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The jet-cooled laser induced fluorescence spectrum of the B˜ r X̃ electronic transition of the 1-methylvinoxy
radical is assigned, including both hot and cold bands. The barrier to methyl internal rotation in both X˜ and
B̃ states is determined by fitting pure torsional transitions to a one-dimensional hindered-rotor model. The
resulting 3-fold torsional barrier parameters areV3′ ) -740 ( 30 cm-1 for the B̃ state (minimum-energy
conformation with one methyl CH bond cis to the frame CO bond) andV3′′ ) +130 ( 30 cm-1 for the X̃
state (methyl CH bond trans to CO). The intensity pattern clearly indicates a change in the preferred methyl
conformation upon excitation, while ab initio calculations provide the absolute conformations in each state.
A variety of ab initio methods including CASSCF, multireference CI, and coupled-cluster techniques were
applied to both the X˜ and the B̃states of 1-methylvinoxy. Only the largest coupled-cluster calculations yield
a B̃-state barrier in good quantitative agreement with experiment. In unsubstituted vinoxy, a B˜ -state geometry
adjusted earlier to fit experimental rotational constants (ref 10) is evidently in error.

I. Introduction

In combustion chemistry, substituted vinoxy radicals are
primary products of reactions of O(3P) atoms with alkenes.1,2

Our recently reported jet-cooled laser induced fluorescence (LIF)
spectra3 of the B̃r X̃ transition of 1-methylvinoxy (Figure 1)
and of a mixture ofcis- andtrans-2-methylvinoxy have proven
useful in identifying such primary reaction pathways. Similar
spectra have been observed in flow-tube kinetics experiments
and in a beam-plus-gas arrangement.1,4

The nature of the barrier to internal rotation of methyl groups
and other alkyl groups adjacent to radical centers is an important
topic in its own right. Such barriers influence the stereochemistry
of radical reaction products. Methyl rotors attached to nonplanar
radical-containing molecular frames have substantial barriers
due tohyperconjugation, electron donation into the half-filled
orbital vicinal to the methyl CH bonds.5 In the series CH3CH2

•

to CH3CHF• to CH3CF2
•, the calculated rotor barrier (UHF/

aug-cc-pVDZ) increases from 53 to 720 cm-1 to 871 cm-1,
corresponding to increasing pucker about the central carbon
atom. The planar ethyl radical has only a 17 cm-1 6-fold barrier.6

In contrast, the planar, symmetric frame of methylcyclopenta-
dienyl radical induces only a small, 48 cm-1 barrier in the
ground state.7 The present example of 1-methylvinoxy in its X˜
and B̃ electronic states involves a planar frame lackingC2

symmetry, as the methyl sits between one CC and one CO bond.
In this paper, we present a detailed assignment and analysis

of the 1-methylvinoxy spectrum. Cold-band structure near the
B̃-state origin yields the magnitude of the barrier to internal
methyl rotation in the upper electronic state as well as frequency
estimates for a number of active vibrational modes. Hot-band

structure yields the same for the ground state. The remarkable
complexity of the spectrum compared with that of unsubstituted
vinoxy8-10 is due primarily to a change in the preferred methyl
rotor orientation on electronic excitation. With help from exten-
sive electronic structure calculations, we conclude that the pre-
ferred conformation places one methyl CH bond cis to the CO
bond in the X̃state (130( 30 cm-1 barrier height) but trans to
the CO bond in the B˜ state (740( 30 cm-1 barrier height).

In an attempt to interpret this dramatic shift in barrier with
electronic excitation, we present a series of ab initio electronic
structure calculations including complete-active-space self-
consistent field methods (CASSCF), multireference configura-
tion interaction methods (CAS+1+2), and coupled-cluster
methods (CC) with a variety of basis sets. We find the B˜ -state
methyl rotor barrier to be remarkably difficult to compute
accurately. Calculations that reproduce experimental B˜ r X̃
electronic transition energies and B˜ -state vibrational frequencies
quite well can still do poorly on the methyl rotor barrier. This
is in sharp contrast with ab initio results for methyl rotor barriers
in ground-state neutral and cationic substituted toluenes.11 In
1-methylvinoxy, the changes in frame CC and CO bond orders
on electronic excitation only partly explain the change in the
methyl torsional potential.
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Figure 1. 1-Methylvinoxy geometry and atomic labeling scheme, with
principal axes as shown.
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II. Experiment

The experimental apparatus has been described in detail
elsewhere.3 Briefly, the 1-methylvinoxy radicals are prepared
by 193-nm photolysis of methyl isopropenyl ether, CH2d
C(CH3)OCH3, at the nozzle of a pulsed jet expansion of 2-3
atm Ar through a 1-mm-diameter nozzle. The radicals are probed
7 cm downstream with a frequency doubled Nd:YAG pumped
dye laser near 357 nm (pulse width, 10 ns fwhm; bandwidth,
0.2 cm-1 fwhm; typical pulse energy, 2 mJ/pulse). A photo-
multiplier tube perpendicular to both the probe laser and the
axis of the pulsed jet detects the resulting fluorescence. The
resulting LIF spectra have not been normalized to laser power,
which varies by roughly(20% over the frequency range of
interest, 27 200-29 600 cm-1. Band positions are measured as
the intensity maxima; reported absolute frequencies are accurate
to (2 cm-1. The narrowest bands are 8 cm-1 fwhm, with
differences in band frequencies accurate to(0.6 cm-1.

The degree of vibrational cooling of the radicals can be
coarsely adjusted by changing the time interval between the
firing of the photolysis and probe lasers, which varies the part
of the photolyzed gas packet that is probed. Probing the radicals
that were generated nearest the nozzle face produces the coldest
spectra, whereas probing toward the leading edge of the packet
gives vibrationally warmer spectra. Hot bands can thus be
distinguished from cold bands. The coldest spectra are used to
probe the methyl torsional potential of the B˜ state, whereas the
hot bands from warmer spectra provide analogous information
about the X̃state.

III. Spectroscopic Background

A. Selection Rules.The well-studied B˜ r X̃ electronic
spectrum of the vinoxy radical itself, as well as its fluoro- and
methyl-substituted analogues, are examples ofπ* r π transi-
tions with both states of2A′′ symmetry.3,4,8,12In 1-methylvinoxy,
the placement of a methyl CH bond in the plane of the molecule
allows classification under theCs point group. Because the
methyl torsional motion is feasible on experimental time scales,
the internal symmetry is higher than that of the point-group
symmetry. The molecular Hamiltonian can thus be defined in
a symmetry allowing for all energetically feasible permutations
and permutation-inversions of equivalent nuclei.13,14 For 1-
methylvinoxy the molecular states are classified according to
the irreducible representations of the molecular symmetry group
G6, which is isomorphic to theC3V molecular point group.

Under G6, the B̃ r X̃ electronic transition is A1 r A1.
Translations along the principal axesa, b, and c (Figure 1)
transform asa1, a1, anda2, respectively. The B˜ r X̃ electronic
transition is, therefore, allowed and polarized in the plane of
the vinoxy skeleton, resulting in AB-type hybrid bands. The
appropriate symmetry labels for the pure torsional levels of
1-methylvinoxy area1, a2, and e. As is customary, we label
each stack of torsional states 0a1, 1e, 2e, 3a2, 3a1, 4e, 5e, 6a2,
6a1, and 7e in order of increasing torsional energy. The Franck-
Condon allowed pure torsional transitions then follow the
selection rules:a1 T a1, a2 T a2, ande T e. These should be
the strongest bands observed near the B˜ -state origin. At higher
energy in the B˜ state, we expect mixing of pure torsional states
with low-frequency vibrational states and with torsion-vibration
combination states, as well as the onset of new Franck-Condon-
active vibrations and their associated torsional states. The
spectral complexity can thus increase dramatically with B˜ state
energy.

On the basis of experience with similar systems,15-17 the
conditions of the expansion in our experiment should effectively

relax the 300 K torsional population distributions to the lowest
spin-allowed level, i.e., 0a1 for all a-symmetry levels and 1e
for all e-symmetry levels. By conservation of nuclear spin
symmetry, thea ande levels do not interconvert. In this limit,
the singly degeneratea torsional levels and the doubly degener-
ate e torsional levels of the methyl group have equal nuclear
spin statistical weight factors.

B. Torsional States and Spectral Fitting. To solve the
hindered internal rotation problem, we treat the methyl group
and molecular frame as rigid rotors. Neglecting overall rotation
and torsion-rotation coupling, the torsional Hamiltonian can
be written in its simplest form18

whereF is the reduced rotational constant for the methyl group
relative to the H2CCO molecular frame,R is the torsional angle
as referenced to the frame, andp is the torsional angular
momentum conjugate toR. We defineR ) 0 as the conforma-
tion with one methyl CH bond in the plane of the molecular
frame cis to the CO bond, as in Figure 1. Because the methyl
rotor top axis does not coincide with any of the principal axes
of the molecule,F is given by1/2rIR. Here,IR is the moment of
inertia of the-CH3 top about its symmetry axis andr ) 1 -
IR(λa

2/Ia + λb
2/Ib + λc

2/Ic), whereIa , Ib, andIc are the principal
moments of inertia for the entire molecule including the methyl
group; andλa, λb, andλc are the direction cosines between the
inertial axes and the methyl top axis of rotation.V(R) is the
one-dimensional torsional potential modeled by using the
conventional symmetry-adapted Fourier expansion.

Because this expansion converges rapidly, it is generally
appropriate to neglect terms higher thann ) 2.

For the B̃state of 1-methylvinoxy, the data will allow us to
determine a 3-fold termV3′ and a small 6-fold termV6′. For
the X̃state, we will determine onlyV3′′. In each case,|V3| gives
the magnitude of the barrier to internal rotation. ForV6 , V3,
the small 6-fold term controls the width of the barrier. The sign
of V3 fixes the lowest-energy conformation. With our choice
of R ) 0 (Figure 1), forV3 > 0, the potential minima lie atR
) 0°, 120°, and 240° in what we call the cis conformation. For
V3 < 0, the potential minima occur atR ) 60°, 180°, and 300°
in the trans conformation. Unlike pure 6-fold cases in which
the torsional barriers are very small, the 3-fold barriers typically
encountered localize probability density for the lowest levels
in the potential wells. In the limit of a large barrier, pairs ofa
ande levels converge in energy to become 3-fold degenerate
vibrational levels as follows: 0a1 and 1e f V ) 0; 2e and 3a2

f V ) 1; and 3a1 and 4e f V ) 2; etc.
To model the spectra, we diagonalize the Hamiltonian in a

basis set of 80 free rotor eigenfunctions (eimφ, m ) 0, (1, (2,
...), as before.19 The matrix elements are

We first determine the best B˜ -state parameters from the

H(R) ) -Fp2 + V(R) (1)

V(R) ) ∑
n

V3n

2
(1 - cos 3nR) n ) 0, 1, 2, ... (2)

Hm,m′ ) Fm2δm,m′

Hm,m′(3 ) -
V3

4
δm,m′(3

Hm,m′(6 ) -
V6

4
δm,m′(6 (3)
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vibrationally cold spectrum withV3′′ fixed at 130 cm-1, as
described below. This fitting procedure is not very sensitive to
the choice of X̃-state parameters as long asV3′′ is larger than
about 100 cm-1 and the proper change in the potential minimum
from X̃ to B̃ is included. WithV3′ and V6′ frozen at the best
values, we then determineV3′′ from the hot bands measured in
the vibrationally hot spectrum.

Judging from earlier work, we expect the simple one-
dimensional model of internal rotation to work best at low
excitation energies in each electronic state. It has been especially
effective below the energy of the first molecular vibration, which
occurs at about 400 cm-1 in 1-methylvinoxy. At higher energy,
the onset of a variety of torsional-vibrational coupling mech-
anisms typically produces extra bands and/or perturbs the
positions of nominally pure torsional bands. We will find that
1-methylvinoxy follows this pattern.

IV. Experimental Results

A. Cold Bands.The B̃r X̃ LIF spectrum of 1-methylvinoxy
spans the range 27 282-30 000 cm-1 and consists of over 50
vibronic bands (Figure 2). A detailed list of frequencies of all
of the stronger bands is included in ref 3. In comparison, the B˜
r X̃ LIF spectrum of plain vinoxy consists of about seven
strong bands spanning the range 28 785-30 200 cm-1 before
the intensity drops significantly. We will argue convincingly
that the B̃ r X̃ origin is band a at 27 282.5 cm-1 for
1-methylvinoxy, a 1502 cm-1 shift from the value of 28 784.1
cm-1 for plain vinoxy. In both cases the LIF spectra die off at
higher energy because of rapidly decreasing lifetimes, as
described earlier.3,8,20 In plain vinoxy, the most significant
geometry change in the B˜ r X̃ electronic transition is the
lengthening of the CO bond,8,10,21 and we expect a similar
change in geometry in 1-methylvinoxy. However, the sheer
number of bands in the 1-methylvinoxy spectrum then strongly
suggests an additional change in the preferred methyl rotor
conformation upon excitation.

The intensity envelope of the lowest-energy bands also
suggests a conformational change in the methyl group. Figure
3 shows an expanded view of what we assign as the first
torsional envelope of the 1-methylvinoxy spectrum. We fit both

the frequencies and intensities of thea-b-c-d-e-f pattern
of bands to the one-dimensional torsional Hamiltonian of eqs 2
and 3. Our fitting procedure includes three adjustable parameters
for the B̃state: F′, V3′, andV6′. The X̃-state barrier is frozen at
130 cm-1 with the sign ofV3′′ opposite to that ofV3′ to produce
the broad envelope of strong torsional transitions. The frequen-
cies of thea-b-c-d-e-f bands of Figure 3 (including the
splitting in thee band assigned to the 6a1 and 7e transitions)
were optimized by searching a three-dimensional grid of values
for the bestF′, V3′, andV6′ combination, as determined by the
ø2 parameter. The values ofF′ were constrained to the physically
realistic range 4.5-6.0 cm-1.22,23 Two regions of parameter
space give comparably good fits to the frequencies and
intensities. The two regions are centered around the valuesF′
) 4.8 cm-1, V3′ ) -751 cm-1, andV6′ ) 26 cm-1 andF′ )
5.2 cm-1, V3′ ) -735 cm-1, andV6′ ) 10 cm-1. The first set
of parameters is somewhat preferred, as it predicts the torsional
frequencies slightly better. These are the values used in the fits
presented in the tables and the figures. Our conservative best
estimates of the fitted potential parameters span both regions:
V3′ ) -740 ( 30 cm-1 and V6′ ) 20 ( 15 cm-1. The fit
frequencies and intensities are compared with those from
experiment in Table 1.

As shown in Figure 3, the fit to both intensities and
frequencies is excellent up to bandse ande′, but degrades for

Figure 2. Top: B̃ r X̃ LIF spectrum of 1-methylvinoxy. Bottom:
repetitions ofa-b-c-d-e-f-g torsional envelope to match spectrum.
Each symbol denotes a torsional progression atop a different excited-
state vibration (Table 2). Filled circles, OC2C1 bend (454 cm-1); open
squares, OC2C1C3 breathing (829 cm-1); diamonds, C1C2 stretch (1303
cm-1); and open circles, C1O stretch (1668 cm-1).

Figure 3. Expanded view of first torsional envelope of B˜ r X̃ LIF
spectrum juxtaposed with a stick representation of the fit to the one-
dimensional torsional model for the B˜ state. Parameters of this fit in
Table 1. See text for details.

TABLE 1: 1-Methylvinoxy B̃ -State Assignments

B̃-state intensity

band assign.
energya

(cm-1) expt.b calc.c expt.b calc.c

a m0a1

0a1, m1e
1e 27282.5 0 0 1 1

b m1e
2e 27459.4 176.9 176.8 1 1

c m0a1

3a1 , m1e
4e 27617.5 335 336.8, 336.9 5 4

d m1e
5e 27763.2 480.7 477.2 6 9

e m0a1

6a1 27868.8 586.3 586.0 9 9
e′ m1e

7e 27880.7 598.2 599.3 6 6
f m1e

8e 27962.9 680.4 674.2 7 12
g m0a1

9a1 28002.1 719.6 743.0 3 3
h m1e

10e 28076.4 793.9 815.4 2 1

a See ref 3 for frequencies of all additional strong bands. Accuracy
(2 cm-1. b Accuracy(0.6 cm-1 for frequencies,(30% for relative
intensities.c Model parameters:V3′ ) -751 cm-1, V6′ ) 26 cm-1,
andF′) 4.8 cm-1; andV3′′ ) 130 cm-1, V6′′ ) 0 cm-1, andF′′) 5.2
cm-1. Intensities are scaled Franck-Condon factors.
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f-h. Most of the smaller unassigned bands in the rangea-e′
will be explained as hot bands below. Calculated bands in the
vicinity of experimental bandsf-h reach to 600 cm-1 and
beyond in the B˜ state (near the top of the barrier) and span a
clump of experimental bands of roughly the right overall
intensity. We suspect that coupling of pure torsional states to
torsion-vibration states of the same overalltV symmetry has
begun, much as is observed in other molecules.19,24

The intensities easily allow us to determine that a change in
preferred conformation has occurred upon excitation, but we
cannot determine the absolute methyl conformation experi-
mentally. That is determined by theory in section V below. All
of the computational work corroborates the change in pre-
ferred conformation and consistently finds that the X˜ -state
minimum places one methyl rotor CH bond cis to the CO bond
(R ) 0°, positive V3′′). In the B̃ state, the minimum places
one methyl CH bond trans to the CO bond (R ) 180°, neg-
ative V3′).

The fit of the first torsional envelope then permits a
semiquantitative understanding of the complete spectrum and
extraction ofapproximateB̃-state vibrational frequencies. As-
suming that the methyl rotor potential is essentially independent
of vibrational state, every vibrational transition should repeat
this torsional envelope as a series of combination bands of
vibrational and torsional mode quanta. In Figure 2, we juxtapose
the entire 1-methylvinoxy B˜ -state LIF spectrum with a series
of torsional envelopes repeated to fit what we believe to be the
strongest vibrational transitions of the radical. This fit was
performed by eye, using a stick representation of the first
torsional envelopea-b-c-d-e-f based on the actual torsional
frequencies and intensities in the spectrum and seeking series
of bands throughout the spectrum that repeat the entire pattern.
The intensity of thee band of each envelope was normalized
to the band in the spectrum to which it was assigned. The B˜ -
state vibrational levels estimated from this procedure are
collected in Table 2. They, in fact, agree reasonably well with
those determined from ab initio work on 1-methylvinoxy
(section V) and are also quite reminiscent of the most active
modes in the B˜ r X̃ LIF spectrum of plain vinoxy (also in
Table 2). Although the fit reproduces the overall shape of the
entire spectrum and accounts for the majority of the bands, it
does not account for every band and small discrepancies in
frequency and intensity do exist. As vibrational energy increases,
perturbations surely arise because of the increasing density of
torsional-vibrational states, leading to modest discrepancies. The
effectiveV3′ andF′ values may vary slightly with vibrational
state as well. The accuracy of vibrational frequencies estimated
in this way is about( 25 cm-1.

B. Hot Bands. In efficiently cooled spectra (Figures 2 and
3), the transitions arise predominantly from the 0a1 and 1e
torsional levels in the ground state. These cold spectra exhibit
several additional weak bands at low energy not accounted for

by oura-b-c-d-e-f torsional model. In vibrationally warmer
spectra, these unassigned weak bands broaden toward lower
frequency and increase in intensity (Figure 4). No additional
bands were observed below 27 180 cm-1. We measure the
frequencies of the broad bands at the intensity maxima. They
can be readily assigned as torsional hot bands arising from the
2e, 3a2, and 3a1 levels of the X̃state. These transitions were fit
to the one-dimensional rigid rotor Hamiltonian by the same
procedure as described previously, with the B˜ -state parameters
F′ ) 4.8 cm-1, V3′ ) -751 cm-1, andV6′ ) 26 cm-1 frozen at
the values determined from the cold spectrum. The best fit
parameters areF′′ ) 5.2( 0.4 cm-1 andV3′′ ) 130( 20 cm-1.
TheV6′′ term was not included as it cannot be well determined.
Figure 4 shows the fit of the hot bands forF′′ ) 5.2 cm-1 and
V3′′ ) 130 cm-1. Relative intensities of transitions arising from
the same torsional state in the ground state are taken to be
proportional to the model Franck-Condon factors. The initial
transition of each series is adjusted to match the experimental
intensity to which it is being fit. The hot band spectrum not
only provides information about the B˜ state, but also cor-
roborates the B˜ -state assignments, as the hot bands observed
are consistent with the selection rules governing the B˜ r X̃
transitions between torsional states (a1 r a1, a2 r a2, e r e).
Table 3 shows the comparison between experimental X˜ -state
torsional frequencies and intensities and those from the fit.

TABLE 2: B̃ -state Vibrational Energies for 1-Methylvinoxy
and Unsubstituted Vinoxya

1-methylvinoxy vinoxy

description expt.b calc.c calc.d calc.e expt.f calc.g

OC2C1 bend 454 474 450 439 449 480
OC2C1C3 breathing 829 856 850 845 - -
C1C2 stretch 1303 1409 1370 1394 917 998
C1O stretch 1668 1894 1830 1830 1621 1881

a See Figure 1 for atom numbering. All energies in cm-1. Calculated
frequencies are unscaled.b Estimated accuracy(25 cm-1. c CASSCF(5,4)/
6-31G**. d (3,3)-CAS+1+2/cc-pVDZ (rounded to nearest 10 cm-1).
e QRHF-EOMEE-CCSD/cc-pVDZ.f Ref 8. g Ref 25.

Figure 4. Expanded view of the first torsional envelope of a warmer
B̃ r X̃ LIF spectrum than in Figure 3. Stick spectrum and assignments
below are based on a one-dimensional torsional fit to the X˜ state.
Parameters of this fit in Table 3.

TABLE 3: 1-Methylvinoxy Hot Bands and Assignments

energy (cm-1) intensity

assign. expt.a calc.b expt.a calc.b

m2e
1e 27223 27222 1 1

m2e
2e 27398 0.2

m2e
4e 27560 27557 2.3 1.1

m2e
5e 27702 0.3

m3a2

3a2 27391 27390 1 1

m3a2

6a2 27698 27693 1.5 1.5

m3a1

0a1 27184 27184 1 1

m3a1

3a1 27520 27519 0.5 0.2

m3a1

6a1 27771 ∼0.04

a Energies measured at peak intensities accurate to(5 cm-1.
Intensities accurate to(30%. b Model parameters:V3′ ) -751 cm-1,
V6′ ) 26 cm-1, and F′) 4.8 cm-1; and V3′′ ) 130 cm-1, V6′′ ) 0
cm-1, F′′) 5.2 cm-1. Intensities are scaled Franck-Condon factors.
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V. Ab Initio Calculations

A. Overview of Methods.The unsubstituted vinoxy radical
has been the subject of extensive theoretical work including
complete-active-space self-consistent-field (CASSCF) excited-
state calculations of the B˜ state.21,25,26 Our first ab initio
calculations on 1-methylvinoxy used the CASSCF method based
on similar calculations on vinoxy by Rohlfing.25 As with vinoxy,
this method provided reasonable agreement with experiment for
excitation energies and vibrational frequencies. However,
CASSCF resulted in a large discrepancy between calculated and
experimentally determined methyl rotor barriers. Therefore we
explored multireference CI calculations based on the CAS wave
function and also a variety of coupled-cluster calculations. As
detailed in Table 4, the bulk of the electronic structure
calculations used three of the Dunning correlation-consistent
basis sets: the double-ú (cc-pVDZ), the augmented double-ú
(aug-cc-pVDZ) and the triple-ú (cc-pVTZ) basis sets.27-29 The
exceptions are the GAUSSIAN 9830 CASSCF calculations,
which used the 6-31G** and the 6-31++G** basis sets. The
CAS calculations used the program packages Columbus,31

Molpro,32-34 and Gaussian.30 The coupled-cluster calculations
used the version of the ACES II program system resident at
the University of Texas-Austin.35

Three different reference wave functions were considered in
the multireference calculations. The majority of the calculations
employ a three-electron, three-orbital CAS reference wave
function. The three active orbitals are the singly occupied radical
orbital (3a′′) and the COπ andπ* orbitals (2a′′ and 4a′′). For
the B̃ state, this reference wave function is workable only for
geometries ofCs symmetry. For geometries ofC1 symmetry
one needs to enlarge the reference space to include the oxygen
lone-paira′ orbital. The (5,4) calculations listed in Table 4 and
described later in this section use this active space including
the oxygen lone-paira′ orbital and its two electrons. Using these

reference configurations, two kinds of multireference, singles
and doubles configuration interaction calculations were per-
formed. Uncontracted CAS+1+2 calculations used the Colum-
bus program,31 and internally contracted, CAS+1+2 calculations
used the Molpro program.32,36,37 The effects of higher-order
excitations (beyond singles and doubles) were examined using
multireference Davidson corrections.38,39

We explored several different approaches based on the
coupled-cluster (CC) approximation.40-43 To avoid problems
associated with variational collapse of the B˜ state in determi-
nation of the reference determinant, both Brueckner orbitals44

and the quasi-restricted Hartree-Fock (QRHF) method of Rittby
and Bartlett45 were used. In the latter approach, orbitals were
obtained in a Hartree-Fock calculation for the 1-methylvinoxy
anion; one electron was then removed from the penultimate
occupieda′′ orbital and the resulting determinant was used in
the CC calculations. Brueckner orbitals were easily obtained
by using the QRHF orbitals as a starting approximation.

Both the Brueckner (B-CC) and QRHF-CC approaches are
based on single determinant reference functions. Inspection of
the resulting correlated wave functions obtained at the coupled-
cluster doubles (B-CCD) and coupled-cluster singles and doubles
(QRHF-CCSD) levels reveals that the most important configu-
rations are those with thea′′ orbital occupations 1a′′22a′′13a′′24a′′0
(the reference determinant) and 1a′′22a′′23a′′04a′′1. The extent
of mixing between these two configurations is substantial. The
corresponding double excitation amplitude is between 0.3 and
0.4, calling into question the propriety of using these usually
quite reliable single-reference approaches.

As an alternative, the equation-of-motion coupled-cluster
method for excited states (EOMEE-CC)46 was used. In this
approach, a calculation is performed for the ground electronic
state, and excited states are obtained by diagonalization of a
similarity-transformed Hamiltonian in a basis that consists of
all single and double excitations relative to the single-deter-
minant description for theground electronic state. For 1-
methylvinoxy, the ground-state determinant is that with the
1a′′22a′′23a′′14a′′0 occupation ofa′′ orbitals; both of the im-
portant configurations for the B˜ state are related to this deter-
minant by a single excitation. Hence, EOMEE-CC offers a
balanced treatment of the important configurations that de-
scribe the B˜ state that is impossible to achieve with the usual
single-reference CC methods using any choice of orbitals.
Because problems were encountered in obtaining satisfactory
Hartree-Fock solutions for the ground state of 1-methylvinoxy,
QRHF orbitals were used.47 The resulting calculations, which
used the EOMEE-CC method in the singles and doubles
approximation using a ground-state description based on QRHF
orbitals, are called QRHF/EOMEE-CCSD in the following.
Apart from the QRHF-CCSDT energies obtained for the B˜ -
state rotamers, for which the four lowest-lying (nominal carbon
and oxygen 1s) orbitals were excluded in the treatment of
electron correlation, no orbitals were frozen in any of the other
CC calculations.

In all cases, the 3-fold potential parameterV3 is estimated as
the difference in energy between the conformation withR )
0° and the conformation withR ) 180°. Because geometry
optimizations relaxed all other geometric parameters atR )
0° and 180°, we call these estimates the vibrationally adiabatic
torsional barrier. Zero-point corrections to the vibrationally
adiabatic barrier were applied at those levels of theory for
which the geometry was optimized at bothR ) 0° and 180°.
They were always small, 10-20 cm-1, in both the X̃and B̃
states.

TABLE 4: Threefold Ab Initio Barriers V3 (cm-1)a for B̃ -
and X̃-State 1-Methylvinoxy Radical at Different Levels of
Theory

methodb B̃-state X̃-state

experiment -740( 30 +130( 20
1 (3,3)-CASSCF/cc-pVDZd//1d -196 230
2 (3,3)-CASSCF/aug-cc-pVDZd//1d -237 225
3 (3,3)-CASSCF/cc-pVTZd//1d -235 207
4 (5,4)-CASSCF/6-31G(d,p)e //4e -193 195
5 (5,4)-CASSCF/6-31++G** e//5e -239
6 (3,3)-CAS+1+2/cc-pVDZd//1d -304 (-336)c 188 (175)c

7 (3,3)-CAS+1+2/aug-cc-pVDZd//1d -371 (-415)c 157 (131)c

8 (3,3)-CAS+1+2/cc-pVTZd//1d -371 (-415)c 142 (117)c

6f//6f -350 (-413)c 180 (152)c

6d//6d -322 (-365)c 187 (171)c

7d//6d -388 (-445)c 158 (130)c

8d//6d -392 (-453)c

9 B-CCD/cc-pVDZ//6f -686
10B-CCD(T)/cc-pVDZ//6f -552
11QRHF-CCSD/cc-pVDZ//6f -670
12QRHF-CCSD(T)/cc-pVDZ//6f -606
13QRHF-CCSDT/cc-pVDZ//6f -482
14QRHF-EOMEE-CCSD/cc-pVDZ//6f -550
14//14 -566
15QRHF-EOMEE-CCSD/cc-pVTZ//6f -690

a PositiVe V3 places the potential minimum with a methyl CH bond
cis to the OC bond (R ) 0), andnegatiVe V3 places the minimum with
the CH bond trans to the OC bond.b The notationX//Y means geometry
optimization was carried out using the level of theoryY and the energy
at that geometry was evaluated using level of theoryX. c Includes
Davidson correction (refs 38 and 39).d Calculations performed using
Molpro (refs 32-34). e Calculations performed using Gaussian (ref 30).
f Calculations performed using Columbus (ref 31).
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B. Computational Results.The 3-fold rotational barriersV3

determined by these methods are compiled in Table 4 for both
the X̃ and the B̃states. The notation of Table 4 follows the
usual convention of listing the method of calculation to the left
of the double slash and the method with which the geometry
was optimized to the right. Although not the focus of our study,
the adiabatic electronic excitation energy is 28 600 cm-1 at the
uncontracted (3,3)-CAS+1+2 level. Using QRHF-CCSD for
the ground state and QRHF/EOMEE-CCSD for the excited state
with the cc-pVDZ basis set and CAS+1+2 geometries gives
29 400 cm-1. Both values are in reasonable agreement with the
experimental value of 27 282 cm-1.

The majority of the theoretical models were used to determine
the torsional barrier for the ground state of 1-methylvinoxy. The
calculations on the ground state giveV3′′ values that range from
230 to 117 cm-1, compared with the experimental barrier of
130 ( 20 cm-1. The more extensive basis sets and more
complete methods are able to predict this barrier to within about
30 cm-1 when the Davidson correction is included.

A few ground-state calculations used coupled-cluster methods
at the CAS+1+2 geometries; these results are not included in
Table 4. Using unrestricted Hartree-Fock orbitals,V3′′ values
of +172 and+115 cm-1 are obtained at the CCSD level using
the cc-pVDZ and cc-pVTZ basis sets, respectively. Triple
excitations have only a small effect; the corresponding CCSD-
(T) barrier heights are+170 and+108 cm-1. Although the
unrestricted Hartree-Fock reference suffers from fairly severe
spin contamination (〈S2〉 ) 0.95 at the X˜ -state geometries), it
is widely appreciated that standard CC methods that include a
full treatment of single excitations [such as CCSD and CCSD-
(T)] are fairly insensitive to reference state spin contamina-
tion47,48when applied to the ground electronic state. In addition,
CCSD and CCSD(T) calculations were performed with QRHF
orbitals, which are not spin-contaminated. With the cc-pVDZ
basis set, the QRHF-CCSD and QRHF-CCSD(T) results forV3′′
are+191 and+156 cm-1, respectively. Taken as a whole, the
CC results suggest a barrier height in the range 100-200 cm-1,
consistent with the experimental result.

For the B̃state, regardless of basis set, the (3,3)-CASSCF
and the (5,4)-CASSCF calculations give values forV3′ of
roughly -200 cm-1, some 500 cm-1 too small in magnitude
compared with the experimental result of-751 cm-1. The (3,3)-
CAS+1+2 methods yieldV3 in the range-300 to-400 cm-1,
increasing to-400 to-450 cm-1 when the Davidson correction
is included. The multireference CI methods at best reach only
60% of the experimental barrier in the excited state.

B̃-state rotational barriers obtained from single-point calcula-
tions with various CC methods at the optimized CAS+1+2
geometries more closely match experiment. Using the cc-pVDZ
basis set, the Brueckner-based CCD and CCD(T) methods give
V3′ parameters of-690 and-550 cm-1, respectively. The
corresponding QRHF-CCSD and QRHF-CCSD(T) results are
-670 and-610 cm-1. However, afull CCSDT calculation
carried out with QRHF orbitals gives a substantially lowerV3′
of -480 cm-1. This effect isnot due to the fact that the core
orbitals were dropped in the CCSDT calculation, so it would
appear that the perturbative treatment of triple excitations
included in B-CCD(T) and QRHF-CCSD(T) is not very accurate
in the present case.49 However, when the more balanced QRHF/
EOMEE-CCSD method is used, the barrier height of 550 cm-1

is intermediate between those obtained using QRHF-CCSD(T)
and QRHF-CCSDT. Expansion of the basis to cc-pVTZ
improves the calculated value to-690 cm-1, which is in quite
good agreement with the experimental determination.

To estimate the vibrational contribution toV3′, both of the
B̃-state rotamers were optimized at the QRHF/EOMEE-CCSD
level50 with the cc-pVDZ basis set; these structures were then
used in a harmonic vibrational frequency calculations. The zero-
point vibrational contribution toV3′ is about+20 cm-1. Hence,
the best coupled-cluster estimate of the vibrationally adiabatic
V3′ parameter for the B˜ state is obtained from the QRHF/
EOMEE-CCSD value with the cc-pVTZ basis set augmented
by this small correction, i.e.,V3′ ) -710 cm-1. This compares
quite favorably with the experimental result of-740( 30 cm-1.

VI. Discussion

A. B̃-State Geometry. For unsubstituted vinoxy radical,
DiMauro et al.10 obtained a high-resolution B˜ r X̃ LIF spectrum
and accurate X˜ - and B̃-state rotational constants. They subse-
quently adjusted two geometric parameters, the C2O bond
lengths and the angle C1C2O, in an effort to fit the B̃-state
rotational constants. The rest of the geometric parameters used
in the fitting procedure were taken from the calculations of
Dupuis et al.26 It appears that DiMauro’s calculations were in
error. Table 5 compares calculated B˜ -state geometric parameters
obtained by optimization at three levels of theory labeled X,
Y, and Z (CASSCF, CAS+1+2, and QRHF/EOMEE-CCSD,
respectively) with the adjusted B˜ -state geometry from DiMauro
et al. Table 6 shows the corresponding B˜ -state rotational
constantsA, B, andC about the three principal inertial axes.
The ab initio rotational constants agree with experiment
increasingly well as more electron correlation is included. The
CAS+1+2 and the QRHF/EOMEE-CCSD geometries are quite
similar. The rotational constants from the QRHF/EOMEE-
CCSD agree with all three experimental rotational constants to
within 1%.

However, the adjusted geometry of DiMauro et al. gives
rotational constants that disagree with experiment by 13% for
A, 5% for B, and 2% forC. This suggests a problem with the

TABLE 5: B̃ -State Vinoxy Geometriesa

adjusted

calc. Xb calc. Yc calc. Zd ref 10e this workf

r(C2O) 1.360 1.375 1.378 1.337 1.38
r(C1C2) 1.450 1.446 1.434 1.466 1.43
r(H3C2) 1.075 1.094 1.100 1.069 1.09
r(H1C1) 1.072 1.088 1.094 1.069 1.09
r(H2C1) 1.071 1.087 1.093 1.069 1.09
∠OC2C1 121.5 122.7 123.1 129.5 123.1
∠H1C1C2 120.1 120.0 120.1 120.0 120.0
∠H2C1C2 119.9 119.8 119.8 119.5 120.0
∠H3C2C1 116.8 120.4 120.1 120.9 120.0

a Atom labels based in Figure 1. Bond lengths in angstroms, angles
in degrees.b CASSCF(3,3)/6-31G**, ref 25.c (3,3)-CAS+1+2/cc-
pVDZ. d EOMEE-QRHF/cc-pVDZ.e From ref 10.f Values based on
(3,3)-CAS+1+2/cc-pVDZ geometries, adjusted to fit experimental
rotational constants from ref 10.

TABLE 6: B̃ -State Rotational Constants (cm-1) for Vinoxy
Radical

adjusted

expt.a
calc.
Xb

calc.
Yc

calc.
Zd ref 10a

this
worke

A (cm-1) 2.103( 0.004 2.069 2.0765 2.090 2.4287 2.1028
B (cm-1) 0.3442( 0.0012 0.3496 0.3429 0.343 0.3278 0.3441
C (cm-1) 0.2958( 0.0012 0.2991 0.2943 0.295 0.2888 0.2957

a From ref 10.b CASSCF(3,3)/6-31G**, ref 25.c (3,3)-CAS+1+2/
cc-pVDZ, this work.d EOMEE-QRHF-CCSD/cc-pVDZ, this work.
e Values from fit based on the (3,3)-CAS+1+2/cc-pVDZ calculation.
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calculations of ref 10; the rotational constants we compute from
the geometry of DiMauro et al. (Table 6) do not agree with
those in Table 2 of ref 10. The substantial problem about theA
axis is closely related to the values ofr(C2O) andr(C1C2). The
last columns of Tables 5 and 6 show a set of geometric variables
slightly adjusted from the ab initio values and the corresponding
rotational constants. The agreement with experiment falls within
its uncertainty, lending credibility to the ab initio geometry. Such
an adjustment is, of course, not unique.

For 1-methylvinoxy, the ab initio geometry of the frame is
given in Table 7 for two levels of theory in the X˜ state and for
three levels of theory in the B˜ state. For the ground state, the
CASSCF and CAS+1+2 geometries are quite similar. For the
B̃ state, the frame geometry changes significantly as correlation
effects are added. The C2O bond length increases, and the frame
C1C2 bond length decreases, with additional correlation. This
change is likely related to the difficulty in accurately calculating
B̃-state methyl torsional barriers, as discussed below. As
expected, the B˜ -state geometries of plain vinoxy and of the
C1C2O frame of 1-methylvinoxy are very similar when com-
puted at similar levels of theory. On the basis of the agreement
between calculated and experimental rotational constants for
plain vinoxy, we therefore suggest that the QRHF/EOMEE-
CCSD B̃-state geometry in Table 7 is the most accurate.

Evidently, the primary effect of excitation from X˜ to B̃ for
both plain vinoxy and 1-methylvinoxy is alengtheningof the
CO bond by about 0.15 Å and ashorteningof the frame CC
bond (C1C2) by about 0.03 Å. In 1-methylvinoxy, the bond angle
C3C2C1 expands by almost 4°, whereas angle OC2C1 expands
by 2.2°. These geometry changes partially explain the dramatic
change in methyl torsional potential, as described next.

B. Methyl Torsional Potential. In earlier experimental and
computational work on substituted toluenes and their cat-
ions,11,19,51we observed a strong correlation between the methyl
rotor torsional potential anddifferences in bond orderbetween
the two CC bonds of the ring locatedVicinal to the rotor CH
bonds. Asymmetric (ortho- or meta-) substitution of the ring
and electronic excitation or ionization can cause substantial
distortion of the ring. Across many examples, the preferred rotor
conformation always places one CH bond cis to the vicinal ring
CC bond of higher order (greater double-bond character),
analogous to the preference in 2-methylpropene.

A similar effect may contribute to the behavior of 1-meth-
ylvinoxy. The vicinal bonds of the frame are now C1C2 and

C2O. We have less experience with this situation, but a series
of RHF/6-31++G** calculations on closed-shell molecules
including acetone (1), 2-propenyl alcohol (2) (the enol corre-
sponding to acetone), and methyl-2-propenyl ether (3) provide
a semiquantitative guide. All three examples place a methyl
rotor between a CC and CO bond with near-integral bond orders
that differ from case to case. For1 (calculatedV3 ) +224
cm-1), the preferred conformation is cis to the CO double bond.
The ether3 (V3 ) -827 cm-1) places methyl between a single
CO bond and a double CC bond. The preference for the rotor
CH bond trans to CO (cis to the CC double bond) is even
stronger than in 2-methylpropene (V3 ) -690 cm-1).52 As a
final example,2 shows an even stronger preference (V3 )
-1023 cm-1).

Using these calculated barriers for stable molecules and the
B̃ r X̃ geometry changes in 1-methylvinoxy, we can attempt
to understand the methyl torsional potentials in 1-methylvinoxy
as a competition between two effects. Double-bond character
in C2O pushesV3 towardpositiVevalues (rotor CH cis to C2O),
whereas double-bond character in C1C2 pushesV3 toward
negatiVe values (rotor CH trans to C2O or cis to C1C2). In fact,
for the five species1-3 plus the X̃and B̃ states of 1-meth-
ylvinoxy, there is a strong, monotonic correlation betweenV3

and the difference in calculatedbond lengths, Rcc - Rco. That
difference serves here as a proxy for the difference in bond
orders. The change in methyl rotor preferred orientation from
cis to C2O in the X̃state to trans to C2O in the B̃state may be
due, in part, to the substantial lengthening of C2O and the modest
shortening of C1C2 on electronic excitation.

However, we have also carried out CAS+1+2 calculations
on the B̃state for geometries in which the C2O and C1C2 bond
lengths are varied systematically and constrained to be sub-
stantially different from the equilibrium geometry. In fact, the
change in barrier height for these geometries runscounter to
the correlation described above, especially for the C2O bond.
The most likely explanation for this is that, in the excited state,
the difference in bond lengths may not be a good proxy for the
difference in bond orders. More detailed analysis of the interplay
of these effects remains a worthy goal of future research.

VII. Conclusions

Once again, we find in both the X˜ and B̃ states of
1-methylvinoxy that the methyl rotor barrier is highly dependent
on the local electronic structure of the frame to which it is
attached. Calculated methyl rotor barriers for this radical are
remarkably sensitive to basis set and level of theory, especially
in the B̃ state. The excited-state barrier increases substantially
from CASSCF to CAS+1+2 to coupled-cluster methods. The
physical reason for the extreme difficulty in obtaining accurate
calculated rotor barriers is not obvious. We note, in passing,
that even the highest levels of theory explored here do not
accurately reproduce the experimental CO stretching frequency
in the B̃state of 1-methylvinoxy; a similar difficulty occurs for
plain vinoxy as well. Perhaps vibronic coupling to another
electronic state is important. Meanwhile, all three treatments
obtain reasonable electronic excitation energies (section V) and
vibrational frequencies (Table 2). Our results thus serve as a
cautionary note.
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