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Determination of the Structure of the Argon Cyclobutanone van der Waals Complex
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The microwave spectra of the argon cyclobutanone van der Waals complex and it¥@hisetopomers

have been assigned in the ground state of the ring puckering vibration. The rotational constants and centrifugal
distortion constants for th&C species are determined to Be= 3598.5200(4) MHzB = 1388.4449(1)

MHz, C = 1195.5254(2)MHzA; = 4.846(2) kHz A;x = 36.11(2) kHz,Ax = —38.10(8) kHz,0; = 0.6415-

(6) kHz, 6k = 20.62(4) kHz,Hx = 0.067(4) kHz. The dipole moments have also been measurge: 0.29

D, u, = 2.83 D. The cyclobutanone ring was found to remain planar after complexation with argon. The
coordinates of the argon in the monomer’s principal axis systera ar®.23,b = 0.55 (across the ring due

to large amplitude bending), amd= 3.48 A (above the ring). The equilibrium position of argon is in Ge

plane of the complex, 3.48 A above the ring and shifted 0.23 A from #eQg ring diagonal toward the
carbonyl.

Introduction Cl“lz—‘CHz C‘Hz*‘CHz Crlz"CHz Cl‘r{z—CHz
|
Four-membered rings were extensively studied in the 1960s CH—S CH,—O CH—C_ CH—CH;

and 1970s in both the infrared and microwave regiodsThe
rings were found to undergo a low-frequency, large-amplitude,
and very anharmonic “butterfly-like” inversion motion. This ring
puckering vibration is represented by a one-dimensional double carbonyl substitution in a number of four-membered ring
minimum or anharmonic single minimum potential function. compounds reduces the torsional repulsion significaitly.
The potential minima occur where the ring is puckered, and  The microwave spectrum of CBO was first studied by
the potential maximum occurs where the ring is planar. This is Scharpen and Laufiéen 1968. They assigned the spectrum of
analogous to the inversion of ammonia, where the nitrogen is the ground state and first 10 excited states of the ring puckering
on one side of the hydrogens at the minima and is coplanar vibration. In addition, the ring puckering potential function is a
with the hydrogens at the barriér. symmetric double minimum with a barrier to inversion of 7.6
The ring puckering vibration is a delicate balance between 4 2 cnt! and the ground vibrational level is 9.2 cfabove
two opposing forces in the molecule, the ring strain of the ring the barrier. A subsequent study of tH&O and 2,2,22-
and the torsional strain of the bonds. Ring strain is a planar tetradeuterated cyclobutanone microwave spectra in the same
driving force, since puckering the ring decreases the alreadylaboratory and an analysis of the electron diffraction of CBO
highly strained ring angles and hence increases the potentialresults in an excellent structure for the monomer.
energy of the molecule. Opposing the ring strain is a torsional  Since ring puckering is a low-frequency, large-amplitude
force about the bonds that favors a puckered ring, since thevibration and results from a delicate balance of two opposing
planar conformation has eclipsed torsional bonds. Molecules effects, it should be sensitive to an external perturbation. One
with higher ring strain and lower torsional strain have a single such perturbation is the formation of a van der Waals bond with
minimum potential and are best described as “planar”. On the another atom such as argon. Since the argon will almost certainly
other hand, molecules with higher torsional strain and lower bind to one side of the ring, this interaction will remove that
ring strain may have a double minimum potential. Depending plane of symmetry which contains the four carbons &Rheb™
on the reduced mass of the ring oscillator and the difference in plane in Figure 2a). Thus, the puckering potential in the complex
the two strains, the ring is better described as nonplanar if the may no longer be a symmetric double minimum. The van der
lowest energy level lies under the barrier. Cyclobutanone Waals (vdW) stretching and two bending oscillations also match
(CBOY»% and oxetané,® shown in Figure 1, are described as the ring puckering vibration in terms of force constants and
planar since the lowest vibrational level lies above the potential reduced masses and thus should couple strongly. As described
barrier and the wave function for the ground state has a below, if the complex ha€s symmetry, the vdW stretch and
maximum at the planar configuration. The ground states of that bend which is symmetric with respect to tBgplane may
cyclobutan&® and thietang-12lie well below the barriers, and  couple with the ring puckering vibration, which is also sym-
the wave functions have their maxima in the two wells and thus metric. The vdW bend that is antisymmetric with respect to the
are best described as “puckered”. Ring strain dominates in Cs plane will not couple to any of these three symmetric large-
oxetane and cyclobutanone, especially thecgsbonyl in the amplitude, low-frequency modes. It is well-known that small
latter, and torsion dominates in cyclobutane and thietane. Theperturbations to symmetrical double minimum potential func-
C—S—C bond is 90 even in nonring molecules, thus reducing tions lead to large structural changes such as isolation of the
the ring strain in thietane. Pringle and MeinZdrave quantified wave function of the ground state into the lower well in the
the reduction of the barrier to planarity upon electronegative complex. The ground-state wave function is symmetric with
substitution on four-membered rings. They also showed that respect to ring inversion in the unperturbed monomer.
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Figure 1. Four-membered ring compounds.
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Figure 3. Doppler-doubled spectral line for thes54o4 rotational
transition of the*?C Ar—CBO complex.

the Fabry-Perot cavity, coaxial to the cavity axis. In this
configuration, line widths (fwhm) are typically-510 kHz,
allowing for the determination of transition frequencies to better
than 1 kHz. An example of a Doppler doubled rotational
transition for the argonCBO van der Waals complex is shown
in Figure 3.

To aid in the assignment of the argeg@BO complex, we
only consider transitions that are found Aar—CBO but not
found in a neorrCBO sample. Stark analysis is done with a
0.5 mm diameter nozzle perpendicular to the cavity axis and
with Stark plates outside the cavity separated by 24.4 cm.

The spectrometer is automated to scan unattended over a
broad frequency region which allows for the expeditious
coverage of 526.5 GHz. The high sensitivity of the spectrom-
eter allows for the observation, in natural abundance, of the
13C isotopomers in the ring of the complex.

(b)

Figure 2. (a) Carbon numbering system and the polar spherical
coordinates of argon in the cyclobutanone PAS,b™, c™. (b) PAS of Results and Analysis
argon-cyclobutanone complexa®, b¢, c®. (c) Relative orientation of

the axes of part a to part b. Transition Frequencies and AssignmentsThe transition

frequencies and assignments for the normal complex are listed

In this paper, we report the assignment and structural analysisin Table 1. Transitions are predominantly b-type with very weak
of the argor-CBO van der Waals complex measured with a a-type lines. Using an asymmetric rotor fitting program written
pulsed-jet Fourier transform microwave (FTM) spectrometer. Dy A. Maki’ the transitions listed in Table 1 are fit to a
Transitions of13C substitutions at the 1, 2, and 3 carbon Hamiltonianin an' representation, Watsohreduction, using
positions of the CBO ring were observed in natural abundance three rotational constants, five quartic centrifugal distortion
and assigned to aid in the structural determination of the constants, and a single sextic centrifugal distortion constnt,
complex. See Figure 2 for the numbering scheme for CBO. The This results in a 26 line fit with a standard deviation of less

dipole moment of the normal species was also measured. ~ than 1 kHz. Spectroscopic constants for the normal complex
are given in the first column of Table 2.

Experiment The b-type transitions fol°C isotopomers substituted at the
The pulsed-jet FTM spectrometer has been described else-1, 2, and 3 positions in the argon complex (see Figure 2b) are
where?® Briefly, a pulsed jet of gas with a low rotational observed in natural abundance and are also listed in Table 1.
temperature{4 K) is produced by a standard pulsed supersonic Table 2 also contains the spectroscopic constants for the
expansion and passes through a Higghabry—Perot microwave substituted isotopic species. Transitions for the complex with a
cavity tunable between 5 and 26.5 GHz. A microwave pulse, 13C substitution at the 2 position are roughly twice as intense
coupled into the cavity by a small L-shaped antenna, is timed as the comparable transitions for the two complexes With
to coincide with the arrival of the gas pulse with a temporal substitutions at the 1 and 3 positions. This is evidence that the
width of about 1us and tuned to the cavity frequency. If a two S-substituted3C isotopomers are equivalent. Figure 4 is a
molecular absorption line lies within the500 kHz bandwidth plot of the Doppler-doubled;§-4o4 transitions for the thre®C
of the microwave pulse and Fabt{Perot cavity combination,  isotopomers clearly showing that the intensity of tH€,
a macroscopic polarization is induced in the molecules. The isotopomer is twice that 0fC; and3Cs. The latter two lines
free induction decay (FID) of this polarization is collected and are approximately 1% of the intensity of this transition from
averaged over multiple pulses, and the Fourier transform of thethe all42C complex. Intensities are difficult to measure in
FID is the frequency spectrum of the transition. FTMW, and we were careful to maintain the same cavity mode
In this experiment, the sample is a 1% mixture of CBO for these lines that are also reasonably close in frequency. A
(Aldrich Chemical) in an argon carrier gas. The gas mixture is similar intensity pattern of approximately 2/1 was observed for
expanded through a 0.5 mm diameter General Valve nozzlethe other transitions of th8C complexes listed in the last three
which expands through a small hole in one of the mirrors of columns of Table 1.
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TABLE 1: Spectral Assignment and Frequencies for'?C and 1°C Isotopomers of Ar—Cyclobutanone?

frequency (MHz)

J Kd' K¢ J’ Ka'" K¢ all-*2C 18Cy BC, G,
5 2 3 - 5 1 4 5932.177
2 1 2 - 1 0 1 7184.907 7159.251 7133.271 7093.756
2 2 1 - 2 1 2 7208.759
3 2 2 - 3 1 3 7504.590
4 2 3 - 4 1 4 7902.620
5 2 4 - 5 1 5 8404.602
4 0 4 - 3 1 3 8436.346 8394.861 8386.951 8416.906
6 2 5 - 6 1 6 9011.324
3 1 3 - 2 0 2 9483.875 9447.668 9424.013 9368.261
7 2 6 - 7 1 7 9721.900
9 3 6 - 9 2 7 9795.440
4 0 4 - 3 0 3 10216.770
4 2 3 - 3 2 2 10324.158
6 1 5 - 5 2 4 10441.059
8 2 7 - 8 1 8 10533.289
4 1 3 - 3 1 2 10694.330
8 2 6 - 7 3 5 10713.396
5 0 5 - 4 1 4 11199.527 11146.578 11131.294 11158.261
4 1 4 - 3 0 3 11706.559 11659.965 11640.396 11565.606
2 2 1 - 1 1 0 11990.752 11956.764 11879.492 11806.968
8 3 6 - 8 2 7 12134.787
2 2 0 - 1 1 1 12195.647 12161.217 12077.977 12017.555
5 1 5 - 4 1 4 12387.387
5 1 5 - 4 0 4 13877.175 13820.284 13805.490 13711.678
6 0 6 - 5 1 5 13933.576 13869.264 13848.824 13866.127
6 1 6 - 5 0 5 16025.293 15958.127 15947.610 15837.690
7 0 7 - 6 1 6 16541.440 16518.271 16519.615
7 1 7 - 6 0 6 18102.415 18094.781
2 Lines for each molecule are fit within 1 kHz standard deviation.
TABLE 2: Spectroscopic Constants for'?C and 3C the ring plane passing almost through the argon, and the complex
Isotopomers of Ar—Cyclobutanone be axis is now nearly parallel to the carbonyl bond moment.
12c 13C, 13C, 13C, Thus b-type transitions dominate the microwave spectrum of

A(MHz) 3598.5200(4) 3588.977(2) 3563.247(3) 3540.994(3) € complex.
B(MHz) 1388.4449(1) 1382.647(6) 1377.151(8) 1382.044(13)  The argon is located 0.55 A from the plane of symmetry of

C(MHz) 1195.5254(2) 1190.162(6) 1190.073(8) 1184.317(12) the monomer that contains the carbonyl group apchd is

A; (kHz) 4.846(2) 4.70(6) 4.67(7) 4.8(1) perpendicular to the ring plana¥, c™ plane, see Figures 2a
ﬁi‘((f(lj_""zz)) —ggi(l)(%)) —3385("1%(5) _3;’(41';9(6) _3832623;1) and 5). We have strong evidence that this displacement from
8 (kHz) 0.6415(6) 0.61(1) 0.59(1) 0.66(2) that plane is the result of a large-amplitude motion of the argon
Ok (kHz) 20.62(4) 16(3) 17(4) 20(5) across the ring which is parallel to theaxis of the monomer

Hk (kHz) 0.067(4) and shown asb™a;” in Figure 5. We have already mentioned

that only three€'3C-substituted structures are observed and the

Substitution Analysis. The changes in the moments of inertia transitions for the substitution at position 2 are approximately
from the monomer to corresponding arganonomer complex  twice as strong as the analogous transitions in the other two
allow calculation of the squares of the positions of the argon in substituted species reflecting the 2% natural abundance of two
the complex expressed in the principal axis system (PAS) of equivalent carbons!3C, and 13C, . Thus, the equilibrium
the monomer. This axis system is labelecB8sb™, andc™ in coordinate for the argom™ae, is zero and lies in tha™, c™
Figures 2a and 5. The Kraitchman equatiSrexe used in a plane.
novel manner to calculate this position in all four complexes.  However, if the argon in the complex were actually closer to
We use an argon mass of 0.0 amu for the monomer’s momentsC, or C; and not undergoing a large amplitude motion, then
of inertia and &AM = 40.0 amu for the complex moments. As  the 12C, isotopomer with the argon closer must have different
shown in Figure 2a for the planar monomer, #ieaxis passes moments of inertia from th&C, with the argon further away.
through the carbonyl andsCthe b™ axis is in the plane of the  In that case, we would have found spectra from four different
ring, and thec™ axis is perpendicular to the ring plane. In this 13C isotopomers with equal intensities (1% of the 1a@). In
PAS coordinate system of the afc monomer, the argon  fact, we could predict the spectrum for this other isotopomer
substitution position is™ = 0.231,b™ = 0.547,c™ = 3.476 A. and were unable to find transitions attributable to it. Since the
The argon is 4/5 of the distance from the carbonyl carbon to square of the position of the argon relative to the PAS of the
the diagonal across the ring fromp @ C,. The numbering monomer is determined in a Kraitchman analysis, two structures
system for the ring and the structure of the complex are shown with b™ = +0.55 andb™ = —0.55 A will have exactly the same
in Figure 5. Repeating the Kraitchman analysis for eh changes in moments of inertia from the monomer to the complex
monomer and the correspondif—argon complex leads to  (*3C) and in one the argon is closer ¥C while the other is
consistent coordinates for the argon in PAS coordinates of the closer to*C.
corresponding monomers as given in Table 3. The PAS of the The rotational constants of all four isotopomers of the
argon complex, which is shown in Figure 2b and labeled complex were used to determine the structural positions of each
throughout the text a&®, b*, c°, has itsa® axis rotated out of substituted carbon utilizing two methods: Kraitchman analysis
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Figure 4. Spectral lines for the 5—4o4 rotation transition for a singl&C substitution in natural abundance, clearly showing the approximate 2:1
intensity ratio of G to C; and G.

TABLE 4: (a) r, Coordinates of the Argon Calculated from
All the Isotopomers of the Argon—Cyclobutanone Complex
Given in Table 2;# (b) Coordinates of Part a in the PAS of
the Complex (see Figure 2b); (c) Internal Coordinates of the
Complex Calculated Directly from Part bP

(a) Coordinate System: PAS of CBO Monomer

am bm cm
C —0.593(15) o o
C2.Cz 0.460(25) +1.111(2) 0
Cs 1.549 (] 0°
o —1.800(11) o o
CoH 0.405(20) +1.741(4) +0.905(2)
CsH 2.179F Qo +0.9100
Ar 0.2312 +0.5469 3.4762
(b) Coordinate System: PAS of ACBO Complex
ac be c¢
Figure 5. Parameters for the cross ring, large-amplitude argon bending C 1336 0551 0.022
oscillation. C ~1.431 0523 ~1.065
TABLE 3: Kraitchman Substitution Coordinates, Given in 82' :1'2‘312 ggﬁ (1)3:2,3
Angstroms, for the Argon in the all-*2C and the 03 _1'450 1 '752 0 '013
Single-Substituted3C Complexes in the PAS Coordinates of CH 0,659 0.401 1844
the Corresponding Monomer CEH, 2432 0.566 _1596
all-2c 13C, 13¢, 13C, CoH —0.051 0.318 1.583
CoH' —1.825 0.484 1.902
lal 0.2312 0.2237 0.2389 0.2427 CH ~0.182 2125 —0.118
|b| 0.5469 0.5507 0.5388 0.5547 CaH' 1966 2292 0.202
Ic| 3.4762 3.4849 3.4867 3.4832 Ar 2.244 (5) —0.068(17) —0.051(23)
2 Calculated by assuming the cyclobutanone is an isotope of the (c) Internal Coordinates
complex with argon mass 0. r(C=0) 1.206(18) DHC,H 110.1(5) OCzCiC,  93.1(9)

r(Ci—Cz)  1.531(29) OHCH 110.6  OCiIC,C3  87.9(8)
(giving an rs structure) and a version of Schwendeman's (C:—Cy  1.556(25)0C,CH 112.3(20) UCCsC2  91.1(8)
STRFTQ program updated by K. Hilfg (giving an r, r( 2_:; 1'18‘71(32)5(:&3"' élgezf)(z) OCCiAr - 76.9(15)
structure). The positions of the substituted atoms are determlned,(c2 CiCH) 1176  ©(CiCCH) 1163  7(C:CiCiAY) 98.9
in the Kraitchman analysis. Substitution coordinates for all r(ar—C,)  3.614 r(Ar-H(Cy)) 3.444 r(Ar-H(Cz)) 3.271
nuclei in the monomer except the Bydrogens are taken from  r(Ar—0)  4.061  r(ArH(Cz)) 2.844

i 6 i i : .
the results of Laurie et &I° and assumed to remain constantin  ather, coordinates of cyclobutanone are refit from the moments of

the argon complex. We modified Laurie’s coordin&feslightly all isotopomers measured by Ladfi€see Figure 2af The uncertain-
by refitting them with the program STRFTQ to the G, three ties reported are statistical errors resulting from the fitdaintains
13C isotopomersi®O, and D) isotopic rotational constari Cz, symmetry and planarity of ring! Not fit.

simultaneously. Thesg coordinates and uncertainties are listed
in Table 4a and are very close to those in refs 5 and 6. We fit nNine rotational constants of the thr€ complexes. However,

seven independent coordinates for the isotopomers of thewe found a satisfactory fit to all 15 observed moments keeping

monomer maintainingC,, symmetry to the 18 observed mo- the monomer structure constant and only varying the three

ments of inertia due to Laurie et af.with an rms deviation of ~ coordinates of the argon. Thig structural constants for argon

0.074 amu A are given in the last row of Table 4a. As shown in Figure 2a,
Using the STRFTQ program, more structural parameters of the polar spherical coordinates of the argonRFe= 3.527 A,

the complex may be fit using the three rotational constants and 8™ = 9.7°, and¢™ = 67.1°. Transferring these cyclobutanone

first moment conditions from thé&’C complex as well as the  coordinates to the center of mass coordinates of the complex
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TABLE 5: Coordinates of Substituted Atoms in Complex

C’a&iven in PAS Coordinates of the all*2C Complex, Figure 2b
(A)

C a=1.24 a=-134
b=0.62 b= —-0.55
c=0.05p c=0.02

C, a=1.33 a=-—1.43
b=0.41 b=0.52
c=1.11 c=—-1.06

Cs a=1.30 a=-1.13
b=1.53 b=1.58
c=0.13p c=0.04

Ar a=2.2& a=2.24
b=0.06 b= -0.07
c=0.05 c=—0.05

a Substitution coordinates are listed without sign since only the
squares of the values are determintinaginary coordinates result
from atoms very close to an axis such that small errors in effective
moments cause negative squares of coordinaldse argon substitution
coordinates do not result from an isotopic substitution but by using
AM = 40 for a Kraitchman analysis in which the monomer is treated
as an isotope of argon with a mass of 0.00 amu.

and diagonalizing the moment of inertia tensor while fitting only

Munrow et al.

dipole moments of the complex are a simple projection of the
monomer dipole moment on the complex PAS. Strenuous efforts
to observe c type transitions were not successful and the
calculated contributions of @ component of the dipole to the
stark shifts were insignificant and thereferewas constrained

to zero.

Large-Amplitude Argon Cross Ring Bending. We assume
that the nonzerd™ coordinate of the argori™ay), shown in
Figure 5 is the result of averaging of a large-amplitude bending
mode of the argon across the ring. The complex thus belongs
to the Cs symmetry group and the equilibrium coordinate of
the argon ish™ane = 0.0 A. The cross ring bend is antisym-
metric with respect to the plane containing the carbony|, C
and the equilibrium position of the argon (i.e., #i& c™ plane).
Thus, this vibration does not couple to the argon stretching
mode, the other bending mode, or the ring puckering vibration.
The latter three vibrations may couple with each other and
belong to the totally symmetric representation. Since the bending
mode is also uncoupled by the low-frequency approximéation
from the other antisymmetric modes of the molecule, the internal
coordinate,, is also very close to the normal coordinate for
this vibration. A one-dimensional Hamiltonian for the argon
cross ring bending vibration is approximated using an internal

the argon coordinates to the isotopomers listed in Table 2 resultscoordinate a, shown in Figure 5.

in the coordinates given in Table 4b. The moments of inertia

calculated from this structure match the observed moments

within 0.1%. The rms deviation of the 15 calculated from the

H = —h?%87°(1/m, R + 1N,,) d’/da® + / ka?

observed moments of inertia fit to the three coordinates of the wheremy, is the mass of argorR, is the distance of the argon

argon is 0.19 amu A The internal coordinates reported in Table
4c were calculated directly from the Cartesian coordinates.
The coordinates of the carbon atoms intthandr, structures
may be found in Table 5. Imaginary substitution coordinates
are an indication of the error of this method for atoms very
close to an axis. There are differences of 0.1 A betweemghe

from the center of mass of CBO when the argon is indfig

¢ plane;R, = (@Man? + cMand) Y2 = 3.483 A;lais the moment

of inertia of the ring about tha axis that includes the carbonyl
and G, 46.84 amu A o is the bending coordinate; arndis

the harmonic bending force constant in units of energy.
Referring to Figure 5, tan. ~ o0 — o¥/3! ~ a. = bMx,/R, and

andr, coordinates of the carbon atoms listed in Table 5. Since the reduced moment of inertia for the vibration is

there are four large amplitude motions in this complex, one of
which we know has an rms position of 0.55 A from equilibrium

reflecting at least 1.1 A motion, we think these small differences

|/4 = IaamAerZ/(Iaa + mAerZ)

are a reflection of the large amplitude averaging processes inThe approximate range of the angte,is +8.9° as shown in

this complex. These could be sensitive to isotopic masses.
If the complex were rigid, the, fits of the isotopomers would

the structural parameters in Table 4c. The energies of this
oscillator areE, = hv (v + 1/2) andv = 1/2z(K/,)*2 The

be consistent with only one of the substitution coordinates of expectation value of? is [@|o?|v0= h(v + 1/2)/[2(K ).

the argon on tha™ axis as reported in Table 3, i.e., eithed.23

The value ofo? at the classical turning point in a harmonic

or —0.23 A. However, the fits for both of these coordinates are oscillator is equal to its expectation value in that vibrational
within the 0.1 A uncertainties shown in Table 5. The difference level. If we assume that the coordinate of the argon along the
in these two structures is primarily that the argon has a b™ axis is due to an averaging caused by this bending, then
coordinate b, that is—0.06 in the former and-0.06 in the (|a?|v0~ @] (bMan/Rp)?|vUand we have measured

latter. The coordinates in Table 4 represent the structure in which
the argon is closer to the,€C, diagonal. The projections of
the monomer bond moment onto the complex axis system for
these two structures are identical except for the signs ohthe We now can determine the value of the force constant and

[0](b™ /R0 = 0.547 A/3.483 A

andc moments.

predict the frequency of the argon cross ring bending motion.

Dipole Moment. Stark effect measurements have been made The reduced moment of inertia usiiy = 3.483 A andla, =

on nine components of thep& 313, 4os—414, and 33202
transitions for thé2C argon-CBO complex. The applied electric

46.859 amu Ais 7.093x 10 ~46 kg n¥, and thusk = 6.25 x
1021, This corresponds to a traditional bending force constant

field was calibrated using measurements of the Stark effect for of k/R2 = 0.052 J/m which in turn is 5.2x 10 ~4 mdyn/A

the 1-0 transition of OCS and its dipole moment of 0.7124
D.20 The values determined for tlzeandb dipole components
of the complex are 0.291(3) D and 2.83(2) D, respectively. If
we project the 2.89 D dipole moment of the CBO monokner,
o, onto the Ar-all*2C complex PAS, the result js= (0.263

+ 2.87& + 0.02%£) D, which is within 20 of our measured
values forua anduy, anda, b, ¢ are unit vectors in the complex
PAS. The nonzero value of; results from the position of the
argon 0.55 A from tha@™, c™ plane (see Figure 2a). Thus, the

which is a factor of 1000 times smaller than a normal valence
bending force constaAt. The predicted bending frequency is
thusv = 1/27(k/1,)?> = 4.7 x 10** Hz or 15 cnT™. Since our
vibrational temperature in the beam is approximately 4 K, we
are unable to observe vibrationally excited rotational transitions
associated with this vibration.

An alternative method to analyze large-amplitude motions
of argon-ring complexes due to Spycher et%alvas pointed
out to us by a reviewer. This involves averaging the moment
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of inertia tensor along the bending coordinate,described and oxetane. As in oxetane, the CBO ground state lies well
above. We carried out this analysis for our complex and obtained above the inversion barrier.

a value ofo. = 8.4°, which is very close to our result. The values After our extensive analysis on the norm&C and °C

of their polar spherical coordinate®,andR, are 2.2 and 3.524 isotopomers for the argon CBO complex, we have found that
A. Our method allows us to predict the vibrational frequency the structure of the ring does not vary significantly from
of this mode and does not mix coordinates of different planarity upon formation of the van der Waals bond. This is

symmetries. not surprising due to the dominance of the ring strain in the
The van der Waals stretching frequency is approximated usingmonomer:* In acetone, the €C—-C angle is 117.2(4)*
the pseudodiatomic approximatidd; = 4 B,3/v2, whereD; is whereas it is 93.1% 0.3 in the cyclobutanone monomer. Hence,

the centrifugal distortion constarnhj; B, is approximated as thgre is an enormous amount qf ring stra[n involved. Decreasing
(B + C)/2, andv is the stretching frequency of the weak van this angle further by puckering the ring would only add
der Waals bond. Using a reduced mass of the argon and, CBO additional strain to the ring. As a result, the ring remains planar

we calculate the frequency to be 1.8310'2 Hz or 44.5 cmZ. in the complex.

The stretching force constantks= 0.030 mdyn/A. We have There is also evidence in the arge@BO complex of a wide-

no observables that yield information concerning the remaining amplitude motion of the argon across the3lcarbon diagonal,

totally symmetric van der Waals bending vibration. as indicated by thé3C data. The distance of the argon from
the ring was determined to be 3.476 A above the ring (Figure

Discussion 2). This is comparable to the 3.50 A for argeoxetane, which

The argor-CBO complex is the third in a series of four- has a slight van der Waals induced bend in the ring. It is also
membered rings (Figure 1) complexed with argon that have beenslightly smaller than the 3.79 A argon-ring distance for the
studied using our FTM spectrometer. The other two complexes argon-thietane complex, where the ring is dominated by
are argon trimethylene sulfide (Athietane}? and argon  torsional forces and therefore puckered.
trimethylene oxide (A+oxetanef? Since the three complexes
have internal dynamics controlled by the balancing between Acknowledgment. We thank David W. McCamant and Dr.
torsional forces and angle strain, a comparison between theW. D. R. Premasiri for their work on the argethietane and

structure of the three complexes is useful to the discussion of argon-oxetane complexes and the National Science Foundation
argon-CBO. and Hughes Foundation for support.
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