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Many rotational transitions of nitrogen difluoride, NF,, have been recorded in the millimetre-wave
region. By fitting the present and previous data together, it has been possible to determine several higher
order centrifugal distortion terms and so refine the rotational and spin-rotational parameters. In addition,
it has been possible to determine the off-diagonal electron spin-nuclear spin coupling parameter T, for
the two equivalent 'F nuclei. This term causes ortho-para mixing and, to our knowledge, this is the first
time that such a term has been determined directly by spectroscopic means for spin 1/2 nuclei. Density-
and wave-functional calculations employing moderately large to large basis sets have been carried out to
test the reliability of such calculations and to corroborate the experimental hyperfine structural findings.
In addition, vibration-rotation interaction terms were calculated theoretically in order to derive a mixed

experimental/ab initio equilibrium structure for NF, in the X?B; state, namely:
r=134.691(68) pm and <« =103.132(20)°.
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1. Introduction

The NF,, nitrogen difluoride or difluoroamidogen, radical in its
2B, ground state is a member of a small class of free radicals that
are chemically stable. It was first identified by Johnson and Colbo-
urn in 1961 [1] with the discovery that it exists in equilibrium with
tetrafluorohydrazine, N>F, (which they had just synthesised); it
can be made readily in high concentration simply by heating a
sample of N,F,. The first spectroscopic studies of NF, were made
in the infrared and microwave regions very soon after its discovery.

In the infrared region, Harmony et al. [2] measured the sym-
metric (v;) and anti-symmetric (v3) stretching wavenumbers to
be 1075 and 930 cm™!, respectively; the bending vibration (v,)
wavenumber was measured as 573 cm~! in a nitrogen matrix at
20K [3]. The v; and v3 bands were later recorded at much higher
resolution by diode laser spectroscopy by Davies et al. [4] and by
Davies and Hamilton [5], respectively. Analysis of these results
yielded molecular parameters for the molecule in the two excited
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vibrational levels, including the Coriolis coupling coefficient, (g
between them. A few transitions in the v; band were also recorded
by CO, laser magnetic resonance by Hakuta and Uehara [6], who
exploited avoided level-crossings between adjacent rotational
levels to endow the magnetically tuneable transitions with elec-
tric-dipole intensity.

The first observations of the rotational spectrum of the NF, rad-
ical were made by Hrubesh et al. [7] in the frequency region
around 26 GHz. This was followed by a much more extensive study
by Brown et al. [8] who recorded the spectrum between 13 and
62.5 GHz. The frequencies that they measured were analysed and
used to determine a set of molecular parameters. This consisted
of values for the rotational constants, four centrifugal distortion
parameters and eleven other parameters that describe the electron
spin-rotation and “N and '°F hyperfine effects. They also deter-
mined the electric dipole moment (u, = 0.136 £ 0.010 D) from Stark
effect measurements. The rotational spectrum of NF, has also been
studied in the presence of large and variable magnetic fields by
Frank and Hiittner [9]. The work had the specific objective of iden-
tifying transitions that are insensitive to linear paramagnetic
Zeeman effects (so-called magic doublets [10]). The main result
of this study was an accurate determination of the electron-spin
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and rotational g-factors of NF; in its ground state. The rotational
and hyperfine parameters were re-determined by including the
magic doublet zero-field transition frequencies in the fit. Uehara
and Horiai have also measured a rotational interval of NF; in its
ground state (3p3-212) in a microwave-infrared double resonance
experiment in the presence of a magnetic field [11], using some
of the avoided level crossings in the v3; band. The main result was
an accurate measurement of the electronic g-tensor anisotropies,
consistent with the work of Frank and Hiittner [9].

One of the objectives of the present work was to investigate
whether mixing of ortho and para levels could be identified in
NF,. Curl et al. [12] were the first to point out that, unlike Ho,
the ortho and para levels of non-linear molecules with equivalent
identical nuclei are not independent of each other. They showed
that ortho and para rotational levels are connected by the nuclear
spin-rotation interaction and in some cases by spin-spin cou-
pling. Though these interactions are small in magnitude (on the
order of kHz), they become important if there is an appropriate
accidental degeneracy. In this situation, they provide routes for
one spin-modification to funnel through to the other. Conse-
quently, it is virtually impossible to achieve and retain a non-
equilibrium isotopic mixture of such molecules at any reasonable
temperature. In a microwave study of CH,Br,, Chadwick and
Millen [13] showed that similar ortho/para mixing can occur
through the nuclear electric quadrupole interaction. The coupling
in this case can be much larger, about 400 MHz in the case of
CH,Br,. Since this first observation, many other instances of
electric quadrupole coupling of ortho and para levels have been
identified, see for example Br,0 [14,15].

All of the above coupling phenomena refer to closed-shell
molecules. For an open-shell molecule like NF,, other hyperfine
interactions that involve the electron spin become available to
mix ortho and para levels. Let us consider the electron spin-
nuclear spin dipole-dipole coupling term in the molecular
Hamiltonian for an open-shell molecule with two equivalent
nuclei. This interaction can be written in Cartesian tensor form
as

Hap=5-T1-S+1,-T,-S§ (1)
1 1
:le-(T1+T2)~S+§(I1712)-(T17T2)-S, (2)

where S is the electron spin, I; and I, are the (identical) nuclear
spins of the equivalent nuclei labelled 1 and 2, T; and T are the cor-
responding dipolar coupling 2nd rank tensors, and F; is the total
coupled spin

I =1 +1I. 3)

It can be seen that the non-zero matrix elements of the first term on
the right-hand side of Eq. (2) are diagonal in It and therefore
preserve the ortho/para character. The non-zero matrix elements
of the second term are off-diagonal in It by 1 (in fact by any odd
integer) and can therefore lead to a mixing of the ortho and para lev-
els. Such mixing does require some of the elements of the difference
tensor (T, — T;) to be non-zero. The diagonal elements are zero
because the two nuclei are equivalent but the off-diagonal are not
necessarily zero. In the case of NF,, only the component
(T1 — T2)ap = Tgp is non-zero by symmetry.

In the present paper, we present additional measurements of
the rotational spectrum of NF; in its ground state in the millime-
tre-wave region. These measurements have been combined in a
weighted fit that takes all the available field-free data on the rota-
tional spectrum into account to determine an essentially complete
set of molecular parameters. In particular we have determined the
value of the dipolar hyperfine parameter T, for the °F nuclei; this
is the first time that such a term in the effective Hamiltonian has
been identified for a symmetrical molecule.

2. Experimental details

The NF, radical was produced in the absorption cell by pyrolytic
decomposition of the stable molecule N,F, at 92 °C. This tempera-
ture was found to be the best compromise between a high concen-
tration and unwanted population of excited vibrational levels of
NF, [16]. The preparation of N>F, has been described previously
[9].

The microwave absorption cell was located in a 1.82 m long H
frame electromagnet providing a transverse magnetic field. The
cell had been used previously for Zeeman-effect measurements;
it contains a Stark septum 1.20 m in length, chosen to avoid the ef-
fect of modulation in the outer, inhomogeneous-field regions.
Many lines of the paramagnetic species NF, are field-sensitive,
showing broadening and even splitting in the earth’s magnetic
field. Accordingly, the magnet was used for shielding purposes in
the present zero-field investigations; the local field was cancelled
out by application of the appropriate current. The cell is made of
copper and was passivated by filling it with hot N,F4/NF, gas mix-
tures at pressures up to 5 kPa. Under these conditions, a surface
layer of copper difluoride is formed that prevents decomposition
of NF, without diminishing the transmission of microwaves
noticeably. The cell was heated by flowing a commercial mixture
of di-benzyl toluene isomers (Ultra-Therm 330 SCB) through tubes
fastened along both sides of the cell. The whole assembly was
wrapped loosely with several layers of insulation material (NRC-
2-super isolation foil).

Rotational levels of NF, up to N=32 have been investigated.
Transitions involving these high-N levels are usually barely detect-
able with the Stark modulation technique even with a maximum
amplitude of the sinusoidal field of almost 7 x 10° V/m. Most of
the lines were therefore recorded using 10 kHz, 2f-detected source
modulation. The effective absorption path length was 1.90 m. A
liquid-He cooled InSb hot-carrier bolometer, type QFI/2, was used
for detection. The weakest securely assigned line measured this
way shows a (calculated) absorption coefficient of o~1 x
108 cm™'; it required a sampling time of more than one hour.
Gas pressures ranged between 3 and 4 Pa and the typical line
width (FWHM) was of order of 300 kHz; the line-shape is the sec-
ond derivative of a Doppler profile (see Fig. 1 for an example of a
comparatively strong line).

The frequency interval between 96 and 169 GHz was covered
with klystrons as primary sources combined with multiplication
techniques. The klystrons were stabilized by two phase-lock loops

L 1 Nl L o L
165207.75 165208.25
Frequency/MHz

1.652I07.2I5 1.65268A7é
Fig. 1. A recording of a single hyperfine component in the millimetre wave
spectrum of NF,. The transition has been assigned as Nk, = 16514—16115,
J=15)—-15}, F; = 16,—16}, F =15)—15; the line centre is measured to be
165208.019 MHz. The pressure in the sample cell was 3.5 x 1072 mbar and the
spectrum is the average of two scans each with an output time constant of 1.
The modulation frequency was 10 kHz and the modulation amplitude 360 kHz. The
separation between the two dashed lines is 300 kHz.
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(PLL) in series. The output of a backward wave oscillator (Marconi
sweeper 6600 A) was locked to a frequency generator Marconi
2019 A (80 kHz...1024 MHz) and used as the local oscillator for
the klystron. Two frequency phase discriminators of the type FDS
30 were employed, with somewhat different working frequencies
(30 and 29.85MHz for PPL1 and PPL2, respectively). The
29.85 MHz discriminator frequency was modulated at a frequency
of 10 kHz when the 2f-detected frequency modulation mode was
used, using a variable amplitude.

The frequency of the quartz crystal of the primary standard was
checked against the carrier of the radio station Mainflingen
(77.5 kHz, 107°); the consequent uncertainty of the locked klystron
frequencies is less than 1 kHz. This is negligibly small compared
with a typical line width. The frequency-modulated recording of
a single hyperfine component of the ortho transition 16;14-
161,15, J = 15)—15}, F; = 16}—16}, F = 15}—15], near 165208 MHz,
is shown in Fig. 1. The calculated absorption coefficient is
«=1.1x10"%cm™! and the sampling time was 4 min.

3. Theoretical calculations

Both density- and wave-functional ab initio calculations have
been carried out at the Regionales Rechenzentrum Kéln in the Zen-
trum fiir Angewandte Informatik (Centre for Applied Informatics)
of the Universitdt zu Koéln. The familiar hybrid density functional
B3LYP as well as MP2 second order perturbation theory calcula-
tions have been performed to obtain spin-spin coupling parame-
ters for °F as well as for N and to calculate vibration-rotation
interaction terms oc;g (i=1, 2, 3 for the three fundamental vibrations
of NF;; g =A, B, C). The latter are used to derive mixed experimen-
tal/ab initio equilibrium rotational constants from the experimen-
tally determined zero-point values which in turn yield
equilibrium structural parameters. All calculations have been car-
ried out at the respective theoretical equilibrium structure. Struc-
ture calculations have also been performed at the coupled cluster
level CCSD(T) which considers single and double excitations with
connected triple excitations taken into account perturbatively.
The correlation-consistent basis sets cc-pVXZ of triple, quadruple
and, for B3LYP calculations only, quintuple zeta quality (X=T, Q,
5) [17] were used in the calculations. One set of diffuse basis
functions (aug-cc-pVXZ) [18] has been used frequently, two sets
(daug-cc-pVXZ) [19] have been employed only rarely. The effects
of core-correlating basis functions ({aug-}cc-pwCVXZ) [20] were
also tested frequently. In the course of MP2 or CCSD(T) calcula-
tions, the core electrons were generally not correlated. In some in-
stances all electrons were correlated; these calculations are
denoted with an (ae) after the basis set. All theoretical calculations
were carried out with the Gaussian03 [21] programme.

4. Observed spectrum and analysis
4.1. Hamiltonian and basis set

The nitrogen difluoride radical is an asymmetric top with
x = —0.9425, fairly close to the prolate symmetric limit of —1. It
has a 2B, electronic ground state and the small dipole moment of
about 0.14 D [8] lies along the b-axis. The effective Hamiltonian
required to describe the energy levels of NF, consists of three
parts:

H = -%[rot + jffs -+ J/fhfw (4)

where # o is a Watson S-reduction of the rotational Hamiltonian in
the I" representation [22] that contains an almost complete set of
sextic centrifugal distortion terms; .# is the fine structure Hamil-
tonian describing the electron spin-rotation with some quartic cen-

trifugal distortion terms; and # is the fairly complex hyperfine
structure Hamiltonian that describes effects caused by the “N
and '°F nuclei. Since most of the parameters employed in the cur-
rent fit are very familiar, they do not need stating explicitly.

Watson’s S-reduction of the rotational Hamiltonian [22] is a
natural choice for a molecule so close to the symmetric prolate
limit as NF; even though the A-reduction has been used in the past.
The S-reduction also resulted in a somewhat better fit for the pres-
ent data set and the Ty, term was less correlated, leading to much
smaller variations of its value in the fits.

We have chosen to couple the rotational, electron spin, and nu-
clear spin angular momenta as follows:

N+S=], (5)
J+In=F, (6)
Irp1 + Igz2 = IF, (7)
Fy+Is=F. (8)

The order in which the two nuclear spin angular momenta have
been coupled was dictated by the programmes used to predict
and fit the NF; rotational spectrum [23]. The order is different from
the previous analyses which recognised the generally much larger
hyperfine structure effects in ortho-NF, caused by the 'F nuclei
compared with the effects of '“N.

The angular momentum from the unpaired electron causes each
rotational level to be split into two. The nuclear spin of the '*N nu-
cleus, Iy =1, splits each sublevel further into three. Each sublevel
having K, +K.=even is further split into three because of the
two equivalent '°F nuclei (Ir=1; ortho-NF,) while those having
K, + K. = odd show no further splittings (Ir = 0; para-NF,). The fine
and hyperfine structure effects thus give rise to a large number
of components for each rotational transition. For example, there
are 48 hyperfine components of the 2;;-2, transition in the final
line list. However, for larger values of N the strongest transitions
are described by AF = AF; = A] = AN, resulting in 3 and 9 strong
hyperfine components for each of the two strong fine structure
components for para- and ortho-NF,, respectively.

4.2. Assignments and least-squares fits

The assignment of the new millimetre-wave observations was
straightforward, being reliably guided by predictions based on
the previously determined parameters [8,9]. The three parts of
the data set were assessed separately before being combined in
the final weighted least-squares fit. The versatile spfit program
written by Pickett [23] was used for this purpose; the weights were
taken as the inverse square of the experimental uncertainty. In the
preliminary fits of the previous measurements [8,9], blocks of fre-
quencies showed residuals that were larger than the authors’ esti-
mated experimental uncertainty (95% confidence limits). We have
adjusted the uncertainties in these cases as described below. Be-
cause the data set reported by Brown et al. [8] is rather extensive
and involves many low-N transitions, these lines were fitted first.
The initial spectroscopic parameters were taken from Ref. [9] with
as many parameters as possible kept fixed in the early stages of the
analysis. Using uncertainties of 30 kHz for lines given with 10 kHz
digits and 100 kHz for those given only with 100 kHz digits in Ref.
[8], almost all the lines could be fitted with an rms error relative to
the experimental uncertainties of slightly less than 1.0. The smaller
of the two uncertainties is somewhat larger than the value of
10 kHz estimated by Brown et al. [8]. Even with this adjustment
of the uncertainties, there remain a few lines with residuals three
times larger than their uncertainties at this stage in the fit; these
measurements were judged to be unreliable by this criterion and
so were excluded from the final fit. The transition frequencies re-
ported by Brown et al. [8] with uncertainties of 1 or 10 MHz were
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also excluded from the fit as these contributed insignificantly to
the spectroscopic parameters. When the magic doublet transition
frequencies reported by Frank and Hittner [9] were included in
the fit with the authors’ estimated uncertainties, the relative stan-
dard deviation of these transitions was almost 4.0. It is possible
that the effects of incomplete Stark effect modulation caused sys-
tematic line shifts in these measurements which dominated the
random error. In the final fit of the data from Ref. [9], the error esti-
mates of these lines were therefore increased by a factor of 4. Final-
ly, the newly measured transition frequencies, which were almost
all recorded using the frequency modulation technique, were in-
cluded in the fit with their estimated uncertainties ranging from
10 to 50 kHz. The assignments of the weakest lines recorded, more
than one hundred times weaker than the strongest ones, had to be
scrutinised very carefully since not only transitions of NF; in the
lowest excited v, =1 state but also those in v;=1, v3=1, and
v, =2 levels can have intensities of comparable or greater inten-
sity. Accidental overlap with vibrationally excited lines may affect
the measured line positions appreciably. A small number of the
newly recorded transitions were omitted from the fit because the
large residuals of these lines with respect to other lines from the
respective transition suggested they were indeed overlapped. The
very weak 23, 51-24 >4 transition proved to be a particularly diffi-
cult one to assess. In this case, a pattern of six lines consisting of
two hyperfine triplets is expected. Although the hyperfine split-
tings are reliably predictable, the fine structure separation for this
high-N transition is less so (to the extent of a few tens of kHz). Only
two of the six lines could be identified in the observed spectrum.
These two lines were retained in the fit because they had the cor-
rect hyperfine separation and were of the expected intensity; the
third member of this group was lost in the noise. The other hyper-
fine triplet was predicted to fall in a region of the spectrum (some
1350 MHz higher) where the signal-to-noise ratio was too low for
its detection. Although the inclusion of the two retained transition
frequencies should be viewed with some caution, it had the merit
that it improved the determination of the rotational centrifugal
distortion parameters.

The final line list consists of 437 different spectral features cor-
responding to 479 hyperfine components some of which are over-
lapped. As it was difficult to determine a unique set of
spectroscopic parameters, care was taken to include only those
parameters that were both well determined (having an uncertainty
less than 20% of the value) and whose use in the fit contributed to
the reduction of the rms error of the fit. On this basis, the remain-
ing sextic distortion term Hy was omitted from the final fit. The
small number of parameters that do not meet both criteria are dis-
cussed below. The values of the parameters determined in the final
fit are given with their standard deviations in Table 1. It is reassur-
ing to note that the actual values obtained for the parameters were
generally insensitive (within the experimental uncertainties) to
the weighting scheme adopted in the fit, presumably because of
the large size of the data set. The least-squares fit file, which con-
tains the measured transition frequencies, their uncertainties,
assignments and residuals between measured frequencies and
those calculated from the final set of spectroscopic parameters, is
provided as supplementary material.

4.3. Parameters determined in the fit

The millimetre-wave observations have allowed energy levels
of NF, to be measured to significantly higher values of N and K,.
As a result, it has been possible to determine the sextic centrifugal
parameters and also the centrifugal distortion corrections to the
spin-rotation coupling for the first time. The rotational and centrif-
ugal distortion Hamiltonians have been cast in the S-reduced form
[22]. As in previous work, the scalar hyperfine parameters (ar) and

Table 1

Spectroscopic parameters® (MHz) of NF, in its ground 2B, state

Parameter Value Previous value [9]
A 70496.2977 (37) 70496.3339 (74)
B 11872.31537 (65) 11872.3162 (24)
C 10136.34816 (72) 10136.3594 (30)
Dk 1.898651 (92) 1.8953 (12)
Dy x 10° —52.7983 (145) —51.61 (21)
Dy x 10° 14.07650 (106) 14.110 (15)
dy x 10° —2.79359 (85) —2.7360 (30)
dy x 10° —243.535 (242) —245.4 (27)

Hy x 10° 264.14 (222)

Hyy x 10° —33.022 (290)

Hyg x 108 0.915 (32)

hy x 10° 43.40 (123)

hy x 10° —20.17 (41)

hs x 10° 4.641 (81)

£aa —951.8864 (136) —951.799 (22)
ebp —92.9736 (52) —92.9866 (94)
Ecc 4.4503 (54) 4.4075 (87)
Dy x 10° 48.12 (49)

Dy x 10° 135.2 (47)

d; x 10° 75.32 (168)

af(**N) 46.6082 (129) 46.609 (35)
TaaN) —47.7068 (244) —47.689 (39)
Typ(14N) —50.4761 (162) —50.472 (33)
T (1“N)° 98.1829 (156) 98.161 (34)
Yaa(*4N) 5.556 (41) 5.495 (87)
1op(M4N) —0.710 (27) —0.667 (47)
1e(1AN)P —4.846 (23) —4.828 (40)
ag(*°F) 164.5305 (151) 164.445 (42)
T,o('°F) —241.9666 (301) —241.724 (40
Ty(*°F) —226.3361 (232) _226.440 (41)
T *°F)° 468.3027 (241) 468.164 (48)
|Tan(%F)| 23.0(33)

&> (1°F) x 10° 0.220 (44)

Cao(°F) x 10° 191.1 (111)

Cop(*°F) x 10° 26.3 (37)

Ce('°F) x 10° 23.6 (38)

S(F-F) x 10% —-11¢

# Watson’s S-reduction was employed in the I" representation. Numbers in
parentheses are one standard deviation in units of the least significant figures.

b Derived value.

¢ Parameter constrained to this calculated value in the least-squares fit.

tensorial (dipolar; Tj) electron spin-nuclear spin coupling terms
for both N and '°F nuclei as well as the nuclear electric quadru-
pole coupling terms y;; for the N nucleus have been determined in
the fit. In particular, the parameter T,,, which perturbs hyperfine
levels with AK,=1, AK.=0, 2, and AN <2 that are accidentally
degenerate and thus mixes ortho and para levels, has been deter-
mined for the first time. Centrifugal distortion corrections to the
electron spin-nuclear spin coupling terms of '°F were investigated
in the present fit. Although such terms have been used rarely in the
past, a complete set of quartic terms has been determined for the
OBrO molecule [24]. These terms can be defined by analogy to
the electron spin-rotation distortion terms [25]. Only one such
term, de(F), the coefficient of N*(L,S, +1_S_), was determined with
significance in the present fit. Inclusion of further terms up to the
complete set of six quartic terms yielded reasonable uncertainties
for these parameters but they were not determined with signifi-
cance and did not affect the rms error of the fit noticeably. The
nuclear spin-rotation parameters C; for the '°F nuclei were also
tested in the fit. The inclusion of Cp, and C, had a very small effect
on the rms error of the fit. However, since they were determined
with significance and were of reasonable magnitude, they were
retained in the final fit. The off-diagonal term Cg, + Cy, had an
insignificant effect. The corresponding diagonal terms for '*N were
also insignificant. The nuclear spin-nuclear spin coupling term
S between the two '°F nuclei was calculated from the structure
and kept fixed in the fit. Its effect was minute; the largest effects



H.S.P. Miiller et al./Journal of Molecular Spectroscopy 251 (2008) 185-193 189

of 6 kHz on the transitions in the final fit occurred in some hyper-
fine components of the 2;,;-2q, transition. It was retained in the fit
to minimize effects on T,p. The largest effect of the latter parameter
occurred in the 3;,-393 and 21;-2¢; transitions and amounted to at
most 42 and 30 kHz, respectively. In this context it is worth men-
tioning that the largest effects of dis(F) were, at 32 kHz, almost as
large. The '°F nuclear spin-rotation terms had even larger effects of
more than 100 kHz in several hyperfine components of 2,,-29; and
still more than 50 kHz for a few other transitions.

5. Discussion
5.1. Spectroscopic parameters

Additional measurements of the rotational spectrum of NF, in
its ground vibrational level have been made in the millimetre-
wave region between 95 and 179 GHz. The transitions are intrinsi-
cally weak because of the small electric dipole moment. Despite
this, many higher-lying rotational levels have been accessed in
these experiments. When the frequencies of these transitions are
combined with the previous measurements of the rotational spec-
trum [8,9], it has proved possible to determine several of the high-
er order centrifugal distortion correction terms thereby making the
determination of the main rotational, fine and hyperfine parame-
ters more reliable. The best available previous set of parameters,
those determined by Frank and Hiittner [9], are given in Table 1
for comparison; they have been converted to the values for the
S-reduced form of the Hamiltonian [22]. It can be seen that the
parameters in the present paper are significantly more precise.

5.2. Structural parameters

The rotational constants can be used to derive an experimental
geometry of the molecule. The ry effective ground state structure,
given in Table 2, is essentially unaltered from that determined ear-
lier by Brown et al. [8]. However, the ry geometry is not the ulti-
mate structure because vibrational contributions cause the
rotational constants to differ from their equilibrium values. Subtle-
ties in the fitting procedure or in the choice of isotopic species can
cause considerable differences in the derived structure amounting
to several times 0.1 pm or 0.1° even under favourable circum-
stances. A complete set of 3n — 6 vibrational corrections «, needed
in first order for each rotational constant and each isotopic species
of a non-linear n-atomic molecule, is rarely available from experi-
ment even if, for a symmetric triatomic molecule such as NF,, only
three vibrations of one isotopic species have to be considered.

Table 2

Rotational parameters® B¢ (MHz), inertial defect 4 (amu A2), and structural param-
eters r, Z(pm, deg) of NF, in the ground vibrational state and mixed experimental/ab
initio equilibrium values

Ground state Equilibrium state®

a(MP2)¢ «(B3LYP)! a(exptl)®
A 70496.298 70413.473 70446.018 70519.43
B 11872.3323 11943.9851 11948.7187 11953.07
C 10136.3298 10211.8381 10216.0822 10221.83
4 0.121516 —0.000209 —0.000999 —0.005642
r 134.9 134.723 134.695 134.655
z 103.35 103.1245 103.1262 103.144

@ Reduction-free values [22].

b preferred structure: r=134.691 (68) pm, £ =103.132 (20)°, the average of all
three determinations, see Section 5.2.

¢ BS — B§ from MP2/aug-cc-pwCVTZ ab initio calculation.

d BS — Bﬁ from B3LYP/aug-cc-pwCVTZ ab initio calculation.

¢ Experimental values obtained using the experimental values for oz‘xg with i=1
and 3 (see Table 3) together with the ab initio values for of; g stands for the rota-
tional constants, A, B, and C.

Experimental information on the vibrational dependence of the
rotational constants of NF, is available from the infrared studies
of the v; [4] and v3 bands [5]; there is as yet no information on
the vibrational dependence of v,. Ab initio calculations provide a
way to circumvent the lack of experimental data. The computation
of the cubic force field, required to calculate the of parameters [26],
is a major undertaking since small deficiencies in the ab initio
method can produce sizeable errors in the cubic force field. Despite
this, when the mixed experimental/ab initio equilibrium rotational
constants are obtained from such a calculation, they are often a
good enough approximation to the true values because the differ-
ences between ground and equilibrium rotational constants are
generally small, of the order of one percent. The difference be-
tween ground state and equilibrium rotational constants can be
expressed as [27]

BB =1 > dif ©)

1

if one neglects the higher order corrections which are much smaller.
Here g stands for the three rotational constants A, B, and C, d; is the
degeneracy of the vibration v; and i runs over the normal coordi-
nates. In the present case each of the three vibrational modes is
non-degenerate.

Table 2 gives the ground state rotational constants as well as
the equilibrium values. The latter are calculated from the experi-
mental zero-point rotational constants in two ways: (i) using the
experimental values for «f with i=1 and 3 and the ab initio value
estimated for o5 and (ii) using the ab initio values for all the re-
quired of values. The ab initio calculations were done at the MP2
and B3LPY levels, employing the moderately large basis set aug-
cc-pwCVTZ. The inertial defects, the calculated bond lengths and
bond angles are also given in the table. As can be seen, the vibra-
tional corrections to B and C are about 1% while those for A are
even smaller. The small inertial defect 4 =1. — I, — I, for the zero-
point level is consistent with these small corrections. The calcu-
lated equilibrium values for 4 are very small and negative, as ex-
pected. The electronic contribution to the inertial defect is
generally small and positive [27]; a calculation of this contribution
from the rotational g-factors [9] puts it at 0.00227 (11) amu A2,
This suggests that the equilibrium inertial defects in Table 2 calcu-
lated with purely ab initio corrections are fortuitously close to zero.
In contrast, the equilibrium inertial defect derived from the avail-
able experimental data is slightly too negative.

The quality of the mixed experimental/ab initio structural
parameters is limited by the accuracy with which the B — B val-
ues are calculated because the experimental B§ values have been

Table 3
Comparison between experimental values for the vibration-rotation interaction
terms «? (MHz) with those calculated ab initio

Parameter Experimental® MP2P B3LYPP
aCTzZ aCTZ aCQz

of 83.60 (15) 194.90 167.87 166.43
of —64.490 (59) —56.81 —58.97 —59.65
af —6.077 (71) -2.23 —7.80 -8.10
o - 643.38 637.60 640.90
ob - —37.48 —39.60 —39.92
oS - —52.42 —54.29 —54.51
ol —770.35 (13) —672.63 —704.92 —718.40
of —58.449 (41) —49.02 —54.20 —54.96
o —111.570 (49) —96.34 -97.41 —98.56

2 Effective experimental values for of parameters have been obtained by re-fit-
ting the infrared data from Refs. [4,5] with the ground state parameters constrained
to the values determined in the present work. The numbers in parentheses are one
standard deviation in units of the least significant figures.

" Determined from BS — B§; see also Section 5.2. The basis set descriptions aCXZ
stand for aug-cc-pwCVXZ with X =T, Q; see Section 3.
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determined much more accurately (to one part in 10%). Table 3
gives experimental values for the parameters of together with
the theoretical values. The former have been obtained from a
least-squares re-fit of the infrared data from Refs. [4,5], constrain-
ing the ground state parameters to the values determined in the
present work (given in Table 1). The agreement between theory
and experiment is only fairly good. At least some of the differences
are caused by the fact that the experimental values are derived
simply from the differences B — Bf; they thus neglect contribu-
tions from the higher order parameters «,fj that are currently
unavailable. These corrections may well amount to some tens of
megahertz for A and to a few megahertz for B and C. In contrast,
the theoretical calculations provide true of values but their quality
is usually limited by the method of the calculation and, to a lesser
amount, by the finite size of the basis set. The comparison between
the B3LYP and MP2 values shows that limitations of the methods
account for similar or maybe even larger deviations. In this context
it is interesting to note that the B3LYP values are generally better
than the MP2 values. In contrast, the finite basis set size produces
much smaller deviations as demonstrated by the two B3LYP
calculations.

Even though the various sets of of parameters differ somewhat,
the resulting equilibrium rotational constants are closely similar as
are the derived equilibrium structural parameters given in Table 2.
The use of larger basis sets for the calculation of B — B results in
changes of the derived structural parameters that are much smal-
ler than the differences between the two methods. Since each set of
equilibrium structural parameters has some limitations, we use
the average of the three sets of parameters as the preferred struc-
ture and the range of values as a conservative estimate of the
uncertainty.

Structural parameters as well as the dipole moment have been
calculated ab initio using the B3LYP, MP2, and CCSD(T) methods;
the results are summarised in Table 4 where the experimental val-
ues are also given for comparison. The bond lengths are already
fairly close to the basis set limit at basis sets of triple zeta quality
as expected for molecules consisting of fairly light elements. Use of
a quadruple zeta basis set produces a slightly shorter bond length;
further extension of the basis set has only marginal effects as eval-
uated at the B3LYP level. All bond lengths are rather close to the
experimental values; the B3LYP values are slightly longer, the
MP2 values slightly shorter, while the CCSD(T) values are very
close. There seem to be no clear general trends for B3LYP structure
calculations. However, the performances of MP2 and CCSD(T) are
in line with general trends if the basis sets are sufficiently large,
namely MP2 bond lengths tend to be shorter than experiment for
sufficiently large basis sets while CCSD(T) bond lengths are very
close, sometimes just barely shorter than experiment. One set of
diffuse basis functions lengthens the NF bond distance as one
would expect for a molecule consisting only of electronegative ele-
ments. A second set of diffuse basis functions or core-correlating
basis functions have small to negligible effects. However, correla-
tion of all electrons at the MP2 or CCSD(T) level causes a shortening
of the bond length as is commonly observed. The calculated bond
angles are slightly larger than the experimental value throughout
all basis sets for the B3LYP and MP2 calculations, but the CCSD(T)
values approach the experimental one. The bond angle shows only
minute basis set dependence for B3LYP calculations; increased
electron correlation causes somewhat larger effects. The largest ef-
fect occurs for the addition of a first set of diffuse basis functions.
The same holds for the calculated dipole moments. It should be
pointed out all MP2 dipole moment values have been obtained at
the MP2 density although the values are calculated at the SCF den-
sity by default. In the case of NF,, these values are around 0.4 D,
much larger than the experimental values. Dipole moments calcu-
lated at the SCF density are also available for CCSD(T) calculation.

Table 4
Equilibrium structural parameters r, Z(pm, deg) and dipole moment p (D) of NF,
calculated ab initio in comparison with experimental values

Method® r £ u
B3LYP
cc-pVTZ 135.46 103.48 0.084
aug-cc-pVTZ 135.52 103.45 0.124
daug-cc-pVTZ 135.52 103.45 0.120
aug-cc-pwCVTZ 135.52 103.45 0.124
cc-pvQzZ 135.38 103.48 0.095
aug-cc-pwCVQZ 135.31 103.52 0.110
aug-cc-pwCV5Z 135.27 103.47 0.109
MP2
cc-pVTZ 134.19 103.56 0.084
aug-cc-pVTZ 134.52 103.34 0.134
aug-cc-pwCVTZ 134.50 103.40 0.134
aug-cc-pwCVTZ(ae) 134.26 103.40 0.123
cc-pvQzZ 133.95 103.48 0.089
aug-cc-pwCVQZ 134.01 103.38 0.110
aug-cc-pwCVQZ(ae) 133.80 103.45 0.100
CCSD(T)
cc-pVTZ 134.97 103.30 -
aug-cc-pVTZ 135.34 103.07 =
aug-cc-pCVTZ 135.29 103.09 —
aug-cc-pwCVTZ(ae) 135.08 103.08 —
cc-pvQzZ 134.71 103.24 —
aug-cc-pwCVQZ 134.77 103.21 —
aug-cc-pwCVQZ(ae)® 134.64 103.22 —
Experimental® 134.69 103.13 0.136

2 The method used is given first in a row by itself; the basis sets used with that
method then follow below. The abbreviation ae in parentheses indicates correlation
of all electrons; the electrons of the core are generally not correlated in MP2 or
CCSD(T) calculations.

b Estimate based on trends in CCSD(T) and MP2 calculations.

¢ Structural parameters from this work, see also Table 2 and Section 5.2. Dipole
moment from Ref. [8].

However, these values are still slightly larger than the MP2 values.
For that matter, no dipole moments are given for the CCSD(T)
calculations and only values calculated at the MP2 density for
calculations with this method. The dipole moment values given
in Table 4 are close to the experimental value, especially when dif-
fuse basis functions were used in the calculations. Overall, the
available CCSD(T) values are very close to the experimental ones,
thereby justifying the use of average values of the two theoretical
methods presented in Table 2 as preferred values. The very good
agreement between the experimental and CCSD(T) values suggests
that the estimated errors reported for the preferred structural
parameters may be quite conservative.

As one can also see in Table 2, the computed ground-state bond
length and the bond angle are about 0.2 pm and 0.2° larger than
the experimental values. Table 5 summarises NF bond lengths for
several molecular species and obtained by various means. The
NF, value of 134.7 pm is between that of NF, 131.7 pm in the elec-
tronic ground state and the NF; value of 136.5 pm, closer to the lat-
ter. Cationic species such as NF}, N,F" and NF* show much shorter
NF bond lengths because there are fewer electrons in anti-bonding
orbitals. This shortening seems to be more pronounced for smaller
species. It should be pointed out that rotational spectroscopy in
combination with ab initio calculations [29] seems to indicate that
interactions with the anion in the solid state shortens the NF bond
length in N,FAsFg compared with the free N,F* cation. As with cat-
ionic species, electropositive substituents on the nitrogen atom
cause a pronounced lengthening of the NF bond as can be seen in
the trend from NF; over NHF, to NH,F, where the NF bond lengths
are 136.5, 140.0, and 143.2 pm, respectively. Similar effects occur
for substituents capable of =-bonding; a larger amount of n-bond-
ing and a smaller system seems to weaken the NF bond most so
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Table 5

NF bond lengths (pm) of NF, in comparison with other, selected molecular species
determined by microwave spectroscopy (MW)?, electron diffraction (ED)®, or single
crystal X-ray diffraction (X!)

Species MW (r.) MW (o) ED X! Ref.

NF* 118.0 (6) [28]°

N,F* 124.61 (10) 121.7 [29]4[30]¢
NF, b 'zt 129.98374 (17) [31]F

NF, a '4 130.39563 (17) 31

NE} 130.76 (16) [32]¢

NF, X35~ 131.698 (9) [31]"

NF, 134.691 (68) 134.94 136.3 (8) TWi,[81,[33]
NF; 136.48 (20) 137.1 [34,35)
NoF, 139.3 (8) [33]
trans-N,F, 139.6 (8) [3]
cis-NyF, 138.4 (10) 141.0 (9) [37,36]
NHF, 140.0 (2) 139.4 (4) [38,39]¢
ONF; 143.2 (2) [40]

NH,F 143.29 (3) [41]

NsF 144.4 (10) [42]'

FNO, 145.60 (28) 146.7 (15) [43,44]
FNO 151.658 (25) [45]

@ e and ry refer to equilibrium and ground state values, respectively.

b Vibrationally averaged bond length, r,.

¢ From photoelectron spectroscopy of NF.

4 Mixed experimental/ab initio value assuming r,(NN)=110.34 (5)pm; the
uncertainty for the NF bond length is assumed.

€ NFAsFs; r(NF) and r(NN) could not be separated experimentally; 231.6 (12) pm
was determined for the sum; ab initio ratios were used to derive individual bond
lengths.

f Second (b) and first (a) excited electronic state, respectively.

& NF4BF,; average of two close values, 130.79 (13) and 130.73 (13) pm.

" Ground electronic state.

i This work.

J No uncertainties have been given.

K Determined at —150 °C; average of two close values, 139.6 (2) and 139.2 (2) pm.

! Substitution structure (ry).

that it is very long in FNO, for example and even longer still in FNO
at 151.7 pm.

5.3. Hyperfine parameters

A complete set of hyperfine parameters for both the *N and !°F
nuclei has been determined; this includes the first determination
of the off-diagonal dipole-dipole term T, for '°F. The molecule
that is most closely related to NF, is NH,. The primary hyperfine
parameters for these two molecules in the zero-point level of their
2B, ground states are given in Table 6. It can be seen that, while the
magnetic hyperfine parameters for the N nucleus are fairly sim-
ilar, the electric quadrupole parameters are not. The magnetic
hyperfine parameters depend on the spatial distribution of the
unpaired electron which, to a first approximation, occupies the
2p, orbital on the N atom in both molecules (y is the out-of-plane
axis). The dipolar interaction broadly reflects the cylindrical sym-
metry of this 2p orbital; the small, non-zero magnitude of the Fer-
mi contact parameter arises from configuration interaction. The
14N electric quadrupole interaction on the other hand depends
on the electric field gradient produced by nearby charges; the elec-
tron charge distribution is significantly different for NF, as be-
comes obvious when we turn attention to the hyperfine
parameters associated with the H or F nuclei. Given that both of
these nuclei have I=1/2 and very similar g-factors (5.5857 and
5.2578, respectively), one might naively expect the magnetic
hyperfine parameters also to be similar. In reality, they are very
different as can be seen in Table 6; there is no correspondence
between the magnitudes or even the signs of the various parame-
ters. The explanation for this difference lies in the composition of
the b; molecular orbital that contains the unpaired electron. For

Table 6
Nuclear hyperfine parameters (MHz) and the angle between the a-axis and the z'-axis
of the spin-spin coupling tensor (deg) for NF, and NH, in their 2B; ground states

Parameter NF,? NH,"

ag{(1*N) 46.608 (13) 28.050 (11)
Taa('*N) —47.707 (24) —43.188 (17)
Tpp(*N) ~50.476 (16) —44.464 (19)
Toe MN)© 98.183 (16) 87.652 (16)
2aa(**N) 5.556 (41) 0.366 (31)
1o6(1*N) —0.710 (27) —3.833 (37)
Zec1AN)E —4.846 (23) 3.466 (24)
ag("°F[H) 164.531 (15) —67.170 (12)
Taa('°F[H) —241.967 (30) 18.359 (22)
Top("°F[H) ~226.336 (23) ~13.211 (25)
T{'"FH)’=T, 468.303 (24) —5.148 (19)
|Tap(*°F[H)| 23.0 (33) 58.5 (25)°
T, (*°F/H) —258.4 (31) 63.2 (24)
Tx ("°F/H) —209.9 (31) —58.0 (24)
Our ("F/H)¢ 35.62 (144) 37.45 (32)

2 Values from present work.

5 Values determined by Miiller et al. [46], Gendriesch et al. [47].

¢ Value determined indirectly from a study of NHD by Steimle et al. [48] from the
isotopic shifts of the T;; tensor.

4 @ is the angle between the principal axis z' of the '°F dipolar tensor and the a
inertial axis. For comparison, the N-F bond makes an angle @, of 38.4° with the a-
axis.

NH,, it is essentially a pure 2p, orbital on the N atom. The
dipole-dipole interaction therefore acts over the distance of the
N-H bond length and is correspondingly weak; the negative Fermi
contact interaction is a textbook example of spin polarisation as
shown, for example, in CH [49] or NH [50]. For NF,, on the other
hand, the b; molecular orbital is a linear combination of 2p, orbi-
tals on each of the N and F atoms. Each '°F nucleus therefore shows
a larger dipole-dipole interaction that reflects the cylindrical
symmetry of the 2p,, orbital. The Fermi contact interaction on the
19F nucleus is again a manifestation of configuration interaction
but with different character in this case.

Previous attempts to determine the off-diagonal dipole-dipole
term Ty, in the spectra of NH; [46,47], PH, [51], and AsH, [52,53]
did not succeed, despite accessing the nearly degenerate ortho/
para pair of levels Noy and N;y. NF, was considered a better
candidate molecule for such a determination because of the large
magnetic moment of the 'F nucleus and the fact that the rota-
tional levels are closer together than in a dihydride. The objective
has been achieved but only just because it turns out that the
parameter is small in magnitude (23.0+3.3 MHz). The reason
for this is that the b; molecular orbital shows predominantly
2p, character in the region of the '°F nucleus. With this simplistic
picture of the unpaired electron, the components of the dipolar
tensor in the local coordinate system (with the z axis lying along
the N-F bond) are Ty =T,=-1/2Ty,, Ty,=0. This cylindrical
symmetry is unaffected by any rotation in the molecular plane
and consequently T, is also zero. The magnitude of the value
determined for T, therefore gives information about the devia-
tion of the electron wavefunction from cylindrical symmetry at
the F nucleus. We can use the values determined for the param-
eters Tj; (i, j=a, b, ¢) in the present work to establish the principal
components of the dipolar tensor and the alignment of its axes
relative to the (x, y, z) axis system; the latter is parallel and
perpendicular to the N-F bond. The results are also given in Table
6. It can be seen that there is a small but significant difference
(2.8°) between the orientations of the principal and (x, y, z)
coordinate systems.

Table 7 summarises electron spin-nuclear spin coupling param-
eters calculated for the °F nuclei with the B3LYP and MP2 meth-
ods employing a number of moderately large to large basis sets.



192 H.S.P. Miiller et al./Journal of Molecular Spectroscopy 251 (2008) 185-193

Table 7
19F spin-spin coupling constants of NF, calculated ab initio in comparison with
experimental values

Table 8
14N spin-electron spin coupling constants of NF, calculated ab initio in comparison
with experimental values

Method? ar Toa Top Tee | Tap| Method? ar Toa Top Tee

B3LYP B3LYP
cc-pVTZ 120.4 —258.7 -2423 501.0 9.8 cc-pVTZ 29.8 —46.3 —494 95.6
aug-cc-pVTZ 98.6 —253.0 —235.7 488.7 9.6 aug-cc-pVTZ 25.8 —46.7 —49.6 96.3
daug-cc-pVTZ 97.0 —253.1 -235.7 488.8 9.7 daug-cc-pVTZ 249 —46.7 —49.6 96.3
aug-cc-pwCVTZ 131.7 —258.1 —240.2 498.3 10.1 aug-cc-pwCVTZ 39.6 —48.1 -51.2 99.3
cc-pvQZ 99.2 —261.1 —243.6 504.6 9.8 cc-pvQzZ 30.0 —479 -51.0 98.9
aug-cc-pvQzZ 98.1 —259.1 -241.1 500.3 9.5 aug-cc-pvQzZ 31.1 -47.9 -51.1 99.0
aug-cc-pwCVQZ 140.4 —264.0 —245.4 509.4 10.0 aug-cc-pwCVQZ 44.0 —-49.0 —-52.3 101.3
aug-cc-pV5Z 121.9 —263.2 —244.7 508.0 10.0 aug-cc-pV5Z 39.7 —48.8 -52.0 100.8
aug-cc-pwCV5Z 141.8 —266.2 —247.5 513.6 104 aug-cc-pwCV5Z 44.0 —-49.4 -52.6 101.9

MP2 MP2
cc-pVTZ 143.1 —2239 —222.7 446.7 204 cc-pVTZ 225 —46.8 -50.3 97.1
aug-cc-pVIZ 119.9 —-217.3 —216.6 443.8 23.7 aug-cc-pVTZ 22.0 —47.2 —50.4 97.6
aug-cc-pwCVTZ 165.1 -219.6 -219.0 438.8 23.7 aug-cc-pwCVTZ 38.5 —48.1 —-51.4 99.5
aug-cc-pwCVTZ(ae) 169.0 -221.5 -220.3 441.8 20.8 aug-cc-pwCVTZ(ae) 41.5 —48.3 -51.6 99.9
cc-pvQzZ 136.2 —224.0 —223.8 447.9 23.2 cc-pvQzZ 28.2 —48.1 -51.4 99.5
aug-cc-pwCVQZ 175.1 —2249 —224.7 449.6 24.7 aug-cc-pwCVQZ 40.7 —49.0 -52.4 101.4
aug-cc-pwCVQZ(ae) 179.9 —226.8 —226.0 452.7 22.0 aug-cc-pwCVQZ(ae) 445 —49.3 -52.6 101.9
Experimental 164.5 —242.0 —226.3 468.3 23. Experimental 46.6 —47.7 —50.5 98.2

2 The method used is given first in a row by itself; the basis sets used with that
method then follow below. The abbreviation ae in parenthesis indicates correlation
of all electrons; the electrons of the core are generally not correlated.

The scalar values ar display the usual pronounced basis set
dependence which decreases considerably once the basis sets
contain core-correlating basis functions. The change from quadru-
ple to quintuple basis set produces almost negligible effects with
both methods, indicating that convergence has essentially been
achieved whereas a marked change is calculated without these
basis functions. The B3LYP value calculated with the largest basis
set is still smaller than the experimental one by about 15% while
the corresponding MP2 value is about 10% larger.

In contrast to the scalar values, the dipolar values T; show only
small variations with basis sets. The diagonal values calculated
with both methods are quite similar to the experimental ones;
the B3LYP values are slightly larger in magnitude while the MP2
values are slightly smaller, except for T,,, which is very close. It
is interesting to note that the difference between T, and Ty, is very
similar to the experimental values for the B3LYP calculations
whereas for the MP2 calculations, it is much smaller. In contrast,
the MP2 values for the off-diagonal T,;, term are in very good agree-
ment with the experimental one whereas the B3LYP values are
only about half as large. These deviations result in very different
angles between the z-axis of the spin-spin coupling tensor and
the a-axis of the inertial tensor: The B3LYP and MP2 calculations
yield values near 24° and 45°, respectively, with the experimental
value of 35.6 (14)° being almost halfway between. This value is
also very close to the angle between the NF bonds and the a-axis
which amounts to 38.4°.

Table 8 provides the corresponding spin-spin coupling param-
eters for the N nucleus for reasons of completeness. As can be
seen, the scalar values again show large variations with basis sets
whereas the dipolar values are fairly basis-set independent. Both
methods yield similar values that are close to experiment, espe-
cially for the largest basis sets.

6. Conclusions

Many new measurements of lines in the millimetre-wave spec-
trum of the NF, radical in the zero-point level of its ground 2B,
state have been made and assigned. The measurements, together
with those made previously [8,9], have been subjected to a least-
squares fit to determine several higher order centrifugal distortion

2 The method used is given first in a row by itself; the basis sets used with that
method then follow below. The abbreviation ae in parenthesis indicates correlation
of all electrons; the electrons of the core are generally not correlated.

parameters, thereby determining the rotational and spin-rotational
parameters more securely. It has also been possible to determine
the parameter Ty, in the electron spin '°F spin dipolar interaction
for the first time. This term causes a mixing of ortho and para lev-
els. The analysis has been accompanied by high level ab initio cal-
culations which produce results close to those obtained from
experiment and also allow the accurate determination of the equi-
librium geometry. The line, parameter and fit files generated in the
course of the present investigation are available in the Fitting Spec-
tra section of the Cologne Database for Molecular Spectroscopy
(CDMS) [54,55] at http://www.astro.uni-koeln.de/vorhersagen/
pickett/beispiele/NF2/.
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