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In 1928 Professor Chandrasekhara Raman in India announced a new spectroscopic
effect now known universally as The Raman effect. This effect had been predicted
in 1923 by Smekal and is sometimes referred to in the early German literature as
the Smekal-Raman effect. Shortly after, the effect was observed by Landsberg and
Mandelstam in Russia. In Russian literature the effect is usually referred to as
"Combinational Scattering". Raman observed that if monochromatic Tight (light of
a single wavelength) is passed into a transparent substance and if the scattered
Tight is examined spectroscopically, new weak lines of different frequencies
appear in the spectrum in addition to the exciting frequency. These weak Tines
are characteristic of the scattering substance.

Before going deeper into the Raman effect I would 1like to review a few
fundamentals necessary to understanding the phenomenon. Experimental observations
and the quantum theory have shown us that the internal energy of a molecule does
not have a continuous range of values but is restricted to a series of discrete
levels or stationary states. The emission or absorption of energy or radiation
by a molecule takes place by a transition of the molecule from one of these
stationary states to another. The study of the spectra of a molecule thus provides
a powerful tool to find out about the internal energy levels of a molecule.

These are in turn related strangly to the structure and properties of the molecule.
The internal energy of a molecule comes partly from the motions of the electrons,
partly from rotation of the whole molecule, and

partly from vibrations of the atoms of the molecule. To a first approximation

the interaction between these motions may be neglected and the observed spectra

can be divided into rotational, vibrational, and electronic spectra. The vibra-
tional energy levels are characteristic of the bonds between atoms and thus are

of special interest to the chemist who deals with chemical compounds made up ofs

DISTRIBUTION OF THIS DOCUMENT 15 1




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.



-2 -

various atoms bound together in different ways and who studies the intractions
between various atoms and molecules.,

Two widely used spectral methods are in use today to study these molecular
energy levels. The study of infrared spectra and the study of Raman spectra.
These two methods are complimentary and I want to say a few words about infrared
spectra before turning to the details of Raman spectral observations.

The electromagnetic spectrum extends from gamma rays with short wavelengths
and with Tong wavelength and Tow energy. Electronic energy states are of the
order of a few electron volts above the ground state and the energies are compar-
ible to that of ultraviolet and visible radiation. The vibrational energy levels
1ie only a few tenths of an electron volt above the ground state, and the rota-
tional levels a few hundreths of an electron volt above the ground level. The
rotational and vibrational spectra (or energy levels) lie in the infrared region
of the electromagnetic spectrum.

Let us talk for a minute about units of frequency, wavelength, or energy
measurement. For all electromagnetic waves, including 1light, the formula
A x5 = ¢ holds: wavelength x frequency = speed of light (cm) x (cycles/sec) =

10

3 x 1077 cm/sec

The energy of the radiation can be calculated from the formula; E = hyrwhere

h is Planks constant = 6.624 x 10'27 eng-sec, Thus the energy of the Tight is

seen to be proportional to the frequency %4} Now Y = c/x, so the energy is also

1

proportional to 1/x which is defined asi}v cm —, or wave numbers. This unit

wave numbers is widely used in both infrared and Raman spectroscopy. The

1 and 5000 eml.

vibrational energy states of molecules Tie roughly between 100 cm

The vibrational spectra of a molecule can be explained in terms of stretching
and bending motions (normal modes of vibration) involving various bonds of the
molecule. In general there are 3N-6 (3N-5 for a linear molecule) normal

vibrational modes for a molecule. N is the number of atoms in the molecule.
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For example diatomic molecules have one fundamental vibrational frequency

H-H 3118 cm™ -
H-C1 2990 cm !
N-N 2360 cm

1

I-1 215 cm”
Heavier atoms give slower (less energetic) vibrations while stronger bonds give
higher frequency (more energetic) vibrations. COZ has 3x3-5 = 4 normal vibrations

<« 0-C - 0 > sym. stretch 1388 cm™}

<+ 0-C »+« 0 asym. stretch 2349 cm

(-)0-C(#)-0(-) Two bends 667 cm .

When broad band infrared light of all frequencies is passed through these
molecules, the Tight will interact with the molecules provided the vibration
involved is accompanied by a change in dipole moment. The molecules will absorb
definite discrete amounts of energy from the 1ight equal to the energies necessary
to excite the vibrational energy levels of the molecule and various combinations
of those levels. If we plot 1ight energy vs Tight-égéggirﬁg cm—l, we will find
various absorption bands in our broad infrared centinium which are characteristic
of the molecular vibrations (or energy levels) of the substance examined. One
must use the correct frequency of light to match the energy levels of the mole-
cules and this is difficult because infrared light will not pass thru glass and
very special materials such as salt (NaCl), cesium bromide (CsBr), or silver
chloride (AgC1) must be used for cells or optigal elements.

Now let us return to the Raman efféct. When monochromatic light (of any
wavelength) is passed into a transparent substance (gas, tiquid, or solid) some
Tight is scattered in all directions. If the scattered light is examined with
a spectroscope we find a very strong line with the same frequency as the illumin-

ating Tight and then several new very weak frequencies. For example, if a

substance is illuminated with Tight of frequency v and the scattered light
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examined, several new frequencies will be found v - Vis V= Vys V- Vg, etc.,
of lower energy called Stokes lines, and v + Vis v + Vo, v + V3, etc., of
higher energy called anti-Stokes lines. These Tines are symmetrically disposed
around the exciting frequency and the values of V1s Vo etc. are often found to
coincide with observed infrared frequencies. The Stokes lines are found to be
much more intense than the anti-Stokes 1ines and if the exciting frequency v

is changed the values of v - vy change but the frequency shifts (vl’ Vos etc.)
remain the same. The intensity of the Raman line is proportional to the fourth
power of the frequency of the exciting 1igﬁt so that blue 1ight gives much more
intense Raman lines than red light.

The quantum theory of the Raman effect is as follows. An incident 1ight
quantum, hv, collides with a molecule. It can be scattered elastically in which
case its energy and frequency remain unchanged (Rayleigh scattering); or it can
be scattered inelastically (that is, give up or receive energy from the molecule).
The Tight quantum can give to or take up energy from the system only in amounts
equal to the energy difference between the stationary states of the system.

If the system (molecule) is initially in the lower energy state E, it may be
brought up to the upper state E' by the scattering of a light quantum; the
energy AE = E' - E being taken from the 1light quantum. Thus the scattered light
energy is hv - AE. If, however, the molecule was initially in the upper state
E' and 1is transferred to the Tower state E by the light quantum, the Tight
quantum will possess the energy hv + AE after the scattering. This latter case
(the anti-Stokes case) is less probable since fewer molecules are in excited

1

states than in the ground state. If the freguencies are measured in cm ~, the

Raman shifts give directly the energy differences of the system in cm"l.
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It is found theoretically and experimentally that the vibrational spectra observed
by the Raman effect is similar to that observed in the infrared but that some
vibrations are found in one and not the other. Infrared transitions are observed
where there is a difference in dipole moment between the states, while in the
Raman effect lines are observed when a difference in the polarizability of the
states exists. Thus the information from infrared and Raman spectra are compli-
mentary. If a molecule has a center of symmetry, as CO2 or N204, the rule of
mutual exclusion holds and all Raman frequencies will be inactive in the infrared
and all infrared frequencies inactive in the Raman.

Now let us turn to the slides. Slide (1) shows the electromagnetic spectra
we have already discussed. A micron is 10"4 centimeters so the point at start of

the infrared region is 1077 cm or 10% (10,000) cm™t.

One of the advantages of
Raman spectral work is that the frequency of the exciting light may be varied and
thus visible or even ultra violet radiation may be used. Since the intensity of
the scattered line 1is inversely proportional to the fourth power of the wavelength,
there is considerable advantage in using short wave-length lines. Slide (2)
illustrates the formation of Stokes and anti-Stokes Tines by the Raman effect.
Stokes lines are those with less energy or lower frequency than the exciting
radiation. Slide (3) is a sketch of the type apparatus used by Raman to observe
the effect. "A" is a bright source of Tight which gives off a definite line
spectra; such as a mercury lamp, a sodium lamp, or a helium Tamp. This Tight
passed through a lens is focused on a sample volume, "B", and then is observed at
right angles through a spectrometer, "S", either visually or recorded on a
photographic plate. Raman lines are very weak, something Tike 10@;105 times

weaker than the exciting line and it is necessary to use bright sources and collect
as much 1ight as possible. A more advanced Raman appparatus is shown on the

next slide (4). Here, a Tong tube of sample is used, illuminated by a tube-like

mercury arc lamp and surrounded by a reflector. A filter has been inserted
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between the 1ight and the sample. This filter ideally should remove all of the
mercury lines except the one strong and sharp line being used for the observations.
This is necessary since each spectral line that enters the scattering substance will
be scattered with a number of energy losses producing a complex mixture of
overlapping Raman spectra if the number of exciting 1ines is more than one. The
light scattered at right angles is passed through a spectrograph and the spectrum
registered on a photographic plate. Photographic exposures varied from a few
minutes to several days. The next slide (5) shows an enlarged example of a
photographic Raman spectrum. Here the wavelength scale runs vertically with the
longer wavelength or lower energy being at the bottom. The strong 4358 K (or
22,938 cm"l) Tine of mercury is the exciting line on the right. CCT4 is the
substance being studies and the five characteristic Stokes lines of CCT4 can be
seen below the exciting Tine. The weaker anti-Stokes lines are above and only
three of these can be seen. Now the spectrometer is not linear in wave numbers,
but if the change in frequency from the center line is calculated in wave-numbers
the value Av is exactly the same for the Stokes and anti-Stokes lines and these
frequencies are found to be 218, 314, 458, 762, and 791 cm'l. Now if we continue
on toward the violet end of the spectrum, there is another strong mercury line
that can be used as a Raman source and this is at 4046 A (24,706 cm"l). There are
several other interferring mercury spectrum lines at 4077 R and 4108 E but five
lines due to the Raman scattering of the 4046 Z mercury line by CCT4 can be seen.
Since the scale is not linear, the spacing is different; but if the frequencies

of these lines are measured, converted to wave numbers, and that of the exciting
Tine subtracted, one finds the Av's are again 218, 314, 458, 762, and 791 cm'l'
This illustrates the extreme versatility of the Raman effect that I mentioned--
one can get fundamental information concerning the energy levels of the molecule
using any number of different frequencies of exciting 1ight. Slide (6} shows an

actual spectral plate made with a simple demonstration spectrometer at the Univer-

sity of Tennessee. The spectra of Neon has also been recorded for reference. This
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plate is of CC14, also, and one can see the same lines upon close examination as
shown on the previous slide.

Slide (7) shows a schematic diagram of the Cary Mode1-81 Raman spectrophoto-
meter which we used previously at Oak Ridge National Laboratory. This dnstrument
used a Toronto mercury arc which surrounded the sample tube with a coil of mercury
discharge 1ight. The sample beam passed through an optical system consisting of
lenses, image slicers, and slits to a monochromator consisting of a double mirror
and grating system. The monochromatic light then passed to a photomultiplier tube
and amplifier system and was recorded on a strip chart.

STlide (8) shows a photo of the mercury arc. A large sample was placed
inside this arc and ]ight poured onto the sample from 360°. The Raman 1ight was
then observed at right angles by means of a Tens system. Slide (9) shows the large
sample cells which it was necessary to use to obtain Raman spectra with this
instrument. Slide (10) shows the Raman spectrum of CC¥4 taken with this photo-
electric instrument. Here we see in much easier to read form the 4 spectral Tlines
of CCT4 observed on the previous photographic plate. Slide (11) shows the Raman
spectrum of Tiquid water. One of the tremendous advantages of using Raman spectra
is the fact that the Raman spectrum of water is fairly weak and is free of bands |
in the lower wavelength regions. Here we see really two main bands one weak band
at 1650 cm_1 and one strong band made up of various stretching vibrations and
overtones.

In 1960 the Taser became available as a source of intense monochromatic light
and in the 1960's Raman spectroscopy was advanced tremendously by the use of laser
Tight sources. Slide (12) shows the modification made to our Cary-81 spectrometer
for Taser light source use . Now we illuminate a very small sample with a very
_bright sharply focused beam of monochromatic laser light. We use phston counting
electronics to actually count the phetons of Raman light and thus increase our

detection capability. Slides (13) and (14) show the laser light from either a
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helium near laser (red), or an argon ion laser (blue or green) being used for
Raman excitation. Slide (15) is a schematic of our new Raman spectrometer, the
Ramarior. This instrument uses the same system of two monochrometers in series
to reject the scattered Raleigh 1ight; It is unique in using a curved helographic
gratings for disp®rion which eliminates the 4 extra curved mirrors found in the
older machine. A photomultiplier detector tube and photen counting electronics is
also used to record the spectra. A signal averager system stores the data and
allows it to be put on magnetic tape or recorded in various formats on graph
paper. Slide (16) shows this new instrument. Slide (17} shows the tuneable dye
laser we use to generate yellow or red light. The blue and green 1ight from the
argon-ion laser is focused into a jet stream of flowing dye and the laser cavity
tuned to yield yellow, orange or red light. Various colors of 1ight are used to
obtain Raman spectra of colored compounds or solutions.

Now Tet us look at some Raman spectra;

STide (18) shows an aqueousbso1ution of NaC1O4. In addition to tﬁe water
bands we see the 4 characteristic bands of the 0104~ ion. The band at 938 is
especially strong and is due to the symmetrical stretching frequency of the CTO4' ion.
This pattern also tells us that the C104“ ion has a tetrahedral structure and its‘
vibrational force constants. Slide (f§) Benzene shows a more complicated pattern.
The band near 1000 cm"1 is due to the C-{ring vibrations and the lines near 3000 (:m“’i
are ascribed to C-H vibrations. The groups present in organic molecules can be
picked out in this manner and identification can be made. Slide (28) shows an
interesting effect where a portion of the spectrum of CuZCTZ-SNH4C1'CG is shown.
This vibrational mode is the CO stretching mode and the sample was enriched in
13C to about 13%. The spectrum clearly shows the lower frequency peak due to the
13C—O vibration. By using Raman spectra in this way we are able to analyze few
jsotopic content or to calculate isotopic equilibrium constants. Slide (21)

shows a recent study we have made of equilibrium in a solution containing uranyl

(UO??i) jon. Here as we vary the pH of the solution the spectrum shifts as the
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oroportion of monomer, dimer, and trimer in the solution varies. The Raman spectra
are especially valuable in studying species in solutions or melts and their
equilibria. The structure of new compounds may also be determined by the Raman and
infrared spectrum.

STlide (22) is an illustruation of this point. This shows the Raman spéctra
of two new compounds C1F5 and XeOF4. Their structure was immediately established
by the close resemblence of their spectra to those of IF5 and BrFB.

I hope that this gives you a brief idea of the theory and uses of the Raman

effect. I think that you will be hearing about it a Tot in the future.

* Operated by Union Carbide Corporation, Nuclear Division,under contract

W-7405-eng 26 with the Department of Energy.
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