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Non-empirical molecular quantum chemical calculations were performed on formyl 
fluoride (HCOF) in the LCAO-MO-SCF framework using Gaussian type functions as atomic 
orbitals. In the first half of this paper a quantitative correlation has been established between 
some of the calculable molecular properties of HCOF and the size of the basis set used. I t  is 
hoped that the basic conclusions are general enough to be applicable to calculations of similar 
type on different molecules. The second part consists of a preliminary SCF study of HCOF in 
its electronic ground state. 

La molgeule de fluorurc de formyle (HCOF) a 6t6 calcul6e d'une manibre non semi-empiri- 
que dans lc cadre de la m6thode LCAO-MO-SCF en utilisant des fonctions du type gaussien 
en taut qu'orbitales atomiqucs. Dana la premibre moiti6 de cet article une eorr61ation quantita- 
tive cat 6tablie entre certaines propri6t6s mol6culaires de I-ICOF caleulables et la dimension 
de la base utilis6e. On esp~re clue les conclusions fondamentales sont suffisamment g6n6rales 
pour pouvoir @tre appliqu6es ~ des ealeuls du mgme type sur des mol6cules diff6rentes. La 
seconde partie consiste en une 6rude SCF pr61iminMre de HCOF dana son 6tat fondamental. 

Im Rahmen des LCAO-SCF-MO-Verfahrens werden nicht-empirische quantenchemische 
Rechnungen am Formylfluorid (HCOF) mit Gaugfunktionen als Atomfunktionen durchgefiihrt. 
In dcr ersten Hglfte dcr Arbeit wird eine quantitative Beziehung zwisehen den berechenbaren 
molekularen Eigenschaften yon ItCOF und der GrSge des benutzten Basissatzes aufgestetlt. 
Man hofft, dag die grundlegenden Schliisse allgemein genug sind, um bei Rechnungen i~hn- 
licher Art an anderen Nolekiilen angewandt werden zu kSnnen. Bet zweite Tell besteht aus 
einer vorl~ufigen SCF-Studie des Grundzustandes yon I-ICOF. 

1. Introduction 

In the last few years a number of quantum mechanical computations have 
been performed on small chemical systems utilizing gaussian functions [23, 24] as 
atomic orbitals. Among the 10 electron hydrides I-IF, (I-10)-, H20 , (If30)+ (each 
of which contains one heavy atom, and possesses core, ~ and ~ electrons), were 
investigated by I-IAm~ISON and MOSKOWlTZ [15, 21] while the 16 electron ethylene 
(which contains  two h e a v y  a toms and possesses core, ~ and ~ electrons*) was 

* In our phraseology "heavy atom" means elements from the second and third row of the 
periodic system (i.e. from Li to C1). The approximate grouping of electrons [8] into classess 
"core", "e",  "~" and "n" (i.e. "K-shell", "~", "~r" and "nonbonding") electrons is used in the 
chemical sense, even when symmetry allows mixing within each other in the MO approach. 
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t reated by  I~OSKOWITZ and I-IA~RISO~ [20]. This paper  will deal with the 24- 
electron formyl fluoride (which contains three different heavy atoms and exhibits 
the properties of both core, a, ~, and n electrons). The system is planar in its 
ground state, having no symmetry  element other than the plane of the molecule. 
Because of its low symmetry  it may  be expected to provide quite an exacting test  
of the usefulness of gaussian functions. Any conclusions drawn from these calcula- 
tions may,  perhaps, have greater generality than any drawn from the results of 
calculations on more highly symmetric molecules. 

Formly fluoride (tICOF), however, has not been chosen for generality only, 
but  also because it exhibits a great variety of interesting physical and chemical 
features in spite of its small size. 

1.t Structural and Physical Properties of Formyl  Fluoride 

Tab. ~ summarizes the experimental structural parameters  of HCOF, so far 
reported in the literature. Although the structure of this planar molecule is fairly 
well defined, the position of the hydrogen atom seems rather  uncertain. The OCtt 
angles reported are distributed over a range of approximately 20 ~ I f  the substitut- 
ing oxygen and fluorine atoms on the carbon were identical in every respect the 
OCH angle would be ~19 ~ (reported values range between i t 0  ~ and i29~ I t  was 
difficult to assess the reliability of the values reported, but  intuitively it would 
seem likely tha t  the hydrogen should be closer to the oxygen. Thus the values of 
Ref. [10] were preferred and used in the initial study. These values are shown in 
the first line of Tab. i. 

Fig. f shows the structure of the formyl fluoride molecule in relation to the 
x, y, z, right-handed coordinate system selected for the study. The z axis, which is 

Table 1. Experimental structural parameters o/formyl fluoride 

Exp. r(C - F) r(C = O) r(C - I - I )  <~FCO <):HCO <):HCF 
Method ~ngstrSm Degree Ref. 

Micro- t.345 1.t85 1.082 12i.9 110.2 127.9 [10] 
Wave 

Micro- 1.338 1.181 t.095 t22.8 127.3 109.9 [19] 
Wave • ~0.005 • • 0.5 • 3.0 =L 3.0 

Micro- 1.341 1.183 1 A00 122.7 129 108 [17] 
Wave 

Micro- 1.34t 1.182 1.087 t23.04 t23 t t4  [9] 
Wave • J=0.003 • • 0.002 

Infra 1.3428 1.t857 (t.080) a 122.6 [26] 
Red 

Micro- t.345 1.190 1.093 t21.1 t20.7 118.2 [7] 
Wave 

Eleetr. I. 351 t.192 t 2t. 9 [16] 
Diffr. • =L0.01t • 0.9 

Assigned. 



Non-Empirical Calculations with Gaussian Type Functions. I[  219 

not shown on the diagram, is perpendicular to, and points out of, the plane of the 
molecule. Since this molecule is conveniently considered as a general formyl deriva- 
tive, both  x and y axes of the major  coordinate system were chosen to pass through 
the carbon atom, while the local coordinate axes (xstjB and Ysus) of the substi- 
tuent  were chosen so tha t  YSUB passed through the carbon atom. The axes of 
moment  of inertia (a. b) used in microwave spectroscopy are also represented in 
Fig. I. Dipole moment  values measured on the basis of Stark effect by  microwave 
spectroscopy are given with respect to this coordinate system (a, b). Since in the 
present calculation x and y axes are used as reference system, the dipole moment  
components/~a, #s, were t ransformed to #z and #y. The values are shown in Tab. 2. 

The near ultraviolet (~900--2900 A) 
spectrum of formyl fluoride has been 
studied by  several authors [11, 13, 1~]. 
Two types of excitations were distingui- 
shed [13], a low intensity band 0tmax = 
2100 A, e = 50 om -1 .mo1-1) and anextreme- 
ly weak band (~max = 2680 A, c = 0.01 
em-l 'mol-1) .  I t  has been suggested [8] 
tha t  the first one of these is a ~r* ~-n  
(singlet-singlet) excitation with an origin 
at 37.500 cm -1 (2667 A) while the second 
one remained unassigned. A Pople-Pari- 
ser-Parr semiempirical LCAO-MO-SCF 

I 
Y 

Y~~ ii'\ i "  

...... 13:.-.-.:..;\ - 

Fig.~l. Coordinate systems for the ~OOF molecule 

calculation [12] agreed with the ~r* +- n assignment, since the energy difference 
obtained (4.72 eV before and 4.27 eV after CI) matched the experimental value of 
5.3 eV reasonably well. 

On the basis of vibrational analysis [13] the stereochemistry of the ~r* +-n 
excited state was found to be different from tha t  of the ground state. Calculations 
of the excited state inertial constants predicted a pyramidal  conformation, similar 
to tha t  found for formaldehyde in its Jr* +- n excited state. Given in Tab. 3 are the 
predicted geometrical parameters  of the formyl fluoride ~r* +-n excited state, 
including A, the acute angle between the plane of the ttCO nuclei and CF axis [13]. 
The numbers given in parentheses arc taken from L~BLA~c et al. [17]. Although 
an appreciable deviation from planari ty seems to be established, there seems to be 
no evidence of inversion of the pyramidal  structure [13]. 

Table 2. Experimental dipole moment~ o//ormyl fluoride 

~xp. I so I I w  t Iv i [ w  L Iv,  I t~f .  
Method Debye 

Micro- 0.595 1.934 2.02 IA49 1.666 [17] 
Wave =~0.006 • • A0.0i2 • 

Micro- 0.58 1.91 t.99 1.t7 t.62 [8] 
Wave ~=0.02 • • • • 

Micro Lvo I < lsb I - -  I w  I < Iv ,  I [7] 
Wave 
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Table 3. Experimental Structural parameters o//ormyl ]luoride in the ground and lowest excited 
singlet states 

Electronic r(C - F) r(C - O) r(C - H) <):FCO ~HCO 
Statue _~gstrSm Degree 

. 0 �84 

Excited S,ate [13] 

(~.34) 1.35--1.38 (1.10) 106--~13 (129) 20 

O 
II 
C 

Ground State [17] 

L34 IA8 iA0 122.7 :129 0 

2. Results and Discussion 

In  this paper we present the results of some calculations on formyl fluoride in 
its ground electronic state. In  a later paper we shall present the results of calcula- 
tions on the z* +-n and z* ~-n  excited singlet and triplet states. The physical 
properties of the molecule calculated were the electric dipole moment,  the electron 
density, and the total, electronic, binding and orbital energies. 

The initial investigations [2, 4] were performed with a small basis set (referred 
to as the "minimal"  set), chosen in the light of some recently performed calcula- 
tions on small molecules [5, 15, 23, 24]. The aim was to adjust and increase this 
basis set systematically until a satisfactory one was found. I t  was hoped tha t  a 
systematic s tudy would reveal in a quanti tat ive manner the relationship between 
the size of the basis set (N) and the numerical accuracy of the results obtained. 

2.1 Calculation with Minimal Basis Set 

A set of atomic functions assembled from three s-type (3 s) and one p- type ( ~ )  
gaussian functions on each of the heavy atoms and one s-type (i s) gaussian func- 
tion on the hydrogen a tom was considered [2] to be a minimal gaussian basis set. 
The minimal gaussian basis set for formyl fluoride thus consists of 19 atomic 
gaussian type functions. Equivalent p-orbital exponents (scaled from the optimized 
nitrogen atom) were used [24] rather than  those optimized individually for 
ammonia.  The orbital exponents [6] are summarized in Tab. 4 for convenience. 
The SCF calculation gave an electronic energy of -266.883450 a.u. and a total  
energy of - t99.596526 a.u. The coefficients of the molecular orbitals are given in 
Tab. 5 together with the corresponding orbital energies. 

Electron density contour maps of some of the MO's are shown in Fig. 2 to- 
gether with approximate assignments of their "chemical" nature, though it is 
clear from the maps tha t  most molecular orbitals have an appreciable admixture 
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of atomic orbitals from all the centres. The total electron density of the molecule 
(last picture in Fig. 2) is the sum of the twelve occupied orbital densities. 

in  addition to the fact that  these electron density contours provide an approxi- 
mate model for the electronic distribution in the system it is also hoped that  the 
geometry of these orbital electron density maps will help in understanding the 
stereochemistry of "transition state" formation in chemical reactions [3]. 

The binding energy [6] was found to be t.32202 a.u. (about 830 kcal/mole) as 
the difference of calculated total molecular ( -{99.59653 a.u.) and calculated total 
atomic (-{98.2745{ a.u.) energies [25]. No experimental binding energy is re- 
ported in the literature, but the value obtained (830 keal/mole) seems to be 

Table 4. Orbital exponents used [or HCOF in the minimal basis set assembled ]rom Gauss{an 
type/unctions (GTF) 

i U~ Centre Orbital i ~ Centre Orbital 
Exponent (cr Exponent (a) 

t s C 0.634 11 py 0 0.749 
2 s C 5.00 t2 p. O 0.749 
3 s C 39.6 13 s F 1.55 
4 p.~ C 0.382 '14 s F t2.5 
5 py C 0.382 1̀5 s F 96.5 
6 p~ C 0.382 1̀6 psvBx F 0.978 
7 s 0 t.20 ~[7 psuB~ F 0.978 
8 s 0 9.45 18 p~ F 0.978 
9 s 0 74.7 1̀9 s H 0.380 

10 p~ 0 0.749 

unreasonably large. Estimates for the total binding energy were obtained using 
as a basis Pauling's rule for the additivity of bond energies corrected for the total 
zero point energy. The values obtained using different bond energies (Tab. 6) 
range between 348.5 and 1t3.9 kcal/mole. 

The net atomic and overlap electron populations of atomic orbitals obtained 
by Mulliken's population analysis are given in Fig. 3 in square and round paren- 
theses respectively. The net charges (dq) obtained indicate that  O, F are partially 
positive and C and H are partially negative. This is directly opposite to the distri- 
bution expected from atomic electronegativities. 

As expected, the incorrect electron population, is also reflected in the electric 
dipole moment. The absolute value of the calculated dipole moment (1 # l  = 
2.3440 Debye) is reasonably close to the experimental value (Tab. 2) but the 
actual components calculated (/~x = + 2.2930, #y = -- 0.4867 Debye) given a direc- 
tion about {00 ~ from the experimental one (Fig. 3). All these facts indicate that  
only a qualitative picture can be obtained from a calculation with a minimal 
number of gauss{an type functions, and for numerical accuracy it is desirable to 
use more extensive basis sets. 

2.2 Variation of Basis Sets 

The basis set was varied simply by increasing its size and altering the way in 
which the orbitals were distributed among the centres. The orbital exponents for 
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Fig. 2. Three dimensional orbital and ~otal elec~z'on density contour models 

the basic functions were found using the scaling rules of  Part I on the exponents 
obtained from a careful calculation on the neon [6]. 

The problem is now given the maximum number of functions N that it is 
possible to use in a calculation (a number determined by the computational 
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machinery and time available), how should the functions be distributed among 
the centres to give the best results. This problem is peculiar to  completely un- 
symmetrical molecules like the one studied here. The only a pr ior i  l imitation is 
that there must  be sufficient functions to describe the molecular electrons. In a 

16 Theoret. chim. Acta (Berl.) VoL 6 
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Table 5. The optimum coe]/icient matrix (Y~)  and orbital energies (s~) calculated with the minimal 
Gaussian basis set on IKCOF 

Mol. Orbital 
Orbital Centre ~ ~ ~ ~ ~ ~/p~ Energy 

(a.u.) 

(3 Y,1 Y,2 Y,3 Y,4 Y,s Y,s 
r Cr 0 Yr7 Yr8 Yr9 Y*lO Yrll Yrl* 

F Yrla Yrla Yrls iYrls Y,I7 YrlS 
H Yrl9 

er 

I a 1 C -0.000358 0.000208 -0.000024 -0.001275 0.000607 0. 
(lsF) 0 -0.000211 0.000047 -0.000001 0.000268 0.000116 O. 

F 0.034178 0.796156 0.303952 0.000032 0.001081 0. 
H -0.000481 

-25.825500 

2 a 2 C 0.001143 -0.000372 0.000027 0.000086 0.001259 0. 
(tso) O -0.033113 -0.794018 -0.307608 -0.000064 0.001812 0. 

F 0.000113 -0.000029 -0.000002 -0.000123 0.000049 0. 
I-I 0.000203 

-20.105600 

3 a a C -0.027471 -0.788624 -0.318353 -0.000286 0.000351 - 0 .  
(lsc) 0 -0.000206 0.000555 0.000145 0.000050 0.002229 - 0 .  

F 0.000494 -0.000051 0.000023 -0.000027 -0.000070 - 0 .  
H -0.000151 

- t l .004700 

4 a ~  C 
(C-F) 0 

F 
t I  

0.249173 -0.119748 -0.027231 0.381635 -0.160464 - 0 .  
0.073045 -0.021203 -0.004074 -0.027129 -0.057045 - 0 .  
0.877862 -0.389209 -0.089196 -0.000758 0.002285 -0 .  
0.164377 

- 1.365700 

5 a 5 C 0.407906 -0.188209 -0.043511 0.011297 0.410699 0. 
(C-O) 0 0.676267 -0.324213 -0.075846 -0.001443 -0.060068 0. 

F -0A01819 0.050266 0.011964 0.006561 0.071057 0. 
t t  0.151989 

- t.229000 

6 a s C 0.424108 -0.217543 -0.054067 -0.180442 -0.283624 - 0 .  
(C-H) O -0.333076 0.155409 0.036467 -0.067619 -0.247618 - 0 .  

F -0.253788 0A03917 0.023604 -0.075499 0.238987 - 0 .  
I-I 0.402852 

- 0.656700 

7 a T G -0.176385 0.068606 0.017038 -0.402485 -0.026741 0. 
(n~) O 0.222690 -0.088349 -0.019949 -0.293375 0.193567 0. 

F 0.399035 -0A5042i  -0.033382 -0.184693 -0.439184 0. 
H 0.272295 

- 0.407400 

8 ~1 C - 0 .  0. - 0 .  0. - 0 .  
(C=F) 0 0. - 0 .  0. - 0 .  - 0 .  

1~ - 0 .  0. - 0 .  0. - 0 .  
H 0. 

-0.670677 
-0.355241 - 0.333900 
-0.473958 

9 a  s C 
(nor) O 

F 
H 

0.035562 0.010349 0.005723 0.069490 -0.259072 0. 
0.456520 -0.168297 -0.037527 0.070817 0.647543 0, 

-0.185161 0.067738 0.015008 -0.289185 0.375320 0. 
0.078579 

- 0.257700 



Non-Empirical  Calculations with G~ussian Type Functions.  I I  

Table 5 (Continued) 
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IV[o]. 
Orbital Centre ~/~ 

Orbital  
Energy  
(a.u.) 

10 % C 
(nF.) O 

F 
IY 

11 zc 2 C 
(C O) O 

F 
II 

12 11o C 
(no~) O 

F 
H 

13 7I ~ C s 
(c[o) o 

F 
H 

t4 ~* C 
(C[H) o 

H 

0 

16 a~s O 
O 

I{ 

17 ,~* C 
0 
F 
t t  

t 8  q*5 0 
0 
F 

19 (~* c 
O 
F 
H 

16" 

0.095813 -0.030410 -0.007426 -0.079005 -0.049680 - 0 .  
0.005956 0.000778 0.000657 0.029654 -0.332345 - 0 .  
0.014758 -0.004556 -0.000970 -0.880996 -0.044408 - 0 .  

-0.401734 

- 0.135200 

- 0 .  O. - 0 .  O. - 0 .  
O. - 0 .  O. - 0 .  - 0 .  

- 0 .  O. - 0 .  O. - 0 .  
O. 

0.212403 
0.538610 - 0.071700 

-0.808653 

0.094957 -0.016969 -0.002856 -0.048173 -0.019533 - 0 .  
0.017215 -0.005962 -0.001347 -0.883143 -0.021008 - 0 .  
0.013192 -0.004700 -0.000843 0.092391 0.326895 - 0 .  

-0.397877 

- 0.070600 

- 0 .  O. - 0 .  O. - 0 .  
O. - 0 .  O. - 0 .  - 0 .  

- 0 .  O. - 0 .  O. - 0 .  
O. 

-0.766912 
0.805303 
0.373726 

0.566800 

0.969977 -0.318431 -0.068837 -0.522408 -0.537890 - 0 .  
0.167863 -0.036478 -0.006689 0.156920 0.149855 - 0 .  

-0.068558 0.031657 0.007399 0.243483 -0.397383 - 0 .  
-0.958705 

0.768400 

0.254078 -0.117831 -0.027735 1.t11229 0.186975 9. 
-0.256702 0.085809 0.018618 -0.423251 0.327361 0. 
-0.514013 0.173432 0.037561 -0.183189 -0.684484 0. 

0.634587 

1.099800 

-0.602593 0.188636 0.039602 0.337041 -1.035286 0. 
0.869776 -0.265335 -0.056383 -0.117817 -0.820481 0. 

-0.343408 0.107068 0.022711 0.170538 -0.275906 0. 
0.125458 

t.369700 

0.385836 - 1 . 0 1 1 7 t l  
-0.054776 0.007344 
-0.010371 0.002847 
-0.083463 

1.t25666 -0.033925 0.022960 - 0 .  
0.013710 0.004641 0.070756 - 0 .  
0.002883 -0.000645 -0.035131 - 0 .  

30.516500 

-0.053745 0.033465 -0.016743 -0.004336 -0.096301 
0.359735 -0.994752 1.128295 0.000384 -0.051879 

-0.009327 -0.001753 0.005360 0.010810 -0.007729 
-0.014308 

0.005657 -0.007311 0.003485 0.059165 -0.029778 
0.013683 -0.008097 0.005882 -0.013318 -0.008547 

-0.327577 0.983116 -1 . t28492  -0.000592 -0.022963 
0.024234 

0. 

0. 57.350300 
0. 

0. 

0. 73.675599 
0. 
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Table 6. The predicted tota~ binding energy o/HCOF ]rom ex- 
perimental and empirically correlated dissociation energies 

Experimental Empirical 
PAII~ZNr [22] 1VIOK:EZVIE [18] 

C=O ~42. 181.5 
C-F 107. t18.5 
C-H 87.3 t01.7 

Total dissociation energy 336.3 401.7 
(KcM/mole) 

Total zero point energy~ 12.2 t2.2 
(KeM/mole) 

Total binding energy 348.5 413.9 
(Kcal/mole) 

a The total zero point energy has been estimated from IR 
frequencies [26] with the following formula Ez.p. = 1.44 x 10 za x 

6 ~  6 
x �89 Zv~=1.43 x 10 -8 Z m = l . 4 3  x 19 -8 x (2981.0+ 

~=1 '~=1 
+ 1836.9 + 1342.5 + ~067.8 + 662.5 + t000.0) = 12.71 

Kcal/mole. The value ~s = 1000 em -1 is an estimated figure 
from the deuterium isotope spectrum. 

more symmet r i ca l  molecule,  such as e thy lene  [20], the  p rob lem does not  appea r  
so acute  as the  d i s t r ibu t ion  of  funct ions  is d i c t a t ed  a lmos t  en t i re ly  b y  s y m m e t r y  

!p.29).,.-"" i 
[1"22] H ....... ~e, 
6"q=-0.365 

!i c~:~: 0"225 

~ 0,265 ~< 

~P'r (0'7Z) '..,,, 

"F C8.21] 
r 

Fig. 3. Dipole moment, gross overlap electron popu- 
lations, not atomic electron populations and net 
charges (q) of ItCOF obtained from the minimal 

Gaussian basis set 

considerat ions.  
I n  the  presen t  work  three  series of  

ca lcula t ions  were pe r fo rmed  in an  a t -  
t e m p t  to  ob ta in  at  leas t  pa r t i a l  and  
p re l imina ry  solut ions to  the  d i s t r ibu t ion  
problem.  

I n  the  first series, equal  numbers  of  
funct ions  were p laced  on each of  the  h e a v y  
a toms  (symmetrical improvement). I n  the  
second series, new funct ions  were a d d e d  
to  one centre  only  (unsymmetrical im- 
provement). I n  bo th  these series of cal- 
cula t ions  the  n u m b e r  of  funct ions on 
the  hydrogen  a tom was kep t  cons tant ,  
as i t  was fel t  t ha t ,  to  a first approx ima t ion ,  
the  phys ica l  p roper t ies  of  the  molecnle  

would be de t e rmined  ma in ly  b y  the  h e a v y  a toms.  I n  a t h i r d  series of  calculat ions  
the  effects of  va ry ing  the  number  of  basis  funct ions  on the  hydrogen  a tom was 
examined  (hydrogen improvement). 

As well as the  calculat ions on the  molecules,  calculat ions on the  sepa ra t ed  
a toms  were pe r fo rmed  using the  same basis  sets as in the  molecular  calculat ions.  
This p rov ided  a " c o m p a r a b l e "  set  of  s epa ra t ed  a t o m  energies f rom which b ind ing  
energies were ca lcu la ted  (cf. Sect ion 2.3 of  Ref.  [6]). 
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2.2.1 Symmetrical Improvement 

I n  the symmet r ica l  i m p r o v e m e n t  of the  basis set e i ther  the number  of  s- type 

funct ion  was increased by  two or the  number  of p- type  funct ion was increase by  

one (i.e. one in eve ry  di rect ion:  Px, Py, Pz); or both,  f rom one discrete set to 
another.  All  the  combinat ions  wi thin  the  g iven range (3 s g x s ~ 7 s and ~P 

yr  ~ 3P) gave nine dis t inct  basis sets wi th  m i n i m m n  number  of 19 and a m a x i m u m  

number  of 49 a tomic  functions.  

The to ta l  and orbi ta l  energies for some of the  symmet r ica l ly  improved  basis 

sets are g iven in Tab. 7 for the var ious basis sets. Simple exponent ia l  funct ion  

were f i t ted to the values for fixed s and p basis sets, and ex t rapo la ted  to give to ta l  

energy contours as a funct ion of  the changing basis size (Fig. 4). Exponen t i a l  

Table 7. The orbital and total energies of HCOF as obtained/ram "symmetrically improved" 
basis sets 

No. of Orbs. onC. O.F. 3 ~+1~ 5 ~ +2p 7~+3p 
Size of Basis Set 19 34 49 

a~l + 0.7684 + 0.3896 + 0.3102 
~ + 0.5668 + 0.2079 + 0.1332 
alo - 0.0706 - 0.4319 - 0.4956 
~ - 0.07t7 - 0.4803 - 0.5482 

'~  ~ 9  - 0.1352 - 0.5426 - 0.6289 
% - 0.2577 - 0.6458 - 0.7269 
~1 - 0.3339 - 0.6582 - 0.7374 
a~ - 0.4074 - 0.7311 - 0.8028 
~ 6  - 0.6567 - 0.8632 - 0.9061 
~5 - 1.2290 - ~.4737 - L4915 
% - 1.3657 - ~.6836 - 1.7123 
a~ - t~.0047 - it.4622 - 1t.4766 
~ - 20A056 - 20.6537 - 20.6072 
~ 1  - 25.8255 - 26.4306 - 26.3895 

Total Energy -199.596526 -210.4334i7 -212A13905 

ext rapola t ions  were per formed on the separated a toms also. The E values for all 

the  ext rapola t ions  are summar ized  in Tab.  8. I t  is expec ted  [5] t h a t  the enlarge- 

m e n t  of  the basis set along the  diagonal  (N = ~9, 34, 49) improved  the  wave  

funct ion towards  the  Ha r t r ee -Fock  l imi t  as far as possible wi th  sealed orbi ta l  

exponents  used. 

The  values obta ined  for some of the  binding energies are given in Tab.  9. As 

can be seen, as the  basis set increases f rom 3 s + 1~ to 7 s + 3~ on each h e a v y  a tom 

the  binding energy charges f rom 1.32202 a.u. (830 keal/mole) to about  0.289 a.u. 

(~8~.4 kcal/lnole). The binding energy obta ined  from the  smallest  basis set was 

this  considerably larger t h a n  the es t imated  value.  As the  basis set was improved  

however ,  the  value decrease and even tua l ly  fell below the es t imated  value  (Fig. 5). 
Since the binding energy is calculated as the  difference of  the  expec ta t ion  values 

of  the  energy of  two approx imate  wavefunct ions  there  is no reason to believe t h a t  

the  calculated values mus t  approx imate  the  accurate  binding energy in an "assymp-  

t o t i e "  manne r  as the  wave  funct ions gradual ly  improved.  A shnilar behav iour  

for de r iva t ive  propert ies  of  hydrogen  fluoride has been discussed previous ly  [6]. 
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Table 8. Exponential parameters (E~, E o, fi) o/the orbi- 
tal and total energies obtained by ]itting an exponential 

(E = Eoo + Eo e -~ )  along the diagonal (q) 

a~ + 0.2891 2.2864 0.4334 
3" + 0A136 2.1776 0.4353 
alo - 0,5092 2.4879 0.48t4 
~2 - 0.5617 2.9489 0.4978 
% - 0.6521 2.4401 0.4304 
o 8 - 0.7483 2.3479 0,4342 
~ 1  - 0.7630 i.7570 0.3910 
(r 7 - 0,8202 t.8772 0.4t81 
% - 0.9174 '1.2546 0,4358 
% - ~1.4929 3.6278 0.7270 
% - 1,7152 3.8707 0.6670 
% - 1"1_.4771 15.0075 0.9592 
% Not Exponential 
cq Not Exponential 
Total 
Energy -212.42233 82.70920 0.51695 

The  exac t  b ind ing  energy  of  the  molecule  zJEexaet m a y  be w r i t t e n  as the  sum 
of  t he  following t e rms  

zJEexaet = Z~H.F.  + zJEeorr -b z~Erel �9 

The corre la t ion  energy  zJEcorr represen ts  a sys t emat i c  er ror  in  the  wave  func- 
t ion  due to  the  fac t  t h a t  an  SCF funct ion,  while t ak ing  care a t  leas t  p a r t i a l l y  of  
cor re la t ion  be tween  electrons Of para l le l  spin, does no t  t a k e  care a t  all  of  correla-  
t ion  be tween  electrons of  an t i -para l l e l  spin. AEmF.  is s imply  the  energy  ob ta ined  
in the  t I a r t r e e - F o c k  l imit .  Whi le  ZlErel is t h a t  p a r t  of  the  energy  t h a t  arises from 
re la t iv i s t i c  effects. I n  a recen t  p a p e r  C L ~ E ~ T I  sugges ted  [1] t h a t  for first  row 
a toms  z]Erel should  be r a the r  smM1, while z~Ecorr could be e s t i m a t e d  b y  summing  
the  corre la t ion  energies pe r  new e lec t ron  pa i r  c rea ted  in t he  process of  forming a 
molecule  f rom the  a toms.  I n  t I C O F  four new e lec t ron  pai rs  are c rea ted  in  forming  
the  molecule,  and  ff the  corre la t ion  energy for each of  these  pai rs  can be deter-  
mined,  z~Ecorr can be es t ima ted .  I n  th is  work  the  t o t a l  cor re la t ion  correct ion was 
e s t ima ted  mak ing  three  different  assmnpt ions  a b o u t  the  na tu re  of  the  pai rs  formed.  
The resul t ing  th ree  values  of  zJEcorr are shown in Tab.  i0,  and  the i r  close agree- 
m e n t  encourages the  hope t h a t  the  es t imates  are meaningful .  The prefer red  value  
of  AEcorr is 0.263 a.u. 

Table 9. Sample binding energies of I-ICOF obtained from "sym- 
metrically improved" basis sets as the di/]erence o[ the total molec- 

ular energy and the sum o] atomic energies 

No. of Orbs. 
3 8 + t ~  5 3 + 2 ~  7~ + 3 ~  on C, O, F atoms 

Size of Basis Set 19 34 49 

Binding Energy -1.32202 -0.30673 -0.28912 
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Table 10. Estimation o/the electronic correlation correction/or the binding 
energy o] Formyl /Iuoride~ 

Classical Model Ionic ~odel Covalent :~Iodel 

O- 0 

C~+ 4 Equivalent a Bonds j C ~ .  
H F -  H F 

4 • 0.065 
2 ~ bonds 0A30 C=O 0Ali 
0 -~ O- 0.071 C-F 0.100 
F -~ F -  0.075 C-H 0.052 

0.260 0.276 0.263 

The values of the components were kind]y furnished by Dr. E. 
CLEMENTI, tO whom the authors are most grateful. 

Although the above equation holds strictly only for energies calculated in the 
t Iar t ree-Fock limit, the (7 s § 3P) calculation reported here is probably sufficiently 
near this limit [5] to make a reasonable estimate of AEexact. The value of the 
binding energy obtained using the (7 s § 3P) results is 0.552 a.u. (346.5 kcal/mole) 
which is quite close to the empirically predicted one shown in Tab. 6. 

The change of dipole moment  (#) and the x and y components (/~z, #y) were 
also studied in relation to the symmetric improvement  of the basis set. With 
5 s § 2P functions on the heavy atoms the calculated dipole moment  vectors 
~grced fairly closely with the experimentally determined ones, both in magnitude 
and direction (Tab. l i  and Fig. 6). However, when more p orbitals were added 
(5 s § 3~ and 7 s ~- 3P) the dipole moment  vector rotated beyond the experimental 
direction, shifting towards the hydrogen atom. This is probably due to the fact 
tha t  the H-a tom is very poorly represented by  a single s-type (i s) function. 
Evidence for this view is presented later. 
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Fig. 6. Yariation of the dipole moment vector of HCOF as a fimction of the "symmetrically improved" basis se~ 
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Table 1t. The calculated dipole moment~ (in Debye) of I-ICOF 
as a/unction of the "symmetrically improved" bas~s set 

No. of Orbs. on 3~ + 1~ 5~ + 2~ 7 ~ + 3~ 
C, O, F 
Size of Basis Set 19 34 49 

#~ +2.2930 -~.3329 -1.9410 
#v -0.4867 -L9394  -2.1546 
I~1 2.3440 2.3533 2.9000 

The z component is always zero whenever the molecule 
is plan~r. 

2.2.2. Unsymmetrical  Improvement  

T h e  f luor ine  a t o m  was  c h o s e n  as ~he si te  fo r  local  i m p r o v e m e n t  b e c a u s e  m u c h  

o f  t h e  i n t e r e s t  in  t h e  f o r m y l  ser ies  c e n t r e s  a r o u n d  poss ib le  s u b s t i t u e n t s .  I t  was  

h o p e d  t h a t  local  p r o p e r t i e s  a s s o c i a t e d  w i t h  t h i s  c en t r e  cou ld  c a l c u l a t e d  w i t h  

g r e a t e r  a c c u r a c y  f r o m  a n  u n s y m m e t r i c a l  w a v e  f u n c t i o n .  

I n  p e r f o r m i n g  t h e  u n s y m m e t r i c a l  i m p r o v e m e n t  t h e  bas i s  for  t h e  f o r m y l  

p o r t i o n  o f  t h e  mo lecu l e  was  k e p t  f ixed  w i t h  t s on  t h e  h y d r o g e n  a n d  3 s + 2P func -  

t i o n s  on  t h e  c a r b o n  a n d  o x y g e n  a t o m s .  T h e  n u m b e r  of  f u n c t i o n s  o f  F was  v a r i e d  

in  t h e  r~nge  3 s _< x s <_ 7 s, iP <_ yP ~ 3P so t h a t  aga in  n ine  ca l cu l a t i ons  were  

p e r f o r m e d .  S o m e  o rb i t a l  a n d  t o t a l  e n e r g y  va lues  are  s h o w n  in  T a b .  ~2, a n d  t o t a l  

e n e r g y  c o n t o u r s  are  g i v e n  in  F ig .  7. I n  Tab .  13 t h e  b i n d i n g  e n e r g y  va lues  are  

g iven .  

As  m a y  be  seen  t h e  t o t a l  e n e r g y  o b t a i n e d  in  e a c h  case is worse  t h a n  t h e  t o t a l  

e n e r g y  o b t a i n e d  fo r  a c o m p a r a b l e  n u m b e r  o f  f u n c t i o n s  i n  t h e  s y m m e t r i c a l l y  

i m p r o v e d  case.  T h e  e x t r a p o l a t e d  va lue  o f  t h e  e l ec t ron ic  en e rg y ,  - 2 0 8 . 0 0 5 4 i 7  a.u.  

is s o m e  4 a.u.  h i g h e r  t h a n  t h e  e x t r a p o l a t e d  va lue  o b t a i n e d  us ing  t h e  s y m m e t r i c a l l y  

i m p r o v e d  bas i s  set .  C o m p a r i s o n  of  t h e  o rb i t a l  energ ies  i n d i c a t e s  t h a t  on ly  ~ f ew  

Table 12. The orbital and total energies of HCOF as obtained [rom 
"F-improved" basis sets 

No.of Orbs. on F 3~ + 1~ 5' + 2~ 7~ + 3~ 
Size of Basis Set 25 30 35 

* + 0.7168 + 0.5789 + 0.4929 all 
~ + 0.3432 + 0.2247 + 0.1983 
al0 - 0.2808 - 0.4122 - 0.4371 
~ - 0.2534 - 0.4677 - 0.5097 
a 9 - 0.3148 - 0.5222 - 0.5632 
a s - 0.4083 - 0.5879 - 0.6649 
~1 - 0.4954 - 0.6389 - 0.7130 
a 7 - 0.5764 - 0.7142 - 0.7662 
a~ - 0.7121 - 0.8058 - 0.8476 
a~ - 1.1843 - t.3089 - 1.3408 �9 
a t - 1.5982 - 1.6555 - 1.6868 
a s - i0.8656 - 11.0076 - 11.0503 
a 2 - i9.6032 - 19.7881 - t9.8174 
~1 - 26A319 - 26.3964 - 26.3577 

Total Energy -201,68025 -206.95166 -207.82986 
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are lower in this ease than  in the symmetrical  ease. In  particular the energy of the 
orbital a4 which can perhaps be associated with the C-F bond is invariably higher 
in this case than  in the symmetrically improved case, although the energy of the 
orbital ox associated chiefly with the fluroine core electrons is sometimes lower. 

The tendency of the dipole moment  vector to change direction as the basis 
set size is increased (Tab. 14 and Fig. 8) seems to indicate some par t  of "repulsive" 
effect caused by  more orbitals being located on the fluorine centre. 

The overall impression given by  these results is tha t  unsymmetrical  improve- 
ment  is not a successful policy. Once a certain par t  of the molecule is "frozen" the 
final outcome is limited by  the crudely represen%ed portion regardless of how well 
the remainder of the molecule is improved. This conclusion seems to apply not 
only to the case discussed but  also to the ease of "freezing" all the s orbitals while 
increasing only the number of p orbitals and vice versa, as was done when exa- 
mining the effects of symmetrical improvement  (see Tab. 7). 

Table ~3. The binding energies o/ HCOF obtained /tom "F- 
improved" basis sets as the diHerence o/total molecular energy 

and the sum o] atomic energies 

No. o f  Orbs .  3'  + 1~ 5 ,  + 2~ 7~ + 3~ 

on F atom 
Size of Basis Set 25 30 35 

Binding Energy -1.84422 -t.38636 -1.38543 
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Table 14. The calculated dipole moment ~ (in Debye) o/HOOF 
as a/unction o/ the "F-improved" basis set 

No. of Orbs. on F 3' + t~ 5~ + 2~ 7~ + 3~ 
Size of Basis Set 25 30 35 

#= +0.3253 - 0.8764 - 1.5208 
#y -4A039 -0.8970 -0.3454 

1# ] 4At68 t.2540 t.5596 

, The z component is always zero whenever the molecule 
is planar. 

2.2.3 Hydrogen Improvement  

In all the above calculations the hydrogen was represented b y  a single s- type 
function. I n  the th i rd  series of  calculations the number  of s-type functions on the 
hydrogen a tom was increased, while the number  of  functions on the heavy  atoms 
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The total  orbital and binding energies 

are in Tab. 15 and Fig. 9. The decrease 
in energy with increase in the number  
of  functions is seen to  be quite small as 
expected, bu t  it is interesting to note t ha t  
the increase has a marked effect on the 
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Fig.  8. Var ia t ion  of  the  dipole m o m e n t  vec tor  of  : gCOF as a funct ion  of  the  " F - i m p r o v e d "  basis  sets  

Fig.  9. Var ia t ion  of  the  ~otal and  b inding energies of  E C O F  as a funct ion of  the " H - i m p r o v e d "  basis  set  

dipole momen t  vector  direction (Tab. 16). Here there appears to be another  
"repulsive" effect, bu t  this t ime pushing the dipole momen t  towards the fluorine 
a tom (Fig. i0). This tendency  of  the dipole momen t  vector  to change direction 
perhaps indicates a reason for the slightly ti l ted dipole momen t  vector  obtained 
using the two largest symmetr ical ly  improved basis sets. The addit ion of  one or 
two more s-functions to  the hydrogens  in these cases could possibly correct the 
defect in the dipole momen t  direction. 
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Table 15. The orbital-, total- and binding-energies o/ HCOF /or various 
"H.improved" basis sets 

No. of Orbitals on H I~ 2~ 3~ 
Size of Basis Set (n) 28 29 30 

Orbital Energies in a.u. 
~* + 0.2431 + 0.2332 + 0.2239 
al0 - 0.3923 - 0.4100 - 0.4215 
zc 2 - 0.4415 - 0.4515 - 0.4629 
a 9 - 0.4964 - 0.5434 - 0.5261 
as - 0.5665 - 0.5701 - 0.590t 
~ 1  - 0.6265 - 0.6333 - 0.6449 
a T - 0.6672 - 0.6768 - 0.6901 
(r 6 - 0.7776 - 0.7955 - 0.8038 
a 5 - 1.2811 - ~.2954 - 1.3077 
a~ - 1.3528 - 1.3716 - 1.3905 
a a - t0.9932 - 11.0101 - 1t.0267 
a 2 - t9.7389 - 19.7687 - 19.7881 
a 1 - 25.2642 - 25.2732 - 25.2905 

Total Molecular -203.86643 -203.97481 -204.03103 
Energy 

Total Atomic 202.02935 202.09075 202.10191 
Energies 

Binding Energy - 1.83708 - 1.88406 - 1.929t2 

2.3 The  S t r u c t u r e  o f  t I C O F  in  i t s  E l e c t r o n i c  G r o u n d  S t a t e  

I n  t h e  l igh t  o f  t h e  r e su l t s  g iven  a b o v e  a bas i s  se t  m u s t  be  c h o s e n  w i t h  w h i c h  to  

p e r f o r m  t h e  s t r u c t u r a l  i n v e s t i g a t i o n s .  T h e  r e su l t s  o f  t h e  H - i m p r o v e d  bas i s  se t  

ca l cu l a t ions  sugges t s  t h a t  2 s o rb i t a l s  on  t h e  h y d r o g e n  r e p r e s e n t  on  a p p r e c i a b l e  

i m p r o v e m e n t  o v e r  t h e  s ingle  s - t y p e  f u n c t i o n ,  a n d  so t w o  s t y p e  f u n c t i o n s  on  t h e  

h y d r o g e n  were  i n c l u d e d  t h r o u g h o u t  t h e  s t r u c t u r a l  ca lcu la t ions .  T h e  poss ib le  

bas i s  se t s  for  t h e  h e a v y  a t o m s  in  o r d e r  o f  p r e f e r ence  7 s § 3P, 58 § 3p, 58 § 2p, 

38 + 2 r  a n d  38 + lP.  U n f o r t u n a t e l y  use  o f  t h e  f i rs t  t h r e e  se t s  was  r u l e d  o u t  on  

e c o n o m i c  g r o u n d s .  T h e  ca l cu l a t i ons  were  t h e r e f o r e  p e r f o r m e d  us ing  3 s § 2P on  

t h e  h e a v y  a t o m s .  

The  s t r u c t u r e  o f  H C O F  in  i t s  g r o u n d  s t a t e  was  i n v e s t i g a t e d  b y  v a r y i n g  t h e  

b o n d  l e n g t h s  R ( C - H ) ,  R(C=O) a n d  R ( C - F ) ,  t h e  O C H  angle  a n d  t h e  o u t  o f  p l ane  

Table 16. The calculated dipole moments (in Debye) o/ 
HCOF as a/unction o/ various "H-improved" basis sets 

No. of Orbs. on H 1~ 2 s 3~ 
Site of Basis Set 28 29 30 

/zx -0.1058 +0.0662 +0.3877 
juy -1.4702 -1.4182 -1.3456 

[# I 1.4740 t.4198 1.4004 

a The z component is always zero whenever the 
molecule is planar. 
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angle A. F o r  the  bond  length  var ia t ions  A 
OCt t  a t  the  prefer red  angle (section i A )  
the  one ac tua l ly  being inves t iga t ed  were 
he ld  cons tan t  a t  the i r  expe r imen t a l  values  
while t he  va r i a t i on  was per formed.  I n  
de te rmin ing  the  angle  OCH, z~ was set 
a t  0 ~ (p lanar  configurat ion) ,  and  R(C-O) 
and  R ( C - F )  were given the i r  exper imen-  
t a l  values,  while R(C-H)  was set a t  
1.024 ~ ,  a d i s tance  somewhat  longer  t h a n  
the  bes t  ca lcu la ted  one b u t  shor ter  t h a n  
the  expe r imen ta l  value.  To find the  angu- 
lar  va r i a t i on  all  the  three  subs t i t u t ing  
a toms  O, F,  H were ben t  ou t  of the  origi- 
na l  p lane  of the" molecule,  keeping all  
i n t e r a tomic  d is tances  a t  the i r  experi-  
m e n t a l  values.  

The resul ts  of  these calculat ions  are 
Figs.  t t  t h rough  13. 

was set a t  0 ~ (p lanar  configurat ion) and  
of  t i 0  ~ 2'. All  the  bond  lengths  except  

"~'Y '1' y(o-u) 
(Debye) 0 

C ' '  - - ~  -~-H /[I i _I~ i' 2 F • 

/ 

/ 

Fig, 10. Yariat ion of' the dipole moment vector of  
HCOF as a function of  the "] :Limproved" basis set 

shown in Tabs .  17 th rough  22 and  in 

Table t7. The electronic-, nuclear- and total-energy o /HCOF as a 
]unction o / C - H  bond length 

R(C-tt) Electronic Nuclear Total 
(A) (a.u.) (a.u.) (a.u.) 

0.800 -272.875374 +68.893668 -203.981706 
0.950 -271.960945 +67.949896 -204.011049 
1.024 -271.557632 +67.562797 -203.994835 
1.150 -270.936611 +66.989966 -203.946645 

Table 18. The electronic-, nuclear- and total-energy o/ HCOF as a 
o/C=O bond lenth 

R(C = O) Elcctrmfic Nuclear Total 
(X) (a.u.) (a.u.) (a.u.) 

0.900 -280.319298 +76.479465 -203.839833 
1.t85 -271.261734 +67.286924 -203.974810 
1.300 -268.413754 +64.539234 -203.874520 
t.400 -266.219219 +62.451923 -203.767296 

Table 19. The electronic., nuclear- and total-energy o /HCOF as a 
/unction o /C-F  bond length 

/~(C-F) Electronic Nuclear Total 
(A) (a.u.) (a.u.) (a.u.) 

1.000 -281.738712 +77.689701 -204.049011 
t.150 -276.629047 +72.531646 -204.097401 
1.250 -273.723854 +69.672979 -204.050875 
t.345 -271.26t734 +67.286924 -203.974810 
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Table 20. The characteristic constants o] parabolic stretching 
potential curves 

Stretching E 0 /~o a 
Mode of a.u. ~k a.u./~ 2 
Motion 

C=O -203.996677 1.]125 3.474083 
CIF -204.099195 ~ A 2 6 2  3A51932 
C-H -204.011957 0 . 9 2 7 8  t85t534 

In Tabs. t7, t8, and i9, the results of the bond length variation calculations 
are shown, while in Tab. 20 and Fig. l i ,  the results of fitting parabolas: 

E = E o + a ( R - -  Ro) ~ 

to these data are given. I t  is observed that  the best calculated values for the 
bond lengths are appreciably shorter than the experimentally determined lengths. 
Using the parabolas fitted to the bond length variation data, force constants for 
bond stretching were obtained and these are shown in Tab. 21. The calculated 
force constants are several orders of magnitude larger than these estimated from 
the IR  frequencies [26]. N o  doubt part  of this error is due to the fact that  the 
calculated force constants were not for proper normal modes of the molecule, but  
it seems likely that  the error in this and in the bond lengths is mostly due to the 
defflciencies in the basis set. Comparable calculations on hydrogen fluoride [6] 

-203"8( 

-2o~9o 

>,.  

w 
z 

_1 

0 
P-204"0( 

-204'1(: 

i0 r 
H/C'.,F 

' i m e n f a l  I n t e r o t o m i c  
D i s t a n c e s  

o 
{Coil) = 1,028 A 
[C=O)= 1. IS5 
(C-F}= 1.345 

1'1262 
I , f f i I i t r r I i , , , -  

0-5 I'O I-5 R(~]  

INTERATOMIC DISTANCE 

~ig. 11. Parabolic potent ia l  curves of tICO~" as a function of  the bond lengths 
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Table 2i. Interatomic distances and approximate stretching/orce constants o/ formyl fluoride 
(Hco~) 

o 3~+2 p 

II II 
/ . C  j3~+2P... 

H F 2' 3~+2 ~ 

Stretching 
Mode of 
Motion 

Bond Distance Force Constant 

R%~p R%io AR kexp lcc~ic Ak 
(_~) (X) (%) mdyn/]k mdyn//l~ (%) 

C=O 1.1850 1.tt25 6.08 13.6267 108.1649 693.8 
C-F 1.3450 1.1262 16.28 4.9114 98.t359 1898 
C-H t.0820 0.9278 t4.23 4.8647 57.6400 1085 

indicate tha t  bond lengths and force constants are fairly sensitive functions of 
basis set size, and tha t  good results for them can be obtained only with fairly 
large basis sets. As can be seen from Tab. 22 and Fig. i2, the asymmetric potential  
curve for the OCI-I angle variation possesses a shallow but  noticable double 
minimum. The lowest minimum (closer to oxygen) is at t05 ~ , with higher shoulder 
(closer to fluorine) at  140 ~ The energy difference between these two is 0.004 a.u. 
(2.5 kcal/mole) which, though small, is felt to be important.  However, for the 
reasons outlined before, it is not possible to give the value of this eiwrgy difference 

- 2 0 : ~ 8 C  

-202r8. ~ 

D 

- 2 0 3 " 9 (  

w 
J 

o 

- 2 0 ~ 9 ~  

0 
t! 

H / C \ F  

- 2e .4 . - oc  i . . . .  i . . . .  i . . . .  , . . . .  i . . ~L i 
0 ~ 5 0  ~ l e O  ~ 150" 2 0 0  = 2 5 0  '~" 

O C H  A N G L E  

Fig.  12. Po t en t i a l  curve  of ] t C O F  as a funct ion of the OCH angle 
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Table 22. The electronic-, nuclear- and total.energy values o/HCOF as a 
/unction o /OCH angle 

0 O H  Angle Electronic Nuclear Total 
Attraction Repulsion Energy 

40.0 ~ -274.374526 +70.525656 -203.788870 
70.0 ~ -272.251091 +68.340642 -203.919449 
90.0 ~ -271.771332 +67.788714 -203.982618 

100.0 ~ -271.637253 +67.643152 -203.994701 
1i0.2 ~ -27i.557632 +67.562797 -203.994835 
120.0 ~ -271.535786 +67.543697 -203.992089 
t27.3 ~ -271.555923 +67.565392 -203.990531 
135.0 ~ -271.611748 +67.622003 -203.989745 
740.0 ~ -271.571423 +67.581755 -203.990268 
150.0 ~ -27t.826134 +67.843435 -203.982699 
170.0 ~ -272.373440 +68.440558 -203.932882 
200.0 ~ -274.463699 +70.675989 -203.787710 

quan t i t a t ive  significance. I t  is bel ieved to have  physical  significance which would 

cer ta inly account  for the var ia t ions  in the  exper imenta l ly  measured OCH angles. 

I t  should perhaps be noted t h a t  the distance 0 . . .  H at  <~ OCH = 105 ~ and 

F . . .  t t  a t  <~ OCH = 140 ~ are almost  identical,  which migh t  be t aken  to indicate  

the presence of  "p seudo"  hydrogen bonding [27]. 
Calculations a t  out  of  plane conformations were made  with  A = 10 ~ 20 ~ 30 ~ 

and 40 ~ . The var ia t ion  of  energy is shown in Fig. t3. There seems to  be no indica- 

tion of  a double m i n i m u m  in this case, so it  m a y  be concluded t h a t  the  calculat ion 

is in agreement  with exper iment  in predict ing a planar  ground state for the  system. 

- 2 0 5 " 2  

~ 8  ! -203.4. 

- 2 0 5 ' 6  

- 2 0 4 . 0  .~ 
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O U T O F  P L A N E  A N G L E  

Fig. 13. Potential curve of HCOF as a fnnction of the out of plane distortion 
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I n  a later  paper  we shall discuss the s t ructure  of HCOF in  its excited s tate  

using a wave func t ion  obta ined  by a colffiguration in terac t ion  method.  There we 
shaU also consider the effect of CI on the ground state structure.  
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