Handout greenhouse gases, EES 359, p. 1

CO2 vibrational spectra

Atoms and molecules can absorb electromagnetic radiation, but only at certain energies (wavelengths). The diagram in Figure 2 illustrates the relationships between different energy levels within a molecule. The three groups of lines correspond to different electronic configurations. The lowest energy, most stable electron configuration is the ground state electron configuration. Certain energies in the visible and uv regions of the spectrum can cause electrons to be excited into higher energy orbitals; some of the possible absorption transitions are indicated by the vertical arrows. Very energetic photons (uv to x-ray region of the spectrum) may cause an electron to be ejected from the molecule (ionization). Photons in the infrared region of the spectrum have much less energy than photons in the visible or uv regions of the electromagnetic spectrum. They can excite vibrations in molecules. There are many possible vibrational levels within each electronic state. Transitions between the vibrational levels are indicated by the vertical arrows on the left side of the diagram. Microwave radiation is even less energetic than infrared radiation. It cannot excite electrons in molecules, nor can it excite vibrations; it can only cause molecules to rotate. Microwave ovens are tuned to the frequency that causes molecules of water to rotate, and the ensuing friction causes heating of water-containing substances. Figure below illustrates these three types of molecular responses to radiation.
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Figure 4 Vibrations of CO2.
What do we mean by molecular vibrations? Picture a diatomic molecule as two spheres connected by a spring. When the molecule vibrates, the atoms move towards and away from each other at a certain frequency. The energy of the system is related to how much the spring is stretched or compressed. The vibrational frequency is proportional to the square root of the ratio of the spring force constant to the masses on the spring. The lighter the masses on the spring, or the tighter (stronger) the spring, the higher the vibrational frequency will be. Similarly, vibrational frequencies for stretching bonds in molecules are related to the strength of the chemical bonds and the masses of the atoms. Molecules differ from sets of spheres-and-springs in that the vibrational frequencies are quantized. That is, only certain energies for the system are allowed, and only photons with certain energies will excite molecular vibrations. The symmetry of the molecule will also determine whether a photon can be absorbed.

The number of vibrational modes (different types of vibrations) in a molecule is 3N-5 for linear molecules and 3N-6 for nonlinear molecules, where N is the number of atoms. So the diatomic molecule we just discussed has 3 x 2 - 5 = 1 vibration: the stretching of the bond between the atoms. Carbon dioxide, a linear molecule, has 3 x 3 - 5 = 4 vibrations. These vibrational modes, shown in Figure 4, are responsible for the "greenhouse" effect in which heat radiated from the earth is absorbed (trapped) by CO2 molecules in the atmosphere. The arrows indicate the directions of motion. Vibrations labeled A and B represent the stretching of the chemical bonds, one in a symmetric (A) fashion, in which both C=O bonds lengthen and contract together (in-phase), and the other in an asymmetric (B) fashion, in which one bond shortens while the other lengthens. The asymmetric stretch (B) is infrared active because there is a change in the molecular dipole moment during this vibration. 
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Figure 5 Chart of Characteristic Vibrations

To be "active" means that absorption of a photon to excite the vibration is allowed by the rules of quantum mechanics. [Aside: the infrared "selection rule" states that for a particular vibrational mode to be observed (active) in the infrared spectrum, the mode must involve a change in the dipole moment of the molecule.] Infrared radiation at 2349  (4.26 um) excites this particular vibration. The symmetric stretch is not infrared active, and so this vibration is not observed in the infrared spectrum of CO2. The two equal-energy bending vibrations in CO2 (C and D in Figure 4) are identical except that one bending mode is in the plane of the paper, and one is out of the plane. Infrared radiation at 667  (15.00 um) excites these vibrations. Aside: another way of illustrating the out-of-plane mode is to place circled + or - signs on the atoms, signifying motion above of below the plane of the paper, respectively. Thought question: Why do you think it takes more energy (shorter wavelengths, higher frequencies) to excite the stretching vibration than the bending vibration?
In addition to bond stretching and bond bending, more complicated molecules vibrate in rocking and twisting modes, which arise from combinations of bond bending in adjacent portions of a molecule. (These are sketched in the handout you received in lecture.) Torsions involve changes in dihedral angles. This type of mode is analogous to twisting the lid off the top of a jar. No bonds are stretched, and no bond angles change, but the spatial relationship between the atoms attached to each of two adjacent atoms will change. The torsional mode for ethane is illustrated below.
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Without going into details at this point, we can note some general trends. The stronger the bond, the more energy will be required to excite the stretching vibration. This is seen in organic compounds where stretches for triple bonds such as C[[equivalence]]C and C[[equivalence]]N occur at higher frequencies than stretches for double bonds (C=C, C=N, C=O), which are in turn at higher frequencies than single bonds (C-C, C-N, C-H, O-H, or N-H). The heavier an atom, the lower the frequencies for vibrations that involve that atom. The characteristic regions for infrared stretching and bending vibrations are given in Figure 5. 

How are infrared spectra obtained, and what do they look like? An infrared spectrometer consists of a glowing filament that generates infrared radiation (heat), which is passed through the sample to be studied. A detector measures the amount of radiation at various wavelengths that is transmitted by the sample. This information is recorded on a chart, where the percent of the incident light that is transmitted through the sample (% transmission) is plotted against wavelength in microns (um) or the frequency (). Remember that energy is inversely proportional to wavelength. If we define wavenumber (a.k.a. "reciprocal centimeters") = 1/ (), we have a parameter that is directly proportional to energy. Figure 6 shows the infrared spectrum of a gaseous sample of carbon dioxide. Note that the intensity of the transmitted light is close to 100% everywhere except where the sample absorbs: at 2349  (4.26 um) and at 667  (15.00 um).
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Figure 6 Infrared spectrum of Carbon Dioxide

