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ARTICLE INFO ABSTRACT

Keywords: Ammonia is the object of extensive investigations due to the peculiar pattern of its interacting vibration states
Per-deuterated ammonia and its central role in astronomical sciences. *NDj is of interest in astrochemistry because the determination of
NDs

deuterium fractionation ratios in ammonia and its deuterated isotopologues contributes to a deeper knowledge of
the chemistry in the cold, dense cores of the interstellar medium. Here, the ground, vo = 1,2 and v4 = 1, a, s
states of 1*NDj are analyzed thanks to new spectra recorded with the Canadian Light Source synchrotron, from
60 to 1500 cm™! at a resolution ranging from 0.00096 to 0.003 cm™!. Overall, 7765 inversion, rotation-
inversion, and vibration-rotation-inversion transitions in vy, 2vs, Vs, 2Vp <« Vo, 2V « V4, Vg < Vg, Vg < Vo, 2Vy
« 2v9, and v4 < v4 have been fitted simultaneously to characterize the s and a levels of the excited states. 4021
and 2388 transitions were assigned in the cold and hot bands, respectively, and 150 inversion and 1206
inversion-rotation transitions in vo = 1, 2 and v4 = 1. The effective Hamiltonian adopted includes all symmetry
allowed interactions between and within the studied excited states, according to the most recent results on
ammonia. The transitions have been reproduced at experimental accuracy using 118 spectroscopic parameters,
determined with high precision. In addition, a new analysis of the ground state has been performed. 9256 data
have been fitted, 78 inversion and 837 rotation-inversion transitions, and 8341 ground state combination dif-
ferences. An improved set of parameters and term values are derived thanks to the increased precision of the
newly assigned rotation-inversion transitions with J/ K values up to 31/30 and to the larger number of the
ground state combination differences.

High resolution infrared spectra
Ground state parameters
Ro-vibration analysis

Bending states analysis

1. Introduction stage of dense cores from both physical and chemical points of view

[12-16].

The scientific investigations on ammonia are continuously prompted
forward by its prominent role in fundamental and applied high resolu-
tion molecular spectroscopy [1-4]. Reliable and extensive spectroscopic
datasets are essential to monitor this molecule in Earth’s [5], planetary
[6] and exoplanet atmospheres [7], to probe the physical conditions in
dense molecular cold cores through ammonia depletion [8] and to un-
derstand the astrochemistry of stellar systems [9]. The perdeuterated
isotopologue of ammonia, 1*NDs, became of astrophysical interest since
its first detection in very young protostars [10] and in the cold, dense
interstellar medium [11] prior to star formation. Its discovery has
contributed to a significant revision of low temperature ion-molecule
chemistry. In particular, the amount of deuterium fractionation in
ammonia has been used as a powerful probe to trace the evolutionary

14NDj3 has been the object of spectroscopic studies in the microwave
(MW), millimeter-wave (mmW) and infrared (IR) regions, as recently
reported by Cane at al. in Ref. [17]. The ro-vibration analyses of the
fundamentals, previously based on the dyad approach [18,19], were
improved including the first overtones of the bending vibrations with
close energies, 2vs and 2v4. A comprehensive treatment of 3436 and
2408 transitions of the vy/v4/2vy and vy/v3/2v4 vibration systems,
respectively, was successfully achieved. The adopted effective Hamil-
tonian included all symmetry allowed interactions between and within
the excited state levels in each band system and precise spectroscopic
parameters were obtained for both inversion components of the studied
vibration states [17]. Next, the perturbation allowed transitions iden-
tified in the vy, vs, V3, V4, and 2v4 bands were combined to the allowed
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transitions to obtain ground state combination differences (GSCD)
connecting levels of the ground state (GS) with different K values. They
allowed the determination from experiment, for the first time, of precise
K-dependent constants (#5)C, (@9Dy, and (@5 Hy in the GS of **ND3 [20].
The improved characterization of the GS prompted us to further inves-
tigate the vibrationally excited states recording new Fourier transform
infrared (FTIR) spectra of 14NDj at the Canadian Light Source, CLS, in
Saskatoon, Canada, by means of the synchrotron radiation. The aim was
to improve the knowledge of the ground and of the vy =1,2and v4 =1
a, s inversion levels exploiting the enhanced instrumental sensitivity,
spectral resolution and wavenumber precision.

Here the analyses of the new spectra from 60 up to about 1500 cm™
of *NDj are presented. The assignment of vibration -rotation-inversion
transitions in vy, v4, and 2v; and in the 2v; < v5 hot band were extended
at higher J, K values. In addition, transitions in the v4 < v, and in the
weaker 2vy « v4 hot bands were assigned for the first time. In the far
infrared (FIR) region of the spectra rotation-inversion transitions have
been identified in the GS up to high J and K values and assigned in the vy
=1, 2and v4 =1 a, s inversion state levels for the first time. Moreover,
all the transitions previously reported [17,20] have been re-measured
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with higher experimental precision. In total, 7765 transitions
comprising those in the bands vy, 2v9, V4, 2vg < Vg, 2V <« V4 and v4 < vy,
and the inversion-rotation transitions in the vo = 1, 2, and v4 = 1 excited
states (see in Fig. 1 the type of transitions connecting the states observed
in this study) have been fitted simultaneously. The effective Hamilto-
nian adopted includes all symmetry allowed interactions between and
within the studied excited states, according to our most recent results on
15NH3 [21]. The transitions have been reproduced at experimental ac-
curacy using 118 spectroscopic parameters, determined with high
precision.

Rotation-inversion transitions in the GS have been extended up to J'
and K’ = 31, 30 and analyzed together with the GSCD calculated from
3696 transitions presently measured in vy, v4, and 2v; infrared bands and
from those in vy, v3, and 2v4, 4645 data [20]. An improved and extended
set of GS parameters and term values are obtained.

The paper is structured as follows: the experimental details are given
in Section 2; the description of the spectra and 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.

14N D3

1190.50 §

0.0

Fig. 1. Energy diagram of '*ND; showing the GS and the excited vibration states up to 1500 cm~'. Observed experimental term values are given in cm~'. The
vibration-rotation-inversion transitions are indicated by black and red arrows, for the cold and hot bands, respectively. The rotation-inversion and pure inversion
transitions are indicated by blue arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2. Experimental details

Eight spectra were recorded using the Bruker IFS 125 FT spectrom-
eter located at the FIR beam line, CLS [22]. All spectra were obtained at
room temperature using two identical samples of *ND5 supplied by
Sigma-Aldrich with a stated isotopic purity of 99%. The recorded spectra
showed a sample composition of about 60% of ND3, 30% of NDoH, 10%
of NH,D, and traces of NH3, H>O, and HOD. The experimental condi-
tions for the spectral recordings are given in Table 1. The spectra 1 to 4
were recorded in the region between 60 and 610 cm™! at 0.00096 cm ™!
unapodized instrumental resolution. Optimum instrumental perfor-
mance was achieved using the synchrotron radiation, 6 pm mylar beam
splitter and a Si bolometer cooled at 4 K. The spectrometer aperture was
set to 1.5 mm. Spectra 5 to 8 were recorded using the synchrotron light,
a KBr beam splitter, and two different detectors. A Cu doped Ge detector
was used for spectra 5 to 7 while for spectrum 8 a HgCdTe detector was
adopted; they were cooled at 4 K and 77 K, respectively. A scanner ve-
locity of 80 kHz was used with analog electronic filter set for a low band
pass of 5 kHz. No optical filter was used. Before applying apodization,
during the Fourier transform the instrumental line width was 0.00096
em™!, measured full width half maximum. Zero-filling factor of 2, Mertz
phase correction, and phase resolution of 1.0 were also used in the
Fourier transformation of the interferograms.

The spectra were recorded using a temperature controlled multi pass
absorption cell (White cell) with 2 m base. The gas pressure was
measured using a 0-1 Torr Baratron gauge. Water lines [23] were used
to calibrate the wavenumber scale. The impurities identified in the
spectra were 14NH3, H,0 and HOD. The estimated wavenumber uncer-
tainty of isolated lines of medium intensity is 0.1-0.4 x 103 em™!
depending on their position in the spectrum and on the sample pressure.

3. Assignments and description of the spectra

The spectra are crowded for the presence of the absorption lines from
all N deuterated isotopologues of ammonia: ND3, NDyH, and NH>D.
Due to their relative proportion, 60, 30, and 10 %, respectively, we
recently used these spectra to re-analyze the GS of the partially
deuterated species [24]. For ND3, the inspection of the IR spectra was
first devoted to identify vibration-rotation-inversion transitions in vy, vs4,
21, unassigned in [17]. In fact, the enhanced sensitivity and resolution
of the present spectral recordings allow the observation of very weak
absorptions, corresponding to transitions with high J and K values or
perturbation allowed ones. To assist the new assignments the wave-
numbers of the predicted transitions were calculated using the spec-
troscopic parameters of the ground and of the excited states from
[17,20] and the model Hamiltonian in [21]. After the completion of the
assignments, all vibration-rotation-inversion transitions were fitted
simultaneously to refine the spectroscopic parameters in the vy, = 1, 2
and v4 = 1 a, s states (see below). Those parameters were used to
calculate new term values of the q, s excited state levels to predict the
wavenumber transitions of the 2v5 < V9, V4 < V5 and the weaker 2vy < v4
hot bands and of the inversion and rotation-inversion transitions. Their
search in the FIR and IR regions resulted greatly facilitated by the

Table 1
Experimental conditions of the FTIR spectra of 1“NDj recorded at 297 K.
no.  spectral region sample path instrumental
/em™! pressure/Pa length/m resolution/cm ™!
1 60-610 1.33 72 0.00096
2 60-610 6.67 8 0.00096
3 60-610 13.33 72 0.00096
4 60-610 133.32 72 0.00096
5 425-1250 13.33 72 0.003
6 425-1250 133.32 72 0.003
7 500-1250 0.13 72 0.003
8 700-1515 133.32 72 0.003
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precision of their calculated values. As a result, all wavenumbers of the
2V, « vy transitions in [17] were measured at higher precision, 0.4 x
103 cm ! instead of 0.6 x 1072 cm™!, and the assignments have been
extended from J', K’ = 18,18 t0 19,19 (s < a) and from 17,17 t0 19,18 (a
« ), respectively. The v4 < v and 2v;y < v4 transitions, (a < a), (s < s),
have been identified for the first time up to J', K' = 17,17 and 12,10,
respectively. The assignment procedure was accomplished in an itera-
tive process, which consists of improving the values of the spectroscopic
parameters by means of the newly assigned lines, predicting the wave-
numbers of higher J and K transitions to be searched in the spectra,
enlarging the data set, and so on, until all the transitions that could be
unambiguously assigned were identified. The new assignments have
been also checked by means of the precise GSCD or of the lower state
combination differences (LSCD), for the hot bands. Finally, about two
hundred and fifty perturbation allowed transitions, according to the
AJ = 0,%1,A(k — I) = £3 selection rules, have been identified in v4 and
to a minor extent in vo.

Some pictures of the rotation-inversion absorptions in the GS and in
the v, = 1 and v4 = 1 states are shown in Figs. 2-4 while an example of
the 2vs « 15 hot band transitions is illustrated in Fig. 3 of Ref. [17].

In Fig. 2 the Rg(9), AJ = +1, AK = 0s « aand a < s transitions in the
GS are shown. Their K structures are blue degraded and intermingled
owing to the small value of inversion splitting, 0.053 cm™!. The 1 to 10
ratio of the spin statistical weight of the K = 0, s and a components of the
inversion doublet, for odd J value, is apparent in the relative intensity of
the corresponding transition lines. Only one strong absorption is
observed for K = 3 instead of the expected doublet, with relative in-
tensity 10:1, since both components of the K = 3 doublets are resolved
for only J” > 9. An explicative energy diagram for the GS and non-
degenerate excited states of ND3 for K = 0 and 3, with the different
types of weak or strong transitions connecting the levels is depicted in
Fig. 5.

In Fig. 3 the Rg(12) s < a rotation-inversion transitions in vo = 1 are
shown, with the K = 0, and K = 1 lines overlapped. Only the s « a
transitions are present in the illustrated spectral interval owing to the
larger a, s energy separation in v, = 1, 3.54 cm ™!, with respect to the GS.
The corresponding a « s transitions are observed between 133.61 and
136.76 cm™ L. Differently from Fig. 2 the K structure is red degraded for
increasing K. The complicated spectral features of the s — aand a < s, AJ
= +1 and AK = 0 rotation-inversion transitions for J’ =10invs=1,1=
-1, are shown in Fig. 4. They are quite intermingled since the a, s energy
separation is 0.07 cm L. Being v4 = 1 doubly degenerate, two sets of
levels, corresponding to the vibration angular momentum [ = +1, are
present for each inversion state. Four branches are observed in the
spectrum for each J + 1 « J transition because the selection rules for
rotation-inversion transitions are: Al=0, AJ=+1, AK=0,a < sand s
« a. In Fig. 4 both branches are red degrading for increasing K but invert
their direction for high K values. The splitting of the K = 2 levels is
evident in both series.

Once the assignment procedure was completed, 4020 transitions in
Vo, Vg, and 2v5, 2388 transitions in the hot bands, 150 inversion and 1207
rotation-inversion transitions in vy = 1, 2 and v4 = 1, presently
measured or reported in the literature, have been analyzed simulta-
neously. The final dataset for the analysis of the excited states contains
7765 transitions distributed among the analyzed bands as listed in
Table 2, where the number and characteristics of each subset are
specified.

A single wavenumber for each assigned transition has been consid-
ered, choosing the one with the lowest uncertainty in case of alternative
measurements. The types of observed transitions are drawn as arrows
with different colors in the scheme of the energy states of **NDjg in Fig. 1.

The final database for the GS analysis contains 9256 data: 78
inversion, 837 rotation-inversion transitions and 8341 GSCD, 3696 from
transitions in v, 2vy, and v4 bands and 4645 from vy, 2v4, v3 [20]. The
number and characteristics of each subset are specified in Table 3.
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Fig. 3. Portion of the rotation-inversion spectrum for ND3 in the v, = 1 state showing the s « a Rg(12) transitions. Experiment: see the recording conditions of

spectrum 3 in Table 1.
4. Analyses, results and discussion
4.1. Ground state analysis and results
The former experimental database [20] has been enlarged adding

510 rotation-inversion transitions and 1052 GSCD from transitions in vo,
v4 and 2vy. The data have been analyzed adopting the methodology used

in [20] and the reduced rotation-inversion Hamiltonian for the GS of
ammonia [30] [and references therein]. The term values of the rotation-
inversion levels were obtained as eigenvalues of the appropriate energy
matrices. The diagonal elements were calculated from the following
expression, which includes terms up to the 10th power in the angular
momentum:
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conditions of spectrum 3 in Table 1.

OE,(J,k)/he = VES + OB [J(J + 1) =] + OCk* — ODG (I + 1) — ODylJ(J + 1) |k — DDk +
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+(i)MvJJKK1<[J(J+ 1)]2]66 + (i)MvJKKKK[J(J + ))&+ OM, k"

where (i) corresponds to (s) and (a) for the lower and upper components

of the inversion doublets, representing the parity of the level with As usual, in the least squares analysis a statistical weight propor-
respect to the inversion; k = +K; v = 0 for GS. tional to the inverse of its squared estimated uncertainty is assigned to

The off-diagonal elements for the Ak = 3 and Ak = +6 interactions each datum. The database contains 4744 data from the literature: 78
are given by MW inversion transitions [26], 6 rotation-inversion transitions

S vy, J k| (Hos + Hos + Hog) /he |ve, J.k £3 )= {[a + a,J(J + 1) + a,, 2 (] + 1)*](2k £ 3)+

2
g 4+ ad (T + DK + (k +3)°] + ag [ + (k£3)"]}Fas (4, k) @

s (VoI K| (Hos + Hog) /he s, J k6 ) = { Oy + Oy d (7 4+ 1) + Oy [ + (k +6)° | }Fag(J, k) 3

where

Fu (k) = U +1) —k(k+ D)]IIT+1) — (k£ Dk £2)]"2. {JT+1) = [k£ (n— D)](k £n)}"?
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1072 em ! was given to the FIR transition connecting levels with lower
statistical weight. The GSCD uncertainty is derived from the corre-

sponding uncertainties c; and o; of v; and v; as (criz + ajz). Finally, in

order to take into account the redundancy of the obtained GSCD each
weight was multiplied by a factor equal to (n-1/N), where n is the
number of transitions sharing a common upper level, and N is the
number of possible GSCD derived thereof.

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
refinement, 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. Several fits have been
performed refining different sets of diagonal parameters, in particular
the ®L and ®M constants, and of the interaction coefficients o and 4 in
Egs. (2) and (3), in order to compare the fit quality, the statistical sig-
nificance of the determined parameters and the correlations between
them.

In the final cycle of the refining procedure 1161 data, 23 FIR and
1138 GSCD, mostly from v;/v3/2v4 transitions [17,20], not satisfying the
adopted rejection limit, have been discarded. The results of this optimal
fit from 8095 data retained in the last cycle of iteration are collected in
Table 4. All parameters of the model, listed in Egs. (1)-(3) and not
present in Table 4, were tentatively allowed to vary in the fitting pro-
cedures and were constrained to zero because they resulted statistically

Table 3
Experimental transitions and ground state combination differences (GSCD) for
the ground state analysis of 1*NDs.

levels and those with the lower statistical weight are indicated by dashed lines. Data selection rules no. of data I K,
Observed inversion and rotation-inversion transitions are indicated by blue and
. . a
red arrows, respectively. The ground state combination differences are indi- MW inversion AJ=0,AK=0,a< 78 19 18
cated by black arrows. Thin and thick lines refer to weak and strong transitions, sug?;xtztaﬁon SAJ 1 AK—0.a 6" (3/3) 22 ”
. - - = P
respectively. The splittings are enhanced for clarity. (For interpretation of the inversion transitions s/s ‘_’a ’
refe1jences to. colqur in this figure legend, the reader is referred to the web FIR rotation-inversion AJ=1,AK=0,a« 791 (397/ 31/ 30/
version of this article.) transitions s/s<a 394) 31 30
FIR rotation-inversion AJ=1,AK=0,a < 15°(8/7) 5/5 4/4
measured in the sub-mmW region [27,28], 15 FIR rotation-inversion Flga“:‘tt‘f’“s, ) SA g s (_1 aAK s 25 (8/17) 2 e
oy . rotation-inversion =1, = , S
Frans1t10ns [29], and 4645 QSCD calcu.lated from 3522 IR. transitions transitions es/aca 12
in v1/2v4/v3 [17,20]. According to the literature an uncertainty of 0.01 GSCD from va/2vs/vs AJ=1,2,AK=0/ 3696 (3058/ 24/ 22/
or 0.02 MHz was attributed to the MW data, 0.1, 0.2 or 0.25 MHz to the AK = +£3 638) 16 12
- _ _ . _ _ d
sub-mmW transitions, 0.25 x 10™2 em™! to the unblended FIR transi- GSCD from v1/2v4/v3 AJ=12,AK=0/ 4645 197 18/
tions from [29], and 1.0 x 1073 cm™! to wavenumbers of v1, 2v4 and Vs AR =3 (2219/2426) 13 13
isolated transitions [17,20]. The newly assigned data, 816 rotation- # Ref.[26].
. . . . L N .. . b
inversion and 4020 vibration-rotation-inversion transitions in vs/2vy/ Refs.[27,28].
. —_ —_ —_ . c
v4 have uncertainty 0.1 x 107> and 0.4 x 107> em™, respectively. a Ref.[29].
Moreover, in case of unresolved K = 3 doublets an uncertainty of 0.1 x Ref. [20].
Table 2
Transitions included in the current dataset the of vo = 1, 2 and v4 = 1 a, s states of **NDs.
Band Type of transitions Selection rules No. of lines Observed ,f“m Observed [(max
Vol MW inversion AJ =0,Ak =0 a<s 78 7 16 13
Uy eUs FIR rotation-inversion AJ = +1,Ak =0 a<s, s—a 258/241 23/23 21/21
209 2v5 FIR inversion AJ =0,Ak =0 a<s 72 16 16
209205 FIR rotation-inversion AJ = +1,Ak =0 a<s 153 17 16
Vgy FIR rotation-inversion AJ = +1,Al =0,Ak =0 a<s, s<a 283/272 18/19 17/17
2Up Uy IR vibration-rotation-inversion AJ =0,£1,Ak =0 a<s, s—a 456/450 19/19 18/19
Va<s IR vibration-rotation-inversion AJ =0,+1,A(k-1) =0 $S, a—a 469/549 17/17 16/17
209Uy FIR vibration-rotation-inversion AJ =0,+1,A(k-1) =0 SeS, a—a 225/239 12/11 10/10
V<GS IR vibration-rotation-inversion AJ =0,£1,Ak =0 a<s, s—a 782/761 23/23 22/23
V<GS IR vibration-rotation-inversion AJ =0,+£1,Ak = +3 S-S, a—a 43/34 12/12 12/7
V4<GS IR vibration-rotation-inversion AJ =0,+1,A(k-1) =0 S8, a—a 896/894 21/21 21/21
V4GS IR vibration-rotation-inversion AJ =0,+1,A(k-1) = £3 a<s, s—a 69/90 15/15 10/9
205 «<GS IR vibration-rotation-inversion AJ =0,£1,Ak =0 a<s, s—a 183/268 16/18 16/18

2 from Ref. [25].
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Table 4

Ground state spectroscopic parameters (in cm™!) of 1*NDs
Parameter s a
g0 b 0.0°¢ 0.05308907255 (15211)
[0):} 5.14275369725 (54409) 5.14257993618 (54416)
¢ 3.1381426141 (22246) 3.13823053490 (22246)
Op, x 103 0.1971894609 (47864) 0.1968867002 (47779)
DDy x 103 -0.349572769 (12478) -0.348678176 (12451)
O Dy x 103 0.312932220 (38984) 0.312274917 (38982)
OH; x 108 0.023188720 (18051) 0.022818020 (17877)
OH;x x 10 -0.075448937 (57081) -0.073847460 (56337)
O Hypxe x 106 0.085957053 (70896) 0.083661731 (70095)
O Hg x 108 0.89891174 (22432) 0.90000908 (22429)
O, x 109 -0.004249824 (25645) -0.003935302 (24756)
OL ik x 10° 0.015267978 (67134) 0.013484109 (60923)
OL ki x 10° -0.014309414 (77177) -0.010403150 (75681)
OLjkkx x 10° 0.0 ¢ -0.003880902 (42869)
OLg x 10° 0.0 0.001446889 (16349)
O My x 1012 0.000720551 (12426) 0.000590954 (11197)
O My x 1012 -0.000839633 (30427) 0.0°¢
O Myzkk x 1012 0.002134717 (64865) 0.0°¢
O Myxxx x 1012 -0.02656843 (18139) -0.02416694 (16636)
O Mjkkki x 1012 0.04651551 (27504) 0.04553874 (27288)
O Mg x 1012 0.0¢ 0.0
Interaction parameters
a x 103 0.037424777 (12774)
ay x 10° -0.00979261 (10175)
ax x 100 0.03252645 (12087)
ayy x 10° 0.00146173 (12829)
aK x 10° -0.01942046 (17957)
aKK x 10° -0.04847731 (15818)
Total number of fitted / assigned data 8095 / 9256 RMS
No. of fitted / assigned MW data 78 / 78 0.0114 MHz

0.210 x 10 3 ecm™!
0.804 x 10 3 cm™!
2.207 x 1073 ecm™!

No. of fitted / assigned FIR data 814 / 837
No. of fitted / calculated GSCD from vo/2vy/v4 3595 / 3696
No. of fitted / calculated GSCD from v;/2v4/v3 3608 /4645

“The uncertainties as 1o given in parentheses refer to the last significant digits and are reported with 5 digits to avoid round off errors in the calculation of the MW
transitions.Identical energy levels are obtained by simultaneously reversing the sign of all the Ak = +3 interaction constants o’s.

b (@EO is the inversion splitting in the ground state for J = K = 0.
¢ Constrained.

undetermined or did not improve the quality of the fit.

All parameters are statistically well determined, most of them with
high precision. Their uncertainties are reported with 5 least significant
digits to avoid round off errors in the reproduction of the MW transitions
from [26]. The set of parameters in Table 4 can be compared to those
listed in Table 2 of Ref. [20]. The 10th order Opg centrifugal parameters
and the ay5, ayx, and agx coefficients have been refined, thanks to the
higher J and K values of the FIR transitions in the new database. The
values of corresponding parameters are very similar, the percentage
differences being about zero with the exception of the ¥L, a; and a,
whose differences range from 10% to 40%. However, due to the higher
precision of the experimental data, the parameters in Table 4 have
smaller uncertainties. The root mean squared (RMS) errors of MW, FIR
and GSCD data listed in Table 4 are in good agreement with the
experimental uncertainties estimated for the different types of data. As
expected, the RMS value for the GSCD from transitions in vy/2vy/v4
decreases from 1.145 x 102 cm ! in [20] to 0.804 x 10 3 cm L.

The transition frequencies or wavenumbers, assignments and re-
siduals calculated using the parameters in Table 4 are listed in Table S1
in order of increasing values of J” and K”. The rotational symmetry of the
lower state of transition in case of K” = 3 can be derived from Fig. 5
taking into account that K” = -3 in Table S1 is the level with lower

energy in the doublet. The term values of s and a rotational levels in the
GS calculated using the parameters in Table 4 are listed in Table S2. The
computer code and the input data files are available from the authors
upon request [31].

4.2. Theoretical model for the excited vibration states

The implemented theoretical Hamiltonian model adopted for 15NH;
[21] is applied to 1*NDs. The relative position of the v, = 1, v4 = 1 and
vy = 2 states in **NDj illustrated in Fig. 1 suggests that the interactions
in the vo/v4/2v5 bending system is of global nature as discussed in [17].
The ro-vibration analysis has been performed simultaneously on six
states, the s and a components of v, = 1, 2 and v4 = 1, taking into ac-
count explicitly all symmetry allowed interactions between and within
them [21]. For each value of J the program builds four Hamiltonian
matrices. Two of them, with k = 3p (p = 0, £1, +2,...), are set up for
levels of symmetry A" and A” and contain eigenvalues of A;, A, and A},

Aj rotational species. The other two correspond to one of the two
(degenerate) blocks of E' and E” symmetry. The blocks are numerically
diagonalized to obtain the energy levels. The diagonal matrix elements,
containing the usual contributions up to the 10th power in the angular
momentum operators, are given by
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v, , 2v, and v, interaction scheme

v k-l k  diag. Off-diagonal
v, k+3 k+4 o
CII
®oy k+3 k+3 o c,
° quz
(3)202 k+3 k+3 © Cu (14, B4
1 Cu HCZI - SC“
v, k+3 k+2 o . Cy o, B ‘C,
91291 . . .
(a)L):I k k+1 ° s Cz/ (122, 22 “C“ 3 ]4
. C[I XCzl o s EC‘” .
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, ° 0 . Jor .
(5)202 k k ° Cu o, B . “1’122
)y Cu Cy 2 2 €y ¢
v, k k-1 ° ; °C, o, B ‘c, *,]4
q}Z’ q]] ”» » . L]
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Cl/

v, k-3 k-4 °

Fig. 6. Scheme of interactions in the energy matrix of the v5/v4/2v; system. For clarity, only the leading parameter of the off-diagonal matrix elements reported in
Appendix A is shown. An identical scheme is obtained exchanging the a, s inversion symmetry of the interacting levels.

OE,(J, k1) /he = VES + OB, [J(J +1) = k] + OCk —29(CO) kil — DDy [I(J + 1)

—OD I+ 1)K = DDk + Oy T+ 1)k + Oy K1

+ O G+ D] + OHyw I+ )R+ O Hog I+ 1) &

+ OH kS + ©
+ OL g [T+ 1), + OLk®

+ 07,0+ 1) PR+ D2k [T+ DI+ Dkl + O, k2P

+ MG+ DT + DMy TT + DI + OMypx I+ 1) P

+(i)MvJJKKK[J(J +1) ]zkﬁ + <i)MvJKKKK[J(J + 1)]/(8 + UM k'

where (i) refers to the parity of the level with respect to the inversion, s
ora; k=K, v=vy=1,vy=2,0rvy=1;1 =13 = +1. All terms
containing [ vanish for the vy = 1, 2 states.

The off-diagonal matrix elements are reported in Appendix A, where
Hpn represents a group of terms in the Hamiltonian containing m
vibrational operators g, and/or p,, and n rotational operators J, [32].
The subscript of the interaction constants in the Appendix A represents
the Ak and Al selection rules for the levels connected by the interaction
term in the Hamiltonian. Moreover, an interaction constant without the
left superscript (i) corresponds to an s <> a resonance, while an (s) or (a)
superscript represents interaction between levels of the same parity
where there is no ambiguity, i.e. ©ga, ©q3,, ©q5,, ©fsr, Ofly, OFK,
¢)¢3,, etc.. For the Coriolis coefficients, ©C},, ©¢2,, ¥C3¢ and OC3P,
the superscript (i) refers to the parity of the interacting vo = 1 or vo = 2
level. The (s) and (a) interaction parameters can be refined indepen-
dently. In case of the Coriolis type resonances, the coefficients of the Hs,

Lyl + D)+ QL0+ DPE + QLI + 1)K

4

Hsy, H3z and H34 Hamiltonian terms that connect vo = 2 and v4 = 1*are
written with the same symbols used for the coefficients of Ha1, Hay, Hos
and Hoy, that connect vy =1 and v4 = 1*1. This choice is consistent with
the observation that in both cases the levels interact according to the
same Ak and Al selection rules. The interaction scheme for the vy/2v5/v4
band system is illustrated in Fig. 6 where, for clarity, only the leading
parameter of each off-diagonal matrix element is reported. The com-
puter code and the input data files are available to researchers from the
authors upon requests [31].

4.3. Analysis of the excited vibrational states and results

The 7765 experimental data from Table 2 have been fitted to the
parameters of Eq. (4) and to those reported in Appendix A. The GS term
values used to calculate the transition wavenumbers of the cold bands
were obtained as eigenvalues from the appropriate energy matrices,
using the GS parameters of Table 4. The statistical weight assigned to



E. Cane et al.

Journal of Molecular Spectroscopy 395 (2023) 111797

Table 5
Spectroscopic parameters (in cm ™) of the vy =1, 2 and v4 = 1 q, s excited vibration states of 14ND3”

Parameter vo=1s vo=1a vo=2s va=2a V4:1ﬂs V4:1i1a

E° 745.59742429(4211) 749.14502424(4210) 1359.04937219(6513) 1430.05035034(6758) 1190.50259659(5342) 1190.57171367(5388)

B 5.226705562(1182) 5.216791970(1179) 5.239203828(3876) 5.095379443(3647) 5.174968085(2306) 5.174715015(2249)

Cc 3.103427962(1686) 3.108666279(1685) 3.010992756(3651) 3.082321385(3793) 3.117345066(2322) 3.117467080(2393)

Dy x 10° 0.23048216(1457) 0.21807982(1489) 0.27350784(6323) 0.15082494(5356) 0.20851940(2951) 0.20792096(2841)

Dyg x 10° -0.40662282(2501) -0.36707979(2441) -0.5890093(1387) -0.24045992(1213) -0.39175853(6237) -0.38881488(5918)

Dk x 10° 0.34066511(1915) 0.31017541(1865) 0.48903640(9172) 0.24472833(8311) 0.32965096(4277) 0.32726872(4194)

Hj x 10° 0.03324143(2978) 0.02139527(2824) 0.0224859(3906) -0.0157159(3031) 0.0295864(1509) 0.0265910(1444)

Hjx x 10° —-0.09977348(9526) -0.04721489(7880) -0.070195(1261) 0.0641674(9944) -0.1113603(5003) -0.0946172(4676)

Hjxx X 10° 0.1154381(1675) 0.0374944(1456) 0.050090(1497) -0.088264(1185) 0.1376398(5973) 0.1128279(5655)

Hg x 106 0.8761437(1025) 0.91447449(9454) 0.9300629(6598) 0.9700324(5500) 0.8754610(2579) 0.8872431(2618)

Ly x 10° -0.00757606(3145) -0.00130381(2789) 0.0236195(7990) 0.0128313(5667) -0.0083954(2636) -0.0017347(2466)

Lk X 10° 0.03834585(8154) 0.0° -0.154946(3491) -0.056888(2473) 0.049801(1088) 0.0104628(9978)

Lykx x 10° —0.0858527(2093) 0.00053079(9516) 0.376069(6334) 0.098395(4308) —-0.090008(1602) -0.023953(1489)

Ljkxx % 10° 0.0847832(2234) 0.0° -0.345273(5389) -0.081256(3461) 0.0564037(8065) 0.0200177(7955)

Lg x 10° -0.0115621(1351) 0.01917325(8512) 0.117858(1839) 0.040073(1230) 0.0° 0.0°

C¢ —0.975805981(3967) -0.976001545(4067)

ny % 10° 0.3202017(1112) 0.3192545(1161)

Ty X 10° 0.084620(2980) 0.093046(3014)

T X 10° -5.687144(2988) -5.692186(3052)

Interaction parameters
Vo/V4 2v/v4

©cl, 3.4087" @ck x 103 -0.4289228(1474) ©cl, 0.29466467(9043)

@ck 3.4036" ©¢2, x 10 -5.249" @ch, 0.2302988(1696)

(S)Cgl 0.018516297(9532) (a>C§1 % 103 -5.275" (Slcgl -0.00579413(3041)

(“)C%I 0.018513669(9576) (SJCgl x 103 0.370678(1165) (“)Cgl -0.00578710(3784)

(S)Cflll x 103 -0.4146207(1371) (‘1)(,‘%1 x 103 0.330083(1028) ("Cgl x 103 -0.212979(1031)
(ﬂ)Cgl x 103 -0.163784(2884)

Vo 2Vs Vg

a? x 10° 0.02426346(4028) a2 x 10° 0.02317237(2929) a* x 10° 0.0481908(1489)

af x 10° -0.0090254(1362) a2 x 10° 0.0050866(1216) qi2 X 10% —8.594580(4340)

a2 x 10° 0.0253874(2860) aZ x 10° 0.0" X % 10° 4.0143(1179)

Total number of fitted/assigned transitions 7630/7765
Standard deviation of an observation of unit weight 1.28

# The uncertainties as 1o given in parentheses refer to the last significant digits and are reported with 4 digits to avoid round off errors in the calculation of the MW

transitions.
b Constrained, see text.

each experimental datum in the global fit was proportional to the in-
verse of its squared estimated uncertainty. An uncertainty of 0.05 or
0.10 MHz was attributed to the MW transitions from [25], 0.2 x 1073
cm ! to the isolated inversion and rotation-inversion FIR transitions,
and 0.4 x 1073 ecm ™! to the cold and hot band transitions. Moreover, the
uncertainty of each assigned wavenumber was multiplied by the factor
vn, with n being the number of overlapping transitions using the
average of the corresponding calculated wavenumbers as calculated
values.

Several fits were performed refining different sets of parameters. In
each cycle of the fitting procedure the transition wavenumbers differing
from their corresponding calculated values by more than a chosen
rejection limit, which was gradually decreased from one iteration to the
next, were excluded from the data set. After each iteration, the statistical
significance of the obtained parameters was checked as well as their
correlation coefficients. Very high correlations between many refined
parameters were observed and, in order to reduce them, the Coriolis
constants for the interaction between v, = 1 and v4 = 1, ®/C},, @cl,,
)2, and @C2?, were fixed to the values obtained during the final
iteration, 3.4087, 3.4036, -5.249 x 1072 and -5.275 x 107> em™,
respectively. With a chosen limit of rejection of five times the experi-
mental uncertainty, 135 of 7765 data, corresponding to 1.7 %, were
excluded in the last cycle. About 20 % of the discarded transitions are
randomly distributed being poorly measured or blended lines while the
remaining ones correspond mainly to transitions with high J' and K’
values.

The 118 refined spectroscopic parameters of the optimal fit are
collected in Table 5. They comprise 6 vibration term values, 26, 28 and

34 diagonal parameters for the s, a levels in vo = 1, 2 and v4 = 1. Ten
interaction coefficients between v2/v4 and six between 2v,/v4 have been
refined. Moreover, six « coefficients of the Al = 0, Ak = 43 interaction
and two coefficients of the essential resonances in v4 = 1, g1 and fX,,
have been determined. All spectroscopic parameters in Table 5 are sta-
tistically well determined and are at least three times larger than their
uncertainties. Their uncertainties are reported with 4 least significant
digits to avoid round off errors in the reproduction of the MW transitions
from [25]. All parameters of the model, listed in Eq. (4) or in Appendix
A, and not present in Table 5, were tentatively allowed to vary in the
fitting procedures and were constrained to zero because they resulted
statistically undetermined or did not improve the quality of the fit, i.e.
number of fitted lines and standard deviation.

The internal consistency of the s and a corresponding parameters in
the excited states is evaluated. The percentage differences of the s and a
values for B and C amount to 0.2 % in vo = 1 and 2.0 % in vy = 2. The
values for the D’s and for H’s are 7.5 % and 50 % on average in vy = 1
while in vy = 2 they increase to about 50 % and 150 %. The differences
between corresponding s and a parameters are at least one order of
magnitude larger than their counterparts in the GS. This partly reflects
the number and strength of perturbations in the excited states with
respect to the GS, and the increased inversion splittings. In v4 = 1 the
values of the s and a B, C, C¢{, D’s, H’s, ii’s and 7’s constants are very
similar with percentage differences that vary from 0.01 to 18 %. Dif-
ferences of about 70 % on average are seen for L’s, being their values
more effective. Due to the more extended database with respect to [17],
the L diagonal parameters for v, = 2 and v4 = 1, and the interaction
coefficients )C2; in va/vq and 2va/vg, OC3, in 2up/vg and K in vy = 14!
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Table 6

Fit results for subset of transitions assigned to the vo/2v5/v4 band system of 14NDs.

Journal of Molecular Spectroscopy 395 (2023) 111797

Band assigned / fitted transitions J' max K max RMS/10 % em ™!

va a<—s,a<a 816 / 811 23 22 0.42
Vo Se—as<s 804 / 790 23 23 0.42
Up Vs a<s 336 / 333 23 21 0.22
Voo s—a 241 / 241 23 21 0.26
vt ses,s<a 472 / 450 20 20 0.56
vt a—aa<s 460 / 436 20 20 0.48
vt ses,s<a 514 / 506 21 21 0.51
vt a<—aa<s 503 / 499 21 21 0.57
ygl Uy s<s 230 / 230 15 14 0.58
vt e, a<a 280 / 280 15 15 0.53
vt e, ses 239 /239 17 16 0.40

ey a<a 269 / 269 17 17 0.44
vt eyt s—a 132 /132 18 16 0.43
vgteu;! acs 145 /141 18 17 0.39
vt eu)? s<a 140 / 136 19 17 0.37
vileyi? a<s 138 /136 18 16 0.39
2u; a<s 183 /183 16 16 0.66
2v s<a 268 / 262 18 18 0.59
2 ua<vsy a<s 456 / 454 19 18 0.40
2 vgeuy se—a 450 / 424 19 19 0.47
2 vy<2u9 a<s 225/ 214 17 16 0.32
2uy vyt ses 86 / 86 10 10 0.58
2u2<—p;1 a<a 101 /101 10 10 0.59
vyt ses 139 /139 12 10 0.61
2wy vyt a«<a 138 /138 11 10 0.62

have been refined. The values of the s and a diagonal parameters are
very similar to the corresponding ones in [17] with the exception of
Opy, DHy, and DLy reflecting the new results of these constants in the
GS. The B, C, D’s, H's a, s parameters of v = 1 and 2 are comparable to
their corresponding ones in the GS. For both states the percentage dif-
ferences amount to less than two units for B and C, to few tens for the
D’s, and to few hundreds for the H’s parameters. The a coefficients in the
GS and in vy = 1, 2 and v4 = 1 have comparable values. An analogous
significant comparison for oy and og is prevented by the different
number of the higher order coefficients refined, see Tables 4 and 5. It
should be remembered that the order of the energies for the Aj,
A, and A}, A} levels for K = 3, 6,.... depends on the relative signs of
the 's constants. The values of the Coriolis coefficients ?C}, and C%,
for the dyad va/v4 are reported in Table 5 without uncertainties since
they were kept fixed in the final cycle of the refinement, owing to a very
strong correlation with ®B,,_;, which prevented the parameters to be
refined simultaneously. Thanks to this choice many parameters in the
final fit resulted free from significant internal correlations but some
strong correlations could not be avoided. They are present between
©E), ; and WE), ;, 9B, ; and B, ;, ©)C,, ; and C,, ;, which
are 100% correlated, while Wz with @z and ¥C3, with ®C3; invy =
1 are 99% correlated. Many attempts were done to lower those

Table 7
Harmonic wavenumbers, anharmonicity constants and vibration-rotation
interaction constants (in cm ™) of *NDj?.

s a

03 811.6701(1) 783.2649(1)

)

xgy -66.0727(1) -34.1199(1)

g8 -0.083952(1) -0.074212(1)

g 0.034715(3) 0.029564(2)

g8 -0.032214(2) -0.032135(2)
)

¢ 0.020798(3) 0.020763(2)

)
N

@ Term values of v, = 1, 2 a, s and By, ©Cy, DB,o_q, DCpp_y, DBy,
0,41 values are from Tables 4 and 5.
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correlations, i.e. fixing the s and a interaction coefficients to the same
value or changing the number and types of interactions constants. Since
the set of interaction coefficients in Table 5 play a crucial role in the data
reproduction we preferred to refine them, despite the presence of un-
avoidable high correlations. The standard deviation of an observation of
unit weight, 1.28, is not far from 1, confirming that the uncertainties
estimated for the experimental data are reliable and that the adopted
model is adequate.

The RMS errors of the fit for different sets of experimental data are
reported in Table 6. They compare very well with the uncertainties
attributed to the data in the least squares procedure.

Finally, the values of the harmonic frequencies, the anharmonicity
constants, and the vibration—rotation interaction constants o’s for 1*NDs
that could be derived from the vibrational term values and the rotational
constants in Tables 4 and 5 are listed in Table 7.

The transition frequencies or wavenumbers, assignments and re-
siduals calculated using the parameters in Tables 4 and 5 are listed in
Table S3 in order of increasing energy. In case of blended absorption
lines the calculated values in column 11th are the average of their fre-
quencies or wavenumbers while in column 15th the calculated values
have not been averaged. The data set is divided into many portions in
Table S4, grouping the transitions, listed in order of increasing J' and K’
values, according to the upper and lower vibration states. Both
Tables have been deposited to the Editor as Supplementary Materials.

5. Conclusions

Thanks to the high resolution spectra of 1*ND3 recorded in the region
60 — 1515 cm ™! using the facilities of the Synchrotron Canadian Light
Source the spectroscopic analyses of the GS and of the vo/2v2/v4 band
system have been done at experimental accuracy. The assignments of the
rotation-inversion transitions in the GS, v, = 1, 2 and v4 = 1 and of the
vibration-rotation-inversion transitions in the cold and hot bands have
been implemented both in number and precision. The new databases
have been analyzed together with all the data from the literature. In the
analysis of the excited states the model adopted to reproduce 7765 data
considers simultaneously the a and s components of va/2v5/v4 band
system. The effective Hamiltonian used for the analysis includes all
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symmetry allowed interactions between and within the studied excited
state levels. 7630 experimental transitions retained in the final cycle of
the least squares analysis resulted in the refinement of 118 spectroscopic
parameters, all statistically well determined. They allow the calculation
of precise values of the vibration-rotation-inversion levels of the excited
states up to high J and K values. The analysis of the 9256 GS data
comprising 8341 GSCD from the transitions in vo/2vo/v4 and v1/2v4/v3
systems, allowed the determination of an improved set of GS constants
and the calculation of the energy term values up to J /K = 31/30. The
present investigation improves the spectroscopic characterization of the
GS and of the vo = 1, 2 and v4 = 1 q, s states for 14ND3 and enlarges its
line lists. This can be useful for the observation of exoplanet atmo-
spheres, planet-forming disk, cold stars, comets and interstellar medium
investigated by the James Webb Space Telescope, whose MID-IR spec-
trograph covers the wavenumber range in the analysed spectra [33].
These results could also noticeably improve the wavenumber line list in
the HITRAN and CDMS databases [23,34].
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S(uy I k| Hoy [he|v' T kT 4), = £{Oc + VCHI(J+ 1)} Fuu
(2, J k| (Hyy + Hys) [helv T k£ 1) = £/2{0C}, + OCHIT + 1) + OCE [ + (k£ 1)*] }Fy
(2w, J K| (Hsy + Hag) fheloy T k£1) = V2 {[0C + OChI+ D]k £1)+ OCH [ + (k£ 1)°] }Fy
Sy J K| (Hsy + Hag) Jhelvf' Tk £2)) = V2{0C + OCKIJ+ 1)+ VO [ + (k£2)°] }Fe
2wy, J K| Hs el Tk £2)) = V2003 (2k £2)F.,
$(2wy, 0, k|Hss /helv]' Tk F 4), = H{0c} + VCHI(T + 1) }Fuy

Al=0, Ak ==+3 and Al =0, Ak = %6 type resonances

D Fin = JU+1) - KK+ D)2UI+1) - (K£ 1)K £2)]2 . {JT+1) -
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[0 + @220 (I + 1) + a2 +1)°] 2k £ 3)+
$ (203, 0, k|(Hoa + Has + Hag) /hc|2v2, 0, k + 3)"= Fis

[ + @I+ D[k + (k£3)"] + e [6 + (k£ 3)°]
S (g, J, k| (Hos + Hog + Hao) /hclvn, J, k + 3Y'= — (v, J, k = 3|(Hos + Hay + Hag) /hclva, J, k) =
~{[P+ I+ 1]+ [+ (k£3)*] }Fos
Ui T k| (Hos + Haog + Hag) fhelvy! Tk £ 3) = — (3" J, k = 3|(Hos + Has + Hag) [helv! k), =
[ +BI0+ )] + B[+ (k£3)] }Fas
$(Qwy,J, k|(Hos + Hog + Hag) /hc|2u,J, k £ 3)'= —“(2w,,J, k = 3|(Hos + Has + Hag) /hc|2v2, 7, k)’ =
{2+ I+ D] + 2[R + (k£3)*] }Fas
(02, Kl (o + Hos) [helv, J,k £ 6= { O3+ 0,0 (7 + 1)+ 0 [k + (k£ 6)7] }Fag
SVt T K| (Hos + Hog) ey T,k £6) = { O+ Ond 0 (7 + 1)+ Oy [+ (k£6)°] }Fag
(s, 7, K|(Hag + Hag) Jhe 20,0,k 6) = { D2+ 021 + 1) +On2 [ + (k£ 6)°] }Feg

Essential resonances

(@1 +FLIT+ 1) + P+ 1)) 2k £ 1) + [ff + 5T +1)]

vi' J k£ 1(Hy + Hog) [he [VE T kY =2 F
0 |(Haz + Hay) he| ) [+ (k+1)7] +f’“({k5 (kil)s] !
Sk £ 1 (Ho + Hy) fhe [V 0,k ) = =2{ql, + FaJ (T + 1) + 15 (% + (k£ 1)) }Fyy

i Dy + OFT J(T 1)+ D727+ 12+ [OFK L QK ey 4
<’/ JJ k| (Hy + Ha) Jhe |VF 7J7ki2>a:2 o2 S22 ) Tzl ) [ T Fadl )} 2

[+ (k£2)"] + O [k + (k+£2)"]

Of gt OFLI T+ DAOFRPR T + 1) + [ O+ OF8 1+ 1)]

ST k£ 4|(Hog + Hag) Jhe [V, T k)Y =2
v (s His) e 13, 1,k ), [+ (k& 4)"] £ 0L [k + (k + 4)]

+4

the superscript (i) in the coefficients indicates the parity of the levels involved in the interaction and those of the vy = 1, 2 levels in case of ambiguity.

Appendix B. Supplementary data

Tables of the experimental and calculated wavenumbers for the transitions assigned in the ground state and in the vo =1, 2 and v4 = 1 a, s vibration
states, and of term values for the ground state of !*NDj3 are given as S1 to S4. Supplementary data to this article can be found online at https://doi.
0rg/10.1016/.jms.2023.111797.
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