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Abstract: MINDO/3 calculations of molecular vibration frequencies are reported for 34 molecules for which detailed experi­
mental data are available. The agreement is satisfactory, becoming good if allowance is made for systematic deviations for spe­
cific types of vibration. 

The primary goal of the studies reported in this series of 
papers is the development of theoretical procedures accurate 
enough and reliable enough to provide useful information 
concerning the mechanisms of chemical reactions and the 
properties of transient intermediates in them. Extensive tests 
of our latest procedure (MINDO/32) have given encouraging 
results3 for a wide variety of molecular properties, including 
heats of formation,2 geometries,2 dipole moments,2 first ion­
ization potentials,2 polarizabilities,4 hyperpolarizabilities,5 

nuclear quadrupole coupling constants,6 ESCA chemical 
shifts,7 and the electronic band structure of polymers.8 The 
mechanisms predicted for nearly 200 reactions have also been 
consistent with the available experimental data.3,9 There is, 
however, an inevitable uncertainty concerning predictions 
based on calculations by an empirical procedure outside the 
areas where it has been thoroughly tested. Since most of the 
available experimental data refer to stable species represented 
by local minima on the potential surface, most of the tests of 
MINDO/3 refer to stable species. The only tests so far carried 
out for the intermediate sections of potential surfaces have been 
comparisons of calculated and observed activation energies for 
reactions. It would greatly strengthen confidence in 
MINDO/3 predictions for these regions if additional tests 
could be applied. 

The major sources of experimental data in this connection 
refer to molecular vibration frequencies (indicating the form 
of potential surfaces in the vicinity of minima), activation 
parameters (in particular entropies of activation), and kinetic 
isotope effects. AU these quantities, other than enthalpies of 
activation, are related and can be calculated via the partition 
function if the vibration frequencies are known. 

Procedures for calculating molecular vibration frequencies 
by MO methods are well established and such calculations 
have been carried out for several small polyatomic molecules 
by the EHT,10 CNDO/2,11 INDO,12 MINDO/2,1 1^1 3 and 
RH14 (Roothaanl5-Hall16) methods and also for several hy­
drocarbons by MINDO/3.17 Here we report the results of a 
detailed MINDO/3 study of 34 polyatomic molecules for 

which apparently reliable experimental vibration frequencies 
and vibrational assignments are available. Since these data 
encompass 54 different types of vibration and over 500 indi­
vidual frequencies, comparison of our results with experiment 
should provide a good test of MINDO/3 in this connection. 

It may be noted that calculations of force constants for 
normal modes of vibration have been carried out routinely for 
some time in these laboratories in applying the Mclver-
Komornicki18 criterion to putative transition states. 

Computational Procedure 

The calculations were carried out by the method used by 
Mclver and Komornicki18'19 for MINDO/2 calculations of 
vibration frequencies. Using Cartesian coordinates, first de­
rivatives of the energy are found analytically and second de­
rivatives by finite difference. The matrix of second derivatives 
(Hessian matrix) is then weighted and used with the standard 
GF formalism20 to obtain the frequencies and normal modes. 
In the case of compounds containing third-row elements (S, 
Cl), both first and second derivatives of the energy were found 
by finite difference. 

In order to ensure sufficient accuracy in the calculations of 
derivatives, a relatively small displacement (0.005 A) and a 
correspondingly more stringent criterion of SCF convergence 
were used in each case. Under these conditions the six vibration 
frequencies corresponding to translation or rotation, while 
never zero, were usually less than 10 cm -1 and only rarely 
greater than 30 cm-1, the method using analytical derivatives 
being marginally better in this respect. The magnitude of these 
spurious frequencies could be further reduced by using a still 
more stringent SCF criterion. This was not done since previous 
studies had indicated that it leads to no significant change in 
the real frequencies. 

Results 
The calculated and observed frequencies are presented in 

Table I and compared graphically in Figure 1. The calculated 
values for ethane, ethylene, acetylene, and benzene are those 
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Table I. Comparison of Calculated (MINDO/3)and Observed Molecular Vibration Frequencies 

Molecule and 
point group 

H2O; C,v 

rlfl O J C j y 

NH3; C v 

C0 2 ;Doc/ j 

CS 2 j^oo^i 

HCN;CooV 

CH2O; C v 

HCOOH;C 

H 2 C=N + =N"; C v 

CH 3 Cl; C y 

CH4; T$ 

CH3OH; C 

CH 3 SH;C 

* i 

b i 

a, 

b , 
a i 

e 

£+g 

nu 
Su+ 

£+g 

nu 
Su+ 

X* 

n 
S + 

a, 

b , 

b , 
2L 

a" 

a, 

a, 

e 

ai 
e 
fa 

a' 

a" 

a' 

Assignment 

s stretch 
Bend 
a stretch 
s stretch 
Bend 
a stretch 
s stretch 
s deform 
d stretch 
d deform 

s stretch 
Bend 
a stretch 
s stretch 
Bend 
a stretch 
CH stretch 
Bend 
C = N stretch 
CH2 s stretch 
C=O stretch 
CH2 s cis 
CH2 a stretch 
CH2 rock 
CH2 wag 
OH stretch 
CH stretch 
C=O stretch 
OH bend 
CH bend 
C-O stretch 
OCO deform 
CH bend 
Torsion 
CH2 s stretch 
NN stretch 
CH2 s cis 
CN stretch 
CH2 a stretch 
CH2 rock 
Deform 
Deform 
CH2 wag 
CH3 s stretch 
CH3 s deform 
C-Cl stretch 
CH3 d stretch 
CH3 d deform 
CH3 rock 
s stretch 
d deform 
d stretch 
d deform 
OH stretch 
CH3 d stretch 
CH s stretch 
CH3 d deform 
CH3 s deform 
OH bend 
CH3 rock 
CO stretch 
CH3 d stretch 
CH3 d deform 
CH3 rock 
Torsion 
CH3 d stretch 
CH3 s stretch 
SH stretch 
CH3 d deform 
CH3 s deform 
CH3 rock 

Freq, 

Exptl 

3657 
1595 
3756 
2615 
1183 
2626 
3337 

950 
3444 
1627 

1333 c 

667 
2349 

658 
397 

1535 
3311 

712 
2097 
2783 
1746 
1500 
2843 
1249 
1167 
3570 
2943 
1770 
1387 
1229 
1105 

625 
1033 

638 
3077 
2102 
1414« 
1170« 
3188 
1109 
421 
564 
406 

2937c 
1355 

732 
3039^ 
1452 
1017 
2917 
1534 
3019 
1306 
3681 
3000 
2844 
1477 
1455 
1345 
1060 
1033 
2960 
1477 
1165 

295 / 
3015 
2948 
2605 
1453 
1332 
1072 

cm-1 

MINDO/ 
3« 

4022 
1537 
4021 
2638 

897 
2651 
3555 
1114 
3577 
1517 

1443 
575 

2337 
621 
330 

1425 
3536 

769 
2268 
3332 
2006 
1374 
3301 
1046 
1076 
3942 
3222 
1941 
1334 
1274 
1000 

575 
936 
529 

3513 
2357 
1490 
1233 
3554 

950 
428 
514 
271 

3496 
1237 

809 
3540 
1286 

784 
3505 
1326 
3551 
1270 
3960 
3404 
3348 
1330 
1466 
1304 
1243 

927 
3337 
1289 
1082 

275 
3509 
3479 
2602 
1306 
1253 

837 

Ref 

b 

b 

b 

b 

b 

b 

b 

d 

b 

b 

b 

g 

Molecule and 
point group 

CH3NH2; C 

HC^CH; D^h 

H 2 C = C = O J C V 

H3CCN; C v 

H2C=CHCl; C 

H2C=CH2 ;Dlh 

£0;CV 

a' 

a' 

a" 

z + 

^u 
n g 
nu 
* i 

b> 

b2 

a, 

e 

a' 

a" 

a g 

au 
b i g 

b i u 
b i g 

b2u 

b 3 U 

» i 

Assignment 

SH bend 
CS stretch 
CH3 d stretch 
CH3 d deform 
CH3 rock 
Torsion 
NH2 s stretch 
CH3 d stretch 
CH3 s stretch 
NH2 s cis 
CH3 d deform 
CH3 s deform 
CH3 rock 
CN stretch 
NH2 wag 
NH2 a stretch 
CH3 d stretch 
CH3 d deform 
NH2 twist 
CH3 rock 
Torsion 
CH stretch 
CssC stretch 
CH stretch 
CH bend 
CH bend 
CH2 s stretch 
CO stretch 
Torsion 
CC stretch 
CH2 a stretch 
CH2 rock 
Deform 
Deform 
CH2 wag 

CH3 s stretch 
CN stretch 
CH3 s deform 
CC stretch 
CH3 d stretch 
CH3 d deform 
CH3 rock 
CCN deform 
CH stretch 
CH stretch 
CH stretch 
CC stretch 
CH bend 
CH bend 
CH bend 
CCl stretch 
CCl bend 
CH twist 
CH2 wag 
CCl bend 
CH2 stretch 
CC stretch 
CH2 s cis 
CH2 twist 
CH2 a stretch 
CH2 rock 
CH2 wag 
CH2 wag 
CH2 a stretch 
CH2 rock 
CH2 s stretch 
CH2 s cis 
CH2 s stretch 
CH2 s cis 
Ring stretch 
CH2 wag 
Ring deform 

Freq, 

Exptl 

802 
710 

3012 
1444 

956 
200/ 

3361 
2961 
2820 
1623 
1473 
1430 
1130 
1044 

780 
3427 
2985 
1485 
1335" 

980" 
268 

3374 
1974 
3289^ 

612 
730 

3071 
2152 
1388 
1118 
3166 

979 
438 
588 
528 

2954 
2267 
1385' 
920 

3009 
1448° 
1041 

362 
3125 
3086 
3037 
1610 
1374 
1281 
1036 

724 
396 
943 
897 
621 

3026 
1623^ 
1342 
1023' 
3103 
1236 

949 
943 

3106 
826 

2989 
1444 
3006 
1498 
1271 
1120 

877 

cm"1 

MINDO/ 
3 a Ref 

801 
576 

3494 
1295 
759 
160 

3577 b 
3309 
3398 
1496 
1297 
1414 
1009 
1250 

650 
3574 
3403 
1311 
1170 

841 
220 

3827 
2237 b 
3770 

488 
885 

3599 
2328 
1407 
1180 
3639 

850 
385 
585 
383 

3461 
2383 
1367 
1079 
3466 
1298 
911 
377 

3572 / 
3540 
3521 
1832 
1272 
1086 

863 
717 
294 
913 
757 
542 

3544 b 
1835 
1296 

886 
3538 
1024 

979 
811 

3557 
697 

3527 
1306 
3428 b 
1335 
1716 
1206 

982 
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Molecule and 
point group 

Oc*, 

DNHJC, 

C2H6;£>3d 

CH3OCH3 I C2V 

a2 

b i 

b j 

a, 

a2 

b, 

b 2 

a' 

a" 

a , . 
1 S 

, 
1 u 

eg 

eu 

a l 

3 j 

b, 

b 2 

Assignment 

CH2 a stretch 
CH2 twist 
CHj rock 
CH2 s stretch 
CH2 s cis 
CH2 wag 
Ring deform 
CHj a stretch 
CH2 twist 
CH, rock 
CH2 s stretch 
CH2 S cis 
CHj wag 
Ring stretch 
Ring deform 
CHj a stretch 
CH2 twist 
CH2 rock 
CH2 s stretch 
CH2 S cis 
CH2 wag 
Ring deform 
CH2 a stretch 
CHj twist 
CH2 rock 

NH stretch 
CH2 a stretch 
CH2 s stretch 
CH2 s cis 
Ring stretch 
NH bend 
CH2 twist 
CH2 wag 
Ring deform 
CH2 rock 
CHj a stretch 
CH2 s stretch 
CH2 S cis 
Ring deform 
CH2 twist 
CH2 wag 
NH bend 
CH2 rock 
CH3 s stretch 
CH3 s deform 
CC stretch 
Torsion 
CH3 s stretch 
CH3 s deform 
CH3 d stretch 
CH3 d deform 
CH3 rock 
CH3 d stretch 
CH3 d deform 
CH3 rock 
CH3 d stretch 
CH3 s stretch 
CH3 d deform 
CH3 s deform 
CH3 rock 
CO stretch 
COC deform 
CH3 d stretch 
CH3 d deform 
CH3 rock 
Torsion 
CH3 d stretch 
CH3 s stretch 
CH3 d deform 
CH3 s deform 
CH3 rock 
CC stretch 
CH3 d stretch 
CH3 d deform 

Freq, 

Exptl 

3063 
1300 

860 
3006 
1472 
1151 

892 
3065 
1142 

822 
3017 
1471 
1107 
1040 

626 
3089 

971 
660 

3017 
1440 
1050 

685 
3089 

945 
825 

3346 
3079 
3015 
1483 
1210 
1096 
1090 

998 
856 
772 

3079 
3003 
1462 
1268 
1237 
1131 

904 
820 

2954 
1388 
995 
289 

2896 
1379 
2969 
1468 
1190' 
2985 
1469 e 

822 
2996 
2817 
1464 
1452 
1244 

928 
418 

2952 
1464' 
1150 

203 ' 
2996 
2817 
1464 
1452 
1227 
1102 
2925 
1464 

cm"1 

MINDO/ Molecule : and 
3 a Ref point group Assignment 

3408 
1040 

CH3 rock 
Torsion 

889 CH3SCH3;C,„ a. CH, d stretch 
3423 3 3 

1360 
1090 

955 
3430 
1048 

684 
3500 k 
1260 

937 
1522 

710 
3497 
1011 

761 
3496 
1314 

915 
645 

3515 
733 n 
708 <, ,N; C, 3465 b 

3424 
3442 
1317 
1616 
1159 
1075 

957 
812 
681 

3416 
3434 
1350 
1100 

972 
999 
935 

CH3 s stretch 
CH3 d deform 
CH3 s deform 
CH3 rock 
CS stretch 
CSC deform 

a2 CH3 d stretch 
CH3 d deform 
CH3 rock 
Torsion 

b , CH3 d stretch 
CH3 s stretch 
C^ 3 d deform 
CH3 s deform 
CH3 rock 
CS stretch 

b 2 CH3 d stretch 
CH3 d deform 
CH3 rock 
Torsion 

a' CH stretch 
CH stretch 
CH stretch 
i.p. ring I 
i.p. ring II 
i.p. ring III 
i.p. ring IV 
CH bend 
CH bend 
i.p. ring V 
i.p. ring VI 
i.p. ring VII 
i.p. ring VIII 

a" CH bend 
CH bend 
CH bend 
0.p. ring I 
0.p. ring II 

793 H 2 C=C=CH 2 ; a, CH2S stretch 

3460 b D*4 
1466 
1196 

180 
3456 
1328 
3452 
1308 
1056 
3466 
1314 HC^CCH 3 ; 

759 
3389 b 
3354 
1447 
1312 
1191 
1078 

319 
3335 
1281 \>:Du 
1071 

114 
3386 
3338 
1500 
1363 
1305 
1039 
3343 
1286 

CH2 S cis 
CC stretch 

b , CH2 twist 
b2 CH2 S stretch 

CC stretch 
CH2 s cis 

e CH2 a stretch 
CH2 rock 
CH2 wag 
CCC bend 

C3V a, CH stretch 
CH3 s stretch 
C = C stretch 
CH3 s deform 
C-C stretch 

e CH3 d stretch 
CH3 d deform 
CH3 rock 
CH bend 
CCC bend 

a! CH2 s stretch 
CH2 s cis 
Ring stretch 

a" CH2 twist 
a2' CH2 wag 
a2" CH2 a stretch 

CH2 rock 
e' CH2 s stretch 

CH2 s cis 
CH2 wag 
Ring deform 

Freq, 

Exptl 

1179 
242 

2991 
2916 
1456 
1317 
1028 

691 
282 

3013' 
1446' 
963 ' 
173 ' 

2991 
2852 
1440 
1317 

972 
741 

2991 
1434 
1005 

182 

3160 
3128 
3086 
1560 
1432 
1373 
1260 
1217 
1128 
1089 
1021 

917 
840 
898 
792 
763 
630 
588 

3015 
1443 
1073 

865 
3007 
1957 
1398 
3086 

999 
841 
355 

3334 
2918" 
2142 
1382 
931 

3008 
1452 
1053 

633 
328 

3038 
1479e 

1188 
1126 
1070' 
3103 

854 
3025 
1438 
1029 

866 

cm"1 

MINDO/ 
3" Ref 

1076 
148 

3507 m 
3479 
1306 
1264 

816 
731 
204 

3493 
1292 

755 
86 

3506 
3474 
1306 
1233 

825 
710 

3496 
1294 

754 
95 

3582 n 
3489 
3486 
1659 
1525 
1437 
1317 
1173 
1072 
1024 
984 
729 
714 
816 
781 
689 
526 
495 

3531 b 
1437 
1178 
748 

3537 
2208 
1290 
3549 

902 
794 
329 

3797 b 
3457 
2366 
1381 
1116 
3457 
1301 
947 
680 
317 

3491 b 
1291 
1645 

961 
1010 
3509 

748 
3486 
1338 

968 
1091 
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Table I (Continued) 

Molecule and 
point group 

H 2C-CHCH 3 ; C$ 

CH3 COCH 3; C2 \> 

C3H8; C2V 

Assignment 

e" CH2 a stretch 
CH2 twist 
CH2 rock 

a' CH2 a stretch 
CH stretch 
CH2 s stretch 
CH3 d stretch 
CH3 s stretch 
C=C stretch 
CH3 d deform 
CH2 s cis 
CH3 s deform 
CH bend 
CH2 rock 
CH3 rock 
C - C stretch 
CCC bend 

a" CH3 d stretch 
CH3 d deform 
CH3 rock 
CH2 twist 
CH2 wag 
CH bend 
Torsion 

a : CH3 d stretch 
CH3 s stretch 
CO stretch 
CH3 d deform 
CH3 s deform 
CH3 rock 
CC stretch 
CCC bend 

a2 CH3 d stretch 
CH3 d deform 
CH3 rock 

b , CH3 d stretch 
CH3 s stretch 
CH3 d deform 
CH3 s deform 
CC stretch 
CH3 rock 
CO bend 

b 2 CH3 d stretch 
CH3 d deform 
CH3 rock 
CO bend 
Torsion 

a, CH3 d stretch 
CH3 s stretch 
CH2 s stretch 
CH3 d deform 
CH2 s cis 
CH3 s deform 
CH3 rock 
CC stretch 
CCC bend 

a2 CH3 d stretch 
CH3 d deform 
CH2 twist 
CH3 rock 
Torsion 

b , CH3 d stretch 
CH3 s stretch 
CH3 d deform 
CH3 s deform 
CH2 wag 
CC stretch 
CH3 rock 

b 2 CH3 d stretch 
CH2 a stretch 
CH3 d deform 
CH3 rock 
CH2 rock 
Torsion 

Freq, cm"1 

MINDO/ 
Exptl 

3082 
1188 

793 
3091 
3017' 
2991 
2973 
2932 
1653 
1459 
1419' 
1378 
1298 
1174 

945 ' 
914' 
428 

2953 
1443 
1045 

990 
912 
575 
188 

3019 
2937 
1731 
1435 
1364 
1066 

777 
385 

2963 ' 
1426' 

877 ' 
3019 
2937 
1410 
1364 
1216 

891 
530 

2972 
1454 
1091 

484 
109 

2977 
2962 
2887 
1476 
1462 
1392 
1158 

869 
369 

2967 
1451 
1278 

940 
216 / 

2968 
2887 
1464 
1378 
1338 
1054 

922 
2973 
2968 
1472 
1192 

748 
268 / 

3" Ref 

3484 
1041 

692 
3545 o 
3530 
3459 
3452 
3429 
1872 
1400 
1317 
1306 
1209 
1158 

951 
840 
373 

3450 
1309 

973 
900 
853 
510 
101 

3481 b 
3463 
1947 
1355 
1291 

986 
941 
357 

3465 
1299 

791 
3480 
3460 
1444 
1300 
1258 

875 
480 

3468 
1304 

972 
485 

66 

3462 b 
3457 
3377 
1393 
1321 
1311 
1135 

944 
354 

3454 
1313 
1126 

840 
132 

3460 
3452 
1502 
1318 
1307 
1169 

871 
3459 
3361 
1316 
1050 

668 
164 

Molecule and 
point group 

r- C ( \ 

CO 

y ;c, 

0;C* 
V H 

Assignment 

a, CH stretch 
C=O "stretch 
C=C stretch 
CH bend 
C-O stretch 
C-C stretch 
i.p. ring II 
C=O bend 

a2 CH bend 
o.p. ring I 
o.p. ring II 

b1 CH stretch 
C=O stretch 
C-O stretch 
CH bend 
C-C stretch 
i.p. ring II 
C=O bend 

b 2 CH bend 
C=O bend 
C=O bend 

a, CH stretch 
CH stretch 
i.p. ring II 
i.p. ring III 
i.p. ring IV 
CH bend 
CH bend 
i.p. ring VII 

a2 CH bend 
CH bend 
o.p. ring I 

b , CH stretch 
CH stretch 
i.p. ring II 
CH bend 
CH bend 
i.p. ring V 
i.p. ring VI 

b2 CH bend 
CH bend 
o.p. ring II 

a, CH stretch 
CH stretch 
i.p. ring II 
i.p. ring IH 
CH bend 
CH bend 
i.p. ring IV 
i.p. ring VII 

a2 CH bend 
CH bend 
o.p.ring I 

b, CH stretch 
CH stretch 
i.p. ring I 
CH bend 
CH bend 
i.p. ring V 
i.p. ring VI 

b 2 CH bend 
CH bend 
o.p. ring II 

a, NH stretch 
CH stretch 
CH stretch 
i.p. ring II 
i.p. ring IV 
CH bend 
i.p. ring V 
CH bend 
i.p. ring VI 

a2 CH bend 

Freq, 

Exptl 

3117 
1852 
1592 
1235 
1060 

864 
632 
403 
959 
768 
275 

3117 
1782 
1305 
1054 

889 
697 
557 
839 
642 
173 

3154 
3140 
1491 
1384 
1140 
1066 

995 
871 
863' 
728 
613 

3161 
3129 
1556 
1267 
1180 
1040 

873 
838 
745 
603 

3126 
3098 
1409 
1360 
1083 
1036 

839 
608 
903 
688 
567 

3125 
3086 
1504 
1256 
1085 

872 
751 
867' 
712 
452 

3408 
3136 
3114 
1472 
1384 
1240 
1148 
1078 

883 
842 

cm"1 

MINDO/ 
3" Ref 

3536 p 
1941 
1749 
1283 
1041 

998 
554 
359 
871 
696 
226 

3520 
2006 
1280 
1176 
988 
601 
504 
833 
590 
111 

3577 b 
3504 
1594 
1432 
1291 
1078 
1007 

701 
111 
623 
504 

3565 
3502 
1670 
1352 
1108 
1039 

713 
775 
706 
484 

3561 b 
3501 
1677 
1348 
1058 
988 
778 
460 
802 
712 
435 

3558 
3490 
1729 
1100 

970 
774 
605 
795 
699 
315 

3652 q 
3563 
3514 
1503 
1460 
1311 
1067 
1027 

715 
759 
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Table I (Continued) 

1689 

Molecule and 
point group 

b i 

b 2 

O 
a2g 

Assignment 

CH bend 
o.p. ring II 
CH stretch 
CH stretch 
i.p. ring I 
i.p. ring III 
NH bend 
CH bend 
CH bend 
i.p. ring VII 
CH bend 
o.p. ring I 
CH bend 
NH bend 
CH stretch 
Ring stretch 
CH bend 

Freq 

Exptl 

712 
615 

3105 
3136 
1529 
1416 
1143 
1050 
1015 

870 
840 
649 
734 
558 

3062 
992 

1326 

cm"1 

MINDO/ 
3" Ref 

647 
511 

3550 
3511 
1610 
1437 
1194 
1109 
1049 

708 
752 
733 
650 
472 

3507 b 
1189 
1192 

Molecule and 
point group 

a 2 U 

b i u 

b 2 g 

b 2 U 

e ' g 
^ l U 

e2g 

e 2 U 

Assignment 

CH bend 
CH stretch 
Ring deform 
CH bend 
Ring deform 
Ring stretch 
CH bend 
CH bend 
CH stretch 
Ring deform 
CH bend 
CH stretch 
Ring stretch 
CH bend 
Ring deform 
CH bend 
Ring deform 

Freq, 

Exptl 

673 
3068 
1010 

995' 
703 ' 

1310 
1150 

849 
3063<? 
1486 
1038 
3047 
1596° 
1178 

606 
975 
410 

cm"1 

MINDO/ 
3 a Ref 

665 
3474 

843 
877 
590 

1191 
1078 

820 
3494 
1484 
1064 
3482 
1689 
1113 

553 
868 
389 

a Calculated frequencies from this work except for CH2=CH2, CH3CH3, CttsCH, and C6H6 from ref 17 and CH3C=^CH, CH2=C=CH2, 
and CH3CH2CH3 from unpublished work by M. J. S. Dewar and A. Komornicki. 6Data from ref 21. cBand position uncertain due to Fermi 
resonance. "W. H. Fletcher and W. T. Thomson, /. MoI. Spectrosc, 25, 240 (1968). eThese assignments have been reversed on the basis of the 
present calculations. /Torsion frequency calculated from microwave spectral data. 8\. W. May and E. L. Pace, Spectrochim. Acta, Part A, 24, 
1605 (1968).''Estimated by H. Wolff and H. Ludwig, / Chem. Phys., 56, 5278 (1972); see discussion in ref 14.'Frequency estimated from 
an overtone or combination band. /M. Z. El-Sabban and B. J. Zwolinski, / MoI. Spectrosc, 27, 1 (1968). fcO. P. Strausz, I. Safarik, W. B. 
O'Callaghan, and H. E. Gunning,/. Am. Chem. Soc, 94, 1828 (1972); K. Venkateswarlu and P. A. Joseph, /. MoI. Struct., 6, 145 (1970). 
'Result of a normal coordinate calculation. mY. Shiro, M. Ohsaku, M. Hayashi, and H. Murata, Bull. Chem. Soc. Jpn., 43, 609 (1970). "C. 
Pouchan, S. Senez, J. Raymond, and H. Sauvaitre, J. Chim. Phys., Phys.-Chim. Biol, 71, 525 (1974). 0B. Silvi, P. Labarbe, and J. P. Perchard, 
Spectrochim. Acta, Part A, 29, 263 (1973). PA. Rogstad, P. Klaboe, H. Baranska, E. Bjarnov, D. Christensen, F. Nicolaisen, O. F. Nielsen, 
B. N. Cyvin, and S. J. Cyvin, J. MoI. Struct, 20,403 (1974); C. DiLauro, S. Califano, and G. Adembri, ibid., 2, 173 (1968); P. Misone and P. 
Chiorboli, Spectrochim. Acta, Part A, 18, 1425 (1962). 9 A. Lautie'and A. Novak,/ Chim. Phys., Phys.-Chim. Biol, 69, 1332 (1972). 

reported previously.17 Where possible, the experimental 
frequencies and assignments are taken from the compilation 
by Shimanouchi.21 Those from more recent sources were 
adapted to Shimanouchi's formalism. 

Discussion 
The points in Figure 1 are more or less randomly scattered 

about the line of unit slope, except for the CH stretches which' 
are systematically overestimated by ca. 450 cm-1. Regression 
analysis, excluding CH stretches, gave a line of slope 0.89 ± 
0.02 (99% confidence limits) while that for the CH stretches 
was 0.92 ± 0.18. The percentage standard deviation for the 
first category was 9.5%. That for the CH stretches was 15.2%, 
but fell to 2.1% after systematic correction of the MINDO/3 
frequencies by —455 cm -1. 

Table II shows a detailed breakdown of these results into 
various categories of vibrational types. The MINDO/3 values 
show systematic deviations for each type of vibration (cf. CH 
stretches). When an appropriate correction (indicated in the 
fifth column of Table II) is applied, the percentage standard 
deviation is greatly decreased (compare the last two columns 
of Table II). The corrections (8v) were calculated from the 
following expression. 

hv = n ' £ (vi obsd .calcd (D 

where the sum is over the n vibrations of a given type. 
The various types of vibration will now be discussed indi­

vidually. 
CH Stretching Vibrations. As noted above CH stretching 

modes are systematically overestimated, the exact magnitude 
of this error varying somewhat with the type of mode involved. 
Thus the analysis of 119 frequencies encompassing five dif­
ferent types led to an average error of 455 cm -1 or 15.2% 
which, upon application of this correction, led to frequencies 
in error by only 2.1% and to much less than this when the 

^OBS 

ZSOO 

1000 

O 500 1000 1500 2000 2500 3000 3500 4000 

VMINDO 

Figure 1. Plot of observed against calculated vibrational frequencies. 

corrections were calculated for each type of mode individual-

Despite the systematic overestimation of these frequencies, 
almost all the major qualitative trends are well reproduced by 
the calculations. Thus the ordering VCH, S stretch < ĈH3 d stretch 
< "CH 2 s stretch < "CH 2 a stretch < ^CH stretch IS Correctly reprO-
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Table II. Analysis of Group Vibrational Frequencies Calculated by MINDO/3 

Type of 
vibration 

All CH modes 
CH stretch 
CH2 s stretch 
CH2 a stretch 
CH3 s stretch 
CH3 d stretch 
OH stretch 
NH stretch d 

SH stretch 
CH bend 
CH2 wag 
CH2 s cis 
CH2 twist 
CH2 rock 
CH3 d deform 
CH3 s deform 
CH3 rock 
NH bend 
OH bend 
C-C stretch 
C=C stretch 
C=C stretch 
C-N stretch 
C=N stretch 
C-O stretch 
C=O stretch 
C-S stretch 
C=S stretch 
C-Cl stretch 
CCC deform 
Other 
Deformations^ 
3-ring deform 
3-ring stretch 
5-ring stretch + deform 
6-ring stretch + deform 
CC torsion 
CO torsion 
CS torsion 

" Correction = 1 /n 2, (V,obsd -

No. 

119 
32 
18 
18 
17 
34 
4 
4 
3 

60 
19 
17 
13 
13 
34 
17 
34 
4 
3 

10 
7 
2 
2 
2 
6 
8 
3 
2 
2 
7 

8 
8 
4 

41 
12 
5 
4 
3 

- e,calcd). * 

Obsd 
Mean value, cm"1 

3027 
3125 
3000 
3076 
2902 
2988 
3666 
3386 
2615 
952 
974 

1447 
1103 
825 

1456 
1384 
1044 
925 

1442 
943 

1518 
2058 
1107 
2182 
1089 
1839 
714 

1097 
728 
364 

462 
867 

1177 
1000 
1018 
214 
345 
185 

100[l/« Z,>,-obsd - e/1--

MINDO/3 
Mean value 

3482 
3539 
3478 
3487 
3439 
3450 
3986 
3567 
2630 
915 
899 

1337 
968 
918 

1329 
1330 
939 
940 

1392 
1053 
1693 
2302 
1242 
2326 
1061 
1994 
672 

1023 
763 
339 

423 
923 

1625 
970 

1004 
129 
267 
114 

Correction0 

-455 
-415 
-478 
-411 
-537 
-462 
-320 
-181 
-15 

37 
75 

110 
135 
93 

127 
54 

105 
-15 

51 
-110 
-175 
-244 
-135 
-144 

28 
-154 

42 
64 

-35 
25 

39 
-56 

-448 
30 
14 
85 
78 
71 

alcd)2]l/2A>bsd. '' 100[I/n - 1 2,- |Vb s d " 

% error 

15.2 
13.4 
16.0 
13.4 
18.6 
15.5 
8.8 
5.6 
0.8 
9.0 

10.1 
8.9 

14.4 
13.0 
9.9 
5.3 

13.2 
6.6 
3.6 

14.3 
12.3 
10.7 
10.9 
6.5 
8.4 
9.5 

11.6 
5.8 
7.5 
7.8 

11.8 
16.1 
38.1 
11.7 
9.7 

41.4 
24.7 
40.4 

_ y.calcd _|_ 

% errorc 

b (corrected) 

2.1 
1.8 
1.4 
1.5 
1.2 
1.5 
1.5 
1.7 
0.6 
8.0 
6.6 
4.7 
7.8 
8.3 
4.3 
3.8 
8.6 
7.4 
0.6 
8.6 
4.6 
e 
e 
e 
8.7 
4.8 

12.3 
e 
e 
4.2 

8.9 
15.1 
2.7 

11.5 
10.1 
12.2 
11.5 
14.7 

correction)2] '̂ /vobsd-
d Includes data for NH stretch, NH2 s stretch, and NH2 a stretch. 
OCO, CNN, COC, CSC, CCO, and CCN deformations. 

Error not calculated for less than three data points. J Includes data for 

duced. In particular MINDO correctly predicts the antisym­
metric vibrations to be higher than their symmetric counter­
parts although quantitatively this difference is somewhat un­
derestimated. The trends in a particular vibration type are also 
correctly predicted. For example, the ordering among the CH 
stretch vibrations (acetylenic > 5 ring > 6 ring) is reproduced 
by MINDO/3. 

Other X-H Stretching Modes. Like the CH stretching vi­
brations the OH and NH modes also seem to be systematically 
overestimated, in the case of the former by 320 cm"' and the 
latter by 179 cm-1. Unfortunately the relationship between 
the symmetric and antisymmetric modes in these cases is not 
well accounted for. Thus the symmetric and antisymmetric OH 
stretching modes in water are calculated to be almost degen­
erate whereas experimentally the latter is found almost 100 
cm -1 higher. A similar degeneracy is calculated for the sym­
metric and antisymmetric NH2 stretching modes in methyl-
amine whereas the latter is observed to be 66 cm -1 higher. In 
contrast the SH stretch is calculated almost precisely, the 
average error in the three frequencies considered being 15 
cm -1 or 0.8%. Furthermore, the observed symmetric, an­
tisymmetric SH stretch separation in H2S is almost exactly 
reproduced (obsd 11 cm-1; calcd 13 cm -1). 

CH Bending Vibrations. The errors among the eight vibra­
tion types in this category (CH bend, CH2 wag, CH2 s-cis, CH2 
twist, CH2 rock, CH3 d deform, CH3 s deform and CH3 rock) 
fall in the range typical of the calculations as a whole, lying 
between 5.3% for the CH3 s deform and 14.4% for the CH2 
twist. In contrast to the stretching vibrations, the calculations 
tend to underestimate these frequencies, although the error is 
not particularly systematic. The acetylenic CH bend was 
calculated less well (error 15.6%) than the same vibration in 
five- (6.2%) and six- (5.4%) membered rings in line with the 
known1 tendency of MINDO/3 to fare less well with com­
pounds containing a triple bond. A number of the larger de­
viations occurred in the CH2 wag and CH2 s-cis vibrations of 
three-membered rings which can almost certainly be attributed 
to coupling with adjacent ring stretching modes which 
MINDO seriously overestimates (see below). 

Other X-H Bending Vibrations. The small number of results 
available for NH and OH bending vibrations suggests that 
these vibrations are calculated satisfactorily. 

CX Stretching Vibrations. Vibrations in this group were 
typically overestimated. The exception for which we had rea­
sonably extensive data was the C-O stretch. These results 
largely parallel the tendency of MINDO/3 to overestimate the 
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strengths of these bonds as shown by their calculated lengths. 
The particular stability of the C = C bond in MINDO/3 has 
already been noted.2 One of the few precise linear relationships 
encountered in this work was found for the 7 C=C stretching 
frequencies for which a correlation coefficient of 0.998 with 
the observed frequencies was obtained. This is probably due 
to the predominance of a single force constant (/cc) in deter­
mining these frequencies. 

CCC Deformation. These deformations are calculated with 
excellent precision, the average error being only 25 cm - ' ; the 
largest deviation found was 55 cm-1 for propene. Examination 
of the other deformations reveals comparable behavior. 

Ring Stretching and Deformation Modes. The stretching 
vibration for three-membered rings is systematically overes­
timated by almost 500 cm -1 in the MINDO/3 calculation. 
This is not altogether unexpected as three-membered rings are 
known to be too stable in the MINDO approximation and in 
agreement with this rationalization the ring deformation modes 
are predicted satisfactorily. The five- and six-membered ring 
stretch/deformations are calculated satisfactorily with average 
errors of 30 and 14 cm -1, respectively. 

Torsions. Since the single bond rotational barriers1 calcu­
lated in the MINDO/3 approximation are too low, it is not 
surprising that the corresponding torsional vibrational 
frequencies are similarly underestimated. 

Conclusions 

The overall agreement between the uncorrected MINDO/3 
frequencies and experiment is satisfactory, given that the 
calculated values are based on harmonic force constants and 
given that similar RH calculations, close to the Hartree-Fock 
limit, commonly lead to vibration frequencies in error by 
±10%. The errors in the MINDO/3 values are moreover 
mostly systematic, similar deviations occurring for a given type 
of vibration in different molecules. When appropriate cor­
rections are applied, the agreement with experiment becomes 
quite good (Table II). Since calculations of this kind can be 
carried out without difficulty and at little expense for quite 
large molecules,22 the results may be of practical value in as­
signing observed vibronic transitions and in helping to identify 
unknown species. We are currently studying in this way several 
transient molecules which have been observed only in matrices 
and whose identity is consequently uncertain, for example, the 
species claimed by Chapman et al.23 to be benzocyclobuta-
diene. 

Since the vibrational contribution to entropies of molecules 
becomes important only at very high temperatures, it seems 
likely that the accuracy attained here may be sufficient for the 

calculation of entropies of reaction and activation and for the 
estimation of other related quantities, e.g., specific heats and 
isotope effects. These problems will be considered in later 
papers of this series. 
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