2.  Structure

Carbon dioxide is a compound molecule consisting of one carbon atom and two oxygen atoms.  There are other compounds of carbon and oxygen that are known, some stable, some reactive.  The second most common carbon-oxygen compound is that very toxic gas, carbon monoxide, with one carbon and one oxygen.

There is a property of atoms, when combined in molecules, that indicates the atom's relative tendency to attract  valence electrons to it and thereby acquire a slight negative charge.  It's called the atom's electronegativity.  The more electronegative an atom is, the more the atom will pull electrons towards it, albeit only slightly.  Oxygen is one of the most electronegative elements.  When combining with carbon in carbon dioxide, the oxygens attract some of the electrons from carbon, leaving the carbon with a partial positive charge and both oxygens with a partial negative charge on each.  The distribution of charge in carbon dioxide (and in all chemical species for that matter) plays a very important role in determining a lot of its behavior and properties.

There are five conceivable arrangements of one carbon and two oxygens bound in a molecule.  Representing the chemical bond by a connecting bar and the atoms by their appropriate alphabetical symbols, the possibilities, all planar, are 
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One of the properties of a molecule determined by its geometry and the electronegativities of its constitutent atoms is called its polarity.  Actually, it’s the electropolarity.  In a sense, it is similar to the magnetic polarity of our planet Earth with its north magnetic pole and south magnetic pole, if a molecule has a north electric pole (with buildup of negative charge) separated from a south electric pole, the molecule would possess a dipole and be said to be a polar molecule.  Of course, the molecule doesn't know north from south.  All that's needed is a separation of negative charge at one region from positive charge in another region.  The greater the amount of charge and the greater their separation, the greater is the polarity of the molecule.  Carbon dioxide is known to be a non-polar molecule.  It does not have a dipole.  This fact alone eliminates all the possible structures for carbon dioxide except the linear O-C-O.  Each of the other four would be polar.  There is other evidence that the linear, symmetric geometry is correct as well, and there is no contradictory evidence.

Calculations well beyond our focus here can indicate something about where the electrons are in the carbon dioxide molecule.  Shown next are the partial electrostatic charges (expressed in units of the charge of a single electron) at each atom calculated from a sophisticated theoretical description.  
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Although each carbon-oxygen connection is dipolar in the sense that there is a positive pole and a negative pole, the two dipolar arrangements are linearly opposite each other and the effect cancels out, giving carbon dioxide a non-polar character.  There is no center of negative charge separated from a center of positive charge.  The center of negative charge is exactly midway between the oxygen atoms which is where the center of positive charge falls.   Finally, using the same theoretical approach that yielded the electrostatic charges on carbon dioxide, we show an outline of a grid shape that surrounds most of the valence electron distribution in the molecule.
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Importance of polarity…(physical properties, solvent properties…)

Conventionally, a molecule such as carbon dioxide is pictured as if the atoms were rigidly locked into place by something pictured to represent the chemical bond.  While there certainly is an quintessential aspect of molecular structure called the chemical bond, it is in no way constructed as a rigid arrangement.  The bond is fairly lax and allows the atoms to jostle around slightly.  This motion is referred to as vibration.  Depending on how many vibrations per second, how fast they are, and on the masses of the constituent atoms, one can imagine there will be a vibrational energy of the molecule.  You would think that if the temperature were reduced, the molecule could lose vibrational energy.  This is certainly so.  But unlike the everyday concept that if we cool the molecule enough, the motion should stop completely, quantum theory tells us that such motion cannot stop.  There will always be a residual motion even at the absolute zero of the temperature scale, -479 ˚F or –273 ˚C.  The energy associated with the residual motion is called the zero-point energy and is a direct consequence of quantum theory's dual wave-particle nature.  It is embodied in the uncertainty principle (or indeterminacy principle) recognized first by Werner Heisenberg during the mid 1920s.

How do we know the detailed structure of carbon dioxide?

The necessary zero-point motion means that the atoms in the carbon dioxide molecule are always vibrating about some average position, even at absolute zero degrees when the whole molecule itself might be stationary – in one place, but throbbing.   In the case of a linear, triatomic molecule such as carbon dioxide, any complicated vibrational motion, even the zero-point motion, can be described in terms of four fundamental vibrational modes.  These are easily pictured as follows:

There is a symmetrical stretch (~40 trillion vibrations per second) in which both carbon-oxygen bonds lengthen and contract in synch as diagrammed here.
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Then there is an asymmetrical stretch (~70 trillion vibrations per second) in which the carbon-oxygen bonds vibrate out of synch, one lengthening as the other contracts as shown here.
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There is also a bending mode (20 trillion vibrations per second) in which the carbon and oxygens move in opposite directions which we represent below.
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Actually, there is yet a fourth mode which is just the bending mode in a plane perpendicular to the plane of the paper which is the one just described above.  
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The two bending modes are identical in every respect except their mutual orientation.  Any bending of the carbon dioxide in three-dimensional space involves simple combinations of the two bending modes pictured.

The vibrational motions in carbon dioxide can only increase in nearly equal jumps of energy, like bounding up a staircase, each step representing a higher and higher vibration frequency.  The amount of energy can be provided by light, electromagnetic radiation, occurs in the infrared region of the spectrum.  It is light of this energy region – or wavelengths or frequencies – that matches the step size required for boosting a vibrational mode up to the next level of still faster vibration.  Light itself is an oscillating electric and magnetic field.  

If we bathe carbon dioxide with infrared radiation of different frequencies, too low a frequency does not provide the required boost and will not be absorbed.  So all of it, 100%, would be transmitted.  At exactly the right frequency, the radiation would be absorbed, going into vibrational energy, and the transmission drops from 100%.  The figure below shows what is observed.  The infrared spectrum, that is the amount of light transmitted at different wavelengths, of carbon dioxide is displayed.

[image: image8.png]100%.

200 ySnonp ponrwsuen
vonerpe: Jo jusding

wavelength ~15 micrometers




There is an additional key requirement for the oscillating electric field of light to be effective.  There must be an oscillating dipole in the absorbing molecule.  This is a requirement for the process we’re discussing, although its origin is beyond what we can discuss here.  Carbon dioxide has no permanent dipole as we pointed out already.  However, Heisenberg's uncertainty principle guarantees that carbon dioxide must vibrate at least at its zero point energy.  It is therefore guaranteed to have an oscillating dipole in three of its four vibrational mode zero-point motions: the two basically identical bending modes and the asymmetrical stretching mode.  Even though the average dipole is zero, there is a flip-flopping dipole best illustrated by using part of the bending picture above.
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Because the remaining vibrational mode, the symmetrical stretch, does not involve an oscillating dipole, it will not absorb the infrared light that would otherwise perfectly match the energy needed to boost the vibrational frequency.  Incidentally, this is the precise reason that molecular nitrogen (N2) and molecular oxygen (O2) do not absorb infrared radiation.  Their vibrations, by the very symmetry of the two molecules, do not have oscillating dipoles associated with them.

As esoteric as this recent discussion may seem, it is actually the Heisenberg uncertainty principle that explains why carbon dioxide is so intimately associated with being a greenhouse gas, effectively absorbing infrared emitted outward from the Earth’s surface.  More on that later.

As an isolated molecule, carbon dioxide can move around with a speed whose average value is determined by the temperature of its environment.  As a gas, the higher the temperature, the faster the molecule moves.  We’ve shown it vibrates in its several modes too.  However, the molecule can also rotate in three dimensions.  Here too, the higher the temperature, the more rapidly the molecule can rotate.  It is known that the energy of rotation of a linear molecule with three atoms follows a relatively simple expression from physics given by

E(J)=(h2/8π2I)J(J+1)

where I, called the moment of inertia, involves the masses of the three atoms and the two bonding distances.  The exact formula is well known, but not necessary for our discussion.

J has only whole number values of 0, 1, 2, .... and is referred to as the rotational quantum number.
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The molecule's lowest rotational energy is zero, corresponding to J = 0 and no rotation.  The next available higher energy of rotation is when J = 1.  To make a non-rotating carbon dioxide begin to rotate, you would have to add an amount of energy corresponding to the difference, E(J=1) minus E(J=0).  For a typical carbon dioxide molecule, this amounts to 1.55 X 10-23 joules. This can be provided to the molecule by the electromagnetic force exerted on the molecule by light whose oscillating force field matches the kick needed to boost the molecule up to its rotating state.  It so happens that this occurs with electromagnetic radiation in the microwave region.  But, this can only happen if the molecule has a permanent dipole.  Water, H2O, has a permanent dipole moment.  It is the absorption of microwave radiation by water that gives the microwave oven its ability to function.   Carbon dioxide, on the other hand, does not have a permanent dipole moment!

However, when we talked about carbon dioxide absorbing infrared light and being bumped up to a higher vibrational frequency, we did not discuss the role, if any, of rotations during these transitions.  Yet another consequence of the wave nature of matter is that when the vibrational change occurs, there must be a concomitant change in the rotational state as well; and by no greater than one jump in J, either up or down, if possible.  We should and therefore will talk about vibration-rotation changes.  

To jump from the ground vibrational state to the lowest available vibrational state requires a fixed amount of energy, schematically indicated here in this diagram.
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However, for each of the two vibrational energies involved in the diagram, the molecule also has the possibility of rotating in space with rotational energy steps of increasing amount as indicated by the previous formula.  The above picture is then modified to include the rotational energies and shows some of the jumps allowed by the (J = (1 rule mentioned earlier.  We show only the first half dozen such vibrational-rotational changes and label them A-F.
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Carefully looking at the energies for each of these A-F lines reveals the following situation.  There is no transition corresponding to J=0 jumping up to the next J=0 in the higher vibrational state.  So infrared radiation of this energy will not be absorbed.  Slightly higher energies will successively permit the jumps indicated by lines A, C, and E and so on, corresponding to increases in rotational energy accompanying the vibration jump.  Slightly lower energies would correspond to absorption lines B, D, and F (and more, if we continued with other rotational states and allowed jumps)  in which there is a loss of rotational energy despite the increase in vibrational energy.  On further examination, if you used the rotational energy formula, you would find that these jumps are equally spaced (by an amount h2/4(2I) as shown in the diagram below.
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The figure below shows the amount of light in the infrared transmitted through a sample of carbon dioxide.  Scientists who study these spectra are called spectroscopists and it is their practice to use wavenumber (cm-1) units rather than wavelength or frequency or energy.  The horizontal scale corresponds to about 19.9 X 10-21J for each 1000 cm-1.  At energies that do not match the 

vibration (-rotation) jumps, there is no absorption and the fraction of light transmitted is nearly unity.  When there is a match, the amount transmitted drops to a fraction of the incident light shining on the sample.
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The inverted peak in the infrared spectrum of carbon dioxide at the left, just below 700 cm-1, has been measured with better equipment allowing a finer resolution of the energy absorbed.  It is displayed below.  It shows the left half of the jagged peak on the left above corresponding to transitions in which J decreases by 1.  (J. Mol. Spect. 189 153 ’98) corresponding to the jumps labeled B, D, F, … in the previous schematic of vibration-rotation jumps.
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Note the nearly equally spaced finer peaks in the above spectrum, especially for the first several sharp absorptions.  This is due to changes in rotational frequencies when the molecule's vibrational energy is increased as we labored over in our earlier discussion.  The peaks are very nearly equally spaced as would be expected from the vibration-rotation quantum jumps that occur.  The separation between peaks in this so-called vibrational-rotational spectrum allows us to calculate a value for “I”, the moment of inertia, using the equation for E(J).  In carbon dioxide, the carbon-oxygen average bond lengths are equal.  Knowing the moment of inertia and the masses of the atoms gives us a unique measure of the distances between the atoms, which is what's needed to complete the geometric description of the molecule.  We can calculate the separation or bond distances (116.2 billionths of a millimeter) from the infrared spectrum results. 

Of course, what is also clear from the high-resolution infrared spectrum above is that the absorption lines are not exactly equally spaced.  This is an interesting result of the bonds not being rigidly fixed at a particular distance and the rigorous physical theory describing vibrational-rotational motions accounts for this very neatly.

Other properties of carbon dioxide

At atmospheric pressure, carbon dioxide is one-and-a-half times as heavy as air.  Since CO2 doesn’t support combustion and is easy to produce, it is used in many fire extinguishers as a way of suffocating a flame, starving it of oxygen.

The gas may be liquefied by cooling to –18 (C at a high pressure of 20 (?) atmospheres or, alternatively, at “room temperature” 21 (C and a still higher pressure of 56 (?) atmospheres.
At –56.6 (C and ~5 atmospheres, solid carbon dioxide (dry ice) forms and is in equilibrium with liquid and gaseous carbon dioxide.  This is called the triple point for CO2.  Below –56.6 (C, liquid carbon dioxide does not exist.

At temperatures greater than 31 (C and pressures greater than 74 atmospheres, carbon dioxide has been compressed to the point where liquid and gas are indistinguishable and one has what’s just called a fluid.  The conditions under which this first occurs are referred to as the critical point and so the phase is called supercritical  carbon dioxide.  The commercial uses of supercritical carbon dioxide are growing extremely rapidly.

Other carbon oxygen molecules
There is, of course, carbon monoxide or CO.  Less well known are small clusters of these molecules.  Combinations of two and three carbon monoxides and carbon dioxides are known to give molecules whose formulas could be written as C2O2, C3O3, C2O4, and C3O6.  A carbon suboxide has been known for years and has the formula C3O2.  Measurements of light passing through interstellar molecular clouds have been used to identify dicarbon oxide (ketene) and tricarbon oxide, C2O and C3O, respectively.  Under normal conditions, in the atmosphere or everyday environment, these would react and disappear.  Finally, the tetra-hydroxide of carbon exists in theory.  It would be the product of reacting carbon dioxide with water

CO2 + 2H2O ( C(OH)4
Further reaction of this hypothetical substance with basic elements leads to the formation of orthocarbonates, an example of which would be sodium orthocarbonate, Na4CO4.

Phases
Carbon dioxide is a gas...under ordinary circumstances.  However, if you drop the temperature to 

-78.5 ˚C (-109.3 ˚F), carbon dioxide freezes into a solid.  That solid is commonly referred to as dry ice.  [Why?] Warm the dry ice, and it converts back into the gas.  But unlike many other solids, it does not melt into a liquid first.  (The conversion of a solid into a vapor without melting first into a liquid is referred to as sublimation.)  Liquid carbon dioxide does exist, but not a pressures as low as one atmosphere under which we thrive.  The lowest pressure needed to permit existence of liquid CO2 is just above five atmospheres and at that pressure, the temperature must be no lower than -56.6 ˚C.  At exactly those conditions (5.11 atm, -56.6 ˚C), solid, liquid and gaseous CO2 coexist and the conditions are therefore termed collectively as the triple point for carbon dioxide.  For comparison, the triple point for water is 0.1 ˚C (?).

At even higher pressures, carbon dioxide solid can take on different forms or solid phases.  This is a fairly common phenomenon.  Ice, to date, has nine different solid forms (one of which was the basis of Kurt Vonnegut's novel "Cat's Cradle") and their domain of existence is pictured in the figure below.  Elemental carbon has two very well-known phases: graphite, the writing substance in a so-called lead pencil, and diamond, which is formed in certain geological environments deep beneath the earth's surface under very high pressure. (www.llnl.gov/str/Yoo.html)  A third form has achieved notoriety recently and is associated with the 1996 Nobel Prize in Chemistry.  The form is buckminsterfullerene, or “bucky balls”. 
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