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PREFACE

Analytical data may be secured in a surprising number of ways
in.a well-equipped chemical laboratory. For a specific sample the
property measured and the measuring instrument employed depend
upon the situation, such'as the physical state of the sample, the
amount available, the time required, and other factors. Imstruments
vary from simple equipment, such as hydrometers, to the new and
complicated mass spectrometer. In any case, one measures either a
specific property of the desired constituent, such as mass, or a sys-
temic property of the material containing the constituent, such as
color. ‘ . '

In chemical usage the term colorimetry includes both measure-
ments of color ag eolor, and of eolor (strictly light-absorptive eapaec-
ity) as related to comcentration of some desired constituent. With
the addition of a variety of equipment employing photocells, this
division of analytical chemistry how has probably an unsurpassed
number of instruments. It is beyond the scope of this brief book
to present for all suech equipment a detailed description of the me-
chanical, optical, electrical, and operational features, ineluding the
advantages and disadvantages of the various modlﬁcatlons and the

“applications of each.

Briefly, the objective is to present an outline of colorimetry, as
currently applied in chemistry, in order to provide a perspective of
the problem invelved and of the means of meeting it. The past two
decades have brought hundreds of publications on such analytical '
methods and apparatus. References are given to representative
gources for more detailed information.

Unfortunately, the literature of colorimetry abounds in confusmg
usage, partlcularly with respect to terms, symbols, and the manner
of presenting data. In general, an attempt has been made to conform
with the recommendations of the report of the Speetrophotometry ’
Committes . of the Optieal Society of America, and of the report, as
far as it has appeared, of the new Colorimetry Committee of the
same organization.

M. G. MELLON.
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| Colorimetry for Chemists e
o ) - ' | CHAPTER 1

INTRODUCTION

) » . DEFINITIONS AND PERSPECTIVE

| . - , h The identification and/or determination of constituents by the
; ‘ : ' methods of analytical chemistry -depend upon the:recognition and
b ' ' o meagurement of eertain characteristics known as physical properties.
P _ Thus, solubility, volatility, odor, and similar attributes sérve for
{ ' ' © qualitative characterization; and mass, volume, density, and varlous

' ] B other properties serve for quantitative measurement. "
Color is usually considered as one of these properties of materials.
‘ Analysts are familiar with its wide use as a means of detecting con-
: . _ stituents. In quantitative analysis recent 'years have brought a wide
{ . : : and rapidly inereasing use of colorimetric methods of measurement.
' Thus, it has both' qualitative and quantitative nses. Although these
are perhaps suffidiently extensive in themselves to make this oné of
_ the most Tuseftl of analytical propertiés, there is still another appli-
: . cation which may be designated as the measurement of color as color.
; : . . Among the properties widely used for the analytical evaluation
k of materials, color is unique in an aspect important from the sta.nd
point of the usage of terms. While every material possesses the
‘ specific property of mass, no material is actually colored as sueh, in
, ‘ : , : ' striet usage of terms. Yet we are surrounded with objeets aiid
' I o phenomens to' which we attribute color. Beeause of the desirability
: of clear analytical application of terms, it is necessary to réedll the
present eoncept of color (34e)* and to define certain tefm’ (34b,¢).*
Color is related, in a way, to some source of radiant enérgy (the
ﬂlummant), to the objeet to which we ascribe the color, and: to' the

* Norm: These papers are parts of a comprehenaive report of the new Commﬂ;-
tee on Colorimetry of the Optieal Society of America, which ultimately are to be
published under the title, ‘‘ The Science of Color.’’ As tentatively announced the
R o T EA S © following seetions are to be included: I. From the art of coloring {o the seience
. i ’ . of color; IX. The concept of color; III. The human eye; IV. Psychology of color;
| - o V. Physieal concepts: radiant energy and its medsurement; VI, The psychophyaics
| s . . of color; VIL Quantitativé data and methods of colorimetry; VIIIL, .Colorimeters
- ¢ ‘ ) and color standards; IX. Summary (glossary and index). Parts II, V, VI, VII,
. ) ‘ and VIII have been published as separate papers, listed in Ref. 34 as (’a,), (b ),
L . (o), (@), (e), respectively. It should be noted that the whole report is a joint

gy T . . . . product of the action of representatives of the various groups concerned with color
;'”“ - _ and its applications, such as physieists, chemists; psychologists, anid artists.
[11]




eye of the individual who observes the color. The radiator, or light
source, emits energy which travels through space in the form of
electromagnetic waves of various lengths. The ‘“colored’’ object re-
fleets or transmits selectively this radiant energy incident upon if.
In the eye of the observer the radiant energy from the object is
received on specific compon_énts of the retina, the rods and cones,
as a result of which the normal individual experiences the sensation
of color. In reality, then, the color is in the observer, rather than

‘. in the ‘“‘colored’’ objeet. The property of the objeet with which we

seem .to be.concerned is its light-absorptive capacity. Because we
do .go generally. attribute color to such objects, this implication will
be followed here. If a photocell, rather than the human eye, is the
ingtrumental receptor of the radiant energy from the object, obvi-
ously, . the measunng mstrument will not indicate any sensation of
color.

Aeccording to approved deﬁmtlons hght the stimulus of colors
‘‘ig.the aspect of radiant energy of which a human observer is aware
through the visual sensations which arise from the stimulation of
the retina of the eye’” (212). Since it is thus limited to the wave-
lengths of radiant. energy characterized by visibility, ** the expres-
sions ultraviolet light and infrared light are misnomers” (68). It
may be noted that thiz psychophysical definition does not identify
light with either radiant energy or visual sensation.

Asg recently defined (34d), ‘‘color consists of the charactemstlcs
of light other than spatial and temporal inhomogeneities.”’

The sensation .of color is evoked by radiant energy reaching the

retina if the spectral distribution throughout the visible region is
unequal. If it were equal, the light would be white, or like sunlight.
This unequal distribution may be characteristic of the sourece itself,
or it may be the result of selective absorption by the system which
appears colored. Examples of the first type are flame spectra, com-
posed of one or more monochromatic wavelengths. The analyst’s chief
colorimetric interest in these eolors is the possibility of distinguish-
ing visually between certain chemical elements. Examples of the

seeond type are the great number of systems which show selective

absorption for light and exhibit color as a result of reflection or
transmission. of the unabsorbed ineident radiant. energy. - Thus,-if.a
ribbon illuminated with daylight appears green, it is because the
proportion of light reflected from the middle of the spectrum is
much greater than that at the ends. The reverse of this situation,
except that the light is transmitted, accounts for the purple of an
aqueous solution 'of a permanganate.

(2]

It has already been noted that color involves three entities—the
radiator, the object, and the observer. This number three is of
further significanece in_eolorimetries. There are three factors of
importance in connection with the radiant energy emitted by the
radiator—the spectral quality, the angular distribution, and the
intensity. Then there are three characteristics of this light in terms
of whieh color may be specified—dominant wavelength, purity, and
luminance. These characteristics correspond, in a general way, to
bue, saturation, and brightness, the three attributes in terms of
which color sensation is deseribed. Finally, in the ealculation of the
numerical characteristies of light, use is made of three tristimulus
values (red, green, and violet).

Although, the principal consideration of these subjects will be
found under, the discussion of eolor analysis, occasional use of some
terms before that point warrants a brief statement here. The usage

follows largely that in the reeent reports of the Committee on Col-

orimetry of the Optiecal Society of America.

The dominant wavelength of a sample is the wavelength of spec.
trally  homogeneous radiant energy which would have fo be mixed
with an appropriate amount of achromatic, or ‘‘white,’”’ light in
order .to match the chromaticity of the sample. The purity is an
expression of the proportion of the spectrally pure component in
the mixture matching the chromaticity of the sample. Chromaticity
refers to the characteristics specified by dominant wavelength and
purity. Luminance is not easily defined to cover all its aspects. It
will suffice here to consider it, in relation to reflectance and trans-
mittance, as the ratio of the light leaving the object to that incident
upon it.
© Next come terms relating to the sensation experlenced by the
observer. Brightness is that attribute of any eolor which permits
it to be classified as equivalent to some member of the series of
achromatic colors (grays, ranging from black to white) ; hue is that

attribute of certain colors which permits them' to be classed as

reddish, yellowish, greenish; bluish; ‘or-purplish; chromatic eolors

..exhibit hue, but achromatic colors do not; and seturation is that

attribute of a chromatic color which determines its degree of differ-
ence from the achromatie color of the same brightness.

The eurrent literature of analytical chemistry and optics shows
that the term colorimetry may have quite different meanings for
different individuals, To the physicist it implies measurement of
eolor in the sense of determining the magnitude of the three values,
dominant wavelength, purity, and Iuminance, or of the trichromatic
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coefficients, red, green, and violet (83). His interest is color analysis.
To most chemists colorimetry has long implied measurement of the
amount- of a constituent by comparison of the colored system con-
taining the-unknown with a similar system containing a known
ariiount of the desired constituent, or with a system visually equiva-
lent to the latter. In this sense, obviously ehemists! eolorimsters are
only comparators. In récénttyears absorptometers are often included
along with the éh’emists?‘féb'mparators. The more general viewpoint
presented here iigiinténded ‘to correlate, at least for analysts, the
interésts of -both- physicists and chemists -in the problem -of measur-
ing'and-specifying colored gystems. :

Color in Chemical Analyms. An outline of the general mgmﬁcance
of color in analytical chetnistry was proposed in another publication
(145) m0011s1derat1or.1 of these possibilities shows that the quantitative
measurement of cplér) ‘like ‘a number of other physical properties,
coinprlses two' ‘prmclphl types of uses: (a) observation or measure-
ment of the color as such, mcludmg ‘determinations of colorimetric
spétifications,” sﬁ‘ch’as the eombination of stimuli requiréd to match
a given color; aﬁd (b) the detection and/or estimation of some con-
stituent in a sa‘ﬁnple Just'as ‘2 metallurgical laboratory may deter-
mine hardness a{ﬂd carbon cotitent of a steel, a testing ‘laboratory may
measure domindnt’ ‘wavelength and copper content of a sample.

" Since ehemmal analysm genera.lly has wider interest than colori-
nietric speclﬁca.tlon in the analytlcal laboratory, the subject has been
treated accordingly. here. It has seemed best to classify the material
on the basis of the method of ‘measurement: used Then both analysis
and colorimetric speclﬁcatmn may be taken up in a given section.

The Domain of Colorimetry. In its broadest applications, eolor-

,iinetry includes all procedures which have as their objective the

evaluation of matermls by means of some property related to color.
The l}leasulements divide themselves into those dealing with the
determmatlon of eolor as color and with the determmatmn of the
presence - and/ox; the amount of some desired constituent. Systems
possessing  the, charactenstm we demgnate as color comprise most of
the materials surrounding us, including gases, liquids, and solids:

Measurement of the colors of gases is not often made, :although
it is-possible, for example, to estimate nitrogen dioxide roughly in
this manner. - Practically all measurements on opaque solids are by
reflection, usually with the objeet of establishing an objective speci-
fication, either in terms of spectral reflectance curves or of some
specified stimuli. Analysts are most .coneerned with colorimetry of

[4]

liguwids, and especially solutions. In-this case the transmittance or
absorptance-of light is now measured most often. ’

Although liquid solutions may be measured to determine one or
more colorimetriec specifications, generally the object is to -estimate
some desired constituent, which may be considered as the. solufe.
If such a constituent is to be determined in this way, either it must
itself possess suitable colorimetrie characteristics suceh as those,o0f .the
permanganate. jon, or, as much more frequently happens, it must be
capable of reacting with some reagent to -give. a.substanece having
suitable colorimetric characteristics, such as these possessed-by an
agqueous solution of chlorine after reaction Wlth o-tolidine. Such
possibilities are outlined later. - ‘

Applications. Presumably every colored obJect is susceptible -of
colorimetric specification, provided the color is stable long enough for
measurement. Paints and dyes. are two familiar examples, but the
list might be extended almost. mdeﬁmtely to include a great variety
of articles of commerce,

The extent to which qua,ntitative determinations of constituents
have-been based upon colorimetric properties of solutions is shown
in the treatises of Yoe (244), Sandell (182}, and Snell and Snell
(196). The last work, comprising two large volumes, includes over
900 methods, in which approximately 700 different reagents are used
for nearly- 400 elements, radicals, and compounds. Many papers are
appearing each year to increase our knowledge of this subjeet, which
at present is one of the most active in quantitative analysis.

These colorimetrie methods can be applied to a variety of systems
in fields ranging from metallurgy to medicine, the clinical laboratory
being a notable examiale. Such procedures are applied extensively to
industrial products from foods to steel. In water analysis, for exam-
ple, they have long been official for a number of constituents. .

Merits of Methods. A comprehensive appraisal of the merits of all
common methods of measuring color, whether for ecolorimetric speeci-,
fication or chemical analysis, has not been attempted here. As with
any other kind of method, detailed consideration should deal with
items such as the following: cost of the equipment and its use, service
facilities required, skill required in the operator, time required for a
measurement, amount of sample needed, effect of the measurement on
the sample, preliminary treatment of sample needed, sources of error,
and the reliability of the results. Only a few general statements are
ineluded. Some points are mentionied more specifieally in connection
with partiecular kinds of methods.
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The general merit of numerical colorimetric specification may be

‘summarized by stating that they provide a definite basis for recording

and transmitting information concerning colors. The reliability of
the results is likely to be directly related to the objectivity of the

method of measurement used.

For chemical analysis the range of sen81t1v1ty of different methods
is quite variable. Some are sensitive to one part per billion (an excep-
tion, of course), while others are applicable to 10 to 20 parts per

‘million (also an exeeption). Many methods apply over a range from

about 0.5 to 10 p.p.m. The range of application is determined by the
intensity of the eolor of the system to be measured, including our
control over it, and by the sensitivity of the means of measurement
used. With very low and with very high concentrations of desired
constituent small differences in amounts can not be determined reli-
ably. Such methods usually are inapplicable, without dilution, to
quantities greater than one per cent of the total sample, although
Mehlig, using a speetrophotometer, worked with much larger amounts
(135, 136).

The absolute accuracy differs with different methods of measure-
ment, and in some ecages with the nature of the eclor of the system
measured, With visual eomparators it is usually within 5 per cent
of the amount present, Well designed photoelectric photometers, on
account of their inereased semsitivity, may give a somewhat lower
error. Some of them will reproduce transmitfance measurements: to
0.1 to 0.2 per cent,.

The equipment used in analytical determinations may be very
simple and cheap, especially for erude colorimetric comparisons. Even
good Neggler tubes or optical comparators are felatively inexpensive.
Sueh equipment does not require much knowledge nor experience on
the part of the operator and few quantitative determinations require

‘less ability. Determinators and technicians are at their best here. In

the other direction hardly any analytical apparatus is more expensive
than certain phoi;oeleetric spettrophotometers, and they require a
highly skilled operator to obtain reliable data, especially when adjust-
ments of the instrument have to be made.

-Colorimetric and titrimetric methods are eomparable in that often
the measurement may be made without performing any previous sep-
aration of the desired constituent. Thus, one may determine residual
chlorine in water by adding the reagent o-tolidine without regard to
most other constituents likely to be present. In all cases, of course;
one must know that the color to be measured is-to be attributed

rel

entirely to the desired constituent, unless provision can be made for
the cases in which it is not true.

Methods of Measurement, Since the word eolorimeter is not used
in the same sense in physies and chemistry, the author suggests that
it be applied in each field in a general sense for any instrument that
measures a property which is a funetion of one or more of the attri-
butes of color. Then instruments having a special application may
be designated by more specific terms, as indicated later. Using the
term in the sense proposed, colorimeters include instruments applie-
able to the visible region of the spectrum but not those for the
ultraviolet or infrared: regions.

Many chemists are probably not fully aware of the number and
the variety of the deviees which have been proposed for measuring
different characteristies of colored systems. The last two decades have
brought notable advances in the introduction and improvement of

. sueh instruments. This presentation is an outline of the most ini-

portant kinds of apparatus now. being used for colorimetric measure-
ments in analytical work, The classification follows that proposed
earlier (140). Specific ecommercial instruments are mentioned as

. illustrative of a class rather than as necessarily the best of a given

type.

So many different measuring instruments and methods of meas-
urement have been suggested that the space available permits only
a sampling of the material, This statement of the present status of
the subject includes mention of representative examples of instru-
ments and methods, together with their applications and merits.
Some topics have had to be treated so superficially that the refer-
ences cited must be consulted for details. For details of instrumenta)
operation, and often also of construction, the reader should consult
the respective manufacturer’s technical bulletins or- the original
articles, if any have been published.

Sources of Error. Anyone experienced in physical measurements

- would prediet from the wide variety of instrumenis disecussed that ,

there would be many possibilities of error in using such equipment.
Actually these possibilities are so numerous that adequate emphasis
can not be given all of them in the space available.

Some errors are more or less peculiar to a particular instrument,
or at least to a certain type of instrument. For example, one need
be concerned with characteristies of photoeells only when working
with a photoelectric instrument. Again, only visual instruments in-
volve the defects of the human eye as a receptor for radiant energy.
When given instruments are discussed, the more important of these
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sources of error are mentioned. Technical bulletins of the manufae-
turers may be expected to be more comprehensive in- this respect.
Even then, actual experience with the more complicated instruments
is probably’ thé best insurance against error.

THE CHEMISTRY IN COLORIMETRY -

Strietly speaking, eolorimetry is measurement, and therefore in-
volves no chemistry.. Actually, in the determination of a desired
constituent, one seldom finds the system originally in shape for
measurement. The determination of aluminum in &' magnesium-hase
alloy is an example. First the sample must be dissolved. Then the
aluminum ion, sinee its solution is colorless; must be econverted into
a colored system having suitable colorimetric properties. In case any
other constituent interferes, one must compensate its effeet, remove
the constituent, or prevent its functioning through some appropriate
chemical reaction. These transformations constitute the chemical por-
tion of .the analytical procedure (143).

TUnless the sample needs no preliminary treatment, one must first
prepare it for measurement, The present objeetive is to consider
briefly .some of the chemical problems involved. The most important
of these are the characteristics of colored solutions, the selection of
color-forming reactions, and the provision for interferences. '

Desirable Colorimetric. Properties. Occasionally the system to be
examined is already in a form suitable for measurement without
making any chemical transformations; but since this is so rarely the
case, we shall assume that such treatment is necessary. Also we shall
agsume that the measurement is to be made. . on a liguid solution
containing the desired constltuent or - angther coustltuent whieh *is
chemically. equivalent.

Before "considering -the possibilities of preparing such colored

systems, we may note the general requirements which they should
meet to.make them most satisfactory for use. Relatively few solu-
tions, of eourse, approach the ideal of meeting all -these requirements.
Knowing the requirements, the wise analyst selects from the systems
available the one best adapted to his problem, and then he uses it
with the knowledge of what the deficiencies are. :

In. general, any solution destined for colorimetrie measurement
should possess at least the following properties:

1: Be intensely colored—so that small amounts of the unknown
may be determined. In many ecases flexibility may be achieved
through preliminary dilution or concentration of the desired con-
stituent. Also different color-forming reagents, 'if used, may be

(81

found: for application to different ranges of concentration.  Some
solutions are subject to color intensification by altering -the nature
of the solvent system, as in the use of acetone when determining iron
as the thiceyanate.

2. Be stable—so that. the determmatmn need not- be completed
rapidly before fading would vitiate the results, and so that similarly
prepared standards for visual mateching will be reasonably perma-
nent. Instability is the result of several kinds of action, such as air
oxidation and photochemical irradiation. Contrel of the operative
factor often enables:one to. prepare a measurable system.

3. Be little affected by pH change—so that close control of this
Tactor is unnecessary. If pH changes do affeet the eolor, it is desir-
able to be able to secure a measurable system by adding an approxi-
mate amount of some common acid or base, or a compound such as
ammonium acetate or borax. With very sensitive systems, one may
have to resort to close buﬂ"ermg, usually’ checked best by means of a
glass electrode.

4. Have a color which permits a spectral region between 475 and
625 my to be isolated for measurement, if visual means are nsed—so i
that advantage may be taken of the maximum position of the relative
Iuminesity curve, With photoelectric instruments, the region of max1-
mum sensitivity will depend upon the photocell.

5. Have the system possess a small temperature eoefficient (and
also have any necessary color formation proceed at room tempera-
ture)—so that the procedure may be as simple as possible. "

6. Have the colorimetric characteristics reasonably elose to those
of the “matching permanent standards, if such are used—so that
comparisons will be valid under any lighting condltlons

7. Conform to Beer’s law—so that any type of method of meas-
urement may be used.

In addition to these general reqmrements systems resultmg from
reactions with color-forming reagents shonld meet, as far as possible,
the following requirements: '

1. Develop the eolor quickly—so that one need not wait on a reac-
tion taking much time for its completion.

2. Form the eolor with a reagent which does not itself show selec-

_ tive light absorption—so that excess reagent will not complicate the

method. TUse of a colored reagent gives a system whose total color
depends upon the excess reagent added.

3. Have a ,color reaction which is free of_ interference by sub-
stances other than the unknown—so that the color formed will depend
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only upon the desired constituent present. Ideally, we want a speeific
reaction. Practically, one of high selectivity is the best we achieve.

4. Have the intensity of the color produced independent of the

amount of the color-forming reagent, provided an excess is used-—so
that the amount of the desired constituent may be assumed to be
proportional to the intensity of color (providing Beer 's law applies).
If the reaction is not stoichiometrie, use of a large -excess of reagent
may yield reasonably satisfactory results.

5. Have the nature of the color-forming reaction known—so that
reproducible conditions may be maintained if the proeess is suscep-
tible to the effects of variable factors.

6. Use the same solvent for the unknown and for any color-formmg
reagent—so that excess reagent will not itself precipitate nor cause
precipitation. of high concentrations of diverse ioms.

7. Require no speeial treatment for the colored solution, such as

‘extraction of the colored eompound with an organie solvent—so that

the procedure may be as simple as possible.

8. Be independent of the order of mixing reagents—so that the
routme of operations is not ecritical.

The Colored System. Colorimefric measurements are apphcable,
of course, to gases, liquids, and solids. In analyzing gases one may
find 2 naturally colored constituent, such ss nitrogen dioxide, but
such instances are rare. Somewhat more frequently liguid samples
may contain a desired constituent in a suitably eolored form. In the
great majority of cases, however, the sample is a solid. Usually it
must be dissolved, although a volatilization reaction may effect the
separation of a constituent which can then be converted into a eolored
system. Unless volatilization is applicable, dissolution is the alterna-
tive. The latter operation is so well known in analytical work that it
need not be considered here. Measurement may be praeticable on the
solution as such, particularly in the case of organie compounds; but
much more frequently a measurable color must be developed by
means of some chemical reaction.

Very useful compilations of what has been done in this direction
are contained in the treatises by Yoe (244), and by Snell and Snell
(196). The later books by Feigl (51), Mellan (138), von Stein (223),
and Yoe and Sarver (247) summarize the general use of eompounds

as analytical reagents, including the formation of soluble, colored .

systems., The papers by Diehl (38), Feigl (52), Haendler and Geyer
(80), and Sarver (184) help to systematize our knowledge of the
way in which the organic compounds react, particularly in the forma-
tion of chelate ring structures. Sandell’s book (182) covers the use

[10]

of selected reagents for the determination of the metals, The common
metals are covered also in Allport’s book (2¢), but the emphasis is on
organic materials.

It seems to be desirable to have a general outline of the kinds of .
chemical reactions which have been found useful in developing colors
suitable for colorimetric measurement. With it one should be helped,
not only in keeping in mind what has worked, but also in selecting
possible new reagents. In extrapolating past experience, however, we
must be careful not to leave the laboratory long to theorize on what
we think should happen with an untried reagent. Thus, certain
eyelic nitrogen compounds, such as 2,2-bipyridyl, are excellent re-
agents for ferrous iron; but some closely related derivatives, con-

-taining the same chelating group, do not work. Incidentally, we are

interested both in systems possessing color, and in those which will
fluoresce characteristically under certain conditions,
The accompanying outline is the result of an effort to classify

. important means of securing colored solutions., It seemed eonvenient

to subdivide the desired constituents into inorganiec and organic
groups, and then, as far as possible, to consider the reactions in
terms of elements, compounds, and ions. _

It will be noted that no distinetion is made between reactions
yielding solutions and those forming precipitates. In fact, preeipi-

tation may be necessary to effect the desired color formation. The

material is then brought into solution, by means of an appropriate
solvent, to render the system measurable. Thus, potassium is pre-
cipitated as the dipicrylaminate, filiered, and dissolved in acetone.
If simple dissolution of the precipitate. does not yield a satisfactory
colored system, it may be possible to enhance or improve the color
by additional reactions, For example, the oxine from precipitated
and dissolved oxinates may he coupled with a diazo compound or
oxidized by eertain heteropoly acids to g1ve colors.

1. INORGANIG CONSTITUEN‘I‘B
A, Colored as such
1. Elements
o.g~2 Br 4+ (l; » Br:
2. Compounds
e.g2~—~NO: in gases
3. Ions .
e.g—MnO0,", Cr***, Cr.0;
B. Colorless (Color must be developed)
1. Elements
e.g.—Cl: in water -+ o-tolidine — eblor ~ °
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6 2 rCompounds :
e g —H:0: + MO — color.
3 Ions - . . -
& Inérgamc reagents '

a.‘ !0x1dat1on .
e.g. -—-Mn"* -+ 104" = MnOs

b. Reductmn L o F
Dn-ectly ) i
eg—2 Au+++ + SnCl." - colImdal gold
Ha[P(MOsOm);] + SnCl." - Mo blue
b.” Ind1rect1y i
- 'e.g. —Ca --) a0, - Cas (PO — _
sor . t "Hs [P (MOaO:«)l] = Méiblue
: ‘e Comp]exatioﬁ e o

[

" Cations
TR eg—Cu* - 4 NHs - Gu(NHa)("' :
“45,. b Anions | Y o
i T eg—Co™ + 4 NGS‘ - Co(NCS)
T i s noil g Decolorization LIRS

# e. g—Fe(NOS).--- + 6 F - FeF

5 - 1

'b Organm reagents o
i H o

i . a) Chromophone t1ansforn1at1pn -
i ’ T e g-——H" + pI-I mdmator - color cha'nge

i ' b Salt formation S B

LR

Couphng BT

. ~ 4 Adsorption” - :
ool 6.g—0:4 2 I+ starch — color
“r At 4 quinalizgrin — lake
e.” Oxidation - :
e.g—Cl: + 8,8 dmethylbenmﬂme - color
£ Reduction :
e.g.—Hs[P (Mo:0:):] + hydroguinone — Mo-blue
g.” Fluorescing formation
© e.g—AT"** <« morin — fluorescing system
h.” Chelation
a.” Two coordinate bonds
e.g—Fe™ -4 2,2"-bipyridyl — color
b.” One coordinate and one electrovalent bond
e.g.—Iert + kojic acid — color -
" Two eleetrovalent bonds
e.g—Ti*** 1 maleic acid — color

121

BRI EEE e.g.—HN 0 + _phenol:2,4- disulfonic acid -l- KOH - colm

' Eu-e.g —HNQ: +- sulfanﬂle aeid + a-na.phthylamme - color

. : II. OrGaNIC CONSTITUENTS | - o
A. Colored as such - T ST I
a.g—Carotene :

B. Colerless (Color must be developed) _
1. Oxidation' -~ . : L - L ..:r.{*::
eg——-»An:hne+PbO=-—>color - i e it o
2. Reduction _ :
a. Directly BEIEE , TSN
e.g.—Ascorbic aeid- + methylene blue = fadmg - : R

b. Indirectly o Cl o . S .

eg——-Orgamc peromdes + Ee — Fe*"? T T T SRR
s o 6 NES? — Fe(l\TOS) - ;

3. Coupling "e T ) G R T e
R Direetly Lo ‘ R o o T T
.a.” Inorganic reagent CLo o T
eg~~CyH.OH + Ti0L — OuHaOTIG]s :

b Organic reagent ' R
e.g.—GIL0H + sulfenilic acid (d.lazotmed) -, color .

b. Indirectly .(intermediate .compound) .
olg—CI, + 2 HNO, - 138 duntrobenzene

a 13- dmltro'benzene + acetona - color N _
L L S

Interferences. Although freedom from mterference by undesn'ed
constituents- was-mentioned as one of . the. requiremerits of anideal
color reaction, the analyst often has:to deal with difficulties from: the
presence: of interfering constituents. -Brief consideration will be. given
to some of the ways in. which the dlﬂﬁculty manifests itself, and 1o
what can. be done about it. T

1. Nature, Of the various kinds of interference which are'redog-

codi

~nized, some of the most important should be moted. ~ =~ T o

The interfering constituent itself may be eolOred The éifect Kwill
depend’ upon’ the 1ntens1ty of -the extraneous coIor, and‘ upon its
nature.” . L

Turbldlty may develop, or a preelpltate form which will prevent
accurate photometrie measulement Thus, 1,10-phenanthroline fprms
a color with ferrous iron and, at the same time, a precipitate with any
mereurie ion present. ‘Another kind of e*{ample is the preclpltat}lrgm
of aluminum when one makes the solutmn ammo:naca.l prior tg. adding
thioglycolic acid to fmm a color with i ironm.. .- . N

- The interfering constituent may form a color with the eolor form-
ing reagent, as does eobalt with 2,2 2”-terpyr1dy1 ~when-this compound
is-used for formmg a colored corplex with iron.. -

(131




Some constituents interfere by complexing the desired constituent
te form an ion or compound more stable than that resulting from
action of the desired eonstituent with the color-forming reagent.

Occasionally oxidation or reduetion converts an ion into a form
unsatisfactory - for reaction with the ecolor-forming reagent. Since
2,2 hipyridyl reacts with ferrous iron, and thiocyanate with ferrie
iron, it is necessary in the respective cases to have the iron in the
required valence state,

Another kind of diffienlty results from reaction of the mterfermg
constituent with the eolored system, causing it to fade or lose its color
entirely, Many reductants affect permanganate in this way.

2. Prevention. Sinece so many colored systems are subject to inter-
ference; it behooves the analyst to be alert to the possibilities, and to
know what he can do to avoid the difficnlty, or to reduce the effects
to a negligible amount.

Undoubtedly, the most widely apphcable method of avoiding
interference is to follow the Biblical admonition to pluek out the
offender. Translated into chemical terms, this means to separate it.
Four principal kinds of methods of separation are available—volatili-
zation, precipitation, electrodeposition, and extraction. The general
operations, applications, and merits of such processes have been
presented elsewhere (145).  Sandell (182) and Willard and Diehl
(233) emphasize ‘the: problems ‘of concentrating and/or separating
traces of desired constituents. Suffice it to state here that separation,
beeause of requirements in time, technic, and equipment, is gener-
ally an operation of last resort, something to be avoided if possible.

In some methods, such as those involving the formation of certain
dithizonates, the color-forming reaction proceeds concomitantly with
the separation of the desired constituent into the non-agueous layer
containing the organic reagent. )

_ Fortunately, in many cases actual separation from an interferipg

constifuent need not be made. Avoidance of this undesirable opera-
tion is aceomplished in several ways, some of the most important of
which are noted.

One of the most obvious remedies for interference is to compensate
it. A familiar example is the addition to the standard solution, with
which the unknown is to be compared, of an amount of the interfering
constituent equal to its concentration in the known. Of cbursé, this
necessities knowing the amount of the interference. In using pho-
tometers this addition would be made'to the solution in the reference
beam, or to that used in preparing a calibration eurve. In this way
one may compensate for impurity or color in reagents.’ It'may be

[14]
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noted, incidentally, that one should not assume without test that what
appears to be a eolorless solvent is adequate by 1tself in the reference
beam of the -gpectrophotometer. AP

When abgorptometers are used for measuremerit, some mterfermg
colors may be excluded by proper selection of filters in a filter pho-
tometer-or setting of the monochromator in a speetrophotometer. The
former possibility has been discussed- by Knudson, Melochs, and
Juday (114). An example of the- latter possibility is shown in the
curves' for manganese and chromium published by Silverthorn and
Curtis (192). According to this work, absorption at 575 mp is at-
tributed to manganese only. In either case, it is evident that the
nature of the curves must -be sufficiently different to make such' a

-procedure feasible. Measurement with certain lake-forming reagents

is illustrated by the work of Liebhafsky and Winslow {125).

In some eases the interference must be determined and then taken
into acecount in ealeulating the desired comstituent, The paper by
Silverthorn and Curtis illustrates the simpler of the two general
possibilities. To determine the chromium, the transmittaney measuare-
ment is miade at 450 mp. Since mapganese absorbs at this wavelength
also, its absorptance, as determined from measurement at 575 mp
(where chromium does not interfere); must be subtracted from the
total absorptance at 450 mg. A more complicated case, involving
solution of simultaneous equations, is illustrated by the work of
Comar and Zscheile (33) on mixtures of two chlorophylls. As a
general case, values for the concentration of each of » components
may be obtained from absorptance measurements at n wavelengths,
where no two eurves coincide or intersect; bowever, no two wave-
lengths may be used at which absorptance values for two components
are in the same proportion.

Sinee many reactions are affected by the pH of the solutiom,
control of this variable offers 2 means of avoiding certain kinds of
interference. In using 1,10-phenanthroline, for example, the pH
should be within a relatively narrow range if beryllium is present.
At a pH above 5.5 the hydroxide precipitates, and below 3.0 the
metal complexes with the reagent. The many color formations possi-
ble with dithizone (715) under carefully controlled pH is a striking
example of the effect of this variable.

One of the most important means of avoiding interference is to
convert the interfering ion into a soluble complex, inert as far as
the color-forming reaction is eoncermed. This requires a relatively
high degree of stability in the complex. Thus, in a mixture of iron
and cobalt, the ferric ion may be complexed with pyrophosphate
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before adding the thioeyanate to form the complex ion Co(NCB)},—.

To make most effective use of similar reactions; we need a compre-’

hensive compilation of the many complexing possibilities, including
tabulation of the relative stabilities.of the complexes with both or-
ganic and inorganie reagents.: :

.Control of the valence state-of .an-ion, either the desn'ed or inter-
fering ¢onstituent, provides in some cases for avoiding interference.
Phosphate.or fluoride. ions, for example, form a complex with ferrie
iron. In their presence the iron may be reduced to the ferrous state
and: then complexed with thioglyeolic acid to form & suitably colored
system: In such a ecase the reduectant itself must not complex the
desired constituent, as sodium formate would- iron.

{16]
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CHAPTER 2

COLOR STIMULIMETERS

Consideration will be given first to the intruments called ecolor-
imeters by physicists. Since such apparatus is designed to match,
by means of a sunitable combination of known stimuli, the stimulus
of the system measured, the térm color stimulimeter seems appropri-
ate. All students of opties recall matching a given color by means
of three rotating disks, colored red, green, or violet, and so arranged
that the relative amounts of the three ‘‘primaries,’’ or stimuli, conld
be varied until a match was obtained. Different modifieations of such
devices depend upon the nature of, and the method of combmmg,

_ the stimuli (34e).

In the additive type of stimulimeter the observer mixes the
primaries or standards in suech a manner that the mixture is the
sum of the components. Bxamples of those dependent upon material
color standards are the apparatus using Munsell paper disks, and
the instruments designed by Donaldson (41), Guild (78), and New-
hall (164). Fig. 1 illustrates the Donaldson instrument. In those
using spectrum primaries we may distinguish between the trichro-
matie type in which light of three different wavelengths is mixed,
as in the apparatus of Guild (77), Verbeek (220), and Wright (243),
and the monochromatic -type in which light from a heterogeneous
stimulus (‘‘white light’’) and a small wavelength band of the spee-
trum are mixed. For purples the heterogeneous stimulus is matched
by adding the spectrum light to the sample light, as in Priest’s
apparatus (172).

In subtractive instruments 'hght from the illuminant is passed
successively through the standards, each of which in turn absorbs
part of the light transmitted by the previous one, until a mateh is
obtained. The standards may be such materials as solutions (11),
wedges of dyed gelatin (104) or glass (106), or glass disks, as used
in the Lovibond tintometer (2.i1).

It should be noted that any combination of stimuli found to be
a visual match for a given system constitutes a colorimetric speecifica-
tion for the system, and not, at least directly, a statement of the
amount of a desired constituent in it. Thus; the Lovibond specification
for a solution containing 0.3 ml. of 0.04 per cent bromthymol blue
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S _added to 10 ml of a pH 7 buifer, When v1ewed through a. 12 5 em, glass ROEALR
- eell in northern dayhght, is:. gwen by Taub (208 ) as .0, 2 red; 1.6
' "yellow and 3. 5 blue, which means' that: the color of & solutlon of, th:s_- K
_thlckness and:. coneentratlon ma,tehes the combma.tlon of the three".

. glasses: noted.

hese numemcai spec1ﬁcat10ns are usefulj_ 0 productmn _purposes_ Y

(Qourtesy of Adam Hilger, Litd.),

g and: in all of them the

'_an& normal mlxture data ( 85 ) .

'ments ‘may be fouucl in’ t1ea.t1ses o’ physm _ L
( ?“9 ) A bnef desenptlon of two Dnghsh 1nstruments 1s gwen here S

Sl vented generai adoptmn of'"sueh apparatus especmlly the addltlve el
- iype. Some of the instruments are too complicated for routine: work;
- ality of the hght source must be: earefully.;”- -
ey mamtamed and the observer: ‘should ‘have'a’ normal wsﬂalhty eurve

Further mfnrmatlon on’ these mstru?. S

and:in papers by Gulid i

More nemly ob,]ectlve coiorzmetmc speelﬁcatmns ‘are. bemg dete' :
mined to- an mcreasmg extent; by means of speetrophotom' ers (66 )i

L Thzs subJect is dlscussed later 1n connectmn w1th theée"mstruments

-f."'found som .use in Amer:tca for speclﬁcatlon ._.WOI'}S: for various in- -
dustrml products, especmlly 0115, and smge it has been apphed in

TR '__be mentmned -Perhaps: the earh £ and atill the one most: “used by non- scxentmts, s

- varbal’ deseription; expressions’ such ag:¢ ‘robin’s egg?’ blue being familiar to all L

-1~ The' unsatisfactory. status: of. this: method is: generally recognized by: sclentists) A"
O mueh” simplified; and’ fairly::definite,: verbmge, recommended by the: Inter- Soeletyi

-7 Color: Counell (109 ), hay’ been’ adopted as oﬁicm For pharmaeeutmal prodacts and

o seeml Tikely. to find some’ geneml UG,

A’second method consists in: prepafnég color tzmda.rd. sueh’ giass, porce!mn'

e anamels, textﬂes, paper; and other ma.tenals Dealers pa.mt cards ‘and:the samples.. .
" of the: Textile' Color: Card  Assceiation’are well Known; examples. Tvo: mportant-; i

systematic schiemes’ for: applymg this? second’ type: should ba' mentmnad Inithe: -

Munsell: system (34e, 107, 161). each ‘standard sample. lias. 4 designafion; such as': -
I 4/10, the R standing foriTed" (the ‘hue);/the & for:valua (on: the; brighiness = =

saale); and the 10 for chroma.’ (om the saturation; seale) :In: the Ostwald! system.”

(4e, 108, 10.5‘) ench: standard: sample lias a; designation;: guch as 12 ne, the numeral: -
“standing for one of: the 24 hues, and the letters for a; apemﬁc mvcture of ‘the hue_'---
_mth wlute and ‘black iy k RN s




- by the; 1nd1cator i _the rec{;angular op
kS Normally, shdes Va.lue 0 1 t07.0.9: are ﬁtted into one rack of each eolor, shdes value.

"."ment are glv_ Cin the' -pa

g concemmg Lowbond color nomenclature The \‘ational Bureau of .

Standards has reported on 11Le1y sources of error 1L smg::these gla.ss RN s
'standards (69). . : i

The Donaldson “Colonmet’er.’._’ The Donaldson tnchromatlc stlmu-

_' hmeter (.93) is a0 wsnal mstrnment which matches the color to be" N
" meagured. Wlth a combmatlon of known eolors. in. known proportlons
o I‘or the operatmn of color m1x1ng it depends upon ‘the use: _of a dif- _: :
L fusmn box into: Whmh a__composﬂ:e beam*consmtmg of amounts of_ '
._"red green, and blue Hght; variable at W111'-___
_ _'_"'._-box mixes the' cnlor "thoroughly, and by, varying. the components of
i the m1xture the operator is able to produce a v&rlablef"COI ~of known -

FIG 3 Dmgram of the optma.l system of th

“In the use of the mstrument hght from'a ls.mp-A_ (Flg ._3) 'passes through-
threa pnmary eolor filters’ (28 and’ then through ‘o condensmg lens B: f:o form: an+.

- '_mage of. the' hght souree: in an aperture Jiof a hollow sphere D, the inner surface :
7 of whichi: ig “coated: with: magnesium omde anrl ig Whlte and: dlffusn‘tg‘. -The: three DR
- primary. heams a,re mvced by, dlﬂ?use reﬂectlon at. the: aurface of the: sphere nght'_. R
ol umform co]or emerges from & second aperture .K in the sphare and, by means S
of the optieal system shown;’ reaches ‘the eye B wluch observes one half of the:__-. o
S ﬁeld of the phutnmetnc eube’ G ﬁllecl mf:h hght from the spher s aa : o
. “’I‘he other half of; the photometne ﬁeld is ﬁlled mth hght from a, speclmen- S '
X ﬂlummated by a standard: lamp,” The: lenses Iﬂ‘ serve “to form an mage of
- the apecunen at; r)] 0 that the’ aperture of:the speclmen is nof; seen by the: ~observer
when makmg a color match. A match xs ma&e by admstmg the amounts of the 5 L :
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three primary eolors by means of movable shuiters over the ﬁlters C. These
shutters are comtrolled by knobs.

f¢For measurements on highly saturated colors, desaturatmn of the specimen
color is effectéd with light from the source A reflected by the prism L and the
transparent plate N. This light may pass through ome of three color filters,
identical in color with the primary color filters €, mounted orn a rotating wheel 8,
or slternately through an aperiure in this wheel. The intensity of this desatu-
rating light ie varied by means of a ecircular meutral tint optical wedge M. A
diffusing glass T is sitwated in the course of the beam.

¢¢(greful attention is given in the design of the instrument to the accuracy
of the seales giving the amounts of the three primary colors. The primary colors
of the instrument are calibrated in terms of the X, Y, and Z primaries defined
by the International Commission on Illumination (See section on color analysis)
so that measurements made with the instrument may be expressed in this form.
They thus become independent of the particular characteristies of the instrument.’’

The primary color filtérs, consisting of mounted gelatin ecolor
sereens, are stated to be quite stable. The instrument was. designed
at the National Physical Laboratory (England).

Other Instruments. In dealers’ eatalogues, and in compilations

dealing in detail with colorimetric methods, mention is made of a
number of other instruments whick depend upon the mateching of
unknowns with combinations of colored glasses. In general, these
instruments are more limited in their application than the two
mentioned in this discussion. Examples of instruments designed
primarily for the measurement of colors of oils are the Union Color-
jmeter and the Saybolt Chromometer.

[22]

CHAPTER 3

COLOR COMPARATORS

Many analytical determinations are accomplished colorimetrically

- by matehing the liquid system containing the desired constituent in

unknown amount with a similar system containing the desired con-
stituent in kmown amount, or with something visually equivalent to
such' a standard. Instruments designed for facilitating the matching,
and known as comparators, really enable one to determine the in-
tensity (brightness) of the color -relative to that of the standard.
Many provide for viewing the standard and unknown simunltaneously,
during which one or the other is modified to make the intensities as

nearly equal as possible. To effect the modification for liguids the

depth of the liguid column or the concentration of the standard
liquid may be altered, or for liquids and solids a movable, trans-
parent wedge may be interposed to bring about a match,

If the depths or thicknesses compared are not the same, cal-
culation of the concentration in the unknown is generally made on
the agsumption that the colors (depths or thicknesses) are inversely
proportional to the concentrations. This relationship, khown as Beer’s:
law, is treated more fully later (See seetion on photometers).

- To determine whether Beer’s law applies to a given solution, one
hag only to place some of the solution in each of the cups of a Duboseq
type comparator and see that they match with the two plungers set
for the same height. Then dilute one of the two to exactly one half
its original concentration, put it back in the cup, and match them
again, "The reading for this cup should now be just twice what it
was before. If the law does not apply, comparison should be made

in a constant depth device, or a correction should be determined, as.

mentioned in the disenssion of Duboseq comparators.

Properties Desired in Standards. The nature and the characteris-
tics of the standards for comparison are important, Where routine
determinations are to be made, it is desirable to prepare the standards
in permanent form, if possible. For this purpose if is generally pref-
erable to use the desired constituent itself, and to have the unknown
and standards in the same physieal state. Thus, an unknown in liquid
form is compared with another liguid rather than with glasses, color
cards, or other dissimilar materials. In determining iron, for exam-
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ple, it is convenient to keep a standardized solution of an iren salf,
portions of which ean be diluted for the required range of standards.
Often such a series retains its reliability for some days, or even
months. In other cases, in order to allow for compensation of errors
arising from variability in color development and stability, it is
necessary to prepare the standard at the same time and under the
same conditions as the unknown. :

"It may be impossible. or ineonvenient to use the desired constitu-
ent itself for standards, Thus, in determining residual chlorine in
water by means of ortho-tolidine, standard solutions of chlorine water
are both difficult to prepare and unstable. For a considerable number
of these eases visnally equivalent (for at least one kind of illumina-
tion) standards, many of which are permanent, have been prepared
from various materials. The A.P.H.A. standards for determining
iron by -the thiceyanate method consist of mixtures of potassium
chlorofplatinate and cobaltous chloride solutions. Hellige, Ine. and
Tintometer, Litd., use glass standards for numerous series. Occasion-
ally a color card is satisfactory for rough work, as with the use of
nitrazine test paper. In all such cases, even when the standard and
unknown are both liquids, their spectral transmittance charaeteristies:

are seldom the same, which may render matching impossible under

an illuminant having a spectral distribution different from that used
in establishing the original matches. Fig. 4 shows spectrophoto-
metric eurves for the transmittancies of several solutions and their
corresponding standards which were. matched v1sua11y for a given
illuminant.

Furthermore, dichroism (345, 241) in solutions or glasses may

complicate the problem of wusing standards different from the un-
known, Thus, bromphenol blue, recommended in the Clark and Lubs
series of pH indicators, is diechroie; that is, different thicknesses
exhibit different hues. Corresponding inorganie standards, consisting
of ‘mixtures of solutions of colored .salts would probably not show
this phenomenon. In such eases, the original matching thickness
must be used. :
- Por visual comparison, whether with a comparator, a filter photom-
eter, or a speetrophotometer, it may be best to make the match only
after the eye is dark-adapted. Many consider that best work is done
in a booth fitted for maintaining reproduecible working conditions.

Spectral Characteristics of the Illuminant. The speetral distribu- -

tion may - differ widely for the radiant energy emitted by different
247
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F1c. 4. Speetral transmittancy curves for visually matehed solutions,
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illuminants. Examples of such light sources are the sun, a tungsten

. incandescent filament, a mereury are, and a neon tube. Systems

matched with standards of different eomposition (and probably of
different spectral characteristies) under one kind of illuminant may
well not mateh under an illuminant having a different spectral energy

distribution.
[25]




Disadvantages. Although matching methods, particularly the sim-
plest of the standard series type, require a minimum of time and
equipment, for the determinstion, they may have at least one or more
of the following disadvantages: : C

1. The observer may not have an adequate sense of color dis-
erimination,

2, Unless permanent standards are satisfactory, one must take

the time and material to prepare other standards, usually solutions,
in some cases as often as each day.

3. As already pointed out, the general range of sensitivity is = 5
per cent of the total amount present. For very low and very high
concentrations the eye is incapable of detecting small differences in
intensity. Even in the workable range the relatively low sensitivity

. of a miethod may be attributed to the fact that differences in con-
" centration of the desired constituent in nearly matching tubes ae- -

count for only a small proportion of the total light transmitted.
Variations are found for different colors and different observers.

4, The presence of interfering colors practmally eliminates this
type of method. .

5. Some types of comparators require relat:wely large volumes of
the unknown solution.

6. Suitable illumination may not be available.

Errors with Comparators. In connection with ‘the previous dis-
cussion of characteristics desired in solutions and standards and of
Jdisadvantages of comparator methods, the possibility at least of
certain kinds of errors has been implied. Snells’ {reatise, under the
heading of accuracy, summarizes a number of definite sourees of
error in matching methods. Specific items mentioned include general
and specific limitations, mechanieal errors, optical errors, reading

errors, dilution errors; temperature errors, time errors, reagent er-

rors, interfering ion errors, operator errors, turbidity and colloidal
particles, dichroism, and artificial standards.

Technic of Comparison, Among the many devices which have been
used as apparatus for comparators (197) four general types may be
recognized. The principles and applications of these methods will
now be considered.

1, Standard Series Type. Probably the oldest, and still the cheap-
est an_d most widely used, technic of comparison employs a series of
standards. These are selected so that the range of intensities (con-
centrations) extends from less than to more than that of the unknown.

[26]

"The latter is then compared with each member of the series until a

mateh is found, and the concentration of desired constituent is

_assumed to be that of the corresponding standard. It is assumed, of

course, that the thickness or depth of unknown and standard IS the
same if they are solutions.

This procedure is especially desirable for solutions not conforming
to Beer’s law (See seciion on photometers).

Solutions or glasses are used most as standards to match un-
knowns in solution, and the matehlng is nearly always accomplished
visually.

a. Comparison with Sclutions. To hold solutions a variety of forms
of containers is used. For small thieknesses, such as 1 to 2 em., test

y
i

las.3 |
5 g

fla
il

<
R

[l

(Oourtesy of Fisher Scientific Company)

F1c. 5. Short and tall form Nessler tuﬁes.

tubes or French square bottles of uniform thickness are suitable for
horizontal observation. Greater thicknesses may be observed best
vertically in Nessler tubes, made preferably with plane glass bottoms
fused on. Various depths are available, in tall or shért forms, gradu-l
ated either for a particular volume or with many marks, like a buret.

Graduated lengths of 24 or 30 cm,, holding 50 to 100 ml, are usually
most econvenient. Iig. 5 illustrates two forms.

In matching the unknown against the standard one may simply
hold two tubes side by side and look through them, preferably against

" some white background to reflect the light through the tubes. Greater

precision and convenience is achieved by means of some optical aid,
such as those described herewith. '
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S ; _Comparator Blocks Comparator blocks are helpful 1£ contam-_' L
o ers such as" est tﬁbes are to' be observed horizontally. This deviee -
he I in the determmatmn of pH values by eomparxson--
- _of the unknown solutmn with standard “buffer solutions. -
R . Phe. form - suggested by Cla.rh (29) ig: 111ustrated in I‘1g 6 The-

o vertlcle holes 111 parallel rows, should be 3ust large enough 10 aeeom-' S

b : Shde Comp rators. I
a number of dewces have )

S sa.mple" is: clear and
e w1th smgle standards

R _same Way by supernnposmg the back TOW. of tube ot the front row Sl
© The coutrol tubes ¢ eompensate the eoior or turbldlty inherent in: the_'
e "unknown X and: the ‘center tube of Water W maintains eonstant._' SR
* thickn s' of llquld A block with. three TOWS" of holes ‘eould: be used- A
for measuring. coiored. mples by means of: Glllesple Y method “which- S o R P : \
o 14 deseribed later. ‘The block ag shown could be used for_ thi method"'-:_:"'_ o A L S L L= (Courtesy of Tisher Scientific Co.)’
S 'wﬁ:h elear coioﬂess samples : o o B

essler tube mck
[ 29 ]




(Cou:'.tn_s 'o_f.i-Ielli:g In

. FIG. 10 Roulette comparator wit glass stundmds.' : o

{30

'_of Lov:bond red yellow, a.nd blue'colo'
L parmanent mfhue, sa.turatmn, and bnghtness i

.dlsk Flg 10 111ustrates the Helhge mstrument ’I‘he followmg”_: ) S
) desenptlon 1s taken from a clrcula.r descnbmg' the s1mﬁar Lovﬂaond.- i
. instrument: | oo : G : S

. #¢The apparatus consm’cs of a Bakehte eo.ae openmg hke a. book and furmshed i

: o.t the back with an. opal g-lass gereen and f;wo compartments to receive test tubes,' ;

or in certam msf;ances rectangula.r cells, conta.mmg ‘the’ Liquid. under oxa.mmahon. ;

- S In the front portlon are two clrcular holes s1tuated szde by side. oppomte tke opal

screen and- comeldmg w1th ‘the vessels contammg the solutmns under examma.tmn -~

“Bakeh{:e dmks, “each’ ﬁtted thh colored glasa standards, fif in’ tum mto o._'

T =reeeﬂa in the 11d of the comparator and are held in pomtmu by four spnng ba.lls'- :
" which engage in'a; groove. moulded: in’ the edge: of -the  disk,. 'I‘he disk. in. the

" comparator is thus free to Tevolve ‘about its. 'axm a.nd © eh color 8t nda.rd in turn.: Ll
._.'passes in front of the left-hand: ‘aperture, . - - R

“As the dmk revolves, the value cof “the’ color standard mmblo in the Iefﬁ hand L

g aparture appears at the mdmator Tecess’ ear: tha nght h:md corner of t}le com-

R parator caBge.:: The disks which are avalls,ble for numerous tests are. ea.sﬂy mserted-' -
L End WJ.thdra.wn Any m1t1a1 color of ‘the sa.mple natura.lly a)‘Ieets the’ eolor: devel R

: "oped (mbh (5 reagent), g0’ provision is made for a blank ox untreated la.mple of 17

" the test: solutmn to he placed behind the olor standard when necessarj, in ol

""yessel of the' same mternal diameater. as that contammg the aample to whlch ‘the - )

. reagent :s added. Tlns arrangement automatmally corrects the: color standard for_" S
-_'any color mherent in’ thesolution” under “fest and tlma ‘engures; that:_ the. same - .

“eolor; standards are- a.pphcable' :Eor ige with' elther colored3 shght

S water-clea.r solutxon gt

'ii1des eémented together ’I"h"ejr".

The. coIonmetrze method for deter-

'“Determmat:on of pH Value

- mlmng hydrogen ion concentratloﬁ or. ‘more. strmtly" pH values, has

' j_been widely: used. Industnal apphcatmns memt mentlonmg the pro-":. o
- cedure; It'is based upon the actlon of certal:
" which: ethmt deﬁmte hues in solutions of gwen concentrations’ of R
_ : hydrogen fons.’ Thus, bromthymol blue 1s_ye110w in aclds at pH 6 H
" as the. pH value increases, the hue eiumges gradually to green at’ theﬁ'
- neutral’ pomt ‘and then' to blue s the solutlon becomes hasm, deep;:'

. 'blue bemg reached at pI-I 7. 6 .Cértam other mdmators g0 entn:ely
"through thelr hue transformatmn '

Smce these ehanges of hue are reproduclble for gwen coneentratlons

_': of the: mdmator, to determme pH values o_ a.queous solutzons one:-'_-
: Ineeds only suﬁ‘icmnt mdlcatms to. cover the pH rang’e to be measured =
. ._and some method of_compa,rmg ‘the: 'olors"wﬂ;h standards G
_ angé's'follows._f'l_‘hése acid-bagse
o mdlcators are either wealt deids or bases. -Assume. th_ t we are fdealmg'

= Wlth the acld HIn and that We have tho ethbrla

One mterpretatlon -of ‘such eoior

{31]
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wei +  HIn = Hin' = H* + I

Unioniied form Togenic form . Tons

in which the form HIn has one color {or none) and the anion In"
has another color. Then

[HIn']
[HIn]

1

(B (]
[HIn']

Multiplying [HH] [In"]

= kalts = Kin.
[TTa] ] £] 1

[In"] _

(B ey =

Thus, the hydrogen ion coneentration [H*] multiplied by the ratio
[In™-]/[HIn] is a constant. A change in [H*] means a change in
the ratio, and consequently, in the color.

One scheme for applying this method consists in adding a definite
amount of the indieator solution to a definite volume of each of a
series of solutions of known concentrations of hydrogen ions (pH
values, actually), called buffer solutions. The same volume of un-

‘known, in a tube of the same dimensions, is treated with the same -

amount of indicator and the solution is then eompared with the
knowns in order to find a mateh. This procedure amounts to a stand-
ard series comparison, and usuaily comparator blocks or slide com-
parators are used.

The useful indicators are of the same type as those used in deter-
mining ‘end points in neutralization titrations. The list given in
Table I is probably most useful for general work. It will be noted
that each indicator covers only a limited pH range. The necessity
of selecting the one including the pH value of the unknown solution
may require some preliminary testing. A long-range or ‘‘universal’’

indicator is useful for this purpose.

The most reliable method, proposed by Clark and Lubs, requires
the preparation of a series of buffer solutions having pH values 0.2
pH units apart. To make the entire series of solutions, including

purifying and testing the materials, takes considerable time and

work. If the requirements of the problem justify this effort, details
of the procedure should be consulted in standard works. The error
in eareful work is usually less than 0.1 pH unit.

[32]
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Such colorimetric determination of pH values may be subjeet to
a number of sources of error, in addition to those of a general nature
previously mentioned. These include at least the following : filtration
of sample, contamination with acid or base, salt error, protein error,
and indicator error. Details regarding these items may be found in
the sources already noted or in the treatise by Snell and Snell (196).

TABLE I
Seleoted pH Indicators
Common Name pH Range Qolor Change pE Conen.
‘ %

Thynol bIUe.....cccemsmmreererrensesstssasesses 1.2- 2.8 red-yellow 1.7 0.008
Bromphenol blue.... 3.0- 4.6 yellow-lavender | 4.1 0.008
Bromeresol green....... 4,0- 5.6 yellow-blua 4.7 0.008
Bromeresol purple 5.2- 6.8 yellow-purple 63 | 0.012
Bromthymol blue.....cccrisvismmserenssisens 6.0- 7.6 yellow-blue 71 0.008
Phenol red . 6.8- 8.4 yellow-red 7.7 0,004 -
Cresol red..eommreeriivsenmssererntrisbiinens 7.2- 8.8 | yellow-red 8.1 0.008
Thymol blue, . | 8.0- 9.6 yellow-blue 8.8 0.008
Thymolphthaleit. e isssesmsnsesrians 9.3-10.5 eolorless-blue 9.2 0.008

A second method, which may be considered as a milliliter-ratio
modification of the Clark and Lubs method, was proposed by Gil-
lespie (72) to eliminate the necessity for buifer solutions. The results
obtained with it may not be quite as reliable as with carefully pre-
pared buffer sclutions, but the method is more easily carried out and
it is satisfactory for many purposes. The unknown is matehed with
two tubes together, one containing indicator in the basiec form and
the other containing it in the acidic form (Ref, 7145, p. 379). Then,
using the pK value in Table I

1l. of indicator in basie form
. PH=pK +log ml, of indicator in acidic form

2. Duplication Type. A simple type of ecomparator is based upon
matehing the unknown solution by duplicating its eolor with a known

- solution. Some authors refer to duplication as colorimetric titration.

The unknown is placed in a suitable container, such as a Nessler
tube, and the volume is brought to a given mark or depth. In a
similar tube, marked for the same depth, any necessary color-forming
reagents are added and nearly enough solvent to bring the volume’
to the mark, Then from a buret one adds carefully a standard stock
solution of the desired constituent until, on mixing and bringing the
volume exactly to the mark with golvent, the two tubes mateh. The
amount of standard used gives the amount of desired econstituent

s8]




in the unknown solutlon As WIth standarﬁ series’ matehmg, the 8ys--

tem need not follow Beer s law. ‘Matched comparison tubes should be
used.  This procedure is in-routine use in'some steel mill laboratories.
3 Dxlutxon Type. In the two kinds of methods of comparison de-

“ntwos kmds in:which it should apply, sinee their use is
" based upon the’ assumptlon that the. concentration of

2| depth of solution’ obselved

8| '._unknown solutlons of dlfferent color' intensities, are
'placed in eomparzson tubes of the same thlckness and
- internal diameter, and graduated for re&dmg ‘the vol-
" umes of solution, In use the more. concentrated solution
‘is diluted with' solvent until, on stirring and observmg

.Then: the coneentratmns are. inversely proportmnal to
the volumes (or depths) of the solutions. Closer mateh—
cing. may be aehleved by usmg one of the dllutlon com—
:_I‘Ig iots P AR IERE D |

o Rodden ( 179) glves 1eferences to apphcatlons of a

((imﬁ't%rof C
L I‘moflu o) modlﬁcatlon of this. method in which observetmn is
" Dilution, :

comparator. . oayth’ clements.
4 Balancmg Type Another i

tional to the depths of eolutlon measured I‘or systems not eonformmg

to this law the two solutlons must’ have neally the ‘same coneentratlon -
or a’ emrectmn must be applled as obtamed from au expenmentally :

: determmed cahbratmn eurve: (245 )
‘Snell and Snell (196) and Yoe ( 244 ) show a Immber of the many

:vauatmns of de31gn of comparators used. All of these were made for

visual . observatmn Goudsmlt and Summerson (?’4) proposed an
_ _mterestmg modlﬁeatmn in“which the matehmg is’ e.ecomphshed by
two photoeelis Drabkin' ( 42) reeommends ‘the use of filters” (see

section on filter: photometels) in‘all’ Duboseq—type instruments.  Brew-

ster (18) ‘used such apparatus for determmatlons in‘work with sugars.
In’ 1ts snnplest form ‘this® procedure reqmres only’ two 51m11ar

[34]

“scribed, Beer s law need not apply. We come now to:

the ‘eolor- formmg eonst1tuent 1s proportlonal to the"

- - Tn:the first of ‘these: two methods the known and '

.the tubes horizontally, the. two: eolors appear "matehed..

: hmlted to eertam absorptlon bands for salts of the 1ale .

y used method eonsmts in eom—; L
'parmg the unknown solutmn with' a smgie standard solutmn the: =
depth of one. bemg fixed and that of the other cha.nved untll a match' :
is obta.med It tho systems conform to Beer s 1aw, the coaeentratwns’ '
of. the desn'ed constituent in: the two solutlons are. mversely propm—'_

graduated. cylindels If one uses Nessle1 tubes the known solutlon
may. be put in one and then. the unknown in the other until ‘the. two_
mateh, when observed vertlcally over a su1tab1e reﬂeetmoi surface '
Then the volumes or depths are read and the concentration ealenlated.
The. Schreiner comparator. replesents & refinement of - this: teehme
A variation. of such siniple technic. employs two. m&tehed Hehner
eyhnders illustrated in. Fig. 12, In. thzs case; havmg put the Jnown
and unknown soiutmns in. th two ‘tubes; one simply draws.off I1q1ud

of A’ H homus o).

‘ FIG.. 13, Kenni Gampbell Hurley eompm rator, -

[33]




by means of the stopecock, from the tube having the more concen-

trated solution until the two mateh. The Kennicott-Campbell- -Hurley

eomparator, Fig. 13, employs this principle by fixing the depth of
golution in one tube and varying that of the other manually.

The Duboscq Comparator. The best known type of instrument for
making measurements by comparison is the Duboseq comparator, Fig.
14 illustrates the arrangement of the following essential parts: 4, a
mirror for directing-light through the cups; B and B, glass bottom
cups for the known and unknown solutions; C and €, glass prisms
around which can be raised the cups by means of rack and pinions;
D and D, to change the depth of solution through which the light
passes; and E and E, prisms for bringing the light beams together
in a divided field in the eyepiece .

s R

) | | B

Fig, }4. Diagram of i)uboseq comparator.
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Fra, 15, Diagram of Duboseq eups.

If light of intensity I, is ineident on cups B and B’ (Fig. 15), -

containing solutions of eoncentrations €, and C,, adjusted to such
depths of liquid L, and L, that the emergent light intensities I, and I,
are equal, I, is a constant and I, is equal to I,. Assuming Beer’s law
applies to each solution, C,L, = C,L,. Knowing the depths I, and L,
in the two cups, and the concentration C; of the standard, the con-
centration C, of the unknown is easily caleulated.

In using this type of instrament, the glass plungers or prisms and
the cups are eleaned and then either wiped dry with cleaning tissue
paper or rinsed with the solution to be measured. Afier wiping any
dust from the mirror, adjustment is made to obtain the most satis-
factory indirect light. :

To cheek the instrument, some of the colored solution should be
put in each cup and the plunger set in one of them for some definite
depth, such as 30 mm. The other plunger is then moved up and
down, approaching and passing repeatedly the point of match, nar-

[37]
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rowing the range gradually until the point of best match is obtained.
The second cup should then read 30 mm.

The measurement is made by filling one of the cups half full with
the unknown solution and putting in the other cup about the same
amount of a solution of known content similarly prepared, or one
to be used as visually equivalent to the unknown—that is, & perma-
nent standard. The prism in the known solution is set at a definite
depth, and the height of the cup eontaining the unknown is then
adjusted until a match is obtained. The concentration in the unknown
equals that in the known multiplied by the factor, depth of known/
depth of unknown.

In some recent instruments (200) the percentage of desued con-
stituent may be read directly.

Thiel (210) has proposed a modified Duboseq type eomparator for
determining the extinetion coefficient of an unknown solution by eom-
parison with his gray solution of known extinetion coefficient.

[38]

CHAPTER 4

COLOR ABSORPTOMETERS

1. FILTER PHOTOMETERS*

The third class of instruments comprises deviees which provide a
measure of the light transmitted (or reflected) by a system, relative
to that incident upon the system, Since the property measured is
really the. light absorptive capacity of the objeet illuminated, the
ingtruments may be called absorptometers. Instead of being gradu-
ated in terms of absorptance, the conventional praectice is to use
transmittance (or something related to it, sueh as extinetion eoeffi-
cient) for transparent media and reflectance for opagque material.
Appropriate names for the respective instruments would then be
transmissinieters and reflectometers.

At this point certam terms should be deﬁned Although a number

of them are not commonly used in chemistry, they have application

in general colorimetry. The definitions are adapted from the reports °
of the Committee on Spectrophotometry (68) and of the new Com-
mittee on Colotimetry (34ec,d) of the Optical Society of America.

Laws of Absorption. Experimental study of the absorption of light
by homogeneous, transparent solids and solutions led to the formula-
tion of the two laws stated in Tables II and III, relationships of
much importance in chemieal colorimetry. Sinece photometers are used
to determine the magnitude of absorptance, it is appropriate at this
point to consider briefly the significance of these generalizations.

2. Bouguer’s Law.. The first of these laws, formulated by Bouguer,
expresses the relationship between absorptance and thickness of the
absorbing medium. Fach layer of equal thickness absorbs an equal:
fraction of the light which traverses it. The iniensity of the emitted
Light .decreases exponentially as the thickness of the absorbing me-
dium increases arithmetically; that is, the absorption varies directly
as the logarithm of the thickness, There are no Enown excepiions to
this law for homogeneous systems,

* Nore: See Die Chemie 55, 361 (1942) and 56, 183 (1943) for abstracta of
some 25 lectures on the principles and recent gpplications of analytieal colorimetry
and photometry presented at a symposium of the a.nalytmal group of the Verein
deutscher Chemiker.
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TABLE 11,

Terms Relating to the Rectilinear Transmission of Homogeneous Eadiani Energy
Through a Homogeneous, Isotropic, Non-Metallic Medium in the Form of
a Plate with Plane, Polished, Parallel Surfaces Perpendicular o the
Direction of Propagation.

Let b = distance bhetween the bounding surfaces
F,= radiant energy incident on the first surface
E' = radiant energy reflected at the first surfaee
Ey= radiant energy transmitted by the first surface
E.== radiant energy incident om the second surface

Y= radiant energy reflected at the second surface
En= radiant energy transmitted by the second surface

Then B = E'/E, = E"/E. = reflectance
T' = Bu/E: = external (over-all} transmitfance*
.T'.= E./Er = internal transmittance
tow== TP == frangmigaivity **
D = —logw T = optical density
k= —lognt = transmissive index

* NoTe: In the spectrophotometry report this is designated tranamission., Now words
ending in -ion are reserved for process terms. Much use has heen made of the word trans-
mission to denote a general phenomenon,

** NOTE: This ralation is known as Bouguer's Iaw (incorrectly as Lambert’s). Obviously
for unit thickness, ¢ is transmittance, :

TABLE III. -
Terms Relating to a Subsiance in Homogencous Solution in a Solvent Coniained
in a Cell with Plane, Parallel 8ides Perpendicular to the Direction of Propagation,
the Propagation Through the Cell and the Solution Beaing Rectilinear.

Let T'wo1. = transmittance of a given cell containing solution

T'sor. = transmittance of the same, or duplicate, cell econtaining pure

golvent
T 201, Puyor, ™
Then T = T'm = Ts D = transmitianey (100T = percentage
2DV, OV,

transmittancy)
t = TV == gpeeific transmissivity **

where ¢ = concentration of the solution
b == thickness of the solution
k = -—logw t = epedific transmissive index ***

1
bek = _Jog T = logw T =pptical density ****

NoTEB: N
* Ohemists generally express this ratio as I/I, I and Ip being respectively the in-
tonsities of the emergent and incident light, . .
+% This relation, known as Beer's Iaw, is only approximate in many cases. i
*%* Thig term is generally designated as the specific extinction cocficient, or shsorption
index. The constant k hecomes the molecular extinction coefficient E when the
concentration is expressed in terms of moles per liter and the thickness is 1 em.
*%%% Thig iz a measure of the depth of intensity of color. Sometimes it is eallad

absorbancy (86},
[40]

In Fig. 16 let I, and I be respectively the intensities of thie radiant
energy incident upon, and emergent from, the solution 8, of eoncen-
tration ¢, and thickness b.* If a layer of unit thickness transmits a
fraction ¢ of the light incident upon it, a thickness b will transmit
the fraction ¢*, Then

' I —_ Iﬂtb *

This law may be expressed (83) in the form, T = ¢*?, in which 7' is
the transmittaney (I/1,), e is the base of the natural system of loga-

1 -

Sc

Fie. 16. Transmission of light through absorption cell,

* NoTe: The absorptance of the cell and reflectances at the surfaces are dis-
regarded sinece in practice their effects are compensated by standardizing under
working conditions. .

** Nore: As shown in Table III, the Spectrophotometry Committee (0.8.A.)
used holdface letters for transmittancy expressions, Since the new Colorimetry
Committes {0.8.A.) has not followed this usage, the author has not attempted to
distinguish in this way between transmittance and transmittancy. ‘
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rithms, and &', which varies with the wavelength of the incident light,
is the absorption coefficient (-—log.?).

A special color slide rule*** enables one to caleulate easily from a
known transmittancy and thickness to an unknown transmittancy at
a different thickness. For example, values may be desired for 30-em.
Nessler tubes, but the apparatus available permits the determination
of data for thicknesses only up to 5 em. However, as pointed out by
Hardy (83, p. 24), this ealculation can not be made for transmittance
(e.g., glass) without eorrection for the losses at.the air-glass inter-
faces, each of which causes a loss of approximately 4 per cent.

b. Beer’s Law. The second law, formulated by Beer, expresses the
relationship between absorptance and the concentration of the solute
in a solution. Aeccording to this generalization, the absorptance of a
solution is direetly proportionsl to the concentration of the solute
(number of absorbing molecules of ‘the absorbing substance.) Then,
if ¢ is the concentration, the transmittancy T for a given thickness is

T=1t
where t i§ the transmittaney for a solution of the same thlckness hav-
ing unit coneentration.

This law inay be expeeted to apply if the light is apprommately
monochromatie, and if the nature of the absorbing molecules is the

- same in solutions of different concentrations. It must be kept in mind
that the absorption coefficient, %', depends upon the wavelength of the
incident light. Also any action in the solution, such as ionization,
association, or dissociation, which affects the nature of the absorbing
molecules will affect the absorption.* The change in color resulting
from dilution of a solution of the dichromate ion with water is a
familiar example. The equilibrium involving this color transforma-
tion may be represented by the equation, :

Cr,0" + H.0 =2 HCrO,~ £ 2 H* -+ 2 Cr0.

Bouguer-Beer Relationships. One may combine Bouguer’s and
Beer’s laws for thickness b and concentration ¢
T =1
# being the transmittancy for a system of unit concentration and
thickness. This expression may be written

T — e-k'bc
Bince T = I/I» : I=Iya¥?

###4 Worm: Manufaetured by the Keuffel and Esser Company. .

* Nore: For a more extensive discussion of these and other factors, see Ref.
116a, p. 62-83.
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. For unit thickness

I

logs —=—We=1log. T
Is -
I

logw —=1logw I’ = —lko
Iy )

I .
log. TD =F'c =log, 1/T

For thickness &

I
loge % ==Lbo =D (optical density)

_ logm I/1
kb

In applying these relationships in analytical determinations b is
known and D may be determined (actually I/I, is generally meas-
ured). Then one may caleulate K or % for a system of known con-
centration.* Knowing %, D, and b for an unknown solution,. its
concentration may be caleulated, on the assumption, of course, that

-Beer’s law applies.

Solutions conforming to Beer’s law show a constant molecular
extinetion coefficient at all dilutions and thicknesses for any given
wavelength. On plotting log I/I, (= log T'), or log ¥,/I on an equal
division axis, or T on a logarithmic axis, against concentration a
straight line indicates such conformity (See Fig. 45).

The molecular extinetion coefficient, XK, should be determined for
the wavelength of maximum absorptance of the system, since at this
wavelength there is the largest change in the constant for a given
change in conecentration. This gives a curve having the best slope
(See Fig. 45).

Examination of these relationships shows that the measured trans-.
mittaney is a funetion of the absorptive capacity of the system, the
cell length, and the concentration, and that the numerical value of
the extinetion coefficient depends on the units used in expressing b.
and ¢. The literature is very confusing on this point, and Drabkin
{42) has eompiled a table of the many ferms and symbols which have
been used. Since the new report of the Commitiee on Colorimetry
(34) restricts the use of words ending in -ion to processes, the word
extinetion alone seems unjustified. In the past it has been applied to

. *Norm: Some writers use loge and then refer (61, 96) to the constant k' as
the absorption coefficient, When logiw is used the constant % is demgnated as the

. extinetion coefficient.
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log,, I,/I, to log,, 1/7, and to whatever values result from different
units and magnitudes given to b and e.

The author suggests using X (or pos:-ublyMk) for the molecular
extinetion coefficient—that is, ¢ is expressed in moles per liter, and
b is expressed in centimeters. Following Brode (21), k would be the
specific extinetion coefficient, if ¢ is 1 gm./L., and b is 1 em. Then D,
the optical density (designated by many as simply extinetion, E)
would be used generally to apply to log;, I,/I for whatever conditions
of concentration and eell length happened to be used (but specified,
of course) for a given measurement. The word extinetance (extine-
tancy), although not mentioned by the Committee on Colorimetry,
seems appropriate as an alternative term for optical density.

To facilitate practical analytical work, especially the comparison
of methods, Wernimont (227} has proposed using what may be called
a specific extinctance concentration, K, which may be defined as the
concentration of solute, in p.p.m. or mierograms per milliliter, re-

quired to give the extinctance (optical density) a value of 1.00 for .

a 1 em. cell. Sometimes in the writer’s laboratory (238) the sensi-

tivity of methods has been compared in terms of the concentration-

(p.p-m.) required to give a transmittancy of 50 per ecent for a 1 cm.
cell. :
Instruments. In general, photometers are designed to measure
intens1ty (brightness) of illumination. ‘Those used in eolorimetry
measure the proportion of light incident on a system that is trans-
mitted '(or reflected). The proportion of light absorbed by 2 solution
depends upon the amount of the absorbing material present. In
making chemical determinations by this means the analyst’s problem
is to relate the coneentration of the desired constituent to the amount
of llght transmitted. Ordinarily this method is apphed to homogene-
ous, liguid systems.

~ The solutes in colored solutions absorb hght in certain definite
regions or bands* in the visible spectrum.** The variation in trans-
mittaney with concentration is greatest when the incident light is
restricted to the spectral region of the solute’s greatest absorptance.
Thus, in Fig, 17 the spectral transmittancy curves for different con-
centrations of an agueous solution of iron plus 1,10-phenanthroline

* Nomm: Colorless systems may absorb radiant energy in the ultraviolet ‘and
(or) infrared region, and analytical methods are based on this,phenomenon. Such
procedures do not seem to belong with eolorimetric methods unless ¢ne adopts the
little used British conception of imvisible color. Some designate all such methods
-as absorption spectrosecopy.

** NoTp: Only part of the bard may appear in the visible region, the remainder
being in the ultraviclet or infrared.
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Fie. 17. Transmittancy curves for solutions of the 1,10-phenanthro].1.ne iron
complex and tranemittance eurves for glass filters (1 em. absorption cella). -
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are shown (solid lines), along wit_h two 5-mu spectral bands, one
centered at 508 mp and one at 550 mp*** Since the difference in
transmittaney between any two concentrations is much greater for
the band at 508 my than at 550 mp, it is obvious that greater gensi-
tivity ean be achieved by ‘limiting the incident 11ght to such a region.

*#% Worm: .The author is not implying that a spectrophotometer set for 5. ma
isolates a band having the over-all dimensions represented. For a dlSG'ﬂSBlOIl of
the characteristics of such bands, see Refs. 34b (p. 212) and 97. )
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In filter photometers this limitation is accomplished, at least
partially, by interposing a suitable filter, usually of glass, between
the illuminant and the observer; hence the name, filter photometer.
The broken lines in Fig. 17 show the transmittance curves for two
such glass filters, each 5 mm. thick. It will be noted that they pass
a relatively wide speetral band of light. Selection of the best one for
a given determination should be based on the spectral transmittaney
curve of the solution to be measured. Thus, the absorption band of
the iron-phenanthroline solution, shown in Fig. 17, nearly corre-
sponds with the region of maximum transmittance of a signal green
{Corning No. 440) or a blue-green (Corning No. 429) glass. Several
manufacturers have selected a series of 8 to 10 glasses, for which
the regioms of maximum transmittance are fairly well spaced from
450 to 650 mpu, and usually they recommend a specific glass for a
given determination. In order to narrow the band of light passed,
composite filters are available consisting of two or more filtering
media. Drabkin (42) has discussed the problems and possibilities of
such combinations. Usnally composite filters greatly decrease the
intensity of the light beam. '

Non-eonformity of a solution to Beer’s law may result from an
unsymmetrical relationship of the transmittancy eurves of the solu-
tion measured and of the filter, accompanied perhaps by diffieulty of
visual matching (12). A self-filtering effect of the absorbing medinm
has beeén suggested (234) as the reason some solutions show mnon-
conforinity to. the linear relationship of a logarithmie calibration
eurve.

As already noted, the filter should transmit the region of the
absorption band of the unknown and as little as possible of the
surrounding spectrum. If the spectral transmittancy curve for the
unknown is not available, the best of a series of filters is 'the one
giving the greatest difference in reading between two coneentrations
of the unknown solution. A general idea of the filter to use is indi-
cated in Table IV.

When a measurement justifies its use, a monochromatic illuminant,
such as a partieular line of the mercury are, may be used with such
instruments. Besides the special equipment required, there may be

difficulty in finding a line of the desired Wavelength of sufficient.

intensity.

The actual quantity measured depends upon the instrument. Some
are designed to give directly the percentage of ineident Light trans-
mitted ; others have arbitrary scales, or read.in terms of some units
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which must be converted to the amount of desired constituent. Oue
of the latest announced is ealibrated in terms of extinetion coefficients.
In some cases it may be feasible to have a scale whieh reads direetly
in terms of some omne constituent for a given set of expenmental
conditions:

TABLE IV.
Suitable Filter Colore *

Filter Oolor Solution Color
Green Purple
Blue to blue-green Qrange to red
Blue Yellow
Purple ) Violet or red
Red Blue

*Nore: Sce the following catalogueﬁ for the spectral characteristics of glass filters:
Corning Glass Works, “"Qlass Color Filters,” and Jena Glass Works, "“Jena Colored Optical
Pilter Glasses.” 'Transmiitance data are available in International Ont:cal Tables and certain
emaller handbeoks of physical constants.

For all such instruments it is possible, and for those having arbi-
trary scales it is necessary, to construct a curve, from a series of
standard solutions, which coordinates concentration of the desired

- constituent and the corresponding reading of the instrument. Fig. 18

Dlanl-{_\.Readmgi
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N
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\
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Fia. 18, Photometer ealibration curve.
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shows such a curve for determining iron with a home-made photo-
electric instrument. In determining the concentration of an unknown
solution,- one simply obtains the reading on the instrument, locates
the point'on the eurve corresponding to this value, and then reads the
concentration on the other axis.

It has been noted that, for solutions conforming to Beer’s law,
the concentration ¢ of the solute is related to the transmittaney 7' by

the expressions
logwl = —hkec= lOg:oI/Iti

and logol/I=%o =D (or E)

These relationships are shown graphieally in Fig. 19, Sinee these
curves are straight lines originating at a known point on the ordinste
axis, it is necessary to determine only a single point, on a solution
of known concentration, in order to eonstruet them.

‘With some instruments one has to determine the photoeell response
separately for I ind I,. Others read direetly in terms of D (optieal
density) or T' (transmittancy). The latter type is very convenient if
the values are plotted on semi-logarithmice paper, as shown in Fig. 40.
Instrumental details differ in the means employed for determining T.
If the photocell response is proportional to light intensity and the
seale values range from 0 to 100, the indicator may be set at 100 with
the absorption eell eontaining solvent only in the light beam. On
placing an interchangeable, or the same, absorption cell containing
the solution in the beam, the reading is the transmittaney direetly,
which is the ordinate value.

Once such working eurves are established by either procedure,
there is no further use for standards. This assumes, of course, that
the e;cperimental eonditions, including the response of the photocell,
remain constant. States and Anderson (201) recommend oceasional
experimental checking of sueh curves because of variable scattered
light effects.

Neither filter photometers nor comparators yield a fundamental .

eolor specification, since they do not really measure color as such nor
provide data for caleulating eolor stimuli. These instruments prob-
ably come nearest to measuring luminance. For certain solutions
Keane and Brice (711} proposed determining a ‘‘color index”’ with
their instrument from the formula 100—100G/E, & and E béing the
measured tra.nsmittancies of the solution for the respective filters. A
‘‘golor index,’’ in terms of photometer readings, has been proposed
by Diller et al. (40) for petroleum products.
Although some writers have referred to filter photometers as
spectrophotometers, such an instrument at best can be considered as
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. nothing more than an abridged spectrophotometer. It seems prefer-
able not to use the term for such simple instruments, as lack of further
specification may lead to unjustified inference regarding the relia-
bility of reported data. If there are eight filters, for example, the
transmittancy of the sample may be determined for each ome. On
account of the width of the spectral band passed by each filter, these
eight points can not establish a reliable curve for systems having
steep absorption bands. The broken line in Fig. 36 is drawn through

the points obtained on such an instrument (data provided by the .

manufacturer), the wavelengths being those given by the manufae-
turer as the “medium’’ wavelengths of the filters. Another curve
gives the data obtained for the same sample with a spectrophoiometer
set for a speetral band width of 5 mp.

Two eolored constituents together complicate colorimetric meas-
urements.. Determination with comparators is ordinarily impossible
unless the amount of one constituent is known so that its effeet may
be compensated in the reference cell. Filter photometers do not
gimplify the problem much except in the rare cases where the effect
of one constituent can be removed by a snitable filter. The problemn
of applying such photometers to a two-component color system has
been diseussed by Knudson, Meloche, and Juday (114).

The absorption cell is used in various ways. If an arbitrary cali-
bration curve is eonstructed, only one cell is needed, and it may have
any usable dimensions as long as it is always used in the same way
for both known and unknown solutions. When the transmittancy is
to be reported, preferably the cells should have optically plane: faces
and a definite thickness, such as 1, 2, or 5 em, Either the solvent
and solution are measured separately in the same cell, or two opti-
cally interchangeable cells may be employed, one for the solvent and
one for the solution. When using two ecells, the one containing the
solvent should contain the same materials as the other cell exeept
the color-forming constituent, unless it is known that plain solvent
gives the same value. ‘

a. Visual Type. During recent years many colorimetric determi-
nations have been based upon the use of visual filter photometers.
The Pulfrich instrument, manufactured by Carl Zeiss, Ine. (174),
became available first and is best krown, especially by the names
gradation- or stupho-photometer. In it two light beams enter the
optical system, one passing through the solvent only and the other
through the solution. The observer brings the two halves of the op-
tical field to a match by reducing mechanieally the intengity of the
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beam passing through the solvent. The magnitude of the absorptance
is ,determi_ned ‘from the readings on the two mierometer drum heads
which operate the diaphragms. There are four series’ of glass filters.
The nine of the § series transmit spectral bands of 20-25 mp and
have the highest optieal density. The bands are wider, and the trans-
mittances higher, for the seven K filters. High transmittances char-
acterize the three L filters. These three series are umsed with white
light sources, and the Hg series with a mercury are. Fig. 20 shows
the general arrangement of the measuring system, and Fig. 21 shows '

Ok~ 1
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==

P

(Courtesy of Carl Zeisy, Ine.)
Fra, 20, Optical system of Pulfrich photometer.
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d arrangement for ab-..": et

: the horlzonta.l arrangement of the mstrument for_measurmg solutlons L e
' 'Many papers, in addmon to 2 book . ( 118), ha.ve deseribed’ the use. of -
" this: mstrument as a means of detelmmmg concentratlon of. solutmns'_._

c A more recent: mstrument of tlie same: genera.l type, 111ustrated in ..3 =
g I‘lg 22 was mtroduced by E Leltz Inc ‘ag the Lelfo photometer.'

Catrtesy of E. Luitz, Ina.) -

Fuo. 25, Optes Gagram of Lefo plotomaer arsanged fo messucog Yids,




The relative intensity of the two light beams is varied by rotation of
polarizing prisms, reading in extinetion coefficients. Tables accom-

COLOR

panying the instrument give the corresponding transmittancy in
percentages. The eight filters and.a number of attachments provide
for many kinds of optical measurements (123 ).

A third example of the visual type is the neutral wedge photom-
eter devised by Clifford (37). The absorptance is determined by .
" noting the position to which the neutral wedge must be interposed in '
the beam of light that passes through the solvent in order to mateh i
the beam that passes through the solution. The necessary calibration
curve is construeted for a given determination by noting the position

MAGNIFYING
EYEPIECE

of the wedge for a series of known solutions. Twelve filters are avail- 'y u
able. Fig. 23 shows a diagram of the optical parts. Although the g gﬁ.:
precision is stated to be lower than that with the best photoelectric E §§§
instruments, the originators prefer it to the Duboseq type in sensi- g§ E’g 288
tivity, aceuracy, and convenience. The scale readings are convertible Eg; EE 5;'
to optical density or concentration by means of factors supplied with 232 i
the instrument. ‘ %Eg 6

oY "

" In the discussion of visual spectrophotometers mention is made of

the desirability of avoiding high transmittances because of the greater

: error likely to be involved. '
i b. Photoelectric Type. Probably the most notable changes in col-
S orimetric instruments used by analysts followed the introduetion
of photoelectric cells. Miiller {760) has published a comprehensive
review of the analytical use of such eells. Barrier-layer and photo-
emission types are generally employed but photoeonductive cells have
been. used (47). Their use in filter photometers led the National
Bureau of Standards to issue an extensive cireular (63} which pre-
sents a critical evaluation of such devices and especially directs
attention to likely sources of error which may result from lack of
understanding on the part of those who use the instruments. The

ABSORPTION CELL
APERTURE
FLATE

FROSTED
SURFACE

CONDENSER
LENSES

MONOCHROMATOR

(Courtesy of American Instrument Co,)

PHOTOMETER

! following specifiec requirements, applying to both one- and two-cell
instruments, were stressed by the Bureau:

’ ‘ Mechanical Stability, The construetion should be rigid, and provide for plae-
ing the eample in s definite and reprodueible position.

Thermal Stability., The operating characteristics of the photocells may be
: affected by change of temperature, and likewice the spectral transmittance of the
! sélective filters. Certain filters, such as those made of selenium glass, are very
w responsive to temperature change and should neot be used. The comstruction
1 should be such tHat heat from the illuminant upon both the photoeells and the

. filters, either by radiation or convection, is reduced to a minimum.
i o Eleetrical Characteristics. There should be stability in the response. Certain
]
f

/
|

HEAT.-ABSORBING
FILTER

LAMP

REFLECTOR

photoeells are somewhat unstable, and different readings may be obtained depend-
' [54]

Fi6. 23. Schematie diagram showing plan view of Aminco neutral wedge photomaeter.
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characteristics toward different wavelengths.of radiant energy. The

high internal resistance renders amplification both possible and neces-
sary. Then, since low levels of light may be measured, it is easily
feasible to work with concentrated solutions and/or narrow spectral
band widths. '

In order to insure constancy in the illuminant, and consequently
in the response of the photocell (assuming that it possesses satisfac-
tory response characteristics), the electric' current for the illuminant
is provided by a storage battery or a constant power transformer
The response of the photocell is detected by means of a sens1t1ve

galvanometer or a Imeroammeter These response rea.dmgs ‘may be

the output of the cell in milliamperes or they may be arbitrary scale
readings marking the position of a diaphragm or shutter, or of an
electrical resistance necessary to maintain -the output of the cellt
some definite value. Although it is generally necessary to ealibrate
an instrument for a given determination by correlating concentration
of the desired constituent with mieroammeter or other readings, a
seale may be incorporated in instruments properly designed reading
directly in some given terms. Thus, Kydor designed his instrument
to turn a different direct-reading scale into view for each of a
number of constituents to be determined. The new Leitz instrument
(124) reads dn'ectly in extmctmn units, and certain others gwe the
transmittance. _

b.! Two-Cell Instruments. In order to aveid the provisions neces-
sary to insure‘ constaney of operating current for the light source
in one-cell instruments, investigators rather early proposed two-cell
arrangements based on the idea that fluctuations would affect the
two cells equally and thus be compensated. Also the null point
method of balancing the cells against each other, as indicated by a
galvanometer, is supposed largely to eliminate errors arising from
temperature changes or cell fatigue. Generally it is recommended
that the two photoecells for such assemblies be selected on the basis
of similarity in spectral response. If possible, they should be nearly
matched in this respect. Miiller (760) has cautioned that two cells
do not necessarily assure rehabﬂlty

.One type of arrangement for two barrier layer photocells is
illustrated  in Fig. 25. The essential differences from one-cell ar-
rangements are that two light beams come from the illuminant, one
going to each photoeell, and that the response meter, in this case a
galvanometer, is used as a null point indicator, The ordinary alter-
nating electric current serves for the illuroinant.
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The use of these photovoltaic cells in -this way has become quite
common, representative recent apparatus of this type being -deseribed
in a number of articles and manufacturers’ technical publications
(3, 55, 92, 111, 121, 197, 128, 203). In such instruments the two
photocells may be used either in a series-opposing or a parallel con-
nection. Briee (19) hag reviewed various proposals for sueh circuits
and given critical analysis of the arrangements and performance
of one modification. Hatfield and Phillips (87) have deseribed an
instrument modified for the use of Nessler tube absorption cells. The
author’s students use & phofometer eonstructed according to the
proposal of Wilecox (231), modified to include the circuit recom-
mended by Brice and to provide Aklo (Corning) glass filters to
absorb the infrared energy from the illuminant.

CONDENSER LENSES COLOR FRLTER DISC

FRON
APERTURE PLATE

COLOR FILTER

LAMP

ABSORPTION
CELLS

N

APERTURE PLATE

" coLOR FILTER
CONTROL DIAL

REFLECTOR . 7\

HEAT-ABRSQRBING PHOTOCELLS -
FILTER

te— ABSORPTION SYSTEM ~—

pet—— e LIGHT SOURCE
MONOCHROMATO! PHOTOMETER

.Schematic Diagram Showing Plan View of Aminco Type F Photometer

| ° L oc
COMP. G ' L MEAS.
QA<
+LU- ~d1+
100 T r F
Clrcult Diagram of Type F Photometer .
{Oourtesy of American Instrument Co.)

Fia. 25. Filter photometer with two photovoltaic cells,
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Some use has been made of photoemission cells. In addition to the
mention made of them by Drabkin (42), instruments of this type
bave been described by Exton (49), by Mefarlan, Reddie, and Mer-
rill (132), and by Withrow, Shrewsbury, and Kraybill (224). These
three contain two photocells. The last authors, whose instrument is
known as the “X'WSZ’’ photometer, stress the eleetrical problems
involved, including what they econsider the merits of photoemission
cells, A modified ‘“‘KWSZ’’ instrument has been described by Bates
(15).

The instrument advertised by the Eimer and Amend Company
{47) contains two photoconductive selenium cells,

For some years there has been available the Moll colorimeter
(150) in which sensitive thermopiles are used instead of photoeells.
Recently Willard and Ayers (252) proposed a modified thermoelec—
tric absorptometer hased upon the same general principle.

Certain modifications of this type of instrument make it possible
to measure transmittaney direetly by using two optically interchange-
able absorption cells simultanecusly, ore containing the solvent only
in one beam and one containing the solution in the other beam, as
shown in Fig. 25. Of course, one ee]l may be used by substitution,
as in one-cell instruments.

Absorption Cells. Cells used for holding liquids for work in

the visible speetrum preferably should be of optical glass, with
parallel faces fused on. Cemented cells may not have their specified
internal thickness and the faces may not be parallel. In addition,
some cements will not stand acids, bases, or organic solvents, Most
parallel-face cells are made in 1, 2, or 5 em. thicknesses, but other
sizes are available (4). No generalization can be made concerning

" the best size to-use. Some instruments accommodate only one size.

‘Where a choice is possible, the selection should depend at least upon
the intensity of the color of the solution, the working concentration
of desired constituent, and the amount of solution available. A 5-cm.
cell may be preferable for a weakly colored solution, of which the
supply is adequate. In other eases a very thin cell is required. For

-general conditions in speetrophotometry it is preferable to control

conditions so that most ¢of the spectral transmittance curve will lie
between 10 and 90 per cent.

A number of the cheaper instruments among the filter photom-
eters use less carefully made cells, some being nothing more than test
tubes. Ordinarily, if such a container is broken, the instrument
should be reealibrated for the new tube on aceount of the question of
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interchangeability. In all cases the cells should be tested to insure
that they are of high enough quality to provide the required accuracy.
Precautions may have to be taken to place non-uniform test tubes in
the same position each time for instruments with sueh equipment.
Optical glass cells should be handled carefully to avoid marring the
faces. ) _

Most filter photometers have appeared since 1925. At present both
visual and photoelectric instruments are well known. On account of
their differences in constructmn it is‘convenient to consider the two
types separately.

Analytical Applications, The general analytical utlhty of filter
photometers is well illustrated in the publications by Sandell (182),
Vaughan (219), and Haywood and Wood (88), the last two of which
deal with the determination of various elements in metallurgical mate-
rials. As another specific example, Hoffman’s book (95) deals with
clinical methods, as used in medical and biochemical laboratories.
In general, it seems probable that any method usable by compari-
metric procedures can be adapted fo filter photometers.

Fluorimeters. Certain substances, which are not colored themselves
or do not react with color-forming reagents, show color when irradi-

-ated with ultraviolet radiant energy of suitable wavelength., The

phenomenon is known as fluorescence.

i
==<—Condensing Lens — ==

'« Lamp Filters — ==

e——Absorpfion Cells————

Hﬂ ~——Photocells —— I:H}I

“~Photoce!l Filters —

Fie. 26. Schematic arrangement of two-cell fluorimeter.

Fig. 26 illustrates the general arrangement of a 2-cell filter
photometer (710) arranged for colorimetric measurement of such
systems. Compared to the conventional filter photometer, the fol-
lowing important differences may be noted (a) the source of radiant
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energy is usually a mereury arc lamp, certain lines of which provide
the ultraviolet radiant energy; (b) the lamp filters pass only this
ultraviolet radiant energy; (¢) the photocell filters pass only visible
radiant erergy; and (d) the radiant energy measured emerges from
the absorption cell in a direction at right angles to that of the incident
beam. '

Although fluoreseing solutions are in. general not as useful ana-
Iytically as the ordinary colored systems, there are important appli-
cations, such as those for aluminum’ (230), riboflavin (94), and
thiochrome (90}. -The book by Radley and Grant. (177) gives a
general survey of the subject.
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CHAPTER b

COLOR ABSORPTOMETERS

1I. SPECTROPHOTOMETERS *

Spectrophotometers like filter photometers, are instruments for
determining the proportion of light ineident upon a body that is
transmitted or reflected by it. The former are distinguished by the
complexity of the equipment, and espeeially by the inelusion of a
monochromator which enables the operator to make the measurement
at any .desired average wavelength and with any desired width of
spectral band down to the limit of satisfactory operation. The mono-
chromator may be considered as a very refined type of filter.; Al-
though spectrophotometers have been known for many years,. it ds

only recently that their value in analytical work has begun to -be

adequately appreciated. » R
Ag with other kinds of color measurement, this diseussion -is
limited to work in the visible region of the spectrum. A ‘general
review of such apparatus was made some years ago by a’ committee
of the Optical Society of America (68). Various other sources may
be consulted for a discussion of the subject from particular view-
points (21, 42, 62, 65, 85, 117, 122, 154, 214, 235), R
Essentially a speetrophotometer consists of a light “source for
illuminating the sample, a monochromator for isolation of the desired
spectral band for the illumination, a means for measuring the unab-
sorbed light, and a holder for the sample. Variations in all of. these
itéms, found in different instruments, depend upon the prmeiple of
construction and the purpose and reguirements to be met in mse.

Occasionally a monochromatie light source is used, such as a
mereury arc. This limifs the readings to the wavelengths of the lines
available, The National Bureau of Standards is equipped to operate
its visual Konig-Martens instrument in this way. The alternative is
to use an illuminant with a spectral distribution covering the whole
region to be measured, such as incandescent projection lamps ha.vmg
ribbon filaments. In photoelectric instruments these lamps must be
operated under as nearly constant conditions as possible,

*Nore: Since photometry deals with the measurement of light (68), spectro
photometry is photometry as a function of wavelength or frequency.
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Prisms or grafings serve to disperse the heterogeneous radiant
energy (‘‘white light’’} into its spectral components. The mono-
chromator provides for seleetion of the particular region or band
desired. The beam from a double monochromator is more nearly
monochromatie, the effect of stray light being largely eliminated
thereby. Also, the narrower the slits on the monochromator, the
more nearly monochromatic is the beam. Fig. 36 shows the differ-
ence in the curves obtained with an expensive filter photometer and
with spectrophotometers operating on spectral band widths of 5 or

'35 mu. For narrower slit widths the difference is even more marked.

This mdu_:ates the necessity for writers to state specifically the con-
ditions under which a curve has been obtained, especially in view
of some tendency to call a filter photometer a spectrophotometer,

" The method of measuring the unabsorbed light varies with dif-
ferent types of instruments. In a number of them there are two light
beams of equal intensity from the illuminant. One illuminates the
standard and the other the unknown. In reflection work the standard
is usually some material such as magnesium oxide or earbonate. In
transmission work it is convenient to use optically interehangeable
absorption cells, the one in the standard beam containing the solvent
only and the one in the unknown beam containing the solution. Thus
the effect of cells and solvent cancel out. Since the solution absorbs
more light than the solvent, the emergent beams have unequal in-
tensity: By means of a photometer in the light path the more intense

beam may be reduced to match the other, as determined by bringing

the two halves of an optical field in a visual instrument to equal
intensity. The graduation of the instrument enables one to determine
the proportion of the light incident on the solution that is transmitted
by it. The ratio is the transmittancy. Multiplying by 100 gives the
percentage fransmittancy. Some instruments are graduated in terms

of optical density (or extinetion), or of the angular position of the

prism in a polarizing photometer.

With single beam, photoelectrie instruments the usual practice is
to determine the swing of a galvanometer for the solvent and the
solution separately. Generally the average of several readings for
each is taken, and the transmittancy obtained from the ratio of the
two averages. The tediousness of the operation is obvious. This prae-
tice of averaging a series of readings is even more necessary for
visual instruments. With some photoelectric instruments the secale
may be set for 100 per cent for the solvent only, and then the scale
reading with the solution in the beam is the percentage transmlttancy

« direetly.
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The holder for the sample is a deviee for supporting opaque

. objeets for reflectance measurements, or a transparent cell for trans-

mittance measurements of liquids. The requirements for such cells
were stated under the discussion of filter photometers.

a. Photographic. Type. Some of the older work, and occasionally
that reported currently for the visual region, is based on photographic
measurement of the light absorptive capacity of the sample. The film
or plate funetions as a photochemical ree‘eptox_' for the radiant energy.
In general, this technie is no longer common in comparison to the use
of visual and especially photoelectric instruments. Brode (21} has
deseribed the method as applied to the ultraviolet region, where it is
most useful. Owens (166) recommends an internal standard method
for use with emissive spectrometrie equipment. Holiday’s proeedure
(97a) is valuable, especially in qualitative work, for showing the
‘‘fine structure’’ of an absorption band.

b. Visual Type. Four of the best known pieces of apparatus of
this type (64) are the Konig-Martens instrument, manufactured by
Schmidt and Haenseh (188), and used by the National Bureau of
Standards; the Hilger-Nutting instrumefit, whiech has a unique con-
struction for making reflectance measurements on opaque samples
(90) ; and the Gaertner (59) and the Bausch and Lomb (16 ) instru-
ments, manufactured in this country, The last instrument is espe--
eially adaptable for a variety of transmittancy measurements if the
different attachments are available. Fig. 27 is a diagram of the optical
details, and Fig. 28 shows it fitted with cells for variable depths of
liquid. All the better instruments have variable ealibrated slits for
controlling the width of the spectral band of light used. The cheaper
Keuffel and Esser instrument (112) is of interest in having a rotating
sector photometer, as compared to the polarization photometer used in
most other instruments. Various details of operation for the Konig-
Martens instrument are given by McNicholas (733). This publication
contains a valuable discussion of general sources of error.

Visual instruments have two serious defects: (a) the physical
fatigue that accompanies making a large number of observations;
and (b) the limited spectral range in which data of satisfactory reli-
ability are obtainable. The latter difficulty may be predicted from
the form of the relative luminosity curve which shows the low sensi-
tivity of the human eye below 430 or above 680 my (See Fig. 48,
eurve ¥). In these two regions one may secure a few reliable points
by opening the slits and using monochromatic light sources, such as
partieular lines of the mercury arc light or of certain gas tubes.
Also these instruments require considerable time. Often one needs

f65]



(Gourt ¥ of Bausch and I.uomb Ophca Go )

P 27

: ‘BSehematic dlagram showmg a,rrangemenf; of optmal parts:'n the Bausch an&
b speetrophotometer ﬁtted:mth vanabl 2 .

& depth abaorptmn_ cells

pomts ; t some 30 Wavelengths for.a eurve extendmg across the.wszble'_ : o

. :Drabkm' '(42) has

'of th 'transmlttaney value ngh values give: the. greatest Errors.’

_ma.jr be ohtamed from the m&nufacturez:s techmcal bulletms.

mstrﬁments, many efforts have beer _;made, especmlly since 1925 o

. .'_'the ra.dlant energy. ‘Barly: dlfﬁcultles with photocells ha.ve been over- .
-_come until certam mstruments 80 eqmpped areinow very sat1sfactory '

e ( 101), con51cler1ng only the ‘major: varlatlons that- ean be used in the_'

Eﬁﬁ]

cessitate averagmg_:j._-;- B

] directed. attentmn to. the. dependence of: the S
: percentage error of v1sua1 readmgs of transmittancy on the magmtude'___ Bt

_Details regarding construetion and operation of the 1nstruments..'_'

- '5'subst1tute a photoelectnc cell for the human eye asi.the receptor for -

- Pig. : 929 indicates: 72 possxble kinds  of such: spectrophotometers_

S _speetral geometrmal and photometne parts of the 1nstruments In_:: L

Courtesy of Bausch and Lomb Optlca! Cou)i SO

Lo e, 28 Bauseh and Lomb vmual spectrophotometer w1th m’mble depthi' ;
absorptmn cells, t @i

S Specfrqmeir_y.

; =Im:|denf and ref!ected Hons

"Reﬂecred ligh :
ight monochromahzed:_

monochrc'#matgzed

o e enthF -
monochromat zed

.Photoelectnc Type.; On account of: these hmltatmns of ‘visual o

Sector :
Dmphragm

Direct readmg T
of Phofocurrenf BN

Screeris '
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possible with carefully controlled adjustments, is best for curves of
the kind shown in Fig. 44. For relatively non-selective curves 3 to

LT e

4 'S@:ulj I_— ‘g -~ 5 minutes per sample are required, but more time is necessary for
g éﬁ § 38 U: “ steep curves and narrow band widths. The instrument is so com-
e 5; @\'9‘_ oZuw § £ . plicated and the sources of difficulties are sufficiently varied and
E k;:‘ 2Zry =] é frequent that only a skilled operator may be expected to obtain
- wE ¢ E 2% E , -é reliable data with it. Printed statements that a physicist is necessary
N z 4 gE 3% 3 g as an operator are in error.
s gg 8% . 'g_ g + A more recent instrument, devised by Harrison (86), uses a
o | z - o L o P grating in the monochromator. Its range is from 200 to 1000 mpu
o E g ot %g g .5; in contrast to 400 to 750 mp for the Hardy instrument.
St Eﬁ F 5 ot x z % ~ g Nature of Spectrophotometric Data. Lack of accuraey, clarity, and
: : + g 3:‘5 g% o consisteney characterizes the current presentation of too many ab-
4 -“ LIEJ @ :%: z, Z _,g . sorptive speetrometric data by chemists, Some of the significant items
L O & gg. s Eg 5 = g which should be considered follow (139).
¥ S -8 j/g z% cw | W87 . § a. Instrumental Details. Turning fo the evaluatlon of the data,
. E Ea § = g% = one is interested first of all in their reliability. Since different instru-
5 ' g ~i g 54 g ments, and different methods of using them, may yield different
; 2 §§ ’ SE ° % results, reports of the details of measurement must be clearly and
b x gg o § & - accurately written. It is analytically inadequate, for example, to
1 z |3 dg « 3 g state only that the results were obtained by some 1nd1v1dual or that
] i 3 * @ d) & they came from some individual’s laboratory.
SN g “‘\__Eg_= ST § B ¢ In the first place, one wants to know the type of instrument—that
| ] : S\TQ é 1s whether it was photographie, visual, or photoelectric. Bach type
- / E L | . includes instruments of different qualities. If a photographic instru-
Xy 3 uE"f'» = @ 'g ment was used, one may want to know whether any point matehing
- H § ] % : 8 of lines was done visually or by photoelectric means. An estimate
o ° § ,"E, = - 3 of the probable reliability of the readings would help. Perhaps most
§, a g g _ z = important is-to know whether a visual type was used, and, if so,
; g o« g Lci g ;’ 3 with what light source. In addition to stating the type of instrument,
z 5 'C_> B = e % authors should report the manufacturer and model. Thus, Coleman
E\f"\% e « S . RE o Model 10 S will operate on a spectral band as narrow as 2.5 mp, but
. /3 g L3 Q /6} é that used with Model 11 is 35 mg.
S % al & A Current papers seldom mention calibration. Tt seems necessary to
o) QO % 8 | check rather often both wavelength and photometric seales. Mono-
v g AT 3 ‘chromatic sources, such as lines of the mercury are, are preferable
: o 3 o 3 for checking wave lengths. Band peaks of didymium glass (See Fig.
| = f @ & 36) serve for rough checking of recording instruments if one uses
. 21u ‘: the slit width employed in calibrating the glass. Carefully selected
AR - /L *® glasses, calibrated by the National Bureau of Standards, are very
: \1 1 : E ‘ -& useful for checking photometric values. Several solutions have been
=

. ) suggested for this purpose (36, 195, 222).
[
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Pig. 36. Transmittance eurves for didymium glass using different spectral bands.

For curves having small, sharp bands the significanee of speetral
band width seems often not appreciated or understood. Many authors
do not state the width used. Fig. 36 shows the results of using dif-
ferent band widths for a didymium glass. The continuous curve,
without points, was recorded with a band of 5 mu, while that with
the marked points is based on readings with a band of 856 mp. The
discontinuous curve is drawn through points marking the values ob-
tained on a visual photometer using glass filters whose median wave-
lengths were stated by the manufacturer fo be the values locating
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Fie. 37. Transmittance curves for didymium glass using readings taken at
different wavelength intervals. .

the points on the graph. The disagreement is obvious, In general,
the use of a wide spectral region obsecures or eliminates small bands
which might well be the characteristic information sought. Two recent
publications, from well known laboratories, contain eurves with no
sign of the small bands known to be in the permanganate curve xear
490, 508, 526, 545, and 567 mu (81) (See Fig. 38). )

. If narrow spectral band widths were used for these permanganate
curves, perhaps too few points were taken to locate the eurve. Unless
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data come from a recording instrument, the observed points should
appear in the graph. Except for curves relatively non-selective, pho-
tometric readings should be taken at least each 10 mg. To bring out
small absorption bands, the points must be closer. Fig. 37 shows
variation in the curves obtained by plotting the readings taken at
different wavelength intervals for the glass used in Fig. 36. It is

evident that too few values can lead to serious inaccuracy for such a

curve, .

Along with pointless eurves, one sees too many gridless graphs.
The grid lines, because of their aid in studying and using curves, are

 recommended in books dealing with graphical presentation of data
(10, 288).

If one wants to repeat another’s work, it is very disconcerting to
find no mention of the concentration of a solution or the thickness of
sample measured. For the sake of easy comparison of data, generally
absorption cells 1.00 em. thick, or some multiple or fraction thereof,
are preferable. But if the actual thickness, whatever it is, is given,
Bouger’s law enables one to calculate to any other thickness. Just
as with wavelength and photometric secales, absorption cells should
be checked for internal thickness. _

" Data and Conventions. If one has an instrument capable of yield-
ing results of the desired accuracy, and if it has been adjusted and
calibrated, there remains the question of how to handle the experi-
mental data obtained.

Although the terms absorptometric and absorptance 'are used,
more often the méeasurements are reflectance, E, for an opaque ma-
terial, and transmittance, T, (or transmitiancy, ), for a transparent
system. Reflectance is generally expressed as percentage. This basis
is often used also for transmittance of solids and transmittaney of
solutions. Hardy (83) and others prefer the decimal fraction, trans-
mittance (or transmittancy) factor. Also there is extensive use of
optical density, D (designated by many as extinetion, E), the specific
extinetion coefficient, %, the molecular extinetion coefficient, K, or the
logarithm of one of these. A number of instruments read direetly in
terms of one or more such values. Occasionally the graduation of the
photometer is in terms of a 90° sector angle or of a 45° polarization
angle. Brode (22) gives tables for the interconversion of such values.
Whatever the basis of the readings, they form the ordinates for
curves. The region of the spectrum measured forms the abscissas,
and the values are expressed in one or more of the following terms:
wavelength, A (in millimicrons, my, or Angstroms, A), frequency v

_ (in fresnels), wave number, / (in waves/em.), and logarithm of the
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wavelength. Wavelength, wave number, and frequency are related
according to the expression :
1 . _ frequency

' Wavelength = wave number = speed of light
wavelength being mg X 10-7 em., and speed of light being 3 X 10%°
ein./sec. Brode also gives tables for interconversion of these values.
From the standpoint of the aceuracy of the measurement, few graphs
would seem to justify the significant figures implied in using Ang-
strom units.

Unfortunately, no ore system of plotting has been generally
adopted. Thus, a recent publication uses six different ordinate des-
ignations. This situation is the result partly of personal inertia and
prejudice, and partly of the inadequaey of any one system for all
requirements. With all possible variations in use, including inecon-
sisteney in the direction of plotting for any given combination, and
disregard for good practice in graphing, the literature is likely to be
confusing to one unskilled in transforming mentally a curve in un-
familiar form over into the form with which he customarily deals.

- Some advantages of several forms may be noted.

~ Transmittance (or transmittaney) is often the guantity obtained
directly, especially with single-beam, substitution or recording types
of photoeleetric instruments. Thus, presentation of the original data
becomes easy. Since the light transmitted (reflected) determines the
color, this kind of plotting is preferred by many in the designation
of colors. Also, curves in this form are the basis for caleulating
numerical color specifications, as noted later., Some writers plot log
T on equal-division paper, or T directly on semilogarithmic paper.
Either method greatly magnifies values below 10 per cent, in eom-
parison to those above 80 per cent. _ ‘

Optical density (extinetion to many) magnifies absorptance max-
ima, and thus makes them definite and easily read. Also it facilitates
computation from one thickness to another, if desired, sinee the
relation is linear. ' : o

‘Curves of the percentage-wavelength, or optieal density - wave-
length type, often differ considerably in shape for different thick-
nesses of media or different concentrations of solutions. If one plots.
log D (or E), the curves all have the same shape (83) ‘r_egardless‘
of thickness (or -concentration, if the solutiom conforms to Beer’s
law). This is evident from the relation, o '

D=logw 1/T = 0.4343 kz
Then )
logie D ==log 0.4848 % -+ logu &
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Since the coefficient k varies with the wavelength, and since the
thickness (or concentration) of the sample, =, does not, the shape of
the curve depends upon the term log,, 0.4343 %, and the height upon
the term log,, . The optical density, D, may be plotted, of course,
on a log scale paper.

In some laboratories this type of curve is used for standard eurves
and for the identification of materials.” Curves of identical materials
are superposable. In dyestuff manufacture and application, for ex-
ample, the trade thinks in terms of shade and strength, variables
immediately separable by this method as curve shape and position
variations, respectively. Shurcliff (193) has proposed a eurve-shape
index for identifying dyes by means of spectrophotometric curves.
For reflectance data the ordinate is log (1—R)?%/R, in which B is the
body reflectance (1.

In theoretical and interpretative studies on the relation of absorp-
tion and constitution, often including the ultraviolet and infrared
regions, frequency is of more fundamental importance than wave-
length as abseissas, sinee it gives a better indication of the relative
width of bands in the three regions. Shurcliff (194) prefers to use
the logarithm of the wavelength (te the base 2), as shown in Fig. 43.

As another point concerning data, mention may be made of uncer-
tainty in definition, and inconsistency in use, of the terms employed.
Thus, unless one knows the solutions measured, he can not be sure
that a curve labeled absorptance is not really a transmittance eurve.
Does a writer mean transmittanee or transmittancy? When extine-
tion, B, is used, does he mean optical density, or specific or molecular
extinetion coefficient? In any case, has he specified concentration,
thickness, speetral band width, solvent, and the wavelength of the
measurement ?

Finally, note may be made of what seems unjustified faith in
published values of optical density or extinetion coefficients, ineluding
their use for plotting curves intended either for measuring amounts
of constituents or for demonstrating the applicability of* Beer’s law
to the system. Ideally, the absorptanee should be a physical constant
comparable in reliability to other constants, such as refractive index.
If the value is determined accurately, under carefully specified con-
ditions, it may be so considered. But when one recalls that Beer’s law
presupposes monochromatie light, and that few spectrophotometers_,
as generally used, come near meeting this requirement, the diserep-
ancies reported are understandable. Often a point of doubt is the
purity of the material measured. Perhaps this too implicit £aith in

[ &0]

extinetion’ coefficients accounts for many authors insisting on pub-
lishing extinction coefficient-concentration graphs for their particular
work, If the line is straight, a sentence will so state. An experienced
worker would not use the curve for another instrument without
checking. An illustration of the significance of this instrumental
factor has been published by Withrow, Shrewsbury, and Kraybill
(234). Sandell (182) has wisely cautioned, ‘*Only the most sanguine
user of a speetrophotometer will caleulate the concentration.of his
colored solution from the observed extinetion and the value of the
extinetion taken from the literature.”’ The dependence of such values
upon conditions is shown by a statement such as

p(1% 495 sy, CHO, 51, 20°C.) = 1800,

Although a single determination or value, at some given wave-
length may suffice for a quantitative.analysis, generally at least a
portion of the visible region of the spectrum iz covered for either
qualitative or quantitative determinations, The data are presented
then in the form of tables or graphs showing the determined.values
of transmittance or reflectance. Figs. 38 to 43 show eurves plotted
in various ways for aqueous solutions ‘of potassium permangandte.
The eurves in Fig. 38 came directly from a recording spectrophotom-
eter, and the others are based on these originals.* It should be noted
that the transmittaney: eurves of Fig. 38 were obtained with solvent
in one light beam and solution in the other, using matehed absorption
cells. Oceasionally one sees a graph showing separately the transmit-
tances of the solvent and of the solution (See Ref. 125).

APPLICATIONS

In general, the applieations of light absorption spectrometry
depend ultimately upon measuring color, a systemie property, (145)
of inereasing importance in research and industry. Many chemical
materials possess characteristie colors, or are subjeet to color changes

[

* Norg: In plotting the data in Fig. 39 it was assumed that 1— T =4 (ab-
sorptaiey). The danger of generalizing such an agsumption is indieated in the
quotation from the report' of the Colorimetry Committes (845). ¢‘Computation’ of
absorptance as unity minus the sum of reflectance and transmittance is incorrect
in many cases because this quantity includes losses by internal reflection of light
scattered in the medium, much of which is lost or absorbed at the edges of the
object, Similarly, it is usually incorrect to consider the absorptance of an object
observed by transmission as the difference between unity and the transmittance.
This quantity includes the losses by refleetion as well as the losses within the
object resulting from both absorption and scattering. In the case of objects ob-
served by reflection, the absorptance ean not be assumed to equal the reflectance
subtracted from unity, for this difference includes the transmitted energy as well
a8 the energy that is internally scattered and absorbed.?’
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in the ecourse of chemical transformations. The range of application
extends from the determination of eolor as color, through the mass-
production determination of desired constituents in routine labora-
tories, to the elucidation of chemical problems, such as those involv-
ing the constitution of systems, or the nature of processes (21 139,
140, 149, 154, 202). :

The objective of the measurement differs widely. Perhaps most
frequently it is purely analytical; that is, we want to know what
constituent is present and/or its amount. Such determinations may
‘be necessary in industrial eontrol operations, or they may be merely
incidental, though necessary, for solving a research problem. In color
specification work we probably do not determine what is present, or
its amount, although the former largely determines the dominant
wavelength and the latter determines the luminance and purlty {col-
orimetric), for a given illuminant. Even though some work is not
primarily analytical in obJeetlve it is convenient to eon51der spectro-
metric measurements in terms of qua.htatwe and quantltatwe uses
of the data (144). ;

1, Qualitative Uses. The applications which are qua.htatwe in
pature depend upon an object’s having a definite form of spectral
eurve (resulting from absorption, transmission, or reflection), with
its ;distinetive parts, if any, in partieular regions. Upon these char-
acteristics are based any conclusions deduced from the curves Some
examples will illustrate the possibilities. Ce

a. Identification of Constituents. For many substances the most
characteristic portion of absorptive spectrometric eurves lies in the
ultraviolet and/or infrared regions. However, for many other sys-
tems the eurves for the vigible region do have considerable ana-
lytieal ‘value. As already mentioned, the curve shape may be one
of the items used to characterize dyes (98, 186). An experienced
observer soon learns the peculiarities of a given system, such, as pig-
ments in printing inks (Z) or a permanganate solution. The whole
range of purples, from bluish to reddish; may be interpreted in terms
of the respective curves. Even with systems such as dark blues and
browns, whose curves appear quite uninteresting, one learns what
to expect from given eonstituents. As an example of unusually

" interesting absorption in the visible region, the curves of Fig. 44 are
included.

In some work, where the ecurves do not have sufficiently sharp ab-

sorptance maxima for such identification, it has been found preferable

to use the ratio of extinetion coefficients at selected wavelengths (93).
' [88]
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This general use of curves has been very extensive in organic

chemlstry in studies involving correlation of absorption spectra and
constitution of compounds (20, 21, 26, 71, 73, 89, 96, 149, 154). If
the curves for.an unknown and for a known agree closely, identity of
composition or structure is indicated, but not confirmed, as noted by
Ruehle (180), for two systems containing quite different substances
may yield elosely agreeing curves (205).-

Spectrophotometric evidence on the nature and the course of
chemical reactions belongs to this category. Such applications,
although probably most extensive in biochemistry and organic chem-
istry, is not confined to these subjects (155). Specific examples of
these applications are papers on adsorption (131), complexation
(151), hydrolysis (28), ionie equilibria (17, 75, 176, 224), ionization
constants (181), isomerism (173), molecular association (11%), poly-
merization (175), and solvation (228). To interpret curves one
should know the light absorptive effects of factors such as funetional
groups, specific structures, and possible chemieal transformations
(96). Change in hue, for a given illuminant, means a change in the
natore of the absorbing system, although the reverse is not neces-
sarily true. Theoretical aspeets of the mterpretatmn of absorption
spectra have been presented by many including Lewis and Calvin
(126).

b. Study of Colorimetric Standards. In certain analytical methods,
such as the comparimeiric determination of residual chlorine in
water, the nature of the colored system is such that matching with
a similarly prepared known solution is impraetical. So-called per-
manent stindards, composed of other substances, usually glass disks
or aqueous solutions, are used. They are designed to be visually

equivalent to the unknown. If spectrophotometrically equivalent
(have the same curves), they will match under any kind of illumina-
tion. If not, one could have diffienlty. Two systems may appear
visually identical, under given illumination, and yet show quite
different curves (137). Fig. 4 shows the curves for three ‘‘match-
ing’’ solutions. A study of such systems led to the interpretation of
certain difficulties with the o-tolidine method for chlorine (44). . Inei-
dentally, it is of interest to note that the chlorine-o-tolidine yellow
solutions have a rather sharp band at 436 mp, but the best visnal
matehing solutions do not. Nevertheless this difference in absorptive
capacity of the two systems in the blue is not serious for matehing,
presumably because of the low sensitivity of the eye in this region.
Systems exhibiting dichroism- (241) may give frouble in colorimetrie
matehing. '
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¢. Selection of Filters. A daily problem for many analysts is the
selection of filters for the filter photometers which now find extensive

use in the colorimetric determination of eonstituents in & wide variety -

of materials in many industrial and elinieal laboratories. The best
basis for such selection is the spectral transmittance eurves of the
system to be measured and of the available filters. To achieve maxi-
mum sénsitivity in the photometer, the usual advice is to use a filter
whose mazimum transmittance ig close to the wavelength of the peak
of the absorption band of the unknown. Fig. 17 shows curves for the
1,10-phenanthroline-iron compléx and for two glass filters. The wide
line centering near 508 mp is drawn to seale to indicate the setting
of a system to pass a spectral band having 5 mu width at the peak
of the absorption band.

Occasionally, if the curves for filters and constituents are suitably
related, it is possible to work with more than one colored substance

_ in solution. An example has been discussed by Knudson, Meloche,

and Juday (114).. Usually colored color-forming reagents are unde-
sirable because any excess added increases the total color, as in the
determination of iron with nitroso-R-salt. Inspection of the curves
for this reagent and for the iron complex shows the possibility of
filtering out the former’s color.

d. Control of Variable Factors. Probably few chemists appreciate
the importance of color in conneetion with chemical products and
processes. Surprisingly often the produection, or avoidance, of given
products, or the eontrol of production and operational processes, is
based upon color phenomena. In analytical chemistry especially, one
or ntore of at least the following factors are often very important:
stability of the color, pH change, temperature, time of reaction, best
color-forming reagent, amount of reactant required, order of mixing
reactants, state’ of oxidation, nature of the solvent, and interfering
ions. Studies of this kind in the author’s laboratory (57, 113, 156,
157, 206, 236, 239) aimed to determine the factors affecting various
colors and their formation, and then to establish working conditions
that would yield acceptable analytical results. '

In terms of the ultimate effects upon the spectral transmittance
curves, two kinds of results may be recognized. One is a change in
hue, which is indicated by a horizontal shift of a curve or by a
change in its form (to avoid coneentration form-change, one may plot
log D as ordinates). Such shifts of position, or real change in the
form of the band, means a change in the nature of the composition
of absorbing medium, which is the solute for a given solvent system.
It may lead to identification of constituents, as already mentioned.-
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Diverse, colored ions generally change a hue, as do acidity changes
in systems subject to pH action. Oceasionally a system, such as
aqueous cobaltous chloride, is rather sensitive to changes in tempera-
ture or to the nature of the sclvent. . ST

The ‘second kind of result is a change in intensity, or luminance,
accompanied, of course, by a change in.purity (colorimetrie). This
is shown by a change in the height of the peak of the absorption
band. Any action inhibiting the absorption process js made evident
by fading and sccompanies a decrease in the absorption band. Exam-
ples are diverse ions reacting with the color forming reactant to
give a colorless component or to complex the desired constituent to

prevent its functioning., Increase in the band means enhancement

of the absorptive capacity by some reaction that must be controlled
or prevented. ‘
All these cases necessitate the establishment of some set of con-

ditions to obtain standard reference or working eurves. Assuming -

the applicability of Beer’s law, we have a basis for measuring the
magnitude of the intensity effects in terms of the desired constituent
(57, 206). If the effect so calculated does not exceed two per cent,
it'is generally disregarded in the author’s laboratory, beecause so
much eolorimetric work is not within this limit of accuracy.

Finally, for a variety of materials there hiay be established, in
terms of curves, standard specifications of quality and performance,
Being permanent, these curves serve for the comparison of subse-
quent products. In a paint or dye laboratory, for example, data are
secured for the standard or desired grades of materials. Then the
effects of processing, impurities, and other measurable factors can
be determined in terms of the standard curves. This may lead to
change and control of the manufacturing process to achieve per-
missible color tolerance in the products. Two examples of such uses
are for paint (60, 100), and for dyes and textiles (35, 45, 152, 163,
165, 191). - o

e. Provision of General Information. For many systems analysts
are interested in' the curves in a more or less general way. The
information may lead to general conclusions about the nature of the

system, or it may serve for the adoption of specific details in a given °

situation. ,

Two studies of acid-base indicators may be eited as examples of
work undertaken to satisfy a curiosity concerning the colorimetrie
characteristies of certain systems, Fortune (56) investigated a num-
ber of simple, modified, and mixed neutralization indicators through
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the pH range of their hue transformations. Most interesting was the
effect of the hue modifier in the modified indieators, especially in the
production of a nearly colorless intermediate stage. Subsequently,
Woods (237) extended this work to include the so-called universal
indicators in order to determine the nature of those proposed and to
establish, if possible, a basis for their improvement. Brode has sum-
marized other examples (21).

2. Quantitative Uses. Quantitative uses of light absorption spec-

trometry depend upon the fact that the magnitude of absorptance is -

a function of the eoncentration of the absorber, which in liquid sys-
terns is the solute. The measurements provide the basis for securing
a variety of guantitative information (12, 218, 243), representative
types of which are summarized here. A

In the analytical determination of constituents it is eustomary to
make the measurements at the wavelength of the peak of the absorp-
tion band, although this point is not always the best. With unstable
systems the optimum spectral zone may not be that of maximum
absorptance (204). Also, with more. than one colored constituent

present, it may be necessary to measure one component on a gteep’

portion of a curve to avoid interference by the second component
(192). Finally, when simultaneous equations are involved in the
caleulation, readings are necessary at several points (33).

a. Sensitivity and Range of Method. A set of curves for a series
of solutions of suitable concentrations shows, for the specified thick-
ness, the sensitivity of a method of analysis and the range of con-
dentration to which it may be applied reliably without changing the
conditions, such as diluting or eoncentrating the sample or using
different cell thicknesses. If desired, data for one thickness may be
caleulated to those for another on the basis of Bouguer’s law. .

The curves for Fig. 17 show the possibilities for a better than
average colorimetric method. Some methods are more sensitive, buf
most of them are not the equal of this one. Fig. 38 shows a similar
set of eurves for the determination of manganese as permanganate.

As pointed out already, such curves are used for the selection
of filters, and, more important, they are fundamental for the cal-
culation of 1.C.I. numerical specifications (See discussion of color
analysis}. , ‘ S

b. Conformity of Solutions to Beer’s Law. A set of curves such as
those deseribed in 2a, will serve to test a given system for conformity

" to Beer’s law. First the transmittancies or the optical densities for

the various concentrations are noted at the wavelength of maximum
absorptance, or as near this point as feasible, if it lies outside the
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visible range. Then one usually plots as abscissas the concentrations,
and as ordinates the optical density or the logarithm of.the trans-
mittancy, on a linear scale, or the fransmittancy on a logarithmie
scale. Straight lines show conformity, a faet which ‘ordinarily needs
merely to be stated in a paper. If such a curve is to be used for
caleulations based on the additive nature of optical densities (33),
the data should be determined for the instrument used. Fig. 45 shows
Beer’s law curves for the permanganate curves of Fig. 38, Tt will be
noted that transmittancy readings were taken for three wavelengths,
525, 500, and 475 my, the first being that of maximum absorptance.
The straight lines show eonformity at all three wavelengths, but the
slope of the Iines is best for the readings at 525 mp.

Non-conformity to Beer’s law indicates the desirability of making

' comparimetric measurements with a constant depth standard series

method, rather than with a variable depth instrument. Such devia-
tion may be valuable qualitative evidence of some action affecting the
absorber, such as association, dissociation, or jonization.

c. Analytical Determinations. The possibility of applying speetro-

"photometry for making determinations of constituents by means of.

absorption has been recognized since a publication appeared by
Vierordt in 1878 (221). For some years such methods have been
appreciated by physicists. More recently chemists have begun to
apply the procedure to a variety of systems. Representative examples
include dyes (8, 9, 23, 45, 67, 99), chlorophyll (248), hemoglobin (37 ),
hydrogen ion concentration (24), nitrogen (129 ), vitamins and hor-
mones (154), and general applications (214).

As reliable apparatus has been expensive until reeently for the
ordinary laboratory not specializing in such work, this kind of method
has been of value chiefly in situations where some other adequate pro-
cedure is not available, as with Zscheile’s work on chlorophyll (248).
Now the relatively inexpensive small grafing instruments will un-
doubtedly exterid such applications. o

a’ One Constituent. A common method for determining one eon-
stituent was applied by Mehlig to manganese in steel (134}. The
procedure depends upon the fact that the transmittancy at a given
wavelength is a funetion of the concentration for a solution such as

permanganate. If a reference curve is construeted, plotting the trans-

mittaney, at a given wavelength, of a series of standard solutions of
permanganate against the known concentration of manganese, it is
possible to convert the transmittancy of an unknown permanganate
solution to concentration of manganese by use of the curve. The
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broken lines in Fig. 45 show such curves for three different wave-
lengths taken from the -curves of Fig. 38.

Before constructing such a reference curve, one should determine
the transmittaney curve from 400 to 700 mpu for the kind of solution

to be measured in order to be able to select a suitable region for -

making the readings. The preferable wavelength is where there is
least change in transmittancy for a given echange in wavelength ; that
is, where there is & minimum (or, rarely, a maximum) in the trans-
mittancy curve. On steep portions of a eurve a small error in wave-
length results in too great an error in the transmittaney. For visual

instruments the wavelength selected should be as near as possible to

that for the peak of the luminosity curve to take advantage of the
maximum sensitivity of the eye. Likewise, an inspection of the curve
coordinating concentration and transmittancy shows that certain por-
tions will yield results of greater accuracy than others. Readings in
the optimum range can be obtained by suitable dilution of the sample,
or by changing cell thickness.

Later, Mehlig used a modified method for caleulating results in

* applying the method to the determination of eopper in ores and mattes .

(135). For solutions conforming to the Bouguer-Beer equation
I=1Jo X 1075

in which I, represents the intensity of the incident light of given
wavelength entering the solution, I the intensity on leaving the solu-

tion, b the length of the absorption cell in centimeters, ¢ the moles’

of absorbing substance per liter of solution, and K the molecular
extinction coefficient. Solving for ¢, we have

= —_logm L/1 moles per liter -

‘ b :

The value for b is known and I/, is the transmittancy. It is neces-
sary to prepare a solution of known coneentration, ¢, in order to
calculate the value of X for desired wavelengths for use in subse-

quent work. As in the use of a transmittaney-wavelength curve, the

wavelengths selected should be those of the optimum portion of the
transmitfaney eurve.

- Applying this procedure to the determination of manganese as
permanganate (Fig. 38, curve 4), the transmittancy I/1, is 0140
(14.0 per cent) at a wavelength of 525 mu. Since the concentration
¢ is 10.00 mg. (0.0001825 moles) of manganese per liter, and the cell
thickness b is 2.00 cm., the constant K is 2339 for the curve deter-
mined at 5 mu band width. Once this constant is caleulated at a
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given wavelength for a solution conforming to Beer’s law, it may
then be used under the same conditions in ealeulating concentrations
of solutions of unknown value. In general, systems for which the
value of K is large are preferable (12).

In-connection with his work on copper ores and mattes Mehlig
reached the conclusion that the spectrophotometric method gave re-
sults in this case as satisfactory as the titrimetric iodide method and
that the data were obtained more rapidly and more eonvemently
Some of his results are shown in Table V

TABLE V. _
Spectrophotometric Determination of Copper

Spectrophotometric Method ‘
Transmittancy Measured at lﬁgﬁgﬂd Difference
Average
570 mp 580 mu 590 mu
% % % % | % %
7.33 7.27 7.24 . 7.28 7.27 +0.,01
6.27 - 6.27 6.29 6.28 . 8.27 ~+0.01
5.37 5.42 548 541 5.87 +0.0¢
3.98 ' 3.93 3.90 3.94 3.94 0.00
3.09 - 3.09 . 3.08 3.08 3,03 +0.06
8.55 8.52 8.44 8.50 8.56 —0.06
8,27 8.26 8.25 8.26 8.22 +0.04
14.16 1412 14.07 14,12 T 14.09 -+0.03
2.22 2.20 ) 217 2.20 2.24 —0.04
4.30 4.29 4,27 4.29 4,34 --0,05
21.80 21,61 - 21.61 21.67 . 21.61 +4-0.06

It should be noted that these values ranged from 2 to 21 per cent.
Later (136) Mehlig determined iron in ores ranging from 36 to 57
per cent. This is noteworthy in view of the general belief that colori-
metric determinations are limited to maximum concentrations. of a
few parts per million of the desired constituent. In this connection
the work of Drabkin and Austin is espeeially interesting in that they
report (42) determining hemoglobin over a range of 0.00003 to 25.58
mM,/I:.

b Twe (or more) Constituents. Spectrophotometers, especially
those operating on narrow band widths, have their most distine-

“tive analytical value for systems containing two, or more; color

components. _

In such systems three situations, more or less distinet, may arise.
In the first the spectral transmittancy curves of the two components
are such that the transmittancy for ome of the desired constituents
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may be determined by taking readings at a wavelength where the
second constituent does not interfere (its transmittancy is 100 per
cent). In the second the readings have to be made at a wavelength
where both constituents eontribute to the absorption, but it is possi-
ble to correct for the effect of one of them by means of readings at & 100
different wavelength. These two are illustrated by the curves in ‘ //" /

Fig. 46 for a mixture of permanganate and dichromate f192). Silver-
thorn and Curtis recommend taking transmittaney readings for the 90 7N\

permanganate alone at 575 mp, where the value for the dichromate , / \\ ' / /

i is practically 100 per cent, and for the mixture at 450 mp. The latter _
! T value must then be corrected for the amount of permanganate found 80

for this constituent alone. ' .
In the third situation the curves for the constituents of the mix- .

ture are such that the preceding possibilities are inapplicable. In

general, solution of this problem depends upon using equations in-

volving transmittancies of each component and of the mixture at
Mn

8 3
/
-

properly selected wavelengths.

An example of this kind of application is the work of Comar and
Zscheile (33) in determining «- and B-chlorophylls in mixtures of
the two. Tig. 47 shows the absorption spectra of the pure chloro-
phylls plotted in terms of the specific extinetion coefficient % (desig-
nated. by the authors as ahsorption coefficient o). Beer’s law was
uged in the form :

ent.

y, Per ¢

A .

_ logu /T
be

with.the various symbols having their previously speeified mgmﬁcance
In considering solutions in which two (or more) components con-

tribute o the absorption at the wavelengths employed, the values of '
log,, 1/T and of kbe for the individual components are additive. 20 \/\/
The extinetion coefficient, %, is an intensive property and is not addi- I . ' ‘
“tive. Thus, for a given wavelength, l - :

logie 1/ T obasrvens = logie 1/ Ty 1+ logu 1/Tey = kabs0: -+ ¥ebaoa . /\y

" Values for the concentration of each of # components may be

Transmittanc

(%)

obtamgd from t{-an.smlttarimy measurements at » wayelengths, where 4 440 480 520 560 0 640 6
no two eurves coineide or interseet; however, no two wavelengths may . W, [ '
, ¢ : avelength, mu.
be used at which transmittancy values for two components have the : ‘
) Fia. 46. Transmittancy curves for acidic solutions of potassium permanganate
same ratio. This is the general case. and potassium dichromate.
For the two component system of the ehlorophylls, where b re- .

mains constant, the equations are simplified as follows:

At wavelength N  logu 1/T= (ke + %) B
At wavelengthd”  logul/T= (e + &"c) b .
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where log;, 1/T = the measured value at the given wavelength; &,’

and %, == the specific éxtinction coefficients* of components 1 and 2,
respectively, at wavelength A’; %,” and k,” = the specific extinetion
coefficients of components 1 and 2, respeectively, at wavelength A";
and ¢, and ¢, = the econcentrations of components 1 and 2, respec-
tively, in grams per liter. These two equations may be solved simul-
taneously to obtain values of the two unknowns, ¢, and c,.

The total concentration ¢, in grams per liter, can be obtained also
from determination of log,, 1/7 at a coincident point for the two
curves. Then the general equation reduces to

logw 1/T = kbC

in which ¢ = ¢; + ¢,. If the total concentration is known, the com- -
position may be determined by measurement of the transmittancy at
one suitable non-coincident point. Such a solution would involve use

of the simultaneous equation just glven, along with the general one
given first.

Mazximum analytical a,ecuracy is achieved when the relative heights
of the curves at the two wavelengths are reversed for the two com-
ponents. Inaccuracies are introduced easily when readings are taken
on steep slopes. In general, the accuracy is improved with an inerease
in the distance between the two curves at the wavelength employed.
Thus, at wavélengths 5460 and 5890 A the analytical results ars ex-
_tremely sensitive to light-absorbing impurities.

In their work on chlorophylls, based on the curves in Fig. 47,
Comar and Zscheile used transmittances determined at the following
wavelengths: 6425 and 6600 for total ehlorophyll and for percentage
composition ; 5680, 5810, and 6000 for checks on total chlorophyll; and
5460, 5890, and 6180 for checks on percentage composition. In a

similar manner, Zscheile and Beadle (249) determined B-carotene and
neo-G-carotene by means of a visual spectrophotometer. ‘
Variations and extensions of the method are given in other sources
(12, 13, 42, 128, 149, 154 179, 214, 225). Thus, in addition to using
this kind of method for such binary ‘systems, Miller (148) has ex-
tended it to ternary and quaternary systems: Weigert reported the
analysis of a four-component system of dyes (226). As is generally
the case with indireet determinations, the reliability of results for
such mixtures is not all that one might wish, even with the most
carefully determined absorptandes, Where such methods are applied
to mixtures, however, there is usually no satisfactory alternative

* Noms: In Chapter 4 the character %' was used for log. values. Here the
”pl‘lIﬁl.ES” simply d1ﬂ’erent1ate between constants obtained at different wave-
lengtha.

[ 100 ]

To reduce the time required for the ealeulations involved with

multicomponent systems, an electrical “spectrocomputer is now
available (47a). A . .
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Fi6. 47. Absorption spectra of chlorophylls A and B.

Perhaps a word of caution should be directed to the noviee in '
spectrophotometry. With the best of modern instruments, a compe-
tent operator can determine absorptance data safisfactorily. The
question is whether the system was prepared so that the measurement
is worth making. Morton (154) has summarized the formidable diffi-
culties encountered in applying the absorptometric method to vitamin
A in the ultraviolet region. Similar problems arise in colorimetry, as
pointed out by Zscheile and Comar in their discussion of the influence

of the preparative proeedure on the purity of chlordphyil components
f250).
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d. Color Analysis. In the discussion of stimulimeters it was stated
that such instruments are used primarily for measuring color as color.
That is, the determination gives a colorimetric specification, in terms
of equivalent stimuli, rather than the amount of a desired constituent.
Although stimulimeters have their plaee for this purpose, especially
in certain industrial applications, physicisiz agree that spectrophoto-
metric curves provide the fundamental basis for specifying a color in
terms of the radiant energy evoking the sensation.

The present diseussion of this phase of spectrophotometry includes
little beyond a statement of definitions and an outline of methods of
caleulation. The Handbook of Colorimetry, by A. C. Hardy (83),
should be consulted for a discussion of the physies of the subject, and
for the accompanying tables and graphs which are a prerequisite for
rapid, reliable application of the methods. In order to prevent con-
fusion when referring to his publication, the same symbols are used
here. The Committee on Colorimetry has devoted part of its report
to this subjeet (34d).

As already stated, the data yielded directly by a spectrophotom-
eter consist of single values of transmittance (or reflectance) at given
wavelengths, or a graph, such as a transmittancy-wavelength curve,
incorporating these values for a certain spectral region.

To one experienced in spectrophotometric colorimetry the trans-
mittance-wavelength curve itself has eomsiderable gualitative and
some quantitative value as a specification of color (58). In Fig. 38
the high transmittancies in the red and the violet regions, and the
low values in the green, indieate that a purple hue should result from
the combination of red and violet. Similarly, a system with low
transmittancies below 500 mp, and only high values above this
wavelength, should have a yellow hue. In addition to the hue of
the permanganate system, the curves in Fig. 88 indicate something
concerning the relative concentrations of the solutions. Thus, the
top eurve, with high transmittancies throughout, indicates a dilute
solution for a solute of high absorptive capacity; and the bottom
curve, with its deep absorption band, applies t¢ a solution of much
deeper color (and greater concentration). In a sense, curves such
as these represent a numerieal speecification in terms of intensity and
wavelength factors. This i§ a purely physical designation of the
characteristies of the radiant energy transmitted. Increasing atten-
tion is being given to this aspect of spectrophotometry in industrial
work (5, 232).

Psychophysical Specification. In order to specify a color in terms
of the stimuli which evoke the sensa.tmn experienced on viewing the
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system in question, it is necessary to determine the combination of
known stimuli which will color mateh the system. Two schemes are
in use for this purpose. In the trichromatic system one determines,
in pereentages,* the  amounnts ‘of three primary stirauli, red, green,
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Tia. 48. Relative spectral distribution of the energy radiated per unit time by
I.C. 1. illeminant C.

and violet, required to match the color. In the monochromatic system

" the specification is ealeulated in terms of dominant wavelength, in

millimierons, and purity and luminance, in percentages. These two
possibilities 'will now be considered briefly.

a.’ Trichromatic System. Sinee the eolor sensation experienced on
viewing a colored system depends both upon the color vision' of the

* Norm: Hardy (Handbook of Colorimetry) uses demma.l fractmns, ealled tn-
chromatie coeffieients.
{1081
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observer and upon the speetral energy distribution of the source of
llumination, it is necessary in specification work to adopt standards
for each. This was done in 1931 by the Internatlonal Commission on
INumination (79, 105) which agreed upon what is now referred to
as the I.C.I. standard observer and the standard illuminants 4, B,
and C.

The standard illuminant with whick this diseussion is concerned,
known as I.C.I. illuminant C, is a close approximation to average
daylight (34d). Fig. 48 shows the relative spectral distribution of
" the energy radiated per umt time by this light source,

It is sufficient here to note that the standard observer was taken
as an-average-of the response characteristies of a group of individuals
found to possess normal color vision. . Based upon this work, the data
in Fig. 49 show the tristimulus values of this standard observer for
the various spectrum colors. The values. of ¥ (red), ¥ (green)*, and
Z (violet) are the amounts of the three I.C.I primaries required to
color mateh a unit amount of energy having the indicated wavelength.

The values calculated hereafter, based upon the data in Figs. 48

and 49, may be considered, then, as the characteristics of the color _

as viewed by an observer with normal color vision when the system
is ilumirated with average daylight.

To make such caleulations one needs, in addition to the data in
Figs. 48 and 49, the spectral transmittance (or reflectance) eurve for
the gystem concerned. For the present purpose the curve for 4 p,p.m.
of iron has been taken from Fig. 17. Two variations in the method of
caleulation will be considered for dealing with the data of this ecurve.

a.” Weighted Ordinate Method. If one multiplies, at any given
wavelength, the ordinate for illuminant € (Eg) by the transmittaney
(T) of the sample, the product, TEg, is the relative energy stimulus
for this wavelength, Then on multiplying TE by the corresponding

ordinates for 7, ¥, and 2, one obtains Tz, TEy, and TEz Since

E; and 7, ¥, and 2 are constants, their produets, at wavelength inter-
vals of 10 mp, are given in Table VI. The values are taken from
Hardy’s Handbook of Colorimetry, Table XV, p. 45.* .

Table VII contains the calculated values TE o% TE Y, and TE 2z
for the eurve in Fig, 17. These data show the contrlbutlon at the
respective wavelengths, of each primary to the total stimulation.

* Norm: Figures 48, 49, and 50 and Tables VI and VIII are reprinted with
permission from Handbook of Colorimetry, copyright 1938 by the Massachunaetts
Ingtitute of Technology.

* Nore: The 7 _,r curve corresponds with the relative luminosity cmrve of the
human eye.
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TABLE VI.

Pristimulus Values for Spectrum Colors, Weighted by Energy
Distribution of 10,1, Muminant C.

“Wavelength B Boy Bz
400 . 0.91 0.03 C o434
410 348 0.10 ' 16.58
420 13.18 * 0,39 63.36
430 31.92 1.30 © 15574
440 42,15 2.79 211.43
450 41,60 4.71 ' 219,81
460 35.81 7.39 205.49
470 24.19 11,27 159.46
480° 11.85 17.22 100.71
490 3.86 25,11 56.13
500 0.55 -86.21 30,49
510 0.95 51.46 16,18
520 6.13 68.80 7.58
530 16.22 84.48 413
540 20.65 97.40 2.08
550 45.60 104.67 0.92
560 62.60 104,77 0.41
570 77T 97.39 0.21
580 89,61 85.00 0.15
590 95.68 70.55 ‘ 0.11
600 95.26 56,60 0.07
610 88.65 44.47 _ 0.03
620 75.28 38.57 0.02
630 5654 23,32 0.01
640 30.32 15.37 0.00
650 25.01 44
660 . 14.50 536 | e
870 7,54 2.76
680 3.93 S Wt S
690 182 0.66
700 0.87 0.31

After obtaining the products shown in Table VII, the next opera-
tion is to add each calculated column, This gives the three tristimulus
values, X, ¥, and Z. Dividing the value of each.of these by the sum
of the three (X-}Y4-Z) gives the three trichromatic coefficients, z, ¥,
and 2. The latter become, respectively, the percentages of red, green,
and violet on multiplying by 100, The calculations involved make
this method somewhat tedious to use,

b.” Selected Ordinate Method. This is the shorter of the two alter-
native methods of caleulation. In contrast to the weighted ordinate
method, the transmittance (or reflectance) values are read at the
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TABLE VII.
Trichromatic Data for Iron Solution by the Weighted Ordinate Method

‘Wavelength Transmittancy TE(,':E' TE¥ TE,7
My %
400 49.0 . 45 1 213
410 | 42.0 _ 146 4 696
420 36.5 481 14 2313
430 " 32.2 1031 42 5030
440 29,2 1231 82 6174
450 96.5 1105 125 5825
460 23.5 848 174 4829
470 21,0 508 237 3349

. 480 20.0 237 344 2014
490 19.5 75 490 1095
500 18.0 10 652 549
510 18.0 17 - 926 291
520 20.7 127 1424 157
530 28.5 462 2408 118
540 © 440 <1805 4286 i 92
550 64.0 - 2018 6690 59
560 77.0 4820 8067 32
570 86.0 6705 8376 18
580 91.0 8155 7743 14
590 ‘ 94.7 9061 6681 10
600 97.0 _ 9240 5490 7
610 98.7 ‘ 8750 4389 ‘ 3
620 99.7 7505 3847 2
630 100.0 5654 2332 1
640 100.0 3032 1587 [ e
650 1000 . 2501 944
660 100.0 1450 836 | e
670 100.0 ‘ 754 976 | e
680 100.0 393 143 | e
690 - 100.0 . 182 66
700 100.6 87 3 |
.............. 79720 - §7866 32801
...... . 44.3% 37.6% 18.2%
T (Red) (Green) (Violet)

Dominant wavelength == 588.6 ma; purity = 51.5%; luminance = 63.8%.

wavelengths shown in Table VIII. For most purposes these 30 wave-
lengths are sufficient (83, p. 51), although Hardy has included values
for 100 wavelengths in the Handbook of Colorimetry. For relatively
non-selective eurves the starred wavelengths are often adequate.®

# Nore: The wavelengths were selected in such 2 way that they mark the
median of the equal-energy areas underneath the curves obtained by multiplying
the ordinates of the I.C.I. primaries (Fig. 49) by the corresponding ordinates of -
INuminant ¢ (Fig. 48).
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TABLE VIIT,
8elected Ordinates for Illuminant C
Number X ¥. Z
1 494.4 465.9 4141
a* 435.5* 480.4* .« 4229
s , 4439 500.4 426.3
4 4521 L 508.7 429.4
5* 461.2* 515,1* 432,0*
6 478.9 ) 520.6 434.3
7 5310 525.4 4385
g 544.2% 529.8% " 438.6*
9 552.8 533.9 440.6
10 558.7 587.7 . 4425
11* 564.0% 541.4* 4444
12 568.8 544.9 446.3
13 573.2 548.3 448.2
14* 577.3% . 55L7* " 450.2%
15 581.2 . 5351 452.1
16 585.0 5685 . 4540
17% 588.7* . 561L.9* 455.9*
18 _ 592.8 565.3 457.9
19 595.9 568.8 459.9
" a0 599.5* 572.5% 462.0"
21 ' 603.2 576.4 464.1
22 606.9 580.4 466.4 -
‘g3 £10.8* 584.8% 468,8%
24 614.9 589.5 4714
25 §19.2 594.8 S 4744
26 624.0% 600.8* 477.8%
27 629.6 607.6 481.9
28 636.4 616.0 . 487.3
20 646.2% 627.1* . 405.3*
30 662.2 647.0 511.5
Factors '
30 ordinates - 0,03265 0.03333 0.03937
10 ordinates 0.09804 0.10000 0,11812

In using this method the primary operation consists in adding, for
each of the three primaries, the ordinates of the transmittance (or
reflectance) curve at the selected wavelengths, and multiplying each
sum by the appropriate factor, as shown in Table VIII, to obtain the
tristimulus values, X, ¥, and Z. The trichromatic coefficients are
then obtained as before. Data for the eurve in Fig. 17 are shown in
Table IX. :
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: TABLE IX.
Trichromatic Data for Iron Solution by the Selected Ordinate Method

Ko x ¥ z
1 34.5 21.7 39.7
2 30.6 _ 19.4 35.3
3 - 88.0 . 18.0 340
4 26,0 17.8 32.5
5 23.2 18.8 31.7
6 20.5 . 21.0. 3L.0
7 ©29.5 24.0 30.0
8 53.0 290 - 29,7
9 ‘ 66.5 34.0 29.0
10 76,0 : . 400 : 28.5
11 81.5 48.0 28.0
12 85.5 55.0 a7.5
13 88.0 81,0 27.0
14 90,0 67.0 26.5
15 91.5 - 71.0 26.0
16 ' 93.0 75,0 25,5
17 . 94,5 79.0 24.8
18 95.3 82.5 . 24.2
19 96.2 85.5 23.5
20 97.0 87.5 22.8
21 97.7 89.5 22.2
52 98.3 91.2 ) 215
23 98.7 93.0 21,0
24 99,3 . 948 20.6
25 90,7 96.0 20.3
26 100.0 : . 97.2 20.0
a7 100.0 98,3 19.8
28 100.0 ) 99.3 19.5
29 100.0 ) 100.0 18.8
30 100.0 1000 18.0
. 2094,0 1914.5 778.9
Times
Multiplring } 7490 63.91 30.66
Factors 44.2% 37.6% © 18.2%

In order to simplify this method still more, a manual tristimulus
caleulator is.very useful (207). Van den Akker designed a mechani-
cal integrator (216). Spencer(199) has proposed a caleulation for
introducing the adaptation of the eye into the color specification

system. : :
The tristimulus data, caleulated as fristimulus eoefficients or as

percentages of the three primaries, red, green, and violet, are often
‘ [109]
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an adequate numerical specification of eolor. In case luminance is
also desired, it may be obtained as indieated in the next section.

b.! Monochromatic System. For some purposes it may be desirable
to speeify a color in terms of the monochromatic terms, dominant
wavelength, in millimierons, and purity and luminance, in percent-
ages. Respectively, these terms may be taken as a measure of the
psychologieal attributes, hue, saturation, -and brightness.

~Luminance. This value is a measure of the percentage of the visual
radiant energy incident on the sample that is transmitted (or re-
flected) by it. .

To obtain the Iuminance, using the weighted ordinate ‘method for
caleulating tristimulus values, one divides the total for the ¥ (green)
column in Table IX by 1065* and multiplies by 100. This gives 63.8
for the system chosen. In the selected ordinate method the tristimulus
value ¥ (green), when multiplied by 100, gives the value directly,
as shown in Table IX. ‘ o

Dominant Wavelength and Purity. Dominant wavelength may be
defined as the wavelength of the spectral color which would mateh the
sample when diluted with the light souree used, in this case illuminant
. The purity is the difference between 100 and the percentage of
illuminant € used for the dilution. :

In determining dominant wavelength and purity use is made of
the coefficients ealeulated for the trichromatic system, and of the color
or chromaticity diagram shown in Fig, 50. Trichromatic coefficients
z (red) and ¥ (green) form the coordinate values for this graph. The
- center €' of the elliptical fizure marks the eoordinate (z, ) values
of illuminant C. The elliptical border line is the locus of the spectrum
colors, the wavelengths of which are marked by the lines radiating
from the center. :

With the eliptical border line representing pure (100 per cent)
spectral colors, and the center ¢ the point of zero purity, the inter-
mediate elliptical lines mark degrees of purity between zero and 100
per cent. '

To determine dominant wavelength, locate the point in the color
diagram marking the interseetion of perpendiculars from the x (red)
and ¥ {green) trichromatic coefficients. Through this point, and
from the eentral point {, project a straight line to the border line.
The point of intersection of the radial line with the border line marks
the dominant wavelength. The purity is determined by noting the

* Nore: This value is the sum of Fof values in Table VI, and assumes a
transmittance of 100 per centt throughout the wavelength range.
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position of the z, ¥ point with respect to the various elliptieal lines.
For more reliable values, one must use the larger charts contained
in Hardy’s Handbook of Colorimetry.
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¥16. 50. Chromatieity diagram.

The portion of the color diagram indicated by the area VCRE in-
cludes the purples. Since purples are mixtures of red and violet, they
have no dominant wavelength. For =z, y points falling in this area
it is conventional to designate the wavelength of the complementary
color, This is accomplished by drawing a straight line from the z, y
point through € to the intersection with the elliptical border line.
The value located is marked as this wavelength, followed by the let-
ter ¢ to show that it is 2 complementary value.
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Fig. 51 shows curves coordinating concentration with the trichro-
matic and monochromatic color analytical data calculated for the
curves eontained in Fig. 17.

Uses of Numerical Specifications, Current chemical publications
are almost devold of references to ‘‘color analyses.”’ Apparently
chemists have made little use of such data, outside of the rather gen-
eral application for specification of color, which has been primarily
for reflectance measurements on dpaque maferials, - '

So little has been accomplished thus far to bring these numerical
evaluations of -colorinietric characteristics into everyday use in analy-
gis and testing that one ean hardly predict to what éxtent they will
become a part of our general thinking in the near futire. Undoubt-
edly, the invention of rapid, reliable spectrophotometers and the
simplification of the necessary caleulations will do much to extend the
application of such data. When the transmittance (or reflectance)
eurve itself is inadequate, this is the fundamental method.
© .. Such numerical values represent & kind of color language which
is more definite- than any system based upon verbal”deseription or
upon samples of colored materials, The caleulated values provide a
gpecification from which one can form an idea of the color without
seeing it. A few examples will .illustrate the possibilities. - ,

Hardy (83) has listed the values for a number of eolors commonly
specified by name. Pineo pointed out {168) the value of trichromatic
characteristies in measuring color fading, in color matehing, and in
dyeing control, and Shelton and Emerson (191) commented on the
possibility of using such .data for dyed fabries. Moon has published
data for many architectural materials (152). Recently colors recom-
mended for use in industrial safety marking have been designated
(46) in trichromatic terms (along with Munsell and Ostwald desig-
nations). Such measurement is now a tentative method of the Ameri-
can Society for Testing Materials (6), and ¢‘is intended to determine
the spectral characteristics of light-transmitting and light-reflecting
objeets and materials, and to designate their colors.”” Similarly, the
American Standards Association has approved this method (7). Since
1984 the colors of the flag of the United States have been specified in
terms of trichromatic values (162). -

Related to this type of application is the suggestion of methods for
computing the formulation of ecolorants needed to effect a visual color
match of a given standard from spectrophotometric measurements of
the colorants and the standard (267). Saunderson (185) has used
spectrophotometric data for the caleulation of the eolor of pigment
mixtures involving eclor matches.
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CHAPTER 6

EXPERIMENTS IN SPECTROPHOTOMETRY

In recent years, especially since the introduetion of photoelectrie
instruments, there has been a greatly inereased interest in the appli-
cation of spectrophotometry to colorimetric problems. It has been
estimated that more than a million curves are being determined annu-
ally in industrial laboratories, and this number is increasing rapidly.

- In order to provide a variety of experience in obtaining and using
spectrophotometric data (141), various eolored solutions may be se-
lected from those available. The preferable systems- depend upon the
characteristics which are to be studied, since many solutions differ
widely in colorimetric properties. For some experiments, such as that
showing the effect of spectral band width, suitable transparent solids
are just as satigfactory. Opaque solids, sueh as plastics and textiles,
may be used for eolor analysis measurement. : :

Apparatus, Any of the better spectrophotometers, either visual or
photoelectric, may be used. Readings with visual instruments are
jnereasingly unreliable below 440 or above 670 my unless monochro-

" matie light sources are used. This results from the low sensitivity

of. the normal eye in these regions. If several different types of
instruments are available, it is instructive to make a comparative
study with them to determine the relative accuracy, time requir_ed',
ease of operation, and other factors. “
Since the technic of operating a spectrophotometer depends upon
the instrument, instructions should be available for the one fo be
used. . . _
In measuring solutions, the absorption cell ghould be carefully
cleaned and finally rinsed with some of the solution to be measured.
After Slling the cell, the outside faces through which the light beam
passes should be wiped dry and clean with absorbent tissue. If two
cells are used, the second will contain the solvent only. Unless other-

wise specified, 1 em. cells are assumed. _

Solutions. The following stoek solutions, prepared as noted, ma

be used: -

Potassiuvm Permanganate. Use a solution of known coneentration
‘to prepare 500 ml. of one containing 50 mg. of manganese per liter.
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Potassium Dichromate. Prepare 1000 ml, of a 0.1 M. solution by
dissolving material of known purity in water.

Iron. Dissolve 0.1000 gm. of iron wire, of reagent quality, in a
small amount of hydrochlori¢c acid (1:4). To insure oxidation of the
iron, add some hydrogen peroxide and boil out the excess. Dilute
the solution to 1000 ml. Appropriate dilutions may then be made
from this stock solution which contains 100 mg. of iron per liter
(100 p.p.m). . L

Study of Significant Factors. Some of the factors which may be
encountered, either with spectrophofometers as instruments or with
the solutions being measured, are illustrated in the exercises described
herewith. The different solutions suggested will show the variety of
eolorimetric properties desired. . ‘

Spectrophotometrie data, in the form of curves, may be presented
in several ways, the one used depending. upon the instrumental read-
ings and the purpose. for which the data are obtained. It is assumed
here that the readings will be transmittaney (or reflectance), in per
cent, and wavelength, in millimierons. . Other systems can then be
calculated from these. , C

a. Effect of Concentration. Prepare 50 ml. each of a series of per-
manganaie solutions having eoncentrations of 50, 85, 20, 10, 5, 2.5,
1.0, and 0.25 mg. of manganese per liter. 'With the spectrophotomefer
set for a definite spectral band width, such as 10 mp, determine the
transmittancy-wavelength curve for each solution by taking transmit-
taney readings at intervals of 10 mp from 400 to 700 mp.

Plot the series of curves with transmittancy as ordinate and wave-
length as abscissa, as shown in Fig, 38, Taking 95 and 5 per cent as
the upper and lower limits, respectively, for reliable measurement at
the peak of the absorption band, what is the range of concentration
that may be measured in a 1-cm. cell? . S ’

At least one of these curves should be plotted in each of the other
forms often used. Other ordinates are optieal density, D; (=log 1/T),
or log D, on a linear scale, and transmittancy (= T') on a log scale;
other absecissas are log wavelength, or frequency (=3 X 10°%/wave-
length, in mu), on a linear scale, and wavelength, on a log scale.

A curve shape index may be constructed from the curve ‘plotted
with log D as ordinate (linear seale) and log wavelength as abseissa
(linear seale) (193, 194). o

b. Effect of Cell Thickness. Using the permanganate solution con-
taining 5 mg. of manganese per liter, determine the transmittancies
in cells of different thicknesses, such as 0.5, 1.0, 2.0, 5.0, and 10.0 em,,
at intervals of 10 my. - '
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Plot the data in the form of a transmittancy-wavelength graph to
determine the optimum thickness of cell for this concentration (that
is, the thickness which gives a transmlttancy of 15-30 per cent at the
peak of the absorption band).

c. Effect of Width of Spectral Band. Determine the transmit-
tancies of the permanganate solution eontaining 10 mg. of manganese
per liter for different spectral band widths, preferably 2.5, 5.0, 10.0,
and 20.0 mp, the readings being taken at intervals of 5 mp from 480
to 580 my.

Plot the data on a transmittaney—wavelength graph and note the
difference in the curves, especially beétween 520 and 550 mp.

d. Effect of Wavelength Intervals. Determine the transmittancy
of the permanganate solution containing 20 mg. of manganese per

liter-at a spectral band width of 10 mp (or, better, 5 mp), the readings

being taken at intervals of 10 mpu from 400 to 700 mp.

_Plot three separate, smooth curves in the form of transmittancy-
Wa.velength graphs by using the readings at intervals of 10, 20, and
40 mp from 400 mp upward. The: effect here, as well as that for
width of spectral band, is more striking for a solution of a neodymium
salt or for a didymium .glass (Corning No. 512). “Comparison of the
curve for the 10 mp intervals with that obtained on a photometer with
a set of 8-10 filters demonstrates one limitation of such instruments.

~ e Conformity of Solution to Bouguer’s Law. From the curves
showing the effect of cell thickness tabulate the transmittancies for
some given wavelength. Preferably this wavelength should be at a
point of minimum transmittaney in the absorption band, which in
the tasé of potassium permanganate is between 520 and 550 mu;
otherwise select a wavelength where the transmittancy differences be-
tween different concentrations are large.

Using the transmittancy for some given cell thickness as a basls
for caleulation, such as that for 2 em., caleulate the transmittaney
for the other measured thicknesses by means of the relationship,

Tua e PR ’

in which T is the transmltta.ncy of the mea.sured solution at a given
Wavelength b is its thickness, and b, is the thickness of the solution
whose transmittancy .7, is desired. Compare the calculated .and.-ob-

served transmittancies. The calculated values may be checked by

means of a Keuffel and Hsser color slide rule..

f. Conformity of Solution to Beer’s Law. F‘rom the eurves in Sec-

tion ‘‘a’’ showing the effect of concentration of permangana.te, tabu-
late the transmittancies, at the wavelength used in Section ‘‘e,!’ for
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the several concentrations. Construct a eurve with coneentration as
the absecissa and log,, T as the ordinate, using linear scale paper;

or on semilogarithmic paper plot T directly as the ordinate and
concentration as the abscissa on a linear seale. A:straight line indi- -

cates conformity to Beer’s law. If preferred, the optical density, as
given directly on some instruments, may be plotted agamst concen-
tration, using linear scales. -

If conformity to' Beer’s law is found, caleulate the molecular
extinetion coefficient K for several concentrations by using the
relatlonshlp,

) K= lﬂgm(l/.T)
: be
in which T is the’ transmittaney for the wavelength used in Section
““e,”" b the thlckness, ‘and ¢ the concenteratlon of the solute in moles
per Liter. .- = 1

The exercise should be repeated Wlth a solution such as potassmm
dichromate in water. Transmittancies for it should be determined for
concentrations from 0.1 M. down to the limit of utility. The smaller
concentrations are obtained by diluting the stock solution with water.

g. Determination of the Amount of & Constituent, If transmittaney-
wavelength curves have been plotted for a series of concentrations of
permanganate solutions (as in Section ‘¢g1?), the data are at hand for
determining manganese in steel spectrophotometzically. The solution
of the nnknown should be prepared aceording to accepted procedures
(Bee Ref, 145, p. 382).

Measure the transmlttancy of the unknown solution w1t]1 the
spectrophotometer. set to pass a 10 mp spectral band whose median
wavelength is one of the preferable values: selected in Section ‘‘e.”’
Two methods of caleulating the concentra.tlon of the unknown may
be tried. . » o

In the first method a transmlttancy—concentratmn curve is con-
strueted, from the data presented in Section ‘‘a’’ by plotting conecen-
trations. as abscissas and- transmittancies, at the ‘wavelength used for
measuring. the unknown, as ordinates. - Then. locate the measured
transmittancy of the unknown on this-curve and drop a perpendicular
to the base line to find the desired concentration.

In the seeond method one solves for.the-unknown concentration e,
in moles per liter, in the expression, .. .

: _logu(1/T)
< ST T me .
T being: the ‘measured transmittancy, K the molecular extinetion

[17]
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coefficient determined in Seection *‘f,”” and b the cell thickness. This
method presupposes conformity of the solution to Beer’s law.

An interesting extension of this method to the determination of
manganese and chromium in the same sample of steel has been de-
seribed by Silverthorn and Curtis (796).

h. Determination of Color Analysis Constants. For the system se-
lected for measurement determine the transmittaney, if a transparent
medium, or the reflectance, if an opaque medium, at intervals of 10
my from 400 to 700 mu and plot the transmittancy (or reflectance)-
wavelength curve.

Follow the directions given by Hardy (83) in calculatmg the
trichromatic coefficients from this curve. Either the weighted or
selected ordinate method may be used. The procedure is simplified
if a caleulator (207) is available. Having determined the trichro-
matie coefficients, the luminance, dominant wavelength, and purity
may then be obtained. A copy of Hardy’s charts should be available
for this purpose.

Spencer (199) has proposed an extension of such ca.lculatmns to
introduce the adaptatlon of the eye into the color specification system.

--i. Effect of Solution Variables. A number of factors affect the color
of various solutions, either during production of the eolor or follow-
ing its development. Spectrophotometric curves provide an excellént
means of measuring and studying these effects. An automatic record-
ing instrument is partieularly desirable if the system undergoes ra.p1d
change

Space is not available to provide deta,lled experiments under all
the subheadings. Where details are not given, the outline indicates
the factor, a solution that will illustrate it, and a reference where
deta:ls may be found, : :

a. Sensitivity of Color-Forming Reagents. Pipet 10-ml. portions
of a solution containing 25 mg. of iron per liter into a series of 100-mi.
volumetrie flasks. Develop colors by means of the reagents in Table X,
under conditions specified therein, and determine the speetral trans-
mittaney curves. From the observed transmittancies, at the indicated
wavelengths of maximum absorptance calculate the concentratlons
in mg. per liter (p.p.m.), which would give 50 per cent transimittancy
at these wavelengths. Arrange the reagents in the order of decreasing
sensitivity. An alternative caleulation, if the required chemical form-
ulas are known, is the moleenlar extinetion coefficient.

b." Effect of Excess Color-Forming Reagent. Determine the curves,
as suggested in Section ‘‘a’,”’ for iron plus ammonium thioeyanate,
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ferron, and 1,10-phenanthroline, using the conditions specified in
Table X. Then repeat the determinations with two and with four
times the amount of reagent used at first. Plot the eurves as a trans-
mittaney-wavelength graph.

¢! Effect of Time on Development of Color. To 5 ml. of a solution
containing 0.1 mg. of potassium dihydrogen phosphate per ml add
5 ml: of 5 per cent ammonium molybdate solution (in 2.5 M. sulfurie
acid). To this add 1 ml of 2 per cent hydroquinone and 1 ml. of 20
per cent sodium sulfite and make up to 100 ml. Determine the trans-
mittaney at various time intervals over a period of 48 hours. Plot
the curves as before,

d. Effect of Temperature on Development of Color. To determine
the effect of the initial temperature on the rate of development of
the color the experiment in the previous section may be repeated.
To do this, prepare in the same way three different solutions by using

reagents previously brought to 25, 50, and 75°C. before mixing. De-

termine the transmittancies as quickly as possible. 'Keep the stock
solutions so prepared at the respective temperatures, and at the end
of an hour determine the transmittancies s#gain. Plot transmittancy-
Wavelength eurves, '

e’ Effect of pH on Color. The effect of pH on color may be studied
easily with a solution such as potassium dichromate, in which there is
a simple equilibrium, as represented by the equation,

Cr.0:" + Ha0 & 2HCrOF 2 28" + 2Cr0,
Prepare two series of solutions of potassium dichromate, one M/250
and one M/1000, ranging in pH from 3 to 9 in units. As solvent use
standard buffer solutions and adjust the pH finally with dilute sul-

furie acid or potassium hydroxide. Determine the transmittancies and
" plot the eurves in the usual way. '

Strikingly different effects may be obtained with solutions of iron
and the color-forming reagents listed in Table X. For this purpose
use ferron, salicylaldoxime, and 1,10-phenanthroline or 2,2™-bipyridyl.

. After the reactants are mixed and diluted nearly to 100 ml, add,

dilute hydrochlorie acid or sodium hydroxide to adjust the pH to the
desired value (determined preferably with a glass electrode), and
then bring the volume to 100 ml. Determine the eurves, at intervals
of about 1 pH wunit, from 1 to 5 for ferron, and from 3 to 9 for
salicylaldoxime and for 1,10-phenanthroline or 2,2"-bipyridyl.
Interest may be added by determining the family of eurves show-
ing the hues of an acid-base indicator at pH values through its trans-
formation range (56). Universal indicators show a greater range of

hues (237).
[1198]
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_*Add 60 ml, of soetone 'before"the:reage_nt,

** Reduee the ivon with 1 nil, of 10 per cent hydroxylamine,

£’ Stability of Color. Use the iron solution and ammonium thio-
cyanate specified in Table X. Omit the acetone and use hydrochlorie
acid to bring the pH in the range 1.5 to 2.5. Determine the curve
immediately and at intervals of several hours.

g." Effect of Solvent. To 10 ml. of a solution containing 0.04 mg.
of iron per ml, add 5 ml. of 6 M. nitric acid, 2 ml. of 20 per cent
ammonium thloeyanate d11ute to 100 ml., and determine the trans-
mittancy curve.

Repeat this determination using enough acetone for dilution in
order to make its final concentration 20, 40, 60, and 80 per cent by
volume.

h.! Effect of Diverse Ions. In many cases the presence of ions

other than the one to be determined colorimetrically interferes more .

or less seriously with the eolor. The magnitude of the effect may be
calenlated from the relationship, :

Ty = T.0./02

T, and C, and T, and C, being, respéctively, the transmittancies, at
a given wavelength, and the coneentratmns of the unknown and stand-
ard golutions.

Instead of comparing the transmittancy of the unknown solution
with that of a standard, the change in transmittancy produced by
adding a known amount of the desired constituent to the unknown
may be determined. The unknown eoncentration, , is then caleulated
accordmg to Beer s law as follows ( 157) .

T.= T

ata

_alogu Te
© T Tase
logm—l-;:-—
in which T, is the transmittancy of an aliquot of the sample and Tq,0
is the transmittaney of a similar aliquot containing a small additional
quantity of the desired eonstituent, . Unecertainties arising from the
presence of other constituents, turbidity, extraneous color, or other
gourees, except presence of the desired constituent in the reagents,
are thus compensated.
In the references in Table X, or in the seetmns mentioned, exam-
ples of the following types of interference may be found:
" a.” Increase in Color, Both the interfering ion and the ion to be
determined form similarly colored systems with the reagent {arsenate

[121]




and silicate ions in the molybdenum blue method for phosphorus—
see Section “‘e’’’). :

" b.”. Decrease in Color. The interfering jon forms a eolorless com-
plex with the color-forming reagent whose effective concentration is
thus reduced (ferric ion - aluminum ion + ferron) ; the interfering
jon reacts with the ion to be determined by forming a colorless com-
plex (ferrie ion - pyrophosphate ion -+ ferron), or by rendering the
ion to be determined inactive through oxidation or reduction (ferrie
ion 4 chlorostannous ion 4 thioeyanate ion); the interfering ion
forms a precipitate which reduces the transmittancy (ferrie jon -+
tungstate ion - thiocyanate ion). _

¢.” Change of Hue. The interfering ion and the reagent form a
colored complex having a hue different from that formed with the
desived constituent (ferric jon -+ molybdate ion 4- salicylaldoxime) ;
the interfering ion is itself eolored (ferric ion 4 cobaltous ion —-
thioeyanate ion).

j. Spectral Centroid, The product of the transmittance (reflec-
tance), at any given wavelength, and the luminosity at the same wave-
length gives the luminosity of the sample for this wavelength. A
eurve coordinating these values (calculated for wavelengths 410, 410,
.... 690, 700 my) with wavelength gives the luminosity eurve for the
sample (53). The sentroid of the area included between this eurve
and the wavelength axis is ealled the spectral, or wavelength, eentroid,
or the spectral center of gravity of the sample. Priest noted that ‘‘if
any two lights, however, different in spectral distribution, excite col-
ors of the shme quality, the wavelengths of the centroids of their

speetral disfribution are coineident’’ (171). Therefore, all colors that -

give the same sensation have the same spectral centroid (53). There
is mentioned in the report of the Colorimetry Cornmittee (34d) the
significance of this quantity in specifying filters.

To caleulate the centroid, each wavelength used is multiplied by
the luminosity value for that wavelength. The sum of these values
for all the wavelengths used is then divided by the sum of the lumin-
osity values. Or, in terms of the report of the Colorimetry Committee
(34d, p. 674) ' : -

A={f7 AT Py Yped A/ S0 TPy 2N

in which, for each wavelength used, T = the {ransmittance, P =
the gpeetral distribution of the ineident light (for illuminant C, see
Fig. 47), and y = the luminosity data for the human eye (see curve ¥,
Pig. 48).
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