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VIBRATION - ROTATION SPECTRA OF HCl AND DCl
INTRODUCTION

The infrared region spans the wavenumber range 10 ( 12,800 cm-1  (780 (106 nm).  The infrared region is commonly divided into three components; near infrared, mid infrared and far infrared.  Near infrared radiation is at the high energy end (close to visible radiation) and the far infrared radiation is at the low energy end (close to microwave radiation).

Infrared spectroscopy is a commonly used technique in both qualitative and quantitative work.  Its most important use has been in the identification of organic compounds (qualitative). The infrared spectrum of an organic compound is a unique fingerprint of that compound which helps in the identification of the compound.

Infrared technology has also been used in more quantitative applications such as determining the amount of pollutants from industrial processes.  In addition to these applications, infrared spectroscopy is commonly used in research laboratories as a method of identifying and analyzing new molecular species.

INSTRUMENT


The infrared spectrometer used in this experiment was a Perkin-Elmer Model 1400 instrument.  This is a double beam spectrometer with a resolution of 2 cm-1.  A schematic diagram of the components of the instrument is given below.

Block diagram of a Perkin-Elmer Model 1400 infrared spectrometer

The infrared source in this instrument is a silicon carbide glow bar.  This provides infrared radiation in the 1000 ( 40,000 nm wavelength region.  The detector is a deuterated triglycene sulfate (DTGS) detector.  The sample cell was a 10 cm long, 1” diameter, quartz cell equipped with KBr windows.

THEORY

The vibrations of a diatomic molecule can be modeled with an anharmonic oscillator whose energy values (in cm-1) can be given by:
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where  (e 
= vibrational frequency in cm-1

v 
= vibrational quantum number


(exe
= first order anharmonicity constant


(eye 
= second order anharmonicity constant (this term and higher terms will be 

   ignored)

The rotations of a diatonic molecule can be modeled with a non-rigid rotor whose energy values (in cm-1) are given by:
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where 
Be  = rotational constant


De = centrifugal distortion constant


J    = rotational quantum number
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Be and De are not quite constants but depend on the vibrational state v

In this experiment, we will assume that (e is negligibly small.   (   Dv = De
(e is the vibration - rotation coupling constant.
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where h = Planck’s constant


Ie = moment of inertia = (re2

c = speed of light
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m1 and m2 are the masses of the 2 atoms of the diatomic molecule 

re = equilibrium inter-nuclear bond distance

The energies of a vibrating, rotating diatonic molecule can therefore be given by

T (v, J) = F (J) + G (v)
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where (e = vibration - rotation coupling constant

The infrared spectra of a diatomic molecule arise from a transition between the ground vibrational level (v" = 0 level) and the higher vibrational levels (v' = 1, 2, 3,...).

Selection rules for the vibrational transitions of a diatomic molecule are given by


(v = ( 1, ( 2, ( 3, ... etc.

The selection rules for the rotational transitions are given by (J = 0, ( 1

In this experiment we are studying the fundamental vibrational band of the absorption spectra of HCl and DCl.  For this transition the selection rules are

  
(v = +1

(J = ( 1





(J = + 1 is the R branch





(J = -1 is the P branch

The vibrational levels involved are


v" = 0  ground state


v' = 1   excited state

The energy level diagram showing the rotational transitions in the 1-0 band for the HCl and DCl molecules
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Transition energy   (  =  T (v', J' ) - T (v", J" )

For the R branch   (J = +1  (J' = J" + 1

For the P branch   (J = -1  ( J' = J" - 1

Using Equation 1 we can show that for the R branch[image: image15.wmf]kg
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Similarly for the P branch
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Using Equation 2 and Equation 3 and denoting 

R(J) = energy (in cm-1) of the lines in the R branch that originate in state J" = J

P(J) = energy (in cm-1) of the lines in the P branch that originate in the state J" = J,

one can write the following useful relationships.
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From Equation 4:

The graph of  [R(J) – P(J)] / 4(J + ½)  versus  (J2 + J + 1) will have 

· the slope = -2De 

· the intercept = Bv'.

From Equation 5:

The graph of  [R(J – 1) – P(J + 1)]  / 4 (J+ ½) versus (J2 + J + 1) will have 

· the slope = -2De 

· the intercept = Bv"
From Equation 6:

The graph of   [R(J) + P(J + 1)] / 2  versus (J + 1)2 will have 

· the slope = (Bv' - Bv" )

· the intercept = (v' - v") (e [1 - xe (v' + v" + 1)] = Band origin

Since this is the band origin of the 1-0 vibrational band, we can write

(0 (1-0)  =  (v' - v") (e [1 - xe (v' + v" + 1)]

Once Bv'  and Bv" are known, Equation A {Bv = Be  - (e (v + ½) }can be used to calculate Be and (e.   Once Be is known re can be calculated using
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EXPERIMENTAL

The 10 cm absorption cell equipped with KBr windows was filled with HCl vapor.  Commercially available HCl was used for this purpose.  Following is a diagram of the gas handling system used for this purpose.

The gas handling system for filling the infrared cell

With the 10 cm cell connected to the gas handling system and the HCl cylinder valve closed, the system was evacuated.  Liquid N2 was used in the cold trap.  Then valve A was closed and the HCl cylinder valve was slowly opened.  When the cell was filled with HCl vapor to the desired pressure, valve B and valve C were closed and the system evacuated.  The cell was removed from the gas handling system by disconnecting the D joint (this is a ball-and-socket joint).  Be sure to close valve A, valve B and valve E prior to disconnecting.

Initially several rapid scans of the HCl spectrum were recorded at various pressures to determine the pressure that gives the best spectrum.  Once this was determined the spectrum was recorded at a very slow chart speed.  The DCl spectrum was recorded in a similar manner.

Preparation of DCl

DCl was synthesized in the laboratory by the reaction between benzoyl chloride and heavy water.  

The apparatus used for synthesizing DCl

C6H5COCl   +   D2O     (      C6H5COOD   +    DCl (g)

C6H5COOD + C6H5COCl     (      (C6H5CO)2O    +   DCl (g)

Approximately 5 ml (0.3 mol) of D2O was slowly added to 140 g (1 mol) of benzoyl chloride.  C is a water cooled condenser.  Trap T1 contains dry ice and trichloroethylene (temperature  ( -70 oC).  Trap T2 was left at room temperature.  The flask F was gently heated.  Stopcock A and stopcock B were left open to allow some DCl gas to sweep through the system into the hood.  Stopcock B was then closed and trap T2 cooled with liquid N2.  After about 20 minutes, heat was removed from flask F.  After another 5-10 minutes, stopcock A was closed and joint J (a ball-and-socket joint) was disconnected.  Trap T2 was kept in liquid N2.

Trap T2 was connected to the gas handling system to fill the 10 cm absorption cell.  The cell was filled with DCl by allowing the DCl in the trap to warm up slowly until the desired pressure was achieved.

RESULTS AND ANALYSIS OF DATA

HCl pressure at which the best spectrum was obtained   = 103 torr

DCl pressure at which the best spectrum was obtained   = 105 torr

Attach all recorded spectra and clearly indicate the ones used for data analysis.

From Graph I

Slope =  -2 De   = 0(001024 cm-1


( De  =  -5.12 x 10-4 cm-1
Intercept = Bv' = B1 = 10.131 cm-1
From Graph II

Slope =  -2 De   = 0(00113 cm-1


( De  =  -5.56 x 10-4 cm-1
Intercept = Bv" = B0 = 10.441 cm-1
From Graph III

Intercept = (v' - v") (e [1 - xe (v' + v" + 1)] = 2885.8908 cm-1

v' =  1  

v" =0

(e  [1 - 2 xe]  = 2885.8908 cm-1

(0 (1-0)    =  (e  - 2 (e xe   =   2885.891 cm-1

Bv  =  Be  -  (e  (v  +  ½)   

 For   v  = 0
10.441   = Be  - (½) (e  

For   v  = 1
10.131   = Be  -  ( 2/3 ) (e  

(e  =  - 0.31 cm-1   

Be  =  10.596 cm-1
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[Literature value for re  =  1.29 x 10-8 cm -  from Molecular Spectra and Molecular Structure, Volume I, Spectra of Diatomic Molecules, G. Herzberg, page 81]

MOLECULAR PARAMETERS FOR HCl

	
	This experiment (cm-1)
	Literature values (cm-1) a

	(0  (1-0) band
	2885.89 
	2885.9775 

	B0
	10.44 
	10.440254 

	B1 
	10.13 
	10.136223 

	Be
	10.59 
	10.593404 

	(e
	- 0.31 
	- 0.307139 

	De/10-4
	- 5.12 
	- 5.32019 


a D. H. Rank, D. P. Eastman, B.S Rao and T. A. Wiggins, “Rotational and Vibrational Constants of HCl and DCl Molecules”, J. Opt. Soc. Am. 52, 1-7 (1962).

Similar values should be reported for DCl also.

DISCUSSION

1. Discuss the limitations of the instrument in obtaining your data.

2. Discuss errors that may have occurred in sample preparation, recording and assumptions made in data analysis that can affect your results.

3. Compare your results with literature values.  Discuss reasons for any discrepancies.

4. Discuss whether you achieved the objectives of this experiment.

5. Any other interesting, educational experiences of carrying out this experiment.

6. Answer the questions assigned by the instructor.
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QUESTIONS

1. Do your spectra show any indication of the 35Cl - 37Cl isotope effect?  If so, calculate the splitting expected for this effect in HCl and DCl.

2. Explain the intensities of the spectral lines that you observed.

3. In this experiment, we have assumed that the rotational constant B is the same for the v" = 0 and v' = 1 levels.  Is this a reasonable assumption?  How would you modify the experiment and/or calculations to determine the values for B in the v" = 0 (Bo) and v' = 1 (B1) levels?

4. What safety considerations do you need to have in mind when handling KBr windows?  Why do we use KBr windows instead of quartz windows?  Suggest another material that can be used instead of KBr.  How should KBr windows be stored when not in use?  Why?

5. How do the values of re compare in HCl and DCl?  What does this suggest about the nature of the chemical bond in the two molecules?  Predict the values of (0 and re for tritium chloride.

6. What are the advantages of using a Fourier transform infrared spectrometer compared with a dispersive instrument?

7. If the band origin ((0) of the 2 - 0 vibrational band of H35Cl is given as 5667(9841 cm-1, calculate the values of (e and (exe.
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