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Five new vibration—rotation tunneling states of Ar~H, O [the 2 and II(1,, ) and the X and
T1(2,,) internal rotor states and the n = 1, II(1,, ) stretching-internal rotor combination
level] have been accessed by tunable far-infrared laser spectroscopy. The measured vibrational
band origins of transitions to these states are within 2% of predictions made from an
anisotropic three-dimensional intermolecular potential surface (denoted AW1) derived from a
nonlinear least-squares fit to previous far-infrared spectral data [J. Phys. Chem. 94,
7991(1990) ]. This provides strong evidence that the AW1 intermolecular potential surface
incorporates much of the essential physics of the intermolecular forces which bind the cluster.
However, larger deviations from the predictions are found in the observed rotational term '
values. A detailed analysis of these deviations clearly demonstrates the need for.even stronger
angular-radial coupling in the Ar—H, O intermolecular potential than the already substantial
coupling present in the AW surface. Specifically, the presently observed 2(1,, ) state and the

n =1, (04 ) state are found to be approx1mate1y 65:35 mixtures of the basis states which

represent pure stretching and internal rotation. The 2 (2;, ) level is found to be mixed just as
‘strongly with n = 2, 2(1; ). The formalism for accurately deperturbing vibration—rotation—

tunneling states coupled by Coriolis interactions used in the above analysis is presented.

[

INTRODUCTION

Theé Ar-H, O complex is among the simplest of all mo-
lecular clusters. It has become an important prototype in the
quest for understanding the multidimensional intermolecu-
lar potential-energy surfaces (IPS’s) and associated dynam-
ics that govern the behavior of chemically important, but
much more complicated, clusters like the water dimer and
the ammonia dimer. It also serves as a convenient vehicle for
testing existing theories of intermolecular forces, and its IPS
is relevant for the simulation of hydrophaobic interactions in
model systems. In two recent papers,'” we have described
the application of tunable far-infrared (TFIR) laser spec-
troscopy to the measurement of the intermolecular vibra-
tion—rotation—tunneling (VRT) spectrum of Ar—H,O. Us-
ing these data, we have developed an accurate description of
the three-dimensional anisotropic intermolecular potential
characterizing the interaction of argon with a water mole-
cule in its ground vibrational state.> This potential, denoted
AW]1, is shown in Figs. 1-3. The experiments described in
this paper have been performed to provide a thorough test of
the accuracy of this three-dimensional IPS. Two conclusions
may be drawn from an approximate analysis of the experi-
mental results described herein: (1) the’”AW1 surface accu-
rately represents the intermolecular forces acting between
argon and water; (2) although the angular-radial coupling
in the AW 1 surface is strong, leading to substantial mixing of
internal rotor and stretching states of the’'complex, even
stronger angular-radial coupling is required in the IPS to
precisely account for the newly observed bands measured in
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this work. Angulai-radial coupling may be loosely described
as variations in the position (distance of the argon from the
center of mass of water) of the radial minimum as a function
of the relative orientation of the two subunits. It results from
anisotropy in both the attractive and the repulsive forces, but
is expected to be dominated by the latter, which vary expon-
entlally On the AW 1 surface, the potential minimum for the
argon approaching in the plane of the water along the C,,
axis from the hydrogen end occurs at a distance of about 3.75
A. This distance decreases more or less smoothly as the H,O
subunit is rotated. In the planar C,, Ar-OH, configuration,
the potent1a1 minimum is at 3.55 A. The measiireinénts de-
scribed in this paper require stronger angular-radial cou-
pling, implying either that the magnitude of the variation in
the position of the radial minimum is larger than that indi-
cated by this 0.2 A difference, or that there is not quite so
smooth a variation as the monomer rotates.’

In our first study of Ar-H,0,' we reported the mea-
surement of two bending vibrations (at 21.26 and 24.62
cm - 1) which contained information about the anisotropy of
the IPS in the region of the potential minimum. These bands
were subsequently interpreted in accord with a model for the
internal dynamics in the two angular coordinates (&,¢) pro-
posed by Hutson.* We then measured two intermolecular
stretching  vibrations, . the fundamental [rz=1,
3(0g) <7 =0, 2(0y)] at 30.45 cm ™', and a stretching
band built on the lowest excited internal rotor state [# =1,
3(1ly;) «n=0,2(1,, )] at 33.88 cm ~ . These spectra place
experimental constraints on the shape of the IPS in the radial
coordinate (R). The internal coordinates used to describe
the intermolecular dynamics of Ar—H, O are a set of body-
fixed Jacobi coordinates specifying the orientation of the ar-
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FIG. 1. The AW1 intermolecular potential-energy surface for Ar-H, 0. R
is the vector from the center of mass of the water monomer to the argon and
gis the angle between this vector and the water monomer C,, axis. For this
plot ¢ = 0, constraining the complex to be planar. Contours are drawn at 10

m ~ ! intervals referenced to a zero of energy at the dissociation energy.
Contours above this energy are omitted for clarity.

gon with respect to a water molecule fixed at its vibrationally
averaged ground-state geometry. The three large-amplitude
coordinates are the vector from the center of mass of the
water to the argon (R), the angle between the C,, axis of the
water molecule (&) and the vector R, and the angle describ-
ing the rotation of the water about its C,, axis (¢). At =0"
the argon is situated along the C,, axis and nearest to the
hydrogens. At @ = 180°, the argon is closest to the oxygen
end of the molecule. The reference geometry for ¢ = 0° is
chosen to be one in which all four atoms are coplanar. At
8 = 0°or 180°, the interaction is independent of ¢, since rota-
tion about the C,, axis of the water with 6 fixed at these
angles does not affect the relative orientation of the two
subunits.

Initial attempts to understand the VRT spectra relied on
approximate dynamical models which treated the angular
and radial degrees of freedom as separable. Hutson* devel-
oped a series of effective angular potentials describing the
barriers to internal motion of the H, O subunit within the
complex, averaged over the radial motion of the ground in-
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FIG.2. The AW1IPSat R = 3.6 A.
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FIG. 3. The AW1IPSat R =4.0A.

termolecular stretching state. Based on the Coriolis analysis
which we presented in Ref. 2, Hutson was able to suggest
that one of the several different potentials was more likely to
represent the true surface than were the others. This poten-
tial has a minimum with the argon located in the plane of the
water, oriented such that the van der Waals bond axis is
oriented at 90° to the C,, axis of water. It has a barrier of
about 40 cm ~ ! at @ = 90°, ¢ = 90°, the orientation at which
the argon atom sits direcily above the H, O plane, and has
barriers to rotation in the plane of the water of 15 cm "' at
both the Ar-H, O and the Ar-OH, geometries. In our own
work, presented in Ref. 2, we developed a series of effective
radial potentials for three of the measured X internal rotor
states, estimating the anisotropic well depth to be approxi-
mately 150 cm ~ ! by assuming that the deepest effective radi-
al potential samples the absolute minimum on the three-di-
mensional anisotropic IPS. The validity of both the angular
model of Hutson* and our own effective radial potentials? is
predicated on the approximate separability of the angular
and the radial coordinates. The observation that the two
stretching frequencies measured in Ref. 2 were located 3.4
cm ™! apart was the first experimental indication that these
coordinates are not even approximately separable in this
complex. This 3.4 cm = difference is more than 10% of the
stretching frequency. Although, we mentioned this fact in
Ref. 2, its importance was not fully appreciated at that time.
It indicates a large perturbation to one or both states and
underscores the need for rigorous treatment of the dynamics
in even the simplest weakly bound complexes.

Direct fits of the experimental data to obtain a three-
dimensional IPS were not performed when these data were
collected because of both the significant computational ex-
pense and the complexity of the programming required to
accurately calculate the eigenvalues of the multidimensional
Hamiltonian for the internal and the overall rotational mo-
tions. Subsequently (Ref. 3), we developed an adaptation of
the collocation method, which was successfully employed
for molecular eigenstate calculations by Peet and Yang,>® to
rotating three-dimensional systems. The collocation method
is a simple and efficient method for accurately computing
the eigenvalues and the eigenvectors corresponding to VRT
states of weakly bound complexes. It was used previously to
obtain the energies and the wave functions of Ar-CO,,?
Ar-HCL*" and Ar-H,0.? The computational simplicity is
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especially appealing. For example, excluding the potential
subroutine and the matrix eigenvalue routine, Peet and
Yang® obtain the Ar-HCI eigenvalues to an accuracy of
0.001 cm ™! with less than 150 lines of code. The Ar—-H,0
eigenvalue subroutine, which was developed in Ref. 3, has
been embedded in a nonlinear least-squares loop and used to
perform a direct fit to the experimental VRT energy differ-
ences involving the total angular momentum states J =0
and J = 1. The resulting three-dimensional IPS for Ar-H, O
(denoted AW1) has a 174.7 cm ~ ! minimum corresponding
to a planar structure with the water symmetry axis oriented
nearly perpendicular to the vector joining the centers of mass
(R =3.598 A). In the region of the minimum, the AW1
potential is very flat. Barriers to motion of the argon in the
plane of the H, O are about 22 cm ~ ! at the Ar—OH,, configu-
ration and 17 cm ! at the Ar-H, O configuration. The lar-
gest barrier occurs for motion out of the plane. There is a 47
cm ~ ! barrier for having the argon located directly above the
plane of the water. These aspects of the surface are similar to
those obtained by Hutson, suggesting that the interaction is
at least qualitatively described by an approximate two-di-
mensional analysis. Two other significant features are evi-
dent in the AW1 IPS, which are not accessible in the two-
dimensional angular surface; both of these contribute to the
strong angular-radial coupling that mixes pure internal ro-
tor and pure stretching basis states, which otherwise consti-
tute an excellent zeroth-order approximation to wave func-
tions describing the intermolecular dynamics. First, there is
significant variation in the position of the repulsive wall with
the angle of approach of the argon. At the dissociation ener-
gy, the argon can approach nearly 0.2 A closer to the H,O
center of mass at the oxygen end of the molecule than at the
hydrogen end (see Fig. 1). Second, the long-range attractive
forces are a maximum at orientations in which the argon is
closest to a2 hydrogen atom. This is indicated in Figs. 2 and 3
which show the angular portion of the surface at R = 3.6 A
and at R = 4.0 A. The effects of the exponential repulsion
are substantially reduced at 4.0 A, so this plot primarily re-
flects the attractive anisotropy. These attractive forces are
shown to favor a linear hydrogen-bonded orientation for the
complex. Analysis of the contributions of the different aniso-
tropic components (induction, dispersion, and repulsion) to
the shape of the IPS could not be inferred from a one- or two-
dimensional approximate treatment of the intermolecular
dynamics.

The limited experimental data set used in developing the
AW1 surface permitted accurate determination of nine dif-
ferent parameters in a series expansion of the IPS; the high-
er-order terms were all arbitrarily fixed to zero. To the extent
that the series expansion of the potential is rapidly converg-
ing, these parameters represent an adequate description of
the intermolecular forces present in the interaction of argon
with water. However, with the exception of the AW1 sur-
face, accurate anisotropic IPS’s have been derived only for a
few atom-linear molecule complexes,” and a universal un-
derstanding of the rate of convergence or optimum form of
model IPS’s has not yet emerged from such work. An accu-
rate and detailed characterization of intermolecular forces in
Ar-H, O requires experimental confirmation of the conver-
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gence of the potential expansion. Toward this end, we have
measured five new bands of Ar-H, O. These measurements,
in themselves, double the size of the data set used to develop
the AW1 surface, and provide an exacting test of its accura-
cy.

Ar—H, O has also been the subject of several other ex-
perimental studies since the development of the AW1 IPS.
The microwave studies of Fraser et al.'® established more
precise rotational term values for the normal isotope and
determined rotational term values for several other isotopic
species. That group also measured z,, the dipole moment of
the ground state [ =(0y, ) ], set an upper limit to the value of
i, in the first excited internal rotor level [2(1y)], and
measured the nuclear quadrupole coupling constants of
Ar-H, 0. In other microwave work, Gutowsky and co-
workers'' experimentally confirmed the assignment of the
2(1,,) state as arising from ortho-Ar-H, O through mea-
surement of the triplet hyperfine structure associated with
the spin-spin interaction of the two hydrogen nuclei. Las-
cola and Nesbitt!> measured the fundamental asymmetric
stretch of the H, O subunit in the near-infrared spectrum of
Ar-H, O. These measurements provide data from which an
understanding of the dependence of the IPS on the inframo-

lecular degrees of freedom can begin to be developed, and
they characterize the nature of energy transfer between the
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two energetically similar OH stretchmg levels. Lascola and
Nesbitt also determined the relative energy of the J =1,
B,2(1y,) and J= 1, B,II(1,, ) states on the ground-state
surface to be 339.763(9) GHz from infrared combination
differences. This observation compares quite favorably with
our predlctlon of 344 GHz, made from the AW1 potential
surface.? In addition to these measurements, Suzuki et al."®
and Zwart and Meerts'# have reported measurement of far-
infrared VRT transitions in Ar-D, O and Ar-HDO.

There has also been considerable recent theoretical in-
terest in the Ar-H, O complex. Pressure-broadening cross
sections calculated on the AW1 surface by Green"® are
about 15% lower than the experimental cross sections'®
(just outside the error bars on the experimental data). Green
has suggested that anisotropy in /3, the exponent which de-
termines the slope of the repulsive wall, may be required in
the IPS to more adequately describe the experimental pres-
sure-broadening cross sections. The anisotropy in S was
fixed to zero in the AW 1 surface. 4b initio calculations of the
Ar-H, O interaction have been performed by Chalisinski,
Szczesniak, and Scheiner!” and by Bulski et al.'® The calcu-
lations by Chalisinski, Szczesniak, and Scheiner produce an-
isotropy in the IPS which is similar to that present in the
experimental AW1 surface. Both have a broad, flat mini-
mum with the H, O C,, axis nearly perpendicular to the van
der Waals bond and all four atoms coplanar. The equilibri-
um structure on both ab initio surfaces places the argon in
the plane of the water molecule, oriented so that the three-
fold hollow formed by one OH bond and the two nonbond-
ing lone pairs is closest to the argon atom. As in the AW1
surface, the dominant attractive and repulsive anisotropic
forces occur in the vicinity of the hydrogens. The anisotropic
repulsion in the ab initio surfaces is clearly smaller between
the two hydrogen atoms, allowing closer approach of the
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TABLE L. Observed transitions .(MHz) ‘and residuals from the least-
squares fits in the,n =1, IT( 1OI ) f—E(lo,,) band.
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TABLE II. Observed transitions (MHz) and residuals from the least-
squares fits in the (1}, ) —2(0y, ) and Z(1;, ) « Z(0y ) bands.

Observed :
J'eJ" frequency Residuals -
34 : 1313 388.0 . 0.3
230 . 1319982.0 } - 0.7
1<0. ' 1343 788.2 0.2
11"~ 1337782.9 —-0.2
22 1336 908.9 - 0.6
33 . 1335590.9 00-
44 - . 13338243 -01
5.5 ‘ 1331 600.3 —0.1
66 =T . 1328908.3 — 0.1
T<7. ’ 1325736.1 . - 02
99 1317 889.7 e —0.1
1010 13131815 0.1 .
1111 1307923.2 ° 00
1414

'1288621.3" 0.0

argon along this orientation than in’the hydrogen-bonded
orientation. However, in the experimental AW 1 surface the
repulsive forces do not decrease between the hydrogens,
since the form of the potential was not sufficiently flexible
and the experimental data did not explicitly require such
anisotropy. Other features of the two surfaces are also differ-
“ent, especially the absolute well depth, which is 175 cm ™ ' on
the AW1 surface. Chalisinski, Szczesniak, and Scheiner esti-
mate that the true well depth is 25% deeper than the 108
cm™" indicated by their calculations. While this is signifi-
cantly shallower than the AW1 well depth, the two are not
necessarily inconsistent since the experimental well depth is
highly correlated with the parameter describing the slope of
the repulswe wall (5).

In the present paper, we’ describe new expenmental
measurements which provide a critical test of the AW1 suir-
face. Five new VRT bands have been measured: the
2(111)‘_2(0 ), H(lu)‘—z(o )s z(212)‘—2(101 ),
I1(2,,)==(1y, ), and the n=1, II( loy) ~3( 15; ) bands
(Tables I-IIT). The labeling of the states is represented by #
(the number of quanta of stretching excitation), which for
simplicity we omit when #n =0, Q = 2,ILA,... (the projec-
tion of the total angular momentum J, and identically, the
projection of internal angular momentum j, on the pseudo-
diatomic axis), and j,, (the free rotor level of the H,O
subunit to which the internal rotor state most nearly corre-
lates). The individual components of the doubly IT degener-
ate states may also be identified by their full VRT symmetry
in the molecular symmetry group of the complex, if neces-
sary. For Ar—H, O, this group is isomorphic to the C,, point
group, which has four irreducible representations: 4,, A,
B,, B,. Figure 4 presents an overview of the experimentally
determined VRT energy differences in Ar-H, O, along with

the calculated positions of all other lévels of Ar-H, O which
are bound by more than 30 cm~". Most importantly, the
new data clearly demonstrate that the already strong angu-
lar-radial coupling present in the AW1 surface is neverthe-
less not strong enough. Since this angular-radial coupling
results primarily from the anisotropy in the position of the

Observed frequency Observed frequency
J'<J" " (1Y« 32(0p) Residuals =(1;,)~Z=(0,) Residuals
1112 1014 438.4 - 0.1
1011 1023971.6 01 1 156 580.6 0.0
910 1033 065.6 16 1161793.7 1.6
89 i 1167 184.5 0.4
" 78 1050023.4 © 37 1172731.7. —04
67 1057 937.6 4.2 1178 410.3 —0.8
56  1065509.2 .26 1184 194.7 -07
45 1072769.5 35 ©1190059.1 - 0.7
34 1079 738.6 S 25 1195982.1 13
23 1086437.4 - 11 1201937.7 0.7
12 10928864 . —36 . 12079115 0.4
01 . 1213 890.1 -0.1
10 1110813.6 - 2.6 12258365 - 0.9
2«1 1116 305.0 - -29 1231 806.0 - 04
32 11215345 —26- - -
43 1126479.0 —-33
5<4 11311152 —2.3
65 1135411.6° - 1.9 12558924 - 1.2
76 1139 336.6 —23. 12620517 - 0.4 .
C 87 1142 858.2 —4.0 1268 307.5 -02
98 1274 679.0 — 1.8
11 1105094.0 13 '
227 11051220 - 1.7
33 1105 161.6 —04
44 1105217.8 01
55 11052884 0.5
" 66 1105371.0 - 1.6
TeT 11054720 - 0.3
88 - 1105 587.2 — 1.4
99 - 1105717.0 —0.9
1010 1 105 864.8 0.1
1111 1106 028.7 0.4
1212 1106 209.9 0.7
13~13 1 106 408.8 0.9
14~14 1106 625.9 0.6
1515 1106 862.5 0.5
11071177 - 12

1616

repulsive wall in the AW1 surface, we conclude that there
must be additional anisotropic structure in this region of the
surface beyond that indicated in the AW1 model.

EXPERIMENT

The tunable far-infrared laser used in these experiments
has been described in detail by Blake ef al.'>?° Tunable far-
infrared radiation is generated by mixing the output from a
narrow-band (<100 kHz) fixed-frequency optically
pumped far-infrared laser with the output of a microwave
synthesizer (HP8673B) or its harmonics in a Schottky bar-
rier diode (University of Virginia, No. 1I7). Microwaves in
the range 2-60 GHz are coaxially coupled onto the diode,
while frequencies in the range 60-110 GHz are coupled with
waveguide. The resulting 10~100 MW generated at the sum
and  difference frequencies (Oraser & PO microwaves s
n=12,3,..) are separated from the much stronger fixed-
frequency laser (10-500 mW) using a polarizing Michelson
interferometer. The tunable sideband radiation is then fo-
cused into a multipass cell of the type developed by Perry
and co-workers,?' where it makes about ten passes through
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TABLE III Observed transitions (MHz) and residuals from the least-
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squares fits in the I1(2,, } «Z(1;,;) and 2(2,,) — Z(1,, ) bands.

‘ Observed
JJ frequency Residuals
M(2;;) —2(1g))

1011 17732193 —-01
910 1781 529.5 0.1
78 1794711.0 - 0.1
45 1 809 359.5 1.0
34 1813 803.1 —0.3
2«3 18183854 1.6
12 1823 269.8 —2.5
1-0 1840 745.0 1.4
2«1 1 847 498.0 0.3
32 1854 552.5 —0.2
43 1 861 730.8 —18
54 1 868 830.0 00"
65 1875 620.1 0.8
76 1881864.3 ~0.5

10-9 1894 963.0 0.0
1«1 1834 247.7 0.6
22 1833 909.4 e 2.1
33 18334125 2.2
4~4 1832745.3 —-0.2
55 18319200 —0.5
66 1830937.8 —-09
77 1 829 805.0 1.3
8~8 1828 517.8 - 0.9
9«9 1 827 085.1 - 0.1

1010 1825 503.4 1.1

1111 1823 764.1 0.1

1212 18218559 . —-11

13-13 1819 757.1 0.0

1414 18174254 0.6

15<15 1814 799.1 - 0.2

2(211)‘—2(101)
910 1592 388.0 —0.1
89 1604 963.9 0.0
87 1703 668.0 —0.1
9-8 1702 614.0 0.0

the long axis of a planar supersonic jet. Several different laser
lines were employed in these experiments: 1016.8972 GHz
(CH,0D), 1042.1504 GHz (CH,F,), 1101.1594 GHz
(CH,DOH), 1193.7273 GHz (CH,OH), 1299.9969 GHz
(CH,OD), 1626.6026 GHz (CH,F,), 1757.5263 GHz
(CH,OH), 1838.8393 GHz (CH,;OH), and 1891.2743
(CH,0H). ‘

As in our previous studies of Ar-H, 0,"? the cluster is
generated by passing argon over water in a reservoir and
then expanding the mixture through the planar nozzle. The
current version is a 4.0 in. X0.001 in. nozzle described in
detail by Busarow.** It gives more than a factor of 2 increase
in signal over the earlier 1.5 in. long design. After passing
through the Perry cell, the far-infrared laser radiation is fo-
cused onto a Putley mode InSb detector for the experiments
near 1100-1400 GHz, or a stressed Ga:Ge photoconductor
for the experiments above 1500 GHz. Signals are detected by
frequency modulation of the laser and demodulation of the

detector output at 2f.
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n=3,Z(1,)
n=2,1(1,)
n=1,Z(1,0)
B n=2,X(1y,)
0=3,%(0) 1(2,,)
p=1,T1(1,) 2(2,)
n=1,2(1,)) n=1,11(1,4)
_lf‘ X2 ..)
£ M2g) n=1,T(1,,)
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00 Z(0,)
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FIG. 4. The energy-level diagram of the J=1 VRT states of Ar—H, O as
calculated on a modified version of the AW1 IPS.

RESULTS -

In Fig. 5, we present a computer-generated stick spec-
trum of the nine different bands of Ar—H, O which have been
observed by far-infrared VRT spectroscopy. The spectrum is
nearly continuous, with VRT absorptions extending more or
less uniformly from 550 to 1900 GHz (16-63 cm ™~ . In
Figs. 6 and 7, we show examples of transitions inthen =1,
(1) «=(1y,) and (2, ) — =(1,, ) bands. The intensi-
ties in the stick spectrum are calculated for a 5 K beam and

Intensity (arb. units)

19 e 64
Frequency {cm™')

FIG. 5. Computer-generated VRT spectrum of the observed bands of
Ar-H,0at5K. ,
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R(2) TIQ12) « X (lo1)
)
‘©
=3
o
5
2
@
5
kS
1854574.3 1854474.3

<« MHz

FIG. 6. The R(2) line in the I1(2;, ) ~2(1y, ) band. This scan and the one

in Fig. 7 are obtained with a 300 ms RC time constant scanning at a rate of
0.3 MHz/s.

take into account the transition frequency and degeneracy
factors which contribute to the experimental intensities. Sev-
eral other transitions with sufficient intensity to be observed
are predicted to occur in this region, but only the bands that
have actually been observed are plotted. The overall intensi-
ty of each band has been scaled by the square of the transition
moment for the R(0) line [except for the X —II band for
which we scale using the P(1) line] as calculated on a modi-
fied AW1 surface. No correction for intensity perturbations
leading to abnormal relative intensities in the 2, Q, and R
branches has been applied, although such effects are expect-
ed because of the presence of significant vibrational angular
momentum and strong Coriolis coupling.

Searches for the new bands (Tables I-III) reported in
this work were guided by our predictions from the AW1
surface. The observed R (0) transitions of the two 1,; bands
were found at 1110.816 and 1225.837 GHz—within 2 and 14
GHz, respectively, of the frequencies predicted using the
AW1 surface, viz. 1112 and 1212 GHz. The I1(2,,) R(0)
transition was observed at 1840.745 GHz and the 2(2,,)
R(0) transition, which has not been observed, is estimated
tobeat 1690( + 10) GHz, from the fit to high J lines in the
2(2,,) band. Again, the IT state was predicted more accu-
rately than the = state on the AW1 surface; these predictions
respectively occurring at 1853 and 1740 GHz. The n =1,
M1y ) «<=(1y, ) R(0) transition was observed at 1343.788
GHz compared to the prediction of 1324 GHz.

In Table IV we present a detailed comparison of VRT
transitions and rotational term values computed on the
AWl IPS with the current experimental data set for
Ar-H, O. The newly measured vibrational frequencies and
rotational term values were predicted to within 3%. How-
ever, much larger deviations from the predictions are evi-
denced in the I-type splittings in the IT states. These measure-
ments precisely specify the wave functions of the states
involved and will ultimately contribute to a more accurate
description of the angular-radial coupling in an improved
experimental IPS. The differences between the experimental
and the AW1 J = 21 term values clearly indicate two dif-

£ Q) n=1LII1e1) « X(lo1)

g -

o

3

2

i

o

D

E

1337746.9 1337846.9

MHz —
FIG. 7. The Q(1) linein the n = 1, I1(1,, ) = 2(1,, ) band.

ferent types of deficiencies in the IPS. Both the I1(1,,) and
II(2,, ) states have one parity component predicted accu-
rately, while the other is predicted very poorly. As discussed
in detail below, the only term in the Hamiltonian which
splits the otherwise degenerate components of the IT and A
(=1 and Q = 2) states is the Coriolis interaction. The
Coriolis matrix element is diagonal in all quantum numbers,
with the exception of . Its strongest effect is to mix (and
thereby shift) = and I states of the same J and rovibrational
symmetry. The component of IT(1,, ) and I1(2,,) which is
poorly predicted is the one of the same rovibrational symme-
try as the associated = state. In both cases, the shifted com-
ponent is predicted using the AW1 surface to be farther
away from its partner of the opposite parity than was actual-
ly measured, i.e., the Coriolis interaction is too large on the
AW1 surface. Moreover, the Coriolis effect on AW1 is al-
ready reduced substantially from that expected if the angu-
lar and radial degrees of freedom were approximately sep-
arable, as in Hutson’s treatment. The reason for the
deviation of experimental term values from the AW1 predic-
tions is that the already strong angular-radial coupling pres-
ent in it is actually too weak! Angular-radial coupling in the
IPS affects the wave functions of the £(1,, ) and the £(2,,)
states by strongly mixing them with near-resonant stretch-
ing levels of the same symmetry [#n =1, £(0y ) and n = 2,
2(1,,;); see Fig. 4 and Table IV for the specific symmetries].
The Coriolis interaction between these states and the asso-
ciated I1 states is thus reduced. The size of the Coriolis-in-
duced splittings we have measured indicates that this effect
is underestimated by the AW 1 potential. The second obvious
shortcoming of the AW1 surface is indicaied by the
J = 2«1 rotational term values of the II(1,,) and # = 1,
II(1y; ) states. In these states, the difference between the
observed and the AW1 rotational term values is about the
same for all parity components. The rotational term values
in II(1,,) are computed to be too large indicating the effec-
tive bond length in this state is too short. For the n = 1,
II(1y; ). the computed term values are too small indicating
the AW1 bond length is too long. This indicates that the
effective radial surface sampled by these states is not ade-
quately represented by the AW1 model: IT(1,, ) samples pri-
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TABLEIV. Comparison of the predicted energy differences on the AW 1 IPS (Ref. 3) and the measured energy
differences for Ar-H, O.

Calculated on Experimental Residuals

AW1IPS
Rotational term values (MHz)
J=1<0
Z(0gy) A, <4, 59704 5975.8* 5.4
n=1,2(0y) A, ~4, 5678.6 5676.5° —-2.1
=(1y) A, ~4, 6186.2 5971.1 —215.1
(1) B, B, 58282 5824.2° —~40
n=1,2(1,) B, B, 5 460.0 5461.6* 1.6
2(1y) B, B, 6053.9 6052.8° - 1.1
2(2,;) B, -8B, 4262.5
J=11
(1, A4, 4, 362.1 252.6 —110.5
IM(l,,) B, ~B, 205.1 205.0° —-0.1
n=1,11(1,) B, B, 196.0 181.0 - 15.0
(1) B, ~B, 146.7 146.8* 0.1
1(2,;) B, ~B, 1559.3 672.3 — 887.0
J=21
2(04) A, 4, 119383 11950.1 11.8
n=1,2(0y4) 4, <4, 11 355.9 113514 —4.5
(1) A, <4, 12 369.3 11945.3 —424.0
i,,) A, <A, 11254.0 11467.8 213.8
I(i,,) A, «d, 11978.7 119777 - 1.0
(1) B, B, 11 654.7 11 647.0 ~-11
(1) B, ~B, 12 215.7 12214.2 ~ 15
(1) B, ~B, 11 806.1 11 804.8 ~13
n=1,3(1y) B, B, 10918.4 10 920.6 2.2
n=1,1(1,) B, < B, 114922 11132.5 - 359.7
n=1,11(1y) B, B, 11101.1 10772.3 — 328.8
I{1,) B, « B, 12 048.3 12 148.9 100.6
(1) B, <B, 11755.3 11 855.4 100.1
2(1) B, B, i 12 105.1 12 103.0 ~2.1
2(2),) B, B, 8 643.4
m(2,,) B, < B, 14229.9 12577.3 —1652.6
Im(2,;) B, B, 11'247.6 11 308.8 61.2
J=2<2
I, 4,4, 1086.8 762.5 — 3243
(1) B, « B, 614.7 614.4 -~ 0.1
n=1,1(1,) B, «B, 587.1 541.2 ~ 45.9
I(1,) B, - B, 439.7 440.3 0.9
11(2,,) B, « B, 4541.6 1939.7 -2 602.5
Vibrational transitions (GHz)
n=1, 2(0yp)«Z(0y) A, <4, J=1-0 913.3 913.0° —-0.3
II(1,;) <Z(0g) A, <4, J=10 11124 1110.8 - 1.6
2(1,,)<2(0y) Ay A4, J=1<0 12123 12258 13.5
M(1) ~2(14) B, B, J=1<0 349.6 345.8° —3.8
n=1, 2(lg)~3(1lg) B <B,J=10 10245 1024.7° 0.2
(1) <2(1,) B -B,J=10 637.3 637.4* 0.2
n=1, M{1,0)<Z(1y) B «B,J=1~0 1323.7 1343.8 20.1
2(2;,)«2(1,) B, <B, J=1<0 1739.6 1 690.(10)° —49.0
IE(2,,) <2 (1) B —B, J=1-0 18533 1840.7 - 12.6
(1) «I(1g) © B B, J=01 737.9 738.0° 0.2

*Included in the fit to derive the AW1 surface.
®Reference 12.
¢ Estimated uncertainty in parentheses.
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marily the region of the potential minimum, and the z = 1,
I(1,, ) state samples primarily the geometry at which the
argon lies directly above the plane of the H, Q. Apparently
the AW1 surface can be improved at several different orien-
tations. All of the other differences between the observed
spectra and the predictions on the AW1 surface may be as-
cribed to one or both of these types of inadequacies in the
IPS. The relatively accurate predictions for the II-state com-
ponents which do not interact with the companion X states,
and the errors in the VRT frequencies shown in Table IV,
could be interpreted to imply that the IT states are more
accurately modeled on the AW1 surface than are the 3
states. However, it is more likely that the II states are less
sensitive to the details of the surface, since there are not as
many near resonances between II internal rotor and II
stretching states as there are between X internal rotor and
stretching states. Because no II states can be derived from
J = 0 internal rotor levels, this same conclusion is likely to
apply to a wide variety of van der Waals complexes.

CORIOLIS EFFECTS

Even an approximate understanding of the physical ba-
sis for the observed Ar-H,O spectra requires a detailed
treatment of the effects of the two dominant perturbations in
the spectrum, viz. angular-radial coupling and Coriolis mix-
ing. To illustrate the effects of these perturbations, we con-
struct a trial basis set of stretching, internal rotor, and over-
all rotation functions,

Jmax Pmax

V(a.B,7,R,0,¢) = Z D E Zx,,(R)

= —Jj=0k= —jn=0

21 (0,6,0)D 40 (v:B). (1)

Here, the functions y, (R) are approximate radial eigen-
functions and the D functions are normalized Wigner D ma-
trices. The angles ¢,53,y are the Euler angles necessary to
specify the orientation of the complex in the laboratory
frame of reference. To simplify the discussion below, this
basis is transformed to a parity-adapted basis which diagon-
alizes the pure rotational Hamiltonian of water, and repre-
sented in Dirac notation,

7 1
) =
¥ :z§=:o!kakc2=omn§_: l >[(1+5on)]

ax X

XA Jep QTQY + (= 1) fipr — QT — Q).

(2)

This basis transforms as the irreducible representations (I")
of the permutation-inversion group of the complex. If we
express the angular momentum operators of the Hamilto-
nian in the basis of Eq. (2), then the rotational kinetic energy
is given by a diagonal contribution

#
2uR?
and an off-diagonal Coriolis term

50'0 ’ ( 3)
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2 2uR*
where

Cia=[i+1D 0@+~
Here, u is the pseudodiatomic reduced mass, R the coordi-
nate operator, and 7 refers to all quantum numbers other
than the projection quantum number (Q) and the radial
quantum number (). As implied above, the Q quantum
number is nearly conserved if the Coriolis matrix element is
small, since all other terms in the Hamiltonian, including the
IPS, are diagonal in £2. To further simplify the discussion, we
shall neglect the effect of the operator 1/R?* which, in princi-
ple, can mix different stretching basis functions. The addi-
tional constraint §, . can then be applied to Egs. (3) and
(4). The operator #°/2uR? then represents purely inertial
effects, and we replace it with its expectation value over the
radial eigenfunction. This expectation value is represented
by B, the rotational constant for the state in question. It is
common to make an additional approximation, known as
the reversed adiabatic approximation (RAA)), viz. that all of
the bending states in a given stretching manifold sample ex-
actly the same effective radial surface. This amounts to a
complete neglect of angular-radial coupling. A single rota-
tional constant may then be associated with all states sharing
the same radial quantum number. In what follows, we make
the somewhat less restrictive approximation that all states
associated with_a given internal rotor level [e.g., 2, II, and
A(2y;) ] and stretching quantum number have the same ro-
tational constant, but do not require that the states associat-
ed with different internal rotor levels [e.g., =(1,,) and
2(1,;)] sample an identical effective radial surface. We also
assume that mixing between different free internal rotor
states by the anisotropy in the IPS is insignificant. This last
approximation is validated by full three-dimensional calcu-
lations®* of the wave function which indicate that the indi-
vidual internal rotor states are 95% pure in the absence of
angular-radial coupling. However, it should be noted that
this approximation does not hold for deuterated isotopes of
water because of the smaller ratio of the rotational energy-
level differences to the anisotropic terms in the potential-
energy surface.

It is convenient to restrict our attention to states with
total angular momentum J = 1. In such states, only Q =0
(Z) and = 1 (II) states are involved and the existence of
=2 (A) states cannot yet complicate the picture. For a
state having an internal rotor wave function dominated by

(C/3C + Cm Cin)d,.6q Qe 4)

Jj=1(.e, 1y, 1,,, 1,0}, the Coriolis matrix element reduces

to
Hgrions = B [2/(j+ DI+ 1)1'7?
=2B[J(J+ 1)]'73, &)
while forj =2,
Hegions =B [2/(j+ DI+ 1)]'?
| =23B[JJ+ DIV 6)

A 2% 2 Hamiltonian matrix for the mixed =+ and IT *
states results,
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[ HE HCoriolis] (7)

H Coriolis H T
and the unperturbed component of the II state which is of
the opposite parity (denoted II —) has an energy

E;=[H,]. - (8)
The 2 X 2 matrix may be diagonalized perturbatively, assum-
ing that
(Heorionis )* € Hy, — Hy, with the results,

Esjo =H; —H 2/ (Hy — Hy),
En+ :Hn +HCorioIisz/(Hn —‘Hz)- (9)

Evaluating these expressions for J = 1, the splitting between
the two components of the IT state is shown to be approxi-
mately

E; . — =8B?%/(Hy — H;) (10)

in states with j = 1. The superscript plus-minus signs are
used here solely to differentiate between the two components
of the IT state and do not reflect any specific molecular sym-
metry. '
In the fits to the experimental data presented below, we
have tried to retain as much as possible of the form of rigor-
ous Hamiltonian while allowing sufficient flexibility to re-
produce the data to the measured accuracy. The diagonal
VRT energies are expressed as a power-series expansion of

Eq. (3),e8.,
E=v4B[JJ+1) —20°] — D [J(J+ 1) — 20°]>

In-

+H[JT+1) 202+ -~ N ESY)
We include the factor of 2 multiplying Q7 in Eq. (3) in the
expanded Hamiltonian [Eq. (11)]. This factor is not usual-
ly included in spectroscopic analysis, although it arises natu-
rally in the expression of the Hamiltonian of the cluster in
Jacobi coordinates. The difference is primarily formal, how-

ever, as it has a minor effect on the constants reported. We "

also include in the fits a parameter 3 which represents the
effect of the portion of the off-diagonal Coriolis operator
(7, Q|#/2uR?|7,Q + 1) which is not a simple function of
the quantum numbers, j, J, and ). This treatment is a slight
variation on our previous Coriolis analysis,” where we chose
B to be equal to the entire coefficient multiplying
[J(J+ 1)1V
Deviation of the parameter S from a value of =B

should be interpreted as a breakdown of one or more of the
approximations used to derive Eqgs. (5) and (6). For in-
stance, let us assume that the I state in a =,I1 internal rotor
pair is a pure state and that the X state is mixed with other
states (a common occurrence in j =1 of Rg-H, X, X =F,
Cl, Br, O, N). If the mixing is such that 50% of the T wave

function is distributed over other states, then the effective

value of 8 will be less than B. Specifically, it will be approxi-
mately equal to the product of the two coefficients Cs and
Cy1, which describe the fraction of primitive wave function
in the eigenstate, and B, i.e., = Cy XC;; XB=0.5X1.0
X B. The complete picture of the Coriolis interaction among
the mixed states is more complex than this analysis suggests,

since we must account for the effect of the other 50% of the
3 wave function on the /-type splitting in the II state. .

THE j=1 ORTHO STATES

The approximate treatment of Coriolis effects described
above is remarkably accurate for the orthoj = 1 VRT states
of Ar—H,O. The [/ splitting in J = 1, I1(1,, ) is measured to
be 0.205 GHz. Substituting this value into Eq. (10), along
with an approximate rotational constant B =3.0 GHz,
yields an estimate of the energy difference between the J = 1,
2 (1) level and the J =1, (1, ) state of 351 GHz. This
compares to the experimental value of 340 GHz. In the
II(1,,) state, the observed splitting is 0.147 GHz, which
yields an estimate of the spacing between J = 1, 2(1,5) and

J=1, II(1,,) of 489 GHz, compared to the experimental

value of 452 GHz. In the 1,, states built upon one quantum

- of intermolecular stretch, the -ype splitting for J="1"is

0.181 GHz. Estimating the rotational constant in these two
states to be 2.75 GHz, the splitting between the X and II
states is predicted to be 334 GHz, which is reasonable ap-
proximation to the experimentally observed splitting of 316
GHz. The more complete analysis of the Coriolis interaction
from the least-squares fits to data spanning a range of angu-~
lar momentum states supports the use of the approximations
described in the above discussion of the dynamics of these
states. The Coriolis parameter () determined in the fits
nearly exactly equals B (within 5% ) for all of the orthoj = 1
levels states, as expected from the theoretical model devel-
oped above. This implies that the following three approxi-
mations are valid: (1) the angular wave functions are not
strongly mixed, (2) there is not significant mixing of inter-
nal rotor and stretching levels due to angular-radial cou-
pling, and (3) the kinetic-energy operator 1/R * does not
strongly mix different stretching states.

The results of a nonlinear least-squares fit of the mea-
sured VRT transitions to a model with 2 diagonal confiibu-
tion to the Hamiltonian as given in Eq. (11) and an off-
diagonal Coriolis term of B[2i(j+ DJ(J+ 1)1V is
presented in Table V. The rotational constants and the vibra-~
tional frequencies were constrained to be equal for both com-
ponents of the IT states, but the effects of the distortion con-
stants were not required to be identical for the two
components. In Tables V-VII, constants which apply to
only one component of an I-type doublet are identified by the
symmetry of the J = 1 level whose energy they describe. For
example, D(B, ) refers to the lower component of the I-type
doublet in all three of the measured orthoj = 1 I states. The
experimental data included in the analysis were the four ro-
tational transitions in the 3 ( 1,, ) state measured by Fraser et
al.,'° the combination difference from Lascola and Nes-
bitt,’> which establishes the energy separation between
J=1, 2(1y) and J=1, B,II(1,,) as 339763.(9) MHz,
and 121 far-infrared VRT transitions. The FIR transitions
include those reported by us previously,!” and the new mea-
surements of transitions to the n = 1, I1(1,, ) state. These
new transitions range from Q(1) to Q(14) and from P(4) to
R(0), and are shown along with the residuals from the fitin -
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TABLE V. Results of the least-squares fit to the j = 1 ortho Ar—H, O transitions (MHz). The uncertainties in
parentheses represent two standard deviations. The fit has an rms error (o) of 0.623 MHz.

Z(1g) M(1g) M(1,0) 2(1y)
v 0 345 587.(18) 637 467.08(43) 1083 634.(18)
B 3014.783(27) 2951.658(57) 3037.476(15) 2953.224(66)
D(B,) 0.072616(71) 0.135 49(40) 0.060 44(13)
_D(B,) 0.114 76(35) 0.051 42(14) 0.111 75(66)
H(B,) 1.25(20)x10~° —2.145(28) X 10~°
H(B,) —1238(32)X10~% -~ 2.39(22)X 10~
y: 2950.84(40) 2880.78(33)
n=1,%(lg) n=1,1(lg)
v . 1019239.27(70) 1343 607.36(80)
B 2 821.39(20) 2 693.670(50)
D(B,) 0.1059(14) 0.211(29)
D(B,) 0.149 51(68)
H(B,) ~1.01(22) X 10-5
B 2683.6(37)

Table I. The transitions were weighted by the inverse square
of the experimental uncertainty: 4-5 kHz for the microwave
transitions, 9 MHz for the infrared measurement, and 0.7
MHz for the far-infrared transitions. Transitions observed in
previous work"? are not reproduced here as they do not add
significantly to the present discussion.

The rotation and distortion constants obtained for the
n=0, 1, and 1, states are essentially unchanged from the
values which we presented in Ref. 2, and which have also
been presented in Ref. 12. They are reproduced here primar-

ily for purposes of comparison to the other states. In our
previous analysis, 8 was totally correlated with the un-
known separation between 3 and II( 1, ), which has since
been measured by Lascola and Nesbitt.!? As a result, the
values here differ from those we presented in Ref. 2. Also,
the rotational constant in the » = 1, (1, ) state is signifi-
cantly different from that reported previously, since we have
now been able to decouple the effects of the Coriolis interac-
tion on the rotational term values in that state by measure-
ment of the n = 1, I1(1,, ) VRT transition.

TABLE VI. Results of the least-squares fit to all available data for para Ar-H, 0 (MHz).

(a)
2(0g) n=1,2(0y) (1) 2(1,)

v 0 ) 907 322.59(61) 1111068.81(66) 1219 866.16(75)

B 2988.286 39(45) 2867.402(35) 2994.813(14) 2830.12(13)

D(4,) 0.096 324(73) 0.078 10(40) 0.3302(32) - 0.0921(20)

D(A4)) 0.094 129(92)

H(4,) —5.90(11)x10~% - 1.80(18)x 10~ * 2.36(12)x10-*

B ) 2994.813 (fixed)

Caretch ) 0.40 (fixed)

Coena _ 0.704 63(26)

2 1.5 MHz

(b)

Observed Observed Deperturbed rotational constants
Corerch Ciend B[n=1, 2(0u0)] B[E(l,,)] Bln=1, 2(000) ] B[E(’l”)] B[Z(N]

0.2 0.6535 2845.6 2851.7 2839.0 2995.0 2731.0
0.3 0.6753 2854.7 2842.7 2840.0 2995.0 2681.0
0.4 0.7046 2867.4 2830.1 2842.0 2995.0 2571.0
0.5 0.7406 2883.8 2813.9 2845.0 2995.0 2236.0
0.6 0.7824 2903.8 2794.2 2849.0 2827.0 wee
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TABLE VIL Results of two different least squares fits to the
2,I1(2,; ) « 2 (1, ) bands. The differences between the fits are discussed in
the text.

(a)
2(2y;) [B1] H(2y,) [B,] m(2,;) [B:]
(Qbranch) (Pand R branches) -
v 1 684 904.7(90) 1 840 071.3(13) 1840 743.6(13)
B 2522.99(11) 2 827.98(10) 3156.03(38)
D 0 (fixed) 0.026 8(20) 2.908(28)
H 0 (fixed) —3.3(12)x10~° 0.011 37(82)
L 0 (fixed) —=3.72(28) X 1077  —5.64(92)x 10"
M 0 (fixed) 0 (fixed) — 1.49(34)x 107
o 0.98 MHz (13 parameters)
(b)
2(2,) [Bi] M(2,,) [B,] m2,,) [B,]
(Q branch) (P and R branches)
v 1684 206.1(11) 1840078.21(98) 1 840 078.21(fixed)
B 2 848.39(24) 2 827.555(85) 2 827.555(fixed)
D 0 (fixed) 0.0199(17) 2.238 1(85)
H 0 (fixed) -~ 7.3(12)x 103 0.003 58(13)
L 0 (fixed) —295(26)xX10~7 —1.1(66)X10~*
B 2037.24(46) .
a 2.8 MHz (11 parameters)

THE PARA STATES

In the £ and IT(1,, ) internal rotor levels of Ar-H, O, a
severe breakdown of the approximations described above
and used to accurately interpret the effect of the Coriolis
operator on the j = 1 ortho states of Ar—H, O is observed.
For example, we measure the /-type splitting in J=1,
II(1,,) tobe0.251 GHz. Substituting an approximate rota-
tional constant of 3.0 GHz into Eq. (10), along with the /-
type splitting, the T1(1,, ) state is predicted to be 286 GHz
lower in energy than the 2(1,,) state. This is more than
twice the experimentally measured spacing of 115 GHz.
Note also [Eqs. (9) and (10)] that the Coriolis-induced
shift in the rotational term value of J = 1 in the X level is
equal to the splitting in the I state. Inspection of Table IV
shows that the errors in the 1,; term values are not equal.
The energy of J= 1 4,3(1,,) is predicted 215 MHz too
high, but J=1 A4,11(1,,) is predicted only 111 MHz too
low. Furthermore, less than 50% of the difference between
the predicted and the measured /-type splittings can be ac-
counted for by the difference between the measured and pre-
dicted spacing of the 2(1,,) and II(1,,) states. Using the
measured spacing of these two VRT states (115 GHz) and
Eq. (10), one can correct the prediction obtained from the
AWI1 surface of (362 MHz) to get a new estimate for the /-
type splitting in J = 1 of the I state of 315 MHz. This is still
60 MHz greater than the measured value of 253 MHz. This
difference alone can be interpreted as a clear indication that
one or both of the states involved in the Coriolis interaction
is not a pure state but is substantially mixed. Further evi-
dence is obtained from a corrected estimate of the J = 1 <0
term value in £(1,, ). For this transition, correcting for the
difference between the measured and the observed position

of 2(1,,) gives an adjusted estimate of 6129 MHz. This is

still more than 150 MHz from the experimental value of
5971.1 MHz. In addition to the Coriolis effects, there must
be interactions which cause the effective rotational energy of
J=14,2(1;;) to be smaller than predicted on the AW1
surface. We believe this discrepancy to be caused by angular-
radial coupling in the IPS which mixes £(1,,) withn =1,
3(0g0 ) and perhaps other states, for the following reasons.
(1) No reasonable effective angular potential derived by ne-
glecting angular-radial coupling reproduces the observed
ortho and para j = 1 VRT energies. Specifically, £(1,,) is
always predicted to lie below II1(1,,) on surfaces which re-
produce the ortho splittings, although it is observed above it.
(2) In our discussion of the IPS of Ar-H, O in Ref. 3, we
pointed out the 2 (1,, ) state of Ar—H, O is strongly affected
by anisotropy in the position of the radial minimum, an ef-
fect primarily resulting from anisotropy in the repulsive
wall. (3) The n=1, 2(04)—n =0, 2(0p) stretching
band is observed to be 3.4 cm™~! below the n=1,
2(1g,) =n =0, Z(14;) stretching band. This large differ-
ence suggests that one or both of these stretching states is
interacting strongly with a nearby internal rotor level,
and/or that they sample drastically different effective radial
potentials. (4) The difference between the predicted and ob- -
served rotational term values in the £(1,, ) state can be ac-
counted for by coupling to a state with a much smaller effec-
tive rotational constant, such as an excited stretching state.
(5) Full three-dimensional calculations of the wave func-
tions on the AW surface unambiguously demonstrate that
in Ar-H,O the 2(1;;) is strongly mixed with n=1,
2(040)-

The experimental data for the three para levels of
Ar-H, O were included in a simultaneous weighted least-
squares fit. These include new lines ranging from Q(1)—
Q(16) and P(12)~R(7) in the II(1,, )2 (04, ) band, from
P(11) to R(8) in the 2(1,,)-2(0y,) band, and the pre-
viously measured” transitions ranging from P(5) to R(14)
in the n = 1, 2£(0yy )—2(04 ) band. The microwave transi-
tions observed by Fraser et al.'® were also included, weight-
ed by the reported measurement uncertainty. The far-in-
frared transitions were given a weight of 0.7 MHz, except for
lines in the P and R branches of T1(1,, ) —=(0q, ), for which
there is an apparent systematic error of 1-2 MHz in the
measurements. These were assigned an uncertainty of 2.0
MHz. As for the ortho levels, we have fit the observed fre-
quencies to a model Hamiltonian consisting of diagonal en-
ergies [Eq. (11)] and an off-diagonal Coriolis mixing term.
A 3% 3 matrix is constructed for these states as shown in Eq.
(12),

H stretch Cstretch H Coriolis O
Cstretch H Coriolis H, a Cbend H Coriolis | »
0 Cbend HCoriolis HE

Heoions =BVY(G+ DI+ 1). (12)
The Coriolis oberator is assumed to connect both the n = 1,
2(04) and the 2(1,,) states to the IT(1,, ) state. We also
assume that the 11 state is not significantly mixed with other
states, viz. Cy; = 1.0. The off-diagonal matrix element con-
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necting n=1, 2(0p) to I(1l;;) is set ‘equal to
Citreteh (Heorions )» and that connecting £(1;,) to II(1,) is
equal to Cyq (Heorions ). Contributions to the Coriolis ef-
fects from other states are expected to be small. Since the
nearest 3 eigenstate is about 20 cm ! away from the I state
(Fig. 4), the energy denominator causes .Coriolis effects
from interaction with these states to be at least six timeés
‘smaller than from interaction with (1, ) orn = 1, £(04 ).
The contribution is further reduced by the small coefficient
of 2(1,;) in the other eigenstates [ most of this basis state is
contained in the (1,,) eigenstate]. Analysis of the rota-
tional term values presented below demonstrates that at
least one other state is involved in the coupling to Z(1,,).
Accordingly, we did not constrain the sum of C2%,,., and
C1,.q to be equal to one. Attempts to simultaneously detei-
mine both of these coefficients and the Coriolis constant (3)
led to fits which were too highly correlated to be considered
useful. Accordingly, we fixed the Coriolis constant to be ap-
proximately the rotational constant of the IT(1,, ) state. This
approximation is expected to be accurate to a few percent
based on the results for the ortho j = 1 levels where B and 8
were within 5% of each other. We then fit the coefficient
describing the amount (C,,4) of the primitive basis func-
tion 2(1,;) in the £(1,,) eigenstate, fixing the coefficient
(Cyreten ) describing the quantity of this basis function mixed
into the n = 1, 2(0,, ) eigenstate at a series of different val-
ues. The fits were found to be strongly sensitive to the quanti-
ty Cienq» but fits with the mixing coeflicient C,,,.,.,, fixed
anywhere in the range from 0-0.6, all had rms errors that are
consistent with the experimental uncertainty, and give
Clena + Clieren < 1.0. The fit obtained with C, ..., fixed at
0.4 is shown in Table VI(a), and the residuals from this fit
are shown in Table II. In Table VI(b) we also give values of
Cieng and the rotational constants for the n = 1, £(0,,) and
the n'==0, Z(1,; ) eigenstates, obtained from fits with C,, .,
fixed in the range 0.2-0.6. Over this range of C,, ., the
Ciena coefficient was found to vary from 0.66 to 0.79. The
comparatively narrow range results because the I and
I1(1,,) states are a factor of 2 closer to each other than the
II(1,,) state is to the n = 1, 2(04, ) state. The interaction
between thetwo 1,; states thus dominates the /-type splitting
in the II state, which in turn, determines the value of C,,, ;.
The extensive mixing of the two X levels with each other
and with other states makes it more difficult to specify the
deperturbed rotational constants of the para basis'states than
for the ortho j == 1 basis states. If we assume (1) then =1,

3(0g ) eigenstate consistsonly of 2(1,;) andn = 1,2 (0y) -

basis states, and (2) the rotational constant in the unper-
turbed 2(1,; ) basis state is equal to that in the II(1,, ) state
[B 241 = 2994 813(44) MHz], then we can derive the
rotational constants for the unperturbed basis states, includ-
ing that of a third unknown state which is mixed into
2(1,;). The necessary relationships are given in Eq. (13),

[n=1, Z(Om)]
B observed

(1 0 Cstretch B[n—“l =002

1] <
+ (Csr.rctch )B f[ixed “)]5

Blr=0 2] _ ~ (C2 th)B{n—l X(0g)] .
stretc

observed

+ (Clea) Blia™)
-+ (1 0— Cstretch C%end )B *' (13)

Here, Cenas Cyrercns and the observed rotational constants
are taken from Table VI(b), and we solve for the two un-
knowns B "= *%1 3nq B* The deperturbed rotational
constants are shown in Table VI. For C,,..., fixed at 0.6, Eq.

(13) produces a negative rotational constant for the third
state. For this value of C,; , we relax the second assump-
tion and allow the rotational constant of £(1,, ) to be differ-
ent from that of TI(1,, ) and assume the interaction may be
explained entirely by mixing of the two measured I states.

This analysis gives B [n=1, 2(0y)] = 2849.0 MHz and
B [Z(1;)] = 2827.0 MHz. These rotational constants im-
ply an average bond length in the internal rotor state which is
larger than in the stretching fundamental. This is a physical-
ly unreasonable result. A more appropriate inference is that
this value of the coupling constant, C,,...,, = 0.6, is too high.
Over the range, Cyoen = 0.2-0.5, we find the n = 1, 3(04 )
rotational constant to range from 2839.0-284.0 MHz. This
is within 30 MHz of the value of Binthe n = 1, £(1,, ) state,
2821.24(44) MHz, which we interpret as support for this
deperturbation model. However, it is not likely that the rota-
tional constant of =(1,, ) is exactly 2995 MHz. Allowing the
rotational constant for £(1,, ) to be smaller than 2995 MHz
would drive the rotational constant of the excited stretching
state to higher values; allowing it to be larger than 2995 MHz
would decrease its value. The latter is more likely, since two-
dimensional angular surfaces® indicate the 2(1,;) state is
stabilized by the IPS more than is the TI( 1 i ) state, and since
that would bring the rotational constant in the Oy, stretch
closer to the values in the 1, stretching levels.

The coefficients which determine the wave functions of
the n =1, 2(0y ) and the Z(1,, ) states may be inverted to
obtain the size of the angular-radial coupling matrix element
and the deperturbed frequencies of the two states. Neglect-
ing the contributions from the third perturbing state, we find
H,pputar-ragiar 18 5 em ™! for Cyyore, = 0.6 and it is 3 cm =" for
Cireten = 0.3. The corresponding deperturbed frequencies
forn =1, 2(0y ) are.1020 or 935 GHz for C,; o, == 0.6 and
0.3, respectively. The deperturbed frequencies of (1,, ) are
1108 and 1191 GHz, respectively. At C.;..cn = 0.6, the value
for the deperturbed stretching frequency is nearly identical
to the frequency of the stretches built on the 3 and IT(1,,)
states, which are 1019 and 998 GHz, respectively. This sug-
gests that.the coupling matrix element mixing these two
states is nearly the strongest that is consistent with the rota-
tional constants, C,,..., = 0.5-0.6. The 1108 GHz value for

2(1,,) is also close to the value predicted by purely angular

models.? This lends additional support to the model for the
deperturbation and to the conclusion that the mixing is
strong.

THE 2,, STATES

Analysis of the Coriolis effects on the IT(2,, ) state rota-
tional term values clearly evidences the presence of either
strong angular-radial coupling or of strong mixing with oth-
er internal rotor states. Since angular-radial coupling has
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already been shown to have a strong effect on the para states,
and because no significant mixing of = or I1(2,, ) with other
internal rotor states is indicated using effective angular po-
tential surfaces, we assume that additional angular-radial
coupling beyond that present in the AW 1 surface is responsi-
ble for the differences between the observed I-type splittings
and those calculated on the AW1 surface. For J = 1 states in
a j =2 internal rotor level the Coriolis matrix element is
givenin Eq. (6). Solving the 2 X 2 matrix for theJ = 1 2 and
I1(2,,) energies perturbatively gives a splitting in J = 1 of
24B?*/AE in the Il state, where AE is the energy spacing of
the 2 and II levels. Using the measured /-type splitting in
J=1, 0.672 GHz, and approximating the rotational con-
stant to be 3.0 GHz, we find AE = 321 GHz, which is more
than twice the measured value of 150(10) GHz.

VRT state mixing in the 2,, states is much more com-
plexthaninthe 1, states. Then = 2, 3(1,, ) stretching level
most likely dominates the perturbation, mixing strongly
with £(2,,). The I1(2,, ) state has two nearby II stretching
levels which it may interact with n =1, I1(1,5) and n =2,
I1(1,, ). For J> 1, the effects of the Coriolis interaction with
the A(2,, ) state must also be taken into account. In addition
to these complications, the experimental data set is not as
complete. None of the perturbing states has been observed,
preventing a characterization of the mixing at the level of
detail that was presented for the para levels. Also, only a few
lines in the (2, ) «2(1,; ) band have been assigned. We
have measured a series of strong transitions in the range
1690-1706 GHz which we believe are the R branch of
3(2,, ). All of these lines were easily observed on the second
sideband (Vipeer F 2Vomicrowaves ) from both the 1757 and the
1626 GHz laser lines. This gives an indication of their excep-
tionally large intensities. The P(10), P(9), R(7), and R(8)
lines have been assigned based on lower state combination
differences. Other P-branch lines are either obscured by at-
mospheric water, which is especially problematic in this re-
gion, and/or are in regions where the available microwave
sources do not provide sufficient power to observe them. It is
also likely that the P branch is much less intense than the R
branch because of the intensity perturbations caused by the
strong Coriolis mixing. In the limit of very strong Coriolis
mixing, the transitions to the P branch become forbidden
altogether. In this limit the internal angular momentum ( j)
and the overall angular momentum (/) are both nearly good
quantum numbers. The P-branch transitions correspond to
electric dipole forbidden Al = 2, Aj = 1 transitions and the
R branch to allowed Al = 0, Aj = 1 transitions. The strong
Coriolis perturbation also causes the R-branch pattern to be
highly irregular, with a bandhead at R(4) or R(5), and pre-
vents accurate estimates of the line positions even for the
transitions adjacent to those which have been assigned, with-
out a more accurate treatment of the Coriolis interactions
than is currenily possible. The lines are assigned to the
2(24,) «—2(1,, ) band based on their intensity, approximate
position, and the rotational term values which are consistent
with expectations for this strongly mixed band. The only
other band expected in this region is n=1,
MI(1,0) <=(1,, ), which is expected to be much weaker and
not to display as strong a Coriolis perturbation to the rota-

tion term values as is evident in the (2, ) « 2(1,; ) band.
In Table VII, we present two fits to the four assigned
2(24,) «2(1,,) transitions and the [1(2,, ) = 2 (1, ) tran-
sitions, including lines ranging from P(11)-R(9) and
Q(1)-0Q(15). The ground-state Z(1,, ) constants were held
fixed at the results from the fit discussed above and present-
ed in Table V. In the first fit (a) we modeled each state
separately using the Hamiltonian of Eq. (11) and omitted
the obviously strong Coriolis coupling. The two components
of the I state are treated separately in this fit. Predictions of
the positions of the £(2;,) R branch transitions based on
this fit are consistent with the assignment of the strong lines
in the 1690~1705 region to this band. In the second fit (b)
the two observed 2,, states were assumed to be coupled by a
Coriolis matrix element of the form given in Eq. (6). How-
ever, the actual quantity 8= 2037.24(46) MHz, deter-
mined in the fit, should be interpreted as Cs X Cj, XS/,
where ' is the expectation value of the operator #/2uR *
between the two states. If we assume that the value of 5’
ranges from 2850 t6 3000 MHz, then the product, Cs X Cy;,
ranges from 0.71 to 0.68. This indicates that the mixing in
the 2,, levels is comparable to that in the 1, levels, for
which Cy was determined to range from 0.65 t0 0.69 and C;;
was assumed to be 1.0. The actual mixing may be somewhat
smaller than this analysis indicates. The n = 2, 2(1,, ) level
pushes the perturbed component of the I[1(2,,) state in the
opposite direction from the Z(2,,) state. Since the n = 2,
2(1,, ) state is closer to I1(2,,) than I1(2,;) is to 2(2,,),
the effects of Coriolis couplington = 2, 2 (1,, ) arelarge. By
J =13 the larger rotational constant of the II1(2,,) state
compared to n.= 2, 2(1,, ) reduces the energy denominator
in the interaction with this stretching level sufficiently that
the effect of the two Coriolis interactions are nearly equal but
in opposite directions. At this value of J the /-type splitting
approaches zero. A full analysis including the effects of the
n =2, 2(1,, ) stretching state would give a larger Coriolis
constant to compensate for the additional perturbation, and
hence a larger value for the product Cs X Cy;. More detailed
treatment of the spectra than that presented here will require
measurement of the n =2, X and II(1,,) levels, and the
n=1, II(1,,) and the A(2,,) state, so that the effects of
coupling to these states can be treated explicitly. Alterna-
tively, a direct fit to the three-dimensional IPS should reveal
the nature of the VRT mixing in these states in great detail.

DISCUSSION

Twelve VRT states of Ar-H, O, including the five new
states described in this paper, have now been characterized
by TFIR laser spectroscopy. A detailed analysis of the
changes required in the AW 1 IPS by these and other recently
acquired data will be presented in a forthcoming paper,?® in
which a direct fit of the data to a new model for the three-
dimensional IPS is presented. It is nevertheless very useful to -
attempt to gain qualitative insight into the relationship be-
tween the structure of the IPS, the intermolecular dynamics
on that surface, and the VRT spectra, particularly since the
full three-dimensional calculations are expensive and time
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consuming. In Fig. 8, we present a pictorial description of
the internal motion and the most probable orientation of the
H, O subunit within the complex for each of the six j=1
internal rotor states. It is useful to think of the orientational
distribution of the internal rotor levels as being analogous to
that of electrons in atomic orbitals. Thej = Olevelislike an s
orbital and samples essentially all orientations with equal
probability, the j = 1 internal rotor functions are analogous
to p orbitals, the j = 2 to d orbitals, etc. This model is similar
to those which have been presented for atom~diatom clus-
ters.**?* However, water is an asymmetric rotor and has
much more complex internal dynamics within a cluster than
does a linear molecule. The three j = 1 levels of water each
have the projection of the H, O angular momentum along a
different inertial axis. The 1,, state rotates about the ¢ axis,
which is perpendicular to the molecular plane; 1,, rotates
about the b axis, which is the C,, symmetry axis; and 1,,
rotates about the a axis. Each of these states can rotate with
its angular momentum quantized along the van der Waals
bond. Inthej = 1 levels, the moleculeis in a T, state when the
axis of rotation is perpendicular to the van der Waals bond
axis; and when the axis of rotation is along the van der Waals
bond, the molecule is in a IT state. The orientational distribu-
tions indicated pictorially in Fig. 8 are also summarized in
Table VIIL. ‘

The effects of the IPS on these states can be predicted
directly from inspection of Figs. 2 and 8. The £(1,, ) stateis
observed at lower energy than the II(1,,) state, since
II(1,, ) is localized at 6 = 90°, ¢ = 90°, the position of the
largest barrier to internal rotation (47 cm™!). Similarly,
II(1,,) is localized near the global minimum at 6 = 90°,
¢—=0°; as aresult it is Jower in energy than the Z(1,, ) state,

D,

n

ot =90

E(146), ¢ = all

(1), o =all -

R OY-

T(1,,), ¢ =0

FIG. 8. A pictorial representation of the j=1 internal rotor states of
Ar-H,0.

TABLE VIIL Orientations and average radial distances of the observed
Ar-H, O states.

State Orientation {(R|) (A)
Z(060) isotropic 3.691
(1) O=al,¢=0 3.674
M(ly;) 6=90°, ¢ =90° 3.714
(1) 0=90°%¢=0" 3.661
(1) f=all, ¢ =all 3.713

(maintains C,, symmetry during the rotation)

1(1,,) ' 6=0%0r180°, =0 3.718
2(1,) =90, ¢ =all 3,718
n=1,3(0y) isotropic 3.782
n=1,2(1y) f=all,¢=0 3.798
n=11(1,) =90 ¢ =90° 3.887
2(2,) 3.78-4.01
ne2,) 3.794
Deperturbed values

(1) 6=90, ¢ = all 3.718 (fixed)
n=1,32(0y) isotropic 3.787-3.807
(7). 3.948-4.285

which has amplitude at both barriers to in-plane rotation (22
and 17 cm ™ ') and at the barrier to out-of-plane rotation, but
has a node at the global minimum. Both 1,, states have sig-
nificant amplitude at the barriers; I1(1,,) samples at the
barriers to in-plane rotation, and %(1,; ) samples both at the
maximum barrier to out-of-plane motion and at the global
minimum. The analysis of the VRT dynamics in the two
angular coordinates presented by Hutson* shows that
2(1;;) is more stable, but this result is not obvious upon
inspection of the IPS.

In addition to the nominal orientations of the water
monomer in the different states, the average radial distance
obtained by treating the water as a point mass and inverting
the rotational constants from Tables V-VII is summarized
in Table VIIL In every case, the average bond length of the
state in a X,I1 pair which samples the barriers is longer than
the bond length of the state which samples near the mini-
mum. The average bond length inthe n = 0,7 = 0,andj = 1
states ranges from 3.67t03.72 A. Inn = 1, it is 3.78-3.89 A.
From Fig. 1, the repulsive anisotropy at the zero of energy on
the AW1 IPS can be seen to be about 0.17 A, with the argon
able to approach to 2.9 A near the oxygen atom, but only to
within 3.07 A near the hydrogen atoms. The observed states
sample much lower on the repulsive wall, and have a vari-
ation in bond length which is consistent with a smaller repul-
sive anisotropy near the minimum, 0.05 A inn = 0, and 0.1

inn=1. The n =0, I1(2,,) state has an average bond
distance of 3.81 A. Thisis too large for a state which is purely
n = 0. Since this state is dominated by an » = 0 internal ro-
tor state, it must be mixed with a state that has a bond length
which is on average much longer than 3.8 A, most likely
n=2,11(1,). :

CONCLUSIONS

The spectra presented in this paper provide strong evi-
dence for angular-radial coupling as one of the dominant
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features of the IPS of Ar-H, O, especially in the vicinity of
the potential minimum. These measurements will provide
the basis for the determination of a substantially more accu-
rate IPS for Ar-H, O than is currently available. We also
describe a simple and complete formalism for the analysis of
Coriolis effects in the VRT spectra of any weakly or moder-
ately anisotropic atom-molecule complex. This formalism
can be used to test the accuracy of the commonly employed
reversed adiabatic approximation and to establish a quanti-
tative description of the angular-radial coupling in the IPS of
the complex in question.

It is informative to apply this analytical framework for a
comparison of the spectra and experimental IPS’s among the
first-row hydrides Ar-HF(v = 1),>?¢ Ar-H,0,"* and
Ar-NH,.?"® In both Ar—-H, O and Ar-NH,, there is sub-
stantial experimental evidence for strong angular-radial
coupling, but no such evidence has been presented for
Ar-HF (v = 1).%° The Ar-HF(v = 1) IPS determined by
Nesbitt, Child, and Clary,?® through inversion of extensive
midinfrared spectroscopic data, exhibits only a weak vari-
ation in the position of the radial minimum as a function of
the angle of the interaction, viz. in the linear Ar-HF and Ar—
FH configurations, the minimum is located at 3.40 A, while
at the barrier to internal rotation at 90°, the minimum occurs
at 3.55 A. Whether this should be interpreted to imply that
the angular-radial coupling is genuinely small in this com-
plex, or that the spectroscopic data set used to develop this
surface is simply not an accurate probe of these features of
the surface, is an interesting question. For both Ar-NH; and
Ar—H, O, internal rotor and stretching levels have been ob-
served which, in the absence of angular-radial coupling,
would be nearly degenerate. The strong interaction between
the internal rotor and stretching levels that is reflected in
these experimental observables (band positions, hyperfine
matrix element, -type splittings) provides a precise measure
of the coupling matrix elements. However, in Ar-HF the
observed bending and stretching levels that could potentially
be mixed by an angular-radial coupling matrix element are
all more than 10 cm ™! apart. This spacing is considerably
larger than the angular-radial coupling matrix element,
which is on the order of 3-5cm ™ ' in Ar-H, O and Ar-NH;.
Hence, angular-radial coupling would be much harder to
detect in the band positions of the particular states sampled
by the mid-infrared experiments, even if this were a domi-
nant feature of the IPS. However, the I-type splittings are
more sensitive to the effects of angular-radial coupling. In
fact, the most significant discrepancies (5%-25% ) between
predictions using the Ar-HF (v = 1) surface obtained by
Nesbitt, Child, and Clary®*® and the experimental data ob-
tained by Lovejoy and Nesbitt*® are associated with -type
splittings. It thus seems likely that the IPS of Ref. 26 under-
estimates the importance of angular-radial coupling, a fact
which Nesbitt, Child, and Clary?® specifically acknowledge,
although claiming it to be a minor inadequacy.

In the Rg-HX complexes, angular-radial coupling is
primarily the result of the difference in the van der Waals
bond lengths at the Rg-HX and Rg—XH configurations. Be-
cause of the importance of angular-radial coupling in clus-
ters of argon with other molecules, it will be important to
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develop a more quantitative assessment of the position of the
potential minima in Ar-HF, As Hutson points out,** the
electron withdrawing effect of the hydrogen atom reduces
the repulsion at the Rg—XH geometry, giving rise to the sec-
ondary minimum at this structure at a shorter intermolecu-
lar spacing than at the Rg-HX geometry. This effect be-
comes increasingly important as the size of the halogen atom
is increased and as electronegativity decreases, in the series
Ar-HF, Ar-HC], and Ar—HBr. For this reason, angular-
radial coupling is expected to be weakest, and therefore diffi-
cult to detect in Ar-HF. It will be interesting to make a
comparison of the potentials for the first-row hydrides so as
to understand the trend toward increasing angular-radial
coupling from Ar-HF to Ar-NH;.

The other question which these data raise is: Whatis the
source of the angular-radial coupling itself? Angular-radiai
coupling must become important at some distance if there is
any anisotropy at the potential minimum. At long range, this
anisotropy must go smoothly to zero. In an atom—molecule
complex, the induction forces are small, and the anisotropy
is largely determined by the balance between exponential
repulsive forces and attractive dispersion forces. The repul-
sive forces are rapidly varying in the region of the minimum,
while the long-range dispersion forces are changing more
slowly. Examination of the different contributions to the
AWI1IPS (Ref. 3) indicates that the dominant contribution
to angular-radial coupling results from anisotropy in the re-
pulsive wall. This anisotropy changes nearly tw1ce as fast as
the attractive anisotropies over the range 3.6-4.0 A.van Bla-
del and Van der Avoird?® make a similar argument for re-
pulsive anisotropy in the VRT spectra of Ar-NH, based on
their computed wave functions and energies on the ab initio
surface of Bulski, Wormer, and Van der Avoird.*® These
authors find that the most significant anisotropy in the re-
gion of the minimum is due to short-range repulsive forces.
Experimental manifestations of angular-radial coupling in
Ar—NH,; have been discussed by Schmuttenmaer et al ¥
who also concluded that FIR VRT spectra demand that sig-
nificant anisotropic repulsive forces contribute in the region
of the minimum on the Ar-NH,; IPS.

In summary, five new VRT states of Ar—H, O have been
measured and analyzed. These states significantly expand
the database available for determination of the Ar-H, O IPS.
States with energies up to 65% of the AW 1 dissociation lim-
it, D, = 174.7 cm~ ' have now been observed. These states

sample the full range of the angular degrees of freedom. In
the radial degree of freedom, the states span a range of aver-
age center-of-mass separations from 3.66 to 3.89 A. The
n=2 stretching levels have been accessed indirectly
through perturbations. They have an average bond length
exceeding 3.95 A. Finally, not only do these spectra sample
an extended range of intermolecular coordinates, but they
provide a precise probe of the van der Waals bond length asa
function of orientation (angular-radial coupling) in the IPS.
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