1972

81

An SCF-MO-CNDO Study of Equilibrium Geometries, Force Constants,
and Bonding Energies: CNDO/BW.t Part Illl.* Triatomics and Poly-

atomics

By R. J. Boyd, Chemistry Department, University of Manitoba, Winnipeg, Manitoba, Canada
M. A. Whitehead,"t Quantum Chemistry Laboratory, Chemistry Department, McGill University, The Royal
Institution for the Advancement of Learning, Montreal 110, Quebec, Canada

The CNDO/BW theory is applied to triatomic and polyatomic molecules and ions to calculate their spectroscopic
ground states, equilibrium geometries, bonding energies, and force constants. The calculated results are compared
to the experimental results and the results of other CNDO methods.

TrE CNDO/BW method 1:2 is applied to triatomic and
polyatomic molecules and ions. The calculated spectro-
scopic ground states, equilibrium geometries, bonding

t+ Presented at the Chemical Institute of Canada Meeting,
Halifax, June 1971.

1 Present address: University Chemical Laboratories, Lensfield
Road, Cambridge CB2 1EW.

energies, and force constants, are compared to the
experimental results and to the results predicted by
other semiempirical and ab ¢nitio calculations.

1 Part IT, R. J. Boyd and M. A. Whitehead, preceding paper.
2 Part I, R. J. Boyd and M. A. Whitehead, J.C.S. Dalton,
1972, 73.
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DISCUSSION

All parameter sets predict the spectroscopic ground
states correctly for those triatomic molecules with known
ground states. In a few cases for which there is no
spectroscopic information, the method predicts two
different states depending on the parameter set used.

The calculated equilibrium geometries (Table 1) agree
well with experiment. All parameter sets predict
correctly bent or linear equilibrium geometries where
the equilibrium geometry is known. The mean devi-
ations from experiment of the bond lengths not used to
calibrate the molecular parameters are 0-025, 0-028,
0-031, and 0-035 A for parameter sets (I)—(IV), and the
corresponding deviations for the bond angles are 4-2, 3-2,
5-2, and 4-1°.

The bond angles are more sensitive to changes in the
parameters and less accurate than the bond lengths.
This is to be expected since the molecular parameters
were chosen to yield bond lengths in agreement with
experiment for a few molecules, but no attempt was
made to calibrate the bond angles directly.? The in-
clusion of VSIP values in the evaluation of resonance
integrals yields larger angles for nonlinear triatomic
molecules than the simple overlap proportionality
approximation, and leads to angles which are larger than
observed, while the overlap approximation leads to
angles which are too small. The simple overlap approxi-
mation leads to larger deviations for both bond lengths
and angles.

The NO bonds in N,O and N,O*, the CS bonds in
COS, CS,, and CS,*, and the SO bond in SO, are all
predicted to be much longer than observed. The
results for the series NO,*, NO,, and NO,~ agree very
well with experiment but in NO*, N,O, and N,O*, the
NO bond is consistently too long by 0-05 A or more.
There is no explanation of why some NO bonds are
consistently well predicted and others are seriously over-
estimated, whereas for S the errors are in part due to the
omission of 34 orbitals in the basis set.

Recent ab initio calculations 3¢ on SO, SO,, O,, and
O, comparing the use of an sp versus spd basis set have
shown that 4 orbitals are important in cases where S
has ‘ an excess of valency’. When the S valency is 2
or less as in H,S and SO, the 4 orbitals are unimportant ;
when the S valency is 4, as in SO,, the 4 orbitals are
important. The present results reflect this ‘ excess of
valency ’ idea, since we get good results for HS using
parameters from H,S, neither of which displays ‘ excess
of valency,” but a much less successful result for SO, with
parameters from SO, where SO, has ‘ excess of valency ’;
the S-O bond length is too long and the O-S-O angle too
small: the CNDO/BW results are much better than the
ab initio results using an sp basis and comparable with
the ab initio results using an spd basis.

D. P. Santry and G. A. Segal, J. Chem. Phys., 1967, 47, 158.
. H. Hillier and V. R. Saunders, Chem. Comm., 1970, 1183.
H

Oxford, 1971.
¢ 1. H. Hillier and V. R. Saunders, Chem. Comm., 1970, 1510.

J.C.S. Dalton

Both linear and bent ground states are predicted for
CH,*, FH,*, FH,, and CIH, depending on the para-
meters. Parameter set (I) predicts all four to be linear
but BH, and H,O, which are isoelectronic with CH,*

TABLE 1

Equilibrium geometries of triatomic and polyatomic
molecules and ions ¢

Parameter set ®

A

Moleculee  (IVC) 4 (D) (Iy (III) (IV) Expt.s
BH; (C,,) Rpn 1-185 1-197 1-18
Oapn 135-8 129-1 131
BH,* (Cg) Rex 1-166 1-175
HBH 1800 1800
ICH, (Ca) Rer 1-098 1-107 1-109 1-113 1-11
Onon 1044 1015 934 951 1024
3CH, (Cay) Rou 1-074 1-085 1-099 1-108 (1-071)
Oucu 148-4 1358 1317 131-5 (140)
CH,* (Cyg) Ren 1090 1.084 1-113 1-105
Onon 180-0 1429 1369 131-1
NH, (Cy) Ryn 1-013 1009 1-021 1.011 1-024¢
Ounm 103-5 962 66-3 839 1033
NH,+ (Ca) Rxm 1-038 1-014 1-058 1-031
Oaxn 119-2 99-1 58-3 67-0
OH, (Ca) fmom 1142 1061 828 86-4 1045
OH,* (Cy) Rom 0-987 0971 0-983 0-974
Onon 161-1 1262 981 862
FH, (Ca) Rru 1-:004 1-001 0-979 0-972
Oarm 180-0 180-0 180-0 144-3
FH,+ (Cy) Ryu 0-950 0-936 0-952 0-943
Onrn 180-0 1800 1188 102-1
1SiH, (Cy.) Rsim 1488 1-513 1-492 1-502
Ousin 100-9 994 942 978
3SiH, (Cyy) Rsin 1:470 1-514 1-490 1-524
Ousi 1357 133-5 1283 1376
SiH,* (C,,) Rag 1479 1479 1-496 1-489
Onsi 1355 132-8 1283 1362
PH, (C,.) Ryex 1-414 1-415 1416 1-419 1-428
[ 101.4 955 930 926 915
PH,+ (Cy,) Ryu 1-432 1-399 1433 1-398
(1838 106:9 950 942 907
SH, (Cgy) Ousu 103-0 962 918 890 922
SHyt+ (Cap) Rgsr 1-348 1-333 1.347 1-332
Opsu 107-9 979 933 872
CIH, (C,,) Rom 1-376 1-366 1-359 1-342
O 180-0 180-0 1634 1357
ClH,* (Cy) Roix 1-303  1-292 1-303 1-292
Bucn 118-3 1080 993  90-8
HCN Rom 1-074 1-076 1-089 1-092 1-063
OroN 180-0 180-0 180-0 180-0 180-0
HCN+ Rex 1-144 1.213  1-223 1.227
Ren 1-:096 1-078 1-110 1-098
Omex 180-0 180-0 180-0 180-0
HNO Rxo 1-186 1-178 1-187 1-174 1-212
Ryu 1-024 1-020 1-010 1-016 1-063
Baxo 106-4 106-8 983 1045 1086
BF, (C,,) Ryr 1-293 1:293
Oppr 134-7 142-8
CO4 (Cyy) Reo 1-167 1.171 1-182 1-186 1-160
foco 180-0 180-0 180-0 180-0 180-0
CO,* (Cay) Reo 1-172 1-176 1-185 1-189 1-177
8oco 180-0 180-0 180-0 180-0 180-0
COy~ (Cyy) Reo 1-216 1-219 1-218 1-221
Goco 145-7 1450 1475 1466
N,O Ry 1109 1-109 1-110 1-110 1-128
Ryo 1-229 1.236 1-261 1-269 1-184
Oxxo 180-0 180-0 180-0 180-0 1800
N,O+ Rux 1-109  1-109 1109 1-110 1-155
Rxo 1-245 1-248 1-267 1-270 1-185
Oxxo 180-0 180-0 180-0 180-0 180-0
NO, (Cy,) Rxo 1-209 1-212 1207 1-207 1-193
foxo 1447 1424 1356 1354 134-1
NOy* (Cy) Rxo 1-176  1-179 1-181 1-183 1-154
foxo 180-0 180-0 180-0 180-0 180-0
NO;~ (Ca) Rxo 1-250 1-251 1-244 1-241 1-236
foxo 130-3 1296 1237 1240 1154
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TaBLE 1 (Continued)
Parameter set ?
Molecule ¢ (vey 4 (I) (IT) (III) (IV) Expte
O3 (C,.) Roo 1-258 1-259 1-257 1-2568 1-278
fooo 128-4 1281 116-7 116-3 116-8
O;% (Cyy) Roo 1226 1227 1-236 1-237
8000 147-6 1470 129-1 128-5
COos Reo 1-155 11563 1-165 1-162 1-160
Res 1-594 1600 1-622 1-636 1:560
focs 180-0 180-0 180-0 180-0 180-0
COSs+ Reo 1-134 1-135 1-138 1:139
Res 1-654 1655 1-703 1-712
Oocs 180-0 180-0 180-0 180-0
CS, (Cyy) Reg 1-596 1593 1606 1:606 1-553
Oscs 1800 1800 180-0 180-0 180-0
CS,* (C,,) Res 1-600 1:597 1:607 1606 1-564
Oscs 180:0 1800 180-0 1800 180-0
SO, (Cy,) Rgo 1-5617 1-522 1-515 1-519 1-432
foso 1156 113-6 110-7 109-1 1195
SO,* (Cy,) Rso 1-492 1498 1490 1-495
Boso 1204 1172 1161 113-8
CH, (C,,) Ren 1-083 1-088 1-098 1-104 1-079
Onon 120-0 1171 112-6 111-8 120-0
CH;* (Cy,) Rer 1-:097 1-085 1105 1-094
O5cu 1200 120:0 1200 120-0
CH,~ (Cy,) Rex 1124  1-148 1-134 1-151
brcr 1020 101-0 95-2 97-7
NH, (C,,) 0 gaxvu 102-9 959 80-3 87-1 106-6
NH,+ (Cyy) Ryg 1-029 1-003 1-025 1-019
fanE 120-0 1200 1183 111-5
NH,* (Ty) Rxm 1:026 1-005 1-015 1-011 (1-032)
OH, (C,,) Ron 1-:012 1.004 0-980 0-977
Orou 120-0 120-0 103-8 105-2
OH,* (C,,) Ror 0977 0963 0-976 0-973 (0-96)
g0 1200 120-0 92-8 87-8 (117)
PH, (C,,) Ourn 101-6 95-5 93-0 93-1 93:3
PH,* (C,,) Ren 1422 1401 1431 1-422
farn 1200 1123 1164 112-2
PH,* (T Rpr 1423 1-394 1425 1417 1-42
BF, (C,,) Ray 1-310 1-306 1-295
Orpr 120-0 120-0 120:0
CO,2- (Cy,) Reo 1:292  1-:297 1-302 1309 1-29
0coo 1200 120-0 120:0 1200 120-0
NO;~ (Cyy) Rxo 1-291 1-295 1-289 1:292 1:268
fono 1200 120-0 120-0 120-0 1200
CH,0 (C,,) Reo 1-171 1161 1-186 1.180 1.203%
Renm 1-097 1:100 1103 1:106 1-101
OrcE 117-1 110-6 1188 1105 1165
CH,0+ (C;))  Reo 1-173 1176 1.186 1-188
Rer 1104 1-091 1-114 1:101
face 131-3 126:1 148-8 135-8
C,H, (Deon) Reo 1-258 1-269 1-237 1-244 1:203
Rer 1070 1-068 1-080 1-078 1:061
C,H,t (Docy) Reo 1-320 1333 1-310 1-321
Rer 1-084 1074 1:101 1-092
C,H, (Dy) Rea 1-376 1:383 1-364 1-368 1-337
Rer 1-:092 1-093 1095 1096 1-086
Oucr 1149 112-6 1188 116-2 1173
C,H,* (Dgy) Ree 1-323 1473 1-308 1-477
Rer 1-107 1-089 1113 1:096
Ouca 92-5 116-0 103-2 120-7
C,Hg (D) Rer 1-099 1-101 1-099 1-100 1-093
Oncm 107-7 106-8 109-4 1082 107-8
w? 180-0 180-0 180-0 180-0 180-0

« Bond lengths in A, angles in deg. ?* Parameter sets are:
(I) resonance integrals from equation (12) with Hinze and
Jafié atomic parameters; (II) equation (12) with Hartree—Fock
atomic parameters; (III) resonance integrals from equation
(11) with Hinze and Jaffé parameters; (IV) equation (11) with
Hartree-Fock atomic parameters, all from ref. 2. ¢ Symmetry
constraints are given in parentheses. ¢ Bond lengths used for
calibration of bonding and core repulsion parameters were:
OH, SH, CN, BH, CH, NH, SiH, PH, and CC; bonds in
OH,, SH,, HCN, BH,, CH,, NH,, SiH,, PH,, and C,H, re-
spectively. ¢ From refs. 7 and 24 except where noted other-
wise. / G. Herzberg, Proc. Roy. Soc., 1961, 4, 262, 291.
¢ K. Dressler and D. A. Ramsey, Phil. Trans., 1959, 4, 251,
5653. » K. Tagaki and T. Oka, J. Phys. Soc. (Japan), 1963,
18, 1174. ¢ Dihedral angle.
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and FH,* respectively, have bent ground states 7 and,
therefore, in the absence of structural data, the pre-
dictions that CH,* and FH,* are bent by parameter sets
(II), (III), and (IV) for CH,* and parameter sets (III)
and (IV) for FH," seem more reasonable.?

The valence-shell electron configurations for FH, and
CIH, are 2¢,216,217,235, and 35,%224,22m,2 45,, respectively,
in the linear form and 24,%15,234,215,%4a, and 4a,22b,2-
5a,22b,%6a,, respectively, in the bent form. The 1b,
and 3a, orbitals in FH, and the 2b, and 54, orbitals in
CIH, may be interchanged depending on the parameters.
The singly occupied o, orbital is formed from the
valence-shell s orbitals and is antibonding between the
halogen and hydrogen atoms. The singly occupied a,
orbital is formed from the valence-shell p orbital lying
along the C, axis of the molecule and the valence-shell s
orbitals. The a, orbital is antibonding between the
halogen atom and the hydrogens.

From the form of the a, orbital it is apparent that
increasing the H-X-H angle lowers the energy of the a,
orbital. Thus if FH, and ClH, are thought of as being
formed from FH,* and ClH,* molecules with bent
structures like H,O, the addition of the ninth valence-
shell electron to the «, orbital should lead to an increase
in the H-X-H angle. Therefore, FH, and CIH, are
expected to have larger bond angles than their unipositive
ions.

The lowest singlet of CH, has been shown spectro-
scopically to be bent, but the geometry of the lowest
triplet is uncertain,” although it is generally assumed to
be linear. The present CNDO/BW method predicts a
bent triplet in agreement with recent ab initio calcu-
lations ® (135-1° and 1-096 A), which predict a relatively
flat potential surface, between 135 and 180°, with the
most stable calculated linear geometry of 1-083 A, only
6-7 kcal mole™? greater than the calculated equilibrium
geometry.

The NH, molecule is predicted to have a bent 2B,
ground state in agreement with experiment, however
parameter sets (III) and (IV) predict a very small
H-N-H angle, owing to orbital rearrangement. Para-
meter sets (I) and (II) yield 2a,216,234,%215, whereas
parameter sets (III) and (IV) predict that 3a, lies below
15,. The 3a, orbital is bonding between the 24 orbital
on N, which lies along the C, axis of the NH, molecule,
and the hydrogen 1s orbitals and is antibonding between
the nitrogen 2s orbital and the hydrogen ls orbital.
The 1b, orbital is bonding between the hydrogen 1s
orbitals and the nitrogen 2p orbital perpendicular to the
C, axis and in the plane of the molecule. Unlike the
3a, orbital, the 1b, is antibonding between the hydrogen
1s orbitals. Thus the 3¢, orbital energy is lowered with
decreasing angle, while the 15, orbital favours the linear

? G. Herzberg, ‘ Electronic Spectra and Electronic Structure
of Polyatomic Molecules,” Van Nostrand, Princeton, New Jersey,
1966.

8 A. D. Walsh, J. Chem. Soc., 1953, 2260.

® C. F. Bender and H. F. Schaeffer, J. Amer. Chem. Soc.,
1970, 92, 4984.
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TABLE 2

Bonding energies @ of triatomic and polyatomic molecules
and ions and their dissociation products

Parameter set ?
N

Molecule ¢ ) (11 (III) (IV) Exptse
BH, 7-433 7-482 77
BH,* (B+) 7-219 6-841
ICH, 9165 9275 9-783 10-212  9-41
CH, 8317 8005 7995 7-947
CH,* (C¥) 8918 8080 8452  7-906
NH, 8-646 8658 8513 8509 810
NH,+ (H*) 9-897 9169  9-468  8-801
(N¥) (N+)
OH, 10-063 10-058 10-060 10-060 10-06
OH,* (H+) 10939 11-847 10-230 10-208
N 6786  7-240  7-547  17-991
FH,+ (H*) 12-185 13-290 11:406 12:335
1SiH, 7030 7-372  7-534 8347
3SiH, 6023 5544 5898 5797
SiH,* (Sit) 6023 5513 5902 5756
. 6-977 6964 6972 6930 69
PH,+ (P+) 7563  6:807 7410 6727
SH, 7.882 7879 7-881 7-881  17-881
SH,*+ (S%) 8-458 8034 8335 17915
ClH, 5201 5549 5509  5-858
CIH,+ (H*) 10317 10-123 10-125  9-919
(C1) (CI)
HCN 13-539 13-537 13637 13537 13-537
HCN+ (C+)  11:301 11505 11-218 11.045
HNO 9-818 9931  9-680 9-886 90
BF, 12-381 11-960 131
Co, 17720 17-424 16408 16-076 16-856
CO,* (C*) 15-001 15142 13-423 13-382
CO,~ (07) 16414 16-292 15984 15898 158
N0 12723 12-593 12030 11-941 11-724
N,O+ (N+) 13739 13-571 12777 12-643
NO, 9-333 9221 9-506 9539 985
NO,+ (N+) 10-483 10-217 10-316 10-187
NO,- (N-) 10-552 10-520 10-921 11-002
(07) (07)
0, 6684 6592 7434 7434 635
0,* 8993 8931 9239  9-230
cOs 15-661 15609 14:207 14-067 14-42
COS+ (C+) 14-946 14-750 13-464 13-167
. 12751 12:849 11.549 11535 1198
CS,* (CH) 12:986 12-657 11-678 11-243
SO, 8642 8196 9324 8935 11:177
SO,* (S%) 8563 8531 9169 9212
BH, 12:104 12-100 121
CH, 13-419 13-185 13-230 13415 134
CH,* (C*) 14-048 13-133 13-664 12733
CH,~ (H-) 13-963 13-309 15140 14-898
CH, 18179 18175 18180 18180 18:180
NH, 12:922 12.934 12:930 12:930 1293
NH,+ (H+ 14862 13-251 13-119 11-316
(N+) (N)
NH,+ (H+) 19767 17-867 17-793 15035
(N+) (NH)
OH, 10-988 11:544 12:056 12-498
OH,* (H*) 17-068 17-674 16-185 16:904 16-8
SiH, 13-866 13-871 13-871 13-870 13-87
PH, 10465 10467 10-470 10-470 10-47
PH,+ (P¥) 11129 8891 10138  7-992
PH,+ (P+) 15007 12-391 13-983 10-327
BF, 19-349 18-015 201
CO,2- (0-) 18-408 15-938 17-182 14-699
NO,- (N-) 13-440 13-272 13-821 13-811
(0) (0)
CH,0 17-629 17-639 16-567 16460 163
CH,O+ (C*) 17197 16-484 16-149 15221
Hg 15795 15113 15301 14455 17-53
C,H,+ (C*) 15-562 14422 14677 13-325
H, 23245 92.940 22-875 22-469 2436
C,H,* (C*) 22839 22375 22-313 21-606
C,H, 30-818 30817 30-817 30-818 30-818

¢ In eV. & Parameter sets are defined in Table 1.
sociation products are in parentheses.
refs. 25 and 26

¢ Dis-
4 Calc. from data in

J.C.S. Dalton
form. With parameter sets (III) and (IV), the reverse
pertains. This effect is also observed for NH,*.

The bonding energies of the triatomic molecules
compare well with experiment, and the results (Table 2)
are comparable to those from CNDO/SW.1¢12 The
experimental trends for AH, molecules, and for series
such as CO,, COS, and CS, are reproduced correctly by
the present method. For the latter molecules and non-
hydride triatomic molecules, the bonding energy is
overestimated by parameter sets (I) and (II), and under-

estimated by parameter sets (III) and (IV). The
TaBLE 3
Force constants of polyatomic molecules ¢
ter 4
Mole- ) Pa.ragli set .
cule Type (I) (11) (I1II) (IV) Expt.
BH, BH 39 37
HBH 0-36 0-46
BH,* BH 42 40
HBH 0-35 0-36
1CH, CH 58 56 5-6 54 4-8¢
HCH 0-55 0-68 0-67 0-80 0-58
3CH, CH 6-3 56 54 50
HCH 0-28 0-57 0-66 0-66
CH,* CH 59 5-9 5-2 52
HCH 0-02 0-39 0-49 0-68
NH, NH 7-3 7-2 6-5 66
HNH 0-38 0-67 0-46 0-60
NH,+ NH 6-3 7-0 54 6-2
HNH 0-22 0-43 0-91 0-41
OH, OH 10-0 10-0 9-1 9-2 8-44d
HOH 0-45 0:66 0-58 0-90 0-76
OH,* OH 83 9-2 75 8-2
HOH 0-03 0-31 0-30 0-46
FH, FH 72 8.0 7-4 82
HFH 0-15 0-19 0-03 0-18
FH,* FH 10-0 11-6 9-0 10-2
HFH 0-13 0-04 0-31 0-57
1SiH, SiH 2-8 2-5 2:8 2-6
HSiH 0-31 0-38 0-35 0-41
3SiH, SiH 2-9 2-2 2-6 2-1
HSiH 0-23 0-23 0-32 0-18
SiH,* SiH 2:7 2-5 2-5 24
HSiH 0-23 0-25 0-31 0-21
PH, PH 37 3-3 36 3-2
HPH 0-37 0-42 0-38 0-40
PH,* PH 35 3-5 33 34
HPH 0-27 0-40 0-28 0-38
SH, SH 46 45 4-4 43 4:34
HSH 0-37 0-48 0-38 0-45 0-44
SH,* SH 4-3 4-4 4-1 4-2
HSH 0-29 0-40 0-29 0-35
ClH, CIH 36 3-7 3-6 3-9
HCIH 0-08 0-01 0-03 0-22
ClH,* CIH 5-1 5-4 4-9 51
HCIH 0-25 0-38 0-32 0-40
HCN CN 18-6 19-4 17-5 17-6 18-8¢
CH 6-4 6-2 6-0 57 6-2
HCN 0-30 0-31 0-25 0-26 0-21
HCN+ CN 185 145 13-3 13-3
CH 53 6-0 52 5-4
HCN 0-07 0-07 0-03 0-03
HNO NO 17-6 17-6 16-0 16-6 10-5/
NH 6-8 6-7 6-5 6-1 7-2
HNO 0-69 0-96 0-66 0-90 0-55
BF, BF 9-8 84 4.5¢
FBF 0-63 0-19 0-58

210 M. A. Whitehead, in ‘ Sigma Molecular Orbital Theory,’ ed.
O. Sinanoglu and K. Wiberg, Yale University Press, New Haven,
Connecticut, 1970.

11 7. M. Sichel and M. A. Whitehead, Theor. Chim. Acta, 1968,
11, 220.

12 R. J. Boyd and M. A. Whitehead, J. Chem. Soc. (4), 1969,
2598.
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TaBLE 3 (Continued) TaBLE 3 (Cowntinued)
Parameter set?
Mole- _ Pa.rametler set ? X Mo%e- : ) — N : — .
cule  Type ) (1 Iy  (IV)  Expt. cule ype ey (I1) Iy - (Iv) xpt.
co co 192 192 158 156  17-3% CH, CC 100 104 100 100 10-9¢
*  0oco 070 067 047 044 058 CH 6-2 5-9 58 56 6-2
HCH 0-64 0-72 0-65 0-72 0-65
CO,* CO 18-4 18-4 15-5 15-1
CH,+ CC 12:0 7-6 12:1 7-2
0OCO 0-49 0-47 0-29 0-27
- CH 5-5 6-0 5-1 56
CO, CO 15-7 15-7 13-3 13-2
HCH 0-26 0-65 0-30 0-67
0CcO 1-08 1-07 0-57 0-54 = ,
c,H, CC 5.9 6-0 5-8 5-7 46
N,O NN 20-5 21-2 19-1 19-5 17-94
b CH 59 5-8 58 5-7 5-3
NO >6 91 &8 65 114 HCH 057 067 056 067 124
NNO 0-33 0-30 0-20 0-18 0-49
N,0+ NN 19-8 23-2 17-7 17-7 a All force constants in mdyn A-!; the bending force
NO 9-7 9-5 79 7-6 constant for an angle A—B—C is scaled by the inverse product
NNO 0-20 0-18 0-08 0-06 of the A—Band B-Cbond lengths. ? Parameter sets are defined
NO, NO 15-8 15-1 14-0 155 1304 in Table 1. ¢ G. Herzberg, ‘ Infrared and Raman Spectra of
ONO 0-70 0-90 0-83 1-91 1-12 Polyatomic Molecules’, Van Nostrand, Princeton, 1945.
NO,* NO 18-4 18-0 154 15-2 17-34 4 J. W. Nibler and G. C. Pimentel, J. Mol. Spectroscopy,
ONO 0-39 0-35 0-24 0-22 0-42 1968, 26, 294. ¢ 1. Suzuki, M. A, Pariseau, and J. Overend,
NO,~ NO 13-3 13-3 12-3 155 77k J. Chem. Phys., 1966, 44, 3561. / K. B. Harvey and H. W.
ONO 1-24 1-34 1-17 1-18 175 Brown, J. chim. Phys., 1959, 56, 745. ¢ G. Nagarajan,
[0 (e]6] 19-1 18-0 16-8 16-4 57 Austral. J. Chem., 1963, 18, 717. » M. A. Pariseau, I. Suzuki,
000 1-22 1-28 1-34 1-38 1-28 and J. Overend, J. Chem. Phys., 1965, 42, 2335. ¢ R.
Oy 00 20-7 20-7 17-2 17-0 Teranishi and J. C. Desius, J. Chem. Phys., 1954, 22, 896.
000 0-51 0-54 0-98 1:04 i D. C. McKean, Spectrochim. Acta, 1966, 22, 269. * R. E.
COS CO 184 18-8 15-1 155 14-2¢ Weston and T. F. Brodasky, J. Chem. Phys., 1957, 27, 683.
CS 7-9 7-5 5-6 6-0 8-0 t L. Pierce, J. Chem. Phys., 1956, 24, 139. ™ K. Kuchitsu
OCS 0-49 0-47 0:32 0-30 0-37 and Y. Morino, Bull. Chem. Soc. Japan, 1965, 38, 805. = S. R.
COS+ CO 20-1 20-2 17-9 17-9 Polo and M. K. Wilson, J. Chem. Phys., 1954, 22, 900. ° J.L.
CS 55 5-3 40 3-8 Duncan and 1. M. Mills, Spectrochim. Acta, 1964, 20, 523.
0oCS 0-33 0-32 0-21 0-20 » E. C. Curtis, J. Mol. Spectroscopy, 1964, 14, 279, 292.
CSs, Cs 96 9-4 79 7-6 7-9m ¢ B. L. Crawford, J. E. Lancaster, and R. G. Inskeep, J.
SCS 0-45 0-44 0-31 0-29 0-24 Chem. Phys., 1953, 21, 678. r J. Aldous and I. M. Mills,
CS,+ CS 9-2 8-9 77 7-4 Spectrochim. Acta, 1963, 19, 1567,
SCS 0-33 0-31 0-17 0-15
SO SO 10-9 11-3 9-6 9-3 10-0~» . . . .

2 0S0 0-92 098 075 0-76 0-79 bonding energy of SO, is underestimated owing to lack
SO+ SO 11-5 10-0 10-1 99 of d orbitals in the basis set 13 as in CNDOQ/SW,10-12
BH g%o 2:’{4 0-87 g:?l 0-67 although greater separation for the bonding energies of

* HBH 042 0-44 O, and SO, has been obtained.

CH, CH 6-3 6-1 5-6 54 Unfortunately there is a lack of experimental data for
HCH 0-13 0-32 0-61 0-73 h . . . . h
CH,* CH 5-9 61 55 5.7 the bonding energies of the ions in Table 2. Both sets
HCH 0-63 0-65 0:70 0-72 of atomic parameters predict CO,~ dissociates to give the
CH,~ (}:I%H g:g5 3?;9 33 " 3?7 experimentally observed O~.4 The parameters derived
CH, CH 61 61 60 5-9 580 from Hinze and Jaffé valence states predict NO,™ to
NH, NH 7-4 7-2 69 6-7 7-1° give N-, but the Hartree-Fock valence states predict the
HNH 0-32 0-66 0-59 0-74 0-53 observed O~.14
NH,+ NH 6-8 7.3 5-9 6:0 : . . .
HNH 0-37 0-15 0-13 0-75 Force constants for symmetric stretching and bonding
NH;  NH 71 75 6-4 6-5 modes of triatomic molecules compare well with experi-
OH, OH 75 7-9 7-8 8-1 . . .
HOH 0-14 015 0-25 0-51 ment (Table 3). There are insufficient experimental
OH,;* OH 92 9-9 82 86 data to make an empirical choice between the four
SiH, ?1%1{ g:;ﬁ g:gl 3:35 g:? 5.g0  Parameter sets. The simple overlap proportionality 1
PH, PH 3.8 3.3 3.6 3.2 3.40 for the resonance integrals yields lower force constants
PH.+ EEH 329 g-;l 3'37 (2)-30 0-34 than the proportionality dependent on VSIP values.

3 HPH 012 0-38 015 0-42 .The results fqr CO2 and HC.N compare very favourably
PH,+ PH 3.7 35 3-4 3.1 with recent ab initio calculations 18 which give 19-5, 8-0,
BF,  BE 11-0 9-2 6-4 and 26-9 mdyn A for the CO, CH, and CN stretching

FBF 0-68 0-44 0-52 . 3
Coz- CO 13-2 13-0 10-8 10-5 force constants respectively and 0-41 and 0-36 mdyn A
0COo 1-42 1-37 0-99 0-91 ) for the OCO and HCN bending force constants re-
NOg~ ggo 1(1):30 1(1):38 18;29 18:27 1‘1)115' spectively. Ab initio studies of the potential surfaces
CH,0 CO 17-9 184 152 14-9 13-02 of the other triatomic molecules have not been reported.
CHH g'g 8'7 5-6 54 5-2 The OO stretching force constant of O; is too large,
CH,O* gg 1 5:25 1 5:;5 lg:gz 12:36 0-80 as in the case of O,, whereas the force constant of NO is
CH 55 57 55 5-3 13 S, Rothenb d H. F. Schaeffer, J. Chem. Phys., 1970
HCH 036 044 013 022 014, ooean chaeffer, J. Chem. Phys., 1970, 58,
C.H, cc 15-0 15-4 15-4 15-5 16-34 14 J.Hinze and H. H. Jaffé, J. Amer. Chem. Soc., 1962, 84, 540;
CH 6-4 6-6 6-1 6-1 6-3 J. Phys. Chem., 1963, 87, 1501.
C,H,+ CC 12-4 12-5 12-5 12-1 15 M. D. Newton, W. A. Lathan, W. J. Hehre, and J. A. Pople,
CH 61 6-3 54 56 J. Chem. Phys., 1970, 52, 4064.
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too large but in N,O it is underestimated, and the calcu-
lated equilibrium bond lengths are too short and too
long for the N-N and N-O bonds respectively. In
contrast, the calculated NO equilibrium bond length in
HNO is less than the observed value, and the calculated
force constant is overestimated.

The calculated ground states of the polyatomic
molecules agree with experiment. For the CH, radical,
two different ground states are predicted depending on
the parameters; the ground state of CHy is planar,
24,”, although it may be slightly nonplanar.?1617
The parameter sets (I) and (II) calculations are, there-
fore, the more satisfactory. Inclusion of VSIP values
in the resonance integrals leads to similar effects for
other AH; molecules for which there are no experimental
data.

Agreement between the calculated and observed
equilibrium geometries of polyatomic molecules (Table 1)
is good. The mean deviations from experiment of the
bond lengths not used to calibrate are 0-016, 0-021, 0-015,
and 0-019 A for parameter sets (I)—(IV); the corre-
sponding deviations for bond angles are 1-5, 2-7, 39,
and 3-5°.

The observed trend for single, double, and triple CC
bonds of hydrocarbons is reproduced, with lengthening
of the C,H, and C,H, bonds. In contrast recent ab
1nitio calculations account for the C,Hg bond but shorten
the C,H, and C,H; bonds by 0-035 and 0-025 A re-
spectively.® The CNDO/2 method predicts bonds
which are short by 0-008, 0-026, and 0-075 A for C,H,,
C,H,, and C,Hy respectively,'® which cannot be fitted by
adjusting the CNDO/2 carbon bonding parameter.!?
The Fischer-Kollmar modification !8 yields deviations of
0-010, 0-005, and —0-014 & for C,H,, C,H,, and C,Hj
(where the negative sign indicates the calculated bond
is too short) by optimizing all empirical parameters for
a large number of hydrocarbon molecules. By a similar
procedure, Dewar and Haselbach 2 optimized their
MINDO/2 method to give deviations of —0-003, —0-002,
and —0-010 & for C,H,, C,H,, and C,H, respectively.

The bonding energies of the polyatomic molecules in
Table 2 are in reasonable agreement with experimental
data where this is available. The bonding energies of
C,H, and C,H, are too low with all parameter sets, and
the CO bond in formaldehyde is underestimated and
consequently the bonding energy is greater than the
observed value.

The force constants of the polyatomic molecules re-
produce most observed trends and are as reliable as those
of the triatomic molecules (Table 3). The deviations
from experiment parallel those for the calculated
equilibrium geometries and bonding energies. The

18 G. Herzberg, Proc. Roy. Soc., 1961, 4, 262, 291.

17 M. Karplus, J. Chem. Phys., 1959, 80, 15.

18 H, Fischer and H. Kollmar, Theor. Chim. Acta, 1969, 13, 213.

18 K, B. Wiberg, J. Amer. Chem. Soc., 1968, 90, 59.

20 M. J. S. Dewar and E. Haselbach, J. Amer. Chem. Soc.,
1970, 92, 590.

21 K. Machida, H. Nakatsuji, H. Kato, and T. Yonezawa,
J. Chem. Phys., 1970, 53, 1305.

22 B, M. Deb and C. A. Coulson, J. Chem. Soc. (4), 1971, 958.

J.C.S. Dalton

force constants of the CC bond of the series C,H,, C,H,,
and C,H, are qualitatively very good, although those for
C,H; and C,H, are low relative to that of C,Hg, and are
less accurate than by a recent theory, specifically
designed for C,H, alone.?!

The simple overlap approximation for the resonance
integrals leads to lower stretching force constants.
Hinze and Jaffé valence-state data predict that the CC
stretching force constant of C,H," is larger than that of
CyH, and that ionization of C,H, leads to a shorter CC
bond length: opposite effects are predicted by Hartree—-
Fock atomic parameters. These differences are due to
an orbital rearrangement of C,H,".

General Discusston.—The mean deviations from ex-
periment of the bond lengths of all molecules not used
in the calibration are 0-022, 0-025, 0-024, and 0-028 & for
parameter sets (I)—(IV). The deviations for the bond
angles are 3-4, 3-1, 4-8, and 4-1° comparing favourably
with ab initio calculations which have an average
deviation of calculated and experimental bond lengths
and angles of 0-035 A and 1-7°.35 For those molecules
not used in parameterization the present results are
better than those of a recent theory for the inter-
halogens.?? The semiempirical results are not restricted
to first-row atoms only; thus the mean deviations
obtained include the relatively poor results obtained for
CS and SO bonds.

The method differentiates between bent and linear
structures and between planar and nonplanar structures.
The mean deviations for the angles are largely due to a
few molecules, the angles of which are very sensitive to
changes in the parameters. The inclusion of VSIP
values in the evaluation of resonance integrals generally
predicts larger angles than the simple overlap pro-
portionality.

The equilibrium geometries of many of the molecules
were subject to certain symmetry constraints. Several
calculations were repeated with the symmetry con-
straints removed. In every case the calculated equili-
brium geometry was the same as with constraints.

The CNDO/BW 2 calculation of molecular potential
surfaces yields good bonding energies comparable to the
CNDO/SW results, based on experimental equilibrium
geometry,'012 and yields better bonding energies than
the Hartree-Fock method or other semiempirical
methods, such as CNDO/2 2 or extended Huckel theory.1!

No particular parameter set yields consistently better
bonding energies, and the average absolute deviations
are not appreciably affected by changes in the para-
meters, although the bonding energies of individual mole-
cules are sensitive. Slightly better bonding energies are
obtained with atomic parameters evaluated from Hinze
and Jaffé valence states. While the simple overlap pro-

28 J. A. Pople and D. L. Beveridge, ‘ Approximate Molecular
Orbital Theory,” McGraw-Hill, New York, 1970.

2 Chem. Soc. Special Publ., No. 12, 1958 and No. 18, 1965.

25 JANAF Thermochemical Tables, Dow Chemical Co.,
Midland, Michigan, 1965.

28 Selected Values of Chemical Thermodynamic Properties,

National Bur. Standards Circular 500, U.S. Government Printing
Office, Washington, D.C., 1952.
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portionality for the resonance integrals yields slightly
lower average deviations than the approximation in
which VSIP values are included in the evaluation of
resonance integrals. All parameters have been applied
to both closed and open-shell configurations, and the
parameterization is equally successful for closed and
open-shell configurations.

Conclusion.—The CNDO/BW theory in no way alters
the results or conclusions previously derived for dipole

27 J. M. Sichel and M. A. Whitehead, Theor. Chim. Acta, 1968,
11, 254.
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moments and quadrupole coupling constants by the
CNDO/SW method.?»28
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