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INTRODUCTION
COLOR AND ABSORPTION

The phenomenon of color arvises from the selestive absorption of
light in the visible spectrumm. The visible spectiv i is that relatively
restricted portion of the entirve spectrum of radiant energy to which
the eye is sensitive. The practical working range includes, roughly,
the light of all wave lengths between 400 mu and 720 mp.  (The
millimicron, denoted by the symbol mp, is the millionth part of a
millimeter, and is equivalent to 10 Angstrém units.)

The color of substances, whether in the solid form or in solution,
is determined by the location of their dominant absorption of light
within the visible spectrum. Their color is complementary to the

o color of the light they absorb. A violet dye, for example, appears
&2 violet becunse of its predominant absorption of yellow light. A
== red dye absorbs principally green light and a blue dye, red light.
! The unaided eye perceives but can not analyze color. The color
oo of substances may be of simple origin. It is more commonly of
3 very complex origin, depending upon the varying degree of absorp-
T2 tion of light over the extensive spectral ranges. The eye merely regis-
<L ters a composite effect, which may be the resultant of an endless
variation of factors. .It is possible, however, to resolve this effect
into its component factors with the spectrophotometer.

1 Rescarch follow supported by the Commission on the Standardization of Biological Stalns,
105764°—32 1 1
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'The spectrophotometer may revenl that two violet dyes which are
indistingu’-’ ible to the unaided eye may differ very decidedly in
the detatls of their absorption of light. A third dye, which may
appenr identical in color, may be shown by the spectrophotometer to
be a mixture of blue and red dyes, \\’it?l an absorption spectrum
radically different from that of o true violet dye.

The spectrophotometer enables the analyst to measure the degree
in which a coloved substance absorbs light in all portions of the
spoctrum.  This absorption, in the instance of dyes, usually occurs
iz well-defined bands. If the measurements arve expressed in terms
of light absorbed and are plotted against wave length, the analyst
obtains an absorption curve or graphical representation of the dye
spectrumn, which will show the precise manner in which the dye
absorbs light throughout the
spectrun.

Typical absorption curves of
dyes are illustrated in Figure 1.

When measured urder suitable
conditions, the spectral pesitions
and general forms of absorption
spectra are characteristic of indi-
vidual dyes, and the magnitude
of absorptive indices {the height
of the bands) is a direct measure
of the concentration of dye pres-
ent.

The advantages of the spectro-
photometer over the colorimeter

are obvious. It enables the ana-
\ \ lyst to dispense with comparative
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standards and express measure-
|/ ‘\ ments in absolute values. It pro-
14 ] N vides photometric flelds for
N i covirn ritsimn) ” matching ‘which are completely
Figrrag 1.—Trpieal dye spectru : A, Tﬂ_l'trﬂ- uniform in hue. Whereas the col-
:-ff;.ggm‘3.-10;;2’;“5*: N((.p‘t“ﬁ;: Shloxines D rimeter merely provides rela-
tively favorsble conditions for
the visual conparison of total color intensity, the spectrophotometer
affords an analysis of color which is not only frequently illuminating
In regard to the nature of the origin of the color, but is also of great
value In respect to the applications in which it may be utilized.

The term, © depth of color,” as employed by the colorist carries no
implication with respect to color intensity, but refers entirely to dom-
inant hue. In any series of colored compounds the color of the sim-
glest member is usually yellow. The color of such a compound may

¢ deepened by weighting the molecule with suitable substituent
groups, passing from yellow to orange and then from orange to red.
In like manner violet 1s a deeper color than red, and blue is & deeper
color than violet. By referring to Figure 1 it will be observed that
the phenomenon of deepening color is simply one of the progressive
passage of the absorption band through the visible spectrum. When
the band first enters the spectrum, the color is yellow. As it passes
through the spectrum in the direction of longer wave length, the color
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changes successively to orunge, red, violet, and blue. Green is a still
deeper color than blue. The spectra of dyes are more complex than
is apparent from their absorption of visible light. They absorb light
in the ultra-viclet region of the spectrum as well as in the visible
spectrum.  The passage of the absorption bands through the visible
spectrum with deepening color is accompanied by a corresponding
progress of other absorption bands in the ultra-violet. In passing
fyom blue to green color, the second band passes from the ultra -violet
into the far-violet region of the visible spectrum, The spectra of
green dyes show absorption in the far-violet as well as in the reglon.
of red light.

In some instances the absorption bands may progress even farther.
The primary band may leave the visible spectrum and enter the infra-
red region, in which, of course, it will cease to influence color. The
secondary band will then give rise to what is termed “ color of the
serond order.”

COLOR AND CHEMICAL CONSTITUTION

It is obvious that the manner in which a substance absorbs light,
whether within the visible spectrum er elsewhere, must be related,
primarily, to ifs chemical constitution. Chemists make this assump-
tion In establishing the structure of substances on the basis of the
analogy of their speciroscopic cliaracteristics and behavior with that
of other substances of known structure.

Countless investigations during the past 50 years have revealed
many facts regarding the manner and degree in which minor onsti-
tutional variations in dyes influence the spectral locations of band
maximu. It his even been found possible to culeulate the positions
of maximn on emnpirical principles with considerable success (48, 49) .2
Recent studies of the quuntitative aspects of absorption carried on
in the Color and Farm Waste Division indieate clearly that an analo-
gous correlation exists between the constitution of dyes and their
intensity of color,

Although much has been learned respecting the modification of
color by means of constitutional variations, the ultimate cause of
color has remained obscure. Simple theories as to the relation be-
tween color and constitution have been repeatedly shown to be in-
adequate for universal application, and no explanation of known
faets has replaced them which has met with universal accept-
ance {38).

It is probably the general belief that the vibrations which are
responsible for color are electronic. It appears certain, furthermore,
that color is conditioned upon factors which can not be expressed
by conventional methods og defining chemical structure. There is
considerable evidence which indicates that the arrangement of
residual affinities of molecules may have a decided effect upon color.

Any protracted discussion of theoretical aspects of color and ab-
sorption would be out of place in this bulletin. It iz advisable, how-
ever, to emphasize one fact. Color is not completely dependent upon
constitution in the ordinary sense. The absorption of dyes 1s affectad
in appreciable degrees by factors which do not modify structure

# [talle pumberg in parentheses refer to Liternture Cited, p. 39.
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as expressed in conventional terms. Tt iz never safe for the color
analyst to assume that the absorption of a dye will be identical under
different conditions. He should determine by experiment the factors
which may affect the shsorption of any given dye and base his technic
with that dye upon his findings.

EQUIPMENT AND TECHNIC FOR VISUAL SPECTROPHOTOMZTRY

The essential principle of the visual spectrophotometer is simple.
Two parallel beams of light of equal intensity are passed through a
photometer and thence through a spectrometer to reach the eye in
contiguons fields, enabling the observer to compare the two spectra
accuruteiiy. The photometric arrangement grovides for the unin-
terrupted passage of one beam and for the reduction of the intensity

of the second beam in any proportion desired. A glass cell contain-
ing the solution of the dye which is under examination is interposed

Fisvug 2,—Modern spectrophotometer

in the path of the first beam, and a similar cell containing solvent
alone in the path of the second beam. The spectrum of the beam
which has passed through the dye solution will be deficient of such
light as has been absorbed by the dye, and the light thus ahsorbed
may be measured by reducing the intensity of the second beam until
1t matches that of the first beam.

Figure 2 shows a spectrophotometer of recent design which is ex-
c&%ptionally convenient for investigating the absorption of selutions
of dyes in the visible spectrum. Figure 3 is a schematic diagram of

" the same instrument.

A 250-watt Mazda projection lamp is employed as the light source.
This may be disconnected from the carriage readily if any oceasion
arises in which it may be desired to employ a light sonrce of a dif-
ferent character.

The absorption cells are removable vertical cups of optical glass,
which may be raised and lowered sbout plungers of optical glass,
thus varying at will the depth of the layer of solufion through which
the light passes. The cells rest upon a platform provided with a
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graduated scale and vernier which enables the analyst to measure
to one-tenth ¢f a millimeter the depth of the solution layer over the
range from zero to § cenfineters.

This feature of the instrument is & very valuable aid to con-
venience. It is necessary to restrict sbsorption within somewhat
narrew limits in order to measure it to best advantage. If the
analyst employs abserption cells of fixed depth he can only vary
and adjust the degree of absorption by the relatively luborious
(and sometimes expensive) means of preparing solutions of different
dye concenfrations. With the calibrated-cup and plunger arrange-
ment, readjustment is possible within wide hmits by merely turning
an adjusting screw.

w=  ALIT AQLATHINT

¥ JLIT WEETH BEALE AR NTERNT

— WUT WETH

= NOTARY NETEL MULTTHINT

-~ % HIUMTNATING JEQADE

= Eranice

Te  ACaLE WIATAR

L HEDMCTEA A3

W CLaMFNE ICLLW FOR FTOTCAITLE
it

[ i

Flouns 3—Dingram of modern spectrophiotoneter

L

The photometer is of the improved Martens type, depending
upon polarization for varying light intensity. The analyzer is ro-
tated by a large circle which is so graduated that the analyst may
read from it the angle of rotation or, more conveniently, read
directly the transmissive or absorptive values derived therefrom.
‘The photometer field may be reversed to compensate for possible
errors arising from polarization within solutions and from minor
optical imperfections in the instrument, making the reversal of
absorption cells unnceessary.

The spectrometer is provided with a screw drum, calibrated in
wave lengths, by menans of which the prism may be rotated in such
a manner as to bring light of any desired wave length into the
center of the field of vision. The eyepiece shutter may be opened
wide enough to permit a view of nearly one-third of the visible
spectrum or reduced to a narrew slit threugh which only a narrow
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spectral range is visible to enable the eye to concentrate upon cb-
{aining an exact mateh within that range.

The eutire equipment is mounted on a single substantial base,
which renders the accidental displacement of the separate units im-
possible or, at least, improbable.

The same instrument, is provided with accessories which enable the
analyst to utilize absorption cells in a horizental position. An il-
luminating sphere 1nay also be supplied with which the color of
colored solid snbstances may be investigated by comparing the light
reflected from their surfaces with identical light reflected from a
standard white surface of magnesium carbonate. (The investigation
of dyed materials will not be discussed in this bulletin.}

In measuring the absorption spectrum of a dye the wave-length
drum is sct at & definite wave length, the photometer circle rotated
until the light in both visual fields is equal in intensity, and the ex-
tinction coefficient read from the circle. IPwrther measurements are
then earried out throughout the visible spectrum (or as long as ap-
preciable absorption continues) at intervals of 10 mpy, with inter-
medliate measuremnents in the region of the dye maximum or in any
other portion of the spectrim wherein it may be desirable to bring
out detail. If extinction coeflicients are then plotted against wave
length, a graphic representation of the absorption of the dye, or its
absorption curve, is obtained.

In dealing with the absorption of dyes it is very convenient to
express spectrophotometric values in terms of extinction coefficients
(E). (The terms Bunsen extinetion coefficient and absorptive index
are somewhat more specific, but are less frequently employed.) The
extinetion coeflicient (E) is the logarithm (expressed as a negative
number) of the transmittancy (T). The latter (T) is merely the
ratin of the intensity of the light emerging from the solution to the
intensity of the light entering it. Such a ratio must necessarily fall
between zero and unity. Its logarithm, accerdingly, will be negative
and will range between zero in the instance of complete transmission
{(I'=1) and mfinity when extinction is complete (T=0). The ex-
tinction coeflicient is therefore a direct measure of the absorptive
power of the solution.

In accordance with Lambert’s law (46), values of E should in-
crease in direct proportion with the thickness of the solution layer,
and in accordance with Beer’s law (I}, they should also increase in
direct proportion with solute concentration. Lambert’s law is found
valid whenever the photometric provisions and technic are satisfac-
tory. meer’s law (Z) also proves valid in instances in which the
conditions are such as will exclude alteration in either the physical or
chemical solute mnolecule.

The use of the spectrophotometer makes but little demand upon
iechnical experience or skill on the part of the analyst. In the
matching of the photometric field, in operating the instrument, the
most common error on the part of the novice is that of too great
deliberation. The average observer will find that he can obtain the
most reliable data by making his matches rapidly, (It is assumed,
of course, that such readings will be checked repeatedly before final
acceptance.) The eye tires rapidly, and its sensitivity decreases
greatly with fatigue. It is well for the analyst to match fields as
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rapidly as pessible and allow the eye a brief period in which to re-
¢over its normal sensitivity before attempting to duplicate the firsé
match.

There are two factors which influence visual sensitivity in a
decided degree which the analyst should buar in mind at ali times.
The ability of the eye to recognize differences in light intensity
varies considerably both with the wave length of the light and with
the degree of illumination. Visual sensitivity is greatest in the yel-
low-green portion of the spectrum, at about 360 my, and decreases
somewhat rupidly as either end of the spectrum is approached. Data
nre available on the relative sensitivity of the average eye in difterent
speetral regions, but it is questionable if they are entirely adequate
to serve as a criterion in spectrophotometric practice. It is well for
the analyst to determine for himself the spectral range within which
hig readings may be relied upon, and to determine also, the general
oriler of variation in measurements which he may expect in other
spectral regions.

In varioug practical applications of spectrophotometric data, which
will be referred to subsequently, the analyst may have considerable
latitude in respect to the wave lengths at which his measurements
are carried out.  In making his selection the factor of relative sensi-
tivity should be given serious consideration. It may frequently prove
advizable to select wave lengths which may involve some measure of
disadvantage in other respects in order to effect improvement in the
precision of the measurements,

The suine consideration may influence the proper choice of solvents
and conditions employed. The bands of dyes which may lie in
spectral regions in which the eye is relatively insensitive, in such
solvents and under such conditions as are ordinarily employed in
iheir examination, may frequently be transposed inte more favorable
remions for examination by resorting to other solvents or other
condlitions,

The second factor which influences visual sensitivity is illumina-
tion. The eye is most sensitive to changes in light intensity over a
limited pliotometric range. and accuracy suffers with both excess
and deficiency of illumination, The analyst should determine for
himself the photometric range within which his measureients are
most trustworthy and confine his work to it. He may find, for ex-
ample, that he reads most accurately when the extinction coefficients
are approximately 1.00 and that his readings become somewhat less
certain when values fall below 0.70 or exceed 1.30. He should, then,
modity his technic In such a manner as will enable him to carry out
all critical measurements within the photometric zone referred to.
With the equipment which has been deseribed, this may be effected
readily by the adjustment of layer thickness.

In the ‘ounter portions of the visible spectrum, in which sensitivity
is relatively poor, better results ave obtained with more intense iltumi-
nation. For this, and other reasons, it may cceasionally prove advan-
tageons to replace the heterogeneous light source with a mercury or
helium vacuum-tube lamp for work in these regions. It is hardly
possible to obtain relinble absorption values with certain yellow
dyes unless this is done.

The analyst should know his dyes. He may obtain much informa-
tion respecting their chemieal constitution and general properties
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from textbooks and color indices (62, 63). Kayser’s review of early
spectroscopic investigation {42) and Forminek’s tables of technieal
synthetic dyes (6) supply considerable detail on qualitative aspects
of the absorption spectra of natural coloring matters and commereial
dyes. Holmes’s tables (31) ave intended to supplement these sources
and enable the reader to obtain whatever information may be avail-
able in the literature on both qualitative and guantitative aspects
of the absorption of dyes in general. It will be seldom, however,
Lhat the analyst will be able to obtain definite information on dyes
which will be thoroughly adequate for his purposes. He should
know how the spectra of individual dyes are modified by various
conditions; on the one hand, in order to avoid inadvertent modifica-
tions m absorption which may invalidate his results, and, on the other
hand, in order to utilize such moedifications in various applications,
He will find it necessary, in general, to obtain such information for
himself,

"The visual method compares favorably in accuracy and reliability
with photoelectric and thermoelectric methods over the greater por-
tion of the visual spectrum (8). Photoelectric methods ave some-
what more satisfactory in the extreme violet and thermoelectric
methods in the extreme red.

In the practical applieations of spectrophotometric data described
subsequently it will be noted that the eritical values employed for
the most part arve ratirs, Their validity is conditioned upon rela-
five sccuracy in two messurvements, rather than upon absolute ac-
curncy of measurements in general, It is believed that this factor
will render the employment of the methods less influenced by the
type of cquipment employed and by the personal equation than would
otherwise be the case,

THE INFLUENCE OF CONDITIONS UPON ARSORPTION

It is adwvisable to discuss the influence which various conditions
exert upon the absorption spectra of dyes before taking up any of
the specific practical applications which may be made of such spec-
tra. The principal factors which require consideration are (1)
solvent, ﬁ?) dye concentration, {3) temperature, {4) colloidal state,
and {3) hydrogen-ion concentration,

SO0LYVENT

The earliest investigators recognized that the absorption spectra
of colored solutes were affected by solvents even when the solvents
themselves were colorless. It was found that absorption bands of
dyes occupied somewhat different speetral locations, in general, with
each solvent employed in their examination. The rule was formu-
lated by Kundt (46) that bands shift toward the region of longer
wave length with increasing refractive indices in sclvents, The con-
troversy which ensued over the validity of this generalization and
its possible interpretation is reviewed and discussed by Kayser (42).

Kundt’s rule has subsequently been theroughly discredited. The
recorded instances in which the bands of dyes undergo displacement
in the opposite direction to that postulated equal or outnumber those
of conformity to the rule. Even among the instances in which the
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behavior of dyes is in qualitative accordance with Kund#t’s rule, the
degree of displacement with changes in solvent varies greatly with
different dyes. The uniformity which wonld result if purely physi-
cal factors were operative is lacking in a conspicuous degree.

The infuence of chemical factors upon the phenomenon in ques-
tion, on the other hand, is readily apparent. Thus, Meelt (47) has
shown that the spectral position of the band of alizarin-cyanine in
orgunic solvents s influenced by the chemical nature of the solvents,
and Holmes (/6) has pointed out that a definite correlation exists
between the displacement of dye bunds with change in solvents and
the constitutional variations in dyes.

‘The solvents considered in the last-mentioned instance were water
and aleohol. Dyes nndergoing band displacement in the direction -
of longer wave length in passing from aqueous to aleoholic solutions
were termed © aleopositive 5 those exhibiting the reverse behavior,
“alconegative.” It was shown that a variety of types of substitu-
tions in dyes exert a definite influence upon their behavior in the
respect in question, with the effect depending, in some measure, upon
the structure of the parent substance and upon the position in which
substitution occurs. The effect of substitution within the amino
groups in partienlar is clearly defined with dyes of a variety ot con-
sbitutional types. Allcylamino substitution exerts an alconegative
effect in  diphenylmethane, triphenylmethane, rhodamine, azine,
oxazine, and thiazine devivatives, whereas arylamino substitution
operates in the contrary manner.

Ii was suggested that these phenomena may find explanation
thirough the hypothesis that the absorption of dyes depends primarily
upon the distribution of their residual affinities, and that with solu-
tions of dyes the interplay of residual affinities of solute and solvent
results in rearvangements of affinity within the dye molecule whereby
their absorption 1s modified.

1t 15 a logical dednetion from this constitutive hypothesis that the
behavior of dyes with change in solvent should prove highly individ-
ual.  This is found to hold true. It appears very probable that the
absorption of two dyes is never modified in precisely the same man-
ner #nd degree in passing from one solvent to another. In instances
in which this may appear to oceur it scems probable that actual dif-
ferences exist which ave too slight for recognition by available means.
In general, appreciable differences are observed. Advantage is taken
of that cirenmstance in differentinting between dyes. When dyes
have practically identical absorption maxima in one solvent it is
often found that a resort to other solvents will develop sufficient
differences in maxima locations to make it possible to distinguish
between them.

The normal displacements of dye bands with changes in solvents
are relatively small, in most instances amounting to 5 or 10 mp.
When extreme displacements of bands occur it appears probable that
radical intramolecular changes have taken place involving definite
valence rearrangements.

The displacements of absorption bands with change in solvent are
usually accompanied by modifications in the intensity of absorption.
In passing from dilute aqueous solutions to dilute alcoholic solutions
of rosaniline chloride, for example, the dye maximum not only shifts

105764° —32—2
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from approximately 542 to 548 my, but the extinction coefficients of
the solutions at their maxima increase by approximately 25 per cent,

It appears probable that such modifications in intensity of absorp-
tion may be attributed, primarily, to the same rearrangement in
residual affinities of the dyes which has been held responsible for the
shifting of the band. In numerous instances, however, the operation
of ather factors may be recognized. Changes in solvents may modify
tautomeric equilibria between dye forms or effect alterations in their
state of molecular aggregation. Tn either instance the dye spectrum
andergoes a corresponding modification.

In the specific instance cited, for example, a careful examination
of absorption curves raveals the fact that in aqueous solutions of the
dye » small proportion of the dye is present in an orange form and
that in alcoholic solutions the dye exists entirely in the (normal) red
form. It is evident that a part of the increase in absorption at the
dye maximum, obscrved in passing from aqueous to aleoholic solu-
tion, is due to the effect of the change in solvent upon the equilibrium
between the tantomeric forms of the dye. (P. 11.)

In this particular instance it appears improbable that colloidal
change 1s & contributory factor. It is found that a variety of other
salts of rosaniline, including the bromide, iodide, nitrate, sulphate,
oxalate, citrate, and benzoate, behave in an analogous manner. They
have a common molecular absorption in water, on the one hand, and
a different common molecular absorption in alcohol, on the other
hand. It appears improbable that such dissimilar compounds should
all be equally colloidal in any given solvent, and the conclusion ap-
pears warranted that they all give true solutions in hoth water and
alcohol, at all events at the great dilutions employed in spectro-
photometric examinations. All the solutions in question, moreover,
are spectrophotometrically stable. Their solutions give no indication
of alteration in absorption on prolonged standing.

In the transition from solution in water to solution in chloroform,
however, these same dye salts behave quite differently. Fresh solu-
tions of rosaniline chloride, bromide, and iodide in chloroform
nbsorb about 8 per cent more light than do their aqueous solutions,
whereas fresh solutions of rosaniline acetate and qbenzou.te absorb
about 15 per cent less light than corresponding aqueous solutions.
The chloroform solutions are unstable in each instance, and the
absorption of the acetate and benzoate solutions decreases more
rapidly than does that of the chloride, bromide, and iodide solu-
tions. It scems evident that all these solutions are distinctly colloidal,
and that the acetate and benzoate solutions are decidedly more col-
Joidal than are the solutions of the other salts referred to.

Colloidal phenomena with dye solutions are discussed subsequently.
(P.14.) They frequently influence the changes in absorption which
result from a change in solvent. In all quantitative applications of
spectrophotometry, maximum molecular dispersion is favorable to

accuracy, and consideration must be given to the selection of solvents
which are favorable.

DYE CONCENTRATION

The fundamental basis of all colorimetry is formulated in Beet’s
law {/) which states in effect that the intensity of color {and absorp-
tien) in the solution of a colored solute is directl_y proportional to the
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solute concentration. This law has been tested in innumerable investi-
%:zltions with many solutes and solvents and found relatively unce-
flable in = large proportion of instances, and the causes of its failuve
have been the subject of endless controversy. In the following discus-
sion the consideration of its application will be confined to dye
soiutions.

Dyes are most comumonly examined and analyzed in aqueous solu-
tion. It is found that comparatively few dyes conform rigidly to
J3eer’s law over any very extensive range of variation in concentration
in aqueous solutions, and the behavior of many dyes is decidedly
anomulons over even limited ranges of dilution. Such abnormalities
in behavior were formerly attributed to electrolytic or hydrolytic
dissocintion, solvatien, or molecular aggregation of solute particles.
It scems probable, however, that molecular tautomerism is more fre-
quently the most important factor concerned.

One common type of dye in particular is susceptible of altera-
tion of an extreme order. It has been shown by Holmes {75) that
aminated dyes of a
large variety of consti-
tutionalelassesundergo
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It may bo ilustrated — ptieoss dioflons 3, Uy m ot met it (0013 3
by o graph showing 0.5 ug of aye per Hter (20-cm Iayer) :
the absorption of Nile
blne @B at various dilutions. (Fig. 4.} Analogous data have been
obtained with more than 100 other aminated dyes.

Such dyves apparently exist in two different structural forms. Of
these forms one exists in the solid dye, and the second is found in
aleoholic solutions irrespective of the dye concentration of the selu-
tHion. In aqueons solutions both forms are found in a state of equi-
Iibrium, which alters as the solutions undergo dilution.

The equilibria appear practically unaflected by variation in tem-
perature, hydrogen-ton concentration, or neutral salt concentration,
They are decidedly affected, however, by the addition to the aqueous
solutions of a variety of organic substances which have diverse chem-
ical churacteristics but have the common attribute of unsaturation
(27). The influence of such substances appears to increase with the
degree of their unsaturation. Thus, the effect of allyl alcohol is
greater than that of isopropyl alcohol, and the effect of m-phenylene-
diamine greater than that of its hydrochloride. In a general way
these substances exert the same influence upon aqueous solutions of
the dyes as does simple aqueous dilution.
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It scems probable that this phenomenon is another instance in
which the interplay of residual affinity in solute and solvent results
in affinity rearrangements within the sotute molecule. The modifi-
cation in absorption is so considerable, in general, that a definite
readjustment in valence arrangement seems indicated. A hypoth-
esis, which need not be discussed here, has been suggested respecting
the nature of thig readjustment (£3).

It is obvious that these phenemens are of practical as well as of
theorctical interest. The ({ilution ranges in which they occur often
ceincicle with the working ranges in colorimetric practice. In such
instances they invalidate Beer’s law and give rise to anomalous
results.  In any application of spectrophotometry to aqueous dye
solutions, the analyst should bear in mind the possible interference
which may avise from this source. Practical means of obviating the
difficulty are discussed on page 28.

‘Lhe influence of constitutional factors in dyes upon the phenom-
enon of the modification of their spectra with the dilution of their
aqueous solutions is clearly evident. Substitutional variations in
dyes may decidedly influence their behavior in the respect in ques-
tion. Crystal and ben-
zyl violets supply an
excellent illustration
A N LA N (21). Themeasurement

of dilution effects, ac-
cordingly, may some-
times serve as a valaa-
ble means of differen-
tinting between similar
dyes.
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Fiarns &—Absorplion spectrn of Krle }'iulct AR in aque- When Erie violet IR
Pred Wit ottt B s o aoietion B (NAC) is dissolved in
cold water the result-
ing solution is heterogeneous, containing preponderant proportions
of blue and of violet components in addition to the dye proper, which
is ved. I the solntion is then heated, however, or if alcohol is added,
the blue and violet components are completely transformed into the
dye proper and can not be regenerated subsequently (72). (Fig. 5.)
It is belisved that the blue and violet substances are intermediate
componnds in the formatiou of the true dye. Analogous eftects ot a
less extreme order have been observed with certain other azo dyes,
but this type of irreversible alteration has not been reported with
dyes of other classes,

It is probably very seldom that the heating of a dye solution results
in actual decompesition of the dye. Dye manufacturers warn their
customers to exercise caution in resorting to heating in the prepara-
tion of solutions of basic dyes, but the basic dyes of some classes
appear to be very stable to heat. With basic dyes of other classes,
however, the molecule is susceptible to attack at its substituted amino
groups. Dealkylation may cccur at these points, and aminoe groups
may even, in some instances, be replaced by hydroxyl groups. These
transformations proceed very slowly, except under distinctly alkaline
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conditions, but are considerably accelerated by heating. Probably
few basic dyes would undergo any appreciable degree of alteration
of this type in the ordinary course of preparing their soluticns by
heating, but it is doubtless advisable to bear that possibility in mind.

Only one dye which finds any exteunsive application is notably
unstable to hesf. Auramine undergoes hydrolysis very readily in
agueous solutions, pa:ticularly under acid conditions (33). Sclutions
of auramine should never be warmed.

Sheppard has observed a very striking type of temperature effect
with photosensitizing dyes of the cyanine group (54). Increase in
temperature gave rise to a progressive transition between one dye
band in one portion of the spectrum and a different band in a widely
sepnrated location. This alteration was accompanied by changes in
the state of solute aggregation and was completely reversible, the
original characteristics of the solution being restored when the soln-
tions were cooled. This reversible type of behavior does not appear
to have been noted with dyes of other classes,

Radical alterations of dye spectra, however, whether of irreversible
or reversible type, are rarely observed in varying the temperature of
dye solutions. In general, temperature exerts only very minor effects
upon the absorption of dyes.

G. and H. Kriiss (44) point out that decided changes in tempera-
ture may give rise to appreciable errors through their effect pon
the optical constants of spectrophotometric equipment. With Bremer
(2) they investigated the effect of considerable variations in temper-
aturc upon the absorption of some 20 dyes. They observed small
displacements in the spectral location of bands, oceurring in both
divections and averaging less than 8 mp over the extreme temperature
range of €0° C., and they also noted appreciatls effects wpon
absorption intensities.

Gibson, McNicholas, Tyndall, Frehafer, and Mathewson (&)
obtained relatively uniform data with five food dyes which indicate
a decrease in absorption over the range between 25° and 40° C. of
approximately 2.1 per cent. (Aqueous expansion over this range
would zecount for about 0.5 per cent of the decrease.) An opposite
cffect was noted with light green SFY, which may probably be
attributed to other factors. Their data give little or no indication
of band displacements, They concluded that such temperature effects
as might be met with in ordinary practice would be insufficient to
result in any appreciable inaccuracies in the spectrophotometric
examination of the dyes in question,

This cenclusion is supported by a limited number of data obtained
at this laboratory, principally with azo dyes. It seems probable that
the typical temperature effect is a small decrease in gbsorption unac-
companied by any decided band displacement. The minor varistions
in temperature incidental to ordinary practice may probably be dis-
regarded, even when solvents are employed with higher coefficients
of expansion than that of water,

In spectrophotometric applications with indicators, however, the
influence of temperature change upon the dissociation constants of
the indicators should be borne in mind, and variations in temperature
minimized,
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COLLOIDAL STATE

The hypothesis of Stenger (55) that radical alterations in the
spectral position of absorption bands may be attributed to variations
in the size of the physical molecule does not appear tenable in the
instance of dyes.

Radical modifications of absorption spectra have, indeed, been
found to accompany changes in the state of molecular aggregation in
some instances. Apart from the phenomens observed with dyes of
the cyanine group, already referred to (p. 13), the instance of
indigotine monosulphonate (74) may ke cited. Such radical modifi-
cations of absorption as those are seldom foumd associated with
colloidal change, It is evident that the alteration in both absorption
and in colleidal state in such instances must be attributed to molec-
ular tautomerism or some other factor.

It was shown by Pihlblad (51) in a study of five selected dyes
under a variety of conditions which influence colloidal state, in which

spectrophotommetric data were corre-
u Iated with ultramicroscopic measure-
ments, that the spectrophotometric
criterion of increasing molecular ag-
gregation is a symmetrical flattening
of the absorption band, in which the
maximum is depressed and the lower
slopes broadened, without appreciable
. displacement of the band or of its
"maximum. The same conclusion was
reached by Holmes (75) in the course
of an investigation of dilution effects
with aqueous solutions of many dyes,
] Typical curves in illustration of this
L L \ effect are given in Figure 6,

P+ \  The influence which the solvent

P e e gy ©© Taay have upon the colloidal state of
_ dye solutions (p. 10) has been dis-

FIFU]IE B.-—En’ocfz of dilution on the eussed.

Homs of Jonbees] sraon ST Voi: Dy ati infl

dijute sélutiun‘é;blj. coneontra ted Ye concentl_a.tmn may lnliuence
solutions colloidal state in a decided degree.
An extreme instance has been re-
ported (28) in which the absorption of an aqueous solution of rosani-
Line phenolate increased by about 28 per cent on dilution with an
equal volume of water, instead of decreasing by 50 per cent, as
would, of course, be anticipated through the normal operation of
Beer's law. It seems probable, however, that with dyes in general
such variations in dye concentration as are incident to ordinary
spectrophotometric technic will seldom exert any appreciable effect

upon the state of solute aggregation,

Neutral salts may modify the spectra of dyes through their effect
upon the colloidal state of the solutions. Typical effects are illus-
trated in Figure 7. The salt effects recorded are immediate ones.
Much more decided effects are observed upon the prolonged standing
of the solutions.

The effect of such quantitiez of inorganic salts as may be found
associated with dyes in commercial produets will be negligible, owing
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to the great dilutions at which spectrophotometric examinations of
dye solutions are carried out. When, however, the use of buffered
solutions is resorted to for the purpose of regulating the hydrogen-
ion concentration the dye spectra may sometimes be affected to an
appreciable degree.

HYDROGEN-ION CONCENTRATION

Most dyes are stable within the zone of approximate neutrality,
Nearly all dyes, however, are modified in constitution, color, and
absorption by sufficient concentrations of either acids or alkalies.
They are, accordingly, potential indicators of hydrogen-ion concen-
tration, although few of them possess exceptional qualifications for
practical application as indicators.

"The behavior of dyes with acids and alkalies is influenced by their
general structural features and their specific minor constitutional
variations. Even minor variations in dyes frequently give rise to

decided difference in

Y 7N their dissociation
4 ™ ranges. The meas-
]
“n
/

N urement of the effect
of suitable regulated
variations in hydro-
gen-ion concentra-
tion upon the sab-
sorption of dyes, ac-
cordingly, isoften of
grent service In en-
/ :ttlbiing the analyst to
istinguish between

% them. (P. 19)
The question of
- . - . s bthe advisability, or

: - AR NG ﬁ;mmfaeﬂw} necessity, of buffer-
FICURE T—EfMect of poinsgsium chloride on the ubsorption * 3
spectre of sguenus schuztions of night blue (dye coﬁcun- g SOIH(‘.IOHS of d}'&S

Witor: B, with 05 bei_oeal potuseiuns chiofidss &g intended for spectro-

1 per cent potusslum chlorkle photometric exami-
_ ) nation, in order to
insure a definite hydrogen-ion concentration, is one which may, per-
haps, give rise to considerable difference of opinion. It is doubtless
necessary to * regulate ” the solutions of some dyes in that manner
(17). In other instances it is unnecessary and entails unfavorable
effects. The authors prefer to prepare dye solutions in general for
spectrophotometric examination without the addition of buffer » gents
and to regulate solutions of only such dyes as have been found
to be distinctly influenced by minor variations in hydrogen-ion con-
centration within the zone of approximate neutrality.

It may sometimes prove decidedly advantageous to resort to defi-
nite acid or alkaline conditions in the examination of dye solutions
in order to transpose absorption bands in the spectrum. This may
enable the analyst to carry out measurements in a spectral region
in which vision is more sensitive than it is in the region in which
he would have to muke his measurements on neutral solutions of
the same dye,
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THE IDENTIFICATION OF DYES

The practical dye tester relies, in part, upon such systematic
chemical schemes as that of Green (Z0) and in part upon such re-
actions and alterations in color with chemical reagents as are cited
by Schultz (53) or the Colour Index (52) for the identification of
dyes. He usually has a comprehensive collection of dye samples
available for direct comparison, and may sometimes resort to com-
parative dyeings as a final step in his method. He often acquires
great proficiency in the rapid identification of the majority of dyes
of principal textile importance.

The differentiation obtained by such means, however, is approxi-
mate rather than precise. Even when color reactions are carried
cut under well-regulated conditions {J2), they frequently yield re-
sults which resemble so closely, as far as unsided visual observation
is concerned, those of closely related dyes, that they fail to accom-
plish the desired purpose. In customary usage they prove notably
ineffective. The average dye tester finds it difficult or impossible to
listinguish between methyl and crystal violets, for example, or be-
tween guinea green B and light green SFY. His rough identifica-
tions may prove sufficient for his immediate practical requirements.
They are, however, inadequate for scientific purposes.

The resort to more eluborate chemical methods of identification is
seldom entirvely effective. Chemical methods usaally enable the
analyst to distinguish readily between dyes which differ radically in
structure, but do net ordinarily afford any decisive differentiation
between products which differ only in minor constitutional aspects.
With dyes in general a more positive identification may be obtaiued
readily by spectroscopic means than is possible by relatively labori-
ous chemical investigation, )

With azo dyes only may the superiority of spectroscopic methods
of identification be open to question. The absorption spectra of azo
dyes, as a class, are somewhat léss distinctive than those of other
dyes in general, while an exceptionally effective means of chemieal
investigation is applicable with nzo dyes. They may be broken down
inte their eomponent parts by reduction, yielding the intermediates
employed In their manufacture or simple derivatives of those inter-
mediates. The identification of these scission products will serve,
in turn, to identify the dyes from which they were derived. Holmes
{20} has supplied a digest of such data as are available for the pur-
pose. ‘The ability to identify a few hundred amino derivatives.
accordingly. will qualify the analyst to identify positively a vast
number of azo dyes.

Although this method is one of great possible utility, it appears
somewhat doubtful whether it will find very extensive employment,
Both the isolation of the reduction preducts in a suitable condition
for identification; and their subsequent positive identification will
frequently prove difficult. The labor involved and the technieal
ability required seem likely to restrict the general use of this method.

There are indications that this reduction method for azo dyes may
eventually develop, in large mensure, into one of indirect spectro-
scople exarination, One of the best general means of identifying
the reduction products, and one which is increasing in favor, con-
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sists of converting thom inte azo dyes by coupling themr with suit-
able intermediuntes, and identifying the resulting dyes with the spee-
troscope.  Peter, Mayer, Wegemann, and Marshall {(5) amd Brun-
ner {4) supply considerable duta suitable for that purpose in some
of the most important recent contributions to the analysis of azo
dyes.

The direct examination of nzo dyes by spectroscopic methods is
far less difbicult and laborious than is the resort to reduction meth-
ods. It is probably nearly as effective and relizble in most instuances.
It wonld appear preferuble, except in instances in which it has been
found to be ineflectual or in which the requisite spectroscopic data
are unavailable and unobtainable.

With the dyes of other groups, spectroscopic methods almost in-
variably prove much superior to chemical methods in respect both
to convenience and decisiveness, They have the added advantoge
of being applicable to extremely minute qurantities of material.

Spectroscopic methods may be either spectroscopic, in the re-
stricted sense of the ferm, or spectrophotometric,

THE SPECTROSCOPIC METHOD

The spectroscopic method of dye identification was developed by
Forminek {(6) through comprehensive study of the light absorption
of dye solutions extending over years.

The general characteristics of the spectra of dyes, together with
the manner in which they underwent{ medification with changes in
conditions, were found to depend upon the more fundamental struc-
tural aspects of dyes. Distinct minor variations in absorption were
found with even minor constitutional variation, and usually they
proved sufliciently definite to enable the analyst to distinguish be-
tween even closely related dyes.

In examining dyes the general type of spectrum and the influ-
ence upon it of solvent and dilution were noted. The locations of
abserption maxima were determined with great care with a var-
riety of solvents and conditions. Vat dyes were investigated in
xvlol, tetralin, sulplhurie acid, and sulphurie-boric aeid. Certain of
these solvents were found useful in the examination of dyes of other
classes, but with dyes in general the observations were usually car-
vied out on neutral, slightly acid, aud slightly alkaline solntions
in water, cthyl nleoltol, amyl alcohol, and 90 per cent acetic acid.

Part I of Forminek’s work {in collaboration with E. Grandmougin
and subseyuently with J. IXnop) is concerned primarily with descrip-
tions of cquipment and technie and discussions of such matters as the
correlation of color and constitution. Subsequent sections consist
furgely of compilations of data and incidental information for hun-
dreds of dyes of commerveinl grades. Sections L and I of Part IX
deal with soluble green. blue, and red dyes in general; Section IIT
with yellow dyes. and Section IV with vat dyes. Within each gen-
eral category the subtabulation is based upon the general type of the
absorption spectrum and its behavior with changes in conditions.

In identifying a dye of unknown character with the aid of For-
minelk’s tables, the spectroscopist determines the subtable in which it

105764 —32—3
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shoulé’ be found, and compnres the absorption maxima of his un-
known sample with those of the various known dyes recorded in it.
If his values are in close agreemnent with those of a known dye, be is
justified in concluding that the two dyes are identical beyond reason-
able doubt.

The valie of the recorded duta for purposes of identification neces-
savily vavies with different dyes. The spectra of the dyes of some
classes are much less characteristic, in general, than are those of other
classes.  Individual dyes are encountered, irvespective of dye class,
more particelarly among yellow, brown, ¢r black products, which
absorb light in a manner which is practically devoid of distinctive
features, In maost instances, however, Formianeks data are reason-
ably satisfactory for the purpose in view,

The comprehensive character of the tables may be emphasized.
It is inevitable that such compilations can not be cempletely ex-
hanstive, as new dyes are constantly appearing on the market. Tt is
comparatively seldom, however, that dyes are met with in practice
which are not te be found in Forminck’s tables.

The Forméanek system of identification is both rapid and con-
venient in operation. The proportion of dyes with which it proves
useless or seriously ineffective 1s relatively small, as is that of dyes
with which the data necessary for its application have not been pro-
vided. It is unfuestionably the most valuable means available at
present for identifying the majority of dyes with comparative easc
and certaiiy.

The principal cbjections which can be advanced against the For-
minek spectroscopic methed are that it places nearly complete re-
liance upon precise determinations of absorption maxima and that
the differences in location between maxima in closely related dyes are
often too small to serve asan entirely satisfactory means of differentia-
tion. The precise determination of maxima, moreover, is a matter of
cousiderable difficulty, in which the results obtained may be influenced
by the type of equipment used, by the technic employed, and by the
personal equation.  Commercial produets, finally, frequently contain
varying proportions of subsidiary coloring matters which may
modify their maxima in some degree.

The analyst will frequently find that his data on samples of known
identity do not conform exactly with the data of Forminek’s tables,
He can not rely implicitly, accordingly, upon a comparison of his
values with those of Formének as a means of definitely establishing
the identity of his samples of unknown character.

THE SPECTROPROTOMETRIC METHOD

The spectrophotometric method of dye identification was devel-
aped in the Color and Farm Waste Division in the hope and expecta-
tion of reducing the imcertainties referred to.

Constitutional variation in dyes influences not only the position of
their bands but also the manner in which their spectra undergo
alteration with changes in selvent, hyvdrogen-ion concentration, dila-
tion, and other conditions. The degree of such alteration in conse-
quence of definite_modification in conditions is characteristic for
individual dyes. It may be determined by measuring extinction
coeflicients at suitable wave lengths, and may be expressed in terms
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of the ratin of such coeflicients. In the spectrophotometric method
such rating are employed to supplement data on absorption maxima,
and are usnally found to afford a ncl more decisive means of dis-
tinguishing between similar dyes than are maxima,

The method has been tested with a group of closely velated dyes
of the patent blue type (73} with one of basic fuchsines (19) and
with one of basie triphenyimethane violets (21).

It may be tllustrated by means of the following condensed tabula-
tion of data (Table 1) obtamed with certain of the more closely
velated actd dyes of the patent blue class.

Panik 1.—8pertropholometric constants of dyes of the palent Blie tipe
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T Alphnzurine A wnd alpbazuring 26 have ethyThenzyl and diethyl substitutions, respectively, st the
amine grenps amd o 2,5-dsuipho substitution io their nensminnted guelel.

The values of the second, third, and fourth columns are ap-
proximate absorption maxima of the dyes in (1) alcoholic, (2)
nentral aqueens, and (3} alkaline aqueous solutions. Those of the
last three ceolumns are spectrophotometric ratios, or ratios of ex-
tinction coeflicients at suitable wave lengths measnred under definite
vaviations in conditions. Their variations in value afford a quanti-
tative index of alteration in the dyes under those conditions.
The values in column 5 ure affected by tautomeric alteration in the
dyes resulting from measured variation in dye concentration. Those
n column 6 measure resistance to decolorization by alkali, the re-
corded data indicating the proportion of the dye which withstands
the effect of 0.1 per cent of sodium hydroxide over an extended
period. Those in colunn 7 indicate the proportions of dye which
withstand immediate conversion into yellow polyacidic derivatives
with 2 per cent sulphuric acid. The original paper should be con-
sulted for further detail.

The general prineiple of such ratio application may be clarified
by a1 more detailed illustration of the significance of the values re-
corded in column 7. The curves of Figure 8 enuble the reader to
visualize the eflect of acid upon pontacyl blue A (which is identical
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with the xylene blue AS referred to in Table 1)}. The eftect of 2
per cent sulphurie acid is measured by dividing the extinction co-
efficient of an acid (2 per cent) solution of the dye at 637.5 my by the
extinetion coeflicient of a neutral solution containing the same
quantity of dye at the same wave length. The other dyes of the
group undergo analogous transformations, but their degrec of trans-
formation at any definite hiydrogen-ion concentration is difterent.
It is of interest to note that such constitutional variation as is
found in this group of dyes has a decidedly greater effect upon the
general properties and behavior of the dyes than upon their cclor.
The utility of the ratios for dif-
ferentiation arises from that cir-
\ cumstance.
Although any constitutional
\ variation doubtless exerts some
influence upon the position of
\ the band in the spectium, the
effects in these instances are rela-
\ tively small. Leavingoutof con-
\ sideration alphazurine FG, which
differs from the remaining dyes
in both the number and nuclear
position of its sulphonic acid
groups, it will be seen that the
absorption maximum is but little
affected by (1) variation in the
relative’ position of sulphonic
groups within the nonaminated
nucleus, by (2) the intrcduction
of a hydroxyl group therein, or
even by (3) the type of amino
substitution; that is, whether the
diethyl or the ethylbenzyl substi-
tution is involved.
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On the other hand, the influ-
ence of these constitutional fae-
tors is plainly evident in the ratio
values. Upon dilution the dyes

with dicthyl amine substitution behave very differently from those
with ethylbenzyl substitution. Their ratios (four) range from 0.96
to 0.98 as against a range of 0L76 to 0.79. They arve also decidedly
more stable to alkali and less stable to acids. The introduction of
a hydroxyl group inte the nonaminated nucleus confers indicator
properties. It has little effect upon stability to acids but increases
stability to alkall materially., Within the nonaminated nucleus the
24-disnlpho substitution is more stable to acidity and less so to
alkalinity than is the 2.5-disulpho substitution.

With these dyes the ordinary chemical methods of differentiation
are preoucally useless.  Identification on the basis of absorption
maxtma alone ig also unsatisfactory. It would probably prove both
difficult and uncertain even for an expert provided with the most
favorable equipment for the purpose,
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The value of the recorded ratios for differentiating between the
various dyes will be obvious. Xylene biue VS may be distinguished
from alphazurine 2G by means of its behavior under alkaline con-
ditions, alphazurine A from xylene AS through its behavior under
acid conditions, and patent bine A and V behave very diffevently
with both alkalies and acids zs well as upon mere dilution, In each
of these instances it is extremely difficult to distinguish with any
certainty between the dye pairs referred to by means of absorption
maxima afone.

Such ratios may be determined with relative ease and substantial
accuracy with any type of spectrophotometer, and the results ob-
tained are independent in [arge measure of the equipment en:ployed,
of the technic followed, nnd of the skill of the annlyst. There can
be no doybt that they will be found a very valuable aid in the
identifieation of dyes 1 general, and will frequently afford o more
reliable and precise differentiation between similar dyes than is pos-
sibie by other means.

ABSORPTION RATIOS

There are definite limitations to the accuracy with which it is
possible to dvtermine the locations of absorption maxima on the basis
of a mere direct comparison of extinction coeflicients. The analyst
determines that the maximum must lie between certain Limits, say,
between 540 and 550 mu. It is seldom, however, that the spectrum
15 sufficiently well defined to enable him to state positively that the
ntaximum falls nt a definite wave length, say at 545 mp. The heads
of dye bands are usually somewhat flat. In most instances in which
he reports a value of 545 he is by no means sure that thes true value
may not be, rather, 544 or 546 mp. In some instances even less
definite conclusions are possible,

In applying the spectrophotometric method of identification to
basic violets of the triphenylmethane group (27), determinations
of maxima were supplemented by determinations of a spectropho-
Lometric ratio of o type different from those hitherto referred to.
Wave lengths were selected on opposite slopes of the bands of the
dyes and ratios of extinction coefticients of solutions at these points
obtained. Although the conditions chosen in that particular instance
were not ideal for the purpose, it was found that the ratios obtained
provided a wuch better means of distinguishing between the dyes
in question than did the dye maxima.

The term “absorption ratio” way adopted, subsequently, for n
ratio of this type. It may be defined as the ratio of the extinetion
cocflicients of a solution of a colored substance at two speeific wave
lengths. I the wave lengths in question are selected on opposite
stdes of the absorption maximum, the absorption ratio defines the
spectrul location of the absorption band. If they are selected on
tlie xame side of the maximum (as muy be necessary in visual meas-
weements on yellow dyes) the absorption ratie defines the gradient
of the slope of the band within the region of measurements. The
slope of an absorption band is usualiy less characteristic than its
spectral loeation,

‘I'he application of the absorption ratio may be seen by reference
to Figure 9,
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The curves represented ave related in the munner which is usual
between curves of dyes of similar structure which differ only in
mtinor constitutional aspects. Dyes A, B, and € may be distin-
guished by their maxima, which are, respectively, 590, 595, and
600 my. They may also be distinguished on the basis of absorption
ratios. I the ratio adopted be that of extinction coelficients of
their solutions at 580 mg to those at 610 my, the ratio values of A, B,
and C will be found to be, vespectively, 0.88, 113, and 148. The
range of variation in absorption
ratto  values is much greater
than that in maxima values.

In the particular instance ii-
lustrated 1t would not be difhi-
cult to differentiate between the
dyes on the basis of their max-
ima, but the heads of the bamds
of dyes are sometimes so poorly
[ defined thut it may be difficult
) to distinguish between maxima
W :

\

i

3

3
)

S

even when bands are as widely
separated as those illustrated.

EXTNCTIEN  COFCSICAENTIVE)

i)
b

/ i Iiven when dealing with dyes
4 ! which have clean-cut spectra,
4 l \\\L the maxima method has definite
T e i a0 limitations, If the existence of
erne S=--Represontative absorptivs spet- a fourth d)"?,_D,_ be assumed, the
" Tfrn b elnsoly roIed Gres band of which lies 1 mp farther
toward the region of longer
wave lengths than doees that of dye B, it is evident that its maximum
will fall ab 396 mp and that it will be difficult or impossible to dis-
tingnish between it and that of dye B with any certainty, Its ab-
sorption ratio value, however, will be 1.20, which can be distinguished
readily from 1.13, the ratio value of dve B.
Holmes and Peterson (34) have tested the value of absorption
ratios as a means of identification in an investigation of 90 dyes
employed in biological staining. (Table 2.)

X

Tanrke 2—Absurption ralio of various dpes {33)

Color Y

i Wave
. Solvent t
IIye lggi:!.\ Solvent lengths

Absorp-
tion
rikin 2

!
Flutomseein (sodium saltd N C 5 drops 1 per cont NaaC 05 e aaas
Aumnpin____.. .. fib | .
Martins yellow
Omnge (G
Resorein yellow
Chrysoitin Y _
Chrysoidin R cmra ammiammamn e o e en
Butlan § - 5 per cont alcohol .o
Hismark brown Y
Omaoge 11 . .
Orange IV e + M draps 4NUITOLL
Blsmark brown R, .- 32 .-
Conyo red ..
Purpurinn 48
Vited Tl

Mg'.a
P BN PN P T B R
SEBESREssRage""

See foptnotes vad of talle.
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TanLe 2—aAbgorption rutio of reriows dyes {33)—Continued

1 Color T Ware Absarp-
Dyw Tadex Solvent cprrtre | HER
e o, tengihs | g

Swlan Blloaeaeea oo . . B3 per centb
Crystal porecig . - i

Hishrieh senrlel ... -
Urange 1

Fastrad Aol e '
Methyl orunge - L i 21 drogps S5LAECE
Sutlun IV ___, .. RN L L U3 prer cent slieolid.
Firio gnrues 1 Lo i1t

Huoleaws B____.... .
[Hbrmnlliorescy + .
Aersurachironw.. . . . 506, 395
Bosin | . .

Jeenns red oL e o . A biy 540
Asmroath .. .- .. - ’
Fosin 3 ..
Pheiosafratiin ...
Fryilwosin.
Snlramin. . . i

Plioxin it 15, HE
Muethyl wosin 1

Lthyles 1 DA | 1 T -
Nugim! vl -4 drops aceiic peld...
Metiiyless vielet 2R 3

Khoddpenin B ...,
Daruresunilin . .
Newtend violel. +5 draps neetie neid.

Achl fychsin.
Pyronin G_.
Rhadamin Q
New funfsin.
Hhodumin i3
Pyronin Bo.__.- _
Rose Bengal 38_ i 9 0 A drops 1 per cent NmC 0 0, 570
.-:Fmrjn el S !N N
S HERnn R { I ]
Chrome blnck ¥ - I 545, 575
Disgdaln red oo ’
Meldaly's blue : 560, 500
Methyl violet.

Iris viotet

Benzyl violet.. R,
Anilin blue fspirit seloble) .
Erssial viodob __eo.o . ons
Nijrosin (water salnbla) ..

Hihyi vintet,

Thinnin

Cresyt vislel (Gritblery__
Anilin binge {wuter soluble
Trypoe blue

Nimgars sk biue.

Methyi bine

Methylene viotet (Berathseny. ..
Treligntin

Vietorin blup .

Night blue__..

Cresy! bine {5

Mninchite prech

Fnst green FCOF

CGuinen green B

Irillinnt green. .

New methylene ble 2

Cresyd violet (NAC). .
Taluidin blue O

gt wreen SEY .

Mathy! prean_.

WNite ddne A ..

Melhiyvlene green.

Junns precn . .
Niie biue 28 . } 045, 665
MMethyiene bl B

Thipgin bilue, . A

Capri idne (100N ] ] | G5, GRG

&1, 605

1 {niess ol wise specified, the solvent used was 50 per cont watar nnd 50 per cent of 85 per cent siechol,
Any addition to the standard solvent is indiended by +, ;

e phsorption retlo was cplenbried by dividing the extinction cocfileiont obtained at
the storter wave fength specitied by et oidained at the ooger wave Iengih.
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In gencral, the solvent employed was 50 per cent water and 50
per cent ot 95 per cent nlechol.  (P. 28.)  (As was to be anticipated,
the ratios proved less satisfactory when dealing with yellow, orange,
or brown dyes than with dyes of other colors, and less satisfactory
with azo dyes than with the dyes of other classes. The accuracy with
which they could be determined depended, naturally, upon relative
visual sensitivity within the region in which it was necessary to
undertake the measurements. Under the least favorable condifions
cneountered results varied by as much as 1 or 2 per cent, bui an
excellent agreement in values was generally obtained.

It was found that abisorptisn ratios alone were ample for the pur-
pese of differentiating between the dyes investigated, and unques-
tionably they provide an exceptionally convenient and valuable
means for identifying dyes in general, although it may prove ad-
visable to resort to other methods for corroborative evidence,

With some of the dyes examined, different samples from different
SOUTTES H}:'o\-’ed sibstuntially uniform. With numerous dyes, how-
ever, diffevent samples gave some diversity in values, Obviously
the nature of the absorption ratio is such that its values with any
given dye will usmally be affected by the presence of other dyes.
Most commercinl dyes contain varying proportions of subsidinry
coloring matiers which have ratio values decidedly different from
that of the dye with which they are associated. Such color impuri-
ties modify the ratic values of the dyes with which they occur in a
degree corresponding with the proportion in which they are present.

It might appeur that this civcumstance would invalidate the use
of absorption ratios, or would at least detract scriously from their
practical ufility for purposes of identification. It sects probable,
however, thut the proportion of subsidiary dyes will seldom be large
enough to obseure the identity of the principal dye. The differences
m ratio values between different dyes ave so considerable, in general,
that the danger of crroneons conclusions is small, The analyst will
nsually vecognize the dye with which he is dealing and realize that
he has to do with an abnormal sample of that dye.

The same circumstance, on the other hand, is of great service to
the discriminating analyst who is interested in the nature of his
samples, apart from the mere identity of the principal dye present.
The absorption ratio Is an excellent criterion of dve purity, in the
restricted sense of purity from contamination with other coloring
matters.  “The deviation of values may frequently enable the analyst
to estimate the proportion of subsidinry dyes present within some-
what narvow limits. (P, 84.)

A simple absorption ratio, accordingly, which may be determined
casily within a foew minates, is not only an effective means for estab-
lishing the identity of dyes, but at the same time it may also furnish
considerable information respecting their purity, which could be
ebtained by other means only with difficulty, if at all,

Absarption ratios have also been found of value as u criterion of
dye purity in the synthesis and purifieation of dyes in the Color and
Farm Waste Division. They may be determined readily with material
at any point in the process, and they enable the chemist to follow
the course of his operations intelligently. If recrystallization effects
the removal of a subsidiary dye, for exanple, the absorption ratio
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will indicale that fact and will also inforne the chemnist when the
climination of the Diapurity in question has been made ns complete
as is possible by the means employed. No other criteria are as easy
to apply for the purpose or have ns wide a range of application.

It will be obvicus that the methods of dye identification outlined
are applicable not only with dyes but also with a great variety of
colorless substances which are of such a character as will enable the
annlyst to convert them readily into colored substances. The
phenols, as a class, supply an excellent illustration. They were con-
verted into phthalein dyes by Gsell (77) and by Formdnek and
Knop (7); into azo dyes by Palkin and Wules (50, 57), and into
indophenols by Gibbs.? In each instance spectroscopic means were
employed to identify the resulting dyes. Their identification serves,
in turn, to identify the phenols used in their preparation.

THE SFECTROPHOTOMETRIC EVALUATION OF DYES
INDIVIDUAL DYES

The employment of the spectrophotometer for the quantitative
estimation of dyes is very simple in theory. The Bunsen extinction
coellicients of any dye solution vary in direet proportion with the
concentration of dye. When standard absorption data have once
been obtained on solutions containing a known concentration of a dye
the stnalyst can determine readily the concentration of other solutions
of that dye (in the same solvent) on the basis of comparison of its
absorption data.

This statement is completely valid, of course, only in instances in
which the normal operation of Deer’s law is the sole determining
factor. It has already been pointed out that a variety of other
factors may be encountered in general practice which influence the
absorption of dyes. It is cbvious that these may give rise to ap-
preciable errors in the evaluation of dyes unless the technic followed
and the conditions provided are such as will preclude such =
possibility.

The first recquirement for spectropliotometric analysis is that of
standard data. In some instances, perhaps, the analyst may be
concerned merely with relative values, as is the practical dye tester.
In gencral, however, he will require absolute data. It is impossible
te calculate the extinction coefficients which solutions of a given
dye will have. They have to be determined experimentally.

Although some data are available in the literature on the guanti-
tative absorption of certain dyes, they scldom can be relied upon,
unfertunately, for purpuses of guantitative analysis. Even when
otherwise adapted for analytical needs, they are usnally supplied
with so little information respecting purity of material and precise
technic that the analyst can not feet assured of their dependability
or of the exuct conditions which their use demands. It is always
advisable, and it is usually necessary, for him to obtain his own
standard data in order to insure reliable resuits.

The first requisites for that purpoese are samples of known dye.
Absolute purity is seldem attainable, nor is it necessary. The pres-
ence of moisture, inorganic salts, or colorless organic substances is

S Unpublisbed jnvestigations,
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immaterial. The essential requirements are that the sample shall be
substantially free from foreign coloring matters and that its actual
dye content shall have been deferniined by reliable methods,

Parification from color impurities is obtained by recrystalliza-
tion, separation with immiscible solvents, or other treatments
adapted to the requirements of specific instances. The results of
such treatments may be followed with the spectrophotometer. Sub-
stantial freedom from color impurities may be assumed when fur-
ther treatment ceases to modify the precise form of the spectrum.
More simply, it is indicated by a constant absorption ratio, (P. 21.)

The dye content of samples should usually be determined by means
of titration with a standard titanous chloride solution (43). This
reduction method is applicable wili most dyes and is exceptionally
convenient. The presence of such foreign substances as are ordi-
narily found associated with dyes is immaterial. The reduction
method is direct, requiring no preliminary standardization in opera-
tion. It is seldom that other chemical methods of dye analysis are
equally suitable ov satisfactory, although it may prove advisable or
necessary to resort to them in specific instances.

If resort is made to other chemical methods of analysis it is well
to make certain that the dye samples with which they ave employed
are free from interfering substances. The experience of Holmes and
Peterson (J6) with neutral red and the pyronines may be cited.
With these dyes, which can not be evaluated by the reduction method,
it was found that all available samples contained appreciable pro-
portions of organic dye intermediates, which invalidated results
obtained by other chemical methods. In order to obtain material of
known dye content it was necessary to eliminate these organic im-
purities. This was effected by repeated crystallization. The ma-
terial wans analyzed and examined with the spectrophotometer after
each crystallization, and the results of chemical analysis were ac-
cepted as reliable only when a constant ratio had been obtained
between extinction coefticients and apparent dye content as indicated
by chemieal means.

It is obvious that the method employed in obtaining standard data
should be the same as that which is used subsequently in the evalu-
atton of the sume dye. It is improbable that any analyst would
deliberately employ different solvents in the two instances. Ib is,
however, quite possible that he might minimize the necessity for
uniformity in scemingly immaterial details of practice. Minor de-
tails of manipulation ave of little consequence when dyes give true
solutions in the solvents employed. When dyes have decided col-
toidal tendencies in the solvents used, however, minor variations in
m:mlipulution muy frequently lead to appreciable variations in
results.

Let us suppose, for example, that it is intended to evaluate a dye
on the basis of its extinction coefficients in 50 per cent alcohol, With
colloidal dyes it will be found that the absorption values of their
solutions may differ decidedly depending upon whether (1) a stock
solution is prepared in 50 per cent alcohol and diluted with the same
solvent, or (2) an aqueous solution is made up and diluted with alco-
hol, or (3) an aleoholic solution is made up and diluted with water,
It may also be found that different values are obtained, depending
upon whether or not u resort is made to heating in order to insure
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complete solution of dye in the stock solution, Tt will be found,
finally, that it may matter decidedly whether the absorption readings
ave taken immediately atter the preparation of the solntions or some-
what later, for example, over the week-end.

In such instances the physical state of the freshly prepared solu-
tion may vary considerably in accordance with the method of its
preparation,  Physical readjustment ensues, but may often require
a period of days or weeks for completion. Tt is not feasible for the
analyst to wait until the final state of physical equilibrium has been
reached. The only practicable conrse is that of carrying out the ab-
sorption measurements upon freshly prepared solutions, and depend-
ing apon a striet adherence to a 1-igi(Ftechnic in their preparation to
insure uniformity in results.

The indirect method of preparing solutions for examination (that
18, by dilution of a stock seclution} shonld be followed unless only
minute quantities of materinl are available. With many technical
dye products it is necessary to start with several tenths of a gram of
dye in order to insure obtaining u representative sample.

The choice of solvent is of the greatest importance. No single sol-
vent, unfortunately, is suitable for employment with all dyes.

A digression seems advisable at this point in order to consider the
bearing which the general character of the analyst’s work may have
upon his choice of solvent and technic.

If the analyst is concerned merely with the evaluation of solutions
of individual dyes, it will be advisable for him to investigate the gen-
eral question of solvent and conditions with some care. The solvent
selected should, if possible, be one in which the dye will be completely
dispersed. If any regulation of hydrogen-ion concentration is nec-
essary or advisable the provisions adopted should be such as will
allow of minor inadvertent variation in conditions with safety; that
is, the point selected should lie within a pH range in which the dye
is chemically stable. The technic followed should be one which has
been tested and found to give reliable results with the particular dye
in question.

If the analyst is concerned with the analysis of dye mixtures as
well as with that of individual dyes, this course, unfortunately, is not
sufficient. Standard absorption data are valid only when the exact
conditions under which they were obtained are duplicated., Mixtures
of dyes ean be analyzed only when standard data are available which
have been obtained with the component dyes of the mixture under
the same conditions ns are utilized in examining the mixture.

It is well, accordingly, for the analyst to obtain standard data on
dyes by two methods—a specific and a general procedure. The spe-
cific method may then be employed to best advantage when the dye
is alone. The general method will probably give somewhat less reli-
able results, but will enable the analyst to evaluate the dye when it
is in dye mixtures.

Aqueous solutions have been employed somewhat generally in the
spectrophotometric evaluation of dyes, but their use has unques-
tionably resulted in many inaccuracies. The authors have pointed
out that many dyes undergo tautomeric alteration with variation in
coneentration in aqueocus solution. These alterations frequently oc-
cur over the range of concentration within which measurements are
usually carried out in analytical practice. The data of French (8)
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on agueous methylene blue solutions illustrate the magnitude of er-
rors which may arise from this source.

It has been customary in spectrophotometric analysis to depend
upon a comparison of extinction coeflicients at or near the dye maxi-
mum in solutions which may differ decidedly in actual dye concen-
tration. The analyst, for example, has determined that’a 1-centi-
meter layer of an agueous solution of methylene blue containing 10
milligrams of actual dye per liter has a cortain extinction coefficient
at 673 mu. He mensures the extinetion coeflicient of a l-centimeter
Iayer of a sccond aqueous solution of the dye at 678 mp and finds
its ratio to his standard data to be 70:100. He concludes that the
concentration of actual dye in the second solution is 7 milligrams per
Liter. In reality, however, it is appreciably less.

In this instance the analyst is dealing with a mixture of two dye
forms, the relative proportions of which are altered with every
change in actual dye concentration, rather than with a single dye
form. His measurcinents are carried out in a region in which one
dye form absorbs light much more strongly than does the other.
The relative proportiorn of the strongly absorbent dye form increases
upen dilution. His extinetion coeflicients have no fixed relation to
actual dye content. If the solution he is evaluating is more dilute
than that with which he obtained his standard data, his results (in-
dicated dye contents) will be too high. If he employs mare concen-
trated solutions, his results will be too low.

There are a variety of ways in which this difficulty may be ob-
viated. The analyst may adopt the principle of carrying out all
critical measurement. at nearly identical concentrations of actual
dye. ‘L'his, however, would necessitate means whereby solution lay-
ers could be varied and measured with precision, or would involve
the repeated preparation of dye solution. The latter course is
mapplicable, moreover, when dealing with dye 1.ixtures. The
analyst may employ his usual technic and standardize his extinction
values against dye content experimentally over such a working range
as might be encountered in general practice; but this course would
prove decidedly laborious. He may employ his usnal technic with-
out standardization by determining the particular wave length at
which both dye forms have the same absorption and at which, ac-
cordingly, the relation of the extinction coefficient is unaffected by
vaviation in dye concentration. (P. 80.) Although data obtained
at this wave length would prove adequate for the evaluation of dye,
it is desirable to have reliable data at other wave lengths for employ-
ment with dye mixtures,

The only thoroughly adequate and satisfactory course appears to
be to avoid the use of aqueows solutions in general practice.

The phenomenon of tautomeric alteration in dyes with changing
concentration is seldom encountered in aleohol, and aleohol has ofher
advantages as a solvent. With aqueous solutions of basic dyes,
adsorption of dye base occurs an the surface of containing vessels
and absorption cells in varying degrees, depending upor. the nature
of the dye, the composition of the glass, and other factors. With
aqueons solutions of safranines, for examiple, a 10 per cent decrease
in absorption values, arising from this cause, has been observed
repeatedly when solutions were left in the absorption cells for about
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45 minntes. This type of adsorption is not encountered, or is
negligible in proportion, in alcoholie solutions.

The use of 90 per cent alcchol has been recommended for employ-
ment with dyes which undergo tautomeric alterations in aqueous
solution and with basic dyes in general {25). It will be found, how-
ever, that 50 per cent alcohol is nearly as effective in stabilizing dye
solution to variations in dye concentration and in minimizing acfsorp-
tion. It is decidedly more economical in use, and for many dyes
1t is probably even preferable o a solvent with a higher content
of aleohol.

The use of 50 per cent alcohol has proved very satisfactory with
dyes 1n general, and the writers have little hesitation in advocating
its employment in a general technic, intended for application in
particular with dye mixtures. It is suggested that it be used both
for the preparation of the stock solution and for its dilution. Al
though 1t is an effective solvent for most dyes, it may be advisable
to warm the stock solutions of some dyes to promote solution. It is
suggested, accordingly, that all stock solutions be warmed in their
preparation to insure uniformity in that respect. The addition of
buffering agents to insure a definite hydrogen-ion concentration is
not advocated. Dyes dissolvc less readily in buffered solutions, and
their colloidal tendencies are accentuated in them. Definite regula-
tion of hydrogen-ion concentration is essential only with a few dyes.
It is suggested, finally, that in all instances absorption measure-
nients be made on the freshly prepared solutions.

It will be understood that this practice will not prove suitable in
the examination of all dyes. It is not advocated for use with any
individual dye, although it will nsually prove reasonably suitable.
It is recommended only for general use 1n the field of the analysis of
dye mixtures in which the use of a single technic is reguisite which
will prove comparatively reliable with dyes of many different
clusses and types.

In ebtaining standard absorption data it is well to carry out meas-
urenlents thronghout the visible spectrum. The standard spectrum
obtained will enable the analyst to detect the presence of appreciable
quantities of foreign eoloring matters when found in future sam-
ples, and will also provide him with all the data he may require in
the evaluation of dye mixtures. For the analysis of individual dyes
he will require values obtained at one, two, or three wave lengths.
These should be selected at or near the wave length of the dye
maximum rather than upon the slopes of the absorption curves, since
the disturbing influence of foreign dyes, which may be encountered
in practice, may prove more serious in the latter instance. With
yellow dyes, however, it usually will be necessary to deal with band
slopes. This course may also prove very advisable whenever dye
maxima lie near the extremes of the visible spectrum. In such in-
stances the advantage of improving photometric sensitivity would
outweigh all other considerations.

Although the spectrophotometric method of dye analysis is some-
what less accurate with some dyes, particularly with most yellow
dyes, than is the reduction method with titanous chloride, it com-
pares favorably with the latter method with dyes in general. When
the provisions of the technic are judictous it gives reliable results
with most dyes. It may be employed with some dyes to which the
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reduetion method of evaluation is inapplicable. It mwuy, if neces-
sury, be applied to extremely small quantities of material.

It is, perhaps, unnecessary to add that the spectrophotometer may
be utilized to considerable advantage in connection with many of
the color reactions which the analytical chemist employs. A single
lustration will be cited. It was recently shown that the familiur
turmeric test for boron could be modified in such manner as would
render it possible to follow its operation with the spectrophotom-
eter, and the results obtained indicated that it would prove possible
to detect thereby the presence of 1 part of boron in 25,000,000 parts
of aqueous solution (£9).

DYE MIXTURES

Spectrophotometric methods have exceptional utility in the analy.
sis of dye mixtures. It has been found possible to analyze certain
simple mixtures of dyes on principles of differential reduction (£2),
but the possibilities along such lines are definitely limited. In gen-
eral, dye mixtures can be analyzed by chemical means only after the
separation of their individual components has been effected, and
such separations are usually very laborious and frequently relatively
ineffective. Spectrophotometric methods, on the other hand, are
very convenient and have an extensive range of application.

The extinction ceeflicients of a mixture of dyes (when chemical
action between such dves is excluded) is the simple sum of those of
its component dyes. When standard data have been obtained on the
individual dyes in a mixture the analyst is equipped for the analy-
sis of that mixture.

It is obvious that all standard data must be obtained with the same
solvent and technie, and the dye mixture examined under precisely
the same circumstances to obtain reliable results.

It has already Leen pointed out that water is unsuitable as 2 sol-
vent in the analysis of dye mixtures, and a provisional technic has
been outlined, employing 50 per cent sleohol, which is considered
advisable, (P. 29.)

In obtaining data on individual dyes it is advisable to carry out
measurements throughout the visible spectrum at intervals which are
small enough to define the dye spectrum in detail. It is advantageous
to adopt a standard dye concentration for such measurements or, ab
all events, to caleulate the results to terms of a conunon dye concen-
tration. Standard absorption curves can then be constructed on the
basis of a standard concentration. These will be referred to as spe-
cific absorption curves. The utility of such specific curves is illus-
trated in Figure 10,

These curves illustrate the fact that there is a certain wave length
at which the absorption of a mixture of two dyes is unaffected by
variations in their relative proportions. At the point of intersection
of specific absorption curves of dyes the only factor which influences
the absorption of a mixture of those dyes’is that of the total dye
concentration (2}).

In order to determine the total dye content of a mixture of two
dyes, accordingly, it is only necessary to prepare a solution of appro-
priate concentration and determine its extinction coefficient at the
wave length of intersection of specific curves of the component dyes,
The ratio of the value obtained to the corresponding value on ‘the




TR VISUAL SPECTROPHOTOMETRY OF DYES 31

specific curves will Le that of the concentration of total dye in the
solution nnder examination to the standard concentration ot dye em-
ployed in obtaining the specific data. The total dye content of the
mixture may be calculated on that simple basis.

In some instances this single measurement may be all that the
analyst may require. Nothing further is needed, for example, in
determining whether mixtures of two food colors comply with the
regalation of the Food and Drug Administration that they shall
be labeled with a true statement of total dye content. More fre-
quently, however, the analyst will also wish to determine the dye
content of the individual components of the mixture. There are a
variety of wuys in which
this vy be accomplished.

When one of the compo-
nents of a dye mixture ab-
sorbs light in a region of the
spectrum in which the see-
ond component does not {at
such dye concentrations as
are emploved in the exam-
ination of the mixture), it 3
is obvious that its concen- \\
tration may be determined = \
divectly by means of absorp- = \
tion measurcments in that o iz B
recion, In the instance PAIE LENGTH (ATIELNIICRONTS
illustrated in Fi,‘.’_’lll'(‘- 10, for In"n:;l.'nt:ITID.—-.-\llsor]niun spectri of iwo dves nnd
example, it would be possi- fu'_f-o"ll;aﬁ}lllﬂ?fx-aﬂﬂuﬂngiotlii{::e;a'.::o“:'l]:aicr:;i;utth%rtottﬂtel
ble to determine the concen-  Idrvidial v sufycions: v, by 4, 100 pee
tration of (]ng B {])r Neans dye & and &5 per eeut dye B DL 50 per tent
of measuremoents carried out gieh dyes & fnd 0y b =0 perent dse & il
ab 610 myp.

Frequently, however, the analyst may find it necessary to depend
upon meastirements in regions in which the absorption of the dye
components overlap. In such instances he may measure the extine-
tion coefficient of the solution of his mixture at the maximum of one
of its components. The value so obtained is reduced to specific con-
ditions. In other words, he calculates what it would be if the total
dye concentration of the solution under examination were the stand-
ard dye concentration employed in obtaining his specific data. (It
is nssumied, of course, that he has already determined the total dye
concentration of his solution in the manner previously outlined and
hus, accordingly, the data necessary for the calculation in question.)
The percentage of dye in the mixture may then be caleulated by
means of the formula
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Whero .\ =the percentage of dye A in the mixture.

a=the extinction coeflicient of the specifie curve of dye A
at its maximum.

L=the extinction coefticient of the specific curve of dye B
at the maximum of dye A,

o =the extinction coefticient of the dye mixture solution nt

the maximum of dye A, reduced fo specific value,
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Referring agnin to Figure 10 it is assumed that a solution of a
mixture of dyes A and B is found to have extinction coellicients of
0.56 and 0.72, respectively, at 570 mu and 550 ma. Then

0.90—0.42) 100
and X ={ 1.0{3—0.?42 =75 {per cent)

Then 73 per cent of the dye mixture is dye A and 25 per cent dye B.

These values may be checked by means of further measurements
at other wave lengths, In the absence of appreciable quantities of
other dyes, it should be possible to obtain consistent results through-
out the speetrum.

If the analyst prefers, he may establish the relative proportions
of dyes in simple mixtures in a different manner. He may employ
the ratio of extinction coeflicients at, or near, the respective maxima
of the dyes with which he ts dealing. Tt wili be evident that the
value of this ratio will be unaffected by varintion in total dye
content but will be affected in a decided degree by any variation in
the velative proportions of the components. Having specific curves
of component dyes available, the analyst can ealeulate readily what
values this ratio will have over the entire range of variation In per-
cenfage composition of mixtures of those dyes. .

There is probably little choice between these two methods of
determining percentage composition of mixtures in general prac-
tice. The analyst should make his selection between them on the
basis of their relative advantages and disadvantages under the
particular conditions with which he may be concerned,

These methods have certain practical limitations. They are of
Tittle value if one of the dyes is present in only very small prapor-
tion. Maximum accuracy is obtained only when the dyes involved
have bands which arve well separated in” spectral loeation. They
are very convenient to apply, however, and yield resnlts, under
Tavorable conditions, which are accurate within about 1 per cent.

With dye mixtures containing three components the propertion
of instances in which accurate results may be obtained is smaller.
When the forms of the specific curves are such as preclude reliable
measurements of the concentration of any one or any two of the
dyes, it becomes necessarv to resort to complex ealculations, and
appreciable errors may vesult. Under favorable circumstances, how-
ever, it may be possible to obtuin satisfuctory results.

Having obtained standard specific absorption curves on three
such dyes the analyst may evaluate a mixture of them by measuring
E,, By, and Ey at mp,, mip., and myg, where these wave lengths repre-
sent the maximum absorption of the dyes in question, A, B, and O,
respectively.

Then it is obvious that—

=X +¥Y+Z,

E.=X,+F.+ 7,

E=X,+3.+2Z,
where X, .Uy, and X represent the extinction coefficients of dye A
at gy, mp,, and mpa, and ¥, ¥, uud ¥y andZ,, Z,, and Z, represent
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the extinction coefficients of dyes B and C, respectively, at the same
respective wave lengths. Inasmuch as the ratios of the wvalues
of the extinction cocflicients of each individual dye at mg,, mp,, and
my, may be calculated from the basic data previously obtained,
and are constant under suitable working conditions, 1t is_possible to
solve these cquations, obtaining values for &, X., X,, 17, ., ¥y,
Zv, £, and Z,. The percentage of the component dyes in the mixture
may then be ealculated by dividing these values by the specific
extinetion cocfficients of the dyes at those wave lengths.

Applying this method in ihe evaluation of three mixtures of the
dyes erythrosine, phloxine B, and rose Bengal B the authors obtained
the results shown in Table 3.

anLg 3.—Porcentage of the componcnt dycy in mizlwres of cryihrosine,
phlozing B, and rose Bengal B

EryLhrosine Thloxine B | Ttose Dongal BB
Dye mixture Mo,

Presant | Fouml I"mﬂcntl Found | Present | Found
]

3 13.9
.53 4.0
0 H.Y

When . independent measurements may be obtained upon one of
their component dyes, mixtures of three dyes may be analyzed more
simply and with greater accuracy. An example is given in Figure 11.

In evaluuting such a mix-
ture the concenteation of
dye C could be obtained di-
rectly by measuring extine-
tion cocfficients within the
region between 573 mp and
GO0 mp.  Turther measure-
ments within the region be-
tween 540 mp and 560 mp
wonld give values for B and
C from which the concenira-
tion of dye B could be ob-
tained, since the values for
dye C alone in the region
could be calculated from the
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Such methods as have been outlined hitherte for dye mixtures
prove ineffective when the dye components differ but slightly in their
hue and in the spectral locations of their absorption bands. This
condition is seldum encountered in deliberate mixtures, but may fre-
quently De met with in general practice. The analyst may wish to
investignte the charncter ef dyes which sre commonly marketed as
mixtures of varying proportions of similar individual eompeonents,
or study the decomposition of dyes inte products of similar eolor,
In these, and in similar instances, the employment of absorption
ralios may prove extremely tiseful.

Reforring to Figure 9 it will be evident that if dye B contained as
an impurity any appreciable proportion of dye A ifs absorption ratio
would be inereased, and that the increase would be propertionate to
the percentage of dyve A which was present. It can be calculated that
it would require only approximately 3 per cent of dye A to raise the
absorption ratio of dyve B from 1.13to 1.14. A careful determination
of absorption mtios, aecordingly, would enable the analyst to calculate
the approximate percentage of dye A in mixtures of dyes A and B.

The accurncy of such determiations will vary considerably with
vonditions, depending in large measure upon visual sensitivity in the
region in which the measurements are carried out and upon the spee-
{ral interval between the bands of the dyes in question.  Under favor-
able conditions it is probable that results may be obtained which are
acenrate within about 2 per cent. In most instances, however, the
method will prove dectdedly Tess satisfactory.  Even when conditions
are such, however, that results obtained are only roughly quantita-
tive, the method affords n very convenient means of obtaining infor-
mutien which is usnaily more definite than that obtainable by
laborions chemical methods,

The absorption ratio method has been utilized in cvaluating mix-
tures of methylene blue and trimethyl thionine {37}. and in investi-
gating the atmospheric dealkylation of methylene blue (47} and of
cresyl biue (36},

SPECTROFHOTOMETRIC EVALUATION AND PRACTICAL DYE TESTING

The practical dye tester does not concern himself with absolute dye
strengths,  He adopts n convenient dye strength arbitrarily to
serve as hig stundard, or type, and evaluutes dye samples in terms
of thut standard, basing his estimate upon the results which he
oblains in small-scale comparative dyeings. IHis operntions are
unguestionably more cumberseine and crude than are spectrophoto-
metric or chemical methods of dye analysis. It might appear
probable thal the latter methods might advantageously replace those
new in use for practical dye testing.

This possibility has been investigated at this laboratory and else-
wheve, und the conclusions reached have been in substantial agree-
ment.  Spectrophotometric values can not be interpreted (as yet,
at 2all events) in precise terms of brilliance and hue. Neither
spectrophotometric evaluation nor chemical methods of dye analysis,
moreover. can be relied upon to afford a velinble index of dye
strength, with dyes in genernl. in the practical sense in which dye
strength is judged in the industries. With some dyes upalytical
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results may agree closely with the dye tester’s verdict, but with other
dyes appreciable discrepancies may be encountered,

It is necessary to admit that analytical methods are not sufliciently
developed, and that our knowledge of dyeing processes is not sufhi-
ciently complete, to enable one te define the essential dyeing prop-
erties of technical dyes from their analytical examinution.
Analytical methods, in short, can not replace practical dye testing.

INDICATOR METHODS

The application of spectrophotometric methods to indicator prac-
tice was made practieally simultaneously by Holmes (18, 87, 38, 39,
40), by Brode (), and by Thiel, Dassler, and Wuifken {56).

Indicators comunonly change between two colors, although some
indicators, like phenolphthalein, may exist in only one colored form.
Certain  imdieators, such as
the sulphonphthaleins, exist * ’A\
in three forms and have two /
useful transition ranges in
color. A limited number of
indicators exist in more thun
three forws.

Indicator changes are in-
variably accompanied by de-
cidled alterations in absorp-
tion spectra, and the degree
of transformation of any in-
dicator at any definite hydro-
gen-ien concentration within
the range, or ranges, of its / \
utility may be measured with
the aid of the spectropho-
tometer and given numerical #7
expression in terms of spec-
trophotometric ratios. The FigEwn (5= A isho Shtin sapuonate mdo-
(‘mi}ll‘l{::ll calibration Of such phenel nt different h)'f_lros:m_l-l?‘n. concehtrations
ratios against known hydro-  jieroee bl adse o Y 5.82: B, $1.5 my per
gen electrode values yields
data which muy be utilized subsequently in the determination
of the Sdrensen exponents of solutions of unknown hydrogen-ion
conventrations.

In point of fact the necessary spectrophotometric data for indi-
cator practice can be ealeulated on theoretical assumptions. All
that is required for the purpose is a knowledge of the apparent
dissociation constant of the indicator and its absorption curves ob-
tained under conditions which insure practically complete conver-
sion, respectively, into its two color forms. The only assumptions
required are that the indieator shall exhibit the essentinl behavior
of a monobasic substance and that it shall conform to Beer’s law.
It is never entirely safe, however, to rely implicitly upon these
assuinptions, and an experimental verification of ratios is always
advisuble. Typical indicator transformations are illustrated in
Figures 12, 13, and 14.
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Within the region of its transition an indicator is essentially a
mixtire of two dyes, and the methods by which it may be investi-
gated are those which have already been outlined for the analysis
of dye mixtures, The courses which may be followed ave itlus-

trated by the graph of

i

l.naphthol-2-sodium
sulphonateindophenol.

(Fig. 12.)
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630 mg. This trans-
formation is practi-
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Fraviee 10 -—Absorpting speetra of agqueons solutions of
phenolsulpbogphthalein ot different hydrogen-lon con-
cenleatlons s A, AC pil G3; 1t ot plf 7.5 €, at pil

0.1 D, In coucentrated su'lphurlu acld

cally complete in pass-
ing from pH 5.7 to pH
1L.7, but 80 per cent of
the alteration ocecurs
between pH 7.7 and
pH 9.7, and this

smaller interval constitutes the useful working range of the indica-
tor, Within the latter range any appreciable change in hydrogen-

ion concentration is accont-
paniedd by a corresponding
alteration in the relative pro-
portiens of the red and blue
tforms of the indicator and,
congequently, by a corre-
sponding alteration in the
relative intensities of their
absorption bands.

The degree of transforma-
tien of the dye at any given
hydrogen-ion concentration
in this range mny be deter-
mined conveniently by
means of absorption meas-
urenents earvied out (1) at,
or near, 630 my or (2) at, or
near, 500 my, or (3) at both
wave lengths,

In the first instance, the
blue form of the indieator
would be measured alene,

) Al
|
E o /ﬁ/\\
L. A0
TN
§ /// \\

Al

Al L L L

PIEREE LENGIA  [MILLIMCRENT)
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since the red form does not have appreciable absorption at that wave
length in such concentrations as would be employed. ‘T'he spectro-
photometric ratic employed would be that of the extinction coeflicient
at 630 mp under the conditions of the test to the extinction coeflicient
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at the same wave length of an equal quantity of indicator under con-
ditions which insured practically complete conversion into the blue
form. ‘I'his type of ratio will be referred to by the term A, It
will be evidens that an £, ratio can be employed only with solutions
in which the precise concentration of indicator is known.

In the second instance the red form of the indicator would be
measured, primarily. In actual practice with this particular indi-
cator, it is improbable that the analyst would employ an R, ratio at
500 nye.  Not only is the red form of the dye less intense than the
blue form,-but the alteration in extinction coefficients at 500 mp per
unit change in indicator transformation would be further reduced
by the fact that the blue form of the indicator absorbs some light at
that wave length, and that its absorption there would increase as
that of the red form diminished. The analyst, accordingly, would
prefer to mneasure the absorption of the blue form of the dye.

In the third instance the ratio employed would be that of the
extinction coeflicient of the solution under examinuation at 500 my to
the extinction cocflicient of the same solution at 630 mp, or vice versa.
‘This type of ratio, whieh will be termed an £, ratio, affords n maxi-
mum degree of alteration in value per unit change in indicator
trnnsformation, sinde hoth the increase in one absorption band and the
simultuneons deerease in the other contribute to it. It will be evident
that values of &, ratios will not be uffected by changes in indicator
conceentration and that the £ ratios, accordingly, may be employed
with solutions in which the concentration of indicator is not known.

In actual practice the analyst would probably prefer to employ
some other wave lengths, for instance 520 and 600 mg, rather than the
wave lengths referred to in the previous discussion. The visual sen-
sitivily of the analyst is nppreciably greater at 520 inp than at 500 mp
and at 600 than at 630 me.  If such changes were made, the differenti-
ating value of the ratios would decrease ostensibly, but it is probable
that the actual accuracy of the methods would be distinetly improved,
owing to the .improve! accuracy with which measnrements could be
carried out.

It is advisable, in general, to obtain both £, and 2, values in
calibraling spectrophotometric methods for use with indicators.
Although R, vulues afford greater differentiation than do 2, values,
they de not necessarily afford greater accuracy. If the absorption
bamls of both color forms are in such spectral locations as will enable
the analyst to obtain relinble measurements on both bands, 2. values
will prove preferable.  If, however, the bund of one color form is so
sitnated that accwrate measurements on it are difficult, as is the case
with the sulphonphthaleins and muny other indicators, it will usually
be found that £, values prove distinetly more reliable.

Even m instances, however, in which the analyst may find that 7,
values prove somewhat more accurate than . values, he may find
the latter values very useful, and at times nearly indispensable. The
fact that they are unaffected by variations in indicator concentration
renders their use of great value in examining solutions of small
volunie or in other instances in which it may be difficult or impossible
to insure a precise indicator concentration. .

The accuracy of spectrophotometric methods with indicators is
excellent.  With certain samples of bromcresol green it was found
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that their apparent dissociation constants (4.68, 4.65, and 4.69, respec-
tively) could be checked so consistently In any extensive series of
careful measurements that it was posmble to distinguish between the
siemples in question with fair certninty (18, 357, 38, 59, 40). The
niethods may be relied upon to check electrometric inethods nearly to
the seeond decimal point in Siorensen (pH) units.

A table of solubilities of representative dyes at 26° C. in water
and in 95 per cent alcohol is included for the benefit of any investi-
gaters wha may have occasion to prepare dye solutions. (Table 4.)

TanLe 4.—Dye solubilitics at 26° C.

[Mutn wre expressetl as grams of anbydrous dye per 100 cabic contimeters of saturated solution,  Data
In parentheses are expressed as gramg of anhydrous dye per 100 grams of saturated solutinn]

[ 94
n per

wuler | cent

nlcohiol

Tn 95 1 (Colgr]
ye ot ventj Dye [udes
0. nleohal

Perie pedd._____ ' B. i Lrystul viotel (chlaride}_
Vietorin yollow - HE A 118 Urystel violel (odide).._.
Alurting yellow (s salt). i LG Anilin blue {spirit saluble
Mwrtdas vellgw {t:uluum suil) ! 1. Vietorin blue 4R _
Haphthel yellow 3 i Patent hlue A_
Aurantin . : . Cynnele extra, .
Wool yellow (5. . {18, Y New Vietoria blw
Chrysoidin Y. : A P\ ronin Gt
Chrysoidin (1., . o . ?rnmn I3 {iodide)
Buidan I, ... ‘ Rholamio Ti__
Orange G : . Rhodamin G_
Pancesn 20, .. VoL .2 Flugrescein Eco
¢ hr:uuntmpu i . L1 L7 Flonrescein (socdivin ==11L)
Alizuenle yellow dwe .. b IR Flugreseein {mapnesiom s
Allznrole arumee (G 40 ] Flnerescein {ealeium salt,
Socdan 1T Lo 3 | Fluorescein (haritm salt)
Az Norelenux, . R Fosin (sodium salt}.
Crystal popeein i . Fosin (nungnesinm sq
Erikn B ... b b Euosin (enleium salt
Janns Ereen .. L Eosin (harium solt
Metapil yello A, b 5 ELhy] fnsine.
Alethy! oranpe . . T, . 08 Eosin B_
Weilanlhin  {eplo : Frythrosin (;

melhiyl arenged I . Erythrosin E:naunesium 5
Ornpe 1V, X B o0 Ervihrosin (gnleinm salt)
Azo neil vellaw L . Erythrosin (harlum salt)
Hesorein veliow 4. . Phlaxin {sodium salt)_
Orameme 1 . LT . Phloxin Emngne&ium L
Urnbm 15 LA i Phlaxin {ealcium salt).
Marpcine Al . Phloxin {hariim salt)_
Fust vl AL T i Hosa Bengal (sodium s
Armaranlth i % . Hose Beneal (Mmagnesium sn
Potweat Gl ... 4 Hose Hengal (coleinm snit)
Buelnn 1. 2 NE Hose Bengal (harium salt}
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Suilan 1%, Neuatrn] red (iodide).
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Nismark hrown V. b . Safranin___
Nismark brown R 42 Meth vlens
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Purpurin 4 l . Cresyl vinlet ( s
Sky blue. .. i Nile hlue 213
Anrmaln Ol G . -
Vielorin preen o i Methylene biie {chig
Vielorin green 31 .M Methylene blue {(£ni; ot
Guinen green B
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