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Ab initio calculations of equilibrium geometries, excitation energies, dipole moments and charges for the low-lying X ?B,, 1 2A,,
22A,, 2B, and 2A, electronic states of the NF, radical have been carried out at the RHF/SDCI level, using large basis sets. Qur
results are in good agreement with experimental data. In addition, a rationalization scheme for the experimental results obtained
through UV spectroscopy and photolysis of NF, is proposed on the basis of our theoretical resuits.

1. Introduction

The NF, radical is easily produced by heating te-
trafluorohydrazine, F,NNF, [1]. The molecule has
attracted some attention, mainly because the reac-
tion between H and NF, produces NF in its 'A ex-
cited state, which is radiatively stable with respect to
its 3% - ground state and thus a potential energy stor-
age [2].

Although there are quite a few experimental pa-
pers on the photolysis of the NF, radical, the spec-
troscopy is not transparent. The absorption transi-
tion between the ground X 2B, state and the first
excited state of NF, around 260 nm [3,4] shows
some diffuse bands which are considered to be caused
by predissociation of NF,. The photolysis of the rad-
ical in the region 240-270 nm has been investigated
by tunable UV methods and the quantum yield of
the metastable NF (a'A) species has been measured
[5]. In addition, a series of diffuse bands were found
in the region 126-140 nm and in 158-170 nm [6].

The equilibrium geometry of the ground X 2B, state
of NF, is well documented through microwave spec-
troscopy [ 7], but no experimental results have been
reported on the geometry of the excited states.

Theoretical ab initio studies reported so far have
been performed at the SCF level with rather small
basis sets or without polarization functions, con-
cerning mainly the ground X *B, state and the first
2A, excited state [8-14]. Recently, two ab initio in-

vestigations beyond the SCF level have been re-
ported: a CASSCF analysis of the ground X ?B, po-
tential energy surface by Peterson et al. [15],
employing a large 11s7p2d contracted to 7s4p2d ba-
sis set, and a study of the low-lying excited states by
Cai et al. [16]. Cai et al. report UHF/MP2 calcu-
lations for the X ?B;, 1 2A,, 2B, states of NF,, and
UHEF for the 2 %A, and 2?A, states using a 6-31G* ba-
sis. To the best of our knowledge this is the only ab
initio work dealing with the low-lying manifold of
the NF, molecule. It provides for an accurate ge-
ometry of the ground state, and a transition energy
AFE| 25,. x2p, in good agreement with the experimen-
tal numbers. But the fact that the 2 2A, and %A, states
were calculated at the UHF level, and all states were
spin contaminated, coupled with the use of a rather
limited basis set, calls for a reinvestigation of the
whole problem.

We report here accurate RHF-CISD calculations
using a large basis set and treating uniformly all pos-
sible low-lying excited states. Notice that the- state
characterized as 22A, is of particular interest be-
cause, presumably, it plays an important role in the
NF,—-NF+F photolysis.

2. Computatienal details

For both N and F atoms the Duijneveldt Gaussian
basis {17] 10s6p contracted to 4s3p according to
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Raffenetti [ 18] was used. This was augmented by a
double set of 6d polarization functions with expo-
nents (1.65, 0.47) and (3.11, 0.86) for N and F, re-
spectively. The resulting [ (4s3p2d )y ¢] basis of = TZ
quality, contains 75 contracted Gaussian compo-
nents and produces atomic energies of 1-3 mhartree
within the HF limit.

Full, point-by-point, geometry optimizations were
carried out at the SCF-RHF and at the singles and
doubles excitation configuration interaction level
(CISD), out of the HF configuration of the appro-
priate symmetry (SCF+1+2). The CISD calcula-
tions were done by keeping the 1s core electrons for
every atom frozen at the SCF level. This valence
CISD approach generates a space of ~ 150000 SACs
(spin adapted configurations), and in order to keep
our correlated calculations under computational
control, an energy threshold selection scheme of
~ 5% 10~ % hartree was employed truncating the space
to ~40000 SACs. The reduced space produces ~98%
of the full-CISD correlation energy as evidenced by
a full-CISD calculation for calibrating purposes.
Thus, all our reported CISD energies have been cor-
rected to the complete CISD space.

To ameliorate size consistency errors, we also re-
port quadruple excitation results (CI-Q) and “full”’-
CI results (CI-F), obtained through the Davidson
extrapolation formulae [19-21]. The Davidson ex-
trapolated results were used mostly as a guide to our
CISD results, rather than as computational results
per se.

All computations were done with the MELDF code

Table 1
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[22] using exclusively the microVAX-3300 com-
puter at the Physical Chemistry Laboratory.

3. Results and discussion

Our SCF results for the X 2B, 1 %A, 22A,, ?B, and
2A, states are presented in table 1, while fig. 1 sche-
matically depicts the first four of these states along
with their electron distributions. Table 2 compiles
all our correlated results at the CISD, CI-Q and CI-
F levels of computation.

Let us first examine the SCF results, table 1. In the
X 2B, ground state, the N-F bond length is predicted
to be shorter by ~0.04 A as compared to the ex-
perimental value (table 2), a well-known shortcom-
ing of the HF method, compounded here due to the
vicissitudes of the F atom. On the contrary, the bond
angle is in excellent agreement with the experimental
value. Notice that our absolute HF energy is lower
by more than 100 mhartree than the corresponding
UHF of Cai et al. [16].

The ground state of NF, can clearly be character-
ized as a = radical, with the symmetry carrying elec-
tron localized on the N atom, fig. 1a. At the SCF level
the 12A, excited state is located 4.59 eV above the
X 2B, ground state in good agreement with the ex-
perimental value (table 2). The corresponding AE
value for NH, is 1.39 eV [23]. The much higher ex-
citation value of NF, as compared to NH, can be at-
tributed to the stabilization of the 6a, electron pair
with the synchronous destabilization of the 2b, elec-

Energy dependences AE, equilibrium geometrical parameters, dipole moments # and net Mulliken charges and overlaps (g, S), for the

X ®B,, 12A,, 2 2A,, 2B, and ?A, states of NF, at the SCF level

Property State

X ?B, 12A, 224, B, 2A,
AE® 0.0 4.59 5.45 6.10 8.01
Ry g® 1.312 1.319 1.460 1.503 1.527
LFNF® 103.5 120.4 142.4 74.4 86.8
u® —0.268 —0.342 ~0.642 —0.030 —0.062
an +0.36 +0.23 +0.03 +0.10 +0.12
Sn-F 0.20 0.19 -0.07 0.00 0.00

%) Energy differences in eV; the absolute SCF energy of the ground 2B, state is Egcp= —253.26285 hartree.

» Bond length in A, angles in deg.
<) Dipole moments in D.
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Fig. 1. Schematic SCF representations of the X ?B,, 1 2A,, 22A,
and ?B, states of NF,.

tron, due to the presence of the F atoms. It is inter-
esting to note that AE| 25, x2p, is essentially invar-
iant with respect to the level of calculation, table 2.
The N-F bond length increases slightly, ~0.01 A, in
going from the X 2B, to the 12A, state, but the bond
angle increases by 17°, also a result independent of
the computational level.

A second electronic state of symmetry 2A,, but with
different electronic distribution, was found 5.45 eV
above the ground state at the SCF level. This state,
tagged 2 2A,, results by promoting the 2b, electron
to the 7a, MO, fig. 1¢. This is in agreement with the
results of Cai et al. [16] who found AE;:4,. x 23,
=5.28 eV at the UHF level. However, according to
our CISD results (table 2) this state is located 4.74
eV above the ground state, 0.17 eV higher than the
1 2A, state. In addition, including the Davidson cor-
rections [19-21], the CI-Q and CI-F results suggest
that the state 2 2A, is below the 1 2A, state by ~0.1
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and ~0.4 eV, respectively. Due to the possible un-
certainties introduced by the Davidson corrections
the best we can tell is that these two states of the same
symmetry, 12A, and 2 2A,, are of the same energy,
at least within the resolving power of our calculations.

The geometry of the 2 2A, state changes dramati-

cally either with respect to the ground or to the 1 %A,
state. The N-F bond length increases by as much as
~0.15 A and the bond angle opens by ~40° as com-
pared to the X2B, state. This drastic geometry
change, in conjunction with a zero N-F overlap and
a shallow potential energy surface around the min-
imum, suggests a N-F dissociation channel to the 3Z~
state of the NF species, NF,(22%A,)->
NF(3Z-)+F(?P), fig. 2.

Let us focus now on the correlated results, table 2.
For a 19 (valence) electron system such as NF,, the
correlation extracted at the CISD level is ~90%
of the total correlation, as is also shown by the
Davidson correction to the CI-F energies. Apart from
the %A, state, bond lengths increase by ~0.01-0.02
A while bond angles remain practically the same in
going from SCF to CISD geometries. The N-F bond
length in the X 2B, state is still shorter by ~0.02 A
as compared to the experimental value, but it tends
monotonically to the appropriate value after
Davidson corrections. We also observe that the cal-
culated dipole moment of the X 2B, state is in fair
agreement with the experimental value [7].

At the CISD level the excited states 2 %A, 2B, and
2A, are compressed by ~0.7, ~0.4 and ~0.8 eV,
while, as already mentioned, the 12A, state remains
unchanged. Interestingly enough, at the CI-F level
the energy lowering of the previous states becomes
twice as large, i.e. =~1.3, ~0.8, and ~1.6 eV, re-
spectively, with respect to the SCF results. We be-
lieve that these severe energy lowerings are not real,
so we will confine the rest of the discussion to the
CISD results. '

The two %A, potential surfaces are responsible for
the creation of an avoided crossing, fig. 3. As a re-
sult, the two minima belong to the same symmetry
surface, with an intervening energy barrier of, at the
most, 8 kcal mol~!, as obtained by a linear geometry
variation between the two minima (see fig. 3).

The ?B, state is created by transferring a 4b, bond-
ing electron to the 2b, nonbonding MO, fig. 1d. The
equilibrium geometry of the 2B, state, table 2, is
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Energy differences AE, equilibrium geometrical parameters, dipole moments x and net Mulliken charges and overlaps (g, S) for the

X 2B,, 1 2A;, 22A,, 2B, and 2A, states of NF, at the CI level

Property *) State Exp.®
X B, 124, 224, ’B, A,
CISD © AE D 0.0 4.57 4.74 5.72 7.17 4.464
Ryr 1.333 1.340 1.477 1.511 1.528 1.3528 ©
LFNF 103.5 120.7 143.1 75.3 89.3 103.39
U —0.186 -0.211 -0.472 +0.264 +0.350 0.149
dn +0.28 +0.17 +0.41 +0.02 0.00 -
Sne 0.17 0.16 0.00 0.00 0.00 -
CI.Q® AE 0.0 4.54 4.38 5.49 6.74
Rne 1.347 1.358 1.494 1.536 1.550
L FNF 103.3 120.6 7 143.2 75.3 90.1
CI-F 9 AED 0.0 4.51 4.14 5.36 6.48
Rur 1.356 1.367 1.506 1.551 1.574
L FNF 103.2 120.8 143.2 75.4 91.0

2 All units as in table 1.
®) Experimental results for the X 2B, state.

) CISD=SCF plus single and double replacements (SCF+1+2).

9 The absolute CISD energy of the ground 2B, state is Eqsp= —253.8275 hartree.

© Ref. [24].
) Ref. [7].
&) Absolute value, see ref. [7].

%) The Davidson correction for the effects of unlinked quadruples, AEq=(1—C3)(Eqsp—E,), has been applied, ref. [19].

Ecro(XB)) = —253.8935 hartree.

1} The Davidson extrapolation formula to the “full” CI has been used, Eqpr = (Ecisp —Fo) (C3/2C% —~ 1) +E,, refs. [20,21}].
3 The absolute CI-F energy of the ground 2B, state obtained through the Davidson correction formula given above is Ecpp=—253.9020

hartree.

reminiscent of a N approaching F, under C,, sym-
metry, the F-F bond distance being ~ 1.8 A. We ob-
serve that the overlap population for this state is zero
for both pairs of atoms, Now, the 2A, state is created
by transferring an electron from a pure fluorine
la, MO to the 2b; MO of nitrogen,
|...(1a5)'(4b,)?(6a,)?(2b,)?>. This state is the
highest in energy among the five states examined here
and is unbound with respect to the ground state at-
oms, N(*S)+2F(?P) [25,26]. Both 2B, and 2A,
states have long bonds, acute angles, no net (Mul-
liken) charges and reverse dipole moments as com-
pared to the rest of the states, table 2.

In conclusion, we will touch upon the photolysis
mechanism of the NF, radical in trying to rationalize
the experimental results {5].

Fig. 2 shows a diagrammatic representation of the
low-lying electronic states of NF,. It also displays the
energy levels of 3X—, 'A, 'Z* of NF+F(?P), at the
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CISD level of calculation. The relative positions of
the ground states of NF, and NF(*X~ ) +F(?P) were
determined by using the experimental binding en-
ergy of NF, (~6.1 eV) [25,26], and the NF dis-
sociation energy, Do=3.5 eV [24].

We summarize the experimental findings: (a) a
broad absorption band is observed in the region 240-
270 nm or 5.17-4.59 ¢V with a maximum at ~260
nm or 4.77 eV [3-5]; (b) the main photolytic prod-
uct is the 3Z~ state of NF with a small percentage of
1A NF at 260 nm; the percentage of 'A NF increases
monotonically to ~20% at 240 nm. In addition, a
delay of the NF production is observed [5]; and (c)
there is a diffuse absorption band in the region of
~160-170 nm or ~7.8-7.3 ¢V [6].

Our results, fig. 2, clearly suggest a 270-260 nm
transition from the X ?B; to the 12A,-22A, states
with a facile interconversion between the two min-
ima, followed by the breaking of a N-F bond and the
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Fig. 2. A photolysis diagram of NF, to NF +F, All numbers shown
(bond lengths in A, bond angles in deg) have been obtained
through CISD calculations,

production of NF species in the 3£~ ground state.
We can claim that the production of 'A NF is in-
duced by the presence of the 2B, state; the electronic
distribution of the 2B, state, fig. 1d, is naturally cor-
related with NF('A) +F(?P), due to the fact that the
in situ N-F fragment in NF, is in a 'A-like config-
uration. We infer that increasing the population of
antisymmetric b, vibrational levels, coupling 2A; and
2B, symmetries of NF,, could result in a partial A
NF production as shown in fig. 2. In addition, the
delay in the 'A NF appearance can be rationalized by
the presence of an avoided crossing between surfaces
of A’ (C,) symmetry, resulting from the broken
symmetries of 2A, and 2B, states.

Finally, the 7.8-7.3 eV transition can be attrib-
uted to the 2A,+ X 2B, transition, fig. 2, as suggested
by Cai et al. [16].
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