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Abstract 

 

Matrix Isolation Infrared Spectroscopy has been proposed as an alternative 

for detection and quantification of site-specific isotopic signals.  4-hydroxy-3-

methoxy benzaldehyde (vanillin) is used in an attempt to make use of its asymmetry 

and distinguish between the vibrations of its three functional groups, assigning 

structural effects to specific locations in the molecule.  After achieving an apparent 

near-isolated state, the role of isotopic signals in the resulting splitting effects of the 

predicted isolated-peak structure are discussed, as well as possible significant 

contributions from conformational, aggregation and steric effects from the matrix on 

the guest molecule.  Density Functional Theory is considered as a method of 

simulating and predicting the behaviour of the molecule in the isolated phase, and 

simulated spectra are produced to attempt to replicate and assign the observed 

phenomena, predicting the positions and intensities of isotopic peaks based on 

natural isotopic abundances, and estimated conformer populations calculated from 

the energy levels of each structure.   

 

In a novel experiment to observe changes in momentum distributions in a 

solution of poly-N-isopropyl acrylamide (pNIPAAm) passing through a temperature-

induced phase change, deuterated polymer/ solvent mixtures were studied on the 

VESUVIO instrument at the ISIS RAL facility, and the analysis of that data is 

presented.   pNIPAAm and related compounds display a critical temperature for 

solvation above which they precipitate due to competition between solvent-polymer 

H-bonding verses internal H-bonding structure; though better stabilised by the 

additional hydrophobic effects of methanol, pure water solvation shows this 

behaviour.  It is additionally seen that the mixture of water and methanol results in a 

depression of this Lower Critical Solution Temperature (LCST) relative to the pure 

solvents, thought to be due to solvent-solvent interactions limiting solvent 

availability to the polymer.  Deuterium labels were introduced in neutron scattering 

experiments, and expected to show significant momentum change with this collapse 

of hydrogen bonding. 

 

300 Words 

 

 

 



iii 
 

Contents 

 

 

Declaration 

i 

Abstract 

ii 

Contents 

ii i 

List of Figures 

vii i 

List of Tables 

xii i 

List of Equations 

xv 

Acknowledgements 

xvii i 

Citation of the Gaussian 09 Program 

xix 

Preface 

xx 

Part One: Matrix Isolation Infrared Spectroscopy Study of Vanillin in a Low- Temperature 

Argon Matrix  

Page 1 

¶ Chapter 1: Isolation of Vanillin in an Inert Argon Matrix 

Page 2 

 1-1:  Introduction 

Page 2 

1-1-1:  Overview of this Work 

Page 2 

 1-1-2:  Isotopic Splitting in the Matrix 

Page 4 



iv 
 

 1-1-3:  Why Matrix Isolation? 

Page 5 

1-1-4:  Packing in the Matrix 

Page 7 

1-1-5:  Vanillin as a Target Analyte 

Page 10 

 1-2:  Experimental 

Page 11 

 1-2-1:  Equipment 

Page 11 

 1-2-2:  Argon Backgrounds and System Integrity 

Page 18 

 1-3:  Results and Analysis 

Page 19 

 1-3-1:  A Note on the Quality of Spectra 

Page 19 

1-3-2:  Experimental IR Spectra of Vanillin Isolated in an Ar Matrix 

 Page 22 

 1-4:  Discussion and Conclusions 

Page 69 

 1-4-1:  Vanillin Intensity in Matrix Isolated Spectra 

Page 69 

1-4-2:  Discussion of Splitting Effects in the Matrix Isolated Spectra 

Page 71 

1-4-3:  Conclusions and Further Development 

Page 74 

Part Two: Fundamentals of Density Functional Theory and the Simulation of Vanillin in both 

the Solid and Isolated Phase 

Page 76 

¶ Chapter 2: Fundamentals of Density Functional Theory 

Page 77 

2-1:  Introduction 

Page 77 



v 
 

2-1-1:  Isotopic Labelling in High Resolution Vibrational Spectra 

Page 77 

2-1-2:  Density Functional Theory (DFT) Modelling of Vibrational Spectra 

Page 78 

  2-2:  Density Functional Theory 

Page 81 

  2-2-1:  Origins of Density Functional Theory 

Page 81 

  2-2-2:  The Kohn-Sham Approximation 

Page 88 

2-2-3:  The Local Density Approximation and Modern DFT Methods 

Page 89 

2-3:  Basis Set Construction 

Page 92 

¶ Chapter 3a: Gaussian Simulation Results Part I- Sold Phase Vanillin 

Page 94 

3a-1:  Determination of the Optimised Molecular Structure for Vibrational 

Calculation 

Page 94 

3a-2:  Vibrational Spectra Calculation and Evaluation for 4-Hydroxy-3-Methoxy 

Benzaldehyde 

Page 99 

3a-2-1:  Simulated Raman Spectra 

Page 103 

3a-2-2:  Simulated Infrared Spectra 

Page 131 

  3a-3:  Conclusions and Application to Experimental Systems 

Page 140 

¶ Chapter 3b: Gaussian Simulation Results Part II- Isolated Vanillin 

Page 151 

3b-1:  Determination of the Optimised Molecular Structure for Vibrational 

Calculation 

Page151 

 



vi 
 

3b-2:  Vibrational Spectra Calculation and Evaluation for 4-Hydroxy-3-Methoxy 

Benzaldehyde 

Page 160 

  3b-2-1:  Energy Level Distribution for Rotational Conformers 

Page 160 

  3b-2-2:  Vibrational Frequency Scaling 

Page 162 

  3b-2-3:  Simulation Results 

Page 163 

  3b-2-4:  Examination of Calculated Vibrational Modes 

Page 185 

  3b-3:  Conclusions and Application to Experimental Systems 

Page 223 

Part Three: Neutron Compton Profiles of Hydrogen and Deuterium through Inelastic Neutron 

Scattering on the VESUVIO Instrument 

Page 230 

¶ Chapter 4: Neutron Compton Scattering of the Poly-N-Isopropyl Acrylamide Co-

Nonsolvency Effect 

Page 231 

  4-1:  Introduction 

Page 231 

  4-1-1:  Neutron Scattering on Solvated Systems 

Page 231 

4-1-2:  The Lower Critical Solution Temperature and the Co-Nonsolvency Effect 

Page 233 

4-1-3:  Water-Methanol Systems 

Page 236 

4-2:  The VESUVIO Spectrometer 

Page 238 

4-2-1:  The Impulse Approximation and the Neutron Compton Scattering Profile 

Page 238 

4-2-2:  Neutron Detection on VESUVIO 

Page 244 

 



vii 
 

4-2-3:  Generating the Time-of-Flight Count Data 

Page 249 

4-2-4:  Predictions for the Neutron Compton Scattering Profile in the Poly-N-

Isopropyl Acrylamide Co-Nonsolvency System 

Page 254 

¶ Chapter 5: Results of Neutron Compton Scattering Study of Mixed Water, Methanol and 

Poly-N-Isopropyl Acrylamide Systems 

Page 256 

  5-1: Introduction 

Page256 

5-2:  Experiment I: Neutron Scattering Momentum Distribution Study of 

Deuterated Poly-N-Isopropyl Acrylamide Displaying the Co-Nonsolvency Effect in 

Mixed D2O and CH3OD Solvents 

Page 257 

5-2-1:  The Poly-N-Isopropyl Acrylamide Co-Nonsolvency System 

Page257 

5-2-2:  Experimental I 

Page 258 

5-2-3:  Results and Analysis I 

Page 260 

5-2-4:  Analysis and Conclusions I 

Page 264 

5-3:  Experiment II: Neutron Scattering Momentum Distribution Study of 

Deuterated Solvent-Only Systems (Inverse Labelling) 

Page 272 

5-3-1:  Samples Used in Experiment II 

Page 272 

5-3-2:  Experimental and Results II 

Page 272 

5-3-3:  Analysis and Conclusions II  

Page 274 

5-4:  Re-Analysis of Data from Experiment I Using the Revised Multiple 

Scattering Calculation 

Page 276 

 



viii 
 

5-4-1:  Results and Analysis 

Page 276 

5-4-2:  Conclusions 

Page 282 

5-5:  Final Conclusions about the System and Future Development on 

VESUVIO 

Page 286 

Part Four: Conclusions 

Page 288 

¶ Chapter 6: Final Conclusions 

Page 289 

References 

Page 292 

 

List of Figures 

Á Figure 1-1: 4-hydroxy-3-methoxy benzaldehyde, or Vanillin 

Page 2 

Á Figure 1-2: Structure of CO2 

Page 4 

Á Figure 1-3: Structures of N2O 

Page 4 

Á Figures 1-4a and b: The Connolly Solvent excluded Volume of the vanillin molecule 

Page 9 

Á Figure 1-5: Diagram of experimental gas management system 

Page 12 

Á Figures 1-6a, b and c: Vacuum system glassware and sample chamber 

Pages 14-15 

Á Figures 1-7a to h: Sample 1 Infrared Spectra 

Pages 22-29 



ix 
 

Á Figures 1-8a to h: Sample 2 Infrared Spectra 

Pages 32-39 

Á Figures 1-9a to h: Sample 3 Infrared Spectra 

Pages 42-49 

Á Figures 1-10a to h: Sample 4 Infrared Spectra 

Pages 51-58 

Á Figure 1-11a to h: Sample 5 Infrared Spectra 

Pages 60-67 

Á Figure 3a-1a and b: ORTEP display of the repeating four-molecule asymmetric unit of solid 

phase vanillin 

Page 95 

Á Figure 3a-2: Solid phase vanillin configuration 

Page 98 

Á Figure 3a-3: Experimentally obtained solid phase Raman spectrum for reference data 

Page 100 

Á Figure 3a-4: Approximate linear relationship between simulated data set (B3LYP) and 

experimentally obtained Raman data points 

Page 120 

Á Figure 3a-5: Approximate linear relationship between simulated data set (B3LYP +) and 

experimentally obtained Raman data points 

Page 120 

Á Figure 3a-6: Approximate linear relationship between simulated data set (B3LYP d) and 

experimentally obtained Raman data points 

Page 121 

Á Figure 3a-7: Approximate linear relationship between simulated data set (B3LYP +d) and 

experimentally obtained Raman data points 

Page 121 



x 
 

Á Figure 3a-8: Approximate linear relationship between simulated data set (B3PW91) and 

experimentally obtained Raman data points 

Page 122 

Á Figure 3a-9: Approximate linear relationship between simulated data set (B3PW91 +) and 

experimentally obtained Raman data points 

Page 122 

Á Figure 3a-10: Approximate linear relationship between simulated data set (B3PW91 d) and 

experimentally obtained Raman data points 

Page 123 

Á Figure 3a-11: Approximate linear relationship between simulated data set (B3PW91 +d) and 

experimentally obtained Raman data points 

Page 123 

Á Figure 3a-12: Vanillin Raman simulated spectrum, solid phase (B3LYP) 

Page 129 

Á Figure 3a-13: Vanillin Raman simulated spectrum, solid phase (B3PW91) 

Page 130 

Á Figure 3a-14: Experimentally obtained solid phase infrared spectrum for reference data 

Page 131 

Á Figure 3a-15: Linear relationship between Raman and infrared solid phase spectra 

Page 133 

Á Figure 3a-16: Vanillin infrared simulated spectrum, solid phase (B3LYP) 

Page 138 

Á Figure 3a-17: Vanillin infrared simulated spectrum, solid phase (B3PW91) 

Page 139 

Á Figure 3a-18: B3LYP simulated infrared spectrum vs solid phase infrared reference 

Page 141 

 



xi 
 

Á Figure 3a-19: B3LYP simulated Raman spectrum vs solid phase Raman reference 

Page 142 

Á Figure 3a-20: B3PW91 simulated infrared spectrum vs solid phase infrared reference 

Page 143 

Á Figure 3a-21: B3PW91 simulated Raman spectrum vs solid phase Raman reference 

Page 144 

Á Figure 3a-22a and b: Charge separation diagrams of vanillin using B3LYP and B3PW91 

calculation methods 

Page 149 

Á Figures 3b-1a to d: Change in absolute energy of vanillin molecule with rotation of 

functional groups 

Pages 153-156 

Á Figure 3b-2a to i: The eight lowest-energy rotational configurations of the functional groups 

of vanillin 

Pages 158-159 

Á Figure 3b-3: Initial simulation of isolated phase vanillin infrared spectrum (B3LYP +d) 

Page 168 

Á Figure 3b-4: Initial simulation of isolated phase vanillin Raman spectrum (B3LYP +d) 

Page 169 

Á Figure 3b-5: Initial simulation of isolated phase vanillin infrared spectrum (B3PW91 +d) 

Page 170 

Á Figure 3b-6: Initial simulation of isolated phase vanillin Raman spectrum (B3PW91 +d) 

Page 171 

Á Figure 3b-7: Atomic number assignment in simulations 

Page 174 

Á Figure 3b-8: Final simulation of isolated phase vanillin infrared spectrum (B3LYP +d) 

Page 181 



xii 
 

Á Figure 3b-9: Final simulation of isolated phase vanillin Raman spectrum (B3LYP +d) 

Page 182 

Á Figure 3b-10: Final simulation of isolated phase vanillin infrared spectrum (B3PW91 +d) 

Page 183 

Á Figure 3b-11: Final simulation of isolated phase vanillin Raman spectrum (B3PW91 +d) 

Page 184 

Á Figure 3b-12a and b: Reference Sample 5 vs. Final infrared simulation (B3LYP +d) 

Page 223-224 

Á Figure 3b-13a and b: Reference Sample 5 vs. Final infrared simulation (B3PW91 +d) 

Page 225-226 

Á Figure 4-1: Lower Critical Solution Temperature for a mixture of water and methanol 

Page 234 

Á Figure 4-2: Exterior photograph of the VESUVIO spectrometer 

Page 238 

Á Figure 4-3: Schematic diagram of the VESUVIO spectrometer 

Page 244 

Á Figure 4-4: Illustration of the process of cycling the secondary gold foil 

Page 247 

Á Figure 5-1: Example raw output for Time of Flight data for backward scattering detectors for 

pure D2O 

Page 261 

Á Figure 5-2: Example raw output for Time of Flight data for forward scattering detectors for 

pure D2O 

Page 261 

Á Figure 5-3: Fitted output for Time of Flight data for backward scattering detectors for pure 

D2O 

Page 262 



xiii 
 

Á Figure 5-4: Fitted output for Time of Flight data for forward scattering detectors for pure 

D2O 

Page 262 

Á Figures 5-5, 5-6, 5-7 and 5-8: Predicted deuterium momentum variances for component 

concentrations 

Pages 269-270 

Á Figures 5-9, 5-10, 5-11 and 5-12: Revised data points for the deuterium variances calculated 

from Experiment I 

Pages 278-279 

Á Figures 5-13, 5-14, 5-15 and 5-16: Data points for the hydrogen and deuterium variances 

calculated from the -OD and -OH samples used in Experiment II 

Pages 280-282 

Á Figure 5-17: Overlaid deuterium momentum variances for re-analysed Experiment I verses 

Experiment II 

Page 284 

 

List of Tables 

 

Á Table 1-1 

Page 8 

Á Table 1-2 

Page 21 

Á Table 1-3 

Page 30 

Á Table 1-4 

Page 40 

Á Table 1-5 

Page 50 

Á Table 1-6 

Page 59 

Á Table 1-7 

Page 68 

Á Table 3a-1 

Page 96 

Á Table 3a-2 

Page 97 

Á Table 3a-3 

Page 97 

Á Table 3a-4 

Page 101 

Á Table 3a-5 

Page 104 



xiv 
 

Á Table 3a-6 

Page 106 

Á Table 3a-7 

Page 108 

Á Table 3a-8 

Page 110 

Á Table 3a-9 

Page 112 

Á Table 3a-10 

Page 114 

Á Table 3a-11 

Page 116 

Á Table 3a-12 

Page 118 

Á Table 3a-13 

Page 124 

Á Table 3a-14 

Page 125 

Á Table 3a-15 

Page 127 

Á Table 3a-16 

Page 132 

Á Table 3a-17 

Page 134 

Á Table 3a-18 

Page 136 

Á Table 3a-19 

Page 147 

Á Table 3b-1 

Page 151 

Á Table 3b-2 

Page 157 

Á Table 3b-3 

Page 161 

Á Table 3b-4 

Page 163 

Á Table 3b-5 

Page 164  

Á Table 3b-6 

Page 165 

Á Table 3b-7 

Page 166 

Á Table 3b-8 

Page 172 

Á Table 3b-9 

Page 173 

Á Table 3b-10 

Page 175 

Á Table 3b-11 

Page 176 

Á Tables 3b-12a to c 

Pages 187-193 

Á Tables 3b-13a to c 

Pages 196-204 

Á Tables 3b-14a to c 

Pages 205-213 

Á Tables 3b-15a to c 

Pages 214-222 

Á Table 5-1 

Page 258 

Á Table 5-2 

Page 264 

Á Table 5-3 

Page 272 



xv 
 

Á Table 5-4 

Page 274 

Á Table 5-5 

Page 276 

 

 

List of Equations 

 

Á Equation 1-1 

Page 70 

Á Equation 1-2a and b 

Page 70 

Á Equation 2-1 

Page 81 

Á Equation 2-2 

Page 82 

Á Equation 2-3 

Page 82 

Á Equation 2-4 

Page 84 

Á Equation 2-5 

Page 84 

Á Equation 2-6 

Page 84 

Á Equation 2-7 

Page 84 

Á Equation 2-8 

Page 84 

Á Equation 2-9 

Page 85 

Á Equation 2-10 

Page 85 

 

Á Equation 2-11 

Page 86 

Á Equation 2-12 

Page 86 

Á Equation 2-13 

Page 86 

Á Equation 2-14 

Page 86 

Á Equation 2-15 

Page87 

Á Equation 2-16 

Page 87 

Á Equation 2-17 

Page 87 

Á Equation 2-18 

Page 87 

Á Equation 2-19 

Page 88 

Á Equation 2-20 

Page 89 

Á Equation 2-21 

Page 90 

Á Equation 2-22 

Page 90 

 



xvi 
 

Á Equation 4-1 

Page 240 

Á Equation 4-2 

Page 240 

Á Equation 4-3 

Page 240 

Á Equation 4-4 

Page 241 

Á Equation 4-5 

Page 241 

Á Equation 4-6 

Page 241 

Á Equation 4-7 

Page 242 

Á Equation 4-8 

Page 246 

Á Equation 4-9 

Page 246 

Á Equation 4-10 

Page 246 

Á Equation 4-11 

Page 246 

Á Equation 4-12 

Page 247 

Á Equation 4-13 

Page 248 

Á Equation 4-14 

Page 248 

Á Equation 4-15 

Page 249 

Á Equation 4-16 

Page 250 

Á Equation 4-17 

Page 250 

Á Equation 4-18 

Page 251 

Á Equation 4-19 

Page 251 

Á Equation 4-20 

Page 251 

Á Equation 4-21 

Page 251 

Á Equation 4-22 

Page 252 

Á Equation 4-23 

Page 252 

Á Equation 4-24 

Page 252 

Á Equation 4-25 

Page 253 

Á Equation 4-26 

Page 253 

Á Equation 4-27 

Page 253 

Á Equation 5-1 

Page 263 

Á Equation 5-2 

Page 263 

Á Equation 5-3 

Page 265 

Á Equation 5-4 

Page 266 

Á Equation 5-5 

Page 267 



xvii 
 

Á Equation 5-6 

Page 267 

Á Equation 5-7 

Page 267 

Á Equation 5-8 

Page 267 

Á Equation 5-9 

Page 268 

 

 

Appendices can be found on the accompanying disk in the form of five pdf 

files, one .cif file and one file folder.  These appendices contain the data output of all 

Gaussian calculations performed in the course of this project, the x-ray 

crystallography data for solid phase vanillin, and all the raw data necessary to 

reconstruct the results obtained from the VESUVIO instrument, respectively. 

 

 

 

 

 

 

 

 

 

 

 



xviii 
 

Acknowledgements 

 

 

I would like to thank a number of people for their help during my PhD study here at 

the University of East Anglia, in particular my primary supervisor Dr U. A. 

Jayasooriya for his time, effort and patience in helping me reach my goal.  I would 

also like to extend my thanks to Dr A. Mayes for his work on the pNIPAAm Co-

Nonsolvancy investigation, Doctors V. Oganesyn and G. Jones for their help with 

the practical applications of Density Functional Theory (and for taking the time to 

proof read the relevant sections of this thesis), and to Dr R. Grinter for helping me 

get to grips with the Matrix Isolation Infrared process and the principles behind it.  I 

would also like to thank Dr M. Cheesman for his help in organising my activities 

during the closing stages of my writing period.  Special note should be made of the 

assistance of Doctors J. Mayers and A. Seel of the ISIS facility of the Rutherford 

Appleton Laboratory, both with the operation of the VESUVIO spectrometer and the 

lengthy analysis procedure afterwards.  I would also like to offer my appreciation to 

Dr J. Peck, who has since moved on to work at the ISIS facility, for providing my 

initial introduction to the Gaussian DFT package and much of my early support 

during our time here as students. 

 

All aspects of my PhD studies have been part-funded by a studentship provided by 

the School of Chemistry here at the University of East Anglia, while experimental 

work at the ISIS facility was funded by the Science and Technologies Facilities 

Council; I would like to express my appreciation to both. 

 

Finally, I would like to thank my family, my parents and grandparents, for helping 

me along during my study period.  I know Ióve sometimes been difficult to live with: 

thanks for putting up with me. 

 



xix 
 

Citation of the Gaussian 09 Program 

 

 

This work makes extensive use of the Gaussian 09 program; where applicable this 

program should be cited as follows: 

 

Gaussian 09, Revision C.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. 

Scuseria,  M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci,  G. 

A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian,  A. F. Izmaylov, J. 

Bloino, G. Zheng, J. L. Sonnenberg, M. Hada,  M. Ehara, K. Toyota, R. Fukuda, J. 

Hasegawa, M. Ishida, T. Nakajima,  Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. 

Montgomery, Jr.,  J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers,  K. 

N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand,  K. Raghavachari, 

A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,  M. Cossi, N. Rega, J. M. Millam, 

M. Klene, J. E. Knox, J. B. Cross,  V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, 

R. E. Stratmann,  O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,  

R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,  P. Salvador, J. J. 

Dannenberg, S. Dapprich, A. D. Daniels,  O. Farkas, J. B. Foresman, J. V. Ortiz, J. 

Cioslowski,  and D. J. Fox, Gaussian, Inc., Wallingford CT, 2010. 

 

 

 

 

 

 

 

 



xx 
 

Preface 

 

 

Several well-known techniques exist for the determination of isotopic ratios 

in samples, the most famous of which is undoubtedly Mass Spectrometry. Isotopic 

signals in MS are typically only recorded as a single total-population figure for the 

entire sample, but other techniques can make use of isotopic labels for the 

determination of structural and systematic features in a molecular system.  

Conversely, a technique such as Site-specific Natural Isotope Fractionation Nuclear 

Magnetic Resonance Spectrometry (SNIF-NMR) can provide some structural 

information, but is of notably low sensitivity requiring high concentrations of 

functional groups that can be modified to give an appropriate signal.  This reliance 

on large concentrations of chemically modified functional groups makes NMR 

techniques
1
 a complicated proposition in a conventional laboratory setting, and 

makes the technique of limited use in identifying naturally occurring levels of 

isotopic abundance.   

 

Both mass spectrometry and SNIF-NMR require extensive training for 

operation and interpretation of results, and can come with a significant cost in both 

time and operating expense.    This text builds on the ideas introduced in the earlier 

2009 Masterôs Thesis to discuss Matrix Isolation Infrared Spectroscopy as a more 

accessible alternative.  Infrared is an obvious choice for the detection of isotopic 

species because of the dependency of vibrational frequency on the masses of the 

vibrating atoms involved.  Such measurements are not normally possible in the solid 

or liquid phases because of the degree of interaction between neighbouring 

molecules (hydrogen bonding, instantaneous interactions and so forth) giving a 

broadening effect on the bands observed.  At the other extreme, gaseous samples 

show significant numbers of ro-vibrational transitions which when not fully resolved 

have a similar effect on the resulting peaks in the sample.  Matrix isolation was 

proposed as a compromise between the two: effectively an extremely dilute ófrozen 

solutionô of sample molecule held in a solid matrix of chemically inert atoms (argon, 
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in this case).  The resulting structure should show the characteristic sharp peaks of 

the gas phase, but lack significant contributions from the ro-vibrational components 

of those spectra.  The invention of this technique is credited to G.C. Pimentel, late of 

Berkley University California; a full library of his works can be found in reference
2
.  

  

This thesis begins with a discussion of the potential effects generated in 

vibrational techniques such as infrared and Raman spectroscopy by matrix isolation.  

In the following experimental method and discussion we attempt to show the 

development of a Matrix Isolation system capable of resolving vibrational structure 

of the order necessary to distinguish between contributions of different isotopes in a 

common molecule of relatively small size.  The principle target of this work is the 

molecule 4-hydroxy-3-methoxy benzaldehyde, more commonly known as Vanillin
3
.  

This species is comparatively small consisting of 19 atoms, and has three different 

functional groups (comprised entirely of carbon, hydrogen and oxygen) that are 

easily distinguished in the infrared.  By attempting to refine the matrix isolation 

procedure it was hoped that samples showing signals attributable to isotopic 

populations in the functional groups of the molecule would be observable using IR 

spectra collected with a conventional laboratory instrument.  Vanillin was initially 

chosen as a sample species as a compromise between being small enough to easily 

interpret the resulting vibrational data in the isolated phase and minimise the number 

of possible conformer contributions in the spectrum, and hopefully being large 

enough to avoid significant splitting effects in the signals produced by the packing 

arrangement of atoms in the argon lattice.  As will be discussed later on in Chapters 

1, 3a and 3b, neither of these properties proved to be ideal, and the resulting spectra 

were much more complex than was first anticipated.   

 

In addition to the applications to static systems, matrix isolation techniques 

can be used to allow controlled rates of reaction between species by annealing the 

host material.  Unlike the two techniques mentioned earlier, an isotopically 

substituted sample used in vibrational spectroscopy will retain almost identical 

chemical properties to the normal species (mass spectrometry fractionates the 

molecule, and SNIF-NMR relies on the derivitisation of  functional groups with the 
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correct spin labelling for detection): the ability to scan a sample in-situ, and then to 

potentially observe it during a reaction process
4
 is very valuable, and adds to the 

potential of matrix isolation IR by leaving the possibility of following reaction 

mechanisms by isotopic labelling of specific functional groups.  This aspect of the 

technique has not been addressed in this thesis, but is worthy of future consideration. 

 

Following this experimental work is an extensive section dealing with the 

simulation of the vibrational properties of vanillin, attempting to reconcile the peak 

distributions observed experimentally with the possible roles played by the 

restrictions found in the solid phase crystal structure, and in the apparent packing 

effects experienced in the matrix. These simulations were performed using the 

Gaussian 09
5
 suite to calculate the properties of the molecular system using Density 

Functional Theory (DFT)
6,7,8

. It was hoped that, by combining the weighted results 

of vibrational spectrum simulations for the most common stable structures and 

isotopomers of vanillin it would be possible to determine the origin of each feature 

seen in the matrix isolated spectra.  At present insufficient data is available to make 

such concrete assignments, but the system shows promise that with further 

refinement of the experimental technique assignments of peaks of natural isotopic 

abundance in such spectra may be a potential alternative to the more cumbersome 

methods available. 

 

Vibrational techniques are not the only field in which isotopic information 

may be useful in the determination of sample structure properties; the VESUVIO 

Deep Inelastic Neutron Scattering instrument operated at the ISIS facility at 

Rutherford Appleton Laboratories in Oxfordshire
9,10,11

 offers the chance to use 

targeted isotopic substitutions to explore the momentum distribution of atoms in 

samples.  During collisions between particles of any given mass there is a transfer of 

both energy and momentum
12,13,14

: by measuring the characteristic time-of-flight for 

neutrons of a given energy scattering from different particles (i.e. atoms) in a sample, 

it is possible to calculate how much momentum they have transferred, and thus how 

much the atoms have.  Conventional measurements on this instrument are typically 

made on samples containing only one isotopic species (hydrogen or deuterium), and 
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most frequently on samples in the solid phase (though not exclusively so
15-18

, given 

the extensive measurements that have been taken of water systems).  In a break from 

this pattern the two experiments performed on the instrument detailed here involve 

liquid samples containing both H and D, in a novel application of this technique to 

try and observe the presumed change in momentum distribution caused by the 

temperature-induced phase change in solvated poly-N-isopropyl acrylamide 

(pNIPAAm), and to understand the properties of the mixed solvent system in which 

it takes place. 

 

The phase change in question is an unusual one, frequently displayed by 

related compounds, known as the Lower Critical Solution Temperature (LCST)
19

.  

The polymer is believed to be held in solution by the combination of hydrophobic 

and hydrophilic interactions, and is thus fully solvated by methanol at all 

temperatures; the polymer is also well solvated by water below ~25°C, but above 

this temperature it is believed that the solvent-polymer hydrogen bonding 

interactions are weakened enough to be overcome by the polymerôs own internal 

hydrogen bonding interactions
20

, and it then collapses immediately into a globular 

state and precipitates out of solution.  What is most interesting in this system is that 

the combination of water and methanol displays a lower LCST value than the pure 

water, reaching a minimum at a methanol mole fraction of ~0.35- in effect, the 

mixture of the two is a poorer solvent than either alone.  This property has been 

attributed to the ódehydrationô effect caused by cluster formation in the mixed H2O 

and CH3OH solvents
21

, and is known to be strongly affected by the concentration of 

ionic solutes in the mixture
22

.  By labelling specific sites in the polymer and solvents 

expected to undergo hydrophilic interactions, the hydrogen and deuterium would be 

expected to show different behaviour before and after the phase change. 

 

The possibility of ótuningô the LCST by the combination of solvent 

composition, ionic solutes and copolymerisation
23,24

 makes this class of polymers 

potentially useful in areas such as industry and medicine, with some applications 

being developed for targeted release of bound active species under certain 

environmental conditions.  It was hoped that our time on the VESUVIO instrument 
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would shed further light on the hydrophobic and hydrophilic systems at work in 

these mixtures; because the time-of-flight and scattering cross sections (the degree to 

which the neutrons interact with the atomic nuclei of that species; derived from pure 

empirical measurement of prior neutron scattering experiments) of hydrogen and 

deuterium are different they produce separate peaks in the time-of-flight data from 

which momentum distributions are calculated.  For the reasons explained in detail in 

Chapter 5, the final results of these two experiments are largely inconclusive thanks 

to a hitherto unknown experimental uncertainty in the measurements taken on this 

system
25

.  Should this reproducibility issue be resolved, we remain hopeful about the 

eventual results of this investigation. 
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Chapter 1: Isolation of Vanillin in an Inert Argon Matrix.  

 

 

1-1: Introduction  

 

1-1-1: Overview of this Work 

 

This chapter is, in part, a continuation of the work submitted in my 2009 

MSc thesis titled óNatural Isotope Abundance using Infra-Red Spectroscopyô.  In my 

previous submission I conducted a number of experiments using the Matrix Isolation 

technique to form isolated/ pseudo-isolated structures of trapped carbon dioxide 

and/or molecular nitrogen in an inert matrix of argon atoms
26

, and then examined the 

results of their Infra-Red (IR) transmission spectra.  Here I will show how I have 

expanded this work to focus on a much larger organic molecule, one which is of 

relevance to food authenticity- Vanillin, shown in Figure 1-1 below, also known as 

4-hydroxy-3-methoxybenzaldehyde, C8H8O3
1
.   

 

 

Figure 1-1: 4-hydroxy-3-methoxy benzaldehyde, or Vanillin. 
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As noted in earlier work, the driving force for these investigations is quality 

control, be it either academic or industrial in nature.  It is a fact that many products 

of inferior quality are nonetheless cheaper and easier to produce, and it is always a 

temptation for the unscrupulous to substitute these items for those of higher grade in 

order to save both time and money.  A very common place to see this is of course in 

the food industry (the typical example given is orange juice, where it is cheaper to 

reconstitute some or all of the product from washings of otherwise waste pulp
27

, than 

to buy and juice more fruit), but this may also extend to other fields such as 

pharmaceutical supplies.  To this end, it is highly desirable to have access to a 

reliable technique that can potentially differentiate between the structural isomers
26,28

 

of an analyte in extremely small concentration, and which may be able to draw out 

data on the probable synthetic and geographical origins of the sample without excess 

cost.  Data about the origins of a sample may also be found in the distribution of 

isotopes through the sample, thus a vibrational technique (providing information 

about both structure and mass) such as infrared is a strong contender; IR vibrational 

data is well understood, allowing us to explore the additional effects of isotopic 

substitution and compare the predicted values to the observed experimental results.  

Alternate synthetic methods can be expected to produce different (and characteristic) 

levels of isotopic fractionation between the possible sites in the product.   

 

The objective of this investigation is to test the use of matrix isolation in 

conjunction with Density Functional Theory simulations to detect and differentiate 

isotopic signals in a sample. By developing a method that can quickly, cheaply and 

reliably measure this distribution in conjunction with reference data for the 

characteristic fractionation profiles for each known synthetic path, and/ or methods 

of predicting such distributions, this information may be used as another tool for 

determining the provenance of the sample examined. 
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1-1-2: Isotopic Splitting in the Matrix  

 

The earlier Mastersô thesis focused on the development of lab-based infrared 

spectra of Matrix Isolated compounds (shorthand MI-IR) in the targeted observation 

of naturally abundant populations of atypical isotopes (that is to say, 
13

C and 
2
H 

instead of the more common 
12

C and 
1
H atomic species) as a possible alternative to 

more expensive techniques.  The results of this work- though clearly preliminary in 

nature- indicated that it was indeed possible to draw information about the relative 

population distribution of isotopes in the IR spectra of simple Matrix Isolated 

molecules, though such spectra suffered from a generally very poor signal-to-noise 

ratio.  Additionally, in the case of the asymmetrical N2O (Figure 1-2) it was possible 

to attribute 
14

N intensity to specific Nitrogen atoms in the total population, due to the 

difference in their normal modes of vibration
29-45

. 

 

 

 

Figures 1-2 and 1-3: Structures of CO2 and N2O.  Note that as a result of the 

asymmetry in N2O, the molecule shows two distinct vibrational stretching modes 

(one mostly N-N in character, the other mostly N-O), as opposed to the degenerate 

bending modes observed in CO2. 

 

This procedure was intended to be developed as a potential alternative for 

industrial-scale isotopic interrogation.  The current state of technology uses two main 

techniques to accomplish this at present: 

Å Mass Spectrometry (MS, which has a high degree of sensitivity, but only 

results in one isotopic ratio over the whole compound) 

Å Site-Specific Natural Isotope Fractionation-Nuclear Magnetic Resonance 

(SNIF-NMR, low sensitivity but provides site-specific information).  
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Both MS and SNIF-NMR are limited in their availability by cost and 

resources, needing specialist training to perform.  In addition of the two only SNIF-

NMR has the ability to provide information about the position of the isotope in a 

molecule by modifying its functional groups
1
; this is of great importance here since a 

molecule of biological origin will have been produced by a very specific reaction 

pathway, and will not necessarily be the same as one produced synthetically.  At the 

present time, it is not commercially viable to determine site specific isotopic 

abundances of a sample.  The purpose of this investigation was to explore vibrational 

spectroscopy as a method of doing this, one that would be both scientifically and 

economically viable. 

 

 

1-1-3: Why Matrix Isolation?  

 

The principle limiting factor in the use of infrared spectroscopy in the solid 

and liquid states for this kind of structural/ isotopic investigation is the widths of the 

individual resonances, mainly due to interactions between neighbouring molecules in 

the condensed phases.  We naturally wish to observe the vibrational properties of the 

target molecule in isolation, without any interactions with neighbouring molecules 

that might affect the resulting spectrum (as it would be found in the ideal gas phase); 

unfortunately, in the gas phase the molecule is freely able to move around and rotate 

through its full range of ro-vibrational transitions.  In a fairly bulky molecule like 

vanillin the rotational transitions within the ro-vibrational spectra cannot be easily 

resolved, resulting in the merging of the distinct rotational fine structure into a single 

broad continuum from which proportionately weak structure such as isotopic 

populations may not be easily distinguished. 

 

A compromise is found in the use of the low temperature Matrix Isolation 

technique (written shorthand as MI, or MI-IR in conjunction with infrared 
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spectroscopy): a well-established technique developed principally by G. C. Pimentel 

during his career at the University of California, Berkley in the 1950s as a method of 

trapping, isolating and analysing short-lived volatile chemical species
46

.  In this 

technique a very small concentration of the analyte molecule in the vapour phase is 

mixed with a bulk material that is spectroscopically inert in the observed range; this 

bulk material is chosen such that it is not expected to undergo any significant 

chemical interaction with the analyte (typically a noble gas such as argon, neon, 

krypton or xenon).  This mixture is then sprayed onto a spectroscopically transparent 

window of sufficiently low temperature to freeze the mixture into a solid, trapping 

the analyte in a ósolid solutionô of very low concentration, where it is either isolated 

or nearly so by the inert material.  This solid matrix can then be treated in the same 

manner as a conventional IR sample while at low temperature.  Argon has been used 

for all isolation experiments reported in this study. 

 

The phrase pseudo-isolated is frequently used by this author to refer to the 

samples produced by this method because, while the matrix in question is believed to 

contain either isolated or near-isolated sample molecules, this is an assumption based 

on the changes observed in signal peak character and not a known fact.  Although the 

concentration of the matrices was at the lowest possible level still able to achieve an 

observable signal in these experiments, the possibility still exists for some significant 

fraction molecules to interact.  The term pseudo-isolated is instead used here to 

acknowledge the possibility of some residual intermolecular interactions in the 

matrices, and any signal structures that may be attributed to these aggregates will be 

commented upon where appropriate. 

 

Later chapters in this thesis will show my attempts to model ideal óIsolated 

Phaseô spectra for vanillin using Density Functional theory.  The experimental data 

presented in this chapter, along with solid and gas-phase IR spectra presented later, 

provide the óraw dataô against which these models are compared.   
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1-1-4: Packing in the Matrix  

 

As discussed in detail in my earlier work with CO2 and N2O, the way in 

which the molecule fits into the argon matrix
28

 is an important consideration.  By the 

very nature of this technique there is a direct physical interaction between the two 

species as they condense together from the vapour phase into the solid.  As a result, 

infrared peaks in a Matrix Isolated spectrum may be both shifted and/or split relative 

to the calculated spectrum of an isolated molecule to a degree dependent on the 

physical properties of the matrix material
47-51

.  Ideal gas atoms are typically 

modelled as hard spheres of a given radius (almost always the van der Waalsô radii 

of the atoms)
52

, meaning that the principal property of interest is their size relative to 

the sample molecules and the size of the resulting possible sites of substitution in the 

solid matrix.  In my previous experimental data from the use of argon as a matrix 

material, this has typically given rise to repetitions of other existing structures (i.e. 

isotopic splitting structure) of lower intensity shifted either positively or negatively 

in position by ~7-8 cm
-1
 for the prominent spectrum of the carbon dioxide sample, a 

phenomenon supported by behaviour reported in existing literature sources for other 

small species
44

 in which larger matrix shifts and splits (of the order of 50-60 cm
-1
 or 

even greater) have been reported.  Argon has been observed to have an atomic radius 

of 1.88Å (see Table 1-1 below), and is seen through diffraction studies to form a 

face-centred cubic lattice; it is the way this structure accommodates each atom and 

functional group of the isolated molecule that is of interest.   

 

Using the x-ray determined crystal structure as a starting point, the volume of 

the vanillin molecule was calculated using the Connolly Solvent Exclusion method; 

this method calculates the volume of a molecular system from the van der Waalsô 

radii of its constituent atoms and approximating this volume with a variety of 

integrated polyhedral functions.  The Connolly method is also frequently used to 

calculate the surface area of a molecule that is accessible to solvents because it 

performs these calculations using a spherical óprobeô of arbitrarily determined radius 

(and thus volume).  The probe used is typically of radius 1.4Å to simulate a water 

molecule, but in this text a probe of radius 1.88Å was used instead to simulate the 
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ósolvationô by the argon matrix.  Increasing the size of the probe usually has the 

effect of slightly increasing the calculated volume due to solvent inaccessibility, but 

in the case of the vanillin crystal structure both probe sizes return the same value of 

115.523Å
3
 (+/- 1.156) calculating the equivalent volume of the argon spheres to be 

37.612Å
3
 each (and scaling this volume to account for the face centred cubic atomic 

packing factor of 0.74) results in the substitution of the equivalent of 3.071 Ar atoms 

in the matrix.  As discussed later, although this simple picture of packing in the 

matrix suggests equivalent volume for direct substitution, it does not adequately 

account for the shape of the molecular volume itself as seen in Figures 1-4a and b 

below.  While vanillin may only occupy the equivalent volume of 3.071 Ar atoms, 

further substitutions may be necessary in order to accommodate the actual size of the 

molecule, and each of these differences in the matrix will have an effect on the 

position of the resulting infrared peaks for the matrix isolated spectra.  

 

Species 
Solvent Excluded 

Volume/ Å
3
 

Ar 37.612 

Kr 34.526 

Xe 42.213 

OH 10.326 

CHO 24.59 

O-CH3 31.334 

Vanillin (C8H8O3) 115.523 

Table 1-1: Relative atomic/ molecular volumes of Ar, Kr, Xe, the functional groups 

of Vanillin (OH, CHO and O-CH3), and Vanillin itself (C8H8O3) taken from the X-

Ray Crystallographic data for the solid phase structure.  Connolly Solvent Excluded 

Volume calculations for the functional groups use a probe of radius 1.88Å to 

simulate the bulk phase argon, but are otherwise treated as groups in a vacuum with 

no accounting for the overlap with other vanillin atoms; Atomic species are 

spherical volumes from their respective van der Waals radii. 
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Figure 1-4a and b: The Connolly Solvent excluded Volume of the vanillin molecule 

(crystal structure, top) and an example of how it may fit into the packing structure of 

the argon lattice (argon spheres represented by white outlines, bottom); argon 

structure extends into the z-axis in an óa-b-cô layering formation, though the vanillin 

molecule is largely planar in this configuration with a óthicknessô less than the 

diameter of the Ar layer. 
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1-1-5: Vanillin as a Target Analyte 

 

Vanillin was chosen as a target for this investigation for a number of reasons: 

firstly, the compound is a relatively small species, containing only nineteen atoms.  

This renders vanillin quite a volatile compound with a melting point of only 83°C, 

and makes it easy to sublime into the vapour phase for the purpose of Matrix 

Isolation experiments.  In addition the calculation times required for the Density 

Functional Theory simulations (detailed later in this thesis) depend greatly on the 

number of particles involved; the nineteen atom system calculated to the 6-311+G 

(d) level of theory (see later) requires less than a dayôs processing time with the 

resources available on the UEA campus to produce a simulated vibrational spectrum.  

The second useful characteristic of vanillin is that it contains three different 

functional groups- all three of which contain oxygen.  As outlined for nitrous oxide 

above, the differences in the vibrational frequencies of the functional groups allow 

for the possibility of assignment of isotopic population density between them.  This 

leads to the third reason for choosing vanillin: availability.  Vanillin is a very 

common compound in the food industry, produced both from naturally sourced pods 

from the Vanilla plant, and produced synthetically industrially
53

.  Isotopes, because 

of different masses, are naturally subject to fractionation effects and thus the 

different methods of production will be expected to produce variations in isotopic 

population.  This gives rise to the possibility of identifying the source of a sample 

based only on a characteristic isotopic population distribution, and the relative size 

and complexity of vanillin make it a (comparatively) simple target for such an 

exercise. 
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1-2: Experimental 

 

1-2-1: Equipment 

 

Figure 1-5 shows the initial construction of the matrix isolation apparatus, 

including a gas handling system as well as a closed-cycle Helium expansion cryostat.  

This system has a minimum working temperature of approximately 15K, depending 

on the presence of radiation shielding around the window/temperature sensor.  The 

gas system was fitted together using stainless steel pipes together with commercially 

available Swagelok fittings; the main óchassisô of the system (the sample chamber 

itself, Parts E & G) was refitted from an older piece of equipment.   

 

This system was refurbished for the purposes of the previously mentioned 

Masterôs project during 2008/ 2009, and has undergone several minor adjustments 

and alterations as my work with vanillin has progressed- especially in regard to the 

direct introduction of sublimed solid samples into the path of the argon gas stream 

from specially constructed heated glassware (see Figures 1-6 a and b).    The vanillin 

sample used was dried overnight in a 50°C oven then held under vacuum. 
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Figure 1-5: Diagram of experimental gas management system, originally presented 

in MSc by research, same author.   

Labelled parts are as follows: 

A. Turbopump. 

B. Digital pressure sensor (HV emission detector). 

C. Master valve (closes off sample section when necessary). 

D. 0.5cm internal diameter flexible pipe. 

E. Double stage He expander cryostat (arm extends down to sample chamber 

G) 

F. Combination digital thermometer and heater. 

G. Sample chamber (Contains but does not make contact with bracket holding 

inert sample window in path of both sample spray and IR beam; walls in 

plane of view are IR transparent and chamber wall is penetrated by a needle 

that deposits sample gas spray ~1cm from the surface of the sample window). 
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An expanded view of Part G can be seen in Figure 1-6a; an expanded view of 

the glassware used to introduce vanillin vapour into Part G can additionally 

be found in Figure 1-6b. 

H. 0.5cm internal diameter flexible pipe. 

I. Needle valve to control sample spray pressure. 

J. Tap. 

K. Analog pressure gauge, 0-1000mbar. 

L. Tap. 

M. 0.5cm internal diameter pipe. 

N. Tap. 

O. 2250cm
3
 volume primary vessel. 

P. Tap. 

Q. 40cm
3
 volume small vessel. 

R. Analog pressure gauge, 0-100mbar. 

S. Tap. 

T. Drying tube for Ar carrier gas containing powdered P2O5. 

U. Tap (seals off óTô branch; only used outside of experiments). 

V. Ar gas supply. 

W. Secondary gas supply (CO2 or N2O, used in earlier experiments). 
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Figures 1-6a, b and c: Orientation of temperature controlled glassware relative to 

Sample Chamber G showing relation of CsI window to incoming argon gas stream 

(greyed out) from needle H verses normal sample scanning orientation (solid line), 

detail view of glassware construction showing heating elements and insulation; 

photograph of glassware relative to sample chamber. 

 

 

The procedure for the collection of a Matrix Isolated Infrared Spectrum was 

as follows.  The entire gas-handling system was evacuated to the minimum possible 

pressure with the Leybold BMH70 turbopump (typical working pressure 

approximately 1x10
-7
mbar).  The main reservoir cylinder (Part O) was filled to its 

maximum measured capacity of 1 bar with argon gas (dried after passing through the 

P2O5 drying tube Part T), then the taps labelled L and N were left closed for the 

remainder of the experiment. 

 

With the Sample Chamber G in the beam path of the IR spectrometer (a 

Bruker IFS-66 IR spectrometer operated by the OPUS v6.0 software package was 

used for these experiments) the CsI window was cooled using the double stage 

helium expander cryostat to a working temperature of ~15K.  Measured temperatures 

for this system appear to be correct to within +/- 3K, meaning this value is safely 

below the melting point of argon of 83.78K.  The upright section of the cryostat 
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assembly had a limited range of rotation (approximately 45°) and was initially 

placed perpendicular to the deposition needle at the end of tube H as it enters the 

sample chamber.  Once at the working temperature (after a cooling period of 

approximately two hours) a small amount of argon was released from the primary 

vessel O through the needle valve out onto the cold window; a pressure drop of 

20mbar in the vessel was used to quantify this gas release.  This argon preferentially 

deposits on the cold window in the spray flight path, rather than the room 

temperature walls of the chamber- though given that the 2mm needle coats the entire 

20mm diameter window and the metal bracket holding it with argon, diffusion 

effects make direct quantification of the volume deposited gas impossible without 

more sophisticated equipment.  During deposition of material the pressure in the 

system increases from the normal resting value; in each case, this 20mbar of Ar gas 

was deposited at a target working pressure of ~1x10
-4
 mbar (with the taps L and N 

sealed and argon flow controlled by I, meaning that the resting and working/ 

deposition pressures are measured only in the sample and pump sections of the gas 

system). 

 

At this point the window was rotated to face the IR beam path, and a fine 

resolution background spectrum taken: this argon layer also acts as a system check, 

to ensure that the gas spray is targeted correctly and that the system does not show 

excess levels of moisture or atmospheric contamination.  The resulting background 

contains signals from the óemptyô argon matrix (which should not show any bands if 

the gas-handling system is clean of all IR-active contaminants), the evacuated 

sample chamber, the spectrometer beam path and the instrument itself- all of which 

should be subtracted from the sample signal during later processing.  The interior of 

the spectrometer was under a constant purge from a dry nitrogen gas supply, running 

at a constant pressure of ~750mbar; this was directed into the spectrometer to 

operate the air bearing for the interferometer scanner and to flush the spectrometer 

beam path- exact pressures are not known, but even though the spectrometer was 

covered by an improvised seal (to accommodate the gas system) stable background 

signals were observed ~15 minutes from the start of operation, and allowances were 

made for órest periodsô for signal stabilisation before measurements. 
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All infrared spectra using this system were collected using a deuterated 

triglycine sulphate (DTGS) detector at a range of numbers of scans and resolutions 

(specific values for each of these properties, as well as deposition pressures) can be 

found in Table 1-2 later in this chapter for each individual sample spectrum 

collected.  In each case the background was collected at the same resolution as the 

sample, and the S/N value quoted is for the data after background subtraction; all 

spectra were collected with a zero-filling factor of four, meaning spectra of 

resolution 0.5 cm
-1
 contain 59156 data points (every fourth point being órealô), while 

those scans of resolution 0.25 cm
-1
 contain 118312 points (29578 of which are 

órealô).  A 0.5 cm
-1
 spectrum from a total of 512 scans could be collected over some 

2.5 hours, while a ófullô spectrum collected with 1024 scans at a resolution of 0.25 

cm
-1
 requires an approximate collection time of 7 hours on the IFS-66 instrument.  

Combined with a roughly 4-hour preparation time for the vacuum system and 

deposition of the matrix sample, this means that a complete experiment could be 

conducted in between 10 and 19 hours. 

 

After the background was collected, sample deposition was then prepared: 

the CsI window was rotated back to face the needle for optimum spray angle and the 

vanillin sample glassware (see Figure 1-6) heated to the desired temperature.  The 

opening for the vanillin glassware is much larger than that of the needle, but the 

contents were held at a much lower pressure (evacuated with the rest of the system 

while at room temperature, then sealed again during cooling); the free path of the 

vanillin vapour intersects with that of the argon, so that the two materials would co-

deposit on the window at the same time.  To begin deposition the argon stream was 

first re-started, then once a set quantity of pure Ar had been deposited the vanillin tap 

was opened; a set quantity (usually 100mbar pressure from the primary vessel O, but 

sometimes more depending on the desired experimental conditions) of argon was co-

deposited with the heated vanillin vapour trace, forming the sample matrix together 

on the cold window.  At this point the vanillin sample was re-sealed, and a further 

10mbar of pure argon continued to deposit.   
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This procedure gave three experimentally controlled variables to each 

experiment: vanillin temperature (and thus vapour concentration), argon release 

pressure (and thus argon host gas concentration) and total deposition time (thus 

controlling overall signal-to-noise ratio).  It should be noted that no automatic 

system was available to maintain set argon deposition pressure, so this value was 

regulated in each experiment by hand; this results in an uncertainty to all quoted 

argon deposition pressures of +/- 1x10
-4

mbar.  Once deposition was complete, the 

system was allowed a órest periodô of five minutes, then the window was rotated 

back to face the IR beam.  Sample scans were then taken using the same settings and 

resolution as the earlier background. 

 

 

1-2-2: Argon Backgrounds and System Integrity 

 

Nitrogen and argon gases were used in this experiment as supplied by BOC 

gases; nitrogen was listed as 100% pure (with no further data available), while 

óPureshieldô Argon was listed as 99.998% pure.  Both types of gas were passed 

through (separate) P2O5 drying columns to remove trace water vapour.  Detectable 

water signals in the result spectra described below are therefore attributed to two 

possible sources: atmospheric water vapour that has not been fully flushed from the 

spectrometer beam path, and trace water left in the vanillin powder sample (which 

was noted previously in the Solid Phase reference data). 

 

Background spectra were collected before each isolation was performed, 

using the method described above. 
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1-3: Results and Analysis 

 

1-3-1: A Note on the Quality of Spectra 

 

Using the method detailed above, infrared spectra of pseudo-isolated vanillin 

were produced under conditions considered satisfactory (i.e. clear IR signals with 

minimised levels of atmospheric contamination).  As the sample molecules are 

reduced in concentration to enter an isolated state, the signal intensity per matrix 

path length decreases; given that there is a limit to the amount of gas that can be held 

in the system for deposition, lower matrix concentrations (controlled by temperature 

as noted above) approach the limit of detection for the available IR spectrometer 

system.  Because of this weakening of intensity only Samples 3 and 5 appear to 

show the peak width and separation characteristic of samples approaching true 

isolated conditions while still being of statistically quantifiable magnitude compared 

to background noise in the spectra.  All five sample spectra obtained have, however, 

been reproduced below to demonstrate the iterative nature of the investigation.  

Sample 5 has been used as the reference for the later chapters of this thesis because 

of its superior resolution (0.25 cm
-1
 verses 0.5 cm

-1
 in other spectra), though the 

three large features typically seen at ~3500 cm
-1
 are not actually observed here (see 

the later analysis section for comments on this behaviour). 

 

It is clear from experimental evidence that the methods and equipment used 

in this investigation do not allow for the complete elimination of the rotational 

structure of molecules such as atmospheric carbon dioxide from the vacuum system 

or the resulting measured spectra, the presence of such lines in spectra of ópureô 

samples confirming that this is a systematic issue.  In addition it is sometimes 

possible to observe interference fringes in the spectra, fringes which may be used in 

such cases to calculate the thickness of the matrix deposited on the surface of the CsI 

window (and thus the experimental path length).  Further to this behaviour, the 

instability of the spectrometer due to temperature changes both inside and out causes 
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minute band shifts that make it difficult to get an exact background subtraction; 

attempts to compensate for these band shifts by relative displacement of background 

and sample spectra before manual background subtraction have proven unsuccessful, 

as each band is displaced by a different non-linear value and produce only a very 

narrow range of proper background subtraction (~50 cm
-1
).  Peaks outside this range 

in either direction can be seen to show sinusoidal subtraction artefacts at their 

extremities due to the equivalent data points being óout of phaseô.  As a result of 

these effects, the spectra obtained have high levels of noise and show a large number 

of subtraction artefacts which are easy to mistake for actual signals.  Of note is the 

absence of visible peak structure typically seen between 3200-3550 cm
-1
 in Sample 

5: these peaks are usually very strong, but in this case cannot be distinguished from 

local background noise and residual rotational structure from the hydrogen bonding 

band attributed to the hydroxyl group centred at ~3700 cm
-1
. 

 

The peaks marked in the following spectra are true signals, as judged by their 

absence from the background scans of argon containing no vanillin vapour deposited 

prior to sample collection.  These signals have been manually fitted with Gaussian 

curves using the OPUS software to determine their width and intensity; this data is 

presented in Tables 1-3 to 1-5 below.  The remainder of the structure observed has 

been dismissed as a mixture of background noise and artefacts of improper 

subtraction.  A single distinct peak (of varying strength) is observed in the sample 

spectra at a wavenumber value of ~2712 cm
-1
; this peak does not appear to show the 

same dependence on vanillin concentration as its neighbours, nor does it ever 

broaden or change shape with sample conditions, depending only on overall 

transmission intensity.  For this reason, this peak is assigned as an artefact of the 

spectrometer, as are the known features that may be observed at ~748, ~1496 and 

~2992 cm
-1
.  Some of the sample spectra (specifically Samples 1, 2 and 3) show a 

clear signal peak at ~3750 cm
-1

: this peak is attributed to the asymmetric stretching 

mode of residual water trapped in the vanillin sample, showing as it does the same 

dependence on matrix concentration as the vanillin itself. 
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Absorbance spectra are shown below in Figures 1-7 to 1-11 a, b, c, d, e, f, g 

and h in ascending order from Sample 1 to Sample 5; in each case the entire 

spectrum is presented between 4000-500 cm
-1
 on the first page, then in expanded 

views of  4000-3500 cm
-1
, 3500-3000 cm

-1
, 3000-2500 cm

-1
 , 2500-2000 cm

-1
, 2000-

1500 cm
-1
, 1500-1000 cm

-1
 and 1000-500 cm

-1
 on the subsequent four pages in direct 

comparison to the argon-only background spectrum taken for that range.  In each 

case, peaks identified as genuine signals are tabulated on the following (ninth) page 

in Tables 1-3 to 1-7.  For reference, the argon-only background spectra are presented 

alongside the sample spectra below, in order to confirm the assignment of peak 

values to real signals (as opposed to subtraction artefacts.  Collection conditions for 

each sample are presented in Table 1-2 immediately below: 

 

Sample 

Vanillin  

Temperature 

(°C) 

Mean Deposition 

Pressure (mbar) 

Scan 

Resolution 

(cm
-1

) 

Number 

of Scans 

Calculated  

Signal/ Noise Ratio  

(RMS) Across 

Entire Spectral 

Range 

1 29 5.2x10
-5

 0.5 512 0.757 

2 28 1.2x10
-4

 0.5 512 0.338 

3 25 2.2x10
-4

 0.5 512 0.537 

4 22 2.2x10
-4

 0.5 512 0.748 

5 25 2.0x10
-4

 0.25 1024 0.639 

Table 1-2: Collection/ deposition conditions for Samples 1 to 5. 
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1-3-2: Experimental IR Spectra of Vanillin Isolated in an Ar Matrix  

 

Figure 1-7a: Overview of Sample 1 IR spectrum, 4000-500 cm
-1
. 
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Figure 1-7b: Expanded view of Sample 1 IR spectrum, 4000-3500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-7c: Expanded view of Sample 1 IR spectrum, 3500-3000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-7d: Expanded view of Sample 1 IR spectrum, 3000-2500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-7e: Expanded view of Sample 1 IR spectrum, 2500-2000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-7f: Expanded view of Sample 1 IR spectrum, 2000-1500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-7g: Expanded view of Sample 1 IR spectrum, 1500-1000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-7h: Expanded view of Sample 1 IR spectrum, 1000-500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 

 

 

 



 

30 
 

Position 
FWHM  

(cm
-1
) 

Intensity 

(Abs. Units) 

509.40 0.012 6.91 

537.40 0.003 1.62 

590.48 0.012 2.94 

625.62 0.024 2.00 

628.12 0.035 2.30 

653.93 0.006 8.86 

662.69 0.008 2.96 

667.48 0.021 1.46 

730.90 0.055 2.34 

733.06 0.021 3.82 

780.50 0.012 2.39 

818.90 0.025 1.83 

821.90 0.018 3.73 

829.80 0.003 1.75 

832.28 0.003 3.12 

850.27 0.005 3.66 

869.84 0.006 1.79 

871.96 0.012 1.51 

873.55 0.010 1.44 

875.23 0.008 2.13 

1030.29 0.006 2.74 

1034.43 0.011 2.88 

1039.89 0.017 4.66 

1041.88 0.021 5.31 

1114.57 0.016 2.63 

1120.99 0.030 2.88 

1123.68 0.027 2.40 

1149.61 0.053 4.50 

1152.11 0.064 2.06 

1154.09 0.024 1.44 

1157.08 0.031 4.82 

1179.18 0.037 6.89 

1189.27 0.031 5.96 

1208.10 0.040 4.60 

1211.25 0.018 2.24 

1215.63 0.006 10.00 

1245.28 0.010 2.30 

1249.01 0.030 3.47 

1252.39 0.026 3.78 

1267.83 0.070 4.29 

1271.46 0.076 4.23 

1281.63 0.045 7.26 

1285.87 0.033 3.24 

1289.06 0.041 2.44 

1291.34 0.024 2.24 

1294.44 0.069 6.32 

1403.14 0.030 5.58 

1435.95 0.053 1.87 

1438.72 0.074 3.56 

1470.10 0.099 3.50 

1512.68 0.114 3.68 

1516.28 0.086 2.64 

1683.57 0.062 2.50 

1706.70 0.089 6.14 
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2726.09 0.003 10.41 

2740.74 0.001 7.75 

2799.64 0.003 14.87 

2825.08 0.005 14.10 

2856.34 0.002 18.54 

2951.44 0.006 8.15 

2978.89 0.003 14.39 

3010.28 0.003 7.38 

3082.47 0.002 16.91 

3460.26 0.004 4.99 

3507.58 0.007 17.26 

3550.34 0.062 5.16 

3555.27 0.048 4.98 

Table 1-3: Integrated Gaussian fitting parameters for signal peaks in Sample 1. 
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Figure 1-8a: Overview of Sample 2 IR spectrum, 4000-500 cm
-1
. 
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Figure 1-8b: Expanded view of Sample 2 IR spectrum, 4000-3500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-8c: Expanded view of Sample 2 IR spectrum, 3500-3000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-8d: Expanded view of Sample 2 IR spectrum, 3000-2500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-8e: Expanded view of Sample 2 IR spectrum, 2500-2000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-8f: Expanded view of Sample 2 IR spectrum, 2000-1500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-8g: Expanded view of Sample 2 IR spectrum, 1500-1000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-8h: Expanded view of Sample 2 IR spectrum, 1000-500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Position 
FWHM  

(cm
-1
) 

Intensity 

(Abs. Units) 

510.28 0.005 6.21 

537.85 0.003 3.19 

590.23 0.008 2.62 

625.23 0.025 1.42 

627.92 0.023 2.54 

730.39 0.047 1.95 

733.89 0.013 2.69 

780.51 0.009 2.31 

792.75 0.002 3.21 

808.58 0.003 2.67 

818.98 0.019 2.22 

822.18 0.010 3.02 

829.88 0.003 3.37 

850.28 0.002 2.55 

869.50 0.004 1.77 

871.71 0.005 1.47 

874.29 0.005 6.34 

1039.27 0.018 2.20 

1042.09 0.027 3.71 

1114.49 0.009 2.48 

1121.11 0.021 2.87 

1124.14 0.011 1.89 

1148.93 0.036 1.53 

1150.96 0.059 2.72 

1153.94 0.027 2.30 

1156.71 0.016 2.12 

1177.58 0.027 6.71 

1188.60 0.023 4.26 

1207.66 0.018 2.89 

1210.83 0.032 2.70 

1245.45 0.009 2.69 

1249.55 0.036 3.42 

1267.11 0.065 2.19 

1269.98 0.074 3.31 

1282.05 0.017 6.98 

1290.35 0.037 4.27 

1294.36 0.032 3.86 

1381.70 0.008 5.77 

1402.18 0.030 3.86 

1438.38 0.054 4.54 

1469.82 0.059 2.60 

1512.25 0.083 2.45 

1515.00 0.043 1.96 

1517.45 0.041 1.80 

1699.95 0.211 0.52 

1704.45 0.065 1.31 

1706.30 0.097 1.46 

1709.79 0.057 3.58 

2724.09 0.004 16.60 

2741.11 0.002 8.01 

2798.16 0.003 9.60 

2819.00 0.002 9.10 

2828.24 0.002 8.31 

2951.82 0.004 8.10 
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2977.80 0.002 15.29 

3008.84 0.003 5.31 

3016.47 0.002 6.28 

3554.41 0.057 14.71 

Table 1-4: Integrated Gaussian fitting parameters for signal peaks in Sample 2. 
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Figure 1-9a: Overview of Sample 3 IR spectrum, 4000-500 cm
-1
. 
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Figure 1-9b: Expanded view of Sample 3 IR spectrum, 4000-3500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-9c: Expanded view of Sample 3 IR spectrum, 3500-3000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 



 

45 
 

 

Figure 1-9d: Expanded view of Sample 3 IR spectrum, 3000-2500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-9e: Expanded view of Sample 3 IR spectrum, 2500-2000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-9f: Expanded view of Sample 3 IR spectrum, 2000-1500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-9g: Expanded view of Sample 3 IR spectrum, 1500-1000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-9h: Expanded view of Sample 3 IR spectrum, 1000-500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Position 
FWHM  

(cm
-1
) 

Intensity 

(Abs. Units) 

495.30 0.011 1.57 

550.32 0.014 5.98 

729.84 0.005 1.11 

731.94 0.003 1.39 

818.57 0.004 1.58 

1034.17 0.003 1.40 

1039.79 0.003 1.80 

1042.27 0.002 1.26 

1114.31 0.001 1.96 

1120.24 0.003 1.98 

1122.21 0.001 1.26 

1124.20 0.001 2.76 

1148.65 0.009 1.05 

1154.12 0.003 1.25 

1157.24 0.004 1.30 

1178.67 0.003 8.90 

1189.76 0.002 6.90 

1210.49 0.005 2.75 

1245.11 0.001 0.85 

1248.85 0.004 2.40 

1252.66 0.002 1.90 

1266.43 0.007 1.15 

1284.55 0.008 1.30 

1294.67 0.003 5.45 

3213.01 0.012 19.70 

3323.62 0.040 12.30 

3372.82 0.067 11.70 

3514.37 0.108 9.30 

Table 1-5: Integrated Gaussian fitting parameters for signal peaks in Sample 3. 
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Figure 1-10a: Overview of Sample 4 IR spectrum, 4000-500 cm
-1
. 
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Figure 1-10b: Expanded view of Sample 4 IR spectrum, 4000-3500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-10c: Expanded view of Sample 4 IR spectrum, 3500-3000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-10d: Expanded view of Sample 4 IR spectrum, 3000-2500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-10e: Expanded view of Sample 4 IR spectrum, 2500-2000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-10f: Expanded view of Sample 4 IR spectrum, 2000-1500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-10g: Expanded view of Sample 4 IR spectrum, 1500-1000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-10h: Expanded view of Sample 4 IR spectrum, 1000-500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Position 
FWHM  

(cm
-1
) 

Intensity 

(Abs. Units) 

3145.82 0.011 15.95 

3212.84 0.047 23.81 

3323.24 0.149 13.81 

3372.53 0.202 15.31 

3513.46 0.281 10.21 

3524.12 0.286 9.61 

Table 1-6: Integrated Gaussian fitting parameters for signal peaks in Sample 4. 
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Figure 1-11a: Overview of Sample 5 IR spectrum, 4000-500 cm
-1
. 
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Figure 1-11b: Expanded view of Sample 5 IR spectrum, 4000-3500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-11c: Expanded view of Sample 5 IR spectrum, 3500-3000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-11d: Expanded view of Sample 5 IR spectrum, 3000-2500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-11e: Expanded view of Sample 5 IR spectrum, 2500-2000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-11f: Expanded view of Sample 5 IR spectrum, 2000-1500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-11g: Expanded view of Sample 5 IR spectrum, 1500-1000 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Figure 1-11h: Expanded view of Sample 5 IR spectrum, 1000-500 cm
-1
. Genuine 

signal peaks are marked to indicate position where present. 
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Position 
FWHM  

(cm
-1
) 

Intensity 

(Abs. Units) 

535.98 0.014 0.42 

545.04 0.015 0.52 

546.04 0.016 0.36 

547.56 0.013 0.43 

549.78 0.022 0.47 

566.92 0.020 0.58 

569.00 0.023 0.44 

571.00 0.010 0.68 

575.90 0.057 0.38 

580.36 0.027 0.54 

584.50 0.019 0.52 

591.52 0.036 0.56 

594.74 0.008 0.52 

599.90 0.028 0.42 

615.82 0.019 0.58 

617.60 0.018 0.63 

624.95 0.025 0.70 

635.20 0.025 0.70 

720.33 0.009 0.54 

729.73 0.013 0.75 

818.74 0.006 0.89 

871.60 0.003 0.56 

1039.52 0.003 1.97 

1042.21 0.003 1.15 

1114.32 0.002 1.04 

1120.63 0.004 1.03 

1122.09 0.002 0.95 

1124.09 0.001 1.28 

1139.87 0.001 1.18 

1148.57 0.015 0.87 

1153.89 0.003 1.73 

1156.48 0.002 1.56 

1174.30 0.003 0.98 

1177.52 0.001 0.93 

1180.35 0.001 1.32 

1186.84 0.002 1.08 

1189.13 0.002 1.42 

1197.88 0.001 0.63 

1210.55 0.004 1.40 

1218.32 0.001 0.80 

Table 1-7: Integrated Gaussian fitting parameters for signal peaks in Sample 5. 
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1-4: Discussion and Conclusions 

 

1-4-1: Vanillin Intensity in Matrix Isolated IR Spectra  

 

Vanillin has proven to be a more difficult material to isolate than was first 

envisioned: though it has a naturally strong odour, it only displays a vapour pressure 

of 2.933x10
-5
 bar at 25°C.  Practical attempts to introduce the vapour into the free 

path of the bulk argon gas required moderate amounts of heating to avoid 

preferential deposition on the interior surfaces of the glassware.  In contrast, it 

proved to be more effective to vary the pressure (i.e. rate) of Ar introduction to 

control the resulting concentration of 4-hydroxy-3-methoxy benzaldehyde in the 

final matrix.   

 

It is difficult to conclusively state whether the vanillin molecules present in 

the matrix are in a truly isolated state: this judgement is based on the behaviour of 

observed peak distributions over a range of concentrations.  Isolated species show a 

characteristic narrow peak distribution; consideration of the Gaussian fittings of the 

peaks observed around 1000 cm
-1
 in each sample spectrum (typical of the vibrational 

peaks of vanillin, and seen in all of the experimental samples except Sample 4) 

shows a typical peak FWHM of 2-2.5 cm
-1

 in Samples 1 and 2, dropping to a typical 

value of approximately 1-1.5 cm
-1
 in Sample 3, then to 0.8 cm

-1
 in Sample 5 (though 

Sample 5 was recorded at a resolution of 0.25 cm
-1
, while the others are of resolution 

0.5 cm
-1
).  This change in peak character suggests that the vanillin molecules in 

Samples 3 and 5 are at least more isolated than in 1 and 2, though whether this is a 

true isolated state could only be confirmed by obtaining more spectra at lower 

deposition temperatures/ higher pressures to confirm there is no further change in the 

observed peak width. 

 

Though the signal peaks observed in the final sample spectra above do show 

the characteristically narrow widths associated with isolated species, the actual 
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concentration of the matrix can only be calculated by use of the Beer-Lambert 

relationship between the absorption coefficient of the sample molecule and the path 

length.  Taking the interference fringe pattern observed in Sample 1 as a 

representative value for a sample collected under these conditions we can calculate a 

typical thickness for these matrices:  

 

ὰ
ὲ
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Equation 1-1: Path length l (cm) from number of interference fringes observed n in 

wavenumber range ὺӶ to ὺӶ, with refractive index r.  In this case n=11, ὺӶ=2270 cm
-

1
, ὺӶ=590 cm

-1
 and the refractive index of the Ar matrix is 1.2682 (+/-0.00016). 

 

Later chapters in this thesis will show calculated intensity coefficients for 

vanillin produced by Density Functional Theory in the km/ Mole (the coefficient 

integrated over the entire absorption band); these may be used for the prediction of 

peak intensity at given matrix thicknesses and concentrations (and vice versa), and 

have been used to calculate simulated spectra of multiple components at relative 

intensity distributions. 
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    Hence: 
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Equation 1-2a and b: The classic Beer-Lambert Law.  Concentration c of material in 

matrix per unit path length (mol. cm
-1
), molar absorption coefficient ‐ and path 

length l (calculated above to have a typical value of 0.00258 cm) give the resulting 

absorbance of the molecule A.   
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1-4-2: Discussion of Splitting Effects in the Matrix Isolated Spectra 

 

It is clear (even with the unexpected absences of certain peaks from some of 

the sample spectra) that there are more visible peaks attributable to signal from the 

matrix visible than would be expected for the normal modes of a molecule of this 

size; this is not unanticipated, since it was noted earlier that matrix isolated species 

are expected to be affected by environmental effects that give rise to splitting effects.  

In order to explain these additional peaks, there are four factors in this system to be 

considered: the concentration of the matrix mixture, the packing effects expected in 

the matrix and how they are affected by the temperature of deposition, the rotational 

stereochemistry of the molecule and the possible isotopic substitutions present in the 

species. 

 

Concentration has the greatest role to play in the distribution of the peak 

intensity observed.  The proportion of vanillin compared to argon in the matrix gas 

mixture is controlled by two factors: the temperature to which the vanillin was 

heated (higher temperatures naturally resulting in a higher vapour pressure), and the 

flow pressure of the argon gas that forms the bulk of the matrix.  When the 

temperature is low and the Ar flow proportionately high, the resulting matrix would 

be expected to show narrower peaks of lower intensity, as the vanillin is found in an 

isolated state.  When the temperature is high and the flow pressure low, however, it 

is more reasonable to expect to see larger aggregate structures in the matrix as the 

analyte molecules remain in close enough proximity/ high enough concentration to 

interact.  Such aggregate structures are generally characterised by a sequence of 

several peaks shifted to slightly lower wavenumber values echoing the ómainô peak 

for each vibration, each of decreasing intensity and increasing width; the loose 

association of aggregate structures effectively adding to the mass of the vibrating 

molecule(s).  At the higher concentrations these aggregate structures will dominate 

the spectrum and form the vibrational bands more familiar to solid state spectra, 

though at concentrations close to the isolated state (such as we have here) it can be 

very difficult to characterise these peaks properly.  In all likelihood there are some 

peaks in Samples 3, 4 and 5 above that are in fact due to dimeric interactions 
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between vanillin molecules: this kind of interaction would be expected to be most 

expressed in the ~3550 cm
-1
 ïOH stretching peak due to the strong hydrogen bonds 

that form between closely associated hydroxyl groups.  Although absent from 

Sample 5 due to swamping of the signal by residual water structure, this peak can be 

seen in Samples 3 and 4 to begin to separate into two peaks of near-equivalent 

strength: this indicates that the broadening of the ɜOH band is in fact due to extended 

structures forming between aggregate groups. 

 

The vanillin structure has a central 6-membered ring and three substituent 

side groups; as discussed in Section 1-1-4 above, this arrangement occupies the 

equivalent volume of 3.071 argon atoms in the matrix lattice.  It is important to 

remember that this value means that a number of situations may occur in order to 

actually accommodate the molecule, and that (given its large, ovoid shape) it may 

actually replace more argon sites than the 3.071 value would suggest- given the 

relative size and fcc packing arrangement in the matrix a minimum of seven sites 

would appear to be disrupted by the presence of the vanillin.  The assumption can be 

made that the steric effects of the covalently bound atoms of vanillin will cause the 

argon (held together only by van der Waals forces) to arrange themselves around the 

vanillin; because of this, the most probable packing arrangement would have a 

slightly distorted Ar matrix surrounding the molecule as it occupies the minimum 

necessary space (closer to the calculated 3.071).  Alternatively, a more relaxed 

configuration would have the molecule displace additional argon atoms (perhaps 

five, six or seven) in order to reduce stress on the volume occupied by the functional 

groups to varying degrees.  Each of these different arrangements may be occupied by 

different molecules at the same time, their proportions dictated only by the energy 

available to the molecule at the time of deposition (i.e. the deposition temperature), 

and would be expected to give a minute shift in the resulting vibrational position for 

each transition. 

 

The packing of vanillin into the matrix is not the only factor that is 

influenced by the conformation of the molecule in the vapour phase.  For studies in 

the solid phase, such as a fine powder pressed into a KBr disc for an IR spectrum, 
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the crystal structure of vanillin is well known and documented by x-ray 

crystallographic techniques.  Passing into the vapour phase, however, the molecular 

stereochemistry is free to rotate and distort. The exact structure that the molecule 

relaxes into would be expected to be a local energy minimum, but depending on the 

amount of energy available and the rate of cooling/ argon matrix formation it is 

entirely possible that the functional groups of vanillin may be promoted and fixed 

into a different geometry to the crystal structure.  Changes as significant as rotating 

the aldehyde group would be expected to produce a significant difference in the 

resulting vibrational spectra for the matrix: the proportion of molecules promoted 

into each rotational isomer would be expected to be controlled only by the 

temperature of deposition, and a theoretical model of this mechanism is elaborated 

on in Chapter 3b later on. 

 

As with the other effects discussed here, isotopic substitution in the vanillin 

population would be expected to produce changes in the resulting vibrational spectra.  

Indeed, the alterations to vibrational position due to changes in mass (particularly for 

vibrational modes involving hydrogen replaced with deuterium) would be expected 

to be quite drastic.  A near-natural abundance of ósecondaryô isotopes is expected in 

the vanillin IR system, though the synthetic procedure used to manufacture the 

sample would undoubtedly influence the isotopic distribution through some degree 

of gravimetric fractionation.  However, with even the strongest of the secondary 

isotopes of each atomic species having only a natural abundance of ~1% it is 

apparent from the intensity and noise values seen in the latter samples that it is not 

reasonable to assume the visibility of isotopic peaks in the isolated state with the 

available instrumentation for this investigation. 

 

 

 

 

 



 

74 
 

1-4-3: Conclusions and Further Development 

 

As the system stands now contamination is a serious issue; traces of IR-

active species such as H2O and CO2 can be seen in all spectra and are a serious 

impediment in the lower concentration matrices.  Removal of these traces is a 

priority, but will only be possible with rigorous treatment of the vacuum system 

itself- replacing aging parts and sealing all possible sources of leaks such as joints.  

The performance of the Leybold BMH70 turbopump has been quite satisfactory in 

these experiments, but the best possible vacuum is always preferred.  Significant 

uncertainty is found in the apparatus used: pressure control in particular has largely 

been performed manually, and an automated system to regulate deposition flow rate 

is highly desirable as this is the principle control of matrix concentration in 

conjunction with vanillin sample temperature. 

 

Assigning the complicated structure seen in these spectra is a difficult 

process and without further information it is problematic to assign the structures seen 

to particular sources, be they aggregation, conformational, site effects or isotopic 

substitutions.  The greatest limiting factor in these spectra is the low intensity of 

signal in comparison to the undesirable peaks attributed to both contaminants and 

artefacts, and the simplest method of improving this would be to run a sufficient 

number of scans to reduce background noise further than has already been achieved.  

The issue of noise is compounded by working at high resolution: although the use of 

0.25 cm
-1
 resolution in Sample 5, rather than the 0.5 cm

-1
 resolution used for the 

other spectra, allows for a more precise integration of the resulting peak (more data 

points naturally giving a more reliable peak measurement), the relative impact of 

noise is increased.  The spectra presented in this chapter were each collected in an 

isolation procedure that required 9-12 hours to complete, most of which was taken 

up by infrared scan time.  Extending sample collection time by a factor of 16 would 

produce a resulting spectrum with proportionately 75% less noise, but would require 

an entire week to collect equivalent data: with effects on the spectra from the outside 

environment noted over the period of just one day, the effect of changes in weather, 

temperature and air pressure, etc., become a serious concern, and the use of a 
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climate-controlled workspace would be recommended should such a long collection 

process be undertaken.   

 

With improvements to the signal to noise ratio comes the ability to 

distinguish very low intensity components in the spectra from the background: in 

particular, the ability to observe repetition of structures in the IR would potentially 

allow these to be assigned as either matrix packing or isotopic effects (most likely a 

combination thereof) based on their width and behaviour with changes in matrix 

concentration.  As well as observing changes with concentration, it is also practical 

to consider the deliberate doping of sample materials with isotopic markers, in order 

to aid in assignment between matrix and isotopic effects, deliberately increasing the 

intensity of isotopic bands to make them stand out.   

 

Proper assignment of peak structure is largely a matter of performing 

multiple isolations while changing only one variable (temperature, pressure, isotopic 

ratio) and keeping the others the same, in order to gather sufficient information.  

Changes in pressure would vary the concentration of the matrix, while (at 

sufficiently high deposition flow pressure) conformational distribution would be 

expected to be largely temperature controlled; óspikingô the material would of course 

increase the relative intensity of vibrational structure involving those atomic species.  

This level of comparison has not been possible in my time working on this project, 

but a future investigation may be able to use these methods to conclusively assign 

structures to one mechanism or the other. 
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Part Two:  

Fundamentals of Density Functional Theory and the 

Simulation of Vanillin in both the Solid and Isolated Phase. 
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Chapter 2:  Fundamentals of Density Functional Theory 

 

 

2-1: Introduction  

 

2-1-1: Isotopic Labelling in High Resolution Vibrational Spectra 

 

As has been discussed in Chapter 1, high resolution vibrational spectra of 

isolated molecules can be obtained relatively easily for small molecular species; with 

an increase in detector sensitivity comes a lowering of the detection limit for the 

system.  Using low-temperature deposition and small sample concentration in an 

inert matrix (i.e. the Matrix Isolation technique, detailed in the next chapter) it is 

possible to record the pseudo-isolated vibrational spectra of small species such as 

CO2 and N2O, and Chapter 1 details a series of experimental attempts to obtain 

matrix isolated vibrational spectra of vanillin in a conventional laboratory setting.    

 

Each element in nature has a certain natural abundance of stable isotopes (for 

example the abundance of 
13

C is typically quoted as 1.1% of the total carbon 

population).  In an infrared spectrum, were there only the two possible isotopomers, 

intensity of the total population of any vibration involving a given carbon would be 

expected to be split 98.9/ 1.1% between the expected peak and an isotopomeric 

vibrational peak shifted a relatively small amount in the x-axis from it (for example, 

the CO2 asymmetric stretch is seen in an argon matrix at ~2345 cm
-1
, but the 

13
C 

isotopic vibration can clearly be seen, repeating the additional structure caused by 

matrix effects, at ~2280 cm
-1
).  Asymmetry in the molecule allows isotopic shifts to 

be assigned to specific atoms where a plane of molecular symmetry would not, i.e. 

the equivalent stretching vibrations for 
18

O in CO2 could not be assigned to a specific 

oxygen position (symmetrical structure O=C=O), but it would be possible to 

distinguish between nitrogen atoms for positional labelling of 
15

N in N2O (N=N=O).  
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Such positional information is difficult for other techniques to provide- SNIF-NMR 

and Mass Spectrometry both requiring modifications to the molecular structure such 

as protonation and fractionation.  Use of common infra-red to achieve the same 

information would make for a much cheaper and more practical alternative. 

 

Though in principle the probability any atom in the molecule would have of 

being such an isotope would be equal to its natural abundance, in practice due to the 

synthetic steps taken to produce the sample molecule these distributions are rarely as 

expected.  Some reference data for small molecules with isotopic substitutions exists 

(for example 
13

C in small molecules such as CO2 has been studied by a number of 

authors through the decades), but this kind of information becomes rapidly more 

scarce the larger the molecule and more specific the isotopic labelling of the 

molecular species in question.  One of the purposes of this investigation is to 

theoretically simulate the vibrational spectra of such species, and use such calculated 

vibrations to predict the possibility of experimentally observing the natural isotope 

abundances using vibrational spectroscopy within the achievable spectral resolutions 

and signal to noise ratios.   

 

 

2-1-2: Density Functional Theory (DFT) Modelling of Vibrational Spectra 

 

Species where synthetic routes have been chosen to isotopically label specific 

sites are frequently expensive to purchase, making rigorous exploration of such 

molecules an expensive process.  Reliable predicted data for isotopomeric vibrations, 

which can be manipulated to produce simulated spectra for arbitrary user-defined 

isotopic populations, is desirable to predict and characterise such species.  These 

predictions could then be used to predict whether such compounds would be 

experimentally observable, in order to test the accuracy of such simulations.  
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With modern computer modelling techniques and processing power, it is 

possible to simulate the physical and energetic properties of molecules to a high 

degree of accuracy
7
.  Although mathematical assumptions are required to model such 

systems
6
, choosing the correct Basis Set and level of theory (see later) can give a 

simulated array of vibrations that closely approach the observed experimental data.  

This chapter describes the application of such techniques to vanillin, chosen due to 

its modest size (19 main-group atoms) and three dissimilar functional groups. 

 

 The use of Density Functional Theory has a number of advantages over other 

methods
54

: unlike the Hartree-Fock method, the orbital theory applied by DFT 

necessitates a degree of correlation between multiple electrons localised to specific 

atoms, rather than assuming that the overall field effects are equally experienced by 

all of the particles in the system (an approximation, intended to reduce the 

calculation time required to solve the fully correlated Schröedinger Equation down 

to a manageable level).  In Hartree-Fock calculations, electron density is not 

localised to any particular position and instead of interacting with each other the 

electrons all experience the same average field effect; thus the method (while very 

capable at calculating the total energy of a molecular system) has great difficulty in 

determining the thermochemical properties of specific bonding interactions (and 

tends to systematically overestimate the calculated energies for molecules).   The 

system is, in effect, calculated as the sum of a large number of single-electron 

wavefunctions.  Modifications to this procedure can produce more accurate results 

by incorporating the wavefunctions of excited states (for example the second-order 

Møller-Plesset model, generally referred to as MP2), but these methods are very 

computationally expensive. 

 

Most modern Density Functional Theory methods also treat the electrons in 

the molecular system as functions of electronic density to the same effect as the 

Hartree-Fock method, summed together to find the total energy of the system; where 

DFT differs is that correlation between electrons is modelled as an additional 

approximation term (the Exchange-Correlation approximation) based on observed 

energy values in molecular systems.  By taking a hybrid approach to the calculation 
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of electronic density in the molecule (ab-initio calculations corrected by an 

approximation based on empirical data), DFT methods achieve a significantly more 

accurate result than the Hartree-Fock method alone at an equivalent level of theory 

(though generally less so than methods such as MP2) but only require marginally 

more computational power. 

 

DFT is fundamentally an approximation, and as a result the choice of an 

incorrect correlation term for the species being studied can have a significant effect 

on the accuracy of the final results.  A number of alternatives are available, including 

the Becke three-parameter hybrid method functional with the Perdew/Wang 91 non-

local correlation correction term (shorthanded to B3PW91), and its successor, the 

popular Becke three-parameter hybrid method functional with the Lee, Yang and 

Parr local and non-local correlation correction term (shorthand B3LYP)
55-58

. The 

behaviour of these correlation terms will be evaluated in Chapters 3a and 3b later on 

in this text. 
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2-2: Density Functional Theory 

 

2-2-1: Origins of Density Functional Theory 

 

Note: The description of the DFT process presented in this chapter draws on 

references 
5-7

 and 
55-58

 throughout the text.   

 

At the core of Density Functional Theory modelling is the many-body 

Schrödinger equation; solving this equation exactly is an extremely difficult task that 

requires huge amounts of computing power and time, and is only realistically 

possible for a very select few specific cases.  As a result of this, a series of 

assumptions and approximations are made to reduce this equation to a more 

manageable form that can be solved to give a result close to (if not precisely correct 

for) the true case. 

 

We start by assuming, as in the Schrödinger Equation, that the energy of a 

system can be described by a single operator, the Hamiltonian Ὄ, including terms to 

describe all contributions to the energy such that: 

 

Ὄɰ Ὁɰ 

Equation 2-1 

 

For an inhomogeneous system comprised of N interacting electrons we can 

split this equation into three sources of energy contributions: 
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Ὁ ɮὝ ὠ Ὗɮ ɮὝɮ ɮὠɮ ɮὟɮ  

Equation 2-2 

 

Where ȿɋἃ is the ground state wavefunction (in a different form to that seen 

in the Hartree/ Hartree-Fock methods), Ὕ the kinetic energy of the system, ὠ its 

interaction with fields external to the molecule, and Ὗ the electron interaction term 

(the internal energy of the system); Ὕ Ὗ can be considered the total internal energy 

of the system, Ὂ.   

 

Atomic and molecular systems are considered in DFT (and indeed quantum 

mechanics in general) as a system of electrostatic forces interacting with one 

another.  In a molecular system, this Hamiltonian must therefore include terms to 

describe every possible interaction, as described by the general form seen here: 

 

Ὄ
ᴐ

ςὓ
ᶯ

ᴐ

ςὓ
ᶯ

Ὡ

ς

ὤὤ

╡ Ὑ

Ὡ

ς

ρ

ὶ ὶ

Ὡ
ὤ

ȿ╡ ὶȿ
 

 

Equation 2-3 

 

Where Ὑ Ὑ  and Ὅ ρȟȣȟὖ, are a set of ὖ nuclear coordinates, and 

ὶ ὶ and Ὥ ρȟȣȟὔ, are a set of ὔ electronic coordinates; ὤ and ὓ  are the 

nuclear charges and masses respectively.  This can, in principle, have all of the 

unknown terms derived by solving the classical form of the many-body Schrödinger 

Equation, but in practice, however, this is almost impossible to do because of the 

large number of degrees of freedom for both the electrons and the atom.  The first 
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assumption made to simplify this calculation process is that the timescale of electron 

motion is so much faster, and the mass so much lower, than the motion of the nuclei 

they orbit that they can simply be considered a probability wavefunction of electron 

density about a stationary atom (the Born-Oppenheimer approximation).  This 

approximation also assumes that there are no non-radiative transitions between 

different orbitals: electronic transitions can only occur with some form of external 

interaction. 

 

The second assumption, the Classical Nuclei approximation states that the 

equivalent particle density in the nuclei of the atoms is highly localised (enough that 

the atoms can be treated classically as single objects, rather than quantum 

mechanical wavefunctions unto themselves).  With these two approximations in 

place, the many-body Schrödinger Equation is left as a series of electronic 

wavefunctions about fixed nuclear positions, not an easy task, but far more 

accessible than the former case. 

 

There are two basic approaches to the problem of combining wavefunctions 

to form the electronic probability distribution in a molecular system: Hartree-Fock 

(HF) calculations and Density Functional Theory.  In practice many of the best 

calculated results possible today (and, indeed, the method used in this research) 

actually use a hybrid of the two methods, taking some of the components introduced 

in Hartree-Fock and converting them to a form that can be applied to modify the 

electron density calculations (hence the DFT that we commonly refer to is typically 

an extension of the earlier Density approximation method [see later]). 

 

It is the final term in Equation 2-2, Ὗ, where many-body effects come into 

play.  As seen in Equations 2-2 and 2-3: 
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Ὗ ἂɮȿὟȿɮἃ ɮ
ρ

ς

ρ

ὶ ὶ
ɮ

” ►ȟ►ᴂ

ȿ► ►ᴂȿ
Ὠ►Ὠ►ᴂ 

Equation 2-4 

 

 

Where  

” ►ȟ►ᴂ
ρ

ς
ɮɰ ►ɰ ►ᴂɰ ►ᴂɰ ►ɮ

ȟ

 

Equation 2-5 

 

And ɰ and ɰ  are the creation and annihilation operators for the electrons, 

obeying the anti-commutation rule ɰ ►ȟɰ ►ᴂ ►‏ȟ‏ ►ᴂ.  ”►ȟ►ᴂ is 

the one-body density matrix, where the diagonal elements  ”► ”►ȟ► 

correspond to electron density: 

 

” ►ȟ►ᴂ
ρ

ς
”►ȟ►”►ᴂȟ►ᴂὫ►ȟ►ᴂ 

Equation 2-6 

 

In which: 

 

”►ȟ►ᴂ ” ►ȟ►ᴂ 

” ►ȟ►ᴂ ɮɰ ►ɰ ►ᴂɮ  

Equations 2-7 and 2-8 



 

85 
 

 

Essentially, the interaction between the two particles is the sum of the 

calculated interaction in either direction, halved, then acted upon by a correlation 

function to define their true interaction potential (i.e. A acting on B, plus B acting on 

A, divided by two then multiplied by some unknown coefficient). 

 

With these definitions, Ὗ can be rewritten as: 

 

Ὗ
ρ

ς

”►”►

ȿ► ►ᴂȿ
Ὠ►Ὠ►

ρ

ς

”►”►

ȿ► ►ᴂȿ
Ὣ►ȟ► ρὨ►Ὠ► 

Equation 2-9 

 

In which the first term is the classical interaction of two electrostatic charges, 

while the second takes into account the exclusion of two similarly charged particles 

in similar loci. 

 

This term can be split into two components: one for exchange (Ὣ) and one 

for correlation (Ὣ); the value of Ὗ is affected even further with the inclusion of an 

exchange term, which also adds the mutual exclusion of two particles with the same 

spin (the Pauli Exclusion Principle).  There is, of course, no exclusion from this for 

electrons of the opposite spin at the same location, so we can say that Ὣ ►ȟ►  

approaches ½ as particle ► approaches ►ᴂ: 

 

Ὣ ►ȟ► ᴼ    for   ►O ►ᴂ 

Equation 2-10 
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Ὗ from Equation 2-9 can be rewritten in the form: 

 

Ὗ
ρ

ς

” ►” ►

ȿ► ►ᴂȿ
Ὠ►Ὠ►

ρ

ς

” ►” ►

ȿ► ►ᴂȿ

Вȿ” ►ȟ►ȿ

” ►” ►
Ὠ►Ὠ► 

Equation 2-11 

 

And so the term that describes the depletion effect of the exchange (typically 

referred to as the exchange hole) is: 

 

Ὣ ►ȟ► ρ
Вȿ” ►ȟ►ȿ

” ►” ►
 

Equation 2-12 

 

Unfortunately, the calculation of the equivalent term for correlation (the 

correlation hole) between the two electrons, Ὣ ►ȟ► , is not as easy to work out, and 

the two must still be included as a single term encompassing both contributions Ὁ  

(the exchange-correlation hole): 

 

Ὁ
ρ

ς

”►”►

ȿ► ►ᴂȿ
Ὣ►ȟ► ρὨ►Ὠ► 

Equation 1-13 

 

Hence, we can re-define: 

Ὁ Ὕ ὠ Ὗ 

Equation 1-14 
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With: 

Ὕ
ᴐ

ςά
ᶯ”►ȟ► ► ►Ὠ► 

ὠ ”► ►░ ╡╘Ὠ► 

Ὗ
ρ

ς

”►”►

ȿ► ►ᴂȿ
Ὠ►Ὠ► Ὁ  

 

Where: 

Ὁ
ρ

ς

”►”►

ȿ► ►ᴂȿ
Ὣ►ȟ► ρὨ►Ὠ► 

Equations 2-15, 2-16, 2-17 and 2-13 

 

As: 

Ὁ
ᴐ

ςά
ᶯ”►ȟ► ► ►Ὠ► ”► ►░ ╡╘Ὠ►

ρ

ς

”►”►

ȿ► ►ᴂȿ
Ὠ►Ὠ►

ρ

ς

”►”►

ȿ► ►ᴂȿ
Ὣ►ȟ► ρὨ►Ὠ► 

Equation 2-18 
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2-2-2: The Kohn-Sham Approximation 

 

In 1965 Kohn and Sham proposed replacing the kinetic energy term Ὕ for 

interacting electrons with the equivalent term from a non-interacting system Ὕ.  

This approximation would save considerable calculation time, making it highly 

desirable. 

 

In this approximation, Ὁ  is redefined as: 

 

Ὁ Ὕ ὐ ὠ Ὁ  

Equation 2-19 

 

Where:  

Ὁ Ὕ ὠ Ὗ Ὂ ὠ 

 

ὐ is an approximation of Ὗ from a repulsive gas model where there are no 

interactions between valence electrons, the equivalent of replacing Ὕ with Ὕ.  

 

In effect, the energy contribution from the interaction between electrons is 

ómovedô and subsumed into the correlation term in Ὁ ; this leaves the effective 

kinetic contribution as simply the ground-state kinetic energy level, and means that 

the exchange-correlation term can be far more easily calculated while the unknown 

from the correlation is approximated later on. 

 

 



 

89 
 

2-2-3: The Local Density Approximation and Modern DFT Methods 

 

We can see from the classical equations shown above that the total energy of 

the system is dependent on three things: the kinetic energy of the system, its external 

interactions, and the internal energy of the system (including as it does a complicated 

series of interactions, particle exchanges and correlation effects between electrons).  

As described in Section 2-2-1, in Density Functional Theory the entire molecular 

system is treated as a collection of interacting electrostatic forces; as a result of this, 

the three contributions are written and displayed in a format that describes their 

energies in the form of electronic probability functions.  We also know that the 

exchange and correlation term cannot be easily calculated for a complex system and 

must be approximated to save on computing power. 

 

The simplest and still most widely used method of approximating the internal 

energy of the system is the Local Density Approximation (commonly referred to as 

the LDA).  In this approximation the electron density for the inhomogeneous system 

(i.e. larger molecules, condensed phase systems, etc) is instead treated as being 

locally homogeneous since the simpler homogeneous systems (such as very simple 

gases) do have exact numerical solutions, or can at least be approximated very 

closely.  The two approximations made in the LDA are that: one, the exchange-

correlation hole is centred at the first electron ► when it is actually centred at the 

other ►ᴂ, and two, that it is approximated by the equivalent from the homogeneous 

electron gas, with a correction for the change in density to compensate for the 

incorrect position: 

 

Ὣ►ȟ► Ὣ ȿ► ►ᴂȿȟ”►
”►

”►
 

Equation 2-20 
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The Local Density approximation calculates the energy of the exchange-

correlation term using the inverse radius (the exchange-correlation energy density 

‐ ”) of the exchange-correlation hole: 

 

Ὁ ” ”ὶ‐ ”Ὠ► 

Equation 2-21 

 

Where: 

‐ ”
ρ

ς

” ► ►

ȿ► ►ᴂȿ
Ὠ►ᴂ 

Equation 2-22 

 

is the exchange-correlation energy density. 

 

In the years since its publication, the LDA has been improved by a variety of 

correction factors for local density gradients, variations in decay with separation, etc.  

In many cases, the construction of one functional (be it correlation or exchange) has 

also led to the postulation of a term to describe its counterpart; a full description of 

these terms is inappropriate for this work, but a summary of those used here can be 

found below. 

 

As noted earlier, the most frequently used Density Functional Theory 

equations use a hybrid approach to the calculation of molecular orbital properties.  

Starting from the LDA, further terms are added in a linear combination (i.e. of the 

form ὥὼ ὦώ ỄὭὮ) to build up an appropriate mixed term that describes the 

experimental system.  The two methods used in the following investigation, B3LYP 

and its predecessor B3PW91 are examples of this type of hybrid method.  It is 
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important to realise that the development of these exchange-correlation terms is an 

on-going process: these are simply some of the best functionalities available in the 

present day for the calculation of the properties of molecular systems
55-59

.  Exact 

terms for the B3LYP and B3PW91 functions, together with their derivation, may be 

found in such publications as DFT Basics, New Trends and Applications by 

Kohanoff and Gidopoulis, 2003
6
. 
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2-3: Basis Set Construction 

 

The choice of basis set is simple but not necessarily an easy one to make
60, 61

, 

since the basis set used determines the underlying shapes and construction of the 

orbital density wavefunctions used to build the molecular system (in particular the 

valence orbitals used for bonding interactions).  

 

Wavefunctions are not typically built from simple functionalities (for 

example Gaussian distributions), but instead take the form of multiple overlaid 

functions that may be adjusted in varying proportions according to the surrounding 

molecular environment; the more complex the construction of a wavefunction, the 

better able it is to adjust under any given circumstances.  For example, in a very 

simple one-component orbital, a bond through space to a given point may be 

calculated as having an unusually high energy value.  That same bond, calculated 

instead with a composite wavefunction (with approximately the same overall 

intensity, but different local distributions along ὼ) may instead calculate a lower 

energy due to a local mixing of the underlying functions that comprise it.  Changes 

in the linear combination of such functions also allow effects such as polarisation 

within orbitals to be accounted for, as the resulting changes in electronic density may 

be represented by altering the shape of the composite distribution.   

 

Work in this investigation has been carried out using an array of additional 

valence orbitals, polarisation and diffusion functions to see if any combinations 

produce observably better fits to experimental data. 

 

Basis sets have been constructed in considerable variety; typical Pople 

notation describes the basis set in terms of: 

1. The number of Gaussian functions comprising the core atomic orbital basis 

function (followed by a hyphen). 
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2. Two to four numbers, each indicating how many Gaussians are combined 

into that many sets of linear combinations to form the valence orbitals (the 

number of integers is referred to as zeta, from the notation originally used to 

describe the STO basis functions).  These are referred to as ósplit valenceô 

basis sets. 

 

All work in this chapter has been conducted using the 6-311+G (d) basis set 

which has six terms for the core orbitals, sets of three, one and one terms for the 

valence orbitals, and a combination of diffuse (+) and additional d-orbital 

contributions, representing an flexible basis set for a calculation of this nature.  

Initial experiments with vanillin showed no observable differences in the resulting 

vibrational or energetic calculations for either additional p-orbital contributions or 

doubly-diffuse orbitals, and thus these options have been omitted. 
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Chapter 3a: Gaussian Simulation Results Part I- Solid 

Phase Vanillin 

 

 

3a-1: Determination of the Optimised Molecular Structure for 

Vibrational Calculation  

 

This simulation process attempts to represent the solid phase infrared and 

Raman behaviour of the vanillin crystal.  Some assumptions have been made in the 

construction of the initial model: although the crystal normally consists of multiple 

identical molecules in close proximity and a repeating three-dimensional pattern, the 

structure here represents only a single molecule.  Though the angles and bond 

lengths in the molecular structure are manually fixed in the Gaussian input file to 

those observed in the crystal there is no attempt made to simulate the peak 

broadening effects normally present from intermolecular interactions, and the 

calculated molecule remains isolated in a vacuum.  Simulations of vibrational spectra 

were performed using Gaussian 09 software package.  The molecular structure of 

vanillin was first constructed by user defined input to agree with the structure 

determined from the single crystal x-ray diffraction data, with all atomic bond angles 

and lengths fixed other than for hydrogen atoms (the repeating asymmetric unit for 

solid phase vanillin can be found in Figure 3a-1a and b below as pictured using the 

ORTEP-3 program
62

, followed by the associated crystallographic data in Table 3a-

1): 
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Figure 3a-1 and b: ORTEP display of the repeating four-molecule asymmetric unit 

of solid phase vanillin (lateral óx/yô plane and end-on óz/yô plane respectively); 

(Crystal data obtained from R. Velavan, et al, Acta. Cryst (1995) C51, p1131). 
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Unit Cell Lengths (Å): 14.049 7.874 15.017 

Unit Cell Angles (Degrees °): 90 115.45 90 

 

Atomic Species: C H O 

No. in Assymetric Unit: 32 32 12 

No. in Unit Cell:  256 256 96 

Covalent Radii (Å): 0.77 0.37 0.66 

 

Space Group Hall Symbol: P 2yb 

Space Group H-M Symbol: P 1 21 1 

Crystal Class: Monoclinic 

International Tables Number: 4 

Space Group Multiplicity:  2 

Table 3a-1: Crystallographic data for the repeating asymmetric unit of solid phase 

vanillin. 

 

The hydrogen atoms were then optimised using the B3LYP function with the 

6-311G Basis Set.  This process normally produces a representation of the molecule 

optimised in space for minimal group overlap, bond angle stresses, etc., though in 

this case only the hydrogen atoms are permitted to move and all others are fixed in 

place.  Naturally, this also modifies the Cartesian coordinates that the system records 

for the constituent atoms in the molecule , and it is this modified version that was 

then used for the further calculations detailed below. 

 

Literature sources such as Govindarajan, et al.,
59

., suggest the use of either 

the 6-31, 6-311 or 6-311G basis sets, using a variety of methods of calculation.  It is 

suggested that the best results (i.e. most reliably close to the observed experimental 

values for a molecular species of similar size and functionality) are obtained for the 

6-311G basis set using the B3LYP and B3PW91 methods.  As a result, initial 

evaluations were performed using the B3LYP and B3PW91 Density Functional 

Theory methods, using the 6-311G basis set with varying levels of modification as 

listed in Table 3a-2: 
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Basis Set Method Modifications Used 

6-311G B3LYP Unmodified 

6-311G B3LYP Diffuse Molecular Orbitals (ó+ô notation) 

6-311G B3LYP Additional Accessible d-orbitals (ódô notation) 

6-311G B3LYP 
Both Diffuse Molecular Orbitals and Additional 

Accessible d-orbitals (ó+dô notation) 

6-311G B3PW91 Unmodified 

6-311G B3PW91 Diffuse Molecular Orbitals (ó+ô notation) 

6-311G B3PW91 Additional Accessible d-orbitals (ódô notation) 

6-311G B3PW91 
Both Diffuse Molecular Orbitals and Additional 

Accessible d-orbitals (ó+dô notation) 

Table 3a-2: Basis set construction for initial solid phase vanillin calculations. 

 

Test example calculations were also performed using additional accessible p-

orbitals in combination with other modifications, but these produced no difference in 

the calculated vibrational frequencies or energies from the originals as the molecule 

is not expected to make use of higher level p-orbitals, and have thus been omitted.  

The resulting absolute energy values for this structure were calculated using the eight 

methods described in Table 3a-2; the resulting values can be found in Table 3a-3 

below.  Basis sets are described using the relevant exchange function and 

modification notation as described in Table 3a-2 above: 

 

Function/ Basis Set 
Calculated Absolute 

Energy (kJmol
-1
) 

B3LYP -1405433.505 

B3LYP + -1405466.012 

B3LYP d -1405812.597 

B3LYP +d -1405848.545 

B3PW91 -1404867.821 

B3PW91 + -1404897.099 

B3PW91 d -1405246.373 

B3PW91 +d -1405272.906 

Table 3a-3 
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Figure 3a-2: The configuration of the functional groups of vanillin in the solid phase 

crystal structure.  Original picture in colour: the light coloured spheres represent 

hydrogen, the grey carbon and the red spheres represent oxygen atoms. 
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3a-2 Vibrational Spectra Calculation and Evaluation for 4-Hydroxy-

3-Methoxy Benzaldehyde 

 

With the solid-state configurations geometrically optimised, we can now use 

the Gaussian program to perform a simulation of the vibrational properties of the 

molecule using Density Functional Theory.  Tables 3a-5 to 3a-11 contain the 

relevant peak values for the simulated spectra including unscaled wavenumber 

values (see later), calculated infrared intensities and calculated Raman activities, and 

will be used for their evaluation shortly.  In order to evaluate the quality of these 

simulated spectra, it is necessary to make a direct comparison to experimental data.  

Since the Raman data for the solid powder is the best resolved of the experimental 

data obtained, we will initially consider the solid phase Raman spectrum of vanillin 

then move on to the infrared spectrum of vanillin pressed in a KBr disc. 

 

Experimentally obtained Raman data for vanillin is shown in Figure 3a-3 

(obtained using a Bruker IFS 66 with an FRA 106 Raman module attachment, a 

1028 nm laser source at 658 mW intensity and a liquid nitrogen cooled PbS diode 

detector at a resolution of 0.5 cm
-1
) with associated peak data listed in Table 3a-4.   

 



 

100 
 

 

Figure 3a-3: Experimentally obtained Raman spectrum for reference data. 

 

 

 

 

 

 


