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Ab initio calculations including electron correlation (on the PNO-CI and 
CEPA-PNO levels) are carried out for the isovalence electronic molecules 
H2CO, H2CS and H2SiO, and for comparison also for H20 and CO. The CEPA 
equilibrium distances are accurate to within 0.003 A, while SCF results show 
significantly larger errors. The harmonic force constants on CEPA level are 
satisfactory as well, but for stretching of double or triple bonds inclusion of 
singly substituted configurations is imperative. Dipole moments were obtained 
with an error of ~ 0.1 Debye from CEPA calculations with sufficiently large 
basis sets and inclusion of singly substituted configurations. The dipole polariz- 
abilities are less sensitive to correlation effects but require larger basis sets. 

The population analysis reveals that the SiO bond in H2SiO is highly polar and 
that d-AO's cannot be regarded as valence AO's in any of the molecules of this 
study. The binding energy of H2SiO (with respect to H2Si(1A1) + O(3P)) is 
predicted as 140 + 5 kcal/mol. The contributions of different pairs in terms of 
localized orbitals to the correlation energy of the molecules of this study are 
analyzed. 
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1. Introduction 

Formaldehyde H2CO and thioformaldehyde H2CS have often been studied by 
quantum chemical methods, mainly because they are the prototypes of compounds 
with CO and CS double bonds which are very important in organic chemistry 
[1, 2]. Thioformaldehyde has long been unknown (at least not known in pure form) 
experimentally. Its recent synthesis in pure monomeric form was successful only 
after H2CS and possible contaminations could be identified via the PE spectrum 
predicted from an ab initio calculation [3]. Silanone (prosiloxane) HaSiO is supposed 
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to be an intermediate in chemical reactions leading to polymeric (H2SiO)~, as e.g. 
SiH2Br2 + H20--~ 2HBr + H2SiO ~ 2HBr + (I/n) (H2SiO), [4]. 

Our study of formaldehyde and its analogues had several motives: 

1. We have been interested in differences between bonding of first-row and second- 
row elements, especially in the different role of d-AO contributions. The comparison 
of H2CO with either H2CS or H2SiO is hence complementary to the comparison of 
H3PF2 with H3NF2 [5] and of H3PO with H3NO [6]. While in these hypervalent 
molecules the different role of d-AO's is pronounced, no significant difference in the 
d-contributions is found for the normalvalent molecules H2CO and H2CS, whereas 
H2SiO is not directly comparable to H2CO, since the SiO bond is highly polar. 

2. We have recently analyzed the correlation energy of a few hydrides [7, 8] and 
of small molecules with one single or multiple homonuclear bond, like ethane, 
ethylene and acetylene [9]. An extension of this analysis to heteronuclear double 
bonds seemed in order. 

3. The physical properties of formaldehyde are known to a high degree of accuracy 
from experiment. This molecule serves hence as a good test case for sophisticated 
quantum mechanical methods. Neither the equilibrium geometry nor the dipole 
moment are well accounted for by near Hartree-Fock calculations [2] and methods 
that strive for high accuracy have not been applied to formaldehyde so far. We 
therefore want to test the CEPA method [10, 11] on formaldehyde before applying 
it to predict certain properties of thioformaldehyde and prosiloxane. 

4. The ab initio calculation of force constants and vibrational frequencies still poses 
serious problems. There is no doubt that the Hartree-Fock approximation is 
unsatisfactory, but even the inclusion of electron correlation on CEPA level [10, 11 ] 
has not been fully reliable for multiple bonds, as we have e.g. observed for N2 [9], 
whereas for single bonds CEPA appears to be nearly perfect [12, 13]. We have 
therefore included in our study H20 as a molecule with only single bonds and CO 
as a molecule with a multiple bond similar to that in H2CO. 

5. In a recent study Ahlrichs and Heinzmann [14] have analyzed the S i~C double 
bond. It is interesting to compare this with the isoelectronic Si--O bond. 

2. Method and Basis Sets 

We have used the SCF, IEPA-PNO, CEPA-PNO and PNO-CI methods that are 
described elsewhere [11] in detail. The three latter methods take care of electron 
correlation effects on the basis of PNO's (pair natural orbitals). Experience has 
shown that CEPA is the most reliable of the three PNO approaches, one reason for 
this being that it has the correct dependence on the number of particles. To be 
more precise we use the variant CEPA-2 (for a comparison of different CEPA 
variants see Ref. [15]). 

In standard CEPA (or PNO-CI) calculations we only include doubly substituted 
configurations (and in CEPA implicitly unlinked clusters of double substitutions), 
but we have also performed calculations with the inclusion of single substitutions. 
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Al l  P N O - c o n f i g u r a t i o n s  were  i nc luded  tha t  c on t r i bu t e  to  the  energy  m o r e  t h a n  

10 -6 Ha r t r ee ,  b u t  neve r  m o r e  t h a n  30 P N O ' s  pe r  pair .  

T h e  basis  set consis ts  o f  G a u s s i a n  lobes ,  f r o m  wh ich  p,  d o r  f t y p e  A O ' s  a re  con-  

s t ruc ted  as ind ica ted  p r ev ious ly  [16]. S t a n d a r d  basis  sets o f  H u z i n a g a  [17] were  

a u g m e n t e d  by the  p o l a r i z a t i o n  func t ions  o p t i m i z e d  p rev ious ly  [7-9]. T h e  basis  sets 

fo r  the  three  mo lecu l e s  are  g iven  in T a b l e  1. T h e  size o f  the  basis  sets fo r  one  

mo lecu l e  increases  in the  o rde r  A,  B, C. O n e  no tes  t ha t  fo r  H2SiO,  in v iew o f  the  

large  nega t ive  charge  on  O, f iat  s a n d  p func t ions  have  to  be  inc luded .  

Table 1. Basis sets 

H2CO, H20 and CO, basis A 

C: (4,3 x 1 ; 2 , 1 ; 1 )  "qa = 0.7 
0 : ( 4 , 3  x 1 ; 2 , 1 ; 1 )  "qa = 1.25 
H: (2, 1; 1) np = 0.75 

H2CO, H20 and CO, basis B: polarization functions as basis A 

C , O : ( 5 , 4  x 1 ; 3 , 2  x 1;1) 
H: (3,2 x 1;1) 

H2CO, CO, basis C: as basis B, but two sets of polarization functions per atom 

C: ~ = 0.2; 0.7 
O: "qa = 0.3; 1.25 
H:  % = 0.21; 0.75 

CO, basis C' :  as basis C, but with contraction 

C , O : ( 4 , 5  x 1 ; 2 , 3  x 1) 

CO, basis D: as basis B, but three sets of polarization functions per atom 

C: ~/a = 0.06; 0.18; 0.7 
O: "qa = 0.104; 0.313; 1.25 

H~O, basis D 
O : ( 5 , 4 • 2 1 5  r /a=0.104,0.313;1.25 
H : ( 3 , 2  x 1;2) "% = 0.21;0.75 

H20, basis E: as basis D, but with additional "flat functions" on oxygen 
O:r/~ = 0.1; r/p = 0.07 

H2CS, H2SiO, basis A: C, O, H as H2CO, basis A 

S : ( 4 , 6 x  1 ; 3 , 3  x 1;1) "qa=0.55 
S i : (4 ,6  • 1 ; 3 , 3  x I ;1 )  "qa=0.5 

H2CS, basis B : as basis A, but two sets of polarization functions per atom 

S: r/a = 0.157; 0.55 
C: "On = 0.2; 0.7 
H : "% = 0.21 ; 0.75 

H2SiO, basis B: as basis A, but with additional " f l a t "  s and p functions on 
O : ' q s =  0.1; rt~ = 0 . 1  

HzSiO, basis C: additional flat functions as basis B 

S i : (5 ,6  • 1 ; 4 , 3  x 1;1) "qa=0.5 
O : ( 5 , 4  x 1 ; 3 , 2  • 1;1) ~/a= 1.25 
H: (3, 2 • 1, 1) 7/v = 0.75 
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3. Equilibrium Geometries 

The equi l ibr ium geometr ies  were found  by  a mul t i -d imens iona l  po lynomina l  fit to  
the energies o f  a sufficient number  o f  structures o f  At  symmetry.  These geometry  
opt imiza t ions  were done  on the SCF,  IEPA,  CI and  C E P A  levels. The  results  are  
c o m p a r e d  in Table  2 to  values f rom experiment .  As  far  as exper imenta l  values are 
concerned the difference between re- and  ro (or  ra ther  r~)-geometries [18] has  to  be 
kept  in mind,  since quan tum chemical  calculat ions  always yield the re-geometries.  

In  compar ing  our  geometr ical  pa ramete r s  with those of  previous  calculat ions  
(Ref. [2], Table  II)  one has  to  keep in mind  tha t  often some parameters  were imposed  
and no t  varied.  

One realizes tha t  the agreement  between the C E P A  values with basis B for  the 
in te ra tomic  distances and  the exper imenta l  re is nearly perfect,  the differences are o f  

Table 2. Equilibrium geometries �9 

HaCO SCF PNO-CI CEPA-PNO experimental 
basis A basis B basis B basis A basis B l r~ r~ r~ 

reo 1.177 1 . 1 7 9  1.194 1.199 1.207 1.2078 1.207 1.202 
rea 1.103 1.094 1.100 1.104 1.1160 1.1160 1.117 1.100 
~HCH 114 .3  1 1 5 . 9  115.8 114.0 116.0 1 1 6 . 5  116.2  116.3 

H2CS SCF PNO-CI CEPA-PNO experimental 
basis A basis A basis A rJ 

rcs 1.594 1.602 1.613 1.611 
rca 1.084 1.092 1.095 1.093 
<ZHCH 115.2 115.1 115.3 116.9 

H2SiO SCF PNO-CI CEPA-PNO 
basis A basis A basis A 

rslo 1.485 1.499 1.507 
r~m 1.472 1.473 1.471 
~HSiH 109.9 109.7 110.0 

H20 SCF CEPA-PNO 
basis A basis B basis A basis B 

roa 0.947 0.942 0.962 0.957 
~HOH 102 .6  106.3 100.2 104.1 

experimental 
r~ 4 

(0.956) 0.958 
(105.2) 104.5 

CO SCF 
basis A basis C' 

rco 1.107 1.107 

CEPA-PNO experimental 
basisA basisC '1 rg r~ 

1.127 1.137 1.131 1.128 

Distances in A, angles in degrees. 
b Ref. [30]. 
a Ref. [32]. 
t Ref. [401. 
h Ref. [33]. 

~ Ref. [31 ]. 
o Ref. [33]. 

Ref. [52]. 
i With single excitations. 
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the order of 0.002 A, i.e. one order of magnitude smaller than the corresponding 
errors of the SCF values. This confirms similar results by Meyer et al. on diatomic 
molecules [12]. 

One notes that (this is not documented in Table 2, see however Ref. [2], Table II) 
the inclusion of polarization functions in the basis is very important, but also that 
as far as the s-p-part of the basis is concerned, the (7, 3) basis - which has turned 
out to be quite satisfactory for hydrocarbons [9, 19]- is not good enough for 
oxygen compounds, where the (9, 5) basis has to be used. 

The apparently excellent agreement between the CEPA geometry for H2CS with the 
experimental rz-geometry is probably fortuitous since something similar is observed 
for H2CO with basis A. A larger H2CS basis comparable to basis B has probably 
to be used to obtain an accurate re-geometry. 

For H2SiO no experimental values are available for comparison, but one may 
quote r0(SiH) = 1.48 A [20] or 1.456 A [4, 33] in Sill4 and re(Sill) = 1.508 A in 
SiHa [21] while re(SiO) in SiO is 1.510 A [4]. That r(SiH) is smaller in H2SiO than 
in Sill2 is understandable in view of the "'sp 2 hybridization" vs. "pure p-bonds". 

The shorter CH bond length in H2CS as compared to H2CO is an indication of a 
stronger CH bond in H2CS. 

In all the HzXY molecules correlation lengthens the XY-bond while it has little 
effect on the XH bond lengths and the angles. 

4. Harmonic Force Constants and Vibrational Frequencies 

The harmonic force constants are defined as the (mixed) second derivatives of the 
energy E ( q l , . . . ,  q~) with respect to internal coordinates qk: 

t lo 
Symmetry force constants Fk~ are analogously defined with respect to internal 
symmetry coordinates Qk. For HzXY molecules the symmetry coordinates are 

A1: Q1: XY-stretching 
Q2: symmetric XH-stretching 
Q3: symmetric HXH-bending 

B2: Q4: antisymmetric XH-stretching 
Q6: YXH-bending 

B1: Q6: out-of-plane bending. 

We proceed by computing E for a sufficient number of nuclear configurations and 
constructing a multidimensional polynomial fit for E (Q1 . . . . .  Q~). The same fit 
that is needed for finding the equilibrium geometry, also furnishes the Fk, of A~ 
symmetry. The following variations of lengths and angles turned out to be optimum: 
A9 ~ 0.04 a0, As ~ 2 ~ 



210 R. Jaquet et  al.  

Alternatively to this "energy method" one can use the "force method" [22, 23] 
in which one starts by computing not just E but also the 8E/SQk for the selected 
nuclear configurations. The analytical fits to the 8E/SQk need then only be differ- 
entiated once to yield the F~z. This alternative is rather appealing but has the 
disadvantage that at present it is only applicable in the context of the SCF method. 
Correlation effects can so far only be dealt with by the energy method. 

The force constants from the present study are compared in Tables 3 to 7 with values 
from the literature. 

Table 3. Harmonic  force constants (in terms of symmetry coordinates) for HzCO a 

SCF SCF at CEPA-Min.  CEPA Meyer, b experiment c 
basis A A B A B a Pulay 

A1 Fl l  16.72 14.89 14.69 14.75 13.35 13.91 12.90 
F12 1.08 0.86 0.80 0.88 0.83 0.68 0.74 
F22 5.40 5.00 5.06 4.85 4.92 5.00 4.96 
Fla 0.28 0.41 0.41 0.40 0.41 0.41 0.41 
F2a - 0 . 0 7  - 0 . 1 2  - 0 . 1 3  -0 .11  - 0 . 1 3  -0 .11  - 0 . 0 8  
Fa3 0.69 0.65 0.59 0.63 0.59 0.65 0.57 

Bz F44 5.18 4.87 5.03 4.83 4.90 4.91 4.85 
F48 0.16 0.15 0.14 0.14 0.14 0.16 0.17 
F65 0.95 0.92 0.91 0.89 0.88 0.95 0.83 

B1 F66 0.52 0.50 0.49 0.46 0.43 0.51 0.40 

In mdyn/A,  mdyn/rad,  mdyn A/rad a. 
b Ref. [34] Force method. SCF at experimental geometry. 
c Ref. [31]. 
a Inclusion of single excitations for the CO stretching vibration; fit with 4th degree. The 

average of the two fits of 3rd and 4th degree is 13.4. 

Table 4. Harmonic force constants (in terms of symmetry coordinates) for HsCS ~ 

SCF SCF at CEPA-geom. CEPA Bruna e t  al. b experiment ~ 
basis A A A SCF CI 

A1 Fl l  8.49 7.50 7.17 7.0 6.46 6.0-6.8 
F12 0.22 0.20 0.22 
F22 5.94 5.74 5.78 
F13 0.27 0.26 0.29 
Fza --0.15 --0.15 - 0 . 1 4  
Fa3 0.54 0.54 0.53 

B2 F44 5.58 5.59 
F45 0.06 0.10 
F55 0.63 0.62 

B1 F66 0.38 0.32 

a Dimensions as in Table 3. b Ref. [35]. c Ref. [37]. 
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Table 5. H a r m o n i c  force cons t an t s  (in s y m m e t r y  coordina tes)  for  
H2SiO. a 

S C F  S C F  at C E P A  geom.  C E P A  K r a m e r  b 
basis  A A A 

A1 F l l  12.12 10.57 10.52 8.90 
F12 0.58 0.12 0.10 0.07 
F2z 3.14 3.19 3.08 3.04 
FI ,  0.15 0.15 0.15 0.08 
F2a - 0.25 - 0.06 - 0.05 - 0.06 
Fa3 0.54 0.55 0.53 0.59 

B2 F44 3.15 3.03 3.29 
F45 0.07 0.12 0.06 
F~5 0.62 0.61 0.59 

BI F66 0.41 0.36 0.21 c 

a D i m e n s i o n s  as Table  3. 
b Ref .  [36]. Force  me t hod .  S C F  at  e = 112 ~ rsio = 1.59 A,  rs~H 

= 1.48 A.  
~ Incons i s t en t  with the  B1 f r equency  given by the  s ame  au tho r .  

Table 6. H a r m o n i c  force cons tan t s  (in terms of  internal  coordinates)  for H 2 0  ~ 

S C F  at C E P A  
S C F  geom.  C E P A  Pulay b 

basis  A B A B A B A B 
exper iment  

c d 

Fl l  9.35 9.79 8.49 8.87 8.44 8.80 9.33 9 1 6  8.46 8.45 
Flz - 0 . 0 9  - 0 . 0 8  + 0 . 0 4  - 0 . 0 6  - 0 . 0 9  - 0 . 1 3  - 0 . 1 6  - 0 . 1 7  - 0 . 1 0  - 0 . 1 0  
F13/Re 0.26 0.25 0.19 0.25 0.26 0.27 0.29 0.30 0.25 0.23 
F33/Re 2 0.93 0.85 0.95 0.84 0.89 0.83 0.83 0.85 0.76 0.76 

a D i m e n s i o n s  as Table  3. b Ref.  [38]. ~ Ref.  [39]. d Ref.  [40]. 

Table 7. H a r m o n i c  force cons tan t  for C O  (in mdyn/ /~)  

F O C I  
Ki rby-  

S C F  CI  C E P A  D o c k e n  
Basis  A C '  C" ~ A C '  a A C '  d Liu b exper iment  c 

24.26 23.57 19.26 22.27 20.71 21.38 18.97 18.60 19.00 

a A t  the  C E P A  m i n i m u m .  
b Ref.  [41]. We have  calcula ted F f rom the  po in t s  in [41], f i rs t-order  CI,  us ing  the  

s a m e  fit as  for  our  C E P A  potent ia l  curve.  
c Ref.  [33]. a Inc lus ion  o f  single exci ta t ions.  
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For H2CO one finds good agreement between the CEPA results and the experimental 
values. For the stretching force constants of the CO bond singly substituted 
configurations have to be included; they reduce the error in Fll from 12% to about 
4%. The same holds (even to a larger extent) for the CO force constant in carbon 
monoxide. 

The SCF results are, on the whole, much poorer than the CEPA values (too large 
for all diagonal elements, for fco the error is e.g. ~26%). It is interesting to note 
that, if one calculates the Fpq from a fit to SCF points as the second derivatives not 
at the optimum SCF geometry, but at the CEPA or the experimental geometry, 
the agreement with experiment is much better, and almost as good as from full 
CEPA calculations. The reason for this is that correlation only affects the energy 
and its first derivatives with respect to the Qe but hardly the second derivatives 
(see Fig. 1) such that it shifts the equilibrium geometry but not 82E/SQ~ 8Q, at a 
given geometry. 
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dE 0 dR 
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Fig. 1. The dependence of the total energy and its first and second derivatives with respect to R 
on the C - - O  distance R in HaCO; SCF and CEPA approximations;  basis B; atomic units 

1.2 
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This fact has previously been exploited by Pulay [22] who evaluated F~ rather 
successfully from SCF calculations at the experimental equilibrium geometries. 

The harmonic vibration frequencies of the molecules in this study are given in 
Table 8. CEPA with basis B gives values that differ from the experimental counter- 
parts only by a few percent. 

The force constants and harmonic vibration frequencies for H20 on the same level 
of approximations (Table 6) are of similar quality, again with a noticeable improve- 
ment through the inclusion of correlation effects. 

For H2CS little is known from experiment about the force field. Our values in 
Table 4 have therefore to be regarded as predictions. The same is true for H2SiO for 
which the results are given in Table 5. 

The IR  spectrum of impure H~CS has been studied by several authors [37, 56], but 
the assignment is rather dubious. Our results in Table 8 indicate that the weak band 

Table 8. Harmonic vibration frequencies in cm- 1 

H2CO SCF SCF at CEPA-geom. Meyer, a CEPA experiment b 
basis A B Pulay B harmonized measured 

A1 2059.2 1882.6 1849 1797.2 1763.7 1746.0 
3066.1 2971.2 2954 2925.6 2944.3 2782.4 
1687.1 1600.1 1625 1580.9 t562.6 1500.0 

B2 3115.0 3070.6 3037 3032.3 3008.7 2843.2 
1376.4 1349.7 1349 1308.9 1287.7 1247.1 

B1 1316.2 1301.4 1326 1220.9 1191.0 1167.2 

H2CS SCF 
basis A 

A1 1202 
3231 
1597 

B2 

B1 

SCF at CEPA-geom. CEPA experiment c 
A A d 

1134.3 1112.9 (1150) 1063 
3200.0 3214.5 2971 2970 
1577.3 1566.7 (1550) 

3216.9 3211.9 3025 3028 
1051.2 1039.6 1438 1437 

1013.8 1119.9 (1100) 993 

H2SiO 
basis 

A1 

B2 

B1 

SCF at CEPA-geom. Kramer f CEPA 
A A A 

1325.0 1171.4 1320.0 
2354.0 2288.2 2314.2 
1141.1 1036.9 1127.9 

2348.5 2297.3 2296.8 
785.6 692.6 778.3 

771.0 1000.4 ~ 721.9 

(continued) 
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H20 SCF CEPA 
basis A B A B CI-SDQ t experiment h 

A1 1836.6 1752.2 1791,2 1732.1 1687.1 1670.1 1648.5 
4040.4 4130.8 3842.8 3910.4 3855.1 3868.9 3832.2 

B2 4136.9 4236.9 3928.6 4026.5 3958.5 3980.2 3942.5 

CO SCF CEPA PNO-CI 
basis C' A J C 'm C' other CI n experiment k 

oJ~ 2415.4 2294.5 2167.3 2264.0 2170.21 
coex~ 13.24 14.6 1 4 . 9 6  13.68 13.46 

r2128.3 (VCI) 
2388.9 2264.2 2137.4 2236.6 ~2140,6(FOC1) 2143.3 

1.2235.9 (SDCI) 

Ref. [34]. Force method. SCF at experimental geometry. ~Ref. [31]. 
Not harmonized. Assignment as given by the authors. 

d Ref. [56]. e Ref. [37]. ~ Ref. [36]. Force method. 
See footnote c on Table 5. h Ref. [39]. 

i CI calculations using singly, doubly and quadruply excited configurations 
and very large basis sets. First column Ref. [42], second column Ref. [57]. 

J Without single substitutions, kRef. [33]. 1 v = c% -- 2oJ~xe. 
~Fit with 4th degree, the averaged value between 4th and 5th degree is 

oJe = 2166.3, oJex~ = 13.72. 
Ref. [41], VCI = valence CI, FOCI = first order CI, SDCI = singles 
doubles CI. 

observed at  2874 cm -1 [37] canno t  be due to the over tone 2v5, bu t  poss ib ly  2v a. 
Fur the rmore ,  there should  be three bands  between abou t  950 and  1100 c m - 1 ;  only  
two o f  them have been observed [37]. 

Compar i son  o f  the force fields of  H2CO, H2CS and  H2SiO indicates a decrease o f  
the XY stretching force constants  in the order  CO, SiO, CS and  a decrease of  the 
X H  stretching force constants  in the order  H2CS, H2CO, H2SiO. The  larger  force 
constants  for  H2CS as c o m p a r e d  to H2CO is consis tent  with the smaller  C H  b o n d  
length in H2CS. The bending  force constants  vary litt le in the three molecules and  
also the coupl ing constants  show a very similar  pat tern ,  with the except ion of  F12, 
which is much  larger in H2CO than  in H2CS or  H2SiO and  which demons t ra tes  a 
relat ively large coupl ing between the C H  and  CO bonds .  

On the whole,  electron corre la t ion  reduces all d iagonal  force constants  somewhat ,  
but  the X Y  stretching cons tan t  to a larger extent. 

5. Dipole Moments 

The dipole  m o m e n t  is an expecta t ion value o f  a one-part ic le  opera to r  and  one should  
hence expect tha t  the S C F  approx ima t ion  should furnish good  results.  To  under -  



Ab initio Study, Including Electron Correlation, of H2CO, H2CS and H2SiO 215 

stand why this is often not the case one has to remember that the dipole moment is a 
difference of  two large contributions with opposite sign, an electronic contribution 
that depends on the quality of the wave function and a nuclear contribution that is 
independent of it. 

One sees from Table 9 that electron correlation reduces the dipole moments of 
H2CO and CO by roughly 0.5 Debye. For  CO it leads even to sign inversion. The 
dipole moment of  H20, on the other hand, is only slightly affected by correlation. 

Although the correlation effect on the energy comes mainly from doubly substituted 
configurations and only to a very small extent from single substitutions, the relative 
importance of the two types of substituted configurations is inverted for dipole 
moments [24]. It is hence imperative to include singles. 

Before one considers correlation effects one has to check whether the basis is 
sufficiently close to saturation for the SCF part. Basis sets which are just good 
enough for the energy are usually too poor for dipole moments. AS a rule of thumb 
[25] one may say that when for the energy one set of polarization functions per 
atom is necessary, one needs two such sets for the dipole moment and even three 
sets for polarizabilities (see the following section). For  large or even medium-sized 
molecules one can normally not afford sufficiently saturated basis sets. One may 
hope, however, that for larger molecules the interatomic charge displacement 
becomes more important for the dipole moment (and the polarizability) than the 
intraatomic deformation of the orbitals, such that larger molecules do not require 
too excessive basis sets. The rather good results for H~CO and HzCS with not very 
large basis sets seems to confirm this. 

In comparing computed with experimental dipole moments one has to keep in 
mind that the latter are averaged over the zero-point vibrations and are close to the 
theoretical values for the r~ rather than the re-geometry. 

Corrections for zero-point vibrations have been discussed [25], but in the present 
case they can be estimated to change the dipole moments at most by 2 to 4%. 

One technical remark has to be made, concerning the evaluation of expectation 
values within the CEPA scheme. It is straightforward to compute the one-particle 
density matrix and expectation values of one-particle operators in the PNO-CI 
scheme, since the PNO-CI wave function is well defined. CEPA is, however, a 
method to compute approximate total energies and it is not obvious to which wave 
functions this corresponds. 

Our philosophy is (see e.g. Ref. [15]) that in CEPA one computes approximately a 
wave function of the form 

= e~qb 

,,b + + " ~  t.~ra+ a _ ai~ a~] 
t < j  a < b  f ,a  

where i, j refer to spin orbitals occupied in * ,  a, b to those unoccupied in qb. The 
coefficients f~b are generated in the CEPA formalism, they have hence to be 
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inserted into the above formula. Expectation values are then given by the Hausdorff-  
formula 

< ~ l ~ l ~ >  = <~[AI,~> + <,~[[.~, ,,][,~> + {<,~[[[A, ,,], ,,]l,~> + . . . .  

Since one truncates the expansion of the energy at the second-order in ~, other 
expectation values should as well be evaluated up to second-order in ~. 

I f  we write 

q)l = ~f~y  a~ ab a~ai + 
a < b  

the expectation value of the dipole moment  operator A is for a CEPA-PNO wave 
function evaluated as 

while for PNO-CI  wave functions the standard expression 

<A> = {<ml-,'llm;> + 2(OtAl '~ l> + <,:I:,llAlq, l>}/{a + <q,~lml>) 
is used. The bulk of the correlation correction comes in either case from the singly 
substituted configurations q~[s in qb 1 i.e. 

(qblA lqbf) = 2 ~ f , a ( i l A l a ) .  
i , a  

Our best results for the dipole moments (CEPA, basis C) differ from the experi- 
mental values by ~0.1 Debye. One also sees from Table 9 that the CEPA results 
with basis B are still quite acceptable, the SCF values are poorer. Surprisingly, in 
HzCO and CO the CI values are much closer to experiment than the CEPA values 
[25].  

Figure 2 contains our results for the dipole moment  curve of CO, calculated with 
basis D, between 1.9 and 2.5a0. For  comparison we have also included the curves 

Fig. 2. Dipole moment curves for CO: 
a) SCF, basis D, b) PNO-CI, basis D, 
c) CEPA basis D, d)First-order CI, 
ReL [41], e) CI with singles and 
doubles, Ref. [41], f)  Exp., Ref. [58] 

0.4 

,u 

0.0 

-0.4 M 

a 

1.9 2,1 2.3 2.5 

Rco [ a o ]  
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obtained by Kirby-Docken and Liu [41] with first-order CI (FOCI) and CI 
including all singles and doubles (SDCI) and the experimental curve of Chackerian 
[58]. As it can be expected the CEPA and FOCI curves agree fairly well, so do even 
better the PNOCI and SDCI curves. It is slightly surprising that the experimental 
curve coincides with PNOCI and not with the CEPA curve, though in all other 
cases so far the CEPA approximation has proved superior to PNOCI. The failure 
of CEPA for the dipole moment of CO has also been noted by other authors [25, 59]. 

6. Dipole Polarizabilities 

The dipole polarizability tensor et has its principle axes determined by symmetry for 
all molecules of this study. We choose the twofold symmetry axis as z, the axis 
perpendicular to z in the molecular plane as y and the axis perpendicular to the 
molecular plane as x. 

The computation of at can be done in two equivalent ways, either by perturbation 
theory with a static field as perturbation, or by the method o f "  finite perturbations", 
i.e. from variational calculations of the molecule with and without an external field 
(properly for different field strengths and extrapolation to zero field strength). 

A rigorous perturbation approach including electron correlation effects is at present 
not available, such that we had to choose the method of finite perturbations. This 
can be applied in two ways: 

.__> 

a) One computes the energy E (8) for different values of the electric field strength 
_._> 

g, constructs an analytic fit for E(Sx, ~ ,  gz) and from it the second derivatives 
~xx = ~ 2 E / ~  etc. 

b) One computes the effective dipole moment i~ef~ = P~perm + IXlnd and then the 

polarizability as first derivative of tt~ff with respect to ~, 

~eff x e.g. u,~y = ~d~ . 

It turned out that the method (b) has the advantage of being numerically much 
more stable than method (a) and further that ~-lna is practically linear for field 
strengths of ~< 10 -2 a.u. (1 a.u. = e/a2o _~ e/(4~reoa~) ~_ 5.144.10 ~ Vm-1). It is 
hence sufficient to compute just one point per direction (x, y, z) for a field strength 
between 10 -4 to 10 -2 a.u. 

It has already been mentioned in the last section that three sets of polarization 
functions per atom are necessary [25] in order to obtain good dipole polarizabilities. 

Correlation effects are, on the whole, not very large (10-20~o), but the bulk of the 
correlation contributions (~90%) comes from singly substituted configurations. 

With unsaturated basis sets one obtains in general too small polarizabilities, 
although it seems that (as for dipole moments) for large molecules relatively 
smaller basis sets may be sufficient. The basis unsaturation is usually different for 
the components of the polarizability in different directions, such that the average 
polarizability is usually obtained more reliably than the anisotropy. 
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a) 

with d-AO' s without d-AO' s 
0,03 0.03 
H ~ o i ~ 3 6  H ~  o.41 -0.47 

i~o.~ ~ ~  H .TS ' 

6) 

0.12 0.13 
H ~ 0 . 1 6 - 0 . 0 7  H'-,,,qo.39 0.13 

s 

c) 

--0.15 -0.21 
n ~ . l l  -0.82 H ~ ,~  .41 -0,99 

S i l O  / S i l O  
H-.'~o.Tt " H /  0.60 

d) 

-0.15 
H ~0.51 -0.22 H ~0 .60  -0.60 
H j S i - - O  H j S i ' - - ' -  0 

--0.15 

e) 

-0.19 -0.24 

~ ~1~01~iI01"~1 ~7 3 ~ ~.01. ~!30 .~9  ~)84 

0.05 --0,10 
H~-o.4 o . s / H  

f) H j C " ~ - - S i ~ H  

Fig. 3. Gross charges and overlap populations, calculated with and without d-AO's: a) H2CO, 
b) H2CS, c) H2SiO, d) H2SiO, with d-AO's, ~ and ~r-contributions separately, e) H2SiO, 
without flat s and p-AO's at O, f) H2CSiH= (Ref. [14]) for comparison 
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Experimental values for the polarizability are very scarce, such that in spite of the 
rather large errors in theoretical values they may serve as useful estimates when no 
data are available. 

7. Population Analysis and Role of the d-AO's 

The Mulliken [26] gross and overlap populations give some insight into the bonding 
situation in molecules. Although the actual values of these populations depend to 
some extent on the chosen basis and should hence not be taken too literally, 
differences between different molecules obtained with comparable basis sets, are 
usually meaningful. 

On Fig. 3 molecular diagrams based on the total gross populations, and the overlap 
populations for the bonds are given for H2CO, H2CS and H2SiO. 

The difference in the effective charges is significant. The CO bond is quite polar, the 
CS bond nearly unpolar, whereas the SiO bond with the charge transfer of nearly 
one electron is highly polar. The higher polarity of the CH bond in H2CS as com- 
pared to that in HzCO is probably responsible for the higher bond strength. 

The overlap population of the X - - Y  bonds decreases in the order CO, CS, SiO 
which indicates decreasing double bond character. 

The populations of d-AO's are given in Table 1 I. 

One sees that they are very small, and only for Si in H2SiO of the same order of 
magnitude as for P in the "hypervalent"  H3PO [6]. Even for Si the d-AO's cannot 
be regarded as valence-AO's. They rather serve to deform the p-AO's. 

Inclusion of d-AO's reduces the polarity of the XY bond and increases its overlap 
population. This effect is most spectacular in H2CS. 

We have already mentioned that for an appropriate description of H~SiO "f la t"  
s and p functions on O have to be included. These additional functions serve to 
stabilize the negative charge on O, and in fact they increase the polarity of the SiO 
bond and reduce the overlap population, i.e. they make the bond more ionic. In 
the population analysis quoted in this section these flat functions were included for 
H2SiO, i.e. basis B was used for H2SiO, but basis A for H2CO and H2CS. 

One sees from Fig. 3 that the 7r and the a-bond in H2SiO give roughly the same 
contribution to the polarity of the molecule. 

The SiC bond in H2CSiH2 has been described as highly polar [14], but the charge 
transfer from Si to C is only about half as large as in H2SiO. 

TaMe 11. Population of d-AO's in H2XY 
X Y 

a Basis A, i.e. without flat s and p-AO's on O. 
b Basis B, i.e. with fiat s and p-AO's on O. 
c Ref. [6]. 

H2CO a 0.105 0.020 
H2CS a 0.045 0.077 
H2SiO b 0.234 0.012 
H2SiO ~ 0.224 0.0t3 
H3PO ~ 0 .30  0.05 
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8. Orbital Energies and Binding Energies 

The orbital energies and the total energies from the calculations with the most 
extended basis sets for H2CO, H2CS and H~SiO at geometries close to the equili- 
brium are given in Table 12. This table is self-explanatory. 

In order to get an estimate for the strength of the XY bond we have calculated the 
energy of the two reactions (consistently with basis set A) 

a) H2XY--~ H2X + Y 

with all species in their respective ground states. Since correlation effects which 
contribute considerably to the energy of this reaction are not sufficiently well 
described by basis A this estimate is expected to yield too small bond dissociation 
energies. 

b) H2XY + H2--~ H2X + H2Y 

with all species in their lowest closed-shell singlet states. From known values [48] 
for the heats of formation of H2, H2X, H2Y we get a second estimate for the bond 
dissociation energies. 

Table 12a. Orbital Energies in Hartree 

H2CO H2CS H2SiO 
basis B basis A basis B 

lal -20.5767 
2al - 11.3448 
3al -1.4117 
4al -0.8640 
lb2 -0.6926 
5al --0.6530 
lbl(~) -0.5387 
2b2 -0.4394 

lal --91.9379 lal -68.8486 
2al - 11.3257 2al -20.5670 
3al -8.9441 3al -6.1986 
4al -6.6172 4al --4.3013 
lbl -6.6156 lbl -4.2991 
lb2 -6.6136 lb2 -4.2980 
5al -- 1.0599 5al -1,2688 
6al -0.8072 6ai -0.7170 
2b2 -0.6329 2b2 -0.5556 
7al -02295 7al -0.5272 
2b1(~) -0.4091 2b1(~) -0.4577 
3b2 -0.3413 3b2 -0.4470 

r(C--O): 1.199 
r(C--H): 1.115 
<~HCH: 116.3 

r(C--S) 1.611 r(Si--O) 1.522 
1.086 r(Si--H) 1.471 
115.2 ~HSiH - 110.0 

Table 12b, Total energies in Hartree 

H2CO HzCS H2SiO 
basis B basis A basis B 

SCF -113.8982 -436.4011 -364.7344 
IEPA -114.3146 -436.7446 -365.1432 
CEPA -114.2365 -436.6964 --365.0743 
CI -114.2077 -436.6575 -365.0502 
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Tak ing  into account  correct ions  for  ze ro-po in t  v ibra t ions  we obta in  the fol lowing 
X Y  b o n d  dissociat ion energies (in kcal /mol)  

compu ted  exper imenta l  
me thod  a) me thod  b) [47] [60] 

H2CO 150 193 173 • 6 172 • 3 
H2CS 104 139 124 • 7 129 • 5 
H2SiO 118 155 - -  

F r o m  this we predic t  a value of  140 + 5 kca l /mol  for  H2SiO. This is much  smal ler  
than  the dissocia t ion energy of  the SiO molecule  (192.2 kca l /mol  [27]), bu t  larger  
than  what  one might  expect  for  a SiO single bond  (80-90 kca l /mol  [28]) and  even 
larger  than  the SiO bond ing  energy in quar tz  ( ~  119 kcal /mol) .  

A , r -contr ibut ion to the SiO binding energy in Me2SiO has been es t imated [29] as 
> 38 kcal /mol .  This is consis tent  with our  results  for  the to ta l  SiO bond ing  energy 
and current  es t imates  for  the energy o f  a single SiO bond.  Ahlr ichs  and  He inzmann  
[14] have compu ted  the ro ta t iona l  bar r ie r  of  H2C- -S iH2  as ~ 4 6  kca l /mol  and  
p roposed  to regard  this value as a measure  of  the ~r~binding energy in H 2 ~ S i H 2 .  
The  order  of  magni tude  o f  the rr-binding energy o f  the S i - - C  b o n d  is hence the 

Table 13. Contributions of the various valence shell 
pairs to the IEPA correlation energy (negative, 
in Hartree) a 

C2H4 b H2CO H2CS H2SiO 
basis A basis A basis B 

cc  0 . 0 2 5 1 1  0.02716 0.02290 0.02398 
h h  0.03006 0.03147 0.03044 0.02935 
nn  - -  0.02166 0.02175 0.02204 
l c h  0.00527 0 .00381  0.00527 0.00102 
~cn - -  0.01014 0.00594 0.01241 
l c c '  0.01510 0.01655 0.01376 0.01423 
~hn - -  0.00084 0 .00061  0.00038 
~hn" - -  0.00103 0.00073 0.00070 
l h h '  - -  0.00599 0.00594 0.00233 
i n n '  - -  0.01039 0.00846 0.01096 
3eh 0.00865 0.00639 0.00844 0.00202 
3cn - -  0.01548 0.00995 0.01790 
3cc '  0.01932 0.02360 0.01882 0.02103 
3hn - -  0.00121 0.00103 0.00068 
3hn" - -  0.00155 0.00139 0.00095 
3hh '  - -  0.00894 0.00910 0.00371 
3nn '  - -  0.01459 0.01136 0.01634 

The abbreviations for the localized orbitals mean: 
c = CC,CO, CS or SiO banana bond, h = CH bond, 
n = lone pair, I x y  means that the pair x y  is coupled to 
a singlet, 3 x y  to a triplet. For geometries see Table 12. 

b Ref. [9]. 
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HaCO H2CS 
Table 14. Pair coupling terms A~,~ which 

H2SiO satisfy I ~ 1  >-- 0.001 a.u. ~ 

cc, lcc" -0.00189 -0.00167 - -  
cc, acn 0.00215 0.00103 0.00273 
cc, ace' 0.00385 0.00309 0.00340 
cc, ach - -  0.00106 - -  
hh, ~hh' 0.00109 0.00104 - -  
hh, ~ch - -  0.00100 - -  
nn, acn 0.00144 0.00110 0.00219 
nn, ann' 0.00135 0 .00131 0.00186 
nn, inn'  - -  0.00165 - -  
ann', acn 0.00122 - -  0.00180 
acn, 3c'n 0.00228 0.00150 0.00256 
3cn, 3cn" 0.00141 - -  0.00209 
acc', acn 0.00186 0.00118 0.00228 
3cn, lcn 0.00160 - -  0.00239 
8ch, lch - -  0.00100 - -  
acc', lcc" 0.00420 0.00318 0.00359 
ahh', lhh" 0.00107 0.00105 - -  
ann', inn" 0.00129 0 .00121 0.00170 
acn, ~cc' - -  - -  0.00113 
3cc', lcn - -  - -  0.00111 
acn, lc'n - -  - -  0.00106 As to the notation of the pairs see the 

footnote to Table 13. 

same as for the S i - -O  bond. It  is hence not  astonishing that  either bond  has a 
strong tendency to polymerize (or oligomerize) i.e. to form two single SiC (or SiO) 
bonds  rather than one double bond. 

9. Analysis of  the Contributions to the Correlation Energy 

In  a previous series o f  papers we have analyzed the different contributions to the 
correlation energy for  some small molecules [7-9], a similar analysis for H2CO, 
H2CS and HaSiO is complementary.  

In Table 13 we give the contributions o f  the different pairs in a localized representa- 
t ion of  the three HzXY molecules together with the corresponding values for 
ethylene. As one expects, the contributions of  similar pairs are quite comparable,  
a l though even the C H  bonds differ somewhat.  Table 13 confirms the trends, 
observed previously [7, 8] concerning differences in first and second row elements. 
Complementary to Table 13 the most  important  pair coupling terms are given in 
Table 14. One sees that  the number  o f  relevant pair coupling terms is relatively 
small and that  all these pairs are either fully joint  or semijoint (for the notat ion see 
Ref. [11]) and refer to the coupling of  pairs that  have at least one a tom in common.  
With one exception all the coupling terms (between localized pairs) are positive. 

10. Conclusions 

We have confirmed in this study that  with standard basis sets including the necessary 
polarization functions, equilibrium distances can be obtained on C E P A  level with 
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an error of  a few thousands on an A and that comparison with experiment is only 
meaningful if one compares re with re-geometries. 

As far as harmonic force constants are concerned no serious problems seem to exist 
on CEPA level for stretching of  single bonds and for bending, whereas for double- 
and triple-bond stretch the inclusion of singly substituted configurations is 
necessary. Off-diagonal force constants from theory are probably more reliable 
than those f rom experiment. The comparison of theoretical and experimental 
harmonic frequencies is hence more significant than that of the force constants. 
Correlation has little effect on the second derivative of the energy, such that one 
nearly obtains the correct force constants if one differentiates twice the SCF energy 
at the CEPA or the experimental geometry. 

The CH bond is significantly stronger in H2CS than in H2CO. 

The calculation of dipole moments requires rather large basis sets (at least two 
sets of  polarization functions) and the inclusion of singly substituted configurations. 
The CEPA-results differ then from experiment by ~ 0.1 Debye and are significantly 
better than SCF results, while PNO-CI agrees somewhat better with experiment for 
H2CO and CO. 

Dipole polarizabilities require still larger basis sets (three sets of  polarization func- 
tions) but are not very sensitive to correlation effects. 

In H2SiO the O atom carries such a large negative charge that flat s and p-AO's  on 
O are necessary. The population of the d-AO's is small in all molecules studied. 
I t  is largest on Si in H2SiO, but even there the d-AO's are "polarization functions" 
in the proper sense and not valence-AO's, much like in H3PO. 

We predict a binding energy of 140 _+ 5 kcal/mol for H2SiO with respect to H2Si 
(1A1) + 0 (~P). 

The pair contributions to the correlation energy are consistent with previous 
analyses, especially as far as differences between first and second-row elements are 
concerned. 
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