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Ground and second excited electronic states of halogen and monomethyl substituted vinoxy radicals were
studied by multireference configuration interaction (MRCI) calculation. Optimized geometries, rotational
constants and vibrational frequencies of vinoxy and 1-fluorovinoxy showed good agreement with experimental
values. Differences in calculated and observegXBelectronic transition energies were less than 0.1 eV and
observed trends of blue shift upon increasing the number of substituted halogen atoms were reproduced by
MRCI calculation. Observed fluorescence lifetimes of the vibrationless levebtat® were in good agreement

with calculated values. Rotational profiles of the@vibronic bands were successfully simulated with calculated
rotational constants and transition dipole moments. Energy differences between planar and nonplanar optimized
geometries in Bstate showed good correlation with the onset of fast nonradiative decagtatéd supporting

the proposed mechanism of nonradiative decay via avoided crossings ftor 8tate which is followed by

the decay to the ground state via conical intersections.

Introduction torsion and the CCO bend angle coordinates. Conical intersec-
) ) ) . tions between Aand Bstates were found to be much higher in
Vinoxy radical (CHCHO) has received much attention in  gnergies and not relevant to the fast nonradiative decay. They
recent years as an intermediate of oxidation reactions of ggtimated nonradiative decay rates from vibrational levels in
hydrpca},rbqns in combustion procesiéts vibronic bands in 6 Bstate by assuming one-dimensional potential energy curves
the BPA"—X?A" transition have been experimentally studied 55 the reaction coordinate and using nonadiabatic coupling
by various methods QSUCh as electronic absorptiofaser  yectors between Aand B states by MRCI calculation. The
induced fluorescenct? and photofragmentatiolf. Electronic relaxation rate becomes much faster when the vibrational wave
states relevant to the transition have been characterized by aly ,ction is delocalized between planar and nonplanar local
initio MCSCF calculationd!-*2 One of the unique features of | inic2 and they concluded that the decay from theoBA

T 1 NZ2A T H H H
the BPA"—X?A" transition is abrupt disappearance of the i e is not mediated by the conical intersection but nonadiabatic
fluorescence around 1300 cfabove the 6-0 band, although coupling.

vibronic level ve this threshold hav n tedn - . . .
bronic levels above this threshold have been detetté@ne Although it is not so extensive as in the case of unsubstituted

of the authors pointed out that potential energy curves,dA Vinox i ic properi nd reactions of halt§géh
and Cstates become closer as the radical is twisted around the!"%*Y: speﬁzgscopg properties and reactions ot ha .
and methyd~25 substituted vinoxy radicals have been studied

C—C bond and the nonradiative decay from thadBA state . . .
would be induced? Brock et al. measured fluorescence lifetimes recent years mainly by laser induced florescence spectra of
the B—X transition. Transition energies, fluorescence lifetimes,

from single vibronic levels (SVLs) in the Btate and confirmed . . . )
that the fluorescence decay rates from SVLs of out-of-plane vibronic structures, rotational profiles, and onset of the fast decay
were dependent on chemical structures and positions of sub-

modes are much faster than those of in-plane modes of almost

equal excitation energi€dNagai et al. concluded that the decay St't(;JthT" We rtlazj/e ?"feady sg_owln '?hthte C(::zséeS(C):fFunsTbsltlttqted
is not mediated by spinorbit coupling, as fluorescence lifetimes and halogenated vinoxy radicals tha caicuiation

from single rovibronic levels do not depend on thaumbers? provides excitation energies and vibrational frequencies that are
Recently Matsika et al. studied the nonradiative d r helpful for assignment of vibronic peaks in fluorescence
¢ v(ia:ex yl') ?/lSR Cale ;C' Sl:ti ?114 Oe ticr)niza da emectﬁyp O]f:essspectralﬁ“20 However, discrepancies between calculated and
gtatior?ar);/ p)(/)ints in tr(;e~ Butateowére Ealculztec?ea(r)]d enor?éla%ar observed excitation energies exceeded 0.1 eV in some cases
. . . n rv I hift of excitation energi increasing th
optimized geometries were 1457 chhigher than the planar and observed blue shift of excitation energies by increasing the

SPECIrosCopic minimum. which was in 0ood agreement with the number of substituted atoms were not correctly reprodéged.
P P ’ 9 9 These results imply that dynamical correlation must be taken

observed onset of fast nonradiative decay. They also CaICUIateqnto account to obtain quantitatively accurate potential energy

potential energy curves of XA and Bstates along the €C surfaces of the excited stat&*In this paper results of MRCI
calculation of vinoxy type radicals are presented that success-
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TABLE 1: Planar Optimized Geometries and Rotational Constants of CHCHO

geometrical parameters rotational constants
state method and basis sets HC)) (R) r(C,—0) (A) 0 (C1Cx0) (deg.) A (cnm?) B (cmY) C (cm
)~((2A”) MRCISD/cc-pVDZ2 1.437 1.236 122.8 2.2166 0.3784 0.3232
MRCISD/DZP+P 1.445 1.238 122.5 2.2109 0.3771 0.3221
QCISD/6-31G** 1.434 1.241 122.6 2.2202 0.3790 0.3237
RCCSD(T)/cc-pCVQZ 1.429 1.226 122.9 2.2503 0.3837 0.3278
Experiment 1.405 1.272 121.9 2.228 0.3809 0.3253
Experiment 1.408 1.261 122.4 2.2241 0.3818 0.3255
B(ZA”) MRCISD/cc-pvVD2& 1.447 1.374 122.7 2.0772 0.3429 0.2943
MRCISD/DZP+P 1.452 1.376 121.6 2.0488 0.3452 0.2954
EOMEE-CCSD/cc-pVDZ 1.434 1.378 123.1 2.090 0.343 0.295
Experiment 1.466 1.337 129.5 2.103 0.3442 0.2958
(1.43) (1.39) (123.1)
Experiment 2.1090 0.3434 0.2989

aThis work. P Reference 14.° Reference 10.9 Reference 50.¢ Reference 5.f Reference 52.9 Reference 23." Recalculation by Williamst
al.2® " Reference 8.

Computational Method

R1

The latest release of the COLUMBUS progfdni® was used \c1—c{/
for MRCI calculations because the program is capable of /
geometry optimization with analytical gradients calculated at R, R,
the MRCI levef?34 and the method has been successfully Figure 1. Molecular structure of vinoxy type radical.

applied to calculation of potential energy curves of valence and

Rydberg excited states of polyatomic moleci#e¥Dunning’s Table 1. The optimized geometry of GEHO in the ground
cc-pVDZ type basis sets were used for all the molecules in this X2A" state by MRCISD calculation is very close to those
study?37:38 State averaged complete active space self-consistentreported in recent literature summarized by Botschvkhas

field (SA-CASSCEF) calculations were performed by averaging for the experimentally determined geometry, DiMauro et al.
the ground (X and the lowest three excited states @ C) calculated CC and CO bond lengths from rotational constants
with equal weighting factors. Twenty configuration state func- determined from supersonic jet LIF specti@ther geometrical
tions (CSFs) were generated by five electrons in four molecular parameters were fixed to calculated values by Dupuis ét al.,
orbitals (one aand three amolecular orbitals at Cs symmetry).  which were the most reliable at the time of their study. Endo et
In MRCI calculation CSFs were generated by single and double al. determined CC and CO bond lengths and CCO bond angles
excitation from the reference space (denoted as MRCISD) andby using rotational constants of GEHO! and CR.CDO?

the 1s orbital of C, O, F atoms and 1s, 2s, and 2p orbitals of Cl derived from microwave spectra. They adjusted CH bond lengths
were chosen as frozen cores. Numbers of generated configura0.01 A longer to get better agreement with the calculated and
tions were 110 million with generalized interaction restriction. measured rotational constants. However, the method and basis
Geometry optimization was performed with the GDIIS meffiod  sets employed for the calculation by Dupuis et al. may not give
until maximum and root mean square (rms) changes of very accurate values as recent calculations. Experimental values
coordinates and forces became less tharf.1dessians were ~ show much shorter CC bond lengths and longer CO bond
numerically calculated by using analytical gradients at geom- lengths than calculated values, although the sum of CC and CO
etries slightly deformed from the optimized geometry along bond lengths are very close to those of optimized geometries.
natural internal coordinateé841 State energies after Davidson’s As for the excited BA"" state, optimized geometries reported
correction were calculated and those values were denoted asy Williams et al?® and Matsika et al* were very close to the
MRCISD+Q.4243 Transition moments between ahd Bstates result of the present calculation. DiMauro et al. derived the CO
were calculated by using molecular orbitals obtained from SA- bond length and the CCO bond angle by the same procedure as
CASSCEF calculation at the planar optimized geometries in the in the case of the ground stét¢lowever, the CCO angle was

B state. CASSCF calculations were performed by using the too large judging from the absence of long progression of CCO
Gaussian03 prograttwith 6-31G* basis sef8#and complete  bending modes in fluorescence spectra, as expected from the
active space generated from seven electrons in five molecularlarge change of the CCO bond angle by the 8 transition.
orbitals. Rotational profiles of the-@ bands were simulated  Williams et al. derived geometrical parameters that reproduce
with the SPECVIEW prograrf® Molecules were assumed as measured rotational constants by using their optimized geometry
asymmetric tops, and spin rotation was not taken into account. as an initial gues% Only slight modification was necessary to

Rotational constants of planar optimized geometries iand obtain final values, indicating that calculated geometries were

B states by MRCISD calculation were calculated with the very close to the actual equilibrium geometry in thestate.

Gaussian03 program. Table 2 summarizes optimized geometries and rotational
Optimized Geometries, Rotational Constants, and Vibra- constants of CLCFO radical. The optimized geometry of the

tional Frequencies of CHCHO and CH,CFO. First we ground A" state by MRCISD calculation shows good
summarize results of MRCISD calculation for geHO and agreement with recently reported optimized geometries by Cao
CH,CFO because these radicals have been extensively studieat al>® and Hoops et &° Calculated rotational constants from
both experimentally and theoretically and the results of the optimized geometries showed that the molecule is close to an
present MRCISD calculation can be critically examined. The oblate top, in contrast to the case of £&HHO as a prolate top.
molecular structure of vinoxy type radicals is shown in Figure Wright et al. analyzed rotational band profiles in fluorescence
1. Geometrical parameters and rotational constants of planarexcitation spectra and determined rotational constants as listed
optimized geometries of the GBHO radical in the ground  in the table, which are in good agreement with calculated
X2A" and the second excited?B" states are summarized in  valuest’ As for the excited state, the planar optimized geometry
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TABLE 2: Planar Optimized Geometries and Rotational Constants of CHCFO

geometrical parameters rotational constants

state method and basis sets R(C;—C) (A) R(C,—0) (A) [0(C1C;0) (deg) A(cm B(cm™) C(cm™)
X(A") MRCISD/cc-pVDZ 1.441 1.199 126.6 0.3841 0.3581 0.1853
B3LYP/6-311G**b 1.436 1.196 127.3 0.3793 0.3587 0.1843
QCISD/6-311G**¢ 1.451 1.196 127.2 0.3797 0.3583 0.1844

B experimertt 0.3603 0.1846
B(A") MRCISD/cc-pVDZ 1.416 1.348 129.1 0.3782 0.3360 0.1779

experimertt 0.3452 0.1806

aThis work.? Reference 53¢ Reference 25¢ Reference 17.

TABLE 3: Vibrational Frequencies of CH,CHO (cm™1)

X(A") B(A")

MRCISD/cc-pVDZ QCISD/6-31G**b exp MRCISD/cc-pVDZ exp!
CiH:H, asym str 3215 3198 not observed 3230 not observed
CiHiH2 sym str 3097 3084 not observed 3116 not observed
C,Hs str 2949 2916 2828 3092 not observed
C0 str. 1523 1519 1543 1724 1621
C;H:H, scis 1441 1452 1486 1398 1405
OC;H3 bend 1367 1373 1366 1289 1274
C;H1H, rock 1125 1125 11483 1116 1122
CiC; str 951 947 959 913 917
C.C,0 bend 486 484 500 434 449
C,OH; wag 943 932 708 631 595
C:H1H, wag 677 680 557 488 436
C1C; torsion 423 425 404 376 274

aThis work.? Reference 18 Reference 55¢ Reference 8.

TABLE 4: Vibrational Frequencies of CH,CFO (Units in cm™1)

X(A") B(A")

MRCISD/cc-pVD2 QCISD/6-311G**b exp MRCISD/cc-pvDZ exp
CiH:H, asym. str. 3268 3172 not observed 3275 not observed
CyH;H, sym. str. 3141 3052 not observed 3157 not observed
C,0 str. 1717 1715 1724 1877 1790
C;H;H; scis. 1441 1415 1475 1423 1409
C,F str. 1268 1215 1211 1351 1253
CiH1H, rock 1001 980 906 970 911
CiC; str, 884 851 847 877 874
C.C5F bend 600 585 584 536 537
C1C0 bend 411 408 416 403 421
C,OF wag 729 698 not observed 641 not observed
C;H;:H> wag 598 577 not observed 508 not observed
C,C; torsion 324 307 not observed 474 not observed

aThis work.? Reference 25.

shows not only elongation of CO but also changes in CC bond Optimized Geometries of Other Vinoxy Type Radicals.
length and CCO angle, in contrast to the case ofCHO. All No experimental values of geometrical parameters and rotational
the calculated rotational constants of the excited state are smalleconstants are available for other vinoxy type radicals. Table 5
than those of the ground state that is consistent with the changesummarizes optimized geometries and calculated rotational
of experimentally determined rotational constants. constants of vinoxy type radicals. Only CC and CO bond lengths
Tables 3 and 4 show experimental and calculated vibrational and CCO bond angles are listed in the table, and all the
frequencies at planar optimized geometries it Bstates ~ geometrical parameters are summarized in TablesS3P as
of CH,CHO and CHCFO radicals, respectively. All the values ~ Supporting Information. Figure 2 shows plots of CO bond
are positive, indicating the planar optimized geometries of these lengths against CC bond lengths to observe the substituents’
radicals are real local minima on the potential energy surfaces. effect on the CCO structure of vinoxy type radicals. Plotted
Calculated vibrational frequencies in previous literature are cited points form two groups with longer(1.2 A) and shorter€1.2
in the table, and values are scaled by 0.9538, as proposed byd) CO bond lengths, whereas the average CC bond lengths of
Radom et al. for QCISD/6-31G(d) calculati&hVibrational those two groups are almost the same in the ground state. The
frequencies in the ground state by MRCISD calculation in this group with longer CO bonds includes CHXCHO &H, Cl,
study and QCISD calculations by Hoops et al. are very close CH) radicals and CHCOCH;, whereas 1-halogenated radicals
in all the vibrational modes and they show good agreement with have shorter CO bonds. The substituent effect on CO bond
experimental values for in-plane modes but agreement is lesslengths is similar to the case of acetyl compounds: Experimental
satisfactory for out-of-plane modes. Calculated vibrational values of CO bond lengths of acetyl fluoride (1.181 A) and
frequencies show very good agreement with experimental valuesacetyl chloride (1.187 A) are shorter than those of acetaldehyde
also in the excited state except for CO and CF (for,CFHO (1.216 A) and acetone (1.215 A3In the case of the Btate,
only) stretching modes. plotted points in Figure 3 form two groups with the same
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TABLE 5: Planar Optimized Geometries and Rotational Constants of Vinoxy Type Radicals

Yamaguchi et al.

geometrical parameters

rotational constants

species state R(C,—Cy) (A) R(C,—0) (A) (C1C,0) (deg) A(cm B(cm?) C(cm)
CH,CCIO XCA") 1.444 1.204 125.4 0.3776 0.1692 0.1169
B(ZA”) 1.424 1.352 126.5 0.3429 0.1770 0.1167
CH,COCH; X(A") 1.449 1.234 120.2 0.3639 0.3010 0.1700
B(?A") 1.444 1.374 121.6 0.3349 0.2986 0.1626
trans-CHCICHO X(eA") 1.440 1.229 121.3 1.6997 0.0893 0.0848
B(?A") 1.442 1.370 120.8 1.6397 0.0854 0.0812
cis-CHCICHO X(A") 1.443 1.227 124.3 0.6104 0.1271 0.1052
B(?A") 1.442 1.367 123.5 0.5428 0.1265 0.1026
trans-CH;CHCHO §((2A”) 1.435 1.235 123.2 1.4097 0.1380 0.1287
|§(2A") 1.448 1.371 122.6 1.3616 0.1304 0.1217
cis-CH;CHCHO 2A') 1.438 1.235 123.4 0.6474 0.1937 0.1534
B(?A") 1.442 1.377 121.7 0.5764 0.1946 0.1495
trans-CHFCFO ~)(ZA”) 1.440 1.193 127.2 0.3782 0.1318 0.0977
B(*A") 1.413 1.346 128.6 0.3533 0.1292 0.0946
Cis-CHFCFO :)(ZA") 1.437 1.197 124.3 0.3644 0.1407 0.1015
I§(2A”) 1.418 1.347 126.6 0.3687 0.1318 0.0971
Cis-CHCICFO XCA") 1.447 1.197 123.9 0.3610 0.0822 0.0669
@(ZA”) 1.409 1.346 129.0 0.3667 0.0785 0.0647
trans-CHCICFO 2((2A") 1.450 1.192 127.8 0.3775 0.0771 0.0640
B(?A") 1.417 1.348 126.2 0.3538 0.0769 0.0632

TABLE 6: Observed and Calculated Transition Energies of
the B—X Transition

calculated (cm?)

observed (cmt) CAS(7,5)/6-31G* MRCISB-Q/cc-pVDZ

CH,CHO
CH,CFO
CH,CCIO
CH,COCHs
trans-CHCICHO
cis-CHCICHO
trans-CH3;CHCHO
cis-CH;CHCHO
trans-CHFCFO
cis-CHFCFO
cis-CHCICFO
trans-CHCICFO

28784
29867

C
27283
29046
28412
29368
29090
31279
31644
30718
30066

28571
31013
28996
28660
28177
27951
29026
28673
31131
31315
30883
30762

29008
30380
28987
28242
29300
28995
29570
29543
31892
32214
31137
30669

aReference 8° Reference 17 Not observed? Reference 23 Ref-
erence 19f Reference 249 Reference 20.

the total energies by the MRCISED method, i.e., with
Davidson’s correction at optimized geometries of the ground
and the excited states, respectively. We did not calculate
values because it would be very time-consuming to estimate
zero point vibration energies in #nd Bstates from vibrational
analyses at the MRCISD level with numerically calculated force
constant matrixes. Results of CASSCF calculation were also
listed for comparison. Measured values are plotted against
calculated values in Figure 3. Although CASSCF calculated
excitation energies showed very good agreement with the
observed values in the case of §HHO, there are several cases

in which discrepancies between calculated and observed values
exceeded 1000 cm. On the other hand, MRCISBEQ calcu-
lated transition energies were 20000 cnT! higher than the
experimental values except for QEIOCH; with a larger
difference (959 cmt). However, data points of the MRCISED
calculation plotted in Figure 3 are much less scattered than those

members as in the case of the ground state. In both groups COy¢ the CASSCF calculation and least-squares fitting of data with
bonds are elongated upon excitation. However, although CC MRCISD+Q calculation results in the relation betweBnand

bonds are slightly elongated in CHXCHO radicals, they become

shorter in 1-halogenated radicals after excitation to trsae.
Excitation Energies.Table 6 shows measurdd values and
calculatedT, values of the B-X transition of vinoxy type

radicals. Transition energies were calculated as differences of
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Figure 2. C—0 bond lengths of planar optimized geometries’in X
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bond lengths.
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Figure 3. ObservedT, values of the B-X transition of vinoxy type
radicals plotted against calculatdd values: (solid) MRCISB-Q;

(open) CASSCF. The straight lineys= 0.99% — 352.7 R2 = 0.97)
after linear regression analysis of results of MRCHSD calculation,
and the dotted line ig = x.
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TABLE 7: Calculated Transition Moments and Radiative 250
Lifetimes of the Vibrationless Level of the B State

transition moment (e*Bohr) radiative lifetime (ns) 200 . o -

magnitude b/a ratio calc exp - P °

CH,CHO 0.318 0.442 205 190 5 sor ]
CH,CFO 0.525 0.596 67 81 e %
CH,COCH; 0.397 9.97 154 130 S 1oob ]
trans-CHCICHO 0.369 0.279 148 185 8 .-/
cis-CHCICHO 0.309 1.12 225 199
trans-CH;CHCHO 0.309 0.374 204 181 50 [ o ]
cis-CH3;CHCHO 0.314 1.92 203 191 e
trans-<CHFCFO 0.462 2.41 76 91 e
cis-CHFCFO 0.498 0.381 63 57 ok . L L L
cis-CHCICFO 0.603 0.223 45 25 0 50 100 150 200 250

Calculated (ns)
aReference 8° Reference 17¢ Reference 219 Reference 19 Ref-

erence 20. Figure 4. Observed fluorescence lifetimes of vibrationless level of

the B state plotted against calculated fluorescence lifetimes.

To asTe(calculated)= 0.995To(measured)- 352.7 in cnt! with T . T T
Exp.

a high correlation factorR? = 0.97).

It should be noted that the MRCISED calculation repro-
duced the order of measured transition energies. For example,
observedl, values shifted toward higher energies as the number
of fluorine atoms increased (GBHO (28784 cm?') < CHy-

CFO (29867 cm?) < trans-CHFCFO (31270 cmb) < cis-
CHFCFO (31644 cmb)) and the MRCISE-Q calculation could
reproduce this order (GJCHO (29008 cm?) < CH,CFO
(30380 cm!) < trans-CHFCFO (31892 cmt) < cis-CHFCFO
(32214 cn1Y)). Another series of blue shift by fluorine atom
substitution was observed experimentally for 2-chlorovinoxy
radicals ¢is-CHCICHO (28412 cm!) < trans-CHCICHO , , , .
(29040 chl) < trans-CHCICFO (30066 le) < Cis- -60 .40 -20 0 20 40

CHCICFO (30715 cml)). The MRCISD calculation was Relative Wavenumber (cm™)

successful in reproducing this orderigCHCICHO (28995 Figure 5. Rotational profiles of the 80 band oftrans-CHCICHO
cm™?) < trans-CHCICHO (29300 cm?) < trans-CHCICFO radical: (upper) measured at room temperature; (lower) simulated at
(30669 cntl) < cis-CHCICFO (31137 cmb). On the other 300 K.

hand, the CASSCF calculation did not reproduce this correct Simulation of Rotational Profiles of Chiorinated Vinoxy

order. . ) )
. o o Radicals. Although rotational constants have been experimen-
Transition Moments and Radiative Lifetimes. Table 7 tally determined for CHCHO and CHCFO radicals as de-
shows transition dipole moments by MRCISD calculation at g¢ihed above, rotational constants of other radicals have not
planar optimized geometries in thesBate. Not only magnitudes  peen determined experimentally. LIF measurements were
but also ratios of b/a type transitions are listed in the table. The herformed at room temperature and only broad rotational profiles
latter values were calculated from directions of transition dipole pave been observed. On the basis of the successful calculation
moments relative to principal axes of rotation. In most cases of fransition moments at MRCISD level, we performed simula-
magpnitudes of transition moments become larger by substitution, ions of rotational profiles in fluorescence excitation spectra of
in particular at the 1-position. Directions of transition moments p|orinated vinoxy radicals by using calculated rotational
relative to principal axes of rotation are different from molecule gnstants and directions of transition moments.
to molecule. However, this is due to changes in the relative  Rgtational constants at planar optimized geometries ami
angles of principal axes of rotation and transition moment g states were used for simulation. Molecules were assumed as
vectors are almost parallel to the=O bond and slightly tilted  asymmetric rotors and neither centrifugal distortion nor spin
to the terminal carbon atom in all radical species. An intensity rotation interaction was taken into account. Figure 5 shows
ratio of the b-type to a-type transition was calculated to be 0.442 (qtational profiles of the 80 band oftrans-CHCICHO radical
for CH,CHO. This value is very close to the value of 0.4 i, the fluorescence excitation spectrum after the reaction of CH
reported by Brock et & rather than those by DiMauro et al. CCl, + OCP) at room temperatufd.The spectrum ofrans-
and Nagai et al.who estimated smaller contribution of the cHCICHO shows that the-00 band at 29040 crd and hot
b-type transition. In the case of GBIFO, Wright et al. estimated  pands at 28993, 28947, and 28898 érhave a tail on the lower
this ratio as 057?? which is also in gOOd agreement with the wavenumber side. A simulated spec[rum of theOOband of
calculated value of 0.596. trans-CHCICHO in Figure 5 shows an asymmetrical peak with
Radiative lifetimes of the 80 bands of vinoxy type radicals  a tail on the lower wavenumber side and its width at half height
were calculated as inverse of Einsteidkgoefficients by using was about 60 cmt. It is noteworthy that the simulated band
calculated transition moments and experimental transition profile shows very good agreement with the measured band
energies of the B0 bands. Experimentally observed fluores- profile without adjusting the input parameters.
cence lifetimes of the-60 bands were plotted against calculated ~ Figure 6 shows rotational profiles of the-0 band ofcis-
radiative lifetimes, and the points show an almost linear CHCICHO. The 6-0 band ofcisCHCICHO appears at 28412
relationship (Figure 4), indicating the fluorescence lifetimes of cm™ accompanying a slightly smaller peak at 28423 tand
the 0-0 band are determined by radiative lifetimes. a bunch of small sharp peaks extending to the lower wavenum-
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T T T T T T T profile of trans-CHCICFO. As listed in Table 6, the calculated
To value oftranssCHCICFO is 30669 cmt, which is in good
agreement with the observed value of 30066 &nand we
tentatively assign the peak at 30066 ¢nastrans-CHCICFO.

Threshold of Fast Nonradiative Decay.The fluorescence
excitation spectrum of vinoxy radical disappears at 1300%cm
above the 60 band, although vibronic levels above this
threshold have been confirmed by several different methods,
indicating that a very fast nonradiative decay pathway becomes
accessiblé:1°One of the authors pointed out that the threshold
might correspond to a barrier on the potential energy curve of
B state along the €C rotation and the very fast decay to the
lower states occur at-©C twisted geometry as the energy of
A state becomes very close to that ob&tel® Matsika et al.

Relative Wavenumber (cm™) performed a thorough study on this predissociation mechanism,
Figure 6. Rotational profiles of the 60 band of cis-CHCICHO and the nonradiative decay from &ate to Astate does not
radical: (upper) measured at room temperature; (lower) simulated atproceed through conical intersections but is mediated by
00K. nonadiabatic coupling betweenaBd Astates* They performed

a model calculation of nonradiative decay rates from vibronic
levels on the Bstate by using one-dimensional potential energy
- cis-CHCICFO § curves. Decay rates increased significantly above vibronic levels
in which vibrational wave functions are delocalized to nonplanar
structure where the nonadiabatic coupling constant is very large.
Recently, Bacchus-Montabonel et al. calculated adiabatic po-
tential surfaces and nonadiabatic coupling constants of vinoxy
radical in the ground and excited states and identified the
- trans-CHCICFO - location where nonadiabatic coupling betweemrl A states
becomes significarff.

We expected that the proposed mechanism of the fast
nonradiative decay from the Btate is basically common for
all the vinoxy type radicals. Thus we calculated energy
! ! ! . differences between planar and nonplanar optimized geometries

60 40 . 20 0 p 20 40 to see whether there is any correlation between the energy
_ _ Re'a"‘_’e Wa"e””_’“be' (em™) differences and observed thresholds of fast nonradiative decay.
Figure 7. Simulated rotational profiles of the-® bands of CHCICFO Table 8 shows optimized geometries at stationary points on

radicals at 300 K: (uppeRis- CHCICFO; (lower)trans CHCICFO. the B state of vinoxy radical. Two local minima at nonplanar

ber side. The simulated spectrumai$-CHCICHO shows two ~ OPtimized geometries (LMB1 and LMB2) were found and
peaks separated by 11 ciand the peak at the higher saddle points (SPB1 and SPB2) from the planar optimized

wavenumber side is slightly smaller. On the lower wavenumber 960Metry at the spectroscopic minimum (SMB) to LMB1 and
side of these two intense peaks, small sharp peaks arise from-MB2 geometries were also located. The central CH bond is
'Ry transitions. These features are in good agreement with theParallel (L(MB1) or perpendicular (LMB2) to the plane of the
observed rotational profile of the-® band of this radical. The  terminal C, and the former has much lower total energy than
band origin was adjusted to 28418.5 chin the simulation. the latter. Although the optimized geometry of LMB1 is very
Rotational constants in the State were slightly modified to ~ Cl0se to that already reported by Matsika et al., LMB2 has not
0.5246, 0.1327, and 0.1059 cifrom the values at the planar been reported. The CCO bond angle decreases as-S4BB
optimized geometry as listed in Table 5 by adjusting CCO and > LMB along the paths. This decrease of the CCO bond angle
CCCl angles 2 smaller. Although it cannot be confirmed this 1S Similar to the case of the allyl radical, which shows
adjustment is a unique solution to reproduce the observedconrotatory and disrotatory pathways to ring closure with
profile, it is probable that calculated CCO and CCl bond angles cOncomitant decrease of the CCC bond angle, although in the
are less accurate than other geometrical parameters due t&aS€ Of vinoxy the reaction pathway from theskate is not
nonbonding interaction between oxygen and chlorine atoms in diréctly connected to the ground state of a cyclic product.
cis-conformer, which would be difficult to describe by using ~ Table 9 shows energy differences between planar and
the basis sets employed for the present calculation. nonplanar optimized geometries. In the case of CKO
Figure 7 shows simulated spectraians-andcis-CHCICFO radicals, energy differences between LMB1 and SMB are larger
radicals. The spectrum @is-CHCICFO shows a single sharp than that of CHCHO in all cases. This result is consistent with
peak with a tail extending to the lower wavenumber, which is the observation on C}£FO and CHCOCH; whose vibronic
in good agreement with the profile of the-0 band of the levels have been observed to 2500 and 2800'cabove from
radical at 30715 cmi in the fluorescence excitation spectrgtn.  the 0-0 band in fluorescence excitation spectra, indicating
On the other hand, the simulated spectrunrafis-CHCICFO higher onset of the fast nonradiative decay than that of vinoxy.
shows sharp peaks at 2 and 5¢mand there is a broad peak However, CHCCIO has not been detected by laser-induced
at —8 cmr'L. Inomata et al. have found a small peak at 30066 fluorescence, although the onset of the predissociation is
cm1 in the excitation spectrum of CHEICF, + O whose expected to be high enough for fluorescence to be observed.
profile is different from that oftisCHCICFO. The observed In contrast, calculated energy differences of CHXCHO
profile of the peak at 30066 crhis very similar to the simulated  radicals are smaller than that of @EHO. Vibronic bands of
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TABLE 8: Planar and Nonplanar Optimized Geometries of CH,CHO

SMxa SMBP SPBE LMB1d SPB2 LMB2f
total energy (hartree) —152.7655 —152.6334 —152.6228 —152.6273 —152.6139 —152.6173
AE (cm) —29008 0 2313 1326 4275 3523
R(C1—Cy) 1.437 1.447 1.466 1.463 1.468 1.469
R(C,—0) 1.236 1.374 1.367 1.358 1.359 1.350
R(C>—Hs) 1.108 1.094 1.094 1.096 1.098 1.095
R(C1—Hy) 1.089 1.088 1.091 1.093 1.094 1.091
R(C1—Hy) 1.089 1.087 1.089 1.090 1.090 1.093
0(C:-Cx-0) 122.8 122.7 109.2 101.4 116.1 108.5
0(C1-Ca-Hy) 116.9 120.3 120.5 118.9 1211 125.2
0(C»-Ci-Hy) 119.1 119.9 122.3 1225 121.0 120.7
0(C-Ci-Hy) 121.2 119.8 118.1 118.2 120.6 120.0
0O(Hs-C,-C1-0) 180.0 180.0 141.3 128.7 141.7 145.7
0(H:-C1-C5-0) 180.0 180.0 —129.2 —117.7 —75.0 113.1
0(H2-C-C2-0) 0.0 0.0 39.9 50.2 98.5 —53.8

2 Planar optimized geometry in the ¥ate.P Planar optimized geometry in the ®ate.c Saddle point between SMB and LMB4Nonplanar
optimized geometry 1 in the Btate.® Saddle point between SMB and LMB2Nonplanar optimized geometry 2 in thedBate.

TABLE 9: Energy Differences between Planar (SMB) and less level of the Bstate due to a very fast nonradiative decay

'II\'lf?Ra‘)slﬁg%;(I(;][vllgazstoﬁ%?;gg?aﬁ%oggéggsolgstgl?veBdSi’tnatﬁeand mechanism that is different from the one effective above the

Fluorescence Excitation Spectra onset by_nonadlabanc coupling to the lower states at nonplanar
geometries. Hoops et al. mentioned that though the photo-

torsion angle AE thresﬁlold fragment yield spectrum of C}€HO showed a distinct increase
(deg) (cm™ (cm™ above the onset of the nonradiative decay, the photofragment
CH,CHO —-118.8 1326 1190 yield spectrum of CHCFO did not show such an increase and
gnzgz% :igg'g gg;g >n207t%({)servéd the yield at lower vibronic levels is much higher than that of
CHiCOCH; 1158 2410 2800 CH,CHO. This may be due to another nonradiative decay
trans-CHCICHO ~118.1 634 1556 mechanism operative at lower vibronic levels in OHO, which
trans-CH;CHCHO —103.6 759 900 is further accelerated in the case of £HIO by substitution
2 Defined as 1/2[(H1—Ci—Cr—0O) + [(Ha—Ci—Co—0) + (Hi— to the heavier haloger! atom and resulted in suppression of
Ci—Cr—Hs) + O(H,—Ci—Cr—Hy)). b Reference & Reference 18.  fluorescence of the radical. We expect that vibronic spectra of
d Reference 19 Reference 23.Reference 24. the CHCCIO radical can be detected by measurements suitable

for electronic transitions of nonfluorescent molecules.
trans-CHCICHO were observed up to 1550 chrhigher from
the 0-0 band, which is higher than the threshold of fast decay Conclusion
of vinoxy determined by Brock et al. However, they report that . .
the fluorescence lifetime of the band at 1567-émabove the We have calculated the electronic structure of vinoxy type
0—0 band of vinoxy was 14 ns and more vibronic bands are radicals by using the MRCISD method to describe not only the
detected in the higher wavenumber region with their fluores- ground but also the electronically excited states with sufficient
cence lifetimes less than 1 ns. Therefore, the smaller calculated®ccuracy. Quantitatively accurate optimized geometries, vibra-
energy difference in the case dfans-CHCICHO is not tional frequencies, electronic transition energies and transition
necessarily inconsistent with the observation if thresholds of Moments were obtained by MRCISD calculation and these
the nonradiative decay of both radicals were determined on theValues were successfully applied for rotational analysis of

basis of fluorescence lifetimes of vibronic bands. vibronic spectra. In particular, excitation energies with David-
In the case of 2-methylvinoxy, fluorescence excitation SON'S correction (MRCISB-Q) showed far better agreement
spectrum showed vibronic bands of batans- and cis-CHs- with the observed values compared to results from the CASSCF

CHCHO. No vibronic bands were observed outside the region calculation, indicating that incorporation of dynamical correla-
29090-30260 cn except a very weak band at 30385 ¢ tion by the MRCISD method was crucial for accurate calculation
Vibronic bands below 29600 crh showed intervals and ©f transition energies even in the case of vinoxy type radicals,
intensities characteristic of torsion of the methyl group, and they in Which case CASSCF level calculation can be sufficient for
were assigned to trans and cis isomers with the lowest vibronic d€scription of valence excited states.

bands at 29363 and 29090 ch respectively. However, We have shown that calculated radiative lifetimes of th€©0
vibronic bands above 29800 cthdo not accompany such bands of the radicals are in good agreement with observed values
torsional patterns and they are left unassigned. If the band atin most cases. This result means not only transition energies
30260 cnilis assigned torans CHz;CHCHO, the threshold of but also magnitudes of transition moments were calculated with
fast nonradiative decay is estimated to be around 900tcm  sufficient accuracy. Therefore, observed lifetimes shorter than
This experimental value of the threshold is lower than that of calculated values indicate the existence of fast nonradiative
vinoxy and consistent with the calculated value. pathway.

As noted above, fluorescence of gECIO has not been Vinoxy type radicals show fluorescence excitation spectra
detected yet even though the calculated total energies of LMB with thresholds above which fluorescence decay rates are very
and SMB predict the radical to be fluorescent. It is difficult to large. Measured fluorescence spectra show that thresholds move
assume that CKCCIO is not generated by reactions such as to higher wavenumber upon substitution at the 1-position,
CH,CCl, + O(P) or CHCCIO + CI on the basis of the  whereas substitution at the 2-position shifted thresholds to lower
formation of CHCFO from the same type of reactions. We wavenumber. These trends correspond to energy differences
suppose that CKCCIO is not fluorescent even at the vibration- between planar and nonplanar local energy minima in state, as
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expected from the nonradiative decay mechanism via nonadia-
batic coupling to the lower states at nonplanar geometries.

These results indicate that MRCISD calculation is quantita-
tively accurate and helps to assign new vinoxy type radicals in
measured vibronic spectra by providing the position of th€ 0
bands, rotational profiles, radiative lifetimes, Frantkondon
factors, and upper limit of the vibronic bands in the excitation
spectra. In forthcoming papers we will show examples of such
successful application of MRCISD calculations that support
detection of novel vinoxy type radicals.
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