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PHYSICS AND ANALYSIS INSTRUMENTS

HOWARD C. ROBERTS
University of Illinois, Urbana

Instrumental analysis is the sci-
ence of identifying or resolving mix-
tures or complex substances into
their component parts, through de-
termination of specific physical
properties. Most methods of instru-
mental analysis are based on the
prineiples of classical general phys-
ies, but probably most of their appli-
cations are in chemistry, biology, and
medicine.

Any instrument for determining
any physiecal property might be used
~as an analysis instrument, but in
practice the term is usually reserved
for a group of instruments whose
principal use is in determining spe-
cific physical properties for analyti-
cal purposes.

MzTHODS OF OPTICAT, ANALYSIS

Perhaps no better example of a
specific physical property determi-
nation can be cited than flame photo-
metry. The spectator on July 4th
will admire the rich red flame from
the flares without realizing that the
color is produced by the element
strontium. The student of physics
or chemistry may recognize the more
brilliant but less vivid green as pro-
duced by barium, and the white stars
from the rockets as such less active
materials as iron or clay. Even the
student chemist is familiar with
flame tests, but perhaps without
realizing entirely what they mean.

To the spectroscopist, the color of .
the radiation produced by an in-

_ candescent material is an indication

of the molecular activity produced
by exeiting (through heat) the com-
ponents of that material. Figure 1
portrays the emission characteristics
of a few elements excited in a flame.
Barium, for example, displays a con-
tinuous spectrum, most intense in the
green; to the eye, therefore, it is
brilliant and greenish. Strontium
shows only a short section, in the
red; it appears more vivid in color
(less admixed with white) but less
brilliant than barium. Sodium, with
a visible spectrum concentrated in
two lines very close together, is a
distinctive yellow to the eye, and
conspicuous in a spectrogram. Ma-
terials which are less easily excited
by the relatively low temperature of
the flame (clay, for example) emit
a continuous spectrum and appear
yellowish ‘white.

The flame photometer can be made
to give quantitative as well as quali-
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tative information, using compara-
tive methods. That is, the intensity
of radiation at appropriate wave
lengths indicates relative quantities
of material being excited into radia-
tion. The instrument is ‘‘calibrated’”’
with solutions of known concentra-
tions; then, if both the flame and the
rate of addition of sample are uni-
form, quantitative analysis is pos-
sible.

A flame photometer, therefore,
comprises a burner to activate sam-
ples, a spectrum-analyzing device
such as a prism, diffraction-grating
or interference-filter assembly, and a
device for measuring the intensity of
the selected spectrum range.

Where extremely high tempera- -

tures are required to excite molecu-
lar activity, spark or arc excitation
is used, and the spectral intensities
are often recorded on a photographic
plate.

Activity can also be induced in
many molecules by applying light;
at certain frequencies (colors) ener-
gy will be absorbed by the sample,
indicating that corresponding mole-
cular activity is taking place. The
optical transmission of the specimen
is ordinarily plotted against fre-
quency ; this is spectrophotometry—
a very powerful method of analysis.

Colorimetry, involving low rather
than high spectral resolution, differs
from spectrophotometry in that
white light is applied to the speci-
men, with color filters used to isolate
certain portions of the spectrum;
typically, a set of tri-color filters,
each permitting roughly one-third of
the visible spectrum to pass, is used.
The data is expressed in terms of
these filter characteristics. Such
measurements are more used in de-
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seribing appearance (as in matching
pigments, paints, etc.) than in de-
termining composition; they do not
usually attain the sensitivity of spec-
trophotometrie instruments—Ilargely
because their measurement is that of
a small difference in a relatively
large quantity. The use of mono-
chromatic light (in the spectrophoto-
meter) greatly increases sensitivity,
resolution, and accuracy.

Another group of optical methods
is based on other than spectral char-
acteristics. Polarimetry (or sac-
charimetry) is a standard method
for determining the concentration of
sirups or sugar solutions (and the
type of sugar) by the rotation of the
plane of polarization of the light
passing through the sample.

Nephelometric or light-scattering
methods are valuable for guantita-
tive chemical analysis, measurement
of size of small solid particles (for
example, Portland cement) and tur-
bidity of solutions, and detection of
contaminants in suspension in solu-
tions; a special application is in the
determination of actual size and
shape of molecules. Related methods
are used for analyzing suspensions,
making blood-cell counts; and the
like.

Measurement of refractive index,
reflection characteristics, and other
optical characteristics are useful in
the study of both solid and liquid
samples.

The history of these methods may
be of interest. Nephelometry origi-
nated in the work of John Tyndall,
90 years ago, in his study of sus-
pended particles in the atmosphere.
Spectrophotometry was born, prob-
ably, in the early 1800’s, with Wol-
laston’s observation and Fraun-
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hofer’s classification of the absorp-
tion lines in the sun’s spectrum. The
polarimeter was used in sugar re-
fineries in 1842, by sugar growers in
1863, and in 1883 received govern-
mental sanction in tariff assessment.
But it is only in the last 20 to 30
years that methods of instrumental
analysis have been highly developed.

Another method based on optical
concepts (involving absorption of ra-
diant energy) is fluorimetric analy-
sis. In this technique, a sample is
irradiated with ultraviolet, exciting
certain of its molecules and produc-
ing visible light. The intensity of
the light is measured, and perhaps
analyzed, with the spectrophoto-
meter.  The method is especially
valuable in detecting very small
amounts of radioactive material in
biological samples, as it is extremely
sensitive. It can easily detect im-
purities in all except the best grades
of reagent chemicals.

Other optical methods include:
the electron microscope, which not
only permits observation at extreme
magnification but also actual analy-
sis in some instances; X-ray and
electron diffraction methods, which
measure intercrystalline lattice di-
mensions by using the crystalline
material as a diffraction grating
traversed by radiation of known
wave-length; and the field emission
microscope, which produces actual
images of molecular structures.

Mieroscopic technigues in general
are highly developed; for example,
spectrophotometric analysis can be
made on single cells, permitting
study of cell structure and growth
in a manner beyond the imagination
a generation ago.
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METHODS FOR THERMAL ANALYSIS

These are many and varied. Vapor
pressure of microsamples of solu-
tions is determined by minute differ-
ences in temperature between sample
and standard solutions. Mechanical
properties may be studied through
coefficients of thermal expansion,
transmission, ete. Mixtures of CIys-
talline materials may be resolved by
thermal analysis— change of state
being indicated by differential tem-
perature measurements over wide
ranges. (Gas analysis by thermal
conduectivity is standard in many
fields.

MEecHANICAL ANALYSIS METHODS

Variations in hardness over a wide
area or within a single crystal can
be measured. The absorption of vi-
brational energy in an elastically
loaded specimen may disclose de-
fects, or it may be used to determine
the mechanical properties of the ma-
terial. Omne primary advantage of
most instrumental analysis methods
is that they do not destroy the sam-
ple. Measurements of viscosity can
show the behavior of a liquid in its
handling and normal use, and com-
bined with other measurements can
provide information as to essential
molecular structure. Particle-size
classification may be made by sedi-
mentation and elutriation.

ULTRASONIC METIIODS

The relatively new group of meth-
ods employing high-frequency sound
transmission, though mechanical in
nature, deserves a classification of
its own. In addition to their use in
preparation and treatment of ma-
terials, high-frequency sound meth-
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ods are used to determine viscosity
of liquids, composition of gases, con-
centration of vapors, and the sound-
ness or strength properties of solids.
They are of special value since they
can produce a continuous indication
of the property, rather than inter-
mittent values from individual sam-
ples.

Already listed, then, are methods
based on light, heat, mechanies, and
sound; the other classical fields of
physics are electricity and magnet-
ism—and they include many such
methods.

MeTHODS OF ELECTRO-ANALYSIS

The chemist has an entire series
of electrometric and magnetometrie
methods, many of them combined
with other techniques. The mag-
neto-optic and electro-optic effects
(rotation of the plane of polariza-
tion of light when an electric or
magnetic field is applied) are not
much used in laboratory instru-
mental analysis, but are of great
value in pure research, especially
in the structure of matter. (His-
torically, the Zeeman effect was of
the greatest importance in the for-
mation of the electron theory of mat-
ter:)

Magnetometric analysis—analysis
based on the magnetic properties of
matter—involves several - different
phenomena. Magnetie susceptibil-
ity, magnetic permeability, coerciv-
ity, and para- and dia-magnetism are
the properties perhaps most impor-
tant. (Ferromagnetic materials are
usually placed in a class alone.)

Magnetochemistry is based on the

fact that all materials are magnetic

to some degree, although in general
very much less so than the ferromag-
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netic materials commonly termed
““magnetic.”’ Gases as well a8 lig-
uids and solids display the property ;
there are available commercial in-
struments for oxygen analysis based
on this fact. Concentrations of solu-
tions can often be measured by their
magnetic susceptibility, correcting
for the contained water.

For the rare earths, the customary
quantitative analysis procedures are
not satisfactory. Determinations by
magnetic  susceptibility —measure-
ments are praectical; measurements
are made at different temperatures
and pressures, and at various field
strengths.

Also employing magnetic prineci-
ples is the mass-spectrometer, n
which a beam of atoms is accelerated
by an electrie field through a trans-
verse magnetic field. Since their de-
flection by the magnetic field is in
inverse proportion to their mass, the
different atoms are separately col-
lected. The mass-spectrometer has
been used to prepare extremely pure
material, as in separating isotopes.

Among the methods of electro-
analysis, polarography and ampero-
metrie analysis are most widely used.
These methods employ a cell con-
taining the test solution and fitted
with suitable electrodes, a source of
current, and a recording or indicat-
ing device by which the current is
plotted against the potential. Fre-
quently a dropping-mercury elec-
trode is used, with a eurrent such
that complete polarization of the
mercury drop oceurs as each drop
is formed, and a fresh surface ap-
pears as each drop falls. In this
condition, the electrode potential
alternates between that of the polar-
ized and the unpolarized condition,
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and as the applied voltage is varied
the electrode potential record dis-
plays a series of steps. From the
shape of these steps, the solution
composition may be determined. Ex-
tremely dilute solutions ean be used ;
thus microsamples can be analyzed.

Determination of conductance, di-
electric constant, and loss-factor of
chemical solutions are measurements
of electrical parameters and are ac-
complished by the usual laboratory
methods, with any modifications re-
quired by the application. They are
used for determining the essential
characteristics of compounds, for
quantitative analysis, and for indus-
trial control. For example, in many
steam power plants the conductance
of the boiler water is continually
measured to insure that seale will not
form, and in ocean-going vessels the
surrounding seawater may be con-
tinually measured to control the
evaporators. In biological research,
measurements can be made on sus-
pensions of living cells, and by using
high-frequeney current for the mea-
surement, the conductance of the in-
terior of the cells may be found,
without the insulating effect of the
cell walls.

One of the most widely-used in-
struments for electroanalysis is the
“pH meter,”” an instrument for de-
termining the acidity or basicity of
solutions. A classic method uses ‘“in-
dicators,”” which are usually weak
organic acids having distinctive col-
ors changing in the salt form. While
there are one or two indicators hav-
ing extremely wide ranges of opera-
tion, usable in a wide variety of con-
ditions, most careful work employs
electrical methods for determin-
ing the hydrogen-ion concentration.
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TABLE 1.—Principal Methods of Instru-
mental Analysis.

1. Optical methods
A. Involving high spectral resolu-

tion:
Spectrophotometry, spectro-
graphy, etc.
B. Involving low spectral resolu-
tion:

Colorimetry, ete.
C. Involving other operating char-

acteristics:
Refractometry, polarimetry,
fluorimetry, nephelometry,
ete. :

D. Related methods:
Electron miecroseopy, X-ray
and electron diffraction, field
emission microscopy.

2. Thermal methods
A. Differential thermal analysis:
Vapor pressure, change of
state, etc.
B. Thermal conductivity (analysis
of gases, liquids, solids).

3. Mechanical methods

A. Static mechanical methods:
Hardness, etc.

Strength properties.
Density, ete.

B. Dynamic mechanical methods:
Sonic methods. )
Viscosimetry.

Sedimentation, elutriation,ete.
(Stokes’ Law).

Centrifugation.

Solvent chromatography.

4. Electrical and magnetic methods

A. Magneto-optic and electro-optic
effects.

B. Magnetometric analysis:
Magnetic susceptibility.
Magnetic permeability.
Coercivity.

Para- and dia-magnetism.

. Mass-spectrometry.

. Polarography and amperometric
analysis.

. Conductance, dielectric constant.
. Gyromagnetic phenomena.

. Electrometric pH measurement.
. Radiation measurement.
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5. Chromatography, electrophoresis, ion
exchange, and differential migra-
tion methods.
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Available instruments permit mak-
ing continuous pH measurements
(even flowing in pipelines) for con-
trolling value and for determining
reaction end-points.

Measurement of radiation itself is
more strictly electrical in nature.
Any penetrating radiation—whether
of the high-energy particles emitted
by radioactive materials, visible
light, ultraviolet, or infrared—can
be measured by electrical means.

Radioactive particles are usually
detected by their effect in ionization
chambers, or in proportional or
Geiger-Mueller counters. They may
actually be counted or their effect
(their rate of arrival) displayed as
a meter indication. Since their be-
havior varies from type to type, in-
struments may be made to establish
their type as well as their number.

The use of such devices for de-
tecting radioactive material is well
known, but some of the subsidiary
uses are less well known—for ex-
ample, determination of age of ar-
cheological finds by measuring con-
tained radioactivity. Objects several
thousand years old are dated with
fair aceuracy.

One other technique for instru-
mental analysis should be mentioned
before eclosing a mnecessarily incom-
plete list—electrophoresis and chro-
matographic analysis. Chromatog-
raphy is not especially new; it origi-
nated with Day in 1900 and Tswett
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in 1902. But it is still one of the
most active fields for research, with
its ‘various modifications.

Simply stated, chromatography is
the separation of a solution or mix-
ture into its constituents by passing
it through an absorbent column of
some sort, so that by differential
migration and absorption the various
components become segregated at
different locations. There are many
different methods, suited to different
materials and degrees of separation.
Instead of solvent flow to cause mi-
gration, electric potential may be
used ; this is especially suited to sep-
aration of certain proteins; and is
called electrophoresis. An analog-
ous method is centrifugation, by
which components differing slightly
in density can be separated. These
methods of separation are often com-
bined with other analytical methods
to determine the characteristics of
the segregated material.

Many of the methods of instru-
mental analysis depend upon econ-
cepts which receive no emphasis in
undergraduate courses in physies
and are perhaps unfamiliar to the
student. Without attempting to dis-
cuss these concepts in detail, it might
be possible to add some leavening to
the physies curriculum—even in
high sehool—and add interest to it,
as well as to present a more detailed

picture of what is one of our most

active -fields of physical science.




