
Index

α-helix, 125
310, 142
Exciton, 120, 123–126
Isotope labeling, 131–133

β-sheet, 127
Exciton, 120, 126–128
Hairpin simulation, 229–232
Isotope labeling, 131

π/2-pulse, 24
2Q

Dream experiment, 252
Pulse sequence, 233–237, 239–240, 252
see also Exciton two-quantum Hamiltonian, 233

310-helix, 142
3D IR spectroscopy, 2–3, 239–242

Absorption, 37–38
Absorption coefficient, 143
Absorption spectrum, see Linear spectrum
Absorptive lineshape, 65
Absorptive spectrum, see Lineshape, Phase twist

2D, 75
3D, 241

Aliasing, 183, 202, 203, 256
Amide I mode, 120

Charge density, 134
Coupling constants, 134–136
Coupling maps, 136–137
Isotope labeling, 128–133
Lineshapes, 222
Simulation, 229–232

Angular momentum operator, 102
Anharmonicity, 7

Anharmonicity for coupled dimer, 117–119
Calculation of, 226–228
Diagonal anharmonic shift, 5, 7–8
Extracting accurate values, 213–214
Influenced by exciton delocalization, 120, 123, 128
Intermode, 138

Local mode, 112, 117
Measuring with 2Q pulse sequence, 235
Molecular dynamics, 220
Normal mode, 137–140
Off-diagonal anharmonic shift, 5, 8

Balanced heterodyne detection, see Spectrometer
design, 186–188, 206

Bilinear coupling, 110, 111
Bleach, 7
Bloch

Dynamics, 154
Theorem, 122
Vector, 24

Tilt angle, 25
box-CARS, 70, 184

Carrier envelope phase, 197
Cascaded signals, 237–239

Parallel vs. sequential, 252
Causality, 59, 161, 194, 204, 255
Central limit theorem, 150
Chemical exchange, 13, 174–175
Clebsch–Gordan coefficients, 266
Coherence, 22, 28

Interstate, 79
Coherence artifact, 87
Coherence spike, 87
Coherence transfer, 166
Coherent control, 245–246
Coherent state, 30
Condon approximation, 148

Breakdown, 163
Correlation function

Diffusive component, 223
Ergodic hypothesis, 151
Four-point, 90
Frequency–frequency or frequency fluctuation

(FFCF), 150
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Six-point, 106
Stationary, 150

Coupling, 3–4, 8, 10, 109–137, 140, 144
α-helix, 126, 132
β-sheet, 127
310-helix, 142
Accuracy, 119–120
Bilinear, 110, 111
Calculations

Excitons, 229–232
Quantum, 226–227

Darling–Dennison terms, 139
Dimer, 114–116
Fermi resonance, 140–142
Isotope labeling, 130
Map, 136–137
Measurement, 213, 235
Models, 134–136
Off-diagonal disorder, see Off-diagonal disorder
Population transfer, 167
Quantum conserving terms, 110
Strong vs. weak regimes, 117–119
Transition dipole, 4, 114
Units, 143

Cross-peaks, 9–10
2D lineshapes, 11
3D IR, 240

Polarization dependence, 106–108
Caused by chemical exchange, 13, 174–175
Caused by kinetics, 14, 243–245
Caused by population transfer, 166–172
Extracting accurate anharmonicities, 213–214
For typical pulse sequences, 77–84
Forbidden, 79, 81
Interstate coherences, 79
On-diagonal, 81
Polarization dependence, 88, 91, 93–100
Spurious, 204, 212
Strong vs. weak regimes, 117–119
Transient pump–probe, 85

Cumulant expansion, 149–150, 153, 155, 157
Avoiding it, 224–226
Simulations, 224

Darling–Dennison coupling terms, 139
Data collection and processing, 176–215
Debye equation, 102
Density matrix, 27–31, 49

Basis-free representation, 49
Coherence, 28
Coherent state, 30
Incoherent state, 31
Of a statistical average, 50–52
Population, 28
Pure state, 31
Time evolution, Liouville–von Neumann equation,

49
Density operator, 31

Diagonal anharmonic shift, 5
Diagonal disorder, 124, 127, 131, 164, 167, 231

Forbidden transitions, 124
Diagonal peak, 7
Diagonal peaks, 4

2D spectrum, 72–76
3D IR, 239–242

Polarization dependence, 106–108
Eliminating with polarization, 99–100
Influenced by exciton delocalization, 120, 123, 128
Lineshapes, 145–164
Measuring population relaxation, 105–106
Orientational contribution, 103–104
Polarization dependence, 92–93

Diffusive component, 223
Dipole allowed transition, 9
Dipole operator, 19, 31, 32, 91

Expectation value, 57
In interaction picture, 57

Dispersion relation, 122, 123, 142
Dispersive lineshape, 65

2D and phase twist, 74
Double sided Feynman diagrams, see Feynman

diagram
Dunham expansion, 138

Ergodic hypothesis, 151
Etalon, see Spectrometer design
Euler angles, 94
Exciton, 109–113
α-helix, 120, 123–126
β-sheet, 120, 126–128
Breakdown of model, 226
Coupled dimer, 121
Defect, 131
Diagonal disorder, 124, 127, 131, 164, 167, 231
Dispersion relation, 122, 123, 142
Linear chain, 121–124
Molecular, 109
Off-diagonal disorder, 124, 127, 131, 164, 167
One-quantum Hamiltonian, 111–114, 231
Quantum conserving terms, 110
Simulation, 229–232
Tight binding model, 121
Transition dipoles, 113, 114
Two-quantum Hamiltonian, 111–113, 142
Vibron, 109

Fabry–Perot, see Spectrometer design
Fast modulation limit, 152–153
Fermi resonance, 140–142
Feynman diagram

2Q spectra, 234
Chemical exchange, 173
Double sided, 36
Fifth-order or 3D IR, 242, 252
For 2D narrow-band spectra, 83
For 2D non-rephasing spectra, 80

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-00005-6 - Concepts and Methods of 2D Infrared Spectroscopy
Peter Hamm and Martin Zanni
Index
More information

http://www.cambridge.org/9781107000056
http://www.cambridge.org
http://www.cambridge.org


Index 283

For 2D rephasing spectra, 78
For pump–probe, 84
Linear response, 37
Population and coherence transfer, 166
Rules, 46–47
Single sided, 55, 56
Third-order, 43

Feynman pathway, 34
Fifth-order response function, see Response function,

fifth-order
First-order response function, see Linear response

function
Flipping angle, see Tilt angle
Forbidden transition, 9, 79, 81

Coupling limits, 140
Diagonal disorder, 124
One vibrational quantum, 119

Fourier transform, 254–259
Aliasing, 183, 202, 203, 256
Causality, 194, 204
Discrete, 204
Double pulse, 15
Initial value, 204
Nyquist frequency, 202, 256
Resolution, 202, 204
Zero-padding, 204–206

Frame
Laboratory, 92
Molecular, 94
Polarization, 106
Rotating, 194–197

Free induction decay, see Linear response function
Perturbed, 86

Frequency domain 2D IR spectroscopy, see
Spectrometer design, Etalon, 82–84

Polarization dependence, 98
Pulse shaping, 176–180
Spectrometer design, 176–180

Frequency resolution, 202, 204
Frequency–frequency correlation function, 150
FTIR Spectroscopy, see Linear (FTIR) Spectroscopy

Gaussian lineshape, see Lineshape, 150, 153, 155

Hamiltonian
α-helix, 125
β-sheet, 126
Diagonal disorder, see Diagonal disorder
Exciton, 110
Fermi resonance, 141
Harmonic oscillator, 260
Interaction picture, 54
Isotope labeling, 130
Linear chain, 121
Morse oscillator, 6
Normal mode, 138
Off-diagonal disorder, see Off-diagonal disorder
One-quantum, 111–114, 231

Quantum conserving terms, 110
System, 52, 54, 55, 58
Time dependence, 166
Two-quantum, 111–113, 142

Heterodyne detection, 64, 70–71
Balanced, 186–188, 206
Local oscillator, 70
Local oscillator intensity, 188
Optical densities and spectral distortion, 188–189
Scatter, 189
Self-, 64, 185
Signal strength, 163
Versus homodyne, 70

Hole-burning, 11, see Frequency domain 2D IR
spectroscopy and Spectrometer design, Etalon

Homodyne detection, 70
Homogeneous, see Lineshape

0–1 vs. 1–2 transition, 68
Dephasing, 28
Limit, 152
Lineshape, 10
Rotational contribution to dephasing, 104

Incoherent state, 31
Inhomogeneous, see Lineshape
Inhomogeneous broadening, 10, 26

Limit, 153, 157
Intermode anharmonicity, 138
Interstate coherence, 79
Isotope labeling, 128–133

Kubo model, 145, 152–153

Laboratory frame, 92
Ladder operator, 68, 110, 260–261
Legendre polynomials, 96, 265–266
Line-narrowed, 156
Linear

(FTIR) Spectroscopy, 6, 184, 195, 213
Lineshape, 27, 152–154, 214
Response function, 32, 34, 37, 52, 59, 148, 150
Response theory, 35
Spectrum, 22, 86, 103

CD3ζ peptide, 129
Of a coupled dimer, 114–116
Water, 250

Lineshape, 145–165
2D, 156–157
3D IR, 240–242
Absorptive, 65, 72–75, 82–84
Antidiagonal width, 11, 156, 179
Condon approximation, 148

Breakdown, 163
Cross-peaks, 11
Cumulant expansion, 149–150
Diagonal width, 11, 156, 179
Dispersive, 65
Ellipticity, 160
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Excitonically coupled systems, 164
Fast modulation limit, 152–153
Function, 149
Gaussian, 150, 153, 155
Homogeneous, 10
Homogeneous limit, 152
Inhomogeneous, 10, 26
Kubo model, 145, 152–153
Line-narrowed, 156
Lorentzian, 64, 152, 154
Nodal line, 159
Non-Gaussian, 157, 225, 239, 242
Phase twist, 72–75
Quasi-absorptive, 81
Simulations, 217–226
Spectral diffusion, 12, 154, 169

Measuring, 156, 159–163
Voigt, 154
Wings, 65

Liouville pathway, 34
Liouville–von Neumann equation, 49, 51, 52, 56, 146
Local mode, 8, 109–144

Anharmonic shift, 112
Anharmonicity, 117

Local oscillator, see Heterodyne detection, 70
Around or through the sample, 188–189
Intensity, 188

Lorentzian lineshape, see Lineshape, 64, 152, 154

Macroscopic polarization, 21
Bloch vector, 24
Calculated from dipole operator, 57
Convolution with laser pulse, 35, 62, 84
Phase shift, 22, 37

Magic angle, 98, 105
Mass weighted coordinates, 144
Michelson interferometer, 75, 183, 186, 188
Molecular dynamics simulations, 217–232
Molecular exciton, 109
Molecular frame, 94
molecular response, 21
Momentum operator, 261
Morse oscillator, 6, 112, 140

Narrow band pump–probe, see Frequency domain 2D
IR spectroscopy

Nodal line, 159
Non-Condon effects, 163, 226
Non-rephasing

2D spectrum, 79–81
Diagram, example, 41, 65, 158

Normal mode, 109, 137–140
Amide I, see Amide I
Dunham expansion, 138
Hamiltonian, 138

Normal modes
Gaussian calculations, 227

Number operator, 260

Nyquist frequency, 202, 256

Off-diagonal anharmonic shift, 5
Off-diagonal disorder, 124, 127, 131, 164, 167
On-diagonal cross-peaks, 81
Operator

Angular momentum, 102
Density, 31
Dipole, 19, 31, 91

Expectation value, 57
In interaction picture, 57

Ladder, 68, 110, 260–261
Momentum, 261
Number, 260
Position, 261
Time evolution, 55
Transition dipole, 113

Optical density, 188–189
Orientational response, 88–108

3D and higher-order pulse sequences, 106–108
Cross-peaks, 93
Diagonal peaks, 91–93, 100
Dynamics, 100–106
General expression, 96, 106

Peak shift measurement, 161–163
Perturbed free induction decay, 86
Phase cycling

Frequency domain, 180
Methods, 197–200
Pathway selection, 44–46, 191–194
Removing scatter, 191–193
Removing transient absorption bkgd, 191–193
Rotating frame, 194–197

Phase matching, 42
box-CARS geometry, 70, 184
Selecting pathways, 42–44
Standard geometries, 184
Thin sample limit, 185

Phase stability, 180
Phase twist, 72–76, 194

Narrowband 2D spectra, 84
Quasi-absorptive, 81

Photoelastic modulator, 198
Photon echo, 41

Example of a heterodyned signal, 162, 236
Fifth-order, 236
Heterodyne, see Heterodyne detection
Integrated, 70, 161
Peak shift, 161–163
Pulse sequence, 41

Physical constants, 262–264
Polarization
〈−45◦,+45◦, 0◦, 90◦〉, 99
Combining pulse polarizations, 99–100
Eliminating diagonal peaks, 99
Frame, 106
General expression, 96, 106
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General expression for fifth-order and higher,
106–108

Magic angle, 98, 105
Response, see Orientational response
Table summarizing responses for

XXXX,XXYY,XYXY,XYYX, 97
Population relaxation, 27

0–1 vs. 1–2, 67
Density matrix, 28, 66
Feynman diagram, 167
Measurement, 105–106
Relation to homogeneous dephasing, 67

Position operator, 261
Product operator formalism, 246
Projection slice theorem, 85
Pulse sequence

2Q, 233–237, 252
2Q 3D IR, 239–240
2Q dream experiment, 252
Purely absorptive 3D IR, 241–242
Transient 2D IR spectroscopy, 243–245, 252

Pulse shaping, 75, 82, 191, 204
Data collection, 200–201
Frequency domain, 176–180
Phase stability, 181
Phasing, 207
Rapid scanning, 245
Shaper design, 199–200

Pump–probe
Background, 189
Balanced heterodyne detection, 187
Experimental setup, 83
Extracting rephasing and non-rephasing signals,

193–194
Feynman diagrams for narrowband, 83
Frequency domain, see Frequency domain 2D IR

spectroscopy
Frequency domain spectrometer design, 176
Hole-burning, 11
Local oscillator intensity, 188
Negative time delays, 86
Phase matching geometry, 45, 75, 184, 185
Spectrum for 2D IR calibration, 209
Table of polarization conditions, 105
Transient, 84–86

Pure dephasing, 29, 67
Diagonal disorder, 169
Fast modulation limit of Kubo, 152

Pure state, 31

Quantum conserving terms, 110
Quantum correction factor, 171
Quasi-absorptive 2D spectrum, 81

Rapid scanning 2D IR, 245
Rephasing

2D spectrum, 77–79
Diagram, example, 41, 66, 158

Response function
Even-order (e.g. R(2)), 59
Fifth-order, 252
Linear, 32, 34, 37, 52, 59, 148, 150
nth-order, 59
Single sided, 44, 59
Third-order, 39, 59, 65–69

Rotating frame, 194–197, 202
vs. undersampling, 204

Rotating wave approximation, 35–37, 43, 47, 53
Rotation matrices, 94
Rotational diffusion, 102–103

Debye equation, 102
Rotational response, see Orientational response

Scatter, 189–193
Schrödinger equation, 19
Selection rules, 20

Derivation, 133
Harmonic oscillator, 8

Self-heterodyne, 64, 185
Semiclassical approximation, 19, 145
Semi-impulsive limit, 71, 72
Side-chain absorbances, 130
Simulation

2D spectra using excitons, 229–232
Lineshapes, 217–226
Molecular couplings, 226–227

Single-sided Feynman diagram, 55, 56
Slow modulation limit, 153
Spectral density, 170
Spectral diffusion, 12, 154, 169

Measuring, 156, 159–163
Water, 217

Spectral interferometry, 206–207
Spectrometer design, 69–72, 176–215

Alignment, 214–215
Balanced heterodyne detection, 186–188, 206

using polarization, 187, 188
Etalon, 75, 82, 108, 176–179, 200, 201
Fabry–Perot, 75
Frequency domain, 176–180
Homodyne detection, 70
Michelson interferometer, 75, 183, 186, 188
Optical density, 188–189
Phase cycling, see Phase cycling
Phase matching, 184–186
Phase stability, 180–182
Polarizaton control, 186
Pulse intensities, 188
Pulse shaping, see Pulse shaping
Scatter, 189–193
Time domain, 180–188

Spherical harmonics, 95, 265–266
Addition theorem, 95
Clebsch–Gordan coefficients, 266
Closure property, 103
Orthogonality, 102, 266
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Strong coupling limit, 117–119
System Hamiltonian, 52, 54, 55, 58

Thin sample limit, 185
Third-order response function, see Response function,

third-order
Tight binding model, 121
Tilt angle, 25
Time domain 2D IR spectroscopy, 14–16
Time-evolution operator, 55
Transient 2D IR spectroscopy, 14, 189, 243–245, 252

Rapid scanning, 245
Transition charge density, 133, 134
Transition dipole, 133–134

Coupling, 114
Matrix, 113–114
Moment, 20, 115
Operator, see Operator, Dipole
Point charge model, 135
Strength, 133

Amide I, 121
Strength from absorption spectrum, 143
Units, 143

Transition dipole operator, 113
Triggered exchange, 244
Two-quantum, see 2Q

Under-sampling, 202–204
Units, 262–264

Vibrational dynamics
Bloch, 154

Vibrational exciton, see Exciton
Vibrational selection rules, 20

Derivation, 133
Vibron, 109
Voigt lineshape, see Lineshape, 154

Wavepacket, 21
Wavevector, 19

Definition, 185
Weak coupling limit, 117–119
Window functions, 211–212

Zero-padding, 204–206
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