
MOLECULAR PHYSICS, 1990, VOL. 71, No. 2, 453-460 

P R E L I M I N A R Y  C O M M U N I C A T I O N  

Tunable far-infrared laser spectroscopy of van der Waals bonds: 
the Jko = 10 ~ 0o Z bending vibration of ArJ4NHa 

By DZ-HUNG GWO, M. HAVENITH, K. L. BUSAROW, R. C. COHEN, 
C. A. SCHMUTTENMAER and R. J. SAYKALLY 

Department of Chemistry, University of California 
and Materials and Chemical Sciences Division, Lawrence Berkeley Laboratory, 

Berkeley, California 94720, U.S.A. 

(Received 19 June 1990; accepted 26 June 1990) 

Hyperfine resolved spectra have been measured for the Ar-NH3 complex over 
the range 21-28 cm -~ using a tunable far-infrared laser in combination with a 
continuous planar supersonic jet. Twenty-three transitions are assigned to the 
lowest E-bending vibration (v0 = 26.470633(77)cm 1) from the (asymmetric) 
inversion level of the E, jk c = 00 internal rotor state of NH3 to the E, (10) 
symmetric inversion level. A nearly free-rotor model is used to deduce the 
zeroth-order intermolecular vibrational energy-level diagram and corresponding 
selection rules, which are used in assigning the spectra. All evidence obtained in 
this study supports the contention of Nelson et al. that NH3 is an inverting nearly 
free rotor in this T-shaped complex. 

1. Introduction 
Binary van der Waals complexes involving the ammonia molecule are of par- 

ticular chemical interest among the large number of weakly bound systems that have 
been subjected to structural studies by microwave spectroscopy during the last 
decade. Klemperer and co-workers [1] have convincingly demonstrated that, contrary 
to the traditional views held by chemists and biologists, ammonia does not seem to 
act as a hydrogen-bond donor in any of its known binary complexes. The consequences 
of this 'anomalous' behaviour of ammonia may be of considerable significance in 
biological contexts (e.g. tertiary protein structure). The weak bonding interactions of 
ammonia therefore certainly merit further investigation. While microwave spec- 
troscopy reveals important features of the intermolecular potential surface (IPS)-- 
principally via determination ofvibrationally averaged structures of binary complexes 
- - i t  is usually incapable of probing regions of the IPS not localized about the 
global minimum. Thus one often encounters ambiguity in interpreting vibrationally 
averaged microwave spectroscopy structures in terms of equilibrium properties of the 
IPS and the dynamics of large-amplitude motions. Measurements of the inter- 
molecular vibrational modes of a binary complex by far infrared laser spectroscopy 
samples a much larger region of the IPS, enabling rigorous anisotropic potential 
surfaces to be determined in favourable cases [2] and testing the conclusions reached 
from microwave studies for more complicated systems [3, 4]. 

Rare-gas (RG) ammonia complexes are obviously the simplest of the ammonia 
clusters, and are therefore the most logical starting point for a study of the weak 
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bonding properties of this molecule. Fraser et al. [5] and Nelson and co-workers 
[6, 7] studied the Ar-NH3 complex using molecular-beam electric-resonance (MBER) 
methods, microwave spectroscopy and MBER-IR  double-resonance techniques. 
These experiments revealed a very complicated spectrum, and only a few transitions 
were actually assigned. From measurement of nuclear quadrupole hyperfine structure 
and the electric dipole moment, Nelson et al. [6] concluded that the IPS was nearly 
isotropic and that NH3 undergoes nearly free rotation and inversion within the 
complex. Within the pseudodiatomic model, they predicted a van der Waals stretch- 
ing frequency of 35 cm -~ , and obtained a rather large average centre-of-mass separ- 
ation (3.8358 A), which further evidences free rotation and inversion of the NH3 
subunit. Recently, Howard and co-workers [8] have measured the mid-IR diode-laser 
spectrum of  Ar -NH 3 in the proximity of  the v2 umbrella vibration of the monomer. 
Through analysis of the v2 combination bands with the van der Waals vibrations that 
were observed in terms of a simple anisotropic potential model, they predicted the 
Z-E component of the lowest internal rotation-inversion transition to lie near 
26 cm -~, with the corresponding Z - H  component near 18.5 cm ~. 

In this paper we present the first results of our recent investigations of weakly 
bound complexes involving ammonia. Over 350 transitions were observed in a planar 
free-jet expansion of approximately 3% NH3 in argon over the range 21-28 cm ~. 
Twenty-three of these are assigned and interpreted as vibration-rotation-tunnelling 
(VRT) transitions in a Z-bending vibration of Ar-NH3 in the present work. Several 
other bands of Ar-NH3 have recently been observed by Schmuttenmaer and co- 
workers [9], whose results confirm the conclusions described here. Approximately 150 
other FIR transitions have also been assigned to vibration-rotation-tunnelling 
(VRT) transitions in the ammonia dimer. An analysis of  these data will be published 
separately [10]. 

2. Experimental 
The absorption spectrum of  A r - N H  3 was measured with the Berkeley high- 

resolution tunable far-infrared laser spectrometer operating with a continuous super- 
sonic expansion from a planar jet. Both the spectrometer and the jet configuration 
have been described in detail elsewhere [11]. Briefly, the tunable far-infrared radiation 
is generated by mixing the output from a fixed-frequency optically pumped far- 
infrared laser with tunable microwave radiation in a Schottky-barrier diode. The 
three FIR laser lines used were 692.9513 and 761.6087GHz from HCOOH, and 
787.7565 GHz from DCOOD. About 350 spectral transitions were observed over the 
range from 21 to 28 cm -~. van der Waals complexes were formed in a supersonic 
expansion of a 3 % NH 3-in-Ar mixture at a pressure of 700 Torr  through a 1.5 in long 
by 25 ~tm wide room-temperature slit into a chamber maintained at around 100 mTorr  
with a 1100 dm 3 s-~ Roots pump. At least two different van der Waals species, Ar -NH 3 
and (NH3)2, were identified. It was found that the signals of A r -N H  3 and (NH3) 2 
could be improved threefold with the use of 0.5% and 2% mixtures respectively. The 
lines of  Ar-NH3 are generally about ten times stronger than those of (NH3)2, and 
exhibit maximum signal-to-noise ratios near 200 in the 3% mixture. 

3. Assignment and analysis 
A Z +-Z(Ka = 0 +--0) sub-band of the nearly prolate Ar-14NH3 complex 

centred at 26.470633(17)cm-~ was identified and shown to have the same lower state 
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Figure 1. (a) A 4MHz scan showing P(2) of the 26.47cm -] band of Ar-NH3, with X4N 
nuclear hyperfine structure partially resolved. (b) A stick spectrum of the observed 
intermolecular vibrational transition with calculated intensities for 5 K. 

as tha t  observed prev ious ly  by  microwave  spec t roscopy [6]. The  observed  sub -band  
structure is shown in figure 1 as a stick spec t rum with ca lcula ted  intensit ies for 5 K. 
Twenty- three  V R T  t rans i t ions  ( table 1) have been assigned to this sub -band  and 
analysed  with a non l inear  leas t -squares  fit. The results o f  the fit are  given in table  2. 
The  s t anda rd  devia t ion  o f  the fit o f  six pa ramete r s  to 23 lines is 1.1 MHz ,  which is 
consis tent  with the uncer t a in ty  due to laser-frequency drift.  The  P(7) line at  751 G H z  

Table 1. The observed 26.5cm -] E(10)-Z(00) band of Ar-NH3. 

Transition 
Observed 

J '  *-- J"  frequency/MHz O-C/MHz 

14 15 696307-0 - 0 ' 6  
13 14 703 581'0 1-2 
12 13 710717'0 0'1 
11 12 717728.5 -0"3  
10 11 724623'0 - 0 . 1  
9 10 731405.0 -0"8  
8 9 738 080'5 - 0"7 
7 8 744 653"3 0'6 
5 6 757 492"3 1"4 
4 5 763 758'7 -- 0'5 
3 4 769 926"4 - 0'4 
2 3 775 992'7 - 0-3 
1 2 781 957'7 1'0 
0 1 787 816"4 0"2 
1 0 799215"0 -0 -1  
2 1 804 748"7 - 1'0 
3 2 810 170-0 - 1"0 
4 3 815476'5 0-8 
5 4 820 661'7 1 '5 
6 5 825 718'0 - 2"4 
7 6 830 652"9 1"3 
9 8 840 105.1 0-9 

10 9 844610"8 -0"8  
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Table 2. Molecular constants obtained for the VRT band in table 1. (All values in MHz 
unless noted.) The uncertainties are 2~r. 

State Constant Value 

Vo 26.470633(77) cm-J 

Y.(10) �89 + C) 2822.87(11) 
Dj 0.10225(48) 
Hj -30.5(16) • 10 -6 

Y~(0o) �89 + C) 2876-927(94) 
D~ 0-08644(27) 

Z(00) a �89 § C) 2876.849(2) 
Dj 0.0887(2) 

a Reference [6]. 

was obscured by the atmospheric water absorption at 752GHz in the unpurged 
optical path, and the observation of the R(7) line was prevented by a gap in the 
microwave tunability at 45 GHz. Nuclear hyperfine structure from the 14N quadrupole 
interaction was partially resolved for each of the spectral lines, as is evident in the P(2) 
line shown in figure 1. Analysis of the quadrupole hyperfine structure will be presented 
in subsequent work [9]. 

3.1. Intermolecular vibrational energy-level diagram 

From the analysis of the microwave spectrum of the ground state, Nelson et al. [6] 
concluded that the complex is very close to the free-rotor limit. This was deduced prin- 
cipally from two observations: (i) inconsistent values were obtained for the polar- 
angle index 0 derived from (Pl (cos 0)) and (P2(cos 0)); and (ii) an anomalously long 
Ar-NH3 bond distance (3.8358,~) was obtained. In order to provide the basic 
language for describing the Ar-NH3 system, and to facilitate the vibrational assign- 
ment of the observed spectrum, a zeroth-order intermolecular vibrational energy-level 
diagram for the complex is described next in terms of the inverting free-rotor model 
advanced by Nelson et al. [6, 7]. 

The inversion motion of the NH 3 subunit has been observed in the microwave 
spectrum of the ground vibrational state of Ar-NH3 [6, 7]. Consequently, the 
permutation-inversion molecular symmetry group required to describe the dynamics 
of the complex is isomorphic to D3h, the group of the NH3 monomer [12]. Since the 
angular-momentum coupling in the complex is close to the inverting-free-rotor limit, 
the intermolecular potential can be neglected in the zeroth-order Hamiltonian and 
treated later as a perturbation. The kinetic-energy expression for the zeroth-order 
Hamiltonian can be shown to consist of a sum of four parts, corresponding to four 
different types of motion in the complex: (1) pseudodiatomic end-over-end rotation; 
(2) pseudodiatomic intermolecular stretch; (3) NH 3 subunit internal rotation; and 
(4) NH3 subunit inversional motion [12]. When the proper coordinate system is 
chosen, no explicit cross-terms occur among the four motions, resulting in a simple 
kinetic Hamiltonian. This result is based on two assumptions: (i) the NH 3 subunit 
does not access any of its internal vibrational modes other than the first excited 
inversional state; and (ii) the C3v symmetry of the subunit still remains intact under 
perturbation by the Ar atom. These kinetic terms do share certain intermolecular 
coordinates, and the corresponding motions are therefore coupled together indirectly 
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Figure 2. A correlation diagram showing the free-rotor energy levels of NH3 within Ar-NH3 
(left) and the effects of a weakly anisotropic IPS with a T-shaped minimum (right). The 
levels are labelled by the internal rotor quantum numbers jkc, the symmetry with respect 
to inversion (+,  - ) ,  and the vibrational angular momentum (Y., H). The van der Waals 
stretching quantum number is zero for all levels shown, and has been omitted for clarity. 

through the anisotropic intermolecular potential. Two principal features of this 
zeroth-order picture are that the total energy of the complex is given by the summa- 
tion over the four kinetic terms, and the zeroth-order wavefunction is the direct 
product of the wavefunctions representing these four motions. This latter result is 
used below to deduce the symmetry species for each zeroth-order state under the D3h 
group. 

The energy-level diagram for the intermolecular vibrational states of Ar-NH3 
deduced from the zeroth-order model is shown at the left in figure 2. Herej  designates 
the angular-momentum quantum number of the NH3 subunit, kc is the absolute value 
of the projection o f j  along the C3 axis of NH3 and + and - indicate the symmetric 
and the antisymmetric inversion components. 

To this zeroth order picture must be added the effects of the anisotropic inter- 
molecular potential. The potential causes a splitting among the formerly spatially 
degenerate mj levels of each level j of the NH3 monomer. Owing to the coupling 
between i and j  by the intermolecular potential, all states with non-zeroj can split into 
vibrational component states (i.e. Z, II, A, etc.). For example, the first internal 
rotation state ( j  = 1) can split into Z and I-I components as a result of the potential 
anisotropy. The effects of an anisotropic potential with a minimum at the T-shaped 
geometry with the C3v axis of NH 3 perpendicular to the A axis of the cluster are 
shown at the right of figure 2. Only the internal rotor levels are shown in this figure. 
Levels that have excitation in the intermolecular stretching coordinate are generated 
by adding the appropriate energy (approximately 35cm -~ for n = 1) to the levels 
shown. Symmetry species under the D3h group [13], F, are assigned to each of the 
intermolecular vibrational states according to the symmetry product of the four 
component wavefunctions, namely internal rotation (free NH3 rotational symmetry), 
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NH3 inversion (A;'), dimeric stretch (A~), and end-over-end (e-o-e) rotation (!) of the 
complex. 

3.2. Selection rules 

In order to determine the selection rules for the intermolecular rovibrational 
transitions, we must examine the symmetry of the complete zeroth-order wavefunc- 
tion, i.e. the direct product of all four component functions, for the intermolecular 
rovibrational states. The optical selection rules, taken from the D3h character table, 
can then be applied to ascertain which particular rovibrational transitions are allowed 
[13]. These are 

A~'(0) ~ A~ (0), 

A~(4) ~ A~(4), 

E'(2) ~-~ E'(2). 

The numbers in parentheses are the nuclear-spin statistical weights, which indicate 
that states of A~ symmetry are forbidden. We note that the effect of  overall rotation 
on the symmetry of  the total wavefunction is a just reversal of the total parity for odd 
rotational quantum numbers J. Therefore the vibrational selection rules are the same 
as for the pure intermolecular vibrational states in the absence of  an anisotropic 
potential, with the additional requirements of parity change ('+--r and AJ = 0, + 1. 
Consequently, we see that only A 2 ~ A2 and E ~ E transitions are allowed. 

4. Assignment of intermolecular vibrational states 

The band centred at 26.470633(17)cm i reported in this work is assigned as 
A t Z(n = 0, 10, + )  ~ A~ Z(n = 0, 00, - ) ,  the lowest E-bending transition. 

Nelson and co-workers [1, 2] have proposed that the pure rotational transitions 
that they observed by FTMW and MBER spectroscopy belong to the Z(n = 0, 00, - )  
ground state of Ar -NH 3. Combination differences indicate that the lower state of the 
intermolecular vibrational transition that we have measured here is identical. Accord- 
ing to the energy-level diagram shown in figure 2 and the A; ~ At' vibrational 
selection rule, the only possible intermolecular vibrational transitions that initiate in 
the ground state and fall within the 20-28 cm- ~ range examined in this work are given 
below. 

One possibility is the inversion-internal-rotational transitions from the At' ground 
state: 

(i) A~Z(n = 0, 10, + )  ~- A~'E(n = 0, 00, - ) .  

The other is the dimeric stretching transition: 

(ii) A;'Z(n = 1, 00, - )  ~ A;'Z(n = 0, 00, - ) .  

Estimates from centrifugal distortion [1, 2] suggest a harmonic stretching frequency 
near 35 cm ~. This vibration has very recently been observed by Schmuttenmaer and 
co-workers near 34 cm ~, which allows definitive assignment of the band described 
herein to the inversion-internal-rotation transition (lowest Z-bending vibration), as 
suggested by Howard [8]. 
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5. Discussion 

The principal objective of this study was to gain insight into the 'anomalous' 
hydrogen-bonding properties of  ammonia. This is most rigorously achieved by deter- 
mining accurate representations of the intermolecular potential surfaces for binary 
(and higher) complexes of NH3. There are two major limitations that must, in general, 
be overcome in order to obtain an experimental IPS: (i) VRT states of the complex 
that sample large regions of the IPS must be probed; and (ii) a method must be 
developed for accurately fitting the data to a model IPS. The first of these seems quite 
generally feasible with the use of tunable FIR laser spectroscopy. The second now 
constitutes the limiting factor. 

Nelson et al. [6] and more recently Howard [8] have extracted meaningful conclu- 
sions from a simple model in which the coupling of  angular and radial motion has 
been neglected and the potential anisotropy expressed as a Legendre expansion. This 
approach, valid only near the free-rotor limit, yields approximate values of - 3 cm 
and 13 cm- ~ for the first two coefficients in the expansion [8]. The dominance of the 
positive P2 term in the potential evidences the T-shaped (0 = 90 ~ minimum-energy 
configuration of the complex. The small absolute values of these coefficients indicate 
a weakly anisotropic IPS. The only way to rationalize this structure in terms of the 
conventional view of hydrogen bonding is to view the lone pairs on the argon atoms 
as interacting simultaneously with two hydrogens. This type of 'double-hydrogen- 
bond' structure has recently been invoked by Dykstra [14] in rationalizing his theoreti- 
cal structure for the ammonia dimer. 

In order to address this question rigorously, one must fit the FIR and microwave 
data to a four-dimensional IPS (R, 0, q5 and an inversion coordinate). To do this 
accurately would require a substantial amount of computation time, using even the 
most sophisticated dynamical approaches. Cohen and Saykally [15] have recently per- 
formed such an analysis for the Ar-H20 complex, incorporating a three-dimensional 
description of  the IPS, with a high degree of success using the collocation method of 
Yang and Peet [16] to calculate the bound states of the system. A similar approach 
is presently underway for the case of Ar-NH3. 
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