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81. Ab initio SCF Calculation of the Fluoronium Ion : 
Geometry, Electronic Structure and Vibrational Constants 
by Ors P.  WiId, Tae-Kyu Ha, Guido A. Raggio, Hans U. Keller 

and Peter 0. Brunner 
Laboratorium far physikdische Chcmie, ETHZ, 

Univetsitiitstrasse 22, 8006 Zlirich, Schweiz 

(24. XlL 74) 

Summary. An ab initio SCB calculation of 42 points of the encrgy hypersurface of thc fluo- 
ronium ion is prcscnted using a contracted 1'(5s/3p), H(2s) gaussian basis sct. In i t s  equilibrium 
structure a bond length of 1.812 a. u. and a HFII bond nnglc 01 127.P arc predicted. T h e  calculated 
vibrational frcquencjcs for lf,FC. tIDF+, and D,Fv arc in good agrcetnent with the experimental 
data. 

1. Introduction. - The vibrational spectra of the fluoroniurn ions H,F+, HDF+, 
and D,F+ have recently becn reported by Couzi at al. [l]. They concluded that the 
molecules are bent in their equilibrium configuration and derived, by assuming HFH 
angles between 105" and 120", sets of harmonic force constants. Po$& et al. 1'21 em- 
ployed minimal STO-3G and extended 4-31G basis sets in a systematic ab i d i o  study 
of the geometries and energies of AH, molecules and cations. Thc fluoronium ion 
H,F+, having the same electron configuration as H,O, was predicted to have a sorne- 
what larger bond angle than water. Leibovici [3] investigated the structure of H2F+ 
and the path of protonation of HF using semicmpirical and ab i&io calculations. 
The activation energy of protonation is thought to result from solvation effects only. 

An understanding of rotational and virbational energy transfer and of chemical 
reactivity can be obtained by calculating energy hypersurfaces and solving the collision 
dynamical problem by trajectory calculations. The description of the hypersurfaccs in 
analytical form over an extended range, howcver, presents serious problems. Sclzaefer 
et al. [4] determined the interaction potential between two rigid HF molecules in 
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order to study energy transfer mechanisms. The chemical laser related family of 
reactions F +  H , + H F +  H; H + F, +HF + F; and P + H F + H F +  F has been 
studied by Schaefey ei! al. [5] at four different levels of ab imitio treatment. Finally, 
Jaffe & Alrderson [6] performed a classical trajectory analysis of the reaction F + Ha + 

Table 1. Gaussian baris set I,, L N, . xk * yl zm cxp {- aJx* -I- ys + 2”))”) 

Cknter Typen) Drbital I ”  exponent a,=) exponent a,,=) 
P (;enter Typeb) Orbital 

I P- s 
2 F S 

3 F (r 

4 F s 
5 P 8 

6 1 :  8 

7 F 8 

8 F  8 

9 F  8 

10 F 8 

11 F 8 

12, 18 H(l) ,  H(2) s 

23342.2 
3431.25 
757.667 
209.192 
66.7261 
23.3705 
8.62372 
2 .f000 1 
1.08750 
0.396536 
0.172324 

68.1600 

13, 19 H(l), H(2) 
14,20 H(1), H(2) 
15,21 H(1), H(2) 
16,22 H(1), H(2) 
17, 23 11(1), H(2) 
24.31.38 F 
25.32,39 I’ 
26,33.40 E’ 
27,34,41 F 
28,35,42 F 
29,36,43 F 
30,37,44 I: 

10.2465 
2.34648 
(1.67332 
0.22466 
0.082217 

65.6593 
15.2187 
4.78819 
1.72755 
0.648 123 
0.244965 
0,091537 

-1 lip normalization constant lor me Dam iunction xr. 
b) s-Typc; k = 0 , l  = 0. m = 0; x-Type: k = 1 , l  = 0, m -- 0 ;  y-Type: k = 0 , l  = 1, m = 0; 

z-Type: k = 0,1  = 0, m = 1. 
C) Taken from [81. 

X U  Center Type *) Gaussiana) Contraction coefficients 6) 
functions y,, (not normalized) C.... 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

1,2,3,4.5 

6, 7 
8 
9 
10 , l l  
J 2,13,14,15 
1617  
18,19,20,21 
22,23 
24,25,26.27 
28 

31,32,33,34 
35 
36.37 
38, 39,40,41 
42 
43.44 

29,30 

0.0004,0.00327,0.01754 
0.07082,0.2129 
0.42213,0.3748 
1.0 
1.0 
0.44502.0.06X82 

0.49221,0.2426 
0.00295,0.01938,0.0928,0.2943 
0.49221,0.2426 

1.0 
0.2239,0.03143 
0.00882,0.05778,0.19342,0.35671 
1.0 

0.00882,0.05778,0.19342,0.35671 
1.0 
0.2299.0.03143 

~,oo~~s,o.oi93~,0.092~, 0 . 2 ~ 3  

0.00882, o.om8,0.i9~41,0.35m 

0.2299,0.03143 

bl 

8) 
0)  See [a] [9]. 

A Z O ~ C  ormtai w n m  corresponds most closely to the contracted gaussian function xy. 
No. of the gausshn function listed in Table 1.. 
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HF + H. Since ab Z&io calculations of the energy surface were not available a semi- 
empirical hypersurface was chosen. .From MONTE CARL0 averages over a large 
number of trajectories cross sections for energy distribution among reaction products 
were calculated. 

Table 3. Total SCF cwvm E p  a a famaim of the geometrical Parametem Y,,  rr, and a 

Wculation rlLa. u.J r%La. u.] a L"1 Erla. u.] 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

1.752 
1.732, 
1.732 
1.732 
1.732 
1.732 
1.732 
1.332 
1.432 
1.532 
1.632 
1.732 
1.832 
1.932 
2.032 
2.132 
1.782 
1.782 
1.782 
1.832 

1.782 
1.762 
1.782 
1.832 
1.832 
1.882 
1.782 
1.782 
1.832 
1 A32 
1.882 
1.832 
1.757 

1.800 
1.811 
1.737 
1.8122 
1.8122 
1.8122 
1.8122 

1.882 

1.820 

L . I X  
1.732 
1.732 
1.732 
1.732 
1.732 
1.732 
1.332 
1.432 
1.532 
1.632 
1.732 
1.832 
1.932 
2.032 
2.132 
1.782 
1.832 
1.882 
1.882 
1.882 
1.782 
1.832 
1,882 
1.832 
1.882 
1.882 
1.782 
1.882 
1.832 
1.882 
1.882 
1.832 
1.807 
1.820 
1.800 
1.811 
3.000 
1.8122 
1.8122 
1.8122 
1.8122 

1no.o 
157.5 
135.0 
112.5 
90.0 
67.5 
22.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
135.0 
123.25 
123.25 
123.25 
123.25 
123.25 
123.25 
112.5 
112.5 
112.5 
112.5 
112.5 
130.0 
113.0 
123.25 
129.0 
126.87 
180.0 
90 .o 
120.0 
150.0 
180.0 

- 1W.SUL4u 

- 100.20667 
- 100.21384 
- 100.21081 
- 100.18380 
- 100.12405 
- 99.58674 
- 99.99184 
- 100.09661 
- 100.16097 
- 100.19719 
- 200.21384 
- 100.21697 
- 100.21085 
- 100.19853 
- ,100.1 821 7 
- 100.21680 
- 100.21689 
- 100.21586 
- 100,21592 
- 100.21485 
- 100.21758 
- 100.21772 
- 100.21671 
- 100.21782 
- 100.21679 
- 100.21573 
- 100.21411 
- 100.21346 
- 100.21457 
- 100.21363 
- 100.21266 
- 100.21775 
- 100.21377 
- 100.21799 
- 100.21800 
- 100.21815 - 100.11932 
- 100.18946 
- 100.21747 
- 100.21269 
- 100.20609 
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In this work we restrict ourselves to the vicinity of the equilibrium structure of 
the fluoronium ions and to the calculation of small oscillations. A harmonic energy 
hypersurface is fitted to the calculated points, thus determining the equilibrium 
SCF energy, the bond distance, the bond angle, and the four force constants. The 
calculated vibrational frequencies are compared with the measured values. 

2. Calculations. - The ab initio calculations were carried out with a CDC version 
of the program IBMOL [7]. The basis set contained 44 Cartesian gaussian functions 
of s and p type [8]. Details are given in Table 1. The gaussian functions F(lls17p) 
and H(6s) were linearly combined to a contracted basis set of F(Ss/3p) and H(2s) 
using coefficients derived from atomic calculations (Table 2). The number of linear 
coefficients for the SCF procedure was thus reduced from 44 to 18. 

3. Results and piscussion, - Geomeby, - An extensive search for the minimum 
of the SCF energy with respect to the three geometrical parameters of the fluoronium 
ion H,F+ has been performed. The assumed gcometries and the calculated SCF 
energies are given in Table 3, First (calculations 1-7) the bond angle a was varied 
(Fig. 1) keeping the HF distance rl = r8 = 1.732 a.u. (0.9168 A) at the experimental 
value for the HF-molecule [lo]. Although the potential energy does not vary drasti- 

-eR6 - 

-ea7 - 

-e&8 - 

-9B.s - '  

-MQo - 

-#or1 - 

4Q.2 - 

f v ( 1,732,1732, a) ( a d  

w 

Fig. 1. Total SCF srptvgy of the flwvoniurn io r  as a fqnction of the bond angle (rz -- rz L- 1.732 a. u.) 
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cdly from 120"-1 SO', a bent geometry is clearly predicted. A second set of calculations 
(8-12) was performed, keeping a = 135' and changing r rl = r, (Fig. 2). From a 
quadratic fit an equilibrium length of 1.832 a.u. was obtained. This value is sig- 
nificantly larger than the HF bond distance. The calculated geometry of the mole- 
cule was further improved by using a smaller net of the parameter surface near the 
expected equilibrium position. 

A total of 42 points of the energy hypersurface was calculated. Near its equi- 
librium position the hypersurface was approximated by a potential function, con- 
taining 7 free parameters: 

V (rl, r2, a) = Ve (re, re, e) + 112 fr {(rl - ro)* + (rs - re)*) 

+ 1/2 fa (a - G ) ~  -t fm (rl - re) (r2 - re) 
+ fra{ (rz - re) + (rs - re)) {a - Q] 

r (am.) 
-10025 

1 1 I 1 I 1,932 I I 1 '  
1.332 1.632 

Fig. 2. Total SCF evwgy ofthe fluovonizrrn im as afunclion of the HF band daslanct? (a = 135") 

The SCF energy at the equilibrium Ve (re, re, ore). the equilibrium geometry para- 
meters re, %, and the four force constants frJ fa, frr, and fra were obtained from a least 
square fit using various selections of the calculated points. Only the off diagonal 
constants frr and f,, are sensitive to the selection of the points used (Table 4) ; they 
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Table 4. Total SCF e w w v .  eouilibvium structure. and force constants of the flzlovonium iole 

701 

- 100.218143 1.8160 127.22 7.20 0.466 0.230 0.038 25aj  
- 100.218175 1.8144 127.14 7.44 0.463 0.335 0.043 23 8 )  

- 100.218180 1.8142 127.15 7.43 0.465 0 361 0.036 21 ") 
100.218184 1.8140 127.15 7.43 0.468 0.347 0.028 20 ") 

- 100.218127 1.8117 126.67 7.09 0.379 0.157 0.024 15a) 
- 100.218142 1.8212 126.58 7.93 0.379 0.1 78 0.028 10 ") 
- 100.218158 1.8122 127.18 6.97 0.463 0.186 0.050 21 b) 

@) 
b) 

Points with lowest SCF energy. 
Special selection of points near equilibrium position. 

are not expected to be well defined by such a calculation. For the determitiation of 
vibrational frequencies to be reported below, the parameters derived froin the 21 
points which lie closest to the equilibrium position were employed. In its equilibrium 
structure the fluoronium ion has a H-F bond distance of 1.822 a.u. and a bund angle 
H-F-H of 127.2". The corresponding SCF energy is - 100.21816 a. u. 

- 94 

-95 

-96 

- 97 

-98 

-89 

-100 

R {a.u.) 

-101 I 1 I I I b 
0 1 2 3 4 5 

Fig. 3. Total SCF energy of the H F  molecde GS a fwzction of the bond d i s t w c e  

For comparison the molecule HF was studied using the same basis set as before. 
The potential energy curve is given in Fig. 3. The equilibrium distance Re, the force 
constant fR.  and the equilibrium SCF energy V,(Ke) were obtained by fitting the 
relation 

V(R) = Ve(Re) + 1/2 f~ (R - Re)' 
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to 6 points near the equilibrium. The minimum was obtained at R = 1.737 a.u. with 
Ve(Re) = - 100.13088 a.u. and a bond stretching constant fR = 10.28 mdyn A-1. 

MO-coneZ&ion diagrams. - Wdsh 1111 has empirically constructed angular cor- 
relation diagrams for the behavior of the various MO-energy curves to rationalize 
the geometrical arrangements of molecules in their ground and excited states. The 
arguments are based upon a series of simple theoretical concepts. According to such 
a diagram all AH,-type systems with 8 valence electrons are expected to have a 
bent structure. 

The Wa2sh-like correlation diagram (Fig. 4) shows the variations of the Hurtwe- 
Fock one-electron energy (MO's) with bond angle for the H P +  system with re = 1.8122 
a.u., calculated in this work. Inspecting the diagram in detail we notice that the 

r W  
r2.24 

-20.36 

r26.66 

-/ 
r20.88 

a0 I20 160 l80 90 

I taken from [12]) 

three highest occupied MO's are in good qualitative agreement with those estimated 
by Wahh. For the variation of the 20, - 2a, orbital WalsA assumed that the 2 s  
character at the A atom in a AH, system becomes negligibly small at small bond 
angle, causing a destabilization of the orbital, As pointed out by 1K~ZZikm [IS] this 
assumption is erroneous and our calculations show that even at  90" the 2% MO is 
predominantly a 2 s ~  orbital, causing rather a stabilizing of this MO at a smaller 
bond angle. Exactly the same qualitative argument may be applied to the iso- 
electronic H,O molecule which is also shown in Fig. 4. 
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Proton affinity of the HI; W ~ O ~ G M ~ .  - The proton affinity may be defined as the 
energy difference between the protonated species and the parent molecule and it 
can be estimated by different experimental methods such as mass spectroscopy, the 
use of the thennochemical cycle, etc. 

Table 6 contains the calculated proton affinities of the HF molecule along with 
the values reported previously. It is to be noticed that our value of -491.7 kJ/mol 
is in good agreement with data from calculations using large basis sets (e.g. 4-31G 
basis set of [2]). Values from smaller basis sets are much larger and might be in error. 

It is expected that the d k i t i o  SCF MO-method in the Hartree-Fock limit leads 
to a rather reliable prediction of the proton affinity. Both, the parent and the pro- 
tonated molecule contain the same number of electrons and therefore electron cor- 
relation effects might play a minor role. The experimental proton affinity of HE; 
remains yet to be. determined. 

Electrw population a d y s i s .  - Table 5 compares the M d i k e n  electron population 
analysis of the HF and the H,F+ molecules. In H,F+ both, the total charge at the 
F and the H atoms, are decreased by about 0.2 units leaving the ‘ionic’ character 
of the H-F bond nearly unchanged. 

Table 5. Ek?Gt9On fiopuhtiorc in HF and HaF+ 

Center HP) H,F+b) 

F(P.1 1.53 ) 3.40 *) The x-axis is taken along the H-F 
F(Py) 2.00 bond axis. 

2.00 
b) The z-axis is perpendicuIar to the F@J 2.00 

F(tota1) 9.49 9.30 molecular plane. 
H(5) 0.51 0.35 

Estimate of electron corvelataon. - The lowest total energy for the HF molecule has 
been reported to be - 100.3564 a.m. obtained from an extended ab i M o  calculation 
with configuration interaction [13] ; the calculated electron correlation energy is 
approximately 0.29 a.u. The correlation energies for the 10 electron systems of Ne, 
HF, H,O, and CH, have been estimated previously as 0.393, 0.377, 0.383, and 0.341 
a.u. [14] [15]. It is safe to say that an upper limit to the correlation energy for the 
H,F+ species might be around 0.4 a. u. 

Vibratibmzl specha. - Having obtained a description of the energy hypersurface 
near the equilibrium geometry, it is a straightforward matter to determine the 
vibrational frequencies of the species H,F+. HDP+, and D,F+. The GF treatment 
for a non-hear triatomic molecule has been worked out in detail by Widsotz d ad. 1.161. 
The corresponding frequencies are given in Table 7a, where for H,F+ and D,F+ 
refers to the symmetrical stretching. ;, to the symmetrical bending, and Gs to the 
antisymmetrical stretching mode. Diag-ams of the mass weighted displacements of 
the atoms & = VMk * &, where A& is the geometrical displacement of an atom 
with mass Mk. are given in Fig. 5.  For HUF+ GI = 2545 crn-l describes approximately 
a D-F and 

The measured frequencies, listed in Tables 7b and 7c, depend markedly on the 
nature of the surrounding counter ion. The interaction between the fluoronium ions 

= 3514 cm-l a H-F stretching mode. 
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and SbFg is weaker than with BF;. This leads to an increase in the frequency of 
the two stretching modes and to a lowering of the bending frcqucncy. The calculated 
values from the ah ilzitio hypersurface pertain to the free fluoronium ions and con- 
form to the pattern followed by the experimental values. 

A force field which leads to an optimal description of the experimental data 
obtained with the RF; counter ion, assuming the ab i&io equilibrium geometry, 
is given in Table 6 (h, i). As expected from the counter-ion effect [l], the force con- 
stant Fr is smaller, while Fa is larger than the a6 nitio vducs given in Table 6 (a). The 
magnitude and evcn the sign of the off-diagonal force constants Frr and depend 
strongly on the assumed equilibrium geometry. As expected, they compare very 
poorly with the calculated ab ilzitio values. 

A comparison of the calculated and the experimental frequencies (Table 7) shows 
that they all lie within 20% which is typical for a SCF calculation using this kind of 
basis set [Ig] 201. 

Ah in& calculations at the SCF level provide a useful tool to the quantitative 
understanding of structural features and of the vibrational spectra of small mole- 
cules. An extended description of the energy hypersurface and a study of the chemical 
reactivity by trajectory calculations will bc attempted in the futurc. 

This work evolved from a voluntary student study project in association with an introductory 
course in quantum chemical calculations given by one of us (U.P.W.]. Wc wish to thank 
Mr. Bdsch, Mr. Hosta#?w, and Mr. Bernev who were associatcd with the projcct in its oarly stages, 
Dr. K. M q w  for helpful discussions, and Dr. llazi Naqui for rcading the manuscript. A grant 
of computer time by the RZ-ETH is gratefully acknowlcdgcd. 
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