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Abstract 

 Ultrafast electron diffraction (UED) has been applied to determine the structures of isolated 

molecules and the dynamics of their excited states. Preceding the experimental accounts is a detailed 

discussion of the theoretical methodology behind UED in the Caltech labs. The procedure is explained 

by which electron scattering signal is measured and processed to allow the direct determination of 

structural dynamics (the signature feature of this experiment). The apparatus itself is also broken down 

into its component parts and discussed. 

 UED has the capability of studying both ground and excited state systems, which will be 

demonstrated by example. A number of molecules were studied in their ground states (chlorobenzene, 

bromobenzene, iodobenzene, 2-fluoropyridine, acetylacetone, benzaldehyde, acetophenone, and 

methylbenzoate). The structures were determined and compared with structures derived by theoretical 

calculations and with the results of previous gas electron diffraction inquiries. The molecular 

structures of 2-fluoropyridine, acetophenone, and methylbenzoate had not been previously 

experimentally determined. The structure of ground-state acetylacetone is discussed in detail as it 

represents an old problem involving the influence of intramolecular hydrogen bonding.  

 Acetylacetone, benzaldehyde, and acetophenone were also studied after excitation by a 

femtosecond laser pulse. Acetylacetone was observed to fragment – losing the hydroxyl radical. 

Calculations were performed to further explore the dynamics and mechanism. For excited 

benzaldehyde and acetophenone, a bifurcation of pathways was structurally resolved. Both molecules 

have photophysical and photochemical channels from the excited state. The photophysical channels 

result in the formation of a structure possessing a quinoid ring. The photochemical channels differed – 

for benzaldehyde, molecular dissociation resulting in benzene and carbon monoxide, and for 

acetophenone, homolytic bond cleavage resulting in methyl and benzoyl radicals. The structures of all 

species were determined as were the time scales involved. Calculations were used to assist in the 

determination of the excited state decay mechanisms.  



 
 
vii

Table of Contents 

Acknowledgements............................................................................................................iii 

Abstract...............................................................................................................................vi 

Table of Contents...............................................................................................................vii 

List of Figures....................................................................................................................xii 

List of Tables....................................................................................................................xvi 

 

1. Introduction..............................................................................................................1 

1.1 Historical perspective........................................................................................2 

1.2 This thesis.........................................................................................................4 

1.3 References..........................................................................................................7 

2. A Brief Review of Electron Diffraction Theory......................................................8 

2.1 Momentum transfer............................................................................................9 

2.2 Atomic scattering.............................................................................................10 

2.3 Molecular scattering.........................................................................................12 

2.4 The radial distribution curve............................................................................14 

2.5 References........................................................................................................16 

Figures....................................................................................................................17 

3. UED Experimental Methodology..........................................................................21 

3.1 The UED apparatus..........................................................................................21 

3.1.1 Femtosecond laser system....................................................................22 

3.1.2 Picosecond pulsed electron source.......................................................23 

3.1.3 Diffraction chamber and molecular beam............................................26 

3.1.4 Detector and data acquisition...............................................................27 

3.2 Calibrations......................................................................................................29 

3.2.1 Number of electrons per pulse.............................................................29 

3.2.2 Electron pulse spatial size....................................................................30 

3.2.3 Electron pulse temporal width.............................................................30 

3.2.4 Molecular beam size............................................................................32 



 
 
viii

3.2.5 Experimental time-zero........................................................................34 

3.2.6 Velocity mismatch and overall time resolution...................................35 

3.2.7 Camera length......................................................................................37 

3.3 References........................................................................................................37 

 Figures....................................................................................................................39 

4. UED theoretical methodology...............................................................................54 

4.1 Averaged patterns............................................................................................55 

4.2 Ratio patterns...................................................................................................56 

4.2.1 Background subtraction and removal of the filter function.................56 

4.2.2 Second round pixel rejection and normalization.................................58 

4.2.3 Locating the diffraction pattern center.................................................59 

4.3 One-dimensional intensity curves....................................................................60 

4.3.1 Radial average and final round pixel rejection....................................60 

4.3.2 The experimental )(sI .........................................................................61 

4.3.3 The frame referencing method and )(sIΔ ...........................................62 

4.4 Refining diffraction data..................................................................................64 

4.4.1 The experimental )(ssM .....................................................................64 

4.4.2 Statistical measures: χ2 and R..............................................................66 

4.4.3 Structural refinement and assessment of errors...................................67 

4.5 Structure and vibrations...................................................................................69 

4.5.1 Quantum chemical calculations...........................................................69 

4.5.2 Temperature and mean amplitudes of vibration..................................70 

4.6 Temporal evolution kinetics............................................................................73 

4.7 The refinement procedure................................................................................74 

4.8 Note on the data analysis programs.................................................................76 

4.9 References........................................................................................................77 

 Figures....................................................................................................................79 

5. Ground-state Molecular Structure..........................................................................87 

5.1 Chlorobenzene.................................................................................................87 



 
 

ix

5.2 Bromobenzene.................................................................................................91 

5.3 Iodobenzene.....................................................................................................95 

5.4 2-fluoropyridine.............................................................................................100 

5.5 Acetylacetone.................................................................................................104 

5.6 Benzaldehyde.................................................................................................112 

5.7 Acetophenone................................................................................................116 

5.8 Methylbenzoate..............................................................................................120 

5.9 References......................................................................................................124 

Figures..................................................................................................................127 

6. The Dissociation Reaction of Acetylacetone.......................................................142 

6.1 Spectroscopic background.............................................................................143 

6.2 Experimental settings and notes.....................................................................145 

6.3 Results and discussion...................................................................................146 

6.4 Summary........................................................................................................159 

6.5 References......................................................................................................160 

Figures..................................................................................................................161 

7. Excited-state Dynamics of Aromatic Carbonyls..................................................177 

7.1 Review of spectroscopic literature.................................................................178 

7.1.1 The photophysics and photochemistry of benzaldehyde...................178 

7.1.2 The photophysics and photochemistry of acetophenone...................183 

7.2 Experimental and theoretical details..............................................................186 

7.3 Experimental results.......................................................................................192 

7.3.1 The time-resolved structures of benzaldehyde..................................192 

7.3.2 The time-resolved structures of acetophenone..................................201 

7.4 Discussion of results......................................................................................210 

7.4.1 Structural dynamics...........................................................................210 

7.4.2 The UED results in context................................................................214 

7.5 Summary........................................................................................................218 

7.6 References......................................................................................................219 



 
 

x

Figures..................................................................................................................223 

8. Conclusions and Future Directions......................................................................249 

8.1 Summary of results........................................................................................249 

8.2 Developments and future directions..............................................................252 

8.2.1 The sample.........................................................................................252 

8.2.2 The laser.............................................................................................254 

8.2.3 Electron generation............................................................................255 

8.3 References......................................................................................................257 

Appendices.......................................................................................................................258 

I. Estimation of the number of molecules and pressure of the molecular 

beam at the interaction region..................................................................258 

II. The CUED_2004Doc class in the UED_2004 program: 

“UED_2004Doc.h”..................................................................................260 

III. The constants in the UED_2004 program: “define.h”.............................265 

IV. The molecular model in the UED_2004 program, the CModel object....266 

V. The calculation of the scattering curves in the UED_2004 program: 

“Calc.cpp”................................................................................................290 

VI. The fitting procedure in UED_2004: “LeastSquare.cpp”........................302 

 

 

 

 

 

 

 

 

 

 

 



 
 

xi

 

List of Figures 

 

Chapter 2 

Fig. 2-1. The relativistic velocity and de Broglie wavelength...........................................17 

Fig. 2-2. The elastic scattering factors of carbon and hydrogen........................................18 

Fig. 2-3. Atomic scattering of carbon and benzaldehyde..................................................19 

Fig. 2-4. The effect of phase factors on the )(ssM ...........................................................20 

 

Chapter 3 

Fig. 3-1. The UED experimental setup..............................................................................39 

Fig. 3-2. The amplified femtosecond laser system............................................................40 

Fig. 3-3. The seeded femtosecond pulse amplifier............................................................41 

Fig. 3-4. The electron gun..................................................................................................42 

Fig. 3-5. The functional units with the electron gun..........................................................43 

Fig. 3-6. Cross-section of the electron gun and scattering chamber..................................44 

Fig. 3-7. The electron detection system.............................................................................45 

Fig. 3-8. Phosphor conversion efficiency..........................................................................46 

Fig. 3-9. The effect of the filter on the scattering signal....................................................47 

Fig. 3-10. Detector response to a single electron and pulse stability.................................48 

Fig. 3-11. The transverse spatial size of the electron pulse...............................................49 

Fig. 3-12. Pulse electron density vs. temporal pulsewidth...............................................50 

Fig. 3-13. Measurement of the molecular beam width......................................................51 

Fig. 3-14. Alignment and zero-of-time measurement........................................................52 

Fig. 3-15. Effects of beam conditions on temporal broadening.........................................53 

 

Chapter 4 

Fig. 4-1. Averaging diffraction patterns............................................................................79 

Fig. 4-2. Generation of ratio patterns.................................................................................80 



 
 
xii

Fig. 4-3. Location the pattern’s center position (coarse)...................................................81 

Fig. 4-4. Location of the pattern’s center position (fine)...................................................82 

Fig. 4-5. The radial average: one-dimensional data...........................................................83 

Fig. 4-6. The frame referencing method; generation of difference data............................84 

Fig. 4-7. Decomposition of the )(ssM ..............................................................................85 

Fig. 4-8. Temperature dependence of a C–C single bond..................................................86 

 

Chapter 5 

Fig. 5-1. The ratio patterns of chlorobenzene and bromobenzene...................................127 

Fig. 5-2. Ground-state chlorobenzene: the data and refined theoretical curves...............128 

Fig. 5-3. Ground-state bromobenzene: fit of the C–Br bond...........................................129 

Fig. 5-4. Ground-state bromobenzene: the data and final refined theoretical curves......130 

Fig. 5-5. The ratio patterns of iodobenzene and 2-fluoropyridine...................................131 

Fig. 5-6. Ground-state iodobenzene: fit of the C–I bond.................................................132 

Fig. 5-7. Ground-state iodobenzene: the data and final refined theoretical curves.........133 

Fig. 5-8. Ground-state 2-fluoropyridine: the data and final refined theoretical curves...134 

Fig. 5-9. The ratio patterns of acetylacetone and benzaldehyde......................................135 

Fig. 5-10. Ground-state acetylacetone: the data and final refined theoretical curves......136 

Fig. 5-11. Ground-state acetylacetone: C2v vs. Cs test models........................................137 

Fig. 5-12. Ground-state benzaldehyde: the data and final refined theoretical curves......138 

Fig. 5-13. The ratio patterns of acetophenone and methylbenzoate................................139 

Fig. 5-14. Ground-state acetophenone: the data and final refined theoretical curves......140 

Fig. 5-15. Ground-state methylbenzoate: the data and final refined theoretical curves..141 

 

Chapter 6 

Fig. 6-1. Acetylacetone: difference patterns (tref = –77 ps).............................................161 

Fig. 6-2. Acetylacetone: difference patterns (tref = –77 ps) contd....................................162 

Fig. 6-3. Data recorded with and without pump beam attenuation..................................163 

Fig. 6-4. Possible isomers of enolic acetylacetone..........................................................164 



 
 
xiii

Fig. 6-5. Possible reaction products of acetylacetone......................................................165 

Fig. 6-6. Fits of possible single-product isomerization channels.....................................166 

Fig. 6-7. Fits of possible single-product isomerization channels.....................................167 

Fig. 6-8. Fits of possible single-product channels...........................................................168 

Fig. 6-9. Fits of possible single-product OH-loss isomer channels.................................169 

Fig. 6-10. Difference data and final refined theory for the reaction of acetylacetone.....170 

Fig. 6-11. Fits of the final product at each time point......................................................171 

Fig. 6-12. The time dependence of the product generation.............................................172 

Fig. 6-13. Schematic of positive reference point subtraction..........................................173 

Fig. 6-14. Calculated structures of some acetylacetone electronic states........................174 

Fig. 6-15. Fits of possible intermediate structures...........................................................175 

Fig. 6-16. Schematic of the OH-loss mechanism in acetylacetone..................................176 

 

Chapter 7 

Fig. 7-1. Zero-of-time measurement for the acetophenone experiment..........................223 

Fig. 7-2. The frame-referenced difference patterns of benzaldehyde..............................224 

Fig. 7-3. The frame-referenced one-dimensional difference data of benzaldehyde........225 

Fig. 7-4. Structures of possible photophysical and photochemical channels..................226 

Fig. 7-5. Fits of possible single-product channels...........................................................227 

Fig. 7-6. Fits of possible single-product channels...........................................................228 

Fig. 7-7. Fits of possible two-product channels...............................................................229 

Fig. 7-8. Fits of possible two-product channels...............................................................230 

Fig. 7-9. Fits of possible two-product channels...............................................................231 

Fig. 7-10. Difference data and final refined theory for benzaldehyde.............................232 

Fig. 7-11. Fits of the final products at each time point....................................................233 

Fig. 7-12. The time dependence of product formation and the kinetic model.................234 

Fig. 7-13. The frame-referenced difference patterns of acetophenone............................235 

Fig. 7-14. The frame-referenced one-dimensional difference data of acetophenone......236 

Fig. 7-15. Structures of possible photophysical and photochemical channels................237 



 
 
xiv

Fig. 7-16. Fits of possible single-product channels.........................................................238 

Fig. 7-17. Fits of possible single-product channels.........................................................239 

Fig. 7-18. Fits of possible two-product channels.............................................................240 

Fig. 7-19. Fits of possible two-product channels.............................................................241 

Fig. 7-20. Fits of possible two-product channels.............................................................242 

Fig. 7-21. Difference data and final refined theory for acetophenone.............................243 

Fig. 7-22. Aromatic carbonyl bifurcation processes........................................................244 

Fig. 7-23. Calculated structures of some transition states and intermediates..................245 

Fig. 7-24. Kinetic models with various pump laser pulsewidth......................................246 

Fig. 7-25. Calculated reaction coordinates for aliphatic and aromatic carbonyls............247 

Fig. 7-26. Schematic of photophysics and photochemistry of aromatic carbonyls.........248 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
xv

List of Tables 

 

Chapter 4 

Table 4-1. 2
νχΔ as a function of confidence level and degrees of freedom........................68 

 

Chapter 5 

Table 5-1. The refined structure of chlorobenzene............................................................90 

Table 5-2. The refined structure of bromobenzene............................................................94 

Table 5-3. The refined structure of iodobenzene...............................................................98 

Table 5-4. The refined structure of 2-fluoropyridine.......................................................103 

Table 5-5. The refined structure of enol acetylacetone....................................................110 

Table 5-6. The refined structure of keto acetylacetone....................................................111 

Table 5-7. The refined structure of benzaldehyde...........................................................115 

Table 5-8. The refined structure of acetophenone...........................................................119 

Table 5-9. The refined structure of methylbenzoate........................................................123 

 

Chapter 6 

Table 6-1. Energies and Max
BT of possible acetylacetone reaction products.....................148 

Table 6-2. Fraction fits of various possible channels......................................................149 

Table 6-3. The refined structure of the OH-loss products...............................................153 

Table 6-4. The fraction of the final product at each time point.......................................155 

Table 6-5. Tests of the possible intermediate structures..................................................157 

 

Chapter 7 

Table 7-1. Energies of products of benzaldehyde and acetophenone excitation.............189 

Table 7-2. Energies of benzaldehyde and acetophenone excited states...........................191 

Table 7-3. The fraction fits of various benzaldehyde product channels..........................192 

Table 7-4. The two-component fraction fits of some benzaldehyde product channels...194 

Table 7-5 The refined structures of the benzaldehyde photoproducts.............................198 



 
 
xvi

Table 7-6. The fractions of the final benzaldehyde products at each time point.............199 

Table 7-7. The fraction fits of various acetophenone product channels..........................201 

Table 7-9. The two-component fraction fits of some acetophenone product channels...203 

Table 7-10. The refined structures of the acetophenone photoproducts..........................208 

Table 7-11. The fractions of the final acetophenone products at each time point...........209 

Table 7-12. Statistical and mode-limited rate constants for benzaldehyde.....................212 

 


