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Abstract

The a, s inversion levels of v, = 3 and v, = v4 = 1 vibration states of I>NH; are studied from high resolution
infrared spectra up to 3200 cm™'. Spectra were recorded from 60 to 2000 cm™' using the Bruker IFS 125
interferometer located at the Canadian Light Source and from 1900 to 3200 cm™" using the Bomem DA 008
in Bologna. Transitions in 3v; and v, + vg4, in the 3v, <— Vo, Votva <= Vo, 3va <= 2vo , Vot <= 2vy, 3V, < Vg,
Vo+v4 < Vg, and 3v, <> vot+vy hot bands, and the rotation-inversion transitions in 3v;, and v,+v4 have been
observed. 5770 transitions with J, /K, up to 15 have been assigned, including 395 perturbation allowed
ones. All transitions were fitted simultaneously on the basis of a rotation-inversion Hamiltonian which
includes distortion constants up to 10" power in the angular momentum and all symmetry allowed
interaction parameters between and within the a, s inversion levels of v, = 3 and v,= v4= 1. The term values
of the lower levels of transitions have been calculated using the parameters recently derived for the ground
and v, =1, 2 and v4 = 1 states. The data were reproduced at experimental accuracy. The results are
compared with those of '*NH;. The experimental transitions are compared with their theoretically predicted
values. The list of assignments is supplied as supplementary material. The present results noticeably

improve the wavenumber line list in the HITRAN 2016 data base.
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1. Introduction

Ammonia is present in various astrophysical objects and its heavier isotopologue ’NHj is receiving
major attention in astrophysics, particularly as a tracer of the '*N/'°N ratio in the universe, known not to be
constant and different from the one on Earth [1,2]. The determination of the '*N/**N ratio is useful to
improve our understanding of the nitrogen fractionation process in the interstellar medium (ISM) [3-6], in
Jupiter and Saturn atmospheres [7-8], in meteorites [9], and in comets [10]. The determination of the
nitrogen isotopic ratio in the terrestrial atmosphere, where the natural abundance of "°N is not constant
because of either natural or anthropogenic enhancement [11-12], is used to study the transport of ammonia
emission across landscapes [13]. The characterization of the nitrogen isotopic ratio in depositions and rain
events is a complementary tool for quantifying the emission sources [14-16].

The study of the infrared (IR) spectrum of ammonia in the region at 4 um has proved to be essential
to interpret the high-quality spectra of Jupiter and Saturn atmospheres [17], where ammonia is the fourth
most abundant constituent. In the 4 um range the ammonia absorption arises from higher overtones and
combination bands of the bending normal modes, i.e. involving the a, s inversion levels of the v, =3 and v,
=v4 = 1 vibration states. Kleiner at al. assigned 1366 transitions of the 3v,/v,+v4 bands with J' up to 13 from
Fourier transform infrared (FTIR) spectra recorded at 0.011 cm™' unapodized resolution, analyzing both line
positions and intensities [18]. Later, the 3v, «<— v, and the v,+Vv4 <— v, hot bands have been studied by Cottaz
et al. [19]; they assigned 516 transitions up to J = 10 and fitted the intensities of 269 lines, with a root mean
squared (RMS) percent error of 7.2. Recently, the 3v,/v,+v4 dyad has been re-analyzed [20]. The transitions
of cold bands from [18] have been added to new assignments in the 3v;, <— 2v, and v,+v4 < v4 hot bands
and to the rotation-inversion transitions in 3v, and v, + v4 observed in the IR and Far-IR (FIR) high
resolution spectra, recorded from 50 to 2800 cm™' [21]. This dataset has been further implemented with
about one hundred transitions from [22] for the 3v, < v; hot bands. A total of 3422 transitions, 2400 of
which are single, have been reproduced at experimental accuracy modeling the 3v,/v,+v4 dyad with the

Hamiltonian described in [21].



In the case of "NHj, the 3va/vo+vs dyad has been analyzed in the eighties from IR spectra recorded
at 0.06 cm ™' of resolution [23], modeling the line positions by means of a vibration-rotation-inversion
Hamiltonian that takes into account the stronger interactions between and within the v, =1, 2, 3, v4 = 1 and
v, = v4 = | states, analogously to what was done for '*NH; by Urban et al. [24].

Recently, new high resolution FTIR spectra of '°NH; have been recorded from 60 to 2000 cm™" at the
Canadian Light Source (CLS), in Saskatoon, Canada. The inversion and the rotation-inversion transitions
between the a, s levels of the ground state (GS), of v, =1, 2 and of v4 = 1 have been assigned and those in
GS and v, = 1 analyzed at experimental accuracy [25]. Moreover, the vibration-rotation-inversion transitions
N vy, 2Va, Va, 2vy = Va, V4 <— V2, 2V, <> vihave been analyzed together with the inversion-rotation
transitions in v, 2v,, and v, assigned in the spectra from CLS or reported in the literature, fitting
simultaneously more than 7500 data. The transitions have been reproduced at experimental accuracy using
185 spectroscopic parameters, determined with high precision by means of an effective Hamiltonian that
included all symmetry allowed interactions between and within the v, = 1, 2 and v4 = 1 excited states [27].

Since some features and weak absorption lines observed in the spectra recorded at the CLS [25,27]
could be due to transitions reaching the v, =3 and v, = v4 = 1, new FTIR high resolution spectra from 1900
to 3200 cm™' have been measured to detect and assign the transitions of the 3v, and vy+v4 bands. The results
of the analysis of the cold bands have been used to predict the transitions in the hot bands and the rotation-
inversion transitions that have enough intensity to be observed in the spectra recorded at CLS. The

experimental data set, comprising 5770 transitions covering 11 bands, and with J__ / K equal to 15, has

been analyzed to experimental accuracy by means of an effective Hamiltonian which contains all symmetry
allowed interactions between and within the a, s levels of the upper states. The spectroscopic parameters of
the lower states of transitions were kept fixed to the very precise values from [27].

The aims of this study are the following: the determination of the spectroscopic parameters of v, = 3
and v, = v4 = 1 with high precision from experiment; the improvement of the knowledge of the line positions
for ’NH3 at 4 pm under high resolution conditions; the identification of the hot band transitions and of the

rotation-inversion transitions in v, = 3 and v, = v4 = 1, which have not been reported before and, eventually,



the implementation of the "NH; wavenumber line list for the HITRAN data base [28]. Finally, the
comparison of the experimental line positions with the theoretically predicted values [26] is presented.

The paper is structured as follows. The experimental details and the description of the spectra are
given in section 2; the assignment procedure, the theoretical model and the analysis are described in section
3; the results of the fits together with the comparison between experimental and theoretically derived line list

are presented in section 4 while the conclusions are drawn in section 5.

2. Experiment and description of the spectra

The sample of ’NH; was supplied by Sigma—Aldrich with an isotopic purity of 99% and used
without any further purification. The details of the recordings for the spectra measured at CLS from 60 to
2000 cm™! are reported in [25, 27]. The estimated wavenumber uncertainty of isolated lines in the FIR
region is 0.4x107> cm ™" and 0.6x107° cm™" in the IR region.

Two absorption spectra have been recorded at room temperature in the 1900 — 3200 cm ™' range,
using a Bomem DA 008 spectrometer in Bologna. A Globar source, KBr beam splitter and InSb detector
were used. The instrument was equipped with a 0.25 m base multi pass cell, set at 6 m and 10 m, and filled
at 267 Pa. The gas pressure was measured using a 0-1 Torr Baratron gauge. Some impurities were identified
in the spectra, namely '*NH3, H,O and some partially deuterated species, '"’NH,D and HOD. The
instrumental unapodized resolution was 0.008 cm™', close to the Doppler line broadening as the Doppler full
width of '’NHj absorption lines at room temperature is about 0.007 cm ™' at 2500 cm™'. Absorption lines of
residual H,O and CO, [28] have been used for calibration. The wavenumber uncertainty of isolated lines of
medium intensity is estimated 0.0006 cm™".

The survey of the 3v,/v,+v, region in the 15 NHj spectrum is shown in Figure 1. The Q branches of
the s <— a and a < s 3v, parallel bands are centered at about 2369 and 2876 cm™', respectively. The weaker
s < s and a < a v, + v4 perpendicular bands appear between the overtones, centered at 2534 and 2578
cm', respectively.

[insert Fig. 1 about here]



Figure 2 illustrates the J = 6 «— 7x and J = 7g «— 8k s«—a transitions of the 3v,«— GS band. Lines are blue
degraded for increasing K and the intensity alternation is evident as well as the presence of the K = 0 line
only for J even, due to nuclear spin statistical weights.

[insert Fig. 2 about here ]

Figure 3 illustrates the "Pg(9) sub-branch of the s«—s v,+v4«— GS band whose absorption lines are blue
degrading but reverse their direction for K" >5.

[insert Fig. 3 about here ]

In the FIR and IR spectra recorded at CLS [25,27] numerous weak vibration-rotation-inversion
transitions have been identified and assigned to: 3vo«— Vi, Votvac— Vo, 3vo— 2vy, Votvae— 2vy, 3voe— vy,
Votvae— vy, and 3v, <> vot+vy. In addition, the a«—s inversion and rotation-inversion transitions, with
selection rules AJ =0, AK =0 and AJ =<1, AK = 0, respectively, are observed in v, = 3 being the a — s
energy separation very large, 508.61 cm ™. In the doubly degenerate v, = v4 = 1 state four sets of levels
corresponding to the vibration angular momentum /4 = £1 are present. Being the a — s energy separation
4423 cm™ only four branches are observed in the spectra with selection rules Al =0, AJ=+1, AK =0, a<s

and s<—a.

3. Analysis

3.1 Assignments

The analysis started from the identification of the 3v; and v,+v, transitions in the newly recorded
spectra, updating the results previously reported in [23] with more precise wavenumbers. The extended path
length and the higher resolution of the new recordings allowed to extend the assignments to some weak
absorptions, particularly at high J and K values, to identify several perturbation allowed transitions to v, = v4
=1, and to split lines overlapped in [23], in the limit imposed by the Doppler line broadening. The
correctness of the new assignments was checked by means of the GS combination differences (GSCD)

calculated using the accurate parameters from [27]. The vibration-rotation-inversion transitions of the cold
6



bands have been fitted simultaneously (see below) to obtain the spectroscopic parameters and the term
values of the a, s levels in v, = 3 and v, = v4 = 1. Then, the rotation-inversion-transitions between the a, s
levels in 3v, and v,o+vy, and the transitions in the 3vy <> vot+va, 3vae— Vo, Votvae—Vy, 3voe— 2vy,
Votvae—2v,, 3va—vy, and votva<—vy4 hot bands have been predicted, using for the lower levels the term
values calculated from the parameters of v, = 1, 2 and v4 = 1 [27]. The search of these transitions in the
spectra was undertaken and resulted greatly facilitated by the precision of their predicted values. Moreover,
about one hundred and two hundred perturbation allowed transitions in vy+v4 «<— 2v; and vo+vs «— v,
respectively, were identified.

Once the assignment work was completed, the vibration-rotation-inversion transitions in the cold and
hot bands, 1024 and 4254, respectively, together with 492 inversion and rotation-inversion transitions in 3v;

and v, + v4 have been analyzed simultaneously. The final data set contains 5770 data, including 395

'

/K. are comprised between 11/10 to 15/15 depending

max max

perturbation allowed transitions. The values of J

on the considered band. A summary of the analyzed bands is detailed in Table 1, where the number and

characteristics of each sub set are specified. The data set contains a single



Table 1

Transitions analysed in the a, s inversion levels of v, =3 and v, =v4 =1 for 15NH3

Band Type of transitions Selection rules No. of lines J . K
3. 3y IR inversion A =0,Ak=0 a<s 77 13 13
2 2 FIR + IR rotation-inversion A =x1,Ak=0 a<«s 138 13 12
v, +v, v, +v, FIR rotation-inversion A =+1,Al=0,Ak=0 a<s,s4a 116, 161 12, 14 11,13
3v, <> v, + Vf FIR + IR vibration-rotation- A =0,£1LA(k—-1)=0 S S,a<a 246, 220 12,12 11,11
inversion
3v, «2v, FIR+IR vibration-rotation- A =0,£1,Ak =0 a<s,s<a 193, 269 12, 14 12, 14
inversion
v, + le <« 2v, IR vibration-rotation-inversion AJ =0,£1,A(k—[)=0 S¢S, a<a 324,311 11,11 11,11
v, +v, < 2v, IR vibration-rotation-inversion AJ =0,tLLA(k—/)=43 s<a,a<s 39,91 11, 12 10, 10
3v, v, IR vibration-rotation-inversion AJ =0,£1,A(k—1)=0 S<s5,a<a 281, 282 11,12 10, 12
v, +v, <, IR vibration-rotation-inversion AJ =0,x1,Al=0,Ak=0 a<s, s<a 385,374 12,12 12,12
3v, «v, IR vibration-rotation-inversion AJ =0,x1,Ak=0 a<s,s<a 109, 234 13,13 13,13
v, +v, v, IR vibration-rotation-inversion AJ =0,£1,A(k—1)=0 S<S,a<a 352,355 14,13 14,13
v, + Vf‘ v, IR vibration-rotation-inversion AJ =0,z1,A(k—[)=13 s<a,a<s 101, 88 12, 12 12,9
3v, <GS IR vibration-rotation-inversion AJ =+1,Ak=0 a<s,s<a 194,218 13,13 12, 13
v, + le «GS IR vibration-rotation-inversion AJ =0,£1,A(k—1)=0 S¢S, a<a 274,262 14, 15 13,15

v, +v, <GS IR vibration-rotation-inversion AJ =0,z1,A(k—[)=13 s<a,a<s 29, 47 12,12 8,11




wavenumber for each assigned transition, choosing the one with the lowest uncertainty in case of
alternatives to the present measurements. Our choice is different from that adopted for NHj; in [20]. The
various types of observed transitions are represented in Figure 4 by arrows with different colors in the

scheme of the energy states for '"NH3, up to 3000 cm™".

[insert Fig. 4 about here]

3.2 Theoretical model

The theoretical model used for the present analysis is based on the accurate studies on the rotation-
inversion Hamiltonian for ammonia [29 and references therein] and on the result of the spectroscopic
analysis of 3v, and v, + v4 for "“NHj; [18,20]. This system was modeled as an interacting dyad, isolated from
the network of the nearby vibration excited states [18]. The model was estimated adequate to the analyzed
data set, consisting only of cold band transitions, but the larger value of the RMS error for the 3v; a<—s
transitions was attributed to the neglect of the interactions with the v4 = 2 s state, lying just above v, =3 a
[18]. Recently, the 3v, / v, + v4 dyad of '*NH; has been re-analyzed as an isolated dyad at experimental
accuracy thanks to a fairly enlarged data set [20]. The Hamiltonian model adopted in [20] was more

extended than that in [18]. It included also the terms of the rotational operators with A} symmetry,

classified as "type 3" [20,21], and represented with antisymmetric matrices [29]. The same model was
successfully applied in the analysis of 2v,/v4 in "NHj; [21] and used to analyze the v,/2v,/v4 band system in
'NHj; [27]. The reproduction of the data set at experimental accuracy was obtained in both isotopologues
refining different types and numbers of interaction coefficients.

The relative position of the v, = v4 = 1 and v, = 3 a, s inversion levels in 15NH3 is 1llustrated in the
diagram of Fig. 4. In principle, v, = 3 and v, = v4 = 1 are perturbed by interactions analogous to those active
between v, = 2 and v4 = 1. Moreover, they could be affected by interactions with states at higher energies,
such as v4 = 2%* , s, a at about 3211 and 3234 cm ! and (v2=2,v4=1) s atabout 3179 cm . For °"'NH; we
decided to adopt the same procedure used in "*NH; and to consider the dyad isolated from the other

vibration states, at least as a first approximation to be verified on the basis of the fit results, since the



complexity of the interaction pattern increases very rapidly with increasing energy and density of states.
Therefore, the same interaction model used in v4 =1 and v, =2 [27] was applied to v, =v4 =1 and v, =3
while the energies of the lower states for the hot band transitions and of the GS were calculated from the
very precise spectroscopic parameters in [27], without refining them in the fitting procedure.

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|, A]
rotational species. We remind that the nuclear spin statistical weight of the A} and A| levels is zero. The
other two matrices 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 10™ power in the angular momentum operators, are given by
OF, (J, k1) he="E+ VB [J(J+1)-k* |+ "Ck* -2 (CC), k= "D, [J(J+1)]

=D [J(T+1) ]k =Dkt + P, [T (T +1) |kl + Okl

+OH[J(I+)] + OH G [J(T+)] K+ OH o [J(+1)] 5

+ OH K+ OL, [J(T+1)] + Ly [T+ B+ L [J(J+D)]

+ L [ J (T +1) [k + OL  k* (D

+ 97 [J(J+1)]2 K+ 07, [J(J+1)] 01+ O, o1+ O, ko

+OM L [T(IA)T + M [T(T+D)] B+ OM e [T (74D &

M [T ()T K+ OM e [T (T 1) K+ OM k"

where (i) refers to the parity of the level with respect to the inversion, sora; k=tK;v=v,=30rvy=v4=
1; = I4. All terms containing / vanish for v, = 3. The off-diagonal matrix elements are reported in the
Appendix, where H,,, represents a group of terms in the Hamiltonian containing m vibrational operators g,
and/or p,, and n rotational operators J, [30]. The subscript of the interaction constants in the Appendix
represents the Ak and A/ selection rules for the levels connected by the interaction term in the Hamiltonian.
Moreover, a constant without the left superscript (i) corresponds to an s <> a resonance, while an (s) or (a)
superscript represents an interaction between levels of the same parity where there is no ambiguity, i.e.

Dy s LS Oy Ofd, O fEOCD  ete. . For the Coriolis coefficients, 'C'),C?,"CS” and

O | the superscript (i) refers to the parity of the interacting v, = 3 level. Differently from [20], the (s) and
10



(a) interaction parameters can be refined independently. In the case of the Coriolis type resonances, the
coefficients of the Hz\, Hs», H3; and H34 Hamiltonian terms that connect v, = 3 and v, = v4 = 1 are written

with the same symbols used for the coefficients of H,;, Hy,, H»3 and Haa, that connect v, = 1 and v4 = 1 [27]

since in both cases the levels interact according to the same Ak and A/ selection rules. Finally, the 8°*, 5,

and ¢/, coefficients are related to the "type 3" rotational operators, see Egs. (27) - (29) in [20]. The

computer code and the input data files are available from the authors upon request.

3.3 Analysis

All transitions of the experimental data set were analyzed simultaneously in a least squares treatment
refining the parameters of v, = 3 and v, = v4 = 1 in Eq. (1) and in the Appendix. The term values of the
lower levels used to calculate the transition wavenumbers were obtained as eigenvalues from the appropriate
energy matrices, using the parameters of Table III and IV in [27]. The statistical weight assigned to each

experimental datum was proportional to the inverse of its squared estimated uncertainty, quoted 0.0004 cm™

for the FIR wavenumbers and 0.0006 cm™' for the IR ones. The blended transitions were considered affected
by uncertainties one order of magnitude larger than those of the isolated lines. Moreover, the weight
attributed to each transition was reduced to 1/n if n transitions are assigned to the same wavenumber. In
total, 535 transitions are blended, representing 9% of the experimental data set.

Several fits were performed refining different sets of parameters. After each iteration, the statistical
significance of the obtained parameters was checked as well as their correlation coefficients. All data
differing from their corresponding calculated values more than three times their uncertainties were excluded
in the last cycle of the fitting procedure. According to this criterion, 134 of 5770 transitions, 2.3%, were
discarded. The high quality of the final fit is stated also by the value of the standard deviation of an
observation of unit weight, equal to 0.997, confirming the adequacy of the model and of the weight
attributed to each datum. The value of the standard deviation of the fit, 0.00057 cm_l, is comparable to the

estimated uncertainties of experimental wavenumbers.

4. Discussion

11



4.1 Fit results

The best set of spectroscopic parameters for the reproduction of the experimental data is listed in
Table 2. All parameters are well determined and at least three times larger than their uncertainties. In total,
96 parameters have been refined comprising 4 vibration term values, 28 and 35 diagonal rotational constants
of v, =3 and v, = v4 = 1, respectively, 4 Coriolis interaction coefficients, and 25 interaction coefficients
within v, = v4 = 1. All parameters of the model listed in Eq. (1) or in the Appendix and not present in Table
2 were nevertheless allowed to vary in the fitting procedure but resulted statistically undetermined or did not

improve the fit quality and were constrained to zero.

((S)BV _ (a)BV)
(S)B

v

The percentage differences of the s and a rotational constants, i.e. x100, in v, =3 and

v, =v4 = | amount to a few percent, very similar to the corresponding values for '*NH; calculated from the
results in [20]. For the D's and H's constants the differences are larger, about 13 % and 80 % on average,
respectively, for v, = 3 and 50 %, 150 % on average for v, = v4 = 1; these differences are smaller than the
corresponding ones for “NH; [20]. In v, = v4 = 1 the a and s values of the C¢, 17, and 7 x constants are
similar, with differences equal to 13 %, 66 % and 121 %, like in NH; [20]. Differences larger than 500 %
are seen for 7 's, indicating that their values are effective.

The comparison of @B and 'C of v, = 3 with their corresponding values in v, = 2 [27] results in the
differences —8.7 %, 4.1 %, 5.3 % and 2.0 % for “'B_, ®'C,, ‘B, and “’C,, respectively. This suggests
that v, = 3 a is less perturbed than the s state, as expected from the energy differences among the states

depicted in the scheme of Fig. 4.

12



Table 2

Spectroscopic parameters (in cm ') of the a, s levels for v, =3 and v, = v4 = | of ""NH; *

1

Parameter vo=3s vo=3a V2=V4il =1s vo=vi' =1a
E° 2369.31094965(6970) 2876.12237870(8867) 2533.37170600(5393)  2577.60209315(5934)
B 9.491814403(5661)  9.183567670(8274) 10.295679275(3243) 10.085203170(3658)
C 6.188526799(6840)  6.293078978(9228)  6.019095329(5974) 6.107631892(6166)
D, x10° ~0.3069898(1487)  —-0.2926392(2374)  1.35950983(6712) 0.88217899(7597)
Dk x10° 1.3833895(3441) 1.2849612(4904)  —2.9695282(3493) ~1.6206689(4034)
Dg x10° —-0.9980653(2411) —0.8691379(3307) 1.8613189(3772) 0.9249684(3069)
H x10° —0.792684(1696) ~1.108884(2416) 0.5728193(7387) 0.2355758(3266)
Hx x10° 2.405837(6419) 4.068545(7224) ~2.833416(3074) ~0.321250(1808)
H gk x10° —2.316988(8361) —4.878648(8631) 4.404873(4588) 0.135143(3549)
Hy x10° 0.728903(3778) 1.982941(4009) ~2.059068(3078) 0.012096(2668)
Ly x10° 1.847675(4465) 2.195386(8199) 0.0° 0.0°
Lk x10° —9.82608(2613) ~11.10118(3221) 0.0° 0.0°
Lykx x10° 19.28282(5670) 20.20021(5879) 1.93605(1832) ~0.82866(1322)
Lxxx x10° ~16.47802(5300) ~15.96523(5138) — 3.50055(3458) 0.82410(1278)
Lix10° 4.94983(1879) 4.40440(1937) 1.48841(1970) 0.0°
o4 ~1.268202351(9330)  —1.448315310(9295)
n, x10° ~1.917047(1165) ~3.8207378(8730)
Ny x10° 0.861346(1017) 3.4965442(7883)
7, x10° —11.59473(2226) 24.81180(4468)
7, ¥10° 38.60717(6335) ~37.9875(1205)
7, x10° —27.44445(5662) 13.10092(8019)

Interaction parameters
V2=3/V2=V4ﬂ=1
©cs 0.01925939(7109) “WCI 0.02134628(4015)

@l x10°

0.1830941(7060)

+1
V2 = V4 =1

13

G I <10° - 0.2634022(6644)



“g,, 0.062762212(1832) KK 105 0.393104(1863)

“g,, 0.070681922(1968) @£, x10°  -0.02778664(6008)
© £ x10° ~0.03385611(3399) @ fx10° -0.00129499(6073)
@£ x10° ~0.04982473(3549) ) £7°x10°  0.1557594(7610)

2 : 42 :
@ £E x10° ~0.1985332(3571) @ £7%10° —-0.040337(1014)
2 : 42 :
@ £E x10° 0.1599375(4002) G £Ex10° 1.899049(2706)
@ £ %10 ~0.0987167(1593) @ FEx10° 2.771315(3363)
@ £ %10° 0.0676039(1832) O£ %10 0.830738(3123)
O £ %100 ~0.203083(1249) @£ <10° ~1.557916(4591)
q12 -0.057213107(3716) a?* x10°  0.2295359(1435)
£ x10° 0.07430664(3012) a3t x10°  0.334668(1066)
f¥x10° 0.0408015(3086) a2t x<10° ~2.296617(7480)

IR x10° ~0.256139(2375)

Total number of assigned/fitted transitions 5770/5636
Standard deviation of an observation of unit weight 0.997

? 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 transition wavenumbers.
® Constrained, see text.
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For the “D's centrifugal distortion constants we noticed that the values of Dp ; and (i)DK mnvy;=3
have the same order of magnitude than in v, = 2 while for Dk they are one order of magnitude larger. A
peculiarity concerns the signs of D's in v, = 3 which are opposite with respect to those in v, = 2; the same is
observed in "*NH; [18,20].

The number of interaction parameters whose role was significant for the fit quality is smaller than in

case of 2v, /v4 [27]. The values of the "’C;, Coriolis coefficients in the dyad 3v,/v,+vy are similar to the
ones in 2v,/vs; “g,, and ' £, are about one order of magnitude larger than those in v4 = 1, while ‘' f,, is

one third that in v4 = 1. g, is smaller with opposite sign and o is about two times o’ [27].

Few significant correlations, lower than 100%, are present among the parameters and concern only

the centrifugal distortion constants L's and the higher order dependences of ‘57, “q,, and ”’f,,. The ) fX

coefficient is 99% correlated to 'z, , ‘'L, , , is 99 % correlated to ‘“"H ,_, ,, while correlations equal to

)

98% are observed between: (")Lﬂ:M:LJKKK and <”)LV2:V4:UJKK , Y7 and 7, and W fY, O f7.

The spectroscopic parameters in Table 2 reproduce adequately the experimental data set as can be
inferred from the RMS errors listed in Table 3. They have been calculated considering the unblended
transitions assigned to the studied bands and their values are in good agreement with the uncertainties

attributed to the data in the least squares procedure.

Table 3
The RMS values of the fit for the sub sets of transitions to v, = 3 and v, = v4 = 1 of ’NH;
Band assigned / fitted Jrlnax Kl'mx RMS/
transitions 107 cm™
a<—s 194 /192 13 12 0.60
2 s<a 218/216 13 13 0.64
3v, «3v, a<—s 215/215 13 13 0.39
a<s 193 /193 12 12 0.56
V2 2 s—a 269 /269 14 14 0.44
3y, <V, ae—s 109 /109 13 13 0.57
S—a 234 /234 13 13 0.58
3v, < v, +Vv, a<a 115/115 11 11 0.40
3v, < v, +v,' a<a 105 /105 12 10 0.45
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S S 146 / 146 10 10 0.65

v, «— v

S a+—a 133/ 133 12 12 0.58
3, v 55 135/ 135 11 9 0.60
a<a 149 / 149 12 10 0.62
b S5, 5a 160 / 149 12 10 0.76

2 4
a<a a<s 148 /135 11 11 0.77
S S¢S, 5 a 143 /139 14 13 0.65

2 4
a<a,a<s 161/ 149 15 15 0.82
v, +v; < 3v, Ss 142 /137 12 10 0.43
v, v 3y, S g 104/ 101 11 11 0.43
Vv 2w, S5, 5 a 200/ 193 12 11 0.62
a<—a a<—s 218/212 12 11 0.64
Vv 2w, S¢S, 5a 163 /157 11 11 0.53
da as 184 /180 12 11 0.57
Vv v, S8 S—a 267 /258 12 12 0.62
a<—a a<—s 241 /234 12 11 0.62
Vv e, S5, 5a 186 /179 14 14 0.56
a<a,a<s 202 /198 13 13 0.60
L S—a 214 /205 12 12 0.63
VatVy <V a—s 219/213 12 12 0.69
" " S<«—a 160/ 154 12 11 0.51
VotV <V a—s 166/ 160 12 11 0.57
B R S<—a 77175 14 13 0.39
VitV, <Vt a5 49 / 48 12 10 0.45
U s<—a 84 /83 14 13 0.40
2774 2774 a<—s 67/ 66 12 11 0.42

The transition wavenumbers, assignments and residuals calculated using the parameters in Table 2
for the upper states and in Tables III and IV of [27] for the lower states, are listed in order of increasing
energy in Table S1 of the Supplementary materials. In Table S2 the data set is divided into three portions
listed for increasing J', grouping the transitions according to the upper vibration state. The transitions
discarded in the last cycle of refinement are identified by ***. We remind that the assignments in Tables S1
and S2 are, in a few cases, only formal, since k—/4 and not £ is a good quantum number for the system of
interacting levels. The principle of the largest contribution of the unperturbed wavefunctions to the
perturbed levels has been adopted to assign a transition to a particular upper level.

It can be noticed that about 90% of the 134 rejected transitions in Table S2 are not randomly

distributed. They reach the following J' / K' rotational levels: 4/2, 5/2,7/2 s and 6/2, 8/7T a,in v, =vs=1, l4 =
16



—1, while in v, = v4 = 1 4 = +1 reach the 7/2, 9/5 s and 7/4 a levels. The differences between experimental
and calculated wavenumbers of those transitions amount to about 3.6 x 10~ cm™' on average, while amount
t0 2.7 x 10 cm™' for transitions to 7/2 s and 6/2 a, I = —1 levels. The listed levels are not connected by
perturbations in the adopted model and the term values of possible partners of interactions are nicely
reproduced. All attempts to better reproduce the rejected transitions, whose assignments we confidently
trust, failed.

The comparison of the 3v,/v,+vs spectroscopic parameters for °NH; and "*NH; [18, 20] can be
accomplished considering also the differences among the experimental data bases. Only transitions of the
3v, and vy+v, cold bands of '*NH; were analyzed in [18]. An extended data set, comprising literature [18,
22] and newly assigned hot band transitions and inversion-rotation transitions was analyzed in [20]. The
distribution among the different bands of the experimental unique transitions, about 2400 of 3422 from the
line list [20], is detailed in Table 4. The corresponding information on ’NHj are also collected in the table
for comparison. In the overall, the number of experimental data of '"NH; is about two times larger than that
of 14NH3. The main differences are the number of hot band transitions and of the perturbation allowed ones,
larger in ""NHs, while the reverse is true on the whole for the assignments to cold bands. The values of

J. /K __ are similar in various bands for the two isotopologues but the amount of information from

experiment is more complete in 15NH3.

Table 4
Comparison of the data sets constituted by unique transitions for 3v,/vy+vy of 14NH3a and 15NH3
Band assigned/fitted Jr'nax / Kr'naX assigned/fitted Jr'mx / Kr'mx
transitions transitions
; a<s 225°216 12/12 194/192 13/12
V2 S<a 219°/218 12/12 218/216 13/13
3v, <« 3v, a<«s 224 % /224 13/12 215/215 13/13
a<s 191 /191 13/12 193/193 12/12
v, < 2v, S<a 260 * /260 15/13 269/269 14/14
§S 1%/ 14/13 - -
a<s 65 /50 10/10 109/109 13/13
W, v, se—a 60 /48 14/10 234/234 13/13
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S 1°/1 10/8 - -
3v, <V, +Vv,' a<a - - 115/115 11/11
v, <v,+v,! a+<a - - 105/105 12/10
3, v §=s 4% /4 8/7 146/146 10/10
s<a 1%/1 13/9 - -
a<a - - 133/133 12/12
3, ! § <= - - 135/135 11/9
a<a 12°/12 13/12 149/149 12/10
SS  174°/159 12/11 141/130 11/10
v+, s<a 69° /67 11/10 19/19 12/5
a—a 178" /167 12/12 118/105 10/10
a<s 62° /58 11/11 30/30 11/11
ses  172°/165 13/13 133/129 14/13
v, +v;! §a 51° /46 12/8 10/10 12/8
a<—a  171°/156 13/13 144/132 15/15
a<s 39° /34 12/7 17/17 12/8
v, +v;' <3, S 141 5/0 142/137 12/10
v, +v <3y, §<— s - - 104/101 11/11
S 6°/6 9/5 169/162 11/11
v+ e 2, a<a 2°%/2 3/2 164/159 11/11
a<—s 1%/1 8/5 54/53 12/11
S <—a - - 31/31 12/10
S 23°%/23 14/13 155/149 11/11
v, v 2, a<—a 4°%/4 11/10 147/144 11/11
a<s - - 37/36 12/10
S<«—a - - 8/8 11/7
S - - 191/182 12/12
v+, v, a<—a - - 188/183 12/11
a<s - - 53/51 12/9
s<a - - 76/76 12/12
S - - 161/155 14/14
v+ v, a<a - - 167/164 13/13
a<s - - 35/34 12/8
s<a - - 25/24 11/9
v,+v, v s<—a 242 9/5 - -
U s<a 6°/6 8/2 214/205 12/12
24 4 a<—s - - 219/213 12/12
et s<a 22°%/22 12/10 160/154 12/11
27 4 a<—s - - 166/160 12/11
sa 55%/54 15/14 77/75 14/13
v, +vii v, vt s 4°/4 10/4 - -
a<s 38°%/38 13/11 49/48 12/10
sa 62 /58 14/11 84/83 14/13
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S5 5%/5 10/0 ) }

a<«s 472/ 47 12/9 67/66 12/11
vV, v, v s es 16 % /14 13/8 - -
. . S<a 1%/1 12/3 B B
V,tV, Vv, S 40%/39 13/9 - _

*From Ref. [20];
®From Ref. [18];
“From Ref. [22].

The model Hamiltonian used in our analysis is equal to that in [20] and both are more extended than
that applied in [18]. Kleiner et al. determined 48 spectroscopic parameters, 36 vibration-rotation-inversion
and the o™, &, “qy,, "1, VS s 4> i35 Sz s S G, interaction constants [18]. The extension of
the data base and the purpose of reproducing it at experimental accuracy increased to 147 the number of

parameters determined by Pearson et al. [20], 109 diagonal constants and 38 interaction coefficients. Of

(1),.222 (i), 24

these, the leading coefficients, according to our notation, are “'7;%, “ni*, o™

Lo, gy, ¢y, O fy, the
Coriolis “C\),C{}, 'C3,, and the gf,, B parameters from a "type 3" rotational operator with A
symmetry [20, 21, 27, 29]. The comparison of the values of the same diagonal and interaction coefficients

reported in [20] and [18] results in a fairly good agreement [20].

In the present work we determined 96 parameters, 67 diagonal and 29 interaction coefficients. This

set is similar to that in [18] for the type of the Coriolis-coupling and A/ = 0,Ak = +3 coefficients, "’C3, and

o™, while to that in [20] for the higher order centrifugal distortion constants in Eq. (1) and the essential
resonances in vo =v4 = 1. The “¢q,,, q,,, and f,, coefficients with their higher order dependences play a

very important role to adequately reproduce the term values of the a, s inversion levels in v, = v4 =1 for
both "NH; and '*NH.
A comparison of the values for some parameters in Table 2 with those of '*NH; [20] is presented in

Table 5. PB, OC and "C¢ are very similar and close values are observed also for the ?D's. Large differences
are observed for the n's constants since more high order dependences are determined in [20]. The o values

are almost equal while g, of '>NHj is about one third that of '*NHs. Their signs are opposite in the two

isotopologues but this has no consequences since they are relative. In fact, identical energies for the ro-
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vibration levels and identical intensities for the transitions are calculated from the four equivalent sets

Ok, OC by the coefficient ¥ =+1, o™, a}', ap,

obtained by multiplying the parameters 'C},, ’C},,
4> 1o, iy by y'==1,and C;,, C;,, OC), VC by yy'. Both ©'g,, and g, have half values and
opposite signs with respect to '*NHj. The sign difference could be due to the determination in [20] of the
Coriolis parameter “’C|, which is usually strongly correlated to “’q,,. In fact, signs identical to ours were

obtained for “g,, in [18] where “’C|, was not refined. The values of ’C;, are comparable in the two

isotopologues, the major differences being that we refined independently “’C;, and ‘’C;, while a single

value is reported in [20].

Table 5
Comparison of some molecular parameters (in cm ™) of the a, s levels for
va=3and v, = v4 = 1 for °NH; and "“NH; *

Parameter 14NH3 15NH3
vo,=3s va=3a vo,=3s vo,=3a
B 9.522127(8)  9.181836(9) 9.491814(6) 9.183567(8)
C 6.19590(5) 6.29322(3) 6.188527(7) 6.293079(9)
Dy x10° -0.2305(5) —0.2728(4) —0.3070(1) ~0.2926(2)
D x10° 0.762(7) 1.604(5) 1.3834(3) 1.2850(5)
Dg x10° —0.479(7) ~1.196(4) -0.9981(2) -0.8691(3)
a??? <103 -0.562(8) 0.0

voa=w=1s wva=w=1la w,=wu=1s wv=w=1a

B 10.32452(2)  10.09122(3)  10.295679(3) 10.085203(4)

C 6.01564(4) 6.11042(7) 6.019095(6) 6.107632(6)

Dy x10° 1.3343(5) 0.8115(7) 1.35951(7) 0.88218(8)
Dk x10° ~3.176(5) ~1.102(8) ~2.9695(3) ~1.6207(4)
D x10° 2.103(6) 0.456(7) 1.8613(4) 0.9250(3)
Cc¢ ~1.30723(1)  -147932(2)  -1.268202(9)  —1.448315(9)

n, x10° ~3.34(2) ~0.81(3) ~1.917(1) ~3.8207(9)
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N, x10° 2.48(2) 0.861(1) 3.4965(8)
a? <103 —0.2575(7) 0.2295(1)
q12 0.2198(3) —0.057213(4)
“q,, ~0.13155(2) 0.062762(2)
“q,, —0.13155(2) 0.070682(2)
©) £, x10° 0.01846(4) —0.02779(6)
@ £ x10° 0.01846(4) -0.00129(6)
©es 0.03276(9) 0.01926(7)
@y 0.03276(9) 0.02135(4)
 Ref [20]

4.2 Comparison between observed and theoretically calculated transitions

All the assigned transitions of the cold and hot bands and the rotation-inversion transitions in v, = 3
and v, = v4 = 1 are compared with the ab initio line list, from the best compilation at room temperature
available up to now for ’NHj by Yurchenko [26], that includes positions and intensities up to J” = 18. The
comparisons are reported in Tables S3 to S14 supplied as Supplementary material. In some cases more than
one theoretically calculated wavenumber was attributed to a given transition due to the criterion adopted for
labeling the term values which is based on the largest contribution of a particular basis level among those
present in the eigenvector [26]. In those cases, we discriminated between the various alternatives in [26] by
selecting the calculated value closest to the observed one. Another critical problem was faced in v, = v4 =1
since only the absolute value of the vibration quantum number /4 is reported in the ab initio line list. The
sign of /; was added in Tables S7 - S14 according to the experimental results. For some of the assigned
transitions no prediction was found in [26]. Owing to the uncertainty in the prediction of both the
wavenumber and the rotation-inversion identity of the levels involved in the transitions, we could not exploit
the theoretical predictions to extend the assignment to larger J values.

The agreement between observed and calculated wavenumbers is reasonable, with RMS error equal

to 0.295 cm™! for 413 data of 3v,, and 1.687 cm! for 609 data of v, + v4. The values of the RMS errors for

the hot bands, in cm™, are: 0.182 for 343 data of 3v, < v, 0.876 for 495 data of 3v, < 2v,, 2.054 for 220
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data of 3v, < v, + vy4, 1.054 for 548 data of 3v, < va4, 9.298 for 895 data of v, + v4 < v,, 2.747 for 758 data
of Vo + v4 < vy, 14.564 for 747 data of v, + v4 < 2v,, and 2.497 for 246 data of v, + v4 < 3v,. The values
of the RMS errors for the inversion-rotation transitions in v» = 3 and v, = v4 =1 are 0.095 and 1.804 cm'l, for
202 and 277 data, respectively.

The large RMS values are due to a few transitions whose observed minus calculated differences are
very large. Neglecting these values in the RMS calculation, the agreement improves considerably to 0.215
cm' (604 data of v> + v4 ), 0.161 cm™' (455 data of 3v, < 2v3), 0.106 cm ™" (216 data of 3v; <— v, + v4),
0.234 cm™ (541 data of 3v, < v4), 0.129 cm’! (780 data of v, + v4 < v3), 0.238 cm’! (719 data of v, + v4
< v4), 0.356 cm ™' (658 data of v, + v4 < 2v5), 0.089 cm ™' (242 data of v + v4 < 3v,), and 0.211 cm™' (263

datain v, =vg=1).

5. Conclusions

The study of the vibration bending states at low energy for '"’NH; [27] is extended in this work to the
a, s inversion levels of v, = 3 and v, = v4 = 1 states. High resolution IR spectra from 60 to 2000 cm ! have
been recorded using the high sensitivity instrumental capabilities at the Canadian Light Source, while the
3v; and v; + v4 cold bands have been observed in the new FTIR spectra measured in Bologna. Thanks to a
careful work of assignments a nearly complete experimental data base with J' and K" up to 15 has been
obtained. It is constituted by the transitions of 3v, and v, + v, of all the hot bands with vo =1,2 orv4 =1 as
lower states and 3v, <> v, + v4, and of the rotation-inversion transitions in v, = 3 and v, = v4 = 1.
Altogether, 5636 non-zero weighted data, including about 7% of perturbation allowed ones, have been fitted
to 96 highly precise spectroscopic parameters, 67 diagonal and 29 off-diagonal coefficients using the model
Hamiltonian applied in [27] for ’NH; and in [20] for '*NHs. The reproduction of wavenumbers at
experimental accuracy is attained using a small number of parameters, all statistically well determined, and
surveying the presence of severe internal correlations. Lists of assigned transitions have been supplied as
Supplementary material. The comparison of all the transitions with their corresponding theoretical

predictions [26] revealed satisfactory agreement in some cases, but evidenced also pitfalls concerning the
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labeling of the levels of v, = v4 = 1. Tables of all these comparisons are supplied as Supplementary material.
The present results noticeably improve the wavenumber line list for '’NHs in the HITRAN data base [28]. It
is our hope that the obtained new data will further stimulate the search for detection of this molecule in

space.

Appendix
Off—diagonal matrix elements of the vibration—rotation—inversion Hamiltonian *
Slv, Vi T kY =2130°,J,k) =2 3v,, J, k);
Sl VE kY =11 k) = v, + v T k)

The basis functions are

Coriolis type resonances

(3vy. .k

a
s

(Hyy+ Hy) helv, +v;', Lk £1) = +32{0C! + OCHI (T +1)+ OC [ +(e+ 1) || F,

3, k|(Hy + o) helv, +v' T k1)

L=V [0+ OC I+ ) k£ D+ OCT K+ (k1) L E

3v,, L k|[(Hy, + Hy) helv, +vi J,k£2) =2{0C? + Ok g +1)+ OC? [ k> +(k+2)* | F.
2 32 34 2 4 21 21 21 +2

s
a

3v,, L k[Hoy L helv, +v' T k£2) = +20C;, 2k £2)F,,

i
i
A
(3vyo ok |Hoy |y, +vi g kg 4) =+{0C) + OCHI(T + D) F,

N
a

Al =0, Ak =+3and Al =0, Ak =46 type resonances
[ @™ +a? (T + )+ a0 (J +1) |2k £3)+

(3v,, K |(Hoy + Hyy + Hog) hel3v,, T,k £3)°

s
a

(@ + a2 I+ D) |[ K +(k£3) |+ a2 [ K+ (k+3)°]

) [+ T (T + )+ a7 (J +1) |2k £3) +
. <v2 +v,' J,k

(Hyy+Hy, + H,) helv, +v,' J k£3) = F,
V[t eI D ][ (£ 3) |+ g [ K+ (k£3)’ ]

<v2 +v4i',J,k

(Hyy+ Hy, + H,) helv, +v;' . J k +3)

=B+ BT +D ]+ B[R +(k£3) [} F,

== "(3v,. ) k£ 3|(Hy, + Ho, + Ho ) hel3v, 0 k) =

D= v vk 3|(Hy 4 H o+ o) helv, + v T )

:<3v2,J,k

(Hy + Hy, + H, ) heldv, J k +3)

[ B+ BRI ) |+ B[R + (k£3) ]} F,

(g + Ho) helv, +v) Tk 26) ={Onl* + g (7 + 1)+ i [ +(k £6) ]} F.,

' Tk
. v,+v,,J,

:<3v2,J,k

([—[26 +H28)/hc|31/2,,]’ki6> :{(”773222 +® 773252J(J+1) +® 773212<2 [kz +(ki6)2:|}Fi6

s
a

Essential resonances
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[+ [T (T + D)+ £ (J+1) |k £ 1)+

(vy 4V L £ 1|(Hoy + Ho ) ey, +v7 k) = 28] 5 + 5T+ D) [ + (ke £1) |+ F,
S5 + (k1)

(Vo + ViRV (Hy + Hoy ) helvy + v 0, k) = =2{al+ £ 70T+ D)+ 250 + (k£ D) F,

s
a

Ogp, + QLTI +D)+ QLTI +1) +

(Ho+ Hay) ey, +vi Jk£2) =24 [ Of5 + O LT +D) [+ (k£2) |+ F,
O + (e +2)* ]

O fr + 0 F2IT+D)+0 £ T (T +1)7 +

=23[ O fE+O fEIT D[R+ (k£4) |+ F,

OFS K+ (kx4 ]

s —
<V2+VII,J,k
a

(va+ Vi T e+ 4|(Hoy+ Hyg ) he|vy +v3' T k)

s
a

CE AT+ —k(k D] P+ D) =kt D)(k£2)]"7 I (T + D) = [k (n=1)](k£n)}"?;

the (7) superscript in the coefficients indicates the parity of the v, = 3 level involved in the interaction in

case of ambiguity.
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Figure Captions

Fig. 1. The FTIR spectrum of the 3v, and v,+v4 bands for 15NH3. The band centers are indicated.

Experimental conditions: pressure 267 Pa; path-length 6 m.

Fig. 2. The 9Px(8) and Px(7) sub-branches in the s < a 3v, cold band of ’NH; .The K assignments are

indicated. Experimental conditions: pressure 267 Pa; path-length 6 m.

Fig. 3. The PP(9) sub-branch in the s<s v, + v4 cold band of 15NH3 .The K assignments are indicated.

Experimental conditions: pressure 267 Pa; path-length 6 m.

Fig. 4. Energy diagram of '"NH; showing the GS and the levels located from 750 to 3000 cm™'. The
experimental term values are given in cm ™. The types of the assigned transitions are highlighted. 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.
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Figure 3
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Figure 4
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