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Comparison of the R(O)HF and UHF formalisms

Energy C
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Spinorbitals
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RHF ROHF UHF
Singlet Doublet Doublet
R{O)HF UHF

Spin-orbitals for pairs of electrons with o and B
spin are constrained to have the same spatial
dependence

Spin-orbitals for electrons with o and P spins
have different spatial parts

Wavefunction is an eigenfuction of the 52
operator

Wavefunction is not an eigenfuction of the 52
operator;
Spin-contamination

Mot suitable for the calculation of spin-
dependent properties

Yields qualitatively correct spin densities

Eunr = Egfomr

Different density matrices for the two sets of
electrons; their sum gives the electronic density,
while their difference gives the spin density
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Formaldehyde (CH,0) (aqueous solution: formol)

an important precursor to many chemical compounds, especially for polymers.
gas at room temperature which converts readily to a variety of derivatives.
annual world production: more than 21 million tonnes.
intermediate in the oxidation (or combustion) of methane as well as other carbon compounds
(forest fires, automobile exhaust, tobacco smoke).
can be produced in the atmosphere by the action of sunlight and oxygen on atmospheric methane
and other hydrocarbons (part of smog).
the first polyatomic organic molecule detected in the interstellar medium
(Zuckerman, B.; Buhl, D.; Palmer, P.; Snyder, L. E., Observation of interstellar formaldehyde,
Astrophys. J. 160 (1970) 485) - used to map out kinematic features of dark clouds
mechanism of formation: hydrogenation of CO ice:

H+ CO - HCO HCO + H - H,CO (low reactivity in gas phase)

Due to its widespread use, toxicity and volatility, exposure to formaldehyde is very important for

human health. It is used to make the hard pill coatings that dissolve slowly and deliver a more complete
dosage.

Is it carcinogen?



Formaldehyde

Mulliken population analysis

#P RHF/STO-3G scf (conventional) Iop(3/33=6) Extralinks=L316 Noraff
Symm=Noint Iop(3/33=1) pop(full)

Basis functions:

o 1s
25
2P s
ZPY
2P2
15
25
2P s
2PY
2P2
11 3 H 13
12 4 H 15

-

- R R [ o I Tl L R
g}
o

—



C

Molecular Orbital Coefficients

Ui

1 2 3 4 5 6 7 8
(A1)--0  (A1)--0 (A1)--0 (A1)--0 (B2)--0 (A1)--0 (B1)--0  (B2)--0
EIGENVALUES -- - 2 " -0.80774 -0.63285 - < 2

11 0 1S 8.99420 0.00013 -0.21937 0.09883 0.00000 -0.09380 0.00000 0.00000

2 2s 0.02503 -0.00571 0.76901 -0.42011 0.00000 0.49008 0.00000 0.00000

3 2PX 0.00000 ©0.00000 ©0.00000 0.00000 0.00000 0.00000 0.67589  0.00000

1 2PY 0080080 0008000 00080080 00080080 Q_ 28 0080080 0080080 0_S4089

5 2P2 -0.00562  0.06164 -0.17016 -0.16466 _ 0.00000  0.67685  0.00000 _ 0.00000

62 ¢ 1S 0.00053 0.99263 -0.12253 -0.18563 0.00000 0.03302 0.00000 ©0.00000

7 25 -0.00718 ©.03289 ©0.27715 O.5f745  0.00000 -0]10672 0.00000 ©0.00000

8 2PX 0.00008 ©0.00000 ©0.00000 a.oEaaa 9.00000 ©/06000 ©0.60935 ©.00000

9 2PY 0.00008 ©0.00000 ©0.00000 0.0pO08 0.53317 0/00068 ©0.06000 -0.18211
10 2P2 -0.00629 0.00052 0.15773 -0.2P622 0.00000 -0)44752 0.00000 ©0.00000
113 H 1S 0.00019 -0.00651 ©0.03174 0.25454 0.30023 0]15806 0.00000 -0.35922
1245 H 1S 0.00019 -0.08651 ©0.03174 0.25454 -0.30023 0/15896 0.00000 0.35922

ocC -
Buv ’zcuicvi
i—1
DENSITY MATRIX.
1 2 3 b 5 6 7 8

11 0 1S 2.11060

2 2s -0.46428  2.05059

3 2PX 0.00000 ©0.00000 0.91365

4 2PY 9_0RARA 0.00000 0.00000 1.90474

5 2pP2 8.554900 ©0.00600 0.00000 1.92847

62 ¢ 1S 8.01217 -0.06750 ©.00000 ©0.80800 0.15078 2.067173

7 25 -0.080178 -0.17657 ©.00000 ©.00000 -0.42877 -0.22405  0.84555

8 2PX 0.00000 ©0.00000 ©0.82370 0.00000 0.00000 0.00000 0.00000 0.74260

9 2Py 0.00000 ©0.00000 ©0.00080 0.15489 0.00000 0.00000 ©0.00000 ©0.00000
18 2p2 -0.04248 -0.01029 ©0.00000 0.00000 -0.58492 0.01680 -0.07818 0.00000
113 H 1S 0.00892 -0.01946 0.00000 -0.3593% 0.1172% -0.10842 0.28875  0.00000
124 H 1S 0.00892 -0.01946 ©0.00000 0.35934% 0.11724% -0.10842  0.28875  0.00000

Example

D5y =2(C51¢11 +C52C1p +...+CrgC18)

9
(B1)--U
8.28196
0.00000
0.00000

-8.76726
0.00000
0.00000
0.00000
0.00000
8.82111
0.00000
0.00000
0.00000
0.00000

0.63487
0.00000
0.45099
-0.45099

10 11
(A1)--U  (B2)--U
8.62855 0.73426
0.02812 ©.00000

-9.16162 ©0.00000
0.00000 ©.00000
0.00000 -0.31859
8.24629 ©.00000

-9.20865 0.00000
1.30303 0.00000
0.00000 ©.00000
0.00000 1.14827

-8.44473 0.00000

-9.88918 -0.83976

-9.88918  0.83976

10 11
8.55274
-0.25196 0.63097
-0.25196 -8.24576

12
(A1)--U
0.91288
8.11576

-9.86372
0.00000
0.00000
0.92385

-9.09473
0.63126
0.00000
0.00000
1.17321
8.15496
8.15496

12

0.63097



DENSITY MATRIX.

1 0 1S
28
2PX
2Py
2P2
1S
2S
2PX
2Py
2pP2
1S
1S

VONONVI N =

-k b
N ==
= W
= X

*
*
*

Overlap xxx
1
.18808006D+01
.236704D+00
.000000D+00
.800000D+00
.600006D+00
-188247D-65
-364526D-61
.600006D+060
.800000D+00
.6129206D-01
-456968D-02
-456968D-02

NVONOVIEWN -

OO0 ®

DWSW_|

S

2.
-0.
6.
8.
-0.
8.
-0.
8.
6.
-0.
6.
8.

HV

8.100000D+01
0.0000006D+00
0.0000006D+00
0.000006D+00
Q 0 D0
0.361125D+00
0. 000000D+00
0.000006D+00
0.4404408D+00
8.7085422D-01
8.705422D-01

[ptr)dr=>">"D,5,, =N
TR
|

1 2
116060
46428
66668
0668
89665
81217
88178
00660608
00668
84248
00892
008892

2.05059
6.0600068
0.006000
8.55498
-0.008756
0.00000
6.00000
-0.061029
-0.01946
-0.01946

.100000D+01
.800000D+00
.600006D+00
.6000006D+060
.6000068D+060
-288659D+060
.800006D+060
.800000D+00
.0800000D+00

0oC ocC

0.91365
6.00000
0.00000
0.00000
6.00000
0.82370
0.00000
6.000080
0.060000
6.00000

.1800006D+01
.000006D+00 0.
.6000006D+060
.6600006D+060
.000006D+60 B.
.208659D+60 0.
.800000D+00
.358513D-01
.0800000D+00 -0.358513D-01

1.90474
06.000008
0.060000
06.00008
0.00008
0.15489
06.060008
-0.35934
0.35934

100066D+61
6008792D-01
3202089D+00
000006D+060
8060006D+060
313477D+060
701419D-61
701419D-61

1.02847
8.15078
-0.42877
06.00008
6.000008
-0.58492
8.11724
8.11724

0.100000D+01
0.248362D+00
0.000000D+00
0.0006060D+00
0.000000D+08
08.606312D-01
08.606312D-01

Full Mulliken population analysis:
1

=

0 1S
28
2PX
2PY
2P2
1S
28
2PX
2PY
2P2
1S
1S

@OONOVIEWN -
N
[

-

11 3 H
12 4 H

2
2.116608
-0.18996 2.85059
0.0800068 0.080008
0.000008 0.0800006
0.080008 0.080008
0.00000 -06.008
06.000068 0.080008
0.080008 0.080008
-0.00260 -0.0868453
0.080064 -06.80137
0.080004 -0.80137

[ Population matrix

8.91365
0.000006
0.00008
8.00008
0.00008
8.17187
8.000068
6.00000
8.00008
0.000006

1.90474
0.000068
0.000068
0.00068
6.000068
0.83232
6.060000
-0.081288
-0.081288

1.082847

-0.808966 2.87173

0.13738 -0.05565
0.0000686 0.00000
0.00008 0.00000
6.18336 0.00008
-0.0808822 -0.88657
-0.0808822 -0.88657

10 11
08.55274
-0.25196 08.63097
-0.25196 -8.24576

10 11

0.389696D+088 -8.2508597D+00 0.100066D+61
.000000D+00 -0.3896906D+60 -08.250597D+080 0.151054D+00 0.100006D+61

6 7 8 9
2.87173
-08.224085  B8.84555
0.00000 0.00000 0.74260
0.00000 ©0.00000 0.00000 0.63487
0.01680 -0.67818 0.000080 0.00000
-0.10842 ©9.28875 0.008860 ©8.45099
-8.10842  ©8.28875 0.00000 -8.45099
7 8 9
6.100000D+01
0.000000D+680 0.100000D+01
0.000000D+60 ©0.000000D+60 0.100000D+01
0.000000D+00 0.000000D+00 0.000000D+00 ©0.100000D+01
0.484179D+00 0.000000D+00
0.484179D+080 0
6 7 8 9
0.84555
0.00000 0.74260
0.00000 0.00000 0.63487
0.00000 0.00000 0.00000
08.13981 0.000880 B.17575
08.13981 0.00888 B8.17575

10 1"
08.55274
0.86314 08.63097
0.86314 -08.03712

12

0.63097

12

12

0.63097
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Full Mulliken population analysis:

NHEOWm~IOWHWN -

L= = T = T Y I iy T L

-
Mol wb

U. U.

0. 00000 0. 00000 0.00000  0.00000 O. : 0. 00000
0.00000 0.00000 T-9 0.00000  0.00000  0.00000 .03232  0.00000
0.00000 0.00000 0.00000 “T-0284Z_-0.00906 O .00000 0.18336 -0.00822 -0.00822
0.00027 0.00000 0.00000 -O0.00906 -0 0. 0.00000 -0.00657 -0.00657
-0.06376 _ 0.00000 _ 0.00000 _ 0.13730 -0.05565 5 0. 00000
0.00000 0.17187  0.00000  0.00000 _ 0.00000 0. "0. 00000
U. Uuuou U. Uuuuu U.03232 U. Uouou U. Uouou U. UUUUU | U, UUUUU -
-0.00453  0.00000 0.00000 0.18336 0.00000 0.00000 0.00000 055224
-0.00137 0.00000 -0.01288 -0.00822 -0.00657 0.13981 | 0.0000C 0.17575 0.06314

0.00000 -0.01288 -0.00822 -0.00657 O. 0.17575 0.06314

Gross orbital populations:

1

]

15
25
2P%
2PY
2P2
15
23
2PX
2Py
2P2
15
15

1

1.86939
1.88552
1.91130
1.32361
1.99361
1.14299
(8.91448
1.01868
8.85524
8.94353
8.94353

<4——————— = sum over the line (or column) corresponding to the C(1s) basis function

- D#ﬂ+ZZDﬂV 7Y

Hov>u

<+————— =sum over the line (or column) corresponding to the O(2px) basis function

q1=P11#P12515+P13S13+..#+P1 1251 12
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Full Mulliken population analysis:

NHEOWm~IOWHWN -

W

[y

03 M =k

0
C
H

H

25

2PX
2PY
2PZ

Condensed/to atoms {all electrons):

8. 44 NEEG
-H.
-0.822438
Off-diagonal elements represent the number of electropg’shared
between the pairs of atoms (overlap population)
! The total overlap population between oxyge

2%(0.444556)

0.444556 is the population received by eag
the overlap population has been calculgred.

L =N -t I = WYy I L C R

Gross orbital populations:

1

0

15
25
2P%
2Py
2p2
15
23
2P%
2py
2p2
15
13

- 00006
- 00000

2

IOHM'M' 0. 00137 0,00000 -0, 01288 EOHO'OI H’A
| 0,00004 »~~0,00137 0,00000 -0,01288 -0, 00822

- 00000
- 00000

.03232
0

N

B 444555

-B. 822438
L. 736280 | M 377171 |

-B.822438/

(B 372121 1 0. 6300700 —8.037123

-0.837123 | B8.540070

1

1.99361
1.14299
8.91448
1.681868
A.8552Y4
A.04353
B.94353

dAnd carbon is

of the two atoms for which

Atomic
populations (AP)
10 8.186789
2C 5.926642

. OUUZ/
. 00000
. 00000
. 00906
.0

.05565
. 00000
. 00000

G3:M1:V1 - Display Charge Distribution
Atarnic Charges
Tipe
Color Fiange: ta
-

Shaw Mumbers
[] Color Atoms by Charge

A G3:M1:V1 - fah_nou.out (F:/Chisfinp/fahffah_...
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Motation for irreducible representations

Dimension of

the _ Symbol Symmatry of Symbol
representation the
representation | Raotation CzLCn .
1 A, B c ar Oh I
n Oy (T4
2 E symmetric i, 1 ' g
3 T {F3 antisymmetric B 2 " L
4 G
H
Cav I G au(xz) a'v(yz)
A, 1 1 1 1 z x2, y*, 22 | 22, z(x?-y?)
A, 1 1 -1 -1 R, Xy XyZ
2 2 2
B, 1 -1 1 -1 X, Ry | xz xzz, X(X -ﬁ3yﬂ)
B> 1 -1 -1 1 Yy, Re |z yz-, y(3x7-y7)
]._)('npriz 3 _1 1 1




o

12

8 HOMO

—

1
o Coh | I G oyxz) o'W(yz)
Ay 1 1 1 1
A 1 1 il -1
z
y Molecular orbitals of formaldehyde (RHF/STO-3G) B, 1 1 11 11
,, - -
Molecular Orbital Coefficients 3 -1 1 1
1 2 3 4 5 6 7 8 9 10 11 12

(A1)--0  (A1)--0 (A1)--0 (A1)--0 (B2)--0 (A1)--0 (B1)--0 (B2)--0 (B1)--U (A1)--U (B2)--U  (A1)--U
EIGENUALUES --  -28 -11.125686 -1.33748 -0.80774% -0.63285 -6.54552 -8.44316 -06.35437 0.28196 0.62855 ©.73426 ©6.91288
11 0 1S 0.00013 -0.21937 0.09883 0.00000 -0.09380 0.00000 0.00000 0.00000 0.082812 0.00000 0.11576
2 2s §.02593 -0.00571 -0.42911 0.00666 ©.49908 _§.00660 ©6.60060 ©0.66000 -0.16162 ©.80000 -8.86372
3 2PX 0.00000 0.00000 U.UUUUU 0.00000 _0.00008 0.00000 0.00000 -0.76726 0.00000 ©.00000 ©.00000
4 2Py 6.000680 ©0.00006 0.80000 0.060000 6.00000 ©.00000 ©0.86988 ©0.00660 ©0.000660 -0.31859  0.066000
5 2p2 -9.00562 _A.AA164 -0.17016 -0.16466 0.00000 ©0.67685 0.00060 0.00066 0.00006 0.24629 0.60668 0.92385
62 € 1S 0.80053 —f -8.18563 0.00000 ©£.03362 ©0.00060 ©0.00600 ©0.00600 -0.20805 0.80000 -0.09473
7 2s -0.00718  0.03280 8.57744 ©0.66000 -0.10672 _A.AAAAA  6.00000 ©.00000 1.36363 0.00000 0.63126
8 2PX 0.00000 0.00000 0.00000 0.00000 _0.00000 ©.00000 6.00000 ©6.82111 0.00000 ©.00000 0.00000
9 2Py 6.000660 ©6.00006 ©0.60006 0.60000 6.800680 0.00000 -0.18211 0.66660 0.066608 1.14827 0.06000
18 2P2 -0.00629 0.00052 0.15773 -0.22622 ©.00000 -0.44752 0.00060 0.00000 0.00000 -0.44473 0.60068 1.17321
113 H 1S 6.680019 -6.80651 0.83174  0.26454 0.30823  0.15896 0.80000 -0.35922 0.00000 -0.88918 -0.83976  0.15496

12 4 H 1S 0.668819 -0.0608651 0.03174 0.26454 -0.30023 8.15896 0.00000 8.35922 0.00000 -0.88918 0.83976 0.15496



Excited state symmetry

12 (k23— |— 0.04439
11 (aly— |— 0.03944
Formaldehyde
10 (aly — |— 0.00960
ground state: 9 (p1)— |— -0.06335 LUMO
alz alz alz alz bzz alz b12 bzz 8 (b2) —]bj— -0.28143 HOMO
7 (b1) — f— -0 41091
first excited state 6 (1) —{{j— -0.46166
alz all alz alz bzl all bll bzl b11 5 (b2) — f— -0.50618
4 (a1) ] b— -0.64679
Cy | I G  ofxz) o'\(y2) 3021y 1 p— -1.07360
Ay 1 1 1 1 z x?, y%, 22 | 23, z(x?-y?)
A, 1 1 -1 1 R, Xy Xyz 2 a1y —4 b—-10.29977
B, 1 -1 1 1 X, R, | xz xz%, x(x*>-3y?)
B- 1 -1 -1 1 y, R, |yz yz®, v(3x%-y?) 1 a1y — f—-19 18599
Iu,y,z 3 -1 1 1
BIXBl — 1 1 _1 _1 ground state moment dipol component excited state
A A (1) A,
Bl (”x)
B, (1y)

The symmetry of the first excited state
of formaldehyde (as a result of HOMO-
LUMO transition)

Al XAl XA'Z :Az

_ '* oA A1X81XA2:Bz
P - J‘L!J HLIJ d‘c A1XB-2XA2:Bl

Thus, HOMO-LUMO transition is not allowed!
Transitions HOMO-LUMO+1, HOMO-LUMO+2 are allowed
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