
Journal of Molecular Spectroscopy 377 (2021) 111442
Contents lists available at ScienceDirect

Journal of Molecular Spectroscopy

journal homepage: www.elsevier .com/ locate / jms
Rotational spectroscopy and bound state calculations of deuterated
NH3–H2 van der Waals complexes
https://doi.org/10.1016/j.jms.2021.111442
0022-2852/� 2021 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: ivantar56@gmail.com (I.V. Tarabukin).
I.V. Tarabukin a,⇑, L.A. Surin a, M. Hermanns b, B. Heyne b, S. Schlemmer b, K.L.K. Lee c,d, M.C. McCarthy c,d,
A. van der Avoird e

a Institute of Spectroscopy, Russian Academy of Sciences, Fizicheskaya Str. 5, 108840 Troitsk, Moscow, Russia
b I. Physikalisches Institut, University of Cologne, Zülpicher Str. 77, 50937 Cologne, Germany
cHarvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA
dDivision of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138, USA
e Theoretical Chemistry, Institute for Molecules and Materials, Radboud University, Heyendaalseweg 135, 6525 AJ Nijmegen, the Netherlands

a r t i c l e i n f o
Article history:
Received 2 January 2021
In revised form 19 February 2021
Accepted 24 February 2021
Available online 4 March 2021

Keywords:
van der Waals complexes
NH3–H2 complex
Deuterated isotopologues
Microwave, millimeter-wave
Hyperfine structure
Supersonic jet
a b s t r a c t

Pure rotational transitions of the deuterated NH3–H2 weakly bound complexes formed by NH3/ND3 and
H2/D2, namely ND3–H2, NH3–D2 and ND3–D2, have been detected. Three different techniques, a
millimeter-wave intracavity jet OROTRON spectrometer, molecular beam Fourier transform microwave
(FTMW) cavity spectrometer and the broadband chirped pulse (CP) FTMW spectrometer were used to
record the spectra in the frequency range from 20 to 140 GHz. The double resonance method was
additionally applied to extend the frequency range of the OROTRON spectrometer to lower and of the
FTMW cavity spectrometer to higher frequencies. A search for the transitions of deuterated isotopologues
and their assignments were based on the recent study of the main isotopic species NH3–H2 [L.A. Surin
et al., Astrophys. J., 838, 27 (2017)] and further confirmed by the bound state calculations presented here.
The measured line positions including hyperfine splitting due to the 14N nuclear spin of NH3/ND3 and the
D nuclear spins of D2 were analysed in order to determine the molecular parameters and structure of the
deuterated NH3–H2 complexes. This study provides an effective new probe of the intermolecular
interaction between ammonia and dihydrogen, knowledge of which is important for numerical modelling
of astrophysical environments.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

The ammonia molecule (NH3) is a particularly valuable
spectroscopic probe of the physical properties (dynamics, density,
temperature) of different regions of the interstellar medium [1].
While the main isotopic species NH3 is observed in media that span
a wide range of physical conditions, the detection of its fully
deuterated counterpart, i.e. ND3, is restricted to cold regions [2].
Ammonia interaction with dihydrogen, the main collision partner
in molecular clouds, is of special interest, since knowing accurate
rates of the NH3/ND3 excitation and de-excitation by inelastic
collisions with H2 are of great importance for the observed
ammonia population distributions and the interpretation of its
interstellar spectra. The accuracy of the calculated collisional rates
depends strongly on the quality of the potential energy surface
(PES). Two ab initio five-dimensional PESs [3,4], including the
anisotropy of H2, were obtained for the NH3–H2 system using the
coupled-cluster method with single, double, and triple excitations
(CCSD(T)). Later molecular beam scattering experiments of NH3

with H2 [5], ND3 with H2 [6], ND3 with D2 [7] probed the
intermolecular NH3–H2 potential [4], indicating that the calculated
PES is accurate.

Another efficient test of intermolecular potentials is high
resolution spectroscopy of van der Waals complexes, when the
energy levels of such complexes are related to the intermolecular
potentials by means of accurate bound state calculations [8].
Recently, the pure rotational (end-over-end rotation) spectra of
NH3–H2 have been measured for the first time [9] guided by bound
state calculations based on the intermolecular potential surface
reported by Maret et al. [4]. Owing to the possible orientations of
the identical hydrogen nuclear spins, both H2 and NH3 exist in the
form of two distinct species or nuclear spin ‘‘isomers”: ortho (o)
and para (p). Two nuclear spin isomers, combining (o)- and (p)–
NH3 with (o)–H2, were detected in the microwave (MW) and
millimeter-wave (MMW) ranges [9]. For the (o)–NH3�(o)–H2
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transitions the hyperfine splitting caused by the quadrupole
interaction of the 14N nucleus (IN = 1) and further splitting due to
the magnetic spin–spin interaction of the H nuclei (IH2 = 1) were
observed, and dynamical information about the angular
orientations of ammonia and hydrogen in the complex was
obtained.

Isotopic substitution in molecular complexes provides an
effective new probe of the potential surface, revealing increased
information not available from the existing results for the main iso-
topologue. This is especially true in the case of weakly bound com-
plexes and clusters, where not only the direct mass effect in the
kinetic energy of the complex, but also the change in the anisotropy
of the intermolecular potential with respect to the displaced centers
of the monomers mass plays a significant role [10,11]. In case of
deuterated isotopologues, additional information can appear from
the electric quadrupole / magnetic hyperfine structure of transitions
due to deuterium (D) nuclei (ID = 1). The spectral pattern of the
hyperfine structure is very sensitive to the averaged orientation of
the monomers in the complex and, thus, provides the data for
testing the anisotropy of theoretical potential energy surfaces.

In the present paper the pure rotational spectra of different
isotopic species of NH3–H2 have been detected in the frequency
range of 20–140 GHz. Additionally, bound state calculations for all
nuclear spin isomers of the NH3–D2, ND3–H2 and ND3–D2

complexes were performed using the intermolecular PES of NH3–
H2 reported by Maret et al. [4]. The determined molecular parame-
ters were compared with the results of the bound state calculations.
2. Experimental measurements

Three different instruments, an intracavity OROTRON MMW
spectrometer, a chirped-pulse Fourier-transform microwave
(CP-FTMW) spectrometer, and molecular beam FTMW cavity
spectrometer, were used to record the pure rotational spectra of
deuterated isotopologues of the weakly bound NH3–H2 complex.
A gas mixture containing 0.5–1% of NH3 (ND3) and 30% of H2 (D2)
in Ne or 1% of NH3 (ND3) in pure H2 (D2) at a backing pressure of
3–6 bar was used to generate the NH3/ND3–H2/D2 complexes.
The gases were adiabatically expanded into the vacuum chamber
by using a 1 mm diameter pulsed pin-hole nozzle (General Valve,
Series 9) which operated at a repetition rate of 5–10 Hz.
2.1. OROTRON

The MMW measurements in the frequency range of
110–140 GHz have been made using the intracavity OROTRON
spectrometer placed in a vacuum chamber together with a
supersonic jet apparatus [12]. The molecular jet is injected into
the OROTRON cavity perpendicularly to its axis. Absorption in
the cavity causes changes of the electron current in the collector
circuit of the OROTRON and is detected very sensitively by measur-
ing these current changes. A small part of the MMW radiation is
taken out from the cavity through coupling openings in a spherical
mirror and mixed on a Schottky diode with the radiation of a MW
synthesizer for frequency determination. The double resonance
(DR) method was applied for measurements at 75–95 GHz, outside
the OROTRON frequency range. In our DR experiment, the
OROTRON spectrometer functions as a supersensitive MMW detec-
tor [13]. A MW synthesizer (Rohde&Schwarz, SMF100A) followed
by a wide-band amplifier and tripler (Virginia Diodes, Inc.,
AMC-S179/180) was used as a pump radiation source, giving
relatively high output power (up to 10 mW). The accuracy of the
measurements was estimated to be about 50 kHz.
2

2.2. CP-FTMW spectrometer

A new Cologne CP-FTMW spectrometer combined with a
molecular jet expansion has been applied to search for the J = 1 –
0 rotational transitions of the NH3/ND3–D2 isotopologues in the
22–24 GHz range. A detailed description of the spectrometer has
been published elsewhere [14]. The full width at half maximum
(FWHM) for each line was about 70 kHz, and the uncertainty in
the line center frequencies was estimated to be � 10 kHz. At a suf-
ficiently high resolution of the CP-FTMW spectrometer, hyperfine
structure due to the 14N nucleus was clearly resolved.
2.3. FTMW cavity spectrometer

A FTMW cavity spectrometer was applied to resolve more
details of the J = 1 –- 0 rotational transitions of NH3–D2 detected
by the CP-FTMW spectrometer as well as to search for the J = 1 –
0 lines of ND3–H2. The details of the MWFT spectrometer are avail-
able elsewhere [15]. The sample gas is injected into an evacuated
Fabry–Perot resonator via a small hole in one of the cavity mirrors.
It is polarized with a p/2 pulse, and the subsequent coherent emis-
sion signal is recorded and then Fourier transformed to give the
frequency domain spectrum. Since the IF bandwidth of this
spectrometer is very narrow, approximately 0.5 MHz, broad spec-
tral searches are performed by synchronously changing the applied
frequency and the distance between the mirrors under computer
control. The spectra at each setting of the cavity were averaged
over 500 cycles at the 6 Hz repetition rate of the nozzle.

A Doppler pair is observed for each transition since the
molecular beam travels parallel to the resonator axis. The FWHM
for each line is 15 kHz, and the uncertainty in the line positions
is estimated to be � 2 kHz. At the extremely high resolution of
the FTMW cavity spectrometer, not only the hyperfine structure
arising from the 14N nucleus, but also hyperfine structure due to
the nuclear quadrupole and spin–spin interactions of the D2 part
of the complexes was resolved. The DR method was performed
to measure the J = 2 – 1 lines near 48 GHz for NH3–D2 and near
76 GHz for ND3–H2 with somewhat lower accuracy (15 kHz and
30 kHz respectively).
3. Observed spectra and empirical analysis

As in the case of the NH3–H2 complex [9], it is useful to label the
energy levels of its D-substituted isotopologues with the rotational
angular momenta of the constituent monomers even though these
rotations are hindered in the complex. Due to the symmetry and
nuclear spin statistics of H2/D2, (p)–H2 complexes with total
nuclear spin IH2 = 0 and (o)-D2 complexes with total nuclear spin
ID2 = 0, 2 have their lowest internal rotor state jH2/D2 = 0, while
(o)–H2 and (p)-D2 complexes with IH2/D2 = 1 have their lowest
internal rotor state with jH2/D2 = 1, where jH2/D2 denotes the
rotational angular momentum of H2/D2. The NH3 monomer also
has two nuclear spin states, (o)–NH3 (A2-symmetry) and (p)–NH3

(E-symmetry) with the corresponding lowest rotational levels (jk)-
NH3 = (00) and (11), where jNH3 and kNH3 denote the angular
momentum of NH3 and its projection on the threefold symmetry
axis. They have nuclear spin weights of 12 and 6, respectively.
The ND3 monomer has three allowed nuclear spin states (A1-, A2-
and E-symmetry). Two of them (A1, A2) have the same rotational
ground state with (jk)ND3 = (00), but different inversion-tunneling
states. The lower state (A1) with nuclear spin weight 30 is symmet-
ric in the ND3 umbrella inversion coordinate, the upper state (A2)
higher by 0.0530 cm�1 is antisymmetric and has nuclear spin
weight 3. The symmetric inversion state with (jk)NH3 = (00) does
not occur in NH3 because it is Pauli-forbidden, the antisymmetric



I.V. Tarabukin, L.A. Surin, M. Hermanns et al. Journal of Molecular Spectroscopy 377 (2021) 111442
(jk)NH3 = (00) state is similar to (o)–NH3. The third ND3 species
(E-symmetry) has a ground state with (jk)ND3 = (11), just as (p)–
NH3, and has nuclear spin weight 24. In order to specify the three
nuclear spin isomers of ND3 the nomenclature of ortho, meta, para
is applied in literature, but often in different ways, and to avoid
confusions we prefer to call them here A1, A2, and E. The levels
are separated into distinct groups corresponding to complexes
combined from NH3 (A2, E) / ND3 (A1, A2, E) with (o)–H2/D2 or
(p)–H2/D2.

Exact quantum numbers are the total angular momentum J of
the complex and the parity p = ±1 under inversion E*. For notations
of energy states and levels it is conventional to use the
spectroscopic parity e that is related to the inversion parity by
p = e(–1)J. We follow this convention and label states of (+1)/
(�1) spectroscopic parity by e/f. An approximate quantum number
that is important to understand the nature of the rovibrational
states is the projection K of the total angular momentum J on the
intermolecular axis. We also follow the convention to use the abso-
lute value of K as a label and distinguish the pairs of states with
K > 0 by their parity e/f. States with K = 0 are called R states, with
K = 1 are P states and those with K = 2 are D states.

The transition frequencies of the deuterium-substituted
NH3–H2 complexes were predicted on the base of the data
obtained for the main isotopic species NH3–H2 [9]. For this, we
took into account not only the changes in the reduced masses of
the complex, but also the shifted ammonia monomer center of
mass due to isotopic substitution.

The initial search was performed with the OROTRON
spectrometer in the 113–114 GHz range, where the two R(2) lines
of ND3–(o)–H2 in the ground R00e (A1)- and R00f (A2)-ND3 states
were expected. Both lines were found at 113157 and
113192 MHz, respectively, very close to the prediction from the
(o)–NH3–(o)–H2 data [9]. Then, the two R(1) transitions were suc-
cessfully observed at 75718 and 75742 MHz by the DR technique,
thus confirming the assignment of the detected lines. The illustra-
tion of the DR record is shown on Fig. 1. The nuclear 14N quadru-
pole structure was only partly resolved for these R(1) lines, and
later, these lines were measured again more accurately with the
molecular beam FTMW cavity spectrometer using also the DR
method. The measured transition frequencies of ND3–(o)–H2

including the resolved hyperfine components are presented in
Table 1.
Fig. 1. Double resonance recording of the R(1) transition of the ND3–(o)–H2

complex in the ground R00e (A1)-ND3 state using OROTRON spectrometer. The inset
at the bottom right shows the R(2) transition.

3

The rotational transitions of ND3–(o)–H2 in the P11(e/f) (E)-ND3

states were predicted in the same manner as those of the R00(e/f)
states, but now from the (p)–NH3�(o)–H2 data. The resulting R(2)
transitions were too low (108 GHz) and the R(3) transitions were
too high (143 GHz) for the OROTRON frequency range. For the P
states, the lowest rotational transitions start with J = 1, i.e. R(1),
which were also too high in frequency (72 GHz) for the observation
by the FTMW technique. As a consequence no transitions were
measured for the ND3–(o)–H2 complex in theP11(e/f) (E)-ND3 states
in the current experiment.

The prediction for rotational transitions of the ammonia com-
plexes with (p)-D2 was not straightforward. The reduced mass of
the complex upon isotopic substitution of H2 by D2 increases by
almost a factor of two, which results in a significant decrease of
the zero-point energy and intermolecular distance R. To estimate
this effect we used the existing data for the H2O–H2 complex and
its deuterated isotopologues [16,17], since NH3–H2 and H2O–H2

are isoelectronic and their masses are very close. The rotational
parameter B of (o)–NH3–(p)-D2 was corrected by 10% compared
to the initial prediction counting only change in the complex
reduced mass. We found the R(4) line of (o)–NH3–(p)-D2 at
118345 MHz, about 700 MHz lower of the predicted frequency.
Then, the R(3) transition was successfully detected at 95004 MHz
by the DR technique (see Table 1). In case of (p)–NH3–(p)-D2, we
observed two R(4) transitions (e and f) at 115641 and
115789 MHz which are about 1.5 GHz higher than expected at
the same 10% correction. Again, applying the DR method we
detected R(3) and then predicted accurately and measured R(5)
transitions in the P1(e/f) states of (p)–NH3–(p)-D2 (see Table 1).

We observed the lowest R(0) transitions for both NH3–(p)-D2

and ND3–(p)-D2 in the ground R00 states with the CP-FTMW spec-
trometer in the 22–24 GHz range. The hyperfine structure due to
the 14N nucleus was completely resolved for both isotopologues.
In case of ND3–(p)-D2 both symmetric (A1) and antisymmetric
(A2) inversion components with a spin weight 10:1 were expected,
but only symmetric component (R00e state) shown on Fig. 2 was
detected. The antisymmetric component (R00f state) is too weak
to be visible in the recorded spectrum. Additional smaller splitting
caused by hyperfine interactions of the D nuclei of the D2 unit was
further resolved for the R(0) transition of NH3–(p)-D2 (R00f state)
using the molecular beam FTMW cavity spectrometer. Applying
the DR technique to the latter transition, the 14N nuclear quadru-
pole components of the R(1) line at 47717 MHz were detected.
No additional D hyperfine splittings from the ND3 isotopologues
could be resolved, because they are expected to be smaller than
the FWHM linewidths (of about 15 kHz) [12]. All measured transi-
tions of the deuterated NH3–H2 complexes are listed in Table. 1. For
each spin isomer the symmetry of the internal rotor state of the
ammonia subunit is given.

To analyze the observed spectra we used an empirical energy
expression for symmetric top molecules in which the rotational
energy including centrifugal distortion terms for each K-stack of

levels was represented by a power series in J J þ 1ð Þ � K2
h i

:

E Kð Þ ¼ r Kð Þ þ B J J þ 1ð Þ � K2
h i

� D J J þ 1ð Þ � K2
h i2

þ H J J þ 1ð Þ � K2
h i3
where K = 0 for theR states and K = 1 for theP states. Here, r(K) is a
state origin and B, D, H are rotational and centrifugal distortion
parameters. The e and f transition series of K = 1 (P) states were fit-
ted separately. The r(K) parameter drops out of the fitting proce-
dure, since in the present study there are no transitions between
different K-states for any of observed complexes.



Table 1
Observed transitions of the ND3–(o)–H2, NH3–(p)-D2 and ND3–(p)-D2 complexes.a

Species / State R(J) F10 � F100 F’ � F‘‘ Obs., MHz Obs.– Fit.b, kHz

ND3–(o)–H2

R00e (A1) 1 2 – 2, 1 – 0 75741.1282 17.5
2 – 1, 3 – 2 75741.4904 –44.5
1 – 1 75742.2910 33.6

2 113192.423 –11.0
R00f (A2) 1 2 – 2, 1 – 0 75717.0601 –7.9

2 – 1, 3 – 2 75717.4949 –4.3
1 – 1 75718.2374 4.0

2 113157.396 –11.2
NH3–(p)-D2

R00f (A2) 0 1 – 1 2 – 2, 1 23884.7231 –2.6
1 – 2, 1, 0 23884.7436 1.1

2 – 1 2 – 2, 1 23885.1165 2.5
3 – 2 23885.1396 –2.9
1 – 2, 1, 0 23885.1616 0.9

0 – 1 1 – 2, 1, 0 23885.7465 –0.4
1 1 – 0 47716.7238 10.8

2 – 1 47717.0479 –9.6
3 – 2 47717.0582 –19.3

3 95004.180 69.1
4 118345.023 –40.6

NH3–(p)-D2

P11e (E) 3 92801.410 0.0 c

4 115640.515 0.0 c

5 138225.650 0.0 c

P11f (E) 3 92919.560 0.0 c

4 115788.850 0.0 c

5 138402.380 0.0 c

ND3–(p)-D2

R00e (A1) 0 1 – 1 22372.5670 6.3
2 – 1 22373.1271 –10.4
0 – 1 22374.0069 4.2

a Indicated symmetries A1, A2, E belong to the NH3/ND3 units in the complex.
b The lines consisting of overlapping hyperfine components were treated as the intensity weighted average of the individual components.

c Three transitions were used to determine three fitting parameters.

Fig. 2. Recording of the R(0) transition of the ND3–(p)-D2 complex in the R00e (A1)-
ND3 state. Hyperfine structure due to 14N quadrupole nucleus is completely
resolved.
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All R(0) and R(1) lines of the observed complexes revealed the
hyperfine splitting. The main effect is due to nuclear quadrupole
interaction arising from the 14N nucleus. The coupling scheme is
F1 = J + IN, where IN is the 14N nuclear spin (IN = 1), J is the rotational
angular momentum and F1 is the total angular momentum of the
complex. For the R(0) transition of (o)–NH3–(p)-D2 an additional
smaller splitting was resolved, caused by hyperfine interactions
of the D nuclei. The hyperfine interaction of the (o)–H2 part in
the (o)–NH3–(o)–H2 complex [9] originates from two sources,
4

nuclear spin–spin and spin-rotational interactions. For the (o)–
NH3–(p)-D2 species, the hyperfine interaction of the D2 part
(ID2 = 1) includes also the electric quadrupole contribution.

The transitions of the D-isotopologes of NH3–H2 assigned in this
work (Table 1) were analyzed to obtain molecular parameters
using the PGOPHER program [18]. The hyperfine nuclear spin–spin
interactions were implemented recently in this program. For this
case the coupling scheme is: ID2 = I1 + I2, F1 = J + IN, F = F1 + ID2
where I1 and I2 are the nuclear spins of the two identical D nuclei
(I1 = I2 = 1), ID2 is their sum (ID2 = 0, 1, 2), and F is the total angular
momentum of the complex. The data from different experiments
were taken with weights corresponding to their experimental
uncertainties. The molecular parameters from the fit are listed in
Table 2 together with the parameters obtained from the bound
state calculations (in square brackets) reported in the next Section.
For the (o)–NH3–(p)-D2 complex, only the nuclear spin–spin inter-
action constant d is needed (see Section V) to fit the observed
hyperfine splittings from the (p)-D2 part, in contrast to the (o)–
NH3–(o)–H2 complex [9], where together with d the nuclear
spin–rotation interaction constant c was required to fit the (o)–
H2 splitting. The root mean squared deviations (weighted) are 15
and 11 kHz for the e and f levels of ND3–(o)–H2 (R00(e/f)), 55 kHz
for NH3–(p)-D2 (R00f) and 13 kHz for ND3–(p)-D2 (R00e). For
NH3–(p)-D2 (P11(e/f)) three transitions were used to determine
three constants (B, D, H). The fitting residuals for the observed tran-
sitions are listed in Table 1.
4. Bound state calculations

Some details of the intermolecular potential energy surface of
Maret et al. [4] applied in our bound state calculations are given



Table 2
Experimental and ab initio (in square brackets) molecular parameters for the observed deuterated isomers of the NH3–H2 complex (in MHz).a

ND3–(o)–H2 NH3–(p)-D2 NH3–(p)-D2 ND3-(p)-D2

R00e (A1) R00f (A2) R00f (A2) P11e (E) P11f (E) R00e (A1)

B 18991.356(11)
[18363.734]

18985.2098(77)
[18361.407]

11946.94338(72)
[11869.617]

11658.594
[11580.398]

11672.952
[11595.091]

11190.4607(39)
[11124.277]

D 6.99716(89)
[6.38686]

6.98003(63)
[6.37616]

2.20216(32)
[2.20488]

1.91
[1.90426]

1.89
[1.90982]

1.97b

[1.79415]
H [–4.855 � 10–3] [–4.876 � 10–3] –1.2262(93) � 10–3

[–1.316 � 10–3]
–1.66 � 10–3

[–1.663 � 10–3]
–1.94 � 10–3

[–1.607 � 10–3]
[–0.666 � 10–3]

eQq(NH3/ ND3) –1.487(71)
[–1.470]

–1.511(51)
[–1.470]

–1.3544(22)
[–1.272]

[–1.387] [–1.387] –1.923 (24)
[–1.671]

d(H2/D2) [22.50 � 10–3] [22.50 � 10–3] 6.49(26) � 10–3

[11.14 � 10–3]
[11.28 � 10–3] [11.29 � 10–3] [11.42 � 10–3]

a Indicated symmetries A1, A2, E belong to the NH3/ND3 units in the complex.
b Fixed to the value scaled from NH3–(p)-D2 (R00f state).
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in our paper [9] on NH3–H2. For the complexes in which NH3 is
substituted by ND3 we employed the same potential, but re-
expressed it in the intermolecular distance and angular coordi-
nates of ND3–H2 which differ from those of NH3–H2 because of
the shift of the center of mass in the ammonia monomer. Such a
coordinate transformation is not needed when H2 is replaced by
D2, because this does not involve a center of mass shift. Also the
method applied in our calculations of the rovibrational levels of
the different ammonia-hydrogen isotopologues is described in
Ref. [9]. It uses the global potential surface and accurately
describes the large amplitude internal motions of the ammonia
and hydrogen monomers within the weakly bound complexes, as
well as tunneling between the equivalent global minima in the
potential. We used the ground state experimental values for the
rotational constants of NH3: A0 = B0 = 9.9402 cm�1 and
C0 = 6.3044 cm�1 [19], ND3: A0 = B0 = 5.1432 cm�1 and
C0 = 3.1015 cm�1 [6], H2: B0 = 59.3398 cm�1 [6], and D2:
B0 = 29.9068 cm�1 [20]. The atomic masses are 1.007825 u for H,
2.014101778 for D, and 14.003074 u for 14N.

For the intermolecular center-of-mass distance R we used a
discrete variable representation (DVR) with grids of 128, 96, and
130 equidistant points ranging from R = 4 to 26 a0 for NH3–D2,
ND3–H2 and ND3–D2, respectively. This DVR basis was contracted
into a radial basis of 20 functions constructed in the same way as
in Ref. [9]. To represent the hindered rotations of the ammonia
and hydrogen monomers in the complex we used a basis of sym-
metric rotor functions and spherical harmonics, respectively, which
was truncated to internal rotor quantum numbers jNH3/ND3 � 10 and
jH2/D2 � 6. Symmetric rotor functions are also used in the basis for
the overall rotation of the dimer. With this basis the bound levels
of the complex are converged to better than 0.001 cm�1; the ener-
gies of transitions between the levels are converged even better.

In order to explain the observed spectra we must also include
umbrella inversion tunneling of the NH3/ND3 monomer in our cal-
culations. The ground state inversion levels are split by
0.7934 cm�1 in free NH3 and by 0.0530 cm�1 in free ND3. Since
the potential of Maret et al. [4] does not depend on the umbrella
inversion coordinate, we used the same two-state model as in
Ref. [9]. It is assumed in this model that the ammonia molecule
tunnels between two structures, umbrella up and umbrella down,
with an umbrella angle given by the equilibrium value in free
ammonia. The basis for the rovibrational states of the complex is
multiplied with two NH3/ND3 inversion tunneling states, which
according to the two-state model are the plus and minus combina-
tions of the two localized umbrella states. The inversion tunneling
is partly quenched by the interaction with H2 or D2 in the complex
and the tunneling states become more or less localized.

The symmetry group used in the calculations is the permutation-
inversion group G24. The calculated eigenstates carry the irreducible
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representations (irreps) A1, A2, E1 for the NH3 and ND3 complexes
with (p)–H2 and (o)-D2 and irreps B1, B2, E2 for the complexes with
(o)–H2 and (p)-D2, with +/– signs for the overall parity. For the NH3

complexes the A1/B1 states are Pauli-forbidden, the A2/B2 states cor-
respond to (o)–NH3 with spin weight 12 and the E1/E2 states to (p)–
NH3 with spin weight 6. For the ND3 complexes the A1/B1 and A2/B2
states have spin weights 30 and 3, respectively, and the E1/E2 states
have spin weight 24, cf. Section III. For each of the complexes we
computed all bound rovibrational levels with total angular momen-
tum J = 0 to 6 and both parities.

The calculated lower states of the deuterated NH3–H2

isotopologues are listed in Table 3. The first three states (including
e/f doubling) for each spin isomer are presented. The energy values
correspond to the lowest-J levels for every state, i.e. J = 0 forR, J = 1
for P, J = 2 for D, and J = 3 for U states.

We found that the ground levels of the ND3–H2 and ND3–D2

states of A1-symmetry correspond to J = K = 0, parity e with the
energies of �33.789 cm�1 and �49.115 cm�1, respectively. The
dissociation energy D0 values of these complexes are equal in
magnitude to the energies of their ground levels. The states of
A2-symmetry correspond to J = K = 0, parity f with the energies
of �33.747 cm�1, �45.007 cm�1 and �49.090 cm�1 for ND3–H2,
NH3–D2 and ND3–D2, respectively. Since the lowest NH3 (ND3)
monomer level of A2-symmetry is 0.793 cm�1 (0.053 cm�1) higher
in energy than that of A1-symmetry state, the dissociation energies
D0 of these complexes are 33.800 cm�1, 45.801 cm�1 and
49.143 cm�1, respectively. For the states of B1-, B2-symmetry, the
lowest levels have J = K = 0 and parity e/f. Since the lowest H2

(D2) monomer level of B-symmetry states has jH2/D2 = 1 and energy
118.680 cm�1 (59.814 cm�1), this corresponds to dissociation ener-
gies D0 of (B1/B2)-ND3–H2, (B2)–NH3–D2 and (B1/B2)-ND3–D2 equal
to 66.397 cm�1 / 66.448 cm�1, 75.953 cm�1 and 83.802 cm�1 /
83.853 cm�1, respectively. For the states of E1-, E2-symmetry, the
lowest level has J = K = 1 and spectroscopic parity e. Since the
ground E-symmetry state of free (p)–NH3 ((E)-ND3) has an energy
of 16.245 cm�1 (8.267 cm�1) and the lowest H2 (D2) monomer level
of E1-symmetry states has jH2/D2 = 0 and E2-symmetry states has
jH2/D2 = 1, the dissociation energies D0 of (E1/E2)-ND3–H2, (E1/E2)–
NH3–D2 and (E1/E2)-ND3–D2 are 35.198 cm�1 / 69.941 cm�1,
49.704 cm�1 / 82.656 cm�1 and 51.930 cm�1 / 87.723 cm�1, respec-
tively. The calculated pure rotational energy levels in the ground
states of the different nuclear spin isomers and their dissociation
energies D0 are given in Table 4.

It is clear that the dissociation energy D0 is substantially larger
for the (o)–H2 and (p)-D2 dimers than for the (p)–H2 and (o)-D2

dimers, while it is only slightly larger for the NH3 and ND3 dimers
in the E1 and E2 states than in the A1/A2 and B1/B2 states, respec-
tively. Similar stability differences between the (p)–H2O–(p)–H2,
(o)–H2O–(p)–H2, (p)–H2O–(o)–H2, and (o)–H2O–(o)–H2 species



Table 3
Calculated lowest states of the deuterated NH3–H2 isotopologues (in cm�1).a

Species Symmetry State Energyb

ND3–(p)–H2 A1 / A2 Re / Rf –33.7890 / –33.7470
A1 Pe / Pf –23.0247 / –22.6618
A2 Pe / Pf –22.7110 / –23.0721
A1 / A2 Re / Rf –16.9427 / –16.9792
E1 Pe / Pf –26.9530 / –26.9415

Re / Rf –24.9091 / –24.8599
Pe / Pf –18.8203 / –18.8135

ND3–(o)–H2 B1 / B2 Re / Rf 52.2822 / 52.2844
B1 Pe / Pf 69.9836 / 70.0959
B2 Pe / Pf 70.0995 / 69.9879
B1 Ue / Uf 88.7470 / 88.7492
B2 Ue / Uf 88.7490 / 88.7467
E2 Pe / Pf 56.9836 / 56.9838

De / Df 69.3820 / 69.3820
Re / Rf 69.0612 / 69.0629

NH3–(o)-D2 A2 Rf –45.0073
Pe / Pf –23.6974 / –23.8574
Rf –19.7905

E1 Pe / Pf –33.4589 / –33.4449
Re / Rf –27.4018 / –26.6996
Pe / Pf –17.7702 / –17.7597

NH3–(p)-D2 B2 Rf –15.3460
Pe / Pf 10.2408 / 10.2068
Rf 29.5747

E2 Pe / Pf –6.5978 / –6.5968
Re / Rf 10.9542 / 11.0252
De / Df 18.0694 / 18.0695

ND3–(o)-D2 A1 / A2 Re / Rf –49.1145 / –49.0905
A1 Pe / Pf –36.0206 / –35.9210
A2 Pe / Pf –35.9619 / –36.0602
A1 / A2 Re / Rf –29.3519 / –29.3562
E1 Pe / Pf –43.6856 / –43.6845

Re / Rf –38.1867 / –38.1457
De / Df –30.3962 / –30.3956

ND3–(p)-D2 B1 / B2 Re / Rf –23.9879 / –23.9868
B1 Pe / Pf –4.5046 / –4.4680
B2 Pe / Pf –4.4663 / –4.5027
B1 Ue / Uf 11.32389 / 11.32391
B2 Ue / Uf 11.32389 / 11.32387
E2 Pe / Pf –19.66494 / –19.66490

De / Df –7.71921 / –7.71921
Re / Rf –5.8309 / –5.8299

a Three lowest energy states (including e/f doubling) for every spin isomer are
presented;

b The lowest-J energy level is given for every state. Higher accuracy (more than
four decimal points) is given for those states in which the e- and f- levels are nearly
coincident, to show which of them is lower in energy.
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were found for H2O–H2 in Ref. [16]. For all isotopologues D0 is
much smaller than the binding energy De = 267 cm�1 in the poten-
tial of Maret et al. [4], which implies that the zero-point energy
associated with the intermolecular vibrations and hindered rota-
tions is very large. It clearly depends on the reduced mass of the
complex, however, so that the D0 values are substantially larger
for the complexes with D2 than for those with H2.
5. Discussion

In Tables 1 and 2 we presented the measured transition
frequencies and determined molecular parameters of the ND3–
(o)–H2, ND3–(p)-D2 and NH3–(p)-D2 complexes. Our estimates of
the line positions based on the scaling of molecular parameters
of the main isotopologue and further correction of the rotational
constants of the complexes with (p)-D2 using the H2O–H2 isotopo-
logue data [16,17] show good agreement with the measured fre-
quencies, so this approach proved to be reasonable. The
theoretical ab initio values in Table 2 unambiguously confirmed
the assignments made.
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A comparison of molecular parameters between all observed
nuclear spin isomers of the NH3–H2 isotopologues is presented in
Table 5. The average intermolecular center-of-mass distances
< R > calculated from the rotational constants using the
pseudo-diatomic approximation are 3.81, 3.60, 3.65 and 3.67 Å
for the newly observed ND3–(o)–H2 (R00(e/f)), NH3–(p)-D2 (R00f),
NH3–(p)-D2 (P11(e/f)) and ND3–(p)-D2 (R00e) complexes, respec-
tively. A comparison with the values of 3.77 Å value for NH3–(o)–
H2 (R00f) and 3.86 Å for NH3–(o)–H2 (P11(e/f)) demonstrates an
increase of the intermolecular distance due to the center-of-mass
shift by deuterium substitution in ammonia and a decrease of
the intermolecular distance due to lowering of the zero-point
energy when H2 is substituted by D2.

Deuterium substitution in the ammonia unit allows the
occurrence of both inversion tunneling components in the ground
internal rotor state of ND3 and thus two sets of transitions were
recorded for the ND3–(o)–H2 (R00(e/f)) complex, in contrast to the
main NH3–(o)–H2 (R00f) isotopologue where the symmetric
inversion tunneling component in ground state (o)–NH3 is Pauli-
forbidden. The difference in B constants between the symmetric
and antisymmetric inversion components provides indirect infor-
mation about the inversion splitting of ammonia within the com-
plex since a smaller energy level splitting should yield more
similar rotational constants. For example, in case of ND3–Ne
(R00) and ND3–Ar (R00) the difference in B constants is 27.5 [21]
and 31.5 kHz [22], respectively. For ND3–(o)–H2 (R00) this
difference is significantly larger, 3.854 MHz.

Dynamical information about the angular orientation of the
ammonia unit within the van der Waals complex can be obtained
from the determined quadrupole coupling constants with the
expression eQq ¼ ðeQqÞ0hP2ðcos hÞi, where ðeQqÞ0 is the quadru-
pole coupling constant for the free NH3 (ND3) molecule,
�4.0898 MHz [23] (�4.0831 MHz [24]), hP2ðcos hÞi ¼ h3cos2h�1

2 i is
the expectation value of the second order Legendre polynomial
and h is the angle between the C3 axis of NH3 (ND3) and the inter-
molecular axis. This expression assumes that complexation with
the H2 (D2) molecule has little effect on the electron distribution
around the 14N nucleus and the angular brackets represent aver-
aging over the motion of ammonia in the complex. Solving this
expression for h yields two possible angles 40.7�/139.3� and
40.4�/139.6� for the R00e and R00f states of ND3–(o)–H2,
41.9�/138.1� for the R00f state of NH3–(p)-D2 and 36.4�/143.6�
for the R00e state of ND3–(p)-D2, respectively. The C3v equilibrium
structure value of h = 0� predicted earlier by ab initio methods
[3,4] for NH3–H2 is closer to the first sets of values reported above.
One can see from Table 5, that deuterium substitution in ammonia
as well as change of (o)–H2 for (p)-D2 decreases h for correspond-
ing species.

The Legendre polynomial factor hP2ðcos hÞi in the above equa-
tion will be zero if the ammonia subunit undergoes free internal
rotation. The experimental values of this factor are 0.364/0.370
for ND3–(o)–H2 in the R00e/R00f states, 0.331 for NH3–(p)-D2 in
the R00f state and 0.471 for ND3–(p)-D2 in the R00e state. They
show a slight increase in magnitude with increasing deuterium
substitution, but they are still very close to the value of 0.306 for
the main isotopologue, NH3–(o)–H2 (R00f) [4], suggesting that
the intermolecular dynamics in NH3 (ND3) complexes with (o)–
H2 ((p)-D2) may be similar. At the same time, the obtained
hP2ðcos hÞi factors are remarkably large in comparison to those of
ammonia complexes with rare gas atoms: –0.0660 (R00f of NH3–
Ne) and –0.1279/–0.1281 (R00e/R00f of ND3–Ne) [21], –0.0856
(R00f of NH3–Ar) [25] and –0.1663/–0.1677 (R00e/R00f of ND3–
Ar) [22], which suggests a more strongly hindered internal motion
of the NH3/ND3 (R00) units in the complexes with H2 and D2. The
different sign of hP2ðcos hÞi assumes an ‘‘on average” more parallel



Table 4
Calculated (ab initio) lowest energy levels (J � 6) and dissociation energies D0 of the NH3–H2 isotopologues (in cm�1).a

J ND3–(p)–H2 ND3–(o)–H2 ND3–(p)–H2 ND3–(o)–H2 NH3–(o)-D2 NH3–(p)-D2

A1
+/A1

� A2
�/A2

+ B1
+/B1� B2

�/B2+ E1
+/E1� E2

+/E2� A2
�/A2

+ B2
�/B2+

R00e R00f R00e R00f P11e P11f P11e P11f R00f R00f

0 –33.7890 –33.7470 52.2822 52.2844 –45.0073 –15.3460
1 –32.5656 –32.5240 53.5064 53.5086 –26.9530 –26.9415 56.9836 56.9838 –44.2454 –14.5544
2 –30.1290 –30.0884 55.9498 55.9516 –25.2144 –25.1914 59.3119 59.3124 –42.7243 –12.9731
3 –26.5006 –26.4616 59.6018 59.6032 –22.4032 –22.3721 62.8006 62.8017 –40.4491 –10.6055
4 –21.7142 –21.6773 64.4466 64.4475 –18.4757 –18.4391 67.4436 67.4452 –37.4281 –7.4572
5 –15.8189 –15.7850 70.4625 70.4628 –13.4330 –13.3928 73.2301 73.2323 –33.6726 –3.5356
6 –8.8845 –8.8542 77.6214 77.6210 –7.3082 –7.2655 80.1427 80.1455 –29.1974 1.1500
D0 33.7890 33.8000 66.3974 66.4482 35.1977 69.9407 45.8007 75.9530
J NH3–(o)-D2 NH3–(p)-D2 ND3–(o)-D2 ND3–(p)-D2 ND3–(o)-D2 ND3–(p)-D2

E1
+/E1� E2

+/E2� A1
+/A1

� A2
�/A2

+ B1
+/B1� B2

�/B2+ E1
+/E1� E2

+/E2�

P11e P11f P11e P11f R00e R00f R00e R00f P11e P11f P11e P11f

0 –49.1145 –49.0905 –23.9879 –23.9868
1 –33.4589 –33.4449 –6.5978 –6.5968 –48.3854 –48.3615 –23.2461 –23.2449 –43.6856 –43.6845 –19.6649 –19.6649
2 –32.0663 –32.0258 –5.0542 –5.0513 –46.9293 –46.9058 –21.7637 –21.7626 –42.3533 –42.3503 –18.2181 –18.2180
3 –29.9773 –29.8998 –2.7427 –2.7368 –44.7505 –44.7277 –19.5438 –19.5428 –40.3517 –40.3462 –16.0504 –16.0502
4 –27.1932 –27.0710 0.3320 0.3417 –41.8559 –41.8338 –16.5907 –16.5899 –37.6791 –37.6707 –13.1648 –13.1645
5 –23.7177 –23.5458 4.1633 4.1779 –38.2544 –38.2333 –12.9104 –12.9097 –34.3355 –34.3240 –9.5657 –9.5652
6 –19.5581 –19.3336 8.7429 8.7633 –33.9578 –33.9379 –8.5104 –8.5098 –30.3239 –30.3095 –5.2587 –5.2580
D0 49.7035 82.6560 49.1145 49.1435 83.8015 83.8534 51.9303 87.7232

a Symmetry labels (A1,2, B1,2, E1,2) with ‘‘minus‘‘ sign refer to even J values and those with ‘‘plus‘‘ sign refer to odd J values for the f-levels and vice versa for the e-levels. The e
and f symbols are spectroscopic parity labels (see text).

Table 5
Comparison of the detected NH3–H2 isotopologues.

State B, MHz D, MHz R, Å eQq(N), MHz hP2ðcos hÞi h, �

NH3–(o)–H2
a R00f 19770.016 7.57 3.77 –1.251 0.3059 42.86

ND3–(o)–H2 R00e 18991.356 7.00 3.81 –1.482 0.3642 40.62
R00f 18985.210 6.98 –1.511 0.3701 40.39

NH3–(p)-D2 R00f 11946.943 2.20 3.60 –1.354 0.3312 41.89
ND3–(p)-D2 R00e 11190.461 1.97b 3.67 –1.923 0.4710 36.43
NH3–(o)–H2

a P11f 18868.354 5.27 3.86 — — —
P11e 18808.346 5.15 — — —

NH3–(p)-D2 P11e 11658.594 1.91 3.65 [–1.387]c [0.3392] c [41.59] c

P11f 11672.952 1.89 [–1.387]c [0.3392] c [41.58] c

a Ref. [9].
b Fixed to the value scaled from NH3–(p)-D2 (R00f).
c Calculated ab initio values.
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orientation of NH3/ND3 with respect to the intermolecular axis in
contrast to a more perpendicular orientation in case of NH3/ND3–
Ar and –Ne.

The magnetic nuclear spin–spin interaction parameters of the
H/D nuclei ((o)–H2, (p)-D2) provide information about the average
orientation of the hydrogenmolecule within the complex. It should
be noted that for the (p)-D2 (ID = 1) species the nuclear quadrupole
interaction of the D nuclei contributes to the hyperfine d(D2) con-
stant together with the nuclear spin–spin interaction because both
interactions have the same J quantum number dependence [26].
Thus the hyperfine constant is given by
d ¼ ðdD þ ð1=10ÞeQqDÞhP2ðcos hD2Þi, where dD is the nuclear
spin–spin coupling and eQqD is the quadrupole coupling constants
of D2 and hD2 is the angle between the D2 bond and the intermolec-
ular axis. For the free (p)-D2 molecule ðdD þ ð1=10ÞeQqDÞ is equal to
25.237 kHz [27], with the major contribution given by the latter
term. The effective nuclear spin–spin coupling constant d(D2) for
(o)–NH3–(p)-D2 was determined to be 6.48 kHz and may be
compared to 24.29 kHz for (o)–NH3–(o)–H2 [9], 10.74 kHz for
(p)–H2O–(p)-D2 [17] and 8.4 kHz for OCS–(p)-D2 [28] complexes.
The derived hP2ðcos hD2Þi value is 0.26, which is noticeably smaller
than value of 0.42 for (o)–NH3–(o)–H2 and 0.4 expected for uniaxial
free rotation [17,28].
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Comparison of the available experimental data with the theo-
retical values (see Table 2) show reasonable agreement for the
rotational and centrifugal distortion constants. The difference in
B values is smaller than 0.7% for all but the ND3–(o)–H2 (R00(e/f))
isotopologue, where this difference is about 3%. Also the hyperfine
structure parameters agree well with exception of the d(D2) con-
stant for the NH3–(p)-D2 (R00f) isotopologue. Note that this hyper-
fine constant includes the quadrupole interaction of D nuclei
together with the D nuclear spin–spin interaction. Although the
ab initio molecular parameters in Table 2 were obtained from a
somewhat larger data set (J = 0 to 6) than the observed transitions
(see Table 1), using the same range of J-values only slightly
changes the resulting parameters.

Unfortunately, we were unable in the present study to detect
the pure rotational transitions of the (p)–H2 and (o)-D2 nuclear
spin species. This is not surprising, because ammonia complexes
containing (o)–H2 and (p)-D2 bind significantly stronger than those
with (p)–H2 and (o)-D2. Also in NH3–H2 [9] and in H2O–H2 [16] the
spectra of the (p)–H2 and (o)–D2 complexes could not be observed
and a similar stability difference between the complexes of ammo-
nia with (p)–H2 or (o)-D2 and (o)–H2 or (p)-D2 was found from
ab initio calculations. The absence of the (p)–H2 and (o)-D2 species
was explained in more detail for the H2O–H2 complexes [16] by a
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kinetic mechanism. Moreover, for the (p)–H2 and (o)-D2 com-
plexes, the dipole moment may be averaged out to a larger extent
because of a more nearly free rotation of NH3 (ND3) in the complex.
It seems that enriched samples of (p)–H2 or (o)-D2 are necessary for
the production and observation of the (p)–H2 and (o)-D2 complexes
with ammonia.

6. Conclusions

This paper describes the first observation of the pure rotational
spectra of the deuterated NH3–H2 complexes. The observed
transitions were assigned to five isotopic nuclear spin isomers,
ND3–(o)–H2 (R00e), ND3–(o)–H2 (R00f), NH3–(p)-D2 (R00f), NH3–
(p)-D2 (P11(e/f)), and ND3–(p)-D2 (R00e). These transitions were
included in a fit to determine a set of empirical molecular
parameters for these complexes. Hyperfine interactions of ammonia
and hydrogen (deuterium) were resolved and their angular orienta-
tion and internal rotational dynamics of the subunits within the
complexes have been revealed. The bound rovibrational levels of
16 nuclear spin species, combining (A2)/(E)–NH3 with (o)-D2/(p)-
D2 and (A1)/(A2)/(E)-ND3 with (p)/(o)–H2 and (o)/(p)-D2, were
computed on the high quality NH3–H2 ab initio PES [4] for total
angular momenta J = 0 to 6 and their dissociation energies D0 were
determined. The computed energy levels were compared with the
rotational spectra measured in the present work and show good
agreement. Finally, we believe that the present results provide a
considerable amount of new information, which elucidates the
intermolecular interactions in the astrophysically relevant NH3–H2

system.
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