
 

 

SPECTROSCOPY AND STRUCTURE  

OF 

INTERMOLECULAR CLUSTERS 

 

AND 

 

ROTATIONAL STATE-TO-STATE DIFFERENTIAL 

CROSS-SECTIONS FOR THE HCl-X COLLISION 

SYSTEM. 

 

 

by 

JAMES L. SPRINGFIELD 

B.SC. M.PHIL. (GRIFFITH UNIVERSITY) 

 

A THESIS SUBMITTED FOR THE AWARD OF THE 

 DEGREE OF DOCTOR OF PHILOSOPHY 

 

 

MOLECULAR DYNAMICS LABORATORY 

DIVISION OF SCIENCE AND TECHNOLOGY 

GRIFFITH UNIVERSITY  

2004 



ABSTRACT 
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One Colour-Resonant Two-Photon Ionisation, coupled with a supersonic expansion was used 

to study the rotationally cold excited electronic states of the water clusters of ortho-, meta- 

and para-difluorobenzene.  Ground state rotational constants obtained through ab-initio 

calculations allowed rotational band contour simulations of these species to be performed, 

elucidating structural and spectroscopic features such as rotational band types, directions of 

transition dipole moments and excited state geometries.  Confidence in the calculated ground 

state geometries, obtained through successful simulation of the rotational band contours, 

provided strength to the credibility of the vibrational frequencies acquired via these 

calculations.  Analysis of ground state dispersed fluorescence spectroscopy utilising these ab-

initio (geometry + frequency) optimisation calculations, allowed assignment of the ground 

state vibrational modes of each species.  Furthermore, comparison of the assigned ground 

state modes with the excited state spectroscopy, affirmed assignment of the low frequency 

Van der Waals modes along with the higher frequency aromatic ring modes of these cluster 

species.   

A novel technique that produces pseudo-selective excitation of ground state aromatic-rare gas 

cluster ions was used to assign the vibrational transitions of the D3 ← D0 electronic excitation 

spectrum of para-Difluorobenzene+-Argonn=1,2.  This technique works on the principle of 

providing varying degrees of excess energy to the ground state of the cluster ion, as well as 

altering the Franck-Condon factors for excitation to the D3 electronic state.  Measurement of 

the redshifts for each pDFB-R (where R= Ar1, Ar2, Kr1, Kr2) cluster, revealed that the 

addition of a second rare-gas adatom doubled the redshift, and that Krypton ad-atoms 

produced a stronger redshift than argon as expected.  It was also noted that the addition of a 

positive charge to the complex increased the redshift of the complexes, in accordance with 

our expectations. 

Rotational state-resolved differential cross sections (DCS’s) for rotationally inelastic 

collisions of HCl with Ne, Ar, and Kr at ~545, ~538, and ~526 cm-1 of collision energy, 

respectively, were measured using velocity-mapped ion imaging.  For each rotational state, 

the observed DCS’s were found to be qualitatively similar.  As collider mass was increased, 

the differential cross section became increasingly forward scattered.  Calculations suggest 

that much of this difference is due to kinematic effects, but that the potential energy surface 

should be slightly more anisotropic for heavier colliders. 



STATEMENT OF ORIGINALITY 

- 4 - 

 

 

 

 

This work has not previously been submitted 

for a degree or a diploma in any university.  To 

the best of my knowledge and belief, the thesis 

contains no material previously published or 

written by another person except where due 

reference is made in the thesis itself. 

 

 

 

 

James L. Springfield 



ACKNOWLEDGEMENTS 

- 5 - 

 

 

During the last several years, the talent and generosity of a few people has enabled the 

completion of the work presented in this dissertation.  Firstly, I would like to thank my wife 

Gerri for her support in trying times, for supplying her ear as a sounding board, and for 

allowing me to give up all else in preference for this chosen path, I am blessed.  I must also 

thank my family for their support and nagging that drove me to finish this damned thing, and 

for not calling me an idiot. 

 

To Alan Knight, for providing the facilities and knowledge that allowed me to design, 

construct and complete the experiments listed within this tome, I owe many thanks. 

 

Lastly to the friends that have been there through thick and thin, by my side through the joy 

and pain that is postgraduate life, I have one thing to say: 

 

“Go, Run, Get to the Chopper” 

 

 

 



LIST OF PUBLICATIONS 

- 6 - 

 

The following papers which have been published or are in preparation for submission, were 

produced during the course of this work. 

 

1. E. A. Wade, K. T. Lorenz, J. L. Springfield and D. W. Chandler, “Collisions of HCl 

with Rare Gas and Molecular Colliders,” J. Chem. Phys. A, 107, 4976 – 4981, 2003 

 

2. E. W. Wade, K. T. Lorenz, J. L. Springfield, and D. W. Chandler, “ Collisions of HCl 

with Molecular Colliders at ~540 cm-1 Collision Energy,” Chapter 9 in Imaging in 

Molecular Dynamics: Technology and Applications (A User’s Guide), B. J. 

Whittaker, Ed, Cambridge University Press, June 2003. 

 

3. J. L. Springfield, C. A. Gow, Knight, A. E. W, “Water Clusters of 

Ortho and Meta–Difluorobenzene,” in Preparation. 

 

4. J. L. Springfield, Knight, A. E. W, “Cationic Clusters of Para-Difluorobenzene,” in 

Preparation.



TABLE OF CONTENTS 

- 7 - 

ABSTRACT ...........................................................................................................................................................3 

STATEMENT OF ORIGINALITY.....................................................................................................................4 

ACKNOWLEGMENTS........................................................................................................................................5 

LIST OF PUBLICATIONS ..................................................................................................................................6 

TABLE OF CONTENTS......................................................................................................................................7 

TABLE OF FIGURES ..........................................................................................................................................9 

TABLE OF TABLES ..........................................................................................................................................16 

CHAPTER ONE..................................................................................................................................................22 

WATER CLUSTERS OF ........................................................................................................................................22 

ORTHO AND META–DIFLUOROBENZENE. ...........................................................................................................22 

Section 1: .....................................................................................................................................................22 

Introduction: Van der Waals Molecules ......................................................................................................22 

Section 2: Methodology: ..............................................................................................................................26 

RESULTS AND ANALYSIS ...................................................................................................................................31 

Theoretical Analysis.....................................................................................................................................58 

DISCUSSION AND CONCLUSIONS........................................................................................................................98 

Bibliography ..............................................................................................................................................147 

CHAPTER TWO...............................................................................................................................................150 

CATIONIC CLUSTERS OF PARA-DIFLUOROBENZENE. ........................................................................................150 

Introduction: ..............................................................................................................................................150 

Methodology: .............................................................................................................................................152 

Theoretical Background: ...........................................................................................................................154 

Plate with one mass ...................................................................................................................................156 

Bieske model: Plate and two masses..........................................................................................................159 

Results and Discussion: .............................................................................................................................162 

Conclusions: ..............................................................................................................................................197 

Bibliography: .............................................................................................................................................200 

CHAPTER THREE ..........................................................................................................................................201 

ROTATIONAL STATE-TO-STATE DIFFERENTIAL CROSS SECTIONS FOR THE HCL-X COLLISION SYSTEM. .......201 



TABLE OF CONTENTS 

- 8 - 

Introduction: ............................................................................................................................................. 201 

Methodology: ............................................................................................................................................ 203 

Data Analysis:........................................................................................................................................... 207 

Results:...................................................................................................................................................... 216 

Discussion:................................................................................................................................................ 226 

Concluding Remarks:................................................................................................................................ 228 

Bibliography: .............................................................................................................................................. 22 

APPENDIX ONE.............................................................................................................................................. 230 

Gas Mixing Apparatus .............................................................................................................................. 230 

APPENDIX TWO............................................................................................................................................. 233 

Software Development .............................................................................................................................. 233 

 

 



TABLE OF FIGURES 

- 9 - 

FIGURE 1.1.0: GEOMETRY OF THE PARA-DIFLUOROBENZENE-WATER CLUSTER. ...............................................25 

FIGURE 1.2.0: SCHEMATIC OF THE REMPI-TOF 1C-R2PI APPARATUS INCLUDING GAS MIXING APPARATUS 

(COURTESY OF C. GOW[35])......................................................................................................27 

FIGURE 1.2.1: SCHEMATIC ILLUSTRATING THE ONE COLOUR-TWO RESONANT PHOTON PROCESS (1C R2PI). ...28 

FIGURE 1.3.0: 1C-R2PI VIBRATIONALLY RESOLVED S1-S0 ELECTRONIC SPECTRUM OF PDFB IN THE REGION 

36500–40000 CM
-1

 . SPECTRAL RESOLUTION (LASER BANDWIDTH) IS 0.2 CM-1 FWHM...........32 

FIGURE 1.3.1: 1C-R2PI S1← S0 EXCITATION SPECTRUM OF PDFB-H2O...........................................................34 

FIGURE 1.3.2: 1C-R2PI SPECTRUM OF PDFB-(H2O)2 IN THE REGION 36900 – 37600 CM
-1...............................36 

FIGURE 1.3.3: UNSATURATED S1-S0 VIBRATIONALLY RESOLVED SPECTRUM OF MDFB REGION 38880CM
-1

 

�38980CM
-1, MEASURED AT 0.2 CM

-1 RESOLUTION...................................................................37 

FIGURE 1.3.4: 1C-R2PI VIBRATIONALLY RESOLVED S1-S0 ELECTRONIC SPECTRUM OF MDFB IN THE REGION 

37800–39200 CM
-1

 . SPECTRAL RESOLUTION (LASER BANDWIDTH) IS 0.2 CM-1 FWHM...........38 

FIGURE 1.3.5: 1C-R2PI EXCITATION SPECTRUM OF MDFB IN THE REGION OF THE ELECTRONIC ORIGIN OF THE 

S1←S0 TRANSITION, AT 0.03 CM
-1

 RESOLUTION. ........................................................................40 

FIGURE 1.3.6: VIBRONIC SPECTRA OF THE ‘PARENT’ MDFB AND MDFB-H2O SPECIES OVERLAID TO INDICATE 

COMMON VIBRATIONAL BANDS. .................................................................................................41 

FIGURE 1.3.7: ODFB-H2O SPECTRUM IN THE REGION OF THE ELECTRONIC ORIGIN OF MDFB-H2O..................42 

FIGURE 1.3.8: S1-S0 1C-R2PI EXCITATION SPECTRUM OF MDFB-H2O, AFTER ‘DE-CONTAMINATION’ FROM 

ODFB-H2O AND MDFB-(H2O)N, AS DESCRIBED IN THE TEXT.  LASER BANDWIDTH IS 0.2 CM
-1.43 

FIGURE 1.3.9: ‘ETALON’ SCAN OF THE S1-S0 00
0
 TRANSITION OF MDFB-H2O...................................................45 

FIGURE 1.3.10: ‘ETALON’ SCAN OF THE +84CM
-1

 VIBRATIONAL FEATURE OF MDFB-H2O. ................................46 

FIGURE 1.3.11: S1-S0 1C-R2PI EXCITATION SPECTRUM OF MDFB-(H2O)2. LASER BANDWIDTH IS 0.2 CM
-1.......47 

FIGURE 1.3.12: HIGH-RESOLUTION SPECTRUM OF THE S1-S0  00
0
 BAND OF THE MDFB-(H2O)2. LASER 

RESOLUTION IS 0.03 CM
-1 ...........................................................................................................49 

FIGURE 1.3.13: 1C-R2PI VIBRATIONALLY RESOLVED S1-S0 ELECTRONIC SPECTRUM OF THE ODFB MOLECULE 

MEASURED IN THE RANGE EXTENDING TO +1300 CM
-1

 DISPLACEMENT FROM THE ORIGIN (37827 

CM
-1). SPECTRAL RESOLUTION (LASER BANDWIDTH) IS 0.2 CM

-1................................................50 



TABLE OF FIGURES 

- 10 - 

FIGURE 1.3.14: HIGH-RESOLUTION 1C-R2PI EXCITATION SPECTRUM OF ODFB IN THE REGION OF THE 00
0 

TRANSITION.  LASER RESOLUTION IS 0.03 CM
-1. ........................................................................ 52 

FIGURE 1.3.15: HIGH-RESOLUTION SCAN OF THE S1-S0  00
0
 BAND OF THE ODFB-H2O MOLECULAR CLUSTER. 

LASER RESOLUTION IS 0.03 CM
-1 ............................................................................................... 53 

FIGURE 1.3.16: S1-S0 1C-R2PI EXCITATION SPECTRUM MEASURED FOR THE ODFB-H2O CLUSTER IN THE REGION 

37800 CM
-1

 TO 39000 CM
-1.  LASER BANDWIDTH IS 0.2 CM

-1..................................................... 54 

FIGURE 1.3.17: HIGH RESOLUTION SPECTRUM IN THE REGION OF THE ELECTRONIC ORIGIN OF ODFB-(H2O)2. .. 56 

FIGURE 1.3.18: RESONANCE ENHANCED VIBRONIC SPECTRUM OF ODFB-(H2O)2 IN THE REGION OF THE 

ELECTRONIC ORIGIN OF THE S1 ← S0 TRANSITION. .................................................................... 57 

FIGURE 1.3.19: THE PDFB OPTIMISED GEOMETRY OBTAINED FROM AB-INITIO CALCULATIONS PERFORMED AT 

THE B3LYP 6-311++G(2D,3P) LEVEL OF THEORY.  THE C1 ATOM IS TAKEN TO BE THE ONE AT 

THE TOP, BONDED TO F1; ATOM NUMBERS ARE TAKEN TO INCREASE IN A CLOCKWISE DIRECTION.

 ...................................................................................................................... 61 

FIGURE 1.3.20: THE PDFB-H2O OPTIMISED GEOMETRY OBTAINED FROM AB-INITIO CALCULATIONS PERFORMED 

AT THE B3LYP 6-311++G(D,2P) LEVEL OF THEORY.  THE C1 ATOM IS TAKEN TO BE THE ONE AT 

THE TOP, BONDED TO F1; ATOM NUMBERS ARE TAKEN TO INCREASE IN A CLOCKWISE DIRECTION.

 ...................................................................................................................... 63 

FIGURE 1.3.21: THE PDFB-(H2O)2 OPTIMISED GEOMETRY OBTAINED FROM AB-INITIO CALCULATIONS 

PERFORMED AT THE B3LYP 6-311++G(D,P) LEVEL OF THEORY.  THE C1 ATOM IS TAKEN TO BE 

THE ONE AT THE TOP, BONDED TO F1; ATOM NUMBERS ARE TAKEN TO INCREASE IN A CLOCKWISE 

DIRECTION. ...................................................................................................................... 67 

FIGURE 1.3.22: THE MDFB OPTIMISED GEOMETRY OBTAINED FROM AB-INITIO CALCULATIONS PERFORMED AT 

THE B3LYP 6-311++G(D,P) LEVEL OF THEORY.  THE C1 ATOM IS TAKEN TO BE THE ONE AT THE 

TOP, BONDED TO F1; ATOM NUMBERS ARE TAKEN TO INCREASE IN A CLOCKWISE DIRECTION. .. 69 

FIGURE 1.3.23: THE OPTIMISED STRUCTURE OF MDFB-H2O CLUSTER; CALCULATED AT THE B3LYP 6-

311G++(D,P)  LEVEL OF THEORY. ............................................................................................. 71 

FIGURE 1.3.24: THE OPTIMISED STRUCTURE OF MDFB-(H2O)2 CLUSTER; CALCULATED AT THE B3LYP 6-

311G++(D,P)  LEVEL OF THEORY. ............................................................................................. 78 

FIGURE 1.3.25: THE ODFB OPTIMISED GEOMETRY OBTAINED FROM AB-INITIO CALCULATIONS PERFORMED AT 

THE B3LYP 6-311++G(D,P) LEVEL OF THEORY.  THE C1 ATOM IS TAKEN TO BE THE ONE AT THE 

TOP, BONDED TO F1; ATOM NUMBERS ARE TAKEN TO INCREASE IN A CLOCKWISE DIRECTION. .. 83 



TABLE OF FIGURES 

- 11 - 

FIGURE 1.3.26:  THE ODFB-H2O CLUSTER. STRUCTURE SHOWN CORRESPONDS TO THE OPTIMISED GEOMETRY 

OBTAINED FROM AB-INITIO CALCULATION AT THE B3LYP 6-311G++(D,P) LEVEL OF THEORY. .85 

FIGURE 1.3.27: THE ODFB-(H2O)2 CLUSTER; STRUCTURE SHOWN CORRESPONDS TO THE OPTIMISED GEOMETRY 

OBTAINED FROM AB-INITIO CALCULATION AT THE B3LYP 6-311G(D,P) LEVEL OF THEORY.......92 

FIGURE 1.4.0:  RMS ERROR BETWEEN AB-INITIO AND EXPERIMENTAL ROTATIONAL CONSTANTS FOR PDFB, 

CALCULATED FOR A DIFFERENT LEVELS OF THEORY AND BASIS SET. .......................................100 

FIGURE 1.4.1: PRINCIPAL INERTIAL AXES OF PDFB (GEOMETRY CALCULATED AT HF/B3LYP 6-

311G++(2D,3P)) .....................................................................................................................101 

FIGURE 1.4.2: THE 00
0
 ELECTRONIC TRANSITION OF THE PDFB MOLECULE (TOP) AND SIMULATED PROFILE 

(BOTTOM) (BRENNER ET AL 1995 [43])....................................................................................102 

FIGURE 1.4.3: PRINCIPAL INERTIAL AXES OF PDFB-H2O (GEOMETRY CALCULATED AT HF/B3LYP 6-

311G++(D,2P)) .....................................................................................................................103 

FIGURE 1.4.4: THE 00
0
 ELECTRONIC TRANSITION OF THE PDFB-H2O CLUSTER (BRENNER ET AL 1995)[43]...104 

FIGURE 1.4.5: PRINCIPAL INERTIAL AXES OF PDFB-(H2O)2 (GEOMETRY CALCULATED AT HF/B3LYP 6-

311G++(D,P)) .....................................................................................................................105 

FIGURE 1.4.6: THE 00
0
 ELECTRONIC TRANSITION OF THE PDFB-(H2O)2 CLUSTER (BRENNER ET AL 1995)......106 

FIGURE 1.4.7: PRINCIPAL INERTIAL AXES OF MDFB (GEOMETRY CALCULATED AT HF/B3LYP 6-311G++(D,P))

 .....................................................................................................................107 

FIGURE 1.4.8: THE 00
0
 ELECTRONIC TRANSITION OF THE MDFB MOLECULE (ABOVE, SPRINGFIELD 1997)[44] 

AND THE CALCULATED A-TYPE BAND CONTOUR FOR THIS TRANSITION (BELOW).....................108 

FIGURE 1.4.9: PRINCIPAL INERTIAL AXES OF MDFB-H2O (GEOMETRY CALCULATED AT HF/B3LYP 6-

311G++(D,P)). .....................................................................................................................110 

FIGURE 1.4.10: THE ROTATIONAL CONTOUR OF THE 00
0
 ELECTRONIC TRANSITION OF THE MDFB-H2O CLUSTER 

AND THE CALCULATED A-TYPE BAND CONTOUR FOR THIS TRANSITION (BELOW).....................111 

FIGURE 1.4.11: THE ROTATIONAL CONTOUR OF THE 00
0
 ELECTRONIC TRANSITION OF THE MDFB-H2O CLUSTER 

AND THE CALCULATED (70% A-TYPE + 10% B-TYPE + 20% C-TYPE) BAND CONTOUR FOR THIS 

TRANSITION (BELOW). ..............................................................................................................112 

FIGURE 1.4.12: ROTATIONAL CONTOUR OF MDFB-H2O FOR THE + 84 CM
-1 

BAND IN THE S1-S0 ELECTRONIC 

TRANSITION (TOP) AND THE CALCULATED A-TYPE ROTATIONAL CONTOUR (BOTTOM). ...........114 



TABLE OF FIGURES 

- 12 - 

FIGURE 1.4.13: ROTATIONAL CONTOUR OF MDFB-H2O FOR THE + 84 CM
-1 

BAND IN THE S1-S0 ELECTRONIC 

TRANSITION (TOP) AND THE CALCULATED (70% A-TYPE + 10% B-TYPE +20% C-TYPE) 

ROTATIONAL CONTOUR (BOTTOM). ......................................................................................... 115 

FIGURE 1.4.14: PRINCIPAL INERTIAL AXES OF MDFB-(H2O)2 (GEOMETRY CALCULATED AT HF/B3LYP 6-

311G++(D,P)). .................................................................................................................... 116 

FIGURE 1.4.15: ROTATIONAL CONTOUR OF MDFB-(H2O)2 AT THE 00
0 BAND IN THE S1-S0 ELECTRONIC 

TRANSITION (TOP) AND THE CALCULATED (90%B + 10%C TYPE) ROTATIONAL CONTOUR 

(BOTTOM). .................................................................................................................... 117 

FIGURE 1.4.16: PRINCIPAL INERTIAL AXES OF ODFB (GEOMETRY CALCULATED AT HF/B3LYP 6-311G++(D,P)).

 .................................................................................................................... 118 

FIGURE 1.4.17: ROTATIONAL CONTOUR OF ODFB AT THE 00
0 BAND IN THE S1-S0 ELECTRONIC TRANSITION (TOP) 

AND THE CALCULATED A-TYPE ROTATIONAL CONTOUR (BOTTOM). ........................................ 119 

FIGURE 1.4.18: PRINCIPAL INERTIAL AXES OF ODFB-H2O (HF/B3LYP 6-311G++(D,P)). .............................. 120 

FIGURE 1.4.19: ROTATIONAL CONTOUR OF ODFB-H2O AT THE 00
0 BAND IN THE S1-S0 ELECTRONIC TRANSITION 

(TOP) AND THE CALCULATED B-TYPE ROTATIONAL CONTOUR (BOTTOM)................................ 121 

FIGURE 1.4.20: ROTATIONAL CONTOUR OF ODFB-H2O AT THE 00
0 BAND IN THE S1-S0 ELECTRONIC TRANSITION 

(TOP) AND THE CALCULATED (45% A-TYPE + 55%B-TYPE) ROTATIONAL CONTOUR (BOTTOM). ..

 .................................................................................................................... 122 

FIGURE 1.4.21: PRINCIPAL INERTIAL AXES OF ODFB-(H2O)2 (GEOMETRY CALCULATED AT HF/B3LYP 6-

311G++(D,P)). .................................................................................................................... 123 

FIGURE 1.4.22: ROTATIONAL CONTOUR OF ODFB-(H2O)2 AT THE 00
0 BAND IN THE S1-S0 ELECTRONIC 

TRANSITION (TOP) AND THE CALCULATED B-TYPE ROTATIONAL CONTOUR (BOTTOM)............ 124 

FIGURE 1.4.23: ROTATIONAL CONTOUR OF ODFB-(H2O)2 AT THE 00
0 BAND IN THE S1-S0 ELECTRONIC 

TRANSITION (TOP) AND THE CALCULATED (70% B-TYPE + 20% A-TYPE + 10% C-TYPE) 

ROTATIONAL CONTOUR (BOTTOM). ......................................................................................... 125 

FIGURE 1.4.24: LOW FREQUENCY CLUSTER MODES OF PDFB-H2O APPEARING IN THE DISPERSED 

FLUORESCENCE SPECTRUM FOLLOWING EXCITATION OF THE S1 ELECTRONIC ORIGIN. (COURTESY 

OF GOW ET AL.[45]) ................................................................................................................ 129 

FIGURE 1.4.25: DISPERSED FLUORESCENCE SPECTRUM OF PDFB-H2O GENERATED BY EXCITATION OF THE S1 

ELECTRONIC ORIGIN. (COURTESY OF GOW ET AL.[35])............................................................ 129 

FIGURE 1.4.26: DISPERSED FLUORESCENCE SPECTRUM OF MDFB-H2O GENERATED VIA EXCIATION OF THE S1 

ELECTRONIC ORIGIN (COURTESY OF GOW ET AL.[45]). ............................................................ 133 



TABLE OF FIGURES 

- 13 - 

FIGURE 1.4.27: DISPERSED FLUORESCENCE SPECTRUM OF MDFB-H2O NEAR THE S0 ORIGIN (COURTESY OF GOW 

ET AL.[45]). .....................................................................................................................134 

FIGURE 1.4.28: DISPERSED FLUORESCENCE SPECTRUM OF ODFB-H2O GENERATED AFTER EXCITING THE 00
0 

ORIGIN. (GOW ET AL). ..............................................................................................................137 

FIGURE 1.4.29: DISPERSED FLUORESCENCE SPECTRUM OF ODFB-H2O GENERATED BY EXCITATION OF THE S1 

ELECTRONIC ORIGIN. (GOW ET AL)...........................................................................................138 

FIGURE 2.0: SCHEMATIC ILLUSTRATING THE 2C-R2PI PROCESS USED FOR STUDYING CATIONIC CLUSTERS. .....

 .....................................................................................................................153 

FIGURE 2.1: DIAGRAM OF PDFB-AR1, SHOWING INTERNAL COORDINATES.................................................156 

FIGURE 2.2: DIAGRAM SHOWING THE NORMAL MODES OF VIBRATION FOR PDFB-AR1 ...............................158 

FIGURE 2.3: DIAGRAM OF PDFB-AR2, SHOWING SIX INTERNAL COORDINATES...........................................159 

FIGURE 2.4: DIAGRAM OF THE SIX NORMAL MODES OF VIBRATION OF THE PDFB-AR2 CLUSTER ................160 

FIGURE 2.5: RESONANCE ENHANCED PHOTOFRAGMENT EXCITATION SPECTRUM OF THE PDFB+-AR1 CATION 

IN THE REGION AROUND THE ELECTRONIC ORIGIN OF THE D3 ← D0 TRANSITION AND UP TO EVIB ~ 

700 CM
-1. THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER 00

0 

TRANSITION. .....................................................................................................................164 

FIGURE 2.5A: LASER POWER CORRECTED RESONANCE ENHANCED PHOTOFRAGMENT EXCITATION SPECTRUM 

OF THE PDFB+-AR1 CATION IN THE REGION AROUND THE ELECTRONIC ORIGIN OF THE D3 ← D0 

TRANSITION AND UP TO EVIB ~ 700 CM
-1. THE D0 STATE OF THE CATION IS PREPARED VIA THE 

NEUTRAL CLUSTER 00
0 TRANSITION..........................................................................................165 

FIGURE 2.6: SCHEMATIC SHOWING THE INTERPRETATION OF VIBRATIONAL TRANSITIONS ASSIGNED IN THE D3 

- D0 EXCITATION SPECTRUM OF PDFB+-AR1 DISPLAYED IN FIGURE 2.5 ...................................166 

FIGURE 2.7: SCHEMATIC ILLUSTRATING THE 1C-R2PI PUMP SCHEME FOR PREPARATION OF THE D0 STATE OF 

THE PDFB+-AR CLUSTER ION VIA THE NEUTRAL CLUSTER SZ
1

0  TRANSITION. ...........................170 

FIGURE 2.8: RESONANCE ENHANCED PHOTOFRAGMENT EXCITATION SPECTRUM OF THE PDFB+-AR1 CATION 

IN THE REGION AROUND THE ELECTRONIC ORIGIN OF THE D3 - D0 TRANSITION AND UP TO EVIB ~ 

700 CM
-1. THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER SZ

 
0

1
 

TRANSITION. .....................................................................................................................171 

FIGURE 2.9: RESONANCE ENHANCED PHOTOFRAGMENT EXCITATION SPECTRUM OF THE PDFB+-AR2 CATION 

IN THE REGION AROUND THE ELECTRONIC ORIGIN OF THE D3 - D0 TRANSITION AND UP TO EVIB ~ 



TABLE OF FIGURES 

- 14 - 

700 CM
-1. THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER 0 

0
0
 

TRANSITION. .................................................................................................................... 175 

FIGURE 2.10: SCHEMATIC ILLUSTRATING THE 1C-R2PI PUMP SCHEME FOR PREPARATION OF THE D0 STATE OF 

THE PDFB+-AR2 CLUSTER ION VIA THE NEUTRAL CLUSTER SZS
1
0  TRANSITION. ........................ 178 

FIGURE 2.11: RESONANCE ENHANCED PHOTOFRAGMENT EXCITATION SPECTRUM OF THE PDFB+-AR2 CATION 

IN THE REGION AROUND THE ELECTRONIC ORIGIN OF THE D3 - D0 TRANSITION AND UP TO EVIB ~ 

700 CM-1.  THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER SZ
1

0 

TRANSITION. .................................................................................................................... 179 

FIGURE 2.12: RESONANCE ENHANCED VIBRATIONAL SPECTRUM OF PDFB-KR1 IN THE REGION OF THE 

ELECTRONIC ORIGIN OF THE S1 ← S0 TRANSITION. .................................................................. 187 

FIGURE 2.13: MASS RESOLVED RESONANCE ENHANCED IONIZATION SPECTRUM OF THE ISOTOPES OF KRYPTON, 

PREPARED VIA THE ELECTRONIC ORIGIN OF THE S1 <- S0 TRANSITION OF PDFB-KR1. ............. 188 

FIGURE 2.14: RESONANCE ENHANCED PHOTOFRAGMENT EXCITATION SPECTRUM OF THE PDFB+-KR1 CATION 

IN THE REGION AROUND THE ELECTRONIC ORIGIN OF THE D3 ← D0 TRANSITION AND UP TO EVIB ~ 

800 CM
-1. THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER 0 

0
0
 

TRANSITION. .................................................................................................................... 189 

FIGURE 2.15: RESONANCE ENHANCED PHOTOFRAGMENT EXCITATION SPECTRUM OF THE PDFB+-KR1 CATION 

IN THE REGION AROUND THE ELECTRONIC ORIGIN OF THE D3 - D0 TRANSITION AND UP TO EVIB ~ 

900 CM
-1. THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER SZ

 1
0 

TRANSITION. .................................................................................................................... 191 

FIGURE 2.16: RESONANCE ENHANCED VIBRATIONAL SPECTRUM OF PDFB-KR2 IN THE REGION OF THE 

ELECTRONIC ORIGIN OF THE S1 - S0 TRANSITION...................................................................... 194 

FIGURE 2.17: S1 ← S0 ELECTRONIC EXCITATION SPECTRUM OF PARA-DIFLUOROBENZENE-NEON. ............... 195 

FIGURE 2.18: ELECTRONIC EXCITATION SPECTRUM OF A MASS CORRESPONDING TO 142 A.M.U. .................. 196 

FIGURE 3.0: SCHEMATIC OF CROSSED MOLECULAR BEAM APPARATUS. ...................................................... 204 

FIGURE 3.1: ION OPTICS AND DETECTOR OF ION IMAGING APPARATUS........................................................ 205 

FIGURE 3.2: NEWTON DIAGRAM OF THE HCL + AR COLLISION. ................................................................. 208 

FIGURE 3.3: SCATTERING IMAGE OF HCL (J=0) + AR -> HCL (J’=2) + AR................................................ 209 

FIGURE 3.4: SCHEMATIC OF EXPANDING SCATTERING SPHERES OVER TIME. ............................................... 210 

FIGURE 3.5: NEWTON SPHERES OF DIFFERENT VELOCITIES. ........................................................................ 211 



TABLE OF FIGURES 

- 15 - 

FIGURE 3.6: ILLUSTRATION OF DCS EXTRACTION METHOD. .......................................................................214 

FIGURE 3.7: ILLUSTRATION OF CONVERGING TRIAL DCS’S FOR EACH ITERATION. ......................................215 

FIGURE 3.8: COMPARISON OF COLLISIONAL CROSS-SECTIONS FOR HCL + AR, NE, KR, N2 AND CH4. ........217 

FIGURE 3.9: COMPARISON OF EXPERIMENTAL VS SIMULATED DCS’S FOR HCL + NEON. ..........................219 

FIGURE 3.10: COMPARISON OF EXPERIMENTAL VS SIMULATED DCS’S FOR HCL + ARGON. ........................221 

FIGURE 3.11: COMPARISON OF EXPERIMENTAL VS SIMULATED DCS’S FOR HCL + KRYPTON. ....................222 

FIGURE 3.12: COMPARISON OF EXPERIMENTAL VS SIMULATED DCS’S FOR HCL + NITROGEN. ...................224 

FIGURE 3.13: COMPARISON OF EXPERIMENTAL VS SIMULATED DCS’S FOR HCL + METHANE.....................225 

FIGURE A1.0: SCHEMATIC OF ORIGINAL SAMPLE PREPARATION SYSTEM........................................................230 

FIGURE A1.1: SCHEMATIC OF GAS-MIXING APPARATUS................................................................................231 



TABLE OF TABLES 

- 16 - 

TABLE 1.3.0: PDFB VIBRATIONAL FREQUENCIES AND INTENSITIES OBSERVED IN THE S1-S0 LIF SPECTRUM.. 33 

TABLE 1.3.1: VIBRATIONAL FREQUENCIES OF PDFB-H2O MEASURED IN THE S1 EXCITED STATE................... 35 

TABLE 1.3.2: VIBRATIONAL FREQUENCIES OF PDFB-(H2O)2 IN WAVENUMBERS (CM
-1).................................. 35 

TABLE 1.3.3: MDFB VIBRATIONAL FREQUENCIES AND INTENSITIES FOR THE S1-S0 SPECTRUM, RELATIVE 

INTENSITY (R.I.) VALUES ARE SCALED RELATIVE TO THE 37910CM
-1

 PEAK INTENSITY (TAKEN AS 

100). ...................................................................................................................... 39 

TABLE 1.3.4: MDFB-H2O VIBRATIONAL FREQUENCIES AND INTENSITIES FOR THE S1-S0 SPECTRUM, RELATIVE 

INTENSITY (R.I.) VALUES ARE SCALED RELATIVE TO THE 38001CM
-1

 PEAK INTENSITY (TAKEN AS 

100). ...................................................................................................................... 44 

TABLE 1.3.5: LINE POSITIONS AND RELATIVE INTENSITIES FOR VIBRATIONAL BANDS IN THE S1-S0 1C-R2PI 

EXCITATION SPECTRUM OF THE MDFB-(H2O)2 MOLECULAR CLUSTER. (FIG 1.3.8).  

DISPLACEMENTS FROM THE 00
0 

BAND ARE IN WAVENUMBERS (CM
-1), RELATIVE INTENSITY (RI) 

VALUES ARE UNITLESS AND SCALED RELATIVE TO THE 37966 CM
-1

 PEAK INTENSITY (TAKEN AS 

100). ...................................................................................................................... 48 

TABLE 1.3.6: LINE POSITIONS AND RELATIVE INTENSITIES FOR VIBRATIONAL BANDS IN THE S1-S0 1C-R2PI 

EXCITATION SPECTRUM OF ODFB (FIG 1.3.13).  DISPLACEMENTS FROM THE 00
0 

BAND ARE IN 

WAVENUMBERS (CM
-1), RELATIVE INTENSITY (RI) VALUES ARE UNITLESS AND SCALED RELATIVE 

TO THE 37827 CM
-1

 PEAK INTENSITY (TAKEN AS 100)................................................................ 51 

TABLE 1.3.7: LINE POSITIONS AND RELATIVE INTENSITIES FOR VIBRATIONAL BANDS IN THE S1-S0 1C-R2PI 

EXCITATION SPECTRUM OF THE ODFB-H2O MOLECULAR CLUSTER (FIG 1.3.16).  

DISPLACEMENTS FROM THE 00
0 

BAND ARE IN WAVENUMBERS (CM
-1), RELATIVE INTENSITY (RI) 

ARE SCALED RELATIVE TO THE 37931.5 CM
-1

 PEAK INTENSITY (TAKEN AS 100). ....................... 55 

TABLE 1.3.8: LINE POSITIONS AND RELATIVE INTENSITIES FOR VIBRATIONAL BANDS IN THE S1-S0 1C-R2PI 

EXCITATION SPECTRUM OF THE ODFB-(H2O)2 MOLECULAR CLUSTER (FIG 1.3.18).  

DISPLACEMENTS FROM THE 00
0 

BAND ARE IN WAVENUMBERS (CM
-1), RELATIVE INTENSITY (RI) 

VALUES ARE UNITLESS AND SCALED RELATIVE TO THE 38012 CM
-1

 PEAK INTENSITY (TAKEN AS 

100). ...................................................................................................................... 58 

TABLE 1.3.9: CALCULATED BOND LENGTHS FOR MDFB MOLECULE AT THE B3LYP 6-311++G(2D,3P) LEVEL 

OF THEORY. ...................................................................................................................... 61 

TABLE 1.3.10:  AB INITIO CALCULATED VIBRATIONS OF PDFB. ....................................................................... 62 

TABLE 1.3.11: CALCULATED BOND LENGTHS FOR THE PDFB-H2O CLUSTER AT THE B3LYP 6-311++G(D,2P) 

LEVEL OF THEORY ..................................................................................................................... 63 



TABLE OF TABLES 

- 17 - 

TABLE 1.3.12: CALCULATED VIBRATIONAL FREQUENCIES (1-20) FOR THE IN-PLANE PDFB-H2O MOLECULE. ..64 

TABLE 1.3.13: CALCULATED VIBRATIONAL FREQUENCIES (1-20) FOR THE IN-PLANE PDFB-H2O MOLECULE. ..65 

TABLE 1.3.14: CALCULATED VIBRATIONAL FREQUENCIES (1-20) FOR THE OUT-OF-PLANE PDFB-H2O 

MOLECULE. .......................................................................................................................66 

TABLE 1.3.15: CALCULATED BOND LENGTHS FOR THE PDFB-H2O2 CLUSTER AT THE B3LYP 6-311++G(D,2P) 

LEVEL OF THEORY ......................................................................................................................67 

TABLE 1.3.16: CALCULATED VIBRATIONAL FREQUENCIES (1-20) FOR THE PDFB-(H2O)2 MOLECULE...............68 

TABLE 1.3.17: CALCULATED BOND LENGTHS FOR MDFB MOLECULE AT THE B3LYP 6-311++G(D,P) LEVEL OF 

THEORY .......................................................................................................................69 

TABLE 1.3.18: CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-20) FOR THE MDFB PARENT 

MOLECULE. RELATIVE ENERGY = (CALCULATED ENERGY – 428.000) HARTREES. .....................70 

TABLE 1.3.19: CALCULATED BOND LENGTHS FOR MDFB-H2O AT THE B3LYP 6-311++G(D,P) LEVEL OF 

THEORY. .......................................................................................................................71 

TABLE 1.3.20: LIST OF CALCULATIONS PERFORMED AT RHF/6-311G++D,P FOR THE MDFB-H2O CLUSTER, 

SHOWING STARTING AND END GEOMETRIES AND CORRECTED BINDING ENERGIES......................72 

TABLE 1.3.21: LIST OF CALCULATIONS PERFORMED AT RB3LYP/6-311G++D,P FOR THE MDFB-H2O CLUSTER, 

SHOWING STARTING AND END GEOMETRIES AND CORRECTED BINDING ENERGIES......................73 

TABLE 1.3.22: LIST OF COUNTERPOISE CORRECTED BINDING ENERGIES FOR MDFB-H2O.................................74 

TABLE 1.3.23:  CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-15) FOR THE MDFB-H2O 

CLUSTER IN PLANE WATER GEOMETRY. RELATIVE ENERGY = (CALCULATED ENERGY – 504.000) 

HARTREES. .......................................................................................................................75 

TABLE 1.3.24: CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-15) FOR THE MDFB-H2O 

CLUSTER IN PLANE WATER GEOMETRY. RELATIVE ENERGY = (CALCULATED ENERGY – 504.000) 

HARTREES. .......................................................................................................................76 

TABLE 1.3.25: CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-15) FOR THE MDFB-H2O 

CLUSTER OUT OF PLANE WATER GEOMETRY. RELATIVE ENERGY = (CALCULATED ENERGY – 

504.000) HARTREES. ..................................................................................................................77 

TABLE 1.3.26: CALCULATED BOND LENGTHS FOR MDFB-(H2O)2 AT THE B3LYP 6-311++G(D,P) LEVEL OF 

THEORY. .......................................................................................................................78 



TABLE OF TABLES 

- 18 - 

TABLE 1.3.27: LIST OF CALCULATIONS PERFORMED AT THE RB3LYP/6-311G++(D,P) LEVEL FOR THE MDFB-

(H2O)2 CLUSTER, SHOWING STARTING AND END GEOMETRIES AND CORRECTED BINDING 

ENERGIES. ...................................................................................................................... 79 

TABLE 1.3.28: LIST OF COUNTERPOISE CORRECTED BINDING ENERGIES FOR MDFB-(H2O)2. ........................... 80 

TABLE 1.3.29:  CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-25) FOR THE MDFB-(H2O)2 

CLUSTER. RELATIVE ENERGY = (CALCULATED ENERGY –580.000) HARTREES. ........................ 81 

TABLE 1.3.30:  CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-25) FOR THE MDFB-(H2O)2 

CLUSTER. RELATIVE ENERGY = (CALCULATED ENERGY –580.000) HARTREES.......................... 82 

TABLE 1.3.31: CALCULATED BOND LENGTHS FOR ODFB MOLECULE AT THE B3LYP 6-311++G(D,P) LEVEL OF 

THEORY ...................................................................................................................... 83 

TABLE 1.3.32: CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-20) FOR THE ODFB PARENT 

MOLECULE. RELATIVE ENERGY = (CALCULATED ENERGY – 428.000) HARTREES. .................... 84 

TABLE 1.3.33: CALCULATED BOND LENGTHS FOR ODFB-H2O AT THE B3LYP 6-311++G(D,P) LEVEL OF 

THEORY. ...................................................................................................................... 85 

TABLE 1.3.34: LIST OF CALCULATIONS PERFORMED AT THE RHF/6-311G++(D,P) LEVEL FOR THE ODFB-H2O 

CLUSTER, SHOWING STARTING AND END GEOMETRIES AND CORRECTED BINDING ENERGIES..... 86 

TABLE 1.3.35: LIST OF CALCULATIONS PERFORMED AT THE RB3LYP/6-311G++(D,P) LEVEL FOR THE ODFB-

H2O CLUSTER, SHOWING STARTING AND END GEOMETRIES AND CORRECTED BINDING ENERGIES.

 ...................................................................................................................... 87 

TABLE 1.3.36: LIST OF COUNTERPOISE CORRECTED BINDING ENERGIES FOR ODFB-H2O................................. 88 

TABLE 1.3.37:  CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-15) FOR THE ODFB-H2O IN 

PLANE WATER CLUSTER. RELATIVE ENERGY = (CALCULATED ENERGY – 504.000) HARTREES. 89 

TABLE 1.3.38:  CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-15) FOR THE ODFB-H2O IN 

PLANE CLUSTER. RELATIVE ENERGY = (CALCULATED ENERGY – 504.000) HARTREES.............. 90 

TABLE 1.3.39:  CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-15) FOR THE ODFB-H2O OUT OF 

PLANE CLUSTER. RELATIVE ENERGY = (CALCULATED ENERGY – 504.000) HARTREES.............. 91 

TABLE 1.3.40: CALCULATED BOND LENGTHS FOR ODFB-H2O2 AT THE B3LYP 6-311++G(D,P) LEVEL OF 

THEORY. ...................................................................................................................... 92 

TABLE 1.3.41: LIST OF CALCULATIONS PERFORMED AT THE RB3LYP/6-311G++(D,P) LEVEL FOR THE ODFB-

(H2O)2 CLUSTER, SHOWING STARTING AND END GEOMETRIES AND UNCORRECTED BINDING 



TABLE OF TABLES 

- 19 - 

ENERGIES.TABLE 1.3.42: LIST OF COUNTERPOISE CORRECTED BINDING ENERGIES FOR ODFB-

(H2O)2. .......................................................................................................................93 

TABLE 1.3.42: LIST OF COUNTERPOISE CORRECTED BINDING ENERGIES FOR ODFB-(H2O)2. ............................94 

TABLE 1.3.43:  CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-48) FOR THE ODFB-H2O2 

CLUSTER. RELATIVE ENERGY = (CALCULATED ENERGY –580.000) HARTREES. .........................96 

TABLE 1.3.44:  CALCULATED AND MEASURED VIBRATIONAL FREQUENCIES (1-48) FOR THE ODFB-H2O2 

CLUSTER. RELATIVE ENERGY = (CALCULATED ENERGY –580.000) HARTREES. .........................97 

TABLE 1.4.0: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED PDFB 00
0
 BAND CONTOUR. .........101 

TABLE 1.4.1: SPECTROSCOPIC PARAMETERS OBTAINED FROM OUR SIMULATED PDFB-H2O 00
0
 BAND 

CONTOUR. .....................................................................................................................105 

TABLE 1.4.2: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED PDFB-(H2O)2 00
0
 BAND CONTOUR. ...

 .....................................................................................................................107 

TABLE 1.4.3: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED MDFB 00
0
 BAND CONTOUR. ........109 

TABLE 1.4.4: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED MDFB-H2O 00
0
 BAND CONTOUR.110 

TABLE 1.4.5: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED MDFB-H2O +84CM
-1

 BAND 

CONTOUR. .....................................................................................................................113 

TABLE 1.4.6: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED MDFB-(H2O)2 00
0 BAND CONTOUR. ..

 .....................................................................................................................116 

TABLE 1.4.7: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED ODFB 00
0 CONTOUR. ..................118 

TABLE 1.4.8: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED ODFB-H2O 00
0 CONTOUR. ..........120 

TABLE 1.4.9: SPECTROSCOPIC PARAMETERS OBTAINED FROM THE FITTED ODFB-(H2O)2 00
0 CONTOUR. ......123 

TABLE 1.4.10: SUMMARY OF CALCULATED FREQUENCIES AND DESCRIPTIONS OF NORMAL COORDINATES FOR 

THE LOWEST FREQUENCY INTERMOLECULAR MOTIONS OF THE IN-PLANE GEOMETRY OF PDFB-

H2O CLUSTER (RHF/B3LYP 6-311++G(D,P)). ........................................................................127 

TABLE 1.4.11-: SUMMARY OF CALCULATED FREQUENCIES AND DESCRIPTIONS OF NORMAL COORDINATES FOR 

THE LOWEST FREQUENCY INTERMOLECULAR MOTIONS OF PDFB-H2O CLUSTER (RHF/B3LYP 6-

311++G(D,P)). .....................................................................................................................128 

TABLE 1.4.12: ASSIGNED VIBRATIONAL MODES OF PDFB-H2O ......................................................................128 

TABLE 1.4.13: VIBRATIONAL MODES OF PDFB-(H2O)2. ..................................................................................130 



TABLE OF TABLES 

- 20 - 

TABLE 1.4.14: SUMMARY OF CALCULATED FREQUENCIES AND DESCRIPTIONS OF NORMAL COORDINATES FOR 

THE LOWEST FREQUENCY INTERMOLECULAR MOTIONS OF THE IN-PLANE GEOMETRY OF MDFB-

H2O CLUSTER (RHF/B3LYP 6-311++G(2D,2P))..................................................................... 131 

TABLE 1.4.15: SUMMARY OF CALCULATED FREQUENCIES AND DESCRIPTIONS OF NORMAL COORDINATES FOR 

THE LOWEST FREQUENCY INTERMOLECULAR MOTIONS OF MDFB-H2O CLUSTER (RHF/B3LYP 6-

311++G(2D,2P)). .................................................................................................................... 132 

TABLE 1.4.16: VIBRATIONAL MODES OF MDFB-H2O. .................................................................................... 132 

TABLE 1.4.17: VIBRATIONAL MODES OF MDFB-(H2O)2. ................................................................................ 135 

TABLE 1.4.18: SUMMARY OF CALCULATED FREQUENCIES AND DESCRIPTIONS OF NORMAL COORDINATES FOR 

THE LOWEST FREQUENCY INTERMOLECULAR MOTIONS OF THE ODFB-H2O CLUSTER 

(RHF/B3LYP 6-311++G(2D,2P))............................................................................................ 136 

TABLE 1.4.19: VIBRATIONAL MODES OF ODFB-H2O...................................................................................... 137 

TABLE 1.4.20: VIBRATIONAL MODES OF ODFB-(H2O)2.................................................................................. 139 

TABLE 1.4.21: COMPARISON OF THE BLUE-SHIFTS OF THE –H2O AND –(H2O)2 CLUSTERS OF ORTHO-, META- 

AND PARA-DIFLUOROBENZENE................................................................................................. 141 

TABLE 1.4.22: COMPARISON OF THE TRANSITION BAND TYPES OF THE –H2O AND –(H2O)2 CLUSTERS OF ORTHO-

, META- AND PARA-DIFLUOROBENZENE. ................................................................................... 141 

TABLE 1.4.23: CORRESPONDENCE OF VIBRATIONAL FREQUENCIES OF PDFB PARENT AND -H20 CLUSTERS 

(WILSON NOTATION [46])........................................................................................................ 142 

TABLE 1.4.24: CORRESPONDENCE OF VIBRATIONAL FREQUENCIES OF MDFB PARENT AND -H20 CLUSTERS 

(WILSON NOTATION ). ............................................................................................................. 142 

TABLE 1.4.25: CORRESPONDENCE OF VIBRATIONAL FREQUENCIES OF ODFB PARENT AND -H20 CLUSTERS 

(WILSON NOTATION). .............................................................................................................. 142 

TABLE 1.4.26: CORRESPONDING MODES OF PDFB-H2O, ODFB-H2O AND MDFB-H2O ................................. 143 

TABLE 1.4.27: CORRESPONDING MODES OF PDFB-(H2O)2, ODFB-(H2O)2 AND MDFB-(H2O)2 ...................... 143 

TABLE 1.4.28: VIBRATIONAL FREQUENCIES OF PDFB, PDFB-H2O AND PDFB-(H2O)2. ................................. 144 

TABLE 1.4.29: VIBRATIONAL FREQUENCIES OF MDFB, MDFB-H2O AND MDFB-(H2O)2............................... 145 

TABLE 1.4.30: VIBRATIONAL FREQUENCIES OF ODFB, ODFB-H2O AND ODFB-(H2O)2. ............................... 146 



TABLE OF TABLES 

- 21 - 

TABLE 2.0: VIBRATIONAL ASSIGNMENTS FOR THE D3-D0 TRANSITION IN THE PARA-DIFLUOROBENZENE
+-

ARGON CATION, MEASURED RELATIVE TO THE 00
0 TRANSITION MEASURED AT 23634 CM

-1(VAC). 

THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER 00
0 TRANSITION. .......168 

TABLE 2.1: VIBRATIONAL ASSIGNMENTS FOR THE D3-D0 TRANSITION IN THE PARA-DIFLUOROBENZENE
+-

ARGON CATION, MEASURED RELATIVE TO THE 00
0 TRANSITION MEASURED AT 23634 CM

-1(VAC). 

THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER SZ
 
0

1
 TRANSITION. ....172 

TABLE 2.2: VIBRATIONAL ASSIGNMENTS FOR THE D3-D0 TRANSITION IN THE PARA-DIFLUOROBENZENE
+-

(ARGON)2 CATION, MEASURED RELATIVE TO THE 00
0 TRANSITION MEASURED AT 23519 CM

-

1(VAC). THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER 00
0 TRANSITION.

 .....................................................................................................................177 

TABLE 2.3: VIBRATIONAL ASSIGNMENTS FOR THE D3-D0 TRANSITION IN THE PARA-DIFLUOROBENZENE
+-

(ARGON)2 CATION, MEASURED RELATIVE TO THE 00
0 TRANSITION MEASURED AT 23519 CM

-

1(VAC). THE D0 STATE OF THE CATION IS PREPARED VIA THE NEUTRAL CLUSTER SZ
1

0 

TRANSITION.. .....................................................................................................................181 

TABLE 2.4: CALCULATED FRANCK-CONDON FACTORS FOR THE PDFB+-AR1 STRETCH TRANSITIONS. .......182 

TABLE 2.5: FERMI DIAD COUPLING CALCULATION VARIABLES FOR THE PDFB+-AR1 COMPLEX. ................182 

TABLE 2.6: FERMI TRIAD COUPLING CALCULATION VARIABLES FOR THE PDFB+-AR1 COMPLEX. ..............183 

TABLE 2.7: VIBRATIONAL DISPLACEMENTS OBSERVED IN THE RESONANCE ENHANCED PHOTOFRAGMENT 

EXCITATION SPECTRUM OF THE PDFB+-KR1 CATION IN THE REGION AROUND THE ELECTRONIC 

ORIGIN OF THE D3 - D0 TRANSITION AND UP TO EVIB ~ 700 CM
-1. THE D0 STATE OF THE CATION IS 

PREPARED VIA THE NEUTRAL CLUSTER 0 
0

0
 TRANSITION. ..........................................................190 

TABLE 2.8: VIBRATIONAL DISPLACEMENTS OBSERVED IN THE RESONANCE ENHANCED PHOTOFRAGMENT 

EXCITATION SPECTRUM OF THE PDFB+-KR1 CATION IN THE REGION AROUND THE ELECTRONIC 

ORIGIN OF THE D3 - D0 TRANSITION AND UP TO EVIB ~ 700 CM
-1. THE D0 STATE OF THE CATION IS 

PREPARED VIA THE NEUTRAL CLUSTER SZ
 1

0 TRANSITION. .........................................................192 

TABLE 2.9: RED-SHIFTS OF THE S1 ← S0 00
0 BANDS OF PDFB-R (WHERE R=AR1, AR2, KR1, KR2).............197 

TABLE 2.10: VAN DER WAALS FREQUENCIES OF PDFB-R (WHERE R=AR1, AR2, KR1, KR2). .......................198 

TABLE 2.11: RED-SHIFTS OF THE D3 ← D0 00
0 BANDS OF PDFB+-R (WHERE R=AR1, AR2, KR1, KR2)..........198 

 



INTRODUCTION  CHAPTER ONE  

- 22 - 

CHAPTER ONE 

WATER CLUSTERS OF 

ORTHO AND META–DIFLUOROBENZENE. 

SECTION 1: 

INTRODUCTION: VAN DER WAALS MOLECULES 

The chemistry of individual molecules is generally dominated by covalent and ionic bonding.  

In contrast the chemistry of molecular clusters is governed by dispersive van der Waals 

forces.  These intermolecular forces although weak in comparison, are responsible for such 

phenomena as solvent/solute interactions, and gas-surface adsorptions, as well as “wetting” of 

surfaces, and gas phase chemical reactions [1-5].  For these reasons, van der Waals molecules 

have invited intense scientific interest during the last fifty years.  The study of the 

fundamental physics associated with these phenomena provides a basis for a better 

understanding of complicated systems, including the properties of the condensed state of 

heterogeneous mixtures.  

Bulk effects inherent in the condensed phase complicate the information pertaining to van der 

Waals forces obtained from traditional condensed phase spectroscopic methods, such as X-

ray crystallography, Nuclear Magnetic Resonance (NMR), and liquid phase Laser Induced 

Fluorescence (LIF), thereby preventing precise elucidation of the nature of the forces 

responsible for the binding in these systems.  However, by isolating a small van der Waals 

bonded cluster (eg: a dimer or trimer), the bulk effects inherent in a condensed phase system 

are eliminated.  The information obtained provides a direct measure of the role of Van der 

Waals forces in intermolecular binding. 

The van der Waals forces that bind these molecular clusters together are many orders of 

magnitude weaker than the covalent forces that bind molecules together.  Hence, the 

dissociation energies of these clusters are typically on the order of a few kcal mol-1, or less.  

These low dissociation energies cause the clusters to be relatively fragile at room 

temperature, and if formed, they readily dissociate upon collision.  However, by reducing the 

temperature to levels where the average thermal energy is lower than the dissociation energy 

of the cluster, the probability of the cluster enduring long enough to be studied, increases 

dramatically. 
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A method for producing relatively long lived molecular clusters, is the technique of 

supersonic free jet expansion.  This technique, when used in conjunction with traditional 

spectroscopic techniques such as LIF or REMPI TOF-MS, allows the production and study of 

rotationally and vibrationally cold, gas phase molecular clusters [6-7].  Supersonic 

expansions operate on the principle of expanding a backing gas through a small orifice into a 

chamber at a significantly lower pressure than the backing pressure.  The backing gas, usually 

inert, contains the molecular sample as a dilute seedant and may include a percentage of other 

collider molecules.  After expansion through the orifice, two body collisions cool the sample 

molecules, producing an isentropic distribution, with average temperatures of a few Kelvin 

readily achievable at a distance of ~1cm downstream from a 0.5mm nozzle orifice.  Three or 

more body collisions may also occur, although at much lower frequencies, giving rise to 

molecular clusters.  The relatively low probability of three body collisions at pressures in the 

range of a few atmospheres occurring means that atleast an order of magnitude lower number 

of molecular clusters are formed than the parent molecule [8-9]. 

AROMATIC-WATER CLUSTERS 

 

Aromatic-water clusters are of fundamental interest, for many reasons.  Water, is present in 

all forms of life on earth, and as the “universal solvent”, is responsible for the solvation of 

chemicals in all living matter.  The chemistry of solute/solvent reactions remains a topic of 

widespread interest since the precise description of the structures and energetics associated 

with hydrogen bonding remain a challenge for even relatively sophisticated theoretical 

methods.  One of the more pragmatics reasons for improving our understanding of 

solute/solvent interactions is to assist the design of faster acting and more effective 

pharmaceuticals.  Understanding the principles of water cluster formation is also of relevance 

in climate modelling, through the role water plays in absorption and dissipation of solar 

energy in our environment.   

A convenient way of studying the interactions between water clusters and other molecular 

species is to use a substrate molecule that has been well characterised.  This allows the 

scientist to examine the cluster and compare it with the known substrate.  Due to the weak 

forces involved, very little perturbation to the substrate should occur, and any differences 

should be due to the intermolecular forces. 

An ideal substrate for clustering with water is an aromatic molecule.  Aromatics themselves 

are of conisderable interest to scientists for similar reasons.  They are involved in most 
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aspects of our lives, from the fuels and lubricants in our cars, to the proteins in our bodies.  

Due to the large database of spectroscopic information characterising aromatic molecules, 

any small perturbations to the vibrational and rotational manifolds of both the ring and cluster 

bonds introduced via conformational changes to the aromatic ring, may be identified readily 

[10-11].  Due to the intrinsic stability and rigidity of the aromatic molecule, the magnitude of 

any significant conformational change induced by its intermolecular binding is limited.  This 

may be seen from spectroscopic investigation of aromatic-rare gas clusters, where the parent 

vibrational spectrum remains relatively unchanged, with the significant differences being the  

addition of peaks associated with the weaker van der Waals modes of the cluster.  

THE ISOMERS OF DIFLUOROBENZENE 

 

Benzene, as the simplest aromatic ring system, with a high degree of symmetry (D6h) is an 

ideal substrate for cluster studies, as may be seen from the literature [12-16].  Benzene is of 

particular use to spectroscopists, since by varying the position of differing substituted species 

on the ring (fluoro-, chloro-, bromo- and iodo- benzene), or multiple substituted variants, we 

can study the influence of the substrate on the intermolecular bond. 

The focus in this investigation, is the difluorobenzene-water cluster, providing us with the 

opportunity to study the three isomers of ortho- meta- and para-difluorobenzene.  By varying 

the positions of the fluorine atoms about the ring, we are able to change the structure, 

electronic properties and symmetry of the aromatic ring cluster, and the study the infuluence 

of substitutional  changes on the intermolecular bond.  Reduction of the symmetry from D6h 

allows formerly forbidden transitions, thus changing the spectroscopy through selection rule 

changes. 

Para-Difluorobenzene has received considerable attention, spectroscopically, and has played 

a significant role in the understanding of the structural and energetic effects of electronic 

excitation.  Investigations range from the studies of intramolecular vibrational redistribution 

(IVR) and collisional energy transfer, to van der Waals predissociation and Zero Kinetic 

Energy Spectroscopy (ZEKE) [17-18].  The spectroscopy of the S1←S0 transition in benzene 

and pDFB has been extensively explored [19-22].  Interest in pDFB continues, with recent 

high-resolution LIF studies elucidating some of the more subtle vibronic coupling pathways 

for inducing intensity in the S1←S0 transition [23].  Several papers have been published in 

recent years on solvated molecular clusters [24-29], including theoretical and experimental 
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reviews by Brutschy [30] and Kim [31], which have compared the ground state spectra and 

theoretically determined geometries of the pDFB-H2O species with other Aromatic-Water 

clusters.  However none of these articles have collectively studied and compared the species 

discussed in this thesis in terms of ground and excited state vibronic spectra. 

Recent Resonance Enhanced Multi-Photon Ionisation (REMPI) studies by Rasmussen and co-

workers[32-34] on the para-difluorobenzene-Water cluster yielded preliminary structural 

information from analysis of the vibrationally and rotationally resolved electronic spectra of 

this system.  Utilising asymmetric rotational analysis software, they were able to identify the 

cluster as lying in plane with the water cluster, attached to the fluorine and hydrogen atoms of 

the ring, with one of the water hydrogens lying out of plane. 

Similar work has not been performed for the ortho- and meta- isomers, and a comparison 

between these lower symmetry species and the para- substituted system would be invaluable. 

In this thesis, the goal is to determine the details of the –H2O and –(H2O)2 clusters of o- and 

m-DFB, so providing a firm foundation for our planned future studies of vibrational 

predissociation in o- and m-DFB.  In addition, the S1 vibrational spectroscopy of the van der 

Waals clusters of o- and m-DFB will be explored, with a view to obtaining some 

understanding of the vibrational dynamics of these systems. 

Figure 1.1.0: Geometry of the para-difluorobenzene-Water cluster. 

The strategy employed to study the spectroscopy of the ortho- and meta- isomers of 

difluorobenzene, is described later.  A brief summary is as follows.  A supersonic free jet 

expansion is used to prepare internally cold parent and cluster molecules for study with the 

use of the resonance enhanced multi-photon ionisation technique. 1C-R2PI low resolution 

and etalon resolution spectra are obtained, enabling the determination of spectroscopic 

information such as, excited state rotational constants, stretch and bend frequencies associated 

with the cluster bond, and transition dipole moment directions. 
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SECTION 2: METHODOLOGY: 

SAMPLE PREPARATION 

The sample of interest, in this case ortho- or meta-Difluorobenzene (99% Aldrich Chem. 

Co.), is contained in a stainless steel sample holder, through which 1~2 atmospheres of 

helium (BOC gases) is passed.  The seeded Helium gas is then mixed with other gases via a 

custom built gas-mixing apparatus (Appendix One).  The desired ratio of gases, after being 

mixed, is delivered to the expansion nozzle, contained within the vacuum chamber. 

EXPERIMENTAL APPARATUS  

 

The seed mixture, typically 1%, is supersonically expanded into the source chamber of the 

experimental apparatus, through a 1 mm orifice pulsed nozzle, operating at 10 Hz (General 

Valve Series 9).  The source chamber of the apparatus operates between 1x10-6 and 1x10-4 

Torr, and is pumped by two Varian VHS 6” (2400 l/s) diffusion pumps, backed by an Alcatel 

2063 (1080 l/min) rotary pump.  Operating conditions of the nozzle are controlled by varying 

the pulse width and height of the driver signal to the solenoid valve, with typical operating 

parameters of 300 µs pulse width and 150 Volts pulse height.  The sample is expanded from 

the nozzle and skimmed approximately 30–40mm away via a Beam Dynamics 2mm conical 

skimmer, which separates the source and main chambers.  The purpose of the skimmer is to 

select the coldest molecules in the expansion to produce a narrow collimated beam of 

molecules for study, and to facilitate a differential pressure between the source and main 

chambers. 

The main chamber operates at approximately 1x10-7 Torr (pumped by two Varian VHS 6” 

diffusion pumps, backed by a single Alcatel 2063 rotary pump).  The internally cold, 

collimated molecules enter the main chamber and travel (~1000 m/s) 150 mm, before 

entering between the first and second stages of the ion optic assembly.  The extraction optics 

consist of a set of five nickel mesh grids whose field is set in accordance with the Wiley and 

McClaren space focussing conditions.  As the beam enters between the grids, a counter-

propagating, collinear beam of excimer pumped dye-laser radiation excites and ionises the 

molecules, and they are repelled perpendicularly away towards the Time of Flight (TOF) 

chamber, 1C-R2P is normally used as the laser ionisation mechanism. 
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Figure 1.2.0: Schematic of the REMPI-TOF 1C-R2PI apparatus including Gas mixing apparatus 
(Courtesy of C. Gow[35]) 
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SPECTROSCOPIC METHOD 

 

The technique of Resonance Enhanced Multi-Photon Ionisation (REMPI) - Time-of-Flight 

Mass Spectroscopy (TOF-MS), is a power method for spectroscopic study of intermolecular 

complexes.  The REMPI technique used in our lab is One Colour-Resonant Two-Photon 

Ionisation (1C-R2PI), that relies on the cluster of interest, having a dissociation energy less 

than twice that of the excited state we wish to study.  The first step in the 1C-R2PI process is 

the excitation of the ground state cluster to a resonant level in the first excited state (S1) via a 

single UV photon (hν1).  If within the lifetime of the excited complex (~10ns), a second 

photon (hν2) is absorbed, and the above criteria are met, the complex will ionise. 

Figure 1.2.1: Schematic illustrating the one colour-two resonant photon process (1C R2PI).  

 

The 1C-R2PI technique is ideal for studying the difluorobenzene clusters, since their D0 state 

is less than twice the energy of their first excited state (S1), unfortunately, this is not always 
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the case, and the more difficult two colour technique is often necessary.  One disadvantage of 

the one colour technique is that of transition saturation.  For systems with low quantum 

yields, sufficient laser intensity to produce signal may saturate the excited state transition.  

Two colour-Resonant Two Photon Ionisation (2C-R2PI), can be configured to reduce 

saturation by using a second laser for the hν2 photon.  This allows the intensity of the first 

photon to be attenuated to prevent saturation, whilst still ionising sufficient molecules to 

produce signal.  This technique was not used in this study due to equipment limitations. 

Radiation for the 1C-R2PI technique was generated by a Lambda-Physik excimer laser (EMG 

101 MSC), operating at 308 nm (XeCl), which pumped a Lambda-Physik dye laser (FL 

3002e).  Coumarin 540A and Coumarin 500 laser dyes were used to generate fundamental 

radiation in the region of interest, 520nm – 540 nm (7mJ).  Second harmonic radiation(1mJ) 

in the range of 260nm – 270 nm was produced via an angle tuned non linear Beta Barium 

Borate crystal (BBO).   

The Full Width-Half Maximum (FWHM) linewidth of the fundamental radiation was 

approximately 0.35 cm-1, whilst operating with grating only.  After installation of the second 

harmonic crystal, the linewidth rose to 0.7 cm-1, with the linewidth reducing to 0.05 cm-1 after 

installation of the intra-cavity etalon (FSR = 1cm-1, finesse = 40).  Radiation intensity was 

controlled via a rotatable prism polariser, and neutral density filters, to reduce saturation 

effects.  Typical pulse energies within the ionisation grids were in the order of 10-20 µJ. 

The radiation incident with the molecular expansion produces a column of ions (~30 cm x 10 

mm2) centered between the extraction grids.  However due to the field lines surrounding the 

optics (+1500V), only those ions produced within the extraction grids are accelerated toward 

the detector.   The ion packet generated within the grids is accelerated (30000 m/s) through a 

set of deflector plates (0–50V) designed to steer the ion packet in both x and y coordinates, 

before entering the field free region of the time-of-flight chamber.   

Kinetic energy supplied to the ion packet from the accelerating grids, causes it to separate 

into individual mass packets over the length of the drift region, with lighter masses moving 

faster, and arriving earlier than heavier, slower ions.  Typical flight times of difluorobenzene 

clusters are approximately 18-20 µs from the time of laser trigger, with average speeds of 3-

4x104 m/s. 
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DATA ACQUISITION 

 

The molecular ion packets are detected in time as they collide with a set of tandem micro-

channel plates (Gallileo, 50mm diameter, -2000V).  The signal produced (gain 107), is 

impedance matched to a Tektronix TDS 540a oscilloscope (1GHz), via a 100 MHz 

operational amplifier (RS components, gain ~0.66).  Shot to Shot averaging is performed on 

the oscilloscope with typical averaging of 16-32 laser shots.  Averaged signal is downloaded 

from the oscilloscope via an IEEE-488 interface card to a Power Macintosh 7300/180 

computer.  The computer is responsible for controlling the frequency scanning of the dye 

laser system and synchronisation with data-acquisition via the CRO-VIEW software.  Data 

analysis is performed using the 3D-VIEW application (see Appendix Two) which reads the 

three dimensional output file from CRO-VIEW (frequency Vs mass Vs intensity), and allows 

the user to take two dimensional slices (frequency Vs intensity) of desired averaged masses, 

and save them in a standard spreadsheet format.  This spreadsheet file is then opened in 

KaleidaGraph (v3.0.2, Abelbeck Software), for analysis and manipulation. 

The computer is also responsible for controlling the timing of the experiment via the TARDIS 

software (written by the author) and hardware (hardware was developed jointly by Prof. A. E. 

W. Knight and Steve Beams).  Typical delay times between the firing of the excimer laser 

and the nozzle pulse are 1200 - 1300 µs.   
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SECTION 3: RESULTS AND ANALYSIS 

This section presents the 1C-R2PI S1←S0 electronic transition spectra for the isomers of 

difluorobenzene and their water clusters, obtained during the course of this investigation.  

Medium resolution ‘vibrationally’ resolved spectra were recorded for each species, which in 

tandem with ab-initio calculations, allowed the assignment of vibrational modes of the 

molecule.  Also, higher resolution rotationally resolved ‘Etalon’ spectra were recorded, which 

in comparison with semi-empirical rotational-top calculations elucidated the species’ 

structure. 

The first part of this section presents the vibrationally resolved (0.2 cm-1) S1-S0 spectra of 

ortho-, meta- and para-difluorobenzene, as well as their (H2O)n=1,2 clusters.  Comparison of 

the ortho-, meta- and para- water clusters will provide some insight into the effects of 

changing electron-densities in the aromatic ring, and the affect this has on water adatom 

vibrational frequencies.  High resolution, ‘etalon’ spectra in the region of the origin (i.e. the 

00
0  band) of the π-π* S1←S0 electronic transition of each species are then presented.  The 

spectra correspond to a laser resolution of 0.03 cm-1 (FWHM), which yields a measurement of 

the rotational band contour.  The rotational band contour provides an indirect method of 

determining the geometrical structure, as well as the direction of the S1-S0 electronic 

transition moment (transition dipole), of each species.  

 

The final part of this section includes theoretical calculations associated with determining 

equilibrium structures and harmonic vibrational frequencies for each species.  Methods used 

include, ab-initio Gaussian-98 geometry and frequency optimisation routines utilising 

Hartree-Fock and B3LYP levels of theory.  

P-DIFLUOROBENZENE 

 

The one colour laser induced fluorescence S1(
1B2u) – S0(

1Ag) spectrum of pDFB measured by 

Knight et al. [20], is shown in Figure 1.3.0 for the purpose of assisting with assignments of 

the pDFB-(H2O)n spectra.  Listed in Table 1.3.0 are the frequencies of vibrational transitions 

in the region of 36800 cm-1 to 40000 cm-1.  Rotational band contours for selected transitions 

of pDFB are displayed in the Analysis section. 
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Figure 1.3.0: 1C-R2PI vibrationally resolved S1-S0 electronic spectrum of pDFB in the region 36500–
40000 cm-1 . Spectral resolution (laser bandwidth) is 0.2 cm-1 FWHM. 
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Table 1.3.0: pDFB vibrational frequencies and intensities observed in the S1-S0 LIF spectrum. 
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PDFB-H2O 

 

The mass-selected (m/e=132) one colour-resonant two photon ionisation (1C-R2PI) spectrum 

of pDFB-H2O recorded in the region of 36900 cm-1 to 37600 cm-1 is shown in Figure 1.3.1.  

In comparison with the excited state vibrational spectrum of pDFB, the electronic origin of 

the water cluster is again the strongest feature, with subsequent aromatic ring vibrational 

modes showing similar Franck-Condon activity to that seen in the parent molecule.  Of note 

however is the increased weak vibrational structure within 200 cm-1 to the blue of the origin 

due to intermolecular vibrational motion between the water cluster and the aromatic ring.  

Comparison with ab-initio calculations and published vibrational assignments for the parent 

molecules will provide tentative assignments for these modes later in the analysis section.  

Listed in Table 1.3.1 below are the displacements for vibronic bands observed for pDFB-H2O 

in the S1← S0 transition. 

 

Figure 1.3.1: 1C-R2PI S1← S0 excitation spectrum of pDFB-H2O 
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Vibrational Frequencies of pDFB-H2O in wavenumbers (cm
-1

) 

0 105 236 398 

24 129 250 404 

48 152 253 440 

54 167 320 461 

64 180 347 484 

81 188 364 504 

100 216 367 535 

Table 1.3.1: Vibrational Frequencies of pDFB-H2O measured in the S1 excited state. 

 

PDFB-(H2O)2 

 

The mass selected (m/e=150) 1C-R2PI spectrum of pDFB-(H2O)2 measured in the region of 

36900 cm-1 to 37600 cm-1 is displayed below in Figure 1.3.2.  As with both pDFB and pDFB-

H2O, the dominant vibrational feature is the electronic origin, situated at 37110 cm-1, with 

weak vibrational structure associated with intermolecular motions occupying the region +100 

cm-1 towards the blue of the origin.  Unfortunately due to the lack of signal strength and 

possible dissociation of the cluster, only a few peaks are discernible  However, as shown in 

the discussion section, these data do assist in characterising structural aspects of the pDFB-

(H2O)2 species. 

 

0 0 

1 29.5 

2 81 

3 92 

4 422 

Table 1.3.2: Vibrational frequencies of pDFB-(H2O)2 in wavenumbers (cm-1). 
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Figure 1.3.2: 1C-R2PI spectrum of pDFB-(H2O)2 in the region 36900 – 37600 cm-1. 

 

M-DIFLUOROBENZENE 

The 1C-R2PI-TOF vibrationally resolved, S1-S0 electronic excitation spectrum of the parent 

mDFB molecule cooled in a supersonic beam expansion, has been measured previously, and 

was repeated here for the purpose of calibrating the instrument. The spectrum was also 

necessary for assisting in interpretation of the mDFB-water cluster spectra, and is presented 

below in the region 37800–39200 cm-1 (Fig 1.3.4).  The spectrum shown in Figure 1.3.4 was 

obtained with a high laser fluence for the purpose of identifying weak vibrational transitions, 

for this reason the relative intensities of different transitions may be incorrect, unsaturated 

transition intensities are tabulated in Table 1.3.3. 

The electronic origin 00
0  band situated at 37910 cm-1 is obviously the most dominant spectral 

feature, with a minor peak at –21 cm-1 most likely due to dissociation of higher order clusters, 

or another species of identical mass (114 a.m.u).  Several strong vibrational transitions are 

evident to higher energy involving fundamentals and combinations of out-of-plane (op) and 
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in-plane (ip) ring vibrations.  The vibrational mode notation (3N-6 = 30 for mDFB) follows 

Mulliken convention [36] used by Graham and Kable [37].  Major vibrational features are 

observed at +254 cm-1 (200
2), +318cm-1 (110

1), +443cm-1 (290
1), +518cm-1 (190

2), +676cm-1 

(180
1190

1), +695cm-1 (90
1), +729cm-1 (130

2), +732cm-1 (160
1190

1), +951cm-1 (80
1) and 

+1238cm-1 (60
1).  A small section of the S1← S0 excitation spectrum of the mDFB parent is 

displayed in Figure 1.3.3.  This spectrum was measured using reduced lsaer fluence in order 

to minimise the effects of saturation.  Accordingly, estimates of relative intensities of 

vibronic transitions measured from this spectrum are reasonably reliable.  The relative 

intensities listed in Table 1.3.3 were obtained from scans similar to that shown in Figure 

1.3.3.  Notice that the level of detail in these spectra is such that even at this relatively low 

resolution (0.2 cm-1), the rotational contours for each vibronic transition are discernible, 

showing typical P, Q and R branch structure. 

Figure 1.3.3: Unsaturated S1-S0 vibrationally resolved spectrum of mDFB region 38880cm-1 
�38980cm-1, measured at 0.2 cm-1 resolution. 
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Figure 1.3.4: 1C-R2PI vibrationally resolved S1-S0 electronic spectrum of mDFB in the region 
37800–39200 cm-1 . Spectral resolution (laser bandwidth) is 0.2 cm-1 FWHM. 
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Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

37869 -41 <1 38586 676 41.4 38866 957 <1 

37889 -21 1 38605 695 41.9 38881 971 1.4 

37910 0 100 38609 699 9 38890 980 <1 

37933 23 <1 38628 719 <1 38892 982 1.5 

38086 176 <1 38639 729 18.9 38898 988 <1 

38092 182 <1 38640 731 9.9 38904 994 <1 

38164 254 10.5 38642 732 15.3 38911 1001 3.8 

38227 318 28.7 38651 742 <1 38916 1003 <1 

38262 352 3.4 38660 751 3.3 38922 1016 <1 

38276 367 <1 38664 754 <1 38930 1020 1.9 

38297 387 1.5 38668 758 <1 38944 1035 1.8 

38329 420 <1 38686 776 <1 38949 1040 <1 

38344 434 4.2 38691 781 <1 38952 1043 5.6 

38353 443 33.1 38714 804 <1 38964 1054 1.6 

38376 466 2.1 38728 819 <1 38967 1057 <1 

38405 495 <1 38737 828 <1 39011 1102 1.2 

38419 509 <1 38742 832 <1 39026 1116 <1 

38428 518 9.1 38747 837 <1 39028 1119 1.6 

38460 551 <1 38756 846 <1 39032 1123 4.1 

38471 561 <1 38761 851 <1 39056 1146 <1 

38474 565 <1 38767 857 3.6 39061 1152 1.1 

38478 569 <1 38779 869 1.5 39068 1159 <1 

38488 579 <1 38782 873 <1 39071 1162 <1 

38492 582 <1 38785 876 <1 39075 1166 <1 

38507 597 1.5 38803 893 1.5 39102 1193 1 

38535 625 1.2 38808 899 <1 39109 1199 <1 

38540 630 2.5 38820 910 <1 39121 1212 <1 

38545 635 2.6 38830 920 <1 39128 1219 <1 

38549 639 <1 38837 927 1.1 39148 1238 9.6 

38554 644 <1 38854 944 4.7 39149 1239 16.5 

38558 648 <1 38855 945 4.3 39157 1248 <1 

38571 661 3.4 38857 948 23.8 39161 1251 1.8 

38576 666 1.3 38861 951 33.9 39164 1254 1.1 

Table 1.3.3: mDFB vibrational frequencies and intensities for the S1-S0 spectrum, relative intensity 
(R.I.) values are scaled relative to the 37910cm-1 peak intensity (taken as 100). 
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MDFB: ROTATIONAL BAND CONTOUR  

 

The mDFB rotational contour spectrum of the 00
0  electronic transition at 37910cm-1 was 

recorded with 0.03 cm-1 FWHM laser linewidth using an intra-cavity air-spaced etalon (Fig 

1.3.5).  The large dip centered at 37910 cm-1 in the rotational band contour of mDFB 

indicates the absence of a strong Q-branch transition.  The P branch band-head is clearly 

defined to the lower energy side of the dip, whilst the broad R branch progression is easily 

distinguished to the higher energy side.  The finely structured and regularly spaced peaks 

overlaying the P (∆J = −1) and R (∆J = +1) branches are associated with K sub-band heads (∆ 

Ka =  ±1).  The narrow rotational profile (2 cm-1 FWHM) indicates that the sample is 

relatively cold (<10 Kelvin), whilst the detailed fine structure indicates little saturation.  The 

observed widith of the K sub-band heads is ~0.03 cm-1, consistent with the spectral resolution 

being limited by the laser linewidth.  A detailed analysis of the difluorobenzene parent and 

water cluster rotational spectra and theoretical comparisons will be presented in the 

Discussion. 

 

Figure 1.3.5: 1C-R2PI excitation spectrum of mDFB in the region of the electronic origin of the 
S1←S0 transition, at 0.03 cm-1 resolution. 
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THE MDFB-H2O MOLECULAR CLUSTER 

 

The vibrationally resolved S1-S0 1C-R2PI spectrum of the meta-difluorobenzene-water cluster 

was recorded in the 37850 cm-1 to 39500 cm-1 region, and is shown in Fig 1.3.6.  In 

comparison with the spectra of mDFB, the electronic origin situated at 38001.5 cm-1 is again 

the most dominant spectral feature.  However, a noticeable difference is the large increase of 

vibrational structure in the region of -100 cm-1 to +110 cm-1, most likely due to the increase in 

vibrational degrees of freedom of the cluster (3N-6 = 39), and hence due to intra-molecular 

water and inter-molecular water-aromatic ring interactions.  Comparison of the dominant 

vibrational features of the water cluster compared to the ‘parent’ mDFB indicates the 

following transitions are due to water-ring interactions: -11 cm-1, +15 cm-1, +54 cm-1 +83 cm-

1, +107 cm-1 and 284 cm-1. 

Figure 1.3.6 shows a comparison of the mDFB ‘parent’ and mDFB-H2O 1C-R2PI spectra, 

with the frequency of the ‘parent’ spectrum offset to align the origin with that of the water 

cluster. 

Figure 1.3.6: Vibronic spectra of the ‘parent’ mDFB and mDFB-H2O species overlaid to indicate 
common vibrational bands. 
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Several features in both parent and cluster spectra from Figure 1.3.6 coincide or are situated 

in close proximity with similar intensities.  It may be concluded that these features are 

aromatic ring vibrations, with the small frequency shifts in the water cluster spectrum due to 

solvation effects or small perturbations in the aromatic ring force constants due to hydrogen-

bonding interacting with the water molecule. 

Contamination of the mDFB-H2O spectra with trace amounts of oDFB-H2O from previous 

experiments and the commercially supplied sample, introduced spurious peaks making 

spectral assignments difficult.  Comparison of the mDFB-H2O and oDFB-H2O spectra, 

highlighted these peaks, allowing their removal with analysis software (Fig 1.3.7). 

Figure 1.3.7: oDFB-H2O spectrum in the region of the electronic origin of mDFB-H2O. 

 

Figure 1.3.8 shows the ‘de-contaminated’ mDFB-H2O spectrum, small sections of negative 

signal strength can be seen which are due to slightly mismatched o-DFB-H2O signal 

cancellation.  The broad low intensity features to the low energy sides of the large transitions 

are due to higher order water clusters dissociating upon ionisation, producing quasi non-

resonant features.  Differences in the propensity for the oDFB-(H2O)n and mDFB-(H2O)n 

clusters to dissociate produce these negative intensities upon spectral subtraction. 
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Figure 1.3.8: S1-S0 1C-R2PI excitation spectrum of mDFB-H2O, after ‘de-contamination’ from 
oDFB-H2O and mDFB-(H2O)n, as described in the text.  Laser bandwidth is 0.2 cm-1.  
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Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

37891 -110 <1 38262 261 1 38654 652 2 

37910 -91 <1 38285 284 <1 38660 659 10 

37917 -84 2 38326 324 4 38670 668 3 

37932 -69 14 38349 348 <1 38679 677 4 

37963 -39 3 38361 359 <1 38684 683 17 

37982 -19 2 38376 374 <1 38687 686 5 

37992 -9 5 38380 378 <1 38697 696 2 

38001 0 100 38394 392 <1 38709 708 8 

38016 15 1 38436 435 <1 38723 722 17 

38044 43 <1 38444 442 <1 38734 732 1 

38056 54 6 38558 447 2 38768 767 2 

38072 71 <1 38458 457 <1 38778 776 <1 

38084 84 8 38472 471 <1 38793 791 <1 

38108 107 2 38527 525 1 38869 868 <1 

38127 126 <1 38530 528 <1 38880 878 1 

38155 153 <1 38575 573 <1 38887 885 1 

38156 156 <1 38599 578 1 38900 898 1 

38177 176 <1 38607 606 2 38907 905 1 

38185 184 <1 38614 612 4 38917 916 1 

38190 188 1 38615 613 5 38933 931 4 

38222 220 <1 38623 621 2 38951 949 <1 

38242 240 <1 38631 630 2 38958 956 <1 

38255 254 2 38638 636 2 39133 1132 <1 

38260 258 2 38645 644 5 39228 1227 <1 

Table 1.3.4: mDFB-H2O vibrational frequencies and intensities for the S1-S0 spectrum, relative 
intensity (R.I.) values are scaled relative to the 38001cm-1 peak intensity (taken as 100). 
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MDFB-H2O: ROTATIONAL BAND CONTOUR  

 

Higher-resolution ‘Etalon’ spectra of mDFB-H2O were recorded in the region of the 

electronic origin (Fig 1.3.9) and the +84 cm-1 vibrational feature (Fig 1.3.10).  The rotational 

profile associated with the electronic origin shows a broad low peak to the left and higher 

sharp peak to the right of center, most likely the P and R branch band heads, small peaks 

overlaying these broad features indicate K sub-band heads.  The absence of either a spike or 

dip in the central region of the profile indicates a low J populated Q-branch, possibly due to 

laser saturation.   

Figure 1.3.9: ‘Etalon’ scan of the S1-S0 00
0 transition of mDFB-H2O. 

 

Due to the nature of the 1C-R2PI technique used, laser saturation effects are unavoidable.  

Since two photons of the same energy are used to excite then ionise the molecule, small 

amounts of excess energy are left available to the molecule, and can indeed cause non-linear 

absorption behaviour.  To eliminate these effects 2C-R2PI is often used, where one laser is 

used to first excite the molecule with a specific frequency, then a second laser is used to 

ionise the molecule with another frequency.  The laser fluence of each step can be 
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independently controlled, and the photon energies can be tuned to minimise these saturation 

effects. 

The rotational profile for the +84 cm-1 vibrational feature shows a similar pattern to the 

electronic origin, however the P and R branches appear to be almost symmetric, with a small 

central dip due possibly to a weak Q-branch. 

Figure 1.3.10: ‘Etalon’ scan of the +84cm-1 vibrational feature of mDFB-H2O. 

THE MDFB – (H2O)2 CLUSTER 

 

The medium resolution S1-S0 1C-R2PI spectrum for the mDFB-(H2O)2 species recorded in 

the region 37850 cm-1 to 39150cm-1  is shown in Figure 1.3.11.  Again, the dominant spectral 

feature is the electronic origin situated at 37965.8 cm-1, with strong vibrational features in the 

region of +690 cm-1.  Broad weak transitions around the origin are also observed, possibly 

due to higher order water cluster dissociation.  The increase in vibrational degrees of freedom 

(3N-6 = 48), may account for some of this congestion, due to the large increase in inter-

molecular water-aromatic interactions, significant vibrations in this area are: +9cm-1, +29cm-

1, +45cm-1, +92cm-1, +173cm-1, +183 cm-1.  Comparison of the region from 38600 to 38700 

cm-1 with the parent spectrum, indicates transitions due to the ring vibrations. The broad 

underlying structure of the peaks situated at +420cm-1, +760cm-1, +790cm-1, +940→960 cm-1, 

indicates dissociation from higher order water clusters. 
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Figure 1.3.11: S1-S0 1C-R2PI excitation spectrum of mDFB-(H2O)2. Laser bandwidth is 0.2 cm-1. 

 



RESULTS  CHAPTER ONE  

- 48 - 

 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

37874 -92 1 38315 349 1 38719 753 4 

37939 -26 12 38330 346 1 38731 766 4 

37942 -24 8 38379 413 3 38738 772 3 

37966 0 100 38408 442 4 38746 780 3 

37974 9 4 38413 447 4 38763 797 4 

37995 29 8 38434 468 1 38768 802 3 

37997 31 7 38456 490 2 38870 904 1 

38010 45 4 38487 521 3 38884 918 2 

38021 55 4 38504 838 3 38898 932 3 

38024 58 5 38629 663 20 38909 943 2 

38049 82 5 38636 670 11 38932 966 2 

38057 91 22 38642 678 21 38935 969 2 

38140 174 3 38648 682 22 38961 995 1 

38148 182 2 38656 691 16 38978 1013 1 

38223 257 2 38663 697 25 38980 1015 1 

38259 293 1 38673 707 13 39008 1042 1 

38269 303 1 38679 714 7 39010 1044 1 

38287 321 4 38684 718 5 39233 1267 2 

Table 1.3.5: Line positions and relative intensities for vibrational bands in the S1-S0 1C-R2PI 
excitation spectrum of the mDFB-(H2O)2 molecular cluster. (Fig 1.3.8).  Displacements 
from the 00

0 band are in wavenumbers (cm-1), relative intensity (RI) values are unitless 
and scaled relative to the 37966 cm-1 peak intensity (taken as 100). 

 

ROTATIONAL BAND CONTOUR MEASUREMENTS - MDFB-(H2O)2 

The high-resolution ‘Etalon’ spectrum of mDFB-(H2O)2 was recorded in the region of the 

electronic origin (Fig 1.3.12).  A broad low P-branch is clearly identified to the low energy 

side, with a small Q-Branch evident at 37962.5 cm-1, and a sharp well defined R branch to 

higher energy.  Saturation effects are evident from the ‘filled-in’ dips on either side of the Q-

branch, and broad low-lying structure around 37960.5 cm-1. 
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Figure 1.3.12: High-resolution spectrum of the S1-S0  00

0 band of the mDFB-(H2O)2. Laser resolution is 
0.03 cm-1 

O-DIFLUOROBENZENE 

The 1C-R2PI-TOF vibrationally resolved, S1-S0 electronic excitation spectrum of oDFB 

cooled in a supersonic beam expansion, has been measured previously [38], and was repeated 

here for the purpose of calibrating the instrument. The spectrum was also necessary for 

correct interpretation of the oDFB-water cluster spectra, and is presented below in the region 

37800–39200 cm-1 (Fig 1.3.13).  The most dominant vibrational feature in the spectrum is the 

electronic origin 00
0  band at 37827 cm-1

, which has been saturated to enhance the weaker 

vibrational bands to higher energy.  Significant vibrational transitions are observed at +241 

cm-1 (200
2), +278cm-1 (110

1), 398 cm-1 (300
1), +510cm-1 (290

1), +615cm-1 (150
2), +727cm-1 

(190
1), +754cm-1 (140

1), +927cm-1 (80
1), +942cm-1 (170

1190
1), +974cm-1 (100

2), +981cm-1 

(180
2), +1161cm-1 (80

1200
2), and +1264cm-1 (60

1).   
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Figure 1.3.13: 1C-R2PI vibrationally resolved S1-S0 electronic spectrum of the oDFB molecule 
measured in the range extending to +1300 cm-1 displacement from the origin (37827 cm-

1). Spectral resolution (laser bandwidth) is 0.2 cm-1. 
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Band 

Position 

(cm-1) 

Relative 

Frequency(

cm-1) 

 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency(

cm-1) 

 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency(

cm-1) 

 

Relative 

Intensity 

37827 0 100 38504 +677 <1 38808 +981 7 

37897 +70 <1 38511 +684 <1 3820 +993 1 

38018 +121 <1 38518 +694 <1 38827 +1000 <1 

37948 +195 <1 38529 +705 <1 38838 +1011 <1 

38022 +241 4 38554 +727 40 38847 +1020 <1 

38084 +257 2 38581 +754 10 38885 +1058 <1 

38091 +264 2 38593 +766 2 38891 +1064 <1 

38105 +278 2 38604 +777 <1 38910 +1083 7 

38225 +398 4 38613 +786 <1 38922 +1095 <1 

38245 +418 <1 38626 +799 <1 38931 +1104 1 

38250 +423 <1 38657 +830 <1 38947 +1120 4 

38304 +477 1 38670 +843 <1 38975 +1148 <1 

38312 +485 <1 38681 +854 <1 38996 +1169 2 

38337 +510 3 38697 +870 <1 39010 +1183 <1 

38360 +533 <1 38712 +885 <1 39015 +1188 <1 

38383 +556 <1 38722 +895 6 39026 +1199 <1 

38410 +583 <1 38736 +909 1 39054 +1227 <1 

38442 +615 2 38754 +927 30 39068 +1241 <1 

38462 +635 1 38769 +942 15 39091 +1264 15 

38474 +647 3 38789 +962 3 39115 +1288 1.5 

38493 +666 <1 38801 +974 12    

Table 1.3.6: Line positions and relative intensities for vibrational bands in the S1-S0 1C-R2PI 
excitation spectrum of oDFB (Fig 1.3.13).  Displacements from the 00

0 band are in 
wavenumbers (cm-1), relative intensity (RI) values are unitless and scaled relative to the 
37827 cm-1 peak intensity (taken as 100). 
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ODFB: ROTATIONAL BAND CONTOUR  

Figure 1.3.14: High-resolution 1C-R2PI excitation spectrum of oDFB in the region of the 00
0 

transition.  Laser resolution is 0.03 cm-1. 

The oDFB rotational contour spectrum of the 00
0  electronic transition at 37827cm-1 was 

recorded at 0.03 cm-1 FWHM laser linewidth using an intra-cavity air-spaced etalon 

(Fig 1.3.14).  The spectrum is characterised by a dominant P-Branch peak at 37827 cm-1, with 

a large dip in the rotational band contour to higher energy indicating the absence of a strong 

Q-branch transition.  Whilst the broad R-branch progression is easily distinguished to the 

higher energy side.  Finely structured and regularly spaced peaks overlaying the P (∆J = −1) 

and R (∆J = +1) branches indicate K sub-band heads (∆ Ka = ±1), similar to the mDFB 

spectrum.  The 2 cm-1 FWHM of the contour indicates that the sample is relatively cold (<10 

Kelvin), whilst the large central dip and resolved fine structure indicate little saturation and 

narrow laser linewidth.  A detailed analysis of the o-difluorobenzene parent and water cluster 

rotational spectra and theoretical comparisons will be presented in the Discussion. 
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O-DIFLUOROBENZENE-WATER 

 

The S1-S0 1C-R2PI excitation spectrum measured for the oDFB-H2O cluster in the region 

37850 cm-1 to 39000 cm-1 is displayed in Fig 1.3.16.  The electronic origin is observed as a 

dominant band at 37931.5 cm-1, in comparison with the mDFB-H2O cluster there is 

substantial vibrational activity in the region up to +110 cm-1.  The significant features include 

the bands located at 46.4 cm-1, +56 cm-1, +64 cm-1,+80 cm-1, +109 cm-1, +245 cm-1 and + 406 

cm-1.  Similarly, as with the mDFB-H2O cluster, these vibrations are most likely due to the 

low frequency intermolecular modes associated with the relatively weak bonding between 

H2O and the Aromatic ring. 

ODFB-H2O: ROTATIONAL BAND CONTOUR 

 

The high-resolution ‘Etalon’ spectrum of the S1-S0 origin band of oDFB-H2O is displayed in 

Figure 1.3.15 below.  Upon first inspection the rotational profile of the electronic origin band 

of oDFB-H2O appears essentially the same as that observed for the mDFB-H2O origin.  

However, closer inspection reveals a deeper Q-branch in the oDFB cluster and a stronger P-

branch transition, with evident Ka sub-band heads.   

Figure 1.3.15: High-resolution scan of the S1-S0  00
0 band of the oDFB-H2O molecular cluster. Laser 

resolution is 0.03 cm-1 
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Figure 1.3.16: S1-S0 1C-R2PI excitation spectrum measured for the oDFB-H2O cluster in the region 
37800 cm-1 to 39000 cm-1.  Laser bandwidth is 0.2 cm-1 
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Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

31920.3 -11 9 38215.6 284 2 38535.0 603 2 

37931.5 0 100 38226.5 295 1 38537.5 606 2 

31959.9 28 2 38247.5 316 1 38553.2 622 <1 

37977.9 46 3 38264.4 333 1 38563.0 632 2 

37987.5 56 9 38267.6 336 2 38575.0 644 1 

37995.1 64 7 38314.5 383 1 38591.5 660 1 

37999.5 68 2 38319.7 388 2 38641.9 710 3 

38011.7 80 25 38325.5 394 16 38648.6 717 7 

38026.5 95 1 38337.3 406 9 38653.5 722 29 

38040.6 109 4 38352.5 421 <1 38662.4 731 1 

38048.5 117 1 38358.5 427 2 38672.0 741 6 

38058.5 127 1 38384.5 453 <1 38701.5 770 1 

38065.5 134 1 38394.4 463 1 38714.5 783 2 

38081.4 150 1 38407.5 476 1 38729.1 798 1 

38084.6 153 1 38414.5 483 1 38737.6 806 1 

38090.5 159 2 38432.6 501 <1 38754.5 823 1 

38102.5 171 <1 38444.4 513 5 38784.7 853 <1 

38157.7 226 2 38448.5 517 1 38850.6 919 1 

38164.0 232 20 38460.3 529 1 38869.4 938 <1 

38176.1 245 6 38463.8 532 1 38893.1 962 <1 

38183.5 252 8 38491.3 560 <1 38932.2 1001 <1 

38192.5 261 <1 38501.7 570 1    

Table 1.3.7: Line positions and relative intensities for vibrational bands in the S1-S0 1C-R2PI 
excitation spectrum of the oDFB-H2O molecular cluster (Fig 1.3.16).  Displacements 
from the 00

0 band are in wavenumbers (cm-1), relative intensity (RI) are scaled relative 
to the 37931.5 cm-1 peak intensity (taken as 100). 
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ODFB – (H2O)2 

The S1-S0 1C-R2PI excitation spectrum measured for the oDFB-(H2O)2 cluster in the region 

37900 cm-1 to 38800 cm-1 is displayed in Fig 1.3.18.  The dominant spectral feature once 

again is the electronic origin band at 38012 cm-1.  The significant features include the bands 

located at displacements -57 cm-1, -17 cm-1, +14 cm-1, +32.5 cm-1, +81 cm-1, +87 cm-1, +237 

cm-1, +246 cm-1, +314 cm-1, +454 cm-1, and + 699 cm-1.  Similarly, as with the mDFB-(H2O)2 

cluster, these vibrations are most likely due to water-water and water Aromatic ring 

interactions.  Signal strength of the oDFB-(H2O)2 cluster is weak in comparison with the 

mDFB-(H2O)2 species, this may be due to several factors including lower vapour pressure 

and absorption cross-section of the cluster, as well as poor optimisation of the sample 

preparation apparatus.   

ODFB-(H2O)2: ROTATIONAL BAND CONTOUR 

Figure 1.3.17: High resolution spectrum in the region of the electronic origin of oDFB-(H2O)2. 

The High-resolution ‘Etalon’ spectrum of the S1-S0 origin band of oDFB-(H2O)2 is displayed 

in Figure 1.3.17 above.  The rotational band contour of the electronic origin band of oDFB-

(H2O)2 appears similar to that of the oDFB-(H2O) origin, differences being the oscillating 

sub-peaks along the P-branch contour, possibly due to other underlying vibrational bands.
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Figure 1.3.18: Resonance enhanced vibronic spectrum of oDFB-(H2O)2 in the region of the electronic 
origin of the S1 ← S0 transition. 
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Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

Band 

Position 

(cm-1) 

Relative 

Frequency

(cm-1) 

Relative 

Intensity 

37955 -57 30 38167 +156 <1 

37976 -36 15 38210 +197 <1 

37995 -17 50 38248 +237 2 

38012 0 100 38260 +246 2 

38026 +14 1 38349 +337 <1 

38044 +32 10 38353 +341 2 

38076 +64 1 38466 +454 1 

38093 +81 15 38674 +699 40 

38099 +87 15 38725 +713 1 

38117 +105 <1    

Table 1.3.8: Line positions and relative intensities for vibrational bands in the S1-S0 1C-R2PI 
excitation spectrum of the oDFB-(H2O)2 molecular cluster (Fig 1.3.18).  Displacements 
from the 00

0 band are in wavenumbers (cm-1), relative intensity (RI) values are unitless 
and scaled relative to the 38012 cm-1 peak intensity (taken as 100). 

THEORETICAL ANALYSIS  

Determination of the structure and energetics of hydrogen bonded complexes via ab-initio 

methods has been the subject of much interest in recent years, especially since the 

development of techniques such as Density Functional Theory (DFT) have enabled these 

calculations to be performed on larger molecular systems.  Use of the popular Gaussian suite 

of ab-initio programs in the past has been limited to small molecular systems, composed of 

first or second row atoms.  Development of new levels of theory such as ‘B3LYP’, a 

hybridised Hartree-Fock/DFT method utilising Becke’s exchange functional with Lee, Yang, 

and Parr’s correlation functional, has enabled the effects of electron correlation to be partially 

included in these larger systems.  However, performing a B3LYP geometry optimisation 

using the 6-311G(d,p) basis set is still computationally expensive, requiring around 24 hours 

for the difluorobenzene-water system. Extending this calculation to include diffuse functions 

(6-311++G(d,p)) in an attempt to obtain a closer match with the experimental data can 

increase the time required for these calculations by an order of magnitude. 

Due to the long-range, relatively weak intermolecular binding associated with molecular 

clusters, inclusion of the effects of electron correlation plays an essential role in obtaining a 

computationally accurate picture of the species’ structure and energetics.  Since hydrogen 
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bonded systems in general have shallow intermolecular potentials, high accuracy is required 

in performing these calculations in order to select the lowest energy geometry of the cluster, 

from possibly dozens of energetically similar geometries.  Unfortunately, the Hartree-Fock 

level of theory, a fast and reasonably accurate method for determining ground state 

geometries of molecular systems, based upon a self-consistent field method, does not utilise 

electron correlation.  Computationally expensive Moeller-Plesset methods (MP2, MP4), 

perform a HF calculation followed by an MP correlated energy correction.  This method 

incorporates corrections for electron correlation, however it also requires an inordinate 

amount of processor time.  Moreover, it is not clear that MP2 and MP4 calculations 

necessarily provide better estimates for structures of weakly bound complexes compared to 

the HF methods. 

A variety of calculations have been performed in this thesis, utilising both HF and B3LYP 

levels of theory as well as a number of different basis sets, for the purpose of obtaining a 

picture of how these calculations compare with the experimental data.  The 3-21G basis set 

uses two different sized basis functions for each valence orbital, a double-Gaussian and a 

single-Gaussian function, whilst the inner shell consists of a three-Gaussian function.  The 6-

311G basis set, utilises a triple-Gaussian and two single-Gaussian functions for each orbital, 

whilst the inner shell is represented by a six-Gaussian function.  The addition of d-orbital 

polarisation functions to the basis functions of heavy atoms is represented by a star, whilst the 

addition of p-orbitals to the hydrogen atoms is represented by a second star, eg: HF/6-311G** 

or HF/6-311G(d,p).  Diffuse functions may also be added to increase the accuracy of the 

calculations, by allowing the orbitals of certain atoms to occupy larger regions of space, such 

as the lone pair on the oxygen atom.  These diffuse functions are represented by the addition 

of a plus sign to the basis set.  A second plus sign indicates the addition of diffuse functions 

to the hydrogen atoms of the molecule, i.e.: HF/6-311++G(d,p). 

All calculations performed in this section were for the ground electronic state of the cluster 

species, due to the difficulty in calculating electronically excited state geometries using ab-

initio methods.  The use of Configuration Interaction (CI) methods to calculate excited state 

geometries and energies is possible through the Gaussian package, however the accuracy of 

the calculations and the exceedingly large computational expense, make this unworkable.  

Through analysis of the experimentally obtained vibrational spectra and calculation of ground 

state geometries to obtain rotational constants for the excited state, it is possible to infer that 

structural and energetic changes are minimal upon electronic excitation, and accordingly, 
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given that this thesis is principally an experimental one, only ground state calculations have 

been undertaken. 

ANALYTICAL METHOD 

Interpretation of the experimental data to obtain vibrational assignments and estimates for 

excited state geometries is performed in conjunction with two separate theoretical methods.  

Firstly, several guess-timated starting geometries for each cluster species are used as starting 

points to calculate ground state geometries using the ‘Gaussian 98’ suite of ab-initio 

programs.  Counter-poise energy corrections are made to the binding energies of each 

calculated ground state geometry (that is the basis sets of the entire molecule are included in 

each separate subsystem, when calculating the binding energies), and the corrected binding 

energies are compared to find the lowest energy equilibrium geometry.  These calculations 

are performed at varying levels of theory and basis set, and compared to find the most likely 

candidate geometry.  Vibrational frequency calculations are then performed at the optimised 

geometry again utilising varying levels of theory and basis set, the calculated frequencies are 

then tabulated and compared with the experimental data.  From this comparison, we can 

ascertain to what degree the theory matches satisfactorily with the experimentally measured 

vibrational frequencies, and whether the calculated ground state geometry is potentially a 

good estimate for the true structure of the cluster. 

The second stage of calculations utilises the calculated ground state geometries and hence 

rotational constants, and the experimentally obtained rotational band contours to estimate the 

excited state rotational constants.  This calculation is performed through the asymmetric band 

contour simulation software ‘Rotations’ (Written in house by Dr K. Butz, adapted from the 

fortran program ‘Asyrot’), via iterative comparison with the experimental rotational band 

contour.  Alteration of the excited state rotational constants, rotational temperature, nuclear 

spin statistical weights, laser linewidth and transition type (A, B or C) generates differing 

rotational band contours, which are then compared with the experimental contour.  The 

different variables are then adjusted until the closest possible match is obtained between the 

calculated and experimental contours.  It is then possible, to perform a number of Gaussian 

geometry calculations based on the ground state geometry but adjusted according to changes 

in the rotational constants.  The new rotational constants from these geometries can then be 

compared with the calculated constants to determine the excited state geometry of the cluster 

species. 
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PDFB: AB-INITIO CALCULATIONS 

The optimised ground state geometry of pDFB calculated at the B3LYP 6-311++G(2d,3p) 

level of theory is shown below in Figure 1.3.19.  Calculated bond lengths for the pDFB 

parent molecule are listed in Table 1.3.9, whilst vibrational frequencies and their mode 

descriptions determined using B3LYP 6-311++G(2d,3p)  are shown in Table 1.3.10.  As can 

be seen, the calculated vibrational frequencies match relatively well with experimental data 

obtained from IR, Raman and dispersed fluorescence experiments [39]. Analysis of the 

vibrational mode type is made using the animation feature of GaussView, a program in the 

Gaussian software package.  The pDFB ‘parent’ molecule belongs to the D2h symmetry point 

group containing eight symmetry classes 6ag, 2au, 1b1g, 5b1u, 3b2g, 5b2u, 5b3g, 3b3u, where the 

transition moment for the S1(
1B2u) – S0(

1Ag) electronic transition lies along the short in-plane 

axis (labeled the y axis using Mulliken convention), with the x axis lying out of plane. 

 

Figure 1.3.19: The pDFB optimised geometry obtained from ab-initio calculations performed at the 
B3LYP 6-311++G(2d,3p) level of theory.  The C1 atom is taken to be the one at the top, 
bonded to F1; atom numbers are taken to increase in a clockwise direction. 

Bond Bond Length (angstroms) 

C1 – C2 

C3 – C4 

C4 – C5 

C6 – C1 

1.3841 

C2 – C3 

C5 – C6 

1.39131 

C – F 1.35394 

C – H 1.08017 

Table 1.3.9: Calculated bond lengths for mDFB molecule at the B3LYP 6-311++G(2d,3p) level of 
theory. 
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Ab-initio vibrations of pDFB 

Mode Symmetry Mode Description HF/B3LYP       

6-311++G(d,p) 

tight 

HF/B3LYP       

6-311++G(d,2p) 

tight 

HF/B3LYP         

6-311++G(2d,3p) 

tight 

Expt 

30 
(17b) 

b3u op F-F boat 158.39 158.30 158.90 157.5 

22 
(18b) 

b2u ip sym F-F wag 345.04 344.99 344.64 348.0 

17 
(10b) 

b2g op F-F chair 371.87 372.18 374.93 374.0 

8 (16a) au op ring twist about C2 431.88 431.45 437.36 421.5 
27 (3) b3g ip asym F-F wag 446.66 446.70 445.87 446 

6 (6a) ag ip ring distortion 
along C2 

455.36 455.27 456.67 449.8 

29 
(16b) 

b3u op sym pucker about 
C2 

515.43 516.04 518.36 505 

26 (6b) b3g ip asym ring distortion 646.95 647.03 648.27 635 
16 (4) b2g op asym pucker across 

C2 
689.49 691.69 718.04 692.0 

14 (12) b1u ip asym ring distortion 
along C2 

740.74 740.85 743.12 740.0 

9 (10a) b1g op asym pucker across 
C2 

807.24 805.22 807.26 800.0 

28 (11) b3u op sym pucker about 
C2 

850.38 851.20 858.89 838 

5 (1) ag ip ring breathing 862.11 862.14 864.88 858.6 

15 (5) b2g op CH rocking 925.77 926.28 951.50 928.0 

7 (17a) au op CH rocking 953.15 951.46 958.85 945.0 

13 
(18a) 

b1u ip CCH rocking 1026.35 1027.98 1028.65 1014.0 

21 (15) b2u ip CCH wag 1106.06 1107.22 1106.60 1085.0 

4 (9a) ag ip CCH wag 1159.37 1161.36 1159.88 1140.0 
12 (13) b1u ip distortion CF 

stretch +CCH wag 
1212.82 1213.81 1218.54 1228.0 

3 (7a) ag ip distortion CF 
stretch 

1257.00 1256.66 1257.31 1257.3 

Table 1.3.10:  Ab Initio calculated vibrations of pDFB. 

 

a Mode numbering is in increasing order of frequency; mode numbering according to the Mulliken 

convention is provided in brackets 

b  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to the axis of symmetry bisecting the molecule between the F atoms 
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PDFB-H2O: AB-INITIO CALCULATIONS 

Figure 1.3.20 below illustrates the ground state geometry of pDFB-H2O determined using the 

B3LYP 6-311++G(d,2p) level of theory, with bond lengths of the molecule listed in Table 

1.3.11.  The vibrational frequency calculations listed in Tables 1.3.12 and 1.3.13 were 

performed for the in-plane water geometry, whilst Table 1.3.14 lists those calculations 

performed for the out-of-plane water geometry.  For reasons discussed later, the most stable 

ground state geometry of pDFB-H2O is shown to be the geometry where the F-H and H-O 

Hydrogen bonds retain the water O-H in the aromatic plane, whilst the non-bonded H atom 

lies out of plane (The out-of-plane water geometry).  

 

Figure 1.3.20: The pDFB-H2O optimised geometry obtained from ab-initio calculations performed at the 
B3LYP 6-311++G(d,2p) level of theory.  The C1 atom is taken to be the one at the top, 
bonded to F1; atom numbers are taken to increase in a clockwise direction. 

 

Bond Bond Length (angstroms) 

C1 – C2 1.38676 

C2 – C3 1.39439 

C3 – C4 1.38554 

C4 – C5 1.38501 

C5 – C6 1.39427 

C6 – C1 1.38662 

C1 – F1 1.35579 

C4 – F2 1.36741 

H8 – O 2.47443 

F2 – H15 2.13968 

O – H14 0.96017 

O – H15 0.96312 

Table 1.3.11: Calculated bond lengths for the pDFB-H2O cluster at the B3LYP 6-311++G(d,2p) level 
of theory 
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pDFB-H2O in plane vibrations 

Vib 

Mode 

Mode 

Typeb 

Mode  

Descriptionc 

rHF/6-311 

G+(d,p) 

tight 

rHF/6-311 

G++(d,p) 

tight 

1 IM op water-ring flap 47.021 45.904 

2 IM ip water-ring gear 75.771 74.153 

3 IM op water nbH rot 124.980 116.036 

4 IM ip water-ring stretch 152.872 124.905 

5 MIX op sym F-F flap – water bH rot 174.946 174.853 

6 IM ip water rotation 315.632 309.195 

7 IM op bH rotation 359.421 354.711 

8 MIX ip sym F-F wag – ip water rot 365.933 365.502 

9 MIX op asym F-F boat – bH rot 413.303 411.871 

10 R ip asym F-F wag 474.882 474.616 

11 R ip sym F-F stretch 488.870 488.904 

12 R op asym H-H flap 495.868 495.716 

13 R op sym H-H flap 578.418 578.156 

14 R ip asym ring stretch 707.088 707.232 

15 R ip asym F-F stretch 773.542 773.789 

16 R op ring crown 775.079 779.353 

17 R ip ring breathe 907.682 907.591 

18 R op sym H-H flap 949.944 952.266 

19 R op sym H-H flap 978.251 980.968 

20 R op asym H-H flap 1075.394 1082.455 

Table 1.3.12: Calculated vibrational frequencies (1-20) for the in-plane pDFB-H2O molecule. 

a Mode numbering is in increasing order of frequency. 

b. IM refers to Intramolecular vibrational mode, R refers to Ring mode, MIX refers to a mix of IM and R 

modes. 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to the axis of symmetry bisecting the molecule between the F atoms 
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pDFB-H2O in plane vibrations 

Vib 

Mode 

Mode 

Typea 

Mode 

Descriptionb 

rB3LYP/6-

311 G++(d,p) 

tight 

1 IM op nbH rotation -98.6 

2 IM op Water-Ring flap 33.7 

3 IM ip Water-Ring gear 64.3 

4 IM ip Water-Ring stretch 109.3 

5 MIX op sym F-F flap – bH rotation 158.5 

6 IM ip water rotation 251.7 

7 IM op bH rotation 299.8 

8 MIX ip sym F-F wag – ip water rot 351.1 

9 MIX op asym F-F boat – bH rot 374 

10 R op asym H-H flap 433.7 

11 R ip asym F-F wag 449.7 

12 R ip sym F-F stretch 455.8 

13 R op sym H-H flap 519.5 

14 R ip asym ring stretch 646.1 

15 R op ring crown 696.8 

16 R ip asym F-F stretch 737.1 

17 R op asym H-H flap 814.6 

18 R ip ring breathe 858.6 

19 R op sym H-H flap 859.2 

20 R op asym H-H flap 933.5 

    

Table 1.3.13: Calculated vibrational frequencies (1-20) for the in-plane pDFB-H2O molecule. 
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pDFB-H2O out-of-plane vibrations 

Vib 

Mode
 

Mode 

Type
a 

Mode 

Description
b 

rB3LYP/6-311 

G++(d,p) 

tight 

rB3LYP/6-311 

G++(d,2p) 

tight 

1 IM op Water-Ring flap 34.413 31.088 

2 IM ip Water-Ring gear 65.162 57.207 

3 IM op nbH rotation 102.259 78.249 

4 MIX ip Water-Ring stretch – nbH rotation 120.202 105.808 

5 MIX op sym F-F flap – bH rotation 158.371 158.390 

6 IM ip water rotation 236.202 244.222 

7 IM op bH rotation 315.875 325.788 

8 MIX ip F-F Wag – op bH rotation 352.326 352.370 

9 MIX op asym F-F boat – bH rotation 374.406 374.907 

10 R op asym ring twist 434.693 433.632 

11 R ip asym F-F ring wag 449.823 449.621 

12 R ip sym F-F ring stretch 455.780 455.691 

13 R op sym H’s flap 519.816 519.570 

14 R ip asym ring stretch 646.174 646.105 

15 R op ring crown 696.868 695.981 

16 R ip asym F-F ring stretch 736.982 737.138 

17 R op asym H’s flap 815.652 812.869 

18 R ip sym ring breathe 858.640 858.596 

19 R op sym H’s flap 860.715 858.952 

20 R op asym opp H’s flap 934.818 933.848 

Table 1.3.14: Calculated vibrational frequencies (1-20) for the out-of-plane pDFB-H2O molecule. 
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PDFB-(H2O)2 :AB-INITIO CALCULATIONS 

 

Figure 1.3.21 illustrates the ground state geometry of pDFB-(H2O)2 determined at the 

rB3LYP 6-311++G(d,p) level of theory, whilst Table 1.3.15 lists the calculated bond lengths.  

Geometry optimisation calculations were only performed for the cluster at the one level of 

theory, due to time constraints, and evidence that calculations performed using this level were 

reasonably reliable.  Vibrational frequency calculations were also performed for the purposes 

of assigning experimentally measured vibrationally resolved spectra, and are listed in below 

in Table 1.3.16. 

 

Figure 1.3.21: The pDFB-(H2O)2 optimised geometry obtained from ab-initio calculations performed 
at the B3LYP 6-311++G(d,p) level of theory.  The C1 atom is taken to be the one at the 
top, bonded to F1; atom numbers are taken to increase in a clockwise direction. 

 

Bond Bond Length (angstroms) 

C1 – C2 1.38648 

C2 – C3 1.39497 

C3 – C4 

C4 – C5 

1.38456 

C5 – C6 1.39394 

C6 – C1 1.38669 

C1 – F1 1.35601 

C4 – F2 1.37373 

F11 – O2 2.01479 

O1 – H8 2.24234 

O1 – O20 2.82366 

Table 1.3.15: Calculated bond lengths for the pDFB-H2O2 cluster at the B3LYP 6-311++G(d,2p) level 
of theory 
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pDFB-(H2O)2 vibrations 

Vib 

Mode 

Mode 

Typea 

Mode 

Descriptionb 

rB3LYP/6-

311 G++(d,p) 

tight 

1 IM op W1 – R flap 17.5 

2 IM ip W-R gear 49 

3 IM op W2 – R flap 55 

4 IM ip W2 rotation 97.5 

5 MIX ip W1 – R stretch 114 

6 IM op W1 rot – op F-F flap 159 

7 IM op Waters rotation 167 

8 MIX ip Waters stretch 211 

9 MIX op Waters rotation 218 

10 R op waters rotation 247 

11 R Waters scissors – ip F-F wag 346 

12 R Waters scissors – ip F-F wag 354 

13 R op asym F-F flap 373 

14 R op asym ring distort 437 

15 R ip asym F-F wag 449 

16 R ip F-F stretch 458 

17 R op Waters flap 492 

18 R op sym H-H flap 525 

19 R ip ring distort 646 

20 R op ring crown 696 

Table 1.3.16: Calculated vibrational frequencies (1-20) for the pDFB-(H2O)2 molecule. 
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MDFB: AB-INITIO CALCULATIONS 

Figure 1.3.22 below illustrates the optimised ground state geometry of the mDFB molecule, 

determined using the B3LYP/6-311G++(d,p) level of theory, whilst Table 1.3.17 below lists 

the calculated bond lengths for the ‘parent’ molecule.  Calculations performed for the mDFB 

‘parent’ species are tabulated below in Table 1.3.18, in comparison with experiment, the 

vibrational frequencies obtained from the HF ‘optimisation + frequency’ calculations 

compare relatively well.  However, the HF/B3LYP calculations as expected produce a better 

match, and indeed calculate frequencies remarkably close to experiment.  The first 20 

vibrational modes with Mulliken notation assignments are presented in the table, along with 

the corresponding mode symmetry and a description of each vibration.  The mDFB ‘parent’ 

molecule belongs to the C2v symmetry point group containing in-plane vibrations belonging 

to classes a1 and b2, as well as out-of-plane vibrations belonging to classes a2 and b1.   

 

Figure 1.3.22: The mDFB optimised geometry obtained from ab-initio calculations performed at the 
B3LYP 6-311++G(d,p) level of theory.  The C1 atom is taken to be the one at the top, 
bonded to F1; atom numbers are taken to increase in a clockwise direction. 

 

Bond Bond Length (angstroms) 

C1-F1 = C3-F3 1.352 

C4-C5 = C5-C6 1.394 

C1-C2 = C2-C3 

= C3-C4 = C6-C1 

1.381 

All C-H 1.080 

Table 1.3.17: Calculated bond lengths for mDFB molecule at the B3LYP 6-311++G(d,p) level of 
theory 

 



RESULTS  CHAPTER ONE  

- 70 - 

 

Vibrational frequencies of mDFB 

Vibrational 

Modea 
Mode 

Symmetry 

Mode  

Descriptionc 

HF 

6-311++G(d,p) 

tight 

HF/B3LYP 

6-311++G(d,p) 

tight 

 

Exptd 

1 (20) B1 op F-F boat 255 229 230 

2 (14) A2 op F-F twist 272 245 250 

3 (11) A1 ip F-F sym wag 358 328 329 

4 (19) B1 op H-H boat 507 463 458 

5 (30) B2 ip F-F asym 
wag 

519 478 478 

6 (29) B2 ip ring asym F-
F 

554 516 514 

7 (10) A1 ip ring sym F-F 568 528 522 

8 (13) A2 op ring pucker 683 611 603 

9 (18) A1? op ring boat 742 670 674 

10 (9) A1? op asym H wag 800 744 735 

11 (17) B1? ip ring stretch 872 780 771 

12 (16) B1 op sym H wag 965 863 850 

13 (12) A2 op asym H wag 989 886 879 

14 (28) A2 op sym H wag 1043 962 852 

15 (15) B1? ip sym H wag 1087 965 978 

16 (8) A1 ip sym ring 
stretch 

1241 1019 1007 

17 (7) A1 ip sym H wag 1314 1089 1067 

18 (27) B2 ip asym H wag 1411 1130 1120 

19 (26) B2 ip asym H wag 1415 1178 1157 

20 (25) B2 ip asym H wag 1605 1284 1260 

Table 1.3.18: Calculated and measured vibrational frequencies (1-20) for the mDFB parent molecule. 
Relative energy = (calculated energy – 428.000) hartrees. 

 

a Mode numbering is in increasing order of frequency; mode numbering according to the Mulliken 

convention is provided in brackets.  mDFB belongs to the C2v symmetry group, with classes a1 and b2 

lying in-plane, whilst a2 and b1 lie out-of-plane. 

b J.H.S. Green et al.[40] 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to the axis of symmetry bisecting the molecule between the F atoms 

d From Graham et al.[41] 
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MDFB-H2O: AB-INITIO CALCULATIONS 

 

Tables 1.3.20 and 1.3.21 illustrate the geometry optimisation calculations performed to obtain 

the lowest energy structures of the mDFB-H2O cluster at both rHF/6-311G++(d,p) and 

rB3LYP/6-311G++(d,p) levels of theory.  These calculations were performed to ensure the 

best determination of the lowest energy structure of the cluster.  Comparison of the final 

geometries for each calculation reveals that in most cases the water molecule will lie in the 

plane of the aromatic ring, with only one likely structure calculated at the B3LYP level, lying 

out of plane.  However, at both levels of theory the lowest energy configuration has the H2O 

molecule lying in-plane, with the water oxygen binding to an aromatic hydrogen, and the 

water hydrogen binding to an aromatic fluorine atom.  The optimised geometry calculated at 

the B3LYP level is shown in Figure 1.3.23, whilst Table 1.3.19 displays the bond lengths of 

the cluster. Table 1.3.22 displays the list of counterpoise corrected binding energies 

calculated for each level of theory, whilst Tables 1.3.23 and 1.3.24 display the calculated 

vibrational frequencies for the optimised geometry at varying levels of theory for the in-plane 

water cluster.  Table 1.3.25 lists the calculated vibrational frequencies of the out-of-plane 

water cluster, and will be discussed later. 

 

Figure 1.3.23: The optimised structure of mDFB-H2O cluster; calculated at the B3LYP 6-311G++(d,p)  
level of theory.   

Bond Bond Length (angstroms) 

C1-C2 = C2-C3 1.387 
C3-C4 = C4-C5 1.390 
C5-C6 = C6-C1 1.380 

All C-H 1.080 
C2-F1 1.340 
C6-F2 1.360 

F2-H1(water) 2.170 
H5-O 2.300 

H(water)-O 0.960 

Table 1.3.19: Calculated bond lengths for mDFB-H2O at the B3LYP 6-311++G(d,p) level of theory. 
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mDFB-H2O 
rHF/6-311g++d,p 

Input Geometry Output Geometry Corrected Binding 
Energy 

Ad6h 

  

-168.23 cm-1 

Ads6h 

  

-757.91 cm-1 

Ap26h 

 

 
Failed to 
Converge 

- 

Bi6h 

  

-723.38 cm-1 

Bo6h 

  

-601.70 cm-1 

Si6h 

  

-758.70 cm-1 

So6h 

  

-622.75 cm-1 

Table 1.3.20: List of calculations performed at rHF/6-311g++d,p for the mDFB-H2O cluster, showing 
starting and end geometries and corrected binding energies. 
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mDFB-H2O 

B3LYP 

6-311g++d,p 

Input Geometry Output Geometry Corrected Binding 
Energy 

Ad6_b3l 

  

1.70 cm-1 

Ads6_b3l 

  

99.80 cm-1 

Bi6_b3l 

  

-836.29 cm-1 

Bo6_b3l 

  

-847.26 cm-1 

Si6_b3l 

  

-865.32 cm-1 

So6_b3l 

  

-678.84 cm-1 

Table 1.3.21: List of calculations performed at rB3LYP/6-311g++d,p for the mDFB-H2O cluster, 
showing starting and end geometries and corrected binding energies. 
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Table 1.3.22: List of Counterpoise corrected binding energies for mDFB-H2O. 
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Vibrational frequencies of mDFB-H2O 

Vib 

Modea 

Mode 

Typeb 

Mode  

Descriptionc 

rHF/6-311 

G(d,p) 

tight 

rHF/6-311 

+G(d,p) 

tight 

rHF/6-311 

++G(d,p) 

tight 

1 IM op nbH water rotation -107 27 -28 

2 IM op water-ring ‘flap’ 26 30 27 

3 IM ip water-ring ‘gear’  65 54 53 

4 IM ip water-ring sym stretch 93 88 88 

5 IM ip water-bH pseudo rotation 235 223 224 

6 MIX op bH rotation-bF boat 240 250 251 

7 (20) MIX op bH-bF sym flap 260 262 262 

8 (14) R op F-F ring twist 281 285 285 

9 (11) R ip F-F sym wag 361 361 361 

10 (19) R op H-H boat 510 508 508 

11 (30) R ip F-F asym wag 520 520 520 

12 (29) R ip ring elongation 
asym F-F 

554 553 553 

13 (10) R ip ring elongation 
sym F-F 

569 569 569 

14 (23) R op asym H’s ring pucker 685 681 681 

15 
(17?) 

R op ring pucker – sym ‘crown’ 752 746 744 

  Dipole Moment (Debye): 1.3509 1.2728 1.2392 

  Rel Energy    (hartrees): -0.5624972 -0.5754221 -0.5756298 

Table 1.3.23:  Calculated and measured vibrational frequencies (1-15) for the mDFB-H2O cluster in plane 
water geometry. Relative energy = (calculated energy – 504.000) hartrees.  

 

a Mode numbering is in increasing order of frequency; mode numbering according to the Mulliken 

convention is provided in brackets for mainly-ring modes that correlate with ring modes for the parent 

mDFB molecule. 

b Mode type refers to whether the vibrational motion is principally intermolecular (IM) or ring motion 

(R), or ‘mixed’, where there is obviously coupling between IM and ring motion. 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to a pair or trio of atoms moving with the same sign for their phase, nbH 

refers to the non-bonded hydrogen of water; note that there is no symmetry axis for the cluster (point 

group is Cs). 
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Vibrational frequencies of mDFB-H2O (in-plane geometry) 

Vib 

Modea 

Mode 

Typeb 

Mode  

Descriptionc 

rB3LYP/

6-311 

G(d,p) 

tight 

rB3LYP/

6-311 

G+(d,p) 

tight 

rB3LYP/

6-311 

G++(d,p) 

tight 

rB3LYP/

6-311 

G++(2d,2

p) tight 

1 IM op water-ring ‘flap’ -163.556 29.708 -149 24.382 

2 IM op nbH rotation  31.158 65.362 17 62.481 

3 IM ip water-ring ‘gear’ 82.131 99.888 70 79.493 

4 IM ip water-ring sym stretch 114.599 119.274 114 116.299 

5 (20) MIX op bH rotation – op F-F 
‘boat’ 

230.23 225.657 226 231.132 

6 (14) MIX op bH rotation – op F-F 
twist 

244.334 233.349 228 249.38 

7 IM ip water rotation 271.74 250.855 239 254.061 

8  IM op bH water rotation 273.836 313.888 276 310.346 

9 (11) MIX ip water rotation – ip F-F 
sym wag 

333.374 333.717 331 331.649 

10 (19) R op H-H boat 465.216 463.609 460 470.077 

11 (30) R ip F-F asym wag 480.365 479.313 480 481.176 

12 (29) R ip ring elongation 
asym F-F 

516.716 516.096 517 517.939 

13 (10) R ip ring elongation 
sym F-F 

529.292 528.29 529 529.073 

14 (13) R op asym H’s ring pucker 612.78 609.247 609 613.471 

15 (18) R op ring pucker – sym 
‘crown’ 

679.099 676.668 673 689.431 

  Dipole Moment (Debye): 1.2752 1.2481 1.2916 1.1837 

  Rel Energy     (hartrees): 
 -3.2913226 -3.3116476 -3.3111843 -3.3274758 

Table 1.3.24: Calculated and measured vibrational frequencies (1-15) for the mDFB-H2O cluster in plane 
water geometry. Relative energy = (calculated energy – 504.000) hartrees.  

a Mode numbering is in increasing order of frequency; mode numbering according to the Mulliken 

convention is provided in brackets for mainly-ring modes that correlate with ring modes for the parent 

mDFB molecule. 

b Mode type refers to whether the vibrational motion is principally intermolecular (IM) or ring motion 

(R), or ‘mixed’, where there is obviously coupling between IM and ring motion. 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to a pair or trio of atoms moving with the same sign for their phase, nbH 

refers to the non-bonded hydrogen of in water; note that there is no symmetry axis for the cluster (point 

group is Cs).  Assignments made for the rB3LYP/6-311++G(2d,2p) calculation. 
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Vibrational frequencies of mDFB-H2O (out-of-plane geometry) 

Vib 

Mode
a 

Mode 

Type
b 

Mode  

Description
c 

rB3LYP/6-

311 

G(d,p) 

tight 

rB3LYP/6-

311 

G+(d,p) 

tight 

rB3LYP/6-

311 

G++(d,p) 

tight
 

rB3LYP/6-

311 

G++(2d,2p) 

tight 

1 IM op water-ring ‘flap’ 34.65 30.257 30.71 25.54 
2 IM ip water-ring ‘gear’ 80.929 65.03 64.351 55.326 
3 IM ip water-ring sym stretch – 

op nbH rotation 
115.972 101.07 100.203 87.753 

4 IM ip water-ring sym stretch – 
op nbH rotation 

149.4 122.937 121.044 103.527 

5 IM ip water rotation – ring flap 212.909 224.989 223.622 221.443 
6 (20) MIX op water rotation – op 

bF/oppH boat 
233.336 232.794 232.595 230.468 

7 MIX ip water rotation – op 
nbF/oppH boat 

260.943 250.986 250.683 249.258 

8 (14) IM op bH water rotation 332.481 310.544 310.264 316.629 
9 (11) MIX op bH water rotation – ip F-F 

sym wag 
421.865 333.633 333.655 334.539 

10 (19) R op H-H boat 465.782 463.581 461.951 464.891 
11 (30) R ip F-F asym wag 479.726 479.408 479.375 479.562 
12 (29) R ip ring elongation 

asym F-F 
517.149 516.073 516.12 517.016 

13 (10) R ip ring elongation 
sym F-F 

529.271 528.301 528.378 529.324 

14 (23) R op asym H’s ring pucker 615.999 609.596 609.579 610.603 
15 

(17?) 
R op ring pucker – sym 

‘crown’ 
683.47 678.986 674.35 684.702 

  Dipole Moment (Debye): 1.3705 1.2130 1.2030 0.9702 

  Rel Energy     (hartrees): 
 

3.29278575 3.31110035 3.31127979 3.32769184 

Table 1.3.25: Calculated and measured vibrational frequencies (1-15) for the mDFB-H2O cluster out of 
plane water geometry. Relative energy = (calculated energy – 504.000) hartrees.  

a Mode numbering is in increasing order of frequency; mode numbering according to the Mulliken 

convention is provided in brackets for mainly-ring modes that correlate with ring modes for the parent 

mDFB molecule. 

b Mode type refers to whether the vibrational motion is principally intermolecular (IM) or ring motion 

(R), or ‘mixed’, where there is obviously coupling between IM and ring motion. 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to a pair or trio of atoms moving with the same sign for their phase, nbH 

refers to the non-bonded hydrogen of in water; note that there is no symmetry axis for the cluster (point 

group is Cs). 
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MDFB-(H2O)2: AB-INITIO CALCULATIONS 

Determination of the lowest energy structure of the mDFB-(H2O)2 cluster was performed at 

the B3LYP 6-311++G(d,p) level of theory only, due to confidence in the accuracy of this 

calculation, and time restraints.  The optimised geometry for the mDFB-(H2O)2 cluster is 

shown in Figure 1.3.24, as can be seen the second water molecule is bound to the first water, 

and not the lone Fluorine atom.  Table 1.3.27 illustrates the starting geometries used to obtain 

different possible ground state structures for the water2 cluster, and clearly demonstrates the 

most stable geometry is in fact two waters bound, one lying in plane the other out-of-plane.  

Counterpoise corrected binding energies for the mDFB-(H2O)2 cluster are shown in Table 

1.3.28, whilst the calculated vibrational frequencies obtained at varying levels of theory are 

presented in Tables 1.3.29 and 1.3.30. 

 

Figure 1.3.24: The optimised structure of mDFB-(H2O)2 cluster; calculated at the B3LYP 6-
311G++(d,p)  level of theory.   

 

Bond Bond Length (angstroms) 

C1-C2 = C2-C3 1.387 
C3-C4 = C4-C5 1.390 
C5-C6 = C6-C1 1.380 

All C-H 1.080 
C2-F1 1.340 
C6-F2 1.360 

F2-H1(water)2 1.990 
O2(water2)-
H2(water1) 

1.860 

H5-O1(water1) 2.200 

Table 1.3.26: Calculated bond lengths for mDFB-(H2O)2 at the B3LYP 6-311++G(d,p) level of theory. 
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mDFB-(H2O)2 

b3lyp/6-311g** 

Input Geometry Output Geometry Corrected Binding 
Energy 

1 

  

807.94 cm-1 

2 

  

737.23 cm-1 

3 

  

866.84 cm-1 

4 

  

-1934.76 cm-1 

5 

  

1735.81 cm-1 

6 

  

68.13 cm-1 

7 

  

-1020.58 cm-1 

Table 1.3.27: List of calculations performed at the rB3LYP/6-311g++(d,p) level for the mDFB-(H2O)2 
cluster, showing starting and end geometries and corrected binding energies. 
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Table 1.3.28: List of Counterpoise corrected binding energies for mDFB-(H2O)2. 

 



RESULTS  CHAPTER ONE  

- 81 - 

 
Vibrational frequencies of mDFB-(H2O)2 

Vib 

Mode
 

Mode 

Type
a 

Mode  

Description
b 

rHF/6-311 

G(d,p) 

tight 

rHF/6-311 

G+(d,p) 

tight 

rHF/6-311 

G++(d,p) 

tight 

rHF/6-311 

G++(d,2p) 

tight 

1 IM op (H2O)1 stretch-
ring ‘flap’ 

59 56 57 57 

2 IM op (H2O)2 -ring 
‘gear’ 

71 69 69 69 

3 IM op (H2O)2 -ring ‘flap’ 84 81 82 80 
4 IM ip (H2O)2 sym stretch 129 130 130 130 
5 IM ip (H2O)1 sym stretch 141 140 140 141 
6 IM ip waters stretch 242 238 238 236 
7 R op F-F boat 289 287 287 288 
8  R op F-F ring twist 304 302 302 301 

9 (20) R ip F-F sym ‘wag’ 369 369 369 369 
10  R ip F-F asym ‘wag’ 522 522 522 523 
11  R op H-H boat 531 529 529 529 

12 (11) R ip asym F-F ring 
elongation 

550 550 550 551 

13  R ip sym F-F ring 
elongation 

560 559 559 560 

14 (19) IM op waters pseudo-rot 
#1 

608 600 601 621 

15 (29)  IM op waters pseudo-rot 
#2 

625 620 620 640 

16 IM op waters pseudo-rot 
#3 

630 632 631 648 

17 MIX op sym H-H ring 
pucker - op waters 

pseudo-rot #4 

699 694 694 694 

18 (10) IM op waters pseudo-rot 
#4 

722 715 715 731 

19 (13) MIX op waters pseudo-rot 
#5 – op H-H boat 

768 764 763 759 

20 (18) MIX op waters pseudo-rot 
#5 – op H-H boat 

772 773 773 773 

21 MIX op waters pseudo-rot 
#5 – ip sym ring 

stretch 

774 778 778 788 

22 (17) R op asym H-H ‘flap’ 936 932 933 939 
  Dipole Moment 

(Debye): 

0.5512 0.5201 0.5184 0.4460 

  Rel Energy    

(hartrees):
 

-0.6166734 -0.6318157 -0.632134 -0.637405 

Table 1.3.29:  Calculated and measured vibrational frequencies (1-25) for the mDFB-(H2O)2 cluster. 
Relative energy = (calculated energy –580.000) hartrees. 1 

                                                 

1 Mode 14 is given the description “out-of-plane waters pseudo-rotation #1”, to simplify the nomenclature for 
this complicated vibrational mode, likewise modes 15 to 21 are assigned different numbers to their different 
out-of-plane waters pseudo-rotations.  This nomenclature will be used throughout the thesis. 
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Vibrational frequencies of mDFB-(H2O)2 

Vib 

Mode 

Mode 

Type
a
 

Mode  

Description
b
 

rB3LYP/6-

311G(d,p) 

tight 

rB3LYP/6-

311G+(d,p) 

tight 

rB3LYP/6-

311G++(d,p) 

tight 

rB3LYP/6-

311G++(2d,2

p) 

tight 

1 IM op (H2O)1 - ring ‘flap’ 14.565 17.501 13.78 12.646 
2 IM op (H2O)2 -ring ‘flap’ 46.933 44.469 32.22 39.468 
3 IM op H2O -ring ‘gear’ 48.919 49.007 44.517 44.082 
4 IM ip (H2O)2 sym stretch 106.455 95.365 105.394 85.021 
5 IM ip (H2O)1 sym stretch 123.288 105.643 121.357 103.749 
6 IM op waters pseudo-rot #1 192.45 162.57 157.056 157.306 
7 IM op waters pseudo-rot #2 212.545 209.207 201.945 195.104 
8  IM op waters pseudo-rot #3 224.649 211.623 222.587 205.945 

9 (20) Mix op waters pseudo-rot #4 
– op F-F boat 

234.32 230.059 230.906 228.944 

10  IM op waters pseudo-rot #4 241.312 246.684 237.24 243.194 
11  Mix op waters pseudo-rot #4 

– op asym F-F ‘flap’ 
269.438 254.497 267.492 252.19 

12 
(11) 

Mix op waters pseudo-rot #5 
– ip sym F-F ‘wag’ 

333.773 330.168 331.583 329.541 

13  IM op waters pseudo-rot #6 438.637 348.11 414.757 343.266 
14 

(19) 
Mix op waters pseudo-rot #7 

– op H-H boat 
458.407 464.553 462.395 464.65 

15 
(29)  

Mix op waters pseudo-rot #7 
– ip asym ring twist 

465.968 476.999 471.847 469.469 

16 Mix op waters pseudo-rot #8 
– ip asym ring twist 

480.722 485.995 481.411 479.854 

17 R ip asym ring twist 518.109 517.125 518.614 517.876 
18 

(10) 
R ip sym ring stretch 529.995 528.87 529.639 529.742 

19 
(13) 

R op asym ring distortion 615.188 610.837 610.204 610.676 

20 
(18) 

R op H-H boat 683.049 683.732 681.243 685.466 

21 IM op waters pseudo-rot #9 741.174 732.408 740.184 715.224 
22 

(17) 
Mix op waters pseudo-rot #9 

– ip sym ring 
elongation 

762.188 740.266 755.258 742.055 

  Dipole Moment 

(Debye): 

0.8297 1.0930 0.8355 0.7960 

  Rel Energy    

(hartrees): 

-3.75756113 -3.78274234 -3.78280199 -3.80114424 

Table 1.3.30:  Calculated and measured vibrational frequencies (1-25) for the mDFB-(H2O)2 cluster. 
Relative energy = (calculated energy –580.000) hartrees.  
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ODFB: AB-INITIO CALCULATIONS 

Similar to the mDFB ‘parent’ molecule, vibrational frequencies derived from ab-initio 

calculations performed for oDFB at the Hartree-Fock and HF/B3LYP levels of theory 

compare relatively well with experiment.  The optimised ground state geometry of the parent 

species is shown in Figure 1.3.25, with tabulated bond lengths listed in Table 1.3.31.  

Vibrational frequencies calculated at both HF 6-311G++(d,p) and HF/B3LYP 6-311G++(d,p) 

are listed in Table 1.3.32 along with the experimentally measured ground state frequencies.  

Assignment of the first 20 vibrational modes is by increasing vibrational frequency as well as 

by Mulliken convention (in brackets).  Discrepancies between the mode symmetry and 

description for modes 7 and 8 are probably due to inaccuracies in the calculated vibrational 

modes.  Vibrational mode seven should in fact be assigned as mode 15 using Mulliken 

convention, with mode 8 being assigned as Mulliken mode 10.  

Figure 1.3.25: The oDFB optimised geometry obtained from ab-initio calculations performed at the 
B3LYP 6-311++G(d,p) level of theory.  The C1 atom is taken to be the one at the top, 
bonded to F1; atom numbers are taken to increase in a clockwise direction. 

 

Bond Bond Length 

(angstroms) 

C1-F1 = C2-F2 1.347 

C2-C3 = C6-C1 1.380 

C1-C2 = C3-C4 

= C4-C5 = C5-C6 

1.390 

All C-H 1.080 

Table 1.3.31: Calculated bond lengths for oDFB molecule at the B3LYP 6-311++G(d,p) level of theory 

 

 

 



RESULTS  CHAPTER ONE  

- 84 - 

Vibrational frequencies of oDFB 

Vibrational 

Mode
a 

Mode 

Symmetry
b 

Mode  

Description
c 

HF 

6-311++G(d,p) 

tight 

HF/B3LYP 

6-311++G(d,p) 

tight 

 

Expt
d 

1 (16) A2 op F-F asym 
‘flap’ 

235 187 196 

2 (11) A1 ip F-F sym wag 322 287 287 
3 (20) B1 op F-F boat 356 293 298 
4 (30) B2 ip F-F asym wag 478 442 440 
5 (19) B1 op H-H boat 537 463 450 
6 (29) B2 ip ring asym F-F 588 551 546 
7 (10) A1? op ring crown 616 555 568 
8 (15) A2? ip ring sym 

stretch 
622 582 588 

9 (14) A2 op ring twist 789 693 703 
10 (18) B1 op sym H ‘flap’ 804 763 749 
11 (9) A1 ip asym ring 

breathe 
888 772 762 

12 (13) A2 op asym H 
‘flap’ 

898 855 840 

13 (28) B2 ip asym ring 
twist 

993 858 857 

14 (17) B1 op asym H 
‘flap’ 

1088 941 929 

15 (12) A2 op asym H 
‘flap’ 

1101 958 970 

16 (8) A1 ip sym ring 
breathe 

1112 1046 1025 

17 (27) B2 ip asym ring 
stretch 

1142 1121 1103 

18 (7) A1 ip asym H wag 1191 1176 1152 
19 (26) B2 ip asym ring 

stretch 
1273 1211 1206 

20 (6) A1 ip asym ring 
twist 

1308 1276 1272 

  µµµµ (Debye): 3.3682 2.8906  

  Erel  (hartrees):
 

0.50935358 -2.84176620  

Table 1.3.32: Calculated and measured vibrational frequencies (1-20) for the oDFB parent molecule. 
Relative energy = (calculated energy – 428.000) hartrees. 

a Mode numbering is in increasing order of frequency; mode numbering according to the Mulliken 

convention is provided in brackets.  oDFB belongs to the C2v symmetry group, with classes a1 and b2 

lying in-plane, whilst a2 and b1 lie out-of-plane. 

b Varsanyi et al.[42] 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to the axis of symmetry bisecting the molecule between the F atoms 

d From Swinn et al.[38] 
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ODFB-H2O: AB-INITIO CALCULATIONS 

Displayed in Figure 1.3.26 below is the optimised ground state structure of the oDFB-H2O 

cluster determined at the HF/B3LYP 6/311G++(d,p) level of theory, calculated bond lengths 

are listed in Table 1.3.33.  As with mDFB-H2O, calculations were performed at various 

starting geometries (Tables 1.3.34 and 1.3.35), and counterpoise corrected to obtain the best 

estimate for the lowest energy ground state structure of the cluster (Table 1.3.36).  As can be 

seen from Figure 1.3.24, the oDFB-H2O cluster shows a striking resemblance to the mDFB-

H2O cluster, with the water molecule bound nearly in-plane to the second fluorine atom and 

third hydrogen atom, with bond lengths of the complex almost identical to that of the mDFB-

H2O system.  Calculated vibrational frequencies for the in-plane ground state structure at HF 

and HF/B3LYP levels are listed in Tables 1.3.37 and 1.3.38, whilst vibrational frequencies of 

the out-of-plane cluster are listed in Table 1.3.39. 

 

Figure 1.3.26:  The oDFB-H2O cluster. Structure shown corresponds to the optimised geometry 
obtained from ab-initio calculation at the B3LYP 6-311G++(d,p) level of theory.  

 

Bond Bond Length 

(angstroms) 

C1-C2 = C3-C4 = 
C4–C5 = C5–C6 

1.390 

C2-C3 = C6-C1 1.380 
All C-H 1.080 

C1-F1 1.340 
C2-F2 1.350 

F2-H1(water) 2.170 
H3-O(water) 2.290 

H(water)-
O(water 

0.960 

Table 1.3.33: Calculated bond lengths for oDFB-H2O at the B3LYP 6-311++G(d,p) level of theory. 
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oDFB-H2O 

rHF/6-311G++(d,p) 

Input Geometry Output Geometry Corrected Binding 

Energy 

1 

  

-660.81 cm-1 

2 

  

-735.71 cm-1 

3 

  

-702.73 cm-1 

4 

  

-606.80 cm-1 

5 

  

-605.48 cm-1 

Table 1.3.34: List of calculations performed at the rHF/6-311g++(d,p) level for the oDFB-H2O cluster, 
showing starting and end geometries and corrected binding energies. 
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oDFB-H2O 

rB3LYP/ 

6-311G++(d,p) 

Input Geometry Output Geometry Corrected Binding 

Energy 

1 

  

-604.93 cm-1 

2 

  

-911.59 cm-1 

3 

  

-693.31 cm-1 

4 

  

-687.80 cm-1 

5 

  

-339.73 cm-1 

Table 1.3.35: List of calculations performed at the rB3LYP/6-311g++(d,p) level for the oDFB-H2O 
cluster, showing starting and end geometries and corrected binding energies. 
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Table 1.3.36: List of Counterpoise corrected binding energies for oDFB-H2O. 

 



RESULTS  CHAPTER ONE  

- 89 - 

 

Vibrational frequencies of oDFB-H2O (in-plane) 

Vib 

Mode
a 

Mode 

Type
b 

Mode  

Description
c 

rHF/6-311 

G(d,p) 

tight 

rHF/6-311 

G+(d,p) 

tight 

rHF/6-311 

++G(d,p) 

tight 

1  IM op water-ring ‘flap’ -102 48 25 
2  IM ip water-ring ‘gear’  29 30 30 
3  IM ip water-ring sym stretch 67 57 56 

4 (16) MIX op bH rot - op asym F-F ‘flap’ 95 89 89 
5 (11) R ip sym F-F ‘wag’ 208 208 208 
6 (20)  MIX op bH rot – op sym F-F boat 238 227 227 
7 (30) R ip F-F asym ‘wag’ 253 270 271 
8 (11) MIX op water rot - op H-H boat 316 318 318 

9 IM op nbH water rot 330 323 323 
10 

(29)  
R ip sym F-F wag 478 478 478 

11 
(15) 

R ip sym ring stretch 515 514 514 

12 
(10) 

R op ring crown 596 596 596 

13 IM ip water rot 614 614 611 
14 IM op water rot 624 624 624 

15 (9) R ip asym ring breathe 783 787 782 
  Dipole Moment (Debye): 1.1127 1.1814 1.1747 

  Rel Energy    (hartrees):
 

-0.55580584 -0.56932393 -0.56948575 

Table 1.3.37:  Calculated and measured vibrational frequencies (1-15) for the oDFB-H2O in plane water 
cluster. Relative energy = (calculated energy – 504.000) hartrees. 

 

a  Mode numbering is in increasing order of frequency;  

b Mode type refers to whether the vibrational motion is principally intermolecular (IM) or ring motion 

(R), or ‘mixed’, where there is obviously coupling between IM and ring motion. 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to a pair or trio of atoms moving with the same sign for their phase; note 

that there is no symmetry axis for the cluster (point group is Cs). ‘opp’ refers to opposite, nbH refers to 

the non-bonded hydrogen of water. 
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Vibrational frequencies of oDFB-H2O (in-plane) 

Vib 

Mode
a 

Mode 

Type
b 

Mode  

Description
c 

rB3LYP

/6-311 

G(d,p) 

tight 

rB3LY

P/6-311 

+G(d,p) 

tight 

rB3LYP/

6-311 

++G(d,p) 

tight 

rB3LYP/  

6-311 

++G(2d,2p) 

tight 

1  IM op nbH water rotation -160.009 -92.935 -144 -50.423 
2  IM op water-ring ‘flap’ 34.29 32.7 22 29.095 
3  IM ip water-ring ‘gear’  83.607 66.245 72 59.872 
4  IM ip water-ring sym 

stretch  
114.152 102.613 114 94.566 

5 (16) MIX op bH rot - op asym F-F 
ring ‘flap’ 

188.014 187.418 185 188.171 

6  IM ip water rot 252.923 239.178 223 234.911 
7 (20) MIX op bH rot – op F-F boat 264.893 275.757 255 282.923 
8 (11) MIX ip F-F sym ‘wag’ – ip 

water rot 
292.609 293.617 294 292.221 

9 (20) MIX op bH water rot – op F-
F/opp sym H-H boat 

297.756 298.107 294 300.215 

10 
(30) 

R ip asym F-F ‘wag’ 444.424 444.077 444 443.96 

11 
(19) 

R op opp H-H boat 466.382 467.166 465 466.452 

12 
(29) 

R ip asym F-F elongation 550.874 550.385 551 551.387 

13 
(10) 

R op asym H-H ring 
crown 

563.953 562.285 555 562.479 

14 
(15) 

R ip sym F-F elongation 581.411 580.596 581 581.766 

15 
(14) 

R op asym ring twist 693.743 717.111 706 712.459 

  Dipole Moment 

(Debye): 

0.8274 1.0950 1.1101 1.0009 

  Rel Energy    

(hartrees):
 

-3.285159 -3.305303 -3.3053202 -3.3219106 

Table 1.3.38:  Calculated and measured vibrational frequencies (1-15) for the oDFB-H2O in plane 
cluster. Relative energy = (calculated energy – 504.000) hartrees. 

 

a Mode numbering is in increasing order of frequency;  

b Mode type refers to whether the vibrational motion is principally intermolecular (IM) or ring motion 

(R), or ‘mixed’, where there is obviously coupling between IM and ring motion. 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to a pair or trio of atoms moving with the same sign for their phase; note 

that there is no symmetry axis for the cluster (point group is Cs). ‘opp’ refers to opposite, nbH refers to 

the non-bonded hydrogen of water. 
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Vibrational frequencies of oDFB-H2O (out-of-plane) 

Vib 

Mode
a 

Mode 

Type
b 

Mode  

Description
c 

rB3LY

P/6-311 

G(d,p) 

tight 

rB3LYP/

6-311 

+G(d,p) 

tight 

rB3LYP/

6-311 

++G(d,p) 

tight 

rB3LYP/  

6-311 

++G(2d,2p) 

tight 

1 IM op water-ring ‘flap’ 40 35 35 30 
2 IM ip water-ring ‘gear’  80 67 67 59 
3 IM op nbH rot - ip water-ring 

stretch  
116 99 99 84 

4 MIX op nbH rot - ip water-ring 
stretch  

141 124 126 99 

5 (16) MIX ip water rot - op w-r F-F 
twist 

187 187 187 188 

6 IM ip water rotation 223 230 230 224 
7 (20+ 

11) 
MIX op bH rot – op F-F 

boat/F-F wag 
293 287 287 288 

8 (20+ 
11) 

MIX ip water rot – op F-F 
boat/F-F wag 

297 294 294 293 

9 (20+ 
11) 

MIX op bH rot – op F-F 
boat/F-F wag 

412 307 308 309 

10 
(30) 

R ip asym F-F ‘wag’ 445 445 445 445 

11 
(19) 

R op opp H-H boat 473 468 468 467 

12 
(29) 

R ip ring elongation asym 
F-F 

550 550 550 551 

13 
(10) 

R op ring crown 565 562 555 563 

14 
(15) 

R ip sym F-F ring 
elongation 

582 580 580 582 

15 
(14) 

R op asym ring pucker 699 716 705 713 

  Dipole Moment 

(Debye): 

2.2670 1.3136 1.3235 1.2645 

  Rel Energy    (hartrees):
 -3.286567 -3.3052641 -3.305399 -3.3218639 

Table 1.3.39:  Calculated and measured vibrational frequencies (1-15) for the oDFB-H2O out of plane 
cluster. Relative energy = (calculated energy – 504.000) hartrees. 

a Mode numbering is in increasing order of frequency;  

b Mode type refers to whether the vibrational motion is principally intermolecular (IM) or ring motion 

(R), or ‘mixed’, where there is obviously coupling between IM and ring motion. 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to a pair or trio of atoms moving with the same sign for their phase; note 

that there is no symmetry axis for the cluster (point group is Cs). ‘opp’ refers to opposite, nbH refers to 

the non-bonded hydrogen of water. 
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ODFB-(H2O)2: AB-INITIO CALCULATIONS 

The optimised ground state structure for the oDFB-(H2O)2 cluster calculated at the 

HF/B3LYP 6-311G++(d,p) level is shown in Figure 1.3.27.  Listed in Table 1.3.41 are the 

optimised geometries obtained for the (water)2 cluster from different starting geometries, 

counterpoise corrected energies for each geometry are listed in Table 1.3.42.  Inspection of 

the optimised oDFB-(H2O)2 complex reveals a structure strikingly similar to that of mDFB-

(H2O)2, with the first water lying in-plane to the aromatic ring, and hydrogen bonded to the 

second fluorine atom, with the second hydrogen pointing out-of-plane.  The second water 

molecule also lies in-plane to the aromatic ring, and is hydrogen bonded to the first waters’ 

oxygen and the C3 hydrogen of the aromatic ring.  Calculated vibrational energies for the 

optimised ground state structure of oDFB-(H2O)2 are listed in Tables 1.3.43 and 1.3.44, 

analysis of which will be left to the discussion. 

 

Figure 1.3.27: The oDFB-(H2O)2 cluster; structure shown corresponds to the optimised geometry 
obtained from ab-initio calculation at the B3LYP 6-311G(d,p) level of theory.  

 

Bond Bond Length 

(angstroms) 

C1-C2 = C2-C3 = C6-C1 1.380 
C3-C4 = C4-C5 = C5-C6 1.390 

All C-H 1.080 
C1-F1 1.346 
C2-F2 1.360 

F2-H1(water)2 2.000 
O2(water2)-H2(water1) 1.860 

H5-O1(water1) 2.190 

Table 1.3.40: Calculated bond lengths for oDFB-H2O2 at the B3LYP 6-311++G(d,p) level of theory. 
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oDFB-(H2O)2 
B3LYP/6-311++G(d,p) 

Input Geometry Output Geometry Corrected Binding 
Energy 

1 

  

732.00 cm-1 

2 

 

Did not 
Converge 

- 

3 

  

793.53 cm-1 

4 

  

115.58 cm-1 

5 

  

-2069.67 cm-1 

6 

  

-1359.63 cm-1 

7 

  

-2054.83 cm-1 

8 

  

467.84 cm-1 

Table 1.3.41: List of calculations performed at the rB3LYP/6-311g++(d,p) level for the oDFB-(H2O)2 
cluster, showing starting and end geometries and uncorrected binding energies.
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Table 1.3.42: List of Counterpoise corrected binding energies for oDFB-(H2O)2. 

 



RESULTS  CHAPTER ONE  

- 95 - 

 

Vibrational freqencies of oDFB-(H2O)2 

Vib 

Mode
a 

Mode 

Type
b 

Mode  

Description
c 

rHF/6-

311G(d,p) 

tight 

rHF/6-

311+G(d,p) 

tight 

rHF/6-

311++G(d,p) 

tight 

rHF/6-

311++G 

(d,2p) 

tight 

1 IM op (H2O)1 flap-op 
water-ring ‘flap’ 

21 17 16 26 

2 IM ip w-r slide 38 39 39 39 

3 IM op (H2O)2 stretch -
ring ‘flap’ 

46 41 41 43 

4 IM ip cw w-r gear 78 82 82 84 

5 IM ip ccw w-r gear 88 87 87 87 

6 IM waters stretch 119 128 128 175 

7 (16) MIX op waters pseudo-
rotation #1 – op F-F 

sym ‘wag’ 

159 175 175 209 

8 (16) MIX op waters pseudo-
rotation #2 – op F-F 

sym ‘wag’ 

177 177 177 212 

9  IM op waters pseudo-
rotation #3 

212 212 212 233 

10  IM op waters pseudo-
rotation #4 

234 228 224 284 

11 (11) MIX op waters pseudo-
rotation #5 – ip sym 

F-F ‘wag’ 

309 296 295 316 

12 (20) MIX op waters pseudo-
rotation #6 – op sym 

F-F boat 

315 317 317 326 

13 (20+ 
11) 

IM op waters pseudo-
rotation #6 – op F-F 

boat/wag 

327 326 326 338 

14 IM op waters pseudo-
rotation #7 

417 426 424 444 

15 (30) MIX op waters pseudo-
rotation #7 – ip asym 

F-F ‘wag’ 

478 478 478 479 

16 (19) MIX op waters pseudo-
rotation #7 – op H-H 

boat 

519 519 518 519 

17 (29) MIX op waters pseudo-
rotation #8 – ip asym 

F-F ‘wag’ 

596 595 595 596 

18 (10) R op crown 614 614 611 611 

19 (15) MIX op waters pseudo-
rotation #8 – ip sym 

H-H stretch 

623 623 623 623 

20 IM op waters pseudo-
rotation #8 

652 650 649 653 
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21 (14) R op ring pucker 783 800 793 793 

22 (9) R ip ring breathe 831 829 829 830 

23 (18) R op H-H sym flap 860 858 858 867 

24 (28) R ip asym twist 917 917 917 918 

25 (13) R op asym H’s ‘flap’ 979 985 983 986 

  Dipole Moment 

(Debye): 

0.4607 0.5909 0.5924 0.6612 

  Rel Energy    

(hartrees):
 

-0.615285 -0.6333002 -0.6335423 -0.6389622 

Table 1.3.43:  Calculated and measured vibrational frequencies (1-48) for the oDFB-H2O2 cluster. 
Relative energy = (calculated energy –580.000) hartrees.  

 

 

 

Vibrational freqencies of oDFB-(H2O)2 

Vib 

Mode
a 

Mode 

Type
b 

Mode  

Description
c 

rB3LYP/6-

311G(d,p) 

tight 

rB3LYP/6-

311+G(d,p) 

tight 

rB3LYP/6-

311++G(d,p) 

tight 

rB3LYP/6-

311++G(2d,

2p) 

tight 

1 IM op (H2O)1 -ring ‘flap’ 12 18 18 14 
2 IM op (H2O)2 -ring ‘flap’ 48 47 48 42 
3 IM ip w-r gear 49 51 50 47 
4 IM ip (H2O)2 – ring stretch 110 99 99 89 
5 IM ip (H2O)1 – ring stretch 120 104 104 102 
6 IM op waters pseudo-

rotation #1 
179 158 158 156 

7 (16) MIX op waters pseudo-
rotation #2 – op F-F 

asym ‘flap’ 

189 191 190 190 

8 (16) MIX ip waters stretch – op F-
F asym ‘flap’ 

215 210 209 197 

9 (16) MIX op waters pseudo-
rotation #3 – op F-F 

asym ‘flap’ 

227 212 213 208 

10  IM op waters pseudo-
rotation #4 

250 242 241 240 

11 (20) MIX op waters pseudo-
rotation #5 – op sym F-

F boat 

294 293 292 292 

12 
(20+11) 

MIX op waters pseudo-
rotation #6 – ip sym F-

F ‘wag’/boat 

297 295 295 294 

13  IM op waters pseudo-
rotation #6 

425 344 344 338 

14 (30) MIX op waters pseudo-
rotation #7 – ip asym F-

F ‘wag’ 

443 445 445 445 

15 (19) MIX op waters pseudo- 458 470 469 465 
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rotation #7 – op H-H 
boat 

16 (19) MIX op waters pseudo-
rotation #7 – op H-H 

boat 

477 485 481 473 

17 (29) MIX op waters pseudo-
rotation #8 – ip asym F-

F ‘wag’ 

551 551 550 552 

18 (10) R op crown 564 563 557 563 
19 (15) MIX op waters pseudo-

rotation #8 – ip sym H-
H stretch 

581 580 580 581 

20 (14) MIX op waters pseudo-
rotation #8 – op asym 

‘flap’ 

697 718 705 710 

21 (14) MIX op waters pseudo-
rotation #8 -op asym 

ring twist 

766 733 732 714 

22 (9) R ip asym ring breathe 770 767 767 769 
23 (18) R op H-H sym flap 781 777 776 773 
24 (28) R ip asym ring twist 854 854 854 858 
25 (13) R op asym H’s ‘flap’ 886 884 881 880 

  Dipole Moment 

(Debye): 

0.8297 0.7057 0.6876 0.8003 

  Rel Energy    

(hartrees):
 

-3.757561 -3.777085 -3.7728067 -3.7951379 

Table 1.3.44:  Calculated and measured vibrational frequencies (1-48) for the oDFB-H2O2 cluster. 
Relative energy = (calculated energy –580.000) hartrees.  

 

a Mode numbering is in increasing order of frequency 

b Mode type refers to whether the vibrational motion is principally intermolecular (IM) or ring motion 

(R), or ‘mixed’, where there is obviously coupling between IM and ring motion. 

c  op, ip refers to out-of-plane and in-plane respectively; sym and asym refer to symmetric and 

asymmetric motion relative to a pair or trio of atoms moving with the same sign for their phase, nbH 

refers to the non-bonded hydrogen of water; note that there is no symmetry axis for the cluster (point 

group is Cs). 
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DISCUSSION AND CONCLUSIONS 

Discussion of the results presented earlier in this chapter and interpreted to some extent in the 

preceding analysis, will be presented in two parts.  Firstly, ab-initio calculations resulting in 

estimates for the ground state equilibrium geometries and hence rotational constants for the 

difluorobenzene-water clusters, in combination with experimentally determined rotational 

band contours will be used to determine the excited state equilibrium structures of these 

species.  Comparisons with ab-initio calculations and experimental data of para-

difluorobenzene will be made, for the purposes of obtaining estimates for the quality of ab-

initio calculations performed.  Semi-empirical analysis of the experimentally obtained excited 

state rotational band contours is performed using asymmetric band contour simulation 

software, utilising experimentally determined and theoretically derived spectroscopic 

information.  Secondly, the vibrational structure of the ortho-, meta- and para-

difluorobenzene water complexes will be discussed, utilising ab-initio calculations performed 

at varying levels of theory.  Assignment of the vibrational modes of each aromatic-water 

cluster via analysis of results from the rotational band contour analyses as well as ab-initio 

calculations will also be discussed. 

ROTATIONAL BAND CONTOUR ANALYSIS 

Determination of excited state rotational constants for species such as the difluorobenzene-

water clusters from our experimentally obtained rotational band contours is made possible 

using asymmetric top rotational band contour simulations.  Our implementation of the 

original ASYROT program includes a crucial enhancement, whereby the Mathieu equations 

are solved explicity without using approximations, making it ideally suited for analysis of 

supersonically cooled free jet spectra of molecular clusters.  At these temperatures, small 

errors in determination of the system’s eigenfunctions can have significant impact on the 

linestrengths of low-lying J, and K states, altering the calculated band contour considerably.  

Obtaining rotational constants from our rotational band contours using the “Rotations” 

package, is a multiple step, iterative procedure.  First, ground state rotational constants for the 

species are required, these ideally are experimentally obtained from such techniques as micro-

wave or infra-red spectroscopy.  If this information is not available, then geometry 

calculations of the molecule are performed using the Gaussian suite of ab initio programs.  

Geometry optimisations of the molecular species are performed at different levels of theory 

and basis set, with various starting geometries, to obtain the most likely structural 
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configurations.  Counterpoise energy corrections are then performed to determine, from the 

‘best’ corrected binding energy the equilibrium ground state geometry of the species.  Of 

course, for reasons of accuracy, experimentally obtained ground state rotational constants are 

the preferred choice as a starting point for these band contour calculations.  Secondly, 

spectroscopic constants for the species in the supersonic expansion are required, constants 

such as rotational temperature, band type and laser linewidth are used along with the number 

of data points in the spectrum to produce a rotational band contour. 

As a starting point for the rotational band contour simulation, usually we assume that the 

excited state geometry of the species is very similar to the ground state geometry, hence, 

values for the excited state rotational constants A’, B’, C’ equal the ground state constants 

A”, B”, C”.  The simulation then progresses in an iterative fashion, varying the excited state 

constants until a reasonably close match is found, systematic variation of the other 

spectroscopic constants follows until the best possible simulated rotational profile is 

produced.  Simulation of band contours for low symmetry species such as aromatic-water 

clusters can be extremely difficult due to hybrid band types.  Since for molecules with low 

symmetry such as C1 or Cs, it is unlikely for the transition dipole to lie along a principal 

inertial axis, a combination of different transition band types (A, B and C) need to be 

simulated and combined in differing ratios (80% A-Type + 20% B-Type), to produce a 

correct representation of the rotational band contour.  Other factors, such as laser power 

saturation can also make simulation of the band contour increasingly difficult.  Saturation of a 

weak Q-branch can produce a false image of the band contour, leading the researcher to make 

incorrect assumptions during the simulation, producing distorted excited state rotational 

constants.   

Previous studies[47] of the para-difluorobenzene parent system have produced experimentally 

measured ground electronic state rotational constants, however no such experimental studies 

have been performed on either the pDFB-(H2O)n clusters or the o- and m-DFB parent or 

water clustered species.  For this reason, ab-initio studies of the pDFB species were 

performed to gain an insight into the reliability of these calculations for geometry 

optimisation studies of the ortho- and meta- parents, and their water clusters.  Comparison of 

differing levels of theory and basis set with experimentally derived values for the pDFB 

rotational constants, will allow us to determine which if any are suitable for determining 

ground state rotational constants for the difluorobenzene parent and water systems. 
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Geometry optimisation calculations for the pDFB molecule were performed at the Hartree-

Fock, HF/MP2 and MP4, HF/B3LYP and QCISD levels of theory, utilising the 3-21G 

through to the 6-311G++(d,p) basis set.  The results are displayed in Figure 1.4.0 in terms of 

RMS error between the calculated rotational constants and the three ground state rotational 

constants, A”, B” and C”. 

Figure 1.4.0:  RMS error between ab-initio and experimental rotational constants for pDFB, calculated 
for a different levels of theory and basis set. 

Analysis of the data in Figure 1.4.0 clearly shows that the most suitable level of theory for 

these calculations is HF/B3LYP with an essentially steady increase in accuracy with 

increasing basis set size.  In comparison, only the HF/MP2 level of theory at the 6-

311G++(d,p) basis set approaches the accuracy of the B3LYP calculations, but poorly 

matches the data at lower basis sets, and is computationally much more expensive.  From this 

evidence, we concluded that calculations performed at the HF/B3LYP 6-311G++(d,p) level, 

should provide quite accurate estimates for the ground state rotational constants of the ortho- 

and meta-difluorobenzene parents.  However, after complexation of the parent species with a 
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water molecule, it is questionable whether the change in symmetry as well as electronic 

structure of the system will not adversely affect the accuracy of these calculations.  The only 

comparable systems that have been studied in this detail are benzene and benzene-water, 

which although appear similar, involve out-of-plane bound water molecules, which are 

unlikely to behave similarly to the nearly in-plane-bound difluorobenzene-water clusters.  At 

this stage, calculations performed at the HF/B3LYP 6-311G… level are the most accurate and 

proven method we have for obtaining reliable estimates for the parent and water clustered 

species, as evidenced from the accuracy of fits to vibrational spectra in section three. 

ROTATIONAL BAND CONTOUR SIMULATIONS – PDFB 

Figure 1.4.1 below illustrates the ground state geometry of pDFB with inertial axes overlaid.  

Rotational band contour simulations of excited state pDFB (S1(
1B2u) ← S0(

1Ag)) at the 

electronic origin (Figure 1.4.2), indicate a B-type rotational contour with rotational constants 

listed in Table 1.4.0 [43]. 

 
Figure 1.4.1: Principal inertial axes of pDFB (geometry calculated at HF/B3LYP 6-311G++(2d,3p)) 

 

 

Constants Ground State Excited State 

A  0.1881 0.17623 

B  0.04764 0.04787 

C  0.03801 0.03764 

Temperature (K) 5K  

Linewidth (cm-1) ~0.03  

Table 1.4.0: Spectroscopic parameters obtained from the fitted pDFB 00
0 band contour. 
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Figure 1.4.2: The 00
0 electronic transition of the pDFB molecule (top) and simulated profile (bottom) 

(Brenner et al 1995 [43]). 

 

The simulation produces a reasonable fit to the experimental data, providing confidence that 

the pDFB electronic origin is indeed a B-type band with a rotational temperature in the region 
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of 5 degrees Kelvin.  However discrepancies in the rotational fit, such as the deeper minima 

at zero relative wavenumbers, and the fine structure evident to the lower energy side of the 

simulation, indicates that the chosen rotational constants, although close are not exactly 

correct.  This is a reasonable assumption since, the ground state rotational constants used for 

these simulations were obtained from Ab-initio calculations.  Analysis of the excited state 

rotational constants generated, indicates that the excited state geometry is nearly identical to 

that of the ground state, as expected. 

PDFB-H2O 

 

Continuing the series of rotational contour simulations, pDFB-H2O was studied near the 

excited state electronic origin  (Brenner et al.)[43].  Ground electronic state ab-initio 

calculations indicate that the principal inertial axes (Figure 1.4.3) lie off the F-F axis, 

indicating that a hybrid band contour may occur.  Indeed, simulations performed by Brenner 

et al. utilising the ground state rotational constants obtained from these Ab-initio calculations 

indicate that a hybrid band of B/A = 4.85 provides the best fit with experiment.  Excited state 

rotational constants obtained from rotational contour simulations are provided in Table 1.4.1 

[43].  We note that the ground state B” rotational constant listed in Brenner et al (0.09005 cm-

1) is incorrect, most likely a typographic error, from our simulations the constant should be 

approximately 0.02400 cm-1.  Comparison of the excited and ground state rotational constants 

shows us that the excited state geometry of the water cluster is almost identical to its ground 

state counterpart, as for the parent pDFB molecule. 

 

Figure 1.4.3: Principal inertial axes of pDFB-H2O (geometry calculated at HF/B3LYP 6-
311G++(d,2p)) 
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Figure 1.4.4: The 00
0 electronic transition of the pDFB-H2O cluster (Brenner et al 1995)[43]. 
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Constants Ground State Excited State 

A  0.09705 0.09005 

B  0.02400 0.02513 

C  0.02513 0.02126 

Temperature (K) 5  

Linewidth (cm
-1

) 0.03  

Table 1.4.1: Spectroscopic parameters obtained from our simulated pDFB-H2O 00
0 band contour. 

PDFB-(H2O)2 

Finally for the pDFB series, the rotational contour of pDFB-(H2O)2 at the S1 electronic origin 

was simulated using ground state rotational constants obtained from ab-initio calculations.  

As can be seen from Figure 1.4.5, the principal inertial axes again lie off of the F-F axis, 

indicating possible hybrid band structure, confirmation of this is provided by the rotational 

contour simulation shown in Figure 1.4.6, which indicates a B/A = 3.35 type band.  

Comparison of the simulation with experiment shows reasonable agreement, in the rotational 

contour, however the dip at zero relative wavenumbers is too deep, indicating either transition 

saturation, or possibly that the rotational constants used require refinement.  The latter is 

likely the case since the simulation performed by Brenner et al [43], utilised rotational 

constants identical in both the ground and excited states, and the spacing of the calculated P 

and R branches is wider than that of the experimental spectrum.  From the reasonable fit 

however, we would expect only small variations to these constants, hence the excited state 

geometry should appear almost identical to that of the ground state. 

 

Figure 1.4.5: Principal inertial axes of pDFB-(H2O)2 (geometry calculated at HF/B3LYP 6-
311G++(d,p)) 
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Figure 1.4.6: The 00
0 electronic transition of the pDFB-(H2O)2 cluster (Brenner et al 1995). 
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Constants Ground State Excited State 

A  0.06744 0.067 

B  0.1781 0.178 

C  0.01413 0.0141 

Temperature (K) 3  

Linewidth (cm-1) 0.03  

Table 1.4.2: Spectroscopic parameters obtained from the fitted pDFB-(H2O)2 00
0 band contour. 

 

MDFB 

The rotational band contour of mDFB in the region of the S1(
1B2) ← S0(

1A1) electronic origin 

as reported previously by the author [44], is shown in Figure 1.4.8.  Using conventional 

labeling (where Ia≤Ib≤Ic) the A and B principal inertial axes of the difluorobenzene parent lie 

in the aromatic plane, with the B axis bisecting the two fluorine atoms, Figure 1.4.7.  Due to 

symmetry considerations (mDFB belongs to the C2v symmetry group), the transition moment 

must lie parallel to a principal axis, and therefore must correspond to a single band type.  

Rotational band contour simulations for mDFB predict the excited state contour to be an A-

type band, with excited state constants quite similar to the ground state, as expected.  Table 

1.4.3 lists the parameters determined from the rotational band contour simulation shown in 

Figure 1.4.8. 

Figure 1.4.7: Principal inertial axes of mDFB (geometry calculated at HF/B3LYP 6-311G++(d,p)) 

 



DISCUSSION  CHAPTER ONE  

- 108 - 

Figure 1.4.8: The 00
0 electronic transition of the mDFB molecule (above, Springfield 1997)[44] and 

the calculated A-type band contour for this transition (below). 
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Constants Ground State Excited State 

A  0.12489 0.11620 

B  0.05872 0.06150 

C  0.03993 0.03925 

Temperature (K) 2.5K  

Linewidth (cm
-1

) 0.03  

Table 1.4.3: Spectroscopic parameters obtained from the fitted mDFB 00
0 band contour. 

Comparison of the calculated contour with the experimentally measured contour shows a 

good fit, however certain discrepancies remain.  The Strong Q-branch at 37909 cm-1 provides 

a good match with experiment, with small sub-band structure to lower energy evidently 

matching well with experiment.  The intensity distribution of the P-branch to lower energy 

differs slightly, however the sub-band structure matches reasonably well.  The fine structure 

through the deep minima to higher energy of 37909 cm-1 provides good agreement with 

experiments, as does the general structure of the R-branch, however the calculated intensity is 

slightly too strong.  These discrepancies are reasonable when considering the fact that the ab-

initio calculated values for the ground state constants were not altered during these 

simulations.  Comparison of the simulated rotational constants indicates that the molecule 

lengthens slightly along the A axis, and contracts slightly along the B axis upon electronic 

excitation. 

MDFB-H2O 

The Principal inertial axes of the mDFB-H2O cluster species lie somewhat similar to those of 

the mDFB parent molecule, with the A-axis lying in-plane to the aromatic ring, and at a small 

angle away from lying parallel to the two fluorine atoms.  The B-axis also lies in-plane and 

nearly bisects the two fluorine atoms, whilst the C-axis lies out of plane.  Rotational contour 

simulations of mDFB-H2O utilising ground state rotational constants from HF/B3LYP 6-

311G++(d,p) ab-initio calculations, determine that the transition moment, similar to mDFB 

lies near parallel to the A-axis.  Hybridisation of the transition moment may improve the fit of 

the simulated rotational contour, however due to the probable effects of transition saturation 

producing a “filled-in” Q-branch, it is difficult to determine the exact amount and type of 

hybridisation required.  However, as can be seen from Figures 1.4.10 and 1.4.11, the 

simulated rotational contour of mDFB-H2O provides an extremely good fit to the 

experimental contour considering the decrease in symmetry of the water cluster and the use of 
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ab-initio ground state rotational constants.  As may be noted, the width of the strong R-

branch provides a reasonable match, whilst the intensity and sub-band structure of the lower 

energy P-branch agrees remarkably well.  Further adjustments to the calculated ground state 

constants and hybridisation factors may marginally improve the quality of the simulation.  

However the most likely reason for the absence of the large dip at 38018 cm-1 is power 

saturation of the transition  The use of 2C-R2PI spectroscopy may in principle assist in 

providing a better band contour measurement. 

Figure 1.4.9: Principal inertial axes of mDFB-H2O (geometry calculated at HF/B3LYP 6-
311G++(d,p)). 

 

Constants Ground State Excited State 

A  0.116394 0.1090 

B  0.02500 0.02440 

C  0.021314 0.021314 

Temperature (K) 3  

Linewidth (cm
-1

) 0.05  

Table 1.4.4: Spectroscopic parameters obtained from the fitted mDFB-H2O 00
0 band 

contour. 

We can conclude from this analysis that the excited state rotational constants obtained from 

the use of ab-initio calculated ground state constants are indeed reasonably reliable, and that 

the use of ab-initio calculations to obtain estimates for ground state rotational constants for 

these water clusters is satisfactory.  Variation of the optimised rotational constants enables an 

estimate of the tolerance of these calculations, by monitoring the simulations fit to the 

experimental data we estimate the tolerances to be:  ROH = 2.30 ± 0.08 Å and RHF = 2.16 ± 

0.06 Å.   
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Figure 1.4.10: The rotational contour of the 00
0 electronic transition of the mDFB-H2O cluster and the 

calculated A-type band contour for this transition (below). 
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Figure 1.4.11: The rotational contour of the 00
0 electronic transition of the mDFB-H2O cluster and the 

calculated (70% A-type + 10% B-type + 20% C-type) band contour for this transition 
(below). 
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Using the same ground state rotational constants calculated at the HF/B3LYP 6-311G++(d,p) 

level of theory, a simulation was performed for the +84 cm-1 vibrational band of mDFB-H2O.  

It should be noted that the greatest variation in the excited state rotational constants for this fit 

was for the B’ constant, with only minor changes to the A’ and C’ constants.  The simulation 

shown in Figure 1.4.12 is for an A-type transition, the same as for the electronic origin as 

would be expected, since the transition moment for the cluster is based on the aromatic ring 

π-π* excitation, and should not be affected by low frequency vibrational motions.  Again, the 

simulation provides a reasonable match with experiment, although not quite as well as for the 

electronic origin case, but considering the factors of laser power saturation, broadening from 

slightly incorrect geometry optimization and possible hybridisation effects, the spectroscopic 

parameters listed in Table 1.4.5 for the +84 cm-1 band of mDFB-H2O are quite reasonable. 

Constants Ground State Excited State 

A Constant 0.116394 0.1065 
B Constant 0.02500 0.0254 
C Constant 0.021314 0.02158 

Temperature (K) 3  
Linewidth (cm

-1
) 0.05  

Table 1.4.5: Spectroscopic parameters obtained from the fitted mDFB-H2O +84cm-1 band contour. 

Based on the reasonable level of the fit to experimental data, and the possibilities of further 

refinement, it is with reasonable confidence that we report the direction of the transition 

dipole moment to lie along the same axis as the parent molecule but shifted out of plane 

slightly towards the B and C axes, as indicated in Figure 1.4.13.  Further refinement of the 

contour through adjusting the degree of hybridisation should lead to a slight improvement in 

some features of the simulated contour. 

Finally, we make a comment on the change in excited state rotational parameters on 

vibrational excitation from the electronic origin to the +84 cm-1 band.  The +84 cm-1 band, as 

shown in the next section corresponds to an intermolecular symmetric stretching vibration 

(mode 4), where the water molecule moves parallel to inertial axis A.  Calculation of the 

change in magnitude of the principal inertial axes throughout the stretch, show that there is 

only a minor effect on Ia (approximately 2%), however Ib and Ic change more significantly 

(up to 4%).  Applying this to our simulation, we would expect the excited state rotational 

constants for the +84 cm-1 band to change accordingly, and indeed we find that only a minor 

change in A’, whereas larger changes B’ and C’ are required to produce a good simulation.  

Thus showing that our simulated rotational contour for the +84 cm-1 band is a realistic 
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representation of the data, and that the spectroscopic constants derived from this fit, are 

representative of the cluster species. 

Figure 1.4.12: Rotational contour of mDFB-H2O for the + 84 cm-1 band in the S1-S0 electronic 
transition (top) and the calculated A-type rotational contour (bottom). 
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Figure 1.4.13: Rotational contour of mDFB-H2O for the + 84 cm-1 band in the S1-S0 electronic 
transition (top) and the calculated (70% A-type + 10% B-type +20% C-type) rotational 
contour (bottom). 
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MDFB-(H2O)2 

Figure 1.4.14 illustrates the principal inertial axes of the mDFB-(H2O)2 cluster optimised at 

the HF/B3LYP 6-311G++(d,p) level of theory.  The orientation of the axes is similar to that 

of mDFB-H2O, with the center-of-mass of the cluster situated between the third and fourth 

carbons.  However, it may be noted that both the aromatic ring and the water molecules lie 

partially out-of-plane, and are bisected by all three axes.  The most probable result of this will 

be the introduction of hybrid effects into the rotational contour, and indeed we find from the 

contour simulations that the transition moment lies principally along the B inertial axis with a 

small component lying parallel to the C axis.  Inspection of the calculated excited state 

rotational constants shows the rotational constant corresponding to the IB inertial axis 

undergoes the greatest change indicating a small shift of the water molecules along the A and 

C axes away from the aromatic ring upon excitation.  Since for both mDFB-H2O and mDFB-

(H2O)2, the A’ and C’ constants decrease slightly relative to the A” and C”, ie: the hydrogen 

bonding relaxes a bit in the S1 state relative to the S0 state, we can conclude that the cluster is 

less tightly bound in the excited state.  This is consistent with the fact that the S1-S0 origin for 

the -H2O and -(H2O)2 clusters is successively blue shifted relative to the parent origin. 

Figure 1.4.14: Principal inertial axes of mDFB-(H2O)2 (geometry calculated at HF/B3LYP 6-
311G++(d,p)). 

 

Constants Ground State Excited State 

A Constant 0.07539 0.07519 

B Constant 0.01873 0.01673 

C Constant 0.01527 0.01525 

Temperature (K) 4  

Linewidth (cm
-1

) 0.05  

Table 1.4.6: Spectroscopic parameters obtained from the fitted mDFB-(H2O)2 0
0

0 band contour. 
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Figure 1.4.15: Rotational contour of mDFB-(H2O)2 at the 00
0 band in the S1-S0 electronic transition 

(top) and the calculated (90%B + 10%C type) rotational contour (bottom). 
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ODFB 

Akin to the mDFB molecule, oDFB belongs to the symmetry class C2v, and as can be seen 

from Figure 1.4.16, adopts a similar set of inertial axes.  However, for oDFB the principal 

inertial axis A lies in the plane of the ring, and bisects the two fluorine atoms, whilst the B 

axis lies parallel to the two fluorine’s and the C axis lies out of plane.  From comparison with 

the mDFB rotational contour simulations we might expect the transition dipole moment of the 

S1(
1A1) ← S0(

1A1) transition of oDFB to lie parallel to the B axis, surprisingly the molecule 

displays an A type transition, as shown in Figure 1.4.17.  The spectroscopic parameters 

obtained from the rotational contour simulation are shown in Table 1.4.7.  Comparison of the 

experimental data, with the simulated contour shows a remarkably good fit, with good 

matches between the intensities and widths of the P, Q and R branches, the simulation does 

indicate a slightly broader laser linewidth was used than the simulated 0.05 cm-1.  Analysis of 

the simulated rotational constants also indicates that the molecule undergoes only minor 

changes in its geometry upon excitation. 

 

Figure 1.4.16: Principal inertial axes of oDFB (geometry calculated at HF/B3LYP 6-311G++(d,p)). 

 

Constants Ground State Excited State 

A Constant 0.108850 0.103200 

B Constant 0.074310 0.072800 

C Constant 0.044150 0.044600 

Temperature (K) 3  

Linewidth (cm
-1

) 0.05  

Table 1.4.7: Spectroscopic parameters obtained from the fitted oDFB 00
0 contour. 
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Figure 1.4.17: Rotational contour of oDFB at the 00
0 band in the S1-S0 electronic transition (top) and 

the calculated A-type rotational contour (bottom). 
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ODFB-H2O 

Addition of a single water molecule in-plane to the oDFB aromatic ring, reduces the 

symmetry of the species to Cs, and rotates the inertial axes so that the A inertial axis now lies 

at a small angle away from being parallel with the two fluorine atoms, whilst the B axis 

intersects the fluorine’s at a corresponding angle.  Rotational band contour analysis of the 

water cluster reveals that the addition of the water molecule shifts the transition dipole 

moment to lie somewhere between the A and B axes.  Figure 1.4.19 displays the optimised 

rotational band contour of oDFB-H2O when calculated as a pure B-type transition, whereas 

Figure 1.4.20 shows the hybrid (45% A-type + 55% B-type) band contour.  Transition 

saturation will of course have an affect on the experimentally recorded spectra, and we would 

expect the central dips on both simulations to ‘fill-in’.  Also we note that the simulated 

contours are slightly broader than the experimental contours indicating that the rotational 

constants or other terms within the simulation are not “perfect”. However, the most 

convincing simulation is the hybrid case, where the addition of A-type character produces a 

better fit.  Table 1.4.8 lists the spectroscopic parameters derived from the simulated contour, 

and shows that the major change upon excitation is an increase in the moment of inertia along 

the B axis, suggesting as with mDFB-H2O that the hydrogen bonding between the aromatic 

and water molecules weakens upon electronic excitation.  This is consistent with the observed 

blue shift of the S1 ← S0 0
0

0 transition relative to the mDFB parent electronic origin. 

Figure 1.4.18: Principal inertial axes of oDFB-H2O (HF/B3LYP 6-311G++(d,p)). 
Constants Ground State Excited State 

A Constant 0.07504 0.07504 

B Constant 0.03762 0.03500 

C Constant 0.02506 0.02490 

Temperature (K) 4  

Linewidth (cm-1) 0.05  

Table 1.4.8: Spectroscopic parameters obtained from the fitted oDFB-H2O 00
0 contour. 
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Figure 1.4.19: Rotational contour of oDFB-H2O at the 00
0 band in the S1-S0 electronic transition (top) 

and the calculated B-type rotational contour (bottom). 
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Figure 1.4.20: Rotational contour of oDFB-H2O at the 00
0 band in the S1-S0 electronic transition (top) 

and the calculated (45% A-type + 55%B-type) rotational contour (bottom). 
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ODFB-(H2O)2 

Rotational band contour analysis of the ab-initio optimised ground state geometry of oDFB-

(H2O)2 shown in Figure 1.4.22, indicates the transition moment of the excited state complex 

lies near to the B inertial axis, Figure 1.4.21.  The inertial axes of the oDFB-(H2O)2 cluster 

are located similar to that of the mDFB-(H2O)2 complex, with the A and B axes lying at small 

angles out of the aromatic plane, with the A axis bisecting the two water atoms.  Inclusion of 

terms describing the effects of the transition dipole lying partially along the A and C inertial 

axes improves the fit slightly, Figure 1.4.23, and we find that the transition moment of the 

oDFB-(H2O)2 complex displays a similar disposition to that of mDFB-(H2O)2.  Comparison 

of the ground and excited state rotational constants, indicates a significant increase in the 

clusters’ inertia about the B axis upon excitation, suggesting that the cluster stretches along 

both the A and B axes.  As with mDFB-(H2O)2, this indicates a reduction in hydrogen bond 

strength upon electronic excitation, and is consistent with the obserbed blue shift of ~104 cm-

1 for oDFB-(H2O)2 relative to oDFB. 

Figure 1.4.21: Principal inertial axes of oDFB-(H2O)2 (geometry calculated at HF/B3LYP 6-
311G++(d,p)). 

 

Constants Ground State Excited State 

A Constant 0.05952 0.05950 

B Constant 0.02367 0.01980 

C Constant 0.01689 0.01685 

Temperature (K) 7 Band Type:  B hybrid 

Linewidth (cm
-1

) 0.05  

Table 1.4.9: Spectroscopic parameters obtained from the fitted oDFB-(H2O)2 0
0

0 contour. 
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Figure 1.4.22: Rotational contour of oDFB-(H2O)2 at the 00
0 band in the S1-S0 electronic transition 

(top) and the calculated B-type rotational contour (bottom). 
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Figure 1.4.23: Rotational contour of oDFB-(H2O)2 at the 00
0 band in the S1-S0 electronic transition 

(top) and the calculated (70% B-type + 20% A-type + 10% C-type) rotational contour 
(bottom). 
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AB-INITIO ANALYSIS OF THE DIFLUOROBENZENE CLUSTERS 

PDFB-H2O: LOW FREQUENCY MODES 

As concluded by Brenner et al [43], the most stable isomer of pDFB-H2O is a co-planar 

species where one hydrogen of the water molecule is in-plane and bound to a Fluorine atom, 

the oxygen atom lies in the plane of the aromatic ring, whilst the non-bonded hydrogen lies 

out of plane. From Figure 1.4.0, we can see that the optimum level of theory for determining 

the ground state structure of these systems, and hence determining their vibrational 

frequencies, is HF/B3LYP 6-311++G(d,p) or greater. The pDFB-H2O geometry of Brenner et 

al, has been successfully modeled by us utilising the above mentioned level of theory, and is 

listed in the results section, along with the in-plane water geometry (where the water non-

bonded hydrogen lies out of the aromatic plane).  Comparison of the higher vibrational 

frequencies of pDFB-H2O assigned as aromatic ring vibrations via mode analysis, with the 

ring vibrations of the parent pDFB molecule, demonstrates that the simulations successfully 

model the higher energy harmonic vibrations.  However further investigation is required to 

secure the assignments of the anharmonic low frequency intermolecular modes.  Since the 

vibrational frequencies calculated contain no anharmonic corrections we would expect the 

weakly bound low frequency Van der Waals mode frequencies to be over-estimated by up to 

20%.  Inspection of the lowest vibrational mode for pDFB-H2O throughout the calculations 

listed in section three, shows that for one of the calculations, this mode has a negative sign 

indicating an imaginary quantity.  All of the calculations that produce this imaginary 

frequency are for the totally in-plane water geometry, and the mode analysis shows that this 

imaginary frequency corresponds to an out of plane non-bonded hydrogen rotation.  The 

qualitative description of this vibrational mode is that the non-bonded hydrogen performs a 

pseudo-rotation through the plane of the aromatic ring, and the force constant for this 

vibrational mode appears as a negative number with respect to the normal coordinate.  This 

scenario is possible if the in-plane water geometry is energetically higher than the out of-

plane water geometry, hence the vibration involves motion through a planar transition state.  

Geometry optimisation calculations have shown that the in-plane water and out of-plane 

water geometries are energetically very similar with the in-plane geometry slightly more 

stable, however the absolute accuracy of these calculations is such that in effect we may 

conclude that it is quite feasible that the true equilibrium structure may indeeed involve the 

non-bonded water H atom lying out-of-plane..  
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Utilising symmetry arguments, the in-plane water geometry belongs to the Cs symmetry 

group, which consists of two symmetry species, A’ (totally symmetric) and A” (non-totally 

symmetric).  The A’ group contains all vibrations lying in the plane of the molecule, and 

since the transition moment also lies in-plane, these vibrations are Franck-Condon active and 

can appear as |∆ν| =1, 2, 3… transitions, whereas the out of-plane modes may appear as |∆ν| = 

2, 4… transitions.  Vibronic coupling known to be responsible for some of the vibrational 

structure in the parent spectrum may relax these conditions resulting in |∆ν| = 1 transitions 

occurring in the out of-plane pDFB-H2O spectrum.  Calculations performed for the in-plane 

geometry at rHF/B3LYP 6-311G++(d,p)tight, show four intermolecular modes below 200 

wavenumbers, two of which are in-plane.  ν3 at 64 cm-1 is an in-plane water-ring gear 

vibration and ν4 at 109 cm-1 is an in-plane water-ring stretch.  From symmetry considerations 

we would expect these modes to be Franck-Condon active and when compared with ground 

state experimental data, Figure 1.4.24, we indeed find two vibrationally active modes at 50 

cm-1 and 88 cm-1.  From the rotational contour analysis performed earlier it was revealed that 

the transition dipole moment of the cluster lies in the plane of the molecule, and since the in-

plane water-ring stretch of ν4 also lies in-plane and involves displacement along the direction 

of the transition dipole, we would expect this mode to have significant Franck-Condon 

intensity.  Comparison with the ground state data of Gow [45], reveals a suitable candidate at 

88 cm-1, which we tentatively assign as 41. ν3 , an in-plane water-ring gear motion where the 

water molecule passes through the A-axis, should also show appreciable Franck-Condon 

activity, though much weaker than the in-plane stretch.  Inspection of the dispersed 

fluorescence data of Gow indicates a likely candidate at 50 cm-1.  Finally we are able to 

assign the remaining out-of-plane modes as listed in Table 1.4.10 below. 

Vib 

Mode
 

Mode  

Description
 

in-plane 

(cm
-1

) 

S0 

(cm
-1

) 

1 Out-of-plane free Hydrogen pseudo-rotation -99 64 
2 Out-of-plane water - ring ‘flap’ 34 18 
3 In-plane water-ring ‘gear’ counter-rotation   64 50 
4 In-plane water-ring symmetric stretch 109 88 
5 Out-of-plane sym F-F flap – bH rotation 2 x 158 313 
6 In-plane water rotation 252 215 

Table 1.4.10: Summary of calculated frequencies and descriptions of normal coordinates for the lowest 
frequency intermolecular motions of the in-plane geometry of pDFB-H2O cluster 
(rHF/B3LYP 6-311++G(d,p)). 

Assessment of the quality of the above assignments may now be made by comparison with 

the calculated vibrations of the out-of-plane geometry, which together with the work of 
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Brenner et al, we now conclude to be the preferred ground state geometry.  Comparison of the 

first six modes for both geometries shows a striking resemblance, however  the nbH rotation 

of the out-of-plane cluster is now ν3 and has a frequency of 78 cm-1. Since the non-bonded 

hydrogen pseudo-rotation does not pass through the plane of the molecule, we now obtain a 

real frequency for this vibration, unlike the case for the in-plane transition state equilibrium 

geometry.  Also we are unable to assign the 65 cm-1 band to the out of plane calculated modes 

(Table 1.4.11), and there is also a discrepancy with the in plane geometry calculations (Table 

1.4.10) as to the assignment of the 116 cm-1 vibrational band.  We would not necessarily 

expect the in-plane geometry calculations to provide a close fit with the experimentally 

measured S0 vibrational bands, since as expected from Brenner et al. this is not the correct 

geometry.  However, it is unfortunate that the 64 cm-1 band is not explained by the out-of-

plane calculations. 

Vib 

Mode
 

Mode  

Description
 

in-plane 

(cm
-1

) 

out-of-plane 

(cm
-1

) 

S0 

(cm
-1

) 

1 Out-of-plane water - ring ‘flap’ 34 31 18 
2 In-plane water-ring ‘gear’ counter-rotation   64 57 50 
3 In-plane water-ring symmetric stretch – nbH 

rotation 
-99 78 88 

4 In-plane water-ring symmetric stretch – nbH 
rotation 

109 105 116 

5 Out-of-plane sym F-F flap – bH rotation 158 158 236 
6 In-plane water rotation 252 244 215 

Table 1.4.11-: Summary of calculated frequencies and descriptions of normal coordinates for the lowest 
frequency intermolecular motions of pDFB-H2O cluster (rHF/B3LYP 6-311++G(d,p)). 

However, we can have reasonable confidence in the assignment of the S0 ground state low 

frequency modes of pDFB-H2O, which allows us to assign the S1 excited state modes by 

comparing line strengths and their transition frequencies in the S0 and S1 spectra (Table 1.4.12). 

Vibrational Modes of pDFB-H2O  

Mode  Mode Description pDFB 

rHF/B3LYP 

6-311++G(d,p) tight 

pDFB-H2O 

rB3LYP/6-311 

G++(d,2p) tight 

pDFB-

H2O 

S0 

pDFB-

H2O 

S1 

0 0 0 0 0 0 
1 op Water-Ring flap - 31 18 24 
2 ip Water-Ring gear - 57 50 48 
3 ip Water-Ring stretch – 

nbH rotation 
- 78 88 81 

4 ip Water-Ring stretch – 
nbH rotation 

- 106 116 105 

(17b) op sym F-F flap – bH 
rotation 

2 x 159 2 x 158 313 236 

(6a) ip sym F-F ring stretch 457 455 454 404 

Table 1.4.12: Assigned vibrational modes of pDFB-H2O 
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Figure 1.4.24: Low frequency cluster modes of pDFB-H2O appearing in the Dispersed Fluorescence 
spectrum following excitation of the S1 electronic origin. (courtesy of Gow et al.[45]) 

 

Figure 1.4.25: Dispersed Fluorescence spectrum of pDFB-H2O generated by excitation of the S1 
electronic origin. (courtesy of Gow et al.[35]) 
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PDFB-(H2O)2 

Referring to ab-initio geometry optimisation calculations performed earlier for pDFB-(H2O)2, 

the most stable ground state configuration of the bi-water cluster appears to be the co-planar 

geometry, similar to that of pDFB-H2O.  The symmetry of this cluster, with the non-bonded 

hydrogen atoms lying out-of-plane to the aromatic ring, is C1, indicating that all vibrations are 

allowed.  Ground state vibrational frequency analysis of the cluster, utilising the rHF/B3LYP 

6-311G++(d,p) level of theory, indicates that there are three modes lying below +120 cm-1 of 

the origin.  Unfortunately, the lack of ground state spectroscopy in this area prevents us from 

confirming the validity of our calculations.  However, we are able to tentatively assign the 

transitions at +29.5 cm-1, 81 cm-1 and 92 cm-1 in the 1C-R2PI spectra we have recorded using 

these theoretically derived vibrational frequencies (Table 1.4.13).  As discussed earlier, we 

might expect the calculated S0 (harmonic) frequencies to be higher than the intrinsically 

anharmonic observed frequencies by as much as 20%. 

 

Vibrational Modes of pDFB-(H2O)2 

Mode  Mode Description pDFB 

rHF/B3LYP 

6-311++G(d,p) 

tight 

pDFB-(H2O)2 

rB3LYP/6-311 

G++(d,p) 

 tight 

pDFB-

(H2O)2 

S1 

vdw Out-of-plane (Water)1 – Ring  Flap  17.5 29.5 
vdw In-plane (Water)2 rotation  97.5 81 
vdw In-plane (Water)1 – Ring Stretch  114 92 
Ring Out-of-plane opposite H’s Flap 437 437 422 

Table 1.4.13: Vibrational modes of pDFB-(H2O)2. 

 

Utilising the rationale we have developed for pDFB-(H2O), we would expect the in-plane 

water-ring stretch vibration (+114 cm-1) to have considerable Franck-Condon transition 

strength with respect to the origin, and upon study of the 1C-R2PI spectrum, we observe a 

likely candidate at 92 cm-1.  The transition at +81 cm-1 may be assigned as the in-plane 

(Water)2 pseudo-rotation, and the out-of-plane (Water)1 – Ring flap to the transition at 29.5 

cm-1.  Usually, we would expect the out-of-plane vibrations to have less intensity than their 

in-plane counterparts, as for pDFB-H2O, however we notice that the transition at 29.5 cm-1 

assigned as the out-of-plane (Water)1 – Ring Flap has equal intensity to the in-plane stretch.  

This phenomenon may be due to the poor signal-to-noise ratio of the spectrum, or possibly 

due to transition saturation effects.  
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MDFB-H2O: LOW FREQUENCY MODES 

Geometry optimisation calculations performed for mDFB-H2O presented in Section Three 

clearly demonstrate that the preferred orientation of the water molecule is lying either in-

plane or kinked slightly out of plane, similar to the case of pDFB-H2O, with the out-of-plane 

geometry being only 47 wavenumbers more stable, with an uncertainty of atleast ±50 cm-1.  

As with pDFB-H2O, the in-plane geometry of mDFB-H2O belongs to the Cs symmetry class, 

whereas the out-of-plane geometry belongs to the C1 class.  As evidenced from the in-plane 

calculations performed in section three, two of four calculations performed produced negative 

frequencies for ν1, where this mode is described as an out-of-plane non-bonded hydrogen 

pseudo-rotation.  So it appears we have a similar situation to the pDFB-H2O cluster, where 

the water molecule travels through a transition state(ie: higher energy structure) as it traverses 

the plane of the molecule, thus producing an imaginary frequency.  Calculations performed 

for the out-of-plane cluster however do not experience this problem due to the kinked nature 

of the water molecule.    

Utilising the arguments employed for pDFB-H2O, we may now attempt to assign the low 

frequency vibrational modes of mDFB-H2O.  Firstly, we would expect ν4, the in-plane water-

ring stretch to exhibit appreciable Franck-Condon intensity, since the vibration lies in the 

plane of the molecule and hence belongs to the same symmetry group as the transition 

moment.  A likely candidate appears at -95 cm-1 from the S0 state origin, which we can 

tentatively assign as the 41 mode.  Similarly with the in-plane gear vibration of pDFB-H2O, 

we would expect this vibration to have reasonable intensity in mDFB-H2O, and examination 

of the So dispersed fluorescence spectroscopy of Gow et al [45] reveals a peak at –66 cm-1 

that we will assign as the 31` mode.  The remaining assignments of the out-of-plane water-

ring flap goes to the transition at –28 cm-1, assigned the 11 mode, whilst the transition at –44 

cm-1 is assigned as the out-of-plane non-bonded Hydrogen rotation, mode 21. 

Vib 

Mode
 

Mode  

Description
 

in-plane 

(cm
-1

) 

S0 

(cm
-1

) 

1 Out-of-plane water – ring ‘flap’ 24 28 
2 Out-of-plane nbH rotation 62 44 
3 In-plane water-ring ‘gear’ counter-rotation   79 66 
4 In-plane water-ring symmetric stretch  116 95 

Table 1.4.14: Summary of calculated frequencies and descriptions of normal coordinates for the lowest 
frequency intermolecular motions of the in-plane geometry of mDFB-H2O cluster 
(rHF/B3LYP 6-311++G(2d,2p)). 
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Comparison of these tentatively assigned modes with the calculated modes of the out-of-

plane geometry cluster, reveals that the frequencies of modes 2 and 3 are reversed.  However, 

since we would expect the in-plane water-ring gear vibration to have more intensity than the 

out-of-plane pseudo rotation, we will assign the stronger -66 cm-1 transition most likely due 

to ν2. 

Vib 

Mode
 

Mode  

Description
 

out-of-plane 

(cm
-1

) 

S0 

(cm
-1

) 

1 Out-of-plane water - ring ‘flap’ 26 28 
2 In-plane water-ring ‘gear’ counter-

rotation   
55 66 

3 In-plane water-ring symmetric stretch – 
nbH rotation 

88 95 

4 In-plane water-ring symmetric stretch – 
nbH rotation 

104  

Table 1.4.15: Summary of calculated frequencies and descriptions of normal coordinates for the lowest 
frequency intermolecular motions of mDFB-H2O cluster (rHF/B3LYP 6-
311++G(2d,2p)). 

 

Vibrational Modes of mDFB-H2O  

Mode   Mode Description mDFB 

rHF/B3LYP 

6-311++G(d,p) 

tight 

mDFB-H2O 

rHF/B3LYP

/6-311 

G++(2d,2p) 

tight 

mDFB-

H2O 

S0 

mDFB-

H2O 

S1 

1 op water-ring ‘flap’ - 26 28 15 
2 ip water-ring ‘gear’ - 55 66 54 
3 ip water-ring stretch 

– op nbH rot 
- 88 95 83 

4 ip water-ring stretch 
– op nbH rot 

- 104 - 107 

11 

(9a) 

op bH water rotation 
– ip F-F sym wag 

328 334 340 324 

20 

(10b) 

op water rotation – 
op bF/oppH boat 

2 x 229 2 x 231 459 258 

30 

(15) 

ip F-F asym wag 478 481 489 456 

29 

(6b) 

ip ring elongation 
asym F-F 

516 517 522 447 

10 

(6a) 

ip ring elongation 
sym F-F 

528 529 528 722 

Table 1.4.16: Vibrational modes of mDFB-H2O. 
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Closer inspection of Table 1.4.26 reveals that the vibrational frequency of ν20 for mDFB-H2O 

in the S0 state is 459 cm-1, whereas in the S1 state this same mode has a vibrational frequency 

of 258 cm-1
.  Inspection of the ab-initio calculated vibrational frequencies for this mode show 

us that indeed the 1 ← 0 transition frequency for ν20 is approximately 230 cm-1, and that the 

S0 ground state recorded is in fact the 2 ← 0 transition.  This is analogous to the well known 

pDFB ν8 mode, which is strong in pDFB as 82
0.  We may also note that the 459 cm-1 S0 

frequency is more than double the 258 cm-1 S1 frequency.  This is in favourable comparison 

with the ν8 mode of pDFB, which also drops by a considerable amount.  The added distortion 

of the intermolecular water-ring bond may also play a part in this anharmonic shift.  We may 

also note that the ν16 mode of benzene (also a boat distortion) undergoes a similar frequency 

change upon electronic excitation. 

 

Figure 1.4.26: Dispersed Fluorescence spectrum of mDFB-H2O generated via exciation of the S1 
electronic origin (courtesy of Gow et al.[45]). 
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Figure 1.4.27: Dispersed Fluorescence spectrum of mDFB-H2O near the S0 origin (courtesy of Gow et 

al.[45]). 



DISCUSSION  CHAPTER ONE  

- 135 - 

MDFB-(H2O)2: LOW FREQUENCY MODES 

 

As with pDFB-(H2O)2, the most stable ground state geometry of mDFB-(H2O)2 determined 

using the rHF/B3LYP 6-311G++(2d,2p) level of theory, appears to be the co-planar species.  

Analysis of the 1C-R2PI spectrum of mDFB-(H2O)2 , indicates a very strong transition at +91 

cm-1 from the electronic origin, comparison with the analysis of both mDFB-H2O and pDFB-

(H2O)2 indicates that we would expect this peak to be an in-plane water-ring stretch vibration.  

Review of the ab-initio vibrational analysis performed in Section Three indicates a suitable 

vibration at +104 cm-1, the in-plane (H2O)1 – Ring stretch.  There also appears another in-

plane stretch relating to the (H2O)2 – Ring vibration calculated to occur at +85 cm-1 from the 

origin, and we indeed find a peak at +82 cm-1 in our 1C-R2PI spectrum.  Following the trend 

of pDFB-(H2O)2 we would expect to encounter a strong transition around +30 cm-1 from the 

origin belonging to an out-of-plane water-ring flap mode, a likely candidate appears at +29 

cm-1, which we can tentatively assign as the out-of-plane (H2O)2 –Ring flap mode.  Listed 

below in Table 1.4.17, are the tentatively assigned vibrational modes of mDFB-(H2O)2, along 

with the ab-initio calculated ring modes of mDFB for comparison.   

Vibrational Modes of mDFB-(H2O)2 

Mode  Mode Description mDFB 

rHF/B3LYP 

6-

311++G(d,p) 

tight 

mDFB-

(H2O)2 

rB3LYP/6-

311 

G++(2d,2p) 

tight 

mDFB-

(H2O)2 

S1 

vdw op (H2O)1 - ring ‘flap’ - 13 8 
vdw op (H2O)2 -ring ‘flap’ - 39 29 
vdw op H2O -ring ‘gear’ - 44 45 
vdw ip (H2O)2 sym stretch - 85 82 
vdw ip (H2O)1 sym stretch - 104 91 
vdw op waters pseudo-rot #1 - 157 - 
vdw op waters pseudo-rot #2 - 195 174 
vdw op waters pseudo-rot #3 - 205.945 182 

9 (20) op waters pseudo-rot #4 – op 
F-F boat 

229 228.944 257 

12 (11) op waters pseudo-rot #5 – ip 
sym F-F ‘wag’ 

328 329.541 321 

15 (29) op waters pseudo-rot #7 – ip 
asym ring twist 

516 469.469 447 

Table 1.4.17: Vibrational modes of mDFB-(H2O)2. 



DISCUSSION  CHAPTER ONE  

- 136 - 

ODFB-H2O: LOW FREQUENCY MODES 

 

The co-planar water-ring geometries obtained for the pDFB-H2O and mDFB-H2O clusters 

through ab-initio calculations have shown good agreement with experimental data, for both 

vibrational frequencies and structural information derived from rotational constants.  Ab-

initio calculations performed in Section Three for the oDFB-H2O cluster indicate that the 

most stable geometry is also co-planar, with the water molecule either in-plane, or kinked 

slightly out-of-plane.  Calculations performed for the oDFB-H2O in-plane geometry have also 

produced imaginary frequencies for the non-bonded hydrogen pseudo-rotation, as for the 

cases of p- and m-DFB-H2O.  However, applying the same methodology as used for the other 

isomers of difluorobenzene, we are able to tentatively assign the low frequency cluster 

modes. 

Inspection of the dispersed fluorescence spectrum of oDFB-H2O reported by Gow et al [45], 

reveals three transitions below 100 cm-1, though it is possible other transitions occur but are 

unable to be discerned due to the relatively poor signal to noise ratio.  By applying the 

philosophy developed for the other difluorobenzene clusters, comparison with ab-initio data 

suggests that the strong transition at –85 cm-1 would be assigned to the in-plane water-ring 

stretch mode, and the second strongest transition to the in-plane water-gear mode, the 

remaining transition at –19 cm-1 is assigned as the 10
1transition associated with the out-of-

plane water-ring flap. 

 

Vib 

Mode
 

Mode  

Description
 

out-of-plane 

(cm
-1

) 

S0
[35]

 

(cm
-1

) 

1 Out-of-plane water - ring ‘flap’ 30 19 
2 In-plane water-ring ‘gear’ counter-

rotation   
59 64 

3 In-plane water-ring symmetric stretch – 
nbH rotation 

84 85 

4 In-plane water-ring symmetric stretch – 
nbH rotation 

99 - 

Table 1.4.18: Summary of calculated frequencies and descriptions of normal coordinates for the lowest 
frequency intermolecular motions of the oDFB-H2O cluster (rHF/B3LYP 6-
311++G(2d,2p)). 
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Vibrational modes of oDFB-H2O 

Mode  Mode Description oDFB 

rB3LYP/6-311 

G++(d,p) tight 

oDFB-H2O 

rB3LYP/6-311 

G++(2d,2p) 

tight 

oDFB-

H2O 

S0 

oDFB-

H2O 

S1 

vdw op water-ring ‘flap’ - 30 19 28 
vdw ip water-ring ‘gear’ - 59 64 56 
vdw op nbH rot - ip water-

ring sym stretch 
- 84 85 80 

vdw op nbH rot - ip water-
ring sym stretch 

- 99 - 109 

 16 

(10b) 

ip water rot - op w-r F-F 
twist 

2 x 187 2 x 188 377 245 

11 

(15) 

op bH rot – op F-F 
boat/F-F wag 

287 288 298 280 

30 

(9b) 

ip asym F-F ‘wag’ 442 445 452 394 

Table 1.4.19: Vibrational modes of oDFB-H2O. 

 

 

 

Figure 1.4.28: Dispersed Fluorescence spectrum of oDFB-H2O generated after exciting the 00
0 origin. 

(Gow et al). 
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Figure 1.4.29: Dispersed Fluorescence spectrum of oDFB-H2O generated by excitation of the S1 

electronic origin. (Gow et al). 
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ODFB-(H2O)2: LOW FREQUENCY MODES 

 

Finally, vibrational mode assignments of oDFB-(H2O)2 are derived by comparison with the 

ab-initio calculations listed in Section Three, and by applying the methods employed for the 

other water clusters.  The strong transitions at +81 cm-1 and +87 cm-1 may be assigned to the 

in-plane (H2O)2 - and (H2O)1 – ring stretches respectively.  The weaker transitions at +14 cm-

1 and +32 cm-1 are assigned to the out-of-plane (H2O)1 – and (H2O)2 – ring flaps, whilst the 

in-plane water-ring gear mode is left unassigned.  Weak spikes in the baseline noise of the 

spectrum in the region we would expect the in-plane gear to appear, may in the future, upon 

improving the signal to noise ratio of the spectrum provide a definitive assignment for this 

mode.  Listed in Table 1.4.20, are the low frequency Van der Waals modes of oDFB-(H2O)2, 

as well as the higher frequency aromatic ring modes, assigned using the ab-initio and 

experimental spectra of the oDFB parent molecule.  At this stage, there are no experimental 

estimates for ground state vibrational frequencies for oDFB-(H2O)2. 

 

Vibrational Modes of oDFB-(H2O)2 

Mode Mode 

Description
c 

oDFB 

rHF/B3LYP 

6-311++G(d,p) 

Tight 

ODFB-(H2O)2 

rHF/B3LYP  

6-311G++(2d,2p) 

Tight 

oDFB-

(H2O)2 

S1 

vdw op (H2O)1 -ring ‘flap’ - 14 14 
vdw op (H2O)2 -ring ‘flap’ - 42 32 
vdw ip w-r gear - 47 - 
vdw ip (H2O)2 – ring stretch - 89 81 
vdw ip (H2O)1 – ring stretch - 102 87 
vdw op waters pseudo-rotation 

#1 
- 156 156 

20 

(10a) 

op waters pseudo-rotation 
#5 – op sym F-F boat 

293 292 237 

30 (9b) op waters pseudo-rotation 
#7 – ip asym F-F ‘wag’ 

442 445 337 

29 (6b) op waters pseudo-rotation 
#8 – ip asym F-F ‘wag’ 

551 552 454 

14 (4) op waters pseudo-rotation 
#8 – op asym ‘flap’ 

693 710 699 

9 (1) ip asym ring breathe 772 769 713 

Table 1.4.20: Vibrational modes of oDFB-(H2O)2. 
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CONCLUSIONS 

The work contained in this chapter was performed for the purpose of elucidating the structure 

and spectroscopic characteristics of the isomers of difluorobenzene, and to study the 

structural and dynamical properties of their corresponding –(H2O) and –(H2O)2 hydrogen 

bonded clusters.  One Colour-Resonant Two Photon Ionisation, coupled with a supersonic 

expansion was used to study the rotationally cold excited electronic states of the species 

under scrutiny.  Ground state rotational constants obtained through ab-initio calculations have 

allowed us to perform rotational band contour simulations of these species, allowing 

determination of rotational band types, and hence directions of their transition dipole 

moments, as well as qualitative estimates for their excited state geometries.  Confidence in 

the calculated ground state geometries, obtained through successful simulation of the 

rotational band contours, provided strength to the credibility of the vibrational frequencies 

generated via these calculations.  Analysis of the ground state dispersed fluorescence 

spectroscopy of Gow et al [45], utilising these ab-initio (geometry + frequency) optimisation 

calculations, has permitted assignment of the ground state vibrational modes of each species.  

Furthermore, comparison of the assigned ground state modes with measurements obtained 

from excited state spectroscopy, affirmed assignment of the low frequency cluster modes 

along with the higher frequency aromatic ring modes of these cluster species.   

Both ground and excited state vibrational frequencies of the parent pDFB molecule were 

obtained from the work of Knight et al [20], for the purpose of establishing a basis for 

comparison with the other parent isomers ortho- and meta-difluorobenzene.  Ab-initio studies 

were performed, allowing determination of the most suitable level of theory and basis set size 

for correct determination of geometrical structure and vibrational modes of the cluster 

species.  The work of Brenner et al [43] on the water clusters of pDFB was studied and 

compared with our later work on the water clusters of both mDFB and oDFB.  Ab-initio 

studies have shown that the (water)n=1,2 clusters of pDFB are near co-planar species, with the 

non-bonded hydrogen of each water molecule kinked slightly out of the aromatic ring plane.  

Successful assignment of the vibrational modes of pDFB-H2O and pDFB-(H2O)2 utilising this 

kinked geometry, indicates that this geometry is our preferred choice for the ‘true’ 

equilibrium geometry for these hydrogen bonded clusters.   

The transition dipole moments of the parent pDFB as well as its water clusters pDFB-H2O 

and pDFB-(H2O)2 all lie essentially along the B rotational axis of the molecule, in contrast, 
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the ortho- and meta- systems display different transition band types.  The Solvent shifts 

(blue-shifts) of the pDFB water clusters are the largest among the isomers of DFB, indicating 

that the S1 ← S0 change in polarisability is the greatest of the difluorobenzene isomers, as 

opposed to the case of the –Argon1 and –Argon2 clusters of these species.  Interestingly the 

blue-shift of the mDFB-(H2O)2 cluster decreases with respect to the –H2O cluster, indicating 

a decrease in polarisability.  This is most likely due to the change in direction of the transition 

dipole moment of the cluster, moving from A-type in the parent and –H2O cluster, to B-type 

in the –(H2O)2 cluster, a rotation of ninety degrees.  In comparison the other species undergo 

as little as twenty degrees rotation of the transition dipole moment through the addition of 

water molecules. 

Blue-Shifts of Water Clusters 

 -H2O -(H2O)2 

pDFB +170 cm-1 +273 cm-1 

mDFB +101 cm-1 +57 cm-1 

oDFB +105 cm-1 +185 cm-1 

Table 1.4.21: Comparison of the Blue-shifts of the –H2O and –(H2O)2 clusters of ortho-, meta- and 
para-difluorobenzene. 

Transition Band Types 

 Parent -H2O -(H2O)2 

pDFB B B B 

mDFB A A B 

oDFB A A + B B 

Table 1.4.22: Comparison of the transition band types of the –H2O and –(H2O)2 clusters of ortho-, 
meta- and para-difluorobenzene. 

Assignment of the aromatic ring vibrational modes was carried out as described previously, 

with the major transitions listed in tables 1.4.23 – 1.4.25.  Comparison of the ring dominated 

vibrational frequencies for each species, shows little progessive change with clustering, 

indicating that there is only marginal coupling of cluster modes with the aromatic ring modes.  

This is reasonable since the water molecules lie in-plane, and are coupled through the 

relatively weaker Oxygen-Hydrogen and Hydrogen-Fluorine hydrogen bonds with the 

aromatic ring.  We might expect a greater distortion to the ring modes if the water molecules 

were out-of-plane (ie: above the ring), coupling via the π cloud of the ring.  The noticeable 

discrepancy in vibrational frequencies between the S0 and S1 states in mode 16 of pDFB has 

been explained by Knight et al as being due to vibronic coupling between the S1 state and a 

higher lying singlet state of the same symmetry.   
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Vibrational frequencies of pDFB clusters 

Mode pDFB 

S0 

pDFB 

S1 

pDFB-H2O 

S0 

pDFB-H2O 

S1 

pDFB-

(H2O)2 

S1 

7a 1255 1251 - - - 
6a 449 410 454 404 - 

17b 157 120 156 118  
16a 420 180 420 182 422 

Table 1.4.23: Correspondence of vibrational frequencies of pDFB parent and -H20 clusters (Wilson 
notation [46]). 

 

Vibrational frequencies of mDFB clusters 

Mode mDFB 

S0 

mDFB 

S1 

mDFB-H2O 

S0 

mDFB-H2O 

S1 

mDFB-

(H2O)2 

S1 

13 1292 1267 1284 - - 
12 1008 951 1013 931 - 
1 739 695 739 683 678 
9a 329 318 340 324 321 
6b 512 443 522 447 - 
15 486 466 489 456 - 
10 227 127 230 129 129 

Table 1.4.24: Correspondence of vibrational frequencies of mDFB parent and -H20 clusters (Wilson 
notation ). 

 

Vibrational frequencies of oDFB clusters 

Mode oDFB 

S0 

oDFB 

S1 

oDFB-H2O 

S0 

oDFB-H2O 

S1 

oDFB-

(H2O)2 

S1 

19b 1514 1265 - - - 
18b 1027 927 1032 - - 
1 766 727 773 722 699 
15 286 278 298 280 - 
10b 185 127 188 122 123 
9b 438 398 452 394 341 
6b 546 510 539? 508 454 
10a 275 121 337? 116 118 

Table 1.4.25: Correspondence of vibrational frequencies of oDFB parent and -H20 clusters (Wilson 
notation). 
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Comparison of the vibrational structure of ortho-, meta- and para-difluorobenzene clusters 

indicates that the different systems display many similarities.  In all cases there are low-

frequency cluster modes, the out-of-plane flap and non-bonded Hydrogen pseudo-rotations, 

as well as the in-plane gear and stretch vibrations.  Of particular note is the strong transition 

at approximately +80 cm-1 in all spectra, relating to the in-plane water-ring stretch vibration.  

We noted earlier that all of the difluorobenzene water clusters are co-planar, and our 

calculations indicated that there were two possibilities for their structures, (1.)  totally in-

plane or (2.)  the water in-plane with the nbH kinked out of plane.  From previous discussion, 

the work of Brenner et al determined that the out-of-plane kinked geometry was favourable 

for pDFB-H2O, and utilising rotational contour simulations we were able to confirm this as 

the preferred geometry.  Furthermore, generation of rotational contours for the ortho- and 

meta- isomers, confirmed the out-of-plane character of their structures.  Utilising this 

information together with frequencies determined from Ab-initio calculations for this selected 

geometry, assignments of the low frequency cluster modes for the –H2O and –(H2O)2 clusters 

were established. 

Corresponding –H2O Cluster Modes 

Mode Description pDFB-

H2O 

S1 

oDFB-

H2O 

S1 

mDFB-

H2O 

S1 

op water-ring flap 24 46 15 
ip water-ring gear 48 56 54 

ip water-ring stretch – op nbH 
rotation 

81 80 83 

ip water-ring stretch – op nbH 
rotation 

105 109 107 

Table 1.4.26: Corresponding modes of pDFB-H2O, oDFB-H2O and mDFB-H2O 

 

Corresponding –(H2O)2 Cluster Modes 

Mode Description pDFB-

(H2O)2 

S1 

oDFB-

(H2O)2 

S1 

mDFB-

(H2O)2 

S1 

op (water)1-ring flap 29.5 14 8 
op (water)2-ring flap - 32 29 
op water-ring gear - - 45 
ip water rotation 81 - - 

ip (water)2-ring stretch - 81 82 
ip (water)1-ring stretch 92 87 91 

Table 1.4.27: Corresponding modes of pDFB-(H2O)2, oDFB-(H2O)2 and mDFB-(H2O)2 
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Vibrational frequencies of pDFB, pDFB-H2O and pDFB-(H2O)2. 

pDFB
 

S0 

(-ve) 

pDFB
b
 

S0 

(-ve) 

pDFB-

H2O
b 

S0 

(-ve) 

Assignme

nt 

pDFB 

S
1 

 

pDFB-

H2O 

S
1 

Mode pDFB-

(H2O)2 

S
1 

0 0 0 00
0 - 0 00

0 0 
- - 18 * - 24 * 29.5 
- - 50 * - 48 * - 
- - - - - 54 * - 
- - 65 * - 64 * - 
- - 88 * - 81 * 81 
- - - - - 100 * 92 
- - 116 * - 105 * - 
- - 138 * - 129 * - 
- - 164 - - 152 * - 

165 - 167 - - 167 * - 
- - 187 * 159 180 * - 
- - - * 169 188 * - 
- - - - - - *  
- - - - 212 216 * - 
- - 213 * 240 236 302 (17b) - 
- - 298 - 261 250 * - 
- - - - 264 253 *  
- - - - 312 320 81301 - 

315 315 313 302 (17b) 348 347 * - 
- - 393 * 361 364 82 (16a) - 
- - 402 - 384 367 * - 
- - - - 403 398 271 (3) - 

450 449 454 61 (6a) 410 404 61 (6a) - 
- - - - - 440 * 422 
- - - - - 461 * - 
- - 513 - - 484 * - 
- - 545 - - 504 * - 
- - - - - 535 * - 

640 635 635 261 or 304 
(6b) 

652 - * - 

760 770 - 61302 760 - - - 
840 840 839 82 (16a)     
860 860 861 51 (1)     

- 895 895 62 (6a)     

Table 1.4.28: Vibrational frequencies of pDFB, pDFB-H2O and pDFB-(H2O)2. 

 

a  Swinn and Kable[38]. c  Swinn and Kable [38] 

b  Gow [45] d  Springfield [44] 
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Vibrational frequencies of mDFB, mDFB-H2O and mDFB-(H2O)2. 

mDFB
a 

 

S0 

mDFB-

H2O
b 

S0 

Mode mDFB
c 

 

S
1
 

mDFB
d 

 

S
1 

mDFB-

H2O 

S
1 

Mode mDFB-

(H2O)2 

S
1 

Mode 

0 0 0 0 0 0 0 0 0 
- 28 * - - 15 * 8 * 
- 44 * 40 - 42 * 29 * 
- 66 * - - 54 * 31 * 
- 95 * 71 - - * 45 * 

329 340 111 (9a) - - 83 * 55 * 
453 459 202 (10b) - - 107 * 58 * 
486 489 301 (15) 109 - - * 82 * 
512 522 291 (6b) 182 182 188 ? 91 * 
523 528 101 (6a) - - 253 - 174 ? 
682 691 191201 254 254 258 202 (10b) 182 ? 
739 746 91 (1) - - 284 * 257 202 (10b) 

- 847 * 317 318 324 111 (9a) 293 * 
910 922 192 (16b) 352 352 350 142 (10a) 303 - 

1012 1013 81 (12) 388 387 378 191201 321 111 (9a) 
1069 1078 71 (18a) 435 435 440 141191 349 - 
1133 1144 181191 444 443 447 291…301 364 - 
1224 1200 171191 467 466 456 301…291 413 - 
1260 1240 251 (14) 521 518 525 192 (16b) 442 - 
1292 1284 61 (13) - 597 574 - 447 291…301 
1478 1480 92 or 51 

(1 or 19a) 
- 630 613 - 468 - 

1535 1544 81101 - 635 - - 490 - 
1750 1745 8191 - 661 643 - 521 - 
1807 1809 7191 682 676 659 181191 538 - 

- 1862 * 701 695 683 91 (1) 663 - 
1926 1931 20292 - 699 - - 670 - 
1963 1971 ? 737 729 708 132 (16a) 678 91  (1) 
1998 1994 25191 740 732 - 161191 + 

171191 
682  

2026 2029 82 (12) 759 751 722 101111 691  
2083 2080 8191111 784 - - 301111 697  
2215 2211 93 (1) 838 851 - 192111 707  

   882 - - 102 (6a) 714  
   903 - - 161181 + 

171181 
718  

   934 927 915 281 + 
302…291

301 

753  

   944 - - 192291 766  
   959 948 - 162 + 

161171 
772  

   963 - - 192101 780  
   966 951 931 81 (12) 797  

Table 1.4.29: Vibrational frequencies of mDFB, mDFB-H2O and mDFB-(H2O)2. 
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Vibrational frequencies of oDFB, oDFB-H2O and oDFB-(H2O)2. 

oDFB
a 

 

S0 

oDFB-

H2O
b 

S0 

Mode oDFB
c 

 

S
1
 

oDFB
d 

 

S
1 

oDFB-

H2O 

S
1 

Mode oDFB-

(H2O)2 

S
1 

Mode 

0 0 0 0 0 0 0 0 0 
- 19 * - - 46 * 14 * 
- 46 * - - 56 * 32 * 
- 64 * - - 64 * 64 * 
- 85 * - 70 69 * 81 * 

286 298 111 (15) - - 80 * 87 * 
- 337 �- 120 121 110 odfb-h20 105 * 

371 377 162 (10b) - - 159 * 156 * 
438 452 301 (9b) 201 199 - odfb-h20 197 * 
�- 524 �- 240 241 232 202 (10a) 237 202 (10a) 
�- 539 - 254 257 245 162 (10b) 246 162 (10b) 
- 553 - - 264 252 - 249 - 

568 567 101 (6a) 276 278 280 111 (15) - - 
�- 586 - - - 294 - - - 
�- 594 - - - 335 - 337 - 

- 633 - - - 389 - 341 301 (9b) 
�- 656 - 397 398 394 301 (9b) - - 
- 694 - - 410 406 - - - 

754 752 ? 431 423 428 151161 454 291 (6b) 
766 773 91 (1) 477 477 - 204 (10a) - - 

- 836 - 485 485 - 101 (6a) - 181201 

- 860 - 510 510 508 291 (6b) - - 
903 917 192 (16b) 574 552 - 141161 699 91 (1) 

- 1018 - 580 580 - 192 (16b) 713 - 
1027 1032 81 (18b) 606 608 - 181201   
1050 1064 91111 612 615 605 152 (16a)   
1112 1114 152 (16a) - 647 - -   
1153 - 71 (9a) - - 710 -   
1202 - 91301 - - 716 -   
1279 - 61 (7a) 721 727 722 91 (1)   
1299 - 51 (14) 750 754 741 141151   

   762 765 - 281 (12)   
   - - 784 -   
   841 850  9 

1    

   893 895  142 (4)   
   909 912  291301   
   924 927  81 (18b)   
   938 942  171191   
   961 -  ?   
   967 971  91201   
   970 974  102 (6a)   
   979 981  182 (11)   

Table 1.4.30: Vibrational frequencies of oDFB, oDFB-H2O and oDFB-(H2O)2. 
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CHAPTER TWO 

CATIONIC CLUSTERS OF PARA-DIFLUOROBENZENE. 

INTRODUCTION: 

CATIONIC CLUSTER SPECTROSCOPY 

The study of neutral molecular clusters provides a route for investigating the detailed physical 

characterics of weak dispersive intermolecular binding forces that contribute to the structural 

and energetic properties of complicated systems in the condensed phase.  Charged analogues 

of well characterised neutral clusters provide an enticing opportunity to compare the role of 

dispersive forces in intermolecular interactions with longer range inductive forces in 

condensed phase molecular systems.  Ionic clusters themselves possess the opportunity, via 

induction, of influencing other systems at distances much larger than neutral clusters, and 

therefore play a key role in many chemical reactions [1].  Information obtained from the 

study of ionic clusters, is a key to the understanding of complex condensed phase systems and 

chemical reactions such as, combustion and plasmas, atmospheric phenomena and biological 

processes.  Unfortunately, ionic clusters are intrinsically difficult to produce in sufficient 

quantities for experimental study in a stable isolated environment, and studies until recently 

have involved either measurements carried out in a flame or plasma, or in an isolated matrix 

[2].  These methods do not remove the bulk effects present in the condensed phase, and make 

interpretation of results more difficult.   

 

Fortunately, the use of free jet expansions has enabled the development of techniques for the 

isolation and study of these important charged cluster systems.  Laser Induced Fluorescence, 

UV and IR absorption [3,4] have been used successfully to study ionic clusters in the isolated 

gas phase, though these techniques have significant drawbacks.  Their inability to 

discriminate between different species in the expansion prevents clear assignment of spectra.  

Common methods for generating ions involve electric discharges, which do not prepare the 

ions in a selected electronic or vibrational state, thus complicating spectroscopic study of 

these species.  Knight and co-workers developed a technique for state selectively preparing 

the ionic cluster, and mass resolving it’s spectrum via One Colour-Resonant Two-Photon 

Ionisation, followed by a third Dissociation photon using a Time-of-Flight Mass 

Spectrometer.  This technique allows the researcher to selectively excite an internally cold 
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neutral cluster to a preferred vibrational state, then ionise and dissociate the cluster, whilst 

monitoring its mass channel [5-7]. 

 

Ionic clusters of an aromatic molecule surrounded by simple solvent atoms such as rare gases 

or small polyatomics, provide the researcher with a method for understanding specific details 

of intermolecular interactions between solvent and solute that contribute to the properties of 

the condensed phase.  Information obtained from vibrational analysis of these systems 

provides details of the their intermolecular potentials, whilst rotational analysis provides 

structural information, such as possible conformers, both of which are important in predicting 

chemical reaction pathways [8,9].  Due to the relatively weak forces that bind these cluster 

systems, the vibrational modes are relatively low in frequency in comparison to those of a 

rigid chemically bound polyatomic molecule.  Moreover, the weakness of intermolecular 

interactions means that, there is little perturbation to the aromatic substrate, thus simplifying 

the vibrational analysis.  However, vibrational information for aromatic ionic clusters is rare, 

hence making accurate construction of intermolecular potentials difficult, and these 

assumptions, concerning the weakness of intermolecular binding, are open to experimental 

investigation with a range of ionic cluster systems in which stronger inductive forces play a 

role. 

 

Using the technique developed initially by Knight et al, and extended in this research, we 

have studied the cationic clusters of para-difluorobenzene with rare gas adatoms, for the 

purposes of defining intermolecular potentials, and structural parameters.  By varying the 

number and types of atoms clustered to the aromatic substrate we are able to test a model 

intermolecular potential against experimental measurements.  The para-difluorobenzene-

Argon cation is of specific interest to us, as it represents a case where the neutral clusters, for 

both pDFB-Ar1 and pDFB-Ar2 have been characterised in some detail previously with respect 

to their structures, vibrational dynamics, and binding energies (Bieske et al)[5-7].  The 

theoretical model used to interpret the spectroscopic data for netural pDFB-Ar1 and pDFB-

Ar2 provides an opportunity for the model to be tested with respect to its appropriateness for 

the corresponding cation clusters in which dispersive forces are augmented with induction 

forces.  A question that invites attention is the relative magnitudes of the inductive and 

dispersive forces in such cluster systems 
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METHODOLOGY: 

EXPERIMENTAL TECHNIQUE 

The sample is prepared in the same manner as described previously using a gas mixing 

system (Appendix One). The seeded gas is then introduced into the Time-of-Flight apparatus, 

and entrained in the supersonic jet as described earlier for the neutral cluster investigated in 

chapter one. 

The spectroscopic technique that has been employed for producing and studying the cationic 

difluorobenzene clusters, namely Two Colour-Resonant Two Photon Ionisation 2C-R2PI) is 

coupled with a third dissociation step, thus constituting a three photon process.  First the 

molecule is excited from the ground electronic state (S0) to a resonant level in the first excited 

electronic state (S1) via a UV photon (hν1).  In this case, the resonant levels are the excited 

state electronic origin 00
0 , and the first quanta of stretch of the cluster.  The molecule is then 

ionised, via excitation to the D0 dissociative level, by a second UV photon (hν2), produced by 

the same laser.  The cations produced by this process are detected as a peak offset in time 

from the firing of the laser by approximately 20 microseconds (Chapter One). 

A second laser beam (hν3) aligned collinear with the first, is timed to fire approximately 100 

ns after the first ionising laser.  The second laser, is scanned and when the energy of the 

photon becomes resonant with energy levels in the dissociated complex this laser selectively 

excites a percentage of the cations to a higher dissociative level.  Excitation to this higher 

dissociative level (D3) causes the complex to fall apart, yielding the parent difluorobenzene 

molecule, plus the ad-atoms.  The dissociated cation is then detected, offset in time from the 

difluorobenzene parent by the delay between hν2 and hν3, (see Fig 2.0). 

The radiation required for the 2C-R2PI technique is provided by two tunable lasers.  The first 

two photons are produced by a Quantel 980 Nd:YAG Laser (355 nm, 220 mJ) pumping a 

Lambda-Physik Single Mode OPtical Parametric Amplifier (SMOPPA) system (520 nm, 15 

mJ).  The fundamental radiation is produced using Coumarin 500 as the lasing medium, 

covering the wavelength region of interest (520nm – 540 nm).  The fundamental radiation is 

then doubled using either Beta-Barium Borate (BBO) or Potassium Di-Phosphate (KDP) 

angle tuned non-linear crystals, to produce ~260 nm light (1.5 mJ).  The laser linewidth 

(multi-mode gain bandwidth) when operating with grating only is approximately 0.35 cm-1 at 

full width, half-maximum (FWHM), and the second harmonic linewidth is approximately 0.7 
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cm-1.  The third photon (hν3) is the fundamental radiation produced by an Excimer pumped 

dye laser (Lambda-Physik Fl3000) operating with Coumarin 420/440 dye mixtures, where the 

laser linewidth (FWHM) is approximately 0.35 cm-1.  To reduce saturation of the transitions, 

when required, a rotatable prism polariser, dichroic filter and neutral density filters are used 

to attenuate the intensity of the radiation. 

 

Figure 2.0: Schematic illustrating the 2C-R2PI process used for studying cationic clusters. 

 

The data-acquisition process is automated and controlled via software as described previously 

in Chapter One.  
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THEORETICAL BACKGROUND: 

A MODEL FOR VIBRATIONAL MOTION 

 

Modeling of the intermolecular vibrations of an aromatic-rare gas cluster may be simplified 

by assuming that the aromatic molecule is a rigid plate, and largely decoupled from the 

motions of the clustered atom.  Since the vibrational frequencies of an aromatic molecule 

such as para-difluorobenzene are typically one to two orders of magnitude greater than the 

intermolecular vibrations, this is a reasonable approximation. 

The simplified model introduced by Bieske et al [5] is based on the rigid plate assumption, 

and makes use of reduced masses, moments of inertia and vibrational frequencies that have 

been measured experimentally.  McKay et al. [7] have improved this model to accommodate 

extended coupling between the stretching and bending motions of the rare gas atom.  Franck-

Condon factors are combined with eigenvector calculations to predict individual linestrengths 

for the vibronic transitions. 

The model requires information obtained from both the aromatic-rare gas cluster and the 

aromatic-(rare gas)2 cluster, to calculate individual vibrational frequencies of the cluster, as 

will be shown.  An example will be given for the case of para-difluorobenzene-Ar1 using the 

plate and one mass model, then will proceed to para-diflurobenzene-Ar2 for the plate and two 

mass model. 

McKay et al in fact applied the Bieske model to aromatic-rare gas cluster ions, in particular 

pDFB-Ar1 and pDFB-Ar2.  The indications from that study were that the model was 

applicable.  The question still remains, however, as to what extent the addition of induction 

forces (due to the charge on the aromatic cation), to the existing dispersive interactions, alters 

the overall characteristics of the intermolecular potential.  An a’ priori assumption might be 

that the inductive forces are considerably stronger, and that the cation-rare gas binding 

strength may increase substantially , leading to higher intermolecular vibrational frequencies.  

On the other hand, ionisation results in a loss of one electron from the aromatic π−orbitals, 

thus reducing the overall electron density, and most likely reducing the π−electron 

polarisability through orbital contraction in response to the net positive charge.  Accordingly 

when comparing a neutral aromatic rare-gas cluster with its corresponding cation rare-gas 
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cluster, one might expect a trade-off between the introduction of new inductive forces and a 

possible reduction in polarisability due to the increased charge. 

The application of the Bieske model to the newly measured data for the pDFB+-rare gas 

clusters, as well as re-examination of the assignments for the intermolecular vibrations, seeks 

to offer new comment on the dynamical characteriscs of aromatic-rare gas cluster cations. 

The theoretical model introduced by Bieske et al is summarised below. 
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PLATE WITH ONE MASS 

Figure 2.1: Diagram of pDFB-Ar1, showing internal coordinates 

For the case of a plate of mass M, with an atomic mass m, lying roughly centrally above the 

center of mass of the plate at distance R0, the moments of inertia, about the x and y axes 

which pass through the plate’s center of mass, are denoted Ixx and Iyy.  Assume that the 

system is at equilibrium, and that m lies upon the z-axis.  Since the molecule has at least Cs 

symmetry, the potential energy between the plate and the single atom may be written as: 

 
2V = kRR∆R2 + kφφ ∆φ 2 + kψψ∆ψ 2

        + kRφ ∆R∆φ + kRψ∆R∆ψ + kφψ ∆φ∆ψ
 2.0 

 where  k RR =
1
2

∂ 2
V

∂R 2

 

 
 

 

 
 

eq.

 , kRφ =
1
2

∂ 2
V

∂R∂φ

 

 
 

 

 
 

eq.

 etc.  2.1 

To simplify the theory, we will assume there to be no coupling between the elements, hence 

all cross-terms in the Hamiltonian will be zero.  Physically this equates to there being no 

coupling between a change in the length R, and the angles φ and/or Ψ, i.e. :  

.
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 kRψ = 0    2.2a 

 kφψ = 0    2.2b 

 kRφ = 0  2.2c 

The potential energy equation can then be described by the three separate coordinates, which 

describe the stretch along the z axis, and the bends along the x and y axes.  The stretching 

motion is equivalent to the stretch of a heteronuclear diatomic, of masses m and M, and the 

frequency of such a pseudo diatomic may be written as:  

 νs =
1

2π

kRR

µ s

 2.3 

where µ s =
1
M

+
1
m

 
 

 
 

−1

 2.4 

The kinetic energy, T, of the bend along the x-axis may be written using external coordinates 

as, 

 2T = I yy∆ Ý α 1
2

+ Mr2
2
∆ Ý α 2

2
+ mr1

2
∆ Ý α 2

2  2.5 

where r1 and r2 are the displacements of the point mass and the ring's c.m. from the system's 

c.m. respectively (r1 + r2 = R0).  ∆α1 and ∆α2 represent the tilt of the plate, and the tilt of the 

line joining the mass to the plate’s c.m. respectively.  By employing the two Sayvetz 

conditions, which define the translation and rotation of the molecule with respect to the 

coordinate system, the reduced mass for the bx bend (the bend parallel to the x axis), is found 

to be,    

 µ bx =
1

mR0
2 +

1
MR0

2 +
1

I yy

 

 
 

 

 
 

−1

 2.6 

and the bending frequency , ννννbx, is then given by:     

 νbx =
1

2π

kφφ

µ bx

 2.6a 

 

By analogy we may describe the frequency of the bend along the y axis, by, as: 
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 νby =
1

2π

kψψ

µ by

 2.7 

where the reduced mass is written, 

 µ by =
1

mR0
2

+
1

Mr0
2

+
1

Ixx

 

 
  

 
 

−1

 2.7a 

 

Figure 2.2: Diagram showing the normal modes of vibration for pDFB-Ar1 

 

Experimental measurement of νsz, νbx and νby would permit determination of the 

corresponding force constants, within the confines of the approximations of the model.  Of 

course that has been one of the motives of the measurements described later in this chapter.  

however, we also seek to use the model to assist in rationalising the measurments of the –m1 

and –m2 aromatic cation clusters.  Accordingly, we introduce the hypothesis that the –m2 

cluster is formed by an addition of the second rare gas atom to an equivalent position on the 

other side of the aromatic plane.  If this hypothesis is accompanied by the assumptions that 

the force constants and associated coordinates of the second atom are equivalent to and 

independent of the first atom, we may derive expressions that relate the frequencies of the –

m2 cluster to the –m1 cluster. 
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BIESKE MODEL: PLATE AND TWO MASSES. 

Figure 2.3: Diagram of pDFB-Ar2, showing six internal coordinates 

Fig. 2.3 illustrates the six internal coordinates required to define the motion for the case of 

two rare gas atoms bonded equivalently on either side of the aromatic ring.  Four coordinates 

represent the angular movement of the masses (φφφφ1111, φφφφ2222, ψψψψ1111 and ψψψψ2222), and two represent the 

stretch of the masses, R1 and R2.  The system is assumed to be at equilibrium, with the two 

masses having the same equilibrium angles and distances from the c.m. of the plate.  The 

frequency of the symmetric stretch (see Fig. 2.3, ννννszs, may be written,   

 νszs =
1

2π

kRR

µ szs

 2.8 

where, µ szs = m  2.8a 

 

and the asymmetric stretch frequency, ννννsza, is  

 νsza =
1

2π

kRR

µsza

 2.9 

where, µ sza =
1
m

+
2
M
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Using the Wilson FG matrix method [10], the four bending frequencies are determined to be,

  

 

νbxs =
1

2π

kφφ

µ bxs

 2.10            whereµ bxs =
1
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2
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Figure 2.4: Diagram of the six normal modes of vibration of the pDFB-Ar2 cluster 

If we assume that the stretch and bend force constants of the one mass cluster, are the same 

for the two mass cluster, then a set of simple expressions can be derived, relating the 

frequencies of the one mass cluster to those for the two mass cluster. 
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νszs

νsz

=
µ sz

µ szs

 2.14  
νsza

νsz

=
µ sz

µ sza

 2.15 

νbxs

νbx

=
µ bx

µ bxs

 2.16  
νbxa

νbx

=
µ bx

µ bxa

 2.17 

νbys

νby

=
µ by

µ bys

 2.18  
νbya

νby

=
µby

µ bya

 2.19 

These equations may be applied, in conjunction with the experimentally derived frequencies 

of a one mass cluster system, for example pDFB-Ar1, to estimate the vibrational frequencies 

for the normal modes of the two mass system, pDFB-Ar2.   
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RESULTS AND DISCUSSION: 

The D3 ← D0 spectra of para-difluorobenzene+-R (R= Ar1, Ar2, Kr1), have been recorded 

previously by McKay et al [6-7] and a partial analysis of the vibrational structure of the D3 

state of each complex has been provided.  Given that the vibrational analyses of the pDFB-

Ar1, –Ar2 and –Kr cluster spectra remain incomplete, the purpose of the work described here, 

has been to remeasure the spectra with improvements to the signal-to-noise ratio, and to 

refine the analysis of the D3 ← D0 spectra of the pDFB+ cation clustered to these rare gas ad-

atoms.  

PARA-DIFLUOROBENZENE
+
-ARGON 

As established previously [6], the D0 state of the pDFB+ - Ar1 cation cluster may be prepared 

by 1C-R2PI via the neutral cluster 00
0 band. The ionization occurs with negligible excess 

energy, hence the pDFB+ - Ar1 cation is prepared essentially exclusively in the D0 υ” = 0 

state. 

Figure 2.5, displays the vibrationally resolved D3 ← D0 spectrum of para-difluorobenzene+-

argon for the first 700 cm-1 of the transition.  No band structure was observed lower in energy 

than the region measured. The spectrum was acquired using the experimental method 

described previously in the experimental section of this chapter.   

The spectrum has been constructed as a composite of two spectra, one measured in the region 

23560-23820 cm-1 which covers the section containing the origin band of the D3 ← D0 

transition, the other in the range to higher energy from 24250-23820 cm-1. Overall, the spectra 

display considerably improved signal-to-noise ratio relative to those measured previously by 

McKay et al [7].  

Readily apparent in the each of the two spectral regions are a trio of bands with spacings of 

~40-50 cm-1. The strong band lying at 23634 cm-1 near the low energy end of the spectrum 

was assigned previously [7] as the electronic origin of the pDFB+-Ar D3 ← D0 transition. 

Based on the expectation that this transition is electronically allowed, we accept this 

assignment here, and indeed add further justification for it in the following analysis. 

The two strong bands to higher energy from the origin band lie at displacements of 48 cm-1 

and 90 cm-1 respectively from 00
0. Their assignment previously as sz

1
0 and sz

2
0 was 

established on the proposition that the totally symmetric intermolecular stretch sz would be 

Franck-Condon active.  Their relative intensities indicate that there is a reasonably significant 
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change in the equilibrium plate-atom intermolecular distance along the sz
1 coordinate upon 

electronic excitation. On the basis of the Franck-Condon intensity profile, McKay et al [7] 

estimated that the Ar … pDFB+ bond length changed by 0.2 Å upon electronic excitation. 

The approximate replication of spectral features in the higher energy spectral range from 

24250-23820 cm-1 is interpretable if we recognise that the band at 00
0 + 394 cm-1 may be 

assigned as 61
0 where ν6 is the well known progression forming ring mode in the pDFB 

parent moiety of the cluster.  In neutral pDFB, ν6
’ = 410 cm-1 while in the pDFB-Ar neutral 

van der Waals molecule, ν6
’ = 413 cm-1 [11]. There are no other ring modes that could 

compete with this assignment.  Accordingly, the bands at + 443 and + 485 cm-1, which are 

displaced +49 and + 91 cm-1 respectively from the ‘false’ origin, 6a
1

0, may be assigned as 61
0 

sz
1

0 and 61
0 sz

2
0. 

The relative intensities of bands observed in the spectrum displayed in Fig 2.5 require 

comment. Assuming relatively constant laser intensity, the strength of an observed band, 

presumed to originate in the υ” = 0 level in the D0 state of the pDFB+- Ar cluster ion, will 

depend on the intrinsic vibronic transition strength as well as the quantum yield φd for 

dissociation (into pDFB+ and an Ar atom) from the D3 state. We have no a priori knowledge 

of φd, but we expect that radiationless transitions (to quasi-energetic high vibrational levels of 

D2, D1, D0) will dominate the primary state decay of a D3 vibronic level, as is the norm for Sn 

states of neutral large polyatomics when n>1. If so, we may also presume that φd from highly 

excited Dn vibrational levels (n<3) will be essentially unity since the internal energy of the 

cluster, after a radiationless transition to the background states, will be large relative to the 

low intermolecular binding energy of the cation cluster. We later estimate this intermolecular 

binding energy to be ≤ 300 cm-1, hence we believe that φd ~ 1 is a reasonable qualitative 

assumption. However, we cannot establish this assumption directly and it is conceivable that 

significant variation in φd, depending on the initial D3 state, and its coupling to “doorway” 

states, may occur. Accordingly, caution must be exercised when interpreting intensities in the 

D3 - D0 excitation spectra of the clusters studied herein using our triple-resonance method. 
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Figure 2.5: Resonance enhanced photofragment excitation spectrum of the pDFB+-Ar1 cation in the 
region around the electronic origin of the D3 ← D0 transition and up to Evib ~ 700 cm-1. 
The D0 state of the cation is prepared via the neutral cluster 00

0 transition. 
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Figure 2.5a: Laser power corrected resonance enhanced photofragment excitation spectrum of the 
pDFB+-Ar1 cation in the region around the electronic origin of the D3 ← D0 transition 
and up to Evib ~ 700 cm-1. The D0 state of the cation is prepared via the neutral cluster 
00

0 transition. 
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Figure 2.5a is a numerically modified version of the spectrum displayed in Figure 2.5, where 

corrections to intensities have been included to account for the diminishing laser power (for 

the scanning laser driving the D3 - D0 transition). Comparison between Figures 2.5 and 2.5a 

illustrates that the Franck-Condon envelope for the sz
n

0 progression based on the 00
0 band is 

replicated in terms of relative intensities for the envelope based on the 6a
1

0 “false” origin. 

Examination of the spectrum shown in Figure 2.5 reveals a feature not evident in the 

spectrum of McKay et al, namely a small but distinct peak at -48 cm-1.  A second, stronger 

peak, which was observed in the previous study [7], is also apparent 9 cm-1 towards lower 

energy from the 00
0 band. Their assignments emerge if one assumes that the vibrational 

frequencies associated with the υSz” = 1 and υSz” = 2 levels, i.e the fundamental and overtone 

of the intermolecular stretch sz, are somewhat different relative to their values in the D3 state.  

This is best illustrated through use of a schematic showing the interpretation of all the 

vibrational transitions assigned for the spectrum displayed in Figure 2.5. The schematic is 

shown in Figure 2.6. Choosing term values ν=57 cm-1 for υSz” = 1 and ν=96 cm-1 for υSz” = 2 

yields a set of fairly consistent assignments. Thus the peak at -48 cm-1 is assigned tentatively 

as the sz2
1 transition. These choices for νSz” also permit us to assign the peak at -9 cm-1 to the 

sz1
1  transition.   

 

Figure 2.6: Schematic showing the interpretation of vibrational transitions assigned in the D3 - D0 
excitation spectrum of pDFB+-Ar1 displayed in Figure 2.5  

Further inspection of the spectrum reveals a small feature at 00
0 +27 cm-1 and another small 

feature on the shoulder of the sz 0
1  transition at sz 0

1  +54 cm-1.  From group theoretical 
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considerations, we may deduce that for pDFB+-Ar, both intermolecular bending vibrations are 

non-totally symmetric (b1 and b2 in the C2v point group), and therefore Franck-Condon 

inactive, and in principle should appear only as weak transitions of the type bx
2

0 or by
2

0 [7]. 

However, Sussmann and Neusser [12] have shown that in the S1 ← S0 spectrum of the neutral 

cluster, the bx mode displays vibronic coupling activity. The vibronically allowed bx
1

0 

transition appears at 00
0 + 29 cm-1. We might therefore expect to see corresponding vibronic 

activity in the bx bending mode within our cationic spectrum. This suggests that the peak at 

+27 cm-1 is most likely the bx0
1  transition, whilst the peak at +54 cm-1 may be due to the 

Franck-Condon allowed (and second-order vibronically allowed) bx0
2  transition. The latter 

assignment, if correct, indicates that there is very little anharmonicity, in the sense of any 

deviation of the overtone term value from the harmonic prediction, for the bx bending mode 

in pDFB+-Ar.  The band at +82 cm-1 is assigned as the Franck-Condon allowed transition 

sz
1

0bx
1

0. A weak feature at +101 cm-1 lies at a displacement consistent with the assignment 

bx
4

0. The intensities for both of these transitions are a little high relative to what might be 

expected based on harmonic Franck-Condon factors. An explanation may be borrowed 

intensity due to coupling with the nearby stronger transition sz
2

0. 

In Figure 2.5, the spectral region near 23750 - 23790 cm-1 contains a number of distinct 

bands. Most prominent is the feature at 00
0 + 117 cm-1 which was assigned previously [13] as 

the 301
0 transition involving (predominantly) the lowest frequency out-of-plane pDFB ring 

distortion. Of course, in the cluster, the ν30 motion will be influenced somewhat by the 

association with the bound Ar atom, and one would expect the frequency to be shifted relative 

to that in the bare aromatic (ν30’ = 120 cm-1 for the bare pDFB neutral molecule [14]).  Our 

assignment of 301
0 for the pDFB+-Ar cluster ion is consistent with the expectation that in the 

C2v point group, the out-of-plane ring distortion (which occurs parallel to the C2 symmetry 

axis of the cluster) is totally symmetric, and hence Franck-Condon allowed. The analogous 

transition 301
0 is a feature in the pDFB-Ar1 neutral cluster, and yields ν30’ = 122 cm-1, which 

compares closely with ν30’ = 117 cm-1 for our cation cluster.  For comparison, we note that in 

the bare pDFB+
 cation the ground state frequency for ν30 has been assigned as 127cm-1, and in 

the neutral bare molecule ν30” = 158 cm-1 [14]. 

Other spectral features apparent in the 23750 - 23790 cm-1 region include a transition at 

23760 cm-1 (00
0 + 126 cm-1), which we presume to be the third progression member for the 

Ar-ring stretch, i.e. the transition sz
3

0. Weak bands higher in energy at +134 and +147 cm-1 

are presumably combinations involving stretch and bend modes, the latter possibly sz
1

0bx
4

0. 
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Intensities of these weaker bands appear anomalous relative to conventional expectations 

based on harmonic Franck-Condon factors. Their assignments, and those of other weak bands 

in this region, are discussed below, where the influences of anharmonicity and intramolecular 

coupling, i.e. Fermi resonance, are considered. A summary of our assignments is provided in 

Table 2.0.  

Frequency (cm
-1

) Relative 

Frequency (cm
-1

) 

Relative 

Intensity 

Assignment 

23576 -58 1 sz
0

1 

23586 -48 1 sz
1

2 

23625 -9 10 sz
1

1 

23634 0 100 00
0 

23661 +27 2 bx
1

0 

23682 +48 120 sz
1

0 

23688 +54 1 bX
2

0 

23704 +70 2 ? 

23716 +82 8 sz
1

0bX
1

0 

23724 +90 55 sz
2

0 

23735 +101 5 bx
4

0 

23751 +117 15 301
0 

23760 +126 12 sz
3

0 

23768 +134 5 ? 

23781 +147 5 sz
1

0 bx
4

0 ? 

23788 +154 5 ? 

23922 +288 2 ? 

23970 +336 2 6a
1

0 sz
0

1 

23979 +345 1 6a
1

0 sz
1

2 

24018 +384 8 6a
1

0 sz
1

1 

24028 +394 90 6a
1

0 

24038 +404 2 ? 

24063 +429 1 ? 

24077 +443 85 6a
1

0 sz
1

0 

24094 +460 1 ? 

24099 +465 1 ? 

24111 +477 2 6a
1

0 sz
2

0 bX
1

0 

24119 +485 30 6a
1

0 sz
2

0 

24146 +512 5 6a
1

0 301
0 

24156 +522 5 6a
1

0 sz
3

0 

24162 +528 2 ? 

24177 +543 2 ? 

Table 2.0: Vibrational assignments for the D3-D0 transition in the para-Difluorobenzene+-Argon 

cation, measured relative to the 00
0 transition measured at 23634 cm-1(vac). The D0 state 

of the cation is prepared via the neutral cluster 00
0 transition. 
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PREPARATION OF D0 STATE OF THE PDFB
+
-AR1 CATION VIA THE NEUTRAL 

CLUSTER SZ

1
0 BAND 

An alternative route for preparation of the D0 state of the pDFB+ - Ar1 cation cluster is to tune 

the 1C-R2PI excitation to pump the weaker neutral cluster sz
1

0 band. We show below that this 

alternative preparation method assists in the confirmation of assignments of the 

intramolecular modes that are active in the D3 ← D0 spectrum of the pDFB+ - Ar1 cation 

cluster. 

A schematic showing how the photofragment excitation spectrum is recorded following the 

preparation of the pDFB+ - Ar1 cation cluster via the neutral cluster S1-S0 sz
1

0 transition is 

provided in Figure 2.7.  Utilising this pumping scheme we were able to prepare the cation in 

the D0 state with a dominant transfer of population (due to favourable Franck-Condon factors) 

to the υSz” = 1 level, but with some population still being transferred to υ” = 0 and a small 

proportion to υSz” = 2.  Accordingly, the D3 ← D0 excitation spectrum so generated is found 

to contain mainly a superposition of two spectra, one originating in υSz” = 0, the other 

originating in υSz” = 1. 

The excess energy available in the D0 state when the cluster ion is prepared via the electronic 

origin is approximately 100 cm-1 ((36809cm-1 x 2hν)-(~36760cm-1 x 2hν)) [13], whereas the 

amount of excess energy available when the cluster ion is prepared via the S1-S0 sz
1

0 

transition is approximately 180 cm-1 ((36849cm-1 x 2hν)-(~36760cm-1 x 2hν)). Lembach [15] 

reports the ionization energy to be 73,634 ± 5cm-1, which would mean that our excitation 

laser has insufficient energy to excite the transition, ie: ((36809cm-1 x 2hν)-(~73634)) = 

minus 12cm-1, suggesting we are only succeeding in ionizing the cluster possibly through the 

assistance of field ionization  Likewise, the sz prepared cluster is prepared with only 68cm-1 

of excess energy.   

Due to equipment limitations, we could not use three separate laser colours for this 

experiment. Hence we were unable to make an attempt at preferentially exciting only a single 

selected level within D0.  Nevertheless, as can be seen in Figure 2.8, the spectrum generated 

by our two-colour method, is still highly resolved, with relatively sparse structure, providing 

evidence of relatively selective excitation of vibrational levels in the D0 state of the cluster 

ion.  

The spectrum shown in Figure 2.8 may be assigned with reference to the spectrum discussed 

above generated via R2PI through the neutral cluster 00
0 band. The increased population 
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available in the υ”sz = 1 level leads to a relative enhancement of the D3 – D0 vibronic 

structure associated with transitions originating in the υ”sz = 1 level.  In a sense, the spectrum 

so obtained is analogous to a hypothetical “heated” conventional gas phase electronic 

spectrum where the “heating” leads to selective increase in the population of the υ”sz = 1 

level. 

Accordingly, we are able to assign several bands in spectrum shown in Figure 2.8 as arising 

due to transitions of the type sz
n

1 or as combinations containing the sz
n

1 component. The 

increased relative intensities for this class of transitions, but with identical transition 

frequencies as for the same transitions appearing weakly in the “cold” spectrum displayed in 

Figure 2.5, provides confirmation for the assignments provided above in Table 2.0. A listing 

of assignments is provided in Table 2.1. 

Aromatic-Ar (S 0 )

Aromatic-Ar (S 1 )

[Aromatic-Ar]+ (D 0 )

hνννν2

hνννν1

[Aromatic-Ar]+ (D 3 )

hνννν3
v=30

 

Figure 2.7: Schematic illustrating the 1C-R2PI pump scheme for preparation of the D0 state of the 

pDFB+-Ar cluster ion via the neutral cluster sz
1

0  transition. 
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Figure 2.8: Resonance enhanced photofragment excitation spectrum of the pDFB+-Ar1 cation in the 
region around the electronic origin of the D3 - D0 transition and up to Evib ~ 700 cm-1. 
The D0 state of the cation is prepared via the neutral cluster Sz 

0
1 transition. 
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Frequency (cm
-1

) Relative 

Frequency (cm
-1

) 

Relative 

Intensity 

Assignment 

23567 -67 19 ? 

23576 -58 300 sz
0

1 

23588 -46 19 sz
1

2 

23625 -9 25 sz
1

1 

23634 0 100 00
0 

23668 34 44 sz
1

0bx
2

0, sz
2

1 

23673 39 44 sz
1

0bx
2

0, sz
2

1 

23682 48 188 sz
1

0 

23704 70 25 ? 

23720 86 88 sz
2

0 

23729 95 5 ? 

23733 99 5 ? 

23742 110 5 ? 

23751 117 5 301
0 

23758 126 5 sz
3

0 

23922 288 30 ? 

23948 314 5 ? 

23962 328 38 ? 

23970 336 470 6a
1

0sz
0

1 

23982 348 20 6a
1

0sz
1

2 

24018 384 50 6a
1

0sz
1

1 

24028 394 160 6a
1

0 

24040 406 5 ? 

24055 421 5 ? 

24062 428 160 6a
1

0sz
1

0bx
2

0, 6a
1

0sz
2

1 

24067 433 140 6a
1

0sz
1

0bx
2

0, 6a
1

0sz
2

1 

24077 443 350 6a
1

0sz
1

0 

24082 448 20 ? 

24098 464 85 ? 

24107 473 85 ? 

24119 485 260 6a
1

0sz
2

0 

24122 488 40 ? 

24130 496 35 ? 

24139 505 35 ? 

24145 511 35 6a
1

0301
0 

24152 518 35 6a
1

0sz
2

0 

Table 2.1: Vibrational assignments for the D3-D0 transition in the para-Difluorobenzene+-Argon 

cation, measured relative to the 00
0 transition measured at 23634 cm-1(vac). The D0 state 

of the cation is prepared via the neutral cluster Sz 
0

1 transition. 



RESULTS  CHAPTER TWO  

- 173 - 

PARA-DIFLUOROBENZENE
+
-ARGON2 

In principle, we might expect to observe a similar pattern of vibrational structure in the D3 – 

D0 spectrum for the pDFB+-Ar2 cation as that observed for the pDFB+-Ar1 cluster since the 

progression forming intermolecular mode is still likely to be the totally symmetric stretch 

associated with synchronous motion of the two Ar atoms as they move together away from 

and back towards the aromatic ring. As discussed previously by McKay et al [7], the 

progression with an interval of ~40 cm-1 observed for the pDFB+-Ar2 cation is consistent with 

this expectation (Figure 2.9). 

Of course the pDFB+-Ar2 cation cluster will have six intermolecular modes (as opposed to the 

three modes for the pDFB+-Ar1 cluster), as illustrated earlier in this chapter. Accordingly, one 

might expect some activity to be seen in the spectrum involving transitions associated with 

the asymmetric stretch mode νsza and/or the additional bending modes. However, a cursory 

inspection of the structure observed in the D3 ← D0 spectrum of pDFB+-Ar2 cluster suggests 

that the progression involving an interval of approximately 40 cm-1 is still the dominant 

feature of the spectrum. As observed for the pDFB+-Ar1 cluster, there are weaker bands 

present in the spectrum, and a comparison with the spectrum for pDFB+-Ar1 cluster (Figure 

2.5) suggests that this weaker structure is more significant in the –Ar2 cluster spectrum, 

perhaps consistent with the increase in the number of intermolecular modes available for the 

–Ar2 species (Figure 2.9). 

Prior to making our assignments, we may attempt to predict the frequencies of the vibrational 

modes of pDFB+-Ar2 using the method of Bieske (see Theory section above). Application of 

that simple rigid-plate-attached-mass harmonic oscillator model allows us to predict 

vibrational frequencies for the symmetric and asymmetric stretch and bend modes for the 

pDFB+-Ar2 cluster assuming knowledge of frequencies for the pDFB+-Ar1 cluster. 

Taking our measured vibrational frequency (in the D3 state) for νsz’ for the pDFB+-Ar1 cluster 

as 48 cm-1, we calculate νszs’ for the pDFB+-Ar2 cluster as 41.3 cm-1. Accordingly, the szs0
1  

transition frequency is predicted to lie at  +41.3 cm-1 relative to the pDFB+-Ar2 D3 – D0 

electronic origin. Similarly, νsza’ for the pDFB+-Ar2 cluster is predicted to be +60.5 cm-1. 

However, the asymmetric stretch νsza is expected to be Franck-Condon inactive based on 

symmetry considerations.  The vibrational transition plot (Figure 2.10) for pDFB+-Ar2 

summarizes the basis for our assignments of the major bands in the spectrum shown in Figure 

2.9.  The assignment of the szs0
1  transition at +41 cm-1 appears secure, based on the 
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assignment of the pDFB+-Ar2 D3 – D0 electronic origin at 23519 cm-1.  The schematic shows 

our derived values for the overtone levels associated with pDFB+-Ar2 symmetric stretch 

mode, as well as the D0 (cation ground state) frequency for the -Ar2 symmetric stretch, i.e. 

νszs”.  

Using the measured pDFB+-Ar1 νbx” vibrational frequency of +27 cm-1 the Bieske model 

provides an estimate for the νbxs”  vibrational frequency for the pDFB+-Ar1 cluster as +37.6 

cm-1. However it is likely that the bending modes are less accurately estimated using this 

method because of their potentially greater anharmonicity. Accordingly, we might expect this 

value to be somewhat imprecise. Furthermore, since the molecular symmetry of the –Ar2 

cluster is D2h (rather than C2v for the Ar1 cluster, we might not expect the bx
1

0 transition to be 

necessarily present in pDFB+-Ar2 since the vibronic coupling pathways available in pDFB+-

Ar1 (which are symmetry sensitive) may not apply for the Ar2 cluster.  

Nevertheless, opportunity exists, depending on changes in frequency upon D3 – D0 excitation, 

and on anharmonicity, for bending modes to appear in the spectrum as transitions involving 

even changes (± 2, ± 4 … ) in the vibrational quantum number. However, their assignment is 

likely to be insecure.   

The spectrum displayed in Figure 2.9, though dominated by structure associated with 

progressions involving the totally symmetric stretch, νszs, does contain a number of weaker 

bands, with congestion due to these weaker bands (and their associated szs
n

0 progressions) 

increasing at displacements of ~45 cm-1 and above relative to the 00
0 band.  At this stage we 

have not advanced any definitive assignments since there is no other experimental or 

theoretical guidance available for making secure assignments. Nevertheless, we may illustrate 

with an example.  A band at 23541 cm-1 (+22 cm-1) is clearly a progression origin, and is 

labelled “X” in Figure 2.9. The expected Xszs
1

0 and Xszs
2

0 progression members (identified as 

such due to their relative displacements and relative intensities) appear clearly at 

displacements of +64 and +101 cm-1 respectively. It is conceivable that the band X is 

associated with a bending mode, and perhaps appears as a 1-0 transition due to vibronic (or 

anharmonic) coupling, but any further confirmation at this stage is not available. 
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Figure 2.9: Resonance enhanced photofragment excitation spectrum of the pDFB+-Ar2 cation in the 
region around the electronic origin of the D3 - D0 transition and up to Evib ~ 700 cm-1. 
The D0 state of the cation is prepared via the neutral cluster 0 

0
0 transition. 
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The activity displayed by ν30 in the D3 – D0 transition observed for the pDFB+-Ar1 cluster has 

been discussed above.  For the pDFB+-Ar2 cluster (D2h symmetry), ν30 is non-totally 

symmetric (as it is in the parent neutral molecule, and the parent ion), and hence it should in 

principle appear only as the transition 302
0.  However, as may be seen in the spectrum 

displayed in Figure 2.9, a band appears at +118 cm-1 that we have assigned as 301
0. 

Undoubtedly, the security of this assignment is debatable, but the consequences of 

anharmonic coupling, as well as the likelihood of vibronic coupling pathways in the 

congested intermolecular vibrational manifold associated with the D3 electronic state are 

potentially significant.  The latter point, i.e vibronic coupling pathways, requires further 

investigation, but at this stage we simply note that the normal coordinate displacement for ν30 

is along the same axis as the szs symmetric and sza anti-symmetric intermolecular stretches 

associated with the motion of the two bound Ar atoms, lying above and below the aromatic 

plane.  Perturbation of the ν30 normal coordinate from its bare-aromatic ring character, as a 

result of binding of the ring to two Ar atoms, may be sufficient to provide a coupling pathway 

that induces the ν30 1-0 transition. 

 

Frequency (cm
-1

) Relative 

Frequency (cm
-1

) 

Relative 

Intensity 

Assignment 

23435 -84 1 szs
0

2 
23465 -54 1 szs

0
1 

23477 -42 50 szs
1

2 
23510 -9 5 szs

1
1 

23513 -6 5 szs
2

2 
23519 0 100 00

0 

23541 +22 5 X 
23550 +31 5 szs

2
1 

23561 +42 10 szs
1

0 
23583 +64 20 “X”szs

1
0 

23590 +71 5 szs
3

1 
23601 +82 105 szs

2
0 

23611 +92 5 ? 
23620 +101 15 sza

2
0 

23627 +108 20 ? 
23637 +118 50 � 

23642 +123 40 szs
3

0 
23661 +142 30 ? 
23671 +152 15 ? 
23680 +161 10 ? 
23704 +185 5 ? 
23787 +268 1 ? 
23830 +311 30 6a

1
0szs

0
2 

23852 +333 1 ? 
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23863 +344 5 6a
1

0szs
0

1 
23874 +355 105 6a

1
0szs

1
1 

23887 +368 5 ? 
23898 +379 5 ? 
23907 +388 10 6a

1
0szs

1
1 

23911 +392 8  
23917 +398 140 6a

1
0 

23929 +410 15 ? 
23939 +423 10 6a

1
0 “X” 

23951 +432 5 ? 
23960 +441 130 6a

1
0szs

1
0 

23971 +452 10 ? 
23981 +464 15 6a

1
0”X”szs

1
0 

23992 +473 5 ? 
24000 +481 100 6a

1
0szs

2
0 

24011 +492 5 ? 
24027 +508 10  
24037 +518 15 6a

1
0301

0 
24044 +525 13 6a

1
0szs

3
0 

Table 2.2: Vibrational assignments for the D3-D0 transition in the para-Difluorobenzene+-(argon)2 

cation, measured relative to the 00
0 transition measured at 23519 cm-1(vac). The D0 state 

of the cation is prepared via the neutral cluster 00
0 transition. 
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PREPARATION OF D0 STATE OF THE PDFB
+
-AR2 CATION VIA THE NEUTRAL 

CLUSTER SZS

1
0 BAND 

 

As for the pDFB+ - Ar1 cation cluster, an alternative route for preparation of the D0 state of 

the pDFB+ - Ar2 cation cluster is to tune the 1C-R2PI excitation to pump the weaker neutral 

cluster szs
1

0 band. As before, this alternative preparation method assists in the confirmation of 

assignments for the pDFB+ - Ar2 cation cluster. 

 

The additional excess energy delivered to the D0 state via this pumping scheme, permits 

excitation of additional low frequency (intermolecular) vibrational modes within the D0 state, 

resulting in the enhancement of the intensity of “hot-bands”.  Figure 2.11, illustrates the 

additional vibrational transitions excited through the szs
1

0 pumping scheme, and provides 

information required to deduce the assignments listed in Table 2.3. 

 

 

Figure 2.10: Schematic illustrating the 1C-R2PI pump scheme for preparation of the D0 state of the 
pDFB+-Ar2 cluster ion via the neutral cluster szs

1
0  transition. 
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Figure 2.11: Resonance enhanced photofragment excitation spectrum of the pDFB+-Ar2 cation in the 
region around the electronic origin of the D3 - D0 transition and up to Evib ~ 700 cm-1.  
The D0 state of the cation is prepared via the neutral cluster sz

1
0 transition. 
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Frequency (cm

-1
) Relative 

Frequency (cm
-1

) 

Relative 

Intensity 

Assignment 

23392 -127 10 ? 
23419 -109 20 ? 
23423 -96 22 ? 
23435 -84 90 sz

2
0 

23446 -73 15 ? 
23467 -52 20 ? 
23477 -42 120 sz

1
2 

23487 -32 25 ? 
23500 -19 30 ? 
23509 -10 15 ? 
23519 0 100 00

0 

23525 6 40 ? 
23529 10 30 ? 
23542 23 40 ? 
23553 34 40 ? 
23562 43 125 sz

1
0 

23570 51 50 ? 
23583 64 40 ? 
23589 70 50 ? 
23600 81 150 sz

2
0 

23611 92 60 ? 
23630 111 50 ? 
23636 117 130 �30 

23642 123 120 ? 
23665 146 75 ? 
23684 165 60 ? 
23699 180 40 ? 
23774 255 27 ? 
23786 267 75 ? 
23808 289 20 ? 
23820 301 20 ? 
23831 312 80 ? 
23844 325 20 ? 
23856 337 20 ? 
23863 344 20 ? 
23874 355 80 6a

1
0sz

1
2 

23882 363 35 ? 
23887 368 30 ? 
23895 376 25 ? 
23900 381 35 ? 
23906 387 20 ? 
23917 398 70 6a

1
0 

23923 404 60 ? 
23930 411 40 ? 
23939 420 50 ? 
23952 433 45 ? 
23960 441 120 6a

1
0sz

1
0 

23971 452 50 ? 
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23981 462 40 ? 
24000 481 150 6a

1
0sz

2
0 

24011 492 100 ? 
24028 509 75 ? 
24041 522 135 ? 
24065 546 100 ? 
24072 553 75 ? 
24080 561 70 ? 
24100 581 65 ? 
24111 592 70 ? 

Table 2.3: Vibrational assignments for the D3-D0 transition in the para-Difluorobenzene+-(argon)2 

cation, measured relative to the 00
0 transition measured at 23519 cm-1(vac). The D0 state 

of the cation is prepared via the neutral cluster sz
1

0 transition.. 

INTRAMOLECULAR COUPLING AND FERMI RESONANCES 

 

McKay [13] has investigated the possibility that the stretch and bend modes of ionic cluster 

species may couple through cubic and quartic anharmonicity, producing redistribution of the 

intensities and shifts in the frequencies of these transitions.  However, despite a fairly 

extensive exploration of coupling schemes involving standard adjustable parameters 

(coupling constants, zero order spacings, harmonic Franck-Condon factors), a satisfactory 

agreement with the observed experimental spectra was not achieved.   

A local coupling scheme has been considered here, where selected regions of the D3 

vibrational manifold are presumed to involve some intramolecular coupling through cubic 

and quartic anharmonicity.  The model is based on the original hypothesis [13] that the sz
1 

stretch mode may be in weak Fermi resonance with the bx
2 bending mode, producing an 

asymmetric Fermi diad the lower energy member being the strong feature at +48 cm-1, 

assigned as (i.e with predominant character), sz
1

0. The higher energy member is the +54 cm-1 

feature assigned as predominantly bx
2

0.  

 

The model associated with the region near sz
1

0 employs an assumed set of (variable) zero-

order parameters, i.e. (a) unperturbed term values for the intermolecular stretch (υSz’=1) and 

for the bend overtone (υbx’=2), (b) a coupling constant for the cubic anharmonic stretch-bend 

interaction and (c) Franck-Condon factors for the stretch and bend zero-order transitions 

between the D0 and D3 states.   The Franck-Condon factors for νSz are estimated by fitting the 

Henderson parameters [16], δ =
ν '

ν" and D (where D is a function of the normal coordinate 
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displacement upon electronic excitation) to the intensities observed for the sz
n

0 progression in 

the spectrum displayed in Figure 2.5. Allowance (during fitting) is made for the fact that the 

higher sz
n

0 progression members are likely to be observed with reduced intensity relative to 

the harmonic expectation because of intensity redistribution due to coupling with other levels 

carrying intrinsically less oscillator strength.   For the bend, similar procedures are used, 

although since the intrinsic intensities for the bx
2

0 transition are likely to deviate significantly 

from harmonic values, the choice of an appropriate <2|0> franck-Condon factor becomes 

more flexible. 

The parameters are varied, the coupling matrix (2x2 in the region associated with sz
1

0) is 

diagonalised to yield eigenvalues and eigenvectors, and transition strengths are calculated and 

compared with the intensities observed in the spectrum. 

Examination of the spectrum reveals that the Fermi diad is separated by approximately 

7.5 cm–1, and the peak to lower energy has an intensity approximately 24 times greater than 

the peak to higher energy.  Comparison of our calculated FC factor for the un-coupled bx
2

0 

transition (0.067), which when squared gives us the uncoupled transition intensity of 0.0044, 

with the experimentally measured and normalised intensity of the coupled bx
2

0 transition 

(0.017), indicates that the Fermi resonance between the two modes transfers substantial 

intensity to the bending mode.  This is in accordance with our expectations, since from our 

Franck-Condon analysis we would not expect the bx
2

0 transition to have such intrinsically 

strong intensity. 

 νννν’ 

 0 1 2 3 

0 0.591 -0.606 0.439 -0.260 

1 0.606 -0.030 -0.406 0.494 
νννν” 

2 0.439 0.407 -0.325 -0.139 

Table 2.4: Calculated Franck-Condon Factors for the pDFB+-Ar1 stretch transitions. 

Matrix αααα ββββ Lower 

frequency 

Upper 

Frequency 

0 2 -0.9649 0.2627 -0.5446 cm-1 7.3446 cm-1 

2 6.8 0.2627 0.9649   

 

s
z 0

1
 bx0

4
 s

z 0

0
 b

x0

0
 Intensity Ratio 

-0.631 0.067 0.617 0.997 24 

Table 2.5: Fermi Diad coupling calculation variables for the pDFB+-Ar1 complex. 
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Further inspection of our spectrum reveals two unassigned peaks lying either side of the sz 0
2  

transition situated at +90 cm-1.  From their vibrational frequencies we tentatively assign these 

transitions to the combination band sz 0
1
bx 0

2  and to the bx0
4  transition.  Observation of the 

surprisingly strong intensity of the bx 0
4  transition indicates a possible Fermi resonance, most 

likely a triad coupling between the sz 0
1
bx 0

2 , sz 0
2  and bx0

4  bands.  

Examination of the Fermi triad features reveals that the separation between the first and 

second peak is approximately 8.5 cm-1, and that the separation between the first and third 

peak is approximately 19 cm-1.  The intensity ratio of the three transitions is measured to be 

approximately 0.177/0.978/0.106.  Utilising the Franck-Condon factors calculated previously 

for the Fermi diad, along with FC’s calculated for the bend progression along the x co-

ordinate using delta (δ = 0.9) and D (0), coupling terms for the Fermi triad were determined. 

Comparison of the calculated terms with the measured experimental values indicates a 

satisfactory match, giving us confidence that these assignments are reasonably secure.   

 

Matrix αααα ββββ γγγγ Lower 

frequency 

Middle 

Frequency 

Upper 

Frequency 

0 2 0 0.9707 -0.2348 0.0241 -0.4832 cm-1 8.1425 cm-1 19.358 cm-1 

2 8 2 -0.2353 -0.9559 0.1758    
0 2 19 0.0182 0.1765 0.9841    

 

s
z0

2
 s

z 0

1
 b

x0

2
 b

x0

4
 s

z 0

0
 b

x0

0
  Intensity Ratio 

0.27 -0.631 0.067 0.05 0.617 0.997  0.18/0.98/0.1 

Table 2.6: Fermi Triad coupling calculation variables for the pDFB+-Ar1 complex. 
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PARA-DIFLUOROBENZENE
+
-KRYPTON 

 

Figure 2.12 illustrates the S1←S0 electronic excitation spectrum of the neutral pDFB-Kr1 

cluster near the electronic origin.  Apart from the electronic origin band at 36796 cm-1, there 

are four peaks of interest, three of which can be labelled with certainty.  The peak at +37 cm-1 

is assigned to the sz 0
1  transition, the peak at +73 cm-1 to the sz 0

2  transition, and the peak at 

+121 cm-1 to the 301
0 transition associated with the ν30 ring mode, whilst the fourth 

unassigned peak at +70 cm-1 may possibly be the transition by0

2 . 

From the work of Bellm et al.[17], we know the ionisation potential of pDFB-Kr1 to be 

73,549 cm-1, therefore we are able to calculate the amount of excess energy available in the 

D0 state after 1C-R2PI to be approximately 40 cm-1.  This suggests that the electronic origin 

of the D0 state and possibly the sz1  mode are the only levels that are likely to be populated.  

Therefore we would expect a fairly simple D3←D0 spectrum similar to that of pDFB+-Ar1, 

with the possible inclusion of transitions originating from the sz1  level.   

However unlike argon, with only a single dominant isotope, krypton has six naturally 

occurring isotopes (Figure 2.13), four of which have natural abundances greater than ten 

percent.  The method we use to measure our cationic species is not isotopically selective for 

the Kr ad-atom since we record our spectra by monitoring the ion current for the dissociated 

parent pDFB mass. Hence we are not able to separate the D3 – D0 vibronic transitions 

resulting from different Krypton isotopes.  The possibility then arises that any spectra we 

record would display, for each vibronic transition, a cluster of between four and six peaks, 

separated by a few wavenumbers, due to the 4-6 Kr isotopes.  Figure 2.14 illustrates the 

D3←D0 spectrum of pDFB+-Kr1, and as is apparent, there are clusters of between four and six 

peaks, where each peak within the cluster is separated by only a few wavenumbers, and each 

cluster is separated by approximately 40 cm-1.  Closer inspection of the spectrum indicates 

that the cause of the congested clusters of peaks is almost certainly due to the contributions 

from the Kr isotopic variants.   

If we examine the first pair of peaks at ~23360 cm-1 (which we may presume to be the 00
0 

band), we note there are only two weak peaks, most likely corresponding to the most 

abundant 84Kr (57%) and 86Kr(17%) isotopes, similarly for the peaks at ~23460 cm-1.  
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However, as the signal intensity of the ions increases, corresponding to an increase in 

absorption cross-section as well as population, weaker pairs of peaks emerge, possibly 

corresponding to the other isotopes, 82Kr and 83Kr. 

A second explanation for the evolution from a pair of peaks in the ~23360 cm-1 region, to 

quartets of peaks at higher energies, is that we in fact have a dominant contribution only from 

two Kr isotopes, but that the “doubling” of peaks beyond the 00
0 band region is a 

consequence of a 1:2 stretch-bend Fermi resonance, analogous to that observed for the 

benzene CH overtone spectrum [18]. The progression in sz becomes progressively perturbed, 

forming a Fermi diad, then triad, quartet etc. However, considerable further work is required 

to ascertain whether this explanation applies for the pDFB+-Kr1 D3 – D0 spectrum in this 

region associated with intermolecular vibronic structure. 

As with the study of the D3 ← D0 spectrum of para-Difluorobenzene+-Argon, a spectrum of 

para-Difluorobenzene+-Krypton was recorded where the cation was prepared via 1C-R2PI 

through the sz

1
0 transition associated with the neutral pDFB-Kr1 cluster. Figure 2.15 displays 

the spectrum obtained in this manner.  

The excess energy available in the D0 state after pumping through the electronic origin of the 

S1 state is approximately 40 cm-1 ((36796cm-1 x 2hν)-(~36774cm-1 x 2hν)), whereas the 

amount of excess energy available when the cluster is pumped through the stretch mode of 

the S1 state, is approximately 110 cm-1 (((36796cm-1 x 2hν)  + 37cm-1) - (~36760cm-1 x 2hν)). 

Examination of Figure 2.15, reveals that the spectrum is substantially altered by the 

introduction of additional excess energy into the ground state of the ionised cluster, as we 

would expect from observation of the para-Difluorobenzene+-Argon spectra.  

 Unfortunately due to the congested nature of the spectrum we are unable to provide detailed 

assignments at this stage. However, based on our analysis of pDFB+-Ar1, we may conclude 

that we would expect to see a dominant progression attributable to the symmetric stretch sz of 

the cluster species.  As discussed above, we anticipate the further complication of additional 

peaks attributable to the most abundant isotopes of krypton.  We would also expect the 

spacing between these isotope sub-peaks to change with increasing vibrational energy.  From 

the relatively small excess energy available to the Krypton cluster ion, ~40 cm-1, the only 

other vibrational structure we might expect to see would be due to the intermolecular bending 
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modes, most notably the bx mode.  Moreover, we would also expect to see Fermi resonances 

between the bending and stretching modes of the pDFB+-Kr1 cluster ion, as alluded to above.   

With the additional excess energy supplied via pumping of the Sz
1 mode of the S1 state, and 

from comparison with the Argon cluster ion spectra, we would expect the pDFB+-Kr1 

spectrum to show additional bands and increased congestion due to the population in 

vibrationally excited levels of the D0 state.  This additional population will give rise to “hot-

band” structure associated with stretch and bend modes.  Finally, we may expect participation 

in the spectrum by ν30, and perhaps other low frequency ring modes of the parent pDFB.  
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Figure 2.12: Resonance enhanced vibrational spectrum of pdfb-Kr1 in the region of the electronic 

origin of the S1 ← S0 transition. 
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Figure 2.13: Mass resolved resonance enhanced ionization spectrum of the isotopes of Krypton, 

prepared via the electronic origin of the S1 <- S0 transition of pDFB-Kr1. 

 



RESULTS  CHAPTER TWO  

- 189 - 

 

 

Figure 2.14: Resonance enhanced photofragment excitation spectrum of the pDFB+-Kr1 cation in the 
region around the electronic origin of the D3 ← D0 transition and up to Evib ~ 800 cm-1. 
The D0 state of the cation is prepared via the neutral cluster 0 

0
0 transition. 
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Frequency 

(cm
-1

) 

Relative 

Frequency (cm
-1

) 

Relative 

Intensity 

Frequency 

(cm
-1

) 

Relative 

Frequency (cm
-1

) 

Relative 

Intensity 

23356 0 5 23741 385 30 
23362 6 5 23750 394 40 
23406 50 30 23777 421 50 
23412 56 25 23783 427 35 
23442 86 25 23789 433 35 
23454 98 85 23795 439 35 
23460 104 65 23816 460 15 
23479 123 5 23830 474 60 
23494 138 95 23838 482 135 
23503 147 90 23844 488 100 
23509 153 80 23867 511 45 
23518 162 10 23874 518 30 
23535 179 105 23882 526 85 
23540 184 90 23885 529 110 
23545 189 60 23892 536 90 
23550 194 65 23898 542 25 
23556 200 70 23905 549 20 
23573 217 120 23914 558 65 
23581 225 100 23920 564 110 
23585 229 75 23932 576 170 
23591 235 95 23937 581 180 
23599 243 60 23944 588 75 
23603 247 100 23962 606 115 
23609 253 130 23969 613 90 
23618 262 50 23977 621 130 
23624 268 55 23983 627 170 
23635 279 115 23988 632 150 
23639 283 135 23995 639 90 
23644 288 100 24012 656 90 
23651 295 35 24026 670 140 
23665 309 120 24030 674 130 
23671 315 110 24041 685 90 
23683 327 35 24053 697 100 
23697 341 120 24057 701 95 
23703 347 75 24067 711 60 
23714 358 40 24074 718 95 
23724 368 90 24083 727 80 
23730 374 60 24091 735 85 

Table 2.7: Vibrational displacements observed in the resonance enhanced photofragment excitation 
spectrum of the pDFB+-Kr1 cation in the region around the electronic origin of the D3 - D0 
transition and up to Evib ~ 700 cm-1. The D0 state of the cation is prepared via the neutral 
cluster 0 

0
0 transition. 
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Figure 2.15: Resonance enhanced photofragment excitation spectrum of the pDFB+-Kr1 cation in the 
region around the electronic origin of the D3 - D0 transition and up to Evib ~ 900 cm-1. 
The D0 state of the cation is prepared via the neutral cluster sz

 1
0 transition. 
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Frequency 

(cm
-1

) 

Relative 

Frequency 

(cm
-1

) 

Relative 

Intensity 

Frequency (cm
-1

) Relative 

Frequency 

(cm
-1

) 

Relative 

Intensity 

23312 0 20 23723 411 70 
23321 9 30 23735 423 135 
23350 38 10 23742 430 170 
23362 50 60 23754 442 160 
23370 58 100 23776 464 50 
23399 87 35 23788 476 60 
23411 99 110 23795 483 240 
23418 106 160 23802 490 230 
23438 126 10 23817 505 20 
23452 140 110 23825 513 120 
23457 145 70 23841 529 130 
23466 154 80 23851 539 190 
23474 162 15 23860 548 50 
23484 172 20 23866 554 35 
23493 181 150 23875 563 100 
23507 195 25 23882 570 150 
23524 212 50 23899 587 60 
23531 219 110 23906 594 80 
23541 229 40 23916 604 100 
23560 248 70 23930 618 110 
23566 254 50 23936 624 170 
23581 269 85 23943 631 130 
23590 278 140 23950 638 100 
23595 283 50 23956 644 60 
23612 300 60 23963 651 110 
23624 312 70 23984 672 210 
23631 319 85 23991 679 140 
23640 328 85 24001 689 100 
23646 334 75 24009 697 130 
23655 343 40 24023 711 160 
23669 357 95 24030 718 230 
23675 363 80 24044 732 135 
23687 375 85 24050 738 150 
23697 385 110 24062 750 170 
23704 392 80 24083 771 120 
23715 403 60 24090 778 140 

Table 2.8: Vibrational displacements observed in the resonance enhanced photofragment excitation 
spectrum of the pDFB+-Kr1 cation in the region around the electronic origin of the D3 - D0 
transition and up to Evib ~ 700 cm-1. The D0 state of the cation is prepared via the neutral 
cluster sz

 1
0 transition. 
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PARA-DIFLUOROBENZENE
+
-KRYPTON2 

 

The S1←S0 excitation spectrum of pDFB-Kr2 near the electronic origin is shown in Figure 

2.16, with three vibrational transitions evident, at +28cm-1, +36 cm-1 and +56 cm-1. Utilising 

the theory of Bieske, we are able to predict vibrational frequencies for the stretch modes of 

the Krypton2 cluster ion. 

 

 

We propose accordingly that we may assign the peak at +28 cm-1 to the ssz
1

0 transition, and 

the peak at +56cm-1 to the szs
2

0 transition.  We suggest that the peak at +36cm-1 is due to a 2-0 

transition associated with the bx mode, although it is conceivably a combination transition 

with intensity borrowing due to Fermi resonance, or a 1-0 transition involving one or other 

bending mode and arising due to vibronic coupling. 

Unfortunately, the D3 ← D0 excitation spectrum of para-Difluorobenzene+-Krypton2 cluster 

ion was not able to be measured during this work, though from comparison with the previous 

cluster ion spectra we may estimate the D3 ← D0 electronic origin of the species to lie at 

approximately 23000 cm-1.   

Illustrated in Figures 2.17 and 2.18 are the electronic excitation spectra of para-

Difluorobenzene-Neon and a mass corresponding to 142 a.m.u.  These spectra were recorded 

during the course of the thesis research, but due to time constraints of a finite candidature, 

have not been analysed. 

ν szs = vsz ×
((1/114) + (1/ 83.8))−1

(1/ 83.8)−1

= 37 × 0.759

= 28cm−1

ν szs = vsz ×
((1/114) + (1/ 83.8))−1

((1/ 83.8) + (2 /114))−1

= 37 ×1.193

= 44cm−1
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Figure 2.16: Resonance enhanced vibrational spectrum of pDFB-Kr2 in the region of the electronic 

origin of the S1 - S0 transition. 
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Figure 2.17: S1 ← S0 electronic excitation spectrum of para-Difluorobenzene-Neon. 
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Figure 2.18: Electronic excitation spectrum of a mass corresponding to 142 a.m.u. 
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CONCLUSIONS: 

The work illustrated in this chapter was performed for the purpose of elucidating the 

energetic characteristics of the para-difluorobenzene+-R (where R=Ar1, Ar2, Kr1, Kr2) cluster 

ions.  The initial step in this spectroscopic investigation, was the measurement of the S1 ← S0 

1C-R2PI spectra of their neutral counterparts.  This was performed in order to accurately tune 

the first photon to the electronic origin of the S1 state, as well as to accurately record the 

positions of any cluster modes (ie: sz
1

0 for alternative pumping schemes, as well as for 

calculation of pDFB+-R2 cluster modes).  The S1 ← S0 1C-R2PI spectrum of para-

difluorobenzene-Krypton2 was recorded for the first time during this investigation, as well as 

the spectra of pDFB-Ne and pDFB-N2. 

 

From the S1 ← S0 1C-R2PI spectra recorded, we were able to identify the “Red-Shifts” of 

each species with respect to the electronic origin of the “Parent” pDFB molecule (Table 2.9).  

An obvious trend is noted, where the addition of a single Argon ad-atom above the plane of 

the pDFB ring, Red-Shifts the electronic origin by approximately 30cm-1.  The addition of a 

second Argon atom, albeit on the other side of the ring, doubles this “Red-Shift” to 59 cm-1.  

The most likely explanation for this shift in frequencies, is the increasing polarisation of the 

complex due to the addition of Argon atoms.  Likewise, the addition of a single Krypton atom 

above the plane of the pDFB ring, “Red-shifts” the origin of the complex by 42 cm-1, even 

greater than the Argon atom shift, which is in accordance with our assumption.  The addition 

of a second Krypton ad-atom below the plane of the pDFB ring increases the red-shift to 90 

cm-1, more than double the single ad-atoms shift of 42 cm-1. 

 

Red-Shifts of pDFB-R (cm
-1

) 

pDFB 36838 0 

pDFB-Ar1 36809 -29 

pDFB-Ar2 36779 -59 

pDFB-Kr1 36796 -42 

pDFB-Kr2 36748 -90 

Table 2.9: Red-Shifts of the S1 ← S0 0
0

0 bands of pDFB-R (where R=Ar1, Ar2, Kr1, Kr2). 
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Table 2.10 lists the Van der Waals (vdw) modes of each species, with calculated stretch 

frequencies of the pDFB-R2 species shown in brackets.  The use of Bieskes’ model to assign 

the stretch modes of each pDFB-R2 species, also enabled us to assign with certainty the two-

quanta stretch modes of each species by deduction.  It may be noted that the frequency of 

vibration for each pDFB-R2 vdw mode is reduced with respect to the pDFB-R1 frequency.  

This is most likely due to an increase in stability brought about by the addition of the second 

polarisable adatom to the opposite side of the complex. 

 

Van Der Waals Frequencies of pDFB-R (cm
-1

) 

 bx
2

0 sz
1

0 

(Theory) 

by
2

0 Sz
2

0 

pDFB-Ar1 31.9 39.6 - 62.5 

pDFB-Ar2 31.6 37.1 (34) 41.7  

pDFB-Kr1 - 37 - 73 

pDFB-Kr2 - 28 (28) 36 56 

Table 2.10: Van der Waals Frequencies of pDFB-R (where R=Ar1, Ar2, Kr1, Kr2). 

 

The “Red-Shifts” of the D3 ← D0 electronic origins of each cation cluster species are listed in 

Table 2.11.  Analogous to the S1 ← S0 spectra of each pDFB-R species, we note that the 

shifts approximately double upon addition of a second ad-atom.  In-fact we note that the 

addition of a second ad-atom actually more than doubles the “Red-Shift”, most probably due 

to the charged cation complex and the highly polarisable ad-atom interacting.   

 

Red-Shifts of pDFB
+
-R (cm

-1
) 

pDFB 23744 0 

pDFB-Ar1 23634 -110 

pDFB-Ar2 23477 -267 

pDFB-Kr1 23406 -338 

pDFB-Kr2 ~(23000) ~(-700) 

Table 2.11: Red-Shifts of the D3 ← D0 0
0

0 bands of pDFB+-R (where R=Ar1, Ar2, Kr1, Kr2). 
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Analysis of the D3 ← D0 vibrational spectrum of pDFB+-Ar1 was successfully performed 

through the use of two pumping schemes, allowing us to prepare the D0 state of the complex 

with as little as 100 cm-1, or as much as 180cm-1 of excess vibrational energy.  This variation 

in excess energy allowed us to pseudo-selectively populate hot-bands and ring modes of the 

ionic complex, allowing us to map out the transitions with greater certainty.  Table 2.0, lists 

the assigned vibrational transitions of pDFB+-Ar1 made using this method. 

This same method was also used on the pDFB+-Ar2 ionic complex allowing us for the first 

time to perform a definitive vibrational analysis for this complex.  Listed in Table 2.2 are the 

assignments obtained using this method. 

 

The D3 ← D0 spectrum of pDFB+-Kr1 was unable to be assigned using this method, due to the 

complicated nature of the spectrum.  As mentioned previously, the inability of our 

spectroscopic technique to discriminate against different isotopes of krypton, prevented us 

from obtaining an isotopically pure, mass-resolved spectrum.  The addition of more excess 

energy only served to increase the congestion within our spectra, and prevented definitive 

assignments from being established.  However, through comparison with the pDFB+-Ar1 

spectrum, we were able to draw some general conclusions concerning the overall 

characteristics of the spectrum. Further analysis of the spectrum may be pursued outside the 

confines of this PhD candidature. 

Utilising the model of Bieske, the frequency of the stretch transition of pDFB+-Kr1 cluster 

varies by ~0.25 cm-1 between the different substituted Krypton isotopes, hence it does invite 

further investigation of the doubling seen in the Kr spectra.  This matter will be investigated 

further at the time that the work is prepared for publication.   

In summary, we have made use of a novel spectroscopic method to pseudo-selectively 

exciting the ground state vibrational modes of a cationic complex. By varying the excess 

energy supplied to this state, we have been able to assign many of the vibronic transitions 

associated with the D3← D0 spectra, of pDFB+-Arn=1,2.   
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CHAPTER THREE 

ROTATIONAL STATE-TO-STATE DIFFERENTIAL CROSS 

SECTIONS FOR THE HCL-X COLLISION SYSTEM. 

INTRODUCTION: 

STATE-TO-STATE DIFFERENTIAL CROSS-SECTIONS  

Studies of Van der Waals molecules have long been considered an important step towards 

understanding the intermolecular forces responsible for the properties of condensed phases.  

The anisotropy of intermolecular potentials is a key to this understanding, and extensive work 

has been carried out on prototype systems such as, Ar + H2.  However little is known about 

the potential energy surfaces (PES) of polyatomic + polyatomic interactions.  Understanding 

the PES of these complexes, provides a method of understanding the red-shifts and intensity 

changes associated with the condensed phase.  Until these systems are studied and 

understood, it will be difficult if not impossible to build accurate potentials to describe these 

systems, and hence understand the vastly more complicated condensed phase. 

Rapid advances in state-to-state collision dynamics have enabled researchers to probe the 

topography of intermolecular potential surfaces.  Extraction of information from isotropic 

potentials averaged over all intermolecular angles, has given effective well depths as well as 

information on the long range attractive regions of the potential.  However, until recently it 

has proven very difficult to analyse the angular shape of the interaction, i.e.: the anisotropy, 

which is vital to understanding the effects of torque on reactants in the collision.   

 

VELOCITY-MAPPED ION IMAGING 

Molecular beam scattering techniques developed in recent years have allowed researchers to 

study isolated chemical reactions, to extract previously hidden information, such as angular 

distributions of products, potential energies of reaction, and internal state distributions of 

products.  Thus allowing theoreticians to develop better PES’s directly from experiment.  

State selectivity via Laser excitation of reagents and Laser Induced Fluorescence (LIF), were 

first used for the study of reactive and inelastic scattering[1-5].  With recent innovations in 

infrared absorption combined with crossed molecular beams, researchers have studied the 
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nascent distributions and angular distributions of reactions.  The latest innovations in crossed 

beam scattering have been in the advent of velocity-mapped ion imaging utilising TOF-MS.  

The first measurements of Differential Cross-Sections (DCS’s) for inelastic scattering, were 

performed by Suits et al [6], on the NO + Ar system, utilising a similar experimental 

arrangement to that mentioned here. 

Literature searches reveal an abundance of research characterising the interaction potentials 

of various rare gas + Polyatomic systems over the last few decades [7-9].  The focus of much 

of this work has been the study of the Ar + HCL system, with research centered on the areas 

of scattering, spectroscopy and theory.   

The focus of this chapter is the interaction of HCL with various colliding partners, namely 

Ar, Ne, Kr, N2, and CH4, studied with the crossed molecular beam, ion-imaging technique.  

The well documented interaction of HCL  (j=0) + Ar -> HCL (j’=1,….,6) serves as a 

foundation for comparison with the other rare gas colliders.  The collisions of HCL with the 

small polyatomics of N2 and CH4 are the first interactions of two polyatomic systems studied 

with this technique.  The images presented later, are the projections of the three-dimensional 

distributions of state-selected scattering products, from these collisions.  These images allow 

the extraction of state-selected scattering cross sections, allowing the refinement of 

theoretically determined PES’s.  Crossed beam studies have been shown to provide a 

sensitive method of studying the repulsive wall of the intermolecular potential, and 

complement the attractive wall sensitive spectroscopic techniques. 
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METHODOLOGY: 

SAMPLE PREPARATION 

The HCl for these experiments is introduced to the chamber as a 2% seed mixture in Argon (2 

atm), prepared from a 5% HCL in Argon Mixture (Matheson).  The Collider Beam (Ne, Kr, 

N2, and CH3), is expanded at 90 degrees to the HCL, typically at a pressure of 1.5 atm.   

EXPERIMENTAL APPARATUS 

A schematic for the crossed molecular beam [7] apparatus is shown in Fig 3.1.  Internally the 

chamber is divided into three separate differentially pumped chambers, two source chambers, 

and a scatter chamber.  The two source chambers with their own differentially pumped, 

doubly skimmed chambers (containing General Valve Series 9, .8 mm aperture nozzles), face 

each other at 90 degrees.  Turbo molecular pumps provide differential pumping as follows:  

1600 L/s pumps under each pulsed valve source chamber, with a 500 L/s pump above each 

main source chamber.  The scatter chamber is pumped by a single 1600 L/s pump, with two 

“beam-catcher” pumps mounted on the sides of the chamber, facing the incoming beams.  

Typical pressures in the scatter chamber are ~2x10 -8 Torr, with pressures rising to ~3x10-7 

Torr when operating. 

The output radiation of a Coherent Infinity Nd:YAG laser (355 nm, 200 mJ) pumps a Lambda 

Physik Scanmate 2 dye laser operating at 30Hz, using Coumarin 480 dye.  The fundamental 

radiation is frequency doubled using an angle tune Beta-Barium Borate (BBO) non-linear 

crystal to produce UV light around 239 nm (-0.7 cm-1 linewidth, 1mJ).  The laser is tuned to a 

transition (E(1Σ+) <- X(1Σ+)) of the H35Cl molecule using (2+1) REMPI.  The UV radiation is 

focused into the experimental chamber in plane with the crossed molecular beams via a 0.5 m 

lens between the repellor and extractor plates of a TOF stack.  The ion optics of the TOF 

apparatus lie orthogonal to the plane of the molecular beams and are optimised for velocity 

mapping conditions. 
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Figure 3.0: Schematic of crossed molecular beam apparatus. 

SPECTROSCOPIC METHOD 

The ionised molecules are extracted through the ion optics and accelerated to a pair of 

chevron-type Micro-Channel Plate detectors coupled to a fast phosphor screen.  The phosphor 

screen is coupled to a cooled intensified image CCD camera (Photometrics, 512 x 512 pixels) 

via a fibre optic bundle.  Ions of a single mass are selectively detected and imaged by pulsing 

the MCP detector using a pulsed voltage source with rise and fall times of approximately 

10ns.  The scattered ions from the collision are imaged onto the detector under velocity-

mapping conditions, and hence appear very much like the Newton sphere of the collision. 

0.5 met res

1700 l/s

800 l/s

10 -7 Torr
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Figure 3.1: Ion optics and detector of ion imaging apparatus. 

DATA ACQUISITION 

A typical acquisition sequence for a single j -> j’ proceeds as follows: A REMPI spectrum of 

H35Cl is acquired from one of the nozzles, with the mass-gate turned off.  This enables us to 

determine the arrival time of the parent mass ions, and optimise the temperature of the 

expansion as well as calibrating the laser wavelength.  The laser is then tuned to the j=0 

transition of the Q-branch and sample is introduced to the other nozzle, then signal is again 

optimised.  Now the mass-gate is switched on and by detuning the velocity-mapping 

conditions of the ion optics, a spatial-mapping image is obtained, allowing the overlap of the 

molecular beams to be visualised and any misalignment corrected.  Once the alignment is 

H C L  ( j ' ) +

H C L N e o n
h v

0  V o lt s

1 5 0 0  V o lt s

2 0 0 0  V o lt s

3 0 ,  0 0 0  m / s
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complete, the collider beam is replaced with the gas of interest, and the velocity mapping 

conditions are optimised.  The laser is now tuned to the rotational state of interest, and 

dithered across the transition to cover the Doppler width of the molecule.  Computer software 

is used to integrate an image of the scattered ions, this period may range from 10 seconds to 1 

hour. Then the timing of the collider beam is shifted to prevent collisions, and a background 

image is taken, the two images are subtracted, and the net image is saved.  The background 

subtraction removes signal from any rotationally warm molecules that are in the beam before 

the collision, and any residual gas in the chamber from previous collisions. 
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DATA ANALYSIS: 

MOLECULAR BEAM CHARACTERISATION 

In an ideal crossed molecular beam experiment, both beams would have zero velocity 

spreads, however in a typical experiment, there is a spread of between 5-10% (FWHM).  This 

velocity spread is measurable in an ion imaging experiment, by direct measurement of the ion 

packets position and size with respect to the center of collision.  Unfortunately, the velocity 

mapping conditions used in ion imaging, magnify the image, preventing this direct 

measurement.  A method for determining the magnification is to measure the size of the 

scattered images for each quantum of j, and scaling them. 

By performing a least squares fit to the spheres for each ∆j, the diameter of which is scaled by 

the quantised energy of the HCL rotor. 

 TTotal,CM = E
*

− ERot  3.0 

The center of mass collision energy (E*), and the magnification factor M are constants, where 

 uHCL,obs( j' ) = M[vHCL, CM (j ' )]  3.1 

is the magnified lab frame velocity, the mean recoil velocity for a given j’-state is calculated 

using the HCL flight time and the measure d dimensions of the scattering sphere imaged on 

the phosphor.  The kinetic energy of each sphere is then scaled and a least squares fit of this 

data gives the magnification factor. 

 THCL,obs( j' ) = 1+
mHCL

mAr

 

 
  

 

 
  

−1

M
2[E

*
− B0 j' ( j' +1)] 3.2 

For the HCL + Ar collisions, the magnification factor was calculated to be 19.8%, where E* 

= 538 cm-1, v = 580 m/s and ∆v = 70 m/s, producing a collisional energy spread of 140 m/s 

(FWHM). 
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SIMULATION AND EXTRACTION OF DIFFERENTIAL CROSS-SECTIONS 

A Newton diagram describing the collision of HCL with Argon is depicted in Fig. 3.2.  After 

subtraction of the center of mass velocity for the system, the HCL velocity is represented as a 

dotted arrow pointing to the left, with the argon pointing to the right.  The deflection angle θ, 

is zero at the intersection of the relative velocity vector for the system and the HCL reactant 

vector.  Scattered HCL molecules at θ=0 degrees represent forward scattered molecules, with 

side scattering occurring at the top and bottom of the diagram (90 degrees), and back 

scattering at the right (180 degrees).  The dotted circles represent the maximum velocity for 

each scattered rotational state, with higher j’s having less available energy and hence smaller 

circles. 

Figure 3.2: Newton diagram of the HCL + Ar collision. 

Actual experimental images closely match the Newton diagram above, however, due to the 

velocity spreads inherent in each molecular beam, there are in-fact multiple discreet collisions 

occurring for each velocity.  Therefore, an apparatus function must be constructed to de-

convolute the experimental image to extract the true differential cross-section. 
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In a perfect collision, there would be symmetry about the relative velocity vector, producing 

identical scattering above and below  this axis.  However, due to several factors this is not the 

case, as can be noted in Fig 3.3. 

Figure 3.3: Scattering image of HCL (j=0) + Ar -> HCL (j’=2) + Ar. 

The intensity at the top of the image (θ=900) is significantly stronger and sharper than at the 

bottom of the image, this is due to the velocity spreads of the two molecular beams, as well as 

incomplete spatial overlap of the laser beam with the scattered products.   

Since two colliding beams of zero velocity spread will have a particular temporal overlap 

(~50 µs), the scattered products will have a temporal spread of t=τ, 2τ, 4τ before the laser 

radiation (~3ns) intersects.  Since the collision energy for all three spheres will be the same, 

the first sphere τ, will have the most time to expand and be the largest, with 4τ the smallest.  

Integrating the scattered particles over time, a set of circles aligned with the center of mass 

velocity vector are formed (Fig 3.4).  When the laser pulse ionises the scattered molecules, a 

greater number of molecules will be ionised at the collision point than at the bottom of the 

diagram, where the molecule density is lower.  Therefore, having a large temporal overlap of 

the colliding beams with a short laser pulse has the effect of preferentially selecting collisions 

with low lab-frame velocities, lying along the laser axis.  The net effect is that there will be a 

brighter spike at the top of the image , with weaker spots at the bottom and sides. 
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Figure 3.4: Schematic of expanding scattering spheres over time. 

 

Of course there are always velocity spreads in molecular expansions, and the effects can be 

seen quite clearly in Fig. 3.2.  Collisions of fast HCL molecules with fast Argon molecules 

will produce Newton spheres of larger diameter, than collisions between slower molecules 

Fig. 3.5.  Averaging over all velocities in the expansion produces an ion image with a sharp 

profile at the top of the sphere, and a blurred profile at the bottom, due to the velocity spread 

of scattered molecules. 
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Figure 3.5: Newton spheres of different velocities. 

To account for these effects, an “apparatus function” must be calculated, based upon the 

experimental conditions during the collision.  A three-dimensional array of scattering velocity 

elements, scaled to the center of mass frame is created, where vx and vy lie in the scattering 

plane, and vz lies along the TOF axis.  For the case where the scattering has no angular 

dependence, and the velocity and temporal spreads are small, the scattering distribution may 

be described as an isotropic distribution, of intensity I(vj),  

   I( r 
v j) = (2π∆ν j)

−1 / 2
e

−4ln 2

r 
v −v j

∆v j

 

 

 
 

 

 

 
 

2

 3.3 

where jv  is the mean radial recoil velocity of the product state j, and the velocity spread ∆vj 

along any radial line is proportional to the root mean square of the velocity spreads in each 

molecular beam.   

The scattering intensity of a cylindrically symmetric system may be described as a cone of 

width dθ at any given angle θ.  The scattering intensity of the collision therefore can be 

represented by the integrated intensity over all angles of θ + dθ.  Therefore the differential 

cross section may be expressed as the probability of scattering into each annular cone, θ + dθ, 

and written as either dσ(θ,φ)/dΩ or DCS (θ,φ), where φ is the azimuthal angle. 

The experimental image we acquire is a 2-dimensional projection of the 3-dimensional 

scattering.  The intensity of the observed scattering is given by, 

 
dN(θ ,φ; j → j' , E* )

dΩ
= A

dσ (θ ,φ; j → j' , E* )
dΩ

 3.4 

v
rel vArvHCL
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where, the state-to-state DCS, 
dσ (θ,φ; j → j' , E*)

dΩ
 defines the probability of a molecule 

scattering into the solid angle dΩ, at a given collision energy E*.  The absolute intensity is 

scaled by the factor A, which includes the number densities of reactants, and the scattering 

volume ∆V. 

The DCS at a given collision energy may also be expressed as the product of an angular 

probability and a scaling factor 

dσ (θ,φ; j → j' )

dΩ
= σ( j → j' )P(θ,φ; j → j' )  3.5 

Also, the angular distribution may be represented as a relative DCS by dividing both sides of 

eq 3.5 by σ( j → j' ) ,  

 DCS0 (θ,φ) = P(θ,φ) =
1

σ

dσ

dΩ
 3.6 

Therefore the integrated intensity of the image at time t, for a given collision energy is, 

 I(vx ,vy, vz ; j → j' ,t)Lab = Aσ (j → j' )P(θ,φ)Fapp (vx ,vy ,vz ; j → j' ,t ) 3.7 

where  the intensity is dependent on the state to state total cross section σ( j → j' ) , its angular 

probability  P(θ,φ), the amplitude factor A, which is proportional to the molecular expansion 

intensity, and the apparatus function, Fapp(j ->j’).  Since the amplitude factor, and the total 

cross sections are constant, they may be incorporated into the apparatus function.  Finally the 

experimental image intensity is given by, 

 Iimage(r,θ ) ≈ DCSo (θ,φ)Fapp

'  3.8 

The apparatus function is then calculated for the collision, and the DCS is extracted using “in-

house” software.  A flow diagram of the software procedure is presented in Fig 3.6.  An 

isotropic angular distribution is calculated, incorporating the apparatus function of the 

instrument, Image B.  It can be noted that there is a significant intensity variation over the 

angle range, with spikes at 90 and 180 degrees, as we would expect from the preferential laser 

ionisation described earlier.  Concentric circles bordering the intensity distribution are then 

used to integrate the image in steps of 2-3 degrees.  This partial integration may be described 

by, 
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 R(θ ) = I(r,θ)rdr
r1

r 2

∫  3.9 

Image B is then divided into our experimental image, Image A, resulting in the extracted 

angular intensity distribution. 

 
R
data

(θ )
R

sim
(θ) = Iextract (θ) ≈ DCSo (θ ,φ)  3.10 

Now, the extracted DCS is used to calculate a new simulated image, which is divided into the 

experimental image again, to produce another extracted intensity distribution, this is 

multiplied by the previous simulated image to produce a corrected intensity distribution. 

 DCStrial

i (θ) = DCStrial

i −1 (θ )Ccorrection

i −1 (θ)  3.11 

where the i’th correction factor is given by, 

 Ccorrection

i (θ ) =
Rdata(θ)
Rsim

i (θ )
 3.12 

This is repeated until the simulated image matches the experimental image.  At this point the 

extracted intensity distribution converges to the relative differential cross section DCSo(θ,φ) 

as can be seen in Fig 3.7. 

We can then write , 

 [DCStrial

i (θ )]i →n ⇒ DCSo (θ,φ) 3.13 

 



DATA ANALYSIS  CHAPTER THREE  

 - 214 - 

 

Figure 3.6: Illustration of DCS extraction method. 
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Figure 3.7: Illustration of converging trial DCS’s for each iteration. 
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RESULTS: 

Scattering images for the collisions of HCL (j=0) + X -> HCL (j=1,…,6) + X are shown in 

Fig 3.8.  The first three columns show scattering images for the collision between HCL and a 

Rare gas (Ne, Ar, Kr), whilst the fourth and fifth columns show scattering images for the 

polyatomic + polyatomic collisions of HCL + N2 and CH4.  Forward scattered products of the 

collision are shown on the left of each image (θ = 00), with back-scattered products at the 

right (θ = 1800).  Small spots at θ = 00 and 1800, are caused by unscattered HCL in the target 

beam which has not been subtracted perfectly (θ = 00), and residual HCL in the collider beam 

from alignment procedures (θ = 1800).  Study of the images highlights the effects of velocity 

spreading and preferential laser ionisation mentioned earlier, it can be seen that the images 

are broader and weaker in intensity at the bottom and sides, than at the top.   

Comparison of the rare gas images for any j, indicates an increase in forward scatter towards 

higher mass, whilst increases in j, produce more back-scatter.  It may be noted that for j=1 

collisions, all scatter images indicate almost total forward scattering.  The scattering image of 

Neon + HCL collision at j=2, indicates side-scattering (θ = 900), with little forward or back 

scatter, comparison of images for argon and krypton colliders, indicates a progressive forward 

scattering of the collision products.  Increasing the scattered rotational state of the products 

shows a very different picture for the rare gas colliders, with the neon collider producing a 

side scattered image (θ = 1100), with a bright forward scattered spot at θ = 00.  Comparison 

with the other two colliders, shows a forward scattering trend, with argon having only a small 

spot at θ = 800, and krypton only a faint ring covering θ = 00 -> 900, with bright spots at θ = 

00.  Continuing this trend, for j=4, the neon collision produces a side scattered image (θ = 

800), similar to that of j=2, with argon forming a complete ring from θ = 2700 -> 900, whilst 

the krypton collision produces a similar ring of slightly less intensity.  The j=5 collisions see 

a pattern similar to j=3, without the bright spot at θ = 00. Finally for the j=6 collisions, neon 

sees a bright back scattered ring covering two-thirds of the rear curve, whilst argon and 

krypton progressively forward scatter until they have bright spots at θ = 900.  Also to be noted 

is the size of the images, with the krypton collider producing the largest diameter image, due 

to it’s larger collision energy, argon is the next biggest, then neon the smallest.  Also, the size 

of the image decreases with increasing j, this is due to the decreasing translational energy 

available after the collision, since most of the energy is used in state to state rotational 

transfer. 
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Figure 3.8: Comparison of collisional cross-sections for HCL + Ar, Ne, Kr, N2 and CH4. 

The HCL + N2 and CH4 collisions show similar trends to the HCL + rare gas collisions, in 

that increasing j leads to increased back-scatter.  However, the amount of scatter is smaller, 

with localised points, rather than bright regions.  This may be seen in j=2 collisions, where 

for nitrogen, there is an intense point at θ = 00 with a weak band extending around to θ = 900.  

The methane collision exhibits similar scattering to nitrogen , but of much smaller magnitude.  

For j=3, the nitrogen collision paints a similar picture to the argon collision, with a bright 

point at θ = 00 and a weaker spot at θ = 800, however, the methane collision does not show 

any side scattering at all.  At j=4, the intensity of scattering for nitrogen has diminished with 
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only a weak spot at θ = 1000, though the trend of back scattering continues.  Methane 

however shows a bright spot at θ = 00, with a bright band of scatter, centered at θ = 900.  

Finally, for the j=5 collision, nitrogen displays a broad swath of scattering centered at θ = 

1800, methane however does not have enough collisional energy to populate the j=5 state.  

Similarly, the collisional energy of nitrogen is insufficient to populate the j=6 rotational state.   

Utilising the software described earlier, differential cross-sections have been extracted for 

each HCL + rare-gas collision, and are presented below (Figs 3.9, 3.10, 3.11).  State to state 

degeneracy averaged DCS’s were also calculated using the MOLSCAT software of Hutson 

and Green [10], with Hutson’s H6(4,3,0) potential surface.  The DCS’s (dσ(θ,φ)/dΩ ) of HCL 

+ Neon are presented in Fig 3.9, where the solid line represents the experimentally extracted 

DCS, and the dotted line represents the DCS calculated using Hutsons’ potential surface.  

Close examination of the j=1 DCS’s shows a bright peak at θ = 100, with a steady trail-off to 

θ = 1800, this peak is shifted in the calculated DCS to θ = 200, subtraction problems in the 

scanning software prevented capture of the bright peak at θ = 00.  Comparison of the 

experimental Vs calculated DCS’s for j=2 produced a somewhat different picture.  There is a 

good match to θ = 100, at which point there is a broad rainbow peak filling in the dip of the 

experimental DCS centered at θ = 200, followed by a smaller peak and trail-off that matches 

well with, although weaker than the experimental DCS. 

The calculated DCS for j=3 matches quite well with experiment, although there appears to be 

a 20 degree shift towards back-scatter.  Normally this might be explained by assuming that 

the collision energy used for calculating the DCS was too low, however, this shift does not 

appear in the other pictures.  The j=4 calculated DCS follows the shape of the experimental 

DCS quite well, the dip at θ = 150 appears saturated, whilst the dip at θ = 1000 is too deep.  

The last two DCS’s fit the data quite well, with only fine structural differences.  From this 

comparison we can see that the Hutson H6(4,3,0) potential does a reasonable job of 

estimating the scattering intensity of the collision, however , an adjustment to compensate for 

small discrepancies may be required. 
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Figure 3.9: Comparison of experimental Vs Simulated DCS’s for HCL + Neon. 

 

Comparison of calculated DCS’s for the HCL (j=0) + Ar -> HCL (j=1,….,6) + Ar collisions 

indicates similar discrepancies in the Hutson H6(4,3,0) potential (Fig 3.10).  For the forward 
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scattered j=1 product state, there is a close match, with only minor intensity errors in the 

peaks at θ = 100 and 200.  The j=2 scattered state shows a similar close match, with only the 

dip at θ = 200 too deep, however there may be a small back scatter shift of 100.  The side 

scatter rainbow at θ = 400 provides a close match to data.  Again, the lack of scatter at θ = 00 

in the extracted DCS is possibly due to poor software subtraction.  The j=3 DCS indicates 

forward scatter within θ = 200 compared to θ = 400 for the extracted DCS, and shows a much 

deeper curve at θ = 100, which matches more closely the DCS of j=3 neon.   

The j=4 calculated DCS shows a 120 shift towards back scatter as indicated by the rainbow 

scatter at θ = 500, and favours more forward scatter than the experimental DCS.  However, 

the dip at θ = 150 aligns reasonably well, although of weaker intensity.  The j=5 DCS shows a 

large back scatter shift of θ = 450, although some features match  closely the extracted DCS, 

namely the peaks at θ = 950 and θ = 1250 indicating again that the discrepancies mentioned 

are not due to poor estimation of collision energy.  Finally the j=6 DCS matches well with 

experiment, with only minor intensity variations. 

The collisions of HCL (j=0) + Kr -> HCL (j=1,….,6) + Kr provide the final comparison for 

Hutsons’ H6(4,3,0) potential (Fig 3.11).  Lack of signal in the j=1 scattering, prevented 

extraction of its DCS, however the DCS of HCL + Ar, has been used for comparison.  The 

calculated DCS shows a remarkably different structure to that of the argon collision, with a 

strong spike at θ = 400 and a broad rainbow scattering centered at θ = 850.  There is no 

evidence of this structure in the scattering image.  The j=2 calculated DCS shows a nice 

match to experiment, with a strong peak at θ = 100, a dip at θ = 200 and a broad rainbow 

scatter at θ = 400, similar to the calculated DCS for j=1.  The calculated DCS of the j=3 

scattering, again provides a close match to experiment, with only minor variations in 

intensity.  Comparison with the j=4 DCS shows a close match at θ = 50, however, the rainbow 

scatter hump at θ = 250, is not evident, with the main hump appearing at θ = 600, a shift of 

150, from the hump at θ = 450.  This back scatter shift is more evident in the j=5 comparison, 

where the peak at θ = 1000, is shifted from experiment again by θ = 150.  Other features in the 

DCS however, suggest that again this may not be a shift, but a discrepancy in the potential 

that favours high j, back scattering.  The j=6 calculation, again matches quite well with 

experiment, suggesting that the potential does indeed, have problems with low j scattering. 
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Figure 3.10: Comparison of experimental Vs Simulated DCS’s for HCL + Argon. 
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Figure 3.11: Comparison of experimental Vs Simulated DCS’s for HCL + Krypton. 
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The extracted DCS’s of Nitrogen and Methane for j=1,…,3 show remarkable similarities in 

structure (Figs 3.12 and 3.13).  The j=1 extracted DCS of nitrogen shows a bright forward 

scattered peak at θ = 200 with little subsequent structure in the side and back scattering 

angles.  The extracted DCS of Methane shows a similar profile, with a bright, slightly 

narrower peak at θ = 200, with little structure at higher angles.  The j=2 DCS’s again compare 

favourably, with a high intensity spike at θ = 00, followed by trail-off of smaller rainbow 

scatter peaks at 200 intervals to θ = 900.  The j=3 DCS’s, again show a similar profile, with a 

bright peak at θ = 00, followed by small rainbow scattering peaks at regular intervals of 

approximately 200.  In comparison to the j=1 DCS’s the j=2 and j=3 cross-sections are more 

forward scattered, which is contrasting to the rare-gas collisions, where increasing j, produced 

more highly back scattered images. 

At j=4 however, comparison of the Nitrogen and Methane scattering intensities, shows large 

differences in relative peak intensities, however, key features are found in both cross-sections.  

The Nitrogen DCS shows a strong peak at θ = 00 followed by a slightly smaller peak at θ = 

250, then a bright peak at θ = 600 followed by a broad trail-off to higher angles.  The Methane 

DCS shows a similar picture, though slightly back-scatter shifted, with a strong peak at θ = 

80, a much weaker peak at θ = 350, then a broad peak and trail off to θ = 1800. 

Unfortunately a DCS for Methane j=5 and 6 was not recorded, due to zero population in these 

rotational states from low collision energies.  However, a scattering image for j=5 Nitrogen 

was obtained and the DCS extracted.  Similarities between this DCS and the j=5 DCS’s of the 

HCL + Rare-gas collisions are evident, with a broad scattering structure centered at θ = 1000, 

and smaller peaks to both sides. 

Unfortunately, simulated DCS’s were not calculated for the polyatomic + polyatomic 

collisions due to time restraints, however in general, we find that the scattering intensities for 

both the collisions of HCL + Ne, Ar, Kr and HCL + N2 and CH4, are similar in structure, 

indicating similar interaction potentials for these collisions.  Further analysis of the nitrogen 

and methane DCS’s would provide strong evidence, towards the strength of the Hutson 

H6(4,3,0) potential. 
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Figure 3.12: Comparison of experimental Vs Simulated DCS’s for HCL + Nitrogen. 
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Figure 3.13: Comparison of experimental Vs Simulated DCS’s for HCL + Methane. 
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DISCUSSION: 

Analysis of the differential cross-sections generated using Hutsons’ H6(4,3,0) potential, 

shows good comparison with the general structure of the DCS’s of the HCL + Rare-gas 

collisions.  We see that the first four rotational states (j’=1,..,4), are dominated by sharp peaks 

at θ = 00, with additional rainbow scattering humps to larger angles.  Also to be noted is the 

similarity in profiles between odd j’s (j=1 and 3), and even j’s (j=2 and 4).  The j=5 and 6 

contours show broad rainbow scattering centered around θ = 800 and θ = 1700, features 

typically associated with repulsive potentials.  In general we find that the overall shape of the 

HCL + Rare gas interaction surface must be important to the DCS’s at these collision 

energies, rather than the repulsive wall anisotropy alone.  However, we do find that the 

Hutson H6(4,3,0) potential gives good comparison with the experimental DCS’s. 

Two simplifications to the Hutson potential may account for the discrepancies in the 

calculated DCS’s.  Firstly a simple Lennard-Jones anisotropic potential, 

 V(R,θ ) = ε
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P2 (cosθ)  3.14 

which includes both isotropic and anisotropic terms (P2cos(θ)) was used to calculate the state 

to state DCS’s.  Variation of the a12 and a6 anisotropic prefactors was performed, using a 

purely repulsive (a12 = 0.5, a6 = 0.0), strong repulsive, weak attractive (a12 = .5, a6 = .13), 

strong repulsive, moderately attractive (a12 = .5, a6 = .2), and a weakly repulsive, strongly 

attractive anistropies (a12 = .315, a6 = .315).  However, no one method fitted all extracted 

cross-sections, with the mixed systems working best, indicating that in the real potential, both 

attractive and repulsive parts of the anisotropy play important roles. 

Secondly, the Legendre polynomial used for the potential was truncated due to computational 

expense.  By varying the number of terms (2,3,4,5 and 21), we found that  reasonable fitting 

to the data generally occurred by the fourth term, and converged at the 21st term.  Weighting 

of either the odd or even terms in the expansion showed no bias towards odd j’s or even j’s in 

the interaction, with only fine rainbow structure variations resulting from the weighting.  In 

general we find that the patterns evident in the scattering images are due to complex 

potentials that are not easily described by the simple potential model used.  However, the 

Hutson potential does a good job of simulating the general features of the experimental 

DCS’s.  
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From the similarities between the different HCL + rare-gas collisions DCS’s, we can surmise 

that the potential surfaces for these collisions are quite similar.  The trend towards forward 

scattering with increasing collider mass can be related to the increasing anisotropy of the 

potential.  This increasing anisotropy would have the effect of increasing translational to 

rotational energy transfer efficiency, producing lower scattering angles for any given ∆j.   

Differences in the simulated DCS’s are likely due to the fact that the Hutson H6(4,3,0) 

potential was shaped from data obtained near equilibrium geometry of the Van der Waals 

clusters of the reactants.  This data is reflective of the well region of the potential, and 

provides limited information about the repulsive wall, which has been extrapolated from this 

data.   

Variation of the repulsive wall would produce changes in the scattering angle of a collision 

for any given ∆j, with the effect of a strong repulsive wall being to shift the scattering 

intensity towards higher scattering angles, as seen in our data. Modification of Hutsons’ 

potential in this region, would hopefully bring data and simulation into agreement. 
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CONCLUDING REMARKS: 

The technique of 2 + 1 Resonance Enhanced Multi-Photon Ionisation (REMPI) crossed-

molecular beam ion imaging has been used to study the rotational state to state resolved 

differential cross-sections of the HCL + Ne, Ar, Kr, N2 and CH4 collisions.  Comparison of 

the extracted DCS’s with cross-sections calculated using Hutsons’ H6(4,3,0) potential, show 

that the general features of the collisions are simulated, although there are discrepancies. 

For any given ∆j, we find that the DCS’s are similar across the range of colliding partners, 

and only minor differences occur, which are explained by relative collision energies and  

anistropies. 

Finally, we find that the general features of the differential cross-sections are simulated well 

by Hutsons’ potential, although refinement to the repulsive wall of the potential would bring 

the calculated DCS’s into better agreement with experiment. 
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APPENDIX ONE 

GAS MIXING APPARATUS 

The Gas-Mixing Apparatus mentioned throughout this thesis, was developed “in-house” to 

enable accurate and reproducible mixing of Sample/Expansion Gas ratios.  The need for this 

arose from instabilities in the previous methods employed.   

Initially, a Liquid Nitrogen/Methanol (or Acetone) slush bath was used to cool our sample to 

approximately –90 degrees Celsius, lowering the seed ratio of sample/expansion gas.  This 

system worked quite well for producing the required expansion conditions, unfortunately the 

problem of keeping the sample cold for several hours at a time, and the difficulty in 

optimising the seed ratio (by varying the temperature or gas pressure), drove us to develop a 

better method.  

Figure A1.0: Schematic of original sample preparation system. 

A common method for mixing gases, is to use a mass-flow controller, which mixes different 

gases at given ratios.  These operate by controlling the flow of a measured density of gas, and 

mixing it with other gases, giving a very stable and accurate gas mix.  unfortunately these are 

quite expensive and outside of our budget.  However, by applying this concept, we decided 

on a system that utilised standard solenoid valves, to meter in dosages of different gases to a 

mixing chamber, where they have time to equilibrate, and are then delivered to the expansion 
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nozzle.  The Gas-Mixing controller, was developed by the electronics workshop at Griffith 

University from our design input, and operates as follows.   

Figure A1.1: Schematic of Gas-Mixing Apparatus. 

 

The user enters the ratio of gases required (after having calculated vapour pressures of the 

sample), and the desired output pressure of the mixed gas.  Pressure Transducers on the back 

of the controller, measure the pressure of seeded gas before the solenoid valves, and pulse 

according to the ratio set on the front panel.  The seeded gases flow into the gas-mixing 

chamber, until the desired output pressure is reached.  As the pressure in the chamber drops 

over time, due to the expansion nozzle firing, the solenoid valves pulse in sequence, until the 

pressure is returned to the required level.  Due to the size of the chamber, there is a constant 

pressure and mix at the expansion nozzle, producing a stable expansion and hence output 

signal. 
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APPENDIX TWO 

SOFTWARE DEVELOPMENT 

Previous to undertaking a Doctorate in this laboratory, part of my time as a Master of 

Philosophy student was spent writing software for controlling various lasers and data-

acquisition instruments in our laboratory.  This software was used to synchronise the 

scanning of lasers and downloading of signal from our oscilloscopes, as well as the viewing, 

saving and analysis of our data.  This software has been utilised throughout the experiments 

described in this thesis, but it became clear that for the experiments described in Chapter 

Two, we would require new software to be written.   

For the experiments in Chapter Two, scanning of the third photon (hν3), produced from a 

Lambda-Physik 2000E dye laser, was controlled by the CRO-VIEW software package, which 

has been utilised throughout this thesis.  However, new software was required for scanning 

the first and second photons (hν1, hν2), which were produced by a new laser, the Lambda-

Physik SM-OPPA system.   

The software, which is written in the graphical programming language of LABVIEW, is 

based on the older CRO-VIEW code, and is used to scan the SM-OPPA system through the 

vibrational energy levels of the first excited state of the para-difluorobenzene molecule.  To 

do this, the software controls the laser via MACRO ASCII commands, to position the motors 

for the Grating, non-linear crystals and frequency doubling crystals.  As well as scanning the 

laser, the software calibrates the crystal tracking for the scan, and acquires a mass spectrum 

from the oscilloscope for each laser step. 

All data-acquisition software is based upon a kernel program developed for the collection of 

three dimensional data files, obtained by collecting the averaged two dimensional file 

downloaded from a digital storage oscilloscope, at multiple frequencies.  The CRO-VIEW 

and CRO-SCAN packages were developed for the collection and storage of 3-D spectra 

obtained from LIF and REMPI-TOFMS experiments.  The CRO-SCAN package when run 

prompts the user to enter such scan parameters as start and end frequencies, number of laser 

steps etc, it then prompts the user to calibrate the doubling crystal if required.  The user then 

has the option of selecting such functions as single scan or multiple scans, or manual laser 

frequency control for optimisation of signal.  When a new scan is selected, the computer 

instructs the laser to go to the start frequency and begins downloading the averaged signal 

whilst scanning the laser frequency.  2-D time versus intensity files are displayed in real-time.  
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LIF experiments produce a fluorescence decay trace for every laser frequency, resulting in a 

3-D time versus frequency versus intensity file.  REMPI-TOFMS experiments produce a 

Time of Flight trace, with peaks at varying times corresponding to different masses ionised at 

different laser frequencies.  The 3D-VIEW package opens and displays these 3-D files and 

allows the user to take slices along either the time axis or the frequency axis, producing either 

a frequency versus intensity or time versus intensity 2-D file.  These files are saved in 

standard spreadsheet format and are opened in KaleidaGraph for subsequent data-analysis and 

manipulation. 

Far-Infrared scanning of the SM-OPPA system is possible with the addition of a second 

scanning assembly, and it was our intention to use this extra system for later experiments, 

unfortunately due to delays and hardware problems, this never eventuated.  Software was also 

developed to control this system however, and was based on the before mentioned CRO-

VIEW kernel program.  Modifications to the code were required due to the ASCII command 

differences, and the additional motors used to control the non-linear crystals.   

Software for the control of our in-house programmable delay generator (TARDIS) was also 

written in LABVIEW.  This software allows us to control the delay between the firing of the 

expansion nozzle, the first laser, second laser, and triggering of the oscilloscope.  A benefit of 

the software is that it enables us to scan the timing of channels with respect to other channels 

(devices), either automatically (by setting a scan delay and step size), or manually to optimise 

signal intensity.  Another benefit of the software is that it allows us to save delay settings for 

all the channels that have been optimised for an experiment, and load them again later, and 

automatic saving prevents accidental mishaps.   

Shown below are flow diagrams of the software, as presented in the LABVIEW language. 
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CRO-VIEW™(IR) 

CRO-VIEW is a complete spectroscopic control and data-aquisition package, designed for use 

with the Tektronix 2432 storage oscilloscope and the Lambda-Physik SMOPPA laser system.  

The CRO-VIEW package controls the scanning frequency of the dye laser, whilst 

simultaneously downloading time resolved ion signals from the oscilloscope.  Data is stored 

in an ascii string for analysis with the 3D-VIEW application. 

______________________________________________________________________________________ 

Connector Pane 

 

 

Front Panel 

 

 

Block Diagram 
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TARDIS 

 

Tardis control software, designed for manual and auto scanning of channel timings as well as 

channel tracking control.  "Tardis" allows the user to save and open commonly used timings 

and channel trackings. 

Descriptions of controls are as follows, going from left to right. 

Channel: channel of tardis being used, also controls the display of timings in graph window at 

the bottom of screen. 

Device Name: Device being used on a particular tardis channel 

Delay(µs): time delay of channel with respect to channel being tracked. 

Step size: step size to use in manual or auto scanning of channel timings 

square button: selects which channel is being auto scanned 

Total delay: the total delay of a particular channel with respect to channel 0 

channel tracking: designates which channels track other channels, all channels track with 

respect to channel 0. 

Scanning Man/Auto: allows user to scan the channels automatically at a particular stepsize 

and scan period. 

Scan Period: delay between successive auto scan steps in seconds. 

Save: Save tardis timings 

Load: Load tardis timings 

Stop: Quit Tardis program. 

Graph Window: Displays tardis channel timings with respect to 0 time. 

 

Connector Pane 
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FRONT PANEL 
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BLOCK DIAGRAM 
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