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high rotational speeds that cause some distortion of an originally spherical symmetry. A (weak) dipole moment emerges.
The conservation of the angular momentum is fundamental for the selection rules that allow or prohibit transitions of a
linear molecule.

Since the unique moment of inertia is larger than the other two, the molecule is an oblate symmetric top.
Examples of small molecules that are asymmetric tops include water, H 2 whose symmetry axis of highest
order is a 2-fold rotation axis. Most large molecules are asymmetric tops. Selection rules Main article:
Tetrahedral molecules such as CH 4 methane , which have both a zero dipole moment and isotropic
polarizability, would not have a pure rotation spectrum but for the effect of centrifugal distortion; when the
molecule rotates about a 3-fold symmetry axis a small dipole moment is created, allowing a weak rotation
spectrum to be observed by microwave spectroscopy. Since these transitions are due to absorption or emission
of a single photon with a spin of one, conservation of angular momentum implies that the molecular angular
momentum can change by at most one unit. The general selection rule for such a transition to be allowed is
that the molecular polarizability must be anisotropic , which means that it is not the same in all directions. The
polarizability ellipsoid of spherical top molecules is in fact spherical so those molecules show no rotational
Raman spectrum. For all other molecules both Stokes and anti-Stokes lines [notes 5] can be observed and they
have similar intensities due to the fact that many rotational states are thermally populated. Units The units
used for rotational constants depend on the type of measurement. On the other hand, for microwave spectra in
the frequency scale , the unit is usually the gigahertz. As the moment of inertia is higher when a vibration is
excited, the rotational constants B decrease. Consequently, the rotation frequencies in each vibration state are
different from each other. This can give rise to "satellite" lines in the rotational spectrum. However, as long as
the vibrational quantum number does not change i. The Coriolis coupling is often negligible, too, if one is
interested in low vibrational and rotational quantum numbers only. Effect of rotation on vibrational spectra
Main article: Rotational-vibrational spectroscopy Historically, the theory of rotational energy levels was
developed to account for observations of vibration-rotation spectra of gases in infrared spectroscopy , which
was used before microwave spectroscopy had become practical. To a first approximation, the rotation and
vibration can be treated as separable , so the energy of rotation is added to the energy of vibration. For
example, the rotational energy levels for linear molecules in the rigid-rotor approximation are In this
approximation, the vibration-rotation wavenumbers of transitions are where are rotational constants for the
upper and lower vibrational state respectively, while and are the rotational quantum numbers of the upper and
lower levels. In reality, this expression has to be modified for the effects of anharmonicity of the vibrations,
for centrifugal distortion and for Coriolis coupling. For the P branch, so that a quantum of rotational energy is
lost while a quantum of vibrational energy is gained. The purely vibrational transition, , gives rise to the Q
branch of the spectrum. Because of the thermal population of the rotational states the P branch is slightly less
intense than the R branch. Rotational constants obtained from infrared measurements are in good accord with
those obtained by microwave spectroscopy, while the latter usually offers greater precision. Structure of
rotational spectra Spherical top Spherical top molecules have no net dipole moment. A pure rotational
spectrum cannot be observed by absorption or emission spectroscopy because there is no permanent dipole
moment whose rotation can be accelerated by the electric field of an incident photon. Also the polarizability is
isotropic, so that pure rotational transitions cannot be observed by Raman spectroscopy either. Nevertheless,
rotational constants can be obtained by ro-vibrational spectroscopy. This occurs when a molecule is polar in
the vibrationally excited state. For example, the molecule methane is a symmetric top but the asymmetric C-H
stretching band shows rotational fine structure in the infrared spectrum, illustrated in rovibrational coupling.
This spectrum is also interesting because it shows clear evidence of Coriolis coupling in the asymmetric
structure of the band. Linear molecules Energy levels and line positions calculated in the rigid rotor
approximation The rigid rotor is a good starting point from which to construct a model of a rotating molecule.
It is assumed that component atoms are point masses connected by rigid bonds. A linear molecule lies on a
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single axis and each atom moves on the surface of a sphere around the centre of mass. J defines the magnitude
of the rotational angular momentum, and M its component about an axis fixed in space, such as an external
electric or magnetic field. In the absence of external fields, the energy depends only on J. Under the rigid rotor
model, the rotational energy levels, F J , of the molecule can be expressed as, where is the rotational constant
of the molecule and is related to the moment of inertia of the molecule. In a linear molecule the moment of
inertia about an axis perpendicular to the molecular axis is unique, that is, , so For a diatomic molecule where
m1 and m2 are the masses of the atoms and d is the distance between them. Selection rules dictate that during
emission or absorption the rotational quantum number has to change by unity; i. Thus, the locations of the
lines in a rotational spectrum will be given by where denotes the lower level and denotes the upper level
involved in the transition. The dashed lines show how these transitions map onto features that can be observed
experimentally. Adjacent transitions are separated by 2B in the observed spectrum. Frequency or wavenumber
units can also be used for the x axis of this plot. J is the quantum number of the lower rotational state The
probability of a transition taking place is the most important factor influencing the intensity of an observed
rotational line. This probability is proportional to the population of the initial state involved in the transition.
The population of a rotational state depends on two factors. This factor decreases as J increases. This factor
increases as J increases. Combining the two factors [18] The maximum relative intensity occurs at [19] [notes
6] The diagram at the right shows an intensity pattern roughly corresponding to the spectrum above it.
Centrifugal distortion When a molecule rotates, the centrifugal force pulls the atoms apart. As a result, the
moment of inertia of the molecule increases, thus decreasing the value of , when it is calculated using the
expression for the rigid rotor. To account for this a centrifugal distortion correction term is added to the
rotational energy levels of the diatomic molecule. Therefore, the line positions for the rotational mode change
to In consequence, the spacing between lines is not constant, as in the rigid rotor approximation, but decreases
with increasing rotational quantum number. An assumption underlying these expressions is that the molecular
vibration follows simple harmonic motion. In the harmonic approximation the centrifugal constant can be
derived as where k is the vibrational force constant. The relationship between and where: If anharmonicity is
to be taken into account, terms in higher powers of J should be added to the expressions for the energy levels
and line positions. The 16O nucleus has zero nuclear spin angular momentum, so that symmetry
considerations demand that K have only odd values. The third quantum number, K is associated with rotation
about the principal rotation axis of the molecule. In the absence of an external electrical field, the rotational
energy of a symmetric top is a function of only J and K and, in the rigid rotor approximation, the energy of
each rotational state is given by where for a prolate symmetric top molecule or for an oblate molecule. This
gives the transition wavenumbers as which is the same as in the case of a linear molecule. Since there are three
independent moments of inertia, there are two other independent quantum numbers to consider, but the term
values for an asymmetric rotor cannot be derived in closed form. They are obtained by individual matrix
diagonalization for each J value. Formulae are available for molecules whose shape approximates to that of a
symmetric top. For this reason far infrared spectrometers have to be freed of atmospheric water vapour either
by purging with a dry gas or by evacuation. The spectrum has been analyzed in detail. In that case, coupling of
nuclear spin angular momentum with rotational angular momentum causes splitting of the rotational energy
levels. The effect is one type of hyperfine splitting. The energy of the sub-levels are proportional to the
nuclear quadrupole moment and a function of F and J. Thus, observation of nuclear quadrupole splitting
permits the magnitude of the nuclear quadrupole moment to be determined. The extent of splitting depends on
the square of the electric field strength and the square of the dipole moment of the molecule. Most species
which can be observed in the gaseous state are diamagnetic. Exceptions are odd-electron molecules such as
nitric oxide , NO, nitrogen dioxide , NO 2, some chlorine oxides and the hydroxyl radical. The Zeeman effect
has been observed with dioxygen , O 2 [32] Rotational Raman spectroscopy Molecular rotational transitions
can also be observed by Raman spectroscopy. Rotational transitions are Raman-allowed for any molecule with
an anisotropic polarizability which includes all molecules except for spherical tops. This means that rotational
transitions of molecules with no permanent dipole moment, which cannot be observed in absorption or
emission, can be observed, by scattering, in Raman spectroscopy. Very high resolution Raman spectra can be
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obtained by adapting a Fourier Transform Infrared Spectrometer. An example is the spectrum of 15 N 2. It
shows the effect of nuclear spin, resulting in intensities variation of 3: A bond length of Instruments can be
broadly categorised according to their general operating principals. Although rotational transitions can be
found across a very broad region of the electromagnetic spectrum , fundamental physical constraints exist on
the operational bandwidth of instrument components. It is often impractical and costly to switch to
measurements within an entirely different frequency region. Absorption cells and Stark modulation A
microwave spectrometer can be most simply constructed using a source of microwave radiation, an absorption
cell into which sample gas can be introduced and a detector such as a superheterodyne receiver. A spectrum
can be obtained by sweeping the frequency of the source while detecting the intensity of transmitted radiation.
A simple section of waveguide can serve as an absorption cell. An important variation of the technique in
which an alternating current is applied across electrodes within the absorption cell results in a modulation of
the frequencies of rotational transitions. This is referred to as Stark modulation and allows the use of
phase-sensitive detection methods offering improved sensitivity. Absorption spectroscopy allows the study of
samples that are thermodynamically stable at room temperature. The number of experiments in microwave
spectroscopy surged immediately after the war. By , Walter Gordy was able to prepare a review of the results
contained in approximately research papers. The behaviour of the evolving system is described by optical
Bloch equations. First, a short typically microsecond duration microwave pulse is introduced on resonance
with a rotational transition. Those molecules that absorb the energy from this pulse are induced to rotate
coherently in phase with the incident radiation. De-activation of the polarisation pulse is followed by
microwave emission that accompanies decoherence of the molecular ensemble. This free induction decay
occurs on a timescale of microseconds depending on instrument settings. Following pioneering work by Dicke
and co-workers in the s, [38] the first FTMW spectrometer was constructed by Ekkers and Flygare in This
was a revolutionary development because i cooling molecules to low temperatures concentrates the available
population in the lowest rotational energy levels.
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Selection rules for magnetic dipole transitions allow transitions between successive members of the triplet (Î”J = Â±1) so
that for each value of the rotational angular momentum quantum number K there are two allowed transitions.

Spherical rotors must also be rotationally inactive, unless their geometry is sufficiently distorted by rotation
that they can possess a permanent dipole while they are rotating. The basis of this selection rule lies in
classical mechanics. A rotating molecule with a permanent electric dipole appears, to a stationary observer, to
possess a fluctuating dipole. Classically, this fluctuating dipole can be regarded as inducing oscillations in the
surrounding electromagnetic field, and this interaction allows absorption of a photon. Specific rotational
selection rules may be obtained by a detailed quantum mechanical treatment of the situation, and for a linear
molecule, the selection rules prove to be: However, in this case, the axis is an externally defined one. K
specifies the component about the principle axis of the molecule, which remains in the same position relative
to the molecule whatever orientation the molecule is in. This is not an externally defined axis. An example of
an externally defined axis would be one vertically upwards in a laboratory. This axis remains fixed in space
regardless of the orientation of the molecule. For symmetric rotors, a selection rule is needed for K. The
second term is typically very much smaller than the first, so the appearance of the spectrum is often in close
accord with that predicted by the first equation. The form of the spectrum predicted by the first equation is
demonstrated by this diagram: Note that the wavenumbers of the spectral lines will lie at 2B, 4B, 6B, so the
lines are spaced equally with a distance 2B between them. For diatomic molecules, this allows calculation of
the bond length, since the atomic masses are known. For polyatomic molecules, it is not possible to carry out
this calculation, as there are various different bond lengths and angles to be considered. One way round this is
to obtain rotational spectra of the same molecule but using different isotopes of the atoms. If we then make the
assumption that the bond lengths and angles are the same for both isotopes we can obtain values for them.
Note that the gaps between rotational energy levels are such that the frequencies corresponding to transitions
typically lie in the infra-red portion of the electromagnetic. Designed by Precise Themes Back to Top.
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In physics and chemistry, a selection rule, or transition rule, formally constrains the possible transitions of a system from
one quantum state to another. Selection rules have been derived for electromagnetic transitions in molecules, in atoms,
in atomic nuclei, and so on.

Spectra A rotational spectrum would have the following appearence. Each line corresponds to a transition
between energy levels, as shown. This leads to the line spacing of 2B in the spectrum. Each transition has an
energy value of 2B more than the previous transition. The Molecular Dipole The presence of a permanent
molecular dipole is a requirement for a molecule being visible in rotational spectroscopy. However, it might
not be immediately obvious where the dipole comes from, and what it is. Essentially, the molecular dipole is
the presence of the imbalance of charge in a molecule. The lack of an even distribution of charge leads to a
potential difference between regions of the molecule. This leads to an effective, static, electric field on the
molecule. It is this electric field that may couple to photons. The imbalance of charge in the molecule arises
from a combination of Pauling electronegativity and molecular symmetry. For example, in BF3 shown below ,
each Fluorine atom is more electronegative than the central Boron atom 3. This leads to an effective dipole
moment that is positive at the central B and negative at each F. However, since the molecule is planar, and
each B-F bond is of equal length, the dipoles overall cancel out. This is why boron trifluoride has no net dipole
and hence no absorption in pure rotation spectroscopy. However, it does have a transient dipole in its
asymmetric vibrational modes - which appear in its vibrational spectrum. You can explore molecular dipoles.
A simple example of a molecule with a permanent molecular dipole is water, shown below. In this example,
the vector sum of the bond dipole moments does not equal 0, as in BF3. Water has a permanent molecular
dipole, and so could appear in pure rotation spectroscopy. However, since this dipole vector contains the main
rotation axis of the molecule, the molecular dipole remains static as the molecule rotates. As such, water does
not have a pure rotation spectrum. To view our list of developers please see our Team Page.
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Rotational Selection Rules A selection rule is a statement about which transitions are allowed (and thus which lines may
be observed in a spectrum). The classical idea is that for a molecule to interact with the electromagnetic field and absorb
or emit a photon of frequency Î½, it must possess, even if only momentarily, a dipole oscillating at.

Abstract Using the Nicolet spectrometer, the spectrum for HCl was analyzed. Each peak, differentiating
between 35Cl and 37Cl, is assigned an m value and then plotted with wavenumber vs. Analytical software is
used to derive an equation of the line from the two plots of 35Cl and 37Cl. Constants were then derived for
each of the isomers. Through an understanding of quantum mechanics, information about the nature of a
chemical can be deduced. An important concept in quantum mechanics is the idea of quantized energy levels
and accordingly the quantum numbers associated with them. Particles being described by wave mechanics are
restricted to quantized energy levels. Molecules can be described by vibrational and rotational states. These
rotational states also exhibit quantum numbers, which are integers represented by the variable J. The simplest
model of a rotating molecule is the rigid rotor. This method of describing a rotating molecule consists of two
particles connected by a rigid bond. One condition of the rigid rotor is that the wave function must be identical
when it rotated one full revolution. The vibrational states also exhibit a quantized characteristic. The
vibrational quantum number is represented as v. Vibrational spectroscopy only works if the molecule being
observed has dipole moments. In other words, the electron distribution about the bond in the molecule must
not be uniform. This therefore excludes molecules such as H2, N2 and O2 [2]. The spectrum of HCl shows
two separate peaks, one for the each of the two isomers of chlorine. There are two branches in the spectrum
observed in this lab report: Each set of peaks in the branches are defined by m values, of which the R branch
values are negative and the P branch values are positive. Experimental The Nicolet was used in this
experiment to record the spectra, and Omnic software was used to record the data. Fisher Scientific provided
the HCl used in this experiment, with lot number First, the chamber in the Nicolet was purged with N2 gas.
Next, one drop of HCl was put into the gas cell. The sample of the HCl was then collected in the gas phase.
IGOR was used to analyze the data and to create the plots. Results The peaks on the left of the spectrum
shown in Figure 1 above are the R branch, and the peaks on the right are the P branch. Table 1 below shows
the peaks and their values:
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In pure rotational spectroscopy, the selection rule is Î”J = Â±1. Note: After selecting a molecule, select the energy level
again to observe its rotation. Changing the molecule's orientation will cause it to display an incorrect rotation.

Contributors In this section, we will learn how the rotational transitions of molecules can accompany the
vibrational transitions. It is important to know how each peak correlates to the molecular processes of
molecules. Rovibrational spectra can be analyzed to determine average bond length. Since vibrational energy
states are on the order of cm-1, the rotational energy states can be superimposed upon the vibrational energy
states. Selection Rules Rotational and Vibration transitions also known as rigid rotor and harmonic oscillator
of molecules help us identify how molecules interact with each other, their bond length as mentioned in
previous section. In order to know each transitions, we have to consider other terms like wavenumber, force
constant, quantum number, etc. There are rotational energy levels associated with all vibrational levels. From
this, vibrational transitions can couple with rotational transitions to give rovibrational spectra. This is also the
selection rule for rotational transitions. To find the energy of a line of the R-branch: To find the energy of a
line of the P-branch: To find the energy of a line of the Q-branch: Cartoon depiction of rotational energy
levels, J, imposed on vibrational energy levels, v. The transitions between levels that would result in the Pand R-branches are depicted in purple and red, respectively, in addition to the theoretical Q-branch line in
blue. As seen in Figure 1, the lines of the P-branch represented by purple arrows and R-branch represented by
red arrows are separated by specific multiples of B 2B , thus the bond length can be deduced without the need
for pure rotational spectroscopy. If we represent the population of the Jth upper level as NJ and the population
of the lower state as N0, we can find the population of the upper state relative to the lower state using the
Boltzmann distribution: From this relationship, we can also deduce that in heavier molecules, B will decrease
because the moment of inertia will increase, and the decrease in the exponential factor is less pronounced. This
results in the population distribution shifting to higher values of J. Similarly, as temperature increases, the
population distrubution will shift towards higher values of J. Ideal Spectrum The spectrum we expect, based
on the conditions described above, consists of lines equidistant in energy from one another, separated by a
value of 2B. The overall intensity of the lines depends on the vibrational transition dipole moment. A cartoon
depiction of an ideal rovibrational spectrum. Between P 1 and R 0 lies the zero gap, where the the first lines of
both the P- and R-branch are separated by 4B, assuming that the rotational constant B is equal for both energy
levels. The zero gap is also where we would expect the Q-branch, depicted as the dotted line, if it is allowed.
A cartoon depiction of a real rovibrational spectrum. As energy increases, the R-branch lines become
increasingly similar in energy i. This is attributable to two phenomena: Rotational-Vibrational Coupling As a
diatomic molecule vibrates, its bond length changes. Since the moment of inertia is dependent on the bond
length, it too changes and, in turn, changes the rotational constant B. Combination Differences Combination
differences involves finding the values of B0 and B1 rotational-vibrational coupling constant by measuring the
change for two different transitions sharing a common state. Part of the method of combination differences
depicting P- and R-branch transitions sharing a common lower J state. To determine B1, we pair transitions
sharing a common lower state; here, R 1 and P 1. Note that the vibrational level does not change. Part of the
method of combination differences depicting P- and R-branch transitions sharing a common upper J state.
Following from this, we can obtain the rotational-vibrational coupling constant: A real molecule does not
behave as a rigid rotor that has a rigid rod for a chemical bond, but rather acts as if it has a spring for a
chemical bond. As the rotational velocity of a molecule increases, its bond length increases and its moment of
inertia increases. As the moment of inertia increases, the rotational constant B decreases. Basic atomic and
molecular spectroscopy. The Royal Society of Chemistry, Molecular spectra and molecular structure. Using
information found in problem 1, calculate the rotational constant B in wavenumbers of D35Cl given that the
average bond length is 1. Answers to Problems 1. To convert to kg, multiple by 1. This will give us the answer
in m-1, then we can convert to cm We use the same formula as above and expand the moment of inertia in
order to solve for the average bond length.
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We will prove the selection rules for rotational transitions keeping in mind that they are also valid for electronic
transitions. Rotational transitions We can use the definition of the transition moment and the spherical harmonics to
derive selection rules for a rigid rotator.

Since vibrational energy states are on the order of cm-1, the rotational energy states can be superimposed upon
the vibrational energy states. Selection Rules Rotational and Vibration transitions also known as rigid rotor
and harmonic oscillator of molecules help us identify how molecules interact with each other, their bond
length as mentioned in previous section. In order to know each transitions, we have to consider other terms
like wavenumber, force constant, quantum number, etc. There are rotational energy levels associated with all
vibrational levels. From this, vibrational transitions can couple with rotational transitions to give rovibrational
spectra. Rovibrational spectra can be analyzed to determine average bond length. Rotational Transition
Selection Rules: This is also the selection rule for rotational transitions. Rotational transitions are on the order
of cm-1, while vibrational transitions are on the order of cm The difference of magnitude between the energy
transitions allow rotational levels to be superimposed within vibrational levels. To find the energy of a line of
the R-branch: To find the energy of a line of the P-branch: To find the energy of a line of the Q-branch: Most
diatomics, such as O2, have a small moment of inertia and thus very small angular momentum and yield no
Q-branch. Cartoon depiction of rotational energy levels, J, imposed on vibrational energy levels, v. The
transitions between levels that would result in the P- and R-branches are depicted in purple and red,
respectively, in addition to the theoretical Q-branch line in blue. The overall intensity of the lines depends on
the vibrational transition dipole moment. A cartoon depiction of an ideal rovibrational spectrum. The zero gap
is also where we would expect the Q-branch, depicted as the dotted line, if it is allowed. Occupations Peak
Intensities The relative intensity of the P- and R-branch lines depends on the thermal distribution of electrons;
more specifically, they depend on the population of the lower J state. If we represent the population of the Jth
upper level as NJ and the population of the lower state as N0, we can find the population of the upper state
relative to the lower state using the Boltzmann distribution: From this relationship, we can also deduce that in
heavier molecules, B will decrease because the moment of inertia will increase, and the decrease in the
exponential factor is less pronounced. This results in the population distribution shifting to higher values of J.
Similarly, as temperature increases, the population distribution will shift towards higher values of J.
Chapter 7 : Rotational spectroscopy - Wikipedia
Selection Rules for Pure Rotational Spectra The rules are applied to the rotational spectra of polar molecules when the
transitional dipole moment of the molecule is in resonance with an external electromagnetic field.

Chapter 8 : Rovibrational Transitions - AstroBaki
This is also the selection rule for rotational transitions. The transition âˆ†J = 0 (i.e. J" = 0 and J' = 0, but \(\nu_0 \neq 0\)
is forbidden and the pure vibrational transition is not observed in most cases.

Chapter 9 : Selection rules for rotational spectra
Rotational Transitions, Diatomic For a rigid rotor diatomic molecule, the selection rules for rotational transitions are Î”J =
+/-1, Î”M J = 0. The rotational spectrum of a diatomic molecule consists of a series of equally spaced absorption lines,
typically in the microwave region of the electromagnetic spectrum.
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