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The electronic structures of the phenoxyl radical in the electronic ground and excited states are studied by
ab initio MO calculations. The geometries are optimized by the CAS-MCSCF procedure with the Huzinaga—
Dunning DZV basis set. The electronic excitation energies and transition dipole moments are calculated by the
CI procedure. According to the result of the calculation the observed absorption bands at about 600, 400, and 300
nm are assigned as X?B; —1°B; (n—n), X?B;—12A; and 2?B,; (m—n*), and X?B;—22A,, respectively. In order
to analyze the vibrational character of the absorption band at about 400 nm the force constants, the potential
energy distributions, the normal modes, and the Franck—Condon integrals are calculated for the three states,
X?By, 12A,, 2%B;. The force constants are scaled by referring to the experimental resonance Raman, Trapped
Ton Photodissociation (TIP), and the matrix-isolated electronic absorption spectra. The strongest vibrational
band of the TIP and the absorption spectra is assigned to the 0-0 band of the X—12A;, transition and the
second strongest, at a higher energy of 1110 cm™?, to the 0-0 band of the X—22B; transition. The theoretical
vibronic absorption and Raman spectra are reproduced and compared favorably with the experimental spectra.

As reviewed recently? the benzyl radical has been
studied by a number of authors.2—2® The radical ex-
hibits a weak absorption band at ca. 450 nm which is
regarded as due to the two transitions X—12A; and
X—22B; strongly coupled by the vibronic interaction.
There are two more m—mt* transitions in the UV region,
one at ca. 320 nm with a medium intensity and the
other at ca. 270 nm with a strong intensity.2”—3%

The phenoxyl radical has also been the subject of
several studies because it is a seven 7t electron system
similar to the benzyl radical.®'—*® Experimentally, it
is reported that the phenoxyl radical exhibits a weak
and a strong absorption band at about 400 and 300
nm.3' 3335 Therefore, it is reasonable to expect that
the bands correspond to the ca. 450 nm and the ca. 320
nm bands of the benzyl radical. A difference between
the two radicals is that in the phenoxyl radical an ad-
ditional transition of n—7* character involving the in-
plane non-bonding electrons on the oxygen atom is pos-
sible, which is claimed to be seen very faintly at about
600 nm by Ward®® and Pullin and Andrews.3%

In the present work the electronic structure of the
phenoxyl radical is studied by ab initio MO calcula-
tions. The vibronic structure of the ca. 400 nm band
is analyzed by calculating the force constants and the
Franck-Condon integrals for the three states X, 12A,,
and 22B;. As a result, it is concluded that the band at
ca. 400 nm is to be regarded as an overlap of the transi-
tions of X—12A, and X—22B; without any significant
vibronic coupling contrary to the case of the ca. 450 nm
band of the benzyl radical.

The band at ca. 400 nm of the phenoxyl radical is also
studied in the gas phase by Trapped Ion Photodissoci-
ation (TIP) spectroscopy by Mikami et al.*® The reso-
nance Raman spectrum induced by the excitation with
photons of 399 nm is investigated in detail by Tripathi
and Schuler.® These spectra are utilized for the scaling

of the ab initio force constants to reproduce the vibronic
feature and the Raman spectrum.

The mode mixing effect between the ground state and
the excited state, namely the Duschinsky effect, must
be taken into account when the Franck—Condon inte-
grals are calculated to compare the available experi-
mental spectra. In the present work we use the recur-
rence formulae derived by Momose and Shida*®*® for
the calculation of the multidimensional Franck—Condon
integrals.

In the following section the geometry optimization
and the calculation of electronic transition energy and
transition dipole moment are performed first. Then,
the vibronic structure of the band at about 400 nm is
analyzed by performing the calculation of the ab initio
force constants and Franck—Condon integrals and by
comparing with the experimental TIP and resonance
Raman spectra. In the final section the conclusions of
the present work are summarized.

Electronic Analysis

Geometry Optimization. The numbering of
atom and the geometrical parameters are shown in
Fig. 1.

The geometry optimization for the electronic ground
and the first two m—m* excited states are carried out
by the CAS-MCSCF method with the basis set of Huz-
inaga—Dunning DZV; (9s5p/4s)/[3s2p/2s], employing
the HONDO?7 program.*® Seven 7 and m* and one n
orbitals shown in Fig. 2 are chosen as the active space
where n stands for the in-plane non-bonding orbital of
the oxygen atom perpendicular to the C-O bond.

The configurations for the MCSCF wave function are
generated by distributing nine electrons in these eight
orbitals. The total number of configuration state func-
tions is 1274 in the C, symmetry (planar structure).
The optimized geometries are listed in Table 1. All the
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Table 1. Optimized Geometries of the Phenoxyl Radical

Electronic state X*B,; 12A, 3?8,
Total energy/hartree —304.9628358 —304.8706713 —304.8560822

Bond length/A
C:-O 1.2953 1.2510 1.3624
C1-C2 1.4413 1.4681 1.4537
C2—C3 1.3925 1.4511 1.3772
C3-C4 1.4181 1.4097 1.4640
Ce-H 1.0709 1.0707 1.0710
Cs-H 1.0713 1.0710 1.0711
Cs-H 1.0710 1.0695 1.0696

Bond angle/degree

Ce6C1C2 118.89 115.19 120.20
C1C2C3 120.07 121.44 119.91
C2C3Cy 120.38 121.42 120.56
C3C4Cs 120.21 119.09 118.86

The geometry optimization is performed by the CAS-MCSCF method with the
Huzinaga—Dunning DZV basis set. The active orbitals are seven 7 orbitals and one
in-plane lone pair orbital on the oxygen atom. The total number of configurations

is 1274 in the Cs symmetry.

x———»Y

Fig. 1. Coordinate system of the phenoxyl radical.

three states converged are of the Ch, symmetry. r(C-
0) of 1.2510 A for 12A; and of 1.3624 A for 22B; are
very close to the standard length of the C—O double
and single bonds, respectively, while r(C-0) of 1.2953
A for the ground state is just about in-between. In the
ground state r(C;—Cz) and r(C5—Cy) are longer than
r(Ca—Cs). The same holds for 22B; with even larger
differences between the two groups of the bond lengths.
In contrast, 7(C—C3) in 1 becomes markedly longer
than the other two states. With these bond lengths
the character of 1 may be regarded as a relatively weak
composite of the conjugative units of C;C;(0)Ce¢ and
C3C4Cs while that of 2 as a composite of six carbon 7
electrons and one relatively isolated oxygen 7t electron.

Recently, Liu and Zhou calculated the geometry of
the phenoxyl radical in the ground state by the UNO-
CAS procedure with the 6-31G* basis set and obtained
1.239, 1.452, 1.378, and 1.413 A for 7(C-0), r(C;-Cs),
r(C2—-C3), and r(C3—Cy), respectively.*® The main dif-
ference between their result and the present result is
that the value of r(C-O) is shorter by about 0.056 A in
the former. It reflects the general trend that the inclu-
sion of polarization functions shortens the bond length
of the carbonyl group.

Electronic Transition Energies and Transition
Dipole Moments. The transition energies are cal-
culated for the optimized ground state geometry by
the following three methods; 1) MR-SD-CI. calcula-
tion with the DZV basis set, 2) CAS-CI calculation
using the natural orbitals of the CAS-MCSCF wave
function with the DZV basis set, 3) CAS-CI calcula-
tion in a similar manner as 2) with the basis set of
DZV plus a polarization function on the oxygen atom.
In the MR-SD-CI calculation the reference configura-
tions are selected by the criterion that the CI coeffi-
cients exceed 0.1. They include [---(1b;)?(2b;)? (8by)?
(3b1)* (1ag)?], [---(1b1)? (2b1)" (8b2)? (3b1)? (Laz)?],
[--- (1b1)? (2b1)' (8b2)? (3b1)! (lag)? (4b1)'], [---
(1b1)? (2b1)? (8bs)? (3b1)° (lag)? (4by)l], [---(1bg)?2
(2b1)? (8bs)? (3b1)! (lag)! (2a2)!], and [--- (1b;)?
(2b1)1 (8b2)2 (3b1)1 (laz)l (2&2)1 (4b1)1] for the 2B1
states, and [---(1b;)? (2b;)? (8b2)? (3b1)? (la2)l],
[--- (1b1)® (2b1)® (8b2)® (3b1)° (laz)? (2a2)'], [---
(1b1)2 (2b;)* (8b2)? (3by)? (laz)? (2a2)], [, --- (1by)!
(2b1)? (8bz)? (3by)! (1ag)? (2az)], [--- (1b;1)? (2by)2
(8b2)2 (3b1)1 (1&2)1 (4b1)1], and [--- (1b1)2 (2b1)2
(8b2)% (3by)! (1ag)! (5bp)!] for the 2A, states, and
[--- (7bg)? (1b1)? (2b1)? (8by)" (3b1)*(1ap)?] and |[---
(7b2)1 (1b1)2 (2b1)2 (8b2)2 (3b1)2 (1&2)2] for the 2B2
state. All the single and the double excitations from the
reference configurations are included. As a result of the
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Fig. 2. Active MO’s in the CAS-MCSCF calculation.
Table 2. Electronic Transition Energies, Transition Moments, Oscillator Strengths, and the Assignment of the Elec-

tronic Absorption Bands of the Phenoxyl Radical

Electronic Transition Transition energy/eV Transition  Oscillator Wavelength Experimental

state moment/a.u.  strength /nm /nm
Method(1)® Method(2)® Method(3)® method(1) method(1) method(1)

X?B; — — — — — —
i°B,  1stn-—n 1.573 — — 0 788.2 ca. 600
1A, 1st 7" 2.948 2.979 3.095 0.37950  1.560x10~2 420.5 ca. 400
2°B;  2nd m—n* 3.265 3.260 3.248 0.26480  0.841x1072 379.7 ca. 400
1“B;  3rd m—n* 4.083 4.432 4.407 0 0 303.7
32B;  4th m—* 5.158 5.135 5.164 0.04093  0.032x1072 240.4
22A,  5th r—r* 5.758 5.921 5.722 0.25564  5.409x1072 215.3 ca. 300

a) MR-SD-CI calculation with the DZV basis set.
wave function with the DZV basis set.
plus a polarization function on the oxygen atom.

perturbation selection, the number of the configurations
in the CI wave function is reduced to 30000—50000. In
the CAS-CI calculation the active space is the same as
in the MCSCF calculation described in the preceding
subsection and the full-CI calculation within the active
space is carried out, where the natural orbitals of the
MCSCF wave function for the ground state are used as
the one particle bases functions.

The transition dipole moments are also calculated us-
ing the CI wave function obtained by method(1), and
the oscillator strengths for the excitations are calcu-
lated. The program MELDF*® is used for the CI cal-
culations. The results of the calculation of the elec-
tronic transition energies and the oscillator strengths
are shown in Table 2.

The accuracy of the calculated transition energies
should increase in the order of method(1) < method-
(2) <method(3). However, the result in Table 2 indi-
cates that the difference among the three is relatively
small. The lowest excitation is calculated to be the
X2B;—12By(n—m) transition which involves the in-
plane non-bonding orbital on the oxygen atom. The
very weak band at about 600 nm in the experimental
absorption spectrum?®*3% is assigned to this transition
which is forbidden but is observed through the vibronic
coupling. The 1st and the 2nd m—7™ transition are
X2B;—12A, and X2B;—22B;, respectively. The differ-
ence of the energy between the two transitions is only
1234-cm™! (=3.248—3.095 eV) by the best method of
(3), which is small enough for the two bands to be re-

b) CAS-CI calculation using the natural orbitals of the CAS-MCSCF
¢) CAS-CI calculation in a similar manner as method (2) with the basis set of DZV

garded as if they constituted a single vibronic band.
The 3rd m—7* excited state is found to be the 1st quar-
tet B; state. The 4th and 5th m—m™* excited states are
the 3rd 2B, state and the 2nd ?A, state, respectively.

As is described above the energy difference between
the two transitions X—12A, and 22B; is relatively small
amounting to only 1234 cm~!. This situation is similar
to the benzyl radical where the energy difference is even
smaller, say, about 450 cm~!.®) Therefore, one might
consider that an extensive vibronic coupling might pre-
vail in the phenoxyl radical also. However, as will be
discussed in the following section, the vibronic bands of
the two transitions of the phenoxyl radical can be repro-
duced fairly well simply by the superposition of the vi-
bronic bands belonging to the two transitions X—12A,
and 22B;, which implies little vibronic coupling in the
phenoxyl radical. The reason for this discrepancy be-
tween the two radicals will be discussed later.

Vibrational Analysis

Recapitulation of Calculational Methods.
Out of the total 30 vibrational modes the totally sym-
metric 21 modes will be treated under the assumption
that the vibrational feature in both TIP and resonance
Raman spectra is mainly determined by these modes.

The Cartesian force constant matrix elements H;;
are calculated by differentiation of the energy gradient
with the Cartesian displacement chosen as 0.01 bohr.
The energy gradients are calculated by the CAS-MC-
SCF method with the same basis set and the active
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Table 3. Symmetrized Internal Coordinates of the Phenoxyl Radical

Stretching coordinates

Skeletal bending coordinates

1 C-0 (Ry) 13:  201——azt+2o—as—as (1)
2:  C-H (Rg) 14:  o1—aztas—astas—os  (a2)
3: Cs-H (Ra) 15: a2 —a3+0s5—ae (a3)
4: Cs~H (Ra)

5. Cs-H (Rs) C-H bending coordinates
6: Ce~H (R2) 16: AP (B1)
7. C1—C2 (Rs) 17: B2—P2 (B2)
8: Cx-Cs (Re) 18 Bs—Fs (Bs)
9: C3—Cs (Rr) 19:  Ba—P4 (Ba)

10: C4-Cs (Rq) 20: (505 (Bs)

11:  Cs=Cs (Rs) 21:  Bo—Ps (B2)

12: Ce—C1 (Rs)

The stretching coordinates and the C-H bending coordinates are classified
into seven and four groups on account of the C24 symmetry. The symbols
in parentheses are the indices for the classification.

orbitals as in the geometry optimization. Diagonaliz-
ing the mass-weighted Cartesian force constant matrix
yields 21 eigenvalues for the in-plane normal modes,
9 for the out-of-plane modes, and 6 zero eigenvalues
for the translational and rotational degrees of freedom.
Since the Cartesian force constants calculated above in-
clude those for the translational and rotational motions,
they are eliminated by using Williams’ projection oper-
ator P in Eq. 1.49

P=B(BB)'B, (1)

where B is the matrix that transforms the Cartesian
into the internal coordinate system. The Cartesian
force constant matrix from which the superfluous con-
tributions are projected out is derived from the original
force constant matrix H by Eq. 2

K = PHP. (2)

Then, the eigenvectors and eigenvalues for the normal
modes are calculated by diagonalization of the mass-
weighted, projected out Cartesian force constant ma-
trix. The internal force constant matrix F is related
with K by the following equation.

K = BFB. (3)

The internal coordinates used for the calculation of the
in-plane normal modes are listed in Table 3. These are
selected by the condition of eliminating the redundancy
according to Pulay et al.*”

To obtain better compromised force fields the ab ini-
tio internal force constants Fy; is scaled as usual by
Eq. 4;

Fis = (C:Cy)'*F (4)

where C; and C; are the scaling factors for the internal
coordinates ¢ and j, respectively. The scaled Cartesian
force constant matrix is calculated as

¥=BFB (5)

Diagonalization of #gives the scaled frequencies for the
normal modes.

For the characterization of the normal modes it is use-
ful to calculate the potential energy distribution (PED)
which is a measure of the distribution of the potential
energy of the normal vibration onto the internal coor-
dinates. PED is defined by Eq. 6

(PED)iq = Fisl?,/Xa (6)

where [ and A are the eigenvectors and eigenvalues of
F.

The multidimensional Franck—-Condon integrals
within the harmonic approximation and with the
Duschinsky effect being taken into account are calcu-
lated as follows:*®4?) The normal mode of the ground
state (Q®) and that of the excited state (QF) are re-
lated as

Q° =wQ® +k° (7)

where W is the Duschinsky rotation matrix and kP is
the displacement vector of the potential minima of the
ground state projected on the normal coordinates for
the excited state. The matrix W and the vector k¥ are
given as

W = LEL® (8)

KE = LEM? (XS - XE,) (9)

where L¢ and LF are the eigenvector of the mass-
weighted, projected out Cartesian force constant ma-
trix for the ground state and its transposition for the
excited state, respectively. X G and X ¢ E are the equi-
librium geometries in the Carte31an coordmate for the
ground state and the excited state, respectively.

The multidimensional Franck—Condon integrals are
calculated by the following recurrence formula,®4%
m” +1

—E2) I ()

(ma+ DI T = du (P2 (R

N mi—l
+iz=:laui[mi(mu + 1)]§J( n; )
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Fig. 3. The normal vibrations of the phenoxyl-hs radical in the ground state. The totally symmetric modes, 4a;—11a4,
are shown with their observed frequencies which are taken from Ref. 38. The values in parentheses are calculated

frequencies.

1361) cm™}, those in parentheses being for phenoxyl-
d3 and phenoxyl-ds. However, if the constants are in-
creased (with the scaling factors of 1.51 and 1.10), the
order of 19a and 7a is reversed and we obtain, 8a; 1700
(1691, 1683) cm™!>7a; 1516 (1502, 1488) cm~!>19a;
1419 (1372, 1247) cm™!. In the following the two cases
of scaling are called case 1) and case 2) and are dis-
cussed comparatively to conclude that case 1) is more
plausible.

Case 1): The totally symmetric modes which are
strongly enhanced by the resonance are those effec-
tive in the nuclear displacement toward the equilib-
rium molecular geometry in the resonant states. The
Raman spectrum observed by the excitation with 399
nm photons®® are considered to involve the two nearly
overlapping excited states, 12A, and 22B;. According
to Table 1 the largest change of the internuclear dis-
tance upon the excitation of X—12A, occurs at Re(=
C2-C3) with ARg=+0.06 A and the second largest at
R1(=C-0) with AR;=-0.04 A, while upon the exci-
tation of X—22B; the largest change occurs at Ry with
AR;=+0.07 A. As shown in Fig. 3, Wilson’s 8a is char-
acterized dominantly by the C,—C3 and C-O stretch-
ings. Therefore, it is reasonable to associate this mode
with the resonant excitation. In contrast, since Wilson’s
7a mode is dominated only by the C-O stretching, it is
unlikely that this mode is involved in the resonance en-
hancement. The remaining Wilson’s 19a will not be en-
hanced significantly because it is dominated by the C-H
bending. The scaling of case 1) is also consistent with
the effect of deuteration; since Wilson’s 8a is mainly

characterized by the skeletal change of Co—C3 and C-
O stretchings, the deuteration effect should be small,
which is consistent with the relatively small change of
1505, 1487, and 1489 cm~! in the experimental spectra
(see Table 4).

Case 2): In this case the 1700 cm~! band ought to
be assigned to Wilson’s 8a. However, there is no signif-
icantly strong band in this region in the experimental
Raman spectrum.?® This demands that the observed
band at 1505 (1487, 1489) cm~! be associated with
Wilson’s 7a of the C-O stretching character, which is
unlikely for the reason mentioned in case 1).

Our favoring of case 1) over case 2) with the order
of the frequency of Wilson’s 8a>19a>7a for the phen-
oxyl radical coincides with the order for phenol where
the frequencies of 8a, 19a, and 7a are 1609, 1510, and
1255 cm ™!, respectively.’® The values of 1255 cm™! and
1398 cm™! assigned to Wilson’s 7a of phenol and the
phenoxyl radical, respectively, are reasonable because
the C—O bond of phenol is of a single bond character
whereas that of the phenoxyl radical is a semi-double.
The difference between 1609 cm ! of Wilson’s 8a of phe-
nol against 1505 cm~! of the phenoxyl radical may be
attributable to the difference in the electronic structure
as a whole between the two species.

In the experimental spectrum®® another weak band
is seen at 1331 cm~?! for hs and 1234 cm™! for ds iso-
topomers in the ca. 1200—1600 cm™! region. Since no
totally symmetric mode is left any more in this region
according to Table 4, the weak band must be associated
with a non-totally symmetric mode. The candidates in
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Table 4 are Wilson’s 8b, 19b, 3, and 14. A tentative as-
signment is shown in Table 4 for the two isotopomers.

In the region below ca. 1200 cm™! there are five to-
tally symmetric modes as shown in Table 4. The two
modes of the highest and lowest frequencies of 1157
(1057, 865) cm~! and 528 (517, 514) cm™! bands in
the experimental spectrum are assigned unambiguously
to Wilson’s 9a and 6a modes. However, the assignment
for the remaining three modes cannot be uniquely car-
ried out because only two are observed at 990 and 840
cm~! for the phenoxyl-hs radical. Thus, two scalings
are possible depending on the assumption that the un-
detected band lies below ca. 840 cm™! or above ca. 990
cm~!. The two cases are called case 1) and case 2). In
the following we will demonstrate that case 1) is favor-
able over case 2).

Case 1): In this case the undetected band for phen-
oxyl-hs is predicted to be at 763 cm~! whose character
is determined mainly by large PED for a2 and Rs. The
calculated 857 cm~! band which is corresponded to the
observed weak 840 cm™! band is also characterized by
oy and Rs while the calculated 995 cm™! band to be
compared with the observed 990 cm~! band is predom-
inantly characterized by R;. The fact that only this
990 cm ™! band is fairly strong among the three is com-
patible with the result that the change in R7(=C3-Cy)
is large for X—22B; but not in Rs(=C;-C;) for both
excitations to 1 and 2 as shown in Table 1 (see the dis-
cussion of case 2) below also). The observed 812 cm™~!
and 796 cm~! bands for phenoxyl-dz and phenoxyl-ds
are favorably compared with the calculated 800 cm™!
and 790 cm™! bands (see Table 4).

Case 2): In this case the undetected band for phen-
oxyl-hs is predicted at 1024 cm~! with the character
of R; and . Therefore, if case 2) were true, one
should expect the observation of the calculated 1024
cm™! band because it is to be characterized by R7 and
a in common to the observed 990 cm™! band, whereas
the observed 840 cm ™! band is almost exclusively to be
characterized by Rs(=C;—C3) alone. However, with the
assumption of case 2) the observed weak bands at 812
cm™! and 796 cm~! for phenoxyl-dz and phenoxyl-ds,
respectively, cannot be reproduced by the calculation.

Based on the above argument we conclude that case
1) is more realistic. Although the calculated 763 cm—!
band for phenoxyl-hs is not found in the experimental
spectrum probably because of the weakness of inten-
sity, the corresponding calculated bands at 753 cm™?
and 725 cm~! for phenoxyl-d; and phenoxyl-ds are fa-
vorably compared with the observed 755 cm™! and 732
cm™! bands (see Table 4). The character of this mode is
assigned to a trigonal mode, i.e., a mixture of Wilson’s
1 and 12. A similar assignment is made to the observed
840 (812, 796) cm~! bands.

The character of the observed 528 (517, 514) cm™!
band assigned to Wilson’s 6a is dominated by the inter-
nal coordinate «; involving the CCC angle of the phenyl
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ring. In this mode a large nuclear displacement takes
place upon both X—12A, and X—12B; excitations to
be easily detected in the resonance Raman experiment.

Tripathi and Schuler recently assigned the observed
1505 and 1398 cm~! bands of phenoxyl-hs to Wilson’s
7a and 19a, respectively, and the 1552 cm~! band
which was reported by Johnson et al.3” to Wilson’s
8a.39) However, in the present calculation no band which
corresponds to the 1552 cm™! band appears and the
1505 and 1398 cm~! bands are reasonably assigned to
Wilson’s 8a (C-C stretching) and 7a(C-O stretching),
respectively, as is described above. The present result
is also consistent with the result of the UNO-CAS cal-
culation by Liu and Zhou; a band about 1500 cm™! was
due to C-C stretching while the C-O stretching mode
was calculated to be about 1400 cm~1.4®

Normal Modes of the Excited States. The vi-
brational analysis of the first two excited states, 1A,
and 22B;, will be made in this subsection. The phen-
oxyl radical is the simplest carbonyl containing aro-
matic radical whose m—mt* excited states are studied by
the matrix-isolated electronic absorption spectroscopy
by Pullin and Andrews®® and by Trapped Ion Pho-
todissociation (TIP) spectroscopy by Mikami et al.4:4V)
The TIP spectrum is essentially the same as the elec-
tronic absorption spectrum so that the vibronic analysis
should provide information of the vibrational state of
the electronically excited states of the radical in the gas
phase. The TIP spectra observed in Refs. 40 and 41 are
reproduced in Figs. 4 and 5, respectively. The former
spectrum covers the spectral region which, according to
the present study, should be regarded as corresponding
to X—12A, and X—22B;. The latter spectrum, which
covers only the lower energy part of the spectrum in
Fig. 4, is recently improved in the spectral resolution.*V
Although even the improved resolution in Ref. 41 is
still much lower than the simplest carbonyl containing
aliphatic radical, i.e., the vinyloxyl radical which has
been studied extensively,*® we attempt to analyze the
vibrational structure of the phenoxyl radical as much
as possible.

In order to scale properly the force constants in the
electronic excited states the TIP vibronic spectrum
must be correctly assigned. The force fields of the X2B,,
12A,, and 22B; states are expected to be appreciably
different with each other because the geometries of the
state are considerably different as shown in Table 1.
Therefore, the Dushinsky effect is considered to be sig-
nificant. Moreover, in reference to the case of the benzyl
radical it is conceivable that an extensive vibronic cou-
pling makes the vibronic assignment formidable. De-
spite this easily foreseeable difficulty we first calculate
the Franck—Condon integrals for the two transitions in-
dependently by including the Duschinsky effect.

The relative intensities of the vibronic bands are cal-
culated by Eq. 12.
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is improved in the region lower than ca. 27000 cm™!.

L= (Bo+en) | J0H 2 (12)

where J({%’}) is the Franck—Condon integral for the

excitation from the zero-point vibrational state of the
ground electronic state to a vibrational state {m} of the
excited electronic state. The symbols Ey and ¢, are
the 0-0 electronic excitation energy and the vibrational
energy level for the {m} state, respectively.

— —r
26000 26500
wavenumber /cm

TIP spectrum of [CeHs OH-N(CHz3)3])*(2). This spectrum is taken from Ref. 41, where the spectral resolution

In Figs. 4 and 5 the strongest band is at 25, 350 cm™*
(ca. 395 nm). In Fig. 4 other maxima occur at ca. 520
em™?, ca. 1110 cm™?, ca. 1490 cm ™! ca. 2030 cm ™!, ca.
2240 cm™!, ca. 2580 cm™!, and ca. 3250 cm™! relative
to the strongest band. In Fig. 5 better resolved maxima
are seen at 529 cm~!, 652 cm™?!, 800 cm~!, 892 cm ™!,
990 cm™!, 1112 cm™!, and 1465 cm~!. Among them
the maxima at ca. 1110 cm~! (1112 cm™!) is the second
strongest. The small peaks at ca. 150 cm~! (151 cm™!)
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Fig. 6. Calculated vibronic absorption spectrum(1) to be compared with the spectrum in Fig. 4. The spectra for
X?B;—12A; (broken curve) and X?B;—22B; (dash-and-dot curve) calculated independently and broadened with a
Lorentzian linewidth of 80 cm™! are overlapped with the ratio of the two 0-0 bands as 100:80 to yield the solid
curve. The absorption intensities are calculated by Eq. 12 using the Franck—-Condon integrals after the scaling of the
geometry. The values with A and B in parentheses denote the wavenumbers which are measured from the 0-0 bands
of X?B;—1%A; and X?B;—2?B;, respectively.
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Fig. 7. Calculated vibronic absorption spectrum(2) to be compared with the spectrum in Fig. 5. Same as Fig. 6

except that the Lorentzian linewidth is taken to be 20 cm™?.

and ca. 300 cm™! (297 cm™!) have been attributed to  oxyl radical.

the intermolecular vibrational modes of the complex be- The attempt to reproduce the observed TIP spec-
tween the phenoxyl radical and the counterpart proton-  trum by assuming forcedly that the spectrum consisted
ated amines inherent in the TIP experiment*! so that  of only a single transition of X—12A, or X—22B; failed
they are neglected in the present study of the free phen-  despite our repeated trials of scaling the force constants
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Table 5. Normal Modes of the Phenoxyl-hs Radical in the Excited States
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12A; state 2B, state
Mode Wilson’s  Frequency/cm™'  PED/% Frequency/cm™!  PED/%
notation Caled Exptl Calcd Exptl
la; 2 3434 — R4:29, R2:36, R3:32 3758 — Ry4:74
2a, 20a 3422 — R4:35, R2:57 3742 — R2:56, R3:20, R4:22
3a1 13 3396 — R4:33, R3:60 3728 — R3:60, R2:35
4a; 8a 1754 — R1:53, R5:26 1901 — R;1:23, R5:33
5a; 19a 1462 1465 R1:16, R7:34, Re:30 1458 1470 (2580) [33:33, R7:32
6a1 Ta 1272 — Ri1:18, R7:22, R5:24 1244 — $2:36, R1:30, Re:24
Ta1 9a 979 990 (3:60, R7:32 1099 1130 (2240) B3:52, (32:22
8a; 18a 885 892 R5:36, Rg:28 998 — R7:40, Re:28, (32:26
9a; 1/12 807 800 (2:80 896 920 (2030) @2:27, R5:30
10a; 12/1 667 652 a1:31, a2:51 753 — @1:23, a2:58
11a 6a 525 529 @1:39, a2:39 532 — «1:60

The values in parentheses are in wavenumbers which are measured from the 0-0 band of X2B; —»12A,.

of each state; in the assumption that the spectrum was
solely due to a single transition of X—12A, fairly strong
bands at ca. 500 cm~?! and ca. 1500 cm~! could be pre-
dicted but not the one at ca. 1000 cm™!. Similarly, in
another assumption that only X—22B; was responsi-
ble fairly strong bands could be expected at ca. 1000
cm~! and ca. 1500 cm~! but not at ca. 500 cm™!, in
contradiction to the experimental spectrum. However,
the simple superposition of the two curves with the
strongest band assigned to the 0~0 band of X—12A,
and the second strongest at ca. 1110 cm‘N1 in Fig. 4
and 1112 cm~? in Fig. 5 to the 0-0 band X—22B; re-
produces fairly well the experimental TIP spectrum (as
shown in the solid curve in Fig. 6). Furthermore, the
spacing of ca. 1110 cm™! between the two assumed 0-0
bands is roughly compatible with the calculated differ-
ence of the energy between the two transitions, which
is 1234 cm~! according to the result of method (3) in
Table 2.

As far as we rely on our interpretation that the TIP
spectrum is just an overlap