
Supplementary information for: Structural

and Spectroscopic Characterization of E- and

Z- Isomers of Azobenzene

Luís Duarte, Rui Fausto, and Igor Reva∗

Department of Chemistry, University of Coimbra, P-3004-535 Coimbra (Portugal)

E-mail: reva@qui.uc.pt

∗To whom correspondence should be addressed

1

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © The Royal Society of Chemistry 2014



Contents

Figure S1: Atom numbering scheme of azobenzene. . . . . . . . . . . . . . . . . . . 3

Table S1: Mean unsigned errors (MUE) of each theoretical approach relatively to a set

of experimental frequencies of azobenzene. . . . . . . . . . . . . . . . . . . . . . 4

Table S2: Theoretical Frequencies and IR Intensities of E-AB and Z -AB forms. . . . 5

Table S3: Cartesian coordinates of the optimized geometries of E -AB and Z -AB forms. 9

Table S4: Internal symmetry coordinates used in the normal mode analysis of E -AB. . 13

Table S5: Theoretical wavenumbers, Raman scattering activities and potential energy

distributions for the Raman-active Ag and Bg normal modes of E -AB calculated at

the PW91/cc-pVTZ level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Table S6: Internal symmetry coordinates used in the normal mode analysis of Z -AB. . 18

Table S7: Changes in the vibrational spectra, expected to occur in E -AB molecule

undergoing the zero-point vibrations along the τNNCC coordinates. . . . . . . . . 22

Table S8: Changes in the vibrational spectra, expected to occur in Z -AB molecule

undergoing the zero-point vibrations along the τNNCC coordinates. . . . . . . . . 23

2



Figure S1: Atom numbering scheme of azobenzene used in the definition of the internal
symmetry coordinates of the normal mode analysis.
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Table S1: Mean unsigned errors (MUE) of each theoretical approach relatively to a set of
experimental frequencies of azobenzene.

Method Basis Set MUEa / cm-1 References

BP86

6-311++G(3df,3pd) 15 Present work
cc-pVTZ 10 Present work
TZVP 15 Ref. 1

PW91
6-311++G(3df,3pd) 12 Present work
cc-pVTZ 7 Present work

B3LYP
6-311++G(3df,3pd) 25 Present work
cc-pVTZ 28 Present work

B97-1

6-311++G(3df,3pd) 18 Present work
cc-pVTZ 22 Ref. 2
aug-cc-pVTZ 19 Ref. 2

OLYP
6-311++G(3df,3pd) 11 Present work
cc-pVTZ 7 Ref. 2

MP2 cc-pVTZ 23 Ref. 1

a Vibrational frequencies of both the E and Z forms of azobenzene were used in the calculation of the MUE

except with the aug-cc-pVTZ basis set where they were only available for the E form.

References

(1) Fliegl, H.; Köhn, A.; Hättig, C.; Ahlrichs, R. J. Am. Chem. Soc. 2003, 125, 9821–9827.

(2) Klug, R. L.; Burcl, R. J. Phys. Chem. A 2010, 114, 6401–6407.

4



Table S2: Theoretical Frequencies ( ν/ cm−1) and IR Intensities (I/ km mol−1) of E-AB and Z -AB forms.
The calculated frequencies are not scaled. Raman scattering activities (S/ Å4 a.m.u.−1) calculated at the
PW91/cc-pVTZ level are also given.

E-AB
BP86 / BP86 / B3LYP / B3LYP /

6-311++G(3df,3pd) cc-pVTZ 6-311++G(3df,3pd) cc-pVTZ
ν I ν I ν I ν I

3133.9 0.0 3128.6 0.0 3215.7 8.2 3212.4 8.8
3133.9 12.8 3128.6 13.6 3215.6 0.0 3212.3 0.0
3123.0 0.0 3118.2 0.0 3200.1 0.0 3196.9 0.0
3122.8 38.5 3118.0 43.4 3200.0 27.5 3196.7 31.9
3113.2 0.0 3108.6 0.0 3190.2 0.0 3187.1 0.0
3113.1 30.9 3108.5 33.6 3190.1 33.8 3187.0 40.2
3102.5 17.0 3098.4 0.0 3179.3 18.2 3176.3 0.0
3102.5 0.0 3098.4 18.0 3179.2 0.0 3176.3 20.9
3091.4 0.0 3088.3 0.0 3168.0 0.0 3165.9 0.0
3091.3 4.4 3088.2 5.0 3167.9 2.5 3165.8 2.8
1584.8 0.0 1589.2 0.0 1640.1 0.0 1644.7 0.0
1581.4 6.1 1586.2 5.9 1633.9 3.0 1639.1 3.1
1567.7 0.0 1573.3 0.0 1622.6 0.0 1628.6 0.0
1563.7 2.9 1569.4 3.9 1617.0 3.5 1623.1 4.7
1471.5 0.0 1475.3 0.0 1547.9 0.0 1550.9 0.0
1462.3 7.3 1467.4 9.5 1517.1 9.6 1521.9 12.5
1446.5 0.0 1452.4 0.0 1503.6 0.0 1509.0 0.0
1434.4 10.5 1440.6 12.5 1484.0 10.2 1489.8 12.6
1407.9 0.0 1409.5 0.0 1477.1 0.0 1481.7 0.0
1343.5 0.0 1346.0 0.0 1348.9 4.9 1352.3 5.6
1340.3 7.1 1343.0 6.8 1348.3 0.0 1351.1 0.0
1291.6 0.0 1295.1 0.0 1342.6 0.0 1345.6 0.0
1287.3 1.2 1291.4 1.8 1333.7 5.4 1336.9 4.9
1213.1 18.7 1217.1 18.2 1246.9 17.7 1251.5 17.6
1168.4 0.0 1172.0 0.0 1204.5 0.0 1208.0 0.0
1145.9 0.0 1147.9 0.4 1182.5 0.0 1183.7 0.0
1145.9 0.4 1147.9 0.0 1182.4 0.4 1183.7 0.3
1134.5 34.6 1136.5 33.0 1175.7 33.2 1177.5 31.4
1115.8 0.0 1119.5 0.0 1156.4 0.0 1160.5 0.0
1066.8 13.7 1069.0 15.1 1101.1 11.7 1103.2 12.6
1063.0 0.0 1064.8 0.0 1097.5 0.0 1099.2 0.0
1009.8 12.8 1012.6 0.0 1040.1 11.9 1043.5 0.0
1009.7 0.0 1012.0 13.7 1039.6 0.0 1043.2 13.1
965.6 0.0 990.1 3.2 1011.1 0.0 1021.6 2.1
965.5 0.0 989.9 0.0 1010.8 0.1 1021.4 0.0
965.3 0.1 977.9 0.4 1000.9 0.0 1019.7 0.5
964.2 2.8 977.4 0.0 999.5 0.01 1019.2 0.0
955.5 0.0 962.3 0.0 998.3 0.0 1003.8 0.0
953.8 0.03 961.6 0.02 997.2 2.4 1003.0 0.004
913.9 7.8 924.8 7.9 955.5 8.2 964.9 8.0
907.9 0.0 919.0 0.0 949.5 0.0 959.1 0.0
903.9 0.0 909.6 0.0 932.7 0.0 937.6 0.0
826.2 0.0 831.5 0.0 861.7 0.0 866.0 0.0
824.6 0.1 830.1 0.1 860.4 0.1 864.7 0.1
808.3 0.4 815.0 0.5 831.9 0.3 838.1 0.5
764.0 75.5 777.4 52.6 794.2 79.2 806.0 55.5
743.8 0.0 757.0 0.0 773.9 0.0 785.4 0.0
666.1 64.9 683.9 79.6 693.0 67.2 710.2 80.0
660.0 0.0 679.9 0.0 683.5 0.0 705.5 0.0
657.2 0.0 663.1 0.0 683.5 0.0 686.5 0.0
609.0 0.8 611.9 0.6 631.9 0.6 634.7 0.5
602.5 0.0 605.6 0.0 626.1 0.0 629.0 0.0
533.9 12.5 540.4 13.9 557.3 13.4 563.2 14.4
529.1 5.6 530.6 6.5 548.2 5.3 549.7 6.0
512.8 24.4 512.7 23.7 529.0 25.7 528.9 25.3
463.6 0.0 470.7 0.0 486.0 0.0 492.3 0.0
400.9 0.0 405.3 0.0 420.0 0.0 423.6 0.0
397.4 0.0003 401.7 0.0 416.9 0.004 420.4 0.003
298.5 0.0 298.3 0.0 307.5 0.0 309.1 0.6
289.9 0.9 294.3 0.6 305.2 0.8 307.4 0.0
233.6 0.0 238.3 0.0 249.2 0.0 253.2 0.0
216.1 0.0 216.1 0.0 223.5 0.0 223.8 0.0
86.8 0.0 95.3 0.0 92.4 0.0 99.2 0.0
83.0 2.0 82.6 1.9 86.3 2.0 86.3 1.9
60.6 1.5 60.1 1.4 63.5 1.4 63.2 1.3
19.3 0.1 20.4 0.1 21.5 0.04 22.0 0.04
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Table S2 (Cont.)

E-AB
B97-1 / OLYP / PW91 / PW91 /

6-311++G(3df,3pd) cc-pVTZ 6-311++G(3df,3pd) cc-pVTZ
ν I ν I ν I ν I S

3208.5 9.6 3176.5 9.6 3149.0 0.0 3142.5 0.0 164.6
3208.4 0.0 3176.4 0.0 3149.0 13.1 3142.5 13.9 0.0
3195.9 0.0 3159.6 0.0 3139.6 0.0 3133.5 0.0 597.7
3195.7 28.7 3159.4 35.0 3139.4 36.1 3133.3 40.5 0.0
3186.1 0.0 3149.0 0.0 3129.8 0.0 3124.0 0.0 354.0
3186.0 27.7 3148.9 39.7 3129.8 27.5 3123.9 30.6 0.0
3175.5 15.1 3136.3 21.3 3119.4 0.0 3113.9 0.0 324.5
3175.5 0.0 3136.3 0.0 3119.4 15.8 3113.9 17.0 0.0
3164.2 0.0 3124.1 0.0 3108.3 0.0 3103.9 0.0 88.2
3164.1 2.5 3124.0 5.5 3108.2 4.4 3103.8 5.0 0.0
1632.4 0.0 1599.3 0.0 1593.5 0.0 1598.2 0.0 830.8
1627.0 3.0 1595.1 6.3 1589.8 6.4 1594.8 6.2 0.0
1616.0 0.0 1579.8 0.0 1575.5 0.0 1581.6 0.0 26.0
1610.0 3.6 1575.7 2.4 1571.4 2.7 1577.6 3.8 0.0
1539.2 0.0 1487.6 0.0 1479.4 0.0 1483.1 0.0 727.0
1506.8 8.6 1473.7 6.3 1467.6 7.0 1472.8 9.4 0.0
1492.7 0.0 1457.2 0.0 1451.5 0.0 1457.7 0.0 518.4
1474.6 10.5 1443.3 10.3 1439.5 10.7 1446.0 13.1 0.0
1468.4 0.0 1425.3 0.0 1417.6 0.0 1419.6 0.0 3851.0
1342.9 0.0 1355.0 0.0 1353.4 0.0 1355.7 0.0 108.0
1341.3 7.1 1351.5 7.4 1350.1 6.9 1352.6 6.5 0.0
1331.6 0.0 1302.3 0.0 1295.1 0.0 1298.8 0.0 319.3
1324.6 3.0 1297.3 1.3 1290.8 1.0 1295.2 1.7 0.0
1245.2 20.8 1215.9 17.2 1221.0 20.8 1225.1 20.4 0.0
1199.2 0.0 1176.9 0.0 1173.0 0.0 1176.9 0.0 868.6
1175.3 0.4 1156.8 0.0 1148.1 0.0 1149.9 0.4 0.0
1175.0 0.0 1156.8 0.3 1148.1 0.5 1149.9 0.0 33.8
1165.7 32.9 1148.8 36.6 1137.9 33.5 1139.6 32.1 0.0
1151.0 0.0 1122.5 0.0 1121.9 0.0 1125.5 0.0 2514.4
1091.9 11.8 1079.2 11.9 1070.6 13.8 1072.9 15.2 0.0
1087.5 0.0 1075.3 0.0 1066.9 0.0 1068.5 0.0 23.9
1032.3 12.7 1020.4 10.0 1014.9 13.1 1017.8 0.0 28.3
1032.1 0.0 1019.8 0.0 1014.9 0.0 1017.1 13.5 0.0
1003.4 0.0 970.5 0.0 968.2 0.0 993.5 0.0 362.9
1003.2 0.05 970.3 0.04 968.0 0.04 993.4 3.4 0.0
993.6 0.0 961.7 0.0 967.3 0.0 979.8 0.4 0.0
992.1 0.01 961.1 0.0 965.6 2.8 979.3 0.0 1.2
990.5 0.0 960.4 0.02 958.2 0.0 962.7 0.0 0.5
989.2 2.4 958.4 2.6 956.7 0.02 961.9 0.001 0.0
948.8 8.0 919.6 7.3 916.7 7.6 927.6 7.2 0.0
942.9 0.0 913.8 0.0 910.7 0.0 921.7 0.0 0.1
927.3 0.0 903.5 0.0 906.7 0.0 913.5 0.0 6.9
857.5 0.0 830.5 0.0 827.5 0.0 832.8 0.0 2.9
856.1 0.1 829.3 0.1 826.0 0.1 831.3 0.04 0.0
826.6 0.3 806.2 0.3 812.0 0.4 819.7 0.6 0.0
789.6 83.6 766.8 76.1 764.8 75.8 780.0 48.3 0.0
769.6 0.0 745.5 0.0 744.3 0.0 759.1 0.0 0.2
688.3 65.8 664.3 61.4 664.8 63.1 685.2 76.8 0.0
677.9 0.0 660.5 0.0 661.5 0.0 681.7 0.0 0.8
676.8 0.0 654.4 0.0 655.6 0.0 664.7 0.0 7.0
625.1 0.7 609.0 0.8 610.3 0.8 613.3 0.6 0.0
618.8 0.0 602.5 0.0 603.6 0.0 606.8 0.0 23.0
553.9 13.5 537.2 11.8 534.2 12.6 541.3 13.7 0.0
541.7 3.7 528.9 5.0 530.5 5.4 532.1 6.3 0.0
523.8 27.1 514.4 25.3 514.6 24.3 514.5 23.5 0.0
481.5 0.0 465.4 0.0 463.8 0.0 471.3 0.0 0.3
415.8 0.0 401.1 0.0 401.5 0.0 406.2 0.0 0.01
412.7 0.01 398.0 0.01 398.0 0.004 402.7 0.001 0.0
304.6 0.0 299.0 0.0 299.8 0.0 299.6 0.0 1.8
303.0 0.8 290.7 0.9 290.5 0.9 295.2 0.6 0.0
247.6 0.0 227.2 0.0 234.2 0.0 239.0 0.0 3.8
218.2 0.0 214.3 0.0 217.1 0.0 217.1 0.0 1.0
91.2 0.0 80.7 2.0 86.3 0.0 94.8 0.0 3.3
80.7 2.0 78.0 0.0 82.4 2.0 82.3 1.9 0.0
63.7 1.5 60.6 1.4 61.5 1.5 60.9 1.4 0.0
22.3 0.0 13.0 0.1 15.6 0.03 14.8 0.03 0.0
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Table S2 (Cont.)

Z-AB
BP86 / BP86 / B3LYP / B3LYP /

6-311++G(3df,3pd) cc-pVTZ 6-311++G(3df,3pd) cc-pVTZ
ν I ν I ν I ν I

3126.6 3.1 3121.5 4.4 3204.6 2.9 3200.6 4.0
3126.6 4.7 3121.4 7.4 3204.5 1.6 3200.5 2.4
3121.4 1.2 3116.7 0.9 3197.3 1.9 3194.0 1.8
3121.1 35.2 3116.5 38.9 3197.0 30.0 3193.8 36.2
3113.3 5.6 3108.7 5.9 3189.3 6.0 3186.0 6.8
3113.3 14.6 3108.7 16.1 3189.2 14.2 3185.9 16.8
3102.1 1.1 3098.2 1.0 3178.2 0.9 3175.2 0.9
3102.0 9.2 3098.1 9.2 3178.2 9.7 3175.2 10.7
3093.6 0.5 3090.5 0.6 3169.5 0.2 3167.1 0.3
3093.5 1.8 3090.4 1.9 3169.4 1.3 3167.0 1.4
1581.9 5.2 1586.3 3.5 1641.1 13.6 1644.9 10.6
1576.2 1.8 1581.4 2.2 1629.0 4.9 1634.6 5.3
1563.8 0.4 1569.1 0.5 1618.3 0.8 1623.9 1.2
1556.9 4.1 1562.1 4.7 1610.9 4.8 1616.3 5.8
1505.5 45.8 1506.6 48.6 1597.1 21.0 1600.3 24.8
1458.3 3.8 1464.2 4.9 1513.5 6.8 1518.7 8.5
1452.0 1.2 1456.9 0.8 1510.7 6.7 1515.6 6.9
1433.1 3.0 1438.9 3.3 1482.9 2.5 1488.2 2.7
1426.6 6.1 1432.3 7.2 1476.5 5.4 1481.7 6.6
1334.1 0.1 1337.1 0.03 1353.3 0.0007 1356.7 0.004
1327.7 2.0 1330.9 1.8 1351.2 0.1 1354.7 0.2
1294.6 0.05 1298.4 0.1 1327.6 0.1 1330.4 0.1
1289.4 1.7 1292.8 2.0 1317.6 2.2 1320.5 2.2
1164.3 0.5 1167.0 0.7 1201.5 0.5 1203.7 0.6
1164.0 0.3 1166.9 0.3 1201.0 0.5 1203.4 0.6
1146.7 0.1 1148.8 0.2 1183.0 0.1 1184.3 0.1
1146.4 0.02 1148.6 0.04 1182.6 0.1 1183.9 0.1
1123.4 2.5 1127.7 1.9 1164.9 0.8 1169.5 0.5
1099.5 0.1 1104.5 0.1 1142.8 0.3 1148.2 0.2
1069.9 1.0 1072.3 1.2 1102.5 0.7 1104.8 0.8
1067.8 12.6 1070.3 12.9 1100.9 11.5 1103.1 11.7
1015.1 2.8 1019.0 2.0 1044.1 4.5 1048.8 1.9
1015.0 4.3 1018.6 4.8 1044.1 2.9 1048.6 5.0
971.7 1.1 989.5 1.1 1011.1 0.5 1020.5 0.9
970.9 0.1 988.8 0.4 1011.0 0.0001 1020.1 0.4
962.4 0.03 965.8 0.05 1002.7 0.1 1008.4 0.1
962.2 0.3 965.8 0.5 1002.6 0.9 1008.2 0.7
947.0 0.2 947.6 0.2 992.5 0.3 990.0 0.2
946.8 0.5 947.2 0.6 992.4 0.2 989.6 0.4
898.9 20.2 903.3 21.1 942.0 21.9 945.8 22.7
894.8 0.2 898.8 0.4 937.4 0.5 940.4 0.7
827.4 4.2 827.9 2.8 865.1 5.8 865.5 4.4
819.2 1.7 821.8 1.5 855.7 1.0 857.5 0.9
816.9 6.1 819.3 6.8 854.3 3.0 856.2 3.3
758.0 14.6 764.6 12.9 790.1 16.0 795.8 14.1
752.2 37.4 755.8 34.2 778.0 46.2 781.2 41.7
738.6 0.2 741.0 0.04 762.2 0.04 764.4 0.01
688.7 95.7 690.7 76.4 716.2 88.6 717.6 82.7
675.5 18.6 686.2 20.4 703.6 19.9 713.1 21.2
668.7 7.1 684.1 23.6 693.5 5.0 708.0 7.9
609.9 0.2 613.2 0.3 634.1 0.3 637.2 0.5
606.7 0.04 609.7 0.1 630.1 0.05 632.8 0.1
585.8 4.8 589.4 5.4 611.7 4.2 615.1 4.6
527.1 0.3 528.9 0.3 548.5 0.4 550.2 0.4
490.5 5.1 492.2 5.0 509.3 4.5 510.9 4.4
434.9 4.8 437.3 4.9 452.5 2.2 454.6 2.3
412.8 3.4 414.3 3.1 434.7 3.6 436.0 3.2
396.7 0.03 399.3 0.02 414.3 0.04 416.6 0.04
392.3 4.6 395.6 4.6 411.5 3.6 414.3 3.6
273.0 5.8 273.6 5.8 290.5 5.4 291.0 5.4
262.8 0.3 263.5 0.3 271.5 0.3 272.1 0.3
168.8 0.2 168.0 0.2 172.9 0.2 172.3 0.2
150.3 3.9 151.0 3.9 156.0 2.7 156.7 2.6
67.9 0.5 67.1 0.5 68.2 0.5 67.8 0.5
49.2 0.02 49.5 0.01 46.8 0.005 46.7 0.001
40.3 1.4 41.1 1.5 42.2 1.2 42.8 1.3
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Table S2 (Cont.)

Z-AB
B97-1 / OLYP / PW91 / PW91 /

6-311++G(3df,3pd) cc-pVTZ 6-311++G(3df,3pd) cc-pVTZ
ν I ν I ν I ν I S

3197.7 4.0 3169.6 1.0 3142.2 4.2 3136.0 5.2 469.7
3197.6 3.3 3169.6 4.1 3142.1 6.8 3135.9 9.8 77.0
3192.7 1.1 3158.3 2.1 3137.7 0.5 3131.5 0.2 182.0
3192.4 27.7 3158.1 36.3 3137.4 30.6 3131.3 33.9 22.8
3184.7 4.6 3150.0 16.8 3130.0 4.6 3124.0 4.9 104.9
3184.5 11.7 3149.9 7.8 3129.9 12.6 3123.9 14.2 72.8
3173.5 0.7 3136.7 12.4 3119.0 1.0 3113.6 1.0 168.9
3173.4 7.7 3136.7 1.3 3118.9 8.1 3113.5 8.4 97.9
3165.0 0.3 3127.0 0.5 3110.6 0.5 3106.0 0.6 39.7
3164.9 1.5 3126.9 2.2 3110.4 1.8 3105.9 1.9 19.8
1633.2 11.2 1599.2 8.5 1591.0 6.3 1595.6 4.2 102.4
1622.8 4.7 1591.1 2.7 1584.6 1.8 1590.2 2.2 94.3
1612.5 0.6 1577.1 0.4 1571.7 0.3 1577.3 0.5 3.3
1605.1 4.7 1570.0 4.0 1564.6 4.0 1570.1 4.7 25.2
1588.7 22.3 1535.5 40.3 1518.6 44.2 1520.1 47.2 519.0
1504.2 6.6 1469.7 3.6 1463.2 3.6 1469.2 4.9 0.5
1501.5 6.6 1464.5 2.2 1457.6 2.0 1462.8 1.7 156.8
1474.4 2.7 1443.3 2.3 1438.2 2.8 1444.4 3.1 6.2
1467.9 5.4 1436.3 5.6 1431.6 6.3 1437.6 7.6 3.7
1343.3 0.002 1345.1 0.04 1343.8 0.1 1346.6 0.05 14.3
1341.2 0.3 1340.1 1.9 1336.9 2.3 1339.9 2.1 0.1
1324.2 0.1 1304.4 0.01 1298.1 0.03 1301.9 0.1 1.4
1314.2 1.9 1298.6 1.9 1293.2 1.6 1296.7 1.9 1.3
1194.8 0.4 1175.4 0.6 1168.0 0.2 1171.0 0.2 13.7
1194.8 0.5 1174.8 0.4 1167.6 0.5 1170.2 0.7 12.6
1175.9 0.1 1157.6 0.1 1148.8 0.1 1150.6 0.2 11.1
1175.3 0.04 1157.4 0.03 1148.6 0.003 1150.4 0.02 2.9
1161.6 1.5 1131.1 1.6 1131.1 2.7 1135.0 2.0 43.4
1140.8 0.1 1106.1 0.2 1107.2 0.2 1111.9 0.2 360.7
1095.7 0.7 1080.9 0.8 1074.1 1.0 1076.4 1.2 1.7
1094.5 11.8 1078.8 11.3 1072.0 12.8 1074.4 13.1 4.7
1038.6 2.8 1024.4 3.7 1020.3 3.0 1024.1 2.1 40.4
1038.5 4.1 1024.2 2.9 1020.2 4.2 1023.7 4.6 7.3
1003.4 0.4 971.1 0.6 974.4 1.1 993.2 1.2 9.2
1003.3 0.0004 970.7 0.001 973.5 0.04 992.5 0.4 105.3
995.6 0.9 964.6 0.9 966.2 0.03 968.0 0.04 0.4
995.5 0.04 963.6 0.01 966.1 0.3 967.8 0.6 0.9
984.6 0.4 953.1 0.5 951.1 0.2 949.2 0.3 4.8
984.5 0.2 953.0 0.2 951.1 0.4 948.8 0.5 0.0
936.0 22.7 902.9 18.3 902.4 20.0 906.9 20.8 1.9
929.9 0.4 899.4 0.4 898.4 0.2 902.2 0.3 2.4
863.1 6.7 828.2 1.8 830.9 4.2 831.1 2.6 27.9
850.8 1.1 824.1 1.6 821.5 1.6 824.0 1.4 12.2
849.5 2.5 819.7 10.3 819.6 5.7 822.0 6.4 16.4
785.5 15.2 760.5 17.7 760.9 14.8 768.3 12.5 23.8
773.2 48.2 753.1 31.2 756.0 37.2 760.1 32.8 1.6
758.6 0.2 736.0 0.3 742.6 0.3 745.4 0.02 9.7
712.4 91.3 690.2 94.2 690.6 97.8 692.6 71.8 11.6
699.0 19.5 676.3 19.1 676.1 17.8 688.3 19.2 0.2
687.3 4.4 666.4 2.9 668.8 6.3 686.6 26.4 0.8
628.2 0.5 612.3 0.3 611.4 0.2 614.9 0.3 15.1
622.9 0.1 607.8 0.04 607.9 0.04 611.0 0.1 3.2
606.5 4.0 590.1 4.2 587.7 4.6 591.7 5.1 84.8
544.7 0.4 531.4 0.5 528.4 0.2 530.4 0.2 1.1
504.4 4.8 492.0 4.9 492.7 5.0 494.5 4.7 0.1
447.2 1.9 435.5 4.5 435.8 4.8 438.7 5.0 2.9
432.3 3.3 415.4 3.8 415.4 3.5 416.8 3.1 21.7
409.7 0.1 395.3 0.01 397.7 0.1 400.6 0.04 23.2
406.3 3.5 393.5 5.2 393.0 4.5 396.7 4.4 1.2
286.9 5.3 281.2 5.9 274.9 5.8 275.3 5.8 2.2
271.1 0.3 259.6 0.3 263.9 0.2 264.8 0.2 14.4
171.2 0.2 163.0 0.2 170.1 0.2 168.9 0.2 30.5
153.8 2.5 150.3 3.7 150.4 4.0 151.3 4.0 5.4
68.4 0.4 64.7 0.6 68.8 0.5 68.0 0.5 11.9
48.1 0.01 47.6 0.001 49.2 0.03 49.9 0.02 24.6
40.2 1.1 45.8 1.6 40.2 1.4 41.1 1.4 3.0
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Table S4: Internal symmetry coordinates used in the normal mode analysis of E -azobenzene.a

Coord. Definition Sym. Appr. Description

S1 r1,13 Ag ν(N=N)

S2 r1,2 + r13,14 Ag ν(NC)

S3 r1,2 - r13,14 Bu ν(NC)

S4 r2,3 - r3,4 + r4,5 - r5,6 + r6,7 - r7,2 + r14,15 - r15,16 Ag ν(CC)1

+ r16,17 - r17,18 + r18,19 - r19,14

S5 r2,3 - r3,4 + r4,5 - r5,6 + r6,7 - r7,2 - r14,15 + r15,16 Bu ν(CC)2

- r16,17 + r17,18 - r18,19 + r19,14

S6 - r2,3 + 2r3,4 - r4,5 - r5,6 + 2r6,7 - r7,2 - r14,15 + 2r15,16 Ag ν(CC)3

- r16,17 - r17,18 + 2r18,19 - r19,14

S7 - r2,3 + 2r3,4 - r4,5 - r5,6 + 2r6,7 - r7,2 + r14,15 - 2r15,16 Bu ν(CC)4

+ r16,17 + r17,18 - 2r18,19 + r19,14

S8 r2,3 - r4,5 + r5,6 - r7,2 + r14,15 - r16,17 + r17,18 - r19,14 Ag ν(CC)5

S9 r2,3 - r4,5 + r5,6 - r7,2 - r14,15 + r16,17 - r17,18 + r19,14 Bu ν(CC)6

S10 r2,3 + 2r3,4 + r4,5 - r5,6 - 2r6,7 - r7,2 + r14,15 + 2r15,16 Ag ν(CC)7

+ r16,17 - r17,18 - 2r18,19 + r19,14

S11 r2,3 + 2r3,4 + r4,5 - r5,6 - 2r6,7 - r7,2 - r14,15 - 2r15,16 Bu ν(CC)8

- r16,17 + r17,18 + 2r18,19 + r19,14

S12 r2,3 - r4,5 - r5,6 + r7,2 + r14,15 - r16,17 - r17,18 + r19,14 Ag ν(CC)9

S13 r2,3 - r4,5 - r5,6 + r7,2 - r14,15 + r16,17 + r17,18 - r19,14 Bu ν(CC)10

S14 r2,3 + r3,4 + r4,5 + r5,6 + r6,7 + r7,2 + r14,15 + r15,16 Ag ν(CC)11

+ r16,17 + r17,18 + r18,19 + r19,14

S15 r2,3 + r3,4 + r4,5 + r5,6 + r6,7 + r7,2 - r14,15 - r15,16 Bu ν(CC)12

- r16,17 - r17,18 - r18,19 - r19,14

S16 r7,12 + r19,24 Ag νs(CH)

S17 r7,12 - r19,24 Bu νas(CH)

S18 r6,11 + r5,10 + r4,9 + r3,8 + r18,23 + r17,22 + r16,21 + r15,20 Ag ν(CH)1

S19 r6,11 + r5,10 + r4,9 + r3,8 - r18,23 - r17,22 - r16,21 - r15,20 Bu ν(CH)2

S20 r6,11 + r5,10 - r4,9 - r3,8 + r18,23 + r17,22 - r16,21 - r15,20 Ag ν(CH)3

S21 r6,11 + r5,10 - r4,9 - r3,8 - r18,23 - r17,22 + r16,21 + r15,20 Bu ν(CH)4

S22 r6,11 - r5,10 + r4,9 - r3,8 + r18,23 - r17,22 + r16,21 - r15,20 Ag ν(CH)5

S23 r6,11 - r5,10 + r4,9 - r3,8 - r18,23 + r17,22 - r16,21 + r15,20 Bu ν(CH)6
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S24 r6,11 - r5,10 - r4,9 + r3,8 + r18,23 - r17,22 - r16,21 + r15,20 Ag ν(CH)7

S25 r6,11 - r5,10 - r4,9 + r3,8 - r18,23 + r17,22 + r16,21 - r15,20 Bu ν(CH)8

S26 β13,1,2 + β1,13,14 Ag δ(NNC)

S27 β13,1,2 - β1,13,14 Bu δ(NNC)

S28 β1,2,3 - β1,2,7+ β13,14,15 - β13,14,19 Ag δ(NCC)

S29 β1,2,3 - β1,2,7- β13,14,15 + β13,14,19 Bu δ(NCC)

S30 β7,2,3 - β2,3,4 + β3,4,5 - β4,5,6 + β5,6,7 - β6,7,2 + β19,14,15 Ag δ(ring1)

- β14,15,16 + β15,16,17 - β16,17,18 + β17,18,19 - β18,19,14

S31 β7,2,3 - β2,3,4 + β3,4,5 - β4,5,6 + β5,6,7 - β6,7,2 - β19,14,15 Bu δ(ring2)

+ β14,15,16 - β15,16,17 + β16,17,18 - β17,18,19 + β18,19,14

S32 2β7,2,3 - β2,3,4 - β3,4,5 + 2β4,5,6 - β5,6,7 - β6,7,2 + 2β19,14,15 Ag δ(ring3)

- β14,15,16 - β15,16,17 + 2β16,17,18 - β17,18,19 - β18,19,14

S33 2β7,2,3 - β2,3,4 - β3,4,5 + 2β4,5,6 - β5,6,7 - β6,7,2 - 2β19,14,15 Bu δ(ring4)

+ β14,15,16 + β15,16,17 - 2β16,17,18 + β17,18,19 + β18,19,14

S34 β2,3,4 - β3,4,5 + β5,6,7 - β6,7,2 + β14,15,16 - β15,16,17 Ag δ(ring5)

+ β17,18,19 - β18,19,14

S35 β2,3,4 - β3,4,5 + β5,6,7 - β6,7,2 - β14,15,16 + β15,16,17 Bu δ(ring6)

- β17,18,19 + β18,19,14

S36 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 - 2β10,5,4 + 2β10,5,6 - β11,6,5 Ag δ(CH)1

+ β11,6,7 + β12,7,6 - β12,7,2 + β20,15,14 - β20,15,16 - β21,16,15

+ β21,16,17 - 2β22,17,16 + 2β22,17,18 - β23,18,27 + β23,18,19

+ β24,19,18 - β24,19,14

S37 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 - 2β10,5,4 + 2β10,5,6 - β11,6,5 Bu δ(CH)2

+ β11,6,7+ β12,7,6 - β12,7,2 - β20,15,14 + β20,15,16 + β21,16,15

- β21,16,17 + 2β22,17,16 - 2β22,17,18 + β23,18,27 - β23,18,19

- β24,19,18 + β24,19,14

S38 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 + 2β10,5,4 - 2β10,5,6 - β11,6,5 Ag δ(CH)3

+ β11,6,7+ β12,7,6 - β12,7,2 + β20,15,14 - β20,15,16 - β21,16,15

+ β21,16,17 + 2β22,17,16- 2β22,17,18 - β23,18,27 + β23,18,19

+ β24,19,18 - β24,19,14

S39 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 + 2β10,5,4 - 2β10,5,6 - β11,6,5 Bu δ(CH)4

+ β11,6,7 + β12,7,6 - β12,7,2 - β20,15,14 + β20,15,16 + β21,16,15

- β21,16,17 - 2β22,17,16 + 2β22,17,18 + β23,18,27 - β23,18,19

- β24,19,18 + β24,19,14
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S40 β8,3,2 - β8,3,4 + β9,4,3 - β9,4,5 + β11,6,5 - β11,6,7 + β12,7,6 Ag δ(CH)5

- β12,7,2 + β20,15,14- β20,15,16 + β21,16,15 - β21,16,17 + β23,18,27

- β23,18,19 + β24,19,18 - β24,19,14

S41 β8,3,2 - β8,3,4 + β9,4,3 - β9,4,5 + β11,6,5 - β11,6,7 + β12,7,6 Bu δ(CH)6

- β12,7,2 - β20,15,14 + β20,15,16 - β21,16,15 + β21,16,17 - β23,18,27

+ β23,18,19 - β24,19,18 + β24,19,14

S42 β8,3,2 - β8,3,4 + β9,4,3 - β9,4,5 - β11,6,5 + β11,6,7 - β12,7,6 Ag δ(CH)7

+ β12,7,2 + β20,15,14- β20,15,16 + β21,16,15 - β21,16,17 - β23,18,27

+ β23,18,19 - β24,19,18 + β24,19,14

S43 β8,3,2 - β8,3,4 + β9,4,3 - β9,4,5 - β11,6,5 + β11,6,7 - β12,7,6 Bu δ(CH)8

+ β12,7,2 - β20,15,14 + β20,15,16 - β21,16,15 + β21,16,17 + β23,18,27

- β23,18,19 + β24,19,18 - β24,19,14

S44 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 + β11,6,5 - β11,6,7 - β12,7,6 Bu δ(CH)9

+ β12,7,2 - β20,15,14 + β20,15,16 + β21,16,15 - β21,16,17 - β23,18,27

+ β23,18,19 + β24,19,18 - β24,19,14

S45 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 + β11,6,5 - β11,6,7 - β12,7,6 Ag δ(CH)10

+ β12,7,2 + β20,15,14 - β20,15,16 - β21,16,15 + β21,16,17 + β23,18,27

- β23,18,19 - β24,19,18 + β24,19,14

S46 τ2,1,13,14 Au τ(CNNC)

S47 τ13,1,2,3 + τ13,1,2,7 + τ1,13,14,15 + τ1,13,14,19 Au τ(NNCC)

S48 τ13,1,2,3 + τ13,1,2,7 - τ1,13,14,15 - τ1,13,14,19 Bg τ(NNCC)

S49 τ7,2,3,4 - τ2,3,4,5 + τ3,4,5,6 - τ4,5,6,7 + τ5,6,7,2 - τ6,7,2,3 Au τ(ring1)

+ τ19,14,15,16 - τ14,15,16,17 + τ15,16,17,18 - τ16,17,18,19

+ τ17,18,19,14 - τ18,19,14,15

S50 τ7,2,3,4 - τ2,3,4,5 + τ3,4,5,6 - τ4,5,6,7 + τ5,6,7,2 - τ6,7,2,3 Bg τ(ring2)

- τ19,14,15,16 + τ14,15,16,17 - τ15,16,17,18 + τ16,17,18,19

- τ17,18,19,14 + τ18,19,14,15

S51 τ7,2,3,4 - τ3,4,5,6 + τ4,5,6,7 - τ6,7,2,3 + τ19,14,15,16 - τ15,16,17,18 Au τ(ring3)

+ τ16,17,18,19 - τ18,19,14,15

S52 τ7,2,3,4 - τ3,4,5,6 + τ4,5,6,7 - τ6,7,2,3 - τ19,14,15,16 + τ15,16,17,18 Bg τ(ring4)

- τ16,17,18,19 + τ18,19,14,15

S53 - τ7,2,3,4 + 2τ2,3,4,5 - τ3,4,5,6 - τ4,5,6,7 + 2τ5,6,7,2 - τ6,7,2,3 Au τ(ring5)

- τ19,14,15,16 + 2τ14,15,16,17 - τ15,16,17,18 - τ16,17,18,19

+ 2τ17,18,19,14 - τ18,19,14,15
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S54 - τ7,2,3,4 + 2τ2,3,4,5 - τ3,4,5,6 - τ4,5,6,7 + 2τ5,6,7,2 - τ6,7,2,3 Bg τ(ring6)

+ τ19,14,15,16 - 2τ14,15,16,17 + τ15,16,17,18 + τ16,17,18,19

- 2τ17,18,19,14 + τ18,19,14,15

S55 τ1,3,2,7 + τ13,15,14,19 Au γ(NC)

S56 τ1,3,2,7 - τ13,15,14,19 Bg γ(NC)

S57 2τ12,2,7,6 - 3τ11,7,6,5 + 2τ10,6,5,4 - 3τ9,5,4,3 + 2τ8,4,3,2 Au γ(CH)1

+ 2τ24,14,19,18 - 3τ23,19,18,17 + 2τ22,18,17,16

- 3τ21,17,16,15 + 2τ20,16,15,14

S58 2τ12,2,7,6 - 3τ11,7,6,5 + 2τ10,6,5,4 - 3τ9,5,4,3 + 2τ8,4,3,2 Bg γ(CH)2

- 2τ24,14,19,18+ 3τ23,19,18,17 - 2τ22,18,17,16

+ 3τ21,17,16,15 - 2τ20,16,15,14

S59 τ12,2,7,6 + τ11,7,6,5 + τ10,6,5,4 + τ9,5,4,3 + τ8,4,3,2 + τ24,14,19,18 Au γ(CH)3

+ τ23,19,18,17 + τ22,18,17,16 + τ21,17,16,15 + τ20,16,15,14

S60 τ12,2,7,6 + τ11,7,6,5 + τ10,6,5,4 + τ9,5,4,3 + τ8,4,3,2 - τ24,14,19,18 Bg γ(CH)4

- τ23,19,18,17 - τ22,18,17,16 - τ21,17,16,15 - τ20,16,15,14

S61 τ12,2,7,6 + τ11,7,6,5 - τ9,5,4,3 - τ8,4,3,2 + τ24,14,19,18 + τ23,19,18,17 Au γ(CH)5

- τ21,17,16,15 - τ20,16,15,14

S62 τ12,2,7,6 + τ11,7,6,5 - τ9,5,4,3 - τ8,4,3,2 - τ24,14,19,18 - τ23,19,18,17 Bg γ(CH)6

+ τ21,17,16,15 + τ20,16,15,14

S63 τ12,2,7,6 - τ11,7,6,5 + τ9,5,4,3 - τ8,4,3,2 + τ24,14,19,18 - τ23,19,18,17 Au γ(CH)7

+ τ21,17,16,15 - τ20,16,15,14

S64 τ12,2,7,6 - τ11,7,6,5 + τ9,5,4,3 - τ8,4,3,2 - τ24,14,19,18 + τ23,19,18,17 Bg γ(CH)8

- τ21,17,16,15 + τ20,16,15,14

S65 τ12,2,7,6 - 2τ10,6,5,4 + τ8,4,3,2 + τ24,14,19,18 - 2τ22,18,17,16 Au γ(CH)9

+ τ20,16,15,14

S66 τ12,2,7,6 - 2τ10,6,5,4 + τ8,4,3,2 - τ24,14,19,18 + 2τ22,18,17,16 Bg γ(CH)10

- τ20,16,15,14

a Atom numbering is shown in Figure S1; ri,j is the distance between atoms Ai and Aj; βi,j,k is the angle

between vectors AkAi and AkAj; τi,j,k,l is the dihedral angle between the plane defined by Ai, Aj, Ak and the

plane defined by Aj, Ak, Al atoms; ν - stretching, δ - in-plane bending, γ - out-of-plane bending, τ - torsion;

normalization constants not given.
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Table S5: Theoretical wavenumbers (ν/ cm−1), Raman scattering activities (S/ Å4 a.m.u.−1) and po-
tential energy distributions (PED, %) for the Raman-active Ag and Bg normal modes of E -AB calculated
at the PW91/cc-pVTZ level.

Calculated

ν
a S / Å4 a.m.u.−1 Sym. PEDb (%)

3142.5 164.6 Ag νs (CH) (93)

3133.5 597.7 Ag ν(CH)1 (83), ν(CH)3 (12)

3124.0 354.0 Ag ν(CH)3 (57), ν(CH)7 (30)

3113.9 324.5 Ag ν(CH)7 (55), ν(CH)3 (28), ν(CH)5 (11)

3103.9 88.2 Ag ν(CH)5 (82), ν(CH)7 (14)

1598.2 830.8 Ag ν(CC)3 (62), δ(CH)10 (16)

1581.6 26.0 Ag ν(CC)5 (66)

1483.1 727.0 Ag ν(N=N) (31), δ(CH)7 (30), ν(CC)9 (20)

1457.7 518.4 Ag δ(CH)1 (31), ν(CC)7 (24), δ(CH)7 (23), ν(CC)9 (11)

1419.6 3851.0 Ag ν(N=N) (51), δ(CH)1 (14), δ(CH)7 (11)

1355.7 108.0 Ag ν(CC)1 (89)

1298.8 319.3 Ag δ(CH)5 (75)

1176.9 868.6 Ag δ(CH)10 (41), ν(NC) (20), ν(CC)3 (14)

1149.9 33.8 Ag δ(CH)3 (77)

1125.5 2514.4 Ag δ(CH)10 (35), ν(NC) (27), δ(ring1) (11)

1068.5 23.9 Ag δ(CH)1 (42), ν(CC)7 (10)

1017.8 28.3 Ag ν(CC)9 (49), δ(CH)7 (25), ν(CC)11 (23)

993.5 362.9 Ag δ(ring1) (61), ν(CC)11 (35)

979.3 1.2 Bg γ(CH)2 (108), γ(CH)8 (14)

962.7 0.5 Bg γ(CH)8 (98), γ(CH)2 (14)

921.7 0.1 Bg γ(CH)10 (94)

913.5 6.9 Ag δ(NNC) (42), ν(CC)11 (17), δ(ring1) (12)

832.8 2.9 Bg γ(CH)6 (100)

759.1 0.2 Bg γ(CH)4 (52), τ(ring2) (27), γ(NC) (18)

681.7 0.8 Bg τ(ring2) (85), γ(CH)4 (32)

664.7 7.0 Ag δ(ring3) (60), δ(NNC) (18)

606.8 23.0 Ag δ(ring5) (87)

471.3 0.3 Bg γ(NC) (45), τ(ring4) (49)

406.2 0.01 Bg τ(ring6) (111)

299.6 1.8 Ag δ(NCC) (43), ν(NC) (17), δ(ring3) (16)

239.0 3.8 Bg τ(ring4) (47), γ(NC) (34), τ(NNCC) (16)

217.1 1.0 Ag δ(NCC) (39), δ(NNC) (22), ν(NC) (17), δ(ring3) (12)

94.8 3.3 Bg τ(NNCC) (82), τ(ring4) (16)

a Theoretical frequencies (ν/ cm−1) were not scaled.
b PED’s lower than 10% not included. Definition of symmetry coordinates is given in Table S4.
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Table S6: Internal symmetry coordinates used in the normal mode analysis of Z -azobenzene.a

Coord. Definition Sym. Appr. Description

S1 r1,13 A ν(N=N)

S2 r1,2 + r13,14 A ν(NC)

S3 r1,2 - r13,14 B ν(NC)

S4 r2,3 - r3,4 + r4,5 - r5,6 + r6,7 - r7,2 + r14,15 - r15,16 A ν(CC)1

+ r16,17 - r17,18 + r18,19 - r19,14

S5 r2,3 - r3,4 + r4,5 - r5,6 + r6,7 - r7,2 - r14,15 + r15,16 B ν(CC)2

- r16,17 + r17,18 - r18,19 + r19,14

S6 - r2,3 + 2r3,4 - r4,5 - r5,6 + 2r6,7 - r7,2 - r14,15 + 2r15,16 A ν(CC)3

- r16,17 - r17,18 + 2r18,19 - r19,14

S7 - r2,3 + 2r3,4 - r4,5 - r5,6 + 2r6,7 - r7,2 + r14,15 - 2r15,16 B ν(CC)4

+ r16,17 + r17,18 - 2r18,19 + r19,14

S8 r2,3 - r4,5 + r5,6 - r7,2 + r14,15 - r16,17 + r17,18 - r19,14 A ν(CC)5

S9 r2,3 - r4,5 + r5,6 - r7,2 - r14,15 + r16,17 - r17,18 + r19,14 B ν(CC)6

S10 r2,3 + 2r3,4 + r4,5 - r5,6 - 2r6,7 - r7,2 + r14,15 + 2r15,16 A ν(CC)7

+ r16,17 - r17,18 - 2r18,19 + r19,14

S11 r2,3 + 2r3,4 + r4,5 - r5,6 - 2r6,7 - r7,2 - r14,15 - 2r15,16 B ν(CC)8

- r16,17 + r17,18 + 2r18,19 + r19,14

S12 r2,3 - r4,5 - r5,6 + r7,2 + r14,15 - r16,17 - r17,18 + r19,14 A ν(CC)9

S13 r2,3 - r4,5 - r5,6 + r7,2 - r14,15 + r16,17 + r17,18 - r19,14 B ν(CC)10

S14 r2,3 + r3,4 + r4,5 + r5,6 + r6,7 + r7,2 + r14,15 + r15,16 A ν(CC)11

+ r16,17 + r17,18 + r18,19 + r19,14

S15 r2,3 + r3,4 + r4,5 + r5,6 + r6,7 + r7,2 - r14,15 - r15,16 B ν(CC)12

- r16,17 - r17,18 - r18,19 - r19,14

S16 r7,12 + r6,11 + r5,10 + r4,9 + r3,8 + r19,24 + r18,23 A ν(CH)1

+ r17,22 + r16,21 + r15,20

S17 r7,12 + r6,11 + r5,10 + r4,9 + r3,8 - r19,24 - r18,23 B ν(CH)2

- r17,22 - r16,21 - r15,20

S18 2r7,12 - 3r6,11 + 2r5,10 - 3r4,9 + 2r3,8 + 2r19,24 A ν(CH)3

- 3r18,23 + 2r17,22 - 3r16,21 + 2r15,20

S19 2r7,12 - 3r6,11 + 2r5,10 - 3r4,9 + 2r3,8 - 2r19,24 B ν(CH)4

+ 3r18,23 - 2r17,22 + 3r16,21 - 2r15,20

S20 r7,12 - r6,11 + r4,9 - r3,8 + r19,24 - r18,23 + r16,21 - r15,20 A ν(CH)5
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S21 r7,12 - r6,11 + r4,9 - r3,8 - r19,24 + r18,23 - r16,21 + r15,20 B ν(CH)6

S22 r7,12 + r6,11 - r4,9 - r3,8 + r19,24 + r18,23 - r16,21 - r15,20 A ν(CH)7

S23 r7,12 + r6,11 - r4,9 - r3,8 - r19,24 - r18,23 + r16,21 + r15,20 B ν(CH)8

S24 r7,12 - 2r5,10 + r3,8 + r19,24 - 2r17,22 + r15,20 A ν(CH)9

S25 r7,12 - 2r5,10 + r3,8 - r19,24 + 2r17,22 - r15,20 B ν(CH)10

S26 β13,1,2 + β1,13,14 A δ(NNC)

S27 β13,1,2 - β1,13,14 B δ(NNC)

S28 β1,2,3 - β1,2,7+ β13,14,15 - β13,14,19 A δ(NCC)

S29 β1,2,3 - β1,2,7- β13,14,15 + β13,14,19 B δ(NCC)

S30 β7,2,3 - β2,3,4 + β3,4,5 - β4,5,6 + β5,6,7 - β6,7,2 + β19,14,15 A δ(ring1)

- β14,15,16 + β15,16,17 - β16,17,18 + β17,18,19 - β18,19,14

S31 β7,2,3 - β2,3,4 + β3,4,5 - β4,5,6 + β5,6,7 - β6,7,2 - β19,14,15 B δ(ring2)

+ β14,15,16 - β15,16,17 + β16,17,18 - β17,18,19 + β18,19,14

S32 2β7,2,3 - β2,3,4 - β3,4,5 + 2β4,5,6 - β5,6,7 - β6,7,2 + 2β19,14,15 A δ(ring3)

- β14,15,16 - β15,16,17 + 2β16,17,18 - β17,18,19 - β18,19,14

S33 2β7,2,3 - β2,3,4 - β3,4,5 + 2β4,5,6 - β5,6,7 - β6,7,2 - 2β19,14,15 B δ(ring4)

+ β14,15,16 + β15,16,17 - 2β16,17,18 + β17,18,19 + β18,19,14

S34 β2,3,4 - β3,4,5 + β5,6,7 - β6,7,2 + β14,15,16 - β15,16,17 A δ(ring5)

+ β17,18,19 - β18,19,14

S35 β2,3,4 - β3,4,5 + β5,6,7 - β6,7,2 - β14,15,16 + β15,16,17 B δ(ring6)

- β17,18,19 + β18,19,14

S36 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 - 2β10,5,4 + 2β10,5,6 - β11,6,5 A δ(CH)1

+ β11,6,7 + β12,7,6 - β12,7,2 + β20,15,14 - β20,15,16 - β21,16,15

+ β21,16,17 - 2β22,17,16 + 2β22,17,18 - β23,18,27 + β23,18,19

+ β24,19,18 - β24,19,14

S37 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 - 2β10,5,4 + 2β10,5,6 - β11,6,5 B δ(CH)2

+ β11,6,7+ β12,7,6 - β12,7,2 - β20,15,14 + β20,15,16 + β21,16,15

- β21,16,17 + 2β22,17,16 - 2β22,17,18 + β23,18,27 - β23,18,19

- β24,19,18 + β24,19,14

S38 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 + 2β10,5,4 - 2β10,5,6 - β11,6,5 A δ(CH)3

+ β11,6,7+ β12,7,6 - β12,7,2 + β20,15,14 - β20,15,16 - β21,16,15

+ β21,16,17 + 2β22,17,16- 2β22,17,18 - β23,18,27 + β23,18,19

+ β24,19,18 - β24,19,14

S39 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 + 2β10,5,4 - 2β10,5,6 - β11,6,5 B δ(CH)4

+ β11,6,7 + β12,7,6 - β12,7,2 - β20,15,14 + β20,15,16 + β21,16,15
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- β21,16,17 - 2β22,17,16 + 2β22,17,18 + β23,18,27 - β23,18,19

- β24,19,18 + β24,19,14

S40 β8,3,2 - β8,3,4 + β9,4,3 - β9,4,5 + β11,6,5 - β11,6,7 + β12,7,6 A δ(CH)5

- β12,7,2 + β20,15,14- β20,15,16 + β21,16,15 - β21,16,17 + β23,18,27

- β23,18,19 + β24,19,18 - β24,19,14

S41 β8,3,2 - β8,3,4 + β9,4,3 - β9,4,5 + β11,6,5 - β11,6,7 + β12,7,6 B δ(CH)6

- β12,7,2 - β20,15,14 + β20,15,16 - β21,16,15 + β21,16,17 - β23,18,27

+ β23,18,19 - β24,19,18 + β24,19,14

S42 β8,3,2 - β8,3,4 + β9,4,3 - β9,4,5 - β11,6,5 + β11,6,7 - β12,7,6 A δ(CH)7

+ β12,7,2 + β20,15,14- β20,15,16 + β21,16,15 - β21,16,17 - β23,18,27

+ β23,18,19 - β24,19,18 + β24,19,14

S43 β8,3,2 - β8,3,4 + β9,4,3 - β9,4,5 - β11,6,5 + β11,6,7 - β12,7,6 B δ(CH)8

+ β12,7,2 - β20,15,14 + β20,15,16 - β21,16,15 + β21,16,17 + β23,18,27

- β23,18,19 + β24,19,18 - β24,19,14

S44 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 + β11,6,5 - β11,6,7 - β12,7,6 B δ(CH)9

+ β12,7,2 - β20,15,14 + β20,15,16 + β21,16,15 - β21,16,17 - β23,18,27

+ β23,18,19 + β24,19,18 - β24,19,14

S45 β8,3,2 - β8,3,4 - β9,4,3 + β9,4,5 + β11,6,5 - β11,6,7 - β12,7,6 A δ(CH)10

+ β12,7,2 + β20,15,14 - β20,15,16 - β21,16,15 + β21,16,17 + β23,18,27

- β23,18,19 - β24,19,18 + β24,19,14

S46 τ2,1,13,14 A τ(CNNC)

S47 τ13,1,2,3 + τ13,1,2,7 + τ1,13,14,15 + τ1,13,14,19 A τ(NNCC)

S48 τ13,1,2,3 + τ13,1,2,7 - τ1,13,14,15 - τ1,13,14,19 B τ(NNCC)

S49 τ7,2,3,4 - τ2,3,4,5 + τ3,4,5,6 - τ4,5,6,7 + τ5,6,7,2 - τ6,7,2,3 A τ(ring1)

+ τ19,14,15,16 - τ14,15,16,17 + τ15,16,17,18 - τ16,17,18,19

+ τ17,18,19,14 - τ18,19,14,15

S50 τ7,2,3,4 - τ2,3,4,5 + τ3,4,5,6 - τ4,5,6,7 + τ5,6,7,2 - τ6,7,2,3 B τ(ring2)

- τ19,14,15,16 + τ14,15,16,17 - τ15,16,17,18 + τ16,17,18,19

- τ17,18,19,14 + τ18,19,14,15

S51 τ7,2,3,4 - τ3,4,5,6 + τ4,5,6,7 - τ6,7,2,3 + τ19,14,15,16 - τ15,16,17,18 A τ(ring3)

+ τ16,17,18,19 - τ18,19,14,15

S52 τ7,2,3,4 - τ3,4,5,6 + τ4,5,6,7 - τ6,7,2,3 - τ19,14,15,16 + τ15,16,17,18 B τ(ring4)

- τ16,17,18,19 + τ18,19,14,15

S53 - τ7,2,3,4 + 2τ2,3,4,5 - τ3,4,5,6 - τ4,5,6,7 + 2τ5,6,7,2 - τ6,7,2,3 A τ(ring5)

- τ19,14,15,16 + 2τ14,15,16,17 - τ15,16,17,18 - τ16,17,18,19
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+ 2τ17,18,19,14 - τ18,19,14,15

S54 - τ7,2,3,4 + 2τ2,3,4,5 - τ3,4,5,6 - τ4,5,6,7 + 2τ5,6,7,2 - τ6,7,2,3 B τ(ring6)

+ τ19,14,15,16 - 2τ14,15,16,17 + τ15,16,17,18 + τ16,17,18,19

- 2τ17,18,19,14 + τ18,19,14,15

S55 τ1,3,2,7 + τ13,15,14,19 A γ(NC)

S56 τ1,3,2,7 - τ13,15,14,19 B γ(NC)

S57 2τ12,2,7,6 - 3τ11,7,6,5 + 2τ10,6,5,4 - 3τ9,5,4,3 + 2τ8,4,3,2 A γ(CH)1

+ 2τ24,14,19,18 - 3τ23,19,18,17 + 2τ22,18,17,16

- 3τ21,17,16,15 + 2τ20,16,15,14

S58 2τ12,2,7,6 - 3τ11,7,6,5 + 2τ10,6,5,4 - 3τ9,5,4,3 + 2τ8,4,3,2 B γ(CH)2

- 2τ24,14,19,18+ 3τ23,19,18,17 - 2τ22,18,17,16

+ 3τ21,17,16,15 - 2τ20,16,15,14

S59 τ12,2,7,6 + τ11,7,6,5 + τ10,6,5,4 + τ9,5,4,3 + τ8,4,3,2 + τ24,14,19,18 A γ(CH)3

+ τ23,19,18,17 + τ22,18,17,16 + τ21,17,16,15 + τ20,16,15,14

S60 τ12,2,7,6 + τ11,7,6,5 + τ10,6,5,4 + τ9,5,4,3 + τ8,4,3,2 - τ24,14,19,18 B γ(CH)4

- τ23,19,18,17 - τ22,18,17,16 - τ21,17,16,15 - τ20,16,15,14

S61 τ12,2,7,6 + τ11,7,6,5 - τ9,5,4,3 - τ8,4,3,2 + τ24,14,19,18 + τ23,19,18,17 A γ(CH)5

- τ21,17,16,15 - τ20,16,15,14

S62 τ12,2,7,6 + τ11,7,6,5 - τ9,5,4,3 - τ8,4,3,2 - τ24,14,19,18 - τ23,19,18,17 B γ(CH)6

+ τ21,17,16,15 + τ20,16,15,14

S63 τ12,2,7,6 - τ11,7,6,5 + τ9,5,4,3 - τ8,4,3,2 + τ24,14,19,18 - τ23,19,18,17 A γ(CH)7

+ τ21,17,16,15 - τ20,16,15,14

S64 τ12,2,7,6 - τ11,7,6,5 + τ9,5,4,3 - τ8,4,3,2 - τ24,14,19,18 + τ23,19,18,17 B γ(CH)8

- τ21,17,16,15 + τ20,16,15,14

S65 τ12,2,7,6 - 2τ10,6,5,4 + τ8,4,3,2 + τ24,14,19,18 - 2τ22,18,17,16 A γ(CH)9

+ τ20,16,15,14

S66 τ12,2,7,6 - 2τ10,6,5,4 + τ8,4,3,2 - τ24,14,19,18 + 2τ22,18,17,16 B γ(CH)10

- τ20,16,15,14

aAtom numbering is shown in Figure S1; ri,j is the distance between atoms Ai and Aj; βi,j,k is the angle

between vectors AkAi and AkAj; τi,j,k,l is the dihedral angle between the plane defined by Ai, Aj, Ak and

the plane defined by Aj, Ak, Al atoms; ν - stretching, δ - in-plane bending, γ - out-of-plane bending, τ -

torsion; normalization constants not given.
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Table S7: Changes in the vibrational spectra (Max Δν ), expected to occur in E -AB molecule
undergoing the zero-point vibrations along the τNNCC coordinates.a

E-C2 (-3°) E -C2h (0°) E -Ci (8.5°) Max. ∆ν
Freq. Int. Freq. Int. Freq. Int.

20.31 0.08 14.80 0.03 25.10 0.12 10.30
59.24 1.35 60.89 1.41 57.03 1.38 3.87
78.22 1.91 82.27 1.89 86.84 1.80 8.62
99.16 0.04 94.84 0.00 99.79 0.00 4.95

216.44 0.00 217.13 0.00 216.82 0.00 0.69
239.90 0.24 239.02 0.00 240.52 0.00 1.50
292.71 0.34 295.18 0.62 295.93 1.16 3.23
301.93 0.28 299.61 0.00 300.25 0.00 2.32
403.13 0.00 402.65 0.00 402.44 0.27 0.69
406.68 0.06 406.15 0.00 405.94 0.00 0.74
471.49 0.16 471.35 0.00 472.41 0.00 1.07
514.96 23.52 514.51 23.49 515.30 21.90 0.78
531.22 5.94 532.11 6.25 529.81 8.13 2.30
541.75 13.20 541.30 13.67 542.75 12.77 1.44
606.20 0.00 606.79 0.00 607.56 0.00 1.36
612.57 0.62 613.25 0.65 613.95 0.60 1.38
664.47 0.00 664.71 0.00 664.97 0.00 0.49
682.25 0.12 681.66 0.00 682.25 0.00 0.59
686.00 76.74 685.25 76.76 685.72 77.59 0.75
759.96 0.33 759.14 0.00 758.56 0.00 1.40
780.50 48.44 779.96 48.34 779.42 49.68 1.08
819.22 0.58 819.67 0.57 819.70 0.68 0.47
832.63 0.05 831.34 0.04 830.89 0.97 1.74
834.11 0.06 832.83 0.00 832.36 0.00 1.75
913.01 0.11 913.53 0.00 910.23 0.00 3.30
922.30 0.08 921.74 0.00 924.51 0.00 2.77
928.60 7.23 927.64 7.25 927.05 8.32 1.55
963.05 0.00 961.94 0.00 960.72 0.72 2.33
963.81 0.07 962.71 0.00 961.59 0.00 2.21
980.14 0.08 979.35 0.00 978.29 0.00 1.85
980.65 0.45 979.82 0.42 978.58 1.31 2.06
993.46 3.22 993.43 3.39 993.65 3.05 0.22
993.47 0.00 993.45 0.00 993.66 0.00 0.21

1016.56 13.50 1017.07 13.51 1017.75 12.87 1.19
1017.46 0.00 1017.81 0.00 1018.56 0.00 1.10
1067.92 0.04 1068.55 0.00 1069.03 0.00 1.12
1072.38 15.17 1072.93 15.24 1073.43 15.31 1.05
1125.25 0.00 1125.47 0.00 1125.91 0.00 0.66
1139.69 31.50 1139.64 32.13 1140.23 29.27 0.60
1149.56 0.00 1149.90 0.00 1150.15 0.00 0.59
1149.67 0.36 1149.94 0.45 1150.25 0.35 0.58
1176.80 0.00 1176.86 0.00 1177.12 0.00 0.32
1224.84 20.33 1225.11 20.38 1224.70 18.63 0.41
1295.41 1.77 1295.23 1.69 1295.38 1.58 0.19
1298.70 0.00 1298.84 0.00 1298.56 0.00 0.28
1352.21 6.47 1352.63 6.52 1353.04 6.02 0.82
1355.19 0.01 1355.67 0.00 1356.06 0.00 0.87
1419.50 0.02 1419.60 0.00 1421.61 0.00 2.11
1445.58 13.04 1445.97 13.10 1446.71 12.75 1.12
1457.33 0.02 1457.74 0.00 1458.30 0.00 0.96
1471.96 9.57 1472.78 9.41 1473.28 9.56 1.32
1482.95 0.00 1483.14 0.00 1483.94 0.00 0.99
1577.42 3.92 1577.63 3.82 1578.09 3.73 0.67
1581.47 0.00 1581.57 0.00 1581.55 0.00 0.10
1594.13 5.98 1594.80 6.17 1595.40 5.80 1.28
1597.60 0.00 1598.22 0.00 1598.88 0.00 1.29
3103.99 4.76 3103.81 5.01 3104.05 4.79 0.24
3104.06 0.01 3103.88 0.00 3104.12 0.00 0.25
3114.16 17.29 3113.91 16.99 3113.87 17.10 0.29
3114.17 0.05 3113.94 0.00 3113.88 0.00 0.29
3124.15 30.52 3123.91 30.57 3124.13 30.19 0.24
3124.22 0.01 3123.96 0.00 3124.20 0.00 0.26
3133.55 39.66 3133.31 40.48 3133.33 39.66 0.23
3133.76 0.03 3133.54 0.00 3133.53 0.00 0.23
3141.79 14.46 3142.48 13.87 3141.69 14.14 0.79
3141.82 0.03 3142.51 0.00 3141.73 0.00 0.78

a Middle column (E -C2h) –geometry at the minimum, left (E -C2) and right (E -Ci) columns – geometries
corresponding to the geometric limits of the zero-point vibrations along the τNNCC coordinates
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Table S8: Changes in the vibrational spectra (Max Δν ), expected to occur in Z -AB molecule
undergoing the zero-point vibrations along the τNNCC coordinates.a

Z-C2 (42.2°) Z-C2 (49.3°) Z-C2 (57.2°) Max. ∆ν
Freq. Int. Freq. Int. Freq. Int.

46.55 1.40 50.37 1.41 54.63 1.45 8.07
51.22 0.02 50.78 0.01 47.79 0.00 3.42
73.28 0.48 68.18 0.48 63.17 0.47 10.11

154.46 4.63 151.43 3.91 146.80 2.93 7.66
180.31 0.15 171.04 0.19 159.94 0.24 20.37
270.46 5.88 265.02 0.23 259.28 0.22 11.18
271.22 0.23 278.54 5.74 287.22 5.61 16.00
398.07 3.77 397.20 4.44 395.86 4.84 2.21
403.43 0.02 400.30 0.05 397.29 0.08 6.14
410.59 2.85 418.29 3.16 426.65 3.52 16.06
444.10 6.91 438.84 4.84 431.81 2.79 12.29
495.83 5.06 494.90 4.68 493.65 4.39 2.18
527.40 0.09 531.77 0.23 535.68 0.47 8.28
590.75 5.49 592.44 5.15 594.03 4.45 3.28
611.61 0.03 612.25 0.04 612.77 0.06 1.16
613.92 0.12 615.87 0.29 618.48 0.53 4.56
686.61 39.33 686.99 31.26 685.46 3.01 1.53
687.65 18.43 688.21 19.56 689.57 20.50 1.92
696.10 58.15 691.69 67.78 689.05 95.74 7.05
748.18 0.03 746.08 0.03 742.78 0.21 5.40
761.64 38.69 760.20 32.06 758.20 26.00 3.45
768.27 11.25 768.51 12.42 768.33 14.23 0.24
822.39 7.87 820.78 5.62 820.80 4.38 1.61
824.26 1.43 822.95 1.50 822.35 1.36 1.91
829.11 2.47 831.57 2.82 833.26 1.71 4.15
903.71 0.17 901.35 0.32 899.75 0.64 3.95
907.88 21.70 906.22 20.45 906.08 18.77 1.80
950.55 0.74 947.99 0.35 946.72 0.26 3.82
950.77 0.27 948.52 0.28 946.83 0.22 3.93
968.79 0.60 967.52 0.60 966.60 0.69 2.19
968.84 0.05 967.68 0.05 966.78 0.05 2.06
992.29 0.41 992.62 0.38 992.91 0.32 0.62
992.81 1.09 993.27 1.18 993.69 1.31 0.88

1023.73 4.41 1024.25 4.52 1024.86 4.92 1.14
1024.38 2.06 1024.80 2.17 1025.27 2.29 0.89
1074.91 13.05 1074.74 13.31 1074.66 13.32 0.25
1076.57 1.49 1076.51 1.15 1076.81 0.84 0.30
1108.07 0.06 1112.68 0.19 1116.78 0.50 8.71
1133.70 2.16 1134.99 1.84 1135.64 1.27 1.94
1150.56 0.00 1150.68 0.03 1150.90 0.09 0.34
1150.87 0.19 1150.85 0.14 1150.95 0.09 0.10
1170.91 0.65 1170.19 0.76 1169.66 0.83 1.26
1172.22 0.17 1171.00 0.18 1169.87 0.29 2.35
1296.67 1.90 1296.26 1.95 1295.90 1.86 0.77
1300.69 0.12 1301.34 0.06 1302.18 0.01 1.49
1340.87 1.72 1340.50 2.34 1340.32 2.46 0.55
1348.55 0.02 1347.14 0.05 1345.89 0.06 2.66
1439.07 8.48 1438.64 7.37 1437.93 6.63 1.14
1445.17 4.09 1445.44 3.01 1445.51 2.13 0.34
1462.07 0.65 1463.36 1.51 1464.77 2.80 2.70
1469.79 5.32 1469.71 4.85 1469.88 4.88 0.17
1512.98 51.47 1520.25 47.36 1528.20 40.64 15.22
1570.34 4.33 1571.00 4.83 1572.25 5.53 1.92
1576.76 0.46 1578.19 0.50 1580.22 0.51 3.46
1590.72 1.54 1590.78 2.22 1590.61 3.49 0.17
1595.62 3.42 1596.13 4.13 1596.29 4.97 0.67
3105.89 2.15 3105.96 1.94 3106.02 1.81 0.13
3106.03 0.62 3106.07 0.61 3106.07 0.59 0.03
3113.70 9.09 3113.48 8.33 3113.25 7.88 0.45
3113.78 1.39 3113.56 0.85 3113.32 0.52 0.47
3124.37 14.92 3123.85 13.91 3123.48 12.76 0.89
3124.41 4.77 3123.93 5.03 3123.59 5.57 0.82
3131.93 36.49 3131.05 33.06 3130.35 30.92 1.58
3132.17 0.53 3131.27 0.23 3130.55 0.26 1.62
3136.59 6.96 3135.76 10.61 3135.56 12.17 1.04
3136.75 4.31 3135.86 5.54 3135.62 6.43 1.13

a Middle column (49.3°) –geometry at the minimum, left (42.2°) and right (57.2°) columns – geometries
corresponding to the geometric limits of the zero-point vibrations along the τNNCC coordinates
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