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Chemistry 21b { Spectroscop y

Lecture # 16 { Electronic Spectroscop y of Poly atomic Molecules & Solids

The electronic spectra of polyatomic moleculescan becomehopelesslycongestedat
high resolution becauseof the very high density of eigenstates.Furthermore, a sometimes
bewildering array of radiativ e and non-radiative processesbecome important. Before
turning to the spectroscopy of formaldehyde asan exampleof of someof the moreimportant
\rules" of polyatomic electronic spectroscopy, we �rst present a brief tabulation of terms:

I. A Brief Glossary of Terms in Electronic Spectroscopy

A. Absorption and Emission

Bound State-Bound State Transitions:
Fluorescence{ Spin allowed, � <

� 10� 7 sec
Phosphorescence{ Spin forbidden, � >

� 10� 6 sec
Raman e�ects { Spontaneous, resonant, stimulated
Franck-Condon factors

Bound-Free Transitions:
Photoioinization { resonant, non-resonant, pulsed �eld
Photodissociation { direct, predissociation, coupled states, excimers. .
The Re
ection approximation and the Mullik en di�erence potential

B. Non-radiativ e Transitions

Predissociation (curve crossing)
Yablonski diagrams { internal conversion (IC), intersystem crossing(ISC),

intramolecular vibrational redistribution (IVR), inverseelectronic
relaxation (IER), ...

C. Popular Techniques

Laser Induced Fluorescence:
Excitation spectra (tune laser, measuretotal yield)
Dispersed
uorescence(�x laser, disperseemissionw/gratings, prisms,...)

Stimulated emissionpumping (SEP, including four-wave mixing)
Photoelectron spectroscopy (lasers& massspectrometers)
Multi-photon dissociation (MPD) & ionization (REMPI)
Picosecond/femtosecondpulses(pump-probe, CARS, ionization...)

We'll now look at someof theseprocessesusing H2CO as a test case.

Formaldehyde: A Quick Rovibrational Review

As the �gure below reminds you, formaldehyde is a four atom non-linear molecule.
The point group to which it belongsis C2v , and it is a nearly prolate top with an asymmetry
parameter near -1. The permanent dipole moment is directed along the a-axis.
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Sinceit is non-linear, there are 3(4)-6 = 6 non-degenerate normal modesof vibration.
In the order derived by G. Herzberg, thesesix modesare:
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Figure 16.1{ The structure and vibrational normal modesof formaldehyde.

What are the symmetries of the normal modes? Clearly, the C2v symmetry of the
molecule is maintained in the � 1, � 2, and � 3 modes, and so they are all A1. The � 6,
or out-of-plane bending, mode, is B1, and the remaining � 4 and � 5 modes are B2. The
� 1, � 2, and � 3 modes have dipole derivatives that change along the a-axis, and so these
vibrational transitions are A-type bands with � K p = 0 and � K o = � 1. They thus
look much like symmetric top perpendicular bands, with symmetric PQR pro�les at low
spectral resolution. For � 4 and � 5, the � � is alongthe b-axis, and they have � K p = � 1 and
� K o = � 1. � 6 has � � along the c-axis, and so is of C-type with � K p = � 1, � K o = 0.
These latter B - and C-type bands are, as before, very messy with no easily noticeable
structure by the untrained eye...
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Formaldehyde: Electronic Structure and Spectroscopy

The molecular orbtials involved with the low-lying electronic states of formaldehyde
are all associated with the valenceelectronsin the carbonyl group. If we ignore the \core"
1s orbitals on H, C and O, then there are six 2p electronsleft to account for. The molecular
orbitals associated the carbonyl group are classi�ed as � and � � , � and � � , and n (the �

are for anti-b onding orbitals, and the n is for non-bonding). A pictorial outline of these
orbitals is presented below:

C O
H

H
C O

H

H

C O
H

H
C O

H

H

C O
H

H

+ + -

- +

-

-

+

+

- +

n

s s*

p p*

Figure 16.2{ The molecular orbital structure of the valenceelectronsof formaldehyde.

What are the C2v symmetries of theseorbitals? By examining the properties of each
under the various symmetry operations [for example, under the C2 operation the � and
� � orbitals are unchanged (and are hence of a symmetry), while the � , � � , and n all
changesign (and are henceof b symmetry)], we �nd the symmetry properties and orbital
occupancyoutlined next:
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How do we obtain the symmetry of the ground and excited electronic states? For the
ground state, the con�guration is � 2� 2n2, and so the symmetry is

� 2� 2n2 = a2
1b2

1b2
2 = a1a1a1 = A1 :
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(The individual orbitals are labeled with lower caseletters since the capitals are needed
for the overall wavefunctions).

What is the lowest electronic transition? Clearly, from the orbital diagram above it
is the n ! � � transition. What is the symmetry of the upper state? Using the same
arguments as above, the � � state has a con�guration � 2� 2n� � and so

� 2� 2n� � = a2
1b2

1b2b1 = A2 :

Is this an allowed transition? Remember that the matrix element <  0j� j 00> must be
totally symmetric. From the C2v character table we have that x; y; z are A1; B1; B2. Since
the ground electronic state is A1, this meansthat  0 must be A1; B1; or B2. Thus, for
n ! � � ,

< A2j� (A1; B1; B2)jA1 > 6= A1

and so the transition is not electric dipole allowed.
What about other low-lying transitions?

� ! � � ) a2
1b2

1b1b1 so A1 ! A1 allowed; by z � component of �

n ! � � ) a2
1b2

1b2a1 so A1 ! B2 allowed; by y � component of �

Although these latter two bands are electric dipole allowed, and intense, there are
no discrete spectra becauseall the lines are lifetime broadened by photophysical and
photochemical processes(more next time).

The n ! � � actually shows up weakly, and sinceit is the longestwavelength transition
is actually diagnostic of carbonyl groups (just as the weak 2800 cm� 1 C{H stretch in
aldehydes is diagnostic of that group). Why? Basically, it is due to the breakdown of the
Born-Oppenheimer approximation. In reality, the amount of vibrational excitation and
its character doesin fact slightly changethe electronic wavefunction. Perturbation theory
then tells you that other electronic states must be mixed in, with the degreeof mixing
being related to the matrix element betweenthe states divided by their energyseparation.
Such electric dipole forbidden transitions that gain their intensity in this manner are called
vibronically allo wed.

For example, in H2CO the ground state electronic wavefunction is A1, so if any
single vibration is excited the overall wavefunction has that character (ignoring rotation).
To some (small) extent, therefore, the overall wavefunction gains the character of the
vibrational wavefunction. For the n ! � � transition in formaldehyde, it is observed that
the b symmetry vibrations create intensity, while the a symmetry bands do not. Further,
the bands show a marked sensitivity to the polarization state of the radiation. Does this
makesense?Let's look �rst at � z in the limit wherewe can still usethe symmetry products
for the electronic and vibrational parts of the wavefunction, that is:

< � 0
e� 0

v j� z j� 00
e � 00

v > = < A2� 0
v ja1jA1a1 > = 0

for all vibrations in the 1A2 excited electronic state and transitions from the ground
electronic and vibrational state. However, considernext � y :

< � 0
e� 0

v j� y j� 00
e � 00

v > = < A2� 0
v jb2jA1a1 > = ?
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For � 0
v = � 6, the vibrational symmetry in the upper state is b1, and b1A2b2 = A1, and so

group theory says the transition is allowed. The strength of the transition dependson the
magnitude of the breakdown of the Born-Oppenheimerapproximation.

We might expect the spectrum to contain a seriesof bands like

2v
061

0 ;

where the notation means� 6 = 0 ! 1 and � 2 = 0 ! v. The di�eren t valuesof v are called
a progressionin the electronic transition (if � v = 0, a sequence is de�ned by the di�eren t
values of v that give rise to the bands). What governs the intensity distribution with v?
Just as for the diatomic case,it is the Franck-Condon factors. Life gets more complicated
becausewe are now dealing with a multi-dimensional potential energysurface,and so the
change in geometry (hence the extent of the progressionsin the Franck-Condon factors)
can occur along several normal mode coordinates. In addition, the rotational sub-structure
in the bands of the n ! � � transition is complicated becausea variety of selection rules
apply sinceformaldehyde in the excited state is no longer planar.

What does the n ! � � transition in formaldehyde look like? The next pagepresents
two kinds of spectra of this transition. The �rst is an absorption spectrum from the ground
state that revealslong progressionsin the � 2 and � 6 modes(in the �gures, the mode labeled
� 4 is that called � 6 by Herzberg). From the diagrams at the beginning of the lecture, we
seethat thesemodesinvolve a carbonyl stretch and the out-of-plane bend. What doesthis
tell us? The fact that the out-of-plane 0 ! 3 bending transition is as intenseas that for 0
! 1 meansthat the A2 state is non-planar (it is, in fact, bent by approximately 32� ). The
long progressionin � 2 meansthat the bond C{O bond length changes,which is not too
surprising since we are exciting to an anti-b onding orbital on the carbonyl chromophore.
Not much elseis `lit-up", and sochangesin the other degreesof freedommust be minimal.

The lower spectra is that of the 
uorescenceafter excitation of the 41
031

0 transition in
the � � state. Whereas the absorption spectrum revealed long progressionsof vibrational
modesin the excited state, herethe long progressionsare to vibrational modesin the X 1A1

state. This is one of the real advantages of electronic spectroscopy. When sharp features
are present, the rovibrational structure in absorption can be usedto probe the upper state
potential while that in emission can be used to look at the ground state rovibrational
eigenvalues. It is therefore possibleto acquire a great deal of information about the force
�eld in the moleculefrom a single spectrum, when acquired with su�cien t resolution.

Crystal Field Theory

Another interesting example is the optical spectroscopy of octahedrally coordinated
transition metal complexes; in which the ligands split the metal-centered atomic-like d
orbitals into a suite of molecular orbitals. The following pagesare taken from Modern
Spectroscopy, by J.M. Hollas (Wiley), and outline this topic using a variety of systems.
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Figure 16.3{ (Top) The absorption spectrum of the n ! � � transition of H2CO at 6 cm� 1

resolution. The various vibrational progressionsin the 1A2 state are labeled for clarit y.
(Bottom) The dispersed
uorescencespectrum from H2CO after excitation of the X 1A1

! 41
031

0 A 1A2 transition at 3375 �A. The horizontal axis gives the displacement in cm� 1

from the exciting line, and the vibrational assignments now correspond to the levels on
which the 
uorescenceterminates in the ground electronic state.
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Hollas, Modern Spectroscopy
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The Kronig-PenneyModel of the Electronic Structure of Solids

When we thought about the vibrational spectroscopy of crystalline solids, the
periodicit y of the lattice assumedparamount importance. Not surprisingly, the same
is true for the electronic behavior of such materials. Here we brie
y outline the simplest
one-dimensionalmodel of the so-calledband structure of solids, called the Kronig-Penney
model. A pictorial representation of this approach is shown below.

Figure 16.4 { A schematic of the 1-D potential that de�nes the Kronig-Penneymodel of
the electronic structure of crystalline solids.

Brie
y , we consider an in�nite array of squarewells, with a potential barrier height
of V0, a barrier width of b, and a well spacingof a. Formally, the solutions we will present
below are valid for periodic potentials where V0b=constant. In this model, it is clear that
V (x + a) = V (x). Under such conditions, the time independent Schr•odinger equation for
the electrons in the solid has a solution of the form

 q(x) = uq(x)eiq x uq(x + a) = uq(x) : (16:1)

The periodic functions uq(x) arecalledBloch functions. As in our analysisof the vibrations
of solids, the behavior of the energy with the wave vectors q will be pivotal.

If we insert eq. (16.1) into the Schr•odinger equation, we �nd

d2uq

dx2 + 2iq
duq

dx
�

�
2me

�h2 f V (x) � Eg + q2
�

uq = 0 : (16:2)

Here we will only think about solutions for which E < V , and to make the problem as
simple as possiblewe will only considerthe V0b=constant caseas V0 ! 1 . Why? In such
a case,the squarewell wave functions will have no change in wavelength acrossthe very
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narrow \teeth" of the periodic potential, making it only tedious (but straightforward) to
generatethe solutions.

As always in quantum mechanics, the key it to utilize the boundary conditions and to
make the appropriate change of variables to yield di�eren tial equations with well known
solutions (well known, at least, to mathematicians). In this case,parametersof the form

� 2 =
2meE

�h2 � 2 =
2me(V � E )

�h2 (16:3)

will be helpful. There are two regions to think about, that where V = 0 and that where
V 6= 0, for which eq. (16.2) becomes:

d2uq

dx2 + 2iq
duq

dx
+

�
� 2 � q2�

uq = 0 V = 0: (16:4)

d2uq

dx2 + 2iq
duq

dx
�

�
� 2 + q2�

uq = 0 V 6= 0:

Thesetwo di�eren tial equationshave solutions of the form

uq(x) = Aei ( � � q)x + B e� i ( � + q)x

uq(x) = Ce( � � iq )x + De� ( � + iq )x

respectively, ascanbeveri�ed by substitution. The key now is to usethe periodic boundary
conditions and to require that the full wave functions beboth continuousand di�eren tiable.

To make a long story short, theseconditions lead to an equation of the form
P
�a

sin (�a ) + cos(�a ) = cos(qa) ; (16:5)

where P = ab� 2=2, the area under a potential `tooth' but above the particle energy. The
form of this function is shown below.

Clearly, cos(qa) oscillatesbetween-1 and +1, but the absolute value of the left hand
side of eq. (16.5) can exceedunit y. Thus, only certain values of � , that is energy, are
permitted! Figure 16.5 presents the energysolutions for a particular value of P (that is, a
particular form of the Kronig-Penneypotential). As beforewith vibrational spectroscopy,
it is most convenient to plot the solutions versuswave vector, in which the various Brillouin
zonesthat correspond to the solutions are visible.
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Figure 16.5 { Energies as a function of the magnitude of the wave vector, q, for the
Kronig-Penneymodel with P = 3� =2, in which band structure is clearly evident.

For su�cien tly small values of P, a continuous range of energiesmay be possible.
More generally, however, there exist forbidden regions of q for which no solution to the
Schr•odinger equation is possible. Theseforbidden regionsare called band gaps. The extent
of theseband gapsis sensitive to the height and width of the potential barrier, and a good
place on the web to examine the behavior of the Kronig-Penney potential numerically is
http://fermi.la.asu.ed u/c cli/ applet s/k p/in dex.ht ml. This applet will enable you
to try various forms of the potential using sliders, and presents the energiesand wave
functions that are consistent with a given potential.

Actual solids, of course, are three dimensional, but the Kronig-Penney model does
illustrate the basicsof the situation. For mono-atomic solids, it is easiestto think about
the bandsthat are allowed asarising from the combination of hydrogen-like atomic orbitals
spacedat regular intervals. This leadsto the generalbehavior outlined in Figure 16.6.

The combination of orbitals to yield bands must still follow the Pauli exclusion
principle. Thus, only a certain number of electrons can be placed into each band. In
metals, the highest occupied band is only partially �lled. Think about what this means.
In a band with O(1024) wave functions, those that are closeto each other in energy only
have a small number of nodesthat are di�eren t from each other. Thus, the Franck-Condon
overlap is extremely good and the energyspacingwith q is extremely small, << kT. Since
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the wave functions are extended over the solid, the electrons are free to move and thus
metals have high conductivit y.

In insulators and semiconductors,on the other hand, the highestoccupiedband (called
the valenceband) is completely �lled. Thus, in order for electronsto move, they must be
excited to the next available band (called the conduction band). For insulators, the band
gap energy is >> kT, thus they are poor conductors. For semiconductors, the band
gap is such that the conductivit y is a strong function of temperature near 200-300K (at
cryogenictemperatures,nearly all semiconductorsare insulators). Still, the conductivit y is
nowherenear that for metals at room temperature. How then, are semiconductorsusedin
electronics? The key is to usedopants whoseenergy levels create either holesor electrons
in energy regionscloseto the valenceband so that e�cien t conductivit y is possible.

Figure 16.6 { A schematic diagram of the band structures that develop from hydrogen
atom-like orbitals in mono-atomic solids. The major di�erence betweenmetals, insulators,
and semiconductorsis the electron populations in the various bands along with the sizeof
the band gapswith respect to the thermal energyavailable.

Another way to generateconductivit y is to usephotons. For indir ect semiconductors
the electronic matrix elements are dipole forbidden, but vibronically allowed; while for
direct semiconductorstransitions between the valence and conduction band are electric
dipole allowed. The resulting di�erence in skin depth is enormous, and can be used to
great advantage in integrated photonic/electronic devices. Si, for example, is an indirect
bandgap semiconductor,while GaAs (or InGaAs) is a direct bandgap semiconductor. By
integrating these materials, the GaAs/InGaAs portion of the circuit can be an e�cien t
photonic conduit, even with 1-2 � m thick �lms, while the Si can be doped to conduct
electrons but not respond to optical excitation, even when the photons have su�cien t
energy to excited Si valanceelectrons.

145


