Chapter-1: A Brief Overview of Computational Methodology

1.8 References

(1)

(2)

©)

(4)

(%)

(6)

(7)

(8)

(9)

(10)

(11)

Eliel, E. L.; Wilen, S. H. Stereochemistry of Organic Compounds; John Wiley &
Sons, 1994,

Tormena, C. F. Conformational Analysis of Small Molecules: NMR and Quantum
Mechanics Calculations. Prog. Nucl. Magn. Reson. Spectrosc. 2016, 96, 73-88.
The Nobel Prize in Chemistry 1969. NobelPrize.org.
https://www.nobelprize.org/prizes/chemistry/1969/summary/ (accessed 2023-07-
15).

Barton, D. The Conformation of the Steroid Nucleus. 1950. Experientia 1994, 50
(4), 390-394.

Hassel, O.; Viervoll, H.; Sillén, L. G.; Linnasalmi, A.; Laukkanen, P. Electron
Diffraction Investigations of Molecular Structures. Il. Results Obtained by the
Rotating Sector Method. Acta Chem. Scand. 1947, 1, 149-168.

Hassel, O.; Ottar, B.; Roald, B.; Linnasalmi, A.; Laukkanen, P. The Structure of
Molecules Containing Cyclohexane or Pyranose Rings. Acta Chem Scand 1947, 1,
929-943.

Mazzanti, A.; Casarini, D. Recent Trends in Conformational Analysis. Wiley
Interdiscip. Rev. Comput. Mol. Sci. 2012, 2 (4), 613-641.

Vogiatzis, K. D.; Polynski, M. V.; Kirkland, J. K.; Townsend, J.; Hashemi, A.;
Liu, C.; Pidko, E. A. Computational Approach to Molecular Catalysis by 3d
Transition Metals: Challenges and Opportunities. Chem. Rev. 2018, 119 (4), 2453~
2523.

Dell’ Angelo, D. Computational Chemistry and the Study and Design of Catalysts.
In Green Chemistry and Computational Chemistry; Elsevier, 2022; pp 299-332.
Nova, A.; Maseras, F. Enantioselective Synthesis. In Comprehensive Inorganic
Chemistry 11 (Second Edition): From Elements to Applications; 2013; pp 807—-831.
Melnyk, N.; Iribarren, I.; Mates-Torres, E.; Trujillo, C. Theoretical Perspectives in
Organocatalysis. Chem. Eur. J. 2022, 28 (58), €202201570.

1T (BHU), Varanasi. 29



Chapter-1: A Brief Overview of Computational Methodology

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

Donon, J.; Habka, S.; Mons, M.; Brenner, V.; Gloaguen, E. Conformational
Analysis by UV Spectroscopy: The Decisive Contribution of Environment-
Induced Electronic Stark Effects. Chem. Sci. 2021, 12 (8), 2803—-2815.

Zhang, J.; Zhang, H.; Liu, J.; Lam, J. W. Y.; Tang, B. Z. Visualizing Changes of
Molecular Conformation in the Solid-State by a Common Structural
Determination Technique: Single Crystal X-Ray Diffraction. Mater. Chem. Front.
2021, 5 (1), 341-346.

Kazerouni, M. R.; Hedberg, L.; Hedberg, K. Conformational Analysis. 21. Ethane-
1, 2-Diol. An Electron-Diffraction Investigation, Augmented by Rotational
Constants and Ab Initio Calculations, of the Molecular Structure, Conformational
Composition, SQM Vibrational Force Field, and Anti-Gauche Energy Difference
with Implications for Internal Hydrogen Bonding. J. Am. Chem. Soc. 1997, 119
(35), 8324-8331.

Roque, A. C. A. H.; de Carvalho Santos, D.; Reginato, M. M.; Reis, A. K. C. A.
Conformational Analysis for Infrared Spectroscopy and Theoretical Calculations
of Some 2-Bromo-2-Propyl 2-Aryl-Acetates, Ibuprofen and Naproxen Analogs. J.
Mol. Struct. 2021, 1233, 130027.

SenGupta, S.; Maiti, N.; Chadha, R.; Kapoor, S. Conformational Analysis of
Morpholine Studied Using Raman Spectroscopy and Density Functional
Theoretical Calculations. Chem. Phys. Lett. 2015, 639, 1-6.

Attig, T.; Kannengieler, R.; Kleiner, I.; Stahl, W. Conformational Analysis of N-
Pentyl Acetate Using Microwave Spectroscopy. J. Mol. Spectrosc. 2013, 290, 24—
30.

Kobayashi, T.; Arai, T.; Sakuragi, H.; Tokumaru, K.; Utsunomiya, C. A New
Method for Conformational Analysis by Photoelectron Spectroscopy with
Application to Alkyl-Substituted Styrenes. Bull. Chem. Soc. Jpn. 1981, 54 (6),
1658-1661.

Seeman, J. I.; Secor, H. V.; Breen, P.; Grassian, V.; Bernstein, E. A Study of

Nonrigid Aromatic Molecules. Observation and Spectroscopic Analysis of the

1T (BHU), Varanasi. 30



Chapter-1: A Brief Overview of Computational Methodology

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

Stable Conformations of Various Alkylbenzenes by Supersonic Molecular Jet
Laser Spectroscopy. J. Am. Chem. Soc. 1989, 111 (9), 3140-3150.

ALLINGER, N. L.; ALLINGER, J.; GELLER, L. E.; DJERASSI, C.
Conformational Analysis. VI. 1a Optical Rotatory Dispersion Studies. XXVII. 1b
Quantitative Studies of an a-Haloketone by the Rotatory Dispersion Method. J.
Org. Chem. 1960, 25 (1), 6-12.

Rosini, C.; Spada, G. P.; Proni, G.; Masiero, S.; Scamuzzi, S. Conformational
Analysis of Some Trans-4, 5-Diaryl-1, 3-Dioxolanes by CD Spectroscopy and
Induction of Cholesteric Mesophases in Nematic Solvents: A Correlation between
Twisting Power and Structure of the Dopant. J. Am. Chem. Soc. 1997, 119 (3),
506-512.

Kepceoglu, A.; Koklii, N.; Giindogdu, Y.; Dereli, O.; Kilic, H. Analysis of the
Xylenol Isomers by Femtosecond Laser Time of Flight Mass Spectrometry. Can.
J. Phys. 2018, 96 (7), 711-715.

Nugent-Glandorf, L.; Scheer, M.; Samuels, D. A.; Bierbaum, V.; Leone, S. R. A
Laser-Based Instrument for the Study of Ultrafast Chemical Dynamics by Soft x-
Ray-Probe Photoelectron Spectroscopy. Rev. Sci. Instrum. 2002, 73 (4), 1875-
1886.

Brady, J. J. Vaporization of Biological Macromolecules Using Intense, Ultrafast
Lasers: Mechanism and Application to Protein Conformation; Temple University,
2011.

Brady, J. J.; Judge, E. J.; Levis, R. J. Nonresonant Femtosecond Laser
Vaporization of Aqueous Protein Preserves Folded Structure. Proc. Natl. Acad.
Sci. 2011, 108 (30), 12217-12222.

Bruni, A. T.; Leite, V. B.; Ferreira, M. M. Conformational Analysis: A New
Approach by Means of Chemometrics. J. Comput. Chem. 2002, 23 (2), 222-236.
Prize, N. The Nobel Prize in Chemistry 1998. URL Httpnobelprize
Orgnobelprizeschemistrylaureates1999online March 2012 2019.

1T (BHU), Varanasi. 31



Chapter-1: A Brief Overview of Computational Methodology

(28)

(29)

(30)

(31)

(32)

(33)
(34)

(35)

(36)

(37)

(38)

(39)

(40)

Desiraju, G. R.; Steiner, T. The Weak Hydrogen Bond: In Structural Chemistry
and Biology; International Union of Crystal, 2001; Vol. 9.

Muiller-Dethlefs, K.; Hobza, P. Noncovalent Interactions: A Challenge for
Experiment and Theory. Chem. Rev. 2000, 100 (1), 143-168.

Hobza, P.; Rezac, J. Introduction: Noncovalent Interactions. Chem. Rev. 2016, 116
(9), 4911-4912.

Al-Hamdani, Y. S.; Tkatchenko, A. Understanding Non-Covalent Interactions in
Larger Molecular Complexes from First Principles. J. Chem. Phys. 2019, 150 (1).
Alkorta, I.; Elguero, J.; Frontera, A. Not Only Hydrogen Bonds: Other
Noncovalent Interactions. Crystals 2020, 10 (3), 180.

Kollman, P. A. Noncovalent Interactions. Acc. Chem. Res. 1977, 10 (10), 365-371.
Cerny, J.; Hobza, P. Non-Covalent Interactions in Biomacromolecules. Phys.
Chem. Chem. Phys. 2007, 9 (39), 5291-5303.

Juanes, M.; Saragi, R. T.; Caminati, W.; Lesarri, A. The Hydrogen Bond and
beyond: Perspectives for Rotational Investigations of Non-Covalent Interactions.
Chem. Eur. J. 2019, 25 (49), 11402-11411.

Latimer, W. M.; Rodebush, W. H. Polarity and lonization from the Standpoint of
the Lewis Theory of Valence. J. Am. Chem. Soc. 1920, 42 (7), 1419-1433.
Burrows, J. A. Pauling, Linus. The Nature of the Chemical Bond and the Structure
of Molecules Aid Crystals. Ithaca: The Cornell University Press, 1939. 430 p.
$4.50. Sci. Educ. 1941, 25 (2), 120.

Pauling, L.; Corey, R. B.; Branson, H. R. The Structure of Proteins: Two
Hydrogen-Bonded Helical Configurations of the Polypeptide Chain. Proc. Natl.
Acad. Sci. 1951, 37 (4), 205-211.

Pimentel, G.; McClellan, A. The Hydrogen Bond WH Freeman and Co. San Franc.
Lond. 1960, 6.

Arunan, E.; Desiraju, G. R.; Klein, R. A.; Sadlej, J.; Scheiner, S.; Alkorta, I.; Clary,
D. C.; Crabtree, R. H.; Dannenberg, J. J.; Hobza, P.; others. Definition of the

1T (BHU), Varanasi. 32



Chapter-1: A Brief Overview of Computational Methodology

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

Hydrogen Bond (IUPAC Recommendations 2011). Pure Appl. Chem. 2011, 83
(8), 1637-1641.

Pattabiraman, V. R.; Bode, J. W. Rethinking Amide Bond Synthesis. Nature 2011,
480 (7378), 471-479.

Alkorta, I.; Rozas, I.; Elguero, J. Non-Conventional Hydrogen Bonds. Chem. Soc.
Rev. 1998, 27 (2), 163-170.

Grabowski, S. J. Ab Initio Calculations on Conventional and Unconventional
Hydrogen Bonds Study of the Hydrogen Bond Strength. J. Phys. Chem. A 2001,
105 (47), 10739-10746.

Biswal, H. S.; Chakraborty, S.; Wategaonkar, S. Experimental Evidence of O—H—
S Hydrogen Bonding in Supersonic Jet. J. Chem. Phys. 2008, 129 (18).

Biswal, H. S.; Bhattacharyya, S.; Bhattacherjee, A.; Wategaonkar, S. Nature and
Strength of Sulfur-Centred Hydrogen Bonds: Laser Spectroscopic Investigations
in the Gas Phase and Quantum-Chemical Calculations. Int. Rev. Phys. Chem. 2015,
34 (1), 99-160.

Gordy, W.; Stanford, S. C. Spectroscopic Evidence for Hydrogen Bonds: SH, NH
and NH2 Compounds. J. Am. Chem. Soc. 1940, 62 (3), 497-505.

Stefels, J.; Steinke, M.; Turner, S.; Malin, G.; Belviso, S. Environmental
Constraints on the Production and Removal of the Climatically Active Gas
Dimethylsulphide (DMS) and Implications for Ecosystem Modelling.
Biogeochemistry 2007, 83, 245-275.

Bates, T.; Lamb, B.; Guenther, A.; Dignon, J.; Stoiber, R. Sulfur Emissions to the
Atmosphere from Natural Sourees. J. Atmospheric Chem. 1992, 14, 315-337.
Beyer, L.; Hoyer, E.; Liebscher, J.; Hartmann, H. Formation of Complexes with
N-Acyl-Thioureas. Z. Chem. 1981, 21 (3), 81-91.

Biswal, H. S.; Wategaonkar, S. Sulfur, Not Too Far behind O, N, and C: SH--- n
Hydrogen Bond. J. Phys. Chem. A 2009, 113 (46), 12774-12782.

Karas, L. J.; Wu, C.-H.; Das, R.; Wu, J. I.-C. Hydrogen Bond Design Principles.
Wiley Interdiscip. Rev. Comput. Mol. Sci. 2020, 10 (6), e1477.

1T (BHU), Varanasi. 33



Chapter-1: A Brief Overview of Computational Methodology

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

Wang, J.; Spada, L.; Chen, J.; Gao, S.; Alessandrini, S.; Feng, G.; Puzzarini, C.;
Gou, Q.; Grabow, J.-U.; Barone, V. The Unexplored World of Cycloalkene—\Water
Complexes: Primary and Assisting Interactions Unraveled by Experimental and
Computational Spectroscopy. Angew. Chem. 2019, 131 (39), 14073-14079.

Li, S.; Cooper, V. R.; Thonhauser, T.; Puzder, A.; Langreth, D. C. A Density
Functional Theory Study of the Benzene- Water Complex. J. Phys. Chem. A 2008,
112 (38), 9031-9036.

Melius, C. F.; Upton, T. H.; Goddard I, W. A. Electronic Properties of Metal
Clusters (Ni13 to Ni87) and Implications for Chemisorption. Solid State Commun.
1978, 28 (7), 501-504.

Upton, T. H.; Goddard 111, W. A. Chemisorption of Atomic Hydrogen on Large-
Nickel-Cluster Surfaces. Phys. Rev. Lett. 1979, 42 (7), 472.

Bauschlicher, C.; Bagus, P. S.; Schaefer, H. Model Study in Chemisorption:
Molecular Orbital Cluster Theory for Atomic Hydrogen on Be (0001). IBM J. Res.
Dev. 1978, 22 (3), 213-234.

Phala, N. S.; Klatt, G.; van Steen, E. A DFT Study of Hydrogen and Carbon
Monoxide Chemisorption onto Small Gold Clusters. Chem. Phys. Lett. 2004, 395
(1-3), 33-37.

Okumura, M.; Kitagawa, Y.; Haruta, M.; Yamaguchi, K. The Interaction of
Neutral and Charged Au Clusters with O2, CO and H2. Appl. Catal. Gen. 2005,
291 (1-2), 37-44.

Wu, X.; Senapati, L.; Nayak, S.; Selloni, A.; Hajaligol, M. A Density Functional
Study of Carbon Monoxide Adsorption on Small Cationic, Neutral, and Anionic
Gold Clusters. J. Chem. Phys. 2002, 117 (8), 4010-4015.

Kadossov, E.; Justin, J.; Lu, M.; Rosenmann, D.; Ocola, L.; Cabrini, S.; Burghaus,
U. Gas-Surface Interactions with Nanocatalysts: Particle Size Effects in the
Adsorption Dynamics of CO on Supported Gold Clusters. Chem. Phys. Lett. 2009,
483 (4-6), 250-253.

1T (BHU), Varanasi. 34



Chapter-1: A Brief Overview of Computational Methodology

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)
(70)
(71)

Ding, X.; Yang, J.; Hou, J.; Zhu, Q. Theoretical Study of Molecular Nitrogen
Adsorption on Au Clusters. J. Mol. Struct. THEOCHEM 2005, 755 (1-3), 9-17.
Foresman, J. Frisch E.(1993). Exploring Chemistry with Electronic Structure
Methods, Gaussian. Inc Pittsburgh.

Wu, D.; Hayashi, M.; Shiu, Y.; Liang, K.; Chang, C.; Yeh, Y.; Lin, S. A Quantum
Chemical Study of Bonding Interaction, Vibrational Frequencies, Force Constants,
and Vibrational Coupling of Pyridine- M n (M= Cu, Ag, Au; N= 2- 4). J. Phys.
Chem. A 2003, 107 (45), 9658-9667.

Muniz-Miranda, M.; Muniz-Miranda, F.; Caporali, S. SERS and DFT Study of
Copper Surfaces Coated with Corrosion Inhibitor. Beilstein J. Nanotechnol. 2014,
5 (1), 2489-2497.

Ferral, A.; Paredes-Olivera, P.; Macagno, V.; Patrito, E. Chemisorption and
Physisorption of Alkanethiols on Cu (111). A Quantum Mechanical Investigation.
Surf. Sci. 2003, 525 (1-3), 85-99.

Hieu, T. D.; Chinh, N. T.; Nhung, N. T. A.; Quang, D. T.; Quang, D. D. SERS
Chemical Enhancement by Copper-Nanostructures: Theoretical Study of Thiram
Pesticide Adsorbed on Cu20 Cluster. Vietnam J. Chem. 2021, 59 (2), 159-166.
Ahmed, A. A. Structural and Electronic Properties of the Adsorption of Nitric
Oxide Molecule on Copper Clusters CuN (N= 1-7): A DFT Study. Chem. Phys.
Lett. 2020, 753, 137543.

Crispin, X.; Bureau, C.; Geskin, V.; Lazzaroni, R.; Brédas, J.-L. Local Density
Functional Study of Copper Clusters: A Comparison between Real Clusters, Model
Surface Clusters, and the Actual Metal Surface. Eur. J. Inorg. Chem. 1999, 1999
(2), 349-360.

Jensen, F. Introduction to Computational Chemistry; John wiley & sons, 2017.
Born, M.; Oppenheimer, R. Zur Quantentheorie Der Molekeln Ii Ann, 1927.
Thomas, L. H. The Calculation of Atomic Fields. In Mathematical proceedings of
the Cambridge philosophical society; Cambridge University Press, 1927; Vol. 23,
pp 542-548.

1T (BHU), Varanasi. 35



Chapter-1: A Brief Overview of Computational Methodology

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

Fermi, E. Un Metodo Statistico per La Determinazione Di Alcune Priorieta
Dell’atome. Rend Accad Naz Lincei 1927, 6 (602—607), 32.

Dirac, P. A. M. The Quantum Theory of the Electron. Proc. R. Soc. Lond. Ser.
Contain. Pap. Math. Phys. Character 1928, 117 (778), 610-624.

Dirac, P. A. Note on Exchange Phenomena in the Thomas Atom. In Mathematical
proceedings of the Cambridge philosophical society; Cambridge University Press,
1930; Vol. 26, pp 376-385.

Gombas, P. Die Statistische Theorie Des Atoms Und Ihre Anwendungen; Springer-
Verlag, 2013.

Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136
(3B), B864.

Kohn, W.; Sham, L. J. Self-Consistent Equations Including Exchange and
Correlation Effects. Phys. Rev. 1965, 140 (4A), A1133.

Vosko, S. H.; Wilk, L.; Nusair, M. Accurate Spin-Dependent Electron Liquid
Correlation Energies for Local Spin Density Calculations: A Critical Analysis.
Can. J. Phys. 1980, 58 (8), 1200-1211.

Becke, A. D. Density-Functional Thermochemistry. I. The Effect of the Exchange-
Only Gradient Correction. J. Chem. Phys. 1992, 96 (3), 2155-2160.

Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti Correlation-
Energy Formula into a Functional of the Electron Density. Phys. Rev. B 1988, 37
(2), 785.

Burke, K.; Perdew, J. P.; Wang, Y. Derivation of a Generalized Gradient
Approximation: The PW91 Density Functional. In Electronic Density Functional
Theory: recent progress and new directions; Springer, 1998; pp 81-111.

Becke, A. D. Density-Functional Exchange-Energy Approximation with Correct
Asymptotic Behavior. Phys. Rev. A 1988, 38 (6), 3098.

Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals for Main Group
Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited

States, and Transition Elements: Two New Functionals and Systematic Testing of

1T (BHU), Varanasi. 36



Chapter-1: A Brief Overview of Computational Methodology

(84)
(85)
(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)

Four M06-Class Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008,
120, 215-241.

Magller, C.; Plesset, M. S. Note on an Approximation Treatment for Many-Electron
Systems. Phys. Rev. 1934, 46 (7), 618.

Slater, J. C. The Theory of Complex Spectra. Phys. Rev. 1929, 34 (10), 1293.
Condon, E. The Theory of Complex Spectra. Phys. Rev. 1930, 36 (7), 1121.
Coester, F. Bound States of a Many-Particle System. Nucl. Phys. 1958, 7, 421—
424,

Cizek, J. On the Correlation Problem in Atomic and Molecular Systems.
Calculation of Wavefunction Components in Ursell-Type Expansion Using
Quantum-Field Theoretical Methods. J. Chem. Phys. 1966, 45 (11), 4256—4266.
Cizek, J.; Paldus, J. Correlation Problems in Atomic and Molecular Systems III.
Rederivation of the Coupled-Pair Many-Electron Theory Using the Traditional
Quantum Chemical Methodst. Int. J. Quantum Chem. 1971, 5 (4), 359-379.
Cramer, C. J.; Bickelhaupt, F.; others. Essentials of Computational Chemistry.
Angew. Chem.-Int. Ed. Engl.- 2003, 42 (4), 381-381.

Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M. A Fifth-Order
Perturbation Comparison of Electron Correlation Theories. Chem. Phys. Lett.
1989, 157 (6), 479-483.

Davidson, E. R.; Feller, D. Basis Set Selection for Molecular Calculations. Chem.
Rev. 1986, 86 (4), 681-696.

Dunning Jr, T. H. Gaussian Basis Sets for Use in Correlated Molecular
Calculations. 1. The Atoms Boron through Neon and Hydrogen. J. Chem. Phys.
1989, 90 (2), 1007-1023.

Helgaker, T.; Klopper, W.; Koch, H.; Noga, J. Basis-Set Convergence of
Correlated Calculations on Water. J. Chem. Phys. 1997, 106 (23), 9639-9646.
Hobza, P.; Miller-Dethlefs, K. Non-Covalent Interactions: Theory and

Experiment; Royal Society of Chemistry, 2010; Vol. 2.

1T (BHU), Varanasi. 37



Chapter-1: A Brief Overview of Computational Methodology

(96) Balabin, R. M. Enthalpy Difference between Conformations of Normal Alkanes:
Intramolecular Basis Set Superposition Error (BSSE) in the Case of n-Butane and
n-Hexane. J. Chem. Phys. 2008, 129 (16).

(97) Boys, S. F.; Bernardi, F. The Calculation of Small Molecular Interactions by the
Differences of Separate Total Energies. Some Procedures with Reduced Errors.
Mol. Phys. 1970, 19 (4), 553-566.

(98) Frisch, M.; Trucks, G.; Schlegel, H. B.; Scuseria, G.; Robb, M.; Cheeseman, J.;
Scalmani, G.; Barone, V.; Petersson, G.; Nakatsuji, H.; others. Gaussian 16, 2016.

(99) Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction Analyzer. J. Comput.
Chem. 2012, 33 (5), 580-592.

(100) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J.
Mol. Graph. 1996, 14 (1), 33-38.

(101) Neese, F.; Wennmohs, F.; Becker, U.; Riplinger, C. The ORCA Quantum
Chemistry Program Package. J. Chem. Phys. 2020, 152 (22).

(102) Roohi, H.; Khyrkhah, S. lon-Pairs Formed in [Mim+][N (CN) 2-] lonic Liquid:
Structures, Binding Energies, NMR SSCCs, Volumetric, Thermodynamic and
Topological Properties. J. Mol. Lig. 2013, 177, 119-128.

(103) Priya, A. M.; Senthilkumar, L.; Kolandaivel, P. Hydrogen-Bonded Complexes of
Serotonin with Methanol and Ethanol: A DFT Study. Struct. Chem. 2014, 25, 139-
157.

(104) Glendening, E.; Badenhoop, J.; Reed, A.; Carpenter, J.; Bohmann, J.; Morales, C.;
Landis, C.; Weinhold, F. NBO 6.0, 2013.

(105) Tsipis, A. C.; Tsipis, C. A.; Valla, V. Quantum Chemical Study of the
Coordination of Glycolic Acid Conformers and Their Conjugate Bases to [Ca
(OH2) n] 2+(N=0-4) lons. J. Mol. Struct. THEOCHEM 2003, 630 (1-3), 81-100.

(106) Bader, R. F. Atoms in Molecules. Acc. Chem. Res. 1985, 18 (1), 9-15.

(107) Koch, U.; Popelier, P. L. Characterization of CHO Hydrogen Bonds on the Basis
of the Charge Density. J. Phys. Chem. 1995, 99 (24), 9747-9754.

1T (BHU), Varanasi. 38



Chapter-1: A Brief Overview of Computational Methodology

(108) Rozas, I.; Alkorta, I.; Elguero, J. Behavior of Ylides Containing N, O, and C Atoms
as Hydrogen Bond Acceptors. J. Am. Chem. Soc. 2000, 122 (45), 11154-11161.

(109) Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen Bond Strengths Revealed by
Topological Analyses of Experimentally Observed Electron Densities. Chem.
Phys. Lett. 1998, 285 (3-4), 170-173.

(110) Matta, C. F.; Boyd, R. J. An Introduction to the Quantum Theory of Atoms in
Molecules. Quantum Theory At. Mol. Solid State DNA Drug Des. 2007.

(111) Wu, P.; Chaudret, R.; Hu, X.; Yang, W. Noncovalent Interaction Analysis in
Fluctuating Environments. J. Chem. Theory Comput. 2013, 9 (5), 2226-2234.

(112) Johnson, E. R.; Keinan, S.; Mori-Sanchez, P.; Contreras-Garcia, J.; Cohen, A. J.;
Yang, W. Revealing Noncovalent Interactions. J. Am. Chem. Soc. 2010, 132 (18),
6498-6506.

(113) Tang, W.; Sanville, E.; Henkelman, G. A Grid-Based Bader Analysis Algorithm
without Lattice Bias. J. Phys. Condens. Matter 2009, 21 (8), 084204.

(114) Contreras-Garcia, J.; Johnson, E. R.; Keinan, S.; Chaudret, R.; Piquemal, J.-P.;
Beratan, D. N.; Yang, W. NCIPLOT: A Program for Plotting Noncovalent
Interaction Regions. J. Chem. Theory Comput. 2011, 7 (3), 625-632.

(115) Fukui, K. Role of Frontier Orbitals in Chemical Reactions. science 1982, 218
(4574), 747-754.

(116) Hirshfeld, F. L. Bonded-Atom Fragments for Describing Molecular Charge
Densities. Theor. Chim. Acta 1977, 44, 129-138.

(117) Besler, B. H.; Merz Jr, K. M.; Kollman, P. A. Atomic Charges Derived from
Semiempirical Methods. J. Comput. Chem. 1990, 11 (4), 431-439.

(118) Politzer, P.; Murray, J. S. The Fundamental Nature and Role of the Electrostatic
Potential in Atoms and Molecules. Theor. Chem. Acc. 2002, 108, 134-142.

1T (BHU), Varanasi. 39



Chapter-2: Conformational study....... mescaline

2.5 References

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Cody, J. T. Hallucinogens. In Handbook of Analytical Separations; Elsevier, 2008;
Vol. 6, pp 175-201.

Derosa, G.; Maffioli, P. Alkaloids in the Nature: Pharmacological Applications in
Clinical Practice of Berberine and Mate Tea. Curr. Top. Med. Chem. 2014, 14 (2),
200-206.

Tyls, F.; Palenicek, T.; Horacek, J. Psilocybin—Summary of Knowledge and New
Perspectives. Eur. Neuropsychopharmacol. 2014, 24 (3), 342-356.

Hofmann, A.; Heim, R.; Brack, A.; Kobel, H. Psilocybin, a Psychotropic
Compound from the Mexican Intoxicant Psilocybe Mexicana Heim. Experience
1958, 14, 107-109.

Tittarelli, R.; Mannocchi, G.; Pantano, F.; Saverio Romolo, F. Recreational Use,
Analysis and Toxicity of Tryptamines. Curr. Neuropharmacol. 2015, 13 (1), 26—
46.

Bhadoria, P.; Ramanathan, V. Conformational Landscape and Properties of
Psilocybin: A Computational Approach. ChemistrySelect 2022, 7 (37),
e202203026.

Inserra, A.; De Gregorio, D.; Gobbi, G. Psychedelics in Psychiatry: Neuroplastic,
Immunomodulatory, and Neurotransmitter Mechanisms. Pharmacol. Rev. 2021,
73 (1), 202-277.

Strassman, R. Human Hallucinogen Interactions with Drugs Affecting
Serotonergic. Neuropsychopharmacology 1992, 7 (3).

Vollenweider, F. X.; Vollenweider-Scherpenhuyzen, M. F.; Babler, A.; Vogel, H.;
Hell, D. Psilocybin Induces Schizophrenia-like Psychosis in Humans via a
Serotonin-2 Agonist Action. Neuroreport 1998, 9 (17), 3897-3902.

Soper, R. S. Massospora Levispora, a New Species of Fungus Pathogenic to the
Cicada, Okanagana Rimosa. Can. J. Bot. 1963, 41 (6), 875-878.

Soper, S. The Genus Massospora, Entomopathogenic for Cicadas. Part I.
Taxonomy of the Genus. Mycotaxon 1974, 1, 13-40.

1T (BHU), Varanasi. 101



Chapter-2: Conformational study....... mescaline

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

White, J. A.; Ganter, P.; McFarland, R.; Stanton, N.; LIoyd, M. Spontaneous, Field
Tested and Tethered Flight in Healthy and Infected Magicicada Septendecim L.
Oecologia 1983, 57, 281-286.

Cooley, J. R.; Marshall, D. C.; Hill, K. B. A Specialized Fungal Parasite
(Massospora Cicadina) Hijacks the Sexual Signals of Periodical Cicadas
(Hemiptera: Cicadidae: Magicicada). Sci. Rep. 2018, 8 (1), 1432.

Murphy, J. M.; Redden, G. A. Fungal Infection and Gender Confusion in the Wing-
Banger Cicada Platypedia Putnami. Norse Sci. NKU 2003, 65.

Petcher, T. J.; Weber, H. P. Crystal Structures of the Teonanécatl Hallucinogens.
Part Il. Psilocin, C 12 H 15 N 2 O. J. Chem. Soc. Perkin Trans. 2 1974, No. 8,
946-948.

Horita, A. Some Biochemical Studies on Psilocybin and Psilocin. J
Neuropsychiatry 1963, 4, 270-273.

McKenna, D. J.; Repke, D. B.; Lo, L.; Peroutka, S. J. Differential Interactions of
Indolealkylamines  with 5-Hydroxytryptamine Receptor Subtypes.
Neuropharmacology 1990, 29 (3), 193-198.

Vollenweider, F. X.; Vollenweider-Scherpenhuyzen, M. F.; Babler, A.; Vogel, H.;
Hell, D. Psilocybin Induces Schizophrenia-like Psychosis in Humans via a
Serotonin-2 Agonist Action. Neuroreport 1998, 9 (17), 3897-3902.
Gonzélez-Maeso, J.; Weisstaub, N. V.; Zhou, M.; Chan, P.; lvic, L.; Ang, R.; Lira,
A.; Bradley-Moore, M.; Ge, Y.; Zhou, Q.; others. Hallucinogens Recruit Specific
Cortical 5-HT2A Receptor-Mediated Signaling Pathways to Affect Behavior.
Neuron 2007, 53 (3), 439-452.

Kometer, M.; Schmidt, A.; Bachmann, R.; Studerus, E.; Seifritz, E.; Vollenweider,
F. X. Psilocybin Biases Facial Recognition, Goal-Directed Behavior, and Mood
State toward Positive Relative to Negative Emotions through Different
Serotonergic Subreceptors. Biol. Psychiatry 2012, 72 (11), 898-906.
Carhart-Harris, R. L.; Bolstridge, M.; Day, C. M.; Rucker, J.; Watts, R.; Erritzoe,
D. E.; Kaelen, M.; Giribaldi, B.; Bloomfield, M.; Pilling, S.; others. Psilocybin

1T (BHU), Varanasi. 102



Chapter-2: Conformational study....... mescaline

(22)

(23)

(24)

(25)

(26)

(27)

(28)

with Psychological Support for Treatment-Resistant Depression: Six-Month
Follow-Up. Psychopharmacology (Berl.) 2018, 235, 399-408.

Carhart-Harris, R. L.; Bolstridge, M.; Rucker, J.; Day, C. M.; Erritzoe, D.; Kaelen,
M.; Bloomfield, M.; Rickard, J. A.; Forbes, B.; Feilding, A.; others. Psilocybin
with Psychological Support for Treatment-Resistant Depression: An Open-Label
Feasibility Study. Lancet Psychiatry 2016, 3 (7), 619-627.

Moreno, F. A.; Wiegand, C. B.; Taitano, E. K.; Delgado, P. L. Safety, Tolerability,
and Efficacy of Psilocybin in 9 Patients with Obsessive-Compulsive Disorder. J.
Clin. Psychiatry 2006, 67 (11), 1735-1740.

Griffiths, R. R.; Johnson, M. W.; Carducci, M. A.; Umbricht, A.; Richards, W. A.;
Richards, B. D.; Cosimano, M. P.; Klinedinst, M. A. Psilocybin Produces
Substantial and Sustained Decreases in Depression and Anxiety in Patients with
Life-Threatening Cancer: A  Randomized Double-Blind  Trial. J.
Psychopharmacol. (Oxf.) 2016, 30 (12), 1181-1197.

Ross, S.; Bossis, A.; Guss, J.; Agin-Liebes, G.; Malone, T.; Cohen, B.; Mennenga,
S. E.; Belser, A.; Kalliontzi, K.; Babb, J.; others. Rapid and Sustained Symptom
Reduction Following Psilocybin Treatment for Anxiety and Depression in Patients
with  Life-Threatening Cancer: A Randomized Controlled Trial. J.
Psychopharmacol. (Oxf.) 2016, 30 (12), 1165-1180.

Bogenschutz, M. P.; Forcehimes, A. A.; Pommy, J. A.; Wilcox, C. E.; Barbosa, P.
C.; Strassman, R. J. Psilocybin-Assisted Treatment for Alcohol Dependence: A
Proof-of-Concept Study. J. Psychopharmacol. (Oxf.) 2015, 29 (3), 289-299.
Johnson, M. W.; Garcia-Romeu, A.; Cosimano, M. P.; Griffiths, R. R. Pilot Study
of the 5-HT2AR Agonist Psilocybin in the Treatment of Tobacco Addiction. J.
Psychopharmacol. (Oxf.) 2014, 28 (11), 983-992.

Sherwood, A. M.; Kargbo, R. B.; Kaylo, K. W.; Cozzi, N. V.; Meisenheimer, P.;
Kaduk, J. A. Psilocybin: Crystal Structure Solutions Enable Phase Analysis of
Prior Art and Recently Patented Examples. Acta Crystallogr. Sect. C Struct. Chem.
2022, 78 (1), 36-55.

1T (BHU), Varanasi. 103



Chapter-2: Conformational study....... mescaline

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

37)

(38)

Chothia, C.; Pauling, P. On the Conformations of Hallucinogenic Molecules and
Their Correlation. Proc. Natl. Acad. Sci. 1969, 63 (4), 1063-1070.

Halberstadt, A. L.; Geyer, M. A. Serotonergic Hallucinogens as Translational
Models Relevant to Schizophrenia. Int. J. Neuropsychopharmacol. 2013, 16 (10),
2165-2180.

Monte, A. P.; Waldman, S. R.; Marona-Lewicka, D.; Wainscott, D. B.; Nelson, D.
L.; Sanders-Bush, E.; Nichols, D. E. Dihydrobenzofuran Analogues of
Hallucinogens. 4. Mescaline Derivatives. J. Med. Chem. 1997, 40 (19), 2997—
3008.

Nelson, D.; Lucaites, V.; Wainscott, D.; Glennon, R. Comparisons of
Hallucinogenic Phenylisopropylamine Binding Affinities at Cloned Human 5-
HT2A, 5-HT2B and 5-HT2C Receptors. Naunyn. Schmiedebergs Arch.
Pharmacol. 1999, 359, 1-6.

Davis, W.; Bedford, J.; Buelke, J.; Guinn, M.; Hatoum, H.; Waters, I.; Wilson, M.;
Braude, M. Acute Toxicity and Gross Behavioral Effects of Amphetamine, Four
Methoxyamphetamines, and Mescaline in Rodents, Dogs, and Monkeys. Toxicol.
Appl. Pharmacol. 1978, 45 (1), 49-62.

Ogunbodede, O.; McCombs, D.; Trout, K.; Daley, P.; Terry, M. New Mescaline
Concentrations from 14 Taxa/Cultivars of Echinopsis Spp.(Cactaceae)(““San
Pedro”) and Their Relevance to Shamanic Practice. J. Ethnopharmacol. 2010, 131
(2), 356-362.

Cassels, B. K.; Séaez-Briones, P. Dark Classics in Chemical Neuroscience:
Mescaline. ACS Chem. Neurosci. 2018, 9 (10), 2448-2458.

Clement, B. A.; Goff, C. M.; Forbes, T. D. A. Toxic Amines and Alkaloids from
Acacia Berlandieri. Phytochemistry 1997, 46 (2), 249-254.

Bruhn, J. G.; De Smet, P. A.; El-Seedi, H. R.; Beck, O. Mescaline Use for 5700
Years. The Lancet 2002, 359 (9320), 1866.

El-Seedi, H. R.; De Smet, P. A.; Beck, O.; Possnert, G.; Bruhn, J. G. Prehistoric
Peyote Use: Alkaloid Analysis and Radiocarbon Dating of Archaeological

1T (BHU), Varanasi. 104



Chapter-2: Conformational study....... mescaline

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Specimens of Lophophora from Texas. J. Ethnopharmacol. 2005, 101 (1-3), 238—
242.

Halpern, J. H.; Sherwood, A. R.; Hudson, J. I.; Yurgelun-Todd, D.; Pope Jr, H. G.
Psychological and Cognitive Effects of Long-Term Peyote Use among Native
Americans. Biol. Psychiatry 2005, 58 (8), 624—631.

Carstairs, S. D.; Cantrell, F. L. Peyote and Mescaline Exposures: A 12-Year
Review of a Statewide Poison Center Database. Clin. Toxicol. 2010, 48 (4), 350—
353.

Heffter, A. Ueber Cacteenalkaloide. Berichte Dtsch. Chem. Ges. 1896, 29 (1),
216-227.

Spaeth, E. Ueber DieAnhalonium-Alkaloide. Monatshefte Fuer Chem. 1919, 40
(2), 129-154.

Rickli, A.; Moning, O. D.; Hoener, M. C.; Liechti, M. E. Receptor Interaction
Profiles of Novel Psychoactive Tryptamines Compared with Classic
Hallucinogens. Eur. Neuropsychopharmacol. 2016, 26 (8), 1327-1337.
Agin-Liebes, G.; Haas, T. F.; Lancelotta, R.; Uthaug, M. V.; Ramaekers, J. G.;
Davis, A. K. Naturalistic Use of Mescaline Is Associated with Self-Reported
Psychiatric Improvements and Enduring Positive Life Changes. ACS Pharmacol.
Transl. Sci. 2021, 4 (2), 543-552.

Vamvakopoulou, I. A.; Narine, K. A.; Campbell, I.; Dyck, J. R.; Nutt, D. J.
Mescaline: The Forgotten Psychedelic. Neuropharmacology 2022, 109294.
Taurian, O.; Contreras, R. Interactions That Define the Alkylamine Side-Chain
Conformation in Phenylalkylamine Hallucinogens: An Ab Initio Study. J. Mol.
Struct. THEOCHEM 2000, 504 (1-3), 119-126.

Becker, O. M.; MacKerell Jr, A. D.; Roux, B.; Watanabe, M. Computational
Biochemistry and Biophysics; Crc Press, 2001.

Mavromoustakos, T.; Zervou, M.; Zoumpoulakis, P.; Kyrikou, I.; Benetis, N.;
Polevaya, L.; Roumelioti, P.; Giatas, N.; Zoga, A.; Minakakis, P. M. Conformation
and Bioactivity. Design and Discovery of Novel Antihypertensive Drugs. Curr.
Top. Med. Chem. 2004, 4 (4), 385-401.

1T (BHU), Varanasi. 105



Chapter-2: Conformational study....... mescaline

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

Bochevarov, A. D.; Watson, M. A.; Greenwood, J. R.; Philipp, D. M.
Multiconformation, Density Functional Theory-Based p K a Prediction in
Application to Large, Flexible Organic Molecules with Diverse Functional
Groups. J. Chem. Theory Comput. 2016, 12 (12), 6001-6019.

Cheng, G.-J.; Zhang, X.; Chung, L. W.; Xu, L.; Wu, Y.-D. Computational Organic
Chemistry: Bridging Theory and Experiment in Establishing the Mechanisms of
Chemical Reactions. J. Am. Chem. Soc. 2015, 137 (5), 1706-1725.

Durig, J. R.; Deeb, H.; Darkhalil, 1. D.; Klaassen, J. J.; Gounev, T. K.; Ganguly,
A. The RO Structural Parameters, Conformational Stability, Barriers to Internal
Rotation, and Vibrational Assignments for Trans and Gauche Ethanol. J. Mol.
Struct. 2011, 985 (2-3), 202-210.

Runge, E.; Gross, E. K. Density-Functional Theory for Time-Dependent Systems.
Phys. Rev. Lett. 1984, 52 (12), 997

London, F. Théorie Quantique Des Courants Interatomiques Dans Les
Combinaisons Aromatiques. J Phys Radium 1937, 8 (10), 397—4009.

McWeeny, R. Perturbation Theory for the Fock-Dirac Density Matrix. Phys. Rev.
1962, 126 (3), 1028.

Ditchfield, R. Self-Consistent Perturbation Theory of Diamagnetism: I. A Gauge-
Invariant LCAO Method for NMR Chemical Shifts. Mol. Phys. 1974, 27 (4), 789-
807.

Wolinski, K.; Hinton, J. F.; Pulay, P. Efficient Implementation of the Gauge-
Independent Atomic Orbital Method for NMR Chemical Shift Calculations. J. Am.
Chem. Soc. 1990, 112 (23), 8251-8260.

Cheeseman, J. R.; Trucks, G. W.; Keith, T. A.; Frisch, M. J. A Comparison of
Models for Calculating Nuclear Magnetic Resonance Shielding Tensors. J. Chem.
Phys. 1996, 104 (14), 5497-55009.

Petcher, T. J.; Weber, H. P. Crystal Structures of the Teonanacatl Hallucinogens.
Part 1l. Psilocin, C 12 H 15 N 2 O. J. Chem. Soc. Perkin Trans. 2 1974, No. 8,
946-948.

1T (BHU), Varanasi. 106



Chapter-2: Conformational study....... mescaline

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

Ernst, S.; Cagle, F. Mescaline Hydrobromide. Acta Crystallogr. B 1973, 29 (7),
1543-1546.

Tsoucaris, D.; De Rango, C.; Tsoucaris, G.; Zelwer, C.; PARTHASARATHY, R.
t; FE, C. 1 (2-AMINOETHYL) 3, 4, 5-TRIMETHOXY-BENZENE
(MESCALINE) HYDROCHLORIDE, C11H18CLNO3. 1973.

Weber, H. P.; Petcher, T. J. Crystal Structures of the Teonanacatl Hallucinogens.
Part I. Psilocybin C 12 H 17 N 2 O 4 P. J. Chem. Soc. Perkin Trans. 2 1974, No.
8, 942-946.

Horn, A. S.; Post, M. L.; Kennard, O.; di Sanseverino, L. R. A Crystallographic
and Theoretical Study of the Conformation of DOET and Its Significance for the
Hallucinogenic Amphetamines. J. Pharm. Pharmacol. 1975, 27 (1), 13-17.
Emamian, S.; Lu, T.; Kruse, H.; Emamian, H. Exploring Nature and Predicting
Strength of Hydrogen Bonds: A Correlation Analysis between Atoms-in-
Molecules Descriptors, Binding Energies, and Energy Components of Symmetry-
Adapted Perturbation Theory. J. Comput. Chem. 2019, 40 (32), 2868-2881.
Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen Bond Strengths Revealed by
Topological Analyses of Experimentally Observed Electron Densities. Chem.
Phys. Lett. 1998, 285 (3-4), 170-173.

Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen Bond Strengths Revealed by
Topological Analyses of Experimentally Observed Electron Densities. Chem.
Phys. Lett. 1998, 285 (3-4), 170-173.

Godfrey, P. D.; Rodgers, F. M.; Brown, R. D. Theory versus Experiment in Jet
Spectroscopy: Glycolic Acid. J. Am. Chem. Soc. 1997, 119 (9), 2232-2239.
Johnson, E. R.; Keinan, S.; Mori-Sanchez, P.; Contreras-Garcia, J.; Cohen, A. J.;
Yang, W. Revealing Noncovalent Interactions. J. Am. Chem. Soc. 2010, 132 (18),
6498-6506.

Singh, U. C.; Kollman, P. A. An Approach to Computing Electrostatic Charges for
Molecules. J. Comput. Chem. 1984, 5 (2), 129-145.

1T (BHU), Varanasi. 107



Chapter-2: Conformational study....... mescaline

(69)

(70)

(71)

(72)

(73)

(74)

Borner, S.; Brenneisen, R. Determination of Tryptamine Derivatives in
Hallucinogenic Mushrooms Using High-Performance Liquid Chromatography
with Photodiode Array Detection. J. Chromatogr. A 1987, 408, 402—408.
Anastos, N.; Lewis, S. W.; Barnett, N. W.; Sims, D. N. The Determination of
Psilocin and Psilocybin in Hallucinogenic Mushrooms by HPLC Utilizing a Dual
Reagent Acidic Potassium Permanganate and Tris (2, 2'-Bipyridyl) Ruthenium (1)
Chemiluminescence Detection System. J. Forensic Sci. 2006, 51 (1), 45-51.
Shirota, O.; Hakamata, W.; Goda, Y. Concise Large-Scale Synthesis of Psilocin
and Psilocybin, Principal Hallucinogenic Constituents of “Magic Mushroom.” J.
Nat. Prod. 2003, 66 (6), 885-887.

Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal Solvation Model Based
on Solute Electron Density and on a Continuum Model of the Solvent Defined by
the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 20009,
113 (18), 6378-6396.

Aguayo, P. A. B.; Pinedo, V. M. R. Phytochemical Study of Echinopsis Peruviana.
Rev. Soc. Quim. Pert 2014, 80 (3), 202-210.

Salomon, K.; Bina, A. F. Ultraviolet Absorption Spectra of Mescaline Sulfate and
B-Phenylethylamine Sulfate. J. Am. Chem. Soc. 1946, 68 (11), 2403-2403.

1T (BHU), Varanasi. 108



Chapter-3: Conformational study....... (DTT)

Table 3.13: Comparison of experimental and simulated 'H NMR peaks of DTT
Conformer (G'TG'L/G'TT)

'H NMR peaks [ppm] Assignment*]
Reported in Simulated peaks, &
literature36:37 [in CH30H with TMS]
[in CDCl3] with GTG'1 GTT
TSP, 6
3.6-3.7 3.7 3.4 HS5, m
3.3 3.0 1.9 H18, s
2.5-2.9 3.6 3.1 H3, m
2.5-2.9 2.8 2.6 H2, m

[#]: s and m denote multiplicity of the peaks namely singlet and multiplet respectively,
number after atoms represent the label of the proton atom shown in figure 3.2.

3.4 Conclusion
The conformational space of DTT has several local minima and among them, the lowest

iso-energic conformers were identified as G'TG'1 and G'TT. Analysis of AIM and NCI
calculations revealed that there is intra-molecular H-bond formation not only by OH
groups but by SH groups as well which provides stability to the titled molecule. NBO
results, besides reiterating these intramolecular H-bond interactions, revealed other
hyperconjugative interactions which further imparts the stability to DTT molecule. ESP
charge analysis supports these observations very well. The calculated vibrational spectra

too were found in good agreement with the observed experimental data.
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4.4 Conclusion
The conformational space of TGA was explored using the CCSD/cc-pVDZ level of

theory. The most energetically favorable structure, referred to as GGC, was found as
global minimum, in good agreement with the experimentally observed conformer. The
second most stable conformer was also observed known as GAC conformer. The SH
flipping barrier in TGA was found to be in good agreement with experimental observation
suggesting low energy barrier. To examine sulfur-centered intermolecular hydrogen
bonding, dimers and trimers of TGA were examined. Five stable dimers and seven stable
trimers were optimized and evaluated using BSSE corrected interaction energy
calculations. Among these structures, the D1 dimer and T1 trimer were found to be the
most stable, displaying interaction energies of -14.64 kcal/mol and -22.87 kcal/mol,
respectively, surpassing the other dimers and trimers in stability. And LED analysis using
DLPNO-CCSD(T)/cc-pVTZ method revealed that the electrostatic correlation energy is
the most significant contributor in interaction energy across all TGA clusters followed by
exchange and dispersion correlation energy. These clusters exhibited intermolecular
hydrogen bonding involving both oxygen and sulfur atoms, which contributed to their
overall stability and cooperativity. The presence of these intermolecular hydrogen bond
interactions in the dimers and trimers was confirmed through various analyses, including
AIM (Atom in Molecules), RDG (Reduced Density Gradient), NBO (Natural Bond
Orbital), and charge analysis. Furthermore, the existence of HBs was supported by the
observation of a Red shift in the S-H stretching modes, as well as in O-H and C=0

stretching modes, as determined by infrared (IR) frequency calculations.
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5.4 Conclusion
Structural, electronic, and spectral properties of cystine and its complex with Cu9 cluster

were investigated using DFT method. The interaction energy between cystine and Cu
cluster was observed to be —88.34 kcal/mol in Cys-Cu(A) system where disulfide linkage
got cleaved completely. In calculated SERS of cystine on Cu9 cluster, the cleavage of
disulfide linkage was confirmed by the disappearance of the S-S stretching vibrational
mode and the blue shift in C-S stretching mode suggest the strong interaction between
cystine and copper cluster. Involvement of the carboxyl moiety in interacting with the
Cu9 cluster was also significant. These observations are in good agreement with earlier
reported experimental findings. NBO and PDOS analysis revealed that electron density
got transferred from cystine molecule to copper cluster along with a back donation from
cluster to molecule, thereby contributing to the overall stability of the system. AIM
analysis revealed the partial covalent and partial electrostatic nature of the Cu—S bond.
Results of FMO and MK[ESP] charge calculations supported the above mentioned results
exceedingly well. Thus, from the present computational study, it is reinforced that cystine

got chemisorbed on copper cluster via the cleavage of its disulfide linkage.

5.5 References

(1) Sevier, C. S.; Kaiser, C. A. Formation and Transfer of Disulphide Bonds in Living
Cells. Nat. Rev. Mol. Cell Biol. 2002, 3 (11), 836-847.

(2) Betz, S. F. Disulfide Bonds and the Stability of Globular Proteins. Protein Sci.
1993, 2 (10), 1551-1558.

(3) Matsumura, M.; Signor, G.; Matthews, B. W. Substantial Increase of Protein
Stability by Multiple Disulphide Bonds. Nature 1989, 342 (6247), 291-293.

(4) Creighton, T. E. [5] Disulfide Bonds as Probes of Protein Folding Pathways. In
Methods in enzymology; Elsevier, 1986; Vol. 131, pp 83-106.

(5) Wedemeyer, W. J.; Welker, E.; Narayan, M.; Scheraga, H. A. Disulfide Bonds and
Protein Folding. Biochemistry 2000, 39 (15), 4207-4216.

1T (BHU), Varanasi. 209



Chapter-5: Metal-molecule interactions....... cluster

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)
(15)

(16)

Cotton, T. M.; Kim, J.-H.; Chumanov, G. D. Application of Surface-Enhanced
Raman Spectroscopy to Biological Systems. J. Raman Spectrosc. 1991, 22 (12),
729-742.

Garcia-Ramos, J.; Sanchez-Cortes, S. Metal Colloids Employed in the SERS of
Biomolecules: Activation When Exciting in the Visible and near-Infrared Regions.
J. Mol. Struct. 1997, 405 (1), 13-28.

Moskovits, M. Surface-Enhanced Spectroscopy. Rev. Mod. Phys. 1985, 57 (3),
783.

Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; Itzkan, I.; Dasari, R. R.; Feld,
M. S. Single Molecule Detection Using Surface-Enhanced Raman Scattering
(SERS). Phys. Rev. Lett. 1997, 78 (9), 1667.

Nie, S.; Emory, S. R. Probing Single Molecules and Single Nanoparticles by
Surface-Enhanced Raman Scattering. science 1997, 275 (5303), 1102-1106.
Metiu, H. Surface Enhanced Spectroscopy. Prog. Surf. Sci. 1984, 17 (3-4), 153—
320.

Lombardi, J. R.; Birke, R. L. A Unified Approach to Surface-Enhanced Raman
Spectroscopy. J. Phys. Chem. C 2008, 112 (14), 5605-5617.

Zeman, E. J.; Schatz, G. C. An Accurate Electromagnetic Theory Study of Surface
Enhancement Factors for Silver, Gold, Copper, Lithium, Sodium, Aluminum,
Gallium, Indium, Zinc, and Cadmium. J. Phys. Chem. 1987, 91 (3), 634-643.
Aroca, R. Surface-Enhanced Vibrational Spectroscopy; John Wiley & Sons, 2006.
Yang, L.; Zhang, Y.; Ruan, W.; Zhao, B.; Xu, W.; Lombardi, J. R. Improved
Surface-Enhanced Raman Scattering Properties of TiO2 Nanoparticles by Zn
Dopant. J. Raman Spectrosc. 2010, 41 (7), 721-726.

Ji, W.; Xue, X.; Ruan, W.; Wang, C.; Ji, N.; Chen, L.; Li, Z.; Song, W.; Zhao, B.;
Lombardi, J. R. Scanned Chemical Enhancement of Surface-Enhanced Raman
Scattering Using a Charge-Transfer Complex. Chem. Commun. 2011, 47 (8),
2426-2428.

1T (BHU), Varanasi. 210



Chapter-5: Metal-molecule interactions....... cluster

17

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

Musumeci, A.; Gosztola, D.; Schiller, T.; Dimitrijevic, N. M.; Mujica, V.; Martin,
D.; Rajh, T. SERS of Semiconducting Nanoparticles (TiO2 Hybrid Composites).
J. Am. Chem. Soc. 2009, 131 (17), 6040-6041.

Arenas, J.; Lopez Tocon, I.; Woolley, M.; Otero, J.; Marcos, J. Charge Transfer in
SERS: Spectra of 3, 5-Dimethylpyridine at a Silver Electrode. J. Raman Spectrosc.
1998, 29 (8), 673-679.

Bolboaca, M.; lliescu, T.; Kiefer, W. Infrared Absorption, Raman, and SERS
Investigations in Conjunction with Theoretical Simulations on a Phenothiazine
Derivative. Chem. Phys. 2004, 298 (1-3), 87-95.

Baia, M.; Baia, L.; Kiefer, W.; Popp, J. Surface-Enhanced Raman Scattering and
Density Functional Theoretical Study of Anthranil Adsorbed on Colloidal Silver
Particles. J. Phys. Chem. B 2004, 108 (45), 17491-17496.

Lopez-Tobar, E.; Hernandez, B.; Ghomi, M.; Sanchez-Cortes, S. Stability of the
Disulfide Bond in Cystine Adsorbed on Silver and Gold Nanoparticles as
Evidenced by SERS Data. J. Phys. Chem. C 2013, 117 (3), 1531-1537.

Arathi, P.; Seemesh, B.; Ramanathan, V.; others. Disulphide Linkage: To Get
Cleaved or Not? Bulk and Nano Copper Based SERS of Cystine. Spectrochim.
Acta. A. Mol. Biomol. Spectrosc. 2018, 196, 229-232.

Foresman, J. Frisch E.(1993). Exploring Chemistry with Electronic Structure
Methods, Gaussian. Inc Pittsburgh.

Wu, D.; Hayashi, M.; Shiu, Y.; Liang, K.; Chang, C.; Yeh, Y.; Lin, S. A Quantum
Chemical Study of Bonding Interaction, Vibrational Frequencies, Force Constants,
and Vibrational Coupling of Pyridine- M n (M= Cu, Ag, Au; N= 2- 4). J. Phys.
Chem. A 2003, 107 (45), 9658-9667.

Muniz-Miranda, M.; Muniz-Miranda, F.; Caporali, S. SERS and DFT Study of
Copper Surfaces Coated with Corrosion Inhibitor. Beilstein J. Nanotechnol. 2014,
5 (1), 2489-2497.

Ferral, A.; Paredes-Olivera, P.; Macagno, V.; Patrito, E. Chemisorption and
Physisorption of Alkanethiols on Cu (111). A Quantum Mechanical Investigation.
Surf. Sci. 2003, 525 (1-3), 85-99.

1T (BHU), Varanasi. 211



Chapter-5: Metal-molecule interactions....... cluster

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Hieu, T. D.; Chinh, N. T.; Nhung, N. T. A.; Quang, D. T.; Quang, D. D. SERS
Chemical Enhancement by Copper-Nanostructures: Theoretical Study of Thiram
Pesticide Adsorbed on Cu20 Cluster. Vietnam J. Chem. 2021, 59 (2), 159-166.
Ahmed, A. A. Structural and Electronic Properties of the Adsorption of Nitric
Oxide Molecule on Copper Clusters CuN (N= 1-7): A DFT Study. Chem. Phys.
Lett. 2020, 753, 137543.

Crispin, X.; Bureau, C.; Geskin, V.; Lazzaroni, R.; Brédas, J.-L. Local Density
Functional Study of Copper Clusters: A Comparison between Real Clusters, Model
Surface Clusters, and the Actual Metal Surface. Eur. J. Inorg. Chem. 1999, 1999
(2), 349-360.

Hanwell, M. D.; Curtis, D. E.; Lonie, D. C.; Vandermeersch, T.; Zurek, E.;
Hutchison, G. R. Avogadro: An Advanced Semantic Chemical Editor,
Visualization, and Analysis Platform. J. Cheminformatics 2012, 4 (1), 1-17.

Hay, P. J.; Wadt, W. R. Ab Initio Effective Core Potentials for Molecular
Calculations. Potentials for the Transition Metal Atoms Sc to Hg. J. Chem. Phys.
1985, 82 (1), 270-283.

Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal Solvation Model Based
on Solute Electron Density and on a Continuum Model of the Solvent Defined by
the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 20009,
113 (18), 6378-6396.

Emamian, S.; Lu, T.; Kruse, H.; Emamian, H. Exploring Nature and Predicting
Strength of Hydrogen Bonds: A Correlation Analysis between Atoms-in-
Molecules Descriptors, Binding Energies, and Energy Components of Symmetry-
Adapted Perturbation Theory. J. Comput. Chem. 2019, 40 (32), 2868-2881.
Martin, F.; Zipse, H. Charge Distribution in the Water Molecule—A Comparison
of Methods. J. Comput. Chem. 2005, 26 (1), 97-105.

1T (BHU), Varanasi. 212



Chapter-6: Metal-molecule....... clusters

in gaining an insight into the interaction between PATP and the BOC cluster. An
interaction energy of -54.87 kcal/mol suggests the strong interaction between these
moieties. FMO analysis revealed the stability of this (PATP@BOC) system. Also from
the analysis of the projected density of states it can be inferred that there is charge transfer
from the PATP molecule to the BOC cluster which further supports the experimentally
observed chemical enhancement effect. The simulated SERS spectrum of PATP@BOC
is in good agreement with the currently reported experimental SERS spectrum. Thus this
study validates the experimental observation where the genuine SERS spectrum of PATP
can be obtained using B-Bi,03/Bi.0.CO3 nanoparticles. Moreover, these nanoparticles
can also be taken into consideration in the future to obtain the genuine SERS spectra of

other molecules where there is a possibility for dimerization.
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Appendix: Vibrational modes....... methods

Wu and colleagues initiated their research by synthesizing alkaline earth metal carbonyl
complexes. Initially, they generated both cationic and anionic monocarbonyl complexes
of barium using the matrix isolation method.! Following this, they went on to synthesize
di, tri, tetra, and octacarbonyls of alkaline earth metals like barium (Ba), calcium (Ca),
and strontium (Sr).? Their findings suggested that these alkaline earth metal carbonyl
complexes exhibited a similar phenomenon of back bonding, akin to what is observed in
transition metal carbonyl complexes. Additionally, they conducted computational
analyses on select systems within this context.

| got introduced to computational chemistry with work on these types of systems.
Observing a significant disparity between the calculated frequencies and the actual
experimental carbonyl frequencies, efforts were undertaken to identify the most effective
method for accurately reproducing experimental frequencies. This involved exploring
various methods, including combinations of different functionals and basis sets, in the
quest for a more accurate match. Figure Al illustrates the optimized structures of the
Ba(CO)*, Ba(CO)", Ba(CO)2, and Ca(CO), complexes. While Tables Al and A2 provide
a comparison between the carbonyl stretching frequencies obtained at various theoretical
levels and the vibrational wave numbers reported in experiments. Additionally, the

calculated values reported by Wu et al.l and Frenking et al.® are also included for

oo O 990 O

reference.

Ba(CO)* Ba(CO)
Ba(CO),
Ca(CO),

Figure Al: Optimized structure of Ba(CO)*, Ba(CO)", Ba(CO), and Ca(CO), complexes

1T (BHU), Varanasi. 240



Appendix: Vibrational modes....... methods

Table Al: Comparison of calculated CO stretching vibrational frequency with

experimentally reported frequency in alkaline earth metal carbonyl complexes [Ba(CO)*,
Ba(CO) and Ba(CO):]

Level of theory

IR active vibrational wave numbers of CO stretching mode (cm-?)

frequency by Wu et al.1
and Frenking et al.3

(CCSD/Def2-TZVPP)

(CCSD/Def2-TZVPP)
18515
(CASSCF/Def2-TZ\VPD)

In Ba(CO)* In Ba(CO) In Ba(CO),
Harmonic Anharmonic | Harmonic | Anharmonic Harmonic | Anharmonic
B3LYP cc-pVTZ-DK3 | 2092.18 2084.15 CF CF 1940.60 1855.23
cc-pVTZ-X2C | 2102.95 2162.06 1740.14 1727.36 1946.15 1766.93
Def2-TZVPP 2029.70 1956.92 1835.35 1809.49 1916.10 1951.87
CAM- cc-pVTZ-DK3 | 2145.99 2148.69 1730.50 1719.05 1989.52 1937.03
B3LYP cc-pVTZ-X2C | 2158.83 2121.05 1803.53 1733.46 1995.20 1894.66
Def2-TZVPP 2053.11 2025.57 1853.87 1829.05 CF CF
MO06 cc-pVTZ-DK3 | 2146.08 2107.42 CF CF 1987.44 1996.02
cc-pVTZ-X2C | 2156.06 2050.75 CF CF 2098.35 2020.72
Def2-TZVPP 2062.84 Con Fail 1884.16 1398.90 1955.80 2139.66
MO062X cc-pVTZ-DK3 | 2164.63 2149.87 1795.33 1744.56 2005.62 2032.54
cc-pVTZ-X2C | 2176.64 2091.37 1822.76 2082.91 2105.55 2149.41
Def2-TZVPP 2098.11 2065.25 1894.03 2010.78 1988.71 1976.04
MN12L cc-pVTZ-DK3 | 2183.70 2147.83 CF CF 2011.12 1921.64
cc-pVTZ-X2C | 2194.03 2175.84 1846.57 1991.87 2017.66 1805.61
Def2-TZVPP 2112.48 CF 1939.35 1896.86 1998.77 1954.45
MN15 cc-pVTZ-DK3 | 2157.26 2187.56 1755.10 1892.09 1985.26 1922.88
cc-pVTZ-X2C | 2168.85 2167.15 1832.38 1804.89 1991.21 1885.66
Def2-TZVPP 2065.64 2033.52 1907.15 1818.91 1956.55 1609.41
MN15L cc-pVTZ-DK3 | 2129.63 2107.01 CF CF 1967.92 1985.76
cc-pVTZ-X2C | 2140.15 2141.19 CF CF 1969.83 2218.83
Def2-TZVPP 2064.35 2048.11 1902.93 1913.29 1956.55 1609.41
PBE1PBE | cc-pVTZ-DK3 | 2124.00 2098.53 1727.25 1732.66 1972.80 1797.82
cc-pVTZ-X2C | 2135.07 2088.59 1771.75 1727.11 1978.18 1816.28
Def2-TZVPP 2056.49 CF 1872.17 CF 1949.13 1924.01
MP2 cc-pVTZ-DK3 | 2037.57 1994.18 1674.61 1655.41 1790.03 1957.98
cc-pVTZ-X2C | 2051.58 2053.85 1685.98 1668.53 1799.62 1711.83
Def2-TZVPP 1876.31 2357.55 1804.71 1788.98 1782.38 1771.23
Experimental 1911.2 1758.2 1792
Value (cm?)
Calculated CO stretching | 1970.3 1819.7 1926

(M06-D3/Def2-TZVPP)

# CF represents convergence failure for that particular method.
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Table A2: Comparison of calculated CO stretching vibrational frequency with
experimentally reported frequency in alkaline earth metal carbonyl complexes [Ca(CO)2]

Level of theory CO stretching IR active

vibrational wave numbers
in Ca(CO), complex (cm™)
Harmonic Anharmonic

B3LYP cc-pVTZ-DK2 1889.31 1919.82
cc-pVTZ-X2C 1888.38 1910.65
Def2-TZVPP 1885.50 CF

CAM-B3LYP | cc-pVTZ-DK2 CF CF
cc-pVTZ-X2C CF CF
Def2-TZVPP CF CF

MO06 cc-pVTZ-DK2 1922.61 1871.98
cc-pVTZ-X2C 1922.57 1872.85
Def2-TZVPP 1920.19 1862.96

MO062X cc-pVTZ-DK2 1934.95 1913.99
cc-pVTZ-X2C 1935.22 1926.75
Def2-TZVPP 1935.91 1938.91

MN12L cc-pVTZ-DK2 1949.86 2143.63

cc-pVTZ-X2C 1949.87 2102.40
Def2-TZVPP 1956.779 1927.903

MN15 cc-pVTZ-DK2 1912.65 1809.15
cc-pVTZ-X2C 1912.66 1862.65
Def2-TZVPP 1910.19 1888.26

MN15L cc-pVTZ-DK2 1910.95 1908.71
cc-pVTZ-X2C 1911.00 1905.16
Def2-TZVPP 1902.50 1872.25

PBE1PBE cc-pVTZ-DK2 1918.15 1890.13
cc-pVTZ-X2C 1918.19 1890.02
Def2-TZVPP 1916.15 1905.97

MP2 cc-pVTZ-DK2 1804.45 1786.13
cc-pVTZ-X2C 1803.19 1787.07
Def2-TZVPP 1809.30 1798.02

Experimental 1922

Value (cm™)

Calculated CO stretching 1911

frequency by Frenking et al.? | (M06-D3/Def2-TZVPP)

# CF represents convergence failure for that particular method.
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Thus from table Al and A2 it is inferred that after conducting harmonic and
anharmonic IR vibrational frequency calculations for alkaline earth metal carbonyl
complexes, including Ba(CO)*, Ba(CO), Ba(CO)2, and Ca(CO),, using various DFT
functionals and methods in combination with different basis sets, divergent results were
obtained for these systems. A specific method exhibited lower error (i.e., the difference
between calculated vibrational frequencies and experimental values) for one system,
while the same method displayed substantial error for another system. However, certain
methods yielded results remarkably close to the experimental data for individual systems.

This study underscores the ongoing need for a comprehensive understanding of these
newly synthesized carbonyl complexes and the development of a benchmark method that
can effectively address the vibrational frequencies of all these systems.
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