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Abstract - Vibrational assignments of some simple and complexes structures are analysed to know some basics aspects 

necessaries in the assignments of bands observed in the infrared and Raman spectra combined with the Scaled 

Quantum Mechanical Force Field (SQMFF) methodology. Fundamentals characteristics are necessaries in machine 

learning to replace a human expert in vibrational analysis. The use of that approach implies the correct definitions of 

normal internal coordinates of the different groups and rings present in the structures and, obviously, the knowledge 

of all vibration modes and, in particular, of regions where these groups are expected. The results show that it is possible 

to identify neutral and zwitterionic forms of L-phenylalanine from imidazolyl phenylalanine if the vibration modes of 

six- and five-member rings are performed. In chiral species, reliable assignments are performed when the R and S 

structures of enantiomers are optimized and analysed. However, in components of extract isolated from plants with a 

high number of atoms in the structures, only machine learning could replace a human expert due to the high 

computational cost involved in optimizations, studies of potential energy surfaces, and construction of internal 

coordinates. In species with multiple rings, the greatest difficulty lies in constructing the internal coordinates of 

different rings, while, in nitrate species, both coordination monodentate and bidentate modes of these groups should 

be considered in the assignments. In phosphate species, the correct use of a local C2V or C3V symmetry for the phosphate 

group is indispensable to assurance consistent and safe vibrational assignments. Finally, to identify hydrated species, 

the librations modes of water molecules, in addition to stretching and deformation modes, should also be identified 

and assigned. 
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1. Introduction  
Advances in science and technology have enabled the rapid growth of computational chemistry and machine 

learning for multiple uses and applications; in particular, those related to vibrational spectroscopy and, for these 

reasons, only some more recent studies are mentioned in this work. [1-30] Thus, many models and methods have 

been developed for rapid predicting of infrared and Raman spectra as well as structure determination and 

functional group identification using various spectroscopies, among which vibrational spectroscopy stands out. [1, 

5, 7, 8, 10, 12, 13, 15, 17-27]. The obvious reason is that this technique is one of the most regularly used to characterize 

structures with a small amount of sample in different aggregation states through the identification of its main 
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functional groups. [24,27,30] The use of this technique involves previous knowledge of the molecular structure, and 

the problem becomes more complicated when the sample is not crystalline and cannot be determined by using 

crystal X-ray diffraction. A problem common in the characterization of functional groups occurs when the 

structures of organic substances can present different conformations or configurations due to the presence of 

various dihedral angles and/or chiral carbon, when there is a mixture of isomers or enantiomers, or when the 

sample is an extract isolated from plants or an amino acid. [31] In these cases, the sample contains different species 

that present the same functional groups, but some of them change with the medium, as is the case with Amino 

Acids (AAs). [32-34] In the same way, the identifications of the different species and groups present in some clays 

or rare earths are also very difficult to identify because the different minerals present similar functional groups. 

[35] In addition, the use of mineral or vegetal carbon is a typical problem because it is impossible to identify the 

different organic and inorganic species present in these samples, including species containing different types of 

aromatic rings. [36] On the other side, the aliphatic and aromatic C-H stretching modes and those corresponding 

to N-H, NH2, OH, CH2, and CH3 groups are expected in the same 4000-2800 cm-1 region, while among 1700 and 

1500 cm-1 are expected C=C, C=N and N=N stretching and, in addition, deformation modes of OH and NH2 groups. 

[37] Also, in the range of wavenumbers below 2000 cm-1, the presence of different four, five, six or more member 

rings and, of type of ring which can be fused or not (phenyl, pyridine, pyrazine, triazole, oxadiazole, indole, 

benzofuran, indazole, quinolone, benzotriazole) shows coupling of expected deformations and torsions of rings 

with other vibration modes. [37] Species identification by vibrational spectroscopy and the confirmation of a 

structure is only possible when all its expected vibration modes are fully assigned. It is impossible to confirm the 

structure of a newly synthesized compound with only a few bands observed in the spectra. In these cases, 

theoretical calculations are very helpful to confirm its structure. [37] In all cases, the medium is also very important 

in the structures, and it should be considered in the treatment of spectra in solution. [32-34] In general, the positions 

and intensities of bands attributed to vibration modes change with acceptor and donors of H-bond groups in the 

structures and, obviously, in solution. [32,33] Substances as bases and acids change with the pH of the medium. 

[32,33] Thus, an amino acid can be as neutral, containing NH2 and COOH groups or, as a zwitterion in the solid 

phase or in solution, containing NH3+ and COO- groups, which should be considered in a serious and rigorous 

vibrational study. [32-34] Then, the machine learning to characterize different structures should consider all 

multiple possibilities together with the normal internal coordinates that a human expert in vibrational analysis 

considers when a species should be completely identified by using the infrared and Raman spectra. [37] Hence, the 

aims of this work are to analyse simple and complexes structures of different species to know some basics aspects 

necessaries in the assignments of bands observed in the infrared and Raman spectra combined with the SQMFF 

methodology. Identification of simple and complicated structures containing different rings by using vibrational 

spectroscopy is essential for rigorous machine learning to be able to replace a human expert in vibrational analysis. 

Thus, machine learning should simplify the arduous task required to construct internal coordinates and to produce 

reliable and safe assignments taking into account the contributions of potential energy and, in particular, of species 

containing a high number of atoms. Hence, neutral and zwitterions of simple AAs and species isolated from plants, 

such as chiral and chalcone structures and also structures of alkaloids containing fused rings, such as the bicyclic 

(N-methyl-8a-zabicyclo [3.2.10]octane) group with a tertiary nitrogen atom, are analyzed in this work, also nitrate, 

phosphate and some hydrated species. Here, the vibrational studies of neutral and zwitterions of L-phenylalanine 

and imidazolyl phenylalanine AAs are reported for the first time in this work by using the SQMFF methodology. 

First, the confirmation of the structure of a species is the most important point to perform the assignments of all 

bands observed in the infrared and Raman spectra in the solid and/or liquid phases. 

2. Computational Details 
As was previously mentioned, the vibrational studies of neutral and zwitterions of L-phenylalanine and 

imidazolyl phenylalanine AAs are reported for the first time in this work by using the SQMFF methodology. The 

CIF file of L-phenylalanine (R1) corresponding to that experimental determined by X-ray diffraction by Mossou et 
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al. was considered as the initial structure. [33] Then, the structure of imidazolyl phenylalanine derivative (R2), taken 

from that similar to that reported by Ren et al. [27], was modelled by using the GaussView program. [39] After that, 

both neutral and zwitterionic structures of R1 and R2 were optimized in the gas phase (GP) and Aqueous Solution 

(AS) by using the hybrid B3LYP/6-311++G** method [40,41] with the Gaussian 16 program. [42] The harmonic force 

fields are calculated with the SQMFF procedure and the Molvib program [43-45] while the vibrational assignments 

were performed using Potential Energy Distribution (PED) and assignments for similar species. [34,37,46] Neutral 

and zwitterionic structures of R1 and R2 are shown in Figure 1. Only differences between the structures are the six- 

and five-member rings. Then, the structures and vibrational studies of 2ʹ,4ʹ-dihydroxychalcone isolated from 

Zuccagnia punctata Cav. (Fabaceae) medicinal plant, tropane alkaloid scopolamine, camphor, acetogenins 

squamocin and motrilin, sesquiterpene lactone paradiolide, chromyl, niobyl p-xylylenediaminiumbis(nitrate), 1,3-

Benzenedimethanaminium bis(trioxonitrate) and 1-buthyl-3-methyl imidazolium nitrate, 4-phenylpiperazine-1-

ium dihydrogen phosphate and di-hydrated tetraphenylphosphonium chloride salt were already published. 

Hence, the corresponding structural and vibrational assignments are presented as supporting material. 

 
Fig. 1 Theoretical neutral and zwitterionic structures of R1 and R2 with the atom numbering. 

3. Results and Discussion  
3.1. Optimizations of Neutral and Zwitterion Species 

The predicted energies, dipole moments, volume and polarizability properties computed by using the B3lYP/6-

311++G** method are shown for both species in Table 1. Here, it is very important to see the proximities of dipole 

moments of R1 and R2 despite the different rings present in both structures, in particular in GP, because in solution, 

the µ values show higher differences between them. Higher polarizabilities are observed for R1 because the phenyl 

ring is greater than the imidazole one. 

Table 1. Calculated total (E), dipole moments (µ) and volume (V) for the studied R1 and R2 species in GP and AS. 

B3LYP/6-311++G** Method 

GAS (GP) 

Species EZPVE (Hartrees) µ (D) V (Å3) α (a.u.) 

R1 -554.77332 5.63 182.0 119.014 

R2 -549.30002 5.87 160.5 109.834 

AQUEOUS SOLUTION (AS) 

Species EZPVE (Hartrees) µ (D) V (Å3) α (a.u.) 

R1 -554.80136 14.73 184.1 172.879 

R2 -549.33255 15.69 161.5 154.785 

R1: L-phenylalanine, R2: L-imidazolium-alanine 
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3.2. Vibrational Study of Neutral and Zwitterions Species 

The Amino Acid (AA) is as zwitterion even in the solid state, as revealed by Mossou et al. and as reported from 

many studies. [33, 34,46,47] Hence, in GP calculations, the two AAs are as neutral species containing the NH2 and 

COOH groups, while in calculations in aqueous solution, both AAs are optimized as zwitterions where those 

groups change to NH3+ and COO- groups. [32-34] Then, neutral and zwitterion R1 and R2 species present the same 

groups, and the only differences are the three deformations and torsions expected for the six-member phenyl ring 

in R1, while in R2, two deformations and torsions are expected for the imidazole ring. In Figure 2 are shown the 

predicted IR spectra for neutral R1 and R2 computed at the B3LYP/6-311++G** level of theory in the 4000-0 cm-1 

region, while Figure 5 shows clear differences in the theoretical IR spectra of R1 and R2 zwitterions due to the NH3+ 

and COO- groups. In Figures 3 and 4 are shown the same spectra of Figure 2 but in the 4000-0 and 2000-0 cm-1 

regions, respectively. Figure 3 and 4 show the differences in the positions and intensities of predicted bands. Thus, 

in the 4000-2000 cm-1 region, eleven bands are expected in R1 due to only OH, five aromatic C-H, one aliphatic C-

H, two anti-symmetric and symmetric NH2 and CH2 and three anti-symmetric and symmetric CH3 stretching 

modes and only ten for R2. These spectra evidence that in a serious and rigorous vibrational analysis, the AAs 

should be differenced. Here, it is essential to explain that the vibrational assignments can only be possible with the 

experimental IR and/or Raman spectra because the bands observed are assigned to the different vibration modes. 

Table 2 shows the vibrational assignments for the neutral form of R1 and R2 compared with the experimental data 

of R1 taken from Ref [48]. 

 
Fig. 2. Predicted IR spectra of neutral forms of R1 and R2. 

 
Fig. 3 Predicted IR spectra of neutral R1 and R2 in the 4000-2000 cm-1 region 
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Fig. 4 Predicted IR spectra of neutral R1 and R2 in the 2000-0 cm-1 region 

 
Fig. 5 Predicted IR spectra of zwitterionic forms of R1 and R2 

Table 2. Observed and calculated wavenumbers (cm-1) and assignments for neutral forms of R1 and R2. 

Experimentalc 
B3LYP/6-311++G** Methoda 

GAS (Neutral) 

IR Raman 
R1 R2 

SQMb Assignmentsa SQMb Assignmentsa 

3446 w  3429 aNH2 3591 O20-H21 

  3363 sNH2 3443 aNH2 

3279sh  3334 O21-H23 3439 N4-H5 

3088m 3089m 3058 C3-H9 3429 N9-H7 

3067m 3047s 3046 C4-H10,C2-H8 3359 sNH2 

3036m  3037 C3-H9,C2-H8 3115 C2-H6 

  3025 C5-H11   

  3022 C1-H7 2961 C13-H14 

2964m 2971s 2965 aCH2 2943 aCH2 

 2931s 2918 aCH2 2940 C3-H8 

2862w  2907 C15-H16 2902 aCH2 

1626m 1708s 1764 C20=O22 1724 C15=O19 

1603m 1607s 1589 C4-C5,C1-C2   
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1564vs 1589s 1588 NH2 1612 C1-C2 

1495s 1541m 1569 C2-C3,C1-C6,C5-C6 1579 NH2 

1456w 1502w 1479 C4-H10,C2-H8 1407 CH2 

1446w 1444m 1440 C3-H9,C1-C2 1398 C13H14’C13H14 

1437w 1426m 1423 CH2 1382 N4-H5 

1411s  1350 wagCH2,OH 1362 N9-H7 

1406sh 1406sh 1341 OH 1337 C13H14’C13H14 

1357sh 1397m 1329 C15H16,wagCH2 1327 C2-H6,C3-H8 

1336m  1319 C1-H7   

1321m  1295 C4-C5,C1-C6 1306 wagCH2 

1308s 1311s 1260 ’C15H16 1265 wagCH2OH 

1294m 1266w 1246 NH2 1250 C3-H8 

1237sh 1234w 1186 C6-C12 1194 C1-C10 

1226w 1218m 1169 C4-H10,C5-H11 1190 C2-H6 

1164w 1161vs 1163 C20-O21 1125 NH2CH2 

1155w  1150 C3-H9,C2-H8 1115 C15-O20,OH 

1131w  1124 NH2,CH2 1101 C3-N9,C3-N4 

1086sh 1073vs 1066 C15-N17,C1-C2 1057 C13-N16 

1075m 1040m 1055 C15-N17 1047 C3-N4 

1028w 1019w 1020 R1 1016 C10-C13 

1025w  996 C3-H9   

 1008w 995 R1,C3-C4 991 C2-N9,C3-N9 

1007w 977w 977 C2-H8 967 R1C1-N4 

996sh  939 wagNH2,C20C15N17   

954w  926 C1-H7,C5-H11   

915w 915w 915 C12-C15 917 wCH2 

907sh 894m 860 wagNH2 885 C3-H8 

860sh 843w 848 C5-H11,C1-H7,C4-H10 855 R2 

851m  816 wCH2 806 COO 

849m 836s 795 C15-C20 771 wagNH2 

779m 803w 771 OH 752 C13-C15 

746s 751s 747 R1,C3-H9 731 C2-H6 

710sh 733w 710 COO 710 C2-H6C1-C10 

700s 669s 696 R1 614 COO 

683m 651w 652 COO 599 C1-C10R1 

626vw 624m 631 R2,R3 556 OH 

605w 569w 577 R3,R2 545 N4-H5 

526s 506w 524 COO 496 N9-H7 

471w 471s 483 C6-C12 478 COO 

422w  401 R2,R3 368 R1 

  390 C12C15N17 338 R2 

 351m 347 C6-C12 328 C1-C10 

 323s 326 C20C15N17 283 C10C13N16 

  268 wNH2 267 C15C13N16 

 214m 241 R3,R2 212 wNH2 

 189sh 181 C20C15C12 198 C15C13C10 



Silvia Antonia Brandán / DS-AIR, 4(2), 1-43, 2026 

7 

 
 89 C6C12C15 101 C1-C10,C1C10C13 

  70 wCOO 85 wC10-C1, C13-C10 

  45 C15-C12 43 wC10-C1,N4-H5 

  37 wC12-C6 35 wCOO 
Abbreviations: , stretching; , deformation in the plane; , deformation out of plane; wag, wagging; , torsion; R, deformation ring R, torsion ring; , 

rocking; w, twisting; , deformation; a, anti-symmetric; s, symmetric. aThis work, bFrom the scaled quantum mechanics force field. From Ref [48]. 

The assignments in the 4000-2000 cm-1 region for R1 and R2 show clear differences. When the assignments for 

the neutral form of R1 are compared with those of its zwitterionic one from Table 3, changes are observed due to 

the vibration modes of NH3+ and COO- groups. The local symmetry of NH3+ is C3V, as the CH3 groups, while the 

CH2 groups present local symmetry C2V. Then, in that region, the zwitterionic forms present two anti-symmetric 

and one symmetric stretching modes of NH3+ and CH3, while the methylene group’s only anti-symmetric and 

symmetric stretching modes are expected, in addition to the aromatic and aliphatic C-H stretching modes. In the 

region below 2000 cm-1, two anti-symmetric and one symmetric deformation modes should be assigned for NH3+ 

and CH3 in addition to the corresponding CH2 groups and to COO groups. Other rocking and torsion modes of 

NH3+ and CH3, together with the wagging, rocking and twisting of CH2, are expected in this region. In the neutral 

forms in the higher wavenumber region and below 2000 cm-1, differences related to the vibration modes of OH and 

NH2 groups are expected. Table S1 (Supporting Material) shows the differences in the assignments of zwitterionic 

forms of R1 and R2, while Figure S1 (Supporting Material) display comparisons of the experimental IR spectrum 

of R1 with the corresponding predicted in GP and AS by calculations. As was mentioned above, the vibrational 

assignments can only be made with the experimental IR and/or Raman spectra. The differences observed are 

attributed to the calculations because the packing forces observed in the solid state are not considered in the 

calculations in the gas phase for the isolated molecules. 

Table 3. Observed and calculated wavenumbers (cm-1) and assignments for neutral and zwitterion of R1 

Experimentala 
B3LYP/6-311++G** Methoda 

GAS (Neutral) AQUEOUS SOLUTION (Zwitterion) 

IR Raman SQMb Assignmentsa SQMb Assignmentsa 

3446 w  3429 aNH2 3358 aNH3 

  3363 sNH2 3327 aNH3 

3279sh  3334 O21-H23 3257 sNH3 

3088m 3089m 3058 C3-H9 3060 C3-H9 

3067m 3047s 3046 C4-H10,C2-H8 3050 C4-H10,C2-H8 

3036m  3037 C3-H9,C2-H8 3043 C3-H9,C1-H7 

  3025 C5-H11 3034 C1-H7 

  3022 C1-H7 3032 C5-H11 

2964m 2971s 2965 aCH2 2996 C15-H16 

 2931s 2918 aCH2 2971 aCH2 

2862w  2907 C15-H16 2924 aCH2 

1626m 1708s 1764 C20=O22 1584 C4-C5,C1-C2 

1603m 1607s 1589 C4-C5,C1-C2 1564 C2-C3,C1-C6,C5-C6 

1564vs 1589s 1588 NH2 1559 aNH3 

1495s 1541m 1569 C2-C3,C1-C6,C5-C6 1524 aNH3 

1456w 1502w 1479 C4-H10,C2-H8 1491 C20=O22 

1446w 1444m 1440 C3-H9,C1-C2 1473 C4-H10,C2-H8 

1437w 1426m 1423 CH2 1433 C3-H9,C1-C2 

1411s  1350 wagCH2,OH 1410 sNH3 
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1406sh 1406sh 1341 OH 1405 CH2 

1357sh 1397m 1329 C15H16, wagCH2 1362 C15H16 

1336m  1319 C1-H7 1350 wagCH2 

1321m  1295 C4-C5,C1-C6 1317 C5-H11,C1-H7 

1308s 1311s 1260 ’C15H16 1311 C20=O21 

1294m 1266w 1246 NH2 1288 C2-C3,C4-C5 

1237sh 1234w 1186 C6-C12 1250 ’C15H16 

1226w 1218m 1169 C4-H10,C5-H11 1215 CH2 

1164w 1161vs 1163 C20-O21 1184 C6-C12 

1155w  1150 C3-H9,C2-H8 1156 C4-H10,C2-H8 

1131w  1124 NH2,,CH2 1136 C3-H9 

1086sh 1073vs 1066 C15-N17,C1-C2 1101 NH3,’C15H16 

1075m 1040m 1055 C15-N17 1068 ’NH3 

1028w 1019w 1020 R1 1038 ’NH3, NH3 

1025w  996 C3-H9 1017 R1 

 1008w 995 R1,C3-C4 1015 C15-N17 

1007w 977w 977 C2-H8 1003 C3-H9 

996sh  939 wagNH2,C20C15N17 992 C3-C4 

954w  926 C1-H7,C5-H11 988 C2-H8 

915w 915w 915 C12-C15 926 C1-H7 

907sh 894m 860 wagNH2 906 C12-C15,NH3 

860sh 843w 848 C5-H11,C1-H7,C4-H10 862 C15-C20 

851m  816 wCH2 853 C5-H11,C4-H10 

849m 836s 795 C15-C20 822 COO, wCH2 

779m 803w 771 OH 798 wCH2 

746s 751s 747 R1,C3-H9 750 R1,C3-H9 

710sh 733w 710 COO 731 COO 

700s 669s 696 R1 698 R1 

683m 651w 652 COO 667 COO 

626vw 624m 631 R2,R3 629 R2 

605w 569w 577 R3,R2 570 R3 

526s 506w 524 COO 508 COO,C12C15N17 

471w 471s 483 C6-C12 481 R2,R3 

422w  401 R2,R3 403 R2R3 

  390 C12C15N17 376 C12C15N17 

 351m 347 C6-C12 339 C6-C12 

 323s 326 C20C15N17 295 C20C15N17,COO 

  268 wNH2 235 R3,R2 

 214m 241 R3,R2 186 C20C15C12 

 189sh 181 C20C15C12 130 wNH3 

  89 C6C12C15 92 C6C12C15,C6-C12 

  70 wCOO 62 wCOO 

  45 C15-C12 45 C15-C12 

  37 wC12-C6 28 wC12-C6 
Abbreviations: , stretching; , deformation in the plane; , deformation out of plane; wag, wagging; , torsion; R, deformation ring R, torsion ring; , 

rocking; w, twisting; , deformation; a, anti-symmetric; s, symmetric. aThis work, bFrom the scaled quantum mechanics force field. From Ref [48]. 
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Fig. 6 Predicted IR spectra of zwitterions R1 and R2 in the 4000-2000 cm-1 region 

 

Fig. 7 Predicted IR spectra of zwitterions R1 and R2 in the 2000-0 cm-1 region 

3.3. Vibrational Study of Chalcons 

Phenyl styryl ketones, known as chalcone derivatives, are of medicinal and pharmacological interest because 

their interesting biological activities are associated with their structures. Thus, two aromatic R1 and R2 rings are 

connected by an aliphatic chain R1-CO-CH=CH-R2. Therefore, low redox potentials and electron transfer reactions 

are expected in these species due to the conjugated double bonds and to a completely delocalized -electron system 

on both R1 and R2 rings.  

[49] Diverse conformations can be present in these species, and, for this reason, the different conformations 

should be deeply investigated to know the most stable structure, as in the case of 2ʹ,4ʹ-dihydroxychalcone isolated 

from Zuccagnia punctata Cav. (Fabaceae) medicinal plant. [49] Figure 8 shows the more stable structures of 2ʹ,4ʹ-

dihydroxychalcone. Previously, the C1 structure of this chalcone was reported, taking into account only the 1D-

NMR, FTIR, UV and mass spectra. [49] However, to perform the vibrational study, the potential energy surface 

(PES) was studied by using theoretical calculations. Thus, two stable C1 and C2 conformers have been found in the 

PES, and the presence of the most stable structure C2, different from that of C1 published, was confirmed. 

Hence, the combination of experimental 1D-NMR, FTIR, and UV spectra with theoretical calculations is 

necessary to confirm the correct structure and, after that, to perform the complete vibrational assignments. [49] Full 

assignments of both conformers shown in Table S2 (Supporting Material) reveal important differences in the 
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assignments of many vibration modes of both structures and, consequently, theoretical calculations are necessaries 

to evaluate the conformations when the structure of the species is not determined and confirmed by X-ray 

diffraction.  

 
Fig. 8 Stable conformations of 2ʹ,4ʹ-dihydroxychalcone isolated from Zuccagnia punctata Cav. (Fabaceae) medicinal plant 

3.4. Vibrational Study of Chiral Species 

The tropane alkaloid scopolamine is an anticholinergic agent with side effects on the Central Nervous System 

(CNS), such as memory impairment, confusion, and dementia. [50,51] The structures of free base, cationic and 

hydrobromide species of this alkaloid present two R and S enantiomers due to chiral carbons. [52] Figure 9 displays 

the hydrobromide form of scopolamine containing the quaternary N atom with the N-H+···Br- bond. Hence, the 

reported vibrational study for these species was performed considering all the possible configurations of these 

species, as shown in Table S3 (Supporting Material). [52]  

 
Fig. 9 Molecular structure of the hydrobromide form of scopolamine showing the quaternary N atom with the N-H+···Br- bond and the N-

CH3 group present in all alkaloids 

According to the population analyses, the R2 form is present in the free base and hydrobromide forms, while 

in the cation, the S2 form is present. Hence, the vibrational analyses were performed considering the different 

configurations of derivatives. [52] Obviously, the positions and intensities of IR bands change due to the ternary 

and quaternary N atoms present in the free base and cationic and hydrobromide forms, as shown in Table S4. Figure 

S2 and S3 (Supporting Material) show, respectively, the structures of three species with identifications of rings and 

comparisons between the experimental FTIR spectrum of hydrobromide of scopolamine in the solid state as tri-

hydrate with the predicted for the species in GP at B3LYP/6-31G** level of theory. On the other side, camphor is a 

cyclic monoterpene ketone and the main component of oil extracted from the wood of the camphor tree, 

Cinnamomum Camphora (Linne) Nees et Ebermaier family.  
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This cyclic monoterpene ketone is used in medicinal chemistry due to its anti-inflammatory, analgesic and 

therapeutics properties. Structures of the two enantiomeric S(-) and R(+) forms of camphor can be seen in Figure 

10, while the vibrational assignments are summarized in Table S5 (Supporting Material). [53] Differences in 

assignments of some vibration modes are clearly observed from that table. 

 
Fig. 10 Molecular structures of S(-) and R(+) forms of camphor with the atom numbering and identification of rings 

Complete assignments of expected vibration modes of these types of species only are possible using the internal 

coordinates, transferable scaling factors and the SQMFF methodology with the Molvib program. [43-45] In chiral 

molecules, the application of machine learning will be useful and necessary to simplify the huge task that requires 

obtaining reliable and secure assignments of R and S enantiomers. Thus, the quantity of calculations necessaries to 

optimize the R and S enantiomers in the different media and, in addition, to perform correct definitions of internal 

coordinates and assignments of all the vibration modes will be drastically reduced. 

3.5. Vibrational Study of the Extract of Plants 

Extracts isolated from plants show a wide range of applications in modern medicine and industry because they 

are used to treat chronic diseases, enhance skin beauty, and provide alternative remedies for various ailments. 

Besides, their compounds show antioxidant, anti-inflammatory, and antimicrobial properties; some of them are 

used as corrosion inhibitors. [54, 55] Obviously, the isolation and identification of all its components are crucial 

steps in their development and use [31]. An example is the case of the extract of Annona cherimola that presents 

multiple components, but the isolation of two acetogenins, squamocin and motrilin, evidenced corrosion inhibitors. 

[56,57] Previously, the structures of these two components were characterized by using their vibrational spectra. 

[56,57] Figure 11 shows the molecular structures of the acetogenins squamocin and motrilin. Due to the high number 

of atoms in the structures of these species (109 atoms), the SQMFF methodology was not applied, and, for this 

reason, the assignments of main vibrational normal modes of those two species were performed with the aid of the 

GaussView program and of assignments of similar moieties. [58]. Consequently, of the 321 vibration normal modes 

expected for squamocin, only 129 vibration modes were assigned [56,57]. For the construction of internal 

coordinates and complete vibrational assignments of this type of species, a machine learning system is needed to 

simplify the arduous task involved.In another case, the complete structural and vibrational characterization of the 

sesquiterpene lactone isolated from mikania parodii Cabrera and its absolute configuration with an unprecedented 

spiro connexion were performed by using experimental FT-IR, FTRaman, UV-Visible, ECD, Mass, 1D and 2D-NMR 

spectra (1H-1H gCOSY, 1H-13C gHSQC, 1H-13C gHMBC, TOCSY and NOESY) combined with B3LYP/6-31G* 

calculations. The structure of this new dimeric sesquiterpene lactone, parodiolide, can be seen in Figure 12. 
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Fig. 11 Molecular structures of acetogenins squamocin and motrilin. Both differ in the position of the OH group linked to the side chains, 

being -(CH2)5-CH3 in squamocin and -(CH2)4-CH3 in motrilin 

 
Fig. 12 Structure of dimeric sesquiterpene lactone, parodiolide, a sesquiterpene lactone isolated from mikania parodii Cabrera. 

Identification of seven rings in different colours 

B3LYP/6-31G* calculations optimized paradiolide structures in different media with C1 symmetry, and due to 

the presence of 68 atoms in its structure, a total of 198 vibration modes were expected for this species. [59] In this 

case, the vibrational assignments of all vibration modes are very complicated due to the presence of seven rings, 

which are shown in different colours in Figure 12, where four present five members (yellow), one of six members 

(red) and the other two of seven-member rings (green). The complete assignments of vibration modes of paradiolide 

were performed considering the internal coordinates and transferable scaling factors by using the SQMFF 

methodology and the Molvib program. [43-45] This study can be seen from Ref. [59]  

3.6. Vibrational Study of Nitrate Compounds 

Inorganic and hybrid compounds containing the nitrate group are mainly of great interest because their 

vibrational and chemical properties are strongly related to the coordination modes assumed by nitrate groups. [60-

65] Thus, this group is an adaptable ligand that can act as a monodentate or bidentate depending on the type of 

compound. [60] In the monodentate case, two N=O anti-symmetric and symmetric modes of the N=O2 group and 

one N-O stretching mode are expected, while in the bidentate mode, one N=O stretching mode and two N-O anti-

symmetric and symmetric modes of the N-O2 group. Obviously, the O=N=O deformation mode is different from 



Silvia Antonia Brandán / DS-AIR, 4(2), 1-43, 2026 

13 

those corresponding to the O-N-O angle and, hence, different assignments should be observed for these groups. For 

those two N=O2 and N-O2 groups, also are expected wagging, rocking and twisting modes in addition to stretching 

and deformation modes. Here, it is very important to note that the definitions of normal internal coordinates of 

these NO2 groups, where the N atom has hybridization sp2 with planar structures, are different from those related 

to the CH2 group, where the C atom has hybridization sp3 and a tetrahedral environmental. [37,60-65] The NO2 

group has six normal vibration modes, which are: anti-symmetric and symmetric stretching modes, deformation, 

wagging, rocking and twisting modes. In chromyl nitrate, both coordination modes can be considered to perform 

the vibrational analysis, as shown in Figure 13 and Table S6 (Supporting Material). [60] However, the analysis of 

the scaled force constants computed by using the harmonic force fields presented in Table S7 (Supporting Material) 

suggests that the coordination mode that better represents the group nitrate in this species is the bidentate one 

because the obtained values are in agreement with the reported values for this coordination mode.  

[60] The latter resulted in defining the coordination mode. In niobyl or vanadyl nitrate (Figure 14), the three 

nitrate groups can be present as two bidentate and one monodentate (a) and/or as three bidentate (b) ligands. [61,62] 

The vibrational assignments and the scaled force constants computed are presented in Tables S8 and S9 (Supporting 

Material). In both niobyl and vanadyl nitrate, bidentate coordination modes are the structures that better represent 

the nitrate groups of both species. Definitions of normal internal coordinates are shown in those references. [60-65]  

 

 

Fig. 13 Structures of chromyl nitrate where the nitrate group is as (a) Monodentate, and (b) bidentate ligands. 

 
Fig. 14 Structures of niobyl nitrate where the nitrate group is (a) As two bidentate and one monodentate, and (b) As three bidentate 

ligands. 

In hybrid nitrate compounds, such as p-xylylenediaminiumbis(nitrate) and 1,3-Benzenedimethanaminium 

bis(trioxonitrate) [63,64] and, in an ionic liquid as 1-buthyl-3-methyl imidazolium nitrate [65], the coordination 

modes of nitrate groups are monodentate, as shown in the Figure 15, 16 and 17, respectively [63-65].  
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Fig. 15 Structure of p-xylylenediaminiumbis(nitrate) 

 
Fig. 16 Structure of 1,3-Benzenedimethanaminium bis(trioxonitrate) 

 
Fig. 17 Structure of 1-buthyl-3-methyl imidazolium nitrate ionic liquid 

3.7. Vibrational Study of Phosphate Compounds 

Compounds containing phosphate groups are investigated due to their interesting chemical, pharmacological 

and biochemical properties and mainly because this group is involved in numerous cellular processes as metabolite 

intermediaries, i.e., in the most abundant phospholipids of all mammalian membranes, phosphatidylcholine and 

phosphatidylethanolamine, in gluconeogenesis, glycolysis and biosynthesis of essentials aminoacids. [66-70] Then, 

in vibrational studies of these species and when the normal internal coordinates should be defined, the use of local 

C2V or C3V symmetries for the phosphate group is indispensable to guarantee reliable and safe vibrational 

assignments. [66, 68-70] These types of local symmetries for the phosphate group are shown in Figure 18.  
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Fig. 18 Structures of phosphate group with (a) local C2V, and (b) local C3V symmetries. 

Then, when the C2V symmetry is considered, two different P=O2 and P-O2 groups are clearly observed from 

Figure 18, while if the C3V symmetry is observed, one P=O group and the P-O3·group are detected.  

Thus, the definitions of normal internal coordinates are similar to those defined for the CH3 group, where nine 

vibration normal modes are expected: two anti-symmetric and symmetric stretching modes, two anti-symmetric 

and symmetric deformation modes, two rocking modes and a twisting mode [37, 46, 47, 52, 53, 63, 65]. In the 

vibrational study of 4-phenylpiperazine-1-ium dihydrogen phosphate, whose structure is shown in Figure 19, for 

the phosphate group, a C2V symmetry was considered. [70] Thus, two PO2 and PO2H groups were observed and 

assigned in different spectral regions, as given in Table S10 (Supporting Material) [70]. 

 
Fig. 19 Structure of 4-phenylpiperazine-1-ium dihydrogen phosphate 

On the other side, in the recent study on vibrational assignments of phosphatidylcholine, both local symmetries 

were considered, although the results revealed that both assignments are reliable and can be used for the 

identification of the compound, slight differences in the values of scaled force constants are observed when 

changing the symmetry of the phosphate group. [66] In these cases, comparisons with reported force constants from 

the literature are necessaries to decide which is the correct symmetry of the phosphate group.  

In complexes systems, the application of machine learning will be convenient and essential to shorten the vast 

job necessary to define the internal coordinates, in particular, those related to large aliphatic side chains and to 

different types of rings and, obviously, to perform the complete assignments of all the vibration modes. 
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3.8. Vibrational Study of Hydrated Compounds 

Many compounds in the solid state or in solution are present as hydrated species; hence, the anhydrous, 

monohydrated and di-hydrated structures show differences in their properties, reactivity and behaviours due to 

the presence of water molecules in their structures. [34, 66, 68, 69, 71-74] Thus, when the structures of hydrated 

species are known, as in theophylline, violuric acid, Alizarin Red and hydrated tetraphenylphosphonium chloride 

salt, in the theoretical studies, the water molecules are considered. [71-74] Then, the water molecules show the anti-

symmetric and symmetric stretching and deformation modes in addition to the librations modes, which are 

wagging, rocking and twisting modes.  

Thus, the identification of these species by vibrational spectroscopy implies the knowledge of these vibration 

modes for each water molecule. Figure 20 shows the structure of di-hydrated tetraphenylphosphonium chloride 

salt, showing the two water molecules and the four rings in different colours, while Table S11 (Supporting Material) 

shows the complete assignments of anhydrous, monohydrated and di-hydrated species of salt. [74] 

 
Fig. 20 Structure of di-hydrated tetraphenylphosphonium chloride salt 

In complexes systems, the application of machine learning will be convenient and essential to shorten the vast 

job necessary to define the internal coordinates, in particular, those related to large aliphatic side chains and to 

different types of rings and, obviously, to perform complete assignments of all the vibration modes. 

4. Conclusions 
In this investigation, some basics aspects necessaries to assign simple and complexes structures by using the 

FTIR and Raman spectra combined with the SQMFF methodology have been presented. Structures and vibrational 

assignments of some AAs, chalcone, chiral components, isolated from plant species, nitrate, phosphate and 

hydrated compounds have been analysed to show the basics aspects necessaries in machine learning to replace a 

human expert in vibrational analysis. The use of that approach implies the descriptions of all the normal internal 

coordinates taking into account the different N-H, OH, CH, CH2, CH3, acetate, nitrate, NH2, NH3, phosphate groups, 

different rings and water molecules present in the structures and, obviously, the knowledge of all expected 

vibration modes. The results show that it is possible to identify neutral and zwitterionic forms of L-phenylalanine 

from imidazolyl phenylalanine if the vibration modes of six- and five-member rings are performed. In addition, 

diverse conformers of chalcone can be differentiated when complete assignments of the most stable structures are 

presented. In chiral species, the R and S structures of enantiomers should be optimized and analysed, and, hence, 

the vibrational analyses can be performed. However, in components of extract isolated from plants, such as 

acetogenins, the assignments of all the vibration modes are not possible by using the SQMFF methodology and the 

Molvib program due to the high number of atoms in their structures. In these cases, only machine learning could 
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replace a human expert due to the high computational cost involved in the optimizations of structures, studies of 

potential energy surfaces, and the construction of the internal coordinates. In structures with multiple rings, the 

greatest difficulty lies in constructing the internal coordinates of different rings. In nitrate species, both coordination 

monodentate and bidentate modes of nitrate groups should be considered in the assignments; then, the better 

correlations are observed from the vibrational spectra and the corresponding scaled force constants. In phosphate 

species, the correct use of a local C2V or C3V symmetry for the phosphate groups is indispensable to assurance 

consistent and safe vibrational assignments. Complete identifications of hydrated species are performed only when 

the stretching, deformation, and librations modes (wagging, rocking and twisting) of water molecules are identified 

and assigned. Vibrational studies related to organic and inorganic compounds present in carbonaceous materials 

will be addressed in the future. 
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Appendix 

Table S1. Observed and calculated wavenumbers (cm-1) and assignments for zwitterionic forms of R1 and R2. 

B3LYP/6-311++G** Methoda 

Experimentalc  AQUEOUS SOLUTION (Zwitterion) 

   R1  R2 

IR Raman SQMb Assignmentsa SQMb Assignmentsa 

    3429 N9-H7 

3446 w  3358 aNH3 3358 aNH3 

  3327 aNH3 3338 N4-H5 

    3317 aNH3 

3279sh  3257 sNH3 3235 sNH3 

3088m 3089m 3060 C3-H9 3128 C2-H6 

3067m 3047s 3050 C4-H10,C2-H8   

3036m  3043 C3-H9,C1-H7   

  3034 C1-H7   

  3032 C5-H11 2969 C13-H14 

2964m 2971s 2996 C15-H16 2964 C3-H8 

 2931s 2971 aCH2 2953 aCH2 

2862w  2924 aCH2 2902 aCH2 

1626m 1708s 1584 C4-C5,C1-C2 1611 C1-C2 

1603m 1607s 1564 C2-C3,C1-C6,C5-C6   

1564vs 1589s 1559 aNH3 1553 aNH3 

1495s 1541m 1524 aNH3 1527 aNH3 

1456w 1502w 1491 C20=O22 1498 C15=O19,C15=O20 

1446w 1444m 1473 C4-H10,C2-H8   

1437w 1426m 1433 C3-H9,C1-C2 1397 sNH3 

1411s  1410 sNH3 1393 CH2 

1406sh 1406sh 1405 CH2 1374 sNH3,C13H14 

1357sh 1397m 1362 C15H16 1343 N9-H7 

1336m  1350 wagCH2 1338 C13H14, wagCH2 

1321m  1317 C5-H11,C1-H7 1330 ’C13H14, C13-C15 

1308s 1311s 1311 C20=O21 1311 C2-H6,wagCH2 

1294m 1266w 1288 C2-C3,C4-C5 1281 ’C13H14, C15=O20 

1237sh 1234w 1250 ’C15H16 1251 C3-H8 

1226w 1218m 1215 CH2 1193 C2-H6 

1164w 1161vs 1184 C6-C12 1177 CH2 

1155w  1156 C4-H10,C2-H8   

1131w  1136 C3-H9 1120 NH3,’C13H14 

1086sh 1073vs 1101 NH3,’C15H16 1084 C3-N9 

1075m 1040m 1068 ’NH3 1064 ’NH3 

1028w 1019w 1038 ’NH3 NH3   

1025w  1017 R1   

 1008w 1015 C15-N17 1040 C3-N4 

1007w 977w 1003 C3-H9 999 C13-N16 

996sh  992 C3-C4 985 C2-N9 

954w  988 C2-H8 965 C3-N9,C1-N4 

915w 915w 926 C1-H7 910 C10-C13 

907sh 894m 906 C12-C15,NH3 887 C3-H8 

860sh 843w 862 C15-C20 876 wCH2,C3-H8 

851m  853 C5-H11,C4-H10 855 R2 
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849m 836s 822 COO, wCH2 807 COO, wCH2C13-C15 

779m 803w 798 wCH2 749 C2-H6,COO 

746s 751s 750 R1,C3-H9 736 C2-H6,wCH2 

710sh 733w 731 COO 702 C1-C10 

700s 669s 698 R1 623 N4-H5,C1-C10 

683m 651w 667 COO 598 N4-H5R1 

626vw 624m 629 R2 566 R1C1-C10 

605w 569w 570 R3 506 COO 

526s 506w 508 COO,C12C15N17 457 N9-H7 

471w 471s 481 R2R3 383 R1R2 

422w  403 R2R3 350 C15C13C10,C1-C10 

  376 C12C15N17 322 COO, C1-C10 

 351m 339 C6-C12 319 C10C13N16,C15C13N16 

 323s 295 C20C15N17,COO 288 R2,N4-H5 

  235 R3,R2 219 C15C13C10,C1-C10 

 214m 186 C20C15C12 155 wNH3 

 189sh 130 wNH3 119 C1-C10,C1C10C13 

  92 C6C12C15,C6-C12 86 wC10-C1 

  62 wCOO 52 wCOO 

  45 C15-C12 40 C13-C10 

  28 wC12-C6   

Abbreviations: , stretching; , deformation in the plane; , deformation out of plane; wag, wagging; , torsion; R, 

deformation ring R, torsion ring; , rocking; w, twisting; , deformation; a, antisymmetric; s, symmetric. aThis work, bFrom 

scaled quantum mechanics force field. cFrom Ref [48]. 

 

Table S2. Observed and calculated wavenumbers (cm-1) and assignments for C1 and C2 of 2ʹ,4ʹ-dihydroxychalcone in gas phase by 

using the B3LYP/6-311++G** Method. 

 

Experimental 

IR 

 B3LYP/6-311++G** Methoda 

 C2  C1 

SQMb Assignments SQMb Assignments 

3340s 3672 O2-H30 3675 O1-H29 

3340s 3086 C10-H21 3674 O2-H30 

3108sh 3076 C11-H22 3092 C10-H21 

3085s 3071 O1-H29 3075 C11-H22 

3066s 3065 C5-H19 3063 C7-H19 

 3061 C16-H26 3060 C18-H28 

 3054 C14-H24 3054 C14-H24,C17-H27 

 3046 C18-H28 3045 C18-H28,C15-H25 

 3038 C15-H25 3036 C15-H25,C16-H26 

3032s 3033 C9-H20 3031 C17-H27,C18-H28 

2901sh 3033 C17-H27 3020 C12-H23 

2926sh 3023 C12-H23 3003 C9-H20 

1635vs 1627 C10=C12 1650 C6=O3,C10=C12 

1615s 1611 C5-C9,C7-C11 1595 C7-C11 

1592s 1586 C14-C16 1588 C14-C16 

1575s 1562 C8-C15 1578 C13-C11,C10=C12 

1567s 1559 C13-C11 1566 C9-C13 
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1558s 1547 C6=O3 1557 C17-C18 

1515s 1485 C5-H19 1489 C9-H20 

1497s 1479 C16-H26 1479 C16-H26,C14-H24 

1448s 1436 C18-H28,C17-H27 1436 C18-H28,C17-H27 

1440sh 1418 C7-O1 1423 C5-C9 

1361vs 1377 δO1-H29 1328 C10-H21 

1325m 1344 C10-H21 1321 C10-H21 

1319sh 1326 C14-H24 1314 C4-C5 

1303s 1316 C13-O2 1306 C12-H23 

1287s 1302 C12-H23 1296 C7-H19 

1279sh 1292 C4-C7 1271 C8-C14 

1250sh 1267 C8-C12,C8-C14 1252 C4-C7,C13-O2 

1229s 1222 C4-C5 1194 C8-C12,C8-C15 

1215s 1196 C4-C6,C8-C12 1185 C4-C6 

1185m 1193 C12-H23,C10-H21 1170 C5-O1 

1174sh 1178 C11-H22 1168 C15-H25 

1150sh 1170 C15-H25 1150 C18-H28,C17-H27 

1140s 1151 C18-H28,C17-H27 1142 δO1-H29 

1140s 1142 C9-H20 1128 δO2-H30 

1084w 1122 δO2-H30 1082 C11-H22 

1072w 1069 C15-C17 1068 C15-C17 

1044sh 1022 C12-H23 1020 C12-H23 

1033m 1016 C18-C16,C17-C18 1017 C18-C16 

1023m 1009 C6-C10 1015 C6-C10 

1000m 992 R1(A2) 993 R1(A2) 

1000m 990 C18-H28,C17-H27 990 C18-H28,C17-H27 

986sh 972 C16-H26 981 C7-H19 

976s 954 C9-C13 974 C16-H26 

940vw 922 C15-H25 961 C13-C11 

919w 909 C5-H19 922 C15-H25 

887w 884 C8-C14 892 C10-H21 

859m 868 C10-H21 884 C6C10C12,C8-C14 

841sh 846 C11-H22 839 C14-H24 

836m 837 C14-H24 829 C11-H22 

807w 781 R2(A2),C6=O3 791 C9-H20 

791w 779 C6=O3 776 R2(A2),C8-C12 

767m 772 O1-H29,C9-H20 764 R1(A2), C18-H28 

750w 755 R1(A2),C18-H28 738 R1(A1) 

735m 739 R2(A1)R1(A1) 729 C6=O3 

692m 716 R1(A1), C6=O3 682 R1(A2) 

673m 679 R1(A2) 663 R1(A1) 

663w 654 R1(A1) 630 R3(A2) 

 632 C13-O2,C7-O1 628 C13-O2,C5-O1 

 629 R3(A2) 621 R3(A1), C5-O1 

 624 R3(A1), R2(A2) 579 R2(A2) 
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 592 C4-C6,C7-O1 560 C6=O3 

 575 R2(A2),C6=O3 534 R2(A1), R3(A1) 

 524 C4C6C10 486 C8-C12 

 485 C7-O1 468 C8-C12 

 484 R3(A2),C8-C12 448 R2(A1), R3(A1) 

 438 R3(A1) 398 R2(A2) 

 399 R3(A1) 388 C13-O2 

 396 R2(A2) 338 C5-O1 

 374 C13-O2 311 C4-C6 

 326 C4-C6 288 O2-H30 

 309 O2-H30 285 O1-H29 

 273 C4-C6 264 O1-H29,C4-C6 

 258 R3(A2),C10-C12 259 R3(A2) 

 217 R3(A1),R2(A1) 213 R3(A1),R1(A1) 

 198 C6C10C12,C4-C6 200 C6C10C12,C4-C6 

 183 C8-C12 194 C4-C6 

 107 R2(A1),C6-C10 111 R2(A1), C6-C10 

 100 C10-C12 88 C10-C12 

 73 wC12-C8 77 wC12-C8,C6-C10 

 55 C6C10C12,C8C12C10 50 C6C10C12,C8C12C10,C4C6C10 

 24 wC6-C4 22 wC6-C4 

 13 wC12-C8 18 C6-C10,wC12-C8 

Abbreviations: , stretching; , deformation in the plane; , deformation out of plane; wag, wagging; , torsion; R, 

deformation ring R, torsion ring; , rocking; w, twisting; , deformation; a, antisymmetric; s, symmetric. aThis work, bFrom 

scaled quantum mechanics force field; cFrom B3LYP/6-311++G** calculation. 

 

Table S3. Calculated total (E) and relative energies E), dipole moments (µ), volume (V) and populations for the three forms of 

scopolamine in gas and aqueous solution phases. 
 

B3LYP/6-31G* 

Scopolamine free base 

   GAS   

Species E (Hartrees) µ (D) V (Å3) E (kJ/mol) Population % 

R1 -1016.0420 2.27 325.0 -17.05 0.01 

R2 -1016.0485 2.39 319.0 0.00 97.88 

S1 -1016.0441 2.78 324.5 -11.54 0.87 

S2 -1016.0447 2.79 321.7 -9.97 1.94 

PCM 

Species E (Hartrees) µ (D) V (Å3) E (kJ/mol) Population% 

R1 -1016.0670 3.36 324.3 -8.92 1.36 

R2 -1016.0704 2.68 320.0 0.00 50.33 

S1 -1016.0693 4.52 322.0 -2.88 15.60 

S2 -1016.0700 4.14 320.3 -1.05 32.71 

Scopolammonium cationic 

   GAS   

Species E (Hartrees) µ (D) V (Å3) E (kJ/mol) Population% 
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R1 -1016.4119 16.44 324.2 -52.46 0.00 

R2 -1016.4291 13.52 322.5 -7.34 4.80 

S1 -1016.4278 13.09 321.4 -10.75 1.22 

S2 -1016.4319 13.66 336.0 0.00 93.98 

PCM 

Species E (Hartrees) µ (D) V (Å3) E (kJ/mol) Population% 

R1 -1016.5340 18.79 324.9 -11.80 0.73 

R2 -1016.5364 16.46 322.3 -5.51 9.49 

S1 -1016.5355 15.93 324.9 -7.87 3.54 

S2 -1016.5385 17.79 330.2 0.00 86.24 

Scopolamine hydrobromide 

   GAS   

Species E (Hartrees) µ (D) V (Å3) E (kJ/mol) Population% 

R1 -3588.3588 6.71 348.9 49.31 freq (-) 

R2 -3588.3776 6.13 348.2 0.00 100.00 

S1 -3588.3608 5.14 347.0 44.07 freq (-) 

S2 -3588.3395 10.06 359.0 99.94 freq (-) 

PCM 

Species E (Hartrees) µ (D) V (Å3) E (kJ/mol) Population% 

R1 -3588.4128 9.39 351.5 5.51 6.86 

R2 -3588.4149 9.46 350.0 0.00 62.93 

S1 -3588.4142 7.43 354.5 1.84 29.89 

S2 -3588.4099 13.80 359.8 13.11 0.32 

 

Table S4. Observed and calculated wavenumbers (cm-1) and assignments for the free base, cationic and hydrobromide species of scopolamine. 

 

Experimentala    B3LYP/6-31G* Methoda   

   Hydrobromide  Cationic  Free base 

IR Raman SQMb Assignmentsa SQMb Assignmentsa SQMb Assignmentsa 

3595br  3570 O4-H40 3593 O4-H40 3556 O4-H40 

3350s  3096 aCH3 3300 N5-H44   

 3355vw 3080 C20-H41 3114 aCH3 
  

3260sh 3311vw 3069 C21-H42 3084 C22-H43 3078 C22-H43, C20-H41 

 3194vw 3065 sC-H(C6,C7) 3081 sC-H(C6,C7) 3067 C21-H42 

 3163vw 3061 C22-H43 3073 C20-H41 3059 C22-H43,C18-H38 

 3080m 3055 aC-H(C6,C7) 3073 aC-H(C6,C7) 3049 C18-H38 

 3073sh 3053 C18-H38 3065 C21-H42 3046 C19-H39 

3047m 3050m 3048 C19-H39 3053 C18-H38 3039 sC-H(C6,C7) 

 3043sh 3044 aCH3 3052 aCH3 
  

 3034sh 3004 sC-H(C8,C9) 3048 C19-H39 3027 aC-H(C6,C7) 

 3007w 3001 aC-H(C8,C9) 3008 sC-H(C8,C9)   

 3002sh 3000 aCH2(C11) 3007 aCH2(C11)   

    3005 aC-H(C8,C9) 2999 aCH2(C11), C12-H31 

    2998 aCH2(C16) 2990 aCH2(C11), aCH2(C10) 

  2993 aCH2(C10) 2995 aCH2(C10) 2984 aCH2(C16) 

 2971s 2989 aCH2(C15) 2978 C12-H31 2982 aCH3 

 2971s 2976 C12-H31   2976 C12-H31 

 2971s 2971 sCH3 2973 sCH3 2972 sC-H(C8,C9) 
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 2964sh     2969 aC-H(C8,C9) 

2949m 2946sh 2955 C15-H35 2955 C15-H35 2968 aCH3 

  2944 sCH2(C11) 2937 sCH2(C10) 2944 C15-H35 

 2932w 2940 sCH2(C10) 2934 sCH2(C11) 2942 sCH2(C11) 

 2923sh 2911 sCH2(C15) 2923 sCH2(C16) 2931 sCH2(C10) 

2886sh 2889w     2907 sCH3 

 2866w     2901 sCH2(C16) 

  1882 N5-H44     

1739vs 1732w 1712 C14-O3 1736 C14-O3 1710 C14-O3 

1696w      1610 C19-C21,C18-C20 

1606w 
1598m 1609 C19-C21 1599 C19-C21,C18-C20 1590 

C20-C22,C17-C18 

C17-C19 

1595sh 1582w 

1575vw 
1591 C20-C22 1583 C20-C22,C21-C22 

C17-C18 

  

 1557vw 1526 ρN5-H44 

δBr45H44N5 

    

1494w  1499 βC20-H41 1479 βC20-H41 1499 βC20-H41 βC19-H39 

1494w    1478 δaCH3 1487 δaCH3 

1475m 1474w   1473 ρN5-H44   

1470m  1471 δaCH3 
    

1458m  1459 δCH2(C15)     

1458m  1459 βC22-H43,C18-C20   1459 βC22-H43,C18-C20 

1458m 1457w 1458 δCH2(C10) 1457 δCH2(C16) 1458 δCH2(C16) 

1458m  1455 δCH2(C11) 1456 δCH2(C11) 1454 δCH2(C10) 

1442m    1452 δCH2(C10) 1447 δaCH3 

1442m  1441 δaCH3 1443 βC22-H43,C18-C20 1442 δCH2(C11) 

1436sh 1436w   1427 δaCH3 1424 δsCH3 

1425sh 1425w 1416 ρC12-H31 

wagCH2(C10) 

    

1406w 1402w 1411 ρ'N5-H44,H44-N5 1414 δsCH3,βN5-H44   

1406w 1402w 1406 wagCH2(C15), δsCH3 1404 ρC12-H31 1408 wagCH2(C16) 

1406w 1402w 1404 wagCH2(C15) 1400 wagCH2(C16)   

1385m 1385vw 1385 δsCH3 1385 δsCH3 1396 ρC12-H31 

1385m 1385vw   1384 ρ'N5-H44 1383 δsCH3C6-C7 

1375sh 1370w 1375 ρ'C12-H31   1372 ρ'C12-H31 

1375sh 1370w 1368 ρCH2(C15) 1365 ρCH2(C16) 1366 ρCH2(C16) 

 1360w 1353 wagCH2(C11) 1358 wagCH2(C10)   

1350m  1346 βC18-H38   1347 ρC15-H35,βC18-H38 

1344sh 1346w     1344 ρC9-H26 

  1335 ρC9-H26 1339 ρC15-H35 1335 wagCH2(C11) 

  1334 ρC8-H25 1332 wagCH2(C11) 1331 wagCH2(C10) 

1327w 1327w   1327 ρC9-H26   

  1328 ρC15-H35 1326 ρC8-H25 1323 ρC15-H35 

    1312 βC18-H38 βC19-H39   

1308w 1308w 1309 C17-C18C17-C19 1305 C17-C19 1306 ρ'C15-H35,C17-C18 

1299sh 1298sh     1288 ρC8-H25 

 1292sh 1293 ρ'C6-H23 1293 ρ'C7-H24 1284 ρCH2(C10) 

  1283 ρ'C8-H25 1283 ρ'C8-H25 1283 ρ'C7-H24,ρ'C6-H23 

1270sh 1273vw 1271 ρ'C7-H24 1269 ρ'C9-H26 ρ'C6-H23   

1262w  1262 ρCH2(C10)ρCH2(C11)   1253 ρ'C8-H25ρ'C9-H26 

1245w 1246w 1252 ρ'C9-H26 1241 ρCH2(C11) 1248 ρCH2(C11) 

1245w 1246w     1237 C14-O2,δCOO 
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1232sh 1233w 1234 ρ'C15-H35 1229 ρ'C15-H35 1234 ρ'C15-H35 

 1230sh 1226 C14-O2 1225 ρ'N5-H44   

1223m  1213 ρC7-H24 ρC6-H23 1211 R1(A2),ρC6-H23 1213 ρ'CH3 

1203w 1206sh 1204 ρ'CH3 ρ'C9-H26 1201 ρCH2(C16)δOH 1205 ρC7-H24 ρC6-H23 

1184sh 1183sh 1183 βC18-H38, βC19-H39 1185 ρ'CH3 1182 βC18-H38 

 1179m 1172 C15-C17   1176 C15-C17 

1168vs  1161 βC22-H43, βC21-H42 1165 βC18-H38, βC19- 1164 ρCH2(C16),δOH 

1168vs  1160 δOH 1164 C15-C17 1161 βC22-H43,βC21-H42 

1157sh 1154w   1145 βC22-H43, βC21- 1145 ρCH2(C11) 

 1141w 1143 ρ'CH3 1143 ρCH3 
  

  1141 ρCH3 1138 ρ'CH3 ρCH2(C10)   

1135s    1135 C14-O2,δCOO 1132 N5-C13 

1116sh 1116w 1097 C10-C12C11-C12   1129 ρCH3 

1082sh 1086w 1081 C18-C20 1092 C10-C12,C11-C12 1099 C10-C12,C11-C12 

1078w  1079 ρC7-H24, ρC6-H23 1078 R1(A2) 1080 C18-C20,C19-C21 

 1070w   1076 ρC6-H23 ρC7-H24   

1068m  1071 R1(A2), R2(A2) 1071 R1(A2), C18-C20 1071 ρC7-H24, ρC6-H23 

1068m  1063 R1(A2), R2(A2)   1056 R1(A2), R2(A2) 

1047s  1052 C15-C16 1052 R1(A2), R2(A2) 1052 C16-O4,R1(A2) 

1047s 1047w 1044 C16-O4 1047 C16-O4 1046 C16-O4,C15-C16 

1036sh    1040 C15-C16 1029 R2(A2) 

  1027 C21-C22   1027 βR1(A1)C21-C22 

 1027m 1020 N5-C13 1022 βR1(A1),C20-C22 1021 N5-C8N5-C9 

1012m    1007 N5-C13,ρ'C7-H24   

 1001s 1001 βR1(A1) 1001 βR1(A1) 1001 βR1(A1) C21-C22 

 1001s 995 C12-O2 998 C22-H43   

 1001s 992 N5-C8 995 C12-O2 989 C22-H43 

981w 982w 989 C22-H43,C21-H42 985 C9-C11 981 C12-O2 

975sh  976 C9-C11C8-C10 974 C8-C10 969 C8-C10,C9-C11 

  
965 wCH2(C15) 

C14-C15 
965 C21-H42C20-H41 964 wCH2(C16), C14-C15 

δC14C15C16 

958vw 961w 961 C19-H39,C20-H41 959 wCH2(C16) 960 C20-H41 

  950 C7-C9,C6-C8 949 C6-C8,C7-C9 940 C7-C9 

  942 R2(A2)   932 C12-O2,R2(A2) 

923sh 920w   925 N5-C13   

915w 910sh 919 C18-H38 921 C19-H39   

906w 906w     915 C18-H38,C19-H39 

899w 899sh 892 C7-O1 888 C7-O1 890 C7-O1,C6-C8 

874vw 875w 880 C6-O1 875 C6-O1 878 C6-O1 

 864vw 867 COO 861 COO 865 C6-C7 

851s 852w   854 C18-H38 853 R1(A3) 

851s 852w 851 C21-H42   851 C21-H42 

  845 R1(A3)     

843sh 841w 841 C6-C7 839 C7-O1,R1(A3)   

836sh 836sh 827 δCOO 836 C6-C7 840 C6-C7 

810w 811w 811 wCH2(C10) 

wCH2(C11) 
819 wCH2(C16)C14-O2 823 C7-C9 

780w 802w   797 wCH2(C11) 806 βR2(A3) 

776sh  775 R1(A1),C22-H43 774 R1(A1),C22-H43 772 R1(A1),C22-H43 

753w 755m 767 R1(A2) N5-C13   751 wCH2(C11) 

    745 N5-C13,R1(A2) 748 βR1(A3), wCH2(C10) 
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 745sh 741 C22-H43 740 R1(A2), βR1(A3) 738 COO 

735m  731 βR2(A3), N5-C9     

725sh 728w 728 βR1(A3) 722 βR1(A3)   

699m 706vw 697 R1(A1), R2(A1) 699 N5-C8,N5-C9 697 R1(A1) 

694sh    698 R1(A1) 688 R1(A2),βR1(A3) 

678vw  674 R2(A2), βR3(A2)   681 R2(A3) 

 666w 666 βR3(A1) 667 δC12O2C14   

    663 ρCOO 660 βR3(A1) 

 629w 628 βR2(A1) 628 βR2(A1) 628 βR2(A1) 

 616w       

 588w 574 βR3(A1) COO 573 βR3(A1),COO 572 COO 

 554w 546 βR3(A2) 538 βR2(A3) 546 βR2(A2), βR3(A2) 

 534w 534 R2(A1) 530 R2(A1),C15-C17 537 R2(A1) 

 489sh 496 R2(A1)   506 OH 

 484w 470 OH 489 R2(A1) 486 R2(A1), R1(A2) 

 461w 463 R2(A2) 454 δO2C12C10 

δO2C12C11 
458 R2(A2,)R1(A2) 

 458sh 450 N5-C13δCCO1   447 N5-C13, δCCO 

 435w   432 N5-C13,δCCO1   

  405 R3(A1) 404 R3(A1) 404 R3(A1) 

  402 R1(A2) 399 δO4C16C15 401 δO4C16C15 

 395vw 380 βR2(A2) 392 OH   

 367w   367 βR2(A2) 375 βR2(A2),βN5-C13 

 337sh 336 R1(A2)     

 330w 330 δO4C16C15 328 βC15-C17 331 βC15-C17 

  319 ρC15-C17 318 R1(A2), R2(A2) 319 R1(A2), R2(A2) 

 310w   315 R2(A2), R3(A2) 315 δO2C12C10, δO2C12C11 

 292w 302 R1(A2), R2(A1) 294 R1(A2) 297 R2(A3) 

  286 ρN5-C13,R2(A3) 274 R1(A3) ,ρN5-C13 288 R1(A2) 

 269w 275 R1(A2),R2(A2) 273 R2(A3)   

 261w 245 R3(A2)   261 R2(A2)R1(A2) 

 234sh 243 δC14C15C16 235 δC14C15C16 233 R3(A2) 

 219w   231 R3(A2) 226 R2(A2) 

 207w 193 R2(A2) βR3(A2)     

  181 ρCOO 188 βR3(A2) 185 βR3(A2) 

 175sh   174 wCH3 
  

 167w 153 Br45-H44 166 R2(A2)R1(A2) 170 ρCOO 

 145w 143 R2(A2) R1(A2)   148 wCH3 

   130 R2(A2)R1(A2) 133 R2(A2) 

 120 wCH3 
  117 C16-C15 

109vs 113 C16-C15 108 C16-C15   

89sh 87 δC12O2C14     

89sh 85 C15-C17. 

δC17C15C16 
84 C15-C17 

δC17C15C16 
81 C15-C17, δC14C15C17 

δC17C15C16 

78sh 59 R2(A2), H44-N5 61 R2(A2)   

 51 O2-C12 56 R1(A2) 58 R2(A2)R1(A2) 

 36 wC15-C17   47 O2-C12 

 33 R2(A2) R1(A2) 35 wC15-C17 32 wC15-C17 

   23 C14-O2 24 C14-O2 

 20 C14-O2 21 wCOO 20 wCOO 

 8 wCOO     

Abbreviations: , stretching; β deformation in the plane;  deformation out of plane; wag, wagging; 



Silvia Antonia Brandán / DS-AIR, 4(2), 1-43, 2026 

30 

torsion; R, deformation ring R, torsion ring; , rocking; w, twisting; , deformation; a, antisymmetric; s, symmetric; (A1), 

Ring 1; (A2), Ring 2, (A3), Ring 3. aThis work, bFrom scaled quantum mechanics force field. 

 

Table S5. Observed and calculated wavenumbers (cm-1) and assignments for R(+) and S(-) forms of Camphor in gas phase by using 

the B3LYP/6-311++G** method. 
 

Expb 
 B3LYP/6-311++G** methoda 

 R(+)  S(-) 

IR Raman SQMc Assignmentsa SQMc Assignmentsa 

2961s 2988vs 2988 aCH3(C10) 2988 aCH3(C9) 

2941sh  2976 aCH3(C9) 2976 aCH3(C10) 

 2972sh 2969 aCH2(C6) 2969 aCH2(C6) 

  2968 aCH3(C11) 2968 aCH3(C11) 

  2964 aCH3(C11) 2964 aCH3(C11) 

  2961 aCH2(C7) 2961 aCH2(C7) 

 2953s 2955 aCH3(C9) 2955 aCH3(C10) 

  2951 aCH2(C5) 2951 aCH2(C5) 

2948s  2948 C4-H12 2948 C4-H12 

  2948 aCH3(C10) 2948 aCH3(C9) 

 2929sh 2930 sCH2(C6) 2930 sCH2(C6) 

  2927 sCH2(C7) 2927 sCH2(C7) 

2917sh  2921 sCH2(C5) 2921 sCH2(C5) 

  2906 sCH3(C10) 2906 sCH3(C9) 

  2903 sCH3(C11) 2903 sCH3(C11) 

2877w 2889s 2899 sCH3(C9) 2899 sCH3(C10) 

1743vs 1751m 1737 C8=O1 1737 C8=O1 

1471w 1476m 1464 δCH2(C6) 1464 δCH2(C6) 

1453sh 1452m 1453 δCH2(C5), δaCH3(C9) 1453 δCH2(C5), δaCH3(C9) 

1445m 1444sh 1449 δaCH3(C9) 1449 δaCH3(C10) 

1439sh  1438 δCH2(C5) δaCH3(C9) 1438 δaCH3(C10) 

  1434 δaCH3(C11) 1434 δaCH3(C11) 

1422sh  1428 δaCH3(C10) 1428 δaCH3(C11) 

  1423 δaCH3(C11) 1423 δaCH3(C11), δaCH3(C11) 

1418m 1420m 1420 δaCH3(C10) 1420 δaCH3(C9) 

1390m 1392vw 1395 δCH2(C7) 1395 δCH2(C7) 

1372m 1378vw 1364 δsCH3(C9) 1364 δsCH3(C10) 

  1349 δsCH3(C11) 1349 δsCH3(C11) 

1332sh 1326w 1343 δsCH3(C10) 1343 δsCH3(C9) 

1324m  1313 wagCH2(C5) 1313 wagCH2(C5) 

1318sh 1204sh 1305 wagCH2(C6) 1305 wagCH2(C6) 

1280w 1298w 1289 ’C4-H12 1289 ’C4-H12 

1247w 1276vw 1258 C4-H12 1258 C4-H12 

1240sh 1248w 1240 
wagCH2(C7), C4-C7 

ρCH2(C5) 1240 
wagCH2(C7),C4-C7 

ρCH2(C5) 

1222w 1221w 1233 R1(A1) 1233 R1(A1) 

1197w 1199w 1209 ρCH2(C6) 1209 ρCH2(C6) 

 1193w 1188 R2(A1) 1188 R2(A1) 

1169w 1169w 1174 R3(A3),R2(A1) 1174 R3(A3),R2(A1) 

1163sh 1152w 1153 
ρCH2(C7),C4-H12 

CH3(C11) 
1153 R2(A3) C3-C11 
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1127w 1131vw 1120 R2(A1), R1(A2) 1120 
R2(A1), R1(A2) 

’CH3(C11) 

1095w 1093w 1109 R3(A3), R1(A2) 1109 R3(A3), R1(A2) 

1075w 1079w 1087 ’CH3(C11) 1087 CH3(C11) 

1047s 1047vw 1066 R1(A2) 1066 R1(A2) 

1022m 1022w 1014 R1(A2),R2(A1) 1014 R1(A2), R2(A2) 

990vw 1011w 997 CH3(C10) 997 ’CH3(C9),’CH3(C10) 

960sh 986w 982 R1(A2),R2(A1) 982 R1(A2), R2(A2) 

952w 950m 963 R3(A3), R1(A2) 963 R3(A3), R1(A2) 

934w 934w 929 
’CH3(C9), C2-C10 

’CH3(C10) CH3(C9) 
930 

CH3(C10), C2-C9 

CH3(C9) 

926w 926sh 924 C2-C9 924 C2-C10 

915w 914w 907 C5-C6 907 C5-C6 

858sh 862s 888 R3(A3), R1(A2) 888 R3(A3), R1(A2) 

855w 850s 874 R3(A3),R2(A1) 874 R3(A3), R2(A1) 

848sh 846sh 831 C4-C6 831 C4-C6 

829w 822w 822 C3-C5 822 C3-C5 

751m 772vw 776 R2(A3),wCH2(C6) 776 R2(A3), wCH2(C6) 

709vw 
747w 

706w 
703 

wCH2(C5), C2-C3 

C3-C8 
703 

wCH2(C5), C2-C3 

C3-C8,wCH2(C7) 

647w 648vs 678 C2-C4 678 C2-C4 

610w 604w 622 
C3-C11,C7-C8 

βC8=O1 
622 

C3-C11,C7-C8 

βC8=O1 

574w 568w 588 R2(A1), C8=O1 588 R2(A1), C8=O1 

552w 549s 553 R3(A3),R2(A1) 553 R3(A3),R2(A1) 

521s 530vw 538 R1(A2), R1(A1) 538 R1(A2), R1(A1) 

514sh 515w 511 R1(A2) 511 R1(A2) 

472w 468m 464 R2(A2) 464 R2(A2) 

415w 410w 402 R1(A3) 402 R1(A2),R2(A1) 

  

386w 

 

389 

C10C2C9,C9C2C3 

C10C2C4 

C9C2C4 

 

389 

C9C2C3,C10C2C9 

C9C2C4 

C10C2C4 

 
375sh 373 R1(A2)R2(A1) C11C3C5 373 

R1(A2)R2(A1) 

C11C3C5 
 292w 292 R1(A2),R3(A3) 292 R1(A2),R3(A3) 

 281w 284 R1(A2) 284 R3(A3), R1(A2) 

 254m 256 R3(A3) 256 R3(A3), R1(A2) 

 
237w 236 

R1(A2),R3(A3) 

C11C3C2 
236 

R1(A2),R3(A3) 

C11C3C2 
 210w 209 R3(A3), R1(A2) 209 R3(A3) 

 
197sh 200 

wCH3(C9),wCH3(C10) 

wCH3(C11) 
200 wCH3(C10), wCH3(C9) 

  
156 R3(A3), R1(A2) 156 

R3(A3), R1(A2) 

wCH3(C11) 

  150 R1(A2),R3(A3) 150 R1(A2),R3(A3) 

  106 R3(A3),R2(A1) 106 R3(A3) 

 

Abbreviations: , stretching;  deformation in the plane;  deformation out of plane; wag, wagging; 

  torsion; R, deformation ring R, torsion ring; , rocking; w, twisting; , deformation; a, antisymmetric; s, symmetric; (A1), 
Ring 1; (A2), Ring 2; (A3), Ring 3; aThis work, bFrom Ref [46], cFrom scaled quantum mechanics force field. 

[46] Experimental available ATR, IR and Raman spectra of camphor from: https://spectrabase.com/spectrum. 

https://spectrabase.com/spectrum
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Table S6. Experimental frequencies (cm-1) and assignments for chromyl nitrate 
aExperimental spectra   bAssignment  aAssignment 

aIR aIR aIR aRaman (monodentate) (bidentate) (bidentate)#  

1900 vvw 1893 vvw 1910  959 + 945 = 1904   1224 + 685= 1909 

1650 sh 1640 sh 1660 sh 1642 (16) s  ip   ip   ip a  

1637 vs 1613 vs 1635 vs 1614 sh s  op   p   p  

1556 1550 w 1550     2 x 778 =1556 
  1381     944 + 453 = 1397 
  1348     1223 + 125 = 1348 
  1337  1234 + 100 = 1334    

 1305 w      958 + 349 = 1307 
 1275 1276  1637 – 349= 1288    

1227 1234 sh  1232 (11) a  ip a  ip a  ip s  

1221 1215 s 1223 1216 sh a  op a  op a  op  

  1023     775 + 247 =1022 

961  968  835 + 125 = 960   a Cr
 958 s 962 sh 959 (100) s Cr s Cr s Cr s Cr
  944 945 sh a Cr a Cr a Cr  N-O 
  835   ip  ip s  ip 

808 sh 806 sh 800   op  op s  op     

781 sh 779 sh 781 782 (8)  op,  op,  ip, 

776 771 m 774 774 sh O= op, s  ip,  ip, 

 685 w 689 686 (10) a N-O, s N-O O= op, O= op, 

 457 m 453 460 sh a Cr- Cr Cr a Cr-
   446 (95) Cr a Cr- s CrO s Cr-
 349 w  350 (41) s Cr- s Cr- s Cr- Cr

 273 w  271 (9) Wag Cr  op Wag Cr  Cr

 247 w  242 (5)  ip  Cr  Cr N-O-Cr 
 223 sh   N-O-Cr op Wag Cr w Cr  
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213 w      

 206 (9) N-O-Cr ip, a CrO a Cr-  

 152 (5)  Cr  a O-Cr-O a O-Cr-O, 

125 br, vw 100  op,   ip,  

- -   ip  op  

Abbreviations:  stretching;  deformation;  rocking; wag,  wagging;  torsion, a, antisymmetric, s, symmetric, op, out of phase; ip, in phase 

aRef [1] E. L. Varetti, S. A. Brandán, A. Ben Altabef, Vib. Spectrosc.1993, 5, 219, #Considering the nitrate group as ring of four members. 

bRef [60] 

 
Table S7. Comparison of scaled internal force constants for chromyl nitrate 

Force Constants    aCHROMYL NITRATE    

 MONODENTATE  BIDENTATE   #BIDENTATE  

Coordinates Lanl2DZ 6-31G* 6-311++G Lanl2DZ 6-31G* 6-311++G Lanl2DZ 6-31G* 6-311++G 

f (N=O) 16.18 16.25 15.83 11.74 11.44 11.71 11.55 11.62 11.07 

f (N-O) 3.19 3.38 3.22 4.62 4.96 4.62 4.96 4.96 4.62 

f (Cr=O) 6.55 6.55 6.56 6.55 6.53 6.57 6.55 6.57 6.56 

f (Cr-O) 7.82 6.09 7.34 1.64 1.44 1.51 1.34 1.38 1.27 

f (O=N=O) 1.57 1.62 1.58 - - - - - - 

f (O=N-O) 2.05 2.24 2.09 1.83 1.74 1.87 1.49 1.32 1.57 

f (O=Cr=O) 2.31 2.53 2.26 1.73 1.66 1.74 1.58 1.62 1.63 

f (O-Cr-O) 0.86 0.80 0.74 0.91 0.93 0.93 0.75 0.65 0.66 

f (O-N-Cr) 1.96 2.41 1.96 - - - - - - 

f (N=O)/ (N-O) 1.74 1.81 1.71 1.33 1.29 1.25 1.66 1.95 1.60 

f (N=O)/ (Cr-O) 1.16 1.16 1.16 -0.12 -0.07 -0.11 -0.27 -0.47 -0.39 

f (N-O)/ (N-O) 2.00 2.06 2.09 -1.30 -1.29 -1.29 -1.35 -1.61 -1.36 

Units are mdyn Å-1 for stretching and stretching/stretching interaction and mdyn Å rad-2 for angle deformations 

aRef [60], #Considering the nitrate groups as ring of four members 
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Table S8. Observed and calculated frequencies (cm-1) for niobyl nitrate 

Niobyl nitratea 

 IR Solid  Raman 

solid 

Assignment 

(Two nitrate bidentate) 

Assignment 

(Three nitrate bidentate) CsI KBr Polyethylene 

1763 w 1765 w   (N=O) ip (N=O)ip 

1753 w    (N=O) op (N=O)op 

1620 s 1614 m  1605 w a(NO2)* (N=O)* 

1398 vs    s(NO2)*  

1379 vs 1389 vs    a(NO2)* 

1362 vs    a(NO2) ip a(NO2) ip 

1345 vs 1344 sh   a(NO2) op a(NO2) op 
   1303 w 652 x 2 = 1304 652 x 2 = 1304 

1264 w   1267 vw 671 + 582 = 1253 671 + 582 = 1253 

1050 w   1057 m (Nb=O) (Nb=O) 
 986 sh  1035 sh   

947 sh   954 sh s(NO2) ip s(NO2) ip 

930 sh    s(NO2) op s(NO2) op 

920 w 910 s   (N-O)* s(NO2)* 

905 w    (NO2) ip (NO2) ip 

888     

870   864 sh  ip ip 

812 818 vs    p  p 

797 795 vs   (NO2) op (NO2) op 

737   728 s (O=N-O)* (O=N-O)* 

726   707 s (O=N-O) ip (O=N-O) ip 

668 671 s 668 w 688 s (O=N-O) op (NO2)* 

618   652 s (NO2)* (O=N-O) op 

588 582 s  582 sh   

  563 s    

496  495 w  (Nb-O-Nb) (Nb-O-Nb) 

451  457 sh 456 w   

435  442 sh 438 vw   

421  419 w  (Nb-O) (Nb-O) 

406  398 w  a(Nb-O)* (Nb-O) 

355 349 m 351 s 342 sh (Nb-O) a(Nb-O)* 
 295 w 302 sh  s(Nb-O)* s(Nb-O) 
  289 sh 271 sh (Nb-O) (Nb-O) 
 248 s 265 vs  (N-O-Nb) (NbO2), (O=Nb-O) 
 212 s 228 s 226 s (O=Nb-O) s(Nb-O)*, ρ(O=Nb-O) 
 205 m 202 m 206 s (NbO2) (NbO2) 
  178 m  ρ(O=Nb-O)  

  157 w  (NbO2) (NO2)* 
  150 w  (NbO2)  

  140 w  (NO2) op (NO2) op 
  121 w  (NbO2) (NbO2) 
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   109 vs (NO2)*  

  89 w 90 vs (O=Nb-O) (NbO2), (O=Nb-O) 
  72 w  (NO2)ip (NO2)ip 

(NO3)* (NO3)* 

Abbreviations: , stretching; , deformation; , rocking; wag, () wagging; w, torsion, a, antisymmetric, s, 

symmetric; op, out-of-phase; ip, in-phase; s, strong; v, very; m, medium; w, weak; sh, shoulder. aRef [62], *single 

nitrate group lies in the mirror plane. 

 

Table S9. Comparison of scaled internal force constants for niobyl nitrate with the corresponding to vanadyl nitrate 

B3LYP/6-31G* 

Force constants ONE NITRATE MONODENTATE THREE NITRATE 

Coordinates aNbO(NO3)3 
bVO(NO3)3 

aNbO(NO3)3 
bVO(NO3)3 

f (N=O) 12.07 11.42 12.07 11.29 

f (N=O)* 8.65 9.20 11.69 11.03 

f (N-O) 5.03 6.07 4.14 6.08 

f (N-O)* 4.28 5.12 4.12 6.18 

f (M=O) 7.49 7.39 7.49 7.39 

f (M-O) 1.51 1.57 1.51 1.57 

f(M-O)* 2.47 2.51 1.46 1.45 

f (O-N-O) 1.89 1.76 1.89 1.76 

f (O-N-O)* 1.76 1.60 1.65 1.73 

f (O=N-O) 1.34 1.20 1.34 1.20 

f (O=M-O) 0.89 1.15 0.96 1.15 

f (O-M-O) 0.83 0.75 0.78 0.75 

Units are mdyn Å-1 for stretching and stretching/stretching interaction and mdyn Å rad-2 for angle deformations. aRef 

[62], bRef [61]. *A single nitrate group lies in the mirror plane M= Nb, V 

 

Table S10. Observed and calculated wavenumbers (cm-1) and assignments for 4PPHP in gas phase. 
Experimental  B3LYP/6-311++G** Methoda 

IRc Calculated SQMb Assignmentsa 

3567vs,br 3841 3682 O29-H30 

3567vs,br 3838 3680 O31-H32 

3567vs,br 3497 3353 sNH2aNH2 

3263sh 3204 3071 C14-H15 

 3191 3059 C18-H19 

 3182 3050 C22-H23 

3167sh 3168 3037 C16-H17 

 3162 3031 C20-H21 

 3121 2992 aCH2(C7) 

3107sh 3090 2963 aCH2(C4) 

 3083 2956 aCH2(C10) 

 3082 2955 aCH2(C1) 

 2997 2873 sCH2(C1) 

2992sh 2993 2870 sCH2(C10) 

 2952 2830 sCH2(C7) 

2883w 2945 2823 sCH2(C4) 



Silvia Antonia Brandán / DS-AIR, 4(2), 1-43, 2026 

36 

2493vs,br 2396 2298 νO33-H26 

1640m 1640 1587 C20-C22,C14-C16 

1600s 1615 1564 C13-C14 

1504s 1528 1482 C20-H21 

1451s 1509 1459 wagNH2 ρNH2 

 1502 1445 δCH2(C1),δCH2(C10) 

 1495 1440 C18-H19,C16-H17 

1438sh 1491 1438 δCH2(C7) 

1431sh 1487 1429 δCH2(C4) 

1428sh 1481 1425 δCH2(C1), δCH2(C10) 

1395w 1430 1400 wagCH2(C4), wagCH2(C7) 

 1414 1390 wagCH2(C4), wagCH2(C10) 

 1408 1361 O33-H26,N24-H26 

1349sh 1381 1357 wagCH2(C7) 

1331sh 1369 1332 wagCH2(C1) 

 1363 1330 ρCH2(C4) 

1325m 1354 1324 C22-H23 

1260vs 1328 1284 C13-C22 

1260vs 1323 1280 ρCH2(C1) 

1260vs 1289 1238 aPO2 

1233sh 1269 1234 ρCH2(C10) 

1233sh 1257 1220 C13-N27 

1197sh 1234 1199 ρCH2(C7) 

 1209 1175 C16-H17,C14-H15 

1154s 1182 1150 C18-H19 

1154s 1169 1127 N27-C4,N27-C7 

 1166 1118 O33-H26,N24-H26 

1091vs 1142 1070 C14-C16 

 1107 1059 O33-H26,N24-H26 

1041s 1104 1043 O33-H26,N24-H26 

 1076 1030 R1(A1), R1(A2) 

1025sh 1068 1023 wCH2(C10) 

1018sh 1060 1014 C18-C20,C16-C18 

991m 1057 1004 δO29-H30 

991m 1051 990 R1(A1) 

 1025 982 C18-H19 

969sh 1008 969 δO31-H32 

 991 967 O33-H26,N24-H26 

959vs 973 963 C16-H17,C20-H21 

919vs 967 924 sPO2 

 950 906 N27-C7,N24-C10 

 935 902 C14-H15,C22-H23 

879s 907 880 C14-H15 

856m 896 854 wNH2,C1-C4,C7-C10 

 864 825 C22-H23 

856m 850 817 aPO2H 
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 849 805 C1-N24,N24-C10 

764vs 830 784 wCH2(C7),wCH2(C1) 

 788 759 R1(A1),C18-H19 

764vs 772 757 sPO2H 

723sh 745 720 R2(A1) 

690s 707 688 R1(A1) 

631w 642 627 R3(A1) 

585sh 632 618 R1(A2) 

549sh 554 543 R2(A2) 

519sh 533 522 R3(A1), C13-N27 

 477 469 R3(A2) 

512vs 471 468 wPO2H 

512vs 468 462 aNH2,sNH2 

 439 434 wagPO2H 

 436 430 C13-N27,N27-C13 

410sh 418 405 R2(A1) 

 414 401 R1(A2) 

 391 375 δaPO2H, δaPO2 

 365 353 ρPO2H 

 320 311 R3(A2) 

 309 303 R2(A2), C13-N27 

 269 261 R2(A2) 

 257 247 aNH2,sNH2 

 250 231 O29-H30,O31-H32 

 197 185 aNH2,sNH2 

 184 178 δaPO2H 

 136 133 sNH2,aNH2 

 82 80 δN24H26O33, δP28O33H26 

 74 71 sNH2,aNH2 

 62 58 O33-H26 

 45 41 wN27-C13,P28-O33 

 23 21 N24-H26,O33-H26 

19 17 δNH2 

15 14 N24-H26 

Abbreviations: ν, stretching; , deformation in the plane; , deformation out of plane; wag. wagging; , torsion; R. 

deformation ring R. torsion ring; . rocking; w. twisting; . deformation; a. antisymmetric; s. symmetric; (A1), Ring 

Phenyl; (A2), Ring piperazine; aFrom Ref [70], bFrom scaled quantum mechanics force field. 

 

Table S11. Observed and calculated wavenumbers (cm-1) and assignments of anhydrous, mono and dihydrated chloride salts in the gas 

phase by using the hybrid B3LYP/6-311++G** level of theory. 

Experimentalc 
  B3LYP/6-311++G** Methoda   

   Anhydrous Salt  Monohydrated Salt  Dihydrated Salt 

IR Raman SQMb Assignments SQMb Assignments SQMb Assignments 

3430w      3723 aO50-H51 

3372w    3714 aO46-H47 3716 aO46-H47 

3154vw 3173w   3087 C36-H41 3290 sO50-H51Cl49-H51 
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 3145w 3098 C36-H41 3073 sO46-H47 3178 sO46-H47Cl49-H48 

3089sh  3090 C18-H23 3069 C29-H34 3082 C36-H41 

  3069 C29-H34 3068 C37-H42 3069 C25-H30 

  3068 C3-H8 3066 C17-H22 3068 C38-H43 

  3065 C37-H42 3066 C3-H8 3066 C3-H8 

  3064 C17-H22 3062 C26-H31 3062 C28-H33 

 3068s 3061 C26-H31 3060 C39-H44 3061 C39-H44C37-H42 

3056w  3058 C39-H44 3059 C6-H11 3059 C6-H11 

  3057 C6-H11 3054 C28-H33 3055 C15-H20C16-H21 

  3056 C15-H20 3054 C15-H20 3054 C26-H31 

  3053 C28-H33 3050 C38-H43 3051 C4-H9 

  3048 C4-H9 3049 C4-H9 3050 C38-H43C40-H45 

  3047 C40-H45 3046 C25-H30 3047 C29-H34 

  3046 C25-H30   
3044 C16-H21C17-H22 

  3043 C16-H21 3041 C40-H45 3042 C40-H45 

    
3040 C16-H21 3039 C27-H32 

 3040sh 3038 C27-H32 3039 C27-H32 3038 C5-H10 

  3036 C38-H43 3037 C5-H10 3037 C17-H22 

2968s  3035 C5-H10 3031 C14-H19 3032 C14-H19 

2936vs 2955w 3034 C14-H19 2995 C18-H23 3028 C18-H23 

2863s 2886w 2875 C7-H12 2985 C7-H12 2992 C7-H12 

      
2123 C7-H12 

1589m 1596vs 1575 C25-C26,C28-C29 1584 W1 1575 W2,C28-C29 

 1585sh 1573 C14-C15 1575 C25-C26,C28-C29 1575 C39-C40,C36-C37 

  1572 C6-C7,C3-C4 1575 C39-C40 1575 W2 

  1571 C39-C40,C36-C37 1573 wH12-C7,wW1 1573 C7-H12,W1 

    1569 C14-C15,C17-C18 1569 W2,wW2 

  1562 C27-C28 1565 C38-C39,C37-C38 1566 C7-H12,wH12-C7 

  1559 C15-C16,C16-C17 1561 wH12-C7, C5-C6 1563 C7-H12,wH12-C7 

  1558 C38-C39 1560 C27-C28,C26-C27 1561 C26-C27,C27-C28 

  
1556 C5-C6,C4-C5 1556 C15-C16,C16-C17 1556 

C15-C16,C18-C13, 

C16-C17,C17-C18 

 1492w 1478 C7-H12,C4-H9 1483 C7-H12 1520 C7-H12,wH12-C7 

  1472 C28-H33,C26-H31 1472 C40-H45,C36-H41 1476 C17-H22 

1474s  1470 C39-H44 1471 C25-H30,C29-H34 1472 C35-C36,C38-C39 

1448s 1447w 1469 C14-H19,C18-H23 1467 C14-H19 1471 C29-H34,C25-H30 

  1427 C27-H32 1429 C38-H43,C39-H44 1430 wH22-C17,wW2 

  1423 C16-H21,C15-H20 1424 C27-H32, C38-H43 1426 wH22-C17,wW2 

  1421 C27-H32 1422 C6-H11, C3-C4 1423 wH22-C17,wW2 

1386m 1407w 1420 C5-H10,C6-H11 1419 C16-H21,C17-H22 1422 P1-C2 

1349w 1350w 1341 C7-H12,C3-H8 1343 wH12-C7,wW1 1407 wH22-C17,wH12-C7 

1325w 1326w 1326 C36-H41,C40-H45 1326 C36-H41,C40-H45 1328 C18-H23,C14-H19 

  1323 C29-H34,C25-H30 1324 C18-H23 1325 C36-H41,C40-H45 

  1321 C18-H23,C14-H19 1321 C29-H34,C25-H30 1321 C25-H30,C29-H34 

1287vw 1297w 1277 C35-C36 1280 C35-C36,C35-C40 1280 P1-C2,wW2 

  1275 C18-C13,C13-C14 1274 C18-C13,C13-C14 1277 wH22-C17,wW2 
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  1267 C2-C7,C2-C3 1267 C2-C7,C2-C3 1269 P1-C2,C7-H12 

 1245w 1265 C24-C29,C24-C25 1266 C24-C29 1266 C24-C25,C24-C29 

1190w 1197m 1189 C6-H11 1192 wH12-C7,wW1 1243 wH22-C17,wW2 

 1177m 1183 C37-H42 1183 C37-H42,C36-H41 1200 wW2,C17H22O50 

  1180 C28-H33,C26-H31 1180 C17-H22 1181 C37-H42 

  1178 C17-H22 1178 C28-H33,C26-H31 1179 C26-H31 

 1168sh 1155 C16-H21,C15-H20 
1159 

C38-H43,C39-H44, 

C37-H42 
1160 

C15-H20 

1164w 1164sh 1155 C38-H43 
1155 

C27-H32,C26-H31, 

C28-H33 
1159 

C38-H43,C39-H44 

  1154 C5-H10,C4-H9 1155 C5-H10,C4-H9 1158 C4-H9 

  1154 C27-H32 1153 C16-H21,C15-H20 1155 C27-H32,C28-H33 

    
1085 wH12-C7,wW1 1127 wH22-C17 

1117s 1086w 1082 P1-C24 
1082 P1-C24,C24-C25 1081 

P1-C35,C13-C14, 
P1-C13,R1(A2) 

1103sh 1080w 1080 R1(A2),P1-C13 1081 R1(A2),P1-C13 1081 P1-C24 

1084w  1079 R1(A1) 1078 C36-C37 1078 wH22-C17 

  1076 R1(A2) 1075 P1-C35 1076 wH22-C17,wW2 

  1072 C17-C18 1072 C6-C7,C3-H8 1074 wH22-C17,wW2 

  1071 R1(A4), P1-C35 1071 R1(A2) 1073 wH22-C17,wW2 

  1069 C28-C29 1070 C28-C29C25-C26 1070 C25-C26,C28-C29 

 1054sh 1068 R1(A1), P1-C2 1041 C7-H12 1064 wH22-C17,wW2 

1033w 1041s 1059 C7-H12,R1(A1) 1027 C17-H22,C18-H23 1044 wH22-C17,wW2 

  1021 R1(A3) 1021 R1(A4) 1021 wH22-C17,wW2 

  1019 R1(A4), C38-C39 1020 R1(A3) 1020 R1(A3), R1(A4),C37-C38 

  1019 R1(A2) 1017 R1(A1) 1018 wH22-C17,C36H41O46 

 1016vs 1017 R1(A1),C4-C5,C5-C6 1009 C27-H32,C28-H33 1016 wH22-C17,wW2 

  1009 C27-H32 1005 C16-H21 1009 C27-H32,R2(A3) 

  999 C16-H21 1000 C4-H9,C5-H10 1001 C38-H43,C37-H42 

  999 C38-H43 1000 C38-H43,C37-H42 1001 C4-H9,C5-H10 

1004m 999sh 999 C5-H10,C4-H9 992 C26-H31 993 wH22-C17,wW2 

  992 C26-H31 991 R1(A4) 991 wH22-C17,wW2 

  989 C26-C27 989 C26-C27,C27-C28 990 wH22-C17,R2(A2) 

  988 C38-C39,C37-C38 989 C15-H20 989 R1(A3) C27-C28 

  988 R1(A2), C15-C16 
987 C5-C6,C4-C5 987 

R1(A1), C3-C4,C4-C5, 

C5-C6, 

  984 R1(A1),C5-C6 984 R1(A2), C15-H20 986 wH22-C17,wW2 

  968 C15-H20,C17-H22 972 C39-H44,C37-H42 974 C39-H44,C37-H42 

  966 C40-H45,C37-H42 954 C3-H8 957 C7-H12,C3-H8,R3(A1) 

946vw 950w 955 C3-H8 942 C14-H19,C25-H30 942 C14-H19,C16-H21,C18-H23 

  941 C25-H30,C29-H34 938 C29-H34 939 wW2,wH22-C17 

  917 C14-H19 
923 

C40-H45, 
C36-H41,C38-H43 

925 
C40-H45,C38-H43 

  910 C36-H41,C40-H45 868 C6-H11 893 wH22-C17,wW2 

867w 876w 868 C6-H11 856 C25-H30 867 wH22-C17,wW2 

  

856 C28-H33 852 C14-H19 855 
C29-H34,C26-H31,C28-H33, 

C25-H30 

  829 C18-H23 831 C36-H41,C40-H45 833 C36-H41 
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789m  818 C36-H41,C39-H44 764 O46H48Cl49 774 wH22-C17,wW2 

777m 776w 755 R1(A1), C5-H10 756 R1(A1), C7-H12 755 P1-C2 

764m  751 R1(A3) 751 R1(A3),C27-H32 751 R1(A3),C27-H32 

735s 742w 738 R1(A4), R1(A2) 748 R1(A2), C16-H21 738 wH22-C17,wW2 

  736 R1(A2),R1(A4) 735 R1(A4),C38-H43 728 wH22-C17,wW2 

  717 R3(A4), R3(A2) 717 R3(A4),P1-C35 717 wH22-C17,wW2 

  713 R2(A1) 714 R2(A1), P1-C2 714 R2(A1), P1-C2 

  709 R3(A3) 712 R3(A3) 708 wH22-C17,wW2 

700s 696m 690 R1(A3) 693 R1(A1) 693 R1(A1), R2(A1) 

 686sh 688 R1(A1) 688 R1(A3) 687 R1(A3) 

    
683 R1(A2), P1-C13 684 R2(A2), C17-H22,R1(A2) 

  680 R2(A1) R3(A4) 681 R2(A1), R3(A3) 681 wH22-C17,R2(A2) 

  675 R1(A2) 670 R1(A4) 673 R1(A4) 

  672 R1(A4)   
654 H51-O50 

626w 631w 627 R2(A3) 627 R2(A3) 629 H51-O50,R3(A1) 

 625sh 625 R3(A1) 625 R3(A1) 626 R3(A1), R2(A3) 

  624 R2(A4), R2(A2) 624 R2(A4), R3(A4) 625 R2(A4), R3(A4) 

  623 R2(A4), R3(A1) 622 R2(A2), R3(A2) 622 R2(A2), R3(A2) 

555sh 547w 536 δC24P1C35 537 δC13P1C2 561 H51-O50,wW2 

537s  521 C13P1C2 525 C13P1C2 536 δC13P1C2 

523sh  516 wC13P1C2 515 wC13P1C2 515 wC13P1C2,wP1-C2 

470w 481w 469 R2(A3) 469 R3(A1) 470 wH22-C17,wW2 

    
446 R2(A3) 453 O46-H48 

444w 453w 447 R3(A1),R2(A3) 436 ρW1,O46-H48 443 ρW1,O46-H48 

  433 R2(A4) 431 ρW1,O46-H48 432 wH22-C17,wW2 

415w 413w 428 R2(A2) 426 R2(A4), P1-C35 426 R2(A4) 

  398 R3(A3)   
402 R3(A2), wH22-C17 

  394 R2(A1) 398 R2(A1) 395 R3(A2),wW2 

  389 R3(A4) 393 R3(A3) 393 R3(A2) 

  385 R3(A2) 391 R3(A2),R2(A2) 385 wW2 

    
377 R3(A4) 379 R3(A4) 

 296m 283 wagC13P1C2 
286 

P1-C2, wagC13P1C2, 

P1-C13 
288 

P1-C2 

 273s 266 δC24P1C35,P1-C2 266 δC24P1C35 267 P1-C2 

  253 P1-C2,C13P1C2 255 wH12-C7,wW1 260 wW2,wH22-C17 

  246 P1-C2 246 P1-C24 249 wW2 

 237sh 238 R3(A1) 237 R3(A1), wW1 237 wH12-C7 

 231m 235 P1-C13,P1-C35 235 P1-C13 234 R2(A2),wW2 

 215s   
217 Cl49-H48 208 WagW2,Cl49-H48 

 205sh 195 P1-C2,P1-C35 192 wH12-C7,P1-C2 207 wW2,WagW2 

  191 P1-C24 189 P1-C2,P1-C35 189 wP1-C13 

  183 P1-C13,P1-C2 184 WagW1,wW1 185 ρW2 

     
179 WagW2,wW2 

   
170 WagW1 174 WagW2 

 146w    
153 ρW1, WagW1 

122 H12-Cl46 111 O46-H12 111 wH22-C17,wW2 



Silvia Antonia Brandán / DS-AIR, 4(2), 1-43, 2026 

41 

91 C7H12Cl46 100 ρW1,wW1 82 wH22-C17,wW2 

75 H12-Cl46,wP1-C13 72 wH12-C7,wW1 73 wH22-C17,wW2 

  
71 C7H12O46,wH12-C7 70 wH12-C7, wH22-C17 

68 P1-C24 65 C7H12O46, WagW1 65 wH22-C17,wW2 

63 H12-Cl46 63 P1-C24 63 wH22-C17,wW2 

60 wP1-C2, δC24P1C35 56 wH12-C7,wW1 59 wW2,wH22-C17 

55 wP1-C2,C7H12Cl46 52 C7H12O46, ρW1 54 wH22-C17, WagW2 

50 δC13P1C2,P1-C13 47 C7H12O46,wP1-C2 51 wH22-C17,wW2 

40 wP1-C,2wP1-C24 42 wH12-C7,ρW1 48 C36H41O46 

36 wP1-C2,C7H12Cl46 
36 

wP1-C13,wP1-C24, 

wP1-C35 
35 wH22-C17,wW2 

  33 wH12-C7 29 wH22-C17,wW2 

    
27 wW1,H48Cl49H51 

  
24 wH12-C7,wW1 26 wW2,WagW2 

22 wP1-C13   
22 wH12-C7 

19 wP1-C35,H12-Cl46 17 wW1 17 wW2,wH22-C17 

Abbreviations: , stretching; β, deformation in the plane; , deformation out of plane; wag, wagging; , torsion; , 

rocking; w, twisting; , deformation; a, antisymmetric; s, symmetric; A1, A2, A3 and A4, Ph rings; aFrom Ref [74], 
bFrom SQMFF/B3LYP/6-311++G** method, cFrom available from Web page: https://www.chemicalbook.com. 
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Fig. S1 Comparison of experimental IR spectrum of R1 with the corresponding predicted in gas phase and aqueous solution by 

using B3LYP/6-311++G** calculations 

 

 
Fig. S2 Molecular structures of free base, cationic and hydrobromide forms of scopolamine showing the quaternary N atom with the 

N-H+···Br- bond and the N-CH3 group presents in all alkaloids. The rings are differenced by diverse colours. 
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Fig. S3 Comparisons between the experimental FTIR spectrum of hydrobromide of scopolamine in the solid state as tri-hydrate with the 

corresponding predicted for the free base, cationic and hydrobromide species in gas phase at B3LYP/6-31G** level of theory.

 


