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The jet-cooled laser induced fluorescence spectrum of theBelectronic transition of the 1-methylvinoxy
radical is assigned, including both hot and cold bands. The barrier to methyl internal rotation in Aoth X

B states is determined by fitting pure torsional transitions to a one-dimensional hindered-rotor model. The
resulting 3-fold torsional barrier parameters &£ = —740 + 30 cn1? for the B state (minimum-energy
conformation with one methyl CH bond cis to the frame CO bond) \&id= +130+ 30 cn1? for the X

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 Cl, and coupled-cluster techniques were
applied to both the Yand the Bstates of 1-methylvinoxy. Only the largest coupled-cluster calculations yield

a B-state barrier in good quantitative agreement with experiment. In unsubstituted vinosstateRjeometry
adjusted earlier to fit experimental rotational constants (ref 10) is evidently in error.

I. Introduction 04

In combustion chemistry, substituted vinoxy radicals are Hs b?
primary products of reactions of &) atoms with alkenes? Cs
Our recently reported jet-cooled laser induced fluorescence (LIF) Cs a H
spectrd of the B— X transition of 1-methylvinoxy (Figure 1) Hs L
and of a mixture otis- andtrans-2-methylvinoxy have proven
useful in identifying such primary reaction pathways. Similar Ha | C1
spectra have been observed in flow-tube kinetics experiments (:é
and in a beam-plus-gas arrangemght. Hz

The nature of the bamer to internal .rotatlon of mEthy,l groups Figure 1. 1-Methylvinoxy geometry and atomic labeling scheme, with
and other alkyl groups adjacent to radical centers is an importantyincipal axes as shown.
topic in its own right. Such barriers influence the stereochemistry
of radical reaction products. Methyl rotors attached to nonplanar gtrcture yields the same for the ground state. The remarkable
radical-containing molecular frames have substantial barriers oomplexity of the spectrum compared with that of unsubstituted
due tohyperconjugationelectron donation into the half-filled vinoxy®19js due primarily to a change in the preferred methyl

orbital vicin.al to the me.thyl CH bondsin the series CCH;* rotor orientation on electronic excitation. With help from exten-
to CHCHF to CHCF", the calculated rotor barrier (Ui—|F/ sive electronic structure calculations, we conclude that the pre-
aug-cc-pVDZ) increases from 53 to 720 chto 871 cn?, ferred conformation places one methyl CH bond cis to the CO

corresponding to increasing pucker about the central carbony .4 in the Xstate (130t 30 cnr barrier height) but trans to
atom. The planar ethyl radical has only a 17é&-fold barrier® the CO bond in the Btate (740+ 30 cnt? barrier height).
In contrast, the planar, symmetric frame of methyicyclopenta- In an attempt to interpret this dramatic shift in barrier with

dienyl radical induces only a small, 48 cibarrier in the . o . . .
ground staté.The present example of 1-methylvinoxy in its X electronic excitation, we present a series of ab initio electronic
structure calculations including complete-active-space self-

and B electronic states involves a planar frame lackidg ) . . i
symmetry, as the methyl sits between one CC and one CO bond consistent field methods (CASSCF), multireference configura-

In this paper, we present a detailed assignment and analysiéIon Interaction _method_s (CA'Sl+.2)’ and Cou_pleq-cluster
of the 1-methylvinoxy spectrum. Cold-band structure near the methods (CC) W't_h a variety of basis sets. We find thetate
B-state origin yields the magnitude of the barrier to internal Methyl rotor barrier to be remarkably difficult to_compute
methyl rotation in the upper electronic state as well as frequency 2ccurately. Calculations that reproduce experimentat-BX
estimates for a number of active vibrational modes. Hot-band €l€Ctronic transition energies anesBate vibrational frequencies

quite well can still do poorly on the methyl rotor barrier. This

t Part of the special issue “C. Bradley Moore Festschrift”. is in sharp contrast with ab initio results for methyl rotor barriers
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* University of Wisconsin-Madison. . — . .
§ArgonneyNationa| Laboratory. on electronic excitation only partly explain the change in the

'University of Texas at Austin. methyl torsional potential.

10.1021/jp001009g CCC: $19.00 © 2000 American Chemical Society
Published on Web 06/21/2000



10132 J. Phys. Chem. A, Vol. 104, No. 45, 2000 Williams et al.

Il. Experiment relax the 300 K torsional population distributions to the lowest
spin-allowed level, i.e., & for all a-symmetry levels andel
for all essymmetry levels. By conservation of nuclear spin
symmetry, thea ande levels do not interconvert. In this limit,
the singly degeneragetorsional 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 fora$

The experimental apparatus has been described in detall
elsewheré. Briefly, the 1-methylvinoxy radicals are prepared
by 193-nm photolysis of methyl isopropenyl ether, £+
C(CHg)OCHg, at the nozzle of a pulsed jet expansion ef®
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 cnt! 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 20629 600 cn’. Band positions are measured as
the intensity maxima; reported absolute frequencies are accurat

1 i . . .
to £2 cm. The narrowest bands are 8 ci‘nfwhgn, with relative to the HCCO molecular framay. is the torsional angle
differences in band frequencies accurate-6 cn . as referenced to the frame, apdis the torsional angular

The degree of vibrational cooling of the radicals can be ,omentum conjugate ta. We definea. = 0 as the conforma-
coarsely adjusted by changing the time interval between the i with one methyl CH bond in the plane of the molecular

firing of the photolysis and probe.lasers, which \{aries the Part frame cis to the CO bond, as in Figure 1. Because the methy!
of the photolyzed gas packet that is probed. Probing the radicals, o, top axis does not coincide with any of the principal axes
that were generated nearest the nozzle face produces the coldeg e moleculeF is given bylrl . Here, I, is the moment of
spectra, whereas probing toward the leading edge of the packefnartia of the—CHs top about its symmetry axis and= 1 —
gives vibrationally warmer spectra. Hot bands can thus be la(Ra2lla+ A1y + A210), wherela, I, andl. are the principal
distinguished from cold bands. The coldest spectra are used toyoments of inertia for the entire molecule including the methyl
probe the methyl torsional potential of thesBate, whereas the group; andla, Ap, andc are the direction cosines between the
hot bands from warmer spectra provide analogous information jnertial axes and the methyl top axis of rotatiof(c) is the

about the Xstate. one-dimensional torsional potential modeled by using the
conventional symmetry-adapted Fourier expansion.

H(o) = —Fp” + V(o) 1)

&vhereF is the reduced rotational constant for the methyl group

Ill. Spectroscopic Background

A. Selection Rules.The well-studied B— X electronic Vi,
spectrum of the vinoxy radical itself, as well as its fluoro- and V(o) = Z ?(1 — cos o) n=0,1,2,.. (2
methyl-substituted analogues, are examples*of— & transi- n

tions with both states GA" symmetry34812In 1-methylvinoxy,

the placement of a methyl CH bond in the plane of the molecule
allows classification under th€; 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 permutationrinversions of equivalent nu.cllé%l“' For 1 of V3 fixes the lowest-energy conformation. With our choice
methylvinoxy the molecular states are classified according to of o = 0 (Figure 1), forVs > 0, the potential minima lie at

the irreducible representations of the molecular symmetry group _ 0° 120 and 240 in what we call the cis conformation. For

Ge, which is isomorphic to th€s, molecular point group. V3 < 0, the potential minima occur at= 60°, 18C¢°, and 300

T Unc:etr_ Ge, thle B ; X e_qutrolmc tragsmo(rj] 'Slf"_ Ai‘ in the trans conformation. Unlike pure 6-fold cases in which
ranslations along the principal axes b, andc (Figure 1) the torsional barriers are very small, the 3-fold barriers typically

:ransf?rm aa%hal, ?ndaz, Irlespedctlvedly. Tlhe. B—dX eiﬁctrolnlc ; encountered localize probability density for the lowest levels
ransition 1s, therelore, allowed and poiarized In the plane ot j, ynq potential wells. In the limit of a large barrier, pairsapf

the Vinoxy skeleton, resulting in AB-type hyb”_d bands. The ande levels converge in energy to become 3-fold degenerate
appropriate symmetry labels for the pure torsional levels of vibrational levels as follows: @ and & — v = 0: 2e and 3%
1-methylvinoxy area;, ap, ande. As is customary, we label v=1:and 2y and & — U = 2: etc. '

each stack of torsional stateasDle, 2e, 3, 3ay, 4¢, 56, Gay, To model the spectra, we diagonalize the Hamiltonian in a
6a;, and &in order of increasing torsional energy. The Franck basis set of 80 free rotor eigenfunction&em = 0, +1, +2
Condon allowed pure torsional transitions then follow the ), as beford® The matrix elements are T
selection rules:a; < a1, a» <> ap, ande <> e. These should be " '
the strongest bands observed near tkstde origin. At higher H = Fm
energy in the Bstate, we expect mixing of pure torsional states mi mjmt

Because this expansion converges rapidly, it is generally
appropriate to neglect terms higher thar= 2.
For the Bstate of 1-methylvinoxy, the data will allow us to
' determine a 3-fold tern¥s' and a small 6-fold termvg'. For
the X state, we will determine only3". In each casgVs| gives
the magnitude of the barrier to internal rotation. Mar< Vs,
the small 6-fold term controls the width of the barrier. The sign

with low-frequency vibrational states and with torsiaribration V,

combination states, as well as the onset of new Frafzkdon- Homes = — Zém’m'i:g

active vibrations and their associated torsional states. The

spectral complexity can thus increase dramatically witt&de Vs

energy. Hm,m’ie == Zam,m:te 3)

On the basis of experience with similar systefd; the y
conditions of the expansion in our experiment should effectively We first determine the best -Btate parameters from the
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Figure 3. Expanded view of first torsional envelope ofB X LIF
spectrum juxtaposed with a stick representation of the fit to the one-
dimensional torsional model for the &ate. Parameters of this fit in
Table 1. See text for details.

Energy (cm1)

Figure 2. Top: B — X LIF spectrum of 1-methylvinoxy. Bottom:
repetitions olai—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, @QC; bend (454 cm?); open
squares, OgZ;C; breathing (829 cmt'); diamonds, GC; stretch (1303

TABLE 1: 1-Methylvinoxy B -State Assignments

cm1); and open circles, O stretch (1668 crt). energy B-state intensity
band assign. (cm™l) expt® calce expt? calc®
vibrationally cold spectrum with/3" fixed at 130 cn?, as a nl® me 272825 0 0 1 1
described below. This fitting procedure is not very sensitive to |, mfgl * 574504 1769 176.8 1 1
the choice ofIXstate parameters as Ic_>ng s is Iarger Fh_an c mg%’ ¢ 276175 335  336.8,336.9 5 4
about 100 cm a}nd the proper change in the potential minimum d e 277632 4807 4772 6 9
from X to B is included. WithVs' and Vg frozen at the best =
S . e mpa: 27868.8 586.3 586.0 9 9
values, we then determing” from the hot bands measured in o 02, 278807 598.2 5993 5 5
the vibrationally hot spectrum. ; még ’ ’ ’
Judging from earlier work, we expect the simple one- mé: 27962.9  680.4  674.2 ! 12
dimensional model of internal rotation to work best at low 9 mf%ie 28002.1 7196 743.0 3 3
excitation energies in each electronic state. It has been especially h my 28076.4 7939 8154 2 1

effective below the energy of the first molecular vibration, which
occurs at about 400 crhin 1-methylvinoxy. At higher energy,  +2 cnr. b Accuracy+0.6 cnt? for frequencies30% for relative
the onset of a variety of torsionavibrational coupling mech-  intensities® Model parametersVs' = —751 cnt?, V' = 26 cnt?,
anisms typically produces extra bands and/or perturbs theandF'= 4.8 cm™ andVs" = 130 cn?, V" = 0 cmr?, andF"'= 5.2
positions of nominally pure torsional bands. We will find that ™ - Intensities are scaled Franeondon factors.

1-methylvinoxy follows this pattern.

a See ref 3 for frequencies of all additional strong bands. Accuracy

the frequencies and intensities of theb—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 Bstate: F', V3, andVe'. The X-state barrier is frozen at
130 cnm! with the sign ofVs" opposite to that of/s’ to produce

IV. Experimental Results

A. Cold Bands. The B-— X LIF spectrum of 1-methylvinoxy
spans the range 27 2830 000 cnT! 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
< X LIF spectrum of plain vinoxy consists of about seven

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 theafand % transitions)

were optimized by searching a three-dimensional grid of values
for the best~', V3, andVes' combination, as determined by the
%2 parameter. The values Bf were constrained to the physically
1-methylvinoxy, a 1502 cmi shift from the value of 28 784.1  realistic range 4.56.0 cnT1.2223 Two regions of parameter
cm~* for plain vinoxy. In both cases the LIF spectra die off at space give comparably good fits to the frequencies and
higher energy because of rapidly decreasing lifetimes, asintensities. The two regions are centered around the vddues
described earliet82° In plain vinoxy, the most significant = 4.8 cnTl, V3 = —751 cn'?, andVg = 26 cntl andF'
geometry change in the B- X electronic transition is the 5.2 cnT?, Vo' = —735 cnrl, andVe' = 10 cni'l. The first set
lengthening of the CO bonft%?! and we expect a similar  of parameters is somewhat preferred, as it predicts the torsional
change in geometry in 1-methylvinoxy. However, the sheer frequencies slightly better. These are the values used in the fits
number of bands in the 1-methylvinoxy spectrum then strongly presented in the tables and the figures. Our conservative best
suggests an additional change in the preferred methyl rotor estimates of the fitted potential parameters span both regions:
conformation upon excitation. V3 = —740 £ 30 cnt! and V' = 20 & 15 cntl. The fit

The intensity envelope of the lowest-energy bands also frequencies and intensities are compared with those from
suggests a conformational change in the methyl group. Figureexperiment in Table 1.
3 shows an expanded view of what we assign as the first As shown in Figure 3, the fit to both intensities and
torsional envelope of the 1-methylvinoxy spectrum. We fit both frequencies is excellent up to bareland€, but degrades for

strong bands spanning the range 28786 200 cn1! before
the intensity drops significantly. We will argue convincingly

that the B— X origin is banda at 27 282.5 cm! for
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TABLE 2: g-state Vibrational Energies for 1'Methy|Vin0Xy IlIll||IIIIIIIIII|IIIlIIII lIIIIIIII||IIIIII|I[IIIIIIIIIIIIIIIIII||llllJJIIIIIIIIIIIlllllI
and Unsubstituted Vinoxy? 4 e
1-methylvinoxy vinoxy
description expt. calc® calcd calce expt! calc?
OC,C1 bend 454 474 450 439 449 480 2
OC,C;C; breathing 829 856 850 845 — - 2
C,C; stretch 1303 1409 1370 1394 917 998 95’
C,0 stretch 1668 1894 1830 1830 1621 1881 "
3

a See Figure 1 for atom numbering. All energies inénCalculated
frequencies are unscalétEstimated accuracy25 cntt, ¢ CASSCF(5,4)/
6-31G**. 4(3,3)-CASH+1+2/cc-pVDZ (rounded to nearest 10 cih
¢ QRHF-EOMEE-CCSD/cc-pVDZ. Ref 8.9 Ref 25.

f_h Most Of the Sma”el’ unass'gned bands |n the rmge’ LR LR LR LRy LR LR AR AR SRR L) LLRRRLRRRY LR L
will be explained as hot bands below. Calculated bands in the 27200 27400 27600 27800 28000
vicinity of experimental bandé—h reach to 600 cm* and Energy (cm-1)
beyond in the Bstate (near the top of the barrier) and span a
clump of experimental bands of roughly the right overall Figure 4. Expanded view of the first torsional envelope of a warmer
intensity. We suspect that coupling of pure torsional states to B =~ X LIF spectrum than in Figure 3. Stick spectrum and assignments
. . . below are based on a one-dimensional torsional fit to theta¢e.
torsion—vibration states of the same overall symmetry has o it
. . Parameters of this fit in Table 3.
begun, much as is observed in other molectfi@s.
The intensities easily allow us to determine that a change in TABLE 3: 1-Methylvinoxy Hot Bands and Assignments
preferred conformation has occurred upon excitation, but we energy (cm?) intensity
cannot determine the absolute methyl conformation experi-

mentally. That is determined by theory in section V below. All __2sSign. expt. calc? expt calc?
of the computational work corroborates the change in pre- e 27223 27222 1 1
ferred conformation and consistently finds that thestite mee 27398 0.2
minimum places one methyl rotor CH bond cis to the CO bond e 27560 27557 23 1.1
(oo = 0°, positive V3"). In the B state, the minimum places mgi 27702 03
Ztrilserce';hyl CH bond trans to the CO bord £ 180, neg- m§§§ 27391 27390 1 1
3)- 6a;
The fit of the first torsional envelope then permits a mgg% Zi:i Zi:i 1'5 i's
semiquantitative understanding of the complete spectrum and "%
. : 5 . - . : 27520 27519 0.5 0.2
extraction ofapproximateB-state vibrational frequencies. As- Mg,

suming that the methyl rotor potential is essentially independent mg; 27771 ~0.04

of vibrational state, every vibrational transition should repeat  aEnergies measured at peak intensities accurater%ocnr?.

this torsional envelope as a series of combination bands of Intensities accurate t:30%. " Model parametersVs' = —751 cnt?,
vibrational and torsional mode quanta. In Figure 2, we juxtapose Ve = 26 cnT*, andF'= 4.8 cnt’; and V5" = 130 cn?, V' = 0

the entire 1-methylvin0x3f Btate LIF spectrum with a series cm i, F'= 5.2 cnT. Intensities are scaled Franeondon factors.

of torsional envelopes repeated to fit what we believe to be the ) o

strongest vibrational transitions of the radical. This fit was DY oura—b—c—d—e—ftorsional model. In vibrationally warmer
performed by eye, using a stick representation of the first SPectra, these unassigned weak bands broaden toward lower
torsional envelopa—b—c—d—e—f based on the actual torsional ~ frequency and increase in intensity (Figure 4). No additional
frequencies and intensities in the spectrum and seeking seriedands were observed below 27 180 ¢mWe measure the

of bands throughout the spectrum that repeat the entire patternfrequencies of the broad bands at the intensity maxima. They
The intensity of thee band of each envelope was normalized can be readily assigned as torsional hot bands arising from the
to the band in the spectrum to which it was assigned. The B 26, 38, and 3 levels of the Xstate. These transitions were fit
state vibrational levels estimated from this procedure are to the one-dimensional rigid rotor Hamiltonian by the same
collected in Table 2. They, in fact, agree reasonably well with Procedure as described previously, with thetBte parameters
those determined from ab inito work on 1-methylvinoxy F' =4.8cnm? V' =—751cmt, andVe = 26 cnt! frozen at
(section V) and are also quite reminiscent of the most active the values determined from the cold spectrum. The best fit
modes in the’B— X LIF spectrum of plain vinoxy (also in ~ parameters are” = 5.2+ 0.4 cnt*andVs" = 130+ 20 cnt™.
Table 2). Although the fit reproduces the overall shape of the TheVg" term was not included as it cannot be well determined.
entire spectrum and accounts for the majority of the bands, it Figure 4 shows the fit of the hot bands #ef = 5.2 cnt* and
does not account for every band and small discrepancies inVs' = 130 cnt. Relative intensities of transitions arising from
frequency and intensity do exist. As vibrational energy increases, the same torsional state in the ground state are taken to be
perturbations surely arise because of the increasing density ofproportional to the model FranefCondon factors. The initial
torsional-vibrational states, leading to modest discrepancies. Thetransition of each series is adjusted to match the experimental
effective V5" andF' values may vary slightly with vibrational  intensity to which it is being fit. The hot band spectrum not
state as well. The accuracy of vibrational frequencies estimatedonly provides information about the Btate, but also cor-

in this way is about: 25 cnTl. roborates the Btate assignments, as the hot bands observed
B. Hot Bands. In efficiently cooled spectra (Figures 2 and are consistent with the selection rules governing the-BX
3), the transitions arise predominantly from tha; @nd % transitions between torsional states {— a;, a; < ap, € — €).

torsional levels in the ground state. These cold spectra exhibit Table 3 shows the comparison between experimenisiaxe
several additional weak bands at low energy not accounted fortorsional frequencies and intensities and those from the fit.
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TABLE 4: Threefold Ab Initio Barriers V3 (cm™1) for B- reference configurations, two kinds of multireference, singles
and X-State 1-Methylvinoxy Radical at Different Levels of and doubles configuration interaction calculations were per-
Theory formed. Uncontracted CAS1+2 calculations used the Colum-
method B-state Kstate bus prograni! and internally contracted, CASLH+-2 calculations
experiment —740+30  +130+ 20 used the Molpro prograif?:26:37 The effects of higher-order
1(3,3)-CASSCF/cc-pVD#/1¢ —-196 230 excitations (beyond singles and doubles) were examined using
2(3,3)-CASSCF/aug-cc-pVDz1 —237 225 multireference Davidson correctioffs3®
3(3,3)-CASSCF/cc-pVTa/1d —235 207 We expl .
4 (5.4)-CASSCF/6-31G(d,p)ed —193 195 plored several dlﬁgrenF approacheg based on the
5 (5,4)-CASSCF/6-3++G** ¢//5¢ —239 coupled-cluster (CC) approximatidfr.*® To avoid problems
6 (3,3)-CASt+1+2/cc-pvDZ//1d —304 (—336F 188 (175) associated with variational collapse of thestte in determi-
7(3,3)-CA5+1+2/3U9-CC-F’V%Z//1" —371 (415§ 157 (131) nation of the reference determinant, both Brueckner orBftals
gf/(/%f)'CASHH/CC'pVTZd I :ggé E:ﬁg); igg Egg and the quasi-restricted HartreEock (QRHF) method of Rittby
69//6¢ ~322 (-365f 187 (171) and _Bartlgt‘tf’ were used. In the Iat_ter approach, orblta_ls were
74//6¢ —388 (-445f 158 (130) obtained in a HartreeFock calculation for the 1-methylvinoxy
89/6d —392 (—453F anion; one electron was then removed from the penultimate
9 B-CCD/cc-pVDZ/E' —686 occupieda’’ orbital and the resulting determinant was used in
i(l) gﬁggg&lg}%ﬁ;\?%}gz " _g% the CC calculations. Brueckner orbitals were easily obtained
12 QRHF-CCSD(T)/(F:)c-pVDZBf 606 by using the QRHF orbitals as a starting approximation.
13QRHF-CCSDT/cc-pVDZA' —482 Both the Brueckner (B-CC) and QRHF-CC approaches are
14 QRHF-EOMEE-CCSD/cc-pVDZ#  —550 based on single determinant reference functions. Inspection of
1414 —566 the resulting correlated wave functions obtained at the coupled-

15QRHF-EOMEE-CCSD/cc-pVTZH ~690 cluster doubles (B-CCD) and coupled-cluster singles and doubles
2 Positive Vs places the potential minimum with a methyl CH bond  (QRHF-CCSD) levels reveals that the most important configu-

cis to the OC bondd = 0), andnegatie Vs places the minimum with rations are those with tha orbital occupationsd'22a"13a'244"0

the CH bond trans to the OC borfiThe notationX//Y means geometry (the reference determinant) and'#2a""23a"%4a"%. The extent

optimization was carried out using the level of the¥rgand the energy . : . . .
at that geometry was evaluated using level of thexiry Includes of mixing between these two configurations is substantial. The

Davidson correction (refs 38 and 39)Calculations performed using ~ corresponding double excitation amplitude is between 0.3 and
Molpro (refs 32-34). ¢ Calculations performed using Gaussian (ref 30). 0.4, calling into question the propriety of using these usually

f Calculations performed using Columbus (ref 31). quite reliable single-reference approaches.
-~ ) As an alternative, the equation-of-motion coupled-cluster
V. Ab Initio Calculations method for excited states (EOMEE-C€was used. In this

A. Overview of Methods. The unsubstituted vinoxy radical ~@Pproach, a calculation is performed for the ground electronic
has been the subject of extensive theoretical work including State, and excited states are obtained by diagonalization of a
complete-active-space self-consistent-field (CASSCF) excited- Similarity-transformed Hamiltonian in a basis that consists of

state calculations of the Btate2l25.26 Our first ab initio all single and double excitations relative to the single-deter-
calculations on 1-methylvinoxy used the CASSCF method basedMinant description for theground electronic state. For 1-
on similar calculations on vinoxy by Rohlfirf§ As with vinoxy, methylvinoxy, the ground-state determinant is that with the

this method provided reasonable agreement with experiment for1&'?2a"?3a"*4a"® occupation ofa” orbitals; both of the im-
excitation energies and vibrational frequencies. However, Portant configurations for the Btate are related to this deter-
CASSCF resulted in a large discrepancy between calculated andninant by a single excitation. Hence, EOMEE-CC offers a
experimentally determined methyl rotor barriers. Therefore we balanced treatment of the important configurations that de-
explored multireference CI calculations based on the CAS wave Scribe the Bstate that is impossible to achieve with the usual
function and also a variety of coupled-cluster calculations. As Single-reference CC methods using any choice of orbitals.
detailed in Table 4, the bulk of the electronic structure Because problems were encountered in obtaining satisfactory
calculations used three of the Dunning correlation-consistent Hartree-Fock solutions for the ground state of 1-methylvinoxy,
basis sets: the doube{cc-pVDZ), the augmented doubie- QRHF orbitals were usetl. The resulting calculations, which
(aug-cc-pVDZ) and the tripl&-(cc-pVTZ) basis setd~2° The used the EOMEE-CC method in the singles and doubles
exceptions are the GAUSSIAN ¥BCASSCF calculations, ~ a@pproximation using a ground-state description based on QRHF
which used the 6-31G** and the 6-33-G** basis sets. The orbitals, are called QRHF/EOMEE'CCSD in the fOIIOYVIng
CAS calculations used the program packages Colurfbus, Apart from the QRHF-CCSDT energies obtained for the B
Molpro32-34 and Gaussiaff The coupled-cluster calculations ~State rotamers, for which the four lowest-lying (nominal carbon
used the version of the ACES Il program system resident at @ahd oxygen 1s) orbitals were excluded in the treatment of
the University of Texas-Austiff electron correlation, no orbitals were frozen in any of the other
Three different reference wave functions were considered in CC calculations.
the multireference calculations. The majority of the calculations  In all cases, the 3-fold potential parametiis estimated as
employ a three-electron, three-orbital CAS reference wave the difference in energy between the conformation with
function. The three active orbitals are the singly occupied radical 0° and the conformation witlw = 180°. Because geometry
orbital (&) and the CQr ands* orbitals (22" and 4&'"). For optimizations relaxed all other geometric parameters. at
the B state, this reference wave function is workable only for 0° and 180, we call these estimates the vibrationally adiabatic
geometries ofCs symmetry. For geometries &, symmetry torsional barrier. Zero-point corrections to the vibrationally
one needs to enlarge the reference space to include the oxygemadiabatic barrier were applied at those levels of theory for
lone-paira’ orbital. The (5,4) calculations listed in Table 4 and which the geometry was optimized at bath— 0° and 180.
described later in this section use this active space including They were always small, 120 cntl, in both the Xand B
the oxygen lone-pa# orbital and its two electrons. Using these states.
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B. Computational Results.The 3-fold rotational barriergs TABLE 5: B -State Vinoxy Geometried
determined by these methods are compiled in Table 4 for both adjusted
the X and the Bstates. The notation of Table 4 follows the
usual convention of listing the method of calculation to the left

calc. X calc.Y* calc.Z ref1® this work

of the double slash and the method with which the geometry "(C0) 1360 1375 1378 1337 1.38
was optimized to the right. Although not the focus of our study, r(&%) 1'350 1‘336 1'433 1.466 1.43
the adiabatic electronic excitation energy is 28 600 tat the r(HC2) 1.07% 1.094 1 1.069 1.09
gy r(H:Cy) 1.072 1.088 1.094 1.069 1.09
uncontracted (3,3)-CA81+2 level. Using QRHF-CCSD for r(HzCy) 1.071 1.087 1.093 1.069 1.09
the ground state and QRHF/EOMEE-CCSD for the excited state JOCC:  121.5 122.7 123.1 129.5 123.1
with the cc-pVDZ basis set and CAS+2 geometries gives 5:18182 ﬁg-é ﬁg-g ﬁg-é ﬁg-g gg-g
1 i i 212 . . . . .
29 400 cntl. Both values are in reasonable agreement with the OH.O0. 116.8 1204 1201 1209 1200

experimental value of 27 282 crh

The majority of the theoretical models were used to determine . *Atom labels based in Figure 1. Bond lengths in angstroms, angles

. . . in degrees® CASSCF(3,3)/6-31G**, ref 25%(3,3)-CASH1+2/cc-
the torsional barrier for the ground state of 1-methylvinoxy. The pPVDZ. ¢ EOMEE-QRHF/cc-pVDZE From ref 10. Values based on

calculations on the ground state gvg' values that range from (3 3).cASH1+2/cc-pVDZ geometries, adjusted to fit experimental
230 to 117 cm?, compared with the experimental barrier of rotational constants from ref 10.

130 + 20 cnt!. The more extensive basis sets and more _ ) ]
complete methods are able to predict this barrier to within about EAE’_LEI 6: B-State Rotational Constants (cm) for Vinoxy
30 cntt when the Davidson correction is included. adica

A few ground-state calculations used coupled-cluster methods adjusted
at the CASt1+2 geometries; these results are not included in calc. calc. calc. this
Table 4. Using unrestricted HartreEock orbitals,Vs" values expt? XP Ye Z¢ ref10* work®

of +172 and+115 cn1! are obtained at the CCSD level using A(cm® 2.1034+0.004 2.069 2.0765 2.090 2.4287 2.1028
the cc-pvVDZ and cc-pVTZ basis sets, respectively. Triple B(cm™ 0.3442+0.0012 0.3496 0.3429 0.343 0.3278 0.3441
excitations have only a small effect; the corresponding CCSD- C(cm™ 0.2958+0.0012 0.2991 0.2943 0.295 0.2888 0.2957
(T) barrier heights are-170 and+108 cnt!. Although the aFrom ref 10.> CASSCF(3,3)/6-31G**, ref 25¢ (3,3)-CAS+1+2/
unrestricted HartreeFock reference suffers from fairly severe cc-pvDZ, this work.! EOMEE-QRHF-CCSD/cc-pVDZ, this work.
spin contamination[0= 0.95 at the Xstate geometries), it ¢Values from fit based on the (3,3)-CAS+2/cc-pVDZ calculation.

is widely appreciated that standard CC methods that include a

full treatment of single excitations [such as CCSD and CCSD- _ T0 estimate the vibrational contribution &', both of the
(T)] are fairly insensitive to reference state spin contamina- B-state rotamers were optimized at the QRHF/EOMEE-CCSD

tion*”#8when applied to the ground electronic state. In addition, leveP®with the cc-pVDZ basis set; these structures were then

CCSD and CCSD(T) calculations were performed with QRHF used in a harmonic vibrational frequency calculations. The zero-
orbitals, which are not spin-contaminated. With the cc-pvDZz Point vibrational contribution t/3' is about+20 cnm*. Hence,
basis set, the QRHF-CCSD and QRHF-CCSD(T) resulty/§or the best coupled-cluster estimate of the vibrationally adiabatic

are+191 and+156 cnt, respectively. Taken as a whole, the Vs parameter for the Bstate is obtained from the QRHF/
CC results suggest a barrier height in the range-ZmD cnr?, EOMEE-CCSD value with the cc-pVTZ basis set augmented

consistent with the experimental result. by this small correction, i.eVs' = —710 cn. This compares
For the Bstate, regardless of basis set, the (3,3)-CASSCF quite favorably with the experimental result-e740+ 30 cn..

and the (5,4)-CASSCF calculations give values Y&f of
roughly —200 cnT?, some 500 cm® too small in magnitude
compared with the experimental result-e751 cnt. The (3,3)- A. B-State Geometry. For unsubstituted vinoxy radical,
CAS+1+2 methods yield/s in the range-300 to—400 cnt, DiMauro et al*° obtained a high-resolution 8- X LIF spectrum
increasing to-400 to—450 cn* when the Davidson correction  and accurate Xand Bstate rotational constants. They subse-
is included. The multireference Cl methods at best reach only quently adjusted two geometric parameters, th®© ®ond

VI. Discussion

60‘1/0 of the experimental barrier in the excited state. lengths and the angle;C,0, in an effort to fit the Bstate
B-state rotational barriers obtained from single-point calcula- rotational constants. The rest of the geometric parameters used
tions with various CC methods at the optimized CGAIS-2 in the fitting procedure were taken from the calculations of

geometries more closely match experiment. Using the cc-pVDZ Dupuis et aP8 It appears that DiMauro’s calculations were in
basis set, the Brueckner-based CCD and CCD(T) methods giveerror. Table 5 compares calculateesBite geometric parameters
V3 parameters of-690 and—550 cnt?, respectively. The obtained by optimization at three levels of theory labeled X,
corresponding QRHF-CCSD and QRHF-CCSD(T) results are Y, and Z (CASSCF, CA$1+2, and QRHF/EOMEE-CCSD,
—670 and—610 cntl. However, afull CCSDT calculation respectively) with the adjusted-&ate geometry from DiMauro
carried out with QRHF orbitals gives a substantially lowgr et al. Table 6 shows the correspondingste rotational

of —480 cn™. This effect isnot due to the fact that the core  constantsA, B, andC about the three principal inertial axes.
orbitals were dropped in the CCSDT calculation, so it would The ab initio rotational constants agree with experiment
appear that the perturbative treatment of triple excitations increasingly well as more electron correlation is included. The
included in B-CCD(T) and QRHF-CCSD(T) is not very accurate CAS+1+2 and the QRHF/EOMEE-CCSD geometries are quite
in the present cas€ However, when the more balanced QRHF/ similar. The rotational constants from the QRHF/EOMEE-
EOMEE-CCSD method is used, the barrier height of 550cm  CCSD agree with all three experimental rotational constants to
is intermediate between those obtained using QRHF-CCSD(T) within 1%.

and QRHF-CCSDT. Expansion of the basis to cc-pVTZ However, the adjusted geometry of DiMauro et al. gives
improves the calculated value 6690 cnT?, which is in quite rotational constants that disagree with experiment by 13% for
good agreement with the experimental determination. A, 5% for B, and 2% forC. This suggests a problem with the
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TABLE 7: Calculated 1-Methylvinoxy Geometries?

X B
calc. ¥ calc.Y calc.X¥ calc.Y calc.Z
r(C,0) 1.221 1.231 1.362 1.375 1.380
r(C.Cy) 1.451 1.454 1.451 1.442 1.427
r(CsCy) 1.514 1.517 1.493 1.490 1.488
0OGCy 120.2 120.5 120.1 121.7 122.7
0CCCs 1187 118.0 123.8 122.8 122.6

a All distances in angstroms and angles in degré¢s,4)-CASSCF/
6-31G(d,p), this work (3,3)-CASH+1+2/cc-pVDZ, this work.d QRHF-
EOMEE-CCSD/cc-pVDZ, this work.

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 abou#the
axis is closely related to the valuesrd€,0) andr(C;:Cy). The
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C,0. We have less experience with this situation, but a series
of RHF/6-3H+G** calculations on closed-shell molecules
including acetonel), 2-propenyl alcohol %) (the enol corre-
sponding to acetone), and methyl-2-propenyl etBgp(ovide
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. Fdr(calculatedV; = +224
cm1), the preferred conformation is cis to the CO double bond.
The etheB (V3 = —827 cn1?) 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-methylpropen¥s(= —690 cnT1).52 As a
final example,2 shows an even stronger preferendg €
—1023 cnd).

Using these calculated barriers for stable molecules and the
B — X geometry changes in 1-methylvinoxy, we can attempt

last columns of Tables 5 and 6 show a set of geometric variablesto understand the methyl torsional potentials in 1-methylvinoxy

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 $tate and for
three levels of theory in the Btate. For the ground state, the
CASSCF and CA$1+2 geometries are quite similar. For the

as a competition between two effects. Double-bond character
in C,0 pushed/; towardpositive values (rotor CH cis to §D),
whereas double-bond character inGz pushesVs toward
negative values (rotor CH trans to O or cis to GCy). In fact,

for the five specied—3 plus the Xand B states of 1-meth-
ylvinoxy, there is a strong, monotonic correlation betw&gn
and the difference in calculatdsbnd lengthsR.c — Reo. That
difference serves here as a proxy for the difference in bond

B state, the frame geometry changes significantly as correlationorders. The change in methyl rotor preferred orientation from

effects are added. The,G bond length increases, and the frame
C,C, bond length decreases, with additional correlation. This
change is likely related to the difficulty in accurately calculating
B-state methyl torsional barriers, as discussed below. As
expected, the Btate geometries of plain vinoxy and of the
C,C,0 frame of 1-methylvinoxy are very similar when com-

cis to GO in the X state to trans to £ in the Bstate may be
due, in part, to the substantial lengthening g®Gnd the modest
shortening of @C, on electronic excitation.

However, we have also carried out CA$+2 calculations
on the Bstate for geometries in which the@ and GC, bond
lengths are varied systematically and constrained to be sub-

puted at similar levels of theory. On the basis of the agreement stantially different from the equilibrium geometry. In fact, the
between calculated and experimental rotational constants forchange in barrier height for these geometries rcmsnterto

plain vinoxy, we therefore suggest that the QRHF/EOMEE-
CCSD Bstate geometry in Table 7 is the most accurate.

Evidently, the primary effect of excitation from ¥ B for
both plain vinoxy and 1-methylvinoxy is lengtheningof the
CO bond by about 0.15 A and shorteningof the frame CC
bond (GC,) by about 0.03 A. In 1-methylvinoxy, the bond angle
C3C,C;y expands by almost®4 whereas angle OC; 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-
ions11:195lywe observed a strong correlation between the methyl
rotor torsional potential andifferences in bond orddretween
the two CC bonds of the ring locatedcinal to the rotor CH
bonds. Asymmetric (ortho- or meta-) substitution of the ring

the correlation described above, especially for th® ®ond.

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 Yand B 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 B state. The excited-state barrier increases substantially
from CASSCF to CAS-1+2 to coupled-cluster methods. The

and electronic excitation or ionization can cause substantial Physical reason for the extreme difficulty in obtaining accurate
distortion of the ring. Across many examples, the preferred rotor calculated rotor barriers is not obvious. We note, in passing,
conformation always places one CH bond cis to the vicinal ring that even the highest levels of theory explored here do not
CC bond of higher order (greater double-bond character), accurately reproduce the experimental CO stretching frequency
analogous to the preference in 2-methylpropene. in the Bstate of 1-methylvinoxy; a similar difficulty occurs for
plain vinoxy as well. Perhaps vibronic coupling to another

H H3C electronic state is important. Meanwhile, all three treatments
i \? \? optair) reasonable el_ectronic excitation energies (section V) and
- M Ho G Sy H e Hy vibrational frequencies (Table 2). Our results thus serve as a
HC™ G, e N4 2 cautionary note.
Wb Lol
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