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The argon-acetaldehyde van der Waals dimer was studied by Fourier transform microwave
spectroscopy. Two tunneling motions were observed in the spectrum, an inversion through a
planar configuration and methyl internal rotation. A simple deperturbation technique was employed
in order to obtain rotational constants for structural purposes. The structure was found to be a
nonplanar skew, with the argon binding on top of the C-C-0 triangle. This was determined by
assigning the rotational spectrum of two isotopic species: normal and Ar - CH,CDO. The argon
atom is located 3.592(5) A from the acetaldehyde center of mass, and the distances AT=Oarbonyl »
ATCeaponyt, and Ar-Creny are 3.59(1), 3.77(1), and 3.85(1) A, respectively. The dipole moment
was determined as u = 2.63(2) D. An induction model was employed to explain the decrease in
the dipole moment compared to free acetaldehyde. A dispersion model was used to rationalize
the structural data. The binding energy of the dimer was estimated to be 204(1) cm™' from
centrifugal distortion data and a Lennard-Jones potential. & 1994 Academic Press. Inc.

1. INTRODUCTION

Acetaldehyde is a small organic molecule with low symmetry. Although there are
many known dimers of a rare gas with nonpolar or polar molecules, there are few
examples with asymmetric organic species like acetaldehyde. Such systems are of in-
terest because the rare gas provides a spherical test probe of the electron density and
resultant electric fields which influence van der Waals interactions. It is desirable to
learn if such interactions will track with chemical functionality and be transferable in
a predictable fashion to more complex systems.

Two examples of pertinent argon complexes with organic molecules previously
explored are Ar - formamide (/) and Ar - formic acid (2). The former is nonplanar
while the latter is planar (or nearly so), with the argon straddling the acidic hydrogen
and carbonyl oxygen. This indicates that the carbonyl group which is common to
formamide and formic acid is not a helpful qualitative predictor of whether
Ar - CH;CHO will be planar or nonplanar. On the other hand, a simple physical
model based on pairwise dispersion interactions (3) between the atomic centers of
the molecule and the rare gas predicts a nonplanar structure for argon-acetaldehyde,
with the argon roughly equidistant to the three heavy atoms (see below). This model
has been fairly successful at rationalizing the structures of a number of rare gas com-
plexes but has not been widely tested for less symmetric systems such as
Ar + acetaldehyde, no doubt due to a paucity of experimental data.

We have observed the rotational spectrum of Ar - CH;CHO in a Fourier transform
microwave spectrometer with a pulsed nozzle source. The derived structure of
Ar « CH3;CHO is close to the dispersion model prediction. The spectrum was quite
complex, being perturbed by internal rotation of the methyl group and a tunneling
motion through a planar configuration, giving quartets. Because of the complexity of
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the spectrum, this work will be reported in two parts. This paper describes a “deper-
turbed” spectral analysis to obtain unsplit frequencies which can be fit reasonably well
by a standard Watson semirigid rotor Hamiltonian. This is sufficient to produce ro-
tational constants and dipole moment components for understanding the structural
parameters for the argon-acetaldehyde complex. The nonrigidity of the complex will
be discussed in a second paper (4). That analysis will extend the IAM formalism of
Hougen-Coudert to the (¢ molecular symmetry group and describe a Hamiltonian
which includes effects from methyl internal rotation and an inversion motion.

2. EXPERIMENTAL DETAILS
Sample

The vapor of acetaldehyde (99%, Aldrich) was mixed with argon in a 2-liter bulb
at a total pressure of 1-1.5 atm. The ratio of acetaldehyde to argon was about
1.5:98.5. The sample was then expanded supersonically through a modified Bosch
fuel injection valve with a 1-mm orifice to form the dimer. Transitions of argon-
acetaldehyde-d, (CH;CDO) were observed using deuterium-enriched acetaldehyde
(98+% D, Aldrich).

Spectrometer

The spectrum in the range 7.3-18 GHz was investigated using a Balle-Flygare
pulsed FTMW spectrometer described previously (5). The rest of the spectrum, in
the range 3-7.3 GHz, was obtained with a second recently constructed Balle-Flygare
pulsed FTMW spectrometer. Stark effects were obtained by applying electric potentials
up to 8000 V with opposite polarity to two wire mesh parallel plate screens separated
by about 30 cm which straddled the Fabry-Perot cavity. Maximum Stark shifts ranged
from 2.3 MHz for the 4, = A4, component of the Oyy—1 ;o quartet to 7.8 MHz for the
A, —= A4, component of the 15,-2;, transition. The electric fields were calibrated using
OCS (1 = 0.71519 D) (6).

Timing of the gas and MW pulses was adjusted so that the Doppler effect would
be minimal on the lineshapes. The axis of the expansion was ordinarily perpendicular
to the cavity axis, with the exception of some partially split lines (splitting smaller
than the linewidth of the perpendicular configuration), in which case an axial nozzle
was used to resolve the lines as much as possible. The linewidth for the perpendicular
configuration was about 25 kHz except for cases where deuterium quadrupole coupling
would broaden the line (to about 50 kHz). The axial configuration gave FWHM of
about 10 kHz, with the line splitting into two components due to the Doppier effect.
The line centers were estimated to be accurate to +4 kHz.

3. RESULTS AND DISCUSSION

Spectrum

The spectrum consisted of quartets arising from all three selection rules (g, s,
u.). The existence of three selection rules implies that the complex does not have a
plane of symmetry, as does the argon-formic acid complex. Hence the argon must lie
out of the plane defined by the heavy atoms in acetaldehyde.

A portion of the spectrum is illustrated in Fig. 1, which shows the typical quartet
pattern for the three selection rules. As will be shown in a subsequent paper (4), each
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FIG. 1. Spectrum of Ar - CH;CHO between 6 and (2 GHz.

quartet arises from the rigid rotor level first split by about 310 MHz into an 4 and E
state due to tunneling of the methyl group through a threefold barrier. These are
further split by about 90 MHz into two A states (actually 4, and A4,) and two £ states
when the argon (effectively) tunnels from above the heavy atom plane to an equivalent
position below the plane. Due to the symmetry of the levels and selection rules, this
resulted in different patterns for the a-, b-, and c-type transitions. For &-type lines, the
A-E splitting was typically 200 kHz, and the two A~E doublets were separated from
each other by 2-10 MHz, depending on J. The a-type quartets were more closely
spaced (typically within 1 MHz). The ¢-type lines, on the other hand, were split into
two A-FE doublets shifted by about 200 MHz above and below the respective asym-
metric rotor frequency to which they correlate (the latter is shown by a dotted line in
the figure). For the c-type lines the magnitude of the A-E splitting of each doublet
was about 15 MHz and was shown to be sensitive to the coupling between the inversion
and the methyl rotation.

One way to extract information about the moments of inertia is to average the four
lines seen in place of the single asymmetric rotor frequency giving a weight of two to
the E states. They can be shown (4) to be displaced by half the amount of the A4 states
relative to the respective asymmetric rotor level. The resulting frequencies are tabulated
in Table 1 along with the obs — calc frequency differences obtained from fitting the
average frequencies to a Watson S-reduction Hamiltonian (/" representation) (7).
The parameters obtained from the fit are given in Table II. The fit to the average
frequencies is not as good as a typical fit for a more rigid van der Waals system, but
at worst it is off by only 0.5 MHz. This is sufficient to confirm the asymmetric rotor
assignment and deduce structural information.
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TABLE 1

Rotational Transitions (in MHz) of the Tunneling Quartets of Ar - CH;CHO
and the Average Frequency?®

JKricoJ Kvico” A E Ay E Average®  o-c(kHz)P
101-0go 3375.162 3375.056 3374.949 3374.849 3374.987 24
202-101 6744.063 6743.874 6744.468 6744.268 6744.136 -39
232-11; 6512.435 6512.026 6511.420 6511.420 6511.791 40
2)3-110 6986.136 6986.216 6986.216 6985.915 6986.102 42
303-20 10102.092 10101.824 10101.537 10101.276 10101.638 -31
313212 9762.942 9762.942 9763.061 9763.045 9762.996 46
3492, 10474.945 10474.493 10476.235 10475.754 10475.279 38
329-29, 10119.276 10119.157 10119.851 10119.851 10119.524 53
321299 10141.636 10141.120 10140.967 10140.573 10140.998 -162
40430 13441671 13441.361 13442.324 13442.003 13441.787 1
414313 13009.776 13009.776 13009.628 13009.648 13009.709 51
413313 13959.959 13959.311 13958.224 13957.620 13958.674 20
493-399 13487.366 13487.061 13486.888 13486.617 13486.935 9
422-39; 13540.830 13540.428 13541.505 13541.027 13540.874 94
S05-404 16759.750 16759.416 16759.082 16758.754 16759.195 65
S15-414 16250.042 16250.087 16250.256 16250277 16250.171 %
514413 17434.078 17433.326 17436.222 17435.413 17434.630 85
lio-lgy 7808.439 7808.258 7810.901 7810.216 7809.381 301
1,1-0g0 10946.906 10946.716 10944.704 10945.005 10045842 543
211202 8052.577 8052.163 8050.589 8050.302 8051.349 13
215-10; 14082.182 14082.182 14083.177 14083.083 14082.648 116
312-303 8423.996 8423.520 B8426.722 8426.099 8424.993 10
31323 17101.651 17101.759 17101.193 17101.355 17101.512 -27
313220 13670.129 13669.600 13667.541 13667.012 13668.482 258
312221 12237.775 12237.825 12237.523 12237.409 12237.628 57
413404 8944.359 8943.408 8940.546 8939.776 8941.879 28
404-313 6442.020 6441281 6442.760 6442.061 6441.911 -5
414301 10796.732 10797.807 10802.140 10801.076 10799.773 56
4,3-399 8397.428 8397.940 8398.825 8399.363 8398.476 27
514-505 9615.510 9614.345 9620836 9619.407 9617.313 48
S505-414 10192.884 10191.829 10191.324 10190.262 10191.398 9
5)5-422 8093.602 8092.015 8089.308 8087.963 8090.478 131
514423 4451 642 4452657 4448.569 4449.588 4450.784 )
615-605 10474.106 10472.019 10466.866 10465.081 10469.195 3
606515 13990.102 13988715 13992.466 13991.059 13990.353 7
716707 11513.671 11511.112 11523.385 11520.431 11516.690 -66
1i3-1;1 7374.010 7388.906 7767.501 7752911 7570.858 -516
110-0co 11381.341 11366.070 10988.111 11002.311 11184.369 367
2,220 7535.469 7520.670 7141.375 7156.454 7338.515 74
2,110, 14599.300 14613677 14992.393 14976.930 14795.484 27
313308 6802.778 6818.124 7196.441 7181.897 6999.877 7
313291 13858.994 13843.225 13467.802 13481612 13662.745 53
312220 12048.908 12064.205 12437.250 12422.810 12243366 255
414-404 6763.896 6749.674 6370.734 6386.408 6567.799 58
404-312 5211.738 5197.081 4821.543 4836.664 5016.795 -8
41430 10577.894 10591.677 10968.640 10952.736 10772.560 52
4)3-32, 8618.268 8604.072 8232.326 8247.706 8425.692 84
515-505 5861.690 5877.738 6254.402 6240.533 6058.772 &
Sps5-413 7623.067 7638.457 8010.858 7996.527 7817.316 36
51543 8205.489 8189.263 7815.006 7828.460 8009.323 139
S14-420 4339.753 4355.409 4722.872 4709.089 4531.937 99
615605 5657.976 5674.469 5295.557 5311.995 5492.744 105
606-514 10623.669 10609.841 10238.619 10254.453 10431.813 116
Tvr707 4694.729 4711.557 5087.143 5073.972 4892.155 134
797615 12646.619 12663,105 13028.716 13013.802 12838192 -331

2 Vaverage = (Va;-a2 + 2VE +Vas.a, + 2vg)/6. See text.
5 vobs - Veale WHEFe Vohg = Vaverage and vegic Was obtatned from the constants in table I1.

The spectrum of Ar - CH;CDO was studied as well since the isotope shift can give
additional information on the structure. These transitions were similarly split into
quartets whose components were sometimes further split into doublets or triplets from
deuterium quadrupole coupling (8). No attempt to determine the quadrupole coupling
constants of the deuterium was made. However, the published coupling constants for
the deuterated monomer species were used (9) to predict the spectral patterns. For
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TABLE 11

Fitted Parameters of the Average Frequencies for the Normal

and Deuterated Isotopic Species

Parameter Ar.-CH3CHO Ar-CH3CDO2
A (MHz) 9377.998(62)P 9035.927(12)
B (MHz) 1806.351(13) 1767.6809(42)
C (MHz) 1568.716(12) 1549.7779(42)
Dy (kHz) 14.34(20)
Dyk (kHz) 181.0(18)
Dg (kHz) -80(11)
d;, (kHz) -2.121(89)
d; (kHz) -1.62(22)

x -0.93914 -0.94179
Avn® (kHz) 188 31
No. of lines 55 12

aDjstortion constants were held at the normal species values.
bThe uncertainties in parentheses are 1g.

€AV = Vgbs - Veale:

the lines affected appreciably by quadrupole coupling, the strongest component was
predicted to appear within 10 kHz of the unperturbed frequency and thus it was used
in the averaging over the symmetry states (again the weight of the E states was two).
The average frequencies for the four components were computed in a similar fashion
to the normal species and are listed in Table 111, along with the frequency fit (vop —
vearc) Obtained with an S-reduced Watson Hamiltonian. The distortion constants were
held at the normal species values. The rotational constants determined are given in
Table II.

Structure

It can be shown in general that four structures result from fitting the rotational
constants for one isotopic species of a rare gas complex (7). These four structures are

TABLE 111

Rotational Transitions (MHz) for Ar-CH;CDO and the Average Frequency
of the Tunneling Quartets®

Jkerro KrKo" Ay E Az E Average  o-clkHz)®
110-101 7485.581 7485.505 7486.311 7486.183 7485.878 20
111000 10585.605 10585.705 10585.025 10585.092 10585.371 -3
111-Tot 7199.514 7202.130 7336.431 7333.766 7267.956 -16
110-000 10871.794 10868.959 10734.993 10737.436 10803.263 3
202-1o1 6629.623 6629.467 6629.847 6629.688 6629.630 -4
2,-1io 6851.468 6851.206 6851.917 6851.668 6851.522 -48
21120 7708.387 7708.164 7707.439 7707.246 7707.774 20
212202 7122.537 7120.022 6985.816 6988.584 7054.261 23
2,110y 14269.526 14271.795 14405.766 14402.770 14337.404 24
303202 9931.908 9931.681 9931.599 9931.374 9931.603 51
312-3a3 8049.118 8048.779 8050.448 8050.072 8049.545 18
413404 8522.961 8522.384 8521.086 8520.522 8521.643 a5

2 See footnote a, table 1.
b See footnote b, table 1.
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OM acetaldehyde

F1G. 2. Four equivalent inertial positions for argon, in the principal axis system of acetaldehyde, obtained
from fitting moments of inertia of one isotopic species (normal isotope).

illustrated in Fig. 2, in the principal axis system of acetaldehyde monomer. The argon
binds quite close to the bc plane of acetaldehyde (at a distance of about 0.25 A); the
picture exaggerates the distance from that plane. Inspection of the figure suggests that
substitution of the aldehydic hydrogen with deuterium will have a marked effect on
the spectrum and this is indeed true. The isotope shift for Ar - CH;CDO is inconsistent
with the aldehydic hydrogen lying close to the argon, eliminating structures III

and 1V,
TABLE 1V
Selected Principal Axis Coordinates and Structural Parameters for Argon-Acetaldehyde
Coordinates(A) lagla laglb 1bel Ibg! leol legl
Hydrogen (Hayq) 2.310 2.000 0.279 <0 1.389 1.467
Structural Parameters Rem=3.592(5) Ac

Distances (A) Ocarbonyl"Ar | Cearbonyl"AT Cet-Ar H,jq-Ar

3.59(1) 3.77(1) 3.85(1) 4.42(1)
vdW sum (A) 3.38 3.70 3.70 3.20

2 r, coordinates from least squares fitting of 6 I's; Alyps = 0.92 amu A2 where Al = Iy(calc)

- Ixlexp).

b Kraitchman substitution coordinates (rs) (10).
¢ Distance between the centers-of-mass of Ar and CH3CHO. The perpendicular distance
from Ar to the heavy atom plane is 3.28 A.
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TABLE V

Principal Axis Coordinates for Argon-Acetaldehyde, Structure 1,
from Least-Squares Fitting of the Six Moments of Inertia

a? b c
Ocarbony! -1.495 -1.155 0.233
Cearbonyl -1.866 -0.179 -0.372
Crmethyl -1.775 1.235 0.156
Haidehyde -2.310 -0.279 -1.389
Hy methyi -1.327 1.220 1.154
Ha methy) 2.778 1.666 0.211
H3 methy1 -1.154 1.833 -0.515
Ar 1.882 0.032 0.015

a Units are A.

Shown in Table IV are the Kraitchman substitution coordinates (10) for the al-
dehydic hydrogen as well as the coordinates obtained from least-square fitting of the
six moments of inertia holding the structure of acetaldehyde fixed to the published
one (11). Structure 1 yielded the best standard deviation (¢ = 0.92 amu-A?), with
structure 11 the next best at 0.98 amu - A2, while the other two fit much worse (o =
1.68 and 1.73 amu - A for 1l and IV, respectively). It is not possible to choose between
structures I and 11 with the inertial data alone. However, the dipole analysis in the
next section convincingly argues that structure 1 is the only viable choice. The Cartesian
coordinates for the atoms for structure I are given in Table V.

Structure I is illustrated in Fig. 3 and various distances and angles are summarized
in Table IV. The distance of the argon from the heavy atoms compared to the sum
of the van der Waals radii shows no surprises. It can be seen that the argon sits above
the O-C-C triangle, pulled somewhat toward the carbonyl bond. The perpendicular

Rem=3.592(5)A

FIG. 3. Structure of Ar - CH;CHO.
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TABLE VI
Stark Coefficients ( Av/ E?)® of Argon-Acetaldehyde

IM] obsa obs-calcP
211-101 A19Ag 1 0.796 0.017
212202 Aj—Ag 2 0.406 0.013
212202 Aj—hg 1 0.979 -0.018
111-0pg A1—>Ag 0 2.1252 0.0000
10000 A;—Ag 0 0.6429 -0.0009

a Second order Stark coefficient in 10°4 MHz/{V/cm)2.

b Observed-calculated Stark coefficients. The latter were calculated using
rotational constants in table 1I and the dipole components listed in
table VII.

TABLE VII

Dipole Moment Components for Argon-Acetaldehyde

Experimental? Structure 1 Structure Il
Ha 0.532(42) 0.694 0.204
Mp 2.401(13} -2.453 -2.548
He 0.930(32) 0.989 0.970
Htotal 2.629(18) 2.7341

2 Errors represent lga. All values in Debyes.
b Projection of the acetaldehyde monomer dipole moment in the
principal axis system of the dimer.

distance of argon to the heavy atom plane is 3.28 A. The angle between the R, vector
and the acetaldehyde heavy atom plane is 66°. The orientation of the methyl group
is not known, but presumably it is not distorted from free acetaldehyde where a C-
H bond eclipses the carbonyl.

The least-squares structural fit is not very impressive. The large uncertainty must
arise from large-amplitude vibrational effects coming from the tunneling motions and
other vibrations. The more complete spectral analysis of the tunneling splittings (4),
while improving the spectral fits and partially compensating for Coriolis effects, did
not lead to an improved structural fit, so structure I is considered the best structure
at this time. The uncertainties in Fig. 3 and Table IV are the statistical values from
the least-squares fit and the structural parameters are the so-called 7, parameters av-
eraged over the vibrational motions which affect the rotational constants. It is not
easy to estimate how close these parameters are to the equilibrium structure 7, without
knowledge of the vibrational potential function. We propose that the uncertainties
relative to the equilibrium values are about +0.05 A for the various distances.

Dipole Moment

Measurement of the Stark splittings was complicated by the tunneling splittings
and perturbations which led to nonlinear Ar vs E° behavior. The five 4-state transitions
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listed in Table VI were identified to have Stark shifts linear with £E2. These resulted
in the dipole components given in Table VII. The dipole components vary slightly
with the A state chosen for measurement, but this variation is covered by the estimated
uncertainties.

In Table VII, the dipole components of Ar - CH;CHO are compared with those
expected for structures I and I1 by projecting the dipole moment of acetaldehyde (12)
on the principal axis of the dimer. Since changes in the dipole components in rare gas
complexes due to vibrational averaging and polarization effects are typically small
(~0.1-0.2 D), it is apparent that structure 1 is preferred.

Dispersion Model

A simple dispersion model has been proposed to rationalize the structures of rare
gas dimers (3). Its qualitative and even quantitative predictions were quite successful
for most of the examples, with the exception of linear dimers, which usually involve
molecules with acidic hydrogens. It employs a potential function which consists of a
dispersive attractive part and a hard spheres repulsive part. The first term is of the
form

3 = _
Eam = - 5 g Z (rgov.i)SRrg(.)i’
i
where the covalent radii (r..) are used as a measure of the atomic polarizability in
the r® attractive term and «, is the rare gas polarizability. The sum extends over all
atoms of the monomer. The repulsive term is represented by

Ha

A Srgi — Rigi — €
E.. =_Z[1+tanh[_‘&’____’&‘____]]’
P24 d

where A4, ¢, and d are shape factors defined in the original paper to analytically ap-
proximate the hard-sphere repulsion, and s,,; is the sum of the vd W radii of the rare
gas and any one of the atoms of the monomer. The computer program based on the
model is parametrized to search for a minimum energy structure according to the
above prescription.

This model gave a minimum energy structure close to the observed structure. The
parameters involved in the calculation are listed in Table VIII along with a comparison
of the Ar distances to the carbon and oxygen atoms shown in Table [X. This reasonable
agreement with structure I was very helpful in the early stages of this study for spectral
prediction purposes. In fact, the spectrum predicted from this simple model led to the
assignment of the 0 — 1, b- and c-type lines. Since a planar model was initially
preferred, this helped to point the assignment in the proper spectral direction. One
can see from Table VIII that the largest attractive contribution comes from the carbonyl.
Also, the repulsive center at the center of the carbonyl bond provides most of the
repulsive contribution which justifies its otherwise arbitrary use. Finally, we note the
significant attractive contribution of the methyl hydrogen closest to the argon. The
latter is interesting since it can be shown (4) that there is spectral evidence for a
coupling between the two internal motions present in the system.

Binding Energy

Using a pseudodiatomic model, the stretching force constant and stretching fre-
quency can be estimated from the equations
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TABLE VIl

Dispersion Modeling of Argon-Acetaldehyde®

363

3
Atom x(A) yiA) zd)  revlaw)  rawld)  Eaglau)  Ereplau)
Ocarbony! -1.142 -0.235 0.000 2.700 1.38 -0.00047 0.00000
Rep. center -0.636 0.094 0.000 0.000 1.61 0.00000 0.00004
Cearbonyl -0.130 0.423 0.000 3.100 1.56 -0.00035 0.00000
Crnethyl 1.264 -0.163 0.000 3.100 1.70 -0.00039 0.00002
Haia 0.179 1.536 0.000 0.505 120 000002 0.00000
Hmethyl 1.199 -1.254 0.000 0.505 1.20 -0.00014 0.00000
Hmethyl 1.798 0.173 -0.893 0.505 1.20 -0.00001 0.00000
Hpethyt 1.798 0.173 0.893 0.505 1.20 -0.00008 0.00000
Ar 0.171 -2.130 2.879 11.080 2.00

totals: -0.00146  0.00006

Esmnt: -0.00140

2 See text and ref 3.
h* u 4B 3

TMAT) Wl

as 0.023(1) mdyn/A and 43(1) cm™’, respectively, using the spectral constants for B
and D, in Table 1I. The binding energy was calculated from the equation

€ =fri/12 = fiRin/72

as e = 204(1) cm™', assuming a 6-12 Lennard-Jones potential. Since the distortion
and rotational constants are probably affected by the large-amplitude tunneling mo-
tions, one should be cautious in comparing the binding energy with other van der
Waals dimers calculated similarly. Nevertheless, this appears to be a rather strong
complex. For comparison, the binding energies for Ar-HCl (126.3 cm™') (13),
Ar - formamide (126.5 cm™') (7). and Ar - formic acid ( 144.4 cm™ ') (2) are somewhat

smaller.

Experimental and Model Distances of Argon from Selected Acetaldehyde

TABLE IX

Atoms from the Dispersion Model®

Distance Model 2 Experimental
Ar - Ocarponyl 3.581 A 3.589A
Ar - Cearponyl 3.848 3.771

Ar - Cmemy] 3.771 3.853

2 See text and ref 3.
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4, SUMMARY

The Ar - CH;CHO complex has a nonplanar structure, with the Ar roughly over
the C-C-O triangle. This structure appears to result from a balance between attractive
dispersion forces and steric repulsions from the acetaldehyde atoms, according to the
simple model of Kisiel (3). This model agreement suggests that his algorithm can be
a valuable guide for predicting structures and rotational spectra for rare gas complexes
with relatively complicated nonsymmetric organic systems. Nevertheless, more tests
are desirable since Ar - HCOOH was a less successful system until some adjustments
were made (adjustments in the radii used for the atomic centers and the repulsive
center) (2).

It is of note that the analysis of the spectrum could proceed in a straightforward
fashion despite two tunneling motions leading to splittings. This arose because a simple
“deperturbation” technique could be employed, giving average unperturbed frequen-
cies. This is suggestive of high barrier tunneling processes which split the spectrum
but do not lead to large asymmetric shifts. The tunneling processes and barrier infor-
mation will be addressed in a subsequent paper (4).
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