
As you learned earlier, the most primitive model to describe the motion of a vibrating diatomic molecule is the harmonic oscillator model, for which the potential energy is V(x) = 1/2 kx2. The allowed energy levels, calculated from the Schrödinger equation, are


[image: image1.wmf]()  (  ½)

e

Evvhc

=+w

%


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1)

where 
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 is the fundamental vibrational frequency in cm–1, h is Planck's constant, c is the speed of light, and v, the vibrational quantum number, has values 0, 1, 2, 3,...

For a rotating diatomic molecule, the rigid rotor is a useful model; with the rigid rotor approximation, the molecule is considered as two masses held by a rigid, massless rod. The solution of the Schrödinger equation yields:
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where the rotational quantum number, J, takes on integral values 0, 1, 2..., 
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is the rotational constant in cm(1, and I is the moment of inertia given by:
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where Re is the internuclear distance and ( is the reduced mass of the molecule (NA is Avogadro's number): 
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Real molecules undergo simultaneous rotational and vibrational motion, and the energy 
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might be considered to be a sum of rotational and vibrational contributions given by expressions(2)

. However, the simple harmonic oscillator and rigid rotor models are not sufficient to describe the spectra of molecules at very high resolution. A more complex expression for the energy is necessary to describe the true molecular motion of a diatomic molecule. The energy values, (E/hc (in cm(1), which we label as T(v,J) are:
(1)
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where all quantities are in cm(1. The first and third terms are simple harmonic oscillator and rigid rotor energies, respectively. Note that 
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are in cm(1. The second term is the anharmonicity correction, which is a measure of the deviation of the potential energy from the simple parabola predicted by V(x) = ½ kx2. The fourth term is the centrifugal distortion that corrects for the fact that the rotor is not a rigid rod, but a bond that can expand and contract. This term will be ignored since it is only important at very high J values. The last term is the coupling of vibration and rotation. During vibration, R changes therefore 
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changes and so the two motions are not totally independent as we originally assumed.

The selection rules for the molecular motion within the harmonic oscillator and rigid rotor approximations are (v = (1 and (J = (1. For anharmonic motion, (v can also be (2, (3…. The (v = 1 transition is the fundamental and the (2, (3 transitions are called overtones. Since the molecule is absorbing vibrational energy, (v = +1. However, (J can be either +1 or –1 (see figure 1). When (J = +1 the transition is called an R branch; (J = –1 is a P branch transition. 
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Therefore, the observed spectrum is the superposition of the P and R branch rotational patterns on the vibrational peak (see figure 2).
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Derivation of Equations for Vibration Rotation Spectrum

The energy expression for the diatomic molecule as written in the experiment is:
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Neglecting 
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 and consider (v = +1 and J ( J + 1 (R branch). We find that: 

T(v + 1, J + 1) – T(v, J) ( 
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The peaks in the R branch of the spectrum would obey the equation:
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for J = 0,1,2,3...and where the center frequency is defined as 
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Similarly, if (v = +1 and J ( J –1 (P branch):


T(v + 1, J – 1) – T(v, J) ( 
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And the peaks in the P branch of the spectrum would obey the equation:
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for J = 1,2,3...

Knowing the positions of the lines in both the P and R branches, we could fit the data to a polynomial in J (equations 
(6)

) and we could determine the molecular constants (5)

 and  GOTOBUTTON ZEqnNum860896  \* MERGEFORMAT .

We can combine the R and P branch data if we define a new variable m such that:

m = –J

for the P branch

and 

m = J + 1
for the R branch

Using these definitions, equations (6)

 can be combined to form:
(5)

 and 
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You can then use your pooled data from the R and P branches to determine the molecular constants. To do so, you must be careful in assigning the value of m.  An example of the definitions of m is shown in Figure 3.
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The center frequencies, 
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, for the fundamental and overtone spectra are related to the fundamental vibrational frequency and anharmonicity by

fundamental
(v = +1
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overtone
(v = +2
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we can, from these two equations, extract 
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The force constant is easily obtained from 
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while the dissociation energy, 
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, can be calculated from 
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and the anharmonicity correction, 
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Experimental

The instructor will explain the use of the vacuum system and the FTIR spectrophotometer. The hydrogen chloride gas will be prepared in a special cell attached to the vacuum line. Use approximately 10 mL of concentrated sulfuric acid and 1g of sodium chloride to prepare the HCl gas. Add the NaCl a little at a time to the acid and monitor the pressure of the gas produced in the cell. Generate about 250 torr of gas.

The Fourier Transform Infrared Spectrometer will be used and instructions will be given during the lab. Two scans will be made: one from 600 cm‑1 to 4000 cm-1 at low resolution (4 cm(1) and another from 2700 cm(1 to 3200 cm(1 at high resolution (0.5cm(1). 

Calculations

On your high resolution spectrum, identify the P and R branches; the P branch is at lower energy. Index your lines from the center gap between the branches. Start with R(0), R(1), etc., and P(1), P(2), etc. Label the stronger peak of the overtone spectrum in each doublet with its appropriate wavenumber (cm(1).

Label each peak with its J value.  Labels each peak with its m value. Use a regression analysis of 
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 vs. m (equation
(7)

) to compute GOTOBUTTON ZEqnNum225872  \* MERGEFORMAT , 
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 with error estimates. You will need a column of m, m2 and peak position to do this analysis. In Excel use Tools, Data Analysis, Regression.

Calculate the moment of inertia and the internuclear distance from your 
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value and equation(2)

.

Use your value for
[image: image40.wmf]01

w

%

, and the overtone frequency, 
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= 5668.7 cm(1, to simultaneously solve equations 
(9)

 for (8)

 and  GOTOBUTTON ZEqnNum390131  \* MERGEFORMAT and 
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Finally, calculate k, the force constant, and
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, the dissociation energy of the molecule.

Compare your results to the literature values, and explain any discrepancies.

Questions

Why is each P and R branch peak split into a doublet?

Use Excel or Mathcad to generate a Boltzmann distribution for rotational states using your calculated 
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value. Do the intensities of your peaks agree qualitatively with the intensities predicted by the Boltzmann distribution?

Compare your low resolution spectrum to the high resolution spectrum. What differences do you notice? How many vibrational peaks are evident in your spectra?

Find the maximum intensity rotational peak in your P branch. From the Boltzmann distribution for rotational energy, derive an expression for the maximum peak intensity in the distribution. From your expression, compute the temperature of the HCl sample.

Compute the splitting between peaks for the two isotopes of chlorine, 35Cl and 37Cl, and comment on the value.
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