
The recent advent of the laser has made the former eso- 
teric field of Raman spectroscopy a common technique in 
many chemistry laboratories. Low-cost laser Raman spec- 
trometers are now available that give high-quality spectra. 
The laser instruments also have the advantage over for- 
mer instruments in that gas-phase spectra are much easi- 
er to observe. Rotational Raman spectroscopy provides a 
convenient method for determining structures of mole- 
cules, especially homonuclear diatomic molecules, and 
also an experimental method for observing the predictions 
of quantum mechanics, in particular the effects of the 
Pauli exclusion principle. A major advantage of this 
method is the simplicity of the theory necessary to  inter- 
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where (1/1,),, is the average value of the reciprocal of the 
moment of inertia in vibrational state u. For a diatomic 
molecule 

Pure Rotational Raman Spectroscopy 
of Diatomic Molecules 

where /I is the reduced mass, rn~rnz/( rn~ + mz), and 
(l/rU2),, is the mean value of 112 in vibrational state u. If 
we define 

where re is the equilibrium bond distance, then 
pret spectra. B. = B. - odu + 112) (7) 

It is the nurnose of this article to outline the experi- 
mental proced&s and theory necessary to observe-and 
intemret rotational Raman spectra of diatomic molecules. 
As examples, the spectra of-oxygen and nitrogen will be 
discussed. Sufficient details are presented so that a laho- 
ratorv exneriment could be done to determine bond dis- " .  
tances and interpret spectra of diatomic molecules. 

Theory 

A molecule in the gas phase is executing both vibration- 
al and rotational motions. In order to discuss rotational 
Raman spectroscopy, it is necessary to know the energy 
levels of both of these motions, since they are not com- 
pletely independent of each other. 

To a very good approximation the vihrational energy 
levels of a diatomic molecule are independent of the rota- 
tional energy levels and are given by 

where u is the vibrational quantum number (u = 0,1,2, 
. . .), o, is the wave number (cm-1) of the harmonic vibra- 
tional frequency ve(we = ve/c), xe is the anharmonicity con- 
stant, and h and c have their usual meanings. v, is vibra- 
tional frequency the molecule would possess if the ampli- 
tude of vibration was infinitesimal. Wave numbers for the 
different vihrational states are given by 

. . -, -, 

where a, is a small constant compared to Be. 
I t  can he shown ( I )  that the centrifugal distortion 

stant D, is related toB, and w,  by 

\., 

con- 

Equation (8) shows that D, << B,, and therefore the sec- 
ond term in eqn. (3) becomes important only for large 
values of J .  In many cases an excellent approximation is 
to assume that D, in eqn. (3) is equal to zero. This is the 
rigid-rotor approximation. 

In Raman scattering an incident photon of frequency vo 
interacts with a molecule and is scattered. In rotational 
Raman scattering the molecule mav absorb Dart of the en- 
ergy of this photon and he promoted to a higher rotational 
energy level. The scattered photon would have a freauen- 
cy v = vo - AEjh, where AE is the difference in energy 
between the rotational levels involved. A transition of this 
type (v < vo) is recorded in the spectrum as a Stokes line. 
Molecules are also capable of losing energy to the incident 
photon (v > vo) and the resulting line is called an anti- 
Stokes line. 

The selection rules for transitions involving a lower 
state J" and an upper state J' are found by evaluating the 
transition moment for rotational Raman scattering (1, 2) 

. . , , 
0, = ( W ,  - We%,) - 20&" (') 

where P involves the polarizability tensor.2 Evaluation of 
A common appmximation to eqns. (1) and (2) is to as- the scattering moment gives the selection rule AJ = J' - 

sume that x, = 0 (harmonic-oscillator approximation). In J" = *2. Transitions of the type J - J + 2 are Stokes 
this case the wave numbers of all vihrational states are lines, while J-J- 2 transitionsare anti-Stokeslines. 
equal and the energy levels are equally spaced. Application of the selection rule AJ = *2 to eqn. (3) 

The rotational energy levels of a diatomic molecule de- and setting J" = J results in the following expression for 
uend on the vibrational state of the molecule and to a the wave number shifts of the Raman lines from the wave 
very good approximation are given by 

where J is the rotational quantum number1 ( J  = 0,1,2, 
. . .), B, is the rotational constant for vihrational state u, 
and D, is the corresponding centrifugal distortion con- 
stant. Both constants have units of cm-I. 

The rotational constant is defined as 

number of the laser line 

1 In the ease where there is a coupling between electronic and 
rotational angular momenta, it is the convention to designate the 
rotational quantum number as K. This is the case for Oz which 
has a T; ground electronic state. For further discussion of elec- 
tronic coupling the reader is referred to reference ( I ) .  

2 Evaluation of the transition moment is quite difficult and will 
not be given here. A somewhat simplified evaluation is given in 
reference (I), but the reader is referred to reference (2) for a gen- 
eral evaluation. 
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Figure 1. Energy-level diagram and schematic spectrum far a rotational. 
Raman spectrum. The transitions and spectrum at the left are the Stokes 
lines and those on the right are the anti-Stokes lines. The numbers added 
to the Raman lines are the J values of the lower state. Ths dark line in 
the center is the undisplaced laser line. 

where J = 0,1,2, . . . for Stokes lines and J = 2,3, . . . for 
anti-Stokes lines. Since B, >> D. the rotational Raman 
spectrum for a given vibrational state consists of two se- 
ries of lines (Stokes and anti-Stokes) centered about the 
laser wave n"mber. These lines are approximately spaced 
a t  4B,. Fiwre 1 illustrates the transitions involved and 
the schematic spectrum. 

Rotational Raman spectra will occur, of course, for mol- 
ecules in all of the vihrational states, i.e., sets of Raman 
lines will occur for molecules occupying the u = 0, u = 1, 
etc. vibrational states. Since the rotational constant de- 
pends on the vihrational state, the different sets of rota- 
tional lines occur a t  different wave numbers, with the rel- 
ative intensities being given by the Boltzmann factor exp- 
[-E(u)/kT].  If the vibrational energy is approximately 
equal to kT, then these so-called "hot transitions" will he 
evident in the Raman spectrum. However, for low molec- 
ular weight diatomic molecules like Oz and Nz, E(v) >> 
kTand no "hot transitions" are observed. 

A derivation of the line intensities is also quite involved 
and will not be given here. However, it can be shown ( I )  
that the intensities of the lines in eqn. (10) are given by 

where k is Boltzmann's constant, T is the absolute tem- 
perature, g, is a nuclear degeneracy factor (see next sec- 
tion), and SJ = ( J  + 1)(J + 2)/(21 + 3) for Stokes lines 
and S.r = ( J  - 1W(W - 1) for antistokes lines. For he- 
teron"clear diatomic molecules and unsymmetrical linear 
molecules ( C ,  ,), gn is equal to unity. In order to determine 
g, for homonuclear diatomic molecules, the complete 
wave function must he examined. 

The total wave function of a homonuclear diatomic 
molecule may he written as hotal = $e$u$&,, where the 

subscripts e, u, r, and n refer to electronic, vibrational, ro- 
tational, and nuclear, respectively. We are interested in 
the properties of the total wave function when the coordi- 
nates (x, y, 2) of the nuclei are replaced by their negatives 
( - X ,  -y, -z), i.e., the effect of nuclear interchange on 
$total. The properties of on nuclear interchange will 
be determined by considering the effects of interchange on 
$., $,, $,, and $,. 

Interchangmg the nuclear coordinates does affect the 
electronic spatial coordinates, since they are defined with 
respect to the molecule-fixed xyz axes which are rigidly 
attached to the nuclei. It can be shown (3) that the wave 
functions for molecules with Z.+, 2"-. P.+. P,,-, . . . elec- 
tronic states are symmetric to-interchangeofthe nuclear 
coordinates, while the wave functions for molecules with 
Zg-, Zy+ ,. P g - ,  'P.+, . . . electronic states are antisymmet- 
ric to nuclear interchange. Since most diatomic molecules 
have Zg+ ground electronic states, the interchange opera- 
tion does not affect $e. If ; denotes the nuclear inter- 
change operator, we can write 

The notable exception to this ~ l e  is oxygen which has a 
2 -  ground electronic state, and the wave function is 
therefore antisymmetric to nuclear interchange. 

The vihrational wave function of a diatomic molecule 
depends only on the bond distance r and is not affected hy 
the interchange operation 

The rotational wave functions are known to have the 
properties (1) - 

i$r(J even) -+ $,(J even) 
- (14) 
iJ.,(J odd) - -$,(J odd ) 

Nuclear interchange does not change the rotational wave 
function when J is even, hut changes the sign when J is 
odd. 

The effect of nuclear interchange on the nuclear wave 
function is probably best illustrated by considering a ho- 
monuclear diatomic molecule with nuclear spin of 112. In 
this case the spin eigenfunctions are either a or 13, and the 
complete nuclear wave functions are the well-known ex- 
pressions 

rln, = a(lju(2) 

rl., = P(l)P(2) 
(15) 

rl., = (2)-1'2[a(1)K2) + a(2)0(1)1 

#,, = (2)-"9a(1)/3(2) - 42)Cl(lll 
where 1 and 2 refer to nuclei 1 and 2. Application of the 
interchange operator to eqns. (15) gives 

We see that for a nuclear spin of 112 there are three sym- 
metrical nuclear wave functions and one antisymmetrical 
function. The number of different symmetric and an- 
tisymmetric nuclear wave functions that can he con- 
structed for other nuclear spins depends on the nuclear 
spin (see the table). 

Before selecting the rotational and nuclear wave func- 
tions for constructing $total, i t  is first necessary to consid- 
er the Pauli exclusion principle (4). This principle states 
that if the coordinates of any two particles with integral 
spin quantum numbers are interchanged, $total must re- 
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main unchanged, i.e., symmetric to interchange. Particles 
of this t w e  are said to follow Bose-Einstein statistics and 
are called Bosons. On the other hand, if the cwrdinates of 
any two particles with half-integral spin quantum num- 
hers are interchanged, J.t,t.l must change sign, i.e., an- 
tisymmetric to interchange. Particles with half-integral 
spins are said to follow Fermi-Dirac statistics and are 
called Fermions. The Pauli exclusion principle therefore 
requires 

For a homonuclear diatomic molecule with nuclear spin 
of 112, the total wave function must be antisymmetric to 
interchange of the nuclei. For a Z,+ electronic state the 
total wave function can be constructed in four ways 

$,.,.I = J.&.J.,(J odd) (18) 

For Fermions even J levels combine with antisymmetric 
nuclear spin functions and odd J levels combine with 
symmetric nuclear spin funcions. For Bosons the combi- 
nations hetween and J., are reversed. As a consequence 
of nuclear spin, some levels have higher degeneracy due to 
the larger number of nuclear spin functions that are possi- 
ble. This so-called statistical weight (g, in eqn. (11)) en- 
hances the intensities of rotational lines originating from 
nuclear states that are degenerate. For a nuclear spin of 
112 the rotational lines originating from odd J levels will 
have intensities three times as great as those originating 
from even J levels: i.e.. en in ean. (11) is eaual to three for 
odd J and unity f i r  even J.  he statikical weights of the J 
states for different nuclear spins are shown in the table. 

Experimental 

A common procedure for observing the Raman effect is 
to pass a laser through a sample of gas and observe the 
scattered radiation at  90" to the incident laser beam. Gas 
cells are usually small (a few milliliters) and constructed 
of glass, including the windows. Cells are filled with gas 
using standard vacuum techniques that are discussed in 
detail in physical chemistry laboratory texts (5). In order 
to maximize the intensity of the Raman spectrum, the 
laser is passed through the sample several times by using 
reflecting optics. The optical arrangement is quite spe- 
cialized, however, and depends on the Raman instrument. 

The rotational Raman spectra of N2 and O2 gases, 

which are shown in Figures 2 and 3, were recorded with a 
Jamell-Ash model 25-400 laser Raman spectrometer 
equipped with a Spectra Physics model 164 argon-ion 
laser, photon-counting electronics, and standard gas op- 
tics. The instrumental conditions are given in the figure 
captions. With this equipment it was very easy to obtain 
high-quality spectra. A single pass of the laser through air 
(without a gas cell) was sufficient to give a good spectrum 
of air. Gas spectra could also be observed using standard 
liquid cells filled with gas. 

WAVE*"YBER 

Figure 2. Rotational Raman spectrum of nitrogen. Pressure was 760 tom 
and the instrumental conditions were: 5 X lo3 cps, 3 cm-' spectral slit- 
width. 5 cm- ' Imin scan rate. 2 s time constant. and 400 mW of 4880 
angstmm laser power. 

r 

Figure 3. Rotational Raman spectrum of oxygen. Pressure was 760 torr 
and the instrumental conditions were: 1 X 10' cps. 3 cm-'  spectral slit- 
width, 20 cm-'/mi" scan rate, 2 s time constant, and 300 mW of 4880 
angstrom laser power. 

Molecular Data and Statistical Weights of the J Levels for some Linear Molecules. 

Molecular data Statistical 
B. 0 s  0 & a  OL* 2, Nuclear weight (g,) 

Molecule (cm -9 (cm-I) Icm-1) (cm-? snin J (even) J (odd) 

0.3906 
(B, = 0.3895) 

- 

(n = 1.163) 
1.202 (CC) 
(ro = 1.207) '1% 1 3 
1.059 (CH) 
0.0 = 1.059) 

' Reference ( I ) .  
' Reference (6). 
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Anyone wanting to observe rotational Raman spectra 
should refer to the instruction manual for their instru- 
ment. One should avoid scanning a t  the laser frequency 
(zero frequency shift), since this may result in damage to 
the photomultiplier tube. Since the intensity of a spec- 
trum is proportional to concentration, path length, and 
laser Dower. it is advisable to maximize these narameters. 
If possible one should use gas pressures of about 1 atm, 
reflectingoptics, and high laser power (about 509 mW). 

Discussion 

The Stokes lines in the rotational Raman spectrum of 
Nz are shown in Figure 2. The spectrum contains a series 
of lines spaced by about 8.0 cm-l. The nuclear spin of 
N1' is unity and the statistical weights (see the table) are 
six for even J levels and three for odd J levels. The alterna- 
tion in intensities of strong-weak-strong in the ratio of one 
to  two is evident. with transitions originating from even J 
levels being more intense. The most intense line in the 
spectrum is the transition J = 6 - J = 8, and lines origi- 
natinefmm Jlevels m a t e r  than 20 are observed. 

~ h c  Stokes l inesin the rotational Raman spectrum of 
0 2  are shown in Figure 3. The lines, which are spaced by 
about 11.5 cm-1, increase in intensity, reach a maximum, 
and decrease in a uniform manner, with no intensity al- 
ternation. A spectrum of this type is indicative of a nucle- 
ar spin of zero. In this case either the even J levels or the 
odd J levels are completely missing (no wave function 
that obeys the Pauli exclusion principle can be con- 
structed for either the even or odd Jlevels). 

It is possible to determine whether the even or odd rota- 
tional levels are missing from measurements of the line 
spacing and the separation between the first lines in the 
Stokes and anti-Stokes spectra. If the odd levels are miss- 
ing the first lines in the Stokes and anti-Stokes spectra 
will occur a t  6B0 from the exciting line with a separation 
of 12Bo. The spacing between the lines in either branch is 
8Bo and the ratio is 12Bo:8Bo = 3:2. If the even J levels 
are missing the spacing between the first lines in the 
Stokes and anti-Stokes spectra would be 20Bo. Since the 
line spacing is 8Bo the ratio is 20Bo:SBo = 5:2. 

If one measures the snacina between the first lines in 
the Stokes and anti-stokes sp&a and divides this by the 
line spacing of 11.5 cm-', the ratio is found to be 5 2 .  We 
therefore conclude that in the oxygen spectrum only the 
odd J levels exist. Furthermore, this requires that the 
electronic wave function be antisymmetric to nuclear in- 
terchange, which is consistent with the known electronic 
stateof 32.-. 

Since the observed rotational Raman spectra of both 
oxygen and nitrogen originate from molecules in the 
ground vibrational states, the wave numbers of the Stokes 
lines (the lines that are usually observed) are given by 
eqn. (lo), where B, = Bo and D, = Do. From eqns. (2), 
(7), and (a), together with the data in the table, Do is cal- 
culated to be 4.8 X 10-6 for oxygen and 5.8 X 10-6 for ni- 
trogen. Consequently, the last term in eqn. (10) has no 
appreciable (0.1 cm-' or less) contribution to (Aw(41 for 
J < 12 for both oxygen and nitrogen. 

If only the Stokes lines for J < 12 are considered, an ex- 
cellent equation for the wave numbem of the Raman lines 
is obtained from eqn. (10) by setting D, = 0 

Therefore, a plot of the observed wave numbers of the 
Raman lines versus J gives a straight line with a slope of 
4Bo and an intercept of 6Bo. Figure 4 shows plots of 
( A o Q I  versus J f o r  nitrogen and oxygen. 

The precision with which individual lines can be mea- 
sured varies, of course, with the Raman instrument and the 
spectroscopist. With the instrument used in this work, 
line positions could he measured to about 0.1 cm-1 and 

Figure 4. Plot of the wave numbers of the rotational lines of nitrogen and 
oxygen versus the rotational quantum number J. The wave numbers were 
determined from a spectrum with a scale of 1 cm/cm-'.  The gas pres- 
sure was 760 t o ~  and the instrumental conditions were: 2 X 10' cps. 
1 cm-' spectral slitwidth. 5 cm-'/mi" scan rate, 2 s time constant, and 
1 W 01 5145 angstrom laser power. 

least-squares fits to the lines in Figure 4 resulted in stan- 
dard deviations less than 0.1 cm-1. However, since the 
linearity of the wave number scale on a spectrometer is 
usually more reliable than the absolute wave number, the 
value of Bo should he determined from the slope of the 
lAw(J)I versus J plot, since the slope depends only on the 
linearity of the wave number scale. From the slopes of 
these lines the rotational constants were determined to be 
1.986 cm-' for nitrogen and 1.432 cm-' for oxygen. The 
rotational constants calculated from the data in the table 
are 2.000 em-' and 1.438 cm-', respectively. 

From eqns. (4) and (5) the average bond distance in the 
ground vibrational state is given as 

If we define M = M I M ~ / ( M ~  + Mz), the reduced mass in 
atomic mass units (amu), eqn. (20) yields 

From the rotational constants given above, eqn. (21) gives 
bond distances of 1.101 A for nitrogen and 1.213 A for oxy- 
gen. The bond distances determined from the data in the 
table are 1.097 A and 1.211 A, respectively. The errors are 
therefore 0.004 A (0.35%) for nitrogen and 0.002 A (0.16%) 
for oxygen. 

If a high-quality Raman spectrometer is available, it 
may be possible to determine Do values for nitrogen and 
oxygen if wave numbers can be obtained for the lines 
greater than 150 cm-'. However, the uncertainties in the 
line wave numbers may be large due to the low intensi- 
ties, and, consequently, the Do values may have large er- 
rors. In order to minimize these uncertainties it is neces- 
sary to use high gas pressures, good gas-phase optics and 
cells, and high laser power. 

Equation (10) shows that if the line wave numbers are 
fit to a cubic equation in ( J  + 3/2), the coefficient of the 
( J  + 3/213 term is +Do. However, unless accurate line 
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wave numbers are available the fit will be poor. I t  is best 
therefore to rely on the line spacings, since these depend 
on the linearity of the wave number scale. Since Do << Bo, 
eqn. (10)  gives 

If the line wave numbers relative to IAo(0)I are divided 
by J and plotted versus ( J  + W 3 / J ,  a straight line re- 
sults with an intercept of 4Bo and a slope of -8Do. A 
least-squares fit of tbe lines of nitrogen in this way gave 
Bo = 1.998 cm-I and Do = 14.8 X cm-*. The value 
of Bo is in error by 0.1%, but DO is in error by about 175%. 
From eqn. (21) the bond distance is calculated to be 1.098 
A, which is in error by only 0.001 A. 

For oxygen the first line is IAw(1) I and eqn. (10)  gives 

A least-squares fit of (/Aw(J)I - ( A w ( l ) l ) / ( J  - 1)  versus 
( J  + W)3/ (J  - 1) for oxygen yielded BO = 1.434 cm-' 
and Do = 4.3 X 10-6 cm-l. The error in Bo is 0.3% and 
that in Do is 10%. This value of Bo results in a bond dis- 
tance of 1.212 A, which is in error by 0.001 A. 

While diatomic molecules have been emphasized in this 
paper, the extension to the rotational Raman spectra of 

linear polyatomic molecules is easily accomplished. If all 
vibrational modes are in their ground states, then the 
spectrum has the same appearance as that of a diatomic 
molecule. If we use the rigid-rotor approximation the 
spectra can be interpreted using eqns. ( 3 ) ,  ( 4 ) ,  ( l l ) ,  and 
(19), except that the moment of inertia I = Zm,rt2, 
where r, is the distance of mass mi from the center of 
mass of the molecule, and the statistical weights (g, in 
eqn. (11) )  will be different (6). The line wave numbers 
could be fit to eqn. (19)  to determine Bo, which yields the 
moment of inertia using eqn. ( 4 ) .  For molecules with one 
type of bond (e.g., COz),  the moment of inertia can be 
used to determine the bond distance. On the other hand, 
if more than one type of bond is present (e.g., CzHz), iso- 
topic spectra (e.g., CzDd are needed before the bond dis- 
tances can be evaluated. A more detailed discussion of 
linear molecules is given in reference (6). 
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