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A theoretical study of molecular, electronic, and vibrational properties of the first excited state of the phenoxyl
radical, A?B,, is presented. The calculated molecular geometries, vertical and adiabatic excitation energies,
and harmonic vibrational frequencies are compared with analogous results obtained for the ground state. The
calculated excitation energies correspond well to experimental data. The harmonic vibrational frequencies of
the A 2B, and the ground state are similar except for modes involving the vibrations of the CO bond.

Introduction ment® at 1.06 eV. Subsequently, it was observed at 1.10 eV in
a polarized FTIR studyfor C¢HsO isolated in cryogenic argon
matrices. Unfortunately, the signal intensitgriginating most
probably from vibronic couplingwas too small to allow for a
successful characterization of the 78, state. The vertical
excitation energy for the AB, state was determined theoreti-
cally by several authors!1.1421.2326 The most accurate estima-
tions (1.03 eV with UB3LYP/cc-pVTZ and 1.11 eV with
UPBE/6-31(2-,2+)G(d,p¥®) are obtained with time-dependent
density functional theory (TDDFT). The optimized geometry

data is available for the molecular structure of the radical. of the phenoxyl radical in the AB, state was presented by Liu

Theoretical calculatioi$1+14 show that the molecule has the €t @l at the UMP2/6-31G* Ievgl of theo&
Ca, symmetry with approximately double CO bond and aring ~ We present here the following properties of the phenoxyl
structure intermediate between aromatic and quiRditmost radl_cal_ln the AZB_Z state: v_ertlcal excitation energies, ad!abgtlc
a complete set of the ground state vibrational frequencies has€xcitation energies, optimized geometries, and harmonic vibra-
been determined experimentaflyusing resonance Raman tional freqluenC|es. The results are o'btalned using wave functlpn
experiments;16-18 gas-phase UV photoelectron spectrosctpy, and _dens_lty based quantum chemical techniques. Along with
and matrix-isolation polarized FTIR spectroscépylarmonic  the vibrational frequencies fors8:s0, we also present analogous
vibrational frequencies of the ground state were calculated by data obtained for the isotopically substituted isomeD4D.
many author&51-1320 The lowest optically active electronic ~ Qur main motivation for presenting these results is a perspective
state of GHsO is B 2A,; it is located at approximately 2.0 eV of accurate experimental determination of molec_ular an_d optical
above the ground state. The computed oscillator strength for Properties of the AB; state of the phenoxyl radical using the
the X 2B; — B ?A, transition is very small, which is consistent cavity ringdown absorption spectroscopy® We hope to
with very weak signal in the UV/vis spectrufdi The optimized ~ Present such a study in the near future.
geometry for this state was given by Liu ettdland harmonic
vibrational frequencies, by Johnston et'alNext excited states, = Computational Details
C2B; and D?A,, were observed at 3.1 and 4.2 eV, respectively.
Theoretical predictions suggest tha; is overlapping with . . / .
another unogserved electrggic state of symmﬁﬁya/%ic% can Figure 1. Following _the previous g_round state studiésye
be explained by a very small calculated oscillator strength of orient the f_“o'ecu'e in thgz plane with the CO bond located
the latter state. (Note that the states’® and D 2A, were on thez-axis. For both.studled electro.nlc states, the gssumed
erroneously quoted as . and D2A in refs 7 and 132 The molecular symmetry point group@zz,..Thlsl choice is conﬂrmed
highest observed electronic state of the phenoxyl radic?8.F Iat_er by_ the calculated harmonic wbrayonal frequencies. The
is located at approximately 6.0 eV. All these observed states orientation of the molecule as d_escrlbed above aIIovys for
correspond tor—z* electronic transitions. identifying theC,, symmetry operations as folloyvs: the axis

In this paper we present a theoretical study of the lowest is thez-axis, theo, plane IS thexz_plane, and the, plane 'S.the
electronically excited state of the phenoxyl radica?B3, which yz plane. The chosen orientation also allows for labeling the

is located at approximately 1.1 eV above the ground $t&é® moleqularo orpitals using thela_and kyirreps, and the molecular
Because the transition XB; — A 2B, is optically dipole- st orbitals, using the aand kL irreps. In the chosen reference

forbidden, little is known about this state. It was first detected fBr’ameatPhe symmetrty of ]Erlﬁ grf‘pu?d Stfite dIS tdetscrlbed 33 a dotuéalet
in a gas-phase ultraviolet photoelectron spectroscopy experi--1 and the symmetry 0. efirs eXC.' edsta e,' asg oubje

The presented energies, geometries, and vibrational frequen-
* Corresponding author. E-mail: hwitek@mail.nctu.edu.tw. cies have been calculated using correlated qguantum chemical

The phenoxyl radical (§Hs0) has been a subject of intensive
experimental and theoretical investigations over a long period
of time1~7 This situation can be primarily attributed to a very
important role that this radical plays in combustion and
biological processe®? A considerable amount of information
has been collected on the vibratioRdESR1° and electronit
properties of @HsO. The ground state of dElsO, denoted as
X 2By, is a doublet with an unpaired electron localized almost
entirely in therr orbitals of the benzene rirffig® No experimental

The molecular model of phenoxyl radical is shown in
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© states of the phenoxyl radical, to calculate the vertical and
: adiabatic A%B, — X 2B; excitation energies, and to determine
harmonic vibrational frequencies. The larger active space, (1la
2&, 5by, 1by), has been used to determine the vertical excitation
energies for the lowest doublet and quartet electronic states in
each symmetry. The augmentation with an additiopalrhital

has been necessary to describe properly the lowasind*A;
states of the phenoxyl radical.

Results

(a) Electronic and Geometrical Structure of the A 2B,
State. The optimized CASPT2 and DFT geometrical parameters
for the phenoxyl radical in the XB; and A2B, electronic states
are given in Table 1. We show the well-studied structure of the
ground state together with the results obtained for the excited
state A2B, to facilitate the comparison of structural changes
between these two states. The presented results constitute at

Hs the moment the most accurate theoretical estimations of the
Figure 1. Molecular structure@,) of the phenoxyl radical in the X eq“"'b”_“”_‘ structure for both StUd|Ed. .St‘fites 0lHEO.
2B, and A 2B, electronic states. A compilation of previously calculated equilibrium bond lengths

and angles for the ground state is given in Supporting Informa-

techniques: the complete active space self-consistent fieldtion (Table S). The atom numbering used in the definition of
(CASSCF) method, complete active space second-order per-geometrical parameters is shown in Figure 1. The two most
turbation theor$? 20 (CASPT2), and density functional theory  prominent structural differences observed between the structures
(DFT), and a set of four basis sets: cc-pVDZ, aug-cc-pVDZ, corresponding to these two electronic states are (i) increased
cc-pVTZ, and aug-cc-pVT2L32For the multireference wave-  length of the CO bond in the state?B, and (ii) different shape
function-based calculations, we have used the MOLPRO of the six-member carbon ring. For the ground state, the
program33 DFT and TDDFT calculations have been carried out equilibrium distance between the carbon and oxygen atoms
using the Gaussian packaifein principle, DFT is a ground-  corresponds to a weak double CO bond. Compare the calculated
state theory. However, it can also be formulated for excited values of 1.255 A (CASPT2/aug-cc-pVTZ) and 1.252 A (DFT/
states’> Gunnarsson and Lundqvist argdédhat the validity UB3LYP/aug-cc-pVTZ) with the experimental values of 1.215
of the Kohn-Sham scheme can be naturally extended to the A for acetone, 1.205 A for formaldehyde, 1.191 A for cyclo-
energetically lowest electronic state in each of the symmetries propanone, 1.202 A for cyclobutanone, 1.225 A febenzo-
with the same universal exchange-correlation functional. It was quinone, 1.216 A for acetaldehyde, and 1.202 A in acetic
subsequently shown that this straightforward generalization acid#'42For the first excited state, the calculated length of the
works only if the electronic state in the non-interacting case carbon-oxygen bond is similar to single CO bond. Compare the
reduces to a single Slater determin&Because, in many cases, calculated values of 1.332 A (CASPT2/aug-cc-pVTZ) and 1.321
the electronic nature of the excited states can be described welld (DFT/UB3LYP/aug-cc-pVTZ) with the experimental values
only by a multideterminantal wave function, it can be difficult of 1.364 A for phenol, 1.377 A for hydroquinone, 1.343 A for
to apply the technique of Gunnarsson and Lundgvist in a formic acid, 1.361 A for acetic acid, 1.362 A for furan, 1.427
straightforward manner in a general case. Fortunately, the waveA for methanol, 1.411 A for dimethyl ether, 1.446 A for oxetane,
function of the first excited state of (850 is very well and 1.420 A for ethanedidt*3 In the benzene molecule the
represented by a single Slater determinant and DFT can beequilibrium distance between the adjacent carbon atoms is equal
applied for calculations on this state. We have found that the to 1.397 A% Upon the substitution of one of the hydrogen atoms
SCF optimization performed for the 78, state of the phenoxyl by some functional group, this regular pattern is somewhat
radical converged toward a local minimum in the orbital rotation perturbed. This perturbation has been usually neglected in the
space; i.e., all the unoccupied one-electron energy levels lie procedure of experimental determination of the equilibrium
higher than all the occupied levels. The total energy of the global structure* For example, the experimental equilibrium structures
minimum in the orbital rotation space is approximately 1 eV of phenol and aniline both assume a regular hexagon model
lower; it corresponds to the ground state of the phenoxyl radical. for the benzene ring with average CC distance of 1.398 and
All our DFT calculations, for both the ground and excited states, 1.392 A, respectivel§t44 Recent experimental investigatfén
have used the same B3LYP functiof¥a® together with the of the molecular structure of phenol shows that in fact the CC
unrestricted Koha Sham formalisn?® We have also success- bond distances may differ noticeably (in the ground stateghe
fully used the Koha-Sham ground state formalism to determine values are 1.383, 1.402, and 1.399, and in thst&e, they are
the vertical excitation energies for lowest excited states in each1.442, 1.452, and 1.422 A). Similar information can be accessed
spatial or spin symmetry subspaces. The complete active spacelirectly from calculations. For phenol, the three unique CC bond
(CAS) in the CASSCF and CASPT2 calculations is constructed lengths calculated using the DFT/B3LYP/6-31G(2df,p) com-
using all valencer orbitals (two of symmetry aand five of putational scheme are 1.396, 1.393, and 1.392 A, and for aniline,
symmetry k) and one or two orbitals corresponding to the lone the analogous values are 1.402, 1.390, and 1.393 Hor
pairs on the oxygen atom (one of symmetryand one of phenoxyl radical in the ground state, this perturbation is much
symmetry b). The two resultant active spaces, {02, 5b;, stronger. The calculated CASPT2/aug-cc-pVTZ equilibrium CC
1by) and (1a, 2a&, 5by, 1by), correlate nine and eleven active  bond lengths are 1.448, 1.379, and 1.408 A. The corresponding
electrons, respectively. The (Q2a, 5by, 1b,) active space has  values obtained with DFT/UB3LYP/aug-cc-pVTZ are 1.448,
been used to optimize the geometry of both studied electronic 1.371, and 1.405 A. This bond distance pattern is structurally
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TABLE 1: Geometrical Parameters for the X 2B; and A 2B, States of the Phenoxyl Radical Optimized Using CASPT2 and
DFT/B3LYP?

X 2By
cc-pvDzZ aug-cc-pvDzZ cc-pvVTZ aug-cc-pvVTZ

CASPT2 B3LYP CASPT2 B3LYP CASPT2 B3LYP CASPT2 B3LYP
fc,0 1.259 1.256 1.266 1.258 1.254 1.251 1.255 1.252
rec, 1.461 1.455 1.461 1.455 1.448 1.449 1.448 1.448
e, 1.391 1.380 1.393 1.380 1.379 1.371 1.379 1.371
ey 1.420 1.412 1.421 1.412 1.408 1.405 1.408 1.405
I CoHy 1.094 1.092 1.093 1.090 1.080 1.081 1.081 1.081
I'CaH, 1.094 1.093 1.093 1.091 1.081 1.082 1.081 1.082
ICHs 1.094 1.092 1.093 1.090 1.080 1.082 1.081 1.081
0LcgCiCy 117.1 117.0 117.6 117.3 117.3 117.0 117.5 117.1
0lc,CyCs 121.0 121.0 120.6 120.8 120.8 120.9 120.7 120.8
0LC,CoCy 120.2 120.2 120.3 120.3 120.2 120.3 120.3 120.3
0le,Coty 117.0 116.9 117.2 117.2 117.1 117.0 117.1 1171
0LC,CaH, 119.6 1195 119.6 119.5 119.6 119.4 119.6 119.4

A 2B,
cc-pvDZ aug-cc-pvVDZ cc-pVTZ aug-cc-pvTZ

CASPT2 B3LYP CASPT2 B3LYP CASPT2 B3LYP CASPT2 B3LYP
rc,0 1.335 1.323 1.345 1.323 1.330 1.320 1.332 1.321
rec, 1.415 1.413 1.415 1.413 1.402 1.405 1.402 1.405
rcocs 1.405 1.394 1.407 1.394 1.393 1.387 1.394 1.387
I, 1.407 1.397 1.408 1.397 1.394 1.389 1.395 1.389
I oMy 1.093 1.090 1.092 1.090 1.079 1.080 1.080 1.079
I'CaHy 1.094 1.093 1.093 1.093 1.081 1.082 1.081 1.082
ICaHs 1.093 1.091 1.092 1.091 1.079 1.080 1.080 1.080
0legCiCy 120.6 119.9 121.2 119.9 120.9 120.1 121.1 120.1
0Lc,C,Ca 119.0 119.2 118.6 119.2 118.9 119.1 118.8 119.1
0le,CaCy 121.1 121.4 121.1 121.4 121.1 121.4 121.1 121.4
0LC,CoHy 119.5 119.1 119.8 119.1 119.7 119.3 119.7 119.3
0LC,CaHy 120.2 120.2 120.1 120.2 120.2 120.1 120.1 120.1

a All CASPT2 calculations use the same {02a, 5hy, 1by) active space described in detail in the text. Distances are given in A and bonds, in
degrees. For an explanation of geometrical parameters, see Figure 1.

similar to that one observed experiment&lipr p-benzoquinone  transition between these two states can be described adequately
(1.477, 1.322, and 1.477 A), which can be associated with an within the framework of molecular orbital theory. We want to
alternating chain of a single-double-single CC bonds. Chipman stress here that this is an unusual situation because in most cases
et al. describetthe heavy-atom skeleton of the phenoxyl radical  the electronic structure of radicatespecially in excited elec-

in the ground state as intermediate between aromatic andtronic statesrequires a multireference description. Before
quinoid. In contrast with the ground state, the structure of the defining the Slater determinants corresponding to both wave
carbon ring in the first excited state, B, is regular with functions, we describe chemically important molecular orbitals
similar Ieng.th of all carborrcarbon bonds (1.402, 1.394, and (MOs). We consider as such sevanorbitals, two MOs of
1.395 A using CASPT2/aug-cc-pVTZ and 1.40_5,_1.387, and symmetry aand five MOs of symmetry f and twoo orbitals,

1.389 A using DFT/UB3LYP/aug-cc-pVTZ). Similarly, the being the a and b linear combinations of the lone electron

calculated CCC angles are much closer to°12@n for the pairs on the oxygen atom. The remaining occupiedolecular

groun_(lj) sdtate. Tlhe sttructure t.Of th.fh clz_aglbon rng dcanh thent be orpitals—twelve of symmetry aand seven of symmetrysb-
escribéd as aimost aromatic with fittie quinoid character. .5, o considerably lower energy, and they remain doubly

S',{Fggr rceosnu?:g'sﬁgvsg\r/]e?e t?lrizvlrt]uf%;‘?/rsneghrﬁsprt(ca)vfr?;le):ep;i?rlg?:d occupied in all important Slater determinants. To define the

the length of the CO bond in the ground state and overestimate(:he.mlcal character of thg seven Iowasﬂ)r.bltals we compare

it in the A 2B, state. The difference between the geometrical their onejelectron energies with the weighted gverage_of t.he

structures of the phenoxyl radical in the ground and the first €2p ene;gleﬁhof C"’:rb?n almd OnygE;": (dotted ho“z‘gt“‘?" I'(;"? n

excited states may be compared to the difference between thé:'gur_e )- € actual vajue of such an average obtained from
atomic calculations is approximately equaH6.10 hartree for

experimental structures gé-benzoquinone and hydroquino- X 8
ne“243The more aromatic character of the benzene ring in the &/l émployed basis sets. Therefore, MOs watix —0.10 are

A 2B, state can be anticipated from therbitals energy diagram ~ classified as bondings) and MOs withe > —0.10, as
shown in Figure 2. The energy pattern of therbitals in the antibonding £*). The orbitals withe ~ —0.10 are referred to

A 2B, state is similar to that in benzene, whereas for 8 @S nonbondings(°). One-electron energy diagrams of the
state, the discrepancy is much |arger_ Moreover, fé’BA the orbitals for bOth electronic St-ates Oﬁqu,o ar_e shown in F_lgure
px orbital of oxygen strongly dominates the lowesbrbital of 2. A schematic representation of theorbitals as the linear

the b symmetry and has only small contribution to other combinations of the atomicorbitals is given in Figure 3. For
orbitals, whereas for XB, it contributes significantly to aimost ~ the ground state, the three lowesbrbitals, two of symmetry
all  orbitals of the b symmetry. b, and one of symmetry,aare strongly bonding whereas the
The electronic structure of the ground state and the first singly occupied porbital is nonbonding. For the first excited
excited state of the phenoxyl radical and the corresponding state, the four lowest orbitals, three of symmetry;tand one
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Figure 2. Orbital energy diagram for the seven activeorbitals and one active orbital of GHsO in the X?B; and A 2B, states obtained from
the CASSCF(0a 2&, 5b;, 1by)/aug-cc-pVDZ calculations. Occupation numbers are given for every orbital.

(X?B,) é

-0.5229 -0.4426 -0.3467 -0.1620 0.15
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-0.5850 -0.4920 -0.3354 -0.3161 0.1483 0.1658 0.4059

Figure 3. Schematic representation of the seven activabitals in the X?B; and A?B; states of GHsO. Nodal planes are given by dotted lines.
The symbol in each circle denotes the sign of the linear combination coefficient fox thbifals at the CASSCF(@a2&, 5hy, 1by)/aug-cc-pVDZ
level. The empty circle represents a coefficient value close to zero. Orbital energies are given in hartree.

of symmetry a, are strongly bonding. The remainingorbitals |2 O.ging ngznf) or n:fn;onzom |75 02 T, T T O oy Ty T3, 1)
are classified as antibonding. and |2 oznb L nﬁ o%n n;;ln;';lmare 3.2%, 2.2%, and 2.0%,

In the ground state of the phenoxyl radical the dominant Slater respectlvely After accountmg for dynamical correlation, the
determinant can be defined as; b, s op nﬁzn;ln*%z%’g"m contribution from these leading configurations reduces to 68%,
with a singly occupiedr orbital belng a Tlnear combination of  1.7%, 1.7%, and 1.5%. The presented numerical results have
the p orbitals on oxygen and the orbitals of the benzene ring  been derived with the cc-pVDZ basis set. For larger basis sets,
(see Figure 3). The percentage contribution of this configuration the calculated contributions to the CASSCF wave functions have

in the CASSCF wave function is 83%. The next three most similar values, whereas the contributions to the CASPT2 wave

important configurationsio? 5 o, 7, ngzngln;fngln’g‘)u |05 7T, functions undergo further reductions owing to a larger portion
T T 7T, 05, oy T, T 1) @NC e T of, 7 T ngln*zn;;on;ou cor-  of dynamical correlation covered by these basis sets. To

respon% to varlous distribution of electrons in the aromatic ~ complete the discussion of the character of wave functions for
orbitals with the percentage contribution to the CASSCF wave both electronic states, we have to add that that the occupation
function of 2.9%, 2.2%, and 2.0%, respectively. After accounting humbers for the antibonding active orbitals are non-

for dynamical correlation, the contribution of these leading negligible: 0.12, 0.11, and 0.05 for the ground state and 0.10,
configurations to the CASPT2 wave function is 64%, 2.2%, 0.10, and 0.04 for the AB, state, which suggest considerable

1.7%, and 1.5%, respectively. For the first excited statéBA static correlation in the aromatic ring despite a single-
the leading electronic configuration;, o 7y 5 7 Oy e, Ty, determinant character of both wave functions.

D contributes 88% to the CASSCF wave function. The According to the above discussion, the 2B, — X 2B;
analogous contributions from the next three Slater determinants,excitation can be described as a transfer of a single electron
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Figure 4. Mulliken charges (a) and spin densities (b) for théB¢ and A 2B, states of GHsO obtained from DFT calculation in four basis set

(cc-pVDZ, aug-cc-pvDZ, cc-pVTZ, aug-cc-pVTZ). Values in parentheses correspond to induced atomic charges with hydrogen contributions summed
into adjacent carbon atoms.

TABLE 2: Total Energies, Vertical Excitation Energies, and Adiabatic Excitation Energies for the X 2B; and A 2B, Electronic
States of Phenoxyl Radical Computed Using the CASPT2 and DFT/B3LYP Methods

total energies

AB—X 2B, excitation energies

basis set ®B; A 2B, (vertical) A?2B, (adiabatic) vertical adiabatic AEY® AES®

CASPT2

cc-pvDz —305.920944 —305.876788 —305.884349 1.202 0.996 0.995 0.993

aug-cc-pvDZ —305.972746 —305.926807 —305.934095 1.250 1.052 1.049 1.047

cc-pVTZ —306.210241 —306.165644 —306.173021 1.214 1.013 1.010 1.008

aug-cc-pvVTZ —306.231793 —306.186453 —306.193693 1.234 1.037 1.034 1.032
B3LYP

cc-pvDZ —306.847702 —306.810021 —306.815859 1.025 (0.983) 0.867 0.865 0.864

aug-cc-pvDZ —306.866905 —306.827708 —306.833555 1.067 (1.035) 0.908 0.904 0.903

cc-pvTZ —306.939129 —306.900562 —306.906565 1.050 (1.029) 0.886 0.883 0.881

aug-cc-pvVTZ —306.943226 —306.904275 —306.910234 1.060 (1.045) 0.898 0.895 0.893

exp 1.06, 1.10

a All CASPT2 calculations use the same {02&, 5hi, 1b,) active space described in detail in the teXEE.’O denotes the B0 excitation energy

for CsHsO andAES™®, for CsDsO. Total energies are given in hartree and excitation energies, if\éslues in parentheses have been calculated
using the TDDFT method. Reference 19, in the gas pha&®eference 7, in an argon matrix.

from the lone pair (or more precisely: thelmear combination assignment should read-z° or evenn—u, if one takes into

of the lone pairs on oxygen) on the oxygen atom to the account the substantial stabilization of the resultant doubly
nonbondmgnb orbital delocalized over the oxygen atom and occupiedry; orbital. The Mulliken charges extracted from the
the aromatic rlng This transfer causes a considerable stabiliza-DFT/UB3LYP/cc-pVDZ calculations show that for the ground
tion of thesr orbitals system and results in a substantial lowering state, a fractional negative charge of 0.22 is located on the
of the T, orbital energy and a significant raise of the oxygen atom, whereas the corresponding positive charge is
one-electron energy of the singly occupieg orbital. Note distributed almost equally over all carbon atoms. For the first
that these findings contradict the usual classification of the excited state, the induced negative charge on the oxygen atom
A 2B, — X 2B; excitation as the—z* transition. The correct is smaller (0.11) and the corresponding positive charge is located
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pVDZ DFT spin densities shows that for the ground state, the @ OlRHANGT BT ® Zc
single electron is strongly delocalized over the oxygen atom ($) E 9 pa\?é_ §%§§ & 2
(0.44) and the aromatic ring-0.10,+0.30,—0.15, and+0.38 2 (g]] T88” ww< 29
for the adjacentprtho, meta andpara carbon atoms, respec- s L Zlodd 8,\,\,\@ qg’l—_
tively), but for the A?B; state, it is almost entirely localized on £ 18|38 § 028 E § % 2 ;9
the oxygen atom (0.92). This situation is in contrast with that =k 833 =Sswsy 28
in the recently studief47 phenylthiyl radical (GHsS), where 2 Sl @ Iek8 9@
the single electron was strongly localized on the sulfur atom in 2 PTRRC Su< Y GC’ 2
both electronic states. The shape of the singly occupied % o = 3 N XIS © @
molecular orbital (SOMO) in both electronic states coincided 9 ?L 2 é/?g/,,\g_ RIS g %
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of sulfur motivated the authors to use the term “intramolecular o N ? S S SE
orbital alignment” while discussing the orientation of the SOMO %‘ 21323 22
orbital with respect to the molecular frame of reference. Our s 3 gcj T & =
study shows that for §s0, the out-of-plane SOMO orbital is g =3 o DANEI Sl -2
strongly delocalized over the whole aromatic ring. We believe ) k= © o) §
that the main reason for this large degree of delocalization is ;E_ l o2
much shorter distance between carbon and oxygen (1.252 A o NEgy cg
using DFT/UB3LYP/aug-cc-pVTZ) than between carbon and 2 2 § Salegnas =0
sulfur (1.723 A using DFT/UB3LYP/aug-cc-pVTZ) leading to & 8|8 darmen Zg
more effective mixing of the porbitals of oxygen and carbon S o 2 h 2
in CgHsO than the porbitals of sulfur and carbon in¢8sS. £ |G N ' S
Therefore, the ‘“intramolecular orbital alignment” phenom- a oS 2 gg 258 9 ég
enoni®4’ observed for @HsS, is not confirmed for €HsO by B S5 NnYnTy 35
our theoretical calculations. § =3 0 S - RS

The comparison of the equilibrium geometry of both studied (o4 © ? § 5
electronic states with their electronic structures gives somewhat 2 ~ %
counterintuitive conclusions. One may expect that transferring S S 58388933 ¢ ?

. . [T} S|o3NEQEITY 2 5]
an electron from the nonbonding electron pair on the oxygen = 2SO SO
atom to the system aof orbitals may result in strengthening 3 3|y 3%
thesr bond system, which is ensued by shortening the CO bond. e ¢ 5
However, the optimized geometrical parameters show that the 3 N ® g9
bond in fact becomes longer and loses its approximate double § %,_ L9938 & g
character. This rather surprising observation can be qualitatively o 3 3 Canddsee S
understood by studying the composition of the bonding = 28 g §
orbitals given in Figure 3. Note that for discussing the bond S s |7 3 s
order between carbon and oxygen, only theobbitals are < ) 22
relevant, because the nodal structure of therhitals enforces 2 E § 25833J949 é 9
zero contribution from the ,orbitals on oxygen and on the ‘;-’ &l ISR R zﬁ c
adjacent carbon atom. For the ground state of the phenoxyl L2 uw|°|g go %
radical, the two lowest fporbitals contribute to ther bond s 19 ! s i S
between oxygen and carbon; this bond is slightly weakened by S5 |2 NIS = @
the antibonding contribution from the SOMO orbital, which has s ©lz <S BO35BR3 I ﬁ %
a nodal plane between the C and O atoms (see Figure 3). For = 8|2 N nng 2O
the first excited state, the bonding contribution from the lowest 5 28 2 ] %
b; orbital is almost entirely cancelled by the antibonding i ©| o g @
contributions from the next two,borbitals, which have nodal s % N @ oS 2
planes located between oxygen and the adjacent carbon. This £3 s § NgodngERe @ g =4
analysis explains then the approximate double character of the >£ algleddrene $347
CO bond in the ground state and the approximate single 6s 3|8 2E3
character of this bond in the first excited state. Note that this w & ! Z2s
situation is quantitatively different than that obsertfed for ad AT FdSTE ~ 83
the phenylthiyl radical (¢HsS), where the bond distance (e} X<OOIIHI S 28
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TABLE 4: Harmonic Vibrational Frequencies (Scaled) for the A 2B, Electronic State of GHsO Computed Using the DFT/
B3LYP and CASSCF Method$

CASSCF B3LYP
symmetry mode cc-pvDZz aug-cc-pvDZ cc-pvDZ aug-cc-pvVDZ cc-pvVTZ aug-cc-pvVTZ
A1 U1 3085 3083 3108 3107 3098 3100
V2 3073 3070 3099 3098 3088 3091
U3 3054 3054 3069 3070 3059 3062
U 1599 1591 1570 1556 1559 1556
Us 1483 1476 1403 1393 1412 1410
Vs 1252 1233 1228 1201 1207 1202
vr 1146 1147 1143 1143 1154 1152
vg 999 999 1012 1008 1012 1011
Vg 973 968 955 953 961 961
V10 794 789 802 797 803 802
V11 508 501 502 501 506 505
Az V12 894 885 934 928 936 941
V13 769 761 797 787 797 799
V14 396 396 416 414 417 416
B V15 916 899 950 943 948 955
V16 824 813 855 847 857 861
V17 698 690 710 697 708 710
v1g 650 634 675 674 676 673
V19 479 469 501 490 498 496
V20 230 230 223 218 221 219
B> V21 3080 3077 3107 3106 3097 3099
V22 3063 3061 3074 3075 3064 3067
V23 1567 1563 1539 1529 1531 1529
V24 1429 1427 1406 1395 1410 1408
V25 1303 1305 1297 1291 1306 1304
V26 1190 1192 1235 1232 1222 1222
Va7 1085 1081 1128 1130 1141 1139
Uog 1047 1046 1053 1052 1058 1058
V29 603 608 600 599 605 604
U30 367 367 357 354 358 358

aFor a description of the active space of CASSCF, see the text. All values are giverrin cm

between sulfur and the adjacent carbon is similar in both what smaller if the larger active space is used in the CASPT2

electronic states (1.723 A for #B; and 1.763 A for A2B;; calculations. The CASPT2 vertical excitation energies shown
DFT/UB3LYP/aug-cc-pVTZ calculations). Such a bond length in Table 3, which have been computed using the,(2&, 5h;,
is intermediate between typical aromaticd = 1.714 A in 1by) active space, are approximately 0.015 eV smaller than those

thiophend)) and single bondsrés = 1.818 A in methane-  calculated with the (Qa2a, 5by, 1by) active space (Table 2).
thiol*Y). It is noticeably longer than a characteristic double CS To compute quantities that can be directly compared to
bond ¢cs = 1.611 A in thioformaldehyd#). We believe that experiment, we have calculated the-@ transition energies
the necessity of breaking thebond in phenoxyl radical upon  between the &B, and X 2B; states of GHsO and GDsO. In

the A 2B, — X 2B, excitation is responsible for significantly ~ fact, these values differ only slightly from the adiabatic

higher excitation energycompare 0.37 eV for gsS vs excitation energies owing to almost identical zero-point energy
1.06 eV for GHsO—required for this transition. corrections for both states. Note that we refer here to the
(b) Vertical and Adiabatic A 2B, — X 2B; Excitation adiabatic excitation energy as a difference between the minima

Energies. The calculated values of vertical and adiabatic of the calculated potential energy curves. The zero-point
A 2B, — X 2B; excitation energies for the phenoxyl radical are corrections have been calculated using the scaled harmonic
given in Table 2. The presented values have been obtained usingibrational frequencies computed separately for each basis set
the CASPT2, DFT/UB3LYP, and TDDFT/UB3LYP methotfs. using the DFT/UB3LYP procedure (for details, see below).
The analogous results obtained with the CASSCF method areBecause the CASPT2 frequencies could not be easily accessed,
given in Table K of the Supporting Information; we do not we have used the calculated DFT frequencies to estimate also
present these values here because the CASSCF energetics the CASPT2 (Table 2) and CASSCF (Table K of Supporting
usually not very accurate. It is difficult to state clearly which Information) 0-0 transition energies.

method reproduces the experimental data best, because of not Vertical excitation energies for low-lying doublet and quartet
obvious character of the experimental findings. If one assumesstates of the phenoxyl radical are given in Table 3. The presented
that the experimental energies of 1.10 and 1.06 eV correspondresults are calculated using the CASSCF, CASPT2, DFT, and
to vertical excitation, then the DFT/UB3LYP and TDDFT/ TDDFT methods. For the CASSCF and CASPT2 calculations,
UB3LYP methods seem to reproduce the experimental data mostwe have used the extended {18, 5b;, 1by) active space.
accurately. If, on the contrary, one assumes that they correspondNe have decided to include these results in the present paper
to adiabatic excitation, then the correspondence of the CASPT2to visualize the energetics of the low-lying quartet states that
results to experiment is better. The difference between the can be easily studied using the CASSCF and CASPT2 tech-
calculated DFT and CASPT2 excitation energies is approxi- niques. As expected, the calculated excitation energies for the
mately constant; the later are consistently 0.13 eV higher for lowest quartet states are rather large. The lowest quartet state
all employed basis sets. Such a discrepancy is considered to bés “B; located at approximately 4.2 eV higher than the ground
within the error bar for typical second-order multireference state. Determination of CASPT2 energies for many of the high-
perturbation theory calculatiod%:5! This discrepancy is some-  lying excited states of §1sO required using large values of



Molecular Properties of the Phenoxyl Radical J. Phys. Chem. A, Vol. 112, No. 12, 200855

TABLE 5: Harmonic Vibrational Frequencies (Scaled) for the A 2B, Electronic State of GDsO Computed Using the DFT/
B3LYP and CASSCF Method$

CASSCF B3LYP
symmetry mode cc-pvDZz aug-cc-pvDZ cc-pvDZ aug-cc-pvVDZ cc-pvVTZ aug-cc-pvVTZ
A U1 2298 2299 2311 2312 2307 2306
U2 2283 2284 2300 2301 2296 2295
U3 2262 2265 2268 2272 2266 2266
Ua 1565 1559 1538 1525 1525 1521
Us 1382 1368 1286 1269 1278 1274
Us 1186 1175 1200 1179 1188 1183
U7 937 936 925 922 931 930
vg 856 857 855 853 863 862
Vo 819 821 814 816 826 824
V10 740 737 740 738 745 744
v11 497 490 492 491 497 495
Az V12 721 715 760 758 764 768
V13 600 594 622 615 623 624
V14 352 351 364 361 366 364
B V15 747 724 792 799 794 804
V16 695 681 725 716 726 726
v17 586 575 587 576 586 585
v1g 529 527 546 539 548 544
V19 418 411 432 424 430 429
U20 219 219 211 206 210 208
B> U1 2292 2292 2306 2307 2301 2301
U22 2272 2274 2276 2279 2273 2273
o3 1531 1528 1506 1498 1496 1493
Vo4 1305 1301 1325 1314 1315 1312
vU2s 1145 1140 1234 1228 1219 1218
V26 1021 1025 998 996 1016 1014
Vo7 828 829 818 820 831 829
Vog 802 804 798 801 811 809
U9 581 586 576 576 583 581
U30 355 355 345 343 347 346

aFor a description of the active space of CASSCF, see the text. All values are giverrin cm

level shift to avoid intruder states, especially when using substitution. For the DFT/B3LYP procedure, the computed
augmented basis sets. TDDFT yields more accurate excitationscaling factors are 0.967 for cc-pVDZ, 0.967 for aug-cc-pVDZ,
energies than CASSCF and CASPT2 for the lowest excited state,0.966 for cc-pVTZ, and 0.967 for aug-cc-pVTZ for the
A 2B,. (See the discussion above about the character of CsHsOH molecule and 0.970 for cc-pVDZ, 0.971 for aug-cc-
experimental excitation energies.) For the higher state® B pVvDZ, 0.971 for cc-pVTZ, and 0.971 for aug-cc-pVTZ for the
and C2B;, the CASPT2 method seems to be the most accurate CsDsOD molecule. For the CASSCF procedure, the analogous
with an average error of 0.3®.15 eV, whereas the error of factors are 0.915 (cc-pVDZ) and 0.917 (aug-cc-pVDZ) for
CASSCF and TDDFT can be as large as-03% eV. It is CeHsOH and 0.919 (cc-pVDZ) and 0.922 (aug-cc-pVDZ) for
interesting to mention here that by solving the ground-state CsDsOD. It would be very valuable to obtain some computa-
Kohn—Sham equations in each symmetry and/or spin subspacetional error estimates for the calculated vibrational frequencies
we have been able to obtain DFT vertical excitation energies of C¢HsO and GDsO in the A2B, state. To this end, we have
of similar (or even better) quality like from the corresponding compared the calculated scaled harmonic vibrational frequencies
TDDFT calculations. for the ground states of¢8lsOH, GDsOD, GsHs0, and GDsO

(c) Harmonic Vibrational Frequencies. Harmonic vibra- with the corresponding experimental data. The standard devia-
tional frequencies for the AB; state of GHsO calculated using  tions and maximal absolute deviations obtained with different
the CASSCF and DFT/UB3LYP methods are given in Table 4. computational procedures are presented in Table 6. The devia-
Analogous results computed fog@sO are presented in Table  tions for the CASSCF method are considerably larger than those
5. To analyze the change of vibrational frequencies upon the calculated using the DFT data. The smallest deviations are
A 2B, — X 2B, excitation, we have calculated also the harmonic obtained for the DFT/B3LYP method and the cc-pVTZ basis
vibrational frequencies for the ground state of phenoxyl radical. set. For the rest of this section, we analyze the vibrational
These results are presented in the Supporting Information (Tablespectrum of GHsO and GDsO in the A 2B, state using the
X1 for CgHsO and Table X2 for €DsO). Because both the  scaled DFT/B3LYP/cc-pVTZ harmonic frequencies given in
CASSCF and DFT harmonic vibrational frequencies have large Tables 4 and 5. Using the error estimates from Table 6, we
systematic errors, the computed frequencies have been scaledssume that a standard deviation from experiment of the
to ensure better correspondence to experiment. We have used aalculated frequencies is approximately 27-éror CeHsO and
single scaling factor for all type of vibrations. The scaling factors 23 cnt! for CsDsO and the maximal absolute error for the
for each basis set and for each employed method have beercalculated frequencies is not larger than 61 érfor CgHsO
computed separately using as a reference the well-knownand 62 cm?! for C¢DsO.
experimental frequencies of phetéP3The calculated CASSCF Most of the calculated frequencies for the?B, state have
and DFT frequencies of phenol together with the determined very similar values to the corresponding values obtained for
scaling factors are presented in Supporting Information (Tables the ground state. Although the frequency shift for some of the
P1, P2, P3, and P4). The scaling factors for a given method vibrational modes can be large, the overall change of zero-point
vary only slightly upon the change of basis set or isotope energy (ZPE) is only-25 cnt? for CsHsO and—40 cnt? for
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TABLE 6: Comparison of Accuracy of Scaled Harmonic Frequencies Calculated Using Various Computational Approaches for

the Ground State of Phenol and Phenoxyl Radicél

CASSCF DFT/B3LYP
cc-pvDz aug-cc-pvVDZ cc-pvDZz aug-cc-pvDZ cc-pvVTZ aug-cc-pVTZ
Ost Omax Ost Omax Ost Omax Ost Omax Ost Omax Ost Omax
CeHsOH 44 152 56 183 22 45 26 46 20 42 20 44
CsDsOD 38 139 48 164 16 35 19 45 13 43 14 42
CeHsO 46 117 51 136 31 60 34 63 27 61 28 61
CsDsO 41 119 47 142 24 62 26 64 23 62 24 65

a Standard deviations; and maximal absolute deviatiemax have been calculated using all known experimental fundamental frequencies (33 for
CsHsOH and GDsOD, 26 for GHsO, and 25 for GDsO). All values are given in cri.

CsDs0. Frequencies for 9 vibrational modes ofHzO and 11
vibrational modes of §DsO differ by more than 30 crt from

the corresponding frequencies of the ground state. Not surpris-
ingly, the largest change in harmonic frequencies is observed
for the vibrations involving the CO bond. Forl@s0O, mode

ve, corresponding to the CO stretch, is red-shifted by
167 cnml, modewso, corresponding to the in-plane CO bending,
is red-shifted by 73 cmt, and modev,, corresponding to the
out-of-plane CO bending, is blue-shifted by 38 ©mas

X 2B; — A 2B,. For GDsO, the corresponding values are 217,
65, and 37 cm?, respectively. Comparison of vibrational vectors

this situation does not permit an unambiguous classification of
the experimental findings as vertical or adiabatic excitation
energies. The AB, — X 2B; excitation causes substantial
geometry changes in the chinoid-like structure @fi§D in the
ground state. The molecular structure of théBA state can be
described as aromatic with an oxygen atom attached to it by a
single bond. The change of the CO bond order, from ap-
proximately double in XB; to approximately single in AB,,
introduces also a large change in harmonic frequencies for the
vibrational modes involving the CO bond. The largest change
is observed for the CO stretch 167 cnt? for C¢HsO and—217

shows that most modes may change substantially upon thecm! for CsDsO). The change of ZPE upon the?BR, — X 2B;

A 2B, — X 2B; excitation. For GHsO, we have found that only
four pairs of modesis andwvs, v9 andvio, v17 @anduig, anduas

and v,4) have mixing angle larger than 20Here, we assume
that the vibrational modes; and ¢; of the ground state span
approximately the same two-dimensional vector space like the
vibrational modes)' and ;" of the excited state. The mixing
angle is defined then as the angle between the vegtarsd v’

in this two-dimensional space. Forg@0, the mixing may
involve more than two modes and the situation is more
complicated. For example, the vibrational mageof A 2B,,
which is dominated by the CO stretch, is a mixturevgf vs,

and v, of X 2B; with the mixing angle betweens and vg' as
large as 46. The main reason of vibrational mode mixing is
large structural change of the aromatic ring and elongation of
the carbor-oxygen bond. Such a mixing is not necessarily

accompanied by a large change in harmonic frequencies. For

example, the mixing of»3 and vp4 upon the A?B, — X 2B;
excitation affectsvyz by only —21 cnt! and v.4 by only
+34 cnrL,

Conclusion

Accurate quantum chemical methods (CASPT2, DFT, TD-

excitation is much smaller25 cnt?! for CsHsO and—40 cntt

for C¢Ds0). The presented data show that théBy — X 2B;
excitation in GHsO has quite different characteristic than the
analogous transition obserfd’ recently in the phenylthiyl
radical (GHsS).
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