Journal of Quantitative Spectroscopy & Radiative Transfer 342 (2025) 109497

Contents lists available at ScienceDirect

ournal of
uantitative
pectroscopy &
adiative
ransfer

Journal of Quantitative Spectroscopy and Radiative Transfer

journal homepage: www.elsevier.com/locate/jgsrt

ELSEVIER

Check for

High resolution spectroscopic analysis of the vo = 1 and v4, = 1 states
14
of “"NDyH

Filippo Tamassia @, Gianfranco Di Lonardo, Luciano Fusina, Elisabetta Cane

Dipartimento di Chimica Industriale “Toso Montanari”, Universita di Bologna, Via Piero Gobetti 85 40129 Bologna, Italy

ARTICLE INFO ABSTRACT

Transitions of ND,H have been detected in the high-resolution spectra of 1*NDj3 recorded in the region 60 — 1515
cm™}, using the Bruker IFS 125 Fourier transform spectrometer located at the synchrotron far-infrared beamline,
Canadian Light Source. In this study we report on the observation and analysis of transitions to and between the
s, a inversion levels of the vo = 1 and vy4, = 1 states for NDoH. We assigned to vy = 1 (v4q = 1) 996 (296) rotation-
inversion transitions, with J up to 19 (13), and 3578 (1966) vibration-rotation-inversion transitions from the
ground state, with J' up to 22 (13). The newly assigned transitions, together with those present in the literature,
were fitted on the basis of a Watson-type S reduced Hamiltonian using the buig representation. The model includes
terms up to the 10th power of the angular momentum and vibration-rotation interaction terms between the
inversion levels. Precise and extended sets of spectroscopic parameters and term values were derived for the s, a
vo = 1 and v4q = 1 states as results of least squares weighted fit procedures that reproduce the transition
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wavenumbers at experimental accuracy.

1. Introduction

The di-deuterated ammonia, first spectroscopically investigated a
long time ago [1-11], is the subject of the present study. Recently, the
far-infrared (FIR) transitions assigned in spectra recorded at the syn-
chrotron FIR beamline, Canadian Light Source (CLS), were analyzed
together with the data reported in the literature to obtain an improved
set of ground state (GS) spectroscopic parameters [12].

ND3H is of interest for astrophysicists. Its first identification in 2000
[13] was stimulated by the detection of monodeuterated ammonia [14].
Deuterated ammonias were discovered in the cold, dense starless or
pre-stellar clouds and in the low mass and high mass protostellar envi-
ronments [15-21]. Astrophysicists have measured the amount of
deuterium fractionation in ammonia to trace the evolutionary stage of
dense cores from both physical and chemical points of view [22-26].
The aim was to determine the atomic nitrogen abundance in star
forming regions [27] and to clarify if chemical species origin from gas
phase or grains reactions by measurement of the ortho/para ratios of
deuterated ammonia in pre-stellar cores [28].

Among the few studies on the vibrational excited states of NDoH, the
v fundamental was the first band studied [5,6] while the vq, v3a, v3p
stretching and v4, and v4p, bending fundamentals were analyzed later by

* Corresponding author.
E-mail address: filippo.tamassia@unibo.it (F. Tamassia).

https://doi.org/10.1016/j.jqsrt.2025.109497

Snels et al. [10,11]. In Ref. [5] Coudert et al. investigated the s and a
inversion levels of vo = 1 assigning to NDH; (NDoH) 1023 (894)
vibration-rotation-inversion v, band transitions with J' up to 15. As far
as NDoH is concerned, the vo = 1s and v, = 1a vibration term values
were determined at 810.2267 cm ™! and 819.5648 cm ™ ?, respectively,
together with the spectroscopic parameters up to the 6th order of the
angular momentum and the values of the F, F; and Fg interaction co-
efficients between the s and a inversion levels. Later, Kartha et al. [6]
measured 120 v, transitions for NDoH by diode laser spectroscopy and
re-determined the parameters of vo = 1 by means of a simultaneous
analysis of diode laser data and Fourier transform infrared (FTIR)
transitions from [5]. About 20 years later, Snels et al. completed the
analysis of the bending fundamentals of *ND,H and '*NDH, using
newly recorded high resolution FTIR spectra from 1150 to 1750 cm ™! in
a supersonic jet expansion and at room temperature [11]. The notation
V4q and vgp, of bending normal modes of ND,H was adopted by correla-
tion with the degenerate v4 mode in C3, symmetric ammonia, where a
indicates the symmetric and b the antisymmetric normal mode with
respect to the C; symmetry plane in deuterated ammonias. In total, 588
vibration-rotation-inversion transitions were assigned with J” up to 11
to NDoH. The vibration term values of v4, = 1s and v4, = 1a, 1233.3740
em ™! and 1235.8904 cm ™!, respectively, the spectroscopic parameters
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up to the 4th order of the angular momentum and the values of
perturbation coefficients F and F; between s and a inversion levels were
determined. The spectroscopic results evidenced that the band is rota-
tionally unperturbed and the Fermi resonance with 2v; was not
considered in the analysis [11].

The present analysis of the vy = 1 and v4, = 1 states of NDyH, has
been prompted by our spectroscopic study of the GS of ND;H and NDH,
[12]. In fact, in the FIR region of the spectra of 14ND3, recorded at CLS
[29], we detected absorption lines of rotation-inversion transitions be-
tween the s, a levels of the ground, vy = 1 and v4, = 1 states of NDoH.
Thus, we envisaged the opportunity to improve the analysis of the v and
V4o fundamental bands of NDoH adding for the first time the
rotation-inversion transitions to the data available in the literature [5,6,
11]. Thanks to the high resolution and sensitivity of the spectra [29,30]
we also extended the assignments of vibration-rotation-inversion tran-
sitions to higher values of J, K, and K. quantum numbers. In total, 996
(296) rotation-inversion transitions between the s, a inversion levels in
va =1 (V4,2 = 1) could be assigned with J max = 19 (13), Ka, max =19 (11)
and K. max = 18 (12). The new assignments of the
vibration-rotation-inversion transitions to vo = 1 (v4, = 1) amount to
3578 (1966) with J; . = 22 (13), K, ., = 19 (11), and K ., = 21 (12).
The analyses of these databases comprising the FIR and IR newly
assigned data together with transitions from Refs. [5,6,11] allowed the
determination of rotational term values up to J = 22 (13) for the s, a
inversion levels in vy = 1 (v4, = 1). Highly precise and extended sets of
spectroscopic parameters and interaction coefficients for the studied
excited states of ND,H were also determined.

The paper is structured as follows: the experimental details are given
in Section 2; the spectra analysis with the procedure adopted for the
assignments are given in Section 3; the theoretical model and the results
of the fits are described in Section 4 while the conclusions are drawn in
Section 5.

.max

2. Experimental details

Eight spectra were recorded in the range 60 — 1515 cm™! at room
temperature using the Bruker IFS 125 Fourier Transform spectrometer
located at the FIR beam line, CLS [30] according to the experimental
conditions listed in Table 1 of Ref. [29]. The spectra were obtained using
two identical samples of **ND3 supplied by Sigma-Aldrich with a stated
isotopic purity of 99 %. The recorded spectra showed a composition of
about 60 % of ND3, 30 % of NDsH, 10 % of NDH,, and traces of NHj,
H»0, and HOD. An overview of an IR spectrum is plotted in Fig. 1 with
the indication of the absorption bands for ND3, NDo,H and NDH;. The
relative intensities of the v5 and v4, bands of the deuterated ammonias
reflect the composition of the sample.

Water and NHj lines [31] present as impurities were used to calibrate
the wavenumber scale. The wavenumber uncertainty of isolated lines of
medium intensity in the FIR region of spectra is estimated 0.15 x 1073
em ! and 0.20 x 1072 ecm™! for the IR transitions.
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Fig. 1. Overview of the infrared portion of the recorded spectra of deuterated
ammonias. The absorption bands of ND3, ND,H and NDH, are indicated.
Recording conditions: sample pressure 0.133 Pa, path length 72 m.

3. Spectra analysis and assignments

ND,H is an asymmetric top with asymmetry parameter x = 25-4-C=
—0.13. Its complex pattern of energy levels is further complicated by the
splitting of the rotational levels into inversion doublets and by the
perturbations induced by vibration-rotation interactions. The equilib-
rium configuration of the nuclei belongs to the symmetry point group Cs,
and the v, and v4, normal modes are both symmetric (A’) with respect
the symmetry plane of the molecule. The v, and v4, fundamental bands
of ND,H are b/c hybrid bands, centered at about 810 (s) and 819 (a)
em ™}, 1233 (s) and 1235 (a) cm ™}, respectively, see Fig. 1. The c-type
vibration-rotation-inversion transitions connect different inversion
levels of the GS and of vy = 1 and v4, = 1. The b-type transitions connect
levels of the same inversion symmetry in the ground state and in vo =1
and v4y = 1. The same selection rules apply to rotation-inversion
transitions.

The FIR spectra were investigated assigning the transitions between
the s, a levels of vy = 1. Their identification was assisted by predictions
calculated using the v, transitions from Ref. [5]. The results of Ref. [6]
were not used, although obtained from an analysis of a larger dataset
and using a better set of GS parameters than in Ref. [5], since most of
them were biased by calibration errors of wavenumbers from the diode
laser spectra. During the assignments, it was noticed that the difference
between predicted and experimental wavenumbers increased severely
with increasing J. Therefore, the vibration-rotation-inversion transitions
of Ref. [5] were added to the FIR newly assigned transitions and all lines
were fitted simultaneously. The spectroscopic parameters of the GS used
in the fitting procedure are those reported in [12]. Once obtained more
accurate predictions the assignment procedure continued in an iterative
process, which consists of improving the values of the spectroscopic
parameters by means of newly FIR and IR assigned lines, predicting the

Table 1

Transitions included in the current dataset of vo = 1 and v4, = 1 s, a states of NDH.
Band Type of transitions Selection rules No. of lines Observed J,, Observed K, ... Observed K, .
Vg < V2 FIR rotation-inversion s« s/a < a,AJ = +1, AK, = +1, AK, = +1 177/175 16/16 16/16 16/15
Vg « Uy FIR rotation-inversion a«s/s < alAJ=+1, AK,=+1, AK. =0 323/321 19/19 18/19 18/18
V4q < Vaq FIR rotation-inversion s« s/a < a,AJ = +1, AK, = +1, AK, = +1 36/25 11/11 10/10 8/9
Vaq < Vaq FIR rotation-inversion a<« s/s —aAJ=+1, AK,=+1, AK. =0 117/118 13/13 11/11 11/12
Vg <« GS IR vibration-rotation-inversion s« s/a < a,AJ =0, +1, AK, = +1, AK, = +1 1240/1227 19/19 17/16 19/17
vy < GS IR vibration-rotation-inversion a<« s/s < aAJ=0,=+1, AK,=+1, AK, =0 989/984 22/22 19/16 20/21
V4q < GS IR vibration-rotation-inversion s« s/a < aAJ =0, +1, AK, = +1, AK, = +1 614/545 13/13 11/11 12/12
Vaq < GS IR vibration-rotation-inversion a<« s/s —aAJ=0,=+1, AK,=+1, AK, =0 413/409 13/13 11/11 13/13
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wavenumbers of higher J, K, and K, unassigned transitions to be
searched in the spectra. This iteration continued until all the transitions
that could be unambiguously assigned were identified. The analysis in
the IR region allowed to increase the number of vy transitions and to

H="E+"B.J2+"B,J>+"B.J2—"D,J* — "\ DyJ*J; — "' Dy.J}
+UHI + O TS+ HigJ 2T + O Hied + O Lid® + O Ly T2

+OL I T+ 40 Ly J2IE 4+ O L g8+ VP, g0 L P, I8 T2

+ VP ki T2+ Py T4 4V Pregeeres J2JE + ) Py J10

+(Vdy 2+ gt + O 1J°+Vp I8 (J2 +J7)

+(Vdy + P had? + LI+ Opad®) (J+0%) - (Vhy + V12 +Vpag*) (98 +°)
+ (Ol +Vpad?) (I8 +J8) +Vps (J°+J°)

identify a few transitions measured with less precision or misassigned in
Refs. [5,6]. In total, 4574 transitions with J,,, = 22, K, =19, and

a,max
K, m.x = 21, newly assigned or remeasured, were added to 844 and 17
data from Refs. [5,6], respectively. In the new dataset only one wave-

number, the more precise one at our disposal, is taken for each transi-
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in the I representation. The model adopted for both the ground and the
excited states includes terms up to the 10th power of the angular mo-
mentum operator:

@

where (v) is the quantum number for the inversion motion, with v = s or
a for the lower or upper component of the inversion doublet, respec-
tively, in the ground, v = 1 and vy4, = 1 states; J. = Jy + iJ),.

The extended interaction Hamiltonian is

Hy = F(JuJ, + JJy) + FaJ? (JuJ; + Jody) + Fi[J2 (Jdz + Jods) + (Juds + Jody)JZ

+F1d* (Jeds + Jodx) + Fued? [J2 (Ids + Jodx) + (Judz + JoJx) 7]
+Fiic [JF Tz + Jody) + (Feds + Jodx); | + Fud® (o, + JoJ%)

(2)

+Eyid* [P (JJz + Jodx) + (Ixds + ToJ 2] + Foed® (T3 Tz + Jodx) + (Jeds + Jodi)J7 |

+Fier [JE (Iuds + Todx) + (JuJ; + JJi)JE]

tion. As remarked in previous investigations [5,6], no evident
perturbations due to the expected a-type Coriolis interaction between vy
=1 and v4, = 1 were observed in the spectra notwithstanding the high J
values of the assigned transitions.

An identical procedure was followed for v4, using the predictions of
rotation-inversion transitions calculated thank to the spectroscopic pa-
rameters of v4q = 1 [11]. Next, our assignments were fitted together with
588 vibration-rotation-inversion transitions from [11] to complete the
analysis. In total, 2262 transitions with J; , = 13,K, .. =11 and K, ..
= 13, newly assigned or remeasured, were added to 15 data from
Ref. [11] choosing for each transition the more precise wavenumber at
disposal. The v4, = 1 could be perturbed by Fermi interaction with vy =
2 and by Coriolis interactions with vy = 2 and v4, = 1. No remarkable
perturbations of the levels were observed in the present analysis as in
Ref. [11].

Therefore, the v, (v4,) data for NDoH analyzed in this study amount
to 5435 (2277) transitions distributed as shown in Table 1, where the
maximum values of the J, K, and K. quantum numbers are also given.

4. Results and discussion
4.1. Spectral analysis

An accurate quantitative reproduction of the rotational energy levels
of partially deuterated ammonias is achievable only treating simulta-
neously the splitting of the levels due to inversion and the perturbations
from the vibration-rotation interactions, see Ref. [12] and references
therein. This analysis is based on the same approach, the same computer
code and the same reference coordinate system as in Ref. [12]. The
assigned transitions were fitted to a Watson-type S-reduced Hamiltonian

The Watson’s phase choice [32] adopted is the same as in Ref. [12].
As usual, in the least squares analysis, a statistical weight proportional to
the inverse of its squared estimated uncertainty is assigned to each
datum. In the iterative fitting procedure a rejection limit is used, which
is gradually decreased from one iteration to the next and finally set to
three times the estimated experimental uncertainties. In the last cycle of
refinements, the transition wavenumbers whose observed minus calcu-
lated values exceed the rejection limit are excluded from the fit. After
each iteration, the statistical significance of the obtained parameters is
checked as well as their correlation coefficients. The computer code and
the input data files are available from the authors upon request.

4.2. Analysis of vo =1

In total, 5435 transitions were collected in the dataset. 996 data
newly measured in the FIR region have uncertainty of 0.15 x 10> cm ™.
The uncertainty of the IR data is 0.20 x 102 ecm ™ except for 17 tran-
sitions whose uncertainty is 0.30 x 1073 ecm™! [6]. The line uncertainty
is increased by one order of magnitude in case of overlapping with
transitions of other isotopologues, such in the case for 84 FIR and 350 IR
blended lines. Moreover, the uncertainty of each assigned wavenumber
was multiplied by a factor \/n, with n the number of overlapping tran-
sitions, using the average of the corresponding calculated wavenumbers
as calculated values. The transitions have been fitted to the excited state
parameters in Eqgs. (1) and (2) performing several fits with different sets
of the refining parameters while keeping the GS parameters fixed to
values from Ref. [12]. In the final cycle of the refinement 18 transitions
were excluded since their residuals exceeded the rejection limit. The
results of this optimal fit are collected in Table 2.

The vibration term values of vy = 1 s, a, the 56 spectroscopic
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Table 2

Spectroscopic parameters in cm ' for v, = 1 of ND,H". S reduction, III'
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Table 3
Spectroscopic parameters in em™! for v4a = 1 of NDoH® S reduction, I

representation. representation.
Parameter s a Parameter s a
E 810.2268779(1802) 819.5645569(1802) E 1233.3737013(2344) 1235.8897013(2343)
By 5.312334839(1491) 5.295618507(1179) By 5.378992741(4957) 5.374512949(3998)
B, 7.528657294(1205) 7.477956098(1001) B, 7.704391693(4602) 7.695667240(3585)
B, 3.704570437(1234) 3.717692017(1244) B, 3.705693043(4191) 3.708390379(3778)
Dy x 10° 0.37449769(2017) 0.31360355(1867) Dy x 10°  0.42554499(9056) 0.41949818(6368)
Dk x 10° —0.54823192(9585) —0.43264800(6093) Dk x 10% —0.5956908(6728) —0.5764956(4487)
Dk x 10% 0.2330002(1033) 0.17064921(5932) Dk x 10°  0.2033530(8350) 0.1888238(6320)
d x 10° 0.143975630(6456) 0.112192332(6268) d x10°  0.15695977(5527) 0.15531848(5293)
do x 10° —0.063395777(3898) —0.053930759(2358) dy x 10% —0.05755817(2426) —0.05668305(1458)
H; x 108 0.1129223(1406) 0.0329023(1625) H; x 10°  0.1000483(7703) 0.1031427(5948)
Hjk x 108 —0.2844292(6978) —0.0498664(6381) Hjx x 10° —0.264918(4811) —0.221254(3218)
Hy; x 10° 0.363327(1617) 0.0259623(9437) Hg; x 10°  0.377995(6103) 0.245394(4693)
Hy x 10° —0.213067(1213) —0.0264289(7089) Hy x 108 —0.2486316(5744) —0.1531791(4702)
h x 108 —0.07646416(3131) —0.02044542(3152) hy x 10° —0.0590309(5746) —0.0621033(5564)
hy x 10° 0.04702100(2181) 0.01930721(1855) hy x 10°  0.0379681(1795) 0.0374217(1119)
hs x 108 —0.008078842(7399) —0.003432845(4651) hs x 108 —0.01006197(1499) —0.01023537(1413)
Ly x 10° —0.0578169(4263) 0.0096669(5549) Ly x 10° —0.040735(2204) —0.067823(1732)
Lk x 10° 0.235132(1842) —0.090287(2462) Lk x 10° —0.063806(4329) 0.060177(4100)
Lk x 10° —0.395632(3021) 0.158882(3637) L x10°  0.022693(1935) 0.036222(1885)
Lyxs x 10° 0.337842(1777) —0.134938(2852) Interaction parameters
Ly x 10° —0.110545(1084) 0.063619(1655) F 0.195138429(6870)
L x 10° 0.04155886(4725) —0.00430173(4989) Fy x 10% —0.06734995(7776)
I, x 10° —0.03094638(3087) —0.00194807(3707) Fx x 10°  0.0698117(4571)
I3 x 10° 0.01056410(1624) 0.00089046(1534) Fx x 10° —0.062361(3354)
Iy x 10° —0.001299790(5218) —0.000319401(3361) Total Number of fitted / assigned data 2249/2277 RMS = 0.29 x 102 em™
Py x 10'2 0.0026573(4597) —0.0066088(6603) Number of fitted / assigned FIR data 290/296 RMS = 0.25 x 102 em™
Pk x 102 —0.058213(2121) 0.066440(2965) Number of fitted / assigned IR data 1959/1981 RMS = 0.29 x 1072 cm™
) — x 102 0.063986(3163) —0.069471(3727) N . 3 - .
Prckics % 1012 —0.006807(1831) 0.011108(1686) . .The uncertainties as 1o given in parentheses refer to the last significant
Interaction parameters digits.
F 0.117142905(2545)

3

Ey x 107 —0.00710792(4428) A severe but unavoidable correlation between the energies of the vy
e X 10 0.02316760(6934) —1sand v, = lastatesi t, the two values being 100 % correlated
Fyy 10 ~0.0537886(2486) = .san VZ._ .qs ates is prest?n , the two values being o correla e. 5
P « 108 —0.0277900(2879) while no significant correlations are observed between spectroscopic
Fx x 108 —0.0144009(5274) parameters or interaction coefficients. The observed and calculated
Fryy x 10° 0.0446252(4987)

Total Number of fitted / assigned data 5417/5435 RMS = 0.22 x 1073 cm™®
Number of fitted / assigned FIR data 991/996 RMS = 0.15 x 107> cm™
Number of fitted / assigned IR data 4426,/4439 RMS = 0.23 x 10 % cm™

# The uncertainties as 1o given in parentheses refer to the last significant
digits.

parameters, and the seven interaction coefficients listed in Table 2 are
all statistically well determined, except for Pxgxxxy whose value is any-
way larger than three times its uncertainty. The L’s, I's and P’s param-
eters and four high order interaction coefficients have been determined
for the first time. The values and uncertainties of rotational and cen-
trifugal distortion parameters for vy = 1s and vy = la are very similar
and compare well with the respective counterparts in the GS [12]. The
values of several H’s, L’s and I's parameters of v, = 1s differ by one order
of magnitude from those of vy = 1a and, generally, those of vy = 1s are
larger while those of vy = 1a are smaller than their corresponding GS
counterparts. The differences between these high order parameters,
which are not observed for the corresponding parameters in v4, = 1 (see
Table 3 below), could be ascribed to the larger inversion splitting be-
tween the s and a vibrational term values in vo = 1. All parameters of the
model listed in Egs. (1) and (2) and not present in Table 2 were allowed
to vary in the fitting procedure. They, however, resulted statistically
undetermined or did not improve the fit quality and ultimately were
constrained to zero. The quality of the final fit is secured by the value of
the root mean squared (RMS) error equal to 0.22 x 1073 cm_l, con-
firming the adequacy of the model and of the weight attributed to each
datum. The RMS errors of the fit for different types of experimental data
are reported in Table 2 and agree with the estimated experimental un-
certainties. Moreover, the RMS values calculated excluding from the
dataset the blended lines amount to 0.13 x 10~ cm ™ ‘and 0.17 x 1072
cm ™! for FIR and IR transitions.

transitions and the precise rotational term values for the s, a inversion
levels of vo =1, up to J = 22, obtained using the optimized set in Table 2,
are listed in Tables S1 and S2, respectively, supplied to the editor as
Supplementary Materials.

Our results are comparable with those in Table IV of Ref. [5], since
the same S reduced Watson-type Hamiltonian and representation have
been used. Overall, similar values and equal signs of corresponding
rotational constants and centrifugal distortion parameters are observed.
The precisions of the rotational and centrifugal distortion parameters in
Table 2 are higher than those in Table IV of Ref. [5]. The comparison of
the 6th order distortion constants is less significant due to the differences
in the analyses: the number of the determined parameters in the two sets
and the GS parameters used in the fitting procedure. In fact, thanks to
the observation of transitions up to J = 22, we determined for the first
time the values of the 8th order distortion constants, several values of
the 10th order and seven coefficients of the interaction Hamiltonian.

4.3. Analysis of v4q = 1

The dataset of v4, = 1 contains 2277 transitions of which 296 are
rotation-inversion transitions and 1981, with 15 transitions from
Ref. [11], are vibration-rotation-inversion transitions. The weighted
least-squares analysis of all transitions was performed with the same
procedure as for vy = 1 using the same criteria to attribute the un-
certainties of the transitions, of which 12 FIR and 108 IR are blended
lines. In the last cycle of the optimal fit 28 transitions, 1 % of the dataset,
were excluded according to the above-mentioned criterion for rejection.
The obtained spectroscopic parameters presented in Table 3 reproduce
most of the data at experimental accuracy except for blended or very
weak lines. The RMS values for the two types of data guarantee the
quality of the analysis and the adequacy of the estimated uncertainties
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(see Table 3), particularly when considering the RMS values obtained
excluding blended lines from the dataset, equal to 0.22 x 1072 for the
FIR and to 0.21 x 1073 cm™! for the IR lines.

Fewer parameters have been significantly determined for v4, = 1
than for vy = 1 due to the smaller number of assigned transitions and the
smaller values of J, K,, and K,. Thirty-six spectroscopic parameters, all
statistically well determined, have been obtained in addition to the
vibrational term values and 4 interaction coefficients. The distortion
parameters of 6th and 8th orders are determined for the first time. The
values, signs and standard deviations of parameters for v4, = 1s are very
similar to the corresponding ones for v4, = 1la. In addition to the 100 %
correlation present between the s, a v43 = 1 vibration energies, some
correlations between D’s parameters are quite severe. Precise values of
the rotational term values for the s, a inversion levels in v4, = 1 have
been calculated up to J = 13. The observed and calculated transitions
and the v44 = 1 s, a term values up to J = 13 obtained using the set in
Table 3 are listed in Tables S3 and S4, respectively, supplied to the editor
as Supplementary Materials.

The parameters in Table 3 can be compared with those in Ref. [11].
The vibrational term values, the rotational constants, the 4th order
centrifugal parameters and the F and F; interaction coefficients in
Table 3 are truly consistent in values and signs with those in Table IV of
Ref. [11]. However, the precision of our D’s, d’s, is higher by one order
of magnitude.

5. Conclusions

The rotation-inversion and vibration-rotation-inversion transitions
involving the s, a inversion levels of the vy = 1 and v4, = 1 excited states
of ND,H have been assigned in the high resolution FIR and IR spectra of
14NDj3 recorded at CLS using the synchrotron radiation. The literature
data for vog = 1 (v4q = 1) [5,6,11] have been revised and extended by the
addition of precise transitions with J' up to 22 (13), and of the newly
assigned rotation-inversion transitions with J up to 19 (13). A
Watson-type Hamiltonian in the S reduction, III' representation, has
been used in the analyses. The model adopted successfully reproduces at
experimental accuracy 5417 and 2249 transitions assigned to vo = 1 and
V4q = 1, respectively. The distortion constants of the 8th and 10th orders
of the angular momentum have been determined for the first time for vy
=1 and of the 6th and 8th orders for v4, = 1. In addition, higher order
interaction parameters have been also determined for both states. The
present investigation improves the spectroscopic characterization of
these excited states of ND,H enlarging the experimental data and the list
of precise term values of rotational inversion levelsin vo = 1 and v4q = 1.
It also provides precise experimental information for the HITRAN and
ExoMol databases [31,33,34].

Supplementary Materials: Tables of experimental and calculated
wavenumbers of the assigned transitions and of the term values for the s,
a inversion levels of vo = 1 and v4, = 1 of NDyH
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