Two-Dimensional Raman-THz Spectroscopy of

Molecular Systems in Liquid and Solid Phases

Dissertation
Zur
Erlangung der naturwissenschaftlichen Doktorwiirde

(Dr. sc. nat.)

vorgelegt der
Mathematisch-naturwissenschaftlichen Fakultat

der

Universitat Ziirich

von
Seyyed Jabbar Mousavi
aus

dem Iran

Promotionskommission
Prof. Dr. Peter Hamm (Vorsitz)
Prof. Dr. Jiirg Hutter

Dr. Mohsen Sajadi Hezaveh

Ziirich, 2023



Contents

Abstract AY2
Abbreviations VIII
1 Introduction 1
1.1 Terahertz radiation . . . . . . ... ... oL oL 1
1.2 Multidimensional spectroscopy . . . . . . . .. ..o 2
1.3  Two-dimensional spectroscopy in the low-frequency regime . . .. 6
1.4 Two-dimensional Raman-THz spectroscopy . . . . . . . . . .. .. 10
1.5 OQutlincof thethesis . . . ... ... ... ... ... ... 13
2 Experimental techniques 15
2.1 THz generation and detection . . . . .. ... ... ... ... 15
2.1.1  Optical rectification . . . . . .. .. ... ... .. ..... 15
2.1.2  Electro-optic sampling . . . . ... .. ... L. 20
213 Measured THz pulse . . . . .. ... ... ... ... .. 23
2.2 THz time-domain spectroscopy . . . . . . .. ... 23
2.2.1 Experimental setup . . . . .. ... ... L 0L 24
2.2.2  AMeasurcmient principles . . . . ... ... L. 25
2.3 Two-dimensional Raman-THz spectroscopy . . . . . . . ... ... 31
2.3.1 Experimental setup . . . . ... 31
2.3.2 Signal caleulation . ... ... L. 32
2.3.3 Instrument response function . . . ... .. ... .. ... 34

3 2D Raman-THz Spectroscopy of Binary CHBr;-MeOH Solvent

Vil

Mixture 38
3.1 Imtroduction . . . . . . ..o 38
3.2 Methods . ... . L 41
3.3 Results and Discussion . . . . . ... ... .. ..., .. ..... 42



3.4 Conclusion . . .. . o000 2
4 2D Raman-THz spectroscopy of crystalline bromoform 53
4.1 Introduction . . . . .. oo oo 53
1.2 Nethods .. o 59
4.3 Results and Discussion . . . 0 . o Lo 56
2 Conclusion . . oL 64
5 2D Raman-THz spectroscopy of beta barium borate (BBO) 66
5.0 Introduction . . . . 0 0L oo o GO
5.2 Velocity mismateh artifact .. . . .. ..o 67
5.3 2D Raman-THz spectroscopy of x-cut BBO erystal .0 00 0. 70
5.4 Thmperfect balancing artifact . .. ... o000 72
5.4.1  THuz signal at arbitrary quarter waveplate angle 8 .. . . 72
5.4.2  Four chopper states and measured signal - . .. 000 73
54.3 Measwements at £ § aronnd # =0 . .. ..o 76
5.5 Single-cvele and multicycle THz generation . . .. .. .. .0 . 31

6 Structural cvolution of amorphous solid water studied by THz
spectroscopy 86
6.1 Introduction . . . .. .. ..o 36
0.2 Methods . . . . . .. .. . 87
6.3 Results and Discussion . . . . . . ... ... o000 88
6.4 Conclusion . . . . ... .. 94
7 Conclusions 96
Appendices 99
Al abstract . . . ... e 99
A2 Introduction . . . . . . .. L 100
A3 Vibrational Spectroscopy of Crystalline CHBry . . . . . ... . .. 101
A4 Quantum Chemistry Methods . . . ... ...« oo o 102
A.5 Theory: 2D-Raman-THz Spectroscopy . - . . .« « o . .. 104
A6 Orientational Averaging . . . .. . .. ... ... 107
A7 Conclusion . . . ... e 108
References 110
Acknowledgements 125

VIII



