
ABSTRACT 

GAFF, JOHN FRANCIS.  Development of Methods to Simulate Resonance Raman 
Spectra Employing Density Functional Theory: Application to the Investigation of the 
Chemical Mechanism of Surface Enhanced Raman Scattering by Examination of 
Pyridine on Silver Clusters.  (Under the direction of Dr. Stefan Franzen). 
 

A method for the calculation of resonance Raman cross sections is presented 

on the basis of structural differences between optimized ground and excited state 

geometries using density functional theory.  A vibrational frequency calculation of the 

molecule is employed to obtain normal coordinate displacements for the modes of 

vibration.  The excited state displacement relative to the ground state can be 

calculated in the normal coordinate basis by means of a linear transformation from a 

Cartesian basis to the normal one.  The displacements in normal coordinates are 

then scaled relative to the classical turning point of the molecule to calculate 

dimensionless displacements for use in the two – time – correlator formalism for the 

calculation of resonance Raman spectra at an arbitrary temperature.  This method is 

valid for Franck – Condon active modes within the harmonic approximation and is 

validated by calculation of resonance Raman cross sections and absorption spectra 

for nitrate ion, chlorine dioxide, trans – stilbene, 1, 3, 5 – cycloheptatriene, and the 

aromatic amino acids.  This method permits significant gains in efficiency of 

calculating resonance Raman cross sections form first principles and, consequently, 

permits extension to large systems ( > 50 atoms).   

 

 



As an application, the chemical mechanism of surface enhanced Raman 

scattering (SERS) was investigated by studying super – molecules consisting of Ag 

clusters with a bound pyridine, Agn – Pyridine (n = 2, 4, 8, 14, and 20).  Calculation 

of the excited state displacements of pyridine on Ag clusters were applied to the two 

– time – correlator formalism for the calculation of resonance Raman cross sections.  

The goal of the study is to understand the contribution of resonance Raman 

scattering to the chemical mechanism enhancement in SERS.  Based on three 

theoretical observations, it is apparent that resonance Raman enhancement is a 

major contributor to the chemical enhancements observed in SERS when treating 

the silver clusters with bound pyridine as a super – molecule.  First, structural 

changes in pyridine observed in the excited state displacement for all silver – 

pyridine molecules were essentially equivalent, and similar to those observed for the 

168 nm transition of free pyridine.  Secondly, the excited state displacement leads to 

resonance Raman scattering with cross sections on the magnitude of ~ 109 

Å
2/molecule.  Thirdly, enhancements of the magnitude observed for a typical 

resonance Raman experiment, ~ 103 – 106, were calculated for all silver – pyridine 

clusters.  Given that traditional SERS effects range from 103 – 106, the study 

suggests that SERS may be dominated by the contribution from resonance Raman.  

This study does not rule out the role of the electromagnetic enhancement, but rather 

suggests that the chemical enhancement should be reconsidered as a significant 

contribution. 
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Chapter 1 
 

Introduction 
 

1.1  Introduction to Raman Scattering 
 

In 1928 Sir Chandrasekhara Venkata Raman and Kariamanickam 

Srinivasa Krishnan discovered Raman scattering1, the inelastic scattering of a 

photon.  Raman spectroscopy offers an avenue for the study of structure that 

provides specific information on the chemical environment of molecular systems 

such as amino acids, nucleic acids, biological cofactors, metal nanoparticles and 

also provides the ability of identification of analytes at low concentrations.2-7  

Resonance Raman spectroscopy is defined as the excitation of molecules and 

detection of scattering that is in resonance with an electronic transition.  

Experimentally, this means that one chooses a laser wavelength that is coincident 

with a molecular absorption and the vibrational modes observed in resonance 

Raman scattering are those that are coupled to the transition.  Resonance Raman 

scattering offers a significant advantage over infrared and nonresonant Raman 

spectroscopy in that it gives the ability to tune the scattering wavelength into 

resonance with the absorption spectra of specific chromophores.  The resonance 

effect provides a method for selectively observing the vibrations of the molecules 

that absorb at the excitation wavelength with little or no contribution from the  

 



 

2 
 

remaining molecules in the system, permitting simplification of experimentally 

vibrational spectra.  Resonance Raman is specifically of interest for the study of the 

aromatic amino acids (phenylalanine, tyrosine, and tryptophan) of proteins in order 

to measure dynamic motions of proteins.  However, the calculation of resonance 

Raman intensities has presented a challenge due to intrinsic involvement of excited 

states in the scattering process.  First, most methods assume the Franck Condon 

approximation in which there is a single transition to an excited state.  Thus, only the 

local excited state is considered.  Even though this state will give the largest 

contribution to Raman scattering, excited states corresponding to frequencies 

between the electronic transitions are ignored.  Thusly, Raman scattering should be 

summed over all possible excited states.  Secondly, the calculation of an excited 

state involved in the resonance Raman scattering process has been ambiguous at 

best.  Most methods rely on an energy gradient to determine the excited state 

geometry not a geometry optimization calculation, thus an optimized excited state 

involved in the Raman process has been elusive to date. 

 Raman scattering occurs when there is an inelastic collision between a 

photon and a molecule, and the vibrational energy of the molecule is changed by 

some amount ΔE as a result.  In order for the energy to be conserved, the energy of 

the scattered photon, ħωs, must be different from that of the incident, ħωo, by an 

amount equal to that of ΔE.  That is, ΔE = ħωo - ħωs.  If the molecule gains energy, ΔE 

is positive, giving rise to a Stokes line in the Raman spectrum.  Conversly, if the    
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molecule loses energy ΔE, then this will give rise to an anti – Stokes line.  The 

former are more intense since at ordinary temperatures, due to the Boltzmann 

population, most of the molecules exist in the ground state, and for the latter the 

lines originate from an excited level with a lower population.  In the case that the 

frequency of the incident photon is the same as that of the scattered and the 

collision is elastic, and Rayleigh scattering is observed.  The specific selection rule 

for ordinary Raman scattering requires that      , corresponding to Stokes 

       , and anti – Stokes        .  The gross selection rule states that for a 

molecular vibration to be Raman active, the vibration must be accompanied by a 

change in the polarizability, α, of the molecule.  The polarizability can be viewed as 

the deformability of the electron cloud of the molecule when irradiated by 

electromagnetic radiation.  To view this, the variation of the polarizability with 

vibrations of the molecule may be expressed by expanding α  in a Taylor series with 

respect to the normal coordinate Q, 

 

                 
 

1.1 

 
 where    represents the equilibrium polarizabilty, Q represents the normal 

coordinates of the vibration, and          is the rate of change of polarizability with 

respect to Q evaluated at the equilibrium geometry.  In the harmonic approximation, 

higher order terms beyond the polarizability derivative are negelected.   

 



 

4 
 

In Eqn. 1.1, the first term on the right hand side gives rise to Rayleigh scattering, 

and the second term, the polarizability derivative, to Raman scattering.  If the 

molecular vibration causes no change in the polarizability,          = 0, then this 

mode is considered to be Raman inactive.  Using the bending mode and symmetric 

stretch of CO2 as an illustration, Figure 1.1 depicts the polarizability vs. normal 

coordinates.   

 

  
Figure 1.1A. Polarizability curve for Raman inactive normal mode. 1B. Raman active.  

 

For the bending mode, the polarizability increases or decreases in one direction of 

the bend, and does so in the other direction, canceling each other out, resulting in a 

slope,          = 0 at the equilibrium geometry, as shown in Figure 1.1A.  

Therefore, this mode is considered Raman inactive.  On the other hand, the 

symmetric stretch of CO2 involves a change in the polarizabiltiy with both an 

elongation and compression in bond length, so it can be inferred that        ≠ 0 at  
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the equilibrium geometry, Figure 1.1B.  As the molecular geometry extends and 

compresses during the vibration, the electron cloud of the molecule deforms with the 

motion and is different at the extremes of the vibration.  Hence the molecule 

undergoes a change in polarizabilty for the symmteric stretch and is considered 

Raman active.   

 

1.2  Theory of Resonance Raman Scattering 

  

Since Raman scattering is a two photon process involving both an incident 

and scattered photon,  the Raman spectrum is represented by the intensity of 

scattered light as a function of the frequency shift between the incident and 

scattered radiation.  Peaks within a Raman spectrum correspond to vibrational 

transitions within the ground electronic state.  If the incident frequency, ωo,  is tuned 

to, or close to an excited electronic state, the process is called resonance Raman 

scattering.  The intensities of the Raman bands vary depending on how close in 

resonance ωo is with an excited electronic state.  The resulting intensity profiles of 

the Raman bands reflect the dynamics taking place in the excited electronic state.  

An intensity profile for a paticular mode of interest, as a function of  the incident 

frequency ωo is defined as a Raman excitation profile (REP).   

In the previous section, it was shown that fundamental transitions in 

vibrational Raman spectra are allowed through a change in the polarizability of a   
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molecule.  In this section, the selection rules for resonance Raman scattering will be 

developed  by starting with the Kramers – Heisenberg – Dirac (KHD) expression for 

the polarizabilty and following the framework of Albrecht.8-10  The quantum 

mechanical representation of the transition polarizability is given by the KHD 

equation 

 

     
  

 
 

 
  

                

          
 

                

          

 

 

 

 

1.2 

 
The KHD equation expresses the transition polarizability as an element of the 

polarizabiltiy operator connecting the initial and final states, i and f.  Where ωo is the 

incident frequency, ρ and ζ are the Cartesian directions, and the damping term iГn 

accounts for the lifetime of states.  Examing Eqn. 1.2 and invoking the Born – 

Oppenheimer (BO) approximation the ground, intermediate, and final vibronic states 

can be written as 

                    
 
                

                   
               1.3 

                    
                 

 
where r and Q represent the electronic and nuclear coordinates, respectively.   In  

order to account for the normal coordinate dependence to the transition moment, 

the transition moment can be expanded in a power series  
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1.4 

 
Where the first term is the Condon approximation, in which the electronic transition 

moment for absorption is evaluated at the equilibrium geometry of the ground 

electronic state.  Keeping the Condon approximation and the linear term, Eqn. 1.2 

now contains terms such as 

 

              
   

  
       

        
    

   
 

 

  
  
          

     

    

   

 

 

1.5 

 
If it is assumed that ωo is close to the origin of an allowed electronic transition, then 

the anti – resonant term (first term in Eqn. 1.2) can be neglected since it is small 

compared to the second term.  Keeping terms up to the linear one in Qi, the 

tranistion polarizability may be written as9, 10 

 

     
     

               

 

1.6 

 
Where        and        are called the Albrecht A and B terms.9  The A term arises 

from the Condon approximation, meaning there is no nuclear coordinate 

dependence of the wavefunction.  Therefore the A term may be written as  
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1.7 

 

Where         is the energy difference between the intermediate and initial state.  

From Eqn. 1.7 it can be deduced that when an incident frequency is close to an 

allowed transition this condition leads to intensity enhancements, due to a decrease 

in the denominator and an increase in the polarizability.  Typical enhancements 

observed in resonance Raman are on the order 103 – 106.  The vibrational overlaps 

in the numerator of Eqn. 1.7 are the basis for selection rules in resonance Raman 

scattering.  Such overlaps are labeled Franck – Condon overlaps.  If a transition 

occuring from the ground electronic state to an excited one experiences no change 

in the molecular symmetry then the overall geometry change can be  

decomposed into contributions from each normal mode.  There are two classes of 

normal modes to be considered: (1) totally symmteric, (2) nontotally symmetric.  If 

the molecular symmetry remains constant upon excitation, i.e. the point group 

remains constant, then only totally symmetric modes are displaced in the excited 

state, by a virtue of only a change in the equilibrium geometry as depicted in Figure 

1.2A.  These type of modes are called Franck – Condon active modes, and are ones 

which mimic the difference in the geometry between the excited and ground state.  

Such modes are said to be enhanced via A – term scattering.  Referring back to the  

previously discussed CO2 illustration, the symmetric strecth of this molecule is an  
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example of this type of mode.   Figure 1.2B depicts the ground and excited state 

potential energy surfaces along a nontotally symmetric mode.  Taking into account 

the bending mode of CO2, the potential function for this mode is always a symmteric  

function of the normal coordinate, resulting in no change in the equilibrium geometry 

for this mode.  As a result, there is no detectable excited state displacement.  These 

modes are called nontotally symmetric modes and are not Franck – Condon active, 

barring a change in symmetry.   

 

 
Figure 1.2A. Ground and excited state potential energy surfaces along a totally symmteric mode. 
1.2B. nontotally symmetric mode. 

 

Figure 1.3 displays a special  case where a molecule undergoes a change in  

geometry, where the ground and excited state potential energy surfaces belong to  
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different point groups, resulting in the potential energy surface distorting.  In this 

case, nontotally symmetric modes may experience an excited state displacement 

and gain some Raman activity.  Appearance of these modes in the resonance 

Raman spectrum are enhanced via vibronic coupling through the B – term in Eqn. 

1.6, which will be discussed below. 

 

 
Figure 1.3. Ground and excited state potential energy curves for molecule which experiences a 
change in geometry, the upper curve shows vibration of a molecule with two different geometries. 

 

The Franck – Condon overlaps in Eqn. 1.7 are of paticular importance for 

totally symmetric modes.  If a mode is not Franck – Condon active then          

      and             , thus undisplaced modes are not allowed by the A – term 

mechanism since Eqn. 1.7 requires      .  Since totally symmetric modes are  

displaced in the excited state, they are active in the resonance Raman spectrum  
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since the overlap does not vanish in Eqn. 1.7.  Thus, totally symmetric modes are 

considered to be A – term enhanced.  As a result, there is no restriction on the  

vibrational quantum number change in the Raman process and overtone  

progressions are observed.  The specific selection rule       no longer applies in 

this situation due to the appearance of overtones,            in resonance 

Raman spectra.  The intensity of these progressions are governed by the magnitude 

of the overlap factors       . 

           The Albrecht B term is obtained by using Eqns. 1.2 and 1.4, keeping only the 

linear term in the normal coordinate for the transition moment  

 

       
 

 
  

    

   
 

 

 

   

 

 

 
    

  
 
    

  
 
                    

  
 
    

  
 
               

              
  

 

1.8 

 
Where the subscript r represents an electronic state close to the resonant electronic 

state e.  Eqn. 1.8 states the importance of allowed electronic states r close in energy 

to resonant states e. The dependence on the electronic state r comes from the 

Herzberg – Teller formalism for the electronic transition moment. In the Herzberg – 

Teller formulation, the the perturbed wavefuntion for the intermediate state may be 

written as, where the notation             has been adopted  
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      1.9 

 
Here,       and       are the excited electronic states with energies Ee and Er, 

respectively.  Thus, turning to Eqn. 1.4, the transition moment connecting the 

ground electronic and excited states e and g is 

 

          
    

   
    

 

     
    

   

 

1.10 

 
and the correspondance can be made 

 
    

   
 

 

  
   

    
 

     
 

 1.11 

 
In the Herzberg – Teller approach , the coordinate dependence of the transition 

moment,    
 , arises from the intensity borrowing from other electronic states via the 

dependence of the Hamiltonian,    
 , on the nuclear coordinate.  When two 

electronic states are close in energy and can be coupled by a nontotally symmetric 

mode, than the transition is said to be allowed by vibronic coupling.  This 

fundamental transition of a nontotally symmetric vibration is responsible for activity in 

resonance Raman spectra.  Thus nontotally symmetric modes and are considered to 

be enhanced via B – term scattering.  In general, nontotally symmetric modes are 

much weaker than totally symmetric ones. 
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1.3  Time – Dependent Theory of Resonance Raman Scattering 

 

The motivation of this section will be to define the Raman cross section using 

time – dependent formalism developed by Lee and Heller11-13 and then connect the 

Raman cross section to the time – correlator formalism in section 1.4 to develop the 

thermally averaged Raman cross sections as implemented by Shreve14 in the 

program TIMETHERM.   

Time – dependent theory allows for the direct simulation of resonance Raman 

excitation and electronic absorption spectral profiles. Starting with the A – term to 

the transition polarizability 

 

        
    

  
 

 
  

          

               
 

 

 

 

1.12 

 
Where i and f  denote the initial and final states,  ħωeg is the 0 – 0 transition energy, 

ħωυ is the energy of the intermediate vibrational state, and ħωi is the enrgy of the 

initial state.  The damping term Γ, representing the homogeneous broadening, arises 

from dephasing and lifetime broadening in the excited state level.  The denominator 

in Eqn. 1.12 is related to a half – Fourier transform 

 

       
            

 

 

   1.13 
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Employing the half – Fourier transform, Eqn. 1.12 can be written as 

 

        
     

  
 

 
                                       

 

 

 

 

 

1.14 

 
Now, employing the identity 

                                
 

 
                     

    

 
   1.15 

 
and taking advantage of the resolution of the identity, which states              

 , it 

may be written 

 

               
    

 
                 

 

 

 

1.16 

 
Substituting Eqn. 1.16 back into Eqn. 1.14 yields 

 

        
     

  
 

 
                                  

 

 

 

 

 

1.17 

 
Now, defining the total cross section as 

 

   
  

 
 
    

   
  

    

  
  

 

1.18 

Where 
    

  
 represents the differential cross section, which is the sum of the  
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polarized and depolarized components, and  
    

   
 is the depolarization ratio.  For an 

A – term enhanced totally symmteric mode in resonant with a nondegenerate 

excited state, the value of ρ is 1/3.  Thus, the total differential cross can be written as  

 
 

   
  

 
 
 

 
  

    

  
  

 

1.19 

 
The differential Raman cross section for the i → f transition is related to the 

polarizability by 

 

 
    

  
  

  
   

  
     

 
 

1.20 

 
Combining Eqns. 1.17 and 1.20 into 1.19, the total Raman cross section in time – 

dependent theory is 

       
    

       
  

 

     
                                  

 

 

 

 

 

 

1.21 

 
In the above expression, Γ represents the homogenous broadening, the linewidth of 

the electronic transition, a mechanism that affects the lineshape of every molecule 

the sample in the same way.  In addition to homogenous broadening, 

inhomogeneous broadening can affect the spectral lineshape.  This type of   
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broadening incorporates solvent effects on the spectral lineshape and can be 

introduced as a Guassian distribution,     , of 0 – 0 energies.  Thus, Eqn 1.21 may 

be written as  

       
    

       
  

 

     
                                         

 

 

 

 

 

 

1.22 

 
Eqn. 1.22 states that the Raman cross section is represented as the square of the 

half – Fourier transform of the time – dependent overlap of the final and initial state, 

as the initial state evolves on the excited state surface. 

 The absorption cross section15 for a dipole allowed transition can be  

expressed as 

 

       
         

  
 

    
 

 

 

        

              
 

   
 

 

 

1.23 

 
Before the time – dependent equation for the absorption cross section can be 

expressed, some important factors must first be defined.  First, the quantity in the 

numerator,         , is called the Franck – Condon factor   

 

                

 

1.22 

 
where        represents the square of the overlap of the ground and excited state 

vibrational wavefuntion, and is proportional to the relative intensity of vibronic      
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transitions.  The value of the Frank – Condon factor  ranges from zero to unity 

 

                 

 

         

 

1.24 

 
The implications of Eqn. 1.24 is that for transitions originating from a initial 

vibrational state i, the total intensity is constant, the Franck – Condon progression 

just distributes it among various final states.  A Franck – Condon progression is a 

series of vibrational transitions from one initial vibrational state in the ground 

electronic state to a number of different vibrational states in the excited electronic 

state is called a Franck – Condon progression.  More often than not, there is more 

than one Franck – Condon active mode in the molecule, leading to complex 

absorption spectra due to the vibrational structure.  In the linear coupling  

approximation, the frequncies are assumed to be the same in both the ground and 

excited state, a closed form of the Franck – Condon factor exists 

 

              
 

  
 
  

 
 

 

         

 

1.25 

 
where Δ represents the dimensionless displacement 

 

   
  

 
 

   

   
    

   

 

1.26 

 
Q represents the equilibiurm position of the ground and excited state, ase defined in  
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Figure 1.2A.  The terms in Eqn. 1.24 that contains the dimensionelss displacement 

are called the electron – phonon coupling constant,   
  

 
, so the common form of 

the FC factor are written as      
 

  
     .  However, Eqn. 1.25 is only valid for 

transitions which originate from the ν = 0 level of the ground state, thus it is a 0 –

kelvin appromximation.  In order to include the       , a thermalized approach, 

such as that of time – correlator formalism, is required such as that in Eqn. 1.22.  

Regardless of what approach is taken, the essential input for the simulation of 

absorption and Raman spectra is the elecron – phonon coupling constant, S.   In the 

work presented here, the value of S obtained from density functional theory 

calculations of the excited state geometry relative to that of the ground is the 

necessary input term for the program TIMETHERM. 

Referring back to Eqn. 1.23, the time – dependent expression for the 

absorption cross section is 

 

       
        

  
 

    
                                        

 

  

 

 

1.27 

 
Where σA is a full Fourier transform and the overlap integral is between the time –  

evolving initial state and the initial state at t = 0. 

The role played by excited state dynamics using the wave packet formalism is  

shown in Figure 1.4.  The absorption bandshape and resonance Raman intensity 

depend on the overlaps                  , respectively.  The incident photon from the 

ground state wavefunction is promoted to the excited state surface.  At t = 0, the 
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wave packet finds itself in the Franck – Condon region of the displaced upper 

potential energy surface, and the overlap with the final state starts out at zero,  

            , for the Raman overlap and one for absorption,             .   

Since the initial state is not an eignefunction of the excited state, it must evolve in  

time.  While on the excited state potential energy surface the wave packet is  

displaced due to the force that arises from the slope of the potential energy, which 

arises from the excited state position shift.  The wave packet gains overlap with the 

final vibrational state as it is displaced on the excited state potential energy surface.  

Essentially, the initial time dependence of          represents the motions of the atoms 

from the ground state equilibrium position, to that of the excited state equilibrium 

one.  The full Fourier transform of         , gived the absorption spectrum, and the 

sqaure of the half – Fourier transform of          yields the Raman profile.  The wave 

packet oscillates at the mode frequency,and would to continue to oscillate 

indefinitely, but the damping term,     , causes the envelope of the time – 

dependent overlap to die off.     
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Figure 1.4 Wave packet dynamics of a displaced excited state surface. 
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1.4  Connection to Time – Correlator Formalism 

 

 To make a connection between Eqn. 1.22 and time – correlator theory, 

Eqn. 1.22 can be rewritten to allow for an equilibrium distribution of initial states by 

introducing both the Boltzmann distribution and a Lorentzian that describes the 

spectral line shape14, 16, 17 

           
      

 

   
               

               
 

 

 

 

  

   

             
 

    
 
 

1.28 

 
Where γif represents the linewidthwidth of the intial → final transition.  Since the 

lifetime can be assumed to be independent of quantum state, γif  = γ.  The total 

integral representation may be written as 

           
      

 

 

    

 

 

    

 

 

                           

 
                                           

 

                                           

1.29 

 
Where the second line in Eqn. 1.29 is just the complex conjugate of                .  

Employing the same identity as in Eqn. 1.15 and introducing one for the ground 

state  
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1.30 

Eqn. 1.29 may be written as, just accounting for the part after the integrand, 

 

                      
 

                                                             

 

                                                            

1.31 

 
Using the resolution of the identity 

 

                      
 

                                                                    
 

                                  

1.32 

 
Rewriting Eqn. 1.29 yields the standard time – correlator function for Raman 

scattering, where there are three time integrals, one for the spectral line shape, two 

for the poalrizability and its complex conjugate 

           
             

 

  

    

 

 

    

 

 

                            

 

                    

1.33 

 
Where  

            

 

                                                                    1.34 
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Using this same approach, the time – correlator expression can be derived for the 

absorption.  As with the Raman time – correlator, Eqn. 1.27 may be written as 

 

              

 

               
 

  

                                  

 
 

1.35 

 
For the absorption time – correlator, using the same identities as was used for the 

Raman time – correlator, Eqn. 1.35 may be written as 

 

                                    
 

  

 

 

1.36 

 
Where A(t) is the absorption time – correlator 

 

            
                      

 

 

 

1.37 

  
Kr and Ka are a collection of constants 

   
  

     
         

  

    
 1.38 

 
and Pi is the Boltzmann probabilty for level i  

    
         

          
 

 

 1.39 
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Chapter 2 
Method Developement 

 

2.1  Introduction to Density Functional Theory 

 

 Before the methodolgy of predicting resonance Raman cross sections from 

first principles is presented, an introduction to Density Functional Theory (DFT) is 

necessary.  DFT as we know it today was started by a theorem of Hohnenberg and 

Kohn.1  Essentially, Hohenberg and Kohn proved that the ground state energy, Eo, 

wavefunction, and all other molecular properties are determined by the ground state 

electron denisty,   , for a molecule with a nondegenerate ground state.   

                                2.1 

 
Where the total energy is the sum of the kinetic energy, energy of the electron – 

nuclear attractions                    , and electron – electron repulsions.  The 

problem was that the theorem does not describe how to find    or how to calculate 

Eo.  In 1965 Kohn and Sham2 provided an avenue on for finding both    and Eo.  

Kohn and Sham set up a reference system of noninteracting  electrons starting with 

the Hamiltonian 

     
 

 
   

 

 

 

    

 

 

     2.2 
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where       , is the electrostatic potential due to the nuclei and electron charge 

potential, and is set so that the ground state densty of the reference system equals 

the exact ground state density,     .  Since the reference system s consists of 

noninteracting particles the ground state wavefunction can be represented by a 

Slater determinant where the oribtals are determined by  

            2.3 

 

with the one – electron Kohn – Sham operator      defined as 

      
 

 
  

         2.4 

 
   and    are the Kohn – Sham orbitals and orbital energies.  The KS orbitals are 

related to the ground state density by 

          
 

 

 

 2.5 

 
Kohn and Sham then re-defined the molecular properties in Eqn. 2.1 starting with 

the average kinetic energy 

                    2.6 

 

    is the difference in the average kinetic energy of the molecule and the reference  

system, s.  The electron – electron repulsion energy defined as 
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       2.7 

 
The second quantity on the right hand side is the classical expression for the  

electrostatic inter – electronic repulsion energy if the electrons were smeared out  

into a continuous cloud with electron density,  .  Employing these new definitions, 

and using                   
     

   
    , Eqn. 2.1 becomes 

          

 

 
     

   
           

 

 
  

          

   
              2.8 

 

A new factor has been defined,       , famously known as the exchange – 

correlation energy functional, which is composed of the unknowns 

                       2.9 

 
Therefore, if the KS orbitals are found, then so are the electron density and ground 

state energy.  To find the ground state energy, the KS orbitals are varied so that 

functional,      , is minimized.  This leads to a set of KS equations to be solved self 

– consistently  

  
 

 
  

   
  

   
 

  
     

   
                   2.10 
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Where the exchange – correlation potential,    , has been introduced, and is related 

to     by                  .  The first approach to finding suitable functional for 

the exchange – correlation energy was the local – density approximation (LDA).  

Hohenberg and Kohn stated that if   varies slowly with position then        is given 

by  

   
                     2.11 

 
This integral is over all space and the exchange – correlation energy,       , is per 

electron in a homogeneous electron gas.  The exchange – correlation energy on the 

right hand side of Eqn. 2.11 can be written as the sum 

                   2.12 

 
where 

       
 

 
 
 

 
 

 
  

      
 

   2.13 

 
The correlation portion,      , used is the one developed by Vosko, Wilk, and 

Nusair.3  The problem with the LDA method is that it is based on a system where the  

density is uniform, varies slowly with position, not characteristic of a real system.  To 

account for this, gradients of the density were introduced into the integrand of   
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Eqn. 2.11, and the method was termed the generalized – gradient approximation 

(GGA) 

   
                                           2.14 

 
f is some function of the spin density and their gradients.  There are many forms of 

the GGA exchange – correlation functional, which will be described below.   

 It is common practice to express the KS orbitals in terms of basis functions 

         

 

 2.15 

 
where    represents the basis functions and     are MO coefficients. There are 

several choices possible for basis sets, which will also be discussed below.  

Substitution of Eqn. 2.15 into Eqn. 2.10 yields  

    

 

   

              2.16 

 

where                  and      is give in Eqn. 2.10 and             

Essentially, to perform a DFT calculation: 

1) make an initial guess for      

2) construct an initial set of MOs,    

3) construct an initial value of   from Eqn. 2.5 
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4) use   to find a value of        to find a new value of      →     

5) which is then used to find a new      

6) construct a new set of MOs,   , then a new   

and so on, until self – consistency is reached within the convergence limits set for 

the calculation.  The concept of self – consistent field calculation parallels the use in 

Hartree – Fock theory. 

 For the research performed all calculations involved a method for accurate 

local density functional calculations, DMol3, for short, developed by Dr. Bernard 

Delley of the Paul Scherrer Institute.4-7  This electronic structure package follows the 

DFT theory described above.  Highly user friendly, simple to use, an example of an 

input file is shown below in Figure 2.1. 
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Figure 2.1. Sample input file for DMol

3
.  Text in red indicate type of calculation, and various 

parameters used. 
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In conjunction with the input file above, all that is needed to run a calculation is a file 

containing the Cartesian coordinates of the molecule of interest.  The above 

example shows an example of a geometry optimization followed by a vibrational 

frequency calculation.  There are important parameters highlighted in red.  First is 

the functional.  The one utilized in all calculations described in this dissertation is the 

generalized gradient approximation of Perdew – Burke- Ernzerhof.8, 9  In the PBE 

formulation, the exchange – correlation energy is written as 

   
                     

    
                  2.17 

 
where  

  
    

  
     

  
 

 

  
       

 
 

 

  
    

    
 

 

               
 

2.18a 
 
 

2.18b 
 
 

2.18c 
 
 

2.18d 

 

Where s is called a reduced density gradient,   is the spin polarization, and    is the 

so called Wigner – Seitz radius.  The PBE functional is based solely on fundamental 

constants.   The reason for using the PBE functional in all calculations rests in 

benchmark testing results10.  The PBE functional performed well in areas of testing  
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binding energies of small molecules (average error < 0.17 %), equilibrium bond  

lengths (average deviation of +0.03 bohr), and average deviation of less than 3% 

between experimental and calculated vibrational frequencies. 

 Another important feature of the input file that is also highlighted in red, is the 

basis set.  Basis sets most commonly used in DFT calculations are analytical 

functions like Gaussian functions or Slater – type orbitals.  A unique feature of the 

DMol3 code is its implementation of numerical basis sets.  Instead of using analytical 

functions for   , the basis sets are given numerically.  An advantage of numerical 

basis sets over analytical functions is that it leads to much faster calculations.  The 

basis set used in all calculations was a double – numeric with one polarization 

function (DNP).  This basis set is analogous to the Gaussian double – zeta with one 

polarization function (DZP). 

 

2.2  Calculation Parameters 

 

All models were constructed using the Materials Studio visulaization software 

provided by Accelrys, Inc.  For all calculations performed the generalized gradient  

approximation of Perdew – Burke – Ernzerhof (PBE)9 density functional are 

employed in both the ground and excited state state calculations as employed by the 

electronic structure packge DMol3.4, 5  Optimized geometries were obtained using a  

double numeric basis set with one polarization function constrained to an energy  
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difference of 1 x 10-6 Ha.   

At the time the previous multi – projection of normal modes (MPNM) method 

was developed, calculations were carried out on a Parallel Quantum Solutions QS8 

– 2800C QuantumCube.  Since time – dependent density functional theory (TDDFT) 

had yet to be implemented in DMol3 at the time, all excited state transitions were 

determined by the computer code ORCA11, using an Ahlric’s double – ξ basis set 

with one polarization function12, 13 to achieve a comparable level of accuracy to that 

of the DMol3 calculations.   

For the development of the excited state geometry optimization method, all 

calculations were performed on the high performance cluster at North Carolina State 

University using 32 – bit dual Xeon compute nodes with a peak speed of 6.12 

FLOS/processor.   At the time of development for this newer method, TDDFT7 had 

been preliminarly implemented in the DMol3 code, therefore ORCA was not used in 

the verification process as in the previous method.  Transitions that carried the most 

weight from the TDDFT calculations determiend the orbital occupation for the 

respective molecule.  During the verification process of this newer method 

calculations were performed with and without the application of the continuum 

solvation model (COSMO) in order to determine the impact solvation effects had on 

the results.6 
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2.3  Description of Multi – Projection of Normal Modes 

 

The first method developed for the prediciton of resonance Raman spectra 

was entitled multi – projection of normal modes (mpnm).  Initially, the excited state 

displacements, the necessary inputs for the time – correlator along with mode 

frequency, were determined from explicit calculation of the potential energy 

minimum along each normal mode obtained from a vibrational frequency calculation 

in the harmonic approximation.15  The determination of displacements for each 

normal mode was determined using the Fortran program mpnm.f, which leads to the 

name of the method.  Then the dimensionless nuclear displacement, Δ, was 

calculated for each normal mode in the optimized structure.  This was accomplished 

by projection along each of the kth normal mode coordinates, Qk, by the creation of 

explicit structures derived from the eigenvectors in normal coordinates, Δxk, Δyk, and 

Δzk.  In order to verify that the modes contained a minimum, the nuclear 

displacements, Q, were calculated for 11 geometries ranging from -1 to 1 in mass 

weighted atomic units (Qk = -1, -4/5, …, 0, …, +4/5, +1).  The number of geometries is 

arbitrary, but it was discovered that 11 was the most convenient for providing a 

sufficient number of points on the excited state surface so that a fit to a polynomial 

can be used to determine the minimum.  The displaced structure, representing the 

excited state for each mode, was found by taking the geometry optimized  
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coordinates for each respective atom and subtracting the mass weighted normal 

 mode eigenvector for each respective displacement step 

    
   

  
   

  
  

         
  2.19 

 
Δqj = Δxj, Δyj, and Δzj, Ck is the excited state structure, and Mw is the molecular  

weight of the corresponding atom.  The displacement ranges over the values that 

map out the motions of each normal mode.  The ground and excited potential energy 

surfaces were generated by performing single – point energy calculations on each 

displaced structure.  Potential energy surfaces were then fitted to a fourth order 

polynomial.  Using this fitting function, the minimum along each mode was obtained 

analytically.  The difference between the minima of both the ground and excited 

states determined the magnitude of the nuclear displacement along the respective 

normal mode.  Once the minimum is determined, the displacement can either be 

converted into Cartesian coordinates for plotting purposes or dimensionless 

displacements for the calculation of resonance Raman cross sections.  The 

dimensionless displacement along the kth normal mode, Δk, was calculated by 

scaling the normal mode displacement by the root mean square displacement, 

          , where            , μk is the reduced mass, νk is the mode frequency 

in s-1, and ħ is Planck’s constant.  The conversion factor                  was 

employed to convert the energy to wavenumbers.  The electron – phonon coupling  

constant was then determined from the dimensionless displacement.  The damping  
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is obtained from an estimate of the homogenous line width of the absorption 

spectrum, as well as the transition moment.  The mpnm method was validated by 

comparison of the calculated results to experimental resonance Raman Cross 

sections of the aromatic amino acids: phenylalanine, tyrosine, and tryptophan.16-22   

Results obtained for this method may be found in Chapter 3, for comparison against 

the excited state geometry optimization method.  

 

2.4  Ab Initio Calculation of Resonance Raman Cross Sections Based on 

Excited State Geometry Optimization 

 

2.4.1 Motivation for New Technique 

 While the previously developed multi – projection of normal modes 

(mpnm) method obtained relatively accurate prediction of to resonance Raman cross 

sections and absorption spectra, it was concluded that the method would be 

cumbersome for large molecules because of the need to perform a large number of 

single – point energy calculations to determine the excited state displacements.  A 

minimum of 11 points was found to be necessary to obtain an estimate of the 

minimum in the excited state along each mode of vibration.  Thus, for a molecule 

consisting of N atoms, there are 11(3N – 6) single – point calculations required.  

However, it was found that the calculation of displacements along individual normal  

modes gave insight into the nature of the excited state displacements and was  
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consequently a valuable tool for the development of the faster, more efficient method 

based on the geometry optimization of the excited state.  

   

2.4.2 Methodology: Example Based on the Nitrate Ion 

 A straightforward and accurate method has been developed for the 

implementation of the two – time correlator theory based solely on geometry 

optimization of the excited state as determined by a fixed orbital occupation.  Orbital 

occupations are determined by TDDFT methods in conjunction with experimental 

transition energies.  The transition that carried the most weight from the TDDFT 

calculation determined the excited state orbital occupation.  An example of a fixed 

orbital occupation may be found in Figure 2.2.  Figure 2.2 depicts the orbital 

occupation for the strong π → π* transition of the nitrate ion.  There are 32 electrons 

in the nitrate ion, therefore the HOMO is MO16.  From the resulting TDDFT 

calculation, the transition consists of an electron promotion from MO12/13 to MO 17, 

resulting from the degeneracy of the two occupied orbitals.   

 

 
Figure 2.2. Example of a fixed orbital occupation file. Left, is ground state occupation for NO3

-
, right is 

the fixed occupation for the excited state calculation. 
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A geometry optimization was then performed with the fixed orbital occupation 

pictured above.  From the geometry optimizations of the ground and excited states, 

E00 was determined.  The difference between the optimized excited state geometry 

from the ground yielded the 0 – 0 energy of transition, E00 = Eexcited – Eground.  From the 

resulting fixed orbital calculation of NO3
-, Eexcited =  -0.497 Ha, Eground = -0.695, thus 

E00 = 0.198 Ha = 43510 cm-1.  Geometry optimization of the excited state provides a 

minimum that is displaced from the ground state geometry.   

 

 
Figure 2.3. Ground (bottom) and excited (top) state equilibrium geometries of NO3

-
.  
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Figure 2.3 depicts the equilibrium geometries of the excited and ground state of 

NO3
-, where Qo

″
 denotes the nuclear coordinates of the ground state and Qo

′ of the 

excited.  The difference between the excited and ground state coordinates provides 

the nuclear displacement Δ, the necessary input for the time – correlator.  E00 shows 

the difference in energy between the two optimized states.   

A linear transformation from the Cartesian to the normal mode basis permits 

decomposition of the displacement into normal coordinate displacements.  The  

mode displacements, qi, were determined from the excited state relaxation which is 

related by the linear transformation 

                   2.20 

 

     represents the difference vector between excited and ground state Cartesian 

coordinates in Bohrs, M is the mass of the atom in atomic mass units, and       is the 

normal mode eigenvector for mode i.  Figure 2.4 depicts the normal mode 

eigenvectors, in green, for the symmetric breathing mode, ν1, of NO3
-. 
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Figure 2.4. Eigenvectors (green) of the symmetric breathing mode of NO3
-
 at 1025.7 cm

-1
. 

 

The normal eigenvector shown here represents the amplitude of the motion of the 

atom in Cartesian space.  Table 2.1 lists the mass – weighted normal mode 

eigenvectors of the nitrate ion, representing          in equation 2.2, in the x, y, and z 

directions for the three active modes.   

 

Table 2.1. Mass – weighted normal mode eigenvectors of NO3
-
.  

Freq. (cm
-1

) : 

 

690.0: 1025.7: 1358.8: 

N1: x: -0.216319541 -0.003742553 -0.25187 

 
y: -0.927404535 -0.019461274 -3.14262 

 
z: -0.000374255 -0.000748511 0 

O1 x: -0.441991712 2.312756635 0.135997 

 
y: 2.462753822 0.019999625 0.383193 

 
z: 0 0.000399992 0 

O2: x: -1.5359712 -1.165978137 0.632788 

 
y: -1.185177777 -1.99836253 1.440773 

 
z: 0 0.000399992 0 

O3: x: 2.194358855 -1.142778572 -0.51719 

 
y: -0.35039343 1.997562545 1.317975 

 
z: 0 0.000399992 0 
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The excited state relaxation, representing D in equation 2.2, is given be the 

difference between the excited and ground state coordinates, Table 2.2.  Thus, the 

dot product between the relaxation and mass – weighted eigenvectors yields the 

mode displacement.  For 1025.7 cm-1, qN1 =  -7.29x10-7 au, qO1 = 0.365 au, qO2 = 

0.365 au, qO3 = 0.363 au.  Therefore the total displacement is the sum, qtotal = 1.09 

au.   

 

Table 2.2. Difference between the excited state and ground state coordinates. 

 

x: y: z: 

N1: 0.000194915 0 0 

O1: 0.157611789 0 0 

O2: -0.078903849 -0.136591867 0 

O3: -0.078903849 0.136591867 0 

    

The dimensionless displacement is, in turn, determined by scaling the normal mode 

displacement relative to the classical turning point of the molecule,   
   , where 

           , μi is the reduced mass, νi is the mass – weighted normal mode 

frequency in Hartree units.  Thus, for NO3
-, Δ(1025.7 cm-1) = 3.19, and S = 5.08.  

The electron – phonon coupling constant, S, the necessary input for TIMETHERM, is 

determined by 

   
  

 
 2.21 
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For all calculations performed the broadening terms and transition moments 

in Eqn. 1.27 were extracted from literature, with the exception of the forbidden 

bands of the aromatic amino acids. These were determined by the integration of the 

experimental absorption band 

     
 

  
        

   
  

    

 
   2.22 

 
Shown in Figure 2.5 is an example input file for the program TIMETHERM.  The 

user inputs are mode frequencies, displacements, temperature, the change in 

quanta for the respective mode, and the convergence criteria for the time - 

correlator. 
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Figure 2.5. Sample input file for TIMETHERM, example is for NO3
-
. 
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Chapter 3 Method Validation  

 

3.1  Introduction 

One method of Raman spectra simulation employs polarizability derivatives 

based on calculation of excited state energies using ab initio quantum chemistry.  

Provided a high quality basis set is used and configuration interaction is employed, 

polarizability derivatives give a reasonable approximation of the Raman cross 

section far from resonance.  Calculation of Raman intensities via polarizabiltiy 

derivatives is well established in Hartree – Fock1, 2 and DFT3-6 methods.  Since 

resonant Raman depends explicitly on excited state displacements, the method of 

polarizability derivatives has only been implemented for calculation of  nonresonant 

Raman spectra in computer codes.  The earliest implementation of the polarizabiltiy 

derivative method in the package Gaussian7 made use of analytical derivatives, with 

later developments in computer codes such as ORCA8 and Amsterdam Density 

Functional.9  Although quite reasonable agreement is achieved with experimental 

results, this method is limited to molecules where short term dynamics play an 

important role, i.e. in the limit of small excited state displacements.  Application of 

polarizability derivatives does not provide the explicit calculation of the nuclear 

displacement10-18 in the excited state, which is required to determine resonance 

Raman cross sections in the strong coupling limit. 

Calculation of resonance Raman intensities based on empirical parameters  
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has been approached on the basis of three methods: (1) the sum – over – states 

method, (2) transform theory, (3) time – dependent theory.  The sum – over – states 

method is a direct application of the Kramers – Heisenberg – Dirac formula that 

involves explicit calculation of the large number (can be  1015) of excited state 

transition dipole moments and vibrational quanta that can provide coupling between 

the ground and excited vibrational states.  While the sum – over – states method is 

now a feasible methed for modeling spectra due to the advances in computational 

speed during the past decade, it is still relatively expensive compared to the 

alternatives and has not been adapted to calculation by ab initio methods.  

Transform theory is a powerful technique that relies on both the experimental 

absoprtion and resonance Raman spectra.15, 19  The empirical nature of transfrom 

theory precludes direct application of ab initio quantum chemistry.  The time – 

dependent or time – correlator method permits first principles simulation of 

absorption and resonance Raman spectra.16, 20-23  Many of the methods that 

implement time – dependent theory use either energy gradients or potential energy 

surfaces to determine nuclear displacement of the molecule of interest, both of 

which fall within the Franck – Condon approximation.15, 19, 24-26  Since there are no ab 

initio software packages that incorporate the time – correlator method, it has been 

used infrequently.   

When a Raman excitation is conicident with an electronic transition, the  
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specific nature of electron – phonon coupling and excited state dynamics have been 

shown to play an important role in the modeling of resonance Raman spectra.16, 20-22  

These resonant effects are not readily included in a polarizabilty derivative 

calculation, which is calculated at the equilibrium ground state geometry of a 

molecule.  The models specifically employed in this research for the calculation of 

resonance Raman cross sections emphaisze the dynamics of the resonant excited 

state with a conceptual simplification.  Recapitulating that modes enhanced in the 

resonance Raman spectrum which correspond to the geometry change of the 

molecule are known as Franck – Condon modes and are said to be enhanced via A 

– term scattering.27  While resonance Raman activity in nontotally symmetric modes 

are enhanced via B – term scattering (Herzberg – Teller).  Since the methods for 

calculation of Raman cross sections presented in this dissertation are valid only for 

Franck – Condon modes in the harmonic approximation, cross sections for modes 

which are enhanced via B – term scattering are not accurately calculated at the level 

of theory implemented in this study.   

The molecules selected for method validation are the nitrate ion (NO3
-), 

chlorine dioxide (OClO), trans – stilbene (TSB), 1, 3, 5 – cycloheptatriene (CHT), 

toluene, para – cresol, and 3 – methylindole (3MI), Figure 3.1.  Specifically, 

molecules that were highly symmetric or contained a center of symmetry were  

avoided due to these molecules are most likely to have significant vibronic (Herzberg  
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– Teller) activity.  In addition to the symmetry requirements, each molecule selected 

had copious amounts of experimental data of which could validate the calculated 

results. 

 

 
Figure 3.1. Molecules implemented in the validation of the excited state geometry optimization 
method; nitrate anion, cycloheptatriene, trans – stilbene, toluene, para – cresol, and 3 – methylindole. 
The aromatic amino acid models were also implemented in MPNM. 

     

3.2  Nitrate Anion, NO3
- 

 Resonance Raman cross sections were measured for NO3
- dissolved 

in methanol, acetonitrile, water, and ethlyene glycol.18  Table 3.1 displays the 

refractive indexes, dielectric constants, and calculated E00 implemented in the study.  

Optimized structures showed negligible difference regardless of dielectric constant 

used in COSMO.  Moreover, the calculated geometries differed negligibly from 

calculations without application of COSMO.   
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Table 3.1. Calculated transition energies for NO3
-
, including refractive indices and dielectric constants 

for solvents implemented in this study.  

 Vacuum H2O CH3OH (CH2)2(OH)2 CH3CN 

E00 (cm
-1

) 43510 44129 44122 44116 44116 

ε 1.00 78.54 32.63 37.4 37.5 

n 1.003 1.33 1.328 1.4318 1.346 

 

The N - O bond length changes from 1.272 Å in the ground state to 1.356 Å in the 

excited state, leading to Δ = 0.084 Å.  Resonance Raman cross sections were 

measured at five different wavelengths ranging from 204 to 228 nm18 (49020 – 

43860 cm-1), corresponding to the lowest π → π*
 transition28 with a maximum 

occuring at 205 nm, Figure 3.2.  As with any Franck - Condon active transition with 

line broadening that is as large as the mode frequncy, the excitation profile displayed 

in Figure 3.2 and absorption spectrum have approximately the same shape, Figure 

3.3.   

 

 
Figure 3.2 Calculated Raman excitation profile of NO3

-
, with (solid) and without (dot) the 

implementation of COSMO. 
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Figure 3.3 A) Experimental absorption spectrum, Ref 18. B) Calculated absorption spectrum for all 
solvents 

 

TDDFT results suggest that this transition corresponds to a partial electron 

promotion from degenerate orbital’s 12 and 13 to orbital 17 (LUMO), Figure 3.4.   

This excitation has a calculated E00 = Eexcited – Eground = 44120 cm-1 and involved an 

elongation of all bonds in the excited state by equivalent amounts, consistent with a 

symmetric stretch.   

 

 
Figure 3.4. Molecular orbital isosurfaces involved in the excited state transition of NO3

-
. 
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From experiment, the symmetry of the excited state geometry decreases from 

D3h to C2v.  This symmetry lowering is due to the splitting of the antisymmetric 

fundamental stretch ν3 and the in-plane bend ν4 when NO3
- is in aqueous solution.  

This splitting was not detected from the excited state optimization; however, some 

displacement was detected for both ν3 and ν4, Δ3 = -0.0246 and Δ4 = -0.0136.  These 

displacements are negligible compared to that of ν1 (Δ1 >> Δ3, Δ4) and therefore not 

included in the calculations.  Experimentally, ν4 appears as a very weak band in  

water, no activity was detected in any other solvent, and ν3 appears as a strong 

band in all solvents in the experimental resonance Raman spectra reported.  It is  

hypothesized that NO3
- undergoes a Jahn – Teller distortion in the excited state.  

Thus the potential energy surface for ν3 undergoes a distortion and multiple minima 

appear, resulting in a breaking of symmetry.  This effect is not detected at the level 

of theory implemented in this study, accounting for the discrepancy between the 

experimental and theoretical results for the asymmetric stretch.  It is possible that 

this symmetry breaking could be achieved by the addition of an explicit solvent 

molecule to the nitrate ion, but this was not investigated further.  All cross section 

comparisons are made for the symmetric in-phase N - O stretch, ν1, observed 

experimentally at 1040 cm-1 and at a ca. 1032 cm-1.   
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Table 3.2. Electron – phonon coupling constant, dimensionless displacement, and nuclear 
displacement. 

Solvent: S: ∆: q(Å): 

H2O 5.05 3.18 0.574 

CH3OH 5.04 3.18 0.574 

(CH2)2(OH)2 5.04 3.18 0.574 

CH3CN 5.04 3.18 0.574 

non-COSMO 5.08 3.19 0.578 

 

Input parameters for TIMETHERM were extracted from ref 1 with both 

homogeneous and inhomogeneous broadening terms optimized for best fit, nuclear  

displacements and electron - phonon coupling constants may be found in Table 3.2.   

Table 3.3 summarizes the experimental and calculated Raman cross sections for all 

solvents.  Reasonable agreement between calculated and experimental values is  

observed, including preresonance cross sections.  Cross sections calculated without 

COSMO compared to the experimental cross sections of nitrate in acetonitrile 

yielded the best agreement, thus the comparison between these two will be 

discussed.   

 

Table 3.3. Comparison of both experimental (bold) and calculated
a
 (italics) Raman cross sections for 

NO3
-
 (*10

-9
 Å

2
/molecule).   

λ(nm) H2O  CH3OH  (CH2)2(OH)2  CH3CN  Vac.
 

228 9.55 10.3 7.92 10.1 8.80 10.1 14.6 12.1 14.8 

223 27.5 21.4 19.2 19.2 21.9 21.6 27.4 21.6 26.4 

218 39.6 36.1 42.1 36.7 32.3 32.3 45.4 36.4 40.8 

208 64.6 65.1 61.5 65.4 50.3 65.4 65.5 65.6 69.6 

204 66.4 74.0 57.4 74.1 65.7 74.1 77.7 75.7 72.9 

ν1  1032.6 1032.7 1032.7 1032.7 1025.7 
a.  Parameters: M = 0.78 Å , Г = 980 and ζ = 1000 cm-1.  
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For excitation at 204 nm the experimental cross section is 77.7 x 10-9 

Å
2/molecule, compared to the calculated value of 72.9 x 10-9 Å 2/ molecule.  As the  

laser line moves off-resonance, agreement is still observed.  At 208 nm the 

experimental and calculated cross sections are 65.5 and 69.6 x 10-9 Å2/ molecule, at 

218 nm 45.4 and 40.8 x 10-9 Å2/molecule, at 223 nm 27.4 and 26.4 x 10-9 Å2/ 

molecule, and at 228 nm 14.6 and 14.8 x 10-9 Å2/molecule, an average error of  

5.5%.  Only two deviations were observed for this calculation.  One was for the 208 

nm transition with ethylene glycol as the solvent.  This cross section has an  

experimental value of 50.3 compared to our calculated value of 69.6 (x10-9 

Å
2/molecule).  The other deviation, at the 204 nm transition, was with ethanol as the 

solvent.  The experimental value is 57.4 compared to the DMol3 result of 72.9 (x10-9 

Å
2/molecule). 

 

3.3  Chlorine Dioxide, ClO2 

 

 Raman cross sections and vibrational frequencies were measured with 

chlorine dioxide dissolved in chloroform.10  At the time, the DMol3 TDDFT code has 

not been implemented open shell molecules, by comparison with the experimental 

data from ref 3, it was determined empirically that the excited state transition 

consisted of an electron promotion from MO14 → MO17 (LUMO). Molecular orbitals 

are displayed in Figure 3.5.  This transition has a corresponding energy of 22320 
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cm-1, compared to the experimental value of 22950 cm-1, Figure 3.6.  Upon 

excitation both O – Cl bonds experience an elongation by equal amounts,  

increasing from 1.52 to 1.63 Å, while a decrease in the O – Cl – O bond from 118 to 

107° is observed.  This evolution of geometry in the excited state correpsonds to a 

combination of both the symmetric stretch, 413 cm-1, and breathing mode, 895 cm-1.  

Negligible changes in structure and frequency were found by application of COSMO.   

 

 
Figure 3.5. Ground and excited state MOs for the excited state transition of ClO2. 

 

 
Figure 3.6. Calculated (A) and experimental (B) absorption spectra, Ref 10. 
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Retenetion of C2ν symmetry in the excited state compares to the finding via 

resonance Raman intensity by Foster,10 where the dominant structural change 

occurs along the symmetric stretch.  Electron – phonon coupling constants and 

nulcear displacements are listed in Table 3.4, all input parameters were taken from 

ref 3 with the excpetion of the refarctive index and dielectric constant,29 both 

broadening terms were optimized for best cross section fit.  Simulated Raman 

excitation profiles and resonance Raman spectra for ClO2 are presented in Figures 

3.7 and 3.8, respectively.  Excitation profiles in Figure 3.7A are for both ν1 and ν2, 

while only ν1 is displayed in Figure 3.7B.  Profiles are almost identical to the 

experimental and calculated ones obtained by Foster et al.10  Table 3.5 lists the 

experimental resonance Raman cross sections compared to those calculated both 

with and without COSMO.  Agreement is observed between the experimental and 

calculated values, with the cross sections calculated without the implementation of 

COSMO yielding slightly beeter agreement.  Only one disagreement is observed, the 

ν1 cross section at 435.7 nm had a value of 0.046 compared to the experimental 

value of 0.23 x 10-9 Å2/molecule.  However, with the implementation of COSMO, this 

value increased to 0.15, closer to the experimental value.   
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Figure 3.7. Calculated (A) and experimental (B) Raman exctiation profiles of ClO2 in chloroform. (B) 
shows ν1, the experiemenal REP (dashed line), and authors calculated REP (solid). 

 

 
Figure 3.8. Experimental (A), * denotes solvent peaks, and claculated (B) resonance Raman spectra 
excited at 368.9 nm.  
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Table 3.4. Electron-phonon coupling constants, dimensionless and nuclear displacements, and 
transition energies for ClO2. 

COSMO:    

ν(cm
-1

) S ∆ Å 

412.6 1.59 -1.78 -0.509 

895.4 5.82 -3.41 -0.662 

E00 (cm
-1

) 22500   

λ(nm) 4444   

w/o COSMO:    

ν(cm
-1

) S ∆ Å 

415.0 1.49 -1.73 -0.492 

894.5 5.93 -3.45 -0.669 

E00 (cm
-1

) 22320   

λ(nm) 448   

 

Table 3.5.  Comparison of cross sections as calculated by DMol
3
 and Gaussian.  

λ(nm) ν1                                  ν2 

 Expt COSMO 

DMol
3 

w/o 

COS. 

DMol
3
 

Expt COSMO 

DMol
3
 

w/o 

COS. 

DMol
3
 

368.9 0.70 0.82 0.69 0.19 0.22 0.19 

355.0 0.80 0.80 0.83    

 

3.4  Trans – stilbene 

 Both experimental and calculated normal mode frequencies30 along with 

Raman cross sections12, 24 are presented in Table 3.6. The experimental12 and 

calculated resonance Raman spectra are shown in Figure 3.9.  
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Figure 3.9. Experimental (A), (solvent peaks removed) and (B) calculated resonance Raman spectra 
for TSB excited at 356 nm. 

 

The best fit to experimental data consisted of a 48(HOMO) → 49(LUMO) excitation, 

with a ΔE00 = 30900 cm-1, in resonance with a strong π → π
*
 transition, Figure 3.10.  

Initial results indicate that the implementation of COSMO yielded slightly better 

agreement with experiment; therefore only those results are discussed.   Results 

obtained without the implementation of COSMO along with ground and excited state 

geometries may be found in Appendix A. 
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Figure 3.10. Molecular orbitals involved in the π → π* 

transition observed at 356 nm. 

 

The excited state structural changes are dominated by displacement along the 

totally symmetric modes, Table 3.7.  The elongation/contraction of a bond in one 

ring mirrors the change in the opposite phenylethylene group, which conserves the 

ground state point group symmetry, C2h.  Input parameters for the calculation of the 

absorption spectrum and cross sections are extracted from ref 7.  The transition 

moment used here to obtain the best agreement was 0.1 Å greater than the  

published value, M = 1.61 Å.  Of the ten modes reported for trans – stilbene, only  

two showed deviations from experimental cross sections.  For the 355 – 366 nm 

transition, the only deviation occurred for the ring stretch at a ca. 1570 cm-1, the 

reported cross section in 0.079 x 10-9 Å2/molecule, compared to the calculated value 

of 0.36 x 10-9 Å2/molecule.  Deviations are observed for the 299, 282, and 266 nm 

transitions for the ethylene stretch at a ca. 1624 cm-1.  Experimental cross sections 

are 480 x 10-9, at 282 nm 310 x 10-9, and 190 x 10-9 Å2/molecule, compared to our 

theoretical results of 167 x 10-9, 131 x 10-9, and 580 x 10-9 Å2/molecule, respectively.   
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A possible explanation for this deviation is due to poor estimates of the broadening 

terms.  Figure 3.11 shows the experimental12 and calculated absorption spectra, 

clearly the calculated spectrum displays a “steep” drop off in intensity in the blue 

regime compared to experiment, this could cause a substantial decrease in the 

cross sections for the higher energy modes. 

 

 
Figure 3.11. Calculated (A) and experimental (B, solid curve) absorption spectra of trans-stilbene in 
chloroform. 
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Table 3.6. Experimental and calculated
a
 Raman cross sections for trans-stilbene in cyclohexane (x 

10
-9

 Å
2
/molecule). 

ν(cm
-1

) 355-356nm 299nm 282nm 266nm 

Expt Calc Expt Calc Expt Calc Expt Calc Expt Calc 

956 985.8 0.45 0.50 26.0 60.0 22.0 26.0 15.0 6.80 

1000 986.6 0.84 0.30 14.0 37.0 17.0 17.0 14.0 4.20 

1182 1139.6 3.40 1.00 91.0 84.0 82.0 46.0 47.0 14.0 

1193 1167.5 3.40 0.80 91.0 62.0 82.0 45.0 47.0 11.0 

1319 1288.5 1.20 0.60 89.0 37.9 55.0 25.0 43.0 8.70 

1335 1291.9 1.20 1.20 89.0 74.4 55.0 50.0 43.0 17.3 

1491 1453.9 0.47 0.65 28.0 35.1 19.0 27.0 16.0 11.0 

1575 1570.4 0.79 3.60 77.0 194 55.0 152 43.0 66.0 

1599 1585.3 5.10 7.50 330 404 240 317 130 137 

1638 1623.8 7.60 3.10 480 167 310 131 190 58.0 
a.  Parameters: M = 1.61 Å, Г = 310.0 cm-1, ζ = 500.0 cm-1 

 

Table 3.7.  Electron-phonon values, dimensionless and nuclear displacement for trans-stilbene. 

COSMO:    

ν(cm
-1

): S Δ q(Å) 

985.8 0.088 -0.419 -0.078 

986.6 0.054 0.330 0.061 

1139.6 0.135 0.520 0.900 

1167.5 0.101 -0.449 -0.076 

1288.5 0.065 -0.360 -0.058 

1291.9 0.127 0.505 0.082 

1453.9 0.058 -0.340 -0.052 

1570.4 0.290 0.762 0.112 

1585.3 0.592 -1.09 -0.159 

1623.8 0.233 0.683 0.100 
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3.5  1,3,5 – cycloheptatriene 

 

 Experimental resonance Raman cross sections, spectra, and vibrational 

frequencies have been determined for 1,3,5 – cycloheptatriene.14, 31  Two transitions 

are observed for this molecule, a strong dipole allowed at 208.9 nm, and a weaker 

one at 257.3 nm.  Theoretically, the corresponding molecular orbitals that constitute 

the transitions 25 → 28, and 23/24/25 → 26, respectively, as determined by TDDFT, 

Figure 3.12.  The calculated energies of transition are 46479 and 33314 cm-1, 

comparable to the experimental values of 47870 and 38406 cm-1 14, respectively, 

Figure 3.13. 

 

  

 
Figure 3.12. The two orbitals involved in the strong – dipole allowed 2A" transition at 208.9 nm, and 
the four involved in the weaker 1A" transition at 257.3 nm. 
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Figure 3.13. Calculated and experimental absorption spectra of CHT in cyclohexane for both 
transitions, (A) at 260 nm, (B) 208.9 nm.  

 

For the higher lying 2A" excited state, without the implementation of COSMO, 

geometry optimization of the excited state was never achieved.  Therefore, the 

results reported here are only those that include a continuum dielectric constant.  

Calculated Raman cross sections for the 1A" state that do not incluse the COSMO 

module may be found in the Appendix.  For the 257.3 nm transition, the calculated 

results show the geometry for the 1A" excited state consisiting of a near 

planarization of the molecule, with an increase in the bond order for single bonds, 

and a decrease for the double bonds, that is single bonds take on character of a  

double, and double bonds of a single.  C(3) – C(4) and C(5) – C(6) single bonds  
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decrease by equal amounts, 0.024 Å.  The C(2)C(3) and C(6)C(7) double bonds 

increase by equal amounts, 0.040 Å, while the central C(4)C(5) bond increases by 

0.055 Å.  The bond angles of the methylene group and central CC bonds increase 

by 21.5 and 12.5°, going from a boat conformation in the ground state to near 

planarity in the excited.  This evolution of geometry is consistent with the conclusion 

based on anaylsis of the experimental data from ref 9.  For the 2A" state, the 

geometry undergoes a change correspnding to a breathing mode, all bonds 

experineced an elongation with the expception of C(1) – C(2) and C(1) – C(7) 

carbons bonded to the methylene group, which undergoes a slight contraction of 

0.003 Å  and no change in length, respectively.  Single bonds C(3) – C(4) and C(5) – 

C(6) both increase by 0.030 Å, while the double bonds C(2)C(3) and C(6)C(7) 

increased by 0.030 and 0.009 Å.  Central CC elongates by 0.092 Å.  The calculation 

consisted of 16 vibrational frequencies including higher frquency vinyl C – H 

stretches.  Both the ground and excited state geoemtries my be found in the 

Appendix. 

Tables 3.8  and 3.9 list vibrational frequencies and Raman cross sections for 

the weak transition at 257.3 nm, and the strong – dipole allowed transition at 

208.9nm, respectively. Input parameters for TIMETHERM are listed in Table 3.10.  

For the 257.3 nm transition, excellent agreement is observed for the totally 

symmetric CC in-plane stretch, ca. 1530 cm-1.  The experimental value is 7.72  

compared to the calculated value of 6.67 x 10-9 Å2/mol.  As the laser line moves off –  

 



 

69 
 

resonance to 282.4 nm the experimental values is 5.31 with the calculated being 

4.36 x 10-9 Å2/mol.  However, most of the calculated cross sections for the lower 

energy modes, <1500 cm-1, do not agree with the experimental values.  For the 

modes at 341, 419, and 696 cm-1 the calculated values for the 257.3 nm transition 

are 0.31, 0.03, and 0.33 compared to the experimental values of 1.74, 0.91, and 

1.40 x 10-9 Å2/mol, respectively.  Similar disagreements are observed for modes 

1043, 1391, 1437, and 1610 cm-1.  It is hypothesized that the nature of the 

discrepancy between experiment and theory is due to the weak transition being 

allowed by vibronic coupling.  The non - symmetric, lower energy modes consist of 

ring deformations coupled with a methylene rocking motion resulting in a change in 

symmetry consistent with an excited state double-well potential energy surface, 

which is an indication of Herzberg - Teller coupling.  Since the calculation 

implemented here is valid only for Franck - Condon active modes, discrepancies in 

the low frequency region of the resonance Raman spectra are apparent in Figure 

3.14.  Peaks for the lower energy modes are not discernible in the calculated Raman 

spectrum for 257.3 nm.  Similar trends are observed for these lower energy modes 

for the preresonance transition at 282.4 nm.  The difference between the good 

agreement for excitation at 208.9 nm in an allowed electronic transition and at 257.3 

and 282.4 nm in vibronic bands, underscores the limitation of this, and any other, 

method for calculation of resonance Raman cross sections that does not include 

vibronic terms. 
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Figure 3.14. Experimental, Ref. 14  (A) and calculated (B) resonance Raman spectra of CHT. Inset 
in (B) is 4x magnification of the lower energy modes. 
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Table 3.8. Experimental and calculated

a
 Raman cross sections (x10

9
 Å

2
/molecule) for 1,3,5 – CHT in 

cyclohexane, for excitations at 257.3 and 282.4 nm. 

ν (cm
-1

) 282.4 nm
b
 257.3 nm

b
 

Expt Calc Expt
14

 Calc Expt
14

 Calc 

354 341.4 0.73 0.23 1.74 0.31 

419 419.1 0.35 0.02 0.91 0.03 

789 695.6 0.67 0.24 1.40 0.33 

908 911.7 0.16 0.44 0.38 0.62 

918 924.2 0.10 0.10 0.19 0.14 

1011 1014.6 0.23 0.16 0.49 0.23 

1038 1043.0 0.05 n/a 0.10 n/a 

1175 1186.3 0.40 0.38 1.20 0.57 

1204 1197.7 0.22 0.41 0.25 0.61 

1391 1384.2 0.08 0.03 0.14 0.05 

1437 1407.1 0.11 0.02 0.36 0.03 

1536 1530.3 5.31 4.36 7.72 6.67 

1610 1619.3 0.75 0.04 2.36 0.06 

3080 3074.2 0.28 0.18 0.48 0.35 

3082 3156.6 0.17 0.09 0.23 0.18 
a.  Parameters: M = 0.627 Å, n = 1.426, E00 = 33314 cm-1, Г = 400 cm-1, no inhomogeneous broadening. 

 

Table 3.9. Experimental and calculated
b
 cross sections for 1,3,5 – CHT with excitation at 208.9 nm 

ν (cm
-1

)  208.9 nm   

Expt Calc Expt Calc 

421 411 13 2.1 

708 646.6 15 20 

908 911.7 51 46 

949 965.0 28 51 

1536 1530.3 256 259 

1610 1619.3 123 41 
a.  Parameters: M = 1.240 Å, n = 1.426, E00 = 46479 cm-1, Г = 540 cm-1, ζ = 600 cm-1  
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Table 3.10. Electron – phonon coupling constants, and nuclear displacements for both transitions of 
1,3,5 – cycloheptatriene. 

COSMO: 282.4/257.3 nm  208.9 nm   

ν(cm
-1

): S Δ q(Å) S Δ q(Å) 

646.6 0.155 -0.558 -0.127 0.402 0.897 0.205 

924.2 0.084 0.411 0.078 0.508 -1.01 -0.193 

1014.6 0.111 0.472 0.086 0.849 1.30 0.238 

1186.3 0.202 -0.636 -0.107    

1197.7 0.213 0.653 0.110    

1530.3 1.52 1.75 0.260 1.28 1.60 0.238 

1619.3 0.012 -0.155 -0.022 0.185 -0.608 -0.088 

 

3.6  Aromatic Amino Acids 

 

 Toluene, para – cresol, and 3 – methylindole serve as models for 

phenylalanine, tyrosine, and tyrptophan, respectively.  All experimental results are 

extracted from.32-35  Results obtained with this new method improved upon the 

results obtained from the previoulsy developed MPNM method.11  As a result, 

comparisons between the MPNM method and the excited state geometry 

optimization method were for the serving modesl only.  Calculations that did not 

implement COSMO yielded more accurate results for the aromatic amino acid 

models, therefore results with COSMO and the ground and excited state geometries 

may be found in Appendix A.  For all models, the REPs and absorption spectra have 

the same line shape.  This is expected for a Franck – Condon transition with small 

nuclear displacements, and broadening that is large as the mode frequency.   
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All major vibrational modes are accounted for in the analysis of the aromatic amino 

acids. 

 

3.6.1  Toluene 

 Excitation profiles in Figure 3.15 show two distinct peaks corresponding to 

the two transitions observed in toluene.   The greatest scattering is observed in the 

spectral region below 200 nm, with a maximum obesrved ~ 192 nm, while the 

weaker Lb transition has a maximum observed at 262 nm.   

 

 
Figure 3.15. Calculated Raman excitation profiles for (A) Lb and (B) Bab transition of toluene. 
 

The allowed transition, Bab, consisted of partial excitations from MO22/23 → 

MO26/27 and for the forbidden Lb, MO24/25 → MO26/27, Figure 3.16. 
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Figure 3.16 MOs involved in the allowed Bab (Top), and forbidden Lb (Bottom) transitions of toluene. 

 

Corresponding energies of transition are 52087 and 37843 cm-1, respectively.  With 

excitation for the allowed band the aromatic ring experienced an asymmetric 

expansion, all single and double ring CC bonds increase in length by differing 

amounts, while the C(2) – CH3 bond of the methyl group contracts in length.  This 

change in geometry is similar to results from the previous study11, the change in 

excited state geometry corresponded to an asymmetric expansion of the aromatic 

ring for the allowed transition.  For the forbidden transition, the excited state 

experienced a change in geometry similar to that of a breathing motion.  All bonds 

experienced an elongation by similar amounts, while the C(2) – CH3 bond underwent  

a contraction.  The addition of the methyl group decreases the symmetry,  
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introducing some Franck – Condon activity into the forbidden transition, and 

enhancement of nontotally symmetric modes are observed.  Input parameters for 

TIMETHERM are displayed in Table 3.11.  Overall, agreements between both the 

experimental and calculated cross sections were in excellent agreement with one 

another, Table 3.12.  Figure 3.17 shows that there is reasonable agreement of the 

calculated and experimental resonance Raman spectra for excitation at 200 nm.  

The only discrepancy observed with the cross sections is for the forbidden transition 

and ν8a, which can be contributed with the vibronic character of this mode.  

Experimentally, this mode has a cross section of 0.31 x10-9 
Å

2/molecule, about ~ 

100 times greater than the calculated value of 0.002 x10-9 
Å

2/molecule.  A similar 

trend was also observed in the previous study, where a difference between cross 

sections for this mode was observed (only by a factor ~ 5 however) also attributed to 

vibronic coupling.   

 

Table 3.11. Electron – phonon coupling constants, and nuclear displacements for both transitions of 
toluene. 

 Bab   Lb   

ν(cm
-1

): S Δ q(Å) S Δ q(Å) 

998.5 0.133 -0.516 -0.095 0.419 -0.915 -0.168 

1035.6 0.035 -0.266 -0.048 0.084 -0.411 -0.074 

1184.8 0.010 -0.143 -0.024    

1218.0 0.056 0.336 0.056 0.147 0.543 0.090 

1583.1 0.026 0.228 0.033    

1627.8 0.047 -0.308 -0.044    
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Table 3.12. Resonance Raman cross sections for toluene, including cross sections obtained from the 
MPNM method. 

 192nm
a 

 200nm
a 

 244nm
b 

 

ν(cm
-1

): Expt Calc MPNM Expt Calc MPNM Expt Calc MPNM 

ν12 521 562 503 26.3 63.6 18.8 0.35 0.35 0.23 

ν18a n/a   n/a   0.06 0.07 0.05 

ν9a 75.1 44.9 293 13.3 5.15 12.4 n/a   

ν7a 452 249 381 15.7 28.3 16.6 0.15 0.16 0.10 

ν8b 77.5 118 111 30.0 13.7 6.16 n/a n/a  

ν8a 65.2 214 516 32.3 25.0 26.5 0.31 0.002 0.06 
a.  Parameters: E00 = 52087 cm-1, M = 0.46 Å, Г = 350 cm-1, ζ = 1100 cm-1.  

b.  Parameters: E00 = 37843 cm-1, M = 0.11 Å, Г = 300 cm-1, ζ = 2200 cm-1. 

 

 
Figure 3.17. Resonance Raman spectra of toluene excited at 200 nm, (A) experiment (B) calculated. 

 

 

3.6.2  para – cresol 

 Figure 3.18 displays the calculate Raman excitation profiles for para – 

cresol. Of the 3 of 5 active modes displayed, two peaks are observed, on maximum 

at ~ 202 nm, the other at ~ 277 nm. Coinciding with the Bab and Lb transition,  
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respectively. The allowed Bab transition consisted of an excitation from  

 

 
Figure 3.18. Raman excitation profiles for para – cresol (A) Lb and (B) Bab. 

 

MO29 (HOMO) → MO30 (LUMO), with a correspondong E00 = 50000 cm-1. Profiles 

for the Lb transition consisted of a MO28 → MO30 excitation, with a corresponding 

E00 = 45800 cm-1, Figure 3.19.  The excited state for the allowed transition 

resembled that of an asymmetric stretch.  The substituents on the aromatic ring, 

C(2) – CH3 and C(5) – OH both had contracting bonds. C(4) – C(5) and C(2) – C(7) 

also underwent a contraction, while all other bonds experienced an elongation.  For  

the forbidden transition the excited state geometry took on similar character but 

instead of C(2) – CH3 and C(5) – OH contracting, both underwent an elongation.  

Table 3.13 lists the experimental and calculated cross sections for the observed  

transitions.  Excellent agreement is observed for all wavelengths.  Compared to the  
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MPNM results, the new method calculated cross sections with greater accuracy.  For 

example, the nuclear displacement for the nontotally – symmetric mode, ν7a, at 1264 

cm-1, Table 3.14, for the Bab transition was observed to be 0.601, while no 

displacement was observed using the mpnm method. 

 

 

 
Figure 3.19. Molecular orbitals involved in the Bab (Top) and Lb (Bottom) transition of para – cresol. 
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Table 3.13. Experimental and calculated cross section for para – cresol (x10
-9

 Å
2
/molecule). 

 192 nm
a
 200 nm

a 
218 nm

a 
244 nm

b
  

ν: Exp Calc MPNM Exp Calc MPNM Exp Calc MPNM Exp Calc MPNM 

ν1 267 453 247 138 421 143 n/a   0.63 0.30 2.20 
ν9a 140 69.2 107 101 37.7 35.0 26.8 30.4 26.4 1.51 1.08 0.58 

νa1 517 401 432 307 136 152 5.65 20.1 29.8 0.75 0.78 0.35 

ν7a 585 295 n/a 465 162 n/a 9.68 30.4 n/a n/a   
ν8b 306 343 273 247 319 144 35.2 35.7 33.2 n/a   

ν8a 481 276 283 361 387 175 47.9 61.6 48.7 2.51 3.53 0.48 
a.  Parameters: M = 0.51 Å, E00 = 50000 cm-1, Г = 100 cm-1, ζ = 1100 cm-1 

b.  Parameters: M = 0.40 Å, E00 = 45800 cm-1, Г = 100 cm-1, ζ = 1100 cm-1.  

 

Accordingly at 192 and 200 nm, the experimental cross sections are 585 and 465 

compared to the calculated values of 295 and 162 x10-9 Å2/molecule, respectively.  

A small discrepancy in the frequency calculation is observed for mode ν1 at 844 cm-

1.  The calculated value is slightly overestimated compared to that of the 

experimental value. 

 

Table 3.14. Input parameters for TIMETHERM. 

 Bab Lb 

ν(cm
-1

): S Δ q(Å) S Δ q(Å) 

844.1 0.662 1.15 0.230 0.295 0.768 0.153 

1173.8 0.041 0.286 0.048 0.533 -1.03 -0.175 

1212.0 0.151 -0.549 -0.091 0.367 -0.857 -0.143 

1264.4 0.181 0.601 0.098 0.533 1.03 0.169 

1600.1 0.473 0.973 0.141 0.514 1.01 0.147 

1634.8 0.577 1.07 0.154 0.872 -1.32 -0.190 
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This can be accounted for as the Fermi doublet of tyrosine, a splitting of ν1  with the 

overtone of ν16a.  Examination of Figure 3.20 reveals the good agreement of  the 

calculated and experimental resonance Raman spectra at an excitation of 200 nm, 

with the exception of the Fermi doublet. 

 

 
Figure 3.20.  Experimental (A) and calculated (B) resonance Raman spectra for tyrosine excited at 
200 nm. 

 

3.6.3  3 – methylindole 

 The resonance Raman cross sections for the three transtions of 3 – 

methylindole (3MI) were determined.  The allowed Bab transition consisted of an 

excitation from MO33/34/35 → MO36/37/38, the Lb transition observed  

experimentally at 260 nm consisted of a MO34 → MO 36, and for the La transition at  
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244 nm, it was found this excitation consisted of a MO34/35 → MO36/37 promotion, 

Figure 3.21.  For the allowed transition 3MI underwent an expansion in both the 

pyrrole and aromatic ring.  All bonds increased in length excpet for the C(2) – CH3 

bond, consistent with the allowed transition for both toluene and para – cresol.  For 

the Lb transition a similar change in geometry is experienced, but with the C(5) –  

C(6) bond experiencing a very slight contraction of 0.001 Å.  For the La transition the 

C(2) – CH3 bond did not experience an change in distance.  The N(1) – C(4) bond of  

 

 

 
Figure 3.21. Molecular orbitals involved in the Bab (Top) and Lb (Bottom) transition of 3MI. 
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pyrrole ring decreased in length, while all other bonds underwent an elongation.  As 

with the Bab transition the aromtaic ring underwent an expansion, with all bonds 

increasing in length.  Raman excitation profiles are displayed in Figure 3.22 and the 

resonance Raman spectra in Figure 3.23.  As with the previous two models for the 

aromatic amino acids, two distinct peaks are observed, on at 210 nm correspondong  

to the Bab band, and one at ~ 300 nm, corresponding to the La/Lb transitions.  

Excellent agreement is seen between calculation and experiment, Table 3.16, with 

the exception of the Fermi doublet observed at 1343/1360 cm-1.  The calculation of 

this feature is beyond the scope of the theory applied here.  Only two discrepancies 

are observed fro this molecule.  Two modes that are observed in the experimental  

 

 
Figure 3.22. Raman excitation profiles for (A) forbidden and (B) allowed transitions of 3MI. 

 

spectrum were found to be inactive in the calculation.  The 1496 cm-1 mode  

observed fro excitation at 218 nm and the 1252 cm-1 mode for excitation at 260 nm  
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have experimental cross sections of 28.3 and 0.25 x10-9 Å2/molecule, respectively.  

While the 1252 cm-1 mode is clearly vibronic in nature, the origin of the discrepancy 

for 1496 cm-1 has not been established. 

 

Table 3.15. Electron – phonon coupling constants and nuclear displacements for 3MI. 

 Bab Lb 

ν(cm
-1

): S Δ q(Å) S Δ q(Å) 

760.6 0.175 0.591 0.124 0.210 0.648 0.136 

870.8 0.037 -0.272 -0.053 0.079 -0.398 -0.078 

1021.3 0.110 -0.468 -0.085 0.158 -0.563 -0.102 

1124.8 n/a   0.022 -0.208 -0.036 

1252.3 0.019 0.194 0.032 0.048 0.309 0.048 

1343.3 0.007 0.115 0.018 0.046 0.303 0.048 

1456.4 0.008 0.123 0.019 n/a   

1546.2 0.101 0.449 0.066 0.038 0.276 0.041 

1572.6 n/a   0.017 -0.185 -0.027 

 

 
Figure 3.23. Experimental (A) and calculated (B) resonance Raman spectra for 3MI excited at 218 
nm. 

 



 

84 
 

Table 3.16. Resonance Raman cross sections for 3MI (x10
-9

 Å
2
/molecule). 

 218 nm
a 

229 nm
a 

244 nm
b 

260 nm
c 

ν: Exp Cal MP. Exp Cal MP. Exp Cal MP. Exp Cal MP. 

760.6 289 179 63.7 69.1 142 44.7 1.26 1.64 3.51 6.28 6.39 4.10 

870.8 51.0 47.8 65.5 21.6 37.7 45.9 0.50 0.82 n/a    

1021.3 195 185 275 62.1 144 190 1.76 2.31 2.06 0.63 0.89 2.37 

1124.8       0.63 0.39 3.81    

1252.3 47.0 43.9 115 12.2 33.9 78.8 0.50 1.10 2.01 0.25 n/a 2.29 

1343.3 45.1 17.2 70.5 18.5 12.6 48.0 1.88 1.24 4.26 1.00 0.70 4.81 

1360d 63.0   21.4   0.94      
1456.4 52.7 23.0 n/a 9.68 17.6 n/a 0.69 n/a n/a 0.75 0.56 n/a 

1496.0 28.3 n/a n/a          

1546.2 252 323 0.603 75.2 242 307 2.26 1.43 18.6 1.26 0.49 20.7 

1572.6       1.26 0.67 25.5 2.01 1.80 28.4 

a.  Parameters: E00  = 44440 cm-1, M = 0.95 Å, n = 1.33, Г = 1000 cm-1, ζ = 3800 cm-1 

b.  Parameters: E00 = 32911 cm-1, M = 0.76 Å, n = 1.33, Г = 1100 cm-1, ζ = 2200 cm-1 

c.  Parameters: E00 = 31759 cm-1, M = 0.76 Å, n = 1.33, Г = 1100 cm-1, ζ = 2200 cm-1 

d.  Fermi doublet 

 

3.7  Conclusion 

 A method to simulate absorption and resonance Raman spectra based upon 

geometry optimization of the excited state based on DFT methods has been 

developed.  The method, which is based on calculation of nuclear displacements via 

a linear transformtaion connecting ground and excited states, has been validated for 

seven molecules.  From the DFT method, orbital occupation of the excited state was 

determined, and from this occupation a geometry optimization was performed to 

determine excited state structure.  From the results, there was no definitive 

imporvement of spectral intensities with the implementation of the continuum 

electrostatic model (COSMO).  However, the excited state optimization for CHT 

converged only with this implemented. 
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On the basis of the agreement of calculated and experimental resonant 

Raman cross sections for the seven molecules, resonance Raman spectra were well 

reproduced, ranging from small (3 atoms) to moderately large (26 atoms).  

Calculations based on excited state geometry optimizations reproduced the Raman 

cross sections for the aromatic amino acids with greater accuracy than the 

previously developed normal mode projection method.  Since time – correlator 

methods are limited to A – term scattering of Franck – Condon active modes, 

vibrational modes that gain enhancement via B – term scattering may not be 

accurately calculated.  The presence of vibronically coupled (Herzebrg – Teller)  

modes in experimental spectra is the main source of discrepancy for this method.  In 

practice, it was observed that the low frequency vibrations of 1, 3, 5 – CHT fell into 

this category, but other systems has little or no vibronic character.  Vibronic coupling 

is observed in molcules with high symmetry and has diminished importance in 

typical large molecules that lack high symmetry, which are a major goal for the 

method developed here.  The exception to this arises in molecules of high symmetry 

such as metalloporphyrins, where vibronically active nontotally - symmetric Raman 

active modes may require further development of the method. 
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Chapter 4  

Application: Investigation into the Chemical Mechanism of Surface Enhanced 

Raman Spectroscopy on the Basis of Pyridine Adsorbed onto Silver 

 

4.1  Introduction 

 

The origin of the surface enhanced Raman scattering (SERS) effect remains 

a subject of debate 35 years after the first report.1  The observation of large Raman 

scattering signals from pyridine on Ag surfaces and colloids started a field of 

investigation that, in recent decades, has led to reports of single-molecule Raman 

scattering.2, 3  The theoretical underpinnings of such a large enhancement are not 

clear even today despite hundreds of studies.  The two major contributions to the 

SERS effect have been categorized as electromagnetic and chemical.  The 

electromagnetic contribution arises from the local field in the vicinity of a conducting 

particle or non – planar surface.  Effectively, one can view this effect as an antenna 

effect in which the metal structure captures and concentrates the radiation so that 

the local field near a molecule on the surface is amplified relative to the average 

incident field.  The magnitude of the local field has been estimated to range from 103 

– 1015, depending on the investigation.4-7  A recent study of the bandwidth of the 

SERS phenomenon using experimental dielectric functions for Ag and Au revealed 

severe constraints on the maximum enhancement.  Since electromagnetic  
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enhancement requires excitation into the plasmon resonance band, in order to  

obtain large local fields, this effect has an intrinsic spectral bandwidth, which is quite 

narrow for the conditions that give the largest enhancement.8  The comparison of Au 

and Ag to free electron conductors like indium tin oxide (ITO) show that the dielectric 

functions are good models for plasmonic effects, which strengthens the application 

of theoretical models.9-12  Although the electromagnetic effect is considered the 

dominant effect, most researchers agree that there is also a chemical effect that 

provides an additional enhancement.13  There is a growing consensus that 

resonance Raman effects can rival the electromagnetic component of SERS in so – 

called  surface enhanced resonance Raman spectroscopy (SERSS).15  While the 

optical interaction of Au and Ag colloids with bound molecules has been observed 

experimentally16, 17, there has not been a systematic consideration of the contribution 

of the resonance Raman effect of the super – molecule that includes both colloid 

and adsorbed molecule. 

The chemical enhancement deserves greater consideration, in part because 

there has been significant difference of scientific opinion regarding the nature and 

magnitude of this effect.18, 19  Some investigators have interpreted the effect as a 

charge transfer process, which may be taken to mean that there is charge transfer 

absorption that plays a role along with the plasmon band19, 20 or, alternatively, an 

electronic interaction that involves the conduction electrons of the metal.21  Perhaps  

the different mechanisms are semantic since they all involve electron transfer from  
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the metal to the adsorbate in some sense.  On the other hand, consideration of the  

adsorbate as part of a super – molecule that is affected by transitions on the metal,  

which do not have true charge transfer character, has not figured into theories to 

date.  This is remarkable because resonance enhancement of ligands is well – 

known in metal complexes.22-26  There are few studies that have systematically 

investigated the analogous resonance effect as an integral part of the SERS effect.27  

Resonance Raman is most frequently discussed as an additional effect in SERRS, 

which is thought of as a simple addition of the molecular and plasmon resonance15, 

17, 28, but not considered as an integral effect due to the plasmon band itself.  Ag and 

Au have plasmon bands in the near-UV and visible region of the electromagnetic 

spectrum because of the admixture of d-electrons into the conduction band. Other 

metals in the transition series have significantly higher d-bands that do not mix with 

the conduction electrons, which lead to plasma frequencies in the hard UV, much 

higher in energy Ag and Au. Thus, the unique character of the transitions of Au and 

Ag arises from transition dipole character due to d-electrons, which can also raise 

from d → p transitions.  It is entirely possible that there is a SERRS effect that also 

arises from transitions within the metal that give rise to excited state displacement of 

a bound adsorbate and, hence, a resonance Raman effect.  Specifically, the 

adsorbate and metal can be considered as a super – molecule, in which excitation of 

plasmon electrons gives rise to a geometry change on the bound adsorbate.  As with  

any resonance Raman scattering, excited state geometry changes of the bound  
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adsorbate can give rise to resonance enhancement.  The only requirement is that  

the molecule is chemically bound to the surface and that it can interact sufficiently so  

that normal modes have displacement in the excited state.  Since calculation of 

plasmons is not possible using quantum mechanical methods, the interaction of the 

adsorbate with any transitions on the metal can be considered as possible models 

for the plasmon enhancement.   

It is possible to regard a Pyr(Ag)n cluster (n = number of Ag atoms) as a super 

– molecule that has absorption bands due to both Agn and Pyr, as well as possible 

charge transfer bands.  The excitation of Agn absorption bands can have an effect 

on the bound Pyr bond lengths in the excited state leading to additional Raman 

enhancement.  Recognizing that there may be differences in the descriptions that 

may fundamentally point to the same effect, a method for calculating resonance 

Raman cross sections by comparison of the excited state displacements of normal 

modes for various transitions on the metal or from metal to adsorbate has been 

developed29 and is applied to the calculation of resonance Raman spectra on 

Pyr(Ag)n metal clusters in this work.  Thus, it is the hypothesis of this study that the 

chemical mechanism is essentially a resonant Raman effect of the super – molecule 

that is formed by the combined molecular adsorbate and metal cluster.  

The resonance Raman enhancements calculated here are based on the 

excited state displacement method to obtain parameters for the time – correlator 

formalism30.  This method is unique in that it is the only quantum mechanical method  
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that permits direct insight into the resonant nature of the specific electronic  

transitions that are coupled to the nuclear motion.  Experimental determination of  

absolute resonance Raman cross sections modeled along with the absorption  

spectrum confirm that resonance Raman enhancements can easily be as large as 

106.31, 32  The magnitude of the enhancement depends on the strength of the 

electronic transition moment raised to the fourth power, but also is dependent on the 

extent of nuclear displacement in the excited state.  This nuclear displacement gives 

rise to the Franck-Condon modes active in the resonant Raman spectrum, or modes 

which are enhanced via A – term scattering 33, 34.  These totally symmetric modes 

give a model for the displacement of the excited state relative to the ground.  

Nontotally symmetric observed in SERS spectra, modes which gain resonance 

Raman activity via B – term scattering, are not included in the approach taken to 

obtain an expression for the time – correlator.  Therefore, vibronic modes cannot be 

accounted for in this study.  The time – correlator permits the full calculation to be 

carried out at any arbitrary temperature and for any number of modes.  This 

approach can be contrasted with derivative methods35-38 that rely on the Placzek 

polarizability derivative description of the Raman cross section.  Since the 

polarizability derivative lacks an explicit consideration of a particular resonant state, 

the calculations can approach resonance only by extrapolation.33  This issue has 

recently been explored in a comparison of the approach implemented in Gaussian 

0939 with the present method, in which Gaussian 09 gave poor estimates of the  
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resonance Raman cross section.  The present method permits calculation of on –  

resonant cross sections closer in agreement with experimental data.  Thus, the  

present calculation of enhancement factors due to binding of pyridine to Ag is the 

most accurate method thus far employed to estimate the effects.  It is also by far the 

best method for the purpose of comparing the magnitude of resonance Raman 

enhancement.  

 

4.2  Experimental Methods 

 

Ag colloids were purchased from Ted Pella, Inc.  The 20 nm Ag colloids have 

a concentration of 7.0 particles/mL.  Spectroscopic measurements of the interaction 

of aqueous solutions of pyridine with 20 nm Ag colloids were carried out using a 

HP8542 photodiode array UV – vis absorption spectrometer.  The path length in the 

cuvette was 1 cm.  Mixtures of various concentrations of pyridine with 20 nm Ag 

colloids were allowed to age for 2 days following protocols published previously.40 

 

4.3  Results and Discussion 

 

In this study the spectra of pyridine molecules bonded to various sizes of Agn 

clusters, n = 2, 4, 8, 14, and 20, Figure 4.1, were analyzed in order to understand 

the origin of the chemical effect.   
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Figure 4.1. Pyr(Ag)n clusters. Starting top and moving c.w., n = 2, 4, 8, 14, and 20. 

 

None of the clusters studied here are sufficiently large to support a plasmon and the 

pyridine is directly bonded to an Ag atom in each structure.  Thus, any resonance 

Raman effects calculated are by definition, chemical effects.  For this reason, the 

present study sets a baseline for the contribution of resonance Raman to the 

enhancements observed in surface enhanced Raman spectroscopy.  The role of  
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surface bonding, a key component of chemical enhancement, plays an important 

role is SERS.  Concomitant with the hypothesis of the study it is inferred that the 

experimental excitation wavelength used in SERS studies are resonant with a 

transition to excited states of the super – molecule.  The results obtained in this 

study strongly suggest that the resonant Raman effect is a chemical contribution to 

SERS that is significant, meaning that it may well exceed the magnitude of the 

electromagnetic effect. 

Atom labels for the respective structures are displayed in Figure 4.2. Atom 

labels are displayed for free pyridine and the modeled silver – pyridine molecule with 

just one silver atom shown.  Any pertinent information ascertained from the data only 

included the silver atom of the cluster bound to the pyridine ring; therefore the 

remaining silver atoms are not shown in the label diagram.   

 

 
Figure 4.2. Atom labels for the super – molecules implemented in this study. 
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Due to similarities with ground state structures, optimized excited state geometries 

are not shown.  However, structural changes in geometry between the ground and 

excited state are given later in the discussion in Table 4.3.  In all cases, the pyridine 

was normal to the silver cluster, binding through the lone pair on the nitrogen atom 

of the pyridine ring.  Complementing the experimental STM results41, and the Ag – N 

stretching mode found at ~ 239 cm-1.42, 43   

 

4.3.1 Pyridine 

 For pyridine, two transitions are observed at 168 nm (E00 = 7.38 eV) and 248 

nm (E00 = 5.00 eV), corresponding to excitations from MO18 → MO23 and MO19 → 

MO22, respectively, Figure 4.3.  Both transitions correspond to the experimental  

absorptions at 181 and 260 nm found by Innes.44  Only the allowed transition of 

pyridine is considered, the vibronically allowed, but formally forbidden transition at 

248 nm contained no pertinent information to this study, and was therefore ignored.  

This is sensible since vibronic bands gain their intensity through vibronic coupling to 

stronger allowed transitions.  Likewise, Raman spectroscopy of vibronic bands is 

explained by vibronic coupling.  Therefore any contribution to the resonant effect in 

SERS due to pyridine itself, would likely come from the strongly allowed band with 

E00 = 7.38 eV.  Structural changes in the excited state geometry for the 168 nm 

transition consisted of all bonds undergoing an expansion, the C1 –  
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C2/C2 – C3/C3 – C4/C4 – C5 bonds increased by 0.02 Å, while both N1 – C1 and 

N1 – C5 bonds by 0.01 Å.  The calculated resonance Raman spectrum for this 

transition is displayed in Figure 4.4. 

 

 
Figure 4.3. Molecular orbitals involved in the 168 nm transition of pyridine, 18 → 23. 

  

 
Figure 4.4. Calculated resonance Raman spectrum of pyridine. 
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Of the ten totally symmetric modes of pyridine, only the seven ring breathing /  

deformation / stretching modes showed significant Raman scattering for the 168 nm 

 transition.  The three higher energy C – H stretching symmetric modes at 3170.7 

(ν20a), 3183.2 (ν13), and 3202.1 cm-1 (ν2) showed a negligible amount of scattering,  

therefore are not displayed in Figure 4.4.  The mode which showed the greatest 

amount of scattering was the C – H deformation mode, ν9a, at 1217.0 cm-1.  The  

other six symmetric modes, ν6a, ν1, ν12, ν18a, ν19a, and ν8a exhibited approximately the 

same amount of scattering intensity in the range from 1/5 – 1/3 of ν9a intensity. 

 

4.3.2 Pyr - Agn 

Calculated vertical transition energies corresponded to wavelengths of 475, 

560, 447, 541, and 340 nm for Pyr(Ag)2, Pyr(Ag)4, Pyr(Ag)8, Pyr(Ag)14, and 

Pyr(Ag)20, respectively.  All transitions were close to the ultra – violet region of the 

electromagnetic spectrum where silver exhibits a strong plasmon resonance.45-47  

The calculated transition wavelengths for the pyridine – silver molecules correlated 

to the excitation which yielded the greatest excited state displacement on pyridine, 

and also generated with the excited state which generated the largest displacement 

along the pyridine – silver bond.  Calculated displacements for each respective 

molecule are displayed in Table 4.1.  The interaction of pyridine with the Ag clusters 

lead to new states, which were characteristic of treating the Pyr(Ag)n as a whole.   
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While some theoretical studies48, 49 indicate the interaction between the 

pyridine and silver clusters involve a charge transfer (CT) state involving the lowest 

metal → pyridine, a HOMO → LUMO transition, the present study reveals that 

excited state displacements are possible both due to CT and Ag – centered 

transitions that couple to the bound pyridine. 

 

Table 4.1. Calculated nuclear displacements, including the Ag-N stretch for each cluster at the 
determined excited state transition. 

Pyr  Ag2  Ag4  Ag8  Ag14  Ag20  

Mode: Disp(Å):           

λ(nm): 168  475  560  447  541  340 

Ag –N n/a 200.9 -1.66 190.7 0.24 170.9 0.20 179.7 0.27 177.5 0.40 

592.4 -0.62 615.7 0.06 610.3 -0.13 612.9 0.07 610.4 0.06 616.9 0.01 

973.2 -0.13 995.5 0.05 989.3 -0.07 996.9 0.05 990.7 -0.07 995.0 -0.006 
1029.7 0.05 1032.0 -0.07 1029.6 0.06 1030.3 0.03 1031.4 0.04 1035.1 -0.05 

1072.4 0.03 1076.0 -0.01 1074.9 0.03 1068.5 -0.01 1069.1 -0.006 1078.9 0.01 

1217.0 -0.04 1220.5 0.07 1218.9 0.10 1202.8 -0.04 1206.3 -0.06 1224.9 0.02 

1473.5 -0.02 1481.8 0.01 1479.5 -0.03 1468.4 0.01 1469.1 -0.02 1490.1 -0.01 

1594.6 0.34 1615.5 0.06 1608.5 -0.09 1601.4 0.06 1600.5 0.06 1613.0 -0.005 

 
 

Molecules which exhibited the greatest CT character were Pyr(Ag)2 and 

Pyr(Ag)4. The Pyr(Ag)2 transition consists of an electron promotion from the 

HOMO(68) to the doubly degenerate LUMO(69/70), while the Pyr(Ag)4 transition 

consisted of a HOMO(115) → LUMO+3(118) electron promotion.  The number in 

parentheses denotes the fixed orbital occupation used for the excited state geometry 

optimization calculation.  This electron promotion resulted in a charge transfer of q = 

0.5e from the silver atoms to the pyridine ring for (Pyr)Ag2, and q = 0.4e for (Pyr)Ag4.   
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Ground and excited state charges are listed in Table 4.2.  The (Pyr)Ag8 and 

(Pyr)Ag14 clusters display excited state displacements  with less CT character, the 

charge transferred from the silver cluster to the pyridine ring was q =0.26e and 

0.34e, respectively.  According to the orbital isosurfaces, both consisted of a d → p 

orbital transition, HOMO-2(207/208) → LUMO+3(213/214) and HOMO(348/349/350) 

→ LUMO+7(357/358), respectively.  Molecular orbital isosurfaces for Pyr(Ag)20  

showed that the excited state consisted of a hybrid CT – d → p orbital transition, 

HOMO-6(485) → LUMO+4(495).  For MO485 electron density is located on both the 

pyridine ring and silver cluster, upon excitation to MO495 most of the electron 

density located on the pyridine ring is transferred to the silver cluster.  All transitions 

are depicted below in Figure 4.5.  However, according to the ground and excited 

state charges, there was a negligible transfer of charge from the silver cluster to the 

pyridine ring, q = 0.03e.  In their study of Pyr(Ag)10
50, Birke et al had also discovered 

inter – cluster transitions contributing to the excited states of the pyridine – silver 

complex.  It is not surprising that some excited state transitions did not consist of a 

CT transition.  Since the Ag cluster and pyridine ring are treated as one molecule, 

the transitions that contribute the greatest excited state displacement are of interest.  

In the case of Pyr(Ag)2 and Pyr(Ag)4, their respective transitions did consist of a 

charge transfer.  For Pyr(Ag)8, Pyr(Ag)14, and Pyr(Ag)20 either a d → p orbital or a 

mix of both CT and d → p orbital transition yielded the largest excited state 

displacement.   
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Table 4.2.  Ground and excited state charges of the pyridine ring and silver atom cluster.  

 Ground State Excited State 

Pyr(Ag)2   

q(pyridine) 0.30 -0.20 

q(Ag) -0.30 0.20 

   

Pyr(Ag)4   

q(pyridine) 0.20 -0.20 

q(Ag) -0.20 0.20 

   

Pyr(Ag)8   

q(pyridine) 0.13 -0.13 

q(Ag) -0.13 0.13 

   

Pyr(Ag)14   

q(pyridine) 0.16 -0.18 

q(Ag) -0.16 0.18 

   

Pyr(Ag)20   

q(pyridine) -0.17 -0.14 

q(Ag) 0.17 0.14 
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Figure 4.5. Molecular oribtals involved in the excited state transitions of (A) Pyr(Ag)2, (B) Pyr(Ag)4, 
(C) Pyr(Ag)8, (D) Pyr(Ag)14, (E) Pyr(Ag)20. 
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Strong evidence for resonance Raman as a major contribution to 

enhancement factors observed in SERS is observed in three observations: (1) 

trends in the structural changes between the ground and excited states off all 

molecules implemented in this study, (2) the magnitude of the calculated cross 

sections, (3) the overall enhancement factors.  Examining the structural changes 

between the ground and excited state of the pyridine – silver molecules, Table 4.3, 

the change in geometry experienced by the pyridine ring was approximately identical 

for all molecules.  Strikingly, the change in geometry observed in the pyridine ring 

itself was of the same magnitude as was observed for the 168 nm transition of free 

pyridine.  The only difference between the excited states of the super – molecules 

compared to that of free pyridine were the contraction of the C1 – C2/C4 – C5 

bonds, the N1 – C1/N1 – C5/C2 – C3/C3 – C4 bonds underwent similar elongations.  

The contraction of the carbon – carbon bonds can attributed to the motion along the 

Ag – N bond in the excited state.  For all super – molecules, the silver cluster acts to 

“push” on the pyridine ring causing the slight contraction observed in the ring, as can 

be observed by the decrease in the Ag – N bond for all molecules.  All nitrogen – 

silver bonds experienced a equivalent decrease in length, ~ 0.10 Å, with the Ag – N 

bond of Pyr(Ag)4 being the one exception.  This stretch experienced the greatest 

change, -0.29 Å. 
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Table 4.3. Changes in geometry for pyridine and Pyr(Ag)n clusters. 

Pyr    Pyr(Ag)2    

 G.S. 168 nm Δ  G.S. 475 nm Δ 

    Ag-N 2.30 2.22 -0.08 

N1-C1 1.34 1.35 0.01 N1-C1 1.35 1.37 0.02 

N1-C5 1.34 1.35 0.01 N1-C5 1.35 1.37 0.02 

C1-C2 1.40 1.42 0.02 C1-C2 1.39 1.38 -0.01 

C4-C5 1.40 1.42 0.02 C4-C5 1.39 1.38 -0.01 

C2-C3 1.39 1.41 0.02 C2-C3 1.39 1.41 0.02 

C3-C4 1.39 1.41 0.02 C3-C4 1.39 1.41 0.02 

        

Pyr(Ag)4    Pyr(Ag)8    

 G.S. 475 nm Δ  G.S. 475 nm Δ 

Ag-N 2.43 2.14 -0.29 Ag-N 2.35 2.24 -0.11 

N1-C1 1.35 1.38 0.03 N1-C1 1.35 1.37 0.02 

N1-C5 1.35 1.38 0.03 N1-C5 1.35 1.37 0.02 

C1-C2 1.39 1.38 -0.01 C1-C2 1.39 1.38 -0.01 

C4-C5 1.39 1.38 -0.01 C4-C5 1.39 1.38 -0.01 

C2-C3 1.39 1.41 0.02 C2-C3 1.39 1.41 0.02 

C3-C4 1.39 1.41 0.02 C3-C4 1.39 1.41 0.02 

        

Pyr(Ag)14    Pyr(Ag)20    

 G.S. 475 nm Δ  G.S. 475 nm Δ 

Ag-N 2.34 2.21 -0.13 Ag-N 2.53 2.36 -0.17 

N1-C1 1.35 1.37 0.02 N1-C1 1.34 1.35 0.01 

N1-C5 1.35 1.37 0.02 N1-C5 1.34 1.35 0.01 

C1-C2 1.40 1.39 -0.01 C1-C2 1.40 1.39 -0.01 

C4-C5 1.40 1.39 -0.01 C4-C5 1.40 1.39 -0.01 

C2-C3 1.40 1.41 0.01 C2-C3 1.396 1.399 0.003 

C3-C4 1.40 1.41 0.01 C3-C4 1.397 1.40 0.003 
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Figure 4.6.  Calculated Raman spectra for pyridine – silver clusters. 

 

Figure 4.6 displays the calculated resonance Raman spectra for the 

molecules studied.  As was observed for the resonance Raman spectrum of 

pyridine, the seven symmetric ring modes are enhanced in the silver – pyridine 

Raman spectra.  Vector diagrams for the ring modes for Pyr(Ag)2 are shown in 

Figure 4.7.  These diagrams correspond to all molecules, which have the same 

mode character, despite small cluster – dependent shifts in the Raman frequency.  

The resonance Raman spectra of the silver – pyridine molecules are similar to that 

of the 168 nm Raman spectrum of pyridine, in the respect that the same totally 

symmetric modes observed in pyridine and the super – molecules are enhanced.  
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Figure 4.7. Raman enhanced vibrational modes of Pyr(Ag)2. 

  

However, the relative intensities are quite different for each cluster studied.  Clearly, 

the relative intensities are sensitive to the silver cluster size; with the only similarity 

for the relative intensity of ν8a (compared to ν1) for all super – molecules.  Raman 

cross sections for the silver – pyridine molecules were typical of magnitudes 

observed for that of resonance Raman, x10-9 Å2/molecule, Table 4.4.  The pyridine 

enhancement pattern is altered in the various Ag clusters.  This may be due to  
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differences in the nature of the excited states, with the CT states showing stronger 

coupling in the smaller clusters.  The ν12 mode of Pyr(Ag)20 at ~ 1035 cm-1, exhibits 

the greatest scattering of any of the molecules studied.  The intensity of 1.25 x10-5 

Å2/molecule is more than 10 times greater compared to the same mode for the 

remainder molecules.  For the remaining clusters, this same mode was the only one 

which exhibited greater scattering compared to that of free pyridine.  For pyridine 

this cross section was 107 x10-9  Å2/molecule, for the pyridine – silver molecules the 

cross sections were slightly greater, ranging from 232 – 704 x10-9  Å2/molecule. 

 

Table 4.4. Calculated Raman cross sections at the respective transition for each molecule, (x10
-9

 
Å

2
/molecule). 

Pyr  Ag2  Ag4  Ag8  Ag14  Ag20  

λ(nm): 168  475  560  447  541  340 

592.4 472 615.7 102 610.3 2325 612.9 1684 610.4 366 616.9 322 

973.2 353 995.5 123 989.3 937 996.9 1634 990.7 598 995.0 229 

1029.7 107 1032.0 232 1029.6 704 1030.3 594 1031.4 251 1035.1 12466 
1072.4 249 1076.0 6.28 1074.9 242 1068.5 47.7 1069.1 3.77 1078.9 847 

1217.0 1128 1220.5 250 1218.9 2362 1202.8 1117 1206.3 586 1224.9 2337 

1473.5 72.9 1481.8 8.80 1479.5 236 1468.4 93.0 1469.1 39.0 1490.1 711 
1594.6 265 1615.5 225 1608.5 2073 1601.4 2765 1600.5 646 1613.0 172 

 

Calculated enhancement factors, defined as                      , for 

the model silver – pyridine clusters can be found in Table 4.5.  All EFs were in the 

range from 103 – 106, which are consistent with the measurements of resonance 

Raman enhancements.32, 51  Due to the dependence of the excitation wavelength on 

silver cluster size, two EFs were determined. One EF was determined relative to the  
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cross sections of free pyridine that corresponded to the various cluster transition  

wavelength maxima (EF1), and a second (EF2) relative to the 514.5 nm cross 

section of free pyridine.  The seven symmetric ring modes of pyridine examined in 

this study showed enhancement when adsorbed onto a silver surface.  Examining 

EF1, the molecule which underwent the least amount of enhancement was 

Pyr(Ag)20.  The ring deformation, ν6a, ring breathing, ν1, and C – H deformation, ν9a, 

modes all experienced an enhancement of less than a factor of 100, EF1 = 30, 20, 

and 50, respectively.  Both the C – H deformation, ν18a, and ring stretching mode, 

ν19a, experienced modest enhancements, EF1 = 100 and 200, respectively.  The two 

modes experiencing the largest enhancements for Pyr(Ag)20 were the trigonal 

breathing, ν12, and ring stretching mode, ν8a, EF1 = 3.43 and 3.51x103, respectively.  

Of the remaining molecules strong enhancements were observed, with the greatest 

for all ν12 and ν8a modes.  With the only exception for Pyr(Ag)4, which had ν6a 

enhanced inappreciably more than ν12, 4.74 compared to 4.01 x104, respectively.  

The ring stretching mode for this cluster at ~ 1595 cm-1 had the greatest 

enhancement of all modes studied, EF1 = 2.61 x105.   

Examining EF2, overall, greater enhancements were observed with the same 

two modes as was observed for EF1 undergoing the largest.  One prominent change 

was the magnitude between EF1 and EF2 for Pyr(Ag)20.  The average enhancement 

factor for EF1 = 0.55 compared to an average EF2 = 1.74x105.  The mode which 

underwent the greatest change was ν12, which has an EF1 = 3.43x105 compared to  
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an EF2 = 1.09 x106, the largest for any mode.  On average, for all super – molecules 

EF2 was on magnitude of 104 – 105.  Thus, the model calculation for excitation at 

514.5 nm gives significant resonance Raman enhancements, which can be 

attributed to pre- or near resonance with the absorption bands of the cluster.   

This is a significant result since many SERS experiments have been conducted 

using the 514.5 nm argon laser line.18, 52, 53  Where multiple wavelengths have been 

used it is clear that even longer wavelengths can give enhancement.54 

 

Table 4.5. Calculated enhancement factors for pyridine – silver molecules.  Enhancement factors are 
shown for both the cluster cross sections relative to free pyridine cross sections for both the 
calculated transition of the pyridine – silver molecule (Top) and for the cross sections at 514.5 nm 
(bottom). 

Pyr-Agn:  EF1 (x10
3
), relative to λmax (nm) 

ν (cm
-1

) 592.4 973.2 1029.7 1072.4 1217.0 1463.5 1594.6 

n =        

2 2.54 3.10 18.7 0.19 1.66 0.79 4.94 

4 47.4 17.1 40.1 5.65 4.94 3.11 261 

8 22.4 23.5 27.5 0.93 4.40 11.7 56.5 

14 7.46 10.9 14.3 0.10 1.22 0.52 81.1 

20 0.03 0.02 3.43 0.10 0.05 0.20 3.51 

EF2  relative to 514.5 nm cross sections (x10
3
) 

2 3.04 3.41 20.3 0.21 1.75 0.79 4.80 

4 69.3 26.4 61.6 8.71 16.5 20.2 44.2 

8 50.1 45.4 52.0 1.74 7.80 8.01 58.9 

14 10.9 16.6 22.0 0.15 4.08 3.36 13.8 

20 9.61 6.36 1090 30.4 16.3 61.0 3.66 

 

The calculations performed in this study suggest that there is coupling that 

arises between vibrations of pyridine and absorptive transitions on Ag clusters.   
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The transitions may include charge transfer character, but not required for excited 

state geometry changes of pyridine, according to the DFT calculations.  Resonance 

enhancement of the same type is observed in many metal complexes ranging from  

axial Raman modes in metalloporphyrins to metallocarbonyls, where electronic 

transitions of an adduct give rise to strong Raman bands since the polarizability of a 

bound ligand is affected by a contribution from the metal.55-57  Similar effects are 

observed fro bipyridines as well, which is of direct relevance for the model proposed 

here.25, 26  Similar effects have also been observed fro bridging ligands in binuclear 

metal complexes.58  In these cases resonance can be established by tuning a MLCT 

band using solvent or ligand effects.  It is logical that resonance effects of this type 

could even be larger on a cluster of more than one metal center.  Evidence for 

spectroscopic transitions in Ag clusters must, by definition, contend with the fact that 

Ag colloids also have plasmon bands, Figure 4.8.  Since a plasmon is a collective 

oscillation of electrons in the conduction band of a cluster much larger than those 

studied here, it can be inferred that the effects on the pyridine geometry are not due 

to the plasmon, and are by definition not electromagnetic enhancement, but rather 

due to the coupling of the pyridine ligand to the transitions on the metal.  Electronic 

interactions of this type will also occur when pyridine is chemically bound to larger 

colloids than it is possible to study using DFT methods.      
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Figure 4.8 Absorption spectrum of a 20 nm Ag colloid (red), 10

-4
 M pyridine (black), and the 

combination of both a 20 nm Ag colloid and 10
-4

 M pyridine (blue). The purple difference spectrum 
(multiplied by a factor of 10) represents the subtraction of the red and black spectra from the blue, i.e. 
it is the mixture – 20 nm Ag and pyridine. 
 

 

It is noteworthy that the evidence for electronic interactions on Ag clusters can be 

obtained rather simply as shown in Figure 4.8.  Figure 4.8 shows the difference 

spectrum obtained when 20 nm Ag colloids are mixed with 10-4 M pyridine.  The 

effect is observed by subtraction of the free 20 nm Ag colloids and 10-4 M pyridine 

spectra from that of the mixture.  The absorption band observed could be interpreted 

as a charge transfer band or as an additional transition on the metal cluster, similar 

to the type of excited state transitions calculated for the silver – pyridine models 

presented above.  As observed from the calculations presented here, either one of 

these effects would provide a mechanism for excited state displacements of the  
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bound absorbate.  However, the intensity of the plasmon band provides a significant 

additional effect that could also contribute to the resonance Raman effect, leading to 

an even greater possible contribution to the chemical effect of SERS that what was 

calculated in the present study employing Pyr(Ag)n clusters of limited size.  By this, it 

is meant that the plasmon band itself can give rise to a resonant Raman 

enhancement analogous to the specific transitions calculated for model Pyr(Ag)n 

clusters using DFT methods. 

 
 
4.4  Conclusion 

 

 The purpose of this study was to gain a deeper understanding of the 

contribution of the chemical mechanism to the enhancements observed in SERS.  

Based on three theoretical observations, it is apparent that resonance Raman 

enhancement can be a major contributor to the chemical enhancements observed in 

SERS when treating the silver cluster and pyridine as one, single super – molecule.  

First, structural changes in pyridine observed in the excited state displacements for 

all five silver – pyridine molecules were essentially equivalent, and similar to those 

observed for the 168 nm transition of free pyridine.  Secondly, the excited state 

displacements leads to resonance Raman scattering with cross sections on the 

magnitude of ~ 10-9 Å2/molecule.  Thirdly, enhancements of the magnitude observed 

for a typical resonance Raman experiment, ~ 103 – 106, were calculated for all silver  
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– pyridine clusters.  Given that traditional SERS effects range from 103 – 106, the 

present study suggests that SERS may be dominated by the contribution from 

resonance Raman.  The present study does not rule out the role of the 

electromagnetic enhancement, but rather suggests that the chemical enhancement 

should be reconsidered as a significant contribution. 
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Appendix A 

Comparison Against Polarizability Method and Supplemental Data 

 

A.1  Comparison Against Analytical Gradient,  Method 
 

Raman cross sections were also computed using an alternative method, 

polarizability derivatives as implemented in Gaussian ’09, for comparison against the 

geometry optimization method using DMol3.  The percent error for Raman active 

modes calculated by Gaussian ’09 ranged from 30% to 500% greater than 

DMol3 results.  The Gaussian ’09 method is for preresonant conditions, and failed if 

the excitation frequency was close to the transition energy, E00.  The relative error 

was greatest near resonance, and progressively smaller for excitation further off – 

resonance.   

 Gaussian ’09 was used to calculate the Raman activity of the respective 

molecules found in Figure 3.1.  From the Raman activity, cross sections were 

calculated using1 

  

  
 

  

  
           

  

        
   

    
  

    
  

  
 

 

                 
 A.1 

 

Where      and     are the wavenumbers of the incident and pth normal mode.   
  and 

  
  are the iso- and anisotropic polarizability derivatives with respect to the pth normal 

mode, defined as the Raman activity,       
  

    
  

  
  

   
 .  Cross sections for  
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each molecule were calculated at the same respective transitions as was done with  

DMol3.  For modes labeled n/a, either this mode was Raman inactive for the 

respective transition, or the calculated Raman activity was too large, >> 106. 

 
A.2  Nitrate Ion 

 

Table A.1. Calculated (italics) and experimental (bold) Raman cross sections (x10
-9

 Å
2
/molecule).  

λ(nm) Vac H2O  CH3OH  (CH2)2(OH)2  CH3

CN 
 Gaus 

228 14.8 9.55 10.3 7.92 10.1 8.80 10.1 14.6 12.1 3.91 

223 26.4 27.5 21.4 19.2 19.2 21.9 21.6 27.4 21.6 8.53 

218 40.8 39.6 36.1 42.1 36.7 32.3 32.3 45.4 36.4 3.45 
208 69.6 64.6 65.1 61.5 65.4 50.3 65.4 65.5 65.6 n/a 

204 72.9 66.4 74.0 57.4 74.1 65.7 74.1 77.7 75.7 n/a 

ν1: 1025.7     1032.6  1032.7 1032.7  1032.7 1036.2 

 

A.3  Chlorine Dioxide 
 

Table A.2. Calculated and experimental frequencies. 

 COSMO w/o Expt 

ν2 412.6 415.0 450.0 

ν1 895.4 894.5 938.0 

 

Table A.3. Calculated (italics) and experimental (bold) Raman cross sections (x10
-9

 Å
2
/molecule).  

λ(nm) ν1                                   ν2  

 Expt COSMO 

DMol
3 

w/o 

COS. 

DMol
3
 

Gauss Expt COSMO 

DMol
3
 

w/o 

COS. 

DMol
3
 

Gauss 

368.9 0.70 0.82 0.69 n/a 0.19 0.22 0.19 1.90
 

355.0 0.80 0.80 0.83 n/a     
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A.4  Trans – stilbene  
 

Table A.4. Structural changes of TSB upon excitation (w/COSMO). 

 Ground Excited Δ 

C1 – C2 1.40 1.41 0.01 

C2 – C3 1.39 1.38 -0.01 

C3 – C4 1.41 1.45 0.04 

C4 – C5 1.41 1.44 0.03 

C5 – C6 1.39 1.38 -0.01 

C6 – C1 1.39 1.41 0.02 

C4 – C7 1.46 1.40 -0.06 

C7 – C8 1.35 1.44 0.09 

C8 – C9 1.46 1.40 -0.06 

C9 – C10 1.41 1.45 0.04 

C10 – C11 1.39 1.38 -0.01 

C11 – C12 1.40 1.41 0.01 

C12 – C13 1.40 1.41 0.01 

C13 – C14 1.39 1.30 -0.01 

C14 – C9 1.41 1.44 0.033 

 

Table A.5. Calculated and experimental cross sections of TSB (w/o COSMO, x10
-9

 Å
2
/molecule). 

ν 355-356nm  299nm  282nm  266nm  
 Exp DMol Gaus Exp DMol Gaus Exp DMol Gaus Exp DMol Gaus 

956 0.45 0.50 n/a 26.0 60.0 33.8 22.0 26.0 n/a 15.0 6.80 n/a 

1000 0.84 0.30 n/a 14.0 37.0 n/a 17.0 17.0 55.8 14.0 4.20 n/a 

1182 3.40 1.00 n/a 91.0 84.0 2.26 82.0 46.0 n/a 47.0 14.0 n/a 
1193 3.40 0.80 1.16 91.0 62.0 n/a 82.0 45.0 16.9 47.0 11.0 0.80 

1319 1.20 0.60 1.10 89.0 37.9 n/a 55.0 25.0 65.5 43.0 8.70 7.91 

1335 1.20 1.20 n/a 89.0 74.4 n/a 55.0 50.0 n/a 43.0 17.3 n/a 
1491 0.47 0.65 0.42 28.0 35.1 0.001 19.0 27.0 16.3 16.0 11.0 1.22 

1575 0.79 3.60 0.83 77.0 194 n/a 55.0 152 n/a 43.0 66.0 34.0 

1599 5.10 7.50 6.30 330 404 n/a 240 317 n/a 130 137 5.97 
1638 7.60 3.10 3.15 480 167 n/a 310 131 n/a 190 58.0 12.0 
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Table A.6. Electron – phonon coupling constants, nuclear displacements fro TSB (w/o COSMO). 

ν(cm
-1

): S Δ q(Å) 

990.1 0.055 0.332 0.061 

1145.5 0.045 -0.302 -0.052 

1171.9 0.081 -0.402 -0.068 

1292.4 0.020 -0.200 -0.032 

1296.9 0.095 -0.435 -0.070 

1460.4 0.068 0.369 0.056 

1575.5 0.304 0.779 0.114 

1592.2 0.599 1.09 0.159 

1629.6 0.216 -0.658 -0.095 

 
 

A.5  1,3,5 – cycloheptatriene 
 

Table A.7. Ground and excited state geometry for 1, 3, 5 – cycloheptatriene.  

1A” State Ground Excited ∆ 

C1-C2(Å) 1.51 1.51 0.0 

C2-C3(Å) 1.36 1.40 0.04 
C3-C4(Å) 1.44 1.42 -0.02 

C4-C5(Å) 1.38 1.43 0.05 

C5-C6(Å) 1.44 1.42 -0.02 
C6-C7(Å) 1.36 1.40 0.04 

C7-C1(Å) 1.51 1.51 0.0 

2A” state    

C1-C2(Å) 1.50 1.50 0.0 

C2-C3(Å) 1.36 1.39 0.03 
C3-C4(Å) 1.44 1.45 0.01 

C4-C5(Å) 1.38 1.47 0.09 

C5-C6(Å) 1.44 1.45 0.01 
C6-C7(Å) 1.36 1.39 0.03 

C7-C1(Å) 1.51 1.51 0.0 
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Table A.8. Calculated and experimental cross sections for the 1A" w/o the implementation of 
COSMO (x10

-9
 Å

2
/molecule). 

Frequencies (cm
-1

):  σR(282.4 nm) Å
2
 σR(257.3 nm) Å

2
  

Expt  DMol
3 

Exp DMol
3 

Exp DMol
3 

354  345.1  0.73  0.90  1.74  0.47  

419  424.0  0.35  0.03  0.91  0.02  

657  647.1  0.06  0.37  0.16  0.19  

789  703.5  0.67  0.78  1.40  0.42  

908  914.5  0.16  0.22  0.38  0.13  

918  925.5  0.10  0.18  0.19  0.11  

1011  1016.4  0.23  0.20  0.49  0.12  

1038  1047.4
*
  0.05  0.006  0.10  0.003  

1175  1194.1  0.40  0.43  1.20  0.29  

1204  1206.5  0.22  0.82  0.25  0.54  

1391  1385.9  0.08  0.06  0.14  0.04  

1437  1433.0  0.11  0.01  0.36  0.01  

1536  1536.1  5.31  8.58  7.72  6.47  

1610  1625.3  0.75  0.15  2.36  0.12  

3080  3066.7  0.28  0.03  0.48  0.04  

3082  3157.0  0.17  0.19  0.23  0.25  

 

Table A.9. Comparison of cross sections including Gaussian Results, with the implementation of 
COSMO, the DMol results are the same as reported in Chapter 3 (x10

-9
 Å

2
/molecule). 

ν (cm
-1

) 282.4 nm  257.3 nm  

Exp Exp DMol Gaus Exp DMol Gaus 

354 0.73 0.23 2.2x10
-3 

1.74 0.31 1.81 

419 0.35 0.02 3.8x10
-3 

0.91 0.03 27.4 

789 0.67 0.24 0.02 1.40 0.33 38.2 

908 0.16 0.44 0.22 0.38 0.62 40.7 

918 0.10 0.10 0.01 0.19 0.14 16.5 

1011 0.23 0.16 0.06 0.49 0.23 n/a 

1038 0.05 n/a 9.1x10
-4 

0.10 n/a 0.24 

1175 0.40 0.38 0.03 1.20 0.57 n/a 

1204 0.22 0.41 0.14 0.25 0.61 90.0 

1391 0.08 0.03 0.05 0.14 0.05 55.3 

1437 0.11 0.02 0.02 0.36 0.03 51.4 

1536 5.31 4.36 2.41 7.72 6.67 n/a 

1610 0.75 0.04 4.3x10
-3 

2.36 0.06 11.8 

3080 0.28 0.18 2.2x10
-4 

0.48 0.35 1.63 

3082 0.17 0.09 1.7x10
-3 

0.23 0.18 0.02 
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Table A.9, continued. Comparison of cross sections including Gaussian Results, with the 
implementation of COSMO, the DMol results are the same as reported in Chapter 3. 

ν σR(208.9 nm)   

Expt Expt DMol Gauss 

421 13 2.1 0.78 

708 15 20 0.83 

908 51 46 0.33 

949 28 51 2.31 

1536 256 259 13.2 

1610 123 41 3.62 

 

A.6  Toluene 
 

Table A10. Frequency assignment/comparison 

Mode  Exp DMol
3
 w/o COSMO  DMol

3
w/ COSMO  

ν12  1006  999  998.0  

ν18a  1031  1036  1022.2  

ν9a  1187  1185  1207.6  

ν7a  1212  1218  1229.7  

ν8b  1586  1583  1607.8  

ν8a  1604  1628  1641.2  

 

Table A.11. Excited state evolution of toluene for both the Bab and Lb transition. 

 Ground Excited ∆ 

Bab    

C1-C2(Å) 1.51 1.50 -0.01 

C2-C3(Å) 1.41 1.43 0.02 

C3-C4(Å) 1.40 1.41 0.01 

C4-C5(Å) 1.40 1.42 0.02 

C5-C6(Å) 1.40 1.42 0.02 

C6-C7(Å) 1.40 1.41 0.01 

C7-C2(Å) 1.41 1.43 0.02 

Lb    

C1-C2(Å) 1.51 1.49 -0.02 

C2-C3(Å) 1.41 1.43 0.02 

C3-C4(Å) 1.40 1.43 0.03 
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Table A.11, continued 

Lb    

C4-C5(Å) 1.40 1.43 0.03 

C5-C6(Å) 1.40 1.43 0.03 

C6-C7(Å) 1.40 1.43 0.03 

C7-C2(Å) 1.41 1.43 0.02 

 

Table A.12. Comparison of cross sections including Gaussian results, DMol cross sections are the 
same as reported in Chapter 3 (x10

-9
 Å

2
/molecule). 

 192nm
a 

 200nm
a 

 240nm
b 

 

ν(cm
-1

) Exp Dmol
3 

Gaus Exp DMol
3 

Gaus Exp Dmol
3 

Gaus 

ν12 521 562 298 26.3 63.6 12.3 0.35 0.35 0.13 

ν9a 75.1 44.9 69.6 13.3 5.15 7.40 n/a n/a n/a 

ν7a 452 249 459 15.7 28.3 20.2 0.15 0.16 0.15 

ν8b 77.5 118 15.7 30.0 13.7 5.64 n/a n/a n/a 

ν8a 65.2 214 286 32.3 25.0 30.2 0.31 0.002 0.34 

 

Table A.13. Raman Cross sections for toluene in H2O (x10
-9 

Å
2
/molecule) . 

Raman Cross Sections (w/ COSMO)  

 192nm   200nm   240nm   

ν(cm
-1

)  Exp DMol
3 

Exp DMol
3 

Exp DMol
3 

ν12  521  309 26.3 33.9 0.35 0.32 

ν18a  n/a  n/a  n/a  n/a  0.06 0.02  

ν9a  75.1  47.9  13.3 5.28  n/a  n/a  

ν7a  452  539  15.7 59.7  0.15 0.25 

ν8b  77.5  1.45 30.0 1.63  n/a  n/a  

ν8a  65.2  138  32.3  15.8  0.31 n/a  
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A.7  para – cresol 
 

Table A.14. Frequency assignment/comparison. 

Mode  Exp DMol
3 
w/o COSMO  DMol

3 
w/COSMO  

ν1  835/854  844  845  

ν9a  1175  1174  1186  

νa1  1210  1212  1220  

ν7a  1270  1264  1258  

ν8b  1601  1600  1621  

ν8a  1617  1635  1640  

 

 
Table A.15. Ground and excited state geometry for para – cresol w/o COSMO. 

Bab    

 Ground Excited ∆ 

C1-C2(Å) 1.504 1.480 -0.024 

C2-C3(Å) 1.404 1.491 0.087 

C3-C4(Å) 1.393 1.405 0.012 

C4-C5(Å) 1.398 1.385 -0.013 

C5-C6(Å) 1.398 1.493 0.095 

C6-C7(Å) 1.397 1.404 0.007 

C7-C2(Å) 1.400 1.393 -0.007 

C5-O1(Å) 1.373 1.359 -0.014 

Lb    

C1-C2(Å) 1.504 1.507 0.003 

C2-C3(Å) 1.404 1.399 -0.005 

C3-C4(Å) 1.393 1.516 0.123 

C4-C5(Å) 1.398 1.389 -0.009 

C5-C6(Å) 1.398 1.396 -0.002 

C6-C7(Å) 1.397 1.511 0.114 

C7-C2(Å) 1.400 1.390 -0.010 

C5-O1(Å) 1.373 1.507 0.134 
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Table A.16. Comparison of cross sections including Gaussian results, DMol cross sections are the 
same as reported in Chapter 3 (x10

-9
 Å

2
/molecule). 

 192nm
 

 200nm
 

 218nm
 

 240nm
 

 

 Exp DMol
3 

Gaus Exp DMol
3 

Gaus Exp DMol
3 

Gaus Exp DMol
3 

Gaus 

ν1 267 453 n/a 138 421 n/a n/a n/a n/a 0.63 0.30 1.32 
ν9a 140 69.2 n/a 101 37.7 n/a 26.8 30.4 2.95 1.51 1.08 0.001 

νa1 517 247 n/a 307 136 n/a 5.65 20.1 116 0.75 0.78 0.67 

ν7a 585 295 n/a 465 162 n/a 9.68 30.4 50.1 n/a n/a n/a 
ν8b 306 343 n/a 247 319 n/a 35.2 35.7 36.1 n/a n/a n/a 

ν8a 481 276 n/a 361 387 n/a 47.9 61.6 1.98 2.51 3.53 2.68 

 

Table A.17. Raman Cross sections for para – cresol in H2O (x10
-9 

Å
2
/molecule). 

Raman Cross Sections (w/COSMO) 

 192 nm  200 nm  218 nm  240 nm  

mode  Exp DMol
3 

Exp DMol
3
 Exp  DMol

3
 Exp  DMol

3
 

ν1  267 349 138 349 n/a  n/a 0.63 0.46 

ν9a  140 9.93 101 5.65 26.8 19.9 1.51 1.06 

νa1  517 182 307 108 5.65 14,3 0.75 0.81 

ν7a  585 388 465 227 9.68 22.5 n/a  n/a 

ν8b  306 615 247 521 35.2 7.17 n/a n/a 

ν8a  481 n/a  361 n/a  47.9 74.6 2.51 6.83 

 

A.8  3 – methylindole 
 

Table A.18. Frequency assignment/comparison. 

Assignment  Experimental  Calculated  

ν1  762  761  

ν12  1009  1021  

ν9b  1127  1125  

ν3  1220  1252  

ν14  1342  1343  

ν8a  1555  1546  

ν8b  1578  1573  
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Table A.19. Comparison of cross sections including Gaussian results, DMol cross sections are the 
same as reported in Chapter 3 (x10

-9
 Å

2
/molecule). 

 218 nm
 

 229 nm  240 nm
 

 260 nm  

ν: Exp DMol Gaus Exp DMol Gaus Exp DMol Gaus Exp DMol Gaus 

760.6 289 179 n/a 69.1 142 n/a 1.26 1.64 2.87 6.28 6.39 1.43 
870.8 51.0 47.8 n/a 21.6 37.7 211 0.50 0.82 0.78    

1021.3 195 185 n/a 62.1 144 n/a 1.76 2.31 3.28 0.63 0.89 0.19 

1124.8       0.63 0.39 0.12    
1252.3 47.0 43.9 n/a 12.2 33.9 41.1 0.50 1.10 0.39 0.25 n/a 0.006 

1343.3 45.1 17.2 n/a 18.5 12.6 105 1.88 1.24 0.75 1.00 0.70 0.15 

1360
d
 63.0   21.4   0.94      

1456.4 52.7 23.0 n/a 9.68 17.6 20.2 0.69 n/a 0.65 0.75 0.56 0.008 

1546.2 252 323 n/a 75.2 242 n/a 2.26 1.43 7.82 1.26 0.49 0.17 

1572.6       1.26 0.67 0.003 2.01 1.80 0.91 
 

Table A.20 Ground and excited state geometries for the transitions of 3MI. 

Bab Ground Excited ∆ 

C1-C2(Å) 1.49 1.48 -0.01 

C2-C3(Å) 1.38 1.42 0.04 

C3-N1(Å) 1.39 1.40 0.01 

N1-C4(Å) 1.38 1.40 0.02 

C4-C5(Å) 1.43 1.43 0.00 

C5-C6(Å) 1.41 1.42 0.01 

C6-C7(Å) 1.39 1.42 0.03 

C7-C8(Å) 1.41 1.43 0.02 

C8-C9(Å) 1.39 1.42 0.03 

C9-C4(Å) 1.40 1.42 0.02 

Lb    

C1-C2(Å) 1.49 1.49 0.0 

C2-C3(Å) 1.38 1.41 0.03 

C3-N1(Å) 1.39 1.40 0.01 

N1-C4(Å) 1.38 1.40 0.02 

C4-C5(Å) 1.43 1.46 0.03 

C5-C6(Å) 1.41 1.41 0.0 

C6-C7(Å) 1.39 1.43 0.04 

C7-C8(Å) 1.41 1.44 0.03 

C8-C9(Å) 1.39 1.41 0.02 

C9-C4(Å) 1.40 1.41 0.01 

La    

C1-C2(Å) 1.49 1.49 0.0 

C2-C3(Å) 1.38 1.40 0.02 

C3-N1(Å) 1.39 1.45 0.06 
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Table A.20, continued. 

La    

N1-C4(Å) 1.38 1.34 -0.04 

C4-C5(Å) 1.43 1.48 0.05 

C5-C6(Å) 1.41 1.43 0.02 

C6-C7(Å) 1.39 1.41 0.02 

C7-C8(Å) 1.41 1.43 0.02 

C8-C9(Å) 1.39 1.41 0.02 

C9-C4(Å) 1.40 1.42 0.02 

 

Table A.21. Raman Cross sections for 3 – methylindole in H2O (x10
-9 

Å
2
/molecule). 

 218 nm  229 nm  204 nm  260 nm  

ν(cm
-1

)  Exp  DMol
3 

Exp DMol
3 

Exp DMol
3 

Exp DMol
3 

761.0  289 65.5 69.1 52.3 1.26 0.32 6.28 1.06 

865.6  51.0 30.1 21.6 24.0 0.50 0.98 n/a  n/a  

1019.1  19.5 243 62.1 192 1.76 2.59 0.63 0.97 
1129.1  n/a  n/a  n/a  n/a  0.63 0.23 n/a  n/a  

1245.8  47.0 32.9 12.2 25.5 0.50 0.93 0.25 n/a  

1345.9  45.1 22.5 18.5 17.3 1.88 0.25 1.00 0.10 
1456.5  52.7 18.8 9.68 14.3 0.69 n/a  0.75 1.81 

1545.7  252 386 75.2 292 2.26 1.42 1.26 0.73 

1582.9  n/a  n/a  n/a  n/a  1.26 0.21 2.01 2.48 
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Appendix B 

Molecular Dynamic Study of Dehaloperoxidase and DFT Parameterization of 

Substrates 

 

B.1  X – Ray Structure of the Metcyano form of DHP: Evidence for 

Photoreductive Dissociation of the Iron – Cyanide Bond 

 

B.1.1 Introduction 

 Dehaloperoxidase (DHP), isolated from the terebellid polychaete Amphitrite 

ornate, is a well studied heme protein within the Dr. Franzen group.  In this study, X 

– ray crystal structures prepared by Dr. Vesna de Serrano of the metcyano form of 

DHP (DHPCN) were determined1, Figure B.1.  In the metcyano form, DHP consists 

of a cyanide ligand coordinated to the central heme iron.  During the X – ray 

experiment, the DHPCN structure showed evidence of photoreduction of the iron 

from the ferric to ferrous form (FeIII → FeII), accompanied by dissociation of the 

bound cyanide (CN-1).  Photoreduction and photolysis of a ligand is not a new 

phenomenon and has been previously observed during structure determination.2-4  

Electron density observed during the X –ray experiment, after reduction and 

photolysis, is consistent with diatomic molecules located within two sites of the distal 

pocket of DHP, labeled CN1 and CN2.  The first site, designated CN1, refers to the 

diatomic ligand coordinated to the heme iron, and the second site, CN2, refers to the  
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ligand at a non – bonding distance to the heme iron.   

 
Figure B.1.  Proposed crystal structure of the metcyano form of DHP.  Here, CN can be seen 
coordinated to the heme, both histidine 55 (above heme) and 89 (below heme) are shown. 

 

It is hypothesized that after photoreduction, the CN- ligand is eventually replaced by 

O2 and to test the hypothesis, the identities of the ligands at the two sites cannot be 

determined from the X – ray data alone.  Consequently, in this study, both DFT 

calculations and molecular dynamic (MD) simulations were performed in order to 

understand the effect of Fe reduction on the active site ligand and structure and to 

determine the identity of the ligand after photolysis.  DFT was employed to ascertain 

if the bond lengths, angles, and dissociation energies are consistent with bound CN- 

or O2, and MD simulations were also carried out to determine whether the dynamics  
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are consistent with trapped CN- or O2 in the distal pocket.  All work has been carried 

out by a multitude of collaborators and complete details of all experimental results 

are published in ref. 1, only results based on DFT calculations and MD simulations 

are reported herein.  

 
B.1.2 DFT Calculation of the Heme Structure and Potential Energy Surfaces 

All DFT calculations were carried out in the same manner as previously 

described in Chapter 2, with the exception of the implementation of the Becke – Lee 

– Yang – Parr (BLYP)5, 6 density functional in the ground – state calculations, not the 

PBE functional.  This is due to previous geometry optimizations performed on the 

model heme (without ligands).  The system used to model the heme in geometry 

optimizations and simulation of potential energy surfaces (PES), consists of an axial 

imidazole (Im) bound to the central iron in porphine (FeP), with both CN-1 and O2 

ligands bound trans to the imidazole, Figure B.2.   

   

 
Figure B.2. Optimized geometry of the ferric form of heme displaying the bond angle for (A) Fe

III
P-

CN and (B) Fe
III
P-O2.  
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Geometry optimized low – spin FeP – CN- and FeP – O2 exhibit angles of 180.0° 

and 125.0°, respectively.  These angles can be compared to the experimental 

extreme of 126.5° for site CN1.  For a previously reported structure of DHP7, the Fe 

– O – O angle is 144° (PDB code 2QFN), and for MbO2
8, the Fe – O – O angle is 

123° (PDB code 1A6M).  The calculated Fe – C and Fe – O bond lengths are 1.89 

and 2.08 Å, respectively, compared with an observed Fe – ligand distance of 2.08 Å, 

Table B.1.  These theoretical findings are consistent with the experimental electron 

density corresponding to bound O2, not CN-. 

 

Table B.1 Comparison of experimental and simulation results.  

 CN ligand 

(wt) 

CN ligand 
(HSD)‡ 

O2 ligand 
(HSD)‡ 

O2 ligand  
(HSE)‡ 

HCN 
ligand 

(HSD)‡ 

Fe-His89 Nε2 (Å) 2.16 1.65 1.96 1.96 1.59 

Fe-His55a Nε2 (Å) 5.03 6.40 n/a§ n/a§ n/a§ 

Fe-His55b Nε2 (Å) 5.38 6.60 5.70 5.00 6.38 

Fe-Ligand (CN1) 

(Å) 
2.08 1.89 2.08 2.08 n/a 

Fe-Ligand (CN2) 

(Å) 

 

3.12 10.5 3.76 4.20/7.00¶ 4.80 

Ligand-His55 (Å)      

CN1 N – His55a 

Nε2 
3.39 4.40 4.33 4.33 n/a 

CN2 N – His55a 

Nε2 
2.85 >4.5†† 3.29 3.50/4.50 4.40 

 

Fe-ligand bend 

angle (°) 

     

  CN1 126.2 179.5 124.8 124.8 n/a 

  CN2 173.3 n/a†† 90.0 90.0/130.0¶ 153.8 

‡ HSD refers to the His55 tautomer protonated at the δ – nitrogen; HSE refers to His55 tautomer protonated at 

the ε – nitrogen.  § No evidence of a second His55 conformation.  ¶ Distance of the second occupation site for 

the O2 HSE simulation.  †† Simulations suggest immediate exit of the CN- ligand. 
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Figure B.3 displays the simulated PES for FeP-CN.  To simulate the PES, a 

fragment was generated along the iron – ligand bond vector.  This fragment was 

displaced along the vector every 0.1 Å, at which a single point energy calculation 

was performed.  From the energy calculations, the binding energies (kJ/mol) were 

extracted and plotted versus distance (Å).  Surfaces were determined for both the 

ferric and ferrous oxidation states of the heme iron, including both the low – spin (S = 

1/2 and S = 0) and high – spin (S = 5/2 and S = 2) configurations for FeII and FeIII 

oxidation states, respectively.  Calculations were carried out at three values of Qp, 

0.0, 0.2 and 0.4 Å, a coordinate that represents the iron out – of – plane distance 

relative to the plane of the pyrrole N atoms of the heme.  Experimental data suggest 

that the equilibrium distance for this doming of the heme is Qp = 0.4 Å, a distance 

which cannot be replicated by a geometry optimization of the model heme alone.
8, 9  

For Qp = 0.0 Å, where the iron is entirely in plane with the heme, the binding 

energies are -197.5 and -282.5 kJ/mol for low – spin FeII and FeIII.  As the iron 

changes from a low to high spin state, the FeP-CN binding energy decreases by 176 

and 123 kJ/mol, respectively.  As the iron is displaced out of the heme plane, i.e. as 

Qp increases, there is a further decrease in the Fe – CN binding energy of ~ 35 

kJ/mol for a corresponding increase in Qp of 0.2 Å.  As Qp increases to 0.4 Å, one 

dissociative state is calculated for high – spin ferrous iron, which corresponds to the 

geometry of deoxy heme of DHP.   
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This is the only dissociative state that was calculated from all possible models, the 

other surfaces correspond to bound states.  This unbound state has also been 

confirmed in previous studies.10  Table B.2 gives a summary of the calculated 

binding energies. 

 

 
Figure B.3. Calculated potential energy surfaces for FeP – CN. Top left, surface for ferrous iron, low 
spin. Top, right, surface for ferrous iron, high spin. Bottom left, surface for ferric iron, low spin. Bottom 
right, surface for ferric iron high spin.  
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Table B.2. Potential energies (kJ/mol) of binding for both ferrous and ferric FeP – CN. LS denotes 
low – spin state and HS high – spin state. 

 Qp = 0.0   Qp = 0.2   Qp = 0.4  

 LS HS  LS HS  LS HS 

Fe
II
  -197.5 -74.7  -155.9 -34.7  -91.5 0 

Fe
III

  -282.5 -106.4  -241.2 -69.1  -188.1 -34.7 

 

B.2 Molecular Dynamics Trajectories for Models of Coordination Ligands After 
Photolysis 

 
B.2.1 Brief Introduction to Molecular Dynamic Simulations 
 
 All MD simulations in the research presented here were carried out 

using the program NAMD.11 The simulation systems were constructed with NAMD’s 

sister program, the visualization suite VMD.12  In a MD simulation, the evolution in 

time of the position of interacting atoms and their velocities is followed, also known 

as a trajectory, by integrating the respective equation of motion.  In NAMD, the state 

of interest can be described by Newton’s equations of motion 

       
 

    
                                B.1 

 
where    is the mass of the atom  ,    is the atoms position, and        is the total 

potential energy.  The most important portion of a MD simulation is the force field.  

This force field represents the potential energy, the interaction, of the interacting 

atoms.  NAMD employs a potential energy function  

                                            B.2 
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where the total potential energy is described as  
 

                    

     

 B.3 

                      

      

 B.4 

            
                               

                
     

 

         

 B.5 

 
The two non – bonded terms in Eqn. B.2, which are the van der Waal’s forces and 

electrostatic interactions, are described by 

             
   

   
 

  

  
   

   
 

 

 

    

 B.6 

           
    

       
    

 B.7 

 
NAMD uses the parameterizations from CHARMM13 and AMBER.14  The CHARMM 

force field is divided in two parts: (1) a topology file which contains all the necessary 

data to generate a protein structure file (atom types, masses, partial charges, and 

connectivity), (2) a parameter file which contains all the numerical data for the 

potential function (force constants, equilibrium lengths, and van der Waals terms).   
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The CHARMM force field provides the necessary parameters for proteins, DNA, 

RNA, and lipids.  Since van der Waals and electrostatic interactions described by 

Eqn. B.6 and B.7, exist between every non – bonded pair, computing these 

interactions is not possible, the van der Waals interaction is truncated at a distance 

specified by the user. 

The “engine” of NAMD is its time integration algorithm, the method for 

calculating Eqn. B.1.  NAMD employs the common velocity – Verlet15, 16 time – 

integrator method for NVE (constant energy) ensembles.  This method obtains the 

position and velocity at the next time step, from the current one 

                       
 

 
         B.8 

     
 

 
          

 

 
        B.9 

               
 

 
                   B.10 

  
where       is the acceleration, and          .  Essentially, one calculates Eqn. 

B.9 to find Eqn. B.8, finds          from the interaction potential of Eqn. B.8, and 

then uses this result to find Eqn. B.10.   

To maintain a constant temperature during the simulation, NAMD employs  

the Langevin equation17 
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     B.11 

 
where M is the mass,   is the velocity, F is the force,    is the position,   is the 

friction coefficient,    is the Boltzmann constant, T is the temperature, and      

represents a noise term representing the forces that act on the particle as a results 

of solvent interaction, this term has a Gaussian distribution.  This equation controls 

the kinetic energy of the system, hence the temperature.  

 

B.2.2 Methods 

MD simulations were employed in order to determine the trajectory of the 

dissociated ligand for comparison with the crystallographic results, to further clarify 

the identity of the diatomic ligand in the distal pocket after X – ray induced reduction 

of FeIII to FeII.  In this computational study, the DHP crystal structure deposited as 

PDB entry 2QFK was used.  The monomeric form of DHP was used with spherical 

boundary conditions, this procedure is justified by the weak contacts between the 

two monomers.7, 18  The bound water in the original metaquo form was replaced by a 

CN- ligand.  The simulation system was then constructed using the program suite 

VMD.12  H atoms were added to the protein, which was then solvated with a 26.0 Å 

water sphere and charge balanced with NaCl.  The solvated system contained 4900 

atoms, of which 1136 were protein.  Simulations were carried out using NAMD11 with 

the modified version of the CHARMM force field.  Spherical boundary conditions 
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were implemented using a constant temperature of 100K.  This constant 

temperature was maintained using Langevin dynamics with a damping coefficient of 

5 ps-1.  The initial structure was minimized for 10 000 steps, or 0.02 ns, and then 

equilibrated in either 1 or 2 ns intervals (5 x 105 or 106, respectively) depending on 

the model system. Nonbonded interactions were truncated after 12.0 Å and a 

switching cutoff distance of 10.0 Å for Lennard – Jones parameters was used.  

Topology and parameter files were modified to account for both the ferrous and 

ferric oxidation states of the heme iron, with and without bound ligand, based on 

density functional theory calculations.  Atomic charges and the force constants for 

free O2 are provided in the force field supplied by the NAMD simulation package.  

Simulations were performed on three ligands: free O2, HCN, and CN-.  In 

addition, in order to further examine the identity of the ligand, O2 simulations were 

carried out for the δ- and ε- tautomers of His55, where the Nδ – H and Nε – H 

tautomers are named HSD and HSE, respectively, Figure B.4.  In all simulations, 

the heme Fe was in the ferrous oxidation state and simulations were carried out 

using the same force field, with the exception of the force field terms that apply to 

the diatomic ligand.   
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Figure B.4. Structure of His55: (left) HSD tautomer, where N

δ
 is protonated, (right) HSE tautomer 

where N
ε
 is protonated. 

 

The major difference in the simulations is the charge on the ligand, since CN- carries 

a charge of -1 and both HCN and O2 are neutral.  In the DHPCN simulation the 

overall neutrality was satisfied by introducing one Na+ ion into the water sphere 

surrounding the protein.  The CN- starting geometry was normal to the heme plane 

and the N atom is observed at distances of 2.8 and 3.5 Å from the Nε and Fe, 

respectively.  HCN was also positioned normal to the heme plane, with the N atom 

at distances of 3.2 and 1.8 Å from the His55 Nε and Fe, respectively.  In all cases, 

the His55 starting conformation was closed (inside the distal pocket).   

 

B.2.3 Results for CN- ligand 

Simulations involving the CN- ligand were carried out for 4.30 ns.  At the start 

of the simulation, the initial Fe – CN distance was 3.5 Å.  Within 0.02 ns of the start 

of the simulation, the CN- ligand migrates out of the distal pocket and into the 
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solvation sphere.  The iron – nitrogen distance increases to 8.0 Å and then further to 

10 Å for the remainder of the simulation.  This behavior is attributed to the 

electrostatic interactions between the negatively charged CN- ligand and the amino 

acids that make up the distal cavity.  At the start of the simulation the distance 

between His55 Nε and CN- is 3.8 Å and further increases to 4.4 Å as CN- exits the 

pocket and enters the salvation sphere.  As the ligand starts to migrate out of the 

pocket and approaches His55, this amino acid can be seen to move to a more 

solvent – exposed position.  Originally 6.4 Å, the Fe – Nε distance increase by 0.2 Å 

as ligand migration begins, while the dihedral angle between the imidazole and the 

backbone of His55 changes by 30°, from 105° to 70°.  Owning to this concerted 

motion between Hiss55 and CN-, the distance between the ligand and Nε remained 

constant at 4.5 Å throughout the remainder of the simulation. 

 

B.2.4 Results O2 ligand 

Simulations involving the O2 ligand for both tautomers of His55 were 

performed for 8.0 ns; longer times owing to the observation that the O2 ligand 

remains within the distal pocket.  A shorter simulation time was possible for CN- due 

to its rapid exit from the heme pocket.   

 

B.2.4.1 HSD Tautomer 

 For the full 8.0 ns, O2 remains stationary within the distal pocket.  The O2  
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molecule rests parallel to the heme plane at a distance of 3.8 Å from the heme iron, 

maintaining a constant iron – ligand (Fe – O2) bend angle of ~ 90°.  For bound ligand 

(state CN1) the distance to His55, O2 – Nε, was 4.3 Å and for free ligand (state CN2) 

the distance decreased to 3.3 Å.  This difference is attributed to the ability of the 

unbound ligand to position itself at a close hydrogen – bonding distance to His55.  

Fluctuations of 0.20 Å were observed in the Nε – O1 distance throughout the 8.0 ns 

for O2 in the CN2 state and are attributed to the rotation of the free ligand above the 

heme plane.  The Fe – Nε distance remained constant at a distance of 5.7 Å for the 

duration of the simulation time. 

 

B.2.4.2 HSE Tautomer 

 Similar to the HSD simulation, O2 remains inside the distal pocket for the full 

8.0 ns of simulation time.  However, O2 occupies to different sites within the pocket 

in the HSE simulation.  Initially at 4.2 Å, the Fe – O2 distance increases to 6.5 Å 

within 0.2 ns, Figure B.5A.  The O2 – Nε distance fluctuates between 3.5 and 4.5 Å 

when O2 moves from site 1 to site 2.  In this simulation, His55 is positioned more 

deeply, in a more solvent closed position, in the distal pocket than in the HSD one. A 

difference of 0.7 Å is observed between the two Fe – Nε distances, with the 

protonated Nε of HSE at 5.0 Å and the unprotonated Nε being positioned 5.7 Å away 

from the heme Fe.  In addition, the Fe – O2 bend angle varies randomly between 90° 

and 130° during the course of ligand migration throughout the 8.0 ns simulation run. 
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Figure B.5. Distance vs. time for the O2 HSE simulation results.  Arrow depicts the distance being 
measured. (A) Iron – O2 ligand distance (B) O2 – His55 N

ε2
 distance. 

 

B.2.5 HCN Ligand 
 

The possibility that the observed electron density in the crystal structure 

corresponded to HCN was also investigated.  As observed with O2, HCN remained 

within the distal pocket throughout the 8.0 ns of simulation time.  Simulation results 

show that the HCN ligand hydrogen bonds to the heme iron and remains fixed above 

the heme plane with no change in orientation.  As a result, the iron – ligand distance 

is reported as the Fe – C distance (the C atom in this instance being oriented away 

from the iron), not the Fe – N distance as reported in the CN- simulation.  This 

distance remained constant at 3.8 Å.  Both the Fe – Nε distance and Fe – ligand 

bend angle also remained constant at 6.4 Å and 154°, respectively. 
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B.2.6 Discussion 

Given the difficulty in identifying the diatomic ligand in the X –ray crystal 

structure, DFT calculations of the ImFeP – CN and ImFeP – O2 structures and MS 

simulations of the respective ligand trajectories to provide support for the model that 

O2 replaces CN- during data collection have been employed.  Firstly, geometry 

optimization of ImFeIIIP – CN and ImFeII – O2 suggest that the electron density 

observed in the CN1 state is that of O2.  The reported Fe – CN bend angle is 126°.  

Calculations show that this bend angle does not agree with the calculated FeIII – CN 

bend angle of 180°, but corresponds to bound O2 with a calculated angle of 125°.  

The experimental Fe – ligand bond length is 2.1 Å, corresponding to the calculated 

Fe – O bond length of 2.08 Å, not the Fe – C length of 2.09 Å.  Secondly, potential 

energy surfaces were generated to study the binding energies of FeP – CN for 

various spin and oxidation states.  Taking into account all possible spin states (spin 

S = 0 and 2 for FeII or S = 1/2 and 5/2 for FeIII and Qp = 0.0, 0.2, or 0.4 Å), only one 

dissociative state was observed, high spin FeII, in which the iron was displaced 0.4 

out of the heme plane Å.  DFT results suggest that the heme undergoes 

photoreduction from the ferric to the ferrous form, with a decrease in the calculated 

binding energy of ΔE = 85 kJ/mol, which may be accompanied by cleavage of the Fe 

– CN when the iron heme experiences a rapid out – of – plane motion. 

Several molecular dynamic simulations were preformed to further elucidate 

the identity of the electron density observed from the X – ray experimental data.  As  
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mentioned above, possible candidates for this density included CN-, HCN, and O2.  

The results of the MD simulations propose that the observed electron density was 

neither CN- nor HCN.  The CN- ligand was observed to immediately exit the distal 

pocket and migrate into the solvation sphere, which is consistent with the loss of CN- 

from the distal pocket.  The simulations involving HCN show this ligand hydrogen 

bonding to the heme iron.  This orientation is contrary to the observed electron 

density, which is consistent with two conformations: (1) bounded to the heme iron 

(not hydrogen bonded) , (2) stabilized within the pocket by forming a hydrogen bond 

to His55.  Simulations of the DHP – O2 system yielded the closest agreement with 

the experimental data.  Both tautomeric forms of His55 (HSD and HSE) were studied 

in order to obtain a more precise model of the conformation of O2.  The HSD results 

exhibited the best agreement with the experimental distances (all within 1.0 Å).  

However, the HSE tautomer exhibited the closest agreement with the Fe – O2 bend 

angle for dissociated O2, i.e. the CN2 conformation.  The experimental Fe – O – O 

angle for CN2 is 173°, while the calculated angle is 90° and 130° for the HSD and 

HSE tautomers, respectively.  Moreover, the O2 ligand moves from ~4 to ~7 in the 

HSE Å simulation, which corresponds to the migration into the Xe4 binding site.19  

Xenon gas is often used in experiment to find sites for gas molecules inside 

molecules, due to its large size, xenon is easily trapped in proteins at specific sites 

which are easily identified using x –ray crystallography due to the high electron 

density.   
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B.2.7 Conclusion 

In summary, it appears that some combination of the HSD and HSE 

simulations of DHP – O2 gives agreement to experimental results if O2 is the ligand 

representing the electron density from the X – ray data.  Photoreduction of the ferric 

heme iron from FeIII to FeII, which appears to lead to dissociation of CN- originally 

bound to the heme iron, was observed in X – ray crystallographic experiments.  The 

DFT calculations are consistent with this dissociation of CN- from FeII.  MD 

simulations provide evidence for the replacement of CN- by O2 in the distal cavity at 

100K.  Based on the comparison of MD trajectories with the structure, His55 

appears to play a role in stabilizing O2 in the distal pocket by hydrogen – bond 

formation.   

 

B.3 Parameterization of Substrates 

 

B.3.1 Introduction 

DHP is a dual function protein that has characteristics of both hemoglobins 

and peroxidases.  In addition to O2 transport and storage, DHP oxidizes halogenated 

phenols in the presence of hydrogen peroxide.20  Found in mudflats with other 

annelids that secrete toxic brominated haloaromatics as means of survival, these 

worms survive due to their ability to detoxify these compounds.  Studies within the 

Franzen group have showed that tri – halogenated phenols and mono – halogenated  
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phenols bind at the external heme edge and in the distal pocket21, respectively, 

Figure B.6.  The first X – ray structure of DHP22 displayed 4 - iodophenol bound in a 

well defined pocket above the heme plane in the distal cavity.   

 

 
Figure B.6. Depiction of the inhibitor (4 – bromophenol) inside the distal cavity of DHP, and the 
substrate (2, 4, 6 – tribromophenol) at the heme edge.   

 

At first, due to the crystal structure, it was believed that the internal binding 

pocket was the active site for the oxidation of tri – substituted halophenols.  

However, it has been shown after repeated experiments23 that the distal pocket is 

not the active site, and that the oxidation of the halogenated phenols occurs at the 

heme edge, near the distal histidine.  In fact, it has been shown that mono – 

substituted halophenol acts as an inhibitor to the enzyme function of degrading the 

toxins.  An important part of the protein which plays a vital part in enzymatic/globin 

function is the distal histidine.  The role distal histidine plays is (1) stabilization of  

 



 

156 
 

diatomic oxygen during transportation, the globin function, and (2) in the peroxidase 

function, catalyzes the oxidation of halogen phenols.  The purpose of this research 

was to parameterize both the inhibitor (mono – substituted halophenols) and 

substrate (tri – substituted halophenols), to supply the necessary force fields for 

future research employing molecular dynamic simulations to possibly gain a possible 

deeper understanding of the oxidation process.   

 

B.3.2 Generating Force Fields 

There are three necessary parameters to generate force fields, (1) partial 

charges of all atoms (2) equilibrium lengths/angles (3) force constants.  All 

electrostatic potential (ESP) charges24 were calculated with the electronic structure 

package DMol3, using the same parameters as described in Chapter 2.  The 

calculation of ESP charges are based on the following expression 

                   
  

       
 

 

 

 

        

 

  B.12 

 
Where   represents the positions of the atomic nuclei,       is the Coulomb potential 

at point  , and    is the fitted charge on atom  .    is a Lagrangian multiplier that 

ensures the preservation of the total molecular charge,  .  The global minimum of 

          is found by evaluation its derivatives and setting them equal to zero, which 

leads to the set of linear equations 
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 B.13 

 
where   ranges from one to the total number of atoms, and       .  These sets 

of linear equations are solved via a Gauss elimination technique to determine the 

final ESP charge.   

In order to complete the force field, force constants for the internal 

coordinates had to be determined.  Changes in inter – atomic distances or angles 

can provide a set of 3N – 6 (or 3N – 5 for linear) internal coordinates.  Internal 

coordinates allow for the description of the configuration of the molecule 

independent of position in space, and can be broken down into bond stretching, 

angle bending and torsions.   Force constants were first calculated in the Cartesian 

coordinate frame, and supplied are available as part of the output of a DMol3 

calculation.   Force constants make up a 3N x 3N matrix also known as the Hessian.   

This matrix consists of elements that are the set of second derivatives with respect 

to the coordinate q,       
                               

     (since the 

second derivative of the potential energy with respect to position is the force 

constant).  Having the force constants in the Cartesian frame, they had to be 

converted into internal coordinates.  This conversion, performed with the program 

fcart0125, 26, is achieved by 

                      B.14 



 

158 
 

Where   is the transformation matrix from internal to Cartesian coordinates.  The 

method developed by Arenas et al.27 is used to determine        and      .  To 

compute the inverse of the rectangular   matrix, first, one starts with the Wilson G 

matrix28 

      B.15 

 
The inverse of   is found by  
 

          B.16 

 

where   and   represent the eigenvectors and eigenvalues, as calculated by DMol3.   

Then, the rectangular   inversion matrices are found by 

          
 

            

B.17 
 

B.18 

 
The dimensions of the Hessian are kcal/(Å2-mol), the program fcart01.exe converts 

the force constants to units of mdyn/Å for stretches and mdyn-Å/(rad)2 for bends and 

torsions.  Figure B.7 displays an example of an F matrix as calculated by fcart01.  

The diagonal elements are the force constants along the various internal 

coordinates, the off – diagonal elements are related to vibrational couplings between 

pairs of vibrations and anharmonicities.  For example, 1 – 1 in the F matrix 
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corresponds to a C – C and 7 – 7 corresponds to that of a C – O stretch, thus k = 

5.18 and 4.26 mdyn/Å, respectively.  

 

 
Figure B.7 Sample of an F matrix as calculated by fcart01. 

 

Force fields were determined for six different substrates used in the 

laboratory.  Three mono – halogenated phenols: 4 – bromo, fluoro, and iodophenol, 

and three tri – halogenated phenols: tri – bromo, chloro, and fluorophenol, the 

geometry of which is displayed in Figure B.8.   

 
Figure B.8.  Models of substrates parameterized, x = halogen: bromo, chloro, fluoro, or iodo.  
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