrophotometrically

feasible, since the extinctions are additive and the
method merely presupposes that there is no interac-
tion between the two light-absorbing entities. The
theory of this and the other topics discussed here is
covered in standard references {80, 111/).

Instruments and Methods. Visible Spectrum.
In all spectrophotometers a source of continuous radia-
tion is spectrally resolved by means of a direct-read-
ing spectrometer or monochromator, either before or
after the photometric matching.
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Courtesy, Harry W. Dietert Co.

Figure 46. Spectrograph on Metal Base with Three Source Units

given by the effective opening of the sector
and can be measured mechanically with a
high degree of precision. An example of this
class is shown in Figure 62.

3. Photoelectric Spectrophotometers. In
these the relative intensity of the measur-
ing and reference beams are measured photo-
electrically following the spectral resolution
of the beams (Figure 63). Two manually
operated examples of this class have been
described {197, Figures 63 to 66). A com-
pletely automatic instrument developed some
years ago by Hardy is the General Electric
color analyzer (Figure 64). This well-known
instrument has been described in several
places and many important researches have
been based on its use. It operates on a
strictly null principle in which the unknown
and comparison beams are rapidly inter-
compared and a photocell-thyratron unit
controls a motor which continuously re-
balances the system. A complete spectrum
may be recorded in from 2.5 to 5 minutes.
Numerous attachments are available in the
form of computed cams (Figure 58),
whereby the results will be plotted as per
cent transmission or reflectance, extinc-
tion or log extinction. A somewhat
more complex attachment is available for
computing trichromatic coefficients
directly.

1. The Polarization Type. In this class the measuring beam
and the comparison beam are matched for equal intensity by re-
ducing the intensity of the comparison beam by a polarizing
mechanism (294), The decrease in intensity is a trigonometric
function of the angle of rotation of the polarizing element. It is
specifically in terms of two match points. The transmission is
given by T — cot8 9 X tan8 <p where 0 is the larger angle; or if
sample and solvent are interchanged and the measurement
is repeated, the transmission is given by T — cot 9 X tan <?.

Examples of this class are the Konigs-Marten, Bausch & Lomb
(Figures 59, 60, and 61), and Nutting (Hilger). As a rule the seale
attached to the polarizer head is calibrated to read the angle in
degrees, another portion is engraved in transmission, and a third in
extinction values. This is a widely used and time-honored
type. The only drawback is the caution which must be
exercised in measuring the reflectance of samples which might
give rise to polarization effects due to surface structure or
other causes.

2. Sector Type. In this instrument the photometric match-
ing is achieved by varying the aperture of a rapidly rotating sec-
tor while it is in rapid motion. The rotational rate of the sector
is high enough to eliminate any perceptible flicker. The scale
usually reads directly in transmission values which are really

These instruments are all to be regarded as the fundamental
standards for expressing “color” and are capable of high pre-
cision in the hands of an experienced operator (108, 109).
They have been used very extensively in chemical analysis.
They are expensive by virtue of their elegance and precision,
and for many analytical purposes some of the compromise in-
struments which are discussed below will do just as well.
However, in any extended program of work one has constant
and repeated need for recourse to this important instrument.
The photoelectric type is not necessarily more accurate but
does have unusual advantages in the extreme ends of the
visible spectrum where the visibility function is poor.

Ultraviolet. Most of the information in this region can be
obtained only by photographic or photoelectric means. Any
spectrograph may be fitted with means of splitting the in-
cident light into two beams, in one of which a sample is
placed and in the other some intensity weakening mechanism
is introduced. A common form of intensity reducer takes the

Courtesy, Harry W. Dietert Co.

Figure 47. (Left) ARL-Dietert Film-Developing Machine. (Right) ARL-Dietert Film
Infrared Film Dryer
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Figure 48. (Lower Left) Comparator-
Densitometer

Courtesy, Harry W. Dietert Co.

(Upper Right) Nonrecording Densi-
tometer

Courtesy, Baird Associates

(Lower Right) Microphotometer and
Galvanometer Reader Unit

Courtesy, Jarrell-Ash Co. and Adam Hilger, Ltd.

Courtesy, Baird Associates

Figure 49. Step-Sector Attachment for Spectrograph

form of a rotating sector (Figure 65), and another of an ad-
justable diaphragm (Figure 66). If these pairs of spectra
are photographed side by side and this process is repeated for
an extended series of sector or diaphragm settings, the
absorption curve is obtained from the spectrogram by noting
the wave length at which intensity matches can be found
(Figures 67 and 68). For careful work a series of spectra at
various intensities can be recorded to calibrate the photo-
graphic plate itself, since, as is well known, the blackening-
intensity relationship of the photographic plate is complex
(109). An iron arc or an underwater spark may be used as

the light source for this type of work, but a perfectly continu-
ous source such as the hydrogen discharge tube is preferable.
Measurements of this type are exact and furnish accurate
extinction values, but for some semiquantitative results it is
often feasible to make a single measurement through a solu-
tion and to record the intensities with a densitometer. A
comparison record must be obtained for the source alone
in order to lump or integrate the combined effects of
energy distribution in the source and the characteristics of
the plate.

Photoelectric instruments of two classes have been de-
veloped, manual and photoelectric. Precise examples of the
former have been described by Hogness (1S3) and von Halban
(294) and a recent addition to this class is illustrated by
Figures 69 and 70. Recording instruments have been de-
scribed by Harrison (112) and Brode (30).

The experimental difficulties attending the construction
and use of these instruments are far greater than the eorre-
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Courtesy, Jarrell-Ash Co., Adam Hiloer, Ltd., and Eastman Kodak Co.

Figure 50. Fully Automatic Large Quartz and Glass Spectrograph

Table II. Frequency Values for Infrared Absorption
Bands Due to Indicated Linkages

Functional Group Frequency, v'
Cm.

Functional Group Frequency,
Cm.-'

=C—H 2910 —S—H 2500

=C—C= 990 =N—H 3300
=c==c== 1630 =C—I 500

—c=c— 2200 =C—B 560
=0=0 (ketones) 1722 E=C — Cl 650
=0=0 (acid) 1660 —C=N 2250
=C—N= 1035 —N=C 2150
=co— 1034 =N—O— 1003
—0—H 3380 —NH—NH— 3000

light in this region, together with the
related information from dielectric meas-
urements and Raman spectra, has con-
tributed enormously to our knowledge of
molecular structure. The great amount
of data which has been accumulated
primarily for this purpose is beginning to
be used and appreciated for its analytical
value and recently it has turned out that
despite great experimental difficulties and
complications this technique will have an
almost revolutionary effect on the ana-

lytical chemistry of the future. Some
of the finest resources of modem research
have been directed precisely to this
end.

A negligible portion of the infrared is
accessible by photographic technique and
it is necessary to measure the absorption
in this region by receiving the spectrally
resolved radiation on the surface of a sensi-
tive thermopile. Until very recently it
has been necessary to study absorption in
this region by means of point-to-point
measurements of thermopile-galvanometer

readings throughout the spectrum. One of the useful
characteristics of absorption in this region is the distinc-
tive nature of many of the vibrational bands and their un-
mistakable association with definite atomic linkages—for
example, in Table II, reproduced from Brode (SO), defi-
nite frequencies can be associated with the indicated func-
tional groups.

It is characteristic also that, especially in homologous series,
the frequency does not shift greatly, but there may be very
considerable intensity variations. For most analytical pur-
poses one is not concerned with the subtler differences in
band structure but solely with the general nature and fre-
quency allocation.

sponding problem in the visible, but so
much valuable information is obtainable
in the ultraviolet that the problem has
rightly engaged the interest of many
experts.

Other examples are illustrated in Figures
71 and 72.

Applications. A recent compilation
(288) lists 866 references to spectrophoto-
metric investigations, covering analytical
problems in every imaginable field: in-
organic, organic, biological, metallurgical,
and industrial (191, 202). A few more or
less generic or typical problems (4) include:

1. Characteristic identification (dyes)
2. Determination of mixtures
3. Study of equilibria (pH with indicators)
4. Confirmation of structure as a liaison

medium between analysis and synthesis, an
excellent recent example of which is the case
of vitamin Bi (230).

Infrared

The fundamental information which has
been derived from the absorption of

Courtesy, Bell Telephone Laboratories

Figure 51. Analytical Application of Spectrograph
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Figure 52, (Upper Left) Industrial
Installation Using Large Littrow

Quartz Spectrograph
Showing excitation stand and fume hood and
controls. Utilizes direct current are, high-voltage
spark, and modified^ Feussner spark and disrup-

tive spark

(Upper Right) Visual Comparison and
Annotation of Plates

(Lower Left) Direct-Reading Micro-
photometer and Amplifier for Spec-

trograms
Courtesy, Lucius Pitkin, Inc.

4*

Instruments and Methods. A typical arrange-
ment for this class of measurement is illustrated in
Figure 73.

Radiation from a Glo-bar source is passed to a series
of mirrors which focus radiation on a narrow slit. The
radiation proceeding from this slit is rendered parallel
and strikes a rock-salt prism arranged in Littrow
mounting. The dispersed radiation is reflected from
the Littrow mirror, sent once more through the prism,
and ultimately brought to focus on a thermocouple
connected to a highly sensitive galvanometer.

So far the arrangement is representative of most
infrared setups. Most earlier attempts to make the

4*

Figure 53. Source Room,
Spectrographic Laboratort

Courtesy, Dow Chemical Co.
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Courtesy, Dow Chemical Co.

Figure 54. Selector Panel for Excitation Sources
in Spectrograrhic Laboratory

A motor in the recorder unit slowly moves the dispersion train
through a worm gear and sector, as shown in Figure 73, so that
the entire spectrum from 2/i to 11m is slowly swept across the exit
slit. The same motor drives a drum in the recorder unit on which
a large piece of graph paper is mounted. The deflection of the
light beam from the galvanometer mirror is detected by means of
a photoelectric follow-up mechanism: a photocell unit motor-
driven in such a manner that it constantly “chases” the lightbeam. This unit also carries a pen or stylus which draws a ime
on the recorder paper. Thus a continuous curve is drawn, and
is visible at all times to the operator, relating energy to wave

length. If an absorbing substance (sample) is placed in the
optical path of the spectrometer, the regions of characteristic
absorption will appear in the record and simple computations
from the record will reduce this curve to an equal energy base.

CAL EDITION

assembly automatically recording utilized photographic record-
ing of the galvanometer deflections. The improvements in this
particular installation provide electronic means for following
galvanometer deflections.

The data for more than 600 key organic compounds have
been recorded with this instrument and even at this stage of
progress give a quick and reliable answer to many important
problems. Arrangements have been made for the detailed
description and list of uses of this fine installation to appear in
the Analytical Edition. Some of its uses are illustrated in
Figures 74 to 78.

Figures 79 and 80 show two views of an automatic, record-
ing infrared spectrometer with optical path enclosed in an

air-tight case of Dowmetal. Although similar to a previously
described instrument (804), if has a number of improve-
ments.

It is equipped with exchangeable 60° prisms of rock salt and.
lithium fluoride which operate in a Littrow mounting. All con-
trols of the apparatus are located at one end of the spectrograph
within easy reach of a seated operator. Widths of the slits can be'
varied by turning a crank, wave lengths can be determined from.

Courtesy, Dow Chemical Co.

Figure 55. Plate-Interpretation Room in Spectrographic Laboratory* with Densi-
tometer and Computing Board



692 INDUSTRIAL AND ENGINEERING CHEMISTRY Vol. 13, No. 10

Courtesy, Dow Chemical Co.

Figure 56. Quartz Spectrograph in Spectrographic Laboratory

a revolution counter, drive speeds can be easily changed by re-

arranging a belt and pulley system, and a radiation shutter can
be opened or closed by turning a knob on the switch panel.

The galvanometer deflections can be followed visually on the
ground-glass scale while being photographically recorded on the
drum camera which is within the operator’s reach. A separate
air-tight case contains the Globar source and focusing mirror.
This unit is made movable, so that all air space between it and
the sample cells, which are of different thicknesses, can be dis-
placed.

Typical results obtained with this type of instrument are

shown in Figure 3 of Wright’s paper {304).

Very useful results have been obtained without the use of a

spectrometer by using a scheme proposed by Pfund. As used
for the estimation of carbon dioxide, radiation from a hot carbon
dioxide source (Bunsen burner) is passed through a cell to a re-
ceiver (thermopile) immersed in carbon dioxide. In the absence
of carbon dioxide in the absorption tube the receiver heats up as
a result of absorption of the radiation selectively emitted by the
source. In the presence of carbon dioxide in the absorption tube,
the heating of the receiver is diminished. This method should
be applicable to all gases which can be caused to emit the infrared
radiation which they absorb.

Applications. It can be inferred from Table II that the
number of compounds which can be investigated by this
powerful tool is almost unlimited and the systematic ac-
cumulation of data which is now proceeding rapidly in many
places will eventually lead to a convenient form of classifica-
tion from which direct analytical information may be de-
duced with ease. One is not to infer that we are only now in
a position to learn something about the infrared; that process
has been going on for years, but with the increasing realiza-
tion of the distinctive analytical use the classification and
interpretation will be directed to those uses.

There is a high degree of specificity and certainty about
these measurements; they can be extraordinarily sensitive
as well—for example, it is possible to determine accurately
as little as one part of water in a million parts of carbon
tetrachloride which possesses no bands interfering with the
water band. A number of applications have been described
recently by Wright (304)-

Figure 57. {Above) Log Extinction Curves for Calcocid
Violet 4BX. {Below) Log Extinction Curves Adjusted

Vertically by Concentration Factors
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Raman Spectra
The information afforded by

Raman spectra is closely related
and complementary to that derived
from infrared studies. The Raman
effect is based on the observation
that the light scattered from mole-
cules which are illuminated with
monochromatic light contains fre-
quencies that were not present in
the incident radiation. The dif-
ferences in frequencies correspond
to definite energy states in the
molecules and are therefore charac-
teristic of the structure of the
particular molecule. One great ad-
vantage of the Raman technique
is that one works in a photo-
graphically accessible region and

Figure 58 (Above). Spec-
trophotometer Cam As-

sembly

Log log 1/T cam on right
Courtesy, W. A. Shurcliff, Calco
Chemical Division, American

Cyanamid Co.

Figure 59 (Right). Po-
larization-Type Spec-

trophotometer
Courtesy, Bausch 3c Lomb

Optical Co.

Figure 60 (Below). Po-
larization-Type Spec-

trophotometer
Courtesy, Bausch & Lomb

Optical Co,

therefore has that advan-
tage over the complicated
technique necessary in the
infrared. Since the Raman
scattering is very feeble,
the necessary, exposures are

rather long.
An enormous amount of

information has been ac-
cumulated in the 13 years
since the discovery of the
phenomenon and there are

several excellent mono-

graphs on the subject (100,
m).

Instruments and

Methods. The equipment
for obtaining Raman
spectra is described in great
detail in several textbooks.
The method consists, in
general, of some means for
subjecting the substance to
intense illumination with
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Courtesy, G. I. Lavin, Rockefeller Institute for Medical Research

Figure 61. Spectrophotometer for Visible Region (Bausch & Lomb)

Courtesy, F. W. Zerban, New York Sugar Trade Laboratory

Figure 62. Keuffel and Esser Spectrophotometer
Used for color and turbidity determinations by transmittancy in sugar products. Dark

room held at constant temperature

monochromatic light and the use of a fast
spectrograph for photographing the scat-
tered light with particular precautions for
the elimination of stray light reflected
from the illuminated vessel. The illumina-
tion vessels have taken a great variety of
forms (100).

A typical vessel consists of a cylindrical
tube provided with a plane optically flat
window at one end, with the other end of the
tube drawn out into a bent horn, which is
blackened to minimize reflection. The
sample tube is usually surrounded with a

cooling jacket and highly selective filters are
used to isolate the exciting line from a suit-
able source, usually a mercury arc. Nu-
merous arrangements have been suggested
to provide an efficient “light-fumaec”, so
that the sample may be submitted to the

iblehighest possible amount of lateral illu-
mination. The spectrograph is sighted on
a portion of the sample in such a manner

that the maximum amount of scattered light may be collected,
yet avoiding all direct reflection from the source.

Applications. The qualitative identification of substances
is comparatively simple and amounts to accurate determina-
tion of the frequencies of the Raman lines which appear on

the spectrogram. The Raman frequencies for an enormous

amount of compounds have been recorded (128) and refer-
ence to these tables permits identification of the substance.
In general, the sensitivity of the method is much less than
one ordinarily associates with other spectroscopic methods,
which is largely due to the feeble intensities characteristic
of the Raman effect. In most cases a substance present to
the extent of about 1 per cent can be detected, but under

Figuee 63. Double Monochrometer Spec-
trophotometer in Chemical Research

Courtesy, Coleman Electric Co. and Armour and Co.
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Courtesy, Interchemical Corp.

Figure 64. General Electric Recording Spectro-
photometer

molecular interaction can arise. Procedures have been
developed (47, 100) utilizing a technique similar to the
Gerlach principle of homologous pairs of lines and compar-
ing their relative intensities. By calibration with mixtures of
known composition very satisfactory results can be obtained
with a precision of ± io per cent without the use of a micro-
photometer. With the full resources of microphotometry
and the usual plate calibration, somewhat more precise
evaluation can be made. For further details the reader is
referred to Goubeau (100), who lists 97 references, most of
them concerned with analytical applications. Specific
examples are also given by Cringler (47) and Hibben (128).

X-Rays
The analytical uses of x-rays comprise a very small frac-

tion of all contributions which this subject has made to physi-
cal science. Their use in medical radiography, inspection
of materials, the elucidation of structure of crystals, etc., is
well known and has been set forth in many treatises (39, 50,
122, 187, 241, 254, 305), which also discuss analytical uses.
Some of the distinctly analytical uses may be listed as
shown on the next page.

Figure 65 (Left). Rotating
Sector

Courtesy, Bausch & Lomb Optical Co.

*

Figure 66 (Below). Spekkeb
Photometer with Small Quartz

Spectrograph
Courtesy, Jarrell-Ash Co. and Adam

Hzlger, Ltd.

favorable circumstances to 0.1 per cent. A few
examples from Goubeau (100) illustrate this point.
The detectable limits were found to be 1 to 2

per cent for benzene in dioxane or vice versa; 1

per cent for fraws-crotonaldehyde in cis-croton-
aldehyde; 0.5 per cent for p-xylol in m- or 0-

xylol; 0.1 per cent for benzene in carbon tetra-
chloride.

Quantitative analyses based on the Raman
effect are feasible, but these involve all the usual
difficulties associated with photographic photom-
etry. Theoretically mixtures of several substances
can be analyzed, but the number of Raman lines  

increases very rapidly with the number of com-

ponents in the mixture. Certain other complica-
tions arise with respect to both the intensity
and the frequency, if the system is one in which
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Figure 67 [Left), Absorption Photograph op Benzene
(in Hexane)

Taken  with Spekker ultraviolet photometer and medium all-metal
quartz spectrograph. Length of tube 2.0 cm. Minimum exposure

5 seconds
Courtesy, Jarrell-Ash Co. and Adam Hilger, Ltd.

Figure 68. Absorption Curve of Benzene (in Hexane)
Strength of solution, 1 in 3300

Courtesy, National Technical Laboratories

Figure 69. Beckman Photoelectric Quartz Spectrophotometer

4. Measuring the wave lengths of the
characteristic absorption edges when the un-
known substances act as the absorbing
medium.

5. Determination of the lattice constants
of the material, from which the nature of
the substance may be inferred, and from
the intensity of the lines of the pattern its
amount may be inferred.

The possibility of identification presup-
poses that the lattice constants charac-
teristic of that substance have already
been determined—that is, it is impossible
to infer the nature of the substance if no
values have been recorded for its lattice
parameters.

1. Measuring the spectral emission lines (K, L, M, series) in
which the unknown substance is the target of an x-ray tube.
This method on the basis of Moseley's law has accounted for the
original discovery of a number of the elements (Hf, Ma, Re).

2. Measurement of the secondary fluorescence lines emitted
by the substance when it is irradiated by x-rays inside the x-ray
tube (If)-

3. The same technique of fluorescence emission with the
sample placed outside the x-ray tube, identical with No. 2 but
affording somewhat lower intensities.

Figure 70 (Right). Absorption Spectrum Measured with
Beckman Photoelectric Quartz Spectrophotometer

Courtesy, National Technical Laboratories TRANSMISSION .02% BENZENE IN METHYL ALCOHOL
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Figure 71 (Left). Installation for
Ultraviolet Absorption Spectra

Using quartz hydrogen discharge tube and
small Hilger spectrograph

Courtesy, G. I. Lavin, Rockefeller Institute
for Medical Research

Figure 72 (Below). Installation of
Spexker Spectrophotometer

(Hilger)
Courtesy, G. I. Lavin, Rockefeller Institute

for Medical Research

Theory. The interplanar distance is given by Bragg’s
law

n\ = 2 d sin 0

This is the fundamental law for the analysis of structure
of crystal in substances. Very slight departures from this
law are due to refraction, but these corrections are known and
have to be applied only for high orders of reflection.

The theory of various space groups and the interpretation
for crystals of various classes are the subject of exhaustive
treatment in many standard tests.

Instruments and Methods. The variety of instru-
mental approaches to x-ray analysis is evident in Figures 81
to 91. By exposing a substance to a narrow monochromatic
beam of x-rays and recording the diffracted beam on a flat
plate behind the sample (Figure 83) the familiar Laue pat-
tern is produced (Figure 85). Interpretation of these pat-
terns is described in detail in all the principal references.
In the powder method the camera surrounds the specimen as
a concentric cylinder (Figure 86) and diffraction patterns can

ANALYTICAL EDITION

Figure 73. Recording Infrared Spectrometer
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Figure 74. Infrared Absorption Spectrum of a Resin, with Identifi-
cation of Band Heads

Figure 75. Infrared Absorption Spectra

be registered rapidly and in a form which facilitates edge-to-
edge comparison with standard patterns. The information
obtained by this method involves perhaps the minimum dif-
ficulties of interpretation. The back-reflection camera is
particularly suited for the precise determination or compari-
son of lattice parameters.

Most x-ray apparatus intended for general analytical work
is provided with means for mounting interchangeable ac-

cessories, so that information may be obtained by any of the
above-mentioned methods (Figures 92 and 93). Each
method has its particular advantages with respect to pre-
cision, sensitivity, and ease of interpretation.

Many accessories are also available for the measurement

and rapid evaluation of the patterns
(Figure 94). Full details are given by
Clark (39). No mention is made here
of x-ray spectrometers of extraordi-
narily high precision, such as the double
crystal spectrometer. These are avail-
able but are intended primarily for funda-
mental research on lattice constants or

conversely for studies on the fine struc-
ture of x-ray lines. The analyst is not
concerned with their use, although he is
always appreciative of the exact informa-

. tion which they can provide.
Applications. A list of applications

is to be found in monographs and in
several interesting papers, such as (1).

A recent compilation by Hanawalt (107)
lists over 1000 substances in terms of
the three strongest lines on the diffrac-
tion pattern with the respective inter-

planar distances. The efficiency and convenience of their
index are amply demonstrated and it is shown that if the
unknown substance is identical with one of the 1000 its
presence may be certified in a few minutes by reference to
the catalog.

One distinctive feature of the x-ray method, and one which
should be kept in mind in comparing it with alternative
methods of analysis, is the fact that it identifies compounds.
In other words, if one is dealing with a system containing
sodium, potassium, chlorine, and bromine, it is possible to
tell whether one is dealing with sodium chloride and potas-
sium bromide or sodium bromide and potassium chloride.

The many applications of these methods to analytical
problems are the object of an extended review which is now

being prepared.

Figure 76. Infrared Absorption Spectra
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Courtesy, R. B. Barnes, American
Cyanamid Co.

Figure 77. Infrared Absorption
Spectra

Courtesy, Gaertner Scientific Corp.

Figure 78. Large Infrared Spectrograph

* Electron Diffraction
The wave nature of the electron is expressed by the de

Broglie equation
X = h/mv

where A is the wave length, m and v are the mass and velocity
of the electron, respectively, and h is Planck’s constant. The
numerical value in Angstrom units is given by

XA. =
/150iv

where V is in volts.

Courtesy, Dow Chemical Co.

Figure 79. Recording Infrared Spectrograph
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Courtesy, Dow Chemical Co.

Figure SO. Recording Infrared Spectrograph

Courtesy, Baird Associates

Figure 81. X-Ray Diffraction Unit for
Research

Courtesy, General Electric X-Ray Cory.

Figure 82. In Clockwise Order, Starting at Upper Left,
XRD Cylindrical Powder Camera, Back-Reflection
Camera, Pinhole Assembly and Flat Cassette, and
Universal Specimen Mount with Cylindrical Cassette

Mounted on X-Ray Diffraction Unit



October 15, 1941 ANALYTICAL EDITION 701

Courtesy, G. L. Clark, University of Illinois

Figure 83. Multiple X-Ray Diffrac-
tion Unit (Hayes)

Designed at University of Illinois for photo-
graphing four patterns simultaneously

The work of G. P. Thomson, Davisson and Germer, and
Rupp has shown that lattice constants may be interpreted
from electron diffraction patterns in a fashion analogous to
that of x-rays. The technique is primarily suited to films
which are thin enough to be penetrated by the electron
beams, or to surface films from which they may be reflected.
The extension of this method to gases and vapors has been
reviewed by Brockway {29A).

A typical analytical application is illustrated by the electron-
diffraction apparatus of the Dow Chemical Company (Figures
96 and 97), a hot-filament tube operated at —45,000 ± 3 volts.
The accelerated electrons pass through a 0.2-mm. pinhole in a

copper target and are then focused by a magnetic lens before
they impinge on the specimen (the adjustable specimen holder
accommodates three samples). The pattern made by the dif-
fracted electrons is then recorded on a photographic plate, 18 X
6 cm. A hexagonal drum in the camera proper carries five
plates and a fluorescent screen. The specimen-to-plate distance
of the apparatus is 75 cm. Two oil diffusion pumps serve to
maintain a vacuum of 10~6 mm. of mercury in the entire
system. The apparatus was designed and set up by L. K. Frevel
and L. Sturkey and has been used primarily in the identification
of surface coatings.

Figure 98 reproduces the reflection patterns of magnesium
oxide and magnesium hydroxide.

Photometric

A photometer serves for the comparison of light intensities,
which may be from different sources, or from a common

source, one portion of the light having been reduced in in-
tensity as a result of absorption or reflection losses. Hetero-
chromatic photometry is of little use in chemical investiga-
tions; its use is confined to the measurement and evaluation
of illuminants. For all colored substances, it is necessary to
restrict the radiation to a narrow region of the spectrum.

Courtesy, General Electric X-Ray Corp.

Figure 84. XRD Universal Specimen Mount with Pinhole Assembly and Flat
Cassette

For orientation and estimation of degree of internal strain in a single crystal
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Courtesy, General Electric X-Ray Corp.

Figure 85. Slightly Asymmetric Laue Pattern
Obtained from a single sodium chloride crystal* oriented so that
x-ray beam is 20 =**  2' from perpendicular to the [001] direction and

2° 40 =*= 2' from parallel to the [110] direction

This is usually achieved by the use of filters and the instru-
ment is then designated as a filter photometer. In prin-
ciple it resembles a spectrophotometer, but since the isolation
of the spectral region with a filter produces a wider band than
dispersion by a monochromator and offers a smaller choice of
spectral regions, the instrumentis often called an abridged spec-
trophotometer.

An exception to this point may be made if, for example, a
discontinuous source of radiation is used (mercury arc)
supplemented by a highly selective filter; it is then possible
to isolate a single line and the photometric comparison need
not be inferior to that of a spectrophotometer.

Courtesy* Thomas <fe Hochwalt Laboratories Division, Monsanto Chemical Co.

Figure 86. Powder Camera of X-Ray Diffraction Unit
Dexter H. Reynolds adjusting powder camera of G-E x-ray diffraction
unit. Provision is made for recording diffraction patterns from all types
of samples in powder of polycrystalline block form. Diffraction patterns
are registered rapidly, and are of a form to facilitate edge-to-edge com-

parison with standard patterns.

Courtesy, General Electric X-Ray Corp.

Figure 87. Back-Reflection Camera
XRD camera with 60° window cassette shield in position. Shield permits consecutive

registration of three patterns on same film for comparison.

Filter photometers are extremely use-
ful and several commercially available
instruments can be had with a large
assortment of accessories enabling them
to be used for related measurements
such as gloss, reflection, albedo, fluores-
cence, turbidity, and as trichromatic
colorimeters, or as comparison micro-
scopes.

Filter photometers are of two general
types—those in which the photometric
match is made with the eye and those
in which the measurement is effected
photoelectrically. The assumption that
any photoelectric instrument must be
more accurate and reliable than a visual
instrument is wholly unwarranted. A
very critical and authoritative ap-
praisal of this point has been given by
Gibson (197). However, the future does
seem to lie in the direction of the
photoelectric types, for there is no in-
herent limit in the attainable sensitivity
and objectivity of the measurement.
Fatigue effects again incline toward
the photoelectric type, although squint-
ing at a m icroammeter needle for
protracted periods is not a pleasant
pastime.

The relative uses and merits of
the filter photometer and spectro-



October 15, 1941 ANALYTICAL EDITION 703

photometer must also be approached with common sense,
whether one is dealing with the visual or photoelectric
type. It is largely the change in extinction with wave length
that is important. The photometric matching is equally
reliable for the two classes of instrument. In other words,
if the substance to be measured possesses very sharp absorp-
tion bands, such as hemoglobin or a neodymium salt, a spec-
trophotometer may be used in any region of the spectrum,
but a filter photometer would be restricted to some region
not occupied by sharp bands, and therefore
probably to one which is very insensitive
to small changes in concentration. The
error is never unconsciously made (with
a visual instrument), however, since the
failure of a filter instrument due to such
causes is at once apparent—i. e., it is
difficult to secure two fields of the same
hue.

For those problems in which the absorp-
tion bands are broad, and this includes
hundreds of important systems, there is
little choice between the two, and the less
expensive instrument is to be preferred.

In the measurement of mixtures, the
filter photometer is likely to impose em-

pirical calibration, whereas the spectro-
photometer can be depended upon to yield
additive extinction values. There are other
considerations applying to mixtures—i. e.,
the relative values of the separate extinc-
tion coefficients which limit the accuracy
my

Theory. A filter photometer consists
of a light source, an appropriate optical
system for producing a parallel beam of
light, a container for the light-absorbing
sample, or means for reflection from the
sample, and means for measuring the

Courtesy, G. L. Clark, University of Illinois and General Electric X-Ray Corp.

Figure 89. XRD Unit with X-Ray Tube and Cameras
Showing back-reflection camera (left) and flat cassette for very accurate

measurement of line shifts in solid solutions, etc. (right)

Courtesy, General Electric X-Ray Corp.

Figure 90. Universal Specimen Mount in Use with Cylindrical
Cassette

Courtesy, General Electric X-Ray Corp.

Figure 88. Back-Reflection Pattern of
Cold-Rolled Tempered Brass Strip Taken

with Shield Removed
Variation in^ intensity around inner diffraction ring per-
mits determination of degree of preferred orientation or

texturing induced by cold rolling. Width of diffraction
lines is measure of degree of internal strain, a property
which determines variations in hardness and strength of

polygrained metals.
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Courtesy, General Electric X-Ray Corp.

Figure 91. Pattern Obtained in Cylindrical Cassette Mounted on Universal Specimen Mount
Records pattern of a stationary quartz oscillator orientated so that x-ray beam coincides approximately with electric axis of crystal and central axis of
cassette coincides with optical axis of cassette. Faces of oscillator contain optical axis and make acute angle with electric axis. Characteristic piezo-electric frequency of an oscillator may be predetermined by specifying relation between its physical dimensions and crystallographic axes. Piezoelectric
properties are constant over a longer life if this relation meets exact specifications. Routine determination of orientation of crystallographic axes in rough

quartz crystals by x-ray diffraction techniques is standard practice with large manufacturers of quartz oscillators.

Courtesy, G. L. Clark, University of Illinois

Figure 92. Universal Camera for X-Ray Diffraction
(Hayes)

Designed at University of Illinois. Left, powder and rotation camera.
Center, base of camera and goniometer mounting for single crystal
(Laue or rotation method). Right, mounting of flat film for Laue or

fiber pattern.

amount of light which has been absorbed. An approximation
to monochromaticity is obtained by suitable filters, placed
either before or after the sample. The measurement may be
made directly (in some photoelectric instruments) or by com-

parison with a reference beam (visual and some photoelectric
instruments).

Visual Instruments. Two beams of light from a common

source, one passing through or reflected from the sample,
the other passing through some device which reduces its in-
tensity in measurable amount, are brought together as ad-
jacent fields and are compared with an eyepiece. Three
methods for weakening the comparison beam arc commonly
employed:

1. Aperture type in which a slit or diaphragm is opened or
closed. The intensity is a function of the aperture and in the
case of a square aperture moving along a diagonal (Zeiss) follows
a square law.

I = kd1 2

where 9 is the angular motion of the feed screw

2. Polarization type in which the comparison beam is ren-
dered plane-polarized and reduced in intensity by a rotatable
analyzer. The intensity variation follows the law

I = It, COS2 9

Tables are usually provided with this class of instrument relating
the observed angles to the corresponding transmission, density,
or extinction values.

3. Neutral wedge type in which the comparison beam passes
through a light-absorbing we,dge. The wedge may be moved

Figure 93. University op Illinois Camera for Powder
Patterns

May be used with appropriate modifications for vacuum and gaseous
atmospheres and at high and low temperatures
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Courtesy, General Electric X-Ray Corp.
Figure 94. Film Scale

XRD film scale, holding two superimposed powder camera patterns in position for measuring angles between
corresponding diffraction maxima. Parameters characteristic of crystal structure of unknown samples may be
read from standard tables and compared with parameters of known pure substances for absolute qualitative
analysis for solid phase constituents. Rough quantitative estimation may be made from relative intensities of

diffraction maxima in many cases.

along its length, thus introducing a thinner or thicker portion.
To avoid gradients in the effective portion a compensating wedge
is often introduced. This is an identical wedge, turned in the
opposite direction; consequently the net cross section exposed to
the beam is an optically uniform rectangle. Since the intensity
varies logarithmically with thickness (Lambert’s law), the motion
of the wedge is linear in density or extinction.

la — log TadaE

Photoelectric Instruments. There are many types and varia-
tions {183,213, 5I0)rmost of which have been classified by the
writer {196). The photocells may be of the barrier layer,
emissive, or multiplier type {197). There are single-cell
photometers with a choice of electrical methods for measuring
the current—i. e., direct deflection, and potentiometric com-

pensation of both linear and logarithmic nature {196).
Double-cell arrangements {299) consist of two photocells il-
luminated from a common source, with the sample placed in one

of the beams. Optical compensation is effected in the other
beam, or the two photocurrents may be measured electrically

by (a) opposed flow through a common meter or galva-
nometer, or (&) potentiometric or shunt cancellation. Some
of these circuits compensate for source fluctuations and others
do not {196).

Calibration and Computation of Results. Many instruments
carry scales which indicate directly the measured quantity
as well as derived quantities which are more directly appli-
cable. Thus a photometer scale may read per cent trans-
mission, density, or extinction. In others, tables are pro-
vided to translate the instrumental indication into the re-

quired information. It seems that more care, ingenuity, and
real instrumentation have been practiced in the older visual
instruments than in the newer photoelectric devices. Density
or extinction indications are to be regarded as the ultimate
goal in all photometers intended for photometric analysis.

For instruments which indicate the extinction directly,
the concentration is directly proportional to the reading,
provided Beer’s law applies. The present need for empirical
calibration with known solutions in so many instances is
partly due to lack of good instrumentation and also to our

Courtesy, Dow Chemical Co.

Figure 95. X-Ray Diffraction Units
Unit at right is equipped with a Mo target tube and is used mainly for routine chemical analysis by powder diffrac-
tion method. Orientation studies on metals and other substances are also made with this unit. Unit at
left is equipped with a Cu target tube and is used for precision measurements of lattice parameters and for x-ray

studies of polymeric substances.
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Courtesy, Dow Chemical Co.

Figure 96. Electron Diffraction Apparatus

limited and still unsatisfactory knowledge of “colorimetric’'
chemical reactions.

An important question arises in connection with all filter
photometers: To what extent can measurements reported by
one investigator be duplicated by another, using a different
instrument? No question of this sort arises in the use of a
spectrophotometer. In some filter photometers, the photo-
metric system is sufficiently fundamental in design and the
filters are held in such rigid absolute specifications that it is
possible to publish “effective extinction coefficients” for dif-
ferent substances with reasonable certainty that others can

duplicate the results.
Instruments. Of the many instruments available for this

work we shall discuss a few which are representative of a

given type or class. Some are unique in their class, others
have many successful competitors.

Visual Instruments. Aperture Type. The Zeiss Pulfrich
photometer, shown in a general view as Figure 99 and in
schematic sectional diagram as Figure 100, is a fine example
of this class.

The photometer lamp contains a source, two mirrors, and two
adjustable sleeves carrying focusing lenses and ground-glass
diffusing screens. The photometer head carries demountable
cell holders and two variable apertures which are opened or
closed by rotating large measuring drums. The separate beams
pass through total-reflection prisms to a biprism and the circular
bipartite field is viewed with an eyepiece. A revolving filter
holder permits the selection of any one of a dozen highly
selective filters, which occupy a position between the biprism
and the ocular. The holder normally accommodates nine filters
at a time, but special filters are easily snapped in or out of the
holder. The filters are extremely selective, almost opaque to
normal daylight, and the spectral centers of gravity are
more or less uniformly distributed throughout the visible spec-
trum. Complete specifications of the filters are provided by the
manufacturer with respect to wave length at maximum trans-
mission, effective center of gravity, width of band at half and

Courtesy, Dow Chemical Co.

Figure 97. Electron Diffraction Apparatus
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Courtesy, Dow Chemical Co.
Magnesium Oxide Magnesium Hydroxide

Figure 98. Reflection Patterns of Magnesium Oxide
and Magnesium Hydroxide Obtained with Electron

Diffraction Apparatus

Courtesy, Carl Zeiss, Inc.

Figure 99. Zeiss Pulfrich Photometer

The emergent beam strikes the Brodhun photometer cube, from
whence it passes through the filter and eyepiece. The photo-
metric field appears as two semicircular patches which,
upon rotation of the Nicol, can be made to merge into a single
uniformly illuminated field. The computations are in terms of
the general law for polarization photometers, but to save the
observer’s time, tables are provided relating extinction to angle
of rotation of the analyzing Nicol prism. This versatile in-
strument has been applied to a great variety of problems (Figure

tenth of maximum transmission, and trans-
mission at the center of gravity. For example,
the S61 filter (yellow) has a band width of 24
mju at half value and 66 m,u at tenth value, a
maximum transmission of 620 my, a center of
gravity at 619 my, and a transmission of 0.080
per cent at this wave length. Special filters
are available for use with a mercury arc source
to isolate the blue line 436 my, the green line
546 my, and the yellow pair 577-579 my. The
aperture drums are both calibrated, and read
in per cent transmission and extinction. A
very large assortment of accessories can be had
to adapt the instrument to any type of photo-
metric measurement. Another very convenient
feature, as pointed out by Ashley (8) who has
made extensive use of this equipment (7), is the
ease with which absorption cells or tubes vary-
ing from a millimeter or less to 50 or more centi-
meters in length can be accommodated.

This instrument is worthy of the name of
Pulfrich, who has contributed so much to
the science of optics. Its excellence and
utility are best attested by the monographs
and voluminous literature devoted to its
uses and applications (114, %85, 285A).
Complete accessories are obtainable.

Polarization Type. An example of this
class of photometer is shown in Figure 101
and in schematic view in Figure 102. This
is another high-class optical instrument of
perfectly general utility, which with suitable
accessories can be used for every conceivable
photometric problem.

As shown in Figure 102 it is set up for the
photometry of colored liquids or solutions.
Light entering from the right traverses two
total-reflecting prisms and rises through the ad-
justable absorption cell, after which it passes
through a Brodhun photometer cube, through
another total-reflecting prism, and out through
the eyepiece and color filter. A portion of the
original light beam is reflected upward on the
right side of the instrument, where it is re-
flected from an adjustable mirror and enters
the polarizing head. The second Nicol prism
can be rotated to decrease the intensity
and a scale indicates the angle of rotation.

Figure 100. Schematic Sectional Diagram of Zeiss Pulfrich
Photometer

Courtesy, E. heitz, Inc.

Figure 101. Polarization-Type Photometer
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Wedge Type. An example of this class is shown in Figures
104, 105, and 106. This instrument has enjoyed widespread
adoption and indicates extinction values directly in a range
of 0 to 2.0 (100 to 1 per cent transmission), and hence for
all systems obeying Beer’s law the scale readings are directly
proportional to concentration. The principle is almost self-
evident from the detailed illustrations.

The second condenser lens bears a lightly frosted surface which
furnishes intensely and uniformly illuminated patches of light.
Two wedges are provided, a small compensating wedge in the
path of the absorbing system and the larger measuring
wedge (100 mm.). The two beams are combined as shown and
pass into the eyepiece and color filter. A large selection of highly
selective filters is offered, including monochromats for the blue,
green, and yellow lines of the mercury arc. This company’s
excellent series of precision absorption cells are used with the
instrument {197, Figure 71). The neutral wedge is practically
nonselective, showing no more than 6 per cent decrease in trans-
mission at short wave lengths and 3 per cent at long wave length.
For studies at any one wave length this is of little consequence.
A related instrument of the photoelectric type is discussed later.

There is little to be said in appraising the future of visual
photometers. To many, their days seem to be numbered in
view of photoelectric developments, but the best resources of
the last half century’s optical theory and practice have gone
into their design and they are real instruments in a sense
achieved by too few of their photoelectric successors. There
is a degree of versatility, constancy, reliability, and ease with
which they can be put into service at a moment’s notice which
is not to be ignored. As instruments they have reached the
upper limit—i. e., that set by the visual acuity of the ob-
server.

Photoelectric Photometers. A classification of these methods
has been mentioned {196) and it may serve our purpose here
to illustrate a few type examples.

Single-Cell Barrier-Layer Type. In this class, a single
photocell of the self-generating type is used to measure the
intensity of a semimonochromatic beam of light. Measure-
ments are made alternately through solution and solvent and
the ratio of the photocurrents indicates the transmission.

Various electrical schemes other than
a direct measurement of the current
with a microammeter or galvanom-
eter are used {196). The method re-

quires constancy of the light source,
at least during the interval in which
the two readings are made. A well-
known and widely used instrument
of this type is shown in Figures 107
and 108.

The light source is fed from a con-
stant-current transformer and the
photocurrent is read with a Weston
microammeter. The absorption cells
move in a carriage in a direction per-
pendicular to the optic axis. A large
reading glass inserted in the top of the
case facilitates reading the meter.
Suitable light filters are supplied, ac-
cording to the location of the absorbing
bands of the system.

Some compromise in selectivity
of the filter is necessary with this
class of instrument, since reasonably
high light intensities are required.
For this reason apparent deviations
from Beer’s law may arise which are

not ascribable to the absorbing sys-
tem itself. In most cases empirical
calibration is recommended. These
instruments are widely used in clinical
work (Figure 109), as well as many
other “colorimetric” analyses. A col-
lection of methods employing this
instrument has been published
{182).

In general, the single-cell type, if
it employs barrier-layer cells, must
use relatively nonselective filters in
order to get sufficient light or very
delicate high-sensitivity galvanom-
eters. In the latter case it is still
possible to measure light resolved by
a monochromator {197).

Single-Cell Emissive Type. The
use of a phototube, usually with
amplification, has not met with ex-

tensive commercial use, although
many sensitive circuits have been de-
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Courtesy, E. Leitz, Inc.

Figure 103. Leitz-Leifo Photometer at Metropolitan
Life Insurance Co.

scribed (196, 222). There still seems to be some objection
to the inherent complication of phototube-amplifier combina-
tions, but present trends in electronics already indicate a

degree of reliability, extraordinary sensitivity, and good sta-
bility from this combination. Without going into the endless
intricacies of this field, it may be mentioned that three rela-
tively recent developments will exert an enormous effect on

this class of photometers and probably stabilize practice for
some time to come.

1. Electronic stabilization of light sources (196).
2. Inverse feedback amplifiers of extraordinary stability

(222, 272).
3. Multiplier-type phototubes such as the recent R. C. A.

931.

Twin-Cell Type. These may be of the barrier-layer or

phototube class and in the latter case may or may not use

amplification. Compensation can be attained optically or

Courtesy, American Instrument Co.

Figure 104. Wedge-Type Photometer
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Courtesy, Central Scientific Co.

Figure 107. Cenco-Sheard-Sanford Photelometer

photocurrent in the measuring cell is restored to its original
value, rather than decreasing the output of the comparison cell.
This is a compact and carefully designed instrument worthy of
the traditions of its manufacturer.

In Figure 111 is shown another twin-cell photometer using
phototubes and a compensating electrical circuit. This circuit
compensates for source variations and reads directly in per cent
transmission, for which a decade resistor network is used. The
circuit has been described by its inventors and representative re-
sults have been published (@5H), and the theory of balance has
been discussed in relation to similar circuits (196).

The photoelectric equivalent of the Aminco Wedge photom-
eter which uses electrical compensation is shown in Figures
112, 113, and 114.

A comprehensive review of this subject is badly needed,
particularly with respect to circuit analysis and the discus-
sion of the newer electronic developments. In general, no

very high degree of photometric precision is obtained in
photoelectric photometers; the fact that most of the “colori-
metric” chemical methods are so very sensitive and produce
measurable “color” with minute amounts of substance often
gives a false sense of precision and sensitivity to the measure-
ment. On the other hand, it is interesting to compare these

electrically and source fluctuations may or

may not be cancelled, depending upon the
method used (196). A higher differential
sensitivity may be expected because the
main output of each cell is canceled and
only the differences due to absorption are

measured or compensated for. Two ex-

amples of practical instruments will be
mentioned.

The Spekker absorptiometer (Figure 110)
employs a light source and two barrier-layer
cells connected in opposition through a gal-
vanometer. The absorption in the sample
cell is compensated by opening a diaphragm
until balance is restored. The drum control-
ling the diaphragm is calibrated in extinction
units. Compensation is made in the absorbing
side and not in the comparison beam, as is
often done. With this arrangement the

Courtesy, Central Scientific Co.

Figure 108. Side Interior View of Photelometer
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Courtesy, Central Scientific Co.

Figure 109. Use of Photelometer in Clini-
cal Laboratory

methods with spectrographic techniques, where a precision
of 2 to 3 per cent is generally considered excellent. In some
cases the range of sensitivity for a given constituent is about
the same, although in others the spectrograph is far more
sensitive.

Applications, A large number of applications of the
visual types of photometers are classified with references and
titles in the works of Urbach (285A), Krebs (162, 311), and
Heilmeyer (114), and in bulletins by Carl Zeiss, E. Leitz and
Co., and the American Instrument Co. In addition, the
treatises on colorimetry by Yoe (309) and Snell (262) contain
specific reference to the use of photometers, both visual and
photoelectric. All other analyses listed by them are suitable
for use with any of these instruments, although if they were

developed for use with a Duboscq colorimeter or comparison
tubes, the necessary information relating to proper filters,
etc., will be lacking (see also 99).

The principle of photometric titration has been employed
from time to time in order to substitute titrimetric precision
for a single photometric measurement, or better stated, to
combine the photometric technique with that of titration.
The arrangement shown in Figure 115 has been used in the
author's laboratory for this purpose. The apparatus has
somewhat wider utility, since it is automatically recording
and therefore suited to follow slow changes in transmission.

It consists of an electronically regulated light source constant
to 0.02 per cent, which illuminates the slit of a monochromator.
A titration cell receives the monochromatic light which, after
traversing the cell, strikes a vacuum phototube. The phototube
and preamplifier are in a light-tight case to the right of the
titration vessel. The photocurrent is fed to a high-gain inverse-
feedback amplifier which delivers a linear 10-milliampere output
for very low levels of illumination (exit slit of monochromator =s=

1 mn *  10 A.). The stability and linearity of this amplifier
are high enough to require an output meter accurate to 0.1 per
cent, which accounts for the precision standard meter visible
in the foreground. For recording purposes, the output current
may be sent through a standard series resistor box, the terminals
of which are connected to a Micromax recording potentiometer.

Some typical photometric titrations to test Beer’s law
are shown in Figure 116. The readings as well as the records

are transmission values and have been recalculated to extinc-
tion values, and corrections for dilution due to the addition
of reagent have been made. This equipment is primarily for
research on systems of analytical interest—i, e., to test Beer’s
law, study equilibria and rate of reaction, and establish
stoichiometric ratios and thereby ascertain the nature of the
light-absorbing entity.

“Colorimetric”
This term, as understood by the chemist (196), refers to

the analytical method whereby the concentration of a sub-
stance is determined by means of its color or by a color pro-
duced upon the addition of a suitable reagent. It is one of
the most widely used analytical techniques and is primarily
suited for very small amounts or concentrations. The meth-
ods of measurement vary from simple comparison in test
tubes or Nessler tubes to the use of elaborate instruments.
In the extension of the technique to more and more refined
measurements it reduces to a photometric or a spectrophoto-
metric problem. The compilation of colorimetric methods
is tremendous and many treatises discuss the various in-
struments in detail (80, 262, 309). In many respects
colorimetric methods compare very favorably with other
analytical techniques such as the spectrograph, polarograph,
etc., in sensitivity and precision.

Courtesy, Jarrell-Ask Co. and Adam Hilger, Ltd.

Figure 110. Spekker Absorptiometer

Courtesy, Wilkens-Anderson Co.

Figure 111. Twin-Cell Photometer
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Theory. Colorimetric matching involves the comparison
of a colored sample, with or without instrumental aid, with a
reference sample which may be an artificial reference or one
which is identical in nature but of known concentration. In
general, white light is used for the matching and some degree
of hue discrimination as well as intensity matching is involved.
If colored or filtered light is used, the technique is more

properly called filter photometry. One principle of compari-
son involves the choice of suitable depths of solution (stand-
ard and unknown) until the two colors match, and under
these conditions the respective concentrations are inversely
proportional to the corresponding depths.

CiU = Cztz

This is a consequence of the Lambert-Beer law discussed
above.

Courtesy, American Instrument Co,

Figure 112. Photoelectric Photometer

Special cases arise in which the equilibrium between two
colored species is to be determined, as, for example, in
some pH measurements. These are discussed below.

Instruments. No discussion of test tube or Nessler tube
comparison is called for here, since these are not instrumental
methods, although numerous aids, such as comparator blocks
or roulette comparators, are very useful accessories.

A very convenient comparator, shown in Figure 117, is one of
numerous models manufactured by the company. The sample
is placed in one of the fused-glass rectangular tubes and a similar
tube is filled with distilled water. An appropriate color wheel or
disk is then introduced, which upon rotation introduces non-
fading glass color disks into the optical path. When one is found
which matches the sample, its designating number is read at the
aperture on the lower right. A simple eyepiece with prism brings
the two color fields in juxtaposition. The comparison tube also
serves to compensate for any turbidity or background color in the
sample. Color disks are provided for twenty-four different pH
indicators, for iron, ammonia, nitrite, chlorine, manganese, dis-
solved oxygen, lead, phosphate, silica, sulfides, and many other
colorimetric methods. Color disks are also available for special
classes of work, such as the color determination of petroleum oils
and petrolatum, color of varnish, resins, lacquers, etc. Instru-
ments of this sort are well suited for rapid, reasonably precise
tests in routine or field work.

A familiar class of instrument is the Duboscq colorimeter,
of which there are many models and types (197, Figure 60).
Figures 118 and 119 illustrate two models that find extensive
use in industry and in the clinical field. Modifications of the
general principle adapt this class of instrument to special
problems as, for example, the hemoglobinometer, the micro-
colorimeter, and the hydrogen-ion colorimeter. In the latter,
unique provision is made for the measurement of equilibrium
between the two colored forms of an indicator. The principle
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Figure 113. Photoelectric Photometer
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is described in detail by Clark (40). In the ex-

pression relating pH to the apparent dissociation
constant, K', of an indicator

pH - pit' + log a/(l - a)

the fraction, a, of the indicator which is in one
of the colored forms and the other, 1 — a, can be
measured colorimetrically, and hence, knowing pK',
the pH can be computed.

The hydrogen-ion colorimeter uses twin cups on
either side. On the compensating side, one cup con-
tains indicator in the acid form, the other cup in
the basic form. The total depth is held constant,
but by moving the inner cup, any hue ranging from
the complete acid color to the full basic color can be
obtained and the cup settings yield the ratio a/(l — a).
Log tables of these ratios are provided, and the appro-
priate values are simply added to the correct pK' for
that indicator.

Applications. There are so many applications
of this method and in general they are so familiar
that it is pointless to enumerate even typical ex-

amples (6). In clinical chemistry a very appreci-
able fraction of all analyses are conducted in this
manner, because the method is rapid, requires very
little material, and is sufficiently precise for the
purpose. A tremendous amount of research and
ingenuity has gone into the development of colori-
metric chemical procedures; indeed, many substances
by nature are not addicted to the formation of
colored compounds and it has required clever indirect
methods to bring them within the scope of this sub-
ject. Instruments for the purpose are relatively
cheap, convenient, and versatile. The competition
which photoelectric photometers have occasioned is
real, but the simplicity and directness of the color-
imeter will continue to be attractive for some time
to come.

Courtesy, New York University

Figure 115. Manual and Recording Photometric Titration
Apparatus
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Figure 116. Photometric Titrations

Fluorometric

Early studies in fluorescence were devoted to the elucida-
tion of the phenomenon, the connection between chemical
constitution and fluorescing ability, and a study of the factors
which affect the phenomenon. It is an extremely complex
phenomenon and although known, by a few examples, to
the ancients it was often demonstrated but rarely used.
Analytical uses were proposed a long time ago and several
treatises (48, 220) list hundreds of tests and analytical
schemes. Although the phenomenon is common, it is more

frequently associated with substances of limited analytical
interest. Nevertheless, there are enough cases to make it
worth while, and especially in the case of vitamin assay, im-
portant enough to stimulate the development of suitable
instruments.

Theory. The fundamentals of the phenomenon are dis-
cussed at great length in two monographs (79, 219).
Upon absorption of light, a fluorescing substance re-emits the
energy, generally at wave lengths longer than the exciting
radiation (Stokes’ law). In many systems and at extremely
low temperatures definite energy states in the emitting system
can be recognized, but at higher temperatures and especially
in solution, the fluorescence spectrum is a broad “washed-
out” band. The theoretical requirements of the quantum
theory are obeyed in the energy distribution, as shown by
Wawilow (292). The energy re-emitted is not directly pro-
portional to the concentration—i. e., there are self-quenching
effects. What is more important is the fact that many ions
exert a powerful quenching effect on the fluorescence. The
various effects which have an important bearing on analytical
applications can be stated briefly. The specific fluorescence
depends on (1) concentration of the fluorescing substance,
(2) wave length of excitation, (3) pH, (4) temperature,

Courtesy, Hellige, Inc.

Figure 117. Colorimetric Comparator

Courtesy, Bausch <fc Lomb Optical Co.

Figure 118. Duboscq Colorimeter
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(5) presence of foreign ions, and (6) presence of other fluoresc-
ing substances.

The effect of pH is so pronounced that fluorescent sub-
stances have been used as “ultraviolet” indicators for titra-
tions (55), although in view of (5) this is often attended by
complications. The effect of foreign ions has been investi-
gated in detail (144, 198, 296) and the information should be
applicable to its influence on analytical uses of the method.

The general procedure consists in illuminating the sample
with monochromatic ultraviolet light and measuring, either
visually or photoelectrically, the visible fluorescent light which
is emitted. As a whole, a true photometric method is to be
preferred—that is, to measure the fluorescence per unit in-
tensity of the exciting radiation. In some cases a choice of
the exciting radiation with respect to wave length permits an

analysis even in the presence of other substances which
fluoresce.

Instruments. The Pulfrich and Leifo photometers,
previously mentioned, are available with suitable accessories
for precise fluorescence measurements. Photoelectric fiu-
orometers are becoming increasingly popular and already en-

joy wide use, particularly in the vitamin
field. The Hilger instrument shown in Fig-
ure 120 is an extension of the photometer
absorptiometer, Figure 110. An external,
sensitive galvanometer is used to indicate
balance, which is achieved by optical com-

pensation. One well-known instrument has
been described (197, Figure 70) and one of
its applications is illustrated in Figure 121.
Another, using a phototube and stable am-

plifier, is shown in Figures 122 and 123. Ex-
citation is provided by a mercury arc and
suitable filters. Very simple controls adjust
zero setting, a standard deflection in terms
of a reference sample and a control for
balancing out small initial deflections corre-

sponding to the blank. Sensitivities several
times as high as those obtainable with the
simpler cell-galvanometric arrangement are

claimed; on the basis of current practice
in electronics this is a reasonable claim.

Applications. These include the deter-
mination of vitamin B, (thiamin, 117), B2
(riboflavin, 117), and all naturally fluoresc-
ing substances such as quinine, other alka-
loids, oils, waxes, and proteins. Methods
whereby nonlluorescing substances can be
chemically treated to produce a fluorescing
substance are discussed in reference works
(48, 220) and by White (298). Mention
should also be made of the semianalytical
applications in forensic work for the detection
of adulterants, forgeries, and spots or

suspected artifacts. These are usually ac-

complished by visual inspection or photog-
raphy.
Turbidimetric and Nephelometric
The optical properties of finely divided

particles or disperse systems have some in-
terest for the analytical chemist but con-

siderably more interest for the colloid
chemist who is interested in learning more
about the nature of these dispersions. Since
such dispersed systems scatter light, a suit-
able measurement of the light scattering may
be used to determine the amount of dispersed
material. Three methods may be used:

1. Light which has traversed a turbid medium will be scat-
tered to some extent and there will therefore be a decrease in the
intensity of the emergent beam.

2. The intensity of the light which is scattered laterally may
be compared with a suitable reference and the procedure is then
known as nephelometric.

3. An accurate measurement is made of the ratio of intensity
of the scattered to the incident light by means of a Tyndall-
ometer. The principle and design of this instrument were de-
scribed by Mecklenburg and Valentiner (189)', it is manufactured
by Schmidt and Haensch of Berlin.

Light scattering is an extremely complex phenomenon and
the theory of the phenomenon was given in detail by Lord
Rayleigh (294), according to which the intensity of the scat-
tered light is given by:

I „ Nv3 . „

U
=

where I is the intensity of the scattered light viewed at an angle
a to the primary beam of intensity h', N is the number of particles
of volume v, and X is the wave length.

Courtesy, Bausch & Lomb Optical Co.

Figure 119. Duboscq Colorimeter
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of liquid against the concentration of the dispersed phase
yields a smooth curve, as shown in Figure 125. The photo-
electric equivalent of this instrument is shown in Figure 126;
the advantage of the second form lies in the more objective
nature of the setting. Corresponding calibration curves for
this instrument are shown in Figure 127. Both instruments
have found wide application for this class of analyses, par-
ticularly in sulfate determinations, wdth which they are con-

veniently used in connection with the Parr sulfur bomb (Fig-
ures 128 and 129).

Courtesy, Jarrell-Ash Co. and Adam Hilger, Ltd.

Figure 120. Spekker Fluorometer

Courtesy, Pfaltz & Bauer, Inc.

Figure 121. Use of Fluoropiiotometer

Of principal analytical interest is the fact that the measure-

ments will be affected by (1) manner of mixing sample and
reagent, (2) ratio of the concentrations, (3) rate of mixing,
(4) rate of development to maximum turbidity, (5) tempera-
ture, (6) stability of the dispersion, and (7) effect of foreign
substances—electrolytes and nonelectrolytes.

It is also assumed that the dispersed phase is colorless, for
if colored dispersions are produced there is the added com-

plication of selective light absorption.
A discussion of these complexities and a theoretical and

practical treatment are available {104,153, 295, 309, Vol. II).
Instruments, Suitable instruments for the comparison

of relative turbidities range from test-tube comparator blocks
to more elaborate means of photometric comparison. An
example of a very useful turbidimeter for sulfate determina-
tions is shown in Figure 124. The estimation of turbidity
with this instrument is obtained by measuring’ the depth of
the suitably prepared dispersion through which one can still
observe the filament of a small lamp. A plot of the thickness

Courtesy, Coleman Electric Co.

Figure 122. Photofluorometer

Another approach to the same problem is illustrated in the
Hellige instrument (Figures 130 and 131), in which a twin
photometric field results from the lateral illumination of the
suspension and a comparison beam which is reflected upward
through the system. The comparison beam may be adjusted
by means of a precision slit {S, Figure 132).

Many of the commercially available photoelectric photom-
eters are adaptable to turbidimetric measurements. In
practically all cases such use implies empirical calibration,
primarily to suit the optics of the system but more especially
because of the great influence of the various factors noted
above.

Several sources describe alternative optical approaches,

Courtesy, Coleman Electric Co. and Continental Can Co.

Figure 123. Electronic Photofluorometer in Chemi-
cal Research
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The specific refraction may be expressed
according to Gladstone and Dale as

R = (n - 1 )/d (5)

where d is the density, or somewhat better
by the Lorenz-Lorentz equation

R n2 - 1 ,,
1

n2 + 2 X d (6)

Figure 124, Turbidimeter

some of them based on the fact that the light scattered by
such media is almost completely polarized.

Applications. The method is particularly suited for the
determination of small quantities of any substance which
can bfe “precipitated” under conditions that will maintain a

stable and uniform dispersion. An extensive list of such ap-
plications, along with detailed directions, is to be found in
Yoe’s monograph (309, Vol. II) and some later applications,
particularly by photoelectric means, have been mentioned
by the author (196; see also 27, 102, 267). An interesting
extension of the technique has been described by Goodhue
(98), who developed a turbidimetrie titration scheme for the
determination of small amounts of nicotine (see also 15).
There have also been many applications of these methods
to problems of no particular analytical interest, such as the
determination of sedimentation rates.

What has been said about these measurements applies also
to dispersions in gases and has proved very useful in the
examination of very dilute smokes and vapors.

Refractoinetric
The refractive index of a medium is an important constant

and has useful analytical applications. It can be measured
in any region of the spectrum from electric waves to the
shortest x-rays, and in all states of aggregation, solid, liquid,
or gas. Although it is an unspecific property, in many in-
stances its numerical value is an important identifying char-
acteristic which, in connection with other properties, defines
the system. It finds many uses in technical analysis for con-
trol of purity and the analysis of simple binary mixtures.

Theory. The refractive index, n, expresses the ratio of the
velocity of light in the two media which form the boundary.
The law of Snell expresses n as the sine of the angle of in-
cidence divided by the sine of the angle of refraction or

(4)

The product of this quantity and the
atomie or molecular weight yields the atomic
refraction or molecular refraction. The sum
of the atomic refractions is equal to the
molecular refraction, provided the necessary
corrections are made for the binding or

linkages. The contribution of double and
triple bonds and conjugated linkages has
been evaluated, and in the early applica-
tions these data are very useful in establish-
ing the structure of complex organic com-

pounds. Small constitutive variations in
these corrections are now recognized and
the problem is not so simple as the early
considerations indicated.

The change in refractive index with wave

length is known as the dispersion, and this
quantity is equally important and useful
(289, 302). It is usually expressed as

(nr — nc) where the subscripts refer to the
hydrogen lines, F = 4861 A. and C = 6563 A,

The connection between Equation 6 and the total polariza-
tion, P, as determined from the dielectric constant is dis-
cussed under the latter heading.
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Figure 125. Typical Calibration Curve for
Visual Turbidimeter
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Figure 126. Turbidimeter, Photoelectric Type

MILLIGRAMS SULFUR IN 250 ML TEST SOLUTION

Courtesy, Parr Instrument Co.

Figure 127. Typical Calibration Curve for Photoelec-
tric Turbidimeter

The refractivity of mixtures might be expected to follow a
simple mixture law of the type

100 72 = Pi72i + P2R2 +........

where the P’s represent per cent of the components and the
R’s the corresponding refractivities, but this assumes no inter-
action of the molecules; and to the extent that the solutions
deviate from ideality one can expect this to appear in the total
refraction. In most cases a mixture is analyzed by reference
to the refraction of mixtures of known composition.

Both refractive index and dispersion vary with the tempera-
ture; in solutions the temperature coefficient is usually’large
and negative in sign.

Instruments. Many simple devices may be used for a

rough measurement of n {152), and the ordinary microscope
may be used for this purpose if no refractometer is available.
These methods are discussed in standard works on optics
{29If). Four general classes of instrument will be mentioned.

Abbe Refractometer. This instrument is direct-reading in re-
fractive index for the sodium lines, nD, with a range of about 1.3
to 1.7 and can be estimated to ±0.0001. Solids or liquids within
this range can be measured. For liquids only a drop is necessary

Courtesy, Parr Instrument Co.

Figure 128. Complete Peroxide Sulfur Apparatus
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Figure 129. Sulfur Bomb and Water Bath

Any interferometer can be used to demonstrate this princi-
ple, but for exceedingly small differences it is necessary to
bring the two arms together in order to rule out any appreci-
able temperature differences. Under the best conditions,
values a thousand times smaller than those measurable with a
refractometer can be determined.

For example, in the case of gases with a 100-cm. chamber,
the error is of the order of 2 X 10~8 n. For liquids in 8-em,
depth about =*=2.5 X 10-7 and at 1-mm. depth about *2 X
10_s. With the gas interferometer shown in Figure 136, a

and it is held between two prisms. The prism mountings are
hollow, permitting the use of circulating water from a thermostat
to maintain constant temperature. The principle depends upon
the critical angle of total reflection which is determined by n
of the liquid and the constant, n, of the contiguous prism. White
light may be used as the source and an Amici prism is used to can-
cel dispersion effects. When the prism is rotated to produce an
achromatized shadow edge, the sodium line passes through un-
deviated. The angular setting of the Amici compensator en-
ables one to obtain the dispersion. Tables are usually supplied
for this information. Several examples of this instrument {196,
Figure 53) are illustrated in Figure 133. Special scales can be
provided for an Abbe refractometer for use as a direct butyro-
refractometer, sugar refractometer, etc.

Pulfrich Refractometer. This instrument also employs the
total-reflection principle and is particularly suited for the deter-
mination of dispersion values. It is not direct-reading; the
angle of the deviated ray is referred to tables from which n may
be obtained. No achromatizing arrangement is provided, so
that full dispersion is observed in the eyepiece. In its ordinary
form n can be determined to =*=0.0001, but. more elaborate forms
of the instrument have reduced the uncertainty to =i=0.00001.
This instrument is manufactured by Carl Zeiss and by Adam
Hilger. A full description is given in most texts on optics and
physical chemistry.

Dipping Refractometer. This is a limited-range instrument
with correspondingly higher precision. In order to cover the
entire range, interchangeable prisms are provided and as many
as a half dozen may be required. A typical instrument is shown
in Figure 134 and schematically in Figure 135. An arbitrary
scale is mounted in the eyepiece and a rotating drum makes it
possible to read the position of the dividing line on the scale to
tenths of a division. The average precision is of the order of
=*= 0.000035. A compensating prism is also used to achromatize
the shadow edge. It is rotated by the knurled ring near the
prism. The prism is usually dipped into a sample cup, but where
limited amounts are available, a special cup may be used con-
taining an auxiliary prism which nearly engages the hypotenuse
face of the instrument-prism. A thin film of the liquid is thus
caught between the two.

Interferometer. In a refractometer, the refractive index itself
is measured, whereas with the interferometer the difference in
refraction of two liquids or two gases is determined {109, B9Jf).
This is the usual case, although it is possible to calibrate an
interferometer in absolute terms, using monochromatic light of
known wave length. Since a change in refractive index results
in a change in the velocity of light through the medium, it will
be apparent from the definition of n that to measure n we need
but measure the difference in velocity. Light coming from a
common source and traveling in two separate beams along the
same distance will arrive in phase at any point, but if one path
is through a medium of slightly higher refractive index, this is
equivalent to a virtual change in distance traversed and the two
beams will be out of phase and show interference fringes. The
phase difference can be restored by moving a compensator plate
driven by a slow-motion screw.

Figure 131. Hellige
Turbidimeter for Con-

tinuous Reading

Figure 132. Hellige
Turbidimeter, Dia-

grammatic View

Courtesy, Hellige, Inc*

Figure 130. Hellige Turbidimeter
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portable instrument with a 10-cm. chamber, the error in
measuring carbon dioxide, methane, or hydrogen in air
amounts to about 0.1 per cent. The same instrument can be
fitted with 25- and 50-cm. chambers; the errors are then 0.04
and 0.02 per cent. It is suited for rapid “on the spot” analyses of
noxious fumes, carbon dioxide in expired air, or ether in the
atmosphere of operating rooms (±0.4 to 0.8 gram per cubic
meter).

Applications. Among the hundreds of uses a few typical
ones may be mentioned. An interesting and important appli-
cation {149,243,249) is illustrated in Figure 137.

The object of this particular installation is to measure the
vapor concentration of toxic organic solvents in the air of a large
(1032 eu. feet) experimental chamber. Air is circulated rapidly

Figure 133. (Upper Left) Jelly-
Type Refractometer for Use with

a Drop of Liquid
Courtesy, Fisher Scientific Co.

(Left Center) Abbe Type Refrac-
tometer

Courtesy, Spencer Lens Co.

{Lower Left) Bausch & Lomb Precision Refractometer-Pulfrich Photometer as Used for Measurements on Sugar
Solutions. Courtesy, F. W. Zerban, New York Sugar Trade Laboratory

{Upper Right and Right Center) Valentine Refractometer, Improved Abbe Type
Courtesy, Industro-Scientific Co. and Gamma Instrument Co.
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Courtesy, Bausch & Lomb Optical Co.

Figure 134, Dipping Refractometer

converted between the sampling duets and the inter-
ferometer chamber. The instrument must be shielded
from air currents (avoiding thermal gradients) during
measurements. Concentration of toluene vapor rang-
ing from 25 to 1000 parts per million in air can be
measured and the instrument has also been used for
determining the concentrations of vinyl cyanide vapors.

Further uses of the interferometer include gas
analysis (218, 248), the analysis of oils (172, 186,
203, 237, 290), fats, and waxes (173), and the
analysis of very dilute aqueous solutions (n =

0.0004 to ±0.1 per cent) by means of a differential
refractometer (221). A discussion of n as an ana-

lytical constant, with 92 references, has been
published by Fulweiler (83) and a means for deter-
mining fat in chocolate by Stanley (266). Other
uses have been practiced for such a long time that
they are almost taken for granted; sugar and alco-
hol tables (253) are to be found in all manuals of
food analysis (31, 32) (see Figures 138, 139, and
140), and many other systems of analytical utility
(164,182) are listed in International Critical Tables
and related compilations (175, 229).

Polarimetry
The rotation of the plane of polarized light has

long been a convenient means of analysis, limited,
of course, to systems containing molecules with an

asymmetric atom, the most common of which is
carbon, but amenable to many compounds of sul-
fur, tin, selenium, silicon, and pentavalent nitrogen.
The technique is confined mostly to the analysis of
sugars (31, 32,140), essential oils, and alkaloids.

Instruments and Methods. Representative ex-

amples of this instrument are shown in Figure 141.
The polarimeter shown in Figure 142 contains all
the refinements for very precise wrork, including
preliminary purification of the light by a mono-
chromator. A splendid example of a precision in-
stallation is shown in Figure 143. The polarim-
eter showm in Figures 144 and 145 is an interesting
example of the utilization of that versatile product
of modern times—polaroid film. This presents for

by means of a fan in a set of recirculation ducts. One hundred
and thirty cubic feet per minute of fresh air are supplied, wdiich
is sufficient to eliminate the building up of carbon dioxide and
water vapor in the chamber and to prevent the upset of the basic
oxygen-nitrogen relation even wffien three subjects are in the
chamber. Fresh drying tubes containing calcium chloride to
remove water vapor and Ascarite to remove carbon dioxide are

the first time a very economical means of demonstrating the
principle of the polarimeter, yet providing results sufficiently
accurate for a considerable number of useful and practical
analyses.

Applications. Extensive tables are available in the litera-
ture (31, 32, 139, 168, 225, 283) for the specific rotation
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Courtesy, Carl Zeiss

Figure 136. Gas Interferometer

of a large number of substances, as well as tables in a more'
convenient form for definite analytical applications. In
many instances a combination of the specific rotation plus
the rotatory dispersion is useful for identification or for
special analyses.

While optical rotation is restricted in its applicability,
magneto-optic rotation applies to all substances and in all
states of aggregation. This Faraday effect, the numerical
value of which is expressed as the Verdet constant, is known
for thousands of substances. It has found no practical use in
analytical chemistry, largely because of experimental and
manipulative complications. Then, too, because of its per-
fectly general and unspecific nature it is not likely to be of
greater use in the future unless experimental simplifications
are forthcoming. The magneto-optic effect can be multiplied
by repeated passage of the light through the sample, which is
not true of ordinary optical rotation.

Some interesting possibilities seem to exist in the use of this
principle combined with the use of an alternating magnetic
field with a photoelectric measurement of the modulated light
component (201).

Potentiometric
This important branch of analytical chemistry is tlie subject

of several monographs (181,157,158,159,194) and extensive
reviews (25, 84). Bottger’s treatise (25), which is the most
recent and complete, lists 1024 references with titles. Fur-
man's excellent review (84) has been brought up to date (1941)
and will be published soon. A condensed version was pre-
sented recently (85) in a symposium on electrochemical
methods of analysis. In addition, most modem textbooks of
analytical chemistry discuss the subject because potentio-
metric methods have contributed so extensively to our knowl-
edge of equilibria, solubility, hydrolysis, oxidation-reduction,
and the behavior of indicators. For our purpose it will suffice
to outline the most important principles and indicate the
advantages of this method of analysis.

Theory. The potential at the electrode-solution interface
may be used to obtain information which is analytically
useful. For a limited number of electrodes and under suit-
able conditions, a single measurement of the potential with
respect to a known reference electrode gives information which
can be used directly. Thus the pH of a solution can be ob-

Vol. 13, No. 10

tained from the hydrogen, quinhydrone, glass, and antimony
electrodes. For the most part, changes in e. m. f. during the
course of a titration impose less demand upon the reproduci-
bility of the electrode and the number of such systems is
much greater. Concentration cells and modifications thereof
are also useful.

Electrodes. For the determination of pH a number of
electrodes are satisfactory. The concept of pH as originally
given by Sprensen, pH = —log cH+, is often written to con-
form with modern concepts as, pH = —log au+. This is not
entirely satisfactory, but it is possible to bring the pH scale
into closer accord with thermodynamic quantities (184).

Courtesy, D. W. Armstrong and P. A. Cole, Division of Industrial Hygiene,
U. S. Public Health Service

Figure 137. Use of Rayleigh-Jeans Interference Re-
fractometer in Controlling Concentrations of Organic

Vapors in Air

Electrode Systems and Methods. A very great number of
electrode systems have been used; these have been classified
in several places (25, 84, 158). Among them are the plati-
num, glass, antimony, hydrogen, quinhydrone, and silver-
silver chloride electrodes, and many bimetallic systems.
Exhaustive compilations of individual methods include acid-
base (also in nonaqueous media), precipitation, oxidation-
reduction, and concentration-cell techniques. These have
also been classified (25) according to method, substance, class
of titration, and application.

Courtesy, Walgreen Co. and Spencer Lens Co.

Figure 138. Use of Abbe Refractometer to Deter-
mine Soluble Solids (Sugar) in Jellies, Sirups, Etc.

INDUSTRIAL AND ENGINEERING CHEMISTRY
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Courtesy, Bausck tfe Lomb Optical Co.

Figure 139. Hand Refractometer

Potentiojjetric Titrations, A typical titration curve
is shown in Figure 146, a, and in differential form at b. Curve
b is obtained by plotting the change in potential per increment
of reagent (AE/Acc) against the volume of reagent. Al-
though a titration curve can be computed from the eo values,
and the value of E at the end point can be predicted, this as-

sumes a high degree of reproducibility of the electrode sys-
tem and a more or less definite and constant ionic environ-
ment. To the extent that these conditions can be met, ti-
tration to a definite value of E can be used analytically. In a
titration curve, the rate of change of potential passes through
a maximum and if this maximum coincides with the stoichio-
metric point it is merely necessary to locate the maximum;
the absolute value of the potential is unimportant. This is
the principal problem and its best solution is governed by a
number of considerations. Neglecting for a moment the
direct instrumental or manipulative methods for doing this,
we may note the various end-point criteria in the order of in-
creasing certainty. In the immediate vicinity of the end
point the reagent is added dropwise or in small increments of
a more dilute reagent and

1. The maximum “throw” or “kick” of the indicating element
(galvanometer or meter) is sought. In much routine industrial
or control work an off-scale deflection is taken, and anything
more time-consuming than this is considered objectionable,

2. A mental note is taken of the maximum throw per drop,
thus defining the end point to within a drop or an estimated

fraction thereof,
3. Several readings of the po-

tential are taken before and after
the end point and the A Ej A cc
values are tabulated. Simple in-
spection of the data establishes the
end point with some additional
opportunity to favor one value a
little more than its predecessor
or successor (justifiable if the
curve is symmetrical).

4. A curve is plotted, prefer-
ably with AE/ Acc values as ordi-
nates and cc as abscissas (b,
Figure 146), and the exact loca-
tion of the maximum is noted.

The general theory of titra-
tion curves is discussed in great
detail in the texts (particularly
well in 25, 158). Other mathe-
matical approaches to the loca-
tion or direct calculation of end
points have been made by a
number of investigators (25, 85).

These depend upon the assignment of an exact or semiempiri-
cal equation to the curve and computing the maximum.
These methods have been found to predict satisfactory end
points from relatively few readings.

The importance of this problem cannot be overemphasised.
Potentiometric titrations are so very useful and capable of

SCALE
MAGNIFIER

COVER

INSERT

ADJUSTING SPRING SCALE

ADJUSTING
SCREW

ORANGE
FILTERSPRING

Courtesy, Bausck & Lomb Optical Co.

Figure 140. Diagram of Hand Refractometer

Courtesy, F. W. Zerban, New York Sugar Trade Laboratory

Figure 141. Saccharimeters
(Right to Left). Bates double quartz wedge saccharimeter (Fric), Schmidt and Haensch double quartz wedge
saccharimeters, Bausch & Lomb single quartz wedge saccharimeter. Light sources are behind an insulated wall

and laboratory is kept at a constant temperature of 20° C.
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Courtesy, Akatos, Inc.

Figure 142. Schmidt and Haensch Precision Polarimeter Assembly
with Spectroscope-Monochromator

The most striking developments are
to be found in pH meters, caused largely
by the need for acceptable instruments
to utilize the useful properties of the
glass electrode. [Instruments are
manufactured by Beckman (National
Technical Laboratories), Cambridge,
Cameron, Coleman, Hellige, Leeds &
Northrup, and Leitz and by some of
these in various models—i. e., research,
industrial, or recording types.] The
electrode itself has grown apace and is
now available in many forms and for
specific applications. Examples of one

manufacturer’s offering are shown in
Figures 149 and 150.

There is great need for a definitive
treatment of modern potentiometric equip-
ment and two critical reviews have been

Courtesy, National Bureau of Standards

Figure 143. Constant-Temperature Bath with Circulating Pump and Two Bates
Saccharimeters

Water from bath is pumped through jackets of polariscope tubes

high precision that any factor which stands in the way of
their more extensive use is a challenge. The research man
has no aversion to curve plotting or computation—he revels
in it. The person called upon to do a large volume, of work
would like something as striking as the color change of an in-
dicator, yet retaining the unique and distinctive advantages of
potentiometric titrations. This seems to be very largely an
instrumental problem and criteria in this connection are dis-
cussed under that heading.

Instruments and Apparatus. Individual components of
potentiometric equipment have been available for many
years. They are offered now in still greater variety and per-
fection; the participation of the radio industry in this respect
is increasingly evident. Aside from equipment intended for
instruction, the trend is in the direction of compact units with
little or no exposed wiring. A fine example of precision
equipment is shown in Figure 147, which combines the re-

liability of the classical potentiometer with the modern ad-
vantages of electronic detection of the condition of balance.
A convenient assembly for research is shown in Figure 148.

Courtesy, Spencer Lens Co.

Figure 144. Polarimeter Utilizing Polaroid Film



October 15, 1941 ANALYTICAL EDITION 725
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Courtesy, Spencer Lens Co.

Figure 145. Sectional View of Spencer Polarimeter

the ease with which the end point can
be detected. Some improvement in this
factor can be expected in the future, not
in the sense of justifying the use of the
methods, but rather in making their ex-

tremely wide range of applicability more

general.
A few typical industrial applications are

included here, Figure 151 showing some
measurements of pH in nonaqueous solu-
tions. The extension of these principles to
automatic recording and control is in an ad-
vanced state of development, and the engi-
neering aspects of this technique are a

promised for the Analytical Edition, one on electrode
systems and another on electronics. The need arises from the
lack of published details of circuits and technical data on per-
formance. There are one or two notable exceptions to this
practice or oversight. All too often performance is desig-
nated in chemical rather than electrical terms and adjec-
tively rather than numerically. It may be contended that
the chemist is in general interested solely in the former,
but it would seem that the minimal information should
include numerical data on stability, reproducibility, sensi-
tivity (actual, not engraved scale divisions), input resist-
ance, battery supply voltage effects, or line-voltage variation
effects.

Much of the earlier prejudice against vacuum tube devices
has disappeared and under the best possible circumstances—
demonstrated reliability. The use of the inverted triode or
tetrode (36) was an important step and the extensive use of
the inverse feed-back principle (222, 272) has opened up great
possibilities for two reasons. This principle reduces the in-
fluence of tube characteristics and supply voltage variations
to negligible proportions and carries with it the means of
devising self-compensating circuits—that is, potentiometric
balancing without moving parts. These advantages are
still more apparent in automatic recording or control installa-
tions.

The principle of differential titration in its various forms in-
volves the use of two electrodes of the same type and some
mechanical means for withholding a small portion of the solu-
tion around one of the electrodes while the potential is being
measured. For each addition of the reagent, small differ-
ences in potential will appear until the end point is ap-
proached, beyond which they will again diminish. Thus
AE/ Acc is measured directly. This method has been brought
to a high degree of perfection by Maclnnes and associates
(185). Acid solutions can be determined with a precision of
0.003 per cent. Other arrangements have been classified in
Furman’s review (84)   The electrical equivalent of this prin-
ciple has been demonstrated and applied to various classes of
titration, using a pulse amplifier (11). The sole requirement
was shown to be a sufficiently rapid attainment of equilibrium
at the electrodes. Shenk and Fenwick (251) have discussed
automatic titrations.

Applications. Potentiometric methods have been ap-
plied in aqueous and nonaqueous systems and to organic and
inorganic substances and most of these methods have been
extended to microtechniques. The summaries by Furman
(84) and Biittger (25) list all applications according to sub-
stances and class of titration. Potentiometric methods are
characterized by high precision and freedom from many of
the difficulties which beset the use of indicators (136). The
question of speed depends largely upon the system—that is,

Figure 146. Typical Titration Curve
a, direct form; b, differential form

Courtesy, Leeds & Northrup Co.

Figure 147. Precise pH Setup
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Figure 148. Potentiometric-Titration
Bay

Three separate units are available: a conventional
potentiometer with illuminated lamp and scale gal-
vanometer, electronic titrimeter (upper section), and
electronic section used as vacuum tube galvanom-
eter for standard potentiometer, if absolute values
of e. m. f are required. Circuit combinations are

easily selected by telephone-type switches.
Courtesy, New York University

4*

Courtesy, National Technical Laboratories

Figure 149. Glass Electrodes
i.

2.

3.

4.
5.

Flow-type electrode assembly for low flows, 50 ml. per minute. Glass and calomel electrodes mounted in Pyrex cross
embedded in plaster of Paris

. . .

Immersion assembly with metal shield, for use in tanks and vats on solutions containing solid materials. All stamiess

Glass-calomel electrode assembly for stomach pH studies in vivo. Glass electrode is protected by perforated Lucite head.
One small rubber tube is filled with potassium chloride solution to form liquid junction, other tube is for withdrawing
samples

Spear-type glass electrode for cheese, soil, etc. Internally shielded with integrally attached shielded lead
Immersion-type assembly for depths of several hundred feet in plankton studies. Glass and calomel electrodes shown

with resistance thermometer. Platinum electrode may also be used for O-R studies.
_
Assembly attached to cable

Glass-calomel electrode assembly for vaginal pH studies in vivo. Ground-glass shoulder is provided above glass electrode
bulb for potassium chloride reservoir and liquid junction. Application assembly attached to Bakelite tube
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Courtesy, Notional Technical Laboratories

Figure 150. Glass Electrodes
1. With potassium chloride reservoir, for continuous service, 0° to 100° C.
2. For continuous service, 50° to 100° C.

.

3. Flat membrane type for pH studies on Bkin and surfaces, internally shielded
4, 5. Fiber-type calomel electrodes, liquid junction through porous fiber sealed into glass ends

6. Calomel electrode, for mounting on pH meter, with potassium chloride-filled tubing connection to application fittings
7. Glass electrode for vaginal pH studies
8. Internally shielded type for cheese, etc.
9. Internally shielded type for small-animal work

subject in themselves (197). Two isolated examples are
shown in Figure 152 and others in Figures 153 and 154.

Conductometric

la ting conductance to concentration (154). Modem theories
of solution indicate that a square root law is required. For
extremely dilute solutions, the equation of Onsager (184) ex-

presses the equivalent conductance as

K X
1000

where c = concentration in equivalents per
liter.

The limiting value of A as the concentra-
tion approaches zero is called the equivalent
conductance at infinite dilution, An, and the
law of Kohlrausch (101) states that this
value is the sum of the individual ionic con-
ductances—i. e., the sum of the anionic and
cationic conductances.

Many expressions have been proposed, re-

Courtesy, Socony-Vacuum Oil Co. and E. Leilz, Jne.

Figure 151. Titrator with pH Equipment

Theory. Analytical applications of conductance are
based on (1) empirical conductance-concentration relationship,
and (2) change of conductance during a titra-
tion.

In most industrial applications, the neces-

sary calibrations are purely empirical and
presuppose that the conductance can be re-
lated to the concentration of the desired
constituent in terms of some other kind of
analysis. Even for a single electrolyte no

equation is completely satisfactory over the
entire concentration range.

Definitions. Solutions of electrolytes
obey Ohm’s law and the specific resistance
is defined as the resistance in ohms of a 1-
cm. cube. The reciprocal of this quantity
is the specific conductance, K. The equiva-
lent conductance, A, is given by

= Ao — [~
.9834 X 10°

(Dry/t wAa + 28.94 zi
(DT)vd vV + C
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This holds for any strong electrolyte in any solvent at any
temperature and contains no factors which cannot be evalu-
ated. It is extremely important in solution theory but of
little practical use for our purpose. Extension to higher con-
centrations requires the addition of other empirical terms
and it is to be regarded as a fundamental limiting law (184),

The individual ionic conductances are useful and important
in understanding or planning any analytical scheme. Table
III (from 184) gives the values of several of the more impor-
tant ions at 25 0 C. The temperature coefficient of conduct-
ance depends upon the ion, but amounts roughly to 2 per cent
per degree. This is important enough to require temperature
control during the measurements, indeed to an extent fixed by
the required precision. The conductance of an electrolyte de-
pends enormously on the solvent; indirectly use can be made

  of this analytically—i. e., in the analysis of mixed solvents.
An important distinction from other electrical methods is

to be noted, in that there is nothing characteristic or distinc-
tive about conductance; all ionic species in the system will
contribute to the total conductance. For all but the simplest
systems, therefore, a titration or selective reaction with one
or more kinds of ions must be employed.

Conductance titrations are based upon a measurement of
the change in conductance of the solution when one or more
 of the ions aTe precipitated, removed to form slightly ionized
.substances (water), evolved as a gas, or tied up in the form of
a complex ion. This process may be expected to cease when
these ions have reacted in stoichiometric amount with the
added reagent, and the subsequent addition of reagent will
cause a further change in conductance, but in a different
manner. An “end point” is never obtained directly in this
type of titration; rather, one calculates the point at which

: stoichiometric equality was reached. The various classes of
reactions and the course of their conductance have been dis-
cussed by Kolthoff and others (29, 155, 156), and representa-
tive examples are indicated schematically in Figure 155. The

  end point is obtained by the intersection of the two straight
lines (155). For measurements of very high precision the
intersection may be calculated from the equations of the two
.straight.lines (26,192).

The method presupposes no appreciable change in volume
  during the course of the titration; hence, reagent concentra-
tions are from 20 to 50 times those of the solution to be ti-
trated and microburets are used. The need for temperature

  control calls for a thermostat. European practice inclines to
the use of an ice bath or constant-temperature jackets built
.around the cell, using the vapor of a boiling pure liquid.

Instrumental Methods. Conductance cells are avail-
able in great variety. In principle the cell consists of two
platinum plates of area and spacing dependent upon the or-
der of magnitude of the expected conductance. The solu-
tion is contained in a glass or quartz cell between and around
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Courtesy, Leeds & Nortkrup Co,

Figure: 153. Micromax pH Control in Reaction Tank,
Using Antimony Electrode

the electrodes, which have been made in plunge type and
pipet style and in rugged pattern to be screwed into pipe
lines. The platinum electrode may be bright, sand-blasted,
or lightly platinized (platinum black). The relative merits
of each are discussed in standard texts. In general, polariza-
tion effects are more common on bare electrodes; attainment
of equilibrium is more rapid at platinized electrodes; but
there are also chances for adsorption or subsequent desorption
which may be troublesome in very dilute solutions. Calibra-
tion is effected by measuring accurately standardized solu-
tions; the absolute conductance of potassium chloride solu-
tions is known with a high degree of precision (147)- The cell
constant obtainable for such measurements is rarely of any
use in titrations, but necessary in empirical conductance
measurements.

The resistance of the electrolyte is usually measured with
alternating current to avoid electrical as well as concentration-
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polarization, effects. However, direct current measurements
with special arrangements are equal in precision to the best
alternating current results.

A simple application of Ohm's law may be used to measure the
resistance of the electrolyte. If a constant alternating current
potential is maintained across the cell, the current which flows
will be inversely proportional to the resistance, or directly pro-
portional to the conductance. This has some advantage in
titration work. It is used in the vacuum tube arrangements of
Treadwell (277) and Ehrhardt (68).

The more usual method is to use a Wheatstone bridge in which
the conductance cell forms one of the arms. Since the cell is
not a pure resistor but also a capacitator, perfect balance cannot
be obtained in the alternating current bridge unless it is balanced
for the impedance as well as the resistive components. This is
usually achieved by shunting the opposite arm with a small
variable capacitor.

The bridge is fed with a low voltage source of alternating
current. Sixty-cycle alternating current is used in commercial
conductance bridges, with an alternating current galvanometer
to indicate when the bridge is balanced. If a telephone receiver
is used, higher frequencies must be employed, and 1000 cycles is
a convenient value. In modern work, vacuum tube oscillators
are used for this purpose. They are characterized by a wide

Table III. Limiting Ion Conductances at 25° C.
Cation Xqt Anion Xo-
K + 73.52 Cl- 76.34
Na + 50.11 Br" 78.4
H- 349.82 I" 76.85
Ag + 61.92 N03- 71.44
Li + 38.69 HCOS- 44.48
NH4 + 73.4 OH" 198
T1 + 74.7 CH3CO2 - 40.9

1/s Ca - + 59.50 CH5ClCO„- 39.7
1/2 BaT + 63.64 CH3CH2C02- 35.81
1/2 Sr + + 59.46 CHs(CH2)sC03- 32.59
Vs Mg + + 53,00 CIO.,- 68.0
Vs La + + + 69.6 C1H3C02 - 32.3
Vi Co(NHi). 102.3 Vi SO, — 79.8

1/3 Fe(CN)3 — 101.0
 A Fe(CN)s---- 110.5

range of available frequencies and output, good wave form, and
cheapness. The telephone null indicator can also be supple-mented to advantage with an amplifier, preferably with a gaincontrol. The tiieory of modem conductance bridges has been
thoroughly discussed (148, 250). A fine example of “best”
practice in conductance measurements is shown in Figure 156.
Needless to say, this is far beyond the requirements of analytical
work (56).

Figure 154. pH Control
{Upper Left). Micromax pH recorder for use with antimony electrode
(Lower Left), Micromax pH control-valve control unit
{Upper Right). Industrial type of antimony electrode for automatic pH

control
{Lower Right). Motor-energized valve for automatic pH control

Courtesy, Leeds & Norlhrup Co.
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Figure 155. Representative Conductance Titration Curves

The use of telephone receivers is not too convenient nor com-
fortable. A number of substitutes have been sought and a

visual indicator, if sufficiently sensitive, is highly desirable.
Some solutions to this problem may be mentioned.

1. Vacuum-thermo couple-galvanometer. The unbalance sig-
nal heats a fine wire to which a thermal junction is welded, de-
veloping a direct current voltage. The disadvantages are
thermal lag and nonlinear response (square law, RI1 2

34).

2. Instrument-type full-wave copper oxide rectifier used with
a galvanometer. Response instantaneous (rectifier), nonlinear.

3. Alternating current galvanometers, can be used only at
relatively low frequencies.

4. Amplifier-rectifier, direct current meter.

5. Special bridge-balance indicators (electronic) available in
great variety. The most ingenious solution seems to be that of
Garman {86, 87). With one tube, or in the later model two
tubes, a close approximation to the perfect bridge-balance indi-
cator is obtained. The meter deflection is down scale, making
damage impossible, and the sensitivity reaches a maximum at
zero signal.

Figure 157 illustrates a typical installation for student use.

The compact unit on the left is the vacuum tube oscillator
with controllable output, the one on the right is the Garman
bridge-balance indicator. The unit in the foreground contains

Courtesy, Leeds «£' Nor thru p Co,

Figure 156. High-Precision Conductance Assembly
Jones bridge, vacuum tube oscillator, output amplifier, Mueller bridge
for temperature measurements, and thermostat regulating to =*=0.001° C.

Courtesy, New York University

Figure 157. Student Apparatus for Conductance Titrations, Electronic
Source, and Bridge-Balance Indicator
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a decade resistance box, Kohlrausch slide wire, and Wagner
ground. The wiring in the bridge circuit is all exposed; the
student makes these connections. Each bridge assembly is
plugged into a wall socket, leads from which pass through shielded
pipe to the main laboratory thermostat. Similar “station” out-
lets at the thermostat enable the student to connect his con-
ductance cell to his own bridge circuit.

A complete installation for research purposes is shown in
Figure 158.

It is assembled entirely from standard, interchangeable radio
equipment including the relay-rack panels. The lower unit
contains the oscillator with a choice of three frequencies, 400,
1000, and 2000 cycles, with controllable output. The mid-
section contains a ratio-arm box and five decade resistor units
(both General Radio Co.). No slide wire is used in this bridge.
In addition, this unit houses the compensating condenser and
the Wagner-ground network. The upper section contains the
Garman bridge-balance indicator. The entire instrument is
mounted on the wall at a convenient height for the operator.
Shielded cable connects with the conductance cell in an adjacent
thyrat'ron-controlled oil thermostat (not shown).

The advantages of the newer methods in conductance tech-
nique are emphasized by Jander and Pfundt (25, 141)-
They show that present practice permits the analysis of a sub-
stance in the presence of a five hundredfold excess of indiffer-
ent electrolytes, and that the recent method for determining
as little as 0.04 microgram of arsenic is wholly out of the
question with the old-fashioned slide wire-telephone arrange-
nent.

Applications. 1- Direct Measurement of Conductance.
Applications of this class are summarized by Sandera (238)
with an extensive bibliography of 274 references. To select
a dozen at random and indicate the wide range of applica-
bility: conductance measurements have been found useful in
determining nitric acid in plant control (46), hardiness of
winter wheats (286), mineral content of wines (70), neutral-
izers in dairy products (50), adulteration in maple sirup (45),
priming of boiler water and condenser leakage (282), purity of
water supplies (101), carbon dioxide and other gases in bo-
tanical investigations (207), pan boiling control in the
sugar industry (17), automatic analysis of sulfur dioxide in in-
dustrial gases (78, 193), properties of yarns and fabrics (53),
and condition of pork and bacon (12).

Among the well-established applications is sugar ash de-
termination, which has largely replaced the tedious gravi-
metric procedure. The method has been the subject of
many investigations (180, 312, 313). Figure 159 illustrates
the installation of equipment for this purpose in the labora-
tory of an eminent authority in the sugar field.

Another application is illustrated in Figure 160, primarily
because this measurement requires auxiliary equipment pe-
culiar to the nature of the sample. A U. S. Department of
Agriculture bulletin (284) contains official data and tables for
converting the readings of this instrument into the moisture
content of typical grains and cereals. The same instrument
may be used with a special electrode for determining the mois-
ture content of lumber (see also 265).

Conductance Titrations. Jander and Pfundt (25,
Vol, II) summarize the work that has been done on 96 impor-
tant substances, listing 207 references. This compilation is
in convenient tabular form, including useful comments on
other applications of the method, special precautions, pos-
sible interferences, and estimates of precision or reliability.
In this list, in addition to the titration of the commoner inor-
ganic ions, are to be found methods for the analysis of alka-
loids, amino acids, aniline, chlorophenols, dimethylamine,
fatty acids, tannins, isovanillin, creatine, lactic acid, naphthol,
phenol, pyridine, salicylates, thymol, etc.

In a supplementary listing, devoted mostly to microdeter-
minations (25), Jander and Pfundt indicate the improvements

which have resulted from modem techniques. The follow-
ing examples give the minimal quantities analyzed (in micro-
grams, 10_G gram), the volume of solution, and the precision
obtainable: arsenic 0.04 to 100 7, 3 to 4 ce., ± 10 per cent;
lead 1-2 7,3 to 4 ce., ±7 per cent; cadmium 1 7, 3 to 4 ce.,
±10 per cent; copper 1 7, 3 to 4 cc., ±5 per cent; silver 1 7,
3 to 4 cc., ±5 to 10 per cent; bismuth 10 7, 3 to 4 cc., ±7 per
cent.

The precision which can be expected in a representative
conductance titration may be inferred from Table IV, which
compares analyses of solutions of technical ammonium sul-
fate with the gravimetrically determined values. The con-
ductance titrations were made at room temperature after
the addition of alcohol.

Table IV. Conductance Titrations of Technical
Ammonium Sulfate Solutions (215)
SOa so3> SOa SOa

Sample Conducto- Gravi- Sample Conducto-
No. metric metric No. metric metric

% % % %
31 21.05 21.12 40 24.35 24.35
32 20.44 20.49 41 22.64 22.68
33 21.86 21.90 42 21.40 21.53
34 20.82 20.88 43 22.30 22.36
35 22.06 22.13 44 22.56 22.62
36 21.60 21.64 45 19.70 19.60
37 20.62 20.64 46 22.86 22.90
38 21.26 21.34 47 18.69 18.63
39 22.49 22.47 48 22.45 22.45

Values signify grams of SO3 per 100 cc.

Courtesy, New York University

Figure 158. Conductance Apparatus with Electronic
Source of Alternating Current and Electronic

Bridge-Balance Indicator
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Courtesy, F. W. Zerban, New York Sugar Trade Laboratory

Figure 159. Electrical Conductivity Apparatus for Sugar Ash
Determinations in a Constant-Temperature Room (20° C.)
(Upper Right) Sugar Ash Bridge. Courtesy Leeds & Northrup Co.

tant method. Apparatus of any required
precision is available and developments
have been very rapid, particularly in the
newer electronic instruments. There is
no need for more precise measuring equip-
ment. The only possible advantage to be
derived from newer instruments is to seek
some means for evaluating the end point.
The computation of this value is the only
bottleneck in an otherwise well-established
and esteemed technique.

Electrolytic
This technique is primarily an ad-

junct to gravimetric analysis and not an
instrumental method in itself, although
it seems to have possibilities in this di-
rection. The selective electrodeposition
of metals has been practiced for a long
time and the foundations of the subject
as a distinct means of analysis were

largely due to the labors of Classen (48)
and in this country by Smith (258), who
was responsible for the introduction of
the rotating anode and the mercury cath-
ode (see also 74)- Detailed procedures
were developed for a large number of
substances and many effective means of
electrolytic separation were developed.
The method is still widely used, but
since its inception the attention of ana-
lysts has been directed more to other
electrochemical methods such as po-
tentiometric and conductometric titra-
tions, and analysis with the dropping
mercury electrode. The subject is dis-
cussed here for the purpose of clarifying
its relationship to the other techniques.

Theory. The method is based on the fact
that on applying an appropriate difference
of potential between two platinum elec-
trodes one can quantitatively deposit metals
on one of the electrodes in a form suitable for
direct weighing. The character of the de-
posit is governed by the current density,
agitation of the electrolyte, and the possi-

Courtesy, C, J, Tagliabue Co.

Conductance-Type TAG-Heppenstall Mois-
ture Meter

The precision of conductance titrations is generally given
as 0.5 to 1 per cent, but this is really no criterion of the tech-
nique itself, since conductance measurements can be made to
better than 0.01 per cent. To attain this precision would re-
quire many refinements in the volumetric technique and ex-
cellent temperature control. In addition, titrations involving
precipitations are subject to sources of error not found with
titrations in which no solid separates (184). These errors

may arise from coprecipitation, occlusion, adsorption, slow-
ness of formation of the precipitation, or conductance by the
suspended solid. In many cases, the errors may be mini-
mized by precipitating in the presence of alcohol.

Conclusions. Conductance measurements have been
applied to a wide variety of analytical problems and there is
an extensive literature on the subject. Empirical conduct-
ance-concentration relationships have many uses in control
analyses and are well suited to automatic recording or control.
Conductance titrations are particularly useful in turbid or

highly colored solutions or in very dilute solutions. The
“end point” is not detected in the ordinary sense of the term,
but is found by a graphic or computational treatment of the
conductance-reagent volume data. This is, perhaps, the
main reason for the relatively unpopular status of this impor-

Ficure 160.
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Courtesy, E. H. Sargent & Co.

Figure 161, Modern High-Speed Multiple-Unit Electrodeposition Apparatus, Using
Electromagnetic Stirring

bility of codeposition of hydrogen or other metals. The purity
of the deposit and its freedom from other metals depend on
the relative electrode potentials, and to a large extent the
possibilities of codeposition can be avoided by applying their
correct potential difference and by a suitable choice of elec-
trolyte. Aselectrolytethe solution may be acid or alkaline or in
the form of complexes such as tartrates, citrates, or cyanides.
Most metals are deposited on the cathode, although some,
such as lead, are conveniently deposited as the hydrated
oxide on the anode. Occasionally a mercury cathode is used
on which the metal may be deposited, including the alkalies.

Theoretically the time of deposition can be calculated from
Faraday's law, so that as electrolysis is carried out with a
definite current the time for complete deposition should be
computable. Complications arise which make this impracti-
cal, the limitations being due to diffusion effects, a lower rate
of deposition toward the end of the process, and a codeposi-
tion (hydrogen). Were it not for these complications one
might dispense with the final weighing of the deposit and
simply calculate the weight of the deposit in terms of the total
number of coulombs which were required for complete de-
position. The converse process—namely, electrolytic strip-
ping of a deposit under very carefully controlled conditions—
seems to have possibilities for a completely automatic electro-
analysis involving no weighing (199). It is altogether likely
that this procedure would have to be limited to relatively
simple systems.

Recent developments include the use of microtechniques
and the determination of extremely small amounts of metals.
The method of internal electrolysis, developed largely by
Sand, has many advantages and, as the term implies,
requires no applied potential, the latter being supplied by the
differences of potential of two suitable electrodes immersed in
the electrolyte (42).

Instruments. Instrumental developments have been
mostly in the direction of making these operations more rapid
and convenient.

For example, in the instrument shown in Figure 161 the
necessit}' for mechanical stirring of the electrolyte has been

avoided by mounting the beaker in a stainless steel vessel which
is surrounded by a large solenoid. A strong magnetic field
created by the solenoid will cause rapid rotation of the electrolyte
when current passes between the electrodes. This is a moderni-
zation of the principle developed many years ago by Frary.
Provision is also made in this instrument for water cooling and
thus appropriate temperature control of the electrolyte. The
electrode holders are also greatly improved and provide for auto-
matic alignment with the electrolysis vessel. The electrical
controls are all very conveniently mounted for monitoring the
applied voltage and electrolyzing current.

Another example of modern equipment is shown in Figure 162,
which is entirely alternating current-operated and uses a dry
rectifier and filtering circuit to provide direct current for the
electrolysis. The necessary meters for current and voltage are

provided, and the motor stirrer is very conveniently raised and
lowered. These improvements have all assisted in obtaining
rapid and accurate analyses. A collection of improved pro-
cedures has been published by Slomin (£55).

Among the micromethods the electrode system of Clarke
and Hermance, Figure 163, has contributed greatly to the
accuracy and convenience with which small amounts of metals
can be determined. One of these, B, is particularly suited for
the electrolysis of traces of material in very large volumes of
solution.

A micro application primarily for qualitative identification
consists of a minute Bakelite capsule with two platinum wires
molded into the base. If, for example, a trace of copper is
sought it may be plated on one of these tiny electrodes and
its presence established by microscopic examination, after
which it may be removed and subjected to other microchemical
tests.

An example of electroanalyses in routine work is shown in
Figure 164.

Polarography
This important technique is now twenty years old and is

based upon the pioneer work of Jaroslav Heyrovsky of
Prague. The recent appearance of an excellent monograph
on this subject by Kolthoff and Lingane (161), the first in the
English language, should mark the end of the unaccountable
“incubation” period which this subject has undergone in
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Courtesy, E. H. Sargent & Co.

Figure 162. Seomin Electrolytic Analyzer
Smooth, stepless adjustment of voltage is made by Variac transformer, making use of rheostats unnecessary.

Only a Bingle knob adjustment is necessary to cover entire voltage range.

America. Several recent reviews are also available (124,126,
160,195), and a complete bibliography (1922 to 1941) of 699
references with titles and author and subject index has been
compiled by E. H. Sargent & Company (239). These sources

provide a complete up-to-date survey in English.
Polarography is based upon the interpretation of current-

voltage curves obtained by electrolyzing a solution containing
electroreducible or electrooxidizable substances between
electrodes, one of which is a dropping mercury electrode and
the other a nonpolarizable pool of mercury or any other suit-
able reference electrode. Under suitable conditions, both
qualitative identification and quantitative estimation can be
made in one operation. Many organic substances and most
inorganic ions can be determined in concentrations ranging
from 10”6 to 10“2 molar. There is no destruction of the sam-

ple and it may be used, virtually unchanged, for other studies.
Useful information may be obtained with the simplest equip-
ment, but for precise or routine work several elegant instru-
ments are commercially available. These may be manually
operated or completely automatic, and with the latter com-

plete “polarograms” may be filed away for future reference.
Theory. We may discuss the fundamental laws by refer-

ence to a typical series of current-voltage curves shown in
Figure 165.

The three curves at the right were obtained from solutions
containing 0.1 M potassium chloride as supporting electrolyte
and cadmium ion in concentrations of 5 X 10”4, 1.0 X 10”3, and
2.0 X 10”3 molar, respectively. As the applied voltage is in-
creased no appreciable current flows until about —0.5 volt is
reached (the negative sign indicates that the dropping mercury
electrode is the cathode). The current then rises rapidly and
at higher potentials levels off to a more or less constant value.
The height of this plateau above the base line (curve for potas-
sium chloride alone) is called the “wave height” and is a measure
of the “diffusion current.” The wave height is proportional to
the concentration of the electroreducible ion (Cd++). This is
shown by the cross-plot on the left, where the increase in current
(increment) is plotted against concentration. The vertical
dotted fine intersects each curve at a point which is equal to one

half the wave height. It has a value which is common to all
three curves and identifies the ion as cadmium. It is called the
half-wave potential and in this ease has the value —0.597 volt.

The value for the current at any time, t, during the life of the
mercury drop can be expressed quantitatively by an equation
derived by Ilcovic (138).

it = 0.732 nFD' /e (8)

where it = current in amperes at time t
n = charge on the ion (valence)
F = Faraday (96,500 coulombs)
D = diffusion coefficient of ion in sq. cm. per sec.”1
C = concentration in moles per cc.
m = weight in grams of mercury flowing from capillary

per second
t = dropping time in second

A somewhat more useful form expresses i in microamperes,
m in mg. per second, and concentration in millimoles per liter.
Introducing the numerical value of F, Equation 8 becomes

it = 706 nD1/*Cmi,3t1,t (9)

The rise in current during the life of the drop follows a curve
which is a sixth-order parabola. That it truly follows Equation
8 was proved by Ilcovic by using a fast, short-period galva-
nometer.

It can be shown (161) that the average current during the life
of the drop is given by

U = 605 nl)1 / ‘Cm'1 'V "w. (10)

and the maximum current, at the instant the drop falls, by

W = 706 nD1 '•C'm2 'H1 * (11)

from which it is seen that

ia — 6/7 imix. (12)

It is apparent from Equations 10 and 11 that the maximum
current as well as the true average current is proportional to the
concentration of the electroreducible or oxidizable substance.
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B
Courtesy, B. L, Clarke, Bell Telephone Laboratories

Figure 163. Microelectrolytic Cells
A. For Bmall volumes
B. For large volumes

Figure 164. Electro-
deposition Assemblies

{Lower Left) Showing power
supply

{Lower Right) Showing U8e of
mercury cathode (left)

Courtesy, United States Navy
Yard, Philadelphia
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VOLTS (S.C.E.)
Courtesy, New York University

Figure 165. Analysis with Dropping Mercury Electrode

These equations have been verified by experiment in all de-
tails and are given here to emphasize the factors which must
be considered in practice. For satisfactory analytical results,
the dropping rate, mass of the mercury drops, and temperature
must be controlled. The temperature is involved in these
equations in every term except ra, including the numerical
constant. A complete discussion of this point is given by
Kolthoff (161), who shows that the over-all temperature co-

efficient of the diffusion current should be between 1.3 and 1.6

per cent per degree for most of the common ions, and is de-
termined principally by the temperature coefficient of the
equivalent conductance of the reducible ion. In practice, a

precision of =*=1 per cent requires temperature control to at
least ±0.5° C. The importance of m and t is evidentfrom the
Ilcovic equation. Kolthoff has recommended that all in-
vestigators report the value of the product ro2/V/6 in the
measurements, and has shown that a knowledge of this
quantity enables one to compare results obtained under
widely different conditions (161, page 61).

The concept of half-wave potential, which defines and
identifies the substance, is contained in the equation de-
veloped by Heyrovsky and Ilcovic (125).

E = E1/2-5 log^ (13)

where i represents the current for an applied potential E,
and id the maximum value of the diffusion current at the top
of the wave. In Figure 166 the dotted line indicates a cur-

rent-voltage curve for Cd++. The solid line shows these
values recalculated and plotted, with log i/(id — i) as ordi-
nates and E values as abscissas. A straight line results, as re-

quired by Equation 13, and the value of E for which log
i/(id — i) is zero is Ey2, the half-wave potential. In this case

the value is —0.597 volt. The slope of this line should be
equal to nF/RT.

The Ey 2 value is thus seen to be independent of the con-
centration and marks the true infection point of the curve, be-
cause the second derivative of E with respect to i, in the above
equation, is zero. The use of Ey 2 has supplanted'the older
practice of drawing 45° or 35°16' tangents to the foot of the
current voltage curve, because such values are concentration-

dependent. However, in some irreversible organic oxidation-
reduction systems, no unequivocal value for Eyt can be ob-
tained and these empirical evaluations are used for want of
something better.

Under suitable conditions several ions can be identified and
determined in the same solution. Thus in Figure 167 is
shown a curve for a solution containing copper, bismuth,
lead, cadmium, and zinc each at about 0.001 N. The
supporting electrolyte in this case was a mixture of tartaric
acid and ammonium acetate adjusted to pH 5.1, using
bromocresol green and methyl red as a mixed indicator.
The indicator dye also serves as a “maximum” suppressor.
In this example, the respective half-wave potentials differ
sufficiently (> 150 millivolts) to permit the wave for each ion to
appear distinctly, undisturbed by the others. In general if
the Ey 2 values differ by less than 100 millivolts a satisfactory
“separation” is impossible. In many cases, the Ey2 values
are very close or almost identical. One must then either resort
to preliminary chemical separation, or make use of the fact
that, since many ions have complex-forming properties, one
can change the supporting electrolyte and shift the Ey%
values to some more convenient potential. The effect of the
medium on the half-wave potential of cadmium is shown in
Table V (161, page 482).

In some media no reduction takes place at all for certain
ions, which is an extreme case of the principle just illustrated.

Table V. Effect of Medium

Supporting Electrolyte
E\/ 2 vs. Saturated
Calomel Electrode

1 N KNOs, HN03, or H2SO4 -0.586
1 A’ KC1 or HC1 -0.642
0.1 N KC1 or HC1 -0.599
1 N KI -0.74
0.5 M neutral tartrate solution -0.80
1 N KCN -1.18
1 N NH4OH + 1 N NH4CI -0.75

volts (S.C.E.)

Courtesy, New York University

Figure 166. Experimental Verification of Equa-
tion 13 and Evaluation of Ey,
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Considering an actual case arising in
the analysis of alloys (135), it was found
that in an ammoniacal solution contain-
ing copper, zinc, and nickel a polarogram
indicated the copper as a distinct wave,
but nickel and zinc appeared together—i. e.,
their Ei/s values did not differ sufficiently—
and the curve therefore yielded copper and
the sum of the zinc and nickel. By add-
ing an excess of cyanide, in which copper
and zinc do not produce a wave, a second
polarogram gave nickel alone. (It was

necessary to add an excess of sulfite be-
fore the cyanide, in order to avoid the
formation of cyanate.)

Air must be removed from the solu-
tions, since oxygen is electroreducible
at two potentials ( — 0.1 volt, 02 —>

H202 and —0.3 volt, H202 —» H20). It
is evident that oxygen can be deter-
mined at these potentials. Removal
of the air may be effected by a stream
of pure hydrogen or nitrogen, or in some
cases by illuminating gas. Sulfites are
often used for this purpose.

In many cases, the current-voltage
curve indicates a peculiar type of distor-
tion characterized by a sharp initial rise of
the current, which at slightly higher voltages drops back to
the normal value. These maxima are highly reproducible.
Although they are a nuisance in practical work, they are

easily eliminated in most cases by the addition of readily ad-
sorbable dyes, gelatin, glue, etc. Actual use of these maxima
has been made in a number of cases, by measuring the pro-
gressive decrease in the height of the maximum as increas-
ing amounts of suppressant are added. Thus, minute amounts
of starch can be measured by determining the suppression of
the maximum obtained in an alkaline cobalt buffer solution.
A large amount of work has been done in an effort to elucidate
the phenomenon, but many of its aspects are still obscure
(161).

For the analyst’s purpose, all the pertinent, fundamental
points have been established and the theory has been checked
in all important details by experiment.

Instruments. Satisfactory measurements can be made on

a setup assembled from commonly available electrical instru-
ments. A simple voltage divider or potentiometer providing
a range of 0 to 3 volts, preferably in three steps, in which
differences as little as 5 millivolts can be selected, will serve to
apply the potential to the electrode system. A galvanometer
is connected in series with the source of potential and the
electrodes. A Universal or Ayrton shunt for the galva-
nometer is necessary because the currents to be measured
may range over two or three orders of magnitude (10 ~7

to 10~4 ampere). The use of a heavy-duty reference
electrode (saturated calomel cell) is becoming increas-
ingly popular, but if the potential is to be measured be-
tween the dropping mercury electrode and the stationary
pool of mercury, means of switching over to a definite
reference electrode is advisable, in order that the anode
potential may be checked. The calibration and determina-
tion of current sensitivity shunt ratios, etc., follow standard
electrical practice (161).

Manual. For routine work, a compact, self-contained, and
well-designed instrument is to be preferred. Several ex-
cellent instruments are commercially available, both in the
manual and automatically recording form. A typical ex-

ample of the manually operated type is shown in Figures
168 and 169 and is based on preliminary development work by
the writer (75).

Courtesy, New York University

Figure 167. Current Voltage Curve

Three potential ranges (0 to 1, 1 to 2, and 2 to 3 volts) may be
selected by a switch, and decimal fractions of each range by
means of a slide wire. The absolute value of potential is checked
in the usual way by balancing potentiometrically against an
enclosed standard cell. The galvanometer deflections are mag-
nified by multiple-mirror reflection and appear on the translucent
scale at the top of the instrument. Nine ranges of sensitivity
are provided by the universal shunt. The polarity of the elec-
trodes can be reversed with a switch which indicates the polarity
of the drop. Other controls introduce a bias or compensating
current, check the potential of the anode pool, and adjust the
mechanical zero of the galvanometer. Considerable merit is to
be found in the easily adjusted cell and its provisions for sweeping
gas through or over the solution. The curves shown in Figures
165, 166, and 167 were taken with this instrument.

Another example of polarometric analyzer of this class is
shown in Figure 170.

In this instrument the setting of the voltage divider is read on
a precision voltmeter. Range switches are provided (0 to 1,
1 to 2, and 2 to 3 volts) with coarse and fine adjustment for the
working current in the divider circuit and corresponding controls
for the applied potential. A sensitive, zero resistance poten-
tiometer-microammeter assembly using a pointer-type galvanom-
eter as a null indicator and the above-mentioned voltmeter are
used to measure the current. The sturdy dropping electrode
assembly at the left utilizes a large mercury reservoir at the
top which utilizes the Mariotte flask principle for constant head
and therefore gives a constant dropping rate. This well-con-
structed instrument is housed in a convenient portable case.

Recording. Heyrovsky and Shikata (127) invented the
polarograph in 1925, for the purpose of relieving the tedium
of obtaining current-voltage curves. In principle it consists of
a motor-driven voltage divider which is coupled with a re-

cording drum carrying a wide strip of photographic paper.
A beam of light is reflected from the galvanometer and focused
on the moving paper. The complete current-voltage curve is
thus photographically recorded. A complete instrument in-
cludes means for standardizing the total voltage impressed
across the rotating slide wire, automatic printing of coordi-
nates, and adjustment of the galvanometer sensitivity.

The latest model of the Heyrovsky polarograph is shown in
Figure 171. The metal housing completely encloses the motor-
driven voltage-divider galvanometer and film cartridge. A volt-
meter indicates the bridge voltage and a resistor above the meter
controls this setting as a vernier to the gross range-setting selector
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Courtesy, Fisher Scientific Co.

Figure 168. Manually Operated Instrument for
Analysis by Dropping Mercury Electrode

to the right. The galvanometer deflection is conveniently visible
to the operator through the translucent scale at the lower right;
and at the upper left a similar port carries the applied potential
scale. The galvanometer shunt is located
at the lower left and the true current values
can be calculated by multiplying the indi-
cated shunt ratios by the galvanometer sensi-
tivity (indicated on the deflector scale in
microamperes per division). Additional
operative conveniences include a switching
arrangement whereby the anode can be
connected to the center of the bridge wire,
which is very useful for waves which begin at
zero voltage, and provision for rotating the
camera to new positions when several polaro-
grams are to be recorded on a single sheet.
A typical application of this instrument is
also shown in Figure 171.

The “Electro chemograph” (Figure 172) is
a recording polarograph and consists of a
polarizing unit which is a precision voltage
divider driven by a synchronous motor, an
amplifier, and a standard Micromax record-
ing potentiometer. As the manufacturers
point out, the amplifier and recorder are
standard units which have wide use for
many other purposes in the laboratory. The
polarizer unit contains a compensated shunt
and a capacitor of such magnitude that the
time constant of the circuit is equivalent to a

galvanometer of 8-second period. The minute
currents are amplified before they are passed
on to the recorder and for an output of 1 X
10”6 ampere, the sensitivity to current
changes is about 2 X 10~9 ampere. The re-
corder slide wire is calibrated for —40 to 160
millivolts and the scale is divided into 100 uni-
form divisions marked 20-0-80. Depend-
ing upon the current shunt used, each divi-
sion corresponds, for the minimum range, to Figure 169.

— 0.2 to +0.8 microampere and for the maximum range to —20
to +80 microamperes.

Since the record is a pen and ink trace, the course of the
“eleetrochemogram” is continuously visible to the operator.
The recorder chart is also driven by a synchronous motor and is
therefore electrically “locked in” with the polarizer unit. One-
half inch space on the chart corresponds to 100 millivolts.

The instrumental approaches to this field have not been ex-
hausted. A few other methods may be mentioned in passing.

The condenser-microammeter method, in which a rugged
mieroammeter replaces the galvanometer and an electrolytic
condenser (2000 mfd.) is shunted across its terminals {161, page
232). The large condenser practically eliminates oscillations of
the needle. For example, with a meter resistance of 4000 ohms,
a 2000-mfd. condenser yields an RC or time constant of about
8 seconds. Many electrolytic condensers of this class, which
are designed for low-voltage filter circuits, may drop to a small
fraction of their original capacitance if a potential is not kept
across the terminals. In this application no potential of any
considerable magnitude is present and this might be expected
to occur.

The cathode-ray oscillograph has been applied to the dropping-
mercury electrode in three distinct ways, usually not clearly
differentiated.

1. By applying a linear voltage sweep synchronized with the
drop time {188).

2. By applying a small sinusoidal alternating current voltage
in series with the direct current potential applied to the dropping
electrode. The oscillogram is a sinusoidal wave at a direct
current voltage equal to Ei/, and is distorted above and below
E >/, {800).

3. A small sinusoidal alternating current is applied in series
with the direct current potential and a phase shift in the region
of Ay, is observed on the oscillograph (84)- In a modification
of this scheme, the dropping electrode is connected in a bridge
circuit (direct current and series alternating current) and the
bridge is balanced for the reactive as well as resistive components.
Above and below Ay, the dropping electrode presents a high
eapacitative reactance. At Ay, the necessary resistance com-

pensation is said to be a measure of the concentration. In the
bridge method, no oscillograph is used; instead an amplifier and
bridge-balance indicator are used. This is the Dutch equivalent
of our “magic eye” (6E5) tube.

Applications. Tables of data are given in several places
{124, 160, 161, 196, 289) listing half-wave potentials and
tangent potentials of organic substances under various condi-

Courtesy, Fisher Scientific Co,

Use of Elecdropode in a Large Industrial Laboratory
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Courtesy, American Instrument Co.

Figure 170. Polarometric Analyzer

tions and in different media. Actual procedures for technical
analyses are also available (134) and will suffice in most cases
in deciding whether a given determination is feasible. The
Sargent bibliography (239) is particularly valuable because
full titles of all publications to date (1941) are included.

Amperometric Titrations. A most important extension of
general polarographie principles is to be found in the method of
amperometric titrations (161, page 447, 205). This field is
being developed intensively by Kolthoff and his co-workers.
Diffusion currents are measured with the dropping-mercury
electrode or microplatinum electrode during the progress of a
titration. Several cases are recognized in which the sub-
stance or the reagent or both are electroreducible. Accord-
ingly, the diffusion current decreases progressively until the
end point is reached, or it is zero until excess reagent appears
or a V-shaped curve is obtained. The end point is best ob-
tained graphically as in conductance titrations. Corrections
are made for dilution effects. There is a degree of selectivity
in this technique not to be found in potentiometric titrations,
because the applied potential, which is not changed during the
titration, can be selected to correspond with the electroreduc-
tion of the desired ion. The advantages and limitations are

fully discussed by Kolthoff and Lingane (161).

Electrographi c

The full resources of Feigl’s spot tests (73) can be used in
unique fashion for cases of analyses which involve the detec-
tion of surface impurities and in addition an estimate of their
geographic location on the surface. The technique is based on

Courtesy, E. H. Sargen & Co.

Figure 171. Heyrovsk^ Polarograph and Use in Determination of Lead in Urine
Celia containing prepared specimens are in front row of rack
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Courtesy, Leeds 6c Nortkrup Co,

Figure 172. Electrochemograph Assembly

the early work of Fritz (82) and Glazunov (96). The tech-
nique has been highly developed and improved at the Bell
Telephone Laboratories and the following discussion is based
largely on the work done there.

Courtesy, Bell Telephone Laboratories

Figure 173. Apparatus for Analysis by Electro-
graphic Method

Theory. The method depends on the electrolytic deposi-
tion of the substances on a reagent-impregnated paper or

other suitable matrix. The anode is formed by the test speci-
men itself and the cathode by some indifferent metal, usually
a sheet of aluminum. When a low potential (2 to 6 volts) is
impressed, metal ions pass from the specimen into the paper at
a rate controlled by the current and in quantity proportional
to the time. The deposit produced on the paper may or may
not be colored, depending on the choice of reagent, but if it is
not it may be suitably “developed” by subsequent treatment
of the paper with other reagents. The print is usually sharp
because the electric field helps to prevent lateral diffusion.
The instrument requirements are fairly simple and the tech-
nique is very rapid. The number of available color reactions
is very great; indeed, the full resources of Feigl’s methods can
be utilized.

Very great improvements on some of the original Feigl
methods have been made by Clarke and Hermance (41)—for
example, they have shown that the use of alkali sulfides in test  

papers is entirely unsatisfactory, since it permits no control of
the concentration of that ion. The use of zinc, cadmium, or

antimony sulfide provides stable test papers, each of which
has its own maximum sulfide-ion concentration and therefore'
precipitates only those metals whose sulfide solubility products
are sufficiently low. The application of these principles to the
electrographic technique is an outgrowth of their careful
studies and improvements in the spot test technique.

Instruments and Apparatus. A very convenient ar-

rangement for conducting electrographic tests is shown in
Figure 173.

By means of the press illustrated in the foreground an appro-
priate test paper can be mounted between the specimen and the
base plate. The control panel shows meters for measuring the
applied potential and the electrolyzing current. Rheostats are

provided for adjusting these quantities and an automatic time
switch shown above the left-hand meter can be set to control the
duration of the “exposure”. At an adjacent bench (not shown)
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Courtesy, C. J. Tagliabue Co.

Figure 174. Dielectric-Type Moisture Meter

trode for pH measurements. A rod of pure antimony was im-
mersed in the solution to be tested, after which the replaced
copper was electrographically deposited on reagent paper con-
taining sodium nitrate and diethyldithiocarbamate. The latter
produces a brown stain if copper is present. Simple portable
apparatus was developed, with which an operator can detect
0.1 to 0.5 p. p. m. of the offending ion.

Dielectric Constant
Dielectric constants can be determined with a high degree

of precision and the information in the light of Debye’s con-
tributions is very useful _in elucidating details of molecular
constitution. Analytical applications have been few in
number (61, 118); indeed, empirical industrial uses of this
method have been more frequent, and the general technique
has been applied to control problems—for example, in making
continuous measurements of thickness (rubber sheet, etc.).
The high state of development of modern instruments would
seem to invite further investigation of its analytical possi-
bilities.

Theory, The dielectric constant, e, of a medium is given
by

6 - C/Co

complete washing and developing facilities are provided. Small
porcelain dishes contain the developing reagents or other media
necessary for subsequent development of the image.

Hermance describes this equipment (119) as well as com-

pletely portable equipment (120) for conducting analyses of
this type in the field, giving very striking color photographs of
technical applications.

Applications. A thorough description of the technique
has been set forth by Glazunov and Krivohlavy (96), who
give data for the quantitative determination of nickel in
nickel steels and also describe graphic and computational pro-
cedures. Jirkovsky (145) describes analyses conducted on iron,
cobalt, nickel, copper, lead, cadmium, sulfur, bismuth,
arsenic, antimony, zinc, and other elements and includes a

group of more important references. Hermance’s illustra-
tions (119,120) include studies on tinned brass sheet, which
provide striking illustration of porous areas and scratches,
indicating exactly where the brass has been exposed, and
distinctive prints obtained from nickel-palladium duplex
metal rod, and of structural elements which have been plated
first with nickel and then with chromium.

In the latter case the print was prepared electrographically
with the specimen surface in contact with dimethylglyoxime-
barium hydroxide paper. When made anodic, the chromium
dissolves directly to form yellow barium chromate, while the
nickel reacts with the dimethylglyoxime-barium hydroxide to
give a red compound. The distribution of the two metals is
therefore revealed in a striking red and yellow print and no

ordinary black-and-white photograph can do justice to the sharp
and convincing nature of the evidence.

Other examples illustrate the detection of traces of copper or
of brass on a penknife blade which gave striking proof of sus-

pected vandalism or sabotage. Although spectrographic
evidence has been used in similar cases, it is not difficult to
decide which bit of evidence would be more convincing to a

jury.
The general technique has been extended by Yagoda (308)

and others to the location of mineral constituents in plant
and tissue sections.

An interesting application of this method has been described
by Perley (214)- In seeking the proper location of recording
antimony electrode assemblies it was necessary to find one in
which copper was present to an extent no greater than 0.1 part
per million, since copper ion interferes with the use of the elec-

in which C is the capacitance of a condenser with the medium
between its plates, and Co the capacitance of the condenser with
a vacuum between its plates.

For a large number of substances the polarization, P, as de-
fined by the Clausius-Mosotti equation (44,193) is practically
independent of the temperature

6—1
6 + 2

and from the Maxwell relationship e = n2, where n is the re-

fractive index for long waves, we would expect identity be-
tween P and the molar refraction, and indeed the two agree
for many substances, provided P is relatively independent of
the temperature.

Debye (52) has shown that the polarization contains two

Courtesy, L. G. Longswortkr Rockefeller Institute for Medical Research

Figure 175. Tiselius Electrophoresis Cell



742 INDUSTRIAL AND ENGINEERING CHEMISTRY Voi. 13, No. 10

Courtesy, L. G. Longsworth, Rockefeller Institute for Medical Research

Figure 176. Complete Apparatus for Electrophoresis by Schliehen Scanning Arrangement

Courtesy, L. G. Longsworth, Rocke-
feller Institute for Medical Research

Figure 177. Electropho-
retic Pattern op Mixture
op Proteins in Human

Blood Plasma

contributions, one due
to the induced polariza-
tion and the other to the
permanent dipole
moment g. Thus

£ ~ 1

e + 2
X d

4vN 4ttJV £_
3 a + 3 X ZkT

It is evident from this
expression that the
polarization, P, should
be a linear function of
reciprocal temperature
1/T and from the slope
of the straight line, one
can calculate /a- This
equation is the basis for
the important contri-
butions which have been
made to molecular struc-
ture studies.

Courtesy, Burlington Steel Co., Ltd., and Fisher Scientific Co.

Some expressions have been derived to predict the dielectric
constants of mixtures, involving empirical constants, but in
general the dielectric constant reflects all the anomalies of non-
ideal solutions; indeed, it is one of the most powerful means
of investigating deviations from ideal behavior {261). This
state of affairs does not preclude the use of empirical calibra-
tions for binary or even ternary mixtures, provided the indi-
vidual t values differ sufficiently. The high value for water
(e = 80) makes it possible to, measure extremely small
amounts of moisture in organic liquids, but by the same token
traces of water may complicate the measurement of non-

aqueous media.
Instruments and Methods. The dielectric constant is

usually measured in terms of the definition which we have
given of that quantity—i. e., by measuring the capacitance of a
condenser with and without the substance between its plates.
Other methods, depending upon resonance, the rate of propa-
gation of electric waves, or a direct measure of the electric
force acting through the dielectric are discussed briefly by
Smyth {261).

Several methods are available for measuring small changes
in capacitance. Whatever method is used, it is customary to
use the direct substitution, replacement, or compensation
technique, in that the measuring condenser is shunted by a

high-precision variable condenser. Whatever change occurs
in the measuring condenser is cancelled by changing the set-
ting on the precision condenser and since the capacitances of
condensers in parallel are additive, the entire burden of pre-
cision is placed on the compensator. The rest of the circuit
merely indicates when compensation has been effected.

The capacitance bridge is a very convenient instrument for
this purpose. Theoretically this consists of a Wheatstone bridge
in which the four arms contain pure capacitors and the condi-
tion of balance is simple to compute. If a capacitor is “leaky”
(finite resistance), the bridge must be balanced for resistance as
well as for capacitance, since the currents are out of phase. The
balancing of bridges under these conditions has been greatly
simplified by oscillograph phase-shift indicators. A very thor-
ough treatment of bridge circuits of all classes is to be found in
the monograph by Hague {103). The bridge is excited by an

oscillator, preferably one with a choice of frequencies. Balance
is detected with a crystal detector and galvanometer, or better
with one of the electronic indicators (86, 87). Phones can be
used if the high-frequency oscillator is slightly modulated at an
audible frequency.

In the resonance method an oscillator is used to generate a

high frequency. The indicator of this oscillator is coupled to the
inductor of the measuring circuit which contains the measuring
and compensating condenser. The measuring circuit will have a
resonant frequency which is given by

Figure 178. Plant Use of Carbanalyzer
for Determining Carbon in Steel P = 1/2WLC
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Courtesy, H, K. Work, Jones and Laughlin Steel Corp.

Figure 179. Circuit of Carbanalyzer

If the compensating condenser is adjusted until the frequency
of the measuring circuit is equal to that of the generator, the
current induced in the measuring circuit will be a maximum.
The condition of resonance, for which the current is a maximum,
can be measured with a vacuum-thermocouple-galvanometer
combination or better by electronic means. The resonance
curve—i. e., 1 foiC—is quite sharp; the true figure of merit is set
by the Q of the circuit, which is the ratio of reactance to resist-
ance. Newer developments in radio engineering have furnished
increasingly better “high-Q” circuit components.

The heterodyne or beat-frequency method utilizes two oscil-
lators, one of fixed frequency and the other controlled by the
measuring condenser. In each oscillator, the frequency is a
function of resistance, inductance, and capacitance. In the
reference oscillator these are all held constant; in the measuring
circuit, the specimen condenser determines the frequency. If
the two oscillators are loosely coupled, a new frequency, which is
equal to the difference of the two frequencies, appears and can
be isolated with a pick-up coil, amplified, and applied to phones
or a loud-speaker. By rebalancing the measuring circuit with the
compensating condenser, the heterodyne signal can be reduced
to zero frequency (zero beat). In practice, this is beset with
some difficulties because the oscillators are likely to “pull in” in
a sort of lockstep fashion in the region of zero beat. A still
more sensitive method consists in setting not to zero beat but
rather to some frequency, such as 1000 cycles, and then “beating”
this note against a standard 1000-cycle
source.

meter. The widespread use of this company’s conductance-
type moisture meter (Figure 160) in official and industrial
laboratories has provided ample experience in the demands
made upon a practical moisture meter.

It is intended for use with granular materials such as grains,
cereals, and other powdered substances. It is a self-contained
alternating current line-operated instrument which uses the
heterodyne beat principle. The master oscillator is crystal-
controlled and beats against the measuring oscillator, the fre-
quency of which is controlled by the measuring condenser and
its parallel compensating condenser. The two frequencies are
mixed in part of the master oscillator tube (a pentagrid converter
tube), a practice which is common to superheterodyne broadcast
receivers. This practice minimizes the tendency of the oscillators
to “pull in” and maintains a relatively loose coupling between
the two. The difference or beat frequency is rectified by a diode
element in one of the tubes and is then fed to a microammeter,
which is shunted with a resistor-eondenser network to provide a
suitable time constant. The measurement consists in adjusting
the compensating condenser until the meter reads zero. Small
oscillations of the needle will result as this setting is approached,
and at the exact setting the motion ceases. Maximum deflec-
tions occur at a beat frequency of ca. 200 cycles per second on
either side of the true zero setting. The sample condenser con-
sists of two parallel metal plates between which the substance is
packed. A satisfactory technique has been worked out for doing
this in a sufficiently reproducible manner.

Dielectric measurements are worthy of further study from
the analytical viewpoint. The electrical developments are
far beyond the chemist’s most exacting requirements. There
is no scarcity of data, but most of them would have to be re-
calculated to an analytically useful basis, because the em-

phasis for the most part has been on questions of theoretical
interest, relating to dipole moments and changes in polariza-
tion in mixtures as a function of composition.

In addition to the sources mentioned above, reference to
treatises on electronics and radio engineering {222, 272) is
essential for an appraisal of contemporary practice.

Electrophoretic
Since the phenomenon of electro-osmosis was discovered by

Reuss in 1808, the vast field of electrokinetic phenomena has
developed. Of the many phenomena and important principles

This general technique is practically
identical with dozens of contemporary
practices in radio engineering, but few of
the refinements of the latter field have
found their way into dielectric measure-
ments. Frequency measurements can be
made with an extraordinary degree of
precision {197, Figure 14). Certain ex-
tensions of the method are discussed be-
low.

Applications. Very few applications
have been made to analytical problems.
Schupp {246) in investigating pressed
powders and various mixed solids, ob-
served difficulties in the pressed-powders
technique due to particle size and the
applied pressure. Lampe {167) also used
the method for moisture in sugar, starch,
proteins, and fats and since e < 10 for
most of these substances compared with
the value for water (e = 80), the value
is sensitive to traces of moisture. A recent
successful application is illustrated in
Figure 174, the dielectric-type moisture

Courtesy, G. T. Seaborg, University of California

Figure 180. Lauritsen Electroscope and High-Voltage Supply
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Courtesy, G. T, Seaborg, University of California

Figure 181. Ionization Chamber and Electrom-
eter Measuring Circuit

included in this field (2), none is more timely and significant
than the study of proteins by the electrophoretic effect. That
such studies have succeeded in providing accurate means for
analyzing these complex substances is a triumph of first order,
comparable only to the alternative and complementary tech-
nique of the ultracentrifuge. This interesting and important
field was the subject of a recent symposium (3) in which some
of the leading American investigators participated, and should
serve as an excellent introduction to the present status of the
subject.

Theory. In the moving boundary method for analyzing a

mixture of proteins, the initially sharp boundary between a

solution of the proteins and the buffer solvent will, on pas-
sage of an electric current, separate into a number of bound-
aries, each moving with a velocity characteristic of a component
of the mixture. The concentration changes so produced give
rise to refractive index gradients, which can be measured in a

number of ways.
Methods and Instruments. Investigations providing

precise means for the study of electrophoretic boundaries
were initiated by Tiselius (274, 875)   At present the methods
include the scale method due to Lamm (166), the diagonal
schlieren method of Philpot (216) and Svensson (271) and
the schlieren scanning method of Longsworth (176-178),
The light-absorption method (3) is restricted to colored
substances or the use of ultraviolet light with prohibitively
expensive quartz optics. Since the schlieren scanning method
yields analytical results with less computational labor than
the others, it will be described and illustrated briefly.

Figure 175 shows the electrophoresis cell in which the bound-
aries are observed, together with the electrode vessels and re-
versible electrodes. The cell is mounted in a thermostat (Figure

176, center) regulated at 0° C. The gradients of refractive index
in the boundaries are photographed by the schlieren scanningmethod. The use of “schlieren” or striae for observing such
gradients was originated by Topler (276) and a monograph on
the technique has been written by Schardin (240), Referring
again to Figure 176, a light source at the left illuminates a narrow
horizontal slit with monochromatic light. The schlieren lens is
mounted as close as possible to the electrophoresis cell and an
image of the slit is formed on the right, at which point a hori-
zontal and movable schlieren diaphragm is mounted. The
camera lens is focused on the electrophoresis cell and forms a
full-sized image in the plane of the camera plate (or ground-glass
viewing screen). If the fluid in the cell is homogeneous the imagewill be uniformly illuminated, but if there is a boundary—for
example, between a protein solution and a buffer—there will be
a region in which the refractive index varies with the height, and
light which would normally pass to the plate is deflected down-
ward, where it is intercepted by the schlieren diaphragm. Hence
if the schlieren diaphragm is raised to a point where it intercepts
the most deflected ray, a dark band will appear on the screen,
conjugate to the region of steepest gradient in the boundary.

The great advance made by the Longsworth improvement
consists in the use of a narrow vertical slit in the plane of the
plate and in imparting to the camera plate a uniform hori-
zontal motion. The motion of the plate is coordinated by
interchangeable gears with the vertical motion of the schlieren
diaphragm.

Applications. A representative result is shown in Figure
177, which is a photograph of the electrophoretic pattern of a

typical mixture of proteins-—namely, human blood plasma.

Each peak in the pattern, except that marked 8, corresponds
to a component of plasma—namely, A albumin, tn, <12, 6, and
7 globulins, and 4> fibrinogen. The concentration of each com-
ponent is proportional to the area under the corresponding peak.

The precision of the method is limited only by diffraction
phenomena and at present corresponds to about 0.00002 in
refractive index—i. e.t 0.01 per cent in protein concentration.

Courtesy, R. D. Evans, Massachusetts Institute of Technology

Figure 182, Geiger-Mulleb Counter Apparatus
with Beli>Type Beta-Ray Counter

For a more extensive list of applications the reader is re-

ferred particularly to Longsworth (179),

Magnetic
The analytical applications of magnetic properties are very

limited and few in number. Almost without exception, the
measurements are limited to the use of the Gouy balance in
conjunction with a powerful magnet. The magnetic sus-

ceptibility is a general unspecific property measurable for all
states of aggregation and is difficult to measure if high pre-
cision is required. It is not surprising, therefore, that practical
uses are largely confined to ferromagnetic materials.

The successful correlation between these properties and the
carbon content of steels has been mentioned (197). The
routine examination of a test specimen is shown in Figure 178
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Courtesy, G. T, Seaborg, University of California

Figure 183, Geiger-MUller Counter Assembly

and the circuit for the analyzer is shown in Figure 179. The
circuit and the general development of this method have been
described by Work (SOS).

Radiometric
Theory, A single radioelement is characteristically de-

fined and identified by its rate of decay, which is given by
-dN/dt = \N (14)

or the number of atoms remaining after time t is

AT, = N0e-w (15)

where X = disintegration constant. Another convenient
designation is the half-life, T, which is the value of t for
which

and from which
T = In 2/X = 0.69/X (16)

If the product of disintegration itself disintegrates, the
same type of expression holds and the total activity of the
system can be expressed by a simple mathematical extension
of the above principle. The various cases for successive
transformations are discussed by Rutherford (285).

The particles or radiation emitted during disintegration
may be detected photographically, by excitation of a fluores-
cent screen (spinthariscope), or by ionization produced in a
gas. In the latter case the process may be rendered visible
(C. T. R. Wilson cloud chamber) or measured by appropriate
electrical methods.

The unit of intensity in radioactivity is the curie. A curie
of any radioactive materia] undergoes the same number of
disintegrations per unit time as 1 gram of radium—i. e., 3.7 X
1010 disintegrations per second (247). The type of radiation is
classified as follows (247):

er = negative beta particles
e+ = positive beta particles (positrons)
7 = gamma rays
e = internal-conversion electrons
K = A-electron capture
l.T. - isomeric transition (transition from upper to lower iso-

meric state).

Positron emission is always accompanied by “annihilation”
gamma radiation, since each positron with an accompany-
ing electron is annihilated and this destruction of mass results
in 2 gamma rays each having an energy given by mci—i. e.,
0.51 Mev. (million electron volts). The previously mentioned
methods of detection must be supplemented by further re-
finements in order to establish with certainty the type or

mechanism of disintegration—for example, closed tracks are

usually examined in a magnetic field and coincidence counters
are used to determine the energy of gamma rays.

Courtesy, R. D. Evans, Massachusetts Institute of Technology

Figure 184, Use of Counting Rate Meter for Deter-
mination of Radioactive Iodine in Thyroid of a

Patient

Artificial Radioactivity. Before the discovery of arti-
ficial radioactivity by Irene Curie and Frdderio Joliotin 1934,
analytical applications were limited to the relatively few
naturally occurring radioactive isotopes, and although several
ingenious schemes were developed to make indirect use of
them, the field showed relatively little promise of extensive
use. This earlier work is treated by Hahn (105) and by
Ehrenberg (66, 67, 210, 211). Recent tables (174, 247 (list
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more than 350 artificial radioactivities, and radioactive iso-
topes of 87 elements have been produced (see also 123, 217).

They are prepared by bombarding a suitable target by
neutrons (n), protons (p), deuterons (d), alpha particles or
helium nuclei (a), electrons (e), and gamma rays (y). Only
the first four projectiles are important for preparing useful
amounts of the isotopes. The bombardment is carried out in
one of the various types of high-voltage apparatus, of which
the magnetic resonance accelerator or cyclotron of Lawrence
(116,171) is an outstanding example. Neutron sources using
naturally occurring radioactive substances may also be used,
but the yields are smaller (6). In this type of source, the a

particles emitted by radium, radon, or polarium bombard
beryllium, which then emits neutrons. Their range or energy
may be modified by screens of paraffin or other substances
rich in hydrogen atoms.

The production of a radioelement may be represented by an

equation such as the following:

nNa23 + jD2 —> nNa24 + jH1 (17)

for the formation of radiosodium by bombarding ordinary
sodium with high-speed deuterons, the other product being
a proton where the subscript indicates the atomic number
and the superscript the mass number of the isotope. The
newer and more convenient description is to designate the
projectile and the emitted particle; thus the above is a

(d, p) reaction. Of the four useful methods, the following

Courtesy, A. Longer, Westinghouse Research Laboratories
' Figure 185. Radiometric Titration Arrangement with

Counter
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types of reactions have been observed and are listed more
or less in the order of their probability:

Neutron reactions (n, 7), (n, p), (n, 2n), (n, a), (n, n)
Proton reactions (p, n), (p, 7), (p, «), (p, p)
Deuteron reactions (d, p), (d, n), (d, a), (d-2n)
Alpha particle reactions (a, n), (a, p), (a, d), (a, 2n), (a, a)

This terminology designates the process; the complete
statement also specifies the target, so that Equation 17 is
abbreviated to Na-d-p. Thus the four methods for preparing
radiosodium may be abbreviated as Na-n-y, Mg-n-p, Al-n-o:,
Mg-d-a. In the last case, the effective target is really the
stable isotope of magnesium (Mg28), which is present to the
extent of 11.1 per cent in ordinary magnesium.

The valuable table by Seaborg (247) gives complete in-
formation on more than 350 artificial radioelements, listing
the atomic number, mass number, degree of certainty of the
assignment, type of radiation emitted, half life, energy of the
radiation (particle and gamma rays) in Mev., and the vari-
ous modes of production. Another table in this splendid
paper lists the stable isotopes of the elements, giving mass
numbers and the relative abundance of the various isotopes.
These tables really provide a list of “reagents” for the
prospective investigator and he can form in advance a fairly
good opinion of their suitablity for a given problem.

Separation op Radjoelements. The preparation of a

radioelement is one thing; its isolation or concentration in a
form suitable for use is another and requires considerable care
and ingenuity. The various methods have been reviewed and
classified (227, 247). The techniques may be grouped as

follows (227):

1. Electrochemical
Gas phase
Liquid phase

2. Chemical
3. Extraction

By solvents
By absorbents

If the radioelement which has been formed is not an

isotope of the target element, its removal is facilitated by
the addition of a small amount of the corresponding inac-
tive isotope (“carrier”) and it is then subjected to the usual
methods of chemical separation. In general, it is desirable to
maintain a high “specific activity”—that is, ratio of active
to inactive isotope. There is still ample opportunity to dis-
cover new chemical procedures to improve and refine this
part of the problem (76).

It may be of interest to appraise the “production facili-
ties” of modern devices. Under the best conditions, amounts
of the radioelements can be prepared which are just about
weighable. Thus, according to Seaborg (247), a 4-hour
bombardment of phosphorus with 100 microamperes of
16-Mev. deuterons produced about 50 millicuries of P32.
From the known disintegration constant this can be shown
to correspond to about one-sixth microgram of radioactive
P32. Another aspect of the situation may be inferred from the
statement of Kurie (163) that the demands put on the 37
inch cyclotron at Berkeley are so great that it is operated
about 19 hours a day. This places such a great premium on

efficient bombardment that the maximum current is em-

ployed and pure elements instead of compounds are used.
The fact that nearly a kilowatt of energy must be dissipated
in the target indicates the enormous energies involved, not to
mention many technical and operative difficulties encountered
in maintaining an intact target.

Measurement or Radiations. The choice of detector is
governed by the type of radiation which is to be measured as
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Courtesy, A. Lunger > Westinghouse Research Laboratories

Figure 186. Types of Liquid Counters
Ait A?, As, Liquid-] acket-pipet counters U8ed for titration

well as the sensitivity and stability which are required. In
general, the measurement is based on determination of the
ionization produced by the radiations.

One of the simplest devices is the Lauritsen quartz-fiber elec-
troscope (170). The instrument is somewhat similar to a gold-
leaf electroscope, but it is much reduced in size and uses a gold-
coated quartz fiber in place of a gold leaf. The deflection of the
fiber is measured with a low-power microscope provided with a
micrometer ocular. The response is linear over 0.6 to 0,7 of the
scale range, or over the entire range by offsetting the zero point.
With a 3/i quartz fiber the average sensitivity is about 1 division
per volt. The capacity of the unit is about 0.2 cm.; therefore,
the ion sensitivity is about 1.5 million ions per division. Slightly
higher sensitivities may be obtained (700,000 ions per division)
by using a lighter fiber. In terms of radioactivity measurements,
this instrument works best for intensities of the order of micro-
curies (10“6 curie), although 10~r or 10'8 curie can be measured
under the best conditions (2Jfl).

The sensitive element may be placed right in the ionization
chamber; indeed, it can be placed in a volume as small as
0.5 cc. and used in thimble chamber measurements.

Many investigators view with suspicion instruments of
such high sensitivity and suspect instability and tempera-
mental behavior. It is encouraging to note that in connection
with cosmic ray measurements a torsion type of fiber electro-
scope has been developed ($69), with almost complete free-
dom from orientation effects, which could be mounted within
3 feet of the engine of a pursuit plane.

A typical installation is shown in Figure 180 in which the
Lauritsen electroscope is mounted in an ionization chamber.
An adjustable sample tray is mounted under the chamber, and a
small lamp, operated from a filament transformer, is used to

illuminate the fiber. A small power supply at the right suppliesthe direct current high voltage for charging the electroscope.

Electrometer and Ionization Chamber. A somewhat
more sensitive arrangement of the integrating type is obtained
with an ionization chamber to which an electrometer is con-
nected.

The ionization chamber consists of an outer metal cylinderfitted with a well-insulated central, coaxial electrode. A highdirect current potential (300 to 400 volts) is maintained across
the pair. The potential is high enough to collect the ions before
they can recombine (saturation current). Any gas may be used
in the chamber; if very penetrating radiation is to be measured,
the pressure of the gas may be increased. The ionization current
is measured with a sensitive electrometer. Although any sensi-
tive electrometer may be used, such as the Edehnann or Perucca,
the present trend is in the direction of stabilized vacuum tube
electrometers. In these arrangements, the ionization current is
measured by a single-tube direct current amplifier.

Several papers have been published (58, $68, $79, $87)
dealing with the theory, construction, and operation of these
circuits. Equations have been derived indicating the cor-
rect values for circuit constants in order to eliminate or mini-
mize changes in the tube constants and fluctuations in supply
voltages. In general, special “electrometer” tubes, such as
the General Electric FP54, Western Electric D-96475,
R. C. A. A-154, or Westinghouse DR+1-506 or 507, are
used. These are specially constructed for the difficult problem
of measuring very feeble currents from high-resistance sources
(196). It is likely that the modern inverse-feedback ampli-
fier, with its extraordinarily high stability, will soon replace
the galvanometers which are at present used in tube electrom-
eter circuits. However, the electrometer tube itself will still
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Courtesy, A. Longer, Westinghouse Research Laboratories

Figure 187. Radiometric Titration Curves
a. Chloride with radioactive silver nitrate
b. Bromide (with radioactive bromine) with radioactive silver nitrate

be used in the first stage, primarily for its transfer character-
istics.

The combination of ionization chamber and electrometer is
capable of measuring very weak samples. Tube electrometers
can attain sensitivities of the order of 10,000 divisions per volt
or charge sensitivities of the order of 5 X 1G14 divisions per
coulomb (869). This corresponds to radioactivities of about
10~4 microeurie (24-7).

Figure 181 illustrates a typical installation of an ionization
chamber. The cylindrical brass container above the ionization
chamber, with provision for evacuation and desiccation, contains
the vacuum tube and part of the vacuum tube electrometer cir-
cuit. The remainder of the vacuum tube electrometer circuit
is contained in the cabinet, above and behind which are located
the galvanometer and scale.

Geiger, Counters. The Geiger counter is sensitive to
individual ionizing particles and depends for its high sensi-
tivity upon ion-magnification. The ions produced by the
primary particle are moving in an intense electric field and,
by collision, produce thousands of other ions.

Three general classes of counters are recognized.

The Point Counter of Geiger (88, 236) consists of a pointed
wire placed axially within and insulated from a metal cylinder.
A high potential of 1500 to 5000 volts is applied across the elec-
trodes through a high resistance of the order of 10° ohms. The
point is negative with respect to the cylinder. When an ionizing
particle enters the counter a discharge takes place which con-
tinues until the potential drops below that necessary to maintain
the discharge and the system returns to the normal sensitive
state, ready for another count. The change in potential across
the series resistor may be detected by a string electrometer or a
pulse amplifier. The magnitude of the pulse is more or less
independent of the number of ions originally produced by the
ionizing particle.

The Proportional Counter of Geiger and Klemperer (89) con-
tains a small ball or sphere at the end of the wire, and in this
case the wire is made positive with respect to the cylinder. With
this arrangement the pulse is approximately proportional to the

original ionization produced by the particle and one can dis-
tinguish between heavy particles, such as a particles, protons,
and deuterons, and lighter particles such as electrons. A linear
amplifier is used to measure the pulses.

The Zdhlrohr or Ceiger-Miiller Counter (90) provides a large
area sensitive to ionizing particles. It consists of a cylinder and
a coaxial wire between which a high potential is applied. The
counter is filled with a suitable gas at reduced pressure. The
bursts are detected with an alternating current pulse amplifier
and can be made to operate mechanical counters.

Geiger counters have been the subject of many investiga-
tions and scores of applications. An excellent treatment from
a very practical viewpoint is given by Neher (804, 869).
Because of their extensive use in cosmic ray research as well
as in radioactivity, a large number of special circuits have
been developed for accomplishing special tasks. A few of
these may be mentioned.

1. .For extremely fast counting, where the inertia of mechani-
cal message-counters sets an upper limit, extensions of the Wynn-
Williams (307) scale-of-two circuit may be employed. Here the
actual count is divided exactly in half; two tubes count the
bursts alternately. The adding of more scale-of-two circuits
may be continued indefinitely, the final tube with its recorder
reading 2~n of the original pulse where n is the number of such
circuits.

2. Special circuits have been developed to help the Geiger-
Miiller counter extinguish itself and thus increase the efficiency
at high counting rates (204, 269).

3. Coincidence-circuits have been developed ($28) which
record a count only if two or more G-M counters have discharged
simultaneously. Since all counters register a minimal “back-
ground” count due to cosmic rays and radioactive contamina-
tion, an appropriate arrangement of coincidence-counters can
be utilized to rule out or minimize these accidental registries.'

4. Counting-rate meters have been developed (72, 94) which
will take randomly distributed pulses of any voltage, shape, and
varying magnitude, convert them into uniform pulses (amplitude
and duration) and feed them into an amplifier having a capacity-
resistance tank circuit which performs a smoothing or averaging
process. The output meter thus records the average rate of
counting. Rates between 30 and several thousand counts per
minute can be accommodated. The output can also be recorded
with a recording galvanometer or milliammeter. An illustra-
tion of this type of instrument is shown in Figure 182. Preliminary
details of its design and operation have been published (131) and
a complete description will appear soon. A special bell-type
beta-ray counter (243) with a pre-amplifier mounted in the
cylindrical housing is shown resting on the top of the main
amplifier cabinet. The pen recorder on the right provides a
continuous ink record of the counting rate vs. time.

Another installation is shown in Figure 183. The lead shield
on the right contains the Geiger-Muller counter tube. The unit

Courtesy, T. I. Taylor, University of Minnesota

Figure 188. Mass Spectrograph
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in the center houses the vacuum tube high-voltage supply, am-
plifier, and scaling unit. In the left foreground is a Cenco
impulse counter and behind it is a cathode ray oscillograph for
monitoring purposes.

Applications. Atoms or the molecules containing them
may be “tagged” with a small amount of their radioactive
isotope and their subsequent behavior in any analytical
scheme can be followed by measurements with one of the
instruments described above. This presupposes the avail-
ability of a sufficiently long-lived isotope and a preparation of
reasonably high initial intensity. A biological application of
tagged atoms is illustrated in Figure 184, in which the count-
ing-rate meter is used for a quantitative determination of the
amount of radioactive iodine accumulated in the thyroid of a

patient. In ordinary analytical separations, the method may
be used to determine completeness of precipitation, coprecipi-
tation, or distribution between solvents. Specific examples of
these and many others are discussed in recent reviews (76,
121,247).

Another method which has great possibilities for the de-
tection of minute amounts of impurities is to subject the ma-
terial to bombardment and produce the radioactive isotopes
of the impurity. By this means 6 parts per million of gallium
in iron have been detected, small amounts of copper in nickel,
and of iron in cobalt, etc. Again, one part of copper in 10,000
parts of silver has been detected by bombarding the silver
with a particles (150).

Mass Spectrographic
The mass spectrometer or spectrograph is a device in which

gases or vapors can be subjected to bombardment by electrons
of controlled velocity. The molecular fragments which are
ionized can be sorted out by combined electric and mag-
netic fields and brought to a focus on a photographic plate or

on an exit slit. In the case of the spectrograph the ion beam is
brought to a focus in the plane of the photographic plate and
the resulting mass spectrogram contains lines, the spacing of
which depends upon the e/m values of the respective ionic
species.

In the mass spectrometer the electric or magnetic focus-
ing fields are so adjusted as to bring one species after an-

other to a fine exit slit, behind which there is placed a

Faraday cage which collects the ions. This positive ion current
is a measure of the abundance of the particular ionic species
that has reached it. By either of the methods it is possible to
sort out the molecular ion fragments according to their relative
masses and abundance.

This very valuable technique is based on almost half a

century of fundamental work by J. J, Thompson, F. W.
Aston, Dempster, Smyth, Hogness and Lunn, Bleakney, and
others. Among the many contributions to physical science
which this technique has made may be mentioned the de-
termination of the relative abundance of naturally occurring
isotopes, from which “mass defects” can be computed.

An interesting combination of techniques
has been described by Langer (169). Radio-
active phosphorus P32 was converted to a
soluble phosphate, several drops of which
were added to a disodium phosphate solu-
tion. This was then used to perform several
representative titrations (Ba++, Pb++,
Th++++, Mg++, UOs++). After each addi-
tion of the reagent, the filtered solution was
sucked up into a special chamber surround-
ing a Geiger-Miiller counter. A counting-rate
meter (94) was used to measure the activity.
The end points could be determined accu-
rately, by the intersection of the activity
curves.

Figure 185 shows the apparatus used for
these measurements, and Figure 186 some

examples of liquid counters suitable for ana-
lytical work. Through the courtesy of Dr.
Langer, the unpublished results of some
further work are shown in Figure 187.

Conclusion. It is difficult to appraise
the significance of this mode of analysis;
although the field of artificial radioac-
tivity is but seven years old, nearly six
hundred papers have been published. The
main interest lies in the nuclear studies,
and the analytical applications have been
relatively few but nevertheless very im-
portant and revolutionary. For some
time to come, the radioactive isotopes
as “reagents” will continue to be scarce,
for their preparation is very costly. On
the other hand, there are few fields of
investigation so well provided with re-
fined and sensitive instruments. Nuclear
physics and chemistry have attracted
the most brilliant and gifted investiga-
tors and ample support for their work
has been freely given. Such is the tempo
that any textbook on the subject is
likely to be out of date before it leaves the
press.

Courtesy, Westinghouse Research Laboratories

Figure 189. Portable Mass Spectrometer
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From the imiytical view point its value resides in the
following possibilities:

1. In the use of stable isotopes for tracer work, it is the most
accurate and reliable means of analysis,

2. It is able to determine small traces of certain gases in mix-
tures with a high degree of certainty and identification.

3. It is adaptable to very small amounts of material, since the
total gas pressure maintained in the spectrometer is of the order
of 10“4 mm. of mercury.

4. Continuous changes in composition can be followed.

In general, the sample must be in the form of a gas or a

vapor and although it is possible to work with any of the
metals in the vapor form, this, as might be imagined, is beset
with certain technical and manipulative difficulties. In
some cases, such as the alkali metals, salts can be heated,
resulting in the thermionic emission of the metals as positive
ions, which can then be resolved by the electric and magnetic
fields of the spectrometer.

Instruments. Two handsome examples of the mass

spectrometer may be discussed briefly.

In Figure 188 is shown the mass spectrometer used by Taylor
at the University of Minnesota. It is a Dempster 180“ focusing

Courtesy, Eastman Kodak Co.

Figure 190. Apparatus for Separation of Isotopes
by Chemical Exchange

type, designed to measure the abundance ratio of isotopes. It is
similar in construction to those described by Bainbridge (10) and
Brewer (28). The analyzing chamber between the poles of the
magnet is equipped with an interchangeable ground-glass joint to
facilitate the use of different positive ion sources. A small
platinum disk impregnated with an alkali element and heated
with a tungsten filament serves as a source of positive ions for
these elements. Gaseous substances can be admitted to the
system through a fine capillary tube, after which they are ionized
by bombardment with a beam of electrons. The ions are ac-
celerated into the magnetic field by use of a high-voltage rectifier
unit. The resolved positive ion current is measured with a F. P.
54 tube electrometer circuit of the DuBridge and Brown type
(58).

The spectrometer unit with its associated magnet and high-
vacuum pumps appears on the right. The electrometer unit and
control panels are at the extreme left, sufficiently removed from
the local field of the magnet and connected with the Faraday cage
of the spectrometer by the long horizontal tube which is carefully
shielded and grounded.

The portable mass spectrometer shown in Figure 189, which
was designed and built at the Westinghouse Research Labora-
tories by John A. Hippie, Jr,, embodies all the latest improve-
ments in this field. A tentative description (August 1, 1941) has
been prepared by Westinghouse. The deflecting magnet is
clearly shown in the upper left-hand portion, with the inlet tube
and gas ionizing mechanism rising vertically above the pole
pieces. The magnet is the 90° type, affording a shorter ion path,
and since this reduces the number of collisions of the ions with
the gas in the analyzer, somewhat higher gas pressures than
usual can be tolerated. The use of a vertical ion source affords
an experimental simplification in the ease with which new tubes
can be sealed on and filaments can be replaced where necessary.
Theoretical computations based on the instrument parameters
indicate a resolution of 109, according to which the instrument
should resolve mass 108 from mass 109.

The predictions are verified in representative analyses, which
show as expected that the resolution is of this order. Typical
curves taken on carbon dioxide show the three isotopes of oxygen,
O15, O11, and 01S, and the two isotopes of carbon, C12 and C1J,
which values are evident in curves showing a mass of 44, 45, and
46. Another test shows the mercury isotopes, Hg204 and Hg202,
which represent two mass units in 200 in the resolution expected
from the geometry of the apparatus. The remaining mercury
isotopes, which are only one mass unit apart, are not completely
resolved. Very useful information has already been obtained
with this instrument. Information is available in the literature
for the following molecules: methane, ethane, acetylene, ethylene,
propane, propylene, allylene, butane and isobutane, benzene,
sulfur dioxide, carbon tetrachloride, chloroform, ammonia, carbon
bisulfide, cyanogen, methyl alcohol, ethyl alcohol, nitrous oxide,
bromine, hydrocyanic acid, carbon dioxide, carbon monoxide,
water, hydrogen, oxygen, and nitrogen peroxide.

The sensitivity for analysis is expressed as the smallest amount
of the least abundant component mass that can be detected in the
presence of the most abundant component. One example may be
mentioned. The instrument has been used to measure as little
as 0.001 per cent of oxygen in nitrogen. The entire equipment is
placed on a truck and the only outside connection required when
the apparatus is in place is 110-volt alternating current and water
connections for cooling the pumps. Further details are available
in the Westinghouse publication, and it is a privilege to be able
to present these meager details of an instrument, from which
much important and useful information will undoubtedly be
forthcoming in the near future.

Applications. The vast program which has been in
progress for some time on the separation and utilization of
naturally occurring isotopes has been recorded in many
places. Starting with the discovery of deuterium by Urey
in 1932, there has been rapid progress in the separation or

enrichment of other useful isotopes, such as Urey’s meth-
ods for Cls from the more abundant C12 and also of N15 in
quantities sufficient to make these substances available for
biological tracer work (see also 223). His methods (137) for
enrichment based on the exchange principle have proved most
useful (268, 273). A typical example of columns for these
studies is shown in Figures 190 and 191. Some examples
of the use of these isotopes as tracers have been given by
Rittenberg (35, 77, 244), and many others are currently re-
corded in the literature.
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Courtesy, Eastman Kodak Co.

Figure 191. Apparatus for Separation or
Isotopes by Chemical Exchange

Earlier investigations in the isotope field employed a great
variety of methods, mostly refinements of density measure-
ments, but at the present time the mass spectrograph despite
its complication is regarded as the most reliable and accurate
tool for the purpose.
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