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].. The field of application of molecular spectro-
scopic analysis is unusually large, surpassing many-
fold that of atomic spectroscopic analysis in its
variety of possibilities of use. Physics and chemis-
try, especially biochemistry and petroleum geo-
chemistry, medicine and biology, agriculture and
the food industry—this is far from a complete list
of the fields in which molecular spectroscopic anal-
ysis finds numerous and highly varied applications.
However, although the tasks of molecular analysis
are so great and so varied, the performance of
these tasks lags far behind in the qualities of sim-
plicity, definiteness, and reliability which are
characteristic of atomic spectroscopic analysis.
The reason for this lies in some very serious dif-
ficulties, which, in turn, originate in the very nature
and character of molecular spectra. In particular,
these difficulties are inherent in the character of
the spectra of the class of molecules which is most
interesting in practice, and in any case is the largest
—the polyatomic molecules.

The features of molecular spectra which are un-
favorable for analysis may be briefly summed up as:
a) insufficient sharpness, or more strictly speaking,
diffuseness, which prevents the determination of the
band positions with the high degree of accuracy
which is possible in the determination of the posi-
tions of atomic lines in gases; b) insufficient ad-
ditivity, which is an obstacle to simultaneous analy-
sis for many components, and is due in part to
overlap of broad bands; c) insufficient individuality
in a certain degree, which is sometimes, as we
shall see, quite significant; this is the case even
in the most individual spectra (and most often used
in practice)—the vibration spectra.

As is known, the source of the complexity of
molecular spectra is the wealth of degrees of free-
dom by which a molecule is characterized, in com-
parison with an atom" Further, as is known, in
atoms the purely electronic states are the only type
of states between which transitions occur to gener-
ate the spectrum. In a molecule, numerous vibra-
tion states and even more numerous rotation states
are superimposed on each electronic state. At the
present state of experimental technique, it is pos-
sible in principle to use each of these types of mo-

*Expanded from a paper read on Nov. 23, 1958.
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tion in order to obtain spectra, independently of the
others. The transitions between purely rotational
states correspond to the region of long-wavelength
infrared or microwave radio; the transitions be-
tween vibrational states correspond to the region of
infrared spectra, as well as the Raman spectra;
finally, the transitions between electronic states
give the visible and ultraviolet spectrum, which is
actually a result of the combination of all of the
forms of motion in the molecule.

2. Of the various methods of molecular analysis™
which are associated with these different types of
motion, each has its values and its defects. We shall
hereinafter disregard the rotational states and their
spectra, since in large polyatomic molecules the
rotation levels are so close together that they actu-
ally merely coalesce, and as a consequence, “spoil”
the electronic spectra in gases. From the viewpoint
of the problems of qualitative analysis, the greatest
possibilities are found in the vibration spectra, i.e.,
in the igfrared and Raman spectra, since these
spectra are the most individual and the least de-
pendent on the external conditions. In the popular
literature, these spectra are often even compared
with fingerprints. The significance of vibration
spectra in molecular analysis is indeed enormous,
and I shall not try to belittle it, although it must not
be exaggerated, either, We shall consider this ques-
tion in somewhat more detail.

Infrared spectroscopic analysis is based on the
existence of the so~called “characteristic frequen-
cies.” These, for example, are the frequencies of
the valence-bond vibrations of certain atomic con-
figurations (C =0, C=H,, C= Hj, etc.). They have
definite values which are independent in the first
degree of approximation of the molecule in which
the given group occurs. The existence of such
frequencies is the basis of “group analysis,” i.e.,
the establishment of the presence of groups of
atoms with certain bonds in the sample being
studied from the presence of absorption bands ly-
ing in certain narrow frequency ranges in the in-
frared spectrum. Under certain limiting condi-
tions (see reference 1, p. 527), infrared spectra
permit one to solve the significantly more diffi-

*We shall consider hereinafter only the methods of qualita-
tive molecular analysis.
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cult problem of the identity of individual sub-
stances, in the pure state or mixed with other
substances. However, the matter is far from being
so simple. If one disregards completely certain
difficulties of method,* essential difficulties re-
main which are related to the nature of the spectra
themselves. Thus, for example, the very concept
of characteristic frequencies of certain atomic
configurations is subject te a number of limita-
tions: The characteristic frequency varies some-
what depending on the presence of other groups in
the molecule (to give a concrete example, the
frequency of the carbonyl bond C = 0 in aldehydes
is 1720 em™, while in carboxylic acids it is 1652
cm_l). Further, when resonance occurs with other
groups in the given molecule, the frequency, which
otherwise is “characteristic,” may vary to the
point of unrecognizability.T

With regard to the identification of individual
substances by their infrared spectra, such an
identification has been carried out in a limited
number of cases with the aid of a compilation (atlas)
of previously measured spectra of substances of
maximum purity. It even appears that for some or-
ganic substances, the infrared spectra do not pos-
sess any marked individuality. The broad and im-
portant class of aromatic hydrocarbons shows this
analytically unfavorable characteristic. In 1951
Cannon and Sutherland® showed by measuring the
infrared spectra of more than 120 aromatic com-
pounds that these spectra differ only in very fine
details, whereas with the compounds with many
fused rings, the spectra are generally extremely
poorly individualized. In summarizing their results,
the authors emphasized that “the problem of dis-
tinguishing the various aromatic compounds by their
infrared spectra is difficult in the highest degree,”
and indicated that the auxiliary method in this case
must be the study of the ultraviolet absorption
spectra.

Along with the infrared spectra of vibrational
origin, there are also the Raman spectra. We shall
not spend the time here to compare both methods
from the viewpoint of their applications to chemical
analysis (such a comparison is given, for example,
in the book of Harrison, Loofbourow, and Lord,!
§276); each has its own advantages and its defects.
However, insofar as both methods are based on the
determination of the vibration frequencies of the
normal state, the abovementioned difficulties in
the identification of substances by their vibration

*See, for example, Harrison, Loofbourow, and Lord, Prac-
tical Spectroscopy (Russ, trans,), IL, 1950, p. 524 ff.

t A detailed analysis of the far from simple concept of char-
acteristic frequencies has been given by L. S. Mayants.?2

379

spectra are general for both methods. We must note
that the availability of high quality photoelectric in-
struments must substantially facilitate the dissemin-
ation of this valuable method. An important role
must also be played by the extensive series of
studies on the Raman spectra of about 150 individual
hydrocarbons which occur in light motor fuel, and by
the development of methods of measuring the inten-
sities of Raman lines, A detailed critical discussion
of these methods is given in the monograph by G. S.
Landsberg, P. A. Bazhulin, and M. M. Sushchinskit,*
in which the data on the intensities and other basic
parameters of the Raman lines of about 300 individ-
ual hydrocarbons are compiled in tables.

Of great interest are the following conceptions of
Bazhulin and Sushchinski‘i,5 leading members of the
group under Landsberg, on the reasons for certain
difficulties associated with analysis by means of
Raman spectra: “The important characteristic of
Raman spectra for analytical applications is the fact
that all of the lines in these spectra are distributed
within a relatively narrow spectral interval, amount-
ing to not more than 300 A for the most interesting
spectral region. Within this spectral interval are
distributed several tens of lines possessing appreci-
able widths (from 2 to 20 cm'I). Hence, in the
analysis of mixtures, the lines belonging to different
components often overlap. Thus, the possibility is
lost of using the lines which are analytically most
interesting for quantitative analysis. It is also of
importance in the analysis of mixtures of hydrocar-
bons that the lines of some classes of hydrocarbons
are significantly more intense than those of other
classes. For example, the lines of the aromatic
hydrocarbons and the six-membered naphthenes
are stronger than those of the paraffins and five-
membered naphthenes by factors of tens or hun-
dreds.”

3. The preceding remarks, of course, did not
have the purpose of “dethroning” the methods of
molecular analysis based on the study of vibrational
spectra, The fruitfulness of these methods is bril-
liantly illustrated by their widespread distribution.
However, it is obvious that the variety of substances
and of their properties is so large, particularly
among the organic compounds, that it is unthinkable
to conceive of a single method which is suitable for
analysis in all cases. On the other hand, the possi-
bility of applying any certain method is often limited
by the optical properties of the given class of ob-
jects. For example, as has been mentioned, the use
of infrared spectroscopy for qualitative analysis of
aromatic hydrocarbons is clearly unsuitable. The
application in this case of Raman spectroscopy is
even less suitable, since, in addition to showing
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common frequencies of their normal modes of vi-
bration, these hydrocarbons commonly fluoresce
strongly; this makes the application of Raman scat-
tering generally impossible. Obviously, it is in
general sound practice to make use of all the types
of spectra, taking into account which of these are
the most favorable in their properties for the iden-
tification of the given type of molecule.

With regard to the electronic spectra lying in the
visible and near ultraviolet regions of the spectrum,
these have attained widespread application. Ordi-
narily, absorption spectra of the substance in so-
lution at room temperature are used. When the
qualitative composition is known, quantitative de-
terminations by electronic spectra are possible
with a high degree of accuracy, which apparently
exceeds the accuracy of all other methods of
spectroscopic anatlysis.rl’8 However, a serious draw-
back for widespread use in qualitative analysis is
the extreme diffuseness of the visible and ultra-
violet absorption spectra of complex molecules, as
had been mentioned at the beginning of this article.
It is this diffuseness which is the reason for the in-
sufficient definiteness of molecular analysis,
whereby qualitative molecular analysis is not com-
parable with qualitative atomic spectroscopic an-
alysis.

4. In speaking of molecular analysis we have
heretofore had in mind the existing methods based
on the use of absorption spectra; these methods of
molecular analysis are the opposite, in a certain
sense, of the emission methods of atomic analysis.

I wish to show that the neglect of emission spec-
tra in molecular analysis is not only unjustified, but
that there exist undoubtable opportunities for using
emission spectra of molecules for the most delicate
analysis of organic compounds.

In order that we may convince ourselves of this,
we must examine the following questions:

1) Keeping in mind the topic of the luminescence
of organic compounds, what are the most suitable
methods of excitation of the luminescence?

2) How broad is the class of molecules which
can be made to luminesce, and what are the condi-
tions facilitating the appearance of luminescence or
the increase in the luminescence yield ?

3) Can conditions be established, such that the
normally diffuse spectra of complex molecules will
become as discrete as the atomic spectra in the
gaseous state, or at least, as discrete as the Raman
spectra?

a) The answer to the first question is quite defi-
nite. Although the luminescence of organic com-
pounds may be elicited by different methods (elec-
tron bombardment, high-velocity particle radiation,
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gamma-rays, x-rays, and finally, light), the most
suitable excitation is that by light. The reason for
this is the fact that optical excitation is not only the
mildest, but also the most selective method of ex-
citation, and in a number of cases may be used very
conveniently in analytical applications, Thus, the
luminescence in question is photoluminescence, and
analysis by means of this luminescence is one of the
types of luminescent analysis.

The simplest form of luminescent analysis is
visual analysis according to the color of the lumines-
cence. This has for a long time earned widespread
use because of its unusual simplicity and its great
sensitivity.? However, although such a primitive
method is in a number of cases very useful, it is not
suitable for responsible identification and particu-
larly for the distinguishing of substances which dif-
fer essentially in their nature and properties. This
is because very many substances (especially or-
ganic ones) show the same color of luminescence.
Hence, emission molecular analysis must neces-
sarily be a spectroscopic analysis.

b) The ability to luminesce, and in particular to
luminesce within a spectral region suitable for ob-
servation (the visible, the quartz ultraviolet, and
the near infrared), is very widely distributed among
organic compounds. However, it is known that or-
ganic compounds exist, including also colored com-
pounds, which do not fluoresce at room temperature,
either in the crystalline state or in solution. Never-
theless, it is possible in these cases, at least in
some of them, to establish conditions, such that
fluorescence is observed with a satisfactory quan-
tum yield. A good illustration of such a case is the
following observation of P. P. Feofilov.? The
triphenylmethane dyes (e. g., fuchsin) possess a
structural skeleton containing three benzene rings
connected by single bonds to a central carbon atom.
They do not fluoresce in solution, apparently owing
to the possibility of free rotation of the benzene
rings about the single bonds. However, if such a
dye is incorporated into a solid medium, it begins
to luminesce with a good quantum yield. Favorable
conditions for the appearance of luminescence may
be attained also in solutions frozen to very low tem-
peratures. Here the molecules become fixed in the
matrix, so that the possibility is eliminated of radia-
tionless redistribution of the excitation energy over
an excessively large number of degrees of freedom.
We shall see below that it is in frozen solutions,
with the proper choice of solvent, that favorable
conditions appear for the delicate qualitative analy-
sis by emission methods of organic compounds.

From what has been said, it follows that under
suitable conditions, the class of organic compounds
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which are accessible for emission analysis is rather
broad. It includes many important types of sub-
stances, especially those with unsaturated bonds,
for example, the aromatic hydrocarbons, and many
biochemically important substances.”

c) At first glance, the answer to the third ques-
tion must be negative. In fact, it has been known for
a long time that very many organic compounds (in
particular, the dyes) give a:-broad structureless
continuum in the fluorescence spectrum, extending

over a large part or even all of the visible spectrum.

Further, even in the ‘twenties, S. I. Vavilov noted
the fact that this spectrum essentially follows a
standard statistical curve which is completely de-
void of individuality. Great advances have been
made in recent years in the interpretation of these
continuous spectra of complex molecules, due to

the studies of B. S. Neporent and B. I. Stepanov.!?™12
In particular, a convenient classification of mole-
cules characterized by such types of diffuse spectra
has been made. The basis of this classification is
the fact that not all polyatomic molecules are sub-
ject to the law of mirror symmetry of their absorp-

tion and fluorescence spectra on the frequency scale.

Molecules showing other relations between the ab-
sorption and fluorescence spectra also exist. Poly-
atomic molecules of this type were provisionally
designated as “complex” by B. S. Neporent.

Extensive experimental and theoretical studies
have been carried out by B. S. Neporent'? and his
associates on an example of the aromatic com-
pounds belonging to the class of “complex” mole-
cules—the derivatives of phthalimide. These studies
have established the following important fact: the
complex spectra of these molecules are character-
istic of them not only in the condensed state, but
also in the gaseous state. Here the spectrum does
not depend on the vapor pressure, which was varied
over wide limits, even to the point of such rare-
faction that gas-kinetic collisions with other par-
ticles were eliminated. This shows that the occur-
rence of continuous spectra for the molecules be-
longing to this class is a result of intramolecular
interactions, i. e., they are inherent in the mole-
cules themselves. Obviously, the perspective of
applying spectro-analytic methods to this type of
polyatomic molecules is not favorable. I note
parenthetically, however, that I am not at all con-
vinced that the condition is completely hopeless,
even in this clearly unfavorable case, or that there
are no possibilities of “simplifying,” so to speak,
the spectra of these molecules. Here, conditions
might be established in which the statistical curves
of these spectra, which are completely devoid of
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individuality, would be replaced by completely in-
dividual spectra.

However, other types of polyatomic organic
molecules exist, in particular those in which the
diffuseness of the spectra in the condensed state
(e.g., in solutions) is caused by the influence of
the surrounding medium (e.g., the solvent). Among
these molecules are the polycyclic aromatic hydro-
carbons, certain simple substances containing the
carbonyl group C =0 (anthraquinone, benzophenone),
and certain heterocyclic compounds. All these sub-
stances show the following interesting character-
istic: if they luminesce in the crystalline state,
their fluorescence spectra are continuous and
strongly shifted toward longer wavelengths with
respect to the spectra in-the vapor or in solution.
In solution, the spectrum possesses a certain degree
of structure, consisting of several broad bands at
room temperature. Obviously, in such cases the
possibility of identifying the substance analytically
by its spectrum is improved. Even more favorable
conditions are realized on freezing the solution and
chilling it to a low temperature, for example, that of
liquid nitrogen (77.3°K). Then the bands become
more narrow; their intensities increase, and the
spectrum sometimes acquires a highly character-
istic structure. In our laboratory the luminescence
spectra of a number of such compounds have been
studied: derivatives of pyrene, derivatives of
anthracene with substituents in the 9, 10-positions,
and certain derivatives of acridine. All of these
studies have been made in alcohol or oil solutions
at 77.3°K.14 15 An example of an especially char-
acteristic spectrum is that of the pentacyclic
aromatic hydrocarbon 3, 4-benzpyrene, a very
important carcinogenic substance found in various
sorts of tars. The spectrum of this substance dis-
solved in paraffin oil, at 77.3°K, is shown in Fig. 1,
and consists of an alternating series of strong and
weak doublets, some of which are superimposed on
a weak background. One must note that the width of
the bands in this spectrum, even at low tempera-
ture, amounts to 100 —150 em~!. That is, the width
is quite significant, and as we shall see, in some
cases creates conditions which are unfavorable for
the exact identification of the substance by its
spectrum.

5. In cases in which finer indications are needed
for positive identification of a substance, one may
make use of a phenomenon discovered several years
ago by me in conjunction with A. A. I1’ina and L. A.
Klimova. It happens that, if suitably chosen normal
paraffins (from pentane to decane) are taken as the
solvents, then in frozen solutions at 77.3°K the broad
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Part of the fluorescence spectrum of 3, 4-benzpyrene

bands are split into series of narrow lines. The
widths of these lines correspond approximately to
the widths of the lines in Raman spectra, and some-
times even to those of the lines of the mercury
spectrum in high-pressure mercury lamps (the PRK
type of lamps). Without going into a detailed discus-
sion of the phenomenon, we shall note that the sol-
vent, when frozen in the form of a finely crystalline
mass, plays here the role of a matrix in which the
radiating molecules are fixed in a definite fashion.
To a first approximation, these molecules form a
“frozen” oriented gas at high rarefaction. We
emphasize that the freezing of the solvent in the
form of a crystalline mass (actually in the form of
microcrystals) is the necessary condition for the
appearance of discrete spectra. Conversely, in
solvents which give transparent glasses on freezing
(mixtures of alcohols, certain special solvent mix-
tures), the lines broaden and fuse together, with the
result that broad bands are obtained, like the bands
of benzpyrene in the spectrum in Fig. 1a.

In Figs. 1b and 2a, b are given several examples
of quasilinear spectra which are of interest to us
now. These were obtained at the temperatures of
liquid nitrogen (77.3°K) and liquid hydrogen (20°K).
One may see that the lines are so narrow that their
positions may be determined without difficulty to a
high degree of accuracy (at 77.3°K to 1 A or better).
When the temperature is lowered to 20°K, further
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FIG. fa. The fluorescence spectrum
of 3, 4-benzpyrene in paraffin oil at
77.3°K. Fuss glass spectrograph. Lin-
ear dispersion in the original is 27 A/mm
at 4000 A. The wavelengths of the band
maxima and the designations taken from
reference 14.
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T = 77.3°K

FIG. 1b. Part of the fluorescence
spectrum of 3, 4-benzpyrene in n-hep-
tane at 77.3°K and 20°K. Plane dif-
fraction grating, second order. Linear
dispersion in the original ~. 4.9 A/mm,
For designations of bands see Fig. la.

narrowing of the lines takes place, with a corre-
sponding increase in the possibility of more ac~
curate measurements. However, undoubtedly, it is
quite sufficient for practical purposes to lower the
temperature to 77.3°K.

The essential facts are that these spectra are
absolutely reproducible, strictly individual, and
possess complete additivity. Although the lower-
ing of the temperature to 20°K introduces certain
additional features in the form of extra lines, it
does not change the individual character of the
spectrum. As we shall see below, the strict indi-
viduality of these spectra has been excellently
confirmed in a number of cases in which a sub-
stance identified in this way, obtained naturally or
artificially, could be identified also in an indepen-
dent manner (chemical or biological).

6. The obtaining of sharp, quasilinear spectra
of complex molecules opens up possibilities of
using them for the determination of the normal
vibration frequencies of unexcited molecules (i.e.,
for study of the structure of molecules), as well
as for analytical purposes. For both purposes, i.e.,
both in analytical applications and in the study of
molecular structure, a certain characteristic of
emission spectra of complex molecules plays an
important role, and consists in the following. In
atomic spectra, as well as the electronic spectra
of simple diatomic molecules, any excited level
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FIG. 2. Fluorescence spectra of
perylene at 77.3°K: a) in ethanol,
b) in n-hexane, c) the same, at lower
concentration. (Photographs by R.
Personov. Fuss spectrograph, Linear
dispersion at 4500" A is 30 A/mm)

Fluorescence spectra of perylene solutions at T = 77°K
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may be the final level for absorption, and likewise
the initial level for emission if, of course, the
transition is permitted by the selection rules. Here
a downward transition, i.e., with emission, may
take place either at once or in two stages: first a
transition to an intermediate level, then from the
intermediate level to the ground state, both transi-
tions being accompanied by emission of radiation.
Such stepwise transitions take place, for example,
in mercury atoms excited either by electron im-
pact or light, as has been shown by the well-known
experiments of Wood. In complex molecules,
transitions from the ground state with absorption,
i.e., upward transitions, may also take place to
any level for which the transition is permitted by
the selection rules. To the contrary, radiative
transitions, i.e., downward transitions, generally
occur in two stages (Fig. 3). Here, in the first

stage, a transition occurs without radiation (internal

conversion) to the lowest excited level of the given
multiplicity. Radiative transition only occurs from
this lowest level.2’ This empirically established
rule has only very rare exceptions. Thus, for
example, azulene (an isomer of naphthalene), in
which the lowest singlet level occurs at a height of
14,000 cm™! above the ground state, does not, in
general, show fluorescence from this level; such
fluorescence should begin at 7100 A and extend into
the infrared. On the contrary, azulene shows fluo-
rescence in the ultraviolet, distributed in the range
3571—4000 A. This observed fluorescence takes

FIG. 3. Diagram of the L
origin of fluorescence
spectra of complex mole-
cules. Dotted lines in-
dicate radiationless tran-
sitions (internal conversion).

place not from the first, but from the second ex-
cited electronic level, However, from our present
point of view, this and analogous exceptions do not
play an essential role, since the rule whereby radia-
tive transitions always take place from one definite
level remains in effect. The number of possible
combinations is thus sharply limited, and the spec-
trum of a complex molecule acquires a remarkable
simplicity. It is easy to see that a spectrum of this
type comprises an electronic vibrational sequence
of levels of the lowest state. Its degree of com-
plexity is determined by another set of selection
rules, which permit transition to only a few of the
very large number of levels of the normal modes
of vibration. These selection rules (along with the
selection rules which forbid combination of levels
of different multiplicities and are associated with
the law of conservation of angular momentum) are
primarily the result of the symmetry properties of
the molecule. Generally speaking, the higher the
symmetry of the molecule, the greater the number
of forbidden transitions, and the simpler the spec-
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trum. A graphic example lies in the comparison of
the spectra of coronene (Fig. 3a, VII) and 1, 12-
benzperylene ( VII). Coronene possesses a high
degree of symmetry, and its spectrum is char-
acterized by unusual simplicity. In fact, in the
“permitted” singlet-singlet spectrum at the lowest
temperatures, 40—~50 lines of varying intensities
may be counted; approximately the same number

of lines may be counted in the “forbidden” triplet-
singlet spectrum. The absence of one benzene ring
in 1, 12-benzperylene, as compared with coronene,
destroys the symmetry of the structure of the latter,
and correspondingly, the number of lines for 1, 12-
benzperylene increases to several hundred.’® An-
alogous relations exist between the spectra of pyrene
(IIT) and 3, 4-benzpyrene (IV), in that pyrene, whose
molecule is more symmetrical than that of benz-
pyrene, has a correspondingly simpler spectrum.
Besides, I wish to emphasize that, in all these cases,
the spectra are fully resolved under the technique
which we have used, i.e., the spectra consist of
narrow lines rather than of broad bands.

7. The undoubted fact that the emission spec-
trum takes place from one single upper level has
the consequence that the vibration frequencies of
the ground state may be obtained by taking the dif-
ferences between the frequencies of the lines ob-
served in the luminescence spectrum and that of
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one of the lines correspdnding to the transition
between the zero-point vibrational levels (0 — 0
transition). A vibrational analysis of a number of
spectra of aromatic hydrocarbons has been car-
ried out on the basis of this rule, and has revealed
the occurrence of common frequencies for dif-
ferent molecules (see, for example reference 37).

Thus the peculiarity of the normal vibrations
of polycyclic aromatic molecules, noted in the
paper of Cannon and Sutherland mentioned above,
has been confirmed by this method. Although this
peculiarity causes a serious hindrance in analysis
based on infrared spectra, no difficulties at all
arise from the existence of common frequencies
in the case of the electronic vibrational emission
spectra. In fact, while the positions of the lines
in the infrared spectrum are completely deter-
mined by the vibration frequencies of the mole-
cule, these frequencies appear in the electronic
spectra as the differences between the frequen-
cies of the lines and that of the line for the 0 — 0
transition. Thus, these lines themselves are dis-
tributed in various regions of the spectrum; their
position in the spectrum depends basically on the
height of the lowest excited electronic level (0 — 0
transition), and is only secondarily determined
the vibrational frequencies.

8. We shall discuss now several examples of
analyses carried out by means of the emission
spectra of organic compounds.

a) Carcinogenic substances, in particular 3, 4-benz-
pyrene

A series of chemical compounds is known which
produces malignant tumors in man and in animals,?
These so-called carcinogenic substances are found,
for example, among the polycyclic aromatic hydro-
carbons (special activity is shown by 20-methyl-
cholanthrene, 3, 4-benzpyrene, 9-methyl-1, 2-benz-
anthracene, and some others). The reason why cer-
tain chemical compounds show carcinogenic proper-
ties is at present still unknown. Further, it some-
times happens that substances which are similar in
structure or even isomeric are sharply distinguished
in their carcinogenic activity. Examples of this are
two isomers of benzpyrene, of which one (3, 4-benz-
pyrene) is highly carcinogenic, while the other (1,
2-benzpyrene) is not carcinogenic at all.!? Finally,
it is known that different carcinogenic substances
are sometimes specific with regard to the type of
malignant tumor which they produce.*

*The aromatic hydrocarbon 3, 4, 8, 9-dibenzpyrene is found
in coal tar. Recently it was found to be present in tobacco
smoke, in which 3, 4-benzpyrene also occurs. According to the
data from the laboratory of Prof. Lacassagne in Paris,25 3, 4,
8, 9-dibenzpyrene causes sarcoma in mice.
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possibility of applying it has been facilitated by the
fact that most polycyclic aromatic hydrocarbons
have fluorescence spectra gonsisting of several
intense bands. An idea of the character of these
spectra may be given by the spectrum of 3, 4-
benzpyrene shown in Fig. 1. We note at this point
that a precise analytical identification of a given
substance is very important, in view of the spe-
cificity of the carcinogenic activity of various
aromatic hydrocarbons, as indicated above. How-
ever, in solutions at room temperature, the sub-
stances of this class sometimes have similar spec-
tra. Examples of this are 3, 4-benzpyrene, which
has already been mentioned several times, and 3, 4,
6, 7T-dibenzpyrene; they have very similar spectra,
which are difficult to distinguish because of the
great width of the spectral bands.

In view of the fact that 3, 4-benzpyrene is found
rather often in tars, and even in certain food
products, the development of highly sensitive and
delicate methods of analysis for this hydrocarbon
has become especially important. A method for
detection of 3, 4-benzpyrene has been developed in
detail by A, A. II’ina.? To increase the selectivity
and sensitivity of the method, the freezing of solu-
tions in paraffin oil of the materials being studied
was utilized. In order to establish the limits of
sensitivity of the method, model experiments were
carried out in which definite amounts of benzpyrene
were added to bitumen (which shows a continuous
fluorescence spectrum), and fluorescence spectra
were taken. It was found that traces of the strongest
band of benzpyrene at 4035 A appeared even at a
concentration of 10739, while at a concentration of
5 x1073%, the presence of the band at 4035 A and
weak traces of the band at 4320 A could be found,
In Table I, taken from the paper by I’ina,2? an
example is given of the analysis of a tar demon-
strating the presence of 3, 4-benzpyrene and 1, 2,
5, 6~dibenzanthracene, It is not beside the point to
mention here that, in this case, the positive identi-
fication of dibenzanthracene was made possible by
means of the phosphorescence spectrum of this
substance. A further perfection of the method of
determination of 3, 4-benzpyrene was carried out
by P. P. Dikun. He used a preliminary chromato-
graphic fractionation to increase the sensitivity of
the method, and in order to improve the reliability
of the identification, he applied the method de-~
veloped in our laboratory of obtaining line spectra

Spectro-fluorescent analysis has already been
applied for a long time for the identification of
carcinogenic substances (Hieger, Sannié, etc.). The
from frozen solutions in normal paraffins. The
latter improvement in the method is essential
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TABLE I. An example of the analysis of a tar
(extract from soot obtained by burning coal).

— - -~ —
at/ ylnsuoc at _kflssc Identification* Remarks
— 396 DBA (394 6) »
—_ 399
e 404 BP (403 5)
— 407 DBA (406 2) »
j— 409
— A2
i 416 DBA (4172) » Fluorescence
120 420 ? spectrum
— 124
— 428 BP (427.5)
532 432 BP (432.1)
- 435
- 439
- e BP (413
340 DBA (548)
361 DBA (560 7
_ ;7 3 (260 7) Phosphores-
— 605 DBA (603 6) cence spec-
B 620 trum
635

"7 *Abbreviations: DBA — 1,2,5, 6-dibenzanthracene; BP — 3,
4-benzpyrene.

since, as has been indicated, the bands are still
rather broad (100 —150 cm™!) in frozen solutions

in paraffin oil or ethanol. Thus, at low concentra-
tions of the product being sought, it is possible to
confuse the strongly carcinogenic 3, 4-benzpyrene
with related carcinogenic or noncarcinogenic
products having similar spectra. We quote from the
paper of P. P. Dikun?! at the Sixth All-Union Con-
ference on Luminescence (Leningrad, February,
1958) the following ideas: “Even with the applica-
tion of preliminary fractionation, doubts sometimes
arise as to the correctness of the identification of
3, 4-benzpyrene. This is associated with the rela-
tively great width of the bands in the fluorescence
spectrum of 3, 4-benzpyrene, with the presence in
some products of compounds having fluorescence
spectra similar to that of benzpyrene, and also with
the fact that one cannot always isolate a pure enough
‘benzpyrene’ fraction. Some investigators in such
cases state that they have shown the presence of a
‘benzpyrene-like substance’.* However, from the
standpoint of the oncologist, it is absolutely neces-
sary to know whether we are dealing in a given
case with 3, 4-benzpyrene or with a similar sub-
stance, since a compound with the most insignifi-
cant difference in chemical structure may be com-
pletely noncarcinogenic.

*Latarget et al., Bulletin Cancer, 43/2 (1956).
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TABLE II. Examples of the analysis for 3,

4-benzpyrene by means of the quasilinear
fluorescence spectra in frozen (77° K)

hexane solutions. (P. P. Dikun.21)

Wavelengths Wavelengths of the lines in the fluores-

of the lines cence spectra of benzpyrene fractions (A)

in the fluo~

rescence Fraction from .

spectrum of Fraction from | the tar com- Fraction

3, 4-benzpy- polluted air | ponent of to- from shale

l rene (A) bacco smoke tar

4015.7 4015.7 4015.6 4015.7
4021.3 4021.2 4021.5 4021.4
4024.7 40247 4025.0 4024.7
4028.5 40279 4028.5 4028.3
4031.2 4031 5 4031.4 4030.8
4070 8 4070 .4 4071.0 4071 .1
4076.3 4076.4 40771 4076 9
4080.3 4080.1 4080.0 4080.9
4160.1 4159.9 4159.1 4160.0
4163.7 4163.7 4163.9 4163.7
4167.8 4167.7 4168.3 4167.8
4218.4 4248.7 42487
4221.7 4222.3 42219
4225.6 4225.5 4225,6
4252.4 4252 4 4252.3 4252.2
4258.6 4258.6 4259.1 4259,2
4264.0 4263.8 4263.6 4263.5
4268.9 4268.7 4268.7 4268 .4
4294 .8 4284,4 4294 .8 42946
4298.9 4299.0 4299.0 4298.9
4303.7 4303.3 4305.4 4304 8
4308.2 4308.0 4309.3 4308.5

In order to solve the problem in such doubtful
cases, we use the fluorescence spectra of solutions
of 3, 4-benzpyrene in n-hexane and n-octane fI‘OZe&]
in liquid nitrogen, as described by E. V. Shpol’skii
and his associates.’ In order to test the reliability of
this method, we have compared the wavelengths of
the principal lines in the fluorescence spectrum of
frozen solutions of 3, 4-benzpyrene in n-hexane and
n-octane with the wavelengths of the lines obtained
under the same conditions in the fluorescence spec-
tra of the ‘benzpyrene’ fractions from five different
products.”

In Table II an example is given of the qualitative
analysis for benzpyrene by means of preliminary
chromatography and freezing of the solution in
n-hexane. It may be seen that the lines of the “benz-
pyrene fractions” coincide with the lines of pure
benzpyrene to an accuracy of tenths of an Angstrom
unit, such that the spectroscopic identification of
3, 4-benzpyrene is absolutely reliable. S.G. Bogom-
olov has successfully applied the same methods in
the analysis of the smoke discharged from factory
chimneys for carcinogenic hydrocarbons. According
to his data, benzpyrene may be detected even at a
concentration of 10™% g per gram of material.®

E. V. SHPOL’SKIT _

b) The detection of aromatic hydrocarbons in
bitumens and in petroléum fractions

The study of the individual compounds found in
petroleums or in the organic material in sedimen-
tary strata is highly important in the general plan of
the studies on the genesis of petroleum. In this re-
spect, the presence in extracts of tertiary clays of
appreciable amounts of the individual pentacyclic
aromatic hydrocarbon perylene, which was found by
A. A. II’ina,? is of interest. The essential point for
us in this case is the methodology of this work. In
view of the fact that the bands of this hydrocarbon
under ordinary conditions (solutions in chloroform,
ethanol, and other solvents) are very broad even at
low temperatures (Fig. 4), the original identification
by the fluorescence spectrum of the chloroform ex-
tract could not be considered completely reliable.

£ 442 e .
g (o
4715 mee
50+
1 —
400 500 500 A g

FIG. 4. Fluorescence spectrum of chloroform extracts of
bitumens from clays of the Upper Mailkop deposits.23 The
numbers indicate the wavelengths of the fluorescence band
maxima, which are close to those of perylene in alcohol solu-
tion at 77.3°K.

Hence, II’ina made use of the fact that frozen solu-
tions of perylene in normal paraffins give a line
spectrum. From the coincidence of the wavelengths
of 14 lines in the fluorescence spectra of extracts
from oil-bearing clays (transferred to solution in
n-hexane) with the corresponding lines in the spec-
trum of pure perylene, she was able to prove the
presence of perylene with absolute assurance.

I should remark that the line spectrum of pure
perylene in frozen hexane solution was first meas-
ured at Oxford by E. Bowen,*® who in two papers has
confirmed and expanded our results with regard to
the possibility of obtaining line spectra of aromatic
hydrocarbons in frozen paraffin solutions. At pres-
ent, the emission and absorption spectra of pure
perylene, a sample of which was kindly given to us
by Prof. I. Ya. Postovskil, are being studied by
Graduate Student R. 1. Personov. In particular, R. L.
Personov has repeated the comparison of the spec-
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FIG. 5. Comparison of fluorescence spectra of
bitumen extract and pure perylene at 77.3°K. Solvent
is n-hexane. (Photographs by R. Personov.)

—Hg

tra of the extracts obtained by A. A. II’ina with the
spectrum of pure perylene. His results are given
with the wavelengths in Fig. 5. The coincidence of
the wavelengths leaves no doubt as to the reliability
of the identification.

Kh. I. Mamedov? has applied spectro-luminescent
analysis for the identification of aromatic substances
in petroleum fractions. The fluorescence spectra of
narrow cuts (196 —220°, 225 — 250°) were taken in
iso-octane at room temperature and at liquid-nitro-
gen temperature. Selective excitation of the total
aromatics by means of the mercury lines 313 and
365 my was applied in order to make possible a
separation of the spectra of different types of com-
pounds. Further, an attempt was made to identify
the individual aromatic compounds in the cited
petroleum fractions, Thus, the comparison of the
fluorescence spectra of the petroleum fractions
with that of B-methylnaphthalene in iso-octane re-
vealed a similarity between the two spectra, even
at room temperature. Hence the author concluded
that B-methylnaphthalene was present in the petro-
leum which was being studied. Unfortunately, the
bands at room temperature are too broad for a
reliable identification to be made on the basis of
similarity of spectra. Lowering the temperature
to that of liquid nitrogen leads to a great increase
in the sharpness of the bands (Fig. 6). However, in
iso-octane (as in iso-paraffins in general), line
spectra of the type described above are not ob-
served. It would be very interesting to use the cor-
responding normal paraffin as the solvent with the
aim of obtaining a line spectrum. In such a case,

a subsequent vibrational analysis would make it

4432.7
4442.2
.. —4454.0
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FIG. 6. Fluorescence spectra:

1 — B-methylnaphthalene, 2 — the
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possible to carry out the identification with com-
plete reliability.*

¢) The determination of coronene and 1, 12-
benzperylene

After what has been said, it should be sufficient
to demonstrate in Fig. 7 the comparison of the spec-
trum of a byproduct of petroleum refining with that
of pure coronene. The series of lines occurring in
the spectrum of the byproduct but not coinciding with
the coronene lines turned out to coincide with the
wavelengths of 1, 12-benzperylene, which had been
measured by Bowen®® at Oxford in hexane at 77.8°K ,
This example is interesting as an illustration of the
complete additivity of the spectra of substances oc-
curring in a complex mixture.

*The latter remark is even more applicable to the interesting
new paper by Kh. 1. Mamedov39 (added in proof).
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9. An additional and also highly significant ad-
vantage of the freezing of solutions consists in the
fact that here, along with fluorescence, one may
observe a persistent luminescence, or phosphore-
scence. The study of the spectrum of this persis-
tent luminescence may play a substantial auxiliary
role. In a number of important cases, as we shall
see below, it may play even an independent role in
the spectroscopic identification of complex organic
compounds,

First let us consider some of the most important
characteristics of this luminescence. The phos-
phorescence of organic compounds is observed,
generally speaking, in rigid media.* Here, in solid
or highly viscous solutions, as in vitrified sugar or
in boric acid, phosphorescence is observed both at
room temperature or at low temperatures. (For a
review of the older literature see the monographs
of P. Pringsheim29 and V. L. Levshin.%%

The phosphorescence observed in frozen solu-
tions in organic solvents is commonly characterized
by long lifetimes (from 1073 sec to some seconds;
in the case of coronene, about 10 sec). The spec-
trum of this phosphorescence is strongly shifted to
longer wavelengths with respect to the fluorescence
spectrum. The magnitude of the relative displace-
ment of the two spectra (that is, the distance be-
tween the short-wavelength limits, or between the
band heads of the two spectra, if they are discrete)
is sometimes as much as several thousand Angstrom
units.

The Polish physicist A. Jablonski was the first
to indicate that the appearance of this luminescence
is evidence of the existence of a metastable level
occurring between the ground state and the lowest
excited electronic level. According to the interpre-
tation which is generally accepted at present, and
was independently proposed by Gilbert, N. Lewis
and A. N. Terenin, this metastable level T (Fig. 8)
is a triplet state, while the ground state S and the
first excited level S’ are singlet states. The transi-
tion from the excited singlet level S’ to the nearby

*P, P. Dikun?8 has shown, however, that a weak persistent
emission is observed even in the vapors of organic compounds.

T = 77.3°K - v

K

FIG. 7. Fluorescence spectra: 1—by-
product from petroleum refining, 2 — pure
coronene in n-hexane at 77.3°K.
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FIG. 8. Diagram of the origin of phosphorescence in fro-
zen solutions: S and S8’ are singlet levels, the ground
state and the excited level, respectively. T is a triplet
level. The dotted line indicates a radiationless transition.

triplet level belongs to the category of processes
of internal conversion: it takes place without
emission and is accomplished within a short time
interval. This interval is in any case less, and
probably even significantly less than the lifetime
of 1078 sec of the excited state for the process of
fluorescence (M. Kashal®),

After falling into the triplet level T, the mole-
cule is in a metastable state, since the transition
to the electronic-vibrational levels of the lower
singlet state requires a 180° reversal of the spin
of one of the electrons for dipole emission. Thus
it is strictly forbidden (the so-called rule against
intercombination). This explains the fact that
the molecule in the level T may remain there for
time intervals as much as 10° times longer than
the normal lifetime of the excited state. The reason
why the transition T — S occurs nevertheless, in
spite of the rule against intercombination, consists
in the fact that the metastable level T is actually
not a pure triplet state. Due to the interaction
between the spin and orbital moments (spin-orbit
interaction), it is a superposition of triplet and
singlet states. Hence, there is a non-zero, al-
though small, probability for the transition from
the nominally triplet state to the lower singlet
level. The probability of such “forbidden” transi-
tions, due to spin-orbit interaction, rapidly in-
creases with the atomic number Z in atomic
spectra (in proportion to Z%). This explains the
following apparently paradoxical fact: while in
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.
helium the intercombination line 591.6 A (3P2,1

—13,) is highly forbidden and correspondingly very
weak, in mercury ( Z = 80), the same type of transi-
tion leads to the resonance line, very strong in
emission and absorption, at A =2537 A.

For molecules the rule against intercombina~
tion and the consequences of the conditions existing
in the electron cloud (e.g., the dependence of the
transition probability on Z) remain in effect. In
particular, the rapid increase in the probability of
a “forbidden” transition at large values of Z may
be illustrated very graphically by the interesting
observations of Kasha and Becker on the triplet-
singlet transitions in molecules of porphyrins,
phthalocyanines, and chlorophylls. These obser-
vations were made both with and without the pres-
ence of central heavy and paramagnetic metal
atoms. It was found that when atoms of high Z
value were present in the molecule, the probability
of triplet-singlet intercombination was greatly in-
creased.

For molecules, the rule against intercombination
(connected with the law of conservation of angular
momentum) may be combined with other selection
rules based on symmetry; this actually takes place,
for instance, in benzene and coronene. Here the
transition probability must decrease greatly, while
the lifetime is correspondingly increased. For ex-
ample, in coronene the lifetime is increased by a
factor of 10°, and the triplet state becomes me-~
tastable in the full sense of the word.

We note the following interesting and important
fact. The detection of absorption in cases of in-
finitesimally small transition probabilities, such as
those mentioned above, is an exceedingly difficult
problem. Particularly, it requires very thick layers
(of the order of meters) of substance, or high pres-
sures (for gases). To the contrary, for emission the
existence of a metastable level affects only the life-
time of the excited state; this only facilitates the
observations, which in any case are experimentally
just as simple as in the observation of luminescence
of short lifetime (i.e., fluorescence). Here it is
found that, even when heavy atoms are absent in the
molecule (the Z values are small), the luminescence
intensity may be very large. For example, in the
case of coronene, the ratio of the fluorescence yield
to the phosphorescence yield is approximately unity,
that is, the phosphorescence yield amounts to about
50% of the total luminescence yield. This apparent
paradox has the following explanation. Let us con-
sider a molecule excited to a certain level S’, which
is the lowest excited level in the singlet system.
There are two pathways for the downward transition:
(1) A trasition with emission, S’— S (fluorescence),
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to the ground (stable) singlet state is possible; the
average lifetime of the excited state for this transi-
tionis 7 =1078 sec, while the probability of the
transition A =1/7 =108 sec™!. (2) A transition
without emission, 8’— T, to the lower triplet state
is possible. Since this transition takes place with-
out emission, it is accomplished more quickly
(probably even considerably more quickly) than the
transition S’ — S; the lifetime for this transition is
certainly some orders of magnitude shorter than
1078 sec, for instance, 7 ~ 10712 _ 10713 sec, such
that Ay = 1012 — 108 gec™! (see reference 19). Since
the transition T — 8 is forbidden, the state T is
metastable, so that the excited molecules will ac~
cumulate in this state. Then, since the emission
intensity is proportional to the number of excited
molecules, the intensity of the forbidden emission
(phosphorescence) may be very great. It may even
happen that the phosphorescence intensity is greater
than the fluorescence intensity. This will be the case
when the molecules leave the excited state S’ by
other radiationless processes (quenching of fluore-
scence) with high probabilities, besides the radia-
tionless transition S’ — T.

The chain of spontaneous processes S’ — T — §
is completely analogous to the chain of radioactive
processes P — @ — R: the substance Q arises
from P, and in turn, is transformed into R. If, as
before, we take as the measure of the transition
probability the reciprocal of the average lifetime
A =1/7, then, as is shown in the theory of radio-
active processes,* the number of molecules in the
triplet state at the moment t will be

- A
N,=N,(0) N 1

— A,

(g_‘A2t — e-—Ali)’

where Aq and A, are, respectively, the probabil-
ities of the transitions S’ — T and T — S. However,
since Ay > A, (e.g., for coronene, A; =102 —101,
and Ay =0.1), we obtain from the previous formula
Ny=N,(0)-¢ ™ =, (0)- e“%,
One may see that the number of molecules in the
triplet state at moment t does not depend at all on
the probability of the radiationless conversion
S’ — T, and gradually decreases with the relaxation
time 7, corresponding to the triplet transition
T — S. Thus we see that, in distinction from ab-
sorption, which is exceedingly difficult to observe
for forbidden transitions, the observation of emis-
sion from the triplet state presents no difficulties
in comparison with fluorescence. The observation
of phosphorescence is in some respects even pre-
ferable from the experimental point of view. Thus,

*See, for example, E. V.’ Shpol’skil, ATommas Jusnxa
(Atomic Physics), Vol. II, Gostekhizdat 479 ff (1951).
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in photographing the spectra, both spectra are com-
monly recorded simultaneously on the plate. How-
ever, if we are interested only in the phosphore-~
scence spectrum, then by virtue of the persistence
of the emission in this case, we may make use of
the phosphoroscope. This filters out both the
fluorescence spectrum and the exciting light. Hence
one may ‘use the full light output of the source to
excite the emission, without resorting to filters

or monochromators, so that the exposure is con-
siderably shortened.

10. With regard to the suitability of using
phosphorescence for spectro-analytical purposes,
insofar as I know, this was first indicated by A. A.
11’ina.?’ She considered the fact that in some cases
in which the fluorescence spectra of structurally
similar substances overlap, the phosphorescence
spectra may be distinct. An example of thisare the
spectra of two dibenzacridines, which are shown
together with the formulas of these substances in
Fig. 9. Here one may clearly see that the phos-
phorescence spectra, taken simultaneously with
the fluorescence spectra but lying at A > 500 my,
are clearly distinct from each other both in po-
sition and in the distribution of intensity among the
sharp bands.

Another example of the suitability of using
phosphorescence spectra for the definite identi~
fication of substances is shown in Table I. Here
one may see that in the fluorescence spectrum of
the sample, along with a series of distinct bands
which definitely belong to benzpyrene, there are
three weak bands which may be tentatively as-
cribed to 1, 2, 5, 6-dibenzanthracene (DBA). This
assumption, however, becomes a certainty, since
three other bands definitely belonging to DBA are
observed in the phosphorescence spectrum. With
regard to the phosphorescence of 3, 4-benzpyrene,
this spectrum, as was shown in a recent paper by
Muel, 3! is strongly shifted to longer wavelengths,
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FIG. 9. Microphotometer traces of fluorescence (A < 500
mp) and phosphorescence (A >500 mpu) spectra of two di-
benzacridines.21
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1. Mixture being studied in n-heptane
2. Coronene in n-heptane

FIG. 10. Phosphorescence spectra of an unknown product
and of pure coronene.

and is situated in the near infrared (8000-10,000 A).

Application of the conditions under which quasi-
linear spectra are obtained naturally expands the
possibilities of spectroscopic phosphorescent
analysis. The type of phosphorescence spectrum
under these conditions may be seen in Fig. 10.
Here a comparison is made of the phosphore-
scence spectra of an unknown product and of pure
coronene; the identification of the unknown as
coronene may be made reliably on the basis of
this comparison. I wish to remark that, as our
experience has shown, the linear phosphorescence
spectra are ordinarily simpler than the fluore-
scence spectra, and hence may be subjected more
easily to vibrational analysis, which may be an
essential aid in the identification of an unknown
substance.

Interesting applications of phosphorescence
analysis were recently made in the identification
of biologically important substances. S. Freed
and W. Salmre® in the Chemistry Department of
Brookhaven National Laboratory applied phos-
phorescent spectroscopic analysis for the identi-
fication of indole derivatives which play an im-
portant role in processes occurring in the central
nervous system. The phosphoroscope was used to
eliminate the exciting light and the fluorescence
spectrum. Solutions of the substances being
studied in a 9:1 methanol-ethanol mixture (which
gives a transparent glass on freezing) were
frozen at 77.3°K. In Fig. 11 are shown the photo-
electrically recorded spectra of indole and two
of its derivatives, of which tryptophan is one of
the aromatic amino acids occurring in proteins,
and serotonin is a substance which plays a large
role in the therapy of certain mental diseases.

As one may see, the spectra have a distinct struc-
ture, which, moreover, is strongly marked by com-
pression of the scale on the wavelength axis. In
any case, the spectra are individual enough so that



EMISSION SPECTROSCOPIC ANALYSIS OF ORGANIC COMPOUNDS 391

/ﬂll'ﬁ — H""Zj"']ﬂ”
a9 : JL
»
a8 Y27/

ark
ast-
a5 -

T I i
12774 550 S0 450 400 /4

FIG. 11. Phosphorescence spectra of indole derivatives
in a mixture of alcohols at 77.3°K: I — indole (2.5 mg/ml),
II — tryptophan (0.5 mg/ml), III — 5-hydroxytryptamine
(serotonin) creatinine sulfate (0.1 mg/ml). (Taken from
Freed and Salmre.32

one may distinguish the spectra of each of the
compounds without difficulty.

By an analogous spectroscopic method, Steele
and Szent-Gydrgyi®® have established the presence
of tryptophan in the protein of the crystalline lens
of cattle, and conversely, its absence in insulin.
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