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ABSTRACT: The ground-state rotational spectrum of propene-3-d,,
CH,=CHCH,D, was measured by Fourier transform microwave
spectroscopy. Transitions were assigned for the two conformers, one
with the D atom in the symmetry plane (S) and the other with the D
atom out of the plane (A). The energy difference between the two
conformers was calculated to be 6.5 cm™, the S conformer having
lower energy. The quadrupole hyperfine structure due to deuterium
was resolved and analyzed for both conformers. The experimental
quadrupole coupling and the centrifugal distortion constants
compared favorably to their ab initio counterparts. Ground-state
rotational constants for the S conformer are 40582.157(9),
9067.024(1), and 7766.0165(12) MHz. Ground-state rotational
constants for the A conformer are 43403.75(3), 8658.961(2), and
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7718.247(2) MHz. For the A conformer, a small tunneling splitting (19 MHz) due to internal rotation was observed and
analyzed. Using the new rotational constants of this work as well as those previously determined for the *C species and for some
deuterium-substituted species from the literature, a new semiexperimental equilibrium structure was determined and its high
accuracy was confirmed. The difficulty in obtaining accurate coordinates for the out-of-plane hydrogen atom is discussed.

1. INTRODUCTION

Propene is the second simplest member of the alkene class of
hydrocarbons, and its CH; group is an internal rotor. Propene
is released by vegetation, and it is also a byproduct of
combustion. It has important industrial applications, for
instance, the synthesis of polypropylene. In 2007, it was
found in the dark cloud TMC-1' and, quite recently, in the
stratosphere of Titan by the Cassini orbiter spacecraft.”
Propene spectra have been extensively studied in different
electromagnetic regions and at different resolutions. In
particular, the microwave (MW) spectrum of propene was
investigated as early as 1957.” This initial report was followed
by many studies, which are summarized in ref 4. In 2008, a
semiexperimental (SE) equilibrium structure, ., was
determined by two of the present authors using the then
available rotational constants of 20 isotopologues.” In the same
work, the structure was compared to results of high-level ab
initio electronic structure computations. The accuracy of the SE
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structure was limited by the lack of good A rotational constants
for most isotopologues.

Propene is a near-prolate molecule with a large A rotational
constant (about 46 GHz for the parent species) and a very
small component of the dipole moment along the principal axis
b, w, = 0.05(2) D.> An accurate determination of the axial A
rotational constant is difficult because it requires measurement
of very weak b-type lines. Few observable b-type lines are in the
10—22 GHz range covered by our previous study and the
current one, but a number are in the whole range. Recently,
deficiencies in MW data prompted a new investigation of the
MW spectra of the three *C isotopic species by means of a
pulsed-jet supersonic expansion Fourier transform spectrom-
eter of the Balle—Flygare design.” In the present work, we
report new measurements of the centimeter-wave spectrum of
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the two conformers of propene-3-d; (CH,—=CHCH,D) with
the same technique.

With improved rotational constants available for the three
C isotopologues and for the conformers of CH,=CHCH,D,
the stage is set for determining an improved SE equilibrium
structure of propene. In doing so, we make use of the mixed
regression method that has come to the fore in recent years.’
Determination of the structures of 2-deoxyribose and fructose
is our most recent example,” which includes references to other
applications of this method. One goal of this new work is to try
to understand why it is difficult to determine accurately the
geometry of a methyl group using data for an asymmetrically
deuterated species CH,D.”® Recently, Piccardo et al. reported a
comprehensive determination of SE structures for 47 organic
molecules, including propene, with vibration—rotation con-
stants computed with DFT methods.”

2. EXPERIMENTAL SECTION

2.1. Synthesis. Propene-3-d, was prepared by reaction of
allylmagnesium chloride and deuterium oxide. Deuterium oxide
(Aldrich, 99.9%) was dripped into 10 mL of well-stirred 2 M
allylmagnesium chloride dissolved in tetrahydrofuran (THF,
Aldrich) at room temperature. A slow flow of pure He gas (5.0
grade, O. E. Meyer, Sandusky, OH) carried the reaction
products through a U-tube trap cooled to —50 °C to condense
THEF. Because propene boils at —48 °C, a dry ice—acetone
mixture was inappropriate to condense THF; too much
propene would be condensed. The temperature of —50 °C is
just below the —48 °C boiling point of propene. The flow of
helium gas carried the products into a second, larger trap
cooled with liquid nitrogen, where the propene condensed.
Yields varied from 80 to 90%. Collected propene-3-d, was dried
by distillation through a tube packed with phosphorus
pentoxide dispersed on glass wool. An infrared spectrum of
propene-3-d; in the gas phase is given in Figure Slab in the
Supporting Information. This spectrum shows a negligible
amount of the THF solvent.

2.2. Gas Mixtures for Microwave Spectroscopy. Gas
mixtures for MW spectroscopy were prepared by condensing
samples of propene-3-d; up to 12 mmol in a 2 L flask. Pure He
(Airgas) or He/Ne (30/70, Airgas) gas was supplied to a
pressure of 203 kPa. When the gas pressure dropped to ~173
kPa, driver gas was added to restore the pressure to 203 kPa.
Up to 10 such additions of driver gas were made in an
experiment. Propene-3-d; was recovered from the mixtures with
He or He/Ne used in MW spectroscopy by passing the gas very
slowly through a glass helix (18 turns, 2.75 cm diameter)
cooled with liquid nitrogen. Recovered propene-3-d; was dried
by distillation through the P,O; column before reuse.

2.3. Microwave Spectroscopy. The pulsed jet, mini-FT
MW instrument at Kent State University was used for the
observations. This instrument is of the Balle—Flygare design, as
modified by Suenram et al.'’ Details of the Kent instrument,
which spans the frequency range of 10—22 GHz, have been
reported.'’ The pulsed nozzle is mounted near the center of the
fixed mirror to give a sample beam collinear with a MW pulse.
Thus, Doppler doublets occur for observed lines. Doppler
splitting is ~50% larger with pure helium than with the He/Ne
mixture. Filtering of FIDs was minimized to improve
observation of deuterium splitting. Uncertainty in the measure-
ments was 2.4 kHz due to digital frequency resolution.
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3. COMPUTATIONAL DETAILS

3.1. Electronic Structure Computations. Various elec-
tronic structure techniques were applied in this study. Kohn—
Sham density functional theory (DFT)" using Becke’s three-
parameter hybrid exchange functional'’ and the Lee—Yang—
Parr correlation functional,* together denoted as B3LYP, was
used extensively. It is now well-established that DFT provides
reasonably accurate vibrational frequencies at low cost. Good
results for structures are usually obtained with the B3LYP
method.'”'® The correlation-consistent polarized valence
triple-C basis set, cc-pVTZ,'" was chosen for the B3LYP
computations.

Most of the electronic structure computations were made at
the level of second-order Moller—Plesset perturbation theory
(MP2)"® with the cc-pVTZ basis set in the frozen core
approximation. The coupled cluster (CC) technique with single
and double excitations'® and a perturbative treatment of
connected triples, CCSD(T),” was also employed. The
CCSD(T) computations utilized a mixed atom-centered
Gaussian basis set, composed of cc-pVIZ on H and either
cc-pVQZ'” (together designated as cc-pV(QT)Z) or the
correlation-consistent polarized weighted core—valence quad-
ruple-{, cc-pwCVQZ”™" on C (together designated as cc-
pwCV(Q,T)Z). For the CCSD(T) computations, all electrons
were correlated.

Preliminary values of the quadrupole coupling constants
were calculated at the B3LYP level of theory with the split-
valence 6-311+G(3df,2pd) basis set, as implemented in
Gaussian09 (G09).”

All electronic structure computations were performed with
the codes Gaussian 03 or G09°* and CFOUR.”™*°

3.2. Hamiltonian. A centrifugal-distorted Hamiltonian
complete up to quartic terms in the asymmetric top reduction
and the I representation was used to fit the new propene-3-d,
spectra.26 As propene is a near-prolate top, it might seem more
appropriate to use the symmetric top reduction. However, for
the parent species, both reductions give fits of the same quality.
Therefore, to make a direct comparison with the constants of
the other isotopologues, asymmetric top reduction was
preferred.

In the asymmetric conformer of the CH,CHCH,D species,
most rotational lines are split into double clusters. Although it
is possible to fit their mean frequency with the standard Watson
Hamiltonian, another approach was used in order to account
for the splitting and to check that the rotational constants are
not perturbed by a large-amplitude torsional motion. For this
goal, a phenomenological Internal Axis Method (IAM)
Hamiltonian was chosen, which accounts for the rotational
dependence of the splitting. This Hamiltonian is described in
ref 27, and it is based on the water dimer formalism.”**° In
addition to the standard rotational constants and the centrifugal
distortion constants, three parameters are needed: h, is half of
the tunneling splitting of the levels for J = 0, and the angles 0,
and ¢, describe the rotational dependence of the tunneling
splitting. All of these parameters are introduced in eqs 12 and
13 of ref 27.

Deuterium has a spin I 1 and therefore a nuclear
quadrupole moment. The consequent hyperfine structure from
quadrupole—rotation interaction was analyzed with first-order
perturbation theory.”® The diagonal quadrupole coupling
constants, ¥, = %y, + X and y_ = yy, — X, were fitted by a
linear least-squares procedure to the observed splittings.
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Deperturbed lines were used in fitting the rotational
Hamiltonians.
4. RESULTS

4.1. Electronic Structure Results. The energy difference
between the two conformers of CH,—=CHCH,D was

Figure 1. Schematic structures of the S (a) and A (b) conformers of
propene-3-d;. Dotted lines show the approximate orientations of the a
and b principal axes of rotation, which lie in the symmetry plane for
the S conformer but are tipped somewhat out of this plane toward the
D atom for the A conformers.

calculated as the difference between zero-point vibrational
energies (ZPEs) by employing MP2/cc-pVTZ anharmonic
force fields. The CH,D; conformer (s for CD in the plane of
symmetry) is found to be lower in energy by 18 cal/mol (6.5
cm™"). Tt has to be noted that this difference is quite small.
Furthermore, the anharmonic contribution to the difference
was found to be extremely small.

The potential energy function for internal rotation is
expanded in a Fourier series compatible with the lower C

symmetry

(1 = cos @) +V2(1 — cos 2a) +V3(1 — cos 3a) +

Via) =V
(@) =V S 2 h

where a is the angle of internal rotation of the CH,D methyl
top with respect to the CH,=CH frame; a is taken equal to
zero for the CH,D, conformer.

The energy difference, 6.5 cm™, which is then 0.75(V, + V),
shows that the dominant term in the potential energy is V3 =
1975 cal/mol, whose value was computed at the all-electron
CCSDT(T)/cc-pwCV(Q,T)Z level. The small ZPE correction
to the difference in energy was obtained using the harmonic
force field calculated at the same level of theory. The result for
V, is in fair agreement with the available experimental values (in
cal/mol): 1963 or 1956.3> The structure of the transition
state corresponding to the maximum of the barrier is given in
Table S1. The main difference compared to the low-energy
form is an elongation of the C—C single bond, presumably due
to repulsion of the in-plane hydrogen atoms.

The experimental ground-state centrifugal distortion con-
stants are compared with the computed equilibrium ones in
Table S2. This comparison gives a check of the quality of the
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quadratic and cubic parts of the force field. For the quartic
constants, the different force fields give almost identical results,
and the agreement is good with the experimental values, except,
as usual, for dg. The value of Jy is quite sensitive to the ab initio
values of the rotational constants used in the calculation, values
that are significantly different at each level of theory.

As to the sextic centrifugal distortion constants, the
agreement is also good between the different force fields with
the exception of the nondiagonal constants ¢y and @y, which,
like Oy, are difficult to calculate accurately. A comparison with
the experimental values is compromised because the constant
@ could not be determined accurately. Nevertheless, the
agreement between experiment and theory is good for the
constants @;, Oy, Oy, and ¢;. The only significant discrepancy
is with @, whose experimental value is about twice the
calculated values. However, it is interesting to note that fixing
@ at the CCSD(T)/cc-pV(Q,T)Z value, —0.27 Hz, in the fit
gives @ = —7.06(19) Hz, in excellent agreement with the
CCSD(T) value. Table S2 includes the centrifugal distortion
constants for this alternative fit to the observations. In
conclusion, the apparent discrepancy may be explained by a
high correlation between @y and @y.

The harmonic, @, and the anharmonic, v, vibrational
wavenumbers for CH,=—=CHCH]; are given in Table S3. The
experimental wavenumbers come from Es-sebbar et al.*> The
agreement between the calculated and the experimental
vibrational frequencies v; is rather good, the median of absolute
deviations (MAD) being only 1.8 cm™" with the CCSD(T)/cc-
pV(Q,T)Z force field. Obviously, it is larger for the MP2 and
B3LYP force fields that are of similar quality. The MAD for the
MP2/aug-cc-pVTZ results (7.2 cm™") is somewhat smaller than
the MAD for the MP2/cc-pVTZ model (7.7 cm™). We note
that the overall differences between the anharmonic frequencies
and the harmonic frequencies (ie., corrections) calculated at
either the MP2/cc-pVTZ level or the CCSD(T)/cc-pV(Q,T)
level are quite small; the MAD difference is only 2.3 cm™", with,
however, two large differences for the CH stretch and the CH,
sym stretch, 30 and 44 cm™, respectively. In conclusion, the
MP2/cc-pVTZ level of theory may be considered accurate
enough to compute the cubic force field needed for calculation
of the vibration—rotation constants ().

Experimental @ constants have been determined for the B
and C rotational constants of the torsional mode (v,,;) of three
isotopologues. They are compared with their ab initio
counterparts in Table S4. This comparison is particularly
interesting because the torsion may be considered as a well-
isolated mode that is not perturbed by anharmonic resonances.
However, it is probably a large-amplitude motion, which could
severely affect the accuracy of the anharmonic force field. The
comparison is made for the parent species for which three
different force fields are available (two for the CHD,=CHCH,
isotopologue and one for the CH,C=CDCHj isotopologue).
The agreement is comparable or better than that found for
other molecules without large-amplitude motion, such as vinyl
halides.***® Furthermore, the different force fields appear to be
of similar quality. Thus, we conclude that, in the case of
propene, the torsion behaves as a small-amplitude, nearly
harmonic vibration, which is not unexpected due to the
smallness of the tunneling splitting.

A last useful comparison is for the sums of the rovibrational
corrections needed to adjust the ground-state rotational
constants to obtain the SE equilibrium rotational constants.
These corrections are given in Table S5 for the parent and a
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Figure 2. MW observations for the S conformer of propene-3-d,. (a) 15;—0 transition with He driver gas. (b) 3p;—2,, transition with He/Ne driver

gas. Links designate Doppler doublets.

Table 1. Deperturbed Rotational Frequencies” of the S
Conformer of Propene-3-d; (in MHz)

b

J K/’ K' ] K' K’ Viepert. obs —calc ¢
1 0 1 0 0 0 16833.015 0.000 S
2 1 2 1 1 1 32364.930° —0.052 100
2 0 2 1 0 1 33626.410° —0.009 100
2 1 1 1 1 0 34966.940° —0.047 100
3 0 3 2 1 2 20087.426 0.000 S
4 1 3 4 1 4 13004.141 0.000 S
5 2 3 6 1 6 10970.412 —-0.016 30
5 1 4 5 1 5 19492.339 0.001 5
6 1 S S 2 4 17651.580 —-0.019 30
9 2 7 9 2 8 12001.043 0.000 5

10 2 8 10 2 9 17397.364 0.000 S

“For the experimental frequencies of the hyperfine components, see
Table 2. “Uncertainty in kHz used for the weighting. “The three J = 1
— 2 transitions with unresolved splittings are from ref 38.

critical deuterium species. The comparison between the parent
species and the CHD=CHCH,; deuterated species is
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noteworthy because the deuterium atom is the farthest one
from the center of mass. It is found that the difference between
the MP2/cc-pVTZ and CCSD(T)/cc-pV(Q,T)Z force field
results for each principal axis is small and almost constant. This
agreement indicates that the two force fields should give nearly
the same SE structure.”

The general conclusion of these comparisons is that the
MP2/cc-pVTZ cubic force field should permit calculating
adequate SE equilibrium rotational constants.

4.2. Microwave Spectra. Propene-3-d; consists of two
conformers. Figure 1 gives schematic structures for the two
conformers. In the S conformer, Figure la, the CD bond
eclipses the C=C bond. This conformer gives single clusters of
rotational transitions well described by the rigid rotor
approximation.”” The A conformer, Figure 1b, has the CD
bond out of the symmetry plane of the S conformer. Because
two forms of the A conformer exist, its spectrum consists of two
clusters for each transition, which are a consequence of
tunneling. These doublets are designated as (+) and (—).

4.2.1. Microwave Spectrum of the S Conformer of
Propene-3-d,. Figure 2 gives examples of traces for MW

DOI: 10.1021/acs jpca.7b01470
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Table 2. Nuclear Quadrupole Hyperfine Structure for the S
Conformer of Propene-3-d, (All Frequencies in MHz)

Vnrs
JK,/K'—]"K,"K." F 2 Vb, obs” obs — calc

101-000 0 1 16833.062 0.042 —0.001
1 1 16832.991 —0.029 0.000
2 1 16833.020

303-212 2 1 20087.468 0.028 0.001
3 2 20087.381 —0.059 —0.001
4 3 20087.440

413—414° 3 3 13004.195 0.030 0.00S
4 4 13004.069 —-0.096 0.002
S S 13004.165

S514—515° 4 4 19492.390 0.024 0.004
S S 19492.266 —0.100 0.000
6 6 19492.366

927-928 9 9 12001.020 —0.038 0.004
8 8 12001.058
10 10 12001.058

1028—1029 11 11 17397.389 0.050 0.002
10 10 17397.339
9 9 17397.339

“With respect to the strongest component of the hyperfine splitting.
bAdditional lines presumably due to spin—spin splitting: 13004.053
and 13004.179 MHz. “Additional lines presumably due to spin—spin
splitting: 19492.246 and 19492.375 MHz.

Table 3. Ground-State Rotational Parameters for the S
Conformer of Propene-3-d;

parameter unit experimental” ab initio”
A MHz 40 582.1573(89)
B MHz 9067.0238(11)
C MHz 7766.0165(12)
A KHz 6.359(24) 6.499
Ay KHz —2697(13) —28.46
Ay KHz 311.2(12) 306.1
5 kHz 1.3454(22) 1.3811
¢ kHz —9.52(16) -5.35
Yoa MHz —0.095(4) —0.0961
Aob MHz 0.192(4) 0.1981
T MHz —0.097(3) ~0.102
b MHz - —0.0099

“Ab initio values of A}, Ay, and Ay used as predicates; see the text.
®MP2/cc-pVTZ values for the distortion constants and B3LYP/6-
311+G(3df,2pd) values for the quadrupole coupling constants.

transitions for the S conformer of propene-3-d,. Figure 2a is the
strong 1y, —0y a-type transition, recorded in 100 shots; Figure
2b is the weak 3(;—2, b-type transition, recorded in 4000
shots. Intensities are in arbitrary units. Deuterium quadrupolar
coupling splits both transitions, as designated with F quantum
numbers. Helium driver gas caused a larger Doppler splitting
(~50% greater compared to He/Ne) for the 15;—0y, transition.
Table 1 gives the deperturbed transitions derived from the
observations. All but three of the transitions are a-type. The b-
type transitions are important in defining the A, rotational
constant.

The observed nuclear quadrupole splittings listed in Table 2
were fitted to determine the quadrupole coupling constants;
their values are given in Table 3 in comparison with the ab
initio values. Using the molecular structure determined in
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section 5, we can calculate the value of the quadrupole coupling
constant along the C—D bond. This value is 193 kHz, close to
the value found for CH,D, 191.5(8) kHz.”” Finally, the
deperturbed frequencies were calculated (Table 1). The three
a-type transitions observed unsplit by Lide and Christensen by
Stark spectroscopy are included in Table 1.** To strengthen the
data set, these three ] = 1 — 2 transitions with reduced weight
were included in fitting the rotational constants.

An initial fit to the 11 MW lines with all five quartic
centrifugal distortion constants as well as the three rotational
constants free permitted a determination of all 8 parameters.
However, this fit appeared as ill-conditioned, with Aj;, Ay, and
Ok being almost fully correlated with A and B. To circumvent
this difficulty, the method of predicate observations (POs) was
used. In the PO method, the experimental frequencies are fitted
together with appropriately weighted ab initio (predicate)
values for the centrifugal distortion constants. A very
satisfactory fit was obtained using three predicates for A
A, and Ay, the uncertainty used to determine their weight
being 10% of their value. The last column in Table 1 gives the
obs — calc values obtained in the fitting. Table 3 gives the
rotational constants fit to the transitions.

The new rotational constants for the S conformer are close
to the values predicted from Tables S and 6 in Demaison and
Rudolph’s previous determination of the structure of propene.’
When the error in the fit of the equilibrium rotational constants
in Table 6 of ref 5 is applied to the observed ground-state
rotational constants in Table S of ref S, the predicted values are
A, = 40588, B, = 9066.7, and C, = 7766.0 MHz, which
compare favorably with the new values of 40582.16, 9067.02,
and 7766.02 MHz, respectively.

4.2.2. Microwave Spectrum of the A Conformer of
Propene-3-d;. Figure 3 shows two of the traces for MW
transitions of the A conformer of propene-3-d,. Figure 3a is the
strong 15,—0y, transition, recorded in 100 shots; Figure 3b is
the weaker 5,,—5,5 transition, recorded in 2000 shots. The two
components of the 5;;—5;, transition are indicated in the
figure. The stronger cluster on the left with lines connecting the
Doppler doublets is the (—) component. The weaker cluster on
the right is the (+) component. This component was seen with
greater intensity in a separate scan by moving the MW pump
frequency closer to the transition. The splitting pattern was the
same as that for the (—) component. Table 4 contains all of the
transitions observed in the present work in the 10—22 GHz
region. The (+) and (—) designations come from Hirota and
co-workers™ or by analogy with Pearson et al.’s assignments for
propene.”’ The new observations have higher precision and
accuracy than their prior observation by Hirota et al.” Table 5
contains deperturbed values of new observations as well as
older observations. Lines for ] = 1 — 2 are averages of
observations by Lide and Christensen®® and Hirota et al.*’
Some other lines observed by Hirota et al. are included in Table
5.7% The older observations were given reduced weight in
fitting the rotational constants.

The nuclear quadrupole splittings listed in Table 4 were
fitted separately for each component of the two clusters to
determine the quadrupole coupling constants whose values are
given in Table 6 along with their ab initio counterparts.

The mean frequency of each doublet was calculated and fit to
a Watson Hamiltonian. Table 6 reports the rotational and
centrifugal distortion constants for the A conformer. All of the
constants are well determined.

DOI: 10.1021/acs jpca.7b01470
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Figure 3. MW observations for the A conformer of propene-3-d, with He/Ne driver gas. (a) 15;—0y, transition, in which the two components
overlap. Poorly resolved shoulders on the low-frequency sides of the lowest pair are not designated. (b) S;,—5;5 transition consisting of two
components with the stronger (—) component on the left showing linked Doppler doublets. The weaker (+) component to the right was observed

better with the MW pump frequency moved closer.

The transitions were also fit using the IAM Hamiltonian
introduced in ref 27, and the tunneling parameters hy,, 8,,, and
@, were determined in addition to the rotational and
centrifugal distortion constants. The results are also given in
Table 6. It is worth noting that the two fitting approaches give
almost identical rotational constants as well as compatible
quartic centrifugal distortion constants, which are furthermore
in good agreement with the ab initio predictions. It is possible
to compute the tunneling parameters 6, and ¢,,, as in section
3 of ref 27, using eq 49 of Hougen® and making a reasonable
assumption about the geometry of the molecule along the
tunneling path connecting the two A conformers. The
calculated values are also reported in Table 6. Experimental
and calculated values of 6,, and ¢, are within 0.2 and 0.02°,
respectively. Taking into account that the calculated values are
equilibrium values whereas experimental values are ground-
state values, the agreement is satisfactory, especially for ¢,,. It
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further confirms that the large-amplitude motion displayed by
propene-3-d, is indeed a 120° rotation of the monodeuterated
methyl group.

As for the S conformer, the new rotational constants can be
compared with those predicted in the work of Demaison and
Rudolph.’ The predictions from this previous work give Ay =
43378, By = 8659.3, and C, = 7718.4 MHz. The new values for
the rotational constants are 43403.75, 8658.96, and 7718.25
MHz, in good agreement with the predictions.

4.3. Semiexperimental Equilibrium Structure. The .t
of propene was determined several years ago using the
rotational constants of 20 isotopologues.” Although the
parameters obtained are reliable, they suffer from several
weaknesses. In particular, the deviations of the A(SE) rotational
constants from the ones calculated from experimental values
are substantial. These discrepancies are due to experimental
ground-state rotational constants of the isotopologues being
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Table 4. Nuclear Quadrupole Hyperfine Structure for the A Conformers of Propene-3-d; (All Frequencies in MHz)

Vhrs VHrs
JK/K/'-]"K,"K." F F’ Vb, obs” obs — calc Vb, obs” obs — calc
A(+) Component A(-) Component

101-000 0 1 16377.175 0.007 0.000 16377.212 0.012 0.000
1 1 16377.168 16377.200
2 1

303-212% 3 2 15231.790 0.022 0.001 15235.031 0.022 0.000
4 3 15231.768 15235.009

514—-515 S S 14106.359 0.064 0.002 14105.930 0.061 —0.002
4 4 14106.295 14105.869
6 6 14106.295

615—-616 6 6 19737.452 0.060 —0.002 19736.855 0.065 0.002
S S 19757.392 19736.790
7 7 19757.392

1129—-11210 11 11 12481.219 0.022 —0.001 12481.542 0.023 —0.001
10 10 12481.197 12481.519
12 12 12481.197

12210—12211 12 12 17018.532 0.027 0.001 17018.926 0.026 —0.001
10 10 17018.505 17018.900
9 9 17018.508

“With respect to the strongest component of the hyperfine splitting. bAdditional lines at 15231.758 MHz for A(+) and 15234.998 MHz for A(—).

determined from very few lines and A, not being properly
determinable. The recent measurement of MW lines for the
three "*C isotopologues as well as the results for the two CH,D
species of the present work should significantly improve the
situation. Furthermore, there are two problems worth
investigating. It can be difficult to determine accurately the
position of some hydrogen atoms, in particular, the atoms far
from the center of mass and a H atom of a methyl group.®
In the fits, two sets of ground-state rotational constants were
used together. The first set, I, in Table S6 includes the parent
species and the three '>C species of ref 4 as well as the two
CH,D species of the present work. All of the constants of this
set are believed to be accurate. The second set, II, in Table S6
whose constants are much less accurate, comprises the
rotational constants of the further isotopologues determined
in previous works and listed in ref 5. For this set I, only useful
values of the B and C constants are available, and their accuracy
is slightly worse than that for set I. Then, in order to estimate
the weights used in the fits, each set was divided into three
subsets, one for A, B, and C. The iteratively reweighted least-
squares method® was used in the fits; see Appendix I in the
Supporting Information.’ The parameters obtained from the fit
are precise; see Table 7, where they are compared to our
previous r.>® and the Born—Oppenheimer (BO) equilibrium
structure. Also given in Table 7 is the .5 structure calculated
with a B3LYP/SNSD force field by Piccardo et al.” Although
the SNSD basis set is only a double-{ basis set developed for
large molecular systems, the agreement with our r.°F structure
is pleasing and confirms the accuracy of the vibration—rotation
constants derived with the B3LYP/SNSD model. Compared to
the results of ref 5, the increase of precision is more than a
factor of 2. In particular, the internal coordinates of H,, which is
the atom farthest from the center of mass, are precise and in
excellent agreement with the BO structure; see Table 7. This
outcome is in agreement with the discussion of section 4.1,
which concludes that the rovibrational corrections for CHD,=—
CHCH; are accurate. It is also pleasing to note that the out-of-
plane coordinate of H, is extremely precise, ¢(H,) =
0.877874(4) A, and, furthermore, in excellent agreement with
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the BO value. However, there are still two notable problems:
(i) the residual for A(CH,D,) is large, almost 12 MHz
compared to a standard deviation of about 0.18 MHz for the
other A constants of set I and (ii) one Cartesian coordinate
derived from the rotational constants is not precise, a(H,) =
—0.1414(19) A, the BO value being 0.139 A.

There are several possible explanations for the large residual
of A(CH,D,). First, the internal rotation was not taken into
account when determining the rotational constants. One
problem is that the semirigid rotor fit (internal rotation
neglected) and the IAM fit, where the internal rotation is
explicitly taken into account, give exactly the same value, as
shown in section 4.2.2. Second, the two species CH,D, and
CH,D, are quite close in energy. An interaction between these
two species is possible. In this case, A(CH,D;) should also be
an outlier (with opposite sign), which it is not. Furthermore,
analysis of the spectra does not indicate the existence of an
interaction. Third, the method used to calculate the rovibra-
tional corrections is inaccurate for a large-amplitude motion.
Nevertheless, the values of the alphas are correctly calculated
for CH,=CHCH,;, CHD=CHCH,;, CH,=CDCH,;, and
CH,=CHCH,D,. Thus, this explanation is unconvincing.
However, comparing the residual to the rovibrational
correction, 344 MHz, it appears that it is less than 3.5%.
Although it is large, residuals of similar magnitude may be
found for other molecules without large-amplitude motion.
Indeed, statistical analysis of published results shows that, in the
best cases, the error in @/2 sums is about 2%, though it can be
as large as 10%.* In conclusion, the likeliest explanation for the
outlying behavior of A(CH,D,) is the lack of accuracy of the
calculation of the rovibrational correction.

There are two additional ways to check the accuracy of the
structure: with the help of the mixed regression method®* or
by using Kraitchman’s equations.”* The method of mixed
regression, also called the PO method, uses simultaneously
equilibrium moments of inertia and bond lengths and bond
angles from high-level quantum chemical calculations in the
structure fitting.”** Generally, the PO method is used for large
molecules, and the predicates are estimated without using the
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Table 5. Rotational Frequencies” of the A Conformer of Propene-3-d; (in MHz)

~=

, , /
K, K. v
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<
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O O 0 0 J OO LN B B W W W WER N W W W W NN NN =

—_ O - O O O O O O O O O O MOMMOMROMROMROMEO O = O = O O =
[T T TN T - N N O O & N N N S T S N R S S R T T T S S S =)

W W W W N NN NN DNDNDNDNDNEFE FH FH H H H H H H = = = N N NDMDDNDNO O~ = HMH#MH#HMOO o O

10 10
10 10
11 11
11 11
12 10 12
12 10 12
13 11 13
13 11 13
14 12 14
14 12 14
17 14 17
17 14 17
18 15 18
18 3 15 18

“y” = 0 for the A(+) component and 1 for the A(—) component.
dAverage of refs 38 and 40. “References 39 and 40.

! i obs. obs — calc” o
0 1 16377.174 0.000 10
0 0 16377.205 0.003 200
1 0 32735.358 —0.033 200
1 1 327353587 —0.033 200
1 0 31813.3827 —0.020 200
1 1 31813.382¢ —0.020 200
0 0 33695.184 —0.022 200
0 1 33695.1847 —0.022 200
2 0 15231.773 —0.002 10
2 1 15235.012 0.001 10
2 0 49055.600° —0.081 200
2 1 49055.600° —0.081 200
0 0 49202.950° —0.024 200
0 1 49204.770¢ 0.017 200
1 0 49133.400° —0.017 200
1 1 49135.280° 0.103 200
4 0 9407.140° —0.031 200
4 1 9407.140° —0.031 200
4 0 16825.149 —0.002 10
4 1 16816.641 0.002 10
s 0 14106.316 0.001 10
5 1 14105.892 —0.003 10
6 0 19737.412 0.007 10
6 1 19736.812 —0.006 10
7 0 26292.145° 0.025 100
7 1 26291.395° 0.058 100
8 0 33757.075¢ —-0.034 100
8 1 33756.045° —0.058 100
9 0 8831.430° —0.057 200
9 1 8831.430° —0.057 200
10 0 12481.204 —0.002 10
10 1 12481.525 0.001 10
11 0 17018.514 —0.005 10
11 1 17018.905 0.005 10
12 0 22500.295¢ 0.043 200
12 1 22500.705¢ 0.021 200
13 0 28961.310° —0.033 200
13 1 28961.790° —0.016 200
15 0 8370.245¢ —0.042 200
15 1 8370.755¢ —0.042 200
16 0 11444.315° —0.004 200
16 1 11445.025¢ 0.063 200

bCalculated from fit 2; see Table 6. “Uncertainty in kHz used for the weighting.

expensive CCSD(T) method. However, in the present case, we
already have a very accurate BO structure that supplies
predicates. To weight these predicates, an uncertainty of
0.001 A was used for the C—H bond lengths, a conservative
value of 0.002 A was used for the CC bond lengths, and a value
of 0.2° was used for the bond angles. The mixed estimation
structure is given in the last column of Table 7. The structure is
in excellent agreement with the structure without predicates,
but as expected, the standard deviations of the parameters are
slightly smaller. However, it is much more informative to look
at the residuals of the two fits given in Table S6. The two sets
of residuals are almost identical, the MAD of their differences
being only 0.009 MHz. The only significant difference is for
A(CH,D,), which has a residual of more than 11 MHz, but this
datum is down-weighted and does not have any effect on the fit.
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What is reassuring is that this large residual is almost the same
in the two fits, 11.6 or 11.3 MHz. Furthermore, there is no
systematic deviation in the residuals. This outcome is a
corroboration of the good quality of the fit.

It is also instructive to look at the Cartesian coordinates
derived from Kraitchman’s equations.”* These equations are
not appropriate for determining an accurate SE structure
because they are quite sensitive to the random errors of the
rotational constants.*>*® Nevertheless, they allow one to make
an estimate of an upper limit of the uncertainty of the Cartesian
coordinates, and as they individually involve the rotational
constants of only one isotopologue (besides those of the parent
species), they permit checking the accuracy of the rotational
constants. The details of the calculations are given in Appendix
II in the Supporting Information, and the set of coordinates
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Table 6. Ground-State Rotational Parameters for the A
Conformer of Propene-3-d,

parameter  unit fit 14 fit 27 ab initio”
A MHz  43403.734(18)  43403.751(27)
B MHz 8658.9617(22) 8658.9610(21)
C MHz 7718.2500(23) 7718.2468(19)
A kHz 5312(50) 5.03(36) 5413
Ay kHz —15.960(80) —12.32(83) ~17.578
Ay kHz 424.6(22) 389.7(72) 400.3
5 kHz 0.8426(22) 0.8496(22) 0.8761
¢ kHz —59.34(23) —58.94(20) —46.44
Internal Rotation Parameters
6, deg 3.11412(18) 2.8837
o deg 72.65011(87) 726767
hy MHz —9.532(45)
Nuclear Quadrupole Coupling Constants
oA —0.013(3) —0.009
(A —0.076(3) —0.072
Z.(A%) 0.089(3) 0.081
Kl A7) —0.021(3)
(A7) —0.074(3)
Ho(AT) 0.095(3)

“Fit of the mean frequencies. YInternal axis method fit; see the text.
“MP2/cc-pVIZ values for the distortion constants and B3LYP/6-
311+G(3df2pd) values for the quadrupole coupling constants.
#alues obtained from the r.*C structure of the molecule along the
tunneling path connecting the two A conformers.”**

derived for each atom substituted are in Table S7. The
comparison of the coordinates is only meaningful for those
calculated with the rotational constants of set I because the A
constant is not well-known for the isotopologues of set IL
There are two discrepancies worth discussing. First, for atom
C2, the a coordinate is —0.1048(2) from the best fit, whereas
Kraitchman’s equation gives —0.1096 A. The difference is large,
0.0048 A. However, this coordinate is quite small, and a very
small change of AP, has a large influence on the coordinate. As
shown in Appendix II, the uncertainty of the Kraitchman’s
coordinate is about 0.0034 A. It is well documented that
Kraitchman’s equations are inaccurate for small coordinates.*

Also interesting is the comparison of the coordinates for the
out-of-plane hydrogen H,. The fit gives (in A) a =
—1.82375(8), b = —0.1296(5), and ¢ = 0.87788(3), whereas
Kraitchman’s equations give a = —1.8246(2), b = —0.1259(3),
and ¢ = 0.8765(5). Although the differences are small, the
values are not fully compatible. This discrepancy is mainly due
to the value of A(CH,D), which is not compatible with the
rotational constants of the other isotopologues. Using the P,
planar second moment of the parent species (or the 1*C species
or the CH,D; species) I. — I, — I, gives c(H,) = 0.8779 A, in
perfect agreement with the value from the fit. Furthermore,
there is also nice agreement between the structure from the fit
and the BO structure. Finally, the accuracy of the CH, bond
length is confirmed by correlation with the isolated stretching
frequency.” Although the SE value of the A(CH,D) rotational
constant is obviously inaccurate, the use of the substitution
Cartesian coordinates of Table S7 gives r.(CH,) = 1.0901(11)
A and £(C2C3H,) = 111.09(14)°. These values, although less
precise, are compatible with the results of the fit that gives for
these two parameters 1.0920(2) A and 110.89(2)°, respectively.
In other words, it is still possible to obtain a correct structure
using the inaccurate SE A constant.

5. DISCUSSION

An accurate equilibrium structure for propene invites a
comparison of the effects of substitution in ethylene on CH
bond parameters. Accurate equilibrium structures are available
for ethylene,47 butadiene,”” trans-hexatriene,™® and cis-hexa-
triene.”” Table 8 supplies a comparison of CH bond lengths
and C=CH bond angles in the various molecules. The CH,
bond is least affected by the single substitution. Its bond length
changes less than 0.0015 A, mostly through shrinkage; its bond
angle changes less than 0.2° by increasing. The CH_ bond
increases by up to 0.0025 A; the C=CH_ bond angle decreases
by up to 0.37°. Movement of the hydrogen atom of the CH,
bond toward the substituent is surprising. The largest effect of
substitution in ethylene occurs in the parameters of the CH
bond. The bond length increases up 0.0045 A. The C=CH,
angle decreases as much as 2.54° in propene. The increase in
the CH, bond length and the decrease in the C=CH, bond

Table 7. Structure of propene®

method” r.? re (se)*

basis ref § ref 9 no predicate 14 predicates
c=C 1.3317 1.3310(7) 1.3326(2) 1.33156(35) 1.33148(26)
c-C 1.4954 1.4956(7) 1.4956(2) 1.49523(34) 1.49530(25)
CH, 1.0825 1.0834(6) 1.0818(2) 1.08234(38) 1.08246(31)
CH, 1.0804 1.0805(12) 1.0804(2) 1.08135(31) 1.08124(26)
CH, 1.0845 1.0857(4) 1.0841(2) 1.08492(23) 1.08497(19)
CH, 1.0888 1.0862(8) 1.0880(4) 1.08863(10) 1.088664(88)
CH, 1.0907 1.0949(9) 1.0895(7) 1.09208(20) 1.09197(16)
CcCccC 124.481 124.47(2) 124.43(1) 124.4560(60) 124.4570(50)
CCH, 121.149 121.08(5) 121.13(2) 121.156(22) 121.154(18)
CCH, 121.455 121.55(14) 121.31(3) 121.398(39) 121.407(32)
CCH, 118.856 118.75(13) 118.84(4) 118.75(12) 118.798(85)
CCH; 111.027 111.10(4) 111.07(2) 111.027(14) 111.025(12)
CCH, 110.972 110.53(11) 111.02(7) 110.877(26) 110.890(21)
CCCH, 120.581 121.08(14) 120.47(8) 120.646(33) 120.627(27)

“Bond lengths are in A, and bond angles are in degrees. Subscripts: g = geminal, ¢ = cis to methyl, t = trans to methyl, s = in-plane H, and a = out-of-
plane H. °CCSD(T)/VQZ + MP2[wCVQZ(ae) — wCVQZ] + MP2[V(Q,5)Z — VQZ] for CC bond lengths and the £(CCC) bond angle; for the
other parameters: CCSD(T)/VQZ + MP2[wCVQZ(ae) — wCVQZ]. “SE structure.
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Table 8. Variation in CH Bond Lengths and C=CH Angles in Substituted Ethylene (in A)

CH, CH,
CH,=CH," 1.0805 1.0805
CH,=CHCH," 1.085 1.081
CH,=CHCH=CH," 1.085 1.079
trans-HTE® 1.084 1.079
ciss HTE? 1.0825 1.080

“Reference 47. PThis work. “Reference 48. “Reference 49.

CH. C=CH, C=CH, C=CH,
1.0805 121.34 121.34 121.34
1.082 118.80 121.41 121.15
1.082 119.91 121.47 120.97
1.082 119.6 1214 121.0
1.083 1189 121.5 121.0

angle presumably reflect crowding of the CH, bond by the CH,
substituent. High-level electronic structure computations
capture all of these changes.”’~*

The high-accuracy structure of propene also supports a
consideration of the bond parameters in the CH; group. The
notable preference in propene for a CH bond of the CH; group
being cis to the C=C bond can be rationalized by a favorable
overlap between the 7 component of the C=C bond and some
m character in the two out-of-plane CH bonds.”® A
consequence would be somewhat longer CH, bonds because
of greater p character in the contributing carbon orbital than
that in the CH, orbital. Indeed, r(CH,) is less than r(CH,) in
propene (Table 7). Repulsion between the electron density in
the CH, bond and the C=C bond would cause the CCH;
bond angle to increase relative to the CCH, angle. In Table 7,
a(CCHy) is greater than a(CCH,).

6. CONCLUSIONS

Ground-state rotational and centrifugal distortion constants
were determined for the two conformers of propene-3-d,
(CH,=CHCH,D). The nuclear quadrupole hyperfine struc-
ture due to deuterium was analyzed for both conformers. The
experimental centrifugal distortion constants and quadrupole
constants were found to be in good agreement with the values
calculated ab initio. For the A conformer with the CD bond out
of plane, a small tunneling splitting was observed and analyzed
using a phenomenological IAM treatment. This analysis led to
the conclusion that a standard centrifugal distorted Hamil-
tonian (Watsonian) may be used to derive accurate rotational
constants for the A conformer as well as the S conformer (CD
bond in plane). The energy difference of the two conformers
was also computed ab initio, and the conformers were found to
be almost isoenergetic. The potential barrier to internal rotation
V; was also computed ab initio and was found to be the
dominant term in the potential energy expansion. The
anharmonic force field up to semidiagonal quartic terms was
calculated at different levels of theory, and its accuracy was
established. Finally, an accurate SE equilibrium structure was
determined and compared to the theoretical BO structure. The
accuracy of the SE structure was furthermore confirmed by
using the method of POs. An anomalous isotopic shift was
observed for the equilibrium A rotational constant of the A
species, but this discrepancy does not significantly affect the
accuracy of the structure. The most likely explanation for this
anomaly is a small inaccuracy in the calculation of the
rovibrational correction.
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