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Microwave and submillimeter transitions for Ar—-NH, have been observed and assigned for the
3 and II states correlating asymptotically with Ar + NH; (j = 1,]k | = 1). The X states are
found to lie below the II states and are separated by approximately the inversion splitting of
free NH,. For the II states the NH; inversion tunneling is nearly quenched, being only weakly
allowed through Coriolis interactions with the nearby = states. The observed microwave and
submillimeter spectra also allow the determination of '*N quadrupole coupling constants and
relative submillimeter absorption intensities. All the above results are interpreted using a
model internal-rotation inversion Hamiltonian, leading to detailed information about the

anisotropy of the intermolecular potential.

1. INTRODUCTION

The investigation of weakly bound complexes involving
NH; allows the systematic examination of the effects of the
van der Waals interaction on the NH, inversion tunneling.
In free NH,; this tunneling motion has been well studied
using microwave and infrared spectroscopy. The tunneling
splitting for the ground vibrational state is found to be 0.8
cm ™!, increasing to 36 cm ~ ! for the first excited vibrational
state (v, ) associated with the umbrella coordinate.!

Upon complexation NH; generally acts as a hydrogen
acceptor and binds axially or near axially to its binding
partner.? This leads to a large asymmetry in the NH, inver-
sion potential which quenches the tunneling. Ar-NH; has
been regarded as an exception to this case. Using molecular-
beam electric-resonance spectroscopy (MBER) Fraser et
al? reported, without rotational assignment, a series of tran-
sitions for Ar-NH; between 19 and 20 GHz which they
interpreted as direct inversion transitions. Fraser et al.® also
observed an infrared transition from the ground vibrational
state of the complex to the v, excited state. Bizarri et al.*
later found two more such transitions, located 32 and 36
cm ™! above the transition of Fraser et al.® Since the inver-
sion splitting of the v, excited state of free NH, is 36 cm !,
these infrared observations were taken as further evidence
that the NH, inversion frequency is essentially unchanged
upon complexation.

In a more recent microwave study, Nelson et al.> ob-
served an additional set of transitions for Ar~-NH, which
they assigned to the ground state of the complex, correlating
asymptotically with Ar 4+ NH; (j =0,k = 0). Here,jand k

*) Present address: Aerodyne Research Corporation, 45 Manning Road,
Billerica, MA 01821,

are the rotational quantum numbers for free NH; . The mea-
sured electric dipole moment and nuclear quadrupole cou-
pling constant indicate that the NH; subunit is undergoing
nearly free internal rotation within the complex. Further
evidence for the free-rotor picture came from several far-
infrared®*® and mid-infrared®!° investigations of other Ar—
NH, states correlating with NH; (j,k = 0). In addition, two
different ab initio calculations of the potential energy surface
have recently been performed by Chalasifiski ez al.'' and by
Bulski e al.,'* respectively. The latter calculations were
combined with dynamical modeling'>!* to provide addi-
tional insight into the internal-rotation dynamics of this
complex.

The nearly free internal rotation of the NH; unit within
the complex allows us to describe the internal rotor states of
Ar-NH, by their correlation with Ar + NH; (j,k). There
exist two distinct nuclear—spin modifications of Ar—-NH,
which are denoted by ortho and para. Collision-induced or
electric~-multipole transitions between these two spin states
are ““nuclear-spin” forbidden. The lowest energy ortho state
correlates with Ar + NH; (j = 0,k = 0); the lowest energy
para state with Ar+ NH; (j=1,|k| =1). The effect of
NH, inversion tunneling is similar to that in free NH,. Ev-
ery j,k state of Ar-NH; is tunneling doubled. For the X =0
ortho state one of these components has a statistical weight
of zero. This makes it difficult to get direct information on
the NH, inversion splitting in these states. For para
Ar-NH; both components of the inversion doublet have a
nonzero statistical weight.

In the present paper we present microwave and submil-
limeter measurements of these para states and interpret the
results using a model internal-rotation inversion Hamilto-
nian. For Ar-NH; (j = 1,|k| = 1) two types of internal-
rotor states result, denoted N(j=1,lk|=1) and
2(j = L,|k| = 1), corresponding to whether the internal an-
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gular momentum is directed along (I1) or perpendicular to
(Z) the radial coordinate. We find for the X states that the
inversion tunneling splitting is nearly the same as in free
NH,;, whereas for the IT states the resulting asymmetry of
the NH, inversion potential nearly quenches tunneling.
Only by Coriolis mixing of the IT and 3 states via overall
rotation is tunneling allowed for the I state. This same Cor-
iolis interaction is the source of the intensity for the pure-
inversion @ branch initially observed by Fraser et al.®> near
19.5 GHz.

Il. EXPERIMENT

The molecular-beam measurements were done using
microwave spectrometers at NIST and Harvard University
and a submillimeter spectrometer at the University of Nij-
megen. In each case, a molecular beam of Ar~NH, was pro-
duced by an adiabatic expansion of an NH,/Ar or an
NH, /Ar/He mixture. The cold rotational temperatures
produced by the expansions (1-10 K), together with the
large rotational constant of NH; ensures that most of the
Ar-NH; molecules will be in the lowest levels correlating
with Ar-NH, (j=0,k=0) (ortho) or Ar-NH,
(G=1L|k|=1) (para).

The microwave results consist of previously unassigned
molecular-beam electric-resonance transitions® and new
pulsed-nozzle Fourier-transform microwave (FTMW) and
electric-resonance optothermal (EROS) measurements.
The FTMW!'>!¢ and EROS'”!® apparatus have been de-
scribed in detail elsewhere.

The submillimeter apparatus is based on the direct ab-
sorption of harmonics from a klystron by a planar super-
sonic jet.'” The harmonics are generated in a Schottky bar-
rier diode and are radiated into free space by a 2 mm long
antenna backed by a movable corner reflector. Klystrons
around 60 or 70 GHz were used in most cases. A parabolic
mirror located approximately 10 cm from the antenna pro-
duces a parallel beam of radiation. The desired harmonic is
selected using a monochromator with a grating of 0.8 or 1.3
grooves/mm. The radiation is guided by lenses and mirrors
through the supersonic jet onto an InSb hot-electron bolo-
meter. The radiation is frequency modulated at 5 kHz and
the detector output is monitored at twice this frequency us-
ing a phase-sensitive detector. The planar jet is produced by
expanding a mixture of a few per cent NH; in Ar through a 4
cm long X 15 um wide slit nozzle®® at a backing pressure of
approximately 600 Torr.

Approximate relative integrated absorption intensities
of the submillimeter transitions were determined by normal-
izing the observed signal by the total power, measured im-
mediately after recording a transition. To obtain integrated
absorption intensities, both the height and the width of a line
have to be determined. The recorded line shapes are deter-
mined by several factors, including Doppler and pressure
broadening, unresolved quadrupole hyperfine structure and
the frequency modulation (FM) amplitude. The product of
the height and the width of a line can be estimated by deter-
mining the peak height as a function of the FM amplitude.
This product of height and width is used to determine rela-

tive integrated absorption intensities. This procedure has
proven useful here, since we are only interested in relative
intensities. The estimated uncertainties in the measured rela-
tive intensities are 30%. The accuracy is sufficient to deter-
mine several striking intensity effects, as will be discussed
later.

lll. RESULTS

In Sec. IV below a dynamical model is presented to in-
terpret the observed spectrum. Here, we will give a gualita-
tive picture of the dynamics to clarify the spectral observa-
tions. The energy-level scheme can be understood by taking
an approach similar to that used to discuss Ar-H,0.2'-2
Here, we have the additional complication of the NH, inver-
sion. The states of Ar-NH; are described by a model in
which the inversion and free rotation of the NH, subunit are
hindered by the anisotropy of the interaction with the Ar
atom. The observed states correlate asymptotically with
Ar+NH; (j=1,Jk| =1,v=0,1), where v =0 and 1 de-
note the symmetric and antisymmetric tunneling states, re-
spectively. In the left-hand side of Fig. 1 the energy level
diagram for Ar-NH; is shown at infinite radial separation,
where the potential interaction between the Ar and NH,;
vanishes.

In the right-hand side of Fig. 1, the energy-level scheme
which results from the anisotropic interaction of the NH,
with the Ar is given. Ignoring tunneling, van Bladel ez al.®
showed that the Ar-NH, interaction splitsthej = 1,|k | =1
NH, state into one 2 and two II levels. These levels are
labeled 2, I, , and I, in the figure. Here, we are using
diatomic-molecule-like notation to designate the states. In
this notation = and I1 denote states with |K | =0 and 1, re-
spectively, where X (called ) in Refs. 13, 14) gives the pro-
jection of the total angular momentum J onto the pseudo-
diatomic axis of the complex. As discussed by Hutson for
Ar-H, O, for sufficiently high internal-rotation barriers X is
nearly a good quantum number.

Approximate “zero-point™ pictures of the Z and two I1
states are shown in Fig. 2. The present measurements do not
allow us to determine which of the two IT geometries belong
to the observed I, and I1,, ... states. The ab initio calcu-
lations of Bulski et al.,'? though, indicate that the potential
energy is lower for the configuration in which the H atoms
are directed away from the Ar, so that the II,,., configura-
tion corresponds to the geometry shown in the bottom of
Fig. 2.

In Ar-NH;, NH, tunneling further splits the 2 and II
levels into a symmetric and an antisymmetric tunneling
component, denoted by an “s” or “a”” subscript on the £ and
IT labels. The origin of the tunneling effects can be appreciat-
ed by examination of Fig. 2. The presence of the Ar makes
the NH; inversion potential extremely asymmetric for the I1
states, but not so for the Z state. Because of this, the NH,
tunneling is effectively quenched in the I1 states and almost
unaffected in the X state. The small splittings of the IT states
shown in Fig. 1 are Coriolis-induced tunneling splittings
driven by interactions of the I states with the nearby 3
states. If the Coriolis coupling is weak, the J dependence of
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FIG. 1. Energy level scheme of Ar-NH; states correlating with Ar 4+ NH,
(j=1,Jk| =1). The zeroes of energy for the Ar-NH; and Ar + NH,
states are not the same, differing by approximately the zero-point binding
energy of the complex. The rovibronic symmetries are given for even J, with
the odd-J symmetries enclosed in parentheses. For the I states the splitting
between the I, and Il state is not due to tunneling, but instead is a
measure of the energy difference of the two different *““zero-point” geome-
tries shown for the I states in Fig. 2. The smaller E'-E " splittings for the
Myuer and I, states arise from the NH, inversion, as does the larger
splitting between the %, and X, states.

the splittings resembles that typically seen for / doublingina
linear molecule or K doubling in an asymmetric top. In the
text we will refer to this splitting as / doubling or tunneling
doubling,

End-over-end rotation gives rise to a series of = levels
withJ = 0,1,2,... and Il levels with J = 1,2,3,... The symme-
tries of the rotation internal-rotation tunneling states under
the molecular symmetry group D,, (M)?* are also given in
Fig. 1. The symmetries are given for even J, with the odd J
symmetries enclosed in parentheses. The Coriolis interac-
tion between the X and IT states only mixes states of the same
J and of the same symmetry under D, (M). The observed
microwave transitions are within and between the four low-
est lying internal-rotor levels of Fig. 1. The submillimeter
transitions are between the four lowest and the two highest
lying levels. The electric-dipole selection rules are E'<—E "

withA/=0,1£ L.

The observed microwave transition frequencies are list-
ed in Table I. We also tabulate the hyperfine corrected mi-
crowave frequencies when hyperfine splittings are observed.
These corrected frequencies have been used in the fit de-
scribed below. The observed submillimeter transitions are
given in Table II. The submillimeter transitions showed no
hyperfine splittings at the FM amplitude which resulted in
the largest signals. The frequencies measured with these op-
timum FM amplitudes have been used in the fit. Upon lower-
ing of the FM amplitude half of the transitions showed re-
solved hyperfine structure, but still the resolution was
insufficient to determine reliable quadrupole coupling con-
stants.

Since the microwave spectrum is strongly perturbed by
the II~-2 Coriolis interaction, the initial assignments of the
microwave transitions were made by using the observed hy-
perfine patterns to identify the J states of the transitions and
by using microwave-microwave double-resonance experi-
ments, The latter experiments were done by exploiting the
double-resonance capabilities of the MBER and EROS spec-
trometers. The assignment of the first submillimeter lines,
which were [1« 2 transitions, was easier since the spectrum
consists of two bands, similar in structure to vibrational
bands, both with P, Q, and R branches. The assigned micro-
wave and submillimeter transitions turned out to involve
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FIG. 2. Approximate *‘zero-point” geometries for the 2 and IT states from
Fig. 1.
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TABLE I. Observed microwave transitions (in MHz) for the Ar-NH;

Zwart et al.: Spectroscopy of Ar—-NH;

states correlating with Ar + NH, (j=1,|k|=1).*

J' J" F' F" Sym’'Sym" Frequency Obs— Cal

5,—-3, 1 1 E'
2 2 E”
3 3 E’
4 4 E"
5 5 E’
6 6 E*

6 6
5 5
7 7
7 7 E’
7 7
6 6
8 8
8 8 E”
7 7
9 9
9 9 E’
8 8
10 10
10 10 E”
5,-3, 3 2 E*
4 3
3 2
2 1
4 3 E’
5, -3, 3 2 E'
4 3
3 2
2 1
4 3 E"
5 4
4 3
3 2

Doy — 2, 1 2 E*

2 3 E’
. 3 4 E*
4 5 E'
5 6 E"
Hlower_zal 2 E’
1 2
2 2
2 3
1 1
0 1
2 3 E"
2 3
3 3
3 4
1 2
3 4 E'
3 4
4 4
4 5
2 3
4 5 E*
4 5
S S
5 6
3 4
5 6 E'
5 6
6 7
4 5
6 7 E"
6 7
7 8
5 6
7 8 E’

E"
E'
E”
El
E"
E'

E*

22283.191
21 661.723
21025.297
20 477.477
20 048.820
19 734.921
19 734.881
19 734.942
19 734.942
19 519.696
19 519.656
19 519.717
19 519.717
19 385.152
19 385.172
19 385.172
19 315.249
19 315.269
19 315.269
19297(2)

15 326.304
15 326.303
15 326.303
15 326,371
20 628.994
14 689.878
14 689.877
14 689.877
14 689.943
20081.179
20081.187
20081.187
20 081.187
36 601.36

34 186.98

32783.53

3217778

32 186.82

15315.276
15 314.877
15 315.010
15 315.374
15 315.451
15 315.774
14 091.851
14 091.505
14 091.619
14 091.966
14 092.155
13771.678
13771.361
13 771.442
13 771.789
13771.917
14 006.741
14 006.439
14 006.510
14 006.857
14 006.944
14 587.193
14 586.904
14 587.304
14 587.381
15 387.754
15 387.471
15 387.860
15 387.938
16 331.178

0.113

—0.055
—0.119
—0.058
0.086
0.098

0.014

—0.142
0.052

1.874
—0.042

—0.015
—0.107

0.051

—0.226
—0.234
—0.189
—0.049

0.031
—0.046

0.125

0.090

—0.080

—0.176

—0.036

0.229

TABLE 1. (continued).

J' J" F' F" Sym'Sym” Frequency Obs — Cal

7 8 16 330.896
8 9 16 331.290
6 7 16 331.354
8 9 E* E' 17367465 —0.094
8 9 17 367.182
9 10 17 367.576
7 8 17 367.642

E" E' 2444831 —0.463
E' E" 2785159 —0.192
E" E' 3238727 —0.042
E' E" 3772483 —0032
E' E" 2944897 0447
E" E' 3829045 —0225

[CYEE T S
—0O PN

nluwer-
Mower 2 1 E" E' 13466453 0.064
1 0 13 466.323
2 2 13 466.323
3 2 13 466.461
2 1 13 466.461
1 1 13 466.662
2 1 E' E" 12911937 -0.037
3 2 E' E" 19761.006 0.016
2 1 19 760.955
4 3 19 761.000
3 2 19 761.034
3 2 E* E’ 19225560 0.046

* Experimental uncertainties in the frequency measurements are approxi-
mately 5 in units of the last significant digit.

common levels. A collaborative effort resulted in many new
assigned lines, e.g., the X X microwave direct-inversion
transitions and the weak IT —II submillimeter bands.

The observed microwave and submillimeter transitions
are consistent with Fig. 1 and the relative energies in the
figure are drawn to scale. The two data sets are also consis-
tent with each other, as verified by using combination differ-
ences. An assignment to the ortho Ar—NH,; Z(j = 0,k =0)
ground state can be excluded since this state is well charac-
terized and shows no common combination differences or
effective rotational constants with the states presented here.

All assigned frequencies have been fit to effective rota-
tional constants by using the following energy-level expres-
sion for each of the six levels drawn in Fig. 1,

E,,=E,+BJ(J+1)—DJ*J+ 1) (D

where E, is the energy-level origin, and B, and D, are rota-
tion and distortion constants of level i. Off-diagonal Coriolis

matrix elements oz yJ(J + 1)/2 were used between the
lowest = and H states, i.e., between levels 2, and I1, ., , and
between levels X, and II,,,,., .. The Coriolis coupling of the
3 states to the upper I states was not included in the analysis
since the coupling of these states is sufficiently weak that the
IT,,per levels are well characterized using a single B and D,
for the s component and a single B and D, for the a compo-
nent. In addition, due to larger energy separation of the X
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TABLE II. Observed submillimeter transitions (in MHz) for the Ar-NH,
states correlating with Ar + NH,; (j= L,jk|=1).*

J! J" Sym’ Sym” Frequency Obs — Cal
Mypper—2s 1 2 E" E' 24194544 0.15
2 3 E’ E* 238 036.13 0.16
3 4 E" E' 23452838 0.24
4 5 E' E" 23132390 0.19
5 6 E* E’ 228 344.30 0.04
6 7 E' E" 22553080 —0.13
7 8§ E" E' 22284088 - 024
8 9 E' E* 2202448} —0.01
9 10 E” E’ 217 722.20 0.80
1 1 E’ E" 252 110.37 — 0.06
2 2 E* E' 253467.13 0.01
3 3 E' E" 25536741 0.03
4 4 E* E' 257700.06 0.02
5 5 E' E" 26036609 0.03
6 6 E* E' 26328624 —0.08
7 7 E' E" 26640134 —0.10
8 8 E* E’' 26966849 —-0.07
9 9 E' E* 27305777 0.23
10 10 E" E' 27654897 1.08
1 0 E" E 25710949 - 0.04
2 1 E' E" 26349253 - 0.05
3 2 E* E' 270483.62 0.12
4 3 E' E" 27797145 0.16
5 4 E" E' 285860.64 0.22
6 5 E’ E* 294 031.38 0.07
7 6 E" E’' 30240803 —0.02
8 7 E' E" 310928.11 -0.21
9 8§ E" E' 31954579 —0.26
10 9 E' E" 328227176 0.01
Mypper—Z0 1 2 E' E”" 22031856 0.18
2 3 E" E' 21711553 0.17
3 4 E' E" 21426096 0.12
4 5 E* E’ 211 626.66 —0.08
5 6 E' E" 20913942 —0.23
6 7 E" E' 206757.63 —-0.22
7 8 E' E" 20445794 —0.06
8 9 E* E' 202228.06 0.06
9 10 E' E* 200062.61 —0.51
1 1 E" E' 22979232 —0.16
2 2 E' E* 231700.80 0.26
3 3 E” E' 234 132.05 0.31
4 4 E' E" 236871.02 0.27
5 5 E* E' 23978722 0.10
6 6 E' E" 24280476 —0.13
7 7 E" E’ 245 879.41 —-0.17
8 8 E' E" 248984.73 —0.15
9 9 E" E' 25210543 —0.07
1 0 E' E" 23445211 —0.37
2 I E" E' 24131413 - 0.18
3 2 E' E" 24903201 0.06
4 3 E" E' 25730379 0.16
5 4 E' E” 265913.23 0.14
6 ) E” E' 274729.17 0.00
7 6 E' E" 28367530 ~0.11
8 7 E* E’' 29270700 —0.02
9 8 E' E* 301797.80 0.19
10 9 E” E’ 310932.13 0.15
i1 10 E' E" 32010151 —~0.86
MopperThiower 3 4 E" E' 17632588 0.13
3 4 E' E" 17465825 0.00
2 2 E" E' 20395384 0.28
3 3 E' E" 20195486 0.20
4 4 E” E' 199 497.66 0.02
5 5 E' E" 19668745 -~0.23
6 6 E” E’ 193 611.13 —~0.43

TABLE 11. (continued).

J’ J" Sym’ Sym” Frequency Obs— Cal
7 7 E’ E” 190 337.55 —-0.32
8 8 E" E’ 186 920.90 0.68
1 1 E" E' 204 968.30 0.11
2 2 E' EY 20291892 0.09
3 3 E" E' 200279.13 0.11
4 4 E’ E" 197 268.31 0.15
5 5 E" E' 194 022.16 0.09
6 6 E' E" 190623.33 —0.13
7 7 E" E’ 187 124.53 —0.34
8 8 E’ E" 183 562.01 —0.05
2 1 E’ E” 216 761.00 0.27
3 2 E" E' 220970.27 0.33
4 3 E’ E" 224 564.88 0.32
5 4 E" E’ 227 658.20 0.17
6 5 E’' E" 230 352.82 —0.11
7 6 E" E' 23273294 —-0.36
8 7 E’ E" 234 864.29 — 0.45
9 8 E" E’ 236 798.16 0.45
2 1 E" E’ 216 490.23 0.21
3 2 E' E" 220 250.23 —0.01
4 3 E" E' 223450.89 —0.03
5 4 E’ E" 226 310.52 0.02
6 5 E" E’ 228 964.13 0.01
7 6 E' E" 231493.85 —0.12
8 7 E" E’ 233 952.07 —0.24
9 8 E’ E” 236 375.09 0.30

* Experimental uncertainties in the frequency measurements are approxi-
mately 0.10 MHz.

and [T, states it is possible that other unobserved X states
contribute significantly to the Coriolis splittings in the
I, states. The E;’s are taken relative to the lowest energy
2.(G=1,|k| = 1) level by setting £(X,) = 0. The energy-
level origins of the two Coriolis-split I1,,,., states were con-
strained to be equal. The same constraint was used for the
two IL,,,., levels. It was found that for the Coriolis-coupled
states the best B and D constants to report are the sum and
difference of the constants for the two coupled states. The
difference is strongly correlated with the Coriolis constant,
while the sum is not, and therefore the error in the sum is
small relative to that of the difference. In Table III we list the
constants obtained from the fit, with the residuals from the
fit being given in Tables I and II. Note in the table that the
3,2, splitting of 22.7 GHz is nearly identical to the free
NH, inversion splitting of 23.8 GHz, indicating that for the
3 states the NH,; inversion splitting is only weakly affected
by complexation.

The magnitude of the Coriolis-induced splittings (/-
doubling) in the II states can be taken as a direct measure of
the NH, inversion splitting in these states since these split-
tings would be absent in the case of an Ar complex with a
noninverting symmetric top, such as Ar-PH; . The /-doublet
splittings are significantly larger for the Il ., state than for
the IT,, .., state due to the near degeneracy of the interacting
2 and 1., states. The combination-difference calculated
splittings for the J = 1, 2 and 3 levels of the II,, ., states are
376, 930, and 1466 MHz, respectively, compared to the 35,

105, and 210 MHz splitting found for the II . state. For
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TABLEIIL (a) Band origins obtained from the fit (in MHz). (b) Effective constants of the 2,2, and I1,,..

states obtained from the fit (in MHz). (c) Effective constants of the I, states obtained from the fit (in

MHz).
(a) 2: 2a nlower Huppcr
E o 22 691.922(45) 45276.381(71) 251 400.15(30)
(b) Zs;nlower,s 2a;nlowcr.a
(Bs + By)/2 2881.0463(50) 2872.7229(42)
(B — By)/2 —21.8(10) ~ 16.56(13)
(Ds +Dy)/2 0.095 81(14) 0.10047(11)
(D; —Dy)/2 —0.03406(82)  —0.118265(86)
sy 5613.4(81) 5080.20(62)
(C) nupper,s nupper,a
B 2854.834(10) 2872.251(14)
D 0.072 41(14) 0.063 84(13)
2Constrained in the fit.
the I, state the splittings are in the 1:3:6 ratio expected IV. DYNAMICAL MODEL

for I-type (or K-type) doubling in a linear (or asymmetric
top) molecule.

Using the procedure described in the experimental sec-
tion, relative integrated absorption intensities have been de-
termined for several submillimeter transitions. The results
for the various transitions between levels of para Ar-NH,
are discussed in a following section. There these results are
compared with theoretical calculations. We have also com-
pared the intensities of the submillimeter bands presented in
the present paper, i.e., those of para Ar-NH; with two al-
ready known bands between levels of ortho Ar-NH;. The
intensities of four R(3) transitions have been determined,
one shortly after the other, using harmonics from a klystron
operating around 70 GHz. Only the grating of the mono-
chromator had to be changed between the different measure-
ments. In this way equal conditions are obtained to ensure

The rotation internal-rotation tunneling states of
Ar-NH, can be modeled using an extension of the rod-ball
and asymmetric-top-ball descriptions applied previously to
the rare-gas hydrogen halide and Ar-H,O complexes.”
Here, we will consider an inverting and rotating NH, unit
coupled to an Ar atom through an interaction potential V.
We will constrain all the coordinates of the NH; unit at their
““zero-point” values, except for the tunneling coordinate a.
Also, since we are mainly interested in characterizing the
internal-rotation inversion states of the complex and since
we do not study states with excitation of the radial coordi-
nate, we will further reduce the dimensionality of the prob-
lem by fixing the radial coordinate R at an effective center of
mass separation R, . With these considerations, the Hamil-
tonian for the Ar—NH, complex can be expressed as

the reliability of the measurements. The results are listed in H=H + by, (@) + V(6,4,2), (2)
Table IV. where
H.o = B, + b(a@)§ + [c(@) — b(a) i, (3)

TABLE IV. Measured relative integrated absorption intensities® of several
submillimeter R(3) transitions.®

B, = #/(2uR 2,,), p is the pseudo-diatomic reduced mass,
1is the orbital angular momentum associated with end-over-
end rotation of the complex, j is the angular momentum of
the NH, unit with projection j, along the NH; symmetry
axis (i.e., caxis), b(a) and c¢(«) are the rotational constants

Transition Form Frequency Intensity ’ ’ ; : " .
of NH, as a function of , A,,, is the inversion Hamiltonian
[T, R(3)° Para 224 564.88 20 for free NH;, and V(6,¢,a) is the interaction potential
g*‘é' }I;g; . OP:tlixao ?1’; 2;’);';2 . o(sxl) between Ar and NH;. The polar coordinates (R,8,4) speci-
53 R(3) Ortho 815 476.28 397 fy the orientation of the Ar with respect to an (x,y,z) Carte-

*The estimated uncertainties in the measured intensities are 30%.

®The frequencies are in MHz. Experimental uncertainties in the frequency
measurements are 0.10 MHz.

¢This work.

dReferences 7 and 8.

°Reference 6.

sian axis system fixed on the NH; with origin at the NH,

center of mass and z axis along the NH, symmetry axis, as
shown in Fig. 3. Although for our purposes the definition of
the tunneling coordinate is somewhat arbitrary, for conven-
ience we will take « to be the angle between the N—H bonds
and the negative z axis.
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R
® o7

FIG. 3. The polar coordinates (R,0,¢) specifying the position of the Ar
atom relative to the NH, frame.

Matrix elements of H are evaluated in the coupled basis,
|JMjklv), where J =1+ j, constructed from products of
spherical harmonics Y, ,, (0,5,8.), symmetric-top functions
D% (ay,81,71),* and NH; tunneling wave functions
¥, (a)(v=0,1,...). Here, 6, and ¢, are the polar coordi-
nates necessary to specify the orientation of a unit vector
along R with respect to some space-fixed (X, Y,Z) axis sys-
tem, and («, ,8,,7, ) are the Euler angles between the NH,
body-fixed axis system and this same space-fixed axis sys-
tem. To simplify the evaluation of matrix elements of

d

(IMjk'1'V' | V(0,8,0) | IMjkiv)
1 [1 +2 cos(
6 — p<g<pAp>0

o 5 ol
X(o o o/l\k’

4

p J _ q(J p
q -—k)+( D k' -

Note that these matrix elements vanish for ¢#0,3,6,... and
that for (p —q) even, (V' — v) must be even, while for
(p — q) odd, (v' — v) must be odd.

The Hamiltonian matrix which results can be symmetry
factored into 4 {,4 ,4},4%, E' and E " blocks in D,, (M),
with the E' and E ” blocks being of interest here since only
these rovibronic species can result from Ar+ NH;
(= 1|k|=1). For the E' and E" states, the symmetry
adapted wave functions take the following form,

,{lJMjklv} I4+vodd, k=6n+1
[JMjklv) 1+ v even k=6n+2 9)
E,,[[JMjkIv) I4+vodd k=6n42

|JMjklv) 140 even, k=6n+1

wheren=0,41, + 2,....
The Hamiltonian matrix H was set up in the |JMjklv)
basis set including interactions from j = 1.8, k = 4 1, and

hem. Phys., Vol. 95, No. 2

q9

V(6,6,a), we expand V(6,¢4,) in renormalized spherical
harmonics,”® C,, (6,4) as

V(63¢’a) = qu (a)

— pRg<pAp>0
where the v, are independent of 6 and ¢. Consideration of
the transformation properties of 8, ¢ and & in the molecular
symmetry group of Ar-NHj;, which is identical to that used
to characterize free NH, and is denoted D,, (M),** allows us
1
V( 6,¢’a) =

to reexpress Eq. (4) as
[1 +2 cos( 27rq)] Vig(a)
— PRg<pAp>0 3

X [Coa(6.8) + (— 1)C,_,(8.4)],  (5)

4 (6:9), (4)

where
Veg(@) =4[ (= D", (m—a) +v,(a)].  (6)

The matrix element of H,, + h,, are diagonal in the
|JMjklv) basis,

(JMjklv|H |IMjklvy = B I(1+ 1) + b,jG + 1)

+ (¢, = b)k? +w,, (7
where the w,’s are the term values of the NH; inversion
potential, with w, —w, =0.793408 3 cm~' being the
NH,; ground-state tunneling splitting. Also in Eq. (7),
by =9.946 6422 cm~',b, =9.9415887 cm~!, ¢, — b,
= —3.7199204 cm~!, and ¢, — b, = —3.7128676
cm ™!, are the zero-point rotational constants for the sym-
metric and antisymmetric tunneling states of free NHj;, as
determined by Urban et al.! The potentjal matrix elements
are both diagonal and off-diagonal in j, &, /, and v.

)]<v| (@) [0y (— DY =F+ I+ Q1+ 1L+ 1D+ D+ D]V

j I’ j/ _,}
——k)]{j 1 pb @

|

v = 0,1, and diagonalized to determine energies. States with
v> 1 correspond to excited vibrational states of NH;, and
were not included here since the v, vibrational frequency of
approximately 950 cm~! is expected to be substantially
greater than the (v=2,3|V, |v'=0,1) matrix elements
coupling the ground state to the excited state. Values for
(v|V,q|v") were determined iteratively from fitting the ex-
perimental data to the energies obtained from the diagonali-
zation of H, as discussed later. Terms up to (v'| ¥y | V) in
Eq. (8) were considered. We have not considered higher-
order terms since these are expected to be much smaller and
the present experimental data are not sufficient to examine
these in detail. This allows us to limit our basis set to states
with |k | = 1.

The electric-dipole selection rules are E'«»E ", The di-
pole moment matrix elements necessary to calculate transi-
tion intensities are obtained from

15 July 1991
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’ e Ty » . — R . " ; 1 3
(T MKV | | IMGKIOY = Sy By pro (= 1Y+ K [(2T + 1)(2] +1><21+1)<2J+1)]"2(_’k 0 ,ﬁ)

> ‘(—1)"'(" !

m= —j

m M—m

WCowln T 0 D)
—-M/\m M-m —-—M/\—m 0 m/ (19)

whereu, = p(a)cos(f3, ) is the projection of the NH; dipole moment onto the space-fixed Z axis along which M is quantized.
We define u,, = (v|u(a)|v’), where o, = 1.47 D is the ground state dipole moment of free NH;. Note that u,,, = 0 for

(v—"') even.

Following Fraser et al. for Ar-H,0,”" effective quadrupole coupling constants, eqQ., are calculated for each rotation
internal-rotation tunneling state via first-order perturbation theory using the zeroth-order diagonal in J matrix elements of the

electric quadrupole interaction,

(FMJjk'l'V' |Hy |FMpJjklv) = (V'|eqQ.. (@) [0}y ( — I+ IHTHi= k() + 1)(2 + D1V LJF)

><((2J—1)(2J+1)(21+3>)‘/2{J J 2}(1" 2 j)
J(J+1)

and the eigenvectors from the diagonalization of H. Here,
F =1+ J, where I = 1 is the '*N nuclear spin, f (I,J,F) is,
as before, Casimir’s function, and egQ,. (a) is the c-axis
(i.e., symmetry axis) component of the quadrupole coupling
tensor of free NH, as a function of the tunneling coordinate.
Note that (v'|egQ. (@)|v) =0 for (v'—wv) odd and
(1legQ.. (@)|1) = (0legQ,. (@) |0y =egQ "™ the quadru-
pole coupling constant of free NH,;. We use

eqQ NFi — _ 4.089 83 MHz, as determined by Marshall
and Muenter.?®

V. DETERMINATION OF THE POTENTIAL ENERGY
SURFACE

As discussed in the previous section, the Hamiltonian is
diagonalized using potential parameters V,,V o, and V.
For B, in Egs. (3) and (7) the mean value of the six B,’s has
been used. This average B = 2872.4 MHz has no first-order
Coriolis or angular-radial coupling effects, and is close to the
B value of 2876.8 MHz found by Nelson et al.’ for the
3(j = 0,k = 0) state of Ar—-NH;. As an aside, we note that
the mean D value of 0.0881 MHz determined here is also
nearly identical to that found for the Z(j = 0,k = 0) state
where D = 0.0887 MHz. With the B, constraint above, the
energy level positions E; of Table IIla are only functions of

TABLE V. Ar-NH; potential parameters (incm~").

i 5 Ui\l 0 —k (D

—

the potential matrix elements {v'|V,,|v), and these matrix
elements can consequently be iteratively determined. The
maximum number of independent matrix elements, corre-
sponding to the number of available band origins, is three.
The potential matrix elements are not constrained by sym-
metry to be identical for the two tunneling states. Since we
do not have sufficient data to determine all the ¥, one of the
constraints,  (0|Feo|0) = (1|Vy|l) or  (0|Vy]|0)
= (1|V]|1), has been used in the calculations. The poten-
tial matrix elements were then determined by fitting the ex-
perimental J = 0 X levels and the J = 1 I1 levels to the V.
For the J = 1 II levels the average of the two /-doublet split
levels were fit. The potential matrix elements determined
from the model are listed in Table V.

The potential matrix elements from Table V can be used
to calculate transition intensities and quadrupole coupling
constants to compare with experiment. This will further test
the model used and the validity of truncating the potential
expansion at V,,, which is equivalent to assuming free inter-
nal rotation of the NH, about its symmetry axis.

The quadrupole coupling constants for some of the low-
er J states are known from the microwave measurements. As
in Ref. 27, for every J level an effective quadrupole constant
2qQ.¢ can be defined by

EQ =queﬂ'f(I9ij), (12)

Case 1 Case 2
(0| ¥V |0) = (1] ¥V |1) (01¥510) = (11Vl1)
({1} Vo | 1) — (O] ¥ |0} )72 —0.0111 0

[€0]70 11} 9.6709 9.6682

({1{¥30{1) — (0| ¥ ]0))/2 0 0.0469
({1 ¥ |1} + (0] ¥, 10))/2 20.3797 20.3797

B, 2872.4 MHZ* 2872.4 MHZ*
2Constrained in the fit.
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where egQ.¢ is the coefficient of f (1,/,F) in Eq. (11). The
eqQ.¢ are calculated from Eq. (12) using the wave functions
obtained from the diagonalization of the Hamiltonian with
the potential matrix elements from Table V. The results,
which are given in Table VI, show good agreement with ex-
periment. The egQ., also do not differ appreciably for the
two sets of potential parameters of Table V.

The wave functions obtained by diagonalization of H,
together with the dipole moment matrix elements of Eq.
(10), can be used to estimate intensities for the submilli-
meter bands. Figure 4 shows the calculated spectra for the
Mypper = Z 55 Mypper — 2, and M, <1, bands. The sim-
ulations were done using a rotational temperature of 5 K,
which approximately reproduces the observed intensity pro-
files. As seen in the figure, the Hypper — 2, band is calculated
to be 9 times stronger than the I, ., <I1,,,,., band, as ob-
tained by comparing the ratios of the strongest lines from the
two bands. Experimentally we find an intensity ratio of ap-
proximately 10, in good agreement with the calculations.

The intensities also show a number of interesting anom-
alies resulting from the 2~II Coriolis interactions. The most
striking of these is that experimentally the IT—IT submilli-
meter bands possess () branches with intensity profiles
which resemble those expected for a perpendicular band,
whereas a parallel |K | = 11 type branch structure might
be expected. The theoretical calculations however agree
with the experimental results and, in fact, show that most of
the intensity for the I1 — IT band comes from the 2~II Corio-
los interaction, giving substantial [T~ 2 or |K | = 1 < Ochar-
acter to the IT«TII band.

In addition to the dramatic intensity features in the
I1 —TI1 band, the =—IT Coriolis interaction also gives rise to a
strong X « X type Q branch in the microwave spectrum. In
the absence of Coriolis interactions, the £ 3 Q branch is
forbidden, since it would correspond to a pure K = 00 (or
[ =0+0) Q branch for a symmetric top (linear molecule)
for which the Honl-London factors vanish. Here, the Corio-
lis interactions change a forbidden K = 00 band into an
allowed |K | = 10 or 01 band through the rotationally
induced admixture of |K|=1 character into the K =0
states.

Another interesting effect which is reproduced by the
calculations is that experimentally several of the P branches
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FIG. 4. Calculated spectrum for the observed submillimeter bands for
J = 0,12. The calculations use the potential constants from Case 1 in Table
V, amaximum j of 6 in the angular basis set and a rotational temperature of
5 K. The arbitrary intensity scale is the same for the three bands.

are found to be weaker than their R branch partners. For the
I1—Z bands this type of effect is expected from considera-
tion of the Honl-London factors fora |K | = 1 0typeband.
Here, we see for the IT — X bands that the difference in inten-
sity between P and R branches is 2-3 in the experiments and
1.9-2.6 in the calculations (see Fig. 4). We have estimated
the strength of a branch by the intensity of the strongest lines
from the branch. For I1«II bands this effect is also ob-
served. For transitions between Il and I, the R

TABLE VI. Comparison of observed and calculated effective quadrupole coupling constants, eqQ.s, (in MHz) for Ar-NH,; states correlating with
Ar + NH; (j= 1,}k| = 1). Calculations were done using the potential parameters of Case 1 in Table V and a maximum Jof 7 in the free-rotor basis set.

State J=1 2 3 4 5
s, —1.1328 — 1.1166 — 1.0987 — 1.0824 — 1.0694
s, —1.2100 —1.1248 —1.0539 — 1.0038 —0.9713

Observed [ — 1.114(18)] [ — 1.037(20)] [ — 1.044(24)] [ —0.9999(43)]
Miners —0.0148 —0.0287 —0.0398 — 0.0465 —0.0472
Muera 0.4352 0.3523 0.2882 0.2477 0.2273

Observed [0.444(12)] [0.388(17)] [0.250(26) ] [0.2076(50) 1

Myppers 0.4476 —0.0625 —0.1962 —0.2564 —0.2938
0.0800 —0.4301 —0.5638 — 0.6240 —0.6613

upper,a
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branch is calculated to be approximately five times stronger
than the P branch. For transitions between I, and
I, s, there are no large differences and the intensities are
comparable. In both cases experiment and theory are in good

agreement.

VI. DISCUSSION

The present results on the potential energy surface of
Ar-NH; can be compared with recent dynamical calcula-
tions by van Bladel ez al."*'* on an ab initio surface.'? They
found that by scaling the V5, -type term in the ab initio poten-
tial they obtained energy levels and intensities in reasonable
agreement with the present measurements on the para Ar—
NH; states and with previous measurements on the ortho
Ar-NH; states. It must be noted that in the calculations of
Refs. 13 and 14 the radial coordinate R is included. In our
calculations an effective center of mass separation R, is
used. The most striking difference between their calculations
and our results is that van Bladel et al. find that ¥}, and
Vi3 = — V;_; are the most important terms in the interac-
tion potential, whereas we have used ¥, and ¥, and have
assumed that V5, is negligible. The observation that the data
can be fitted to a small V,, term is not too surprising since
the @ dependencies of the V,, and V;; terms are quite simi-
lar. The main difference between the two terms is that V;, is
also dependent on ¢, the angle associated with the rotation of
the NH; unit around its symmetry axis.

To test the sensitivity of our data to ¥, we have fitted
the experimental energy levels to ¥, and V,; and find
[{O]| V1o |1)| = 11.9803 cm~!, {0|¥73;10)
= — (0|V3_3]|0) = —46.8449 cm~' (or 46.8449
cm~'), and (1|V3{1) = — (1|V5_;|1) = — 46.8855
cm ™! (or46.8855cm~'). We could have probably equally
well fitted our data to |(0|F|1)|, (O|V;|0)
=(—1Y(0|¥;|0) and (1|V,[1) = (—1Y(1|V,l1),
where i + jis even. With increasing 7 + j, though, the poten-
tial constants must become increasingly large to obtain the
observed energy level pattern. In fact, the ¥V, -type terms are
already quite appreciable. For instance, at the T-shaped
@ = 90° minimum-energy configuration, the fitted V5, terms
imply a barrier of /5[ (#| Vs, |i}| =100 cm ™" for threefold
rotation of the NH; unit about its symmetry axis. This bar-
rier term is extremely large and not easily reconcilable with
the <20 cm~! barrier found for the “T-shaped” Ar-
CH, C1.*° For comparison, for the Vy,V,q, Vs, fits of Table
V the threefold barrier term is assumed to be zero every-
where.

The spectroscopic consequence of the large V;, term in
Ar-NH, is to reduce the Coriolis interaction between the IT
and X states by partially quenching the angular momentum
arising from the internal rotation of the NH, unit about its
symmetry axis. For instance, for the Vi,V fit we find a
predicted /-type doubling splitting of 413 MHz for the J/ = 1
H,ower State, compared to the observed value of 376 MHz.
These can be compared to the V4, V5, fit where we calculate
an /-type doubling splitting of only 213 MHz. Future mea-
surements on other internal-rotor states of the complex, as
well as a direct fit of a potential to the rotation internal-

rotation states of the complex, should allow us to probe more
fully the balance between the V,, and ¥V;; terms in the inter-
action potential.

Vii. CONCLUSION

In the present work we have presented a detailed investi-
gation of the spectroscopy and dynamics of thej = 1,|k | = 1
states of Ar—NH;.The investigation of this species has per-
mitted the examination of a well-studied problem, the cou-
pling of a two-level tunneling system to a larger system con-
sisting of many degrees of freedom. The utility of such a
study at high spectral resolution is dependent upon the abi-
lity to assign spectral lines and fit them to a Hamiltonian. As
opposed to tunneling coupled to many degrees of freedom, in
the present system a rich variety of behavior is found with
only a few degrees of freedom. We have shown that the tun-
neling dynamics are strongly dependent upon the orienta-
tion of the tunneling NH, with respect to the radial coordi-
nate. The = states with tunneling motion perpendicular to
the radial coordinate show virtually unchanged behavior
from free NH,. The II states with tunneling motion parallel
to the radial coordinate have the tunneling motion nearly
quenched. Coriolis interactions between the IT and = states
lead to a rich and complicated spectrum. The present system
now analyzed should serve as a convenient model for the
investigation of the coupling of a tunneling mode to other
degrees of freedom.
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