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Abstract

Accurate, experimental rotational-vibrational energy levels and line posi-
tions, with associated labels and uncertainties, are reported for the ground
electronic state of the symmetric-top *NHs molecule. All levels and lines
are based on critically reviewed and validated high-resolution experimental
spectra taken from 56 literature sources. The transition data are in the
0.7-17 000 cm™! region, with a large gap between 7 000 and 15 000 cm™?.
The MARVEL (Measured Active Rotational-Vibrational Energy Levels) al-
gorithm is used to determine the energy levels. Out of the 29 450 measured
transitions 10 041 and 18 947 belong to ortho- and para-'*NHs, respectively.
A careful analysis of the related experimental spectroscopic network (SN)
allows 28 530 of the measured transitions to be validated, 18 178 of these
are unique, while 462 transitions belong to floating components. Despite

the large number of spectroscopic measurements published over the last 80
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years, the transitions determine only 30 vibrational band origins of *NHs,
8 for ortho- and 22 for para-'“NH;. The highest .J value, where J stands
for the rotational quantum number, for which an energy level is validated is
31. The number of experimental-quality ortho- and para-'*NH; rovibrational
energy levels is 1 724 and 3 237, respectively. The MARVEL energy levels
are checked against ones in the BYTe first-principles database, determined
previously. The lists of validated lines and levels for **NH; are deposited in
the Supporting Information to this paper. Combination of the MARVEL en-
ergy levels with first-principles absorption intensities yields a huge number of
experimental-quality rovibrational lines, which should prove to be useful for
the understanding of future complex high-resolution spectroscopy on *NHs;
these lines are also deposited in the Supporting Information to this paper.
Key words: ammonia vapor; high-resolution spectroscopy;

rotation-vibration energy levels




1. Introduction

There are several reasons which can be given to explain why the structure
[1,2,3,4,5,6,7,8,9, 10] and the spectra [2, 8, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 21, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38,
39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, H9,
60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80,
81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101,
102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117,
118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133,
134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149
of the ammonia molecule have been the subject of a large number of exper-
imental and theoretical investigations. In what follows we focus on spectro-
scopic issues most relevant for our own study presented here: (1) Ammonia
is a simple, stable four-atomic chemical species. It is one of the princi-
pal deposits of nitrogen in molecules, it provides one of the most accurate
“molecular thermometers” for the interstellar medium, and it is omnipresent
in planet-forming primordial gas clouds. (2) Since ammonia contains “only”
four nuclei and 10 electrons, it is among the few polyatomic molecules for
which sophisticated quantum chemical (electronic and nuclear motion) com-
putations have become feasible during the last decades. Therefore, potential
energy surfaces (PESs) of varying accuracy have been derived for ammonia
8, 75, 102, 103, 106, 109, 111, 118, 126, 127, 133, 134] and rotational-
vibrational states of ever increasing accuracy and of ever increasing excita-
tion have been computed. (3) The quantum chemical model of the ammo-

nia molecule involves a characteristic large-amplitude motion called inver-



sion, exhibiting a symmetric double-well potential [83, 100, 107, 121, 150].
The height of the effective barrier is 2021 & 20 cm™!, when relativistic ef-
fects (about +20 cm™'), Born-Oppenheimer diagonal corrections (about —
10 em™'), and zero-point vibrations (about +244 ¢cm™!) are all considered
20, 100, 150, 151]. Treating the inversion motion is challenging for pertur-
bative approaches and calls for fourth-age quantum chemical [152] nuclear
motion treatments [131, 153, 154, 155, 156]. (4) The parent isotopologue of
ammonia, NH;, exists in two nuclear-spin isomer forms (Table 1), ortho
(proton quartet) and para (proton doublet), which correspond to different
values of the total nuclear spin (I) of the three H atoms [157]. The related
nuclear-spin conversion in ammonia has been investigated in a number of
publications [63, 68, 74, 122] but has not been observed in high-resolution
spectroscopic experiments. (5) Ammonia is poisonous and its ever-increasing
release into the atmosphere of earth has undesirable consequences; thus, mon-
itoring of ammonia in the atmosphere and a detailed understanding of the ni-
trogen cycle are particularly important scientific objectives. Remote sensing
of spatially resolved atmospheric concentrations of ammonia requires reliable
and extensive laboratory data. (6) Ammonia spectra are proving useful for
metrology studies including accurate determination of the Boltzmann con-
stant [136, 141, 143], determining the time variation of the electron-to-proton
mass ratio [116, 158], and other precision measurements [149].

These arguments are sufficient to explain why an attempt is made here to
collect all the high-resolution experimental information available for *NHsj,
critically review and validate it, and determine experimental-quality rovi-

brational energy levels using the MARVEL (Measured Active Rotational-



Table 1: Spin statistical weights and symmetry characteristics of the rovibrational states
of ¥NHj3 based on the D3 (M) molecular symmetry (MS) group.®

I  Statistical weight

Al 0
Al 12
E' 6
Al 0
Al 12
E" 6

@ Levels of species A; := {A;, A, } belong to ortho-'“NHg, levels of species ET := {E',E"}
belong to para-'*NH3 (by definition, ortho levels should have the higher spin statistical
weights [157]), while levels of species Al := {4}, A} are so-called ‘missing’ levels.

Vibrational Energy Levels) [159, 160, 161, 162, 163] protocol and code. Note
that MARVEL has been used successfully to determine experimental-quality
energy levels for nine water isotopologues [164, 165, 166, 167, 168], three Hy
isotopologues [169, 170], and parent ketene [171] prior to being used here to

obtain energy levels for 1*NH; via a weighted linear least-squares fit.



2. Theoretical background

2.1. The MARVEL protocol

The methods employed in this study for collecting and critically evalu-
ating labeled experimental transition wavenumbers and their uncertainties
and for inverting the transitions in order to obtain the best possible energy
levels with corresponding uncertainties are based on the concept of spectro-
scopic networks [159, 160, 172] and on the MARVEL inversion-refinement
procedure [159, 160, 161, 162, 163]. During a MARVEL analysis we simul-
taneously process all the available assigned and labeled experimental lines
which yield, via a weighted linear least-squares inversion protocol, the as-
sociated energy levels. In MARVEL a robust reweighting scheme [173] is
adopted, whereby uncertainties for selected line positions are changed (in
practice increased) during the iterative refinement of the levels [161]. Af-
ter removing outliers from the experimental transition data and applying
the iterative robust reweighting algorithm, a database is created containing
self-consistent and uniquely labeled transitions and improved uncertainties.
The procedure is such that the final energy levels and their uncertainties are
guaranteed to be compatible with the (adjusted) uncertainties of the exper-
imental line positions. This means that all experimental transitions used in
the MARVEL procedure agree, within their revised stated uncertainties, with
the predicted transitions built upon the MARVEL energy levels. This crite-
rion for the uncertainty is therefore more stringent than the usual standard
deviation used to represent statistical error in experiments and will usually
lead to the quoted MARVEL uncertainties being systematically larger.

After the data collection is completed, the first step in the MARVEL pro-



cedure is to split the transition data into components of the spectroscopic
network (SN) [160], characterizing the molecule as well as the measured data.
Components of the SN contain all interconnected rotational-vibrational en-
ergy levels supported by the grand database of the labeled transitions. For
YNHj3, the transitions must form two rooted, principal components (PC)
[160], an ortho and a para one (Table I). Other components of the SN whose
nodes are unattached to either of the two PCs are designated as floating
components (FCs). The absolute energies of the FCs cannot be determined
in a MARVEL run, only the relative energies within a FC.

The second step of the MARVEL procedure involves the checking of all
transitions for uniqueness of and errors in their labels. Conflicts arising from
the transcription of the experimental data must be found and corrected at
this stage.

The third step is the execution of the iterative weighted linear least-
squares fit. The fit must be followed carefully to ensure the correctness of
the energy levels. This involves occasional rechecking of the experimental
data.

Finally, in the fourth step, the MARVEL energy levels, including their
labels, are checked against first-principles results given in the BYTe first-
principles linelist of “NHj [174]. At this stage a few transitions yielding
energy levels incompatible with clear trends observable between variational

and MARVEL energy levels are removed.

2.2. Nuclear spin statistics

A valid basis function for expressing the complete internal motion wave-

function results from the combination of a rovibronic (rve) state having sym-
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metry [, and a nuclear spin state, having symmetry [I,s, whereby the direct
product of the two symmetries is an allowed symmetry of the complete inter-
nal motion wavefunction, ¥, [157]. In other words, the allowed states fulfill
the e ® I D Iy relation.

The existence of nuclear spin states which do not have the allowed symme-
try for combination with a particular rovibronic state introduces the concept
of ‘missing’ levels. Such rovibronic levels correspond to eigenvalues of the
usually employed rovibronic Hamiltonians, but no transitions will originate
from or end on them because of the symmetry restriction. “NHj is a pyra-
midal molecule of the molecular symmetry group Ds;, [157]. The statistical
weights given in Table 1 for *NHj arise from the use of nuclear spins I = 1
for “N and [ = % for 'H and application of the Pauli principle to the iden-
tical, fermionic H atoms. The Al := {4}, A]} (ro)vibrational states are not

allowed due to their zero nuclear spin statistical weight factors.

2.3. Quantum numbers and selection rules

It is a requirement of the MARVEL protocol that the input dataset con-
tains a unique label for both the lower and the upper states involved in each
transition so that the spectroscopic network corresponding to the union of
the measurements can be built up unambiguously. There is no requirement
that the labels have any physical significance, although this is desirable.

Due to the nature of the experimental transition data available for *NHsj,
issues were anticipated with the approximate rovibrational labels employed
by the different experimental investigations. Many of the problems arising
from the lack of an established and accepted set of quantum numbers for sym-

metric tops have recently been discussed in detail for *NH;s by some of us in
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13DoHiYuTe [142]. In what follows we basically follow the recommendations
of Ref. [142].

For consistency and to maintain a single set of uniform labels for all
levels, we choose to label vibrational states in the usual normal-mode nota-
tion, (v1 ve v3 I3 vy ly), where the corresponding v and v, are the symmetric
stretch and symmetric bend modes, respectively, and [3 and [4 are vibrational
angular momentum quantum numbers corresponding to the doubly degener-
ate vz (asymmetric stretch) and v4 (asymmetric bend) modes, respectively.
Naturally, 1, = —vm, —Vm + 2, ..., Uy, — 2,0, with m = 3,4. Furthermore,
[ = I3+ l4, where [ represents the total vibrational angular momentum. Fol-
lowing Ref. [142], we choose Ls = |l3], Ly = |l4], and L = [I|. None of the
vibrational quantum numbers are good quantum numbers.

NHj; is a symmetric-top rotor. The standard symmetric-top quantum
numbers (J k) are used as part of the label of the rovibrational states. Ro-
tations are described by the rigorous quantum number J and the rotational
angular momentum quantum number k£ (and K = |k|) corresponding to the
projection of the rotational angular momentum J on the C5 symmetry axis,
k = —J,...,J. Note that k is not a good quantum number. Using K in
the label makes the definition of the rotational state incomplete. For exam-
ple, BYTe uses rotational parity as an extra label, while 13DoHiYuTe [142]
recommends ;.

Another descriptor employed is 7, corresponding to the inversion symme-
try of the v, vibrational motion, which can take values of 0 or 1 (symmetric,
s, or asymmetric, a, respectively). The last triad of descriptors of an energy

level is its vibrational, rotational, and total symmetry, represented by I+, I3,



and [}, respectively, spanning AL A;, and ET.

In summary, as only the uniqueness of the labels of the energy levels is
required for a MARVEL analysis, in the present study we decided to employ
labels with redundant information to describe rotational-vibrational energy
levels of "*NH;. The rotation-vibration levels of NHj are thus identified by a
set of altogether 12 descriptors: (vy ve v3 vy l3 Iy J K i I} I, I},). This set
of descriptors is basically the same as that employed in 13DoHiYuTe [142],
except that here [3 and 4 are used instead of L3 and Ly, respectively. The
present choice ensures that all labels used in MARVEL are unique, as re-
quired. Although for many low-lying states the quantum numbers chosen
embody several redundancies, in “extreme” cases, involving multiple exci-
tations in degenerate vibrations, only ¢ is not required to uniquely specify
each state. Retention of i was recommended in Ref. [142] because of the
importance of the inversion mode. Variational nuclear motion computations,
employed in this study extensively for validation and quality assurance, yield
the rigorous descriptors J and I}, without difficulty; other approximate quan-
tum numbers and symmetry descriptors can usually be extracted but this is
not without difficulties. The vibrational and rotational labels are sometimes
referred to as (v; vy v$vl) and [J K], respectively.

Experimentalists prefer to label measured transitions as X AJ(J, K)/,
or 28 AJk(J), and use the standard P, Q, R notation for AK := K; — K; =
—1,0,4+1 and AJ = Jy — J; = —1,0,+1, respectively. These labels were
converted to the 13-element description defined above. We note that for a
number of data sources it proved necessary to systematically relabel data

as the published labels were inconsistent with and occasionally did not map
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into the 13 descriptors employed in this study.

Before processing the published transition data, we checked, as thor-
oughly as possible, whether the transition labels were correct, i.e., corre-
spond to the known selection rules [142], and consistent. The selection rules
related to approximate quantum numbers are based on symmetry relations.
The explicit selection rules applicable for NH3 are AJ = 0, +1, A'2 — Ag
and £ < E". The symmetry selection rules give rise to a rule that Ak = 3n
with n = 0,1,2,...; when applying this rule one needs to remember that
each K =1,2,4,5,7,8,... comprise a degenerate pair k = + /K which means
that, for example, transitions of the form K’ = 1 «— K” = 2 are allowed,
since 1 —(—2) = 3, as well as —1 — (+2) = —3 [69]. Ammonia shows a strong
propensity to undergo transitions with Ak = 0 for transitions between states
with Al and Al vibrational symmetry. If all transitions had this form, each
value of K would give rise to a distinct component of the SN of *NHj.
However, so-called “forbidden” transitions with Ak = 3,6,... [45, 69] can
link these components; “forbidden” transitions therefore play a particularly
important role in that they connect components which would otherwise be
distinct.

Where possible, we corrected those descriptors of the labels which proved
to be inconsistent among the many sources. To expedite this procedure, for
many molecules help comes from rovibrational labels taken from computa-
tions based on the use of an effective Hamiltonian (EH). However, for the
majority of the higher-lying energy levels, results from accurate EH compu-
tations are not available for *NHj. Validation of some of the labels attached

to the observed transitions was thus performed as follows. Transitions were
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examined for consistency of the upper levels derived from combination dif-
ference (CD) relations. This method is a simple and powerful tool for the
assignment of rovibrational spectra; however, it cannot be applied to tran-
sitions not part of several CD relations. All the transitions associated with
a given rotational level of the vibrational ground state have been considered
for combination differences. At this stage, conflicts in the labels could be
traced and corrected. Many CD relations for other vibrational states have

also been checked.

2.4. BYTe

Yurchenko et al. published two "NHj linelists [174, 175] and one for
1NH; [176], computed using variational nuclear motion procedures outlined
below. The initial *NHj linelist [175] is only valid for applications up to
300 K, while their hot "“NHj linelist [174], which they named BYTe, is more
extensive, more accurate, and more useful for higher temperatures; thus, only
BYTe will concern us here.

The BYTe linelist [174], comprised of 1 373 897 energy levels and 1 138 323 351
transitions, was computed using the nuclear motion program TROVE [154],

a spectroscopically-determined potential energy surface [177], and an ab ini-

tio dipole moment surface [110]. Although BYTe offers a very extensive

range of energy and associated transitions, with levels up to 18 000 cm™*
and rotational states with J < 36, the underlying PES means that these
levels become increasingly unreliable above about 5 000 cm™t. Above 5 000
cm~! more accurate calculated energy levels are available from Huang et al.
(118, 178, 179]; however, during these studies no transition intensities were

computed and therefore they do not provide a linelist.
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2.5. Vibrational labels

As mentioned above, the MARVEL procedure requires all states to be
distinctly labelled in a consistant, if not necessarily physically meaningful,
manner. The energy levels of ammonia become complicated at higher ener-
gies and a small number of works considered here [57, 95, 96, 148] make line
assignments but do not provide a full set of labels for the upper vibrational
state involved in the transition. Since these works provide valuable informa-
tion on ammonia energy levels we attempted to provide vibrational labels so
that the measured transitions could be included in our analysis. We would
warn against ascribing too much physical meaning to these new labels.

In performing this labeling a distinction must be made between spectra
which lie in the frequency range covered by the BYTe linelist and that of
86CoLe [57] which does not. For unlabelled transitions lying within the
BYTe regions an attempt was made to label transitions either from other
(labelled) experimental works or using BYTe, in which case BYTe labels
were adopted. In what follows the labeling is discussed separately for each
relevant source.

99KIBrTaKo [95] contains 138 partially assigned lines between 3010 and
3554 cm~t. We were able to label 114 of these and regard the other 24 as
unvalidated.

00CoKITaBr [96] contains 22 partially labelled lines between 1423 and
1905 cm~t. All of these lines could be labelled based on the information
available from the other experimental sources and BYTe.

The cold spectrum given in 14FoGoHeSo [148] only contains vibrationally

unlabelled transitions. We were able to label about half of the reported tran-
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sitions based on our MARVEL analysis of all other sources. These transitions
are included in the final MARVEL analysis.

For the visible wavelength spectra of 86CoLe [57] a somewhat different
strategy was required to label the observed transitions. All lower states
were assumed to belong to the ground vibrational state, 000°0°. Feasible
upper-state vibrational labels were taken from BYTe and arranged in simple
energy order. The vibrational labels were picked one by one to supplement
the upper state label with the simple guiding principle to keep the number
of distinct labels at a minimum. This method generated a self-consistent
set of transitions with self-consistent labels but the vibrational labels chosen
are without physical meaning. In the end we were able to label all the
323 transitions in 86CoLe using only 18 vibrational band origins (VBO). A
significant number of upper states could be confirmed by CD relations. We
are thus confident of the upper state energies given by this procedure if not

the labels.

3. Experimental data and data treatment

For "NHj, there exists a large number of at least partially assigned high-
resolution experimental spectra [2, 13, 20, 29, 30, 31, 38, 41, 42, 45, 46, 50,
51, 52, 53, 54, 57, 62, 67, 69, 76, 77, 79, 84, 85, 86, 88, 91, 92, 95, 96, 98,
99, 112, 119, 128, 129, 130, 132, 135, 139, 140, 142, 146, 148]. The data
from room-temperature measurements are augmented by data from a num-
ber of warm (373 K) [31, 46], hot (up to 1640 K) [129, 135, 137, 138], and
cold [93, 148] spectra. Hot spectra are rich in high-J and hot-band transi-
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tions but often have significantly larger uncertainties and a much increased
chance of misassignment and mislabeling. Indeed, the hot emission spectra
of 12HaLiBeb [138] remain substantially unassigned.

Some of the papers on ammonia spectra [32, 33, 34, 36, 38, 39, 51, 55, 57,
66, 71, 78, 81, 90, 94, 97, 101, 108, 117] report only (temperature-dependent)
line intensity or lineshape data or treat the theory of the ammonia spectra
(70, 83, 180, 110, 118, 133, 134]; therefore, they are not employed in a direct
fashion in this study though they proved to be useful during the preliminary
analysis of the measured transitions. Some of the papers contain unassigned
transitions which were not used during the MARVEL analysis though at-
tempts, described above, were made to add missing vibrational labels to
assigned but partially labelled spectra.

Measured spectra of *NHj vapor are basically a superposition of two
separate spectra, that of ortho-ammonia and para-ammonia, the strongly
forbidden transitions between the two nuclear-spin isomers have never been
observed. Nuclear quadrupole moments, (), characterize the deviation of
the electrical charge distribution of an atomic nucleus from perfect spherical
symmetry. Q(N) is much bigger than Q(*H). Thus, “NH; energy levels
experience considerable hyperfine splittings leading to a hyperfine structure
(hfs) [113, 123]. The hfs is not taken into account in the present study.

The information about the experimental sources of rovibrational transi-
tions, including wavenumber range and physical conditions of the measure-
ments, as well as the total number of measured and validated transitions of
the source are given in Table 2. Comments relevant to the characterization

of the sources is provided in Section 3.2.
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3.1. Magic numbers

MARVEL results in the correct energy levels in an absolute sense for
components not connected to the principal components (PC) of the SN of
YNH; only if the value of the lowest-energy level within a higher-energy
component, zero by definition, is shifted to the correct transition energy. It
is rather difficult to connect any floating components to the two principal
components. Due to the limited amount of pure rotation data for **NHjs, the
experimental SN contains 154 FCs, comprised of 462 transitions. To maintain
the experimental character of the MARVEL energy levels, no attempt was
made to connect the FCs to the PCs using information from either EHs or
first-principles computations.

Since the energy separation between ortho and para states is not measured
experimentally, it is necessary to fix it for the lowest ortho and para levels
using what we call a magic number. This was done by setting the energy
of the (0 0 0° 0°)[11] state to 16.172993 cm™! resulting from an EH fit [52],

with an assumed zero uncertainty.
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Table 2: Data sources and their characteristics for 14NH3. See section 3.2 for comments.®

Tag Range/cm71 Trans. Physical conditions Comments
A/V T/K p/hPa Rec. L/m

75PoKa [31] 0.24-1.3 119 /119 373 0.004-0.01

74CoPo [30] 0.69-2.0 50 / 50 RT SMW

80Cohen [41] 2.1-4.1 18 / 18 RT SMW

82SaHaAmSh [46] 2.3-5.9 12 /12 373 0.04 LSS,SMW 0.3/3.5

92SaEnHiPo [76] 2.4-1859.7 808 / 805 RT 0.04 SMW,FTS 3.5/2.0

98BeUrWi [91] 4.7-25.7 5/5 RT 0.004 3.9 (I1a)

81UrSpPaKa [45] 4.7-969.0 299 / 299 RT 1.05 SMW (IIb)

84PoMa [51] 10-1250.2 534 / 532 RT,296 0.07-3.3 FTS 0.2,0.5

88TaEnHi [69] 10.7-11.1 14 / 14 RT 0.07 LMDR 3.5 (IIc)

10YuPeDrSu [129] 13.3-832.7 2166 / 1782 THz (11d)

06ChPePiMa [181] 15.6-46.4 30 / 30 77,300 0.07-0.27

71HeDeGo [29] 19.9-19.9 1/1 RT SMW 0.3

94BrPe [81] 39.0-219,3331-3415 174/174

96KrTrBoBa [86] 40.5-40.5 1/1 RT SMW,THz

11DrYuPeGu [130] 84.0-89.0 5/5 18 0.07-0.67 SMW,THz 0.06

99KIBrTaKo [95] 363-3634 2223 / 2209 296 0.05-0.31 FTS 0.1-73 (I1e)

86UrCuMaNa [62] 511-1351 599 / 576 RT 0.01,0.2 FTS 192

86HeBiBa [58] 620-739 184 / 184 (I1f)

80UrSpPaMec [42] 678-2014 333 / 333 RT 0.27-13.3 IR,GRS

83UrPaKaYa [50] 709-1159 640 / 639 RT 1 FTS,DFLS 0.6 (I1g)

99FaYa [94] 771-1179 126 / 126

86SaScMaPo [60] 772-1157 138 / 138

11ZoShOvPo [135] 780-2029 6119 / 5897 573-1593 0.001-0.66 FTS,EMS 1.2 (IIh)

85BrTo [54] 814-1122 81 / 81 RT 0.001 FTS 2.4-193

84Weber [53] 853-1880 176 / 174 RT 0.013 0.25

94ChChCh [82] 929-955 49 / 49

81SaMiWo [43] 933-1085 32/ 32

78Nereson [35] 943-956 27 /27 (I1i)

00UrHeKhFi [98] 948-952 2/2 RT 0.0001-0.0007 IR-IR,SDST 2.0 (11j)

79HiJeFa [38] 949-949 1/1 RT 0.13 DFLS 0.3

11LeTrDaBo [136] 966-966 1/1 273.15 (11k)

98FiKhRuLe [92] 967-967 1/1 RT 0.004 1.4 (I11)

11GuJeMoPe [132] 1126-1171 22 / 22 253-296 1.6-20 FTS (IIm)

84UrCuNaPa [52] 1168-2127 951 / 941 RT 0.01,0.2 FTS 1.5 (IIn)

13DoHiYuTe[142] 1170-5170 2103 / 2103 (IIo)

01CoTaKIBr [99] 1202-2749 1323 / 1321 295-300 0.3-3.3 FTS 0.25-433 (IIp)

00CoKITaBr [96] 1333-3454 1202 / 1198 295-300 0.3-1.3 IR-IR 0.04-433 (I1q)

95KI1TaBr [84] 2087-3115 2207 / 2117 294-298 0.06-0.9 FTS 1.5

89GuAbTuRa [71] 3023-3675 1375 / 1375

85AnFiFrll [182] 3135-3620 624 / 610 297 6.7-26.7 DFLS 1.5 (IIr)

85UrMiRa [56] 3148-4504 481 / 479

93PiDa [79] 3331-3415 100 / 100 297 6.7-26.7 DFLS 0.58 (I1s)

14DiMiQuSc [147] 3355-3355 1/1 (11t)

89UrTuRaGu [72] 3970-4648 892 / 890

14CeHoVeCa [146] 4275-4340 235 / 230

96BrMa [85] 4791-5293 638 / 638 RT,cold 0.0013 FTS 0.25-25.0 (ITu)

12SuBrHuSc [140] 6347-6974 1089 / 1058 185-296 0.1-2.7 FTS 0.25-24.4 (I1v)
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93LuHeNi [77] 6405-6881 380 / 332 293-294 2.1,1.3 FTS 0.2-2.4

14FoGoHeSo [148] 6410-6764 144 / 144 14 830/0.15 CRDS,CEAS max.700
07LiLeXu [115] 6421-6678 104 / 104

08LeLiXu [119] 64406832 233 / 194 RT 0.4 VISTA 2.8
10PeHa [128] 64606541 14 /12

04XuLiYaTr [108] 6466 1/1

99BePeMe [93] 65406625 22 / 22 10,30 0.003 CEAS

86CoLe [57] 1525915553 323 / 321 200,295 MODR

(ITw)
(1Ix)

(ITy)
(11z)

(ITaa)
(IIbb)

@ The tags listed are used to identify experimental data sources throughout this paper. The range given represents
the range corresponding to validated wavenumber entries within the MARVEL input file and not the range covered by
the relevant experiment. Uncertainties of the individual lines can be obtained from the Supporting Information. Trans.
= transitions, with A = number of assigned transitions in the original data source, V = number of transitions validated
in this study. T = temperature (K), given explicitly when available from the original publication, with RT = room
temperature. p = pressure (hPa). Rec. = experimental technique used for the recording of the spectrum, with CARS =
coherent anti-Stokes Raman spectroscopy, CEAS = cavity enhanced absorption spectroscopy, CRDS = cavity ringdown
spectroscopy, DFLS = difference frequency laser spectroscopy, EMS = emission spectroscopy, FMSS = frequency-multiplied
sub-millimetre spectroscopy, FTS = Fourier-transform spectroscopy, ICLAS = intracavity laser absorption spectroscopy,
LD = Lamb dip, LMDR = laser-microwave double resonance, MMW = millimeterwave spectroscopy, MODR = microwave
double resonance spectroscopy, MRE = multiresonance experiment, NR = not relevant, SMW = submillimeter-microwave
spectrometer, THz = terahertz spectrometer, TuFIR = tunable far infrared, and VISTA = vibrational isotopic shift tech-

nique spectroscopy.

3.2. Comments on the data sources

(ITa) 98BeUrWi [91] Rotation-vibration transitions in the v, band.

(IIb) 81UrSpPaKa [45] The lines measured include a few Ak = £3 “pertur-
bation allowed” transitions.

(ITc) 88TaEnHi [69] Reports @Q-branch (AJ =0,J =4—10) Ak = £1 «— F2
rotational “perturbation-allowed” s <« s and a <« a transitions in the
submillimeter-wave region (around 330 GHz).

(IId) 10YuPeDrSu [129] Employed numerous spectroscopic techniques to

study high J transitions of the ground and the 1, states. Measurements
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were carried out using a frequency multiplied submillimeter spectrometer at
the Jet Propulsion Laboratory (JPL), a tunable far-infrared spectrometer
at the University of Toyama, and a high-resolution Bruker IFS 125 Fourier
transform spectrometer (FTS) at the synchrotron facility SOLEIL. Highly
excited ammonia was created using radiofrequency and dc discharges, which
allowed assignments of transitions with J up to 35. This source contains 222
Ak = 3 transitions assigned for the first time.

(ITe) 99KIBrTaKo [95] The A/V values concerning the transitions originally
assigned in this source are 2223/2205.

(IIf) 86HeBiBa [58] This source contains a substantial number of unassigned
lines.

(ITg) 83UrPaKaYa [50] Nine calculated lines removed prior to the MARVEL
analysis.

(ITh) 11ZoShOvPo [135] Presents a partial assignment of the emission spectra
due to 12HaLiBeb [138]. 12HaLiBeb recorded ammonia emissions at a range
of temperatures comprising 100 °C intervals between 300 and 1300 °C plus
1370 °C. Two regions are covered: 740 to 1690 cm™' (region A) and 1080 to
2200 cm™! (region B). All spectra were recorded at a resolution of 0.01 cm™
and were generated from 240 and 80 scans for regions A and B, respectively.
The overall accuracy of the line positions after calibration is about +0.002
cm~!. An unassigned experimental linelist based on these spectra were pro-
vided by 12HaLiBea [137].

(Ii) 78Nereson [35] Contains 50 measured lines in the 10.6 pum region but
only 27 of them could be assigned.

(Ij) 00UrHeKhFi [98] High-accuracy vibration-rotation-inversion frequen-
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cies.

(ITk) 11LeTrDaBo [136] A high-accuracy determination of a single line com-
plete with full hyperfine structure as part of a campaign to get a more accu-
rate determination of the Boltzmann constant, kg.

(I11) 98FiKhRuLe [92] Double-resonance sub-Doppler study of the allowed
and Ak = —3 forbidden @(3,3) transitions which have v = 2. There is only
one measured transition in this source, all others are calculated ones.

(IIm) 11GuJeMoPe [132] Hot ammonia spectra.

(IIn) 84UrCuNaPa [52] Transitions within the v, state, including “forbidden”
Ak + 2 ones. This source contains low-energy transitions corresponding to
an effective Hamiltonian and these transitions have been used successfully at
an early stage of the study to ensure the completeness of the pure rotational
energy levels.

(ITo) 13DoHiYuTe[142] The database provided in this paper contains 40 227
transitions. Only the 2 103 newly assigned experimental transitions were
utilized during the present analysis.

(IIp) 01CoTaKIBr [99] The initial uncertainty employed during the MAR-
VEL analysis is £0.002 cm™*.

(IIq) 00CoKITaBr [96] Terahertz spectroscopy in the vy = 1 state. The A/V
values concerning the transitions originally assigned are 1180/1176.

(IIr) 85AnFiFrll [182] Besides the transitions employed in this study, this
source contains 60 Raman lines that are not included in the MARVEL
database.

(ITs) 93PiDa [79] Uncertainty used is 0.001 cm™*.

(IIt) 14DiMiQuSc [147] Molecular beam study of a single line using two
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photon infrared-laser induced population transfer; the high resolution study
resolves the hyperfine structure.
(ITu) 96BrMa [85] This is a distinct source covering the region 4790-5295

! within HITRAN, from where most of the lines were taken. As pointed

cm™
out in 13DoHiYuTe [142], versions earlier than 2012 of HITRAN contained
a mistake which made alsmost all of the 96BrMa transitions strongly forbid-
den. This paper suggests that 89CoLe [70] should be recalibrated by -+0.004
cm~!. No recalibration was attempted during the MARVEL analysis.

(IIv) 12SuBrHuSc [140] High-resolution spectra recorded at an unapodized
resolution of about 0.0111 from 3000-7500 cm~! with a signal to noise ratio
of nearly 1000:1, using the McMath-Pierce FTS located at Kitt Peak Na-
tional Observatory. Residual Hy'®O features inside the FTS were used as
frequency calibration. The accuracy of the measured lines goes from 0.0001
to 0.003 cm™!, the latter for badly blended features. This source contains a
substantial number of unassigned lines.

(IIw) 93LuHeNi [77] Contains a total of 1 710 observed lines from spectra of
the 1.5 um region recorded using a F'TS. Assignments, performed through
the ground-state combination difference (GSCD) technique, are reported for
283 lines in the strong v; + v3 combination band and for 98 in the weak
2v3 overtone band. Consequently, numerous lines remained unassigned in
the spectra. There are indications from more recent measurements [101, 125]
that a small (= 0.002 cm™!) recalibration of 93LuHeNi data may be required.
However, the more recent measurements are for only relatively few lines and
thus no recalibration [166] was attempted during the MARVEL analysis.

(IIx) 14FoGoHeSo [148] Jet-cooled spectra of ammonia, the rotational tem-
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perature is around 14 K and 17 K in the CRDS and CEAS experiments,
respectively. The paper strictly focuses on rotational issues and vibrational
labels are provided in this work. We were able to give vibrational labels to
144 of the 265 measured lines presented.

(Ily) 07LiLeXu [115] This paper reports lines from two experiments: most
lines were recorded using an an external cavity tunable diode laser (ECTDL)
spectrometer but a set of 15 lines were recorded using an FTS under unspeci-
fied conditions, these lines are cited as N. Ibrahim, J. Orphal, P. Chelin, C.E.
Fellows (2005). We note that 08LeOrRuHe [120] reported an unassigned FT'S
spectrum in this region, alongside an unassigned CDEAS spectrum recorded
at higher frequencies, but the line positions do not correspond with those
reported by 07LiLeXu.

(I1z) 08LeLiXu [119] ECTDL spectra recorded from 6400 to 6808 cm ™. This
paper uses VISTA, a vibrational isotopic shift technique, for assignment, for
classifying spectral lines into their respective absorption bands from their
fingerprint isotopic shifts.

(ITaa) 99BePeMe [93] The significantly simplified spectrum, containing only
transitions starting from J” = 0, 1, 2, of two perpendicular bands, v; +v3 and
v1 +2vy, of rotationally-cold (temperature between 10 K and 30 K) ammonia
was recorded using a diode laser. No band heads have been observed due to
their low intensity. 18 vy + v3 and nine 14 + 214 (I4 = 2) transitions were
reported. Lines in this spectrum are calibrated to lines given by 93LuHeNi
[77]; since no uncertainty is given the uncertainty given by 93LuHeNi, +0.001
cm~ !, was assumed.

(IIbb) 86CoLe [57] This paper reports spectra recorded using both microwave-
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detected microwave-optical double resonance spectra and of photoacoustic
absorption spectra which probed N-H 5 and 6 quanta overtones. Vibrational
state labels, obtained here as described in section 2.4, must be regarded as

arbitrary.
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Table 3: Vibrational band origins (VBO) for '*NHj, with standard abbreviated (SA) and
detailed normal-mode (vjvovgvgLgLyL) labels, vibrational symmetries (I'y), MARVEL
uncertainties (Unc.), and the number of validated rotational-vibrational levels (RL) asso-

ciated with the vibrational levels present in the MARVEL database.®

SA vivguzvy Ly Ly L Iy VBO/cm~™!  Unc.® RL
ZPVE = 01 00000 O O Al 0.000000® 994 359
0~ 00000 O O Al 0.794368 697 355
vy 01000 0 O Al [932.4] 306
vy 01000 0 O Ay 968.122894 497 310
2v 02000 0 0 Al [1597.5] 172
vy 00010 1 1 E’ 1626.274636 1544 295
vy 00010 1 1 E'  1627.372362 2168 300
2ug 02000 0 0 Af 1882.178422 1152 225
3uy 03000 0 0 A [2384.2] 98
(va +vg)T 01010 1 1 B 2540.523012 1411 162
(v2 +v4)~ 01010 1 1 E"  2586.126091 1980 164
3y 03000 0 0 Al 2895.522916 1411 87
. 1 state missing at 3189(E’)

200 00020 0 0 Al [3216.0] 61
209 00020 0 0 Ay 3217.588264 1782 48
20T 00020 2 2 B 3240.162903 3086 117
2u§’ 00020 2 2 E"  3241.598311 1782 106
vy 10000 0 O A [3336.1] 62
v 10000 0 O AY  3337.097887 3651 62
vy 00101 0 1 E’ 3443.628071 968 125
vy 00101 0 1 E”  3443.987642 968 131
v 04000 0 0 Al [3462.5] 20
(2v2 +vg)~ 02010 1 1 E” [3502.1] 10
: 2 states missing at 4007(E’)&4062(A%)

(vo + 209t 01020 0 0 Al [4115.6] 24
(va +202)T 01020 2 2 E' [4135.9] 22
(vo +209)~ 01020 0 0 Al [4173.3] 12
(vo +2v3)~ 01020 2 2 E" [4193.1] 22
(v1 +rv2)t 11000 0 0 Al [4294.5] 69
(v1 +v2)~ 11000 0 O AY 4320.031622 2080 70
(vo +rv3)t 01101 0 1 E’  4416.915038 1000 109
(va +v3)~ 01101 0 1 B’  4435.446463 2000 112
: 2 states missing at 4530(E’)&4695(A%)

(2vg + 20 02020 0 0 Al [4754.3] 1
. 2 states missing at 4773(E’)&4800(E’)

3vy 00030 1 1 E" [4802.4] 1
. 4 states missing(4842-4845)

(v1 +va)t 10010 1 1 E’  4955.756078 1000 100
(v1 +v4)~ 10010 1 1 E" [4956.9] 23
(v1 +2v2) T 12000 0 0 A [5002.9] 1
(v3 +vg)t 00111 1 0 Al [5051.4] 30
(v3 +va)~ 00111 1 0 Ay [5052.1] 23
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(2vg + 21/2)0

(2va +203)~
(2vg +v3)T
(2v2 +v3)~

(2va +3v}) T

+
2

(1 + 203t
(v1 +2v3)~

(v1 +vg)t
(v1+wv3)~
(v1 +2v)F
(v1+2v9)~
(vs +2v9)T
(vs +2v9)~

(vs +2v3)T
(vs +2v3)~
(v2 +3v3)~

2vy +v3 + vy
2v3
2v3

2v3
2v3

4 states missing(5052-5070)

02020 0 0

1 state missing at 5103(E’)

02020 2
02101
02101

25 states missing(5235-6231)

02030

0
0

1

10 states missing
20000 0 O

o O R B B R W

o O O w

state missing
0020 2
0020 2

states missing

0

o O © © ©

1

= = O O =

NONNN O O

1

H = O O =

o O © © o ©

states missing
0121
0121
2030

2
2
1

states missing

211

1

1

0

020 0 0 O
020 0 0 O

state missing(E’’)

020 2 O
020 2 O

2
2

2
1
1

1

o O O O = =

1"
A2

B

E"

B

El
E/I
A
Ay
Af
Ay

B
E"
B

/
Al

"
A2

Iol
B

[5092.6]

[5112.8]
[5146.3]
[5352.8]

[6310.3]
[6514.1]

6556.421597
6557.930442

6608.821870
6609.753328
[6648.2]
[6649.8]
[6651.4]
[6652.6]

6677.431678
6678.310343
6678.929943

[6719.3]
[6792.0]
[6793.1]

6850.244878
6850.654943

1988
5185

1988
2478

1990
1990
2000

5300
3900

16
11

38
40

75
7

W W = =

59
60

24
26

17
18

® The VBOs are reported in the order of increasing energy. The uncertainties are given in units of 1076 cm

approximate VBO values given in brackets are taken from Ref. [183].

> The value of the vibrational ground state was fixed to zero with zero uncertainty.
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Figure 1: Size-frequency distribution of the experimental spectrocopic network (SN) of
4NH;.

4. MARVEL energy levels

4.1. The SN of “*NH,

Discussion of the experimental-type MARVEL energy levels cannot be
complete without first discussing the spectroscopic network resulting in the
MARVEL energy levels.

The rotational-vibrational transitions characterizing one-photon (absorp-
tion or emission) experiments form a spectroscopic network (SN) [159, 160,
172]. SNs are large, finite, weighted, rooted graphs, where the vertices are
discrete energy levels (with associated uncertainties), the edges are transi-
tions (with measured uncertainties), and in a simple picture the weights are
provided by the transition intensities. The root of the graph is the lowest
energy level. According to the quantum mechanical selection rules, the tran-

sitions of 1"NHj generate two principal components (PC). The root of the
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para component is the [J K] = [0 0] energy level of the ground vibrational
state, while the root of the ortho component is the [J K] = [1 1] level of the
same VBO.

The size-frequency [log k — log p(k)] distribution of the links is one of the
most important properties of complex networks. As earlier studies suggested
for asymmetric tops [159, 160, 172|, the degree-distribution functions of ex-
perimental SNs of molecules show a heavy-tailed distribution, indicating that
the SNs are characterized by hubs, i.e., a small number of nodes with a large
number of connections. Figure 1 depicts the degree-distribution function of
14NH;, exhibiting the expected heavy-tailed behavior. As observed before
[172], it is hard to distinguish between the power-law and the log-normal
distributions, 4.e., whether the degree distribution follows a power-law or
log-normal distribution. Nevertheless, it is clear that the experimental SN
of NH; contains hubs. As expected, the most important hubs are on the
ground vibrational state. The three largest hubs are as follows: [J K I}] =
(53 A}, [53 Ay, and [4 2 E'] with 170, 167, and 161 links, respectively.
This observation agrees with our earlier experience [160] that the rotational
quantum numbers of the hubs are about J = 4 to 6, which is partly due to

the fact that most measurements are performed at room temperature.

4.2. Comparison of MARVEL and BYTe energy levels

As an independent validation of the MARVEL energy levels and their la-
bels, systematic comparisons were performed with variational nuclear motion
computations. For this comparison the so-called BYTe [134] (see section 2.4)
energy list was used.

Since neither the rotational nor the vibrational labels of the energy levels
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in BYTe are derived from experiments, the MARVEL and the BYTe labels
are occasionally different. Therefore, only the values of energies, the exact
descriptors, and the inversion symmetry were used for comparison. We used
a matching cut-off of 0.5 cm™! between the MARVEL and BYTe energies
up to 5000.0 cm™! and 1.0 cm™! above this energy. The BYTe list pro-
vides the rotational (I}.), the vibrational (Iy;,), and the total symmetry
(Io), but only the total symmetry is exact. Therefore, (in a few cases)
the rotational and vibrational symmetries of the MARVEL levels may differ
from the BYTe symmetry labels. Nevertheless, each MARVEL level fulfills
[MARVEL o PMARVEL — PBYTe © Ag g result, each MARVEL energy level has

a corresponding BYTe energy level, as far as the value of the energy level,

the J quantum number, and the total symmetry are concerned.

4.3. VBOs
The MARVEL VBOs determined for 1*NHj3 are given in Table 3. Despite

the fact that a large number of rovibrational transitions have been measured
for 1*NHs, there are only 25 VBOs, seven for ortho- and 18 for para-**NHs,
determined for this molecule. However, it should be noted that direct de-
termination of the VBO states of AI symmetry is not possible since these
states cannot possess a rotationless (J = 0) state. In fact, the coverage of
VBOs is complete up to 3 500 cm ™!, the first missing VBO, of £E” symmetry,
is at 3 502 cm~!. That more para-*NH; VBOs are known than ortho ones
is in line with the fact that a larger number of para-'*NHj energy levels are
known, despite that the spin-statistical weight is twice as large for the ortho
levels. This is due to the selection rules governing the transitions.

The uncertainties of the VBOs are fairly substantial, usually on the order

28



of 0.001-0.004 cm~!. This calls for new measurements employing highly
accurate new techniques, such as frequency combs, to further improve our
understanding of the vibrational energy level structure of *NHj.

To understand some of the complexity underlying the measured spectra of
14NHj; and the assignment procedure, we note that, based on earlier ab initio
computations [118, 133], there are up to 43 VBOs in the range 6 300-7 000
cm ™! alone. As Table 3 shows, considerably less than half of these VBOs are
involved in measured transitions and only a few VBOs became known based

on the MARVEL analysis of all available experimental transitions.

4.4. Prediction of unmeasured lines

Our MARVEL procedure yields 4 961 energy levels based on the analysis
of 28 530 validated, “networked” transitions. However, the number of possi-
ble transitions between the MARVEL energy levels is actually substantially
more than this number. Figure 2 shows an analysis of this for spectra at
296 K. It compares the spectrum arising from the transitions analyzed with
those obtained by including allowed transitions between MARVEL levels and
the full spectrum predicted by BYTe. It can be seen that use of MARVEL
predicted transitions helps to give an ammonia spectrum with a much more
complete coverage.

Figure 2 also shows the spectrum of ammonia currently available from
the HITRAN 2012 database [184]. This latest edition of HITRAN contains
45 302 lines for "*NHj (and 1090 for '?’NH3). As summarized in Table 2 of
Ref. [142], in the 2008 edition of HITRAN there were 27 994 " NH; transi-
tions coming from nine sources. We note that not all the lines included in

HITRAN 2012 are the result of actual experimental measurement. Indeed,
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Figure 2: Comparison of spectra at 296 K for one-photon absorption transitions of NHj
up to 7000 cm~!. Top panel — lines present in the HITRAN [184] database; second panel
— observed transition present in MARVEL; third panel - MARVEL predicted transitions,
omitting the observed lines; fourth panel — sum of the observed and MARVEL predicted
transitions; and bottom panel — all lines predicted by variational computations (BYTe
[175]). Except for the top panel, all intensities come from BYTe.
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the 2012 update to HITRAN contains transitions in several bands predicted
by 13DoHiYuTe [142] on the basis of empirical energy levels and first prin-
ciples (BYTe) transition intensities. We suggest that a significantly better
coverage could be obtained by extending this analysis using our new set of
energy levels. A list of predicted lines synthesized from MARVEL energy

levels and BYTe intensities is given in the Supporting Information.

5. Summary and Conclusions

The complexity of high-resolution *NHj spectra, emphasized already
by Herzberg [185], hinders significantly the application of standard tools of
molecular spectroscopy, including effective Hamiltonians, for their analysis.
Advancements in the fourth age of quantum chemistry [152] makes possi-
ble the extensive use of sophisticated variational nuclear motion techniques
which help to decipher even complex spectral features and can be used to
correct problems extensive databases, like HITRAN, used to have about the
linelist of “NH;. The repertoire of useful novel tools to study spectra of
4NHj; has been extended in this study with the MARVEL procedure, stand-
ing for Measured Active Rotational-Vibrational Energy Levels, allowing the
empirical investigation and self-consistent verification of all measured and la-
belled transitions and yielding experimental energy levels with self-consistent
uncertainties.

As part of the MARVEL analysis, we collected 29 450 measured transi-
tions from 56 sources which, after careful checking and labelling, underwent a
MARVEL analysis and resulted in 1 724 and 3 237 energy levels for ortho- and

para-'“NHj, respectively. This set of experimental energy levels should prove
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highly useful in all future analysis of experimental spectra of *“NH;. Based on
MARVEL energy levels and BYTe intensities, a linelist has been generated,
and deposited in the Supporting Information to this paper. This linelist and
the associated comparison of “observed” and “MARVEL predicted” spectra
prove (see Fig. 2) how much more extensive is the information content of

measured spectra if they are analyzed together, as done in MARVEL.
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