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The far-infrared laser electric resonance spectra of the prototypical atom—diatom complex
ArH¥Cl are analyzed using improved zero-field molecular constants, yielding accurate
permanent and transition dipole moments for the three lowest excited van der Waals vibrational
states. The constants are obtained from a multistate fit to previous microwave, far-infrared laser
electric resonance, and far-infrared tunable laser spectra, as well as new far-infrared
measurements of the Z-stretch state, which are reported here. The signs of the dipole moments
and Coriolis coefficients establish the relative orientations of the HCl subunit in these states. The
fit is found to converge only if these signs correspond to the HCI pointing in opposite directions
along the a inertial axis in the Z-stretch and Z-bend states. A weak preference, near the
experimental error limit, is found for the Ar—CI-H average angle in the Il-bend state to be
greater than 90°, contrary to expectation. For the best fit, we obtain the @-axis dipole moment
components —0.5413(11) D (= bend), —0.263 45(29) D (II bend), and 0.6754(36) D
(=-stretch); and the b-axis components 0.365(12) D (II and =-bend) and —0.0465(43) D (II
and = stretches), where the signs of the Coriolis coefficients and p, for the = stretch have been
arbitrarily fixed positive. For the expected Il-bend configuration, with the Ar~CI-H angle less
than 90°, the magnitudes along the a axis change only slightly, but the b-axis components
become 0.149(12) and —0.1403(64) D for the II-Z-bend and II-Z-stretch interactions,
respectively.

I. INTRODUCTION system, indicating substantial anisotropy at the zero-point

energy, although with large amplitude oscillations about
= 0°. In contrast, the lowest excited torsional states, the Il-
and 2-bend (Z,) states corresponding to the j=1,
m;=0 and |m;| =1 rotational states of free HCI, respec-
tively, are virtually unhindered by the anisotropic terms in
the potential energy. The energy levels of these states are
drawn in Fig. 2 together with the ground (Z;) and first
excited stretching (=) states. The similarity between the
free rotor j=1«0 transition energy of 21 cm~! and the IT
and 3, excitation energies of 23-34 cm™! qualitatively il-
lustrates the high degree of isotropy of this potential en-
ergy surface, compared to those of chemically bonded sys-

The potential energy surface for the van der Waals
coordinates of ArHCl is perhaps the most thoroughly stud-
ied of any atom—diatom complex. This is due in large part
to significant efforts by Hutson and Howard? and Hut-
son*™ to develop semiempirical potential energy surfaces
that could be fit directly to the experimental observables.
Early efforts were confined to the assumption of rigid HCI,
for which the potential surface is defined only by the co-
ordinates R and 0 as defined in Fig. 1, although the most
recent work adds the internal HCI stretching coordinate to
these degrees of freedom.’

The forces binding the subunits of this system are gen-

erally divided into isotropic components, independent of &,
and anisotropic components. It is convenient to consider
the states of the complex in the limit where the anisotropy
is zero, and the internal torsions of ArHCI are identically
described by freely rotating HCl. The ground state corre-
sponds to the j=0, m =0 level, and the lowest torsional
states to j= 1, |m;|= 0 and 1, with m; defined as the
projection of the HCI rotational angular momentum j on
the a inertial axis of the complex. Anisotropy has the effect
of coupling states of different j, but with m2; a constant of
the motion, and we label the resulting eigenstates as = or I1
for {m;| = 0 or 1, respectively.

The ground state is found to be a hydrogen-bonded
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tems.

Although the geometry of the ground state (Z;) was
deduced from experiment nearly 20 years ago by Novick
et al.,.%” with subsequent work by Hutson and Howard,®
the excited states of the van der Waals vibrations were first
probed directly more than a decade later in pioneering
studies of the II state by Marshall ef al.® and Ray et al.'®
Some of these transitions were later reassigned based on
double resonance experiments,!! but the principal results
remain unchanged. The lack of tunable far-infrared radia-
tion sources required the vibrational studies to be carried
out at high electric fields in order to Stark tune the tran-
sitions into resonance with one of the available fixed-
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FIG. 1. The coordinate system used to describe the ArHCI van der Waals
potential energy surface. R is the separation between the Ar and HCl
center of mass, and @ is the angle between the HCl and ArHC] inertial
axes.

frequency laser transitions. The Berkeley group laser elec-
tric resonance (LER) experiments were then extended to
measurements of the 3, (Ref. 12) and =, (Ref. 13) states
of the molecule, evaluating directly their vibrational band
origins, rotational constants, quadrupole coupling con-
stants, and permanent dipole moments. However, the in-
terpretation of the LER spectra was impaired by the low
number of accessible rovibrational components and the
complexity of the Stark effect. The Coriolis coupling of the
2, and X states with the II state could not be separated,
and in the effective Hamiltonian for the Stark effect, cou-
plings between these vibrational states were neglected.
These couplings arise from the perpendicular transition di-
pole moments p; between the IT and either excited X state.
Although the same interaction is well-resolved in the low-
est bending states in ArHCN,' in ArHCI the bending
states are separated by 10 cm ™, six times the separation in
ATHCN, and the available data are less precise by a factor
of 100. This is partly compensated for by the relatively
high fields of the LER work (up to 20 kV/cm), and we
estimated that u, values should be determinable from that
data.
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FIG. 2. Energy level diagram, including rotational structure, for ArHCI
illustrating the states discussed in this report.

Subsequent to the LER experiments, tunable far-
infrared lasers provided straightforward measurements of
the transitions from the ground state to the =, I1,'® and
3 states in zero electric field. In addition, there are ex-
tremely high-precision pure rotational spectra of the two
excited 3 states in the microwave by Chuang and
Gutowsky.!” Reeve et al.'¢ took advantage of these data to
separate the Coriolis effects in the IT state, fitting 8¢ and
B"2s, the Coriolis coefficients for the II state interaction
with the 2, and 3; states, respectively. Therefore, it is now
possible to analyze the dipole moments from the high qual-
ity Stark field data of the LER experiments, leaving the
other constants fixed at the values obtained from the zero-
field data. This paper reports the results of such an analy-
sis.

Accurate values for the dipole moments and nuclear
quadrupole coupling constants are essential to any descrip-
tion of the wave functions for the weakly bound complexes.
The generally large vibrational motions are inconsistent
with the rigid structures obtained from rotational data
alone, and it is often impossible to fix a unique vibration-
ally averaged geometry based purely on rotational analysis.
In the case of ArHCI, the probability density distribution
of the =, state is predicted to extend over 40° in 0 at
half-maximum,* based primarily on the measured dipole
and quadrupole coupling constants. [To avoid cumbersome
qualifications, however, we will refer to the structure of
ArHCI with the bending angle derived from P;(cos 8) as
the “molecular geometry.””] The b-axis dipole components
are angular constants determined by the overlapping re-
gions of two distinct states and therefore can test predicted
wave functions at extremes to which P;(cos @) and
P,(cos @) are less sensitive.

In addition, it is shown below that resolution of these
small terms can fix relative signs of the permanent dipole
moments. The orientation of one state with respect to an-
other can be obtained from energy contributions from cou-
plings between those states. Second order couplings do not
preserve this information, but third order terms involving
Coriolis and Stark interactions do allow this determina-
tion, if sufficiently resolved.

Il. LEAST SQUARES ANALYSIS

Transitions tabulated in the existing literature enabled
all the zero-field constants—i.e., all but the dipole
moments— to be satisfactorily determined, with the excep-
tion of the X vibrational band origin. This last constant
became determinable upon inclusion of recent measure-
ments by the Berkeley group tunable far-infrared laser
spectrometer given in Table I . All other transitions used in
this work were obtained from the references given above.
The data were insufficient for an independent analysis of
ArHYC1, and only ArH*Cl is discussed here. Least
squares fitting of the spectroscopic parameters to the tran-
sitions used the matrix elements, sign conventions, and
algorithm from a recent study of the van der Waals bend-
ing states of ArHCN,* with the following minor modifi-
cations. In much of the far-infrared data, the hyperfine
splittings of a given rovibrational transition were more pre-
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TABLE 1. ArH*C] =, « 3, transition frequencies (MHz) used in this analysis. Multiple assignments for the

same frequency indicate unresolved hyperfine structure.

AF=AJ AF=0 AF= — AJ
F=J+3 F=J+} F=J—} F=J-} F'=J+} F'=Jt+} F'=J-3 F4J=}
P(5) 9533580 9533580 9533580 9533580
P(4) 9576168 957616.8 957616.8 957616.8 o
P(2) 965470.7 965470.7 965476.4 965 476.4 965 467.1
P(1) 969 055.8 969 061.6 ' 969 051.2
R(0) 975541.3 975 536.2 _ 975545.4
R(1) 978437.0 978437.0 9784309 978 431.8 978 441.2
R(3) 983557.1 983557.1 983557.1 9835559 9835517 983559.3 983 561.7
R(4) 985789.7 985789.7 985789.7 985789.7 9857844 985791.8 9857948
R(5) 987810.5
R(6) 989 626.8
R(7) 991239.5
R(8) 992654.5
R(9) 993873.0

cise by roughly a factor of 10 than the absolute frequencies.
Rather than fitting to several absolute frequencies in these
instances, the program fit the constants to one absolute
frequency and several hyperfine intervals, allowing the vi-
brational band origins and hyperfine constants to be deter-
mined independently at their appropriate levels of preci-
sion. In many cases, hyperfine multiplets were unresolved,
in which case, the constants were fit to the arithmetic mean
of the calculated component frequencies.

In calculating Stark effect eigenvalues, off-diagonal
couplings to AJ= =3 were included. Stark couplings be-
tween the 2, and Z; states and off-diagonal hyperfine
couplings were both found to be insignificant given the
experimental precision. The final constants are the result of
a simultaneous, weighted fit to all the data. As a result of
including the far-infrared data in Table I, the band origin
for the 3 state is found to lie at 972 414.81(23) MHz, 10
MHZz above the value from the LER analysis."! All other
constants obtainable from the zero-field data are compara-
ble to those of Reeve et al.'® and the earlier analyses and
are not reported here.!® Parameter uncertainties were cal-
culated assuming random errors in the experimental mea-
surements. This is presently the only workable assumption,
but it may not be wholly appropriate, since the dominant
error in some of the LER and tunable far-infrared mea-
surements may be due to systematic frequency shifts of the
gas lasers. More carefully calibrated measurements may
change the fit constants by slightly more than would be
expected from truly statistical errors.

1. RESULTS

In Table II, the excited state dipole moments and stan-
dard deviations evaluated for two fits are given. The b-type
dipole moments are well-resolved in this analysis, provid-
ing a direct measure of the transition strength between
these modes and adding to the store of molecular param-
eters with which to evaluate proposed potential energy sur-
faces. They are, however, much more poorly determined
than the a-type moments, showing that the neglect of the
b-type Stark effect in the original LER analyses was rea-

sonable. This is further supported by the agreement be-
tween the a-type moments in Table II and those from the
earlier work.!'13

The two fits in Table II correspond to two different sets
of signs for the coupling terms. Neglecting the ground state
dipole moment, which is not significantly coupled to the
excited state constants, the coupling terms consist of two
Coriolis constants, two b-axis dipole components, and
three a-axis dipole components; hence, seven signs to de-
termine. Two of these may be selected arbitrarily to fix the
directions of the a and b axes in the coordinate system. We
express the Coriolis coefficients as'

“2—ﬁ2< 6,R M—lk—2i 6,R 1

B —75 1/111( [ )l , 60‘1/’2( y ))7 ( )
where M is the reduced mass of the complex, and the
dipole moments are expressed as

I-"a=H'H01<'¢’(9aR) ICOS ellp(G’R))’ (2)

iy =puci{¥n(6.R) [sin 6] ¥5(6,R)). (3)

Terms dependent on the polarizability of the argon sum to
less than 10% of y, in all cases and have been neglected in

TABLE II. Dipole moments (in Debye) and product functions N
(MHz>D?) and M, (MHzD?) (see the text) obtained from fits to
ArH*Cl data for different average values 61, of the Ar-Cl-H angle
determined from P;(cos 8) for the IT state. The uncertainties are one
standard deviation. The standard deviation of the fit normalized to the
estimated experimental errors o, is given in the last row.

Bhng > 90° Bg <90°
PP —0.541 3(11) —0.530 1(11)
u —0.263 45(29) 0.262 81(37)
s 0.675 4(36) 0.674 3(45)
PZ% 0.365(12) 0.149(12)
P —0.046 5(43) —0.140 3(64)
N —49 400 —60 900
M, —271 110
M, 12.7 —38.1
o, 0.88 1.10
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Eq. (2). The sign of B within a chosen coordinate system
depends only on the direction of 8 and therefore on the
relative directions of the @ and b inertial axes. The signs of
the a- and b-axis dipole moments, on the other hand, de-
pend only on the directions of their respective reference
axes. For example, if the directions of both axes in Fig. 1
are inverted, the dipole moments all change sign, but the
signs of the Coriolis coefficients are preserved because the
direction of 6 remains unchanged. We choose to fix the
Coriolis constant 815 and the dipole moment ,ufs positive.
This is consistent with previous conventions giving the
ground state dipole moment as positive and the assumption
that 2, must have the same qualitative angular distribution
as the ground state. In the present case, because direct
coupling between the two excited X states is not resolved,
the coordinate systems used to describe the two sets of
I1-= interactions are essentially independent. This means
two more signs may be fixed, defining the II-2, coordinate
system, without significantly affecting the outcome of the
fit. We choose anb positive and, for consistency with con-
clusions discussed below, ,uf” negative. This leaves only
three dipole moment signs to determine.

The sensitivity of the fit to the signs of u[, ,u,b b, and
pf,m’ was tested by fitting these dipole moments under the
complete range of signs for their initial values, with the
zero-field constants fixed. We define two terms N and
M,, where

N=p"2epM2g 20y 15s (4)

and

nz, 1

M,=anqu ., F=bh,s. (5)

The results are (i) the product & is negative (the fit finds
no local minimum otherwise); (ii) the fit converges for
both signs of the product M}, but the standard deviation is
slightly better if the value is negative.

With the directions of the @ and b axes defined, the
action of the operations in Eqgs. (1) and (3) is such that
the sign of the product B“E',ufz’ is determined by whether
the =, state is localized primarily at 6 greater than or less
than 90°, although the signs of the two individual constants
depend on the phase convention arbitrarily chosen for the
wave functions. The sign of this product therefore conveys
roughly the same information as the sign of ,uf’, but using
different criteria—in particular, by convoluting the =, state
with the I state. The sign of the product M, gives, just as
the product ,u?,uf" would, the relative orientation of the II
and 3, states along the a axis, independent of the choice of
coordinate system. A negative value implies that the II and
3, states are oriented in the same direction along the a
axis.!* The product M, M, always has the same sign as N,
and therefore if IV is negative, as observed, HCl is in gen-
eral oriented on opposite sides of = 90° in the two =
states. Note that this conclusion cannot be drawn from the
relative signs of ,u,f” and ,uf‘, which are too weakly coupled
to each other to impact the fit significantly in this regard.

In Fig. 3, the angular distributions of the 2, Z;, II,

3203
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FIG. 3. Estimated angular distributions of HCl in the (a) Z, ground; (b)
the 2,; (c) II; and (d) = states. These distributions are based on least
squares fits of the dipole and quadrupole constants to a model wave
function, as discussed in the text, and are intended only as qualitative
descriptions of these states.

and 3 state wave functions are represented based on fits of
the experimental dipole and quadrupole constants for each
state to an assumed Laguerre-type waveform

P=exp| — (0—0,)/0y]sin '™, (6)

where 6, and oy for each state are the parameters opti-
mized in the fit (except 6, was fixed at 0° for the =, state),
and where [m|= 1 for the II state and O for the X states.
The signs for the dipole moments are chosen from the fit
results cited in column 2 of Table II.

The two = states are shown to have opposite orienta-
tions from this analysis, providing experimental verifica-
tion of a point that has thus far been inferred from the
excellent agreement between qualitative features of the ob-
served and predicted rovibrational spectrum.’'? Relative
signs of off-diagonal terms in a Hamiltonian matrix are
determined only at third order and higher in perturbation
theory.!* The third order term has the form

By S Hy HH, + B H G, + L HGH,
in jn (EX—EX) (EY—EY) ’
(7
where
B (90| 9. (8

For the present analysis, we allow H” to represent the
a-type Stark interaction operator, B represents the b-type
Stark operator, and H® represents the Coriolis coupling
operator. In this case, only one term in the numerator in
Eq. (7) survives for given states 7 and j. Choosing the state
n= (II, J=1-—) as an example, where J is the quantum
number for overall rotation of the complex and + or —
represents the rotational parity, there are two terms that
dominate the third order energy correction
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. HyHYH, Hy HYHS,,
= EP—ED) (B0 ) T B (BP—

(9)

where i=(IL, J=1+4),j=(2;, J=1-), k= (32, J=1-),
and where

HEHGHE, o S0, ol =M, (10)
HEHH, o B, ul =M, . (11)

The two contributions, proportional to M, and M,, are of
comparable magnitude—about 50 and 20 MHz, respec-
tively, at 10 kV/cm—because the larger frequency interval
vovs,, compared to vy VI is compensated for by the

gtranoar Clarialic and A_funa Qtarlr intarantinng hatvraan tha
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two bending states. The signs of these two terms are oppo-
site, M, and M, having opposite signs, and they partly
cancel. If either of the b-axis dipole components change
sign, reversing the sign of one of the M, terms and imply-
ing that the two 2 states are oriented in roughly the same
direction, the overall contribution of these terms can be
maintained only by reducing the magnitudes of both b-axis
components. This is incompatible with second order, non-
sign-dependent contributions of these terms to the energy,
and evidently does not even correspond to a significant
local minimum on the parameter surface. If both terms
change sign, as by reversing the sign of ,u? from column 2
to column 3 of Table II, the overall contribution to the
energy can be roughly maintained if p, b 5 decreases in mag-
nitude and p b 24 increases, as shown.

The preferred orientation of the Il wave function with
respect to the b axis is surprising because the semiempirical
potentials predict that it should be the opposite.>* The II
state wave function calculated by Hutson on his H6(3)
potential surface* is largely localized on the same side of
the b axis as the ground state, and therefore the 2 state,
although there is substantial amplitude on either side. The
difference in standard deviations for the two fits in Table II
is small, but note that ,u,?z” and ”gzs are of nearly equal
magnitude for the column 3 fit. With nearly equal b dipole
moments, M, and M, differ in magnitude by only a factor
of 3, and the = contribution to the third order correction
in Eq. (9) dominates the contribution from the X, because
of its lower energy gap. Naively, the couplings between the

Cooksy et al.: Vibrational states of ArH**Cl

stretching and bending states are expected to be substan-
tially weaker than those among the bending states, and this
argues in favor of the column 2 constants, giving an Ar—
Cl-H angle greater than 90°. The existing data are not
sufficiently precise to discriminate further between these
fits.

Potential surface analyses that employ these results
will therefore have to use the p, values appropriate to the
I1 state orientation chosen. Given the conflicting evidence
for the geometry of the II state, higher precision measure-
ments of these Stark effects would be welcome. Neverthe-
less, we believe this work demonstrates the high quality of
the original LER measurements on this system, as well as
the usefulness of detailed spectroscopic analysis in complex
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