Experiment 2.1

Name:

Date:

THE INFRARED SPECTRUM OF HCl

This document is to be found at the Bath Website in ~chsscp/teach/hcl.bho.  The document contains questions that should be answered.  You will find the help of BANWELL “Fundamentals of Molecular Spectroscopy” invaluable.

OBJECTIVE

The aim of this experiment is to investigate the fundamental vibration-rotation band of gaseous HCl by IR spectroscopy.  The spectrum reveals a wealth of structural information about the molecule.  Under high resolution, the band is examined around the (v = 0 to 1) vibrational transition at 3000cm-1 and shows rotational fine structure.  The intensities of the rotational bands are analysed using a Boltzmann distribution, and analysis of the positions leads to the HCl internuclear distance as well as the bond strength.

THEORETICAL CONSIDERATIONS

IR spectra of simple gas molecules show band structure due to changes in the rotational energy of molecules, which accompany the larger changes in vibrational quantum number.  In the liquid state these features are largely washed out.

(1) Rotational Energy levels
The rotational energy of a rigid diatomic molecule is given by solving the Schrodinger wave equation as

ER = J(J+1).  h2/(8(2I) (in joules)

Where J = 0,1,2, ….. and I the moment of inertia  of the molecule

I = (r2
Where ( is the reduced mass of the molecule, and r the bond length which is defined as:

( = (M1M2)/(M1 + M2)

where M1 is the mass of H and M2 Is the mass of Cl
The equation is usually written as:

eR = BJ(J+1) (in cm-1)

With ER = eR.hc (Note that ‘e’ is used for cm-1, ‘E’ for Joules.)

Where B is the rotational constant (usually given in cm-1).  Hence, with c in cm.s-1
B = h/(8(2Ic)

Pure rotational spectra occur in the microwave portion of the electromagnetic spectrum.  It is only when superimposed on the vibrational transitions that they become visible in the IR region.

The general expression for the spacing between successive rotational transitions is:

(E = E(J+1) – E(J) = hc 2B(J + 1)

Selection rules

There are two types of selection rules operating in rotational spectra, known as the gross and specific rules.  The gross rule shows which molecules (or for more complicated molecules, which particular rotation) will be active, the specific selection rules state which transitions are allowed.

The gross selection rule for rotational transitions is that each molecule must have a dipole moment.

The specific selection rule for the rotational transitions allows only certain transitions, namely:

(J = ( 1

So (J=1 to J=2) is allowed, as is (J=43 to J=42), but (J=2 to J=4) is not.

(ii) vibrational energy levels
The vibration of a simple diatomic molecule can be described in terms of simple harmonic motion.  This assumes that the chemical bond joining the two atoms acts like a Hooke’s  law spring, with a force constant, k, which is a measure of the bond strength.  The vibration frequency is given (in both classical and quantum mechanical regimes) by:

( = (1/2() (k/()½

with ( in Hz and k the force constant.  The vibrational energy levels are given by

Ev = (v + ½)h(
With v = 0,1,2, …..  Again, the ‘frequency’, (, is often given in cm-1, with

ev = (v + ½)( (in cm-1)

Note that even in the ground state, the molecule has zero-point energy.

Rotation-vibration selection rules

Combining the rotational and vibrational energy levels gives an expression for the overall level system:

erot = ev + er
= (v + 1/2)( + BJ(J+1)

In the pattern you have been given, the vibrational transition is from (v=0 to v=1).  The transitions measured therefore have the quantum number changes.

(v = +1, (J = (1

note that (v = +1, (J = 0 is not allowed.

The transitions with (J = +1 are called the R-branch.

The transitions with (J = -1 are called the P-branch.

1. Insert Figure 1, and sketch 3 transitions associated with R, P and Q branches (e.g. J=1 to J=2, J=8 to J=7, etc).

THE SPECTRUM OF HCl

You are provided with a digital spectrum of HCl gas at high resolution, measured using an IR machine (look at the Bath Website in ~chsscp/teach/hcl.bho for the file HCL.TXT).  The pressure of gas was 0.5 atm, and the path length, 10cm.  

2. Insert an image generated in EXCEL 

Given that the wavenumber scale decreases from top to bottom;

3. Mark the P and R bands on the spectrum and identify the approximate position of the missing Q band (it may be easier to copy the EXCEL image into PAINT and annotate before copying into the document).

4. Describe the spectrum, e.g. Does it have any obvious symmetrical features?

Note that the individual lines in the bands are split, and that the spacing between the lines is virtually constant within a band.

5. Why is each rotational line split (i.e., why do they occur at different energies?) and what do the relative intensities of each component of the split lines tell you?

6. Work out and tabulate the values for all the P and R transitions for H35Cl.  

7. Insert a new plot with the x-axis modified to give the x-axis in cm-1 and label the first R and P peaks. 
Assume that the spacing between each data point is to 1 cm-1 and

J
=
1
(
0
2865 cm-1

Note that the spacing of the lines on the P and R branches is not the same.  This is because the rotational constants in the upper and lower vibrational states are difference.

8. Why?

In keeping with the usual nomenclature, B in the lowest vibrational energy level, B(v=0), is called B“, and B(v=1) is called B‘.  For an R-branch transition from J to (J+1), with an energy occurring at R(J) (in cm-1),

R(J) = (1 + ½)( + B‘(J+1)(J+2) – (1/2)( - B“J(J+1)

[   upper energy   ] – [   lower energy   ]

= ( + 2 B‘ + (3 B‘ - B“)J + (B‘ - B“)J2
where J refers to the lower vibrational state.

A similar expression can be constructed for P(J), where the molecule goes from J to (J-1) and v=0 to v=1.

COMBINATION DIFFERENCES AND BOND LENGTHS

Using the expressions from the previous section, accurate values of the rotational constant in upper and lower vibrational states can be determined using the method of combination differences.

R(J) – P(J) = 2 B‘ (2J+1)

R(J-1) – P(J+1) = 2 B“ (2J+1)

9. Tabulate the values of R(J), P(J), R(J-1) and P(J+1) as a function of J; 

Note: this gives an expression for a straight line, y=mx+c, where x=J, the gradient is 4Bv and B1 and B0 are B’ and B’’ respectively.

10. Hence, using a least-squares linear regression fitting within EXCEL, calculate the average values of B‘, B“, and the uncertainty in their values.

The change in rotational constant with vibrational energy level can be shown to follow an expression of the form:

Bv = Be - ((v+1/2)

where ( is a small positive constant, and Be is the rotational constant for the equilibrium configuration.

11. Using the values for Bv (i.e. B‘ and B“) with the appropriate values of v, find the equilibrium rotational constant Be.

12. Derive moments of inertia for the ground, first excited vibrational and equilibrium states.

13. Hence, calculate the bond lengths, r’, r” and re and sketch them on an energy level diagram, fig 2.

VIBRATIONAL INFORMATION AND BOND STRENGTH

14. Using the first five transitions in the P and R branches, calculate an average value for (.  

15. What is the force constant?

16. Assuming the same force constant for H37Cl, what is the isotopic shift you would expect? Is this in keeping with the results obtained?

INTENSITY DISTRIBUTION

Note that the intensity of the rotational lines does not decrease monotonically with increasing J, but reaches a maximum value.  The Boltzmann distribution law for the rotational energy levels has the form:

(nj/n0) = (2J+1)exp(-EJ/kT)

Where the (2J+1) factor reflects the degeneracy of the rotational energy levels.

17. Using the value of Be calculated above calculate (nj / n0 ) for a range of values of J, and hence find the maximum population and insert a plot of (nj / n0 ) versus J.

18. Use this result to discuss the intensities measured in your experiment.
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