Experiment 2:  Absorption Spectrum of a Conjugated Dye
Objective:   In this experiment, we are concerned with the measurement of the visible absorption spectra of several polymethine dyes and with the interpretation of these spectra using two different quantum mechanical models.

Introduction
Absorption bands in the visible region of the spectrum correspond to transitions from the ground electronic state of a molecule to an excited electronic state that is 170 to 300 kJ mol-1 above the ground state.  Those compounds that are colored (i.e. absorb in the visible region of the electromagnetic spectrum) generally have some weakly bound or delocalized electrons.  The visible bands for polymethine dyes arise from electronic transitions involving  electrons along the polymethine chain.  The wavelength of these bands depends on the spacing of the electronic energy levels.  We will interpret these spectra using two different quantum mechanical models.  The first is the simple “free-electron” model first proposed by Kuhn.(1,2) Although this model starts with an extremely simplified description of the molecule, it has proven reasonable successful for conjugated dyes like the polymethine series.  The second model will be a semi-empirical molecular orbital calculation.    

We will be examining several related dyes including 1,1-diethyl-4,4-cyanine iodide, 1,1- diethyl-4,4-carbocyanine iodide and 1,1-diethyl-4,4-dicarbocyanine iodide.  The structure of 1,1- diethyl-4,4-carbocyanine iodide is shown below.  
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The cyanine has a one-carbon linker while the carbocyanine has a three-carbon linker and the dicarbocyanine has a five carbon linker between the two aromatic rings.  For each of these dyes you can write a second limiting resonance structure with the positive charge localized on the opposite N atom.  Thus all the bonds along the chain connecting the two nitrogen atoms are equivalent with a bond order of 1.5.  The valence electrons on the carbon atoms not involved in  bonds along with three electrons donated by the two nitrogen atoms form a mobile cloud of  electrons along the chain.  We can model this  system as free electrons moving in a one-dimensional box of length L.  The quantum mechanical solution for the energy levels for this model is (3)
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where m is the mass of the electron, h is Planck’s constant, L is the length of the box and n is the quantum number identifying the quantum state of the electron.  

Since the Pauli exclusion principle limits the number of electrons in any given energy level to two, the ground state of a molecule with N  electrons will have the N/2 lowest levels filled and all higher levels empty.  When the molecule absorbs visible light, there is an associated one-electron jump from the highest filled level n1 = N/2 to the lowest unfilled level n2 = n1 + 1.  The change in energy for this transition is 
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(2)

Since E = h = hc/, where c is the speed of light,  is the frequency, and  is the wavelength of the absorbed light,
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We will denote the number of carbon atoms in the chain as p; then N = p + 3 where the three extra electrons are coming from the two nitrogen atoms and one each is being supplied by each of the carbon atoms.  We will then make the approximation, L = (p + 3)l where l is the bond length between atoms on the chain.  Therefore,
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For this experiment we will use a value of l = 0.139 nm, the C-C bond length in benzene.  If there are easily polarizable groups at the ends of the chain, the potential energy of the  electrons does not rise so sharply at the ends.  In effect, this lengthens the size of the box (L) in our treatment, and we can write
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where should be a constant for a series of related dyes.  This constant which usually has a value between 0 and 1 can be determined from an empirical fitting for a series of related dyes.
The second method we will use to describe the electronic structure of the dye molecules is the semi-empirical molecular orbital method.  In this method, the overall wave function describing the electronic state of the molecule is taken to be a product of one electron wave functions (orbitals).
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The one electron wave functions are approximated as linear combinations of atomic orbitals (LCAO).  Thus for example:
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where c is a numerical coefficient and χ is an atomic orbital (1s, 2px, 3dz2 ...) centered on a particular atom in the molecule.  The best overall wave function for describing the electronic structure will be determined by adjusting the coefficients in order to give the lowest possible quantum mechanical energy for the molecule.  This method of obtaining the coefficients uses the variational principle.  The variational principle states that the “best” approximate wave function is the one that gives the lowest energy.  For our calculations, the energy will be a function of the coefficients.  Thus we need to take the derivative of the energy with respect to each of the coefficients and set the group of resulting equations equal to zero to determine the value of each of the coefficients.  This method assumes that the positions of all the atoms in the molecule are fixed.  We can also move one or more atoms and repeat the entire variational calculation in order to determine the energy of different conformations of the molecule and then decide which conformation has the lowest possible energy.   

Methods
Part A: Experimental Determination of the Spectra
Prepare a 10 ml sample of your assigned dye(s) with an approximate concentration of 1.0 x 10-3 M by dissolving 3-5 mg of the dye in methanol.  Use the spectrophotometer to obtain a spectrum of this solution over the visible range (400-800 nm).  You may need to dilute the solution to insure that the absorbance reading at the maximum wavelength does not exceed 1.0 (10% transmittance).  At high concentrations of dye, dimerization may occur which could alter the spectrum.  For sufficiently dilute solutions, dimerization does not contribute to the spectrum.
Part B: Computational Chemistry Exercise
Building the molecule
1)
Launch the Spartan application using the program menu under the start button in the lower left hand corner of the screen 

2)
Click on New under the Files menu of Spartan to open a build window

3)
Select rings on the menu in build window and choose naphthyl from the list

4)
Place cursor in build window and click

5)
Choose transmute from the build menu and then convert the appropriate C to N on the ring

6)
Select sp3 carbon on the menu and then add two successive carbons to form the ethyl 
derivative at the N

7)
On the ring you have built add an sp3 carbon to the appropriate position on the ring.  

8)
If the dye you are building has a longer linker, add additional C atoms until the linker is the correct length (1, 3, or 5 carbons total)

9)
Select rings on the menu in build window and choose naphthyl from the list and add it to the end of the linker.

10)
Choose delete from the builder menu and remove any extra H atoms from the linker.  There should be one hydrogen on each linker carbon.  

11)
Choose transmute from the build menu and then convert the appropriate C to N on the second ring

12)
Select sp3 carbon on the menu and then add two successive carbons to form the ethyl 
derivative at the N on the second ring

13)
Choose angle under the geometry menu and select the bond angles in the linker and make sure they are all close to 120 degrees.

14)
Choose save from the files menu and save your new structure to a file.  Give the file a name descriptive of the molecule you have built

Optimizing the structure
1)
Choose the setup pulldown menu

2)
Choose AM1 for method and Geometry optimization for task, +1 for the charge, give a brief title for the calculation

3)
In the Options box type PRINTMO and then choose save.  In the surface menu select HOMO (highest occupied molecular orbital) 

4)
Choose submit from the setup menu and the QM calculation will be performed to generate the geometry with the minimum energy (this make take a significant amount of time)

5)
Examine the output.  Look for the highest occupied orbital (HOMO) and the lowest unoccupied orbital (LUMO).  Record the difference in energy between these two orbitals.  The units will be eV.  Use this energy to calculate the wavelength of light necessary to promote an electron from the HOMO to the LUMO   


Additional Questions based on your calculations




1)
For the dye with a 5-carbon linker, examine C-C bond lengths in the linker.  Are they all equal?   What is the range of values?  How do these values compare with the value of 0.139 nm used in your particle in the box assumed in part A of the project? 

2) Compare the bond lengths in the linker with C-C bonds in the ring and in the ethyl group.  Bond length should be inversely proportional to bond order.  What sort of bond order would you predict for the carbon-carbon bonds in the linker

3) Look at the HOMO.  Does it look like an orbital extending from nitrogen to nitrogen along the conjugated carbon chain?
Data Analysis
Plot absorbance vs  for all the dyes examined.  Determine an experimental max for each dye from its spectrum.  For each dye calculate the molar absorbtivity ().  For each dye determine E  (in units of kJ/mol) for the transition from the ground state to the excited state from the experimental maxUse Equations 4 and 5 to calculate theoretical values for max for each dye based on the particle in a box approximation.  When using equation 5, determine the single value of  that best fits all the dyes in a series. 
Lab Report
Abstract: The abstract should mention the experimentally determined wavelength maxima for the dyes examined.  The best fit value of for the particle in a box calculation should also be stated.

Introduction: The introduction should include a brief description of absorption spectroscopy.  There should also be a brief description of the particle in a box quantum mechanics model along with all relevant equations.  A brief description of the semi-empirical approach should be included.  The introduction should end with a statement of the goals of the experiment.

Methods:  Mention should be made of which dyes were used and what model spectrophotometer was used.  Details concerning solution preparation and data acquisition should be included here.  The computational chemistry software package being used should be identified as well as a brief mention of which computational methods were employed.

Results and Discussion: This section should include a plot of absorbance vs  for all dyes examined.  Label each plot clearly with the name and structure of the compound and approximate concentration of the final solution used in the determination.  Report max and the molar absorbtivity for each dye from its spectrum. Report E for the transitions based on your experimental wavelength determination.  Report in a table your experimental values of max for each dye and the different theoretical values for max (equation 4, equation 5, semi-empirical).  Describe how you determined the best value for .  Discuss which theoretical model gave the best agreement with experimental values for max.  Answer the questions in the Aadditional questions@ section of the handout related to the semi-empirical calculations.    
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Name

CH 341 Prelab Assignment for Experiment 2

1) Assume you have a dye with a maximum absorption at 625.7 nm.  What is the frequency of the absorption?  What is the energy of the transition in J and kJ/mol?

2) Assume you have a electron in the n = 7 quantum state of a box that is 1.251 nm in length.  How much energy is absorbed when the electron is excited to the n =8 quantum state?  What frequency and wavelength does this transition correspond to?  

3) If a 1.68 x 10-5 M dye solution in a cell with a 1.00 cm path length has an absorbance of 0.835 at 518.0 nm, what is the molar absorbtivity of the dye at this wavelength?
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