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A series of self-consistent molecular orbital (SCF-MO) calculations using the method
of linear combination of Gaussian type functions (GTF), were performed on nitryl fluoride,
using variable gecmetry, in order to obtain an ab initio potential hypersurface. This hyper-
surface was used to obtain harmonic force constants for an G matrix calculation, from which
he fundamental frequencies associated with the normal modes were calculated. The calcula-
ions reported here found hypersurfaces for two different basis sets, containing 24 and 44 GTF,
espectively. It was found that using the larger basis set, the values of the fundamental fre-
quencies agreed very well with experimental values, even if the interaction force constants
were scaled from the smaller calculations using 24 GTF.

Introduction

To perform a single near-Hartree —Fock calculation on the 32 electron
molecule nitryl fluoride (NO,F) requires a basis set of 112 uncontracted
GTF [1]. On the other hand a single calculation using the most recent tech-
nique, in which a basis set of 136 primitive GTF is contracted to 40 basis funec-
tions [2], requires about 18 hours on the present generation of computing
machinery. It follows that to study the general properties of ab initio surfaces,
where many such calculations would be required, it is necessary to use a much
smaller basis set so that enough points may be calculated. Then, if accurate
results are needed, it may be possible to make generalizations that permit the
calculation of more accurate surfaces with larger basis sets, without having
to calculate a prohibitively large number of individual points.

In this work, uncontracted basis sets [3] of 24 GTF were used for the
preliminary calculation of a complete hypersurface. This basis set consisted
of 3s-type and 1p-type Gaussians on each atom [abbreviated as: (3%, 17)]. For
the more accurate calculations, cross-sections were taken using 44 GTF (5°, 27).

All energy values are given in Hartree atomic units. The computations
were carried out using a modified POLYATOM system [4] on an IBM-7094-11
computer.

* Dedicated to Prof. P. GomBAs on his 60th birthday.
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The FG matrix calculation

(i) Fiuing analytical function to ab initio surfaces

It was found that the nature of the surfaces made least squares fitting of
a general quadratic potential impossible, even in regions very near the minima.
The cross-sections of the surfaces contained an inherent and consistent asym-
metry in the vicinity of the minima, and a “weighted” parabola

E(X) = E, + a(X — X, =% o)

provided an excellent fit to points on such cross-sections. This curve could have
been used to provide anharmonic corrections to the fundamental frequencies,
buc within the accuracy of the present calculations, no attempt was made to
include such corrections. Changing the coordinate system in such a way
that x = X—.X then (1) may be written as (la)

E(x) = E, + ax? e, (1a)

Diagonal force constants can then be obtained directly from (la).

2
Fo— d2 E(x)
dx® [,

= (2ae™%* — 4 abxe ®* + ab®x2e ), _,
= 2a, (2)
i.e. a=1/2F,. (2a)

If a two-dimensional surface is now considered, a study of interaction force
constants is possible. An analogous relative coordinate system is chosen for
which x = y = 0 at E,, the absolute minimum of the surface.

E(x,y) =Eyp + 12 F a?e™ ™ + 12 F,yxy + 12 F,, y2 ™. (3)

If the behaviour of (3) is studied near the minima, for fixed values of y,
the exponential terms hecome approximately equal to 1. Then, if successive
cross-sections of (3) are taken at y =0 and y = 8y, (3) becomes (4) and (5)
respectively.

E(x,0) = Ey, + 1/2 F, 42, (4)
E(x,0y) = (Eg + 1/2 F,, 6y?) + 1/2 F 2* + 12 F,, x0y . (5)
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Of these, it can be seen that (5) is a parabola with respect to x with a minimum
not exactly at x = 0, but rather at some non-zero value of x, say x = dx,,
which can be obtained graphically, or from a least squares curve fit.
From geometrical consideration, the equation of such a parabola with
minimum at éx, is
E(x,dy) = Ey + 1/2 F, #* — F,, x0x,. (6)
Comparing terms in (5) and (6), and taking the limit as dy — 0,

1/2 Fy xdy = — F, xdx,, (7

dx, (Ta)

dy

Thus, at least in principle, the way is open for a rigorous theoretical study of

Ecy: _2F;cx

y=o-

the normal modes of vibration of a polyatomic molecule like NO,F. This
method can be extended to include anharmonic interaction force constants if
the functional variation of the minima is considered, rather than just the slope
at y = 0.

(iii) Calculation of F-matrix elements (Small Basis Set)

It was found that unnormalized symmetry coordinates could be used,
so that simple bond stretching and bending could be represented by them, since
the constant introduced bythe degree of unnormalization wasinversely account-
ed for in the calculation of G-matrix elements. The symmetry coordinates used
are shown in Fig. 1. '

Calculations with a small basis set provided results which were only qua-
litatively useful, as was expected from a basis set of this size. Four surfaces
were studied — the three pairwise combinations of the three 4, symmetry
coordinates (S;, S, and S,), and the pair of B, symmetry coordinates (S, and
Sg).

It should be noted that for bending modes in which the asymmetry was
small, parabola fits were used, rather than the anharmonic potential previously
chosenin Equ. (1). The subscripts of the F-matrix elements refer to the sym-
metry coordinates defined in Fig. 1.

(iii) Scaling of interaction force constants (Medium Basis Set)

Though the force constants obtained by calculations using small (24
GTF) basis sets were quantitatively very poor, it is seen that qualitatively they
fall in the right sequence. (A trial FG-matrix calculation using the force con-
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stants from Table VII would give frequencies uniformly too high by a factor
of 3, so0 the force constants are too high by an order of magnitude.) As the basis
set sizes for the MO calculations were increased to 44 GTF the improvements in
the diagonal force constants were very encouraging, and these new force con-
stants were found to remain proportional to those determined using the smaller
basis set. It was also found in the calculation with the small basis set that even
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Fig. 1. Symmetry coordinates for NO,F (unnormalized)

fairly large changes in the interaction force constants did not greatly affect
predicted frequencies. Thus it might be assumed that the inaccuracy introduced
using interaction force constants scaled from those found with the smallest
basis set should be much less than the inaccuracy arising from the use of a
single determinant wave function considerably above the Hartree—Fock limit.
Since using a very large basis set, calculation of many points on a potential
surface becomes economically infeasible, it was decided that scaled interaction
force constants should be studied in some detail. The formula adopted for this

purpose was

, Fiu Fy |2
xy — Evcy (#] ’ (8)
xx Lyy
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Table I

Elements of the G-matrix*

sin &

1
Gn= 5 (:“1 (1-+-cos @) + uy) G =pcosf  Gyy=—p- d

A, type :
sin
Gop =ttty Goy=2p - dﬂ

2
Gag = a (4“] (I —cosa)+ .“3)

1 i D —d
G44="2—‘(ﬂ1(1"005“)+ﬂ3) Gy = 4y sinf ( gz;ﬂ )

B, type P
D cos § — d)\? u u
655 = lul ( Dd ) + Dzz + 2 ;2

(D 4 d cos a)?

= M R I g —
Cos = Dz Tt D2 d? cos® /2

—532603?/2‘ '

By'type

* The numbering for thereciprocal masses, y;, is as follows: 1 : N, 2 : F, 3 : O. All other
ymbols are defined in Fig. 1.

where the prime represents the new set of force constants associated with the
larger basis set. If only the diagonal elements of the F matrix (i.e. Fxy, Fy,, etc.
were computed in an a priori manner with the large basis set (44 GTF) then
the interaction force constant for the basis set, Fy,, is to be scaled. Since the
coordinates x and y used in this description are merely one of the symmetry
coordinates S;(i = 1, .. ., 6), the force constants are henceforth specified using
the subscripts of the relevant symmetry coordinates. (8) can conveniently be
written as (8a).

{ F.. F!. 12
Fy=Fy (i) (83)
i jj

A comparison of results using scaled and computed interaction force
constants for the larger basis set is included in the reported frequencies and

force constants.

(iv) The FG matrix formalism

Once the numerical values for the elements of the F-matrix are known
the elements of the G-matrix have to be calculated. These are given in Table I,
using the labels from 1 to 6 of the unnormalized symmetry coordinates
(Sps- - - »S6) fromFig.1.Dueto symmetry, the6 X 6 matrix was blocked to a 3 X3
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(4,), a 2x2 (B)) and a 1x1 (B,), block. The fundamental frequencies, »;
can be obtained using WiLsoN’s method [5], by solving the secular equation

|FG — 2 =0, 9)

which is normally done by diagonalization of the FG matrix product. The solu-
tions, 4;, of (9) are related to the »; by the equation

Ay = Am® 292, (10)
y1/2

i.e. y; = (%:) . (11)
2nc

Equ. (11), however, obtains 4; from an FG matrix in c.g.s. units.
If A; is obtained using the usual units for such calculations, viz., masses in
a.m.u., lengths in angstroms, angles in radians, stretching force constants in
mdyne/A, bending force constants in mdyne A/rad.? and stretch-bend interac-
tions in mdyne/rad., then (11) becomes

v; = 1,302.9 )7, . (11a)

Results and discussion

The calculations which used only 24 GTF gave energies of the order of
—284 hartrees, or only about909%, ofthe Hartree— Focklimit.Previous calcul-
ations [6] have also indicated that the force constants found with the minimal
basis sets have been rather inconsistent with those computed with more func-
tions. The calculations using 44 GTF gave considerably better energies, about
999, of the Hartree— Focklimit, and the force constants were expectedto be
much better. The energies for the various cross-sections calculated using 44
GTF, are given in Tables II to VI. The set of 4, cross-sections at the experimen-
tal conformation was used together with interaction force constants scaled
from the minimum basis set using (8a), while the second set of 4, cross-sec-
tions was taken at the absolute minimum of the hypersurface, and was used
to calculate interaction force constants. The B, cross-sections were used with
a scaled interaction constant only.

The diagonal force constants given in Table VII are in good general agree-
ment with experimental values, except that the value of the FN stretching
constant (F,,) is considerably higher. This result could arise from the way in
which fluorine is represented in the present molecular orbital calculations or
from the method by which experimental force constants are found. Since the
determination of experimental force constants is made by reconstructing the
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* Taken to be [T]: rng = I£5A, ONO = 125°, apart from ryg which is varied here
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Table 11

Energies for N—-O symmetric bond stretching (S,)
mod) L R Fono e
1.13 | —300.16445 —
1.18 —300.23121 —
1.23 —300.27335 —300.28293
1.28 —300.29566 —300.30310
1.21 —300.30113 —
1.33 —300.30211 —300.30784
1.36 —300.29953 —300.30467
1.39 — —300.29780

¢

but which at equilibrium is 1.23A.

Table IIT

Energies for N—F bond stretching (S.)
e () e foemnion 5 B0
1.25 —300.24245 —
1.30 —300.26201 —
1.333 — —300.29926
1.35 —300.27335 —
1.373 — -—300.30448
1.40 —300.27793 —
1.413 — —300.30586
1.443 — —300.30484
1.45 —300.27725 —
1.473 — —300.30230

383

* First s exponent on nitrogen taken as (.42 instead of 0.425 results in slight energy

discrepancy.

Table IV
Energies for ONO bending (S,)

goxo | gpmmew o= Ik
120° . —300.26667 —
1250 ‘ —300.27335 —
1270 ' - ~-300.30727
1300 —300.27526 -
1320 — —-300.30784
1350 —300.27459 -
1370 - —300.30566
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384 M. SCHOENBORN and I. G. CSIZMADIA

Table V
Cross-sections of B, surface®
S4iSe 0 +0.05A +0.16A
0° ~—300.30701 —300.30180 i —300.28893
+5° ~-300.30472 — | —
+10° —300.29815 — ﬁ -

*X ONO = 132°, ryp = 1418 A, ﬂ;—"‘& =1.329A

FG matrix from the observed frequencies (and hence the known eigenvalues),
some suitable way of estimating the signs and magnitudes of the off-diagonal
force constants must be determined. Although it is possible then to reconstruct
the observed frequencies, if these off-diagonal force constants are substantially
inaccurate, the numerical value of the resulting diagonal force constants will
also be greatly changed.
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Fig. 2. Parabola fit to S, and S, potential curves

Acta Physica Academiae Scientiarum Hungaricae 27, 1969



VIBRATIONAL ANALYSIS OF AB INITIO POTENTIAL ENERGY SURFACES 385

Table VI
Total energy for out-of-plane bending (S;)

S, total energy

0° —300.27289
+5° —300.27213
4190° —300.27059
+20° —300.26488
+30° —300.25491

For example, the off-diagonal force constant for the interaction between
the asymmetric stretch (S,) and the asymmetric bend (S;), was taken [8]
to be 4+1.24 mdyne/rad., giving as the diagonal stretching and bending con-
stants 21.9 mdyne/A and 2.81 mdyne A/rad.2, respectively. This result is rather
unusual in the sense that normally, a lower force constant is expected for an
asymmetric stretching mode than for the corresponding symmetric one. The
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Fig. 3. Potential curve for variation of S,
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Table VII
Force constants for nitryl fluoride*
Y N T T [ —
|
Fy, 81.69 22.26 22.26 18.8 25.5
F, 3.61 1.05 1.6 1.49 0.0
Fi 1.94 0.572 1.0 157 1.82
Fy, 27.25 8.478 8.478 4.57 2.66
Fy, —2.38 —0.75 —0.73 —0.583 —0.808
F, 3.60 1.149 1.149 1.36 2.235
Fg. 78.12 15.432 — 21.9 19.36
F,, —5.41 —1.649 — +1.24 0.0
F,, [ 5.366 2.524 — 2.82 2.63
Foo | — J (0.859) — — 0.501
!

* Units are mdyne/A for stretch, mdyne A/rad.? for bend and mdyne/rad for stretch-

bend interaction. Subscripts refer to the symmetry coordinates given in Fig. 1.
** Values converted from valence force constants with appropriate charges of normali-
zation for the symmetry coordinates used (Fig. 1).
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Table VIIX
Calculated fundamental frequencies (cm=—1!) for nitryl fluoride
scaled ’I calculated reported [10] reported [9]
vy (4)) 1480 1415 1312 1310
ve (4,) 1030 1060 822 822
v, (4,) 510 510 460 568
v, (B) 1740 - 1793 1792
vs (By) 465 — 570 560
v (By) (880) — 742 742
Table IX
Summary of normal coordinate analysis*
Q Q [ 2 Q
Ay 1.2889 0.6300 0.1549 1.7869 0.1271
Vi 1480 1030 . 510 1740 465
Ax, 0.0 0.0 : 0.0 —0.2293 —0.0569
N Ay, —0.2097 —0.0514 0.0972 0.0 0.0
Az 0.0 0.0 0.0 0.0 0.0
Adx, 0.0 0.0 0.0 0.0238 0.1392
F Ay, 0.0847 0.1420 0.0995 0.0 0.0
Az, 0.0 0.0 0.0 0.0 : 0.0
dx, 0.0777 —0.1195 0.1045 0.0862 —0.0578
0, 4y, 0.0415 —0.0619 | —0.1016 0.0220 | —0.1224
Az, 0.0 0.0 0.0 0.0 0.0
Ax, —0.0777 0.1195 —0.1045 0.0862 —0.0578
0, Ay, 0.0415 —0.0619 —0.1016 —0.0220 0.1224
4z, 0.0 0.0 0.0 0.0 0.0

* In this notation, the relative values of the cartesian displacement coordinates are
given in such a way that the molecule is lying in the xy plane, with IV at the origin and F on
the positive y-axis.

calculated surface suggests that this interaction force constant is actually
negative, and if the calculations are repeated assuming —1.24 mdyne/rad. for
this constant, it is found that greatly changed values of the diagonal force
constants (see Table VII), are obtained; viz. F,, = 16.5 mdyne A and F =
= 3.58 mdyne A/rad.2 It might be assumed that similar changes would occur
if the symmetric stretch-bend interaction constant (F,;) had been taken [8]
as positive instead of negative.
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Fig. 7. Normal coordinates for NO,F

A computer program was used to calculate numeric values of G-matrix
elements and the FG matrix. The FG matrix was diagonalized, yielding the
eigenvalues and eigenvectors. The results of this calculation are given in
Tables VIII and IX and shown in Fig 7.

Conclusion

It can be seen that although theoretical surfaces using the smallest basis
sets give force constants which are too high by an order of magnitude, surfaces
found even with the next larger basis set provide a very reasonable quantita-
tive estimate of force constants and fundamental frequencies. In particular,
the calculated interaction force constants could be used together with experi-
mental frequencies and FG calculations to give a more unique set of experimen-
tal force constants, while the theoretically predicted frequencies might occa-
sionally be helpful in clarifying assignments of the fundamental frequencies.
It is hoped that further calculations using larger basis sets would give even

more accurate predictions.
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BHUEPALIMOHHbBI AHAJIM3 TMOBEPXHOCTEH AB INITIO
NOTEHLIMAJIbHOM 3HEPIMU IJI1S1 HUTPUJIO®JIYOPHUIA

M. LI3HBOPH u H. . YUBMAOUA

Peswme

TposeneHa cepHsi BHIUHCIIEHHH CaMOCOrIaCOBAaHHBIX MOJIEKYNSpHEIX 0pOuT (SCF—MO)
IJIs1  HHTPHJAOQIYOpHAd, NPHMEHsSsl METOA . JIHHeHHOH komOuHaumH ¢yHKuMi thuna Iaycca
(GTF). Ins nonyueHHs THNEpnoOBEPXHOCTH ab initio moTeHnMana NpHMEHSIETCs1 BapbHpyeMasi
reomeTpHusi. JlaHHast rUnNepnoBepPXHOCTb MCMOJIb30BAHA [JIs MOJYYEHHS TFapMOHHYECKHX CHJIO-
BBIX KOHCTAHT AJ1si FG MaTrpHuHOro BbIYMCJIEHHS, H3 KOTOPOro ONPEAE/SIOTCS OCHOBHBIE Yac-
TOTHI, CBSI3aHHBbIE C HOpMaJIbHBIMH 4acToTamu. FlpeacrapiieHHbIe B JaHHOH pabore BbIMHC/EHHS
pe3yILTHPYIOT THMEPNOBEPXHOCTH IJs1 ABYX Pas3JHYHbIX 6asMCHBIX CeTeH, comepykaiux 24
H 44 GTF coorseTcTBeHHO. HaiiaeHo, 4To npuMeHsisi IMPOKY10 6a3UCHYI0 CeTh, 3HAUEHHST OCHOB-
HbIX YaCTOT O4Y€Hb XOPOLIO COrJacCylTCs1 C AKCMePUMEHTAJIbHBIMH JaHHBIMH, JaXKe B TOM CIy-
Yae, €CJIH CHJIOBLIE KOHCTAHTHl B3aHMOEHCTBHSI ONpefesieHbl PHEMOM, Henonbayomum 24 GTF.
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