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Raman Spectra of Amino Wagging Vibrational Modes in
p-m-Conjugated Molecules

TAO Sha YU Li-Juan WU De-Yin’ TIAN Zhong-Qun
(State Key Laboratory for Physical Chemistry of Solid Surfaces, Department of Chemistry, College of Chemistry and
Chemical Engineering, Xiamen University, Xiamen 361005, Fujian Province, P. R. China)

Abstract: Raman spectroscopy has been widely used as a non-destructive testing and molecular
recognition technology, providing fingerprint information for chemical and biological molecular structures.
One type of out-of-plane bending vibration observed in Raman spectroscopy is named the ‘wagging
vibration’. The Raman signal of the wagging mode is very sensitive; not only the vibrational frequency but
also the Raman intensity depends strongly on environment factors. In this report, density functional theory
(DFT) calculations are used to study the equilibrium structures, binding interactions, and Raman spectra of
vinylamine and aniline as well as their complexes with silver clusters and water clusters. Vinylamine-silver
and aniline-silver clusters were used to simulate the interactions of the molecules adsorbed on silver
surfaces, while vinylamine-water and aniline-water clusters were used to investigate the hydrogen bonding
interactions of vinylamine and aniline with water clusters. Our calculated results show that the Raman
signal of the amino wagging mode strongly depends on the hydrogen bonding interaction of the nitrogen
lone pair in the amino group with the O —H bond of water. Increasing the size of the water clusters causes
a large blue shift and considerable enhancement in the intensity of the wagging vibration. When the
polarized continuum model was used to consider the solvation effect, the electrostatic interaction
contributing to the hydrogen bond was weakened. In this case, the simulated Raman spectra were similar
to each other. For vinylamine and aniline interacting with silver clusters, the Raman signals of the amino
wagging vibration were changed by the weak binding interaction, revealing the relationship between the
abnormal signal of wagging vibrations and the weak interaction in p—m-conjugated systems.
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Fig.1 Optimized structures of aniline (a) and vinylamine (b) interacting with one, three, and five water molecules in
the gas phase calculated at the B3LYP/6-311+G(d, p) level

The unit of bond length is in nm and the values in parentheses are calculated by the solute model of density (SMD).
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Table 1 Vibrational Raman frequencies (®:;) and intensities (S:) of @y, calculated by different density functional theory

methods for methylamine, vinylamine, and aniline

. B3LYP X3LYP MO06 Expt.
Species w/cm™ 10'S/(nm*-amu™") w/cm™ 10*S,/(nm*-amu™) w/em™ 10*S;/(nm*-amu™") w;/cm™
CH;NH., 808 2.98 808 2.93 801 2.12 780"
C,H;NH., 544 3.86 546 1.84 534 1.24 570°
C¢HsNH. 564 6.88 562 6.91 544 7.61 660°

“from Ref. 35; " from Ref. 19; ¢ from Ref. 36
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Table 2 Calculated frequencies (®:), Raman activity (5;), hydrogen bonding energy (BE), and vibrational assignment of
Oxn, for CHsNH,-nH,O and C.H;NH,-nH,O complexes (n=1, 3, 5) in the gas phase as well as that with SMD model

Species w/cm™ 10'S/(nm*-amu™") Assignment BE/(kJ-mol™)

CHsNH,-H,O 817 23.94 Wnmy, Ting breathing 23.35
771 5.70 i, Yo
727 6.15 [ONTT

C¢H:sNH,-3H,O 946 19.50 [ONS 43.01
890 3.87 i, Yo
868 15.22 [ONT Y

C¢H:sNH,-5H,O 1004 4.51 [ONS 44.39
982 63.14 [ONT
974 11.07 i, Yen

CHsNH,-H,O-SMD 819 85.82 nmy, Ting breathing 14.27
769 32.11 Wiy, You
723 41.31 Onty, Yo

C¢HsNH,-3H,O-SMD 818 77.31 s, ring breathing 35.31
771 27.81 i, Jon
740 22.79 Oy Jon

C¢HsNH,-5H,0-SMD 840 152.77 i, Ting breathing 25.40
794 34.10 Wnmy, ring breathing
751 15.91 Oy, Yon

C.H;NH,-H,O 838 8.18 Wcn, 22.43
780 2.58 Oy

C.H;NH,-3H,O 870 391 i 40.29
838 5.92 [ON™S

C.H;NH,-5H,O 977 9.79 [ON 41.30
838 7.77 cu

C:H;NH,-H,O-SMD 761 10.79 [ONS 13.47

C,H:NH,-3H,0-SMD 826 18.18 Onu 19.66
812 37.56 [ON
772 9.14 Onu

C,H;NH,-5H,0O-SMD 820 50.03 O, Wciy 2431
804 24.12 O, Ochy

oni,: the NH, wagging; wen,: the CH, wagging; y: out-of-plane
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Fig.3 Simulated Raman spectra of aniline (A, B) and vinylamine (C, D) interacting with one (a), three (b), and five (c) water
molecules calculated at the B3LYP/6-311+G(d, p) level

The incident wavelength of 514.5 nm was used here with Lorentzian line width of 10 cm™. (A) and (C) are calculated in the gas phase;

(B) and (D) are calculated with the SMD model in aqueous solution. Peaks labeled with an asterisk belong to wcu,.
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3 B3LYP/6-311G(d, p)/LANL2DZ(Ag)7k F it E #Y
C.H.\NH:-Ag, (n=1, 2, 3, ) E SV LS AN R 5248
Table 3 Structural parameters and bonding energies (BE)
for C;H;NH:-Ag, (n=1, 2, 3, 4) complexes calculated at
the B3LYP/6-311G(d, p)/LANL2DZ(Ag) level

Complex le-a/nm lc-o/nm L-o/nm BE/(kJ-mol™)
(C—Ag) C.H;NH,-Ag: 0.2699 0.1353 0.1374 14.98
CH:NH,-Ag, 0.2501 0.1359 0.1366 37.15
CH:NH,-Ag; 0.2437 0.1365 0.1363 48.16
CH:NH,-Ag, 0.2424 0.1366 0.1365 58.87
(N—Ag) CHi:NH.-Ag, 0.2728 0.1334 0.1406 12.68
CH:NH,-Ag, 0.2462 0.1331 0.1420 34.94
CH:NH,-Ag: 0.2414 0.1329 0.1424 41.92
CH:NH,-Ag, 0.2395 0.1330 0.1424 52.22
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Fig.4 Optimized structures and the plots of bonding

orbitals for vinylamine interacting with a silver cluster Ag,

via methylene group (a) and amino group (b)
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Table 4 Inversion angle (), structural parameters (/), vibrational frequencies (®;), and Raman intensities (S;) of
wagging modes for C.H;NH,, C;H;NH; and their complexes with Ag, calculated at the B3LYP/6-311+G(d, p)/LANL2DZ level

Species 0/(°) le-¢/nm ley—ag/mm w/em™ 10°S,/(nm*-amu™)
C,H;NH, 0 0.1334 813(CH>) 8.39
37.1 544(NH.) 3.86
C:H.NH:-Ag. (C-Ag) 16.1 0.1366 0.2424 808(CH,) 64.87
CH:NH,-Ag.(N-Ag) 48.5 0.1330 0.2394 901(NH.) 58.86
0 874(CH.) 2.12
C:HsNH, 39.2 0.1398 564 6.88
C:HsNH,-Ag, 50.6 0.1433 0.2385 934 101.04
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