
Quantum mechanics and its application 
to chemical problems has become an integral part of 
many undergraduate curricula and is treated in a 
number of excellent, recent texts ( I S ) .  It is our obser- 
vation, however, that unless students work directly with 
the properties of real systems, elementary quantum 
mechanics, with its emphasis on artificial but soluble 
problems remains simply another area of abstract 
Icnowledge. We have found that the analysis and as- 
signment of spectra which the student has measured is 
very helpful in increasing his understanding of many 
quantum mechanical concepts. 

A number of spectroscopic experiments have been 
reported in THIS JOURNAL including the analysis of 
the vibrational and rotational spectra of simple 
molecules ( 4 4 ,  the electronic band spectra of 
diatomic molecules (7, S), and the electronic spectra of 
aromatic molecules in condensed media (9, 10). The 
recent article by Hollenberg (11) contains a useful 
general discussion of the relationship between molecu- 
lar states and molecular spectroscopy. 

In the experiment described below the student mea- 
sures and assigns the vapor phase vibronic (vibrational- 
electronic) spectrum of an aromatic and an azaaromatic 
molecule. The vibrational assignments in the ground 
and excited states are made on the basis of a comparison 
with the infrared and Raman spectra, and an energy 
level diagram is constructed. To understand the rela- 
tionship between the measured spectrum and the energy 
level diagram, the student is introduced to the concepts 
of one-electron orbitals and energies, state energies, 
normal coordinate displacements, fundamental and over- 
tone frequencies in the harmonic oscillator approxima- 
tion, combination frequencies, the Born-Oppenheimer 
approximation, and the Franclc-Condon principle. Dif- 
ferent aspects of these analyses have been used success- 
fully in our third-year experimental methods course and 
in our fourth-year quantum chemistry course. 
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Theory 

Vibronic Spectra and Energy Levels 

of Polyatomic Molecules 

A physical chemistry experiment 

The motions of the N atomic nuclei of a molecule are 
conveniently described in terms of three translations, 
three rotations (two for linear molecules), and 3N - 6 
vibrations (3N - 5 for linear molecules). Because of 
the limited resolution of the spectrometer used in this 
experiment, only changes in the vibrational energy will 

'To whom correspondence should be directed. A more de- 
tailed discussion of the theoretical background for this experi- 
ment, suitable for students, is available from the authors. 

be observed to accompany electronic transitions. We 
shall therefore ignore the rotations, and describe the 
molecule in terms of a simple Born-Oppenheimer state 
function which assumes the separability of the elec- 
tronic and nuclear motions (19) 

The vibrational state function, J.,, depends only upon 
nuclear coordinates, Q, whereas the electronic state 
function, , depends on electronic coordinates, q, 
and parametrically on the nuclear coordinates. The 
independence of the electronic and nuclear motions 
implies that the electronic energy, E,, and the vibra- 
tional energy, E., will simply add to give the total 
energy of a particular vibronic state 

E = E. + E, (2) 

Each of the 3N - 6 vibrations in a polyatomic mole- 
cule may be described in terms of displacements along 
normal coordinates of the molecule. It is found that 
for a single vibrational mode, each atom in the molecule 
moves in a definite phase relationship to every other 
atom, and that this complex motion is described by a 
single frequency (IS). Three of the modes active in 
the lowest electronic transition of pyrazine are shown 
below with their vibrational frequencies in the ground 
(2") and excited (F') electronic states (i4,i5). 

?" = ~ 9 6  r cm-I s" = 1230 em-' G" = 919 cm-' 
G c  = a82 r cm-I s'  = 1162 cm-' s'  = 3% cm-I 
CC in plane C H  in plane CH onl of plane 

The vibrational energy states for each of these com- 
plicated modes are found to he nearly equally spaced, 
and so may be described by the same simple one-dimen- 
sional harmonic oscillator expression that is used for 
diatomic molecules (11). Hence for the nth vibrational 
mode 

E.. = (", + ;) hv, v,=O,1,2,3 , . . .  (3) 

where v, is the value of the vibrational quantum number 
for the nth vibrational mode, u. is its fundamental fre- 
quency, and h is Planclc's constant. If the vibrational 
modes are independent of each other, then the total 
vibrational energy of the molecule will be the sum of the 
energies of the individual vibrational modes. Hence, 
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the energy of the molecule in the ground electronic 
state will be 

and the energy of the molecule in the excited state will 
be 

Note that when all the quantum numbers are equal to 
zero, the pure electronic energy still includes the sum 
of the zero point vibrational energies, '/z hu. 

When a transition occurs between two vibronic 
levels, the change in energy of the molecule will be 

or in terms of wavenumbers 

The vibrational zero point energy has been incorporated 
in the electronic terms, the symbol i;,, being used to 
denote the transition between the zero vibrational level 
of one electronic state and the zero level of the other, 
i.e., when all the vibrational quantum numbers are zero. 
This transition is often referred to as the zero-zero 
(0' - 0") or pure electronic transition even though it 
contains the difference in the vibrational zero point 
energies. Of course each of the vibrational quantum 
numbers, v,' and v,', will have to be specified for all 
of the 3N - 6 vibrational modes in both the ground and 
excited states to describe the energy difference for a 
single vibronic transition, giving rise to a single vibronic 
band in the spectrum. 

Let us now examine specifically the kinds of transi- 
tions that may occur in absorption when various vibra- 
tions are excited during an electronic promotion. To 
simplify our discussion, let us first consider the pos- 
sibility that only one of the 3N - 6 normal vibrations, 
say the lth mode, can change its energy or quantum 
number during the electronic excitation, while all 
other modes remain unchanged (v,' -+ v?, all other 
v,' = v," = 0). The ground state molecules will not 
all have the same amount of vibrational energy; some 
will be vibrationally unexcited (vzV = O), while others as 
the result of collisions will have one or more quanta of 
vibrational energy (v," = 1, or 2, or 3, or any integer). 
It is convenient to think of all the molecules that 
have the same vibrational energy (same value of v,") 
as a distinct "chemical" species. Collisons between 
these different species may interconvert them, and at 
high enough pressures (a few torr) they are in fact in 
equilibrium. The equilibrium constant, K, which re- 
lates the concentrations, M,," (r) and iM,," (s) of two 
species characterized by different quantum numbers 
v?(r) and v? (s) will be the Boltzmann factor 

where k is Boltzmann's constant and T is the absolute 

u Elec t ron ic  S t a t e  

I n t e r n u c l e a r  D i s t a n c e  

C i 

40000 
W a v e n u m b e r  (cm- I )  

Figure 1. Vibronic trondtions and rshemotic bands. The 1 "  + 0" infro- 
red transifion is shown for comparison. 

temperature. At room temperature, kT E 210 cm-', 
and since the energy differences between vibrational 
states in organic molecules are from two to twenty 
times this energy, the vast majority of molecules will 
be those for which v z u  = 0. Therefore, most of the 
absorption intensity will result from these v," = 0 mole- 
cules undergoing transitions to the various excited 
vibronic states characterized by 8,'. One usually finds a 
progression of fairly strong absorption bands approxi- 
mately equally spaced, which begin with the transition 
0; - O", and continue to higher energy as I,' + Ow, 
2; -0", 3; - 0" . . . v; -0". This is schematically 
illustrated in Figure 1. These bands are separated by 
n,', the energy of the excited state fundamental. 

The absorption hands resulting from molecules 
initially in other vibrational levels (v," > 0) will also be 
observed. The concentration of these molecules in- 
creases exponentially with temperature (see eqn. @)), 
and since the probability of a transition is directly pro- 
portional to the concentration of molecules in the initial 
state, the absorption intensity will increase exponen- 
tially with temperature. For this reason the absorption 
bands arising from vibrationally excited molecules are 
called "hot bands," and their temperature dependence 
may be used to identify them. The hot bands will 
always involve ground state vibrational frequencies 
which may be correlated with the infrared and Raman 
spectra, e.g. 0' +- I,", 0' + Z,", 0' - 3$" . . ., or the 
bands 1; - I,", 2z' - 2,", v,'(s) + vtN(s) which mea- 
sure the difference between the ground and excited 
state frequencies (see Fig. 1). The intensities of the 
bands will of course decrease as v," increases. In prac- 
tice it is easier to analyze the hot bands on the low 
energy side of the 0' - 0" band because of their low 
intensity relative to the bands arising from molecules 
forwhichv," = 0. 

Of course the actual situation in a polyatomic mole- 
cule is much more complicated than that described 
since there is not just one vibrational frequency that 
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Tctble 1. Tvpes of Vibronic Transitions in Absorption 

0' c 0" 
u' = v V  = 0 for all vibra- 

tional modes 
1' c O", 2' c O", 3' - 0" . . . . 

All v' = v" = 0 except for 
j th  vihrational mode 

1;' + lj' t 0", Zi' + lj' c 0" 
. . . .  

Allv' = u" = Oexceptforilh 
and j th  vihralional modes 1 

0'- I>", 0' c 2,", 0' c 3j") 
. . . . 

All v' = v" = 0 exeept for 
jth vibrat,ionnl mode 

0' c lj", li" c ljV, 2i' c I," 
All v' = rr" = 0 except i th  
and j th  vibrationsl modes 

lj' C lj", Zj' C ZjU, u>' - 0," 
All v' = v" = 0 except for 
j th  vihrational mode. 

Pore electronic transition. 

Progression in one vibrational 
frequency characteristic of 
excited electronic state. 
Found to  high energy side 
of (p' - 0"). 

Comhlnation bend. Simul- 
taneons excitation of two 
vihmtionsl modes, each in- 
dependently. 

Hot hand progression in 
ground stnte vibrational 
freqne~lcy of the j ih  mode. 
Fnund to low energy side of 
(0' - 0"). 

Hot hand progression in one 
vibralional frequency char- 
acteristic of excited elec- 
tronic state. 

Ilifference hand. Transition 
within a vihratiormlly ex- 
cited molecide in which 
there is no change in v .  
Separation from (0' c 0") 
band denends on i i '  - i " i .  
See eqn: (7). 

1;' + l,.' c 1 j", 2i' + lj' - 1 ". . . Progressmns ill an excited 
stnte freqrwxy iu eomhi- 
nation with another excited 
state vibration arising from 
a ground state m~lecule 
having one vibration ex- 
cited by one quantum. 

can appear in thc spectrum, hut 3N - 6. For pyrn- 
zine, this means 24 vibrations and for chlorobenzene, 
30. Therefore, one might expect to see 30 transitions 
from the vibrationless ground state of chlorobenzene to 
an excited electronic state in vhich one of the 30 vihm- 
tions was excited by only one quantum (1' + 0"). 
Each of these transitions would be only the first in 
a progression of excited state frequencies. Hence 
the major part of the absorption spectrum is expected to 
consist of many progressions in several different excited 
state frequencies. I t  is also possible for combination 
frequencies to appear in which two vibrations are si- 
multaneously excit,ed during the transition (see Table 1 
nnd Fig. 2). 

Let us consider the possible number of hot hands we 
might expect from the thirty different species of ground 
electronic state molecules having only one quantum of 
vihrational energy ( v L X  = 1, all other v" = 0). Each 
of these molecules can undergo a transition to the ex- 
cited electronic state mith no vibrations excited (all 

I - 

Wovenumber  3.2 (10'%rn-'I 
Figure 2. r* t n trondion for pyrazine vopor. 

v' = O), giving rise to 30 bands, or to each of the 30 
different states in which only one of the excited state 
vibrations is excited by one quantum resulting in an 
additional 900 bands. Each of these bands is only the 
first member of a progression in excited state frequencies 
(seeTahle 1). 

Before we give up in despair at  the hopelessness of 
analyzing such a potentially complex spectrum, let us 
look a t  some actual examples (Figs. 2 and 3) and be 
reassured that the number of relatively stvong absorp- 
tion bands is not all that large. To understand why 
the large number of possible vibronic hands does not 
appear in the spectrum, one must look at  the form of 
the transition probability expression, P (12). Using 
Born-Oppenheimer wave functions for the ground (J .")  
and excited (J.') states 

where a(*) is the transition moment operator. The 
first integml, called the electronic transition moment 
integral, is evaluated at  the average value of thc nuclear 
coordinates, 0, :md determines the t,ransition probabil- 
ity between electronic states J.,' and $,". The second 
integral is called the Francl-Condon overlap integral 
and determines the probability that the transition will 
occur between particular vibrations characterized by 
quantum numbers u,' and v,". It is found that the 
Franck-Condon factors for many of thcse transitions 
vanish identically or are very small, so t,hat not all 
possible transitions between vibronic states will be 
observed. Furt,hermore, the magnitude of the non- 
vanishing Fmnclc-Condon integrals determines the 
relative intensities of the vibronic bands which do ap- 
pear. 

Before proceeding to the detailed analysis of the low- 
est energy electronic transitions of pyrazine and chloro- 
henzene, a word is in order about the typcs of electronic 
transitions that are involved. In chlorobenzene, as in 
henzene itself, three electronic transitjons are observed 
in the near ultraviolet (4000-1850 A). These corre-. 
spond to three transit,ions in which electrons are pro- 
moted from filled a (bonding) orbitals to empty a* 
(antihonding) orbitals on the benzene ring (16). The 
energies of these transitions (17),  39,200 cm-' (2550 A) 

3.7 3.0 3.9 4.0 
Wovenumber  (10'~crn') 

Figure 3. r* c r transition for chlorobenzene vapor. 
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48,800 cm-I (2050 A), and 54,600 cm-' (1830 A), are 
very close to those of benzene (18). Inpyrazine, transi- 
tions similar to those of chlorobenzene are found at 
38,763 cm-I (z580 A), 50,880 cm-' (1965 A ), and 60,700 
cm-I (1650 A), and a new transition a t  30,876 cm-' 
(3238 A) is also observed (18). This new transition 
corresponds to the promotion of one of the nonbonding 
(n-electrons) to the lorest energy a* orbital (16). 

These assignments are based in part upon theoretical 
considerations (16) and in part upon the solvent shift 
behavior of the absorption bands. Both a* + a and 
a* + n transitions are shifted to lower energy relative 
to the vapor when a molecule is solvated, hut the partic- 
ular behavior of these bands is quite different in polar 
and nonpolar solvents. It is found that polar or hydro- 
gen bonding solvents shift a* + a transitions to low-er 
energy than do nonpolar solvents, but shift a* + n 
transitions to higher energy (see Fig. 4). An explana- 

3.0 4.0 
Wavenumber ( I O - ~ ~ T ~ )  

Figure 4. Vibronic spectra of pyrozine: (a1 vapor, (bl in cyclohexme, ond 
(cl in methanol. 

tion for this behavior is given elsewhere (16). Figure 4 
also shows the broadening of the vibronic bands that 
takes place upon solvation (note the complete loss of 
vibrational structure in methanol) as a result of the 
inequivalent solvent environments in which the solute 
molecules are situated. Because of this solvent broad- 
ening, it is the spectrum of the vapor, where band widths 
are determined by the unresolved rotational structure, 
that will be analyzed. 

Experimental 

The procedural details followed in this experiment 
nil1 be determined by the spectrophotometers used, 
and therefore only an outline will be given here. The 
vibronic absorption spectra illustrated below were 
recorded on a Cary 14 spectrophotometer a t  room tem- 
perature (except Fig. 5) in 1-cm or 10-cm silica cells. 
The infrared spectrum (Fig. 6) was recordedon aPerkin- 
Elmer 237B spectrophotometer. Best available grade 
pyrazine (Aldrich) and chlorobenzene (Eastman) were 
the substances studied, and, like the spectrograde sol- 

The instruotor may wish to  substitute other absorbing wb-  
stances or solvents. The large energy separation between the 
r* - n and r* + T transitions in pyritaine makes it suitable. 
The infrared activity of mauy of the chlorobenzene vibrational 
modes makes possible the comparison of several 5' values deter- 
mined from the infrared and vibronie hot bands. The 0' - 0" 
band is clearly visible for both of these compounds whereas in 
benzene, another illustrative example, the 0' - O N  band is 
absent. 

vents cyclohexane and methanol, were used as re- 
ceived.% 

The vapor spectra may he obtained by placing adrop 
of chlorobenzene or a small crystal of the volatile pyra- 
zine in a capped 1-cm cell. If the absorbance is too 
great, vapor may be removed from the cell by gently 
pumping on the cell with a vacuum pump until the 
condensed phase is removed and an amount of vapor 
sufficient to bring the most intense band on scale is 
present. The solutions are best prepared by adding the 
appropriate solvent directly to the vapor-containing 
absorption cell. 

The hot bands may be most simply recorded by plac- 
ing a drop of cblorobenzene or a small crystal of pyra- 
zine into a 10-cm cell, heating it to about 100°C in an 
oven and then rapidly scanning the spectrum. More 
elaborate sample thermostats could be used. As a 
result of the low symmetry of chlorobenzene most of 
the vibrational modes are infrared active and may be 
correlated with the vibronic hot bands. I n  pyrazine, 
however, the intense vibronic hot bands correspond to 
infrared inactive modes, but most of these vibrational 
frequencies may be determined from the Raman spec- 
trum. 

Precise indication of wavelength must be made on the 

3.60 365 
Wavenumber lIO-+cm-l) 

Figure 5. Hot bands for chlorobenzene vapor. The rpectrum below 
36,200 cm-I war recorded at appmximotely 100°C while the spectrum 
above 36,200 cm-' war recorded ot approximately 60DC. 

I I 

7 e s 10 12 14 16 

Wovenumber ilo2cm-'1 
Figure 6. Infrared spectrum of liquid chlorobenrene. 
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spectra as recorded. With a good ruler, the student 
then carefully determines (within 1-2 A) the wave- 
lengths of about 20 prominent bands in the vapor spec- 
trum. Identification of the 0' + 0" hand must be 
made by inspection or by reference to the literature. 
The wavelengths are converted to wavenumbers and 
the wavenumber differences between the 0' -+ 0" band 
and the bands to the high energy side of it are deter- 
mined. This repetitive calculation is readily accom- 
plished using a computer. One then looks for repeating 
intervals in the list of differences, i.e., s', 2a', 3n' . . . 
from the 0' -+ 0'' band. This can be done for both 
chlorobenzene (17) and pyrazine (15,19) and reference 
to the literature will facilitate the analyses. Combiua- 
tion bands will also be observed. 

In the hot band analysis of chlorobenzene, the wave- 
number differences between the 0' -+ 0" band and all 
prominent peaks to the low energy side of it must be 
calculated. The student must then correlate these dif- 
ferences with values of ground state fundamental vi- 
brational frequencies, a", directly observed in the in- 
frared spectra. 

Discussion 

Only the more obvious aspects of each spectrum will 
be discussed, while literature references to the complete 
analyses are given for further study. For our students 
the extent of the analysis was left up to the individual 
student malung the experiment very open-ended. 

Let us first consider the pyrazine molecule. Both 
s* + n and s* + s transitions are observed in this 
compound (Fig. 4) with the former occurring near 
31,000 cm-l. The entire group of sharp bands be- 
tmeen 31,000-33,000 om-' constitutes this s* + n  transi- 
tion. An expanded recording of this transition is 
shown in Figure 2 with the 0' + 0" band indicated 
(16, 19). . The pyrazine spectrum is characterized by 
one very prominent high energy progression: the 
bands labeled (1,: + O"), (2,: + ON), and (3,: -+ 

0") are found to be higher in energy than the 0' -+ 0" 
baud by about 584, 2 X 584, 3 X 584 cm-', respec- 
tively. The value, 584 cm-', corresponds to a', for a to- 
tally symmetric ring stretching vibrational mode (15). 
The decrease inintensity along this progressionis related 
to the Franclc-Condou overlap integral between the two 
vibronic states involved. The hands labeled (1' + 0") 
and (2' +OV) constitute aprogression ina' = 823 cm-'. 
The assignment of this frequency to a particular vibra- 
tion has not yet been made, and the ground state fre- 
quency is unknown. 

The band labeled (1' -+ 1") in Figure 2 is separated 
from the 0' + 0" band by only 58 cm-I which is too 
small to be a vibrational frequency. It is assigned to a 
hot band difference of the type (nl' + n,"). The com- 
bination baud designated as 1,' + I,,' -+ I," corre- 
sponds to a ground state molecule with u," = 1 which 
retains that vibrational energy during electronic excita- 
tion (u: = 1) and simultaneously undergoes excitation 
of a second mode by one quantum (v,,' = 1). The 
band appears (584 + 58) cm-' to the high energy side 
of the 0' -+0" band. 

The band labeled (0' -+ 1,:) in Figure 2 is another 
hot band, 596 cm-' to the low energy side of the (0' + 

0") band. This value corresponds to the vibrational 
frequency in the ground electronic state, or', for the 

same pyrazine ring stretching mode to which the value 
584 cm-1 was assigned for n'. The difference of 12 
cm-' is a result of the different vibrational force con- 
stants caused by the different electronic distributions 
in the two electronic states. An observed Raman band 
a t  598 cm-I in liquid pyrazine has been assigned to s" 
for this mode (16). Many of the remaining bands can 
be assigned to combinations of single vibrational fre- 
quencies and a progression of the 584 cm-' mode. A 
partial energy level diagram (drawn to scale) showing 
two of the twenty-four vibrations is presented in Figure 
7. 

Figure 7. Partial virbronis energy level diagram for pyrazine. 

Table 2. Fundamental Vibrational Frequencies b") for 
Chlorobenzene 

-- Infrared . 7"bronic Hot Bands-, 
Reference Reference 

Student (W) Student (17) 

Let us now consider Figure 3 which shows the lowest 
energy s* -+ x transition for chlorobenzene vapor a t  
room temperature. Transitions from the nonbonding 
chlorine orbitals to the s* orbitals on the ring occur at 
much higher energy. Two progressions in excited 
state vibrational frequencies, n', are shown: the one 
designated with a subscript t is assigned to a totally 
symmetric ring stretching mode (n' = 931 cm-') while 
the one designated with a subscript n is assigned to a 
nontotally symmetric ring stretch (a' = 521 cm-'). 
Further analysis may be made by reference to the work 
of Sponer and Wollman (17). 

Figure 5 shows two different portions of the chloro- 
benzene hot band spectrum. The energy differences 
(in cm-') between the 0' + 0" band (now off scale) 
and certain of the hot bands are given. These values 
must be correlated with ground electronic state vibra- 
tional frequencies, o", as determined directly from the 
infrared spectrum (Fig. 6). 

Table 2 compares typical student values of the funda- 
mental vibrational frequencies determined from the hot 
bands and directly from the infrared spectrum with 
corresponding literature values. 
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