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The u, and u, electric dipole moment components of the Ne-OCS, Ar-OCS, and Kr-OCS
van der Waals complexes were determined using Fourier transform microwave spectroscopy. The
accuracy of these results was evaluated by comparing the Ar—-OCS moments with molecular beam
electric resonance measurements, The experimental moments are compared with values calculated
from projections of the dipole moment of the OCS monomer, corrected for effects from harmonic
bending and induced dipole moments in the rare gas atoms. The u, and u, components were
reproduced within 0.01 D for the Ar and Kr complexes and within 0.02-0.025 D for the Ne
complex. & 1993 Academic Press. Inc.

INTRODUCTION

High-resolution spectroscopic studies of weakly bound molecular complexes make
up an active field of research ( /) that applies the full arsenal of spectroscopic techniques
to the general problem of studying intermolecular potential functions. Pure rotational
spectroscopy, primarily using molecular beam electric resonance (2) (MBER ) or pulsed
Fourier transform (3) (FTMW) methods, has been particularly productive in this
area of research. One reason for this success is the ability of microwave experiments
to study complexes in a variety of ways to obtain information on rotational, nuclear
hyperfine, electric, and magnetic properties. This paper considers Stark effect mea-
surements and the electric dipole moments of weakly bound complexes in general,
and specifically addresses the dipole moments of rare gas—carbonyl sulfide (Rg-OCS)
complexes.

In principle, the dipole moment of a bimolecular complex contains a large amount
of information. The basic moment arises from the vector sum of the moments of the
two monomer constituents and, therefore, contains information about the relative
orientation of the monomers within the complex. This basic moment can be signifi-
cantly modified by dynamic effects associated with large amplitude vibrations and
from the polarization of each monomer by the electric fields produced by each binding
partner. Thus monomer-monomer vibrational motions and/or molecular charge dis-
tortions can be studied through dipole moment measurements if accurate structural
data are known. A classic example of using the dipole moment of a complex to study
a monomer charge distribution is the determination of the sign of the FCl dipole
moment (4).
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For these reasons, dipole moment measurements have been a part of high-resolution
studies of weakly bound complexes dating from the initial experiments in this area
(5). Precise dipole moment measurements have traditionally been carried out in MBER
experiments. The Fabry-Perot resonator used in FTMW spectrometers makes it more
difhcult to generate uniform and accurately calibrated Stark fields in these experiments.
However, in recent years several FTMW spectrometers have incorporated Stark elec-
trodes and numerous dipole moment measurements have been made with these in-
struments.

While there has been a relatively large number of dipole moment measurements
for weakly bound complexes, methods for interpreting these data are not well devel-
oped. The main purpose of this paper is to present measurements of the dipole moment
components of Ne~-OCS, Ar-OCS, and Kr-OCS. These data are analyzed with a
mode! that uses a harmonic description of large amplitude motions and electric fields
from ab initio calculations to calculate polarization effects. A second aspect of this
paper is the direct comparison between MBER and FTMW dipole moment mea-
surements to evaluate the accuracy of the latter method.

EXPERIMENTAL DETAILS

The FTMW Stark effect measurements used a Balle-Flygare-type spectrometer at
the University of Michigan (6, 7). The spectrometer has parallel steel mesh Stark
plates, approximately 60 cm square and 30 cm apart, to which potential differences
of up to 20 kV can be applied. The electric field was calibrated using the J = 1, M =
0 < J =0, M = 0 transition of OCS, with an assumed dipole moment of u = 0.7152
D (8). The absolute accuracy of the field cahibration was +0.3%. The Rg~-OCS com-
plexes were prepared by mixing 1% OCS in 99% Ne, Ar, or Kr, using commercial
gases without further purification. A stagnation pressure in the range of 1-1.5 atm
was used in the pulsed molecular beam source. Transitions were observed under con-
ditions that minimized the Doppler doubling effect that complicates lineshapes (9).
The observed signals usually did not exhibit any resolved Doppler splitting and had
FWHM widths of 20-30 kHz. Measurement uncertainties of the line centers were
estimated to be approximately 4 kHz, arising primarily from lineshape varnations.
The Rg-OCS transitions studied are listed in Table 1.

As discussed below, initial FTMW dipole moment results ( 10) for Ar-OCS did not
agree well with the original MBER study (//) and independent MBER Ar-OCS data
were obtained at the University of Rochester. That MBER instrument has been pre-
viously described (12). In these experiments, a 0.75-atm mixture of 1% OCS in Ar
was expanded through a 25-um diameter nozzle, cooled to dry ice temperature. The
cw beam of Ar—-OCS was monitored at the parent ion peak, m/e = 100, of the mass
spectrometer molecular beam detector. Because of the relatively low electric fields
used in the Ar—QCS experiments, the Stark field was calibrated using the J = 2, M =
2 — J =2, M = 2 radio frequency transition between the /-type doublet of the OCS
01'0 excited vibrational state. The dipole moment of this excited vibrational state is
accurately known relative to the OCS ground state (/3), and the zero field frequency
and Stark coefficient for this transition are similar to those of the Ar-OCS transitions
studied. The FWHM linewidths for the transitions were 1-2 kHz and signal to noise
ratios were sufficient to achieve measurement uncertainties of £100 Hz. The absolute
accuracies of the dipole moments reported here are 0.03%. The 2,0, M =2~ 2, M
= 2 and the 2¢;, M = 0 — 1,;, M = 0 Ar-OCS transitions were studied, with results
given in Table 1.
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TABLE |
Stark Effect Data for Rg~OCS Complexes from FTMW Spectroscopy

b 2
TkK "Rk, M ) e~ e
Ne-OCS
1, + Op 0 5.76(5) ~0.037
2, + 1y 1 5.57(8) 0.108
20+ 10y 0 1.52(2) ~0.012
202 + g 1 5.67(10) ~0082
25+ 1y 1 11.718) ~0.009
2, + 1y 0 1.04(5) 0.012
2+ 14 1 ~12.48(4) ~0.017
Ar—0CS
400 + 303 0 ~1.282) ~0.007
4y + 3 1 ~0.695(9) 0.000
8y, + 30 2 1.03(2) 0.006
4oy + 303 3 3.88(2) ~0.010
2, + 1y 0 ~0.489(7) 0.000
2, « 1o 1 458(3) 0.005
Kr—-0OCS
1, « Ogg 0 14.13(3) 0.000
33+ 20 0 1.025(6) ~0.003
35+ 2 1 1.532(7) 0.003
3,3« 20 2 3.03(4) 0.000

a. M value for parallel, AM=0, transitions.
b. Avin MHgz, E in kv/icm.
c. Calculated using FTMW values for u, and uy, from Table IIL

DIPOLE MOMENT MEASUREMENTS

The Rg-OCS complexes are necessarily planar, with the ¢-inertial axis perpendicular
to the molecular plane. Thus there are two nonvanishing components of the dipole
moment, u, and p,, which must be extracted from the observed Stark effect data. For
the FTMW data, all relevant zero field energy level spacings were very much larger
than the field-induced energy level shifts, and second-order perturbation theory is
quite adequate to analyze the data ( /4). In this situation, plots of Av vs E? are linear
and exhibit second-order Stark coefhicients that depend on u,, u» and the rotational
constants. The data for a given transition were first least-squares fit to a second-order
Stark coefficient and the results of these fits are listed in column 3 of Table 1. Using
the rotational constants of Ref. (9), these coeflicients were then least-squares fit by
adjusting the dipole moment components. The dipole moments obtained in this way
are listed in Table I11. These moments, and the rotational constants, were then used
to calculate second-order Stark coefhicients, which are compared with the observed
values in the last column of Table I. Ne~-OCS and Kr-OCS Stark effects have not
previously been studied.
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TABLE II
MBER Stark Effect Data for the Ar-OCS Complex

J J b V,
KK, " IKK, M Ef(Viem) v/(MHz)
250+ 2 2 0.000 11.05415(10)
29.966 11.86383(10)
2+ 1y 0 0.000 186.09125(10)
99.909 186.91310(10)

a. M value for parallel, AM=0, transitions.

The MBER data were analyzed somewhat differently. The two transitions studied
were selected because the Stark effect for the 255, M = 2 = 2,,, M = 2 transition
depends only on u,, to within a few parts in 10°, while the 2¢,, M =0 —> |, |, M =
0 Stark effect 1s dominated by u,. Two-level perturbation theory (14) was used to
obtain u, from the 2,5 — 2,, frequency shift. About 3% of the 200, M =0 —> 1;,,, M
= ( Stark effect depends on u,, with the remaining 97% arising from a single two-
level interaction involving u,. The u, result from the 2,, — 2,, transition permits an
accurate value of u, to be obtained from the 2,; — 1, data. The moments obtained
in this way are in excellent agreement with the original study of Ar-OCS (1/), and
both sets of MBER results are listed in Table III.

The initial values for dipole moment components obtained from the FTMW data
were somewhat different from those reported in Table HI (/0). In particular, these
early FTMW results for Ar~OCS differed from the original MBER dipole moments
(/1) by a small but significant amount (0.005 D for g, and 0.012 D for u,). It was at
this stage that the University of Rochester work was initiated, and independent MBER
data agreed with the Harvard results. Reevaluation of the FTMW data brought to
light some small problems that combined to produce dipole moments with errors
larger than the statistical uncertainties had indicated. The problems related to non-
uniform lineshapes, small frequency shifts for some transitions, and calibration pro-
cedures. The general question of uncertainties obtained from FTMW instruments is
addressed in more detail under the Discussion. In view of the difficulty of making
high-accuracy FTMW Stark effect measurements, the FTMW results in Table I have
quoted uncertainties substantially larger than would be obtained from the standard
deviations of the least-squares fit. This conservative approach to estimating possible
errors leads to rather large uncertainties in u;, for Ne-OCS and g, for Kr—-QCS.

ANALYSIS

The Rg~OCS dipole moments, u7, in Table 111 are all less than the OCS monomer
moment (0.715 D) and the moments become progressively smaller as the size of the
rare gas atom increases. This observation can be explained qualitatively as arising
from induced dipole moments in the Rg atoms generated by electric fields produced
by the OCS charge distribution. In a T-shaped complex, this induced moment will



426 ANDREWS ET AL.

TABLE 11

Experimental Dipole Moments, in Debye, for Rg-OCS Complexes®

Ne-0OCS Ar-0OCS Kr-0OCS
FIMW
(current)
Hy 0.329(4) 0.214(6) 0.172(10)
I’ 0.626(15) 0.666(2) 0.675(3)
[7%% 0.707(13) 0.700(3) 0.696(4)
MBER
(current)
My 0.21423(6)
y 0.6668(2)
B 0.7004(2)
MBER
(ref. 11)
iy 0.2146(10)
oy 0.669(2)
[T28 0.7026(20)

a. s the vector sum of u, and u,. See text for a discussion of the uncertainties.

subtract from the monomer permanent moment, while the induced and permanent
moments would add in a linear complex. The Rg-OCS complexes are roughly T-
shaped and the Ne-Ar-Kr trend is accounted for by the increasing polarizability of the
Rg atoms with increasing size. Since the Rg-OCS complexes are only approximately
T-shaped, it is necessary to focus on the individual g, and u; components. It is also
necessary to consider how these components are affected by large amplitude vibrational
motions.

The angles needed to project the OCS moment onto the principal inertial axes are
defined in Fig. 1. The geometry of the complex is determined by R, the distance from
the OCS center of mass (com) to the Rg atom, and the angle 6 between the OCS axis
and R. § is defined as the O-com-Rg angle. X is the angle between the a-inertial axis
and R. While we would like to know 8,4, the equilibrium value of §, the experimentally
determined (9) effective value for this angle, f.q, is a close approximation for 8.
Table 1V lists f.¢ and X values for the three Rg-OCS molecules considered here (9).
Table V lists the experimental and several different calculated values for the Rg-OCS
dipole moment components. The first calculated set of moments, labeled projection,
contains the results for projecting the OCS monomer moment on the g- and b-axes.
The agreement between the observed and projected u,, values is quite good. However,
the u, components exceed the measurements by 10 to 30%.

The next step 1s to consider the effects of averaging the projections of the monomer
moment over the zero point amplitude of the van der Waals bending vibration. This
problem was discussed for Ar—-OCS 1n the original publication (/7) and has been
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F1G. 1. Principal axis system for Ne-OCS showing definitions of X, the angle between the ¢-axis and R,
and f.g, the angle between the OCS-axis and R, where R intersects OCS at its center of mass.

further developed by Novick (15). Novick begins with a harmonic oscillator description
of the zero point bending motion, using a v = 0 wavefunction of

Yo(8) = N-exp[(—a/2)(0 — 0q)°], (1)
where
a = 2mu /b = pen/h = (uk)?/ A (2)

In Eq. (1), N is the normalization constant and the coefficient « in the exponent
depends on the reduced mass u,, the bending frequency v, (or the angular frequency
wy ), or the force constant k. The units for the reduced mass are those of a moment

TABLE IV

Structural and Vibrational Parameters for Rg-OCS Complexes®

Ne-0CS Ar—-0CS Kr—0CS
X 11.6° 53° 32
8. 70.4° 3.0 74.1°
A, famu.A? 3235 36.36 3736
v, fom™! 15.5° 26.0° 26.1°

a.  The values used for y and 64 are from ref. 9; see Fig. 1 for the definition of these angles. u, and
v, are the reduced mass and vibrational frequency for the harmonic bender model.

b. Calculated from the inertial defect, see ref. 18.

c.  From ref. 17b.
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TABLE V
Observed and Calculated Values for Rg-OCS Dipole Moments

Ne—-OCS/(D) Ar—-0CS/(D) Kr—-OCS/{(D)

experimental

e 0.329 0.214 0.172

y 0.626 0.666 0.675
projection

He 0.370 0.265 0.223

Hp 0.612 0.664 0.680
harmonic bender

ey 0.364 0.266 0.229

[ 0.602 0.657 0.671

harmonic bender + polarization

Ha 0.350 0216 0.163
s 0.602 0.659 0.676

harmonic bender + polarization — experimental

thy 0.021 0.002 -0.009
e -0.024 -0.007 0.001

of inertia, mass X distance?, and k has energy units. Finally, 8.4 will be used rather
than #.,. Expectation values from Ref. (15) give

{O1p 10 = cos(fesr) * nocs - exp[—1/(4a)], (3)
(0[p110) = sin(fer) - pocs * exp[—1/(4a)]. (4)

The || and L subscripts in Egs. (3) and (4) refer to the moment components parallel
and perpendicular to R, from which g, and g, can be obtained. The reduced mass,
i;, was approximated as the inverse of the diagonal Gy, matrix element from a normal
mode analysis (/6), and the values used are listed in Table IV. The bending frequencies,
vy, can be obtained either from an analysis of centrifugal distortion constants (/7) or
from the inertial defect (18, Eq. ¢). For each of the three complexes, the two methods
gave vy’s that agreed to within 5%. The values used to implement Egs. (3) and (4)
are listed in Table IV.

Using this procedure to calculate p; and u,, which were rotated to give the u, and
up listed in Table V as the harmonic bender results, produces results that are very
similar to the simpler projection moment components. The only significant changes
are for Ne—-OCS, which is not surprising since it has the smallest reduced mass and
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bending force constants. The largest change introduced by the vibrational averaging
calculation occurs for u, of Ne-OCS, and this 0.01 D change takes the calculated
moment farther from the observed value. Since the dipole moment corrections as-
sociated with the bending vibration are generally quite small, the assumptions made
in deriving and applying Egs. (3) and (4) are not likely to have any significant effect
on the calculated moment components.

This leaves induction effects as the major source of the differences between calculated
and observed dipole moment components. There are several possible approaches to
this issue. Since the polarizabilities of the Rg atoms are known (/9), the problem is
apparently reduced to finding the electric field vector at the Rg location. This can be
done using a multipole expansion of the OCS charge distribution (20), but slow con-
vergence of the multipole expansion at van der Waals molecule distances and the
limited number of available multipole moments make this approach difficult to im-
plement. Specific examples of this convergence problem have been discussed for the
cases of Ar-furan and Ar-pyrrole (27). A second approach, and the one used here,
is to obtain the electric fields from an ab initio quantum chemistry calculation. Finally,
one could calculate the field produced by OCS from a distributed multipole description
of the OCS charge distribution (22).

The GAUSSIAN 86 quantum chemistry package (23) was used to calculate an
OCS wavefunction, using the 6-311G* basis set. The ability of the calculation to give
proper electric fields can be judged, in part, from the calculated OCS dipole moment,
tocs = 0.62 D, which i1s 13% lower than the observed value. The ab initio E field
calculation was done in an OCS-based coordinate system and then the field components
parallel and perpendicular to the OCS axis were rotated into the inertial axis systems
of the complexes. The electric field generated by the OCS charge distribution is shown
qualitatively in Fig. 2; note the rapid spatial variation of both the magnitude and the

F1G. 2. The principal inertial axis system is for Ne-OCS with nuclear centers and van der Waals radii
indicated for Ne, Ar, and Kr. The positive @ and b directions indicated by the arrows are chosen to correspond
to the positive direction for the projected dipole components for OCS. The electric field lines are plotted on
a grid in one hemisphere about OCS with the tail illustrating the relative magnitude and the direction of
the field lines. The more positive region is at the end embedded in the grid point.
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direction of the field. Figure 2 also shows the locations of the three different Rg atoms.
The a and b components of the field at each of these three points are listed in Table
VI and these were used to calculate induced dipole moment components, treating the
Rg atom as having a point polarizability (19). The resulting induced moment com-
ponents are included in Table VI. These induced moments are combined with the
harmonic bender results in Table V to give the harmonic bender + polarization cal-
culations in Table V. The final numbers in Table V are calculated minus observed
residuals, i.e., the harmonic bender + polarization moments minus the experimental
moments.

If we realistically set our expectations for success at the +0.01 D level, the harmonic
bender + polarization results are quite good for Ar-OCS and Kr-OCS. The calculated
Ne~-OCS components are less satisfactory, differing from the observed moments by
more than 0.02 D. However, the experimental uncertainties are also relatively large
for Ne—-OCS, with the possible error in g, larger than 0.01 D. Ali of these results are
addressed in greater detail under the Discussion.

DISCUSSION

We wish to discuss two separate aspects of the work presented here. First, some
general comments are made on the accuracy of dipole moments of weakly bound
complexes measured with FTMW spectroscopy. Then we discuss some specific details
of the Rg-OCS results.

The characteristics of the Fabry-Perot resonator used in FTMW spectrometers
place a number of constraints on the electric field used for Stark effect measurements.
The maximum field strength available is on the order of 1000 V /cm and limitations
on the dimensions and separation of the Stark electrodes means that the field cannot
be extremely uniform. This latter property places special demands on the calibration
process. The most common operating mode for an FTMW instrument has the mo-
lecular beam propagating perpendicularly to the Fabry-Perot axis, and in this config-
uration the FWHM linewidth can vary between 10 and 30 kHz. Frequency shifts from
the Stark effect can be measured to a small fraction of a linewidth only when low
noise data exhibiting very stable lineshapes are available. The lineshape is a subtle
function of beam source conditions. pulse timings, and electric field inhomogeneities.
Lineshapes can vary substantially, even for a single Stark component of a specific

TABLE VI

Electric Field Components and Induced Dipole Moments in the Rg Atom of Rg-OCS Complexes®

Ne-0OCS Ar-0CS Kr-0CS
E, 10%viem 111 8.66 7.50

E, /10 v/iem 0.25 0.58 0.65
#y(induced) D -0.014 -0.050 -0.066
py(induced) D 0.000 0.002 0.005

a. A negative sign for an induced moment component implies a negative to positive direction opposite
to the sign of the internal axis system shown in Fig. 2.
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transition. These problems translate to Stark effect measurement precisions of 1-5
kHz. Because of the modest intensity and homogeneity of the field, useful Stark shifts
are typically on the order of 1 MHz and many transitions will not allow frequency
shifts this large. These considerations mean that it is quite difficult to achieve Stark
coeflicient precisions of better than 0.1%, and in less than optimum cases the precision
may be less than 1%.

A consistent calibration procedure is essential to convert this precision to an accuracy.
It is important that the calibrant and sample molecules occupy the same. volume
element of the field. In FTMW experiments, this is only true when the calibrant and
sample transitions have similar frequencies and when the calibration lineshape is iden-
tical to the van der Waals molecule lineshape. Because widely different source con-
ditions are often employed for the measurement and calibration, this is frequently not
the case. It is particularly important that the transitions used for both calibration and
measurement exhibit symmetric lineshapes. These considerations lead to the possible
presence of unknown systematic errors in Stark effect data.

The problems discussed here were encountered to a small degree in the initial FTMW
Rg-OCS measurements ( /0) carried out for this work, and substantial care was required
to minimize their influence on the final results. All of this discussion can be summarized
by noting that FTMW measurements can yield dipole moments of 1% accuracy rel-
atively easily, but 0.1% accuracy is quite difficult to achieve. Fortunately, much of the
information residing in the dipole moments of weakly bound complexes is available
at the 1% level of accuracy.

The remaining discussion relates to the results given in Table V. The most obvious
point of concern is the relatively poor agreement between the calculated and observed
Ne-OCS dipole moment components. Since Ne-OCS is the most “floppy” of the
three complexes, it is natural to consider vibrational averaging as the origin of the
problem. However, vibrational averaging problems could reside in both the polarization
contribution and inadequacies in the harmonic bender model used. In addition, y,
for Ne~OCS has a large experimental uncertainty. So it is not possible to attribute
problems with Ne—-OCS to any single cause. Instead, some general comments on the
dipole moment calculations are made.

The possible inadequacies of the harmonic bender model used for vibrational av-
eraging can arise both from the harmonic approximation and from assuming a pure
bending motion. The treatment used here (15) considered the length of the R vector
to be independent of the angle 8, which need not be the case. For example, a plausible
description of a Rg-OCS complex might be a spherical atom interacting with a cylin-
drical linear molecule. This kind of approach has been used to model the carbon
dioxide dimer (24). A reasonable low-frequency vibration in this model could have
the Rg atom translating back and forth along the molecule, a motion that cannot be
described as a simple bend. The dipole moment effects introduced by anharmonicities
and stretch-bend interactions will be small for relatively rigid complexes, but can
certainly be substantial for a molecule like Ne-OCS. Obviously, questions concerning
anharmonicities and stretch-bend interactions cannot be addressed quantitatively
without detailed information on the intermolecular potential function of the complex
in question.

A second question on vibrational averaging arises when induced dipole moment
components are considered. As shown in Fig. 2, both the magnitude and the orientation
of the electric field generated by the OCS charge distribution varies rapidly as a function
of the rare gas atom position. This means that large amplitude motions of the Rg
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atom can affect the size of the induced dipole moment and also change how that
moment is distributed between u, and u,. Fortunately, for the present work, the largest
amplitude motions occur in Ne~OCS where the induced moments are the smallest.
Because the more polarizable Rg atoms exhibit smaller amplitude motions than those
found in Ne—-OCS, vibrational averaging effects on the induced moments are probably
not too significant for the Rg—-OCS complexes.

An assumption made in the calculations of dipole moments induced in the Rg
atoms, which is probably more serious than omitting vibrational averaging over the
polarizing field, was assigning the atom a point polarizability. Figure 2 clearly shows
that the magnitude and direction of the OCS-derived electric field change enormously
over the volume occupied by the Rg atom. A distributed polarizability approach which
deals with this problem has been developed by Stone and co-workers (25). The dis-
tributed polarizability calculation requires the potential, the field, and the field gradient
at the location of the Rg atom. In the Ar-OCS and Kr-OCS cases, relatively good
results are obtained from the simpler calculation, presumably because of canceling
errors. This was also true for the Ar-furan and Ar-pyrrole complexes (27). However,
this cancellation of errors need not be a general phenomenon.

SUMMARY AND CONCLUSIONS

Dipole moment measurements have been made on Ne-OCS, Ar-OCS, and Kr-
OCS using a Fourier transform microwave spectrometer. Independent molecular beam
electric resonance measurements of the Ar—-OCS Stark effect were made to evaluate
the accuracy of FTMW Stark data. The Rg-OCS dipole moments were analyzed by
projecting the monomer moment onto the inertial axes of the complexes, using a
harmonic bender model. These results were then corrected for induced moments
arising from polarization of the Rg atoms. This procedure successfully described the
dipole moment components of Ar—OQCS and Kr-OCS, but was less successful for Ne-
OCS. The approximations and limitations of these calculations are discussed, as are
the capabilities of FTMW dipole moment measurements.
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