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Abstract The vertical absorption spectra of phenan-
threne and its radical cation have been studied theoret-
ically by means of a multiconfigurational second-order
perturbation approach. Singlet-singlet transition ener-
gies and oscillator strengths, and singlet—triplet excita-
tion energies have been studied in the absorption
spectrum of phenanthrene up to 6 eV. The absorption
spectrum of the phenanthrene radical cation has been
computed up to 3.4 eV. The results obtained confirm
previous assignments and also lead to new interpreta-
tions of the main features of the spectra of these systems.

Keywords: Absorption spectrum — Complete-active-
space second-order perturbation theory — Excited states

1 Introduction

Polycyclic aromatic hydrocarbons (PAH) are common
products of incomplete combustion processes of petro-
leum derivatives [1, 2]. Their radical ions were particularly
identified as reactive intermediates in soot formation [3].
Because of the high photostability of PAH, they are also
considered to be the most abundant free interstellar
organic molecules [4]. It has been suggested that a
substantial fraction of interstellar carbon may exist in
the form of PAH, which may be carriers of the visible,
diffuse interstellar absorption band ranging from 4000 A
into the near IR [5, 6]. Detailed knowledge of these
processes is important in order to understand the flux
of energy in interstellar space and the mechanisms of
interstellar chemical reactions. In life sciences PAH have

Contribution to the Bjon Roos Honorary Issue

Correspondence to: L. Serrano-Andrés

e-mail: luis.serrano@uv.es

Permanent address: M. P. Fiilscher,

Department of Clinical Chemistry,

Malmé University Hospital, 20502 Malmo, Sweden

been banned, especially because of their carcinogenic
activity [7, 8]. The detection of PAH abundance in
biological tissues, flames, atmospheric environments and
interstellar space has therefore become a crucial research
activity [9], using various spectroscopic methods. The
interpretation of the registered data rests on reliable
knowledge concerning the excitation energies and oscil-
lator strengths of the isolated molecules.

The optical spectrum of neutral phenanthrene has
been studied extensively in the gas phase [10, 11, 12], in
solution [13, 14, 15, 16, 17, 18], in the crystalline state
[19, 20, 21, 22], and in glass or polymer matrices [23, 24,
25, 26, 27]. The experimental techniques include one-
photon [10, 11, 23, 24, 25, 28] and two-photon [16, 26]
absorption spectroscopy, magnetic circular dichroism
(MCD) [29], and electron energy loss spectroscopy
(EELS) [19]. In addition, the triplet-triplet absorption
spectra [30, 31, 32, 33, 34, 35, 36] and the electron spin
resonance spectrum [37] of the lowest triplet states
have been reported. The spectroscopic data available
on phenanthrene radical cations have been obtained
from photoelectron spectroscopy and phenanthrene
suspended in matrices [25, 27, 38, 39, 40, 41].

The UV/vis optical absorption spectrum of neutral
phenanthrene in the gas phase and in solution was ex-
pected to have a structure similar to that of other acenes.
It is therefore common practice to label the low-lying
excited states according to Platt’s scheme [42]. In phen-
anthrene, the first band (3.5-3.8 eV), denoted 'Ly, is
extremely weak (e =200 cm~! M~! in cyclohexane),
short-axis polarized (z direction in Fig. 1), and has
a well-resolved vibrational structure. The next band in
energy ('L,) is also weak (e = 14000 cm~! M~!), but
long-axis polarized, and placed around 4.3 eV. A strong
band (e = 60000 cm~' M~!) with a maximum at about
5.0 eV is commonly believed as being related to two
transitions: the 'B, and 'B;, bands, short-axis and long-
axis polarized respectively. The B bands are so close to
each other that the weaker !By, band seems to be hidden
in ordinary absorption spectra. However, two transi-
tions are clearly observed in stretched-polymer sheets
[23], in the MCD spectrum [29], and in the two-photon



Fig. 1. Structure of the phenanthrene molecule

excitation spectrum of phenanthrene in ethanol [16]. The
strongest two-photon band is assigned to the !By (B,
symmetry) state, not seen directly in the UV spectrum.
The next highest region of the absorption spectrum,
around 5.7 eV, contains two medium intensity bands
(e = 23000 and 35000 cm~! M~ in ethanol), which have
transitions related to states of different symmetry. Eight
transitions to singlet states have been identified below
around 6 eV [11, 16, 19, 23, 29]. There are a number
of unassigned transitions, some of them hidden in the
optical spectrum. The situation is even more complex for
the singlet-triplet transitions, where the nature and
symmetry of the low-lying triplet state are still not
properly determined.

The two lowest bands in the photoelectron spectrum
of phenanthrene [39, 40, 41] are reported at 7.86 and
8.15 eV. Thus, the lowest-energy transition from the
1°B; ground state of the radical cation, lies in the IR
range, 0.29 eV, and it has not been measured in the
optical spectrum of phenanthrene radical cation
embedded in matrices [25, 27, 38]. At energies below
2 eV, the optical spectrum of the phenanthrene radical
cation is dominated by a strong absorption system
assigned to the 1°B; — 22A, transition, having a rich
vibrational structure. Furthermore, a weak absorption
band is observed at about 2 eV. At energies above 2 eV
four absorption band systems can be identified, with
the most intense transition located at about 2.9 eV in
the matrix spectrum. The observed vibrational energy
levels of all the band systems are basically independent
of the experimental technique and the environment,
which is not expected to largely perturb the geometry
of the states upon excitation.

Assignments and characterizations of the electronic
transitions in phenanthrene are almost exclusively
based on calculations employing Hiickel, Pariser—Parr—
Pople (PPP)-SCF, AM1 or CNDO/S molecular orbital
(MO) theories [13, 19, 27, 29, 31, 43, 44, 45, 406, 47, 48,
49]. Although these studies led to qualitative interpre-
tations of the absorption spectra, they do not provide a
conclusive rationalization of the electronic spectrum of
phenanthrene. A quantitative prediction of the elec-
tronic spectra of conjugated systems requires ab initio
methods taking into account electron correlation. To
the authors’ best knowledge there exists only one paper
reporting applications of ab initio methods to study the
electronic absorption spectrum of phenanthrene radical
cation [50], but there the results had to be corrected by
a redshift of 0.4 eV to obtain a proper interpretation of
the spectrum.
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The present study has been undertaken in order to
provide an improved theoretical description of the
electronic spectra of phenanthrene and its radical cat-
ion. In this paper, we present an ab initio study of the
electronic transitions of phenanthrene and the phen-
anthrene radical cation in order to give quantitative
reliable vertical excitation energies for the main valence
states. In phenanthrene, up to 12 singlet and 12 triplet
vertically excited valence states have been character-
ized. Eight doublet states of the radical cation (up to an
energy of 3 eV) have been computed. The spectroscopic
study was performed within the framework of multi-
configurational second order perturbation theory
[51, 52], the so-called CASSCF/CASPT?2 approach. The
suitability of the CASSCF/CASPT2 method in com-
puting differential correlation effects, especially for
excitation energies, has been illustrated in a number of
earlier applications [53, 54, 55].

2 Methods

The geometries of phenanthrene and its radical cation were
optimized at the B3LYP/6-31G* level of theory. All calculations
were carried out within C,, symmetry. The molecule was placed in
the yz plane with the twofold symmetry axis of the molecule along
the z-axis. To characterize the excited states we used a multi-
configurational second-order perturbation theory, the CASPT2
method [51, 52]. The CASSCF procedure determines the multi-
configurational reference function employed in the perturbational
treatment. The CASSCF/CASPT2 calculations used generally
contracted basis sets of atomic natural orbital type. They were
obtained from C(10s6p3d)/H(7s) primitive sets [56] by employing
the contraction scheme C[3s2pld]/H[2s]. To calculate the excita-
tion energy of the lowest Rydberg state in the phenanthrene
neutral molecule, the basis set was supplemented with two s-type
and two p-type diffuse function (see exponents in Refs. [57, 58])
placed at the charge centroid of the molecule. The MOs of the
excited states were obtained from state-average CASSCF
calculations, where the averaging includes all states of interest
of a given symmetry. The natural choice for the active space in
phenanthrene is 14 valence © orbitals with 14 active electrons. To
compute the Rydberg state, the active space must be extended to
include the 3s Rydberg orbital. Full configuration interaction
expansions of 14 electrons in 15 active orbitals are at the limit of
the current implementation of the CASSCF method. Therefore, a
reduction of the active space for the study of the electronic
spectrum was performed. The n space was reduced to 12 orbitals
by taking out one virtual orbital of each symmetry. The active
space is denoted (14/0606), where the first entry gives the number
of active electrons and the following entries indicate the number
of active orbitals in each of the four irreducible representations
(a1,b1,b2,a2) of the Cy, symmetry point group. An active space
(14/1606) was employed to compute the 1'B;(3s) Rydberg state.
In the phenanthrene radical cation calculations an active space
(13/0707) was employed. All calculations were referred to the
corresponding ground state computed with the equivalent active
space. A level shift corrected perturbation theory [53, 54] was
introduced to handle intruder states weakly interacting with the
CASSCF reference function. An extensive test of this approach
for spectroscopic applications is available in the literature [59]. A
level shift of 0.3 au was applied in the neutral system. The dipole
transition moment was computed by using the CASSCF state
interaction method, which enables the efficient calculation of the
transition properties for nonorthogonal state functions [60, 61].
Energy differences corrected by CASPT2 correlation energies
were used in the oscillator strength formula. Calculations were
performed using Gaussian94 [64] and MOLCAS-4 quantum
chemistry software [63].
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3 Results and discussion
3.1 The singlet—singlet spectrum of neutral phenanthrene

In order to get a better understanding of the most
important features of the electronic spectrum of phen-
anthrene, an analysis of the MO distribution can be
helpful. The orbital energy levels close to the highest
occupied 71 MO, HOMO (H), and lowest unoccupied 7*
MO, LUMO (L), calculated at the SCF level (canonical
MOs) are depicted in Fig. 2. The low-lying electronic
spectrum of neutral phenanthrene is determined to a
large extent by the five highest occupied orbitals and the
four lowest unoccupied orbitals. These are separated by
more than 1.8 eV from the rest. The calculations place
the two highest occupied MOs (H, H-1), of b; and a,
symmetry, respectively, close in energy (0.32 ¢V). The
two lowest unoccupied orbitals (L,L+1) of a, and
b; symmetry, respectively, are nearly degenerate, with a
splitting of 0.03 eV. These four orbitals are involved in
the main configurations of the excited states of phenan-
threne. The remaining valence antibonding n* orbitals
have a pronounced energy separation with respect to
these orbitals, more than 1 eV. Because of the structure
of the MOs, a number of electronic transition energies
are expected to be found in a narrow region. In spite of
its qualitative character, the MO distribution obtained at
the SCF level represents a useful tool for the interpre-
tation of the findings obtained by using more advanced
(and complex) wave functions.

The main contributions to the CASSCF wave func-
tions calculated for the valence singlet states of phen-
anthrene are compiled in Table 1. The configurations
with coefficients larger than 0.05 have been classified in
three groups, according to the number of replacements
(single, double, triple) with respect to the main config-
uration of the ground state. The number of configura-
tions and the weights for each group are reported on the
right-hand side of the table. Only configurations with a
weight larger than 10% are listed. In order to simplify
the notation, they are described as electronic excitations
from the main configuration of the ground state.

The results obtained by means of the CASSCEF/
CASPT?2 procedure are collected in Table 2. The first
column identifies the excited states of phenanthrene. The
second and third columns report the vertical excitation
energies computed at the CASSCF and CASPT?2 levels,
respectively. The differences between the two energies
are a measure of the contribution of the differential
dynamic correlation contributions to the energy of the
states. The available experimental data are listed in
the fourth column. Finally, the calculated oscillator
strengths as well as the experimental values for the
extinction coefficient are compiled.

The lowest-lying singlet excited state of phenanthrene
has 'A; symmetry. The CASSCF wave function is
dominated by the 3a; — 4a; and 4b; — 5b; one-electron
configurations (see Table 1). In terms of the one-electron
levels (see Fig. 1) they correspond to the promotions H-
1—L and H— L+ 1. The computed CASPT2 vertical
excitation energy is 3.42 eV. The maximum of this very

weak band has been found near 3.7 eV in the gas phase
[10, 11, 12], at 3.63 eV in neon and argon matrices [25,
26], and at 3.5-3.6 ¢V in solution [14, 15, 16]. This
transition corresponds to the lowest-energy band in the
UV spectrum, and it is a short-axis polarized band with
low intensity, but with a well resolved 0-0 transition. The
band shows rich vibrational structure and most of the
vibrations involved are totally symmetric [16]. It is
assigned to the symmetry-allowed, pairing-forbidden
transition 1'A7 —2'A7, labeled 'Ly. In phenanthrene,
as in other acenes and related compounds [57, 64, 65],
the integrated oscillator strength of this band obtained
from the solution spectrum is quite small, approximately
0.003 [13, 29]. Other calculations performed with semi-
empirical methods confirm the assignment. While the
PPP method [44] reports an excitation energy of 3.35 eV,
similar to that obtained by CASPT2, the CNDO/S
studies [16, 19, 66] tended to overestimate the excitation
values.

The next two lowest-lying singlet excited states, 1'B,
and 2!B,, are involved in the description of the second-
energy band observed experimentally between 4.1 and
4.5 eV. These states have singly excited character, with a
total weight of single excited configurations larger than
75%. The nature of the 1!B, state, with clear multi-
configurational character, is complex. Five configura-
tions participate in the composition of the wave function
by more than 10%. On the other hand, in the description
of the CASSCF 2!B, state wave function, there is one
predominant configuration, 4b; — 4a; (39%), corre-
sponding to the H— L promotion. When comparing
this wave function with those of other acenes [42, 57, 64,
65], the 2'B, transition can be clearly related to Platt’s
'L, band. The presence of two states of the same
symmetry at very similar energies, computed 4.26 and
4.37 eV, is a consequence of the near degeneracy of the
LUMO and LUMO+ 1 MOs. In this region, only one
transition can be identified in the one-photon absorption
spectrum of phenanthrene [10, 11, 16, 19, 29] and was
assigned as an excitation from the ground state to a 'B,
state, with a band origin reported at 4.24 eV in ethanol
[16], hexane [15], and in two-photon [16] and EELS [19]
spectra, and a maximum placed at 4.31 eV in argon
matrices [26] and at 4.36 eV in the gas phase [10] and
neon matrices [25]. The CASPT2 energies for the 1'B,
and 2!'B, transitions are 4.26 and 4.37 eV, with oscillator
strengths 0.000 and 0.038, respectively. Clearly, the
optically intense transition corresponds to the 2! B, state,
computed at 4.37 eV. Considering the composition of
the CASSCF wave function, this is Platt’s 'L, band. The
location of the other 'B, state seems more problematic.
Several semiempirical PPP calculations [28, 43] already
predicted the presence of a second transition to a 'B,
state, first observed in 1,10-phenanthroline [28]. In the
MCD [29] and two-photon spectra [16] a second 'B,
transition was reported in the energy range 4.4-4.6 eV.
On the other hand, Salama et al. [25] detected a band
origin at 4.53 eV in the neon matrix spectrum and this
was attributed to a new 'B, transition. The CASPT?2
result places the transition to the 1'B, state below
(vertically) the 2'B, ('L,) intense transition only
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by 0.11 eV. It is no doubt that both transitions overlap
in the same group of bands, but their relative position
is difficult to establish. The transition to the 1'B, state
is very weak, both in the one-photon and in the
two-photon spectra [16]. It is possible that it remains
undetected and that the features observed near
4.4-4.5 eV are simply progressions of the more intense
2!B, transition.

The 3'A;, 3'B,, and 4' A, excited states, are involved
in the description of the third band of the observed one-
photon spectrum [10, 11, 15, 25, 29] between 4.7 and
5.2 eV. It is clear that the transition from the ground
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Fig. 2. Most relevant © canonical Molecular
orbitals self-consistent-field orbital energies
computed with the atomic natural orbital
type C [3s2pld]/H [2s] basis set for the
phenanthrene molecule

state to the 3'B, state, computed at the CASPT2 level at
4.81 eV with oscillator strength 1.218, corresponds to
the most intense feature of the spectrum. The wave
function of this state is dominated by the H-1—-L+1
excitation, which clearly leads to assigns the related
transition as Platt’s !B, band. This transition was
erroneously coined as !By [13]. The band maximum has
been reported at 4.88 eV in solution [14], at 4.95 eV in
hexane and ethanol [15, 16], at 5.00 eV in argon
matrices [26], at 5.10 eV in neon matrices [25], and at
5.19 eV in the gas phase [11]. In the low-energy tail of
the band another transition is assigned to the 3'A; state
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Table 1. Complete-active-space

self-consistent-field (CASSCF) State Configuration®® w/% No. conf. (weight)*
wave function for the computed
singlet states of neutral S D T
phenanthrene. Configurations A (Lb 3 4 3 2(1% 16(9%
contributing with a coefficient 1(Lb) §4Z2;_)ESZZ§ 36 (1%) ©%)
. . ; 1)—(50
larger than 0.05 have been 1'B, (Gaz)—(5by) 14 7(75%) 15(6%)
(2az)—(5b1) 20
(3az)—(6b1) 10
(4b))—(4ar) 15
(3b1)—(4a) 10
21By('Ly) (3az)—(5h1) 14 8(78%) 9(4%)
(3az)—(6b1) 11
(4b1)—(4az) 39
1A, 2ar)—(4as) 34 21(54%) 11(25%)
(4b1)—(6b1) 12
(4b1)* —(6b1)? 13
31B,(B,) (ar)—(5h1) 52 6(78%) 8(5%) 5(2%)
(4b1)—(4az) 23
4'A,('By) (Gar)—(4as) 35 7(75%) 17(8%) 2(1%)
(4h1)—(5h1) 35
4'B, (4h1)—(5a) 10 11(49%) 19(28%)
(2b1)—(4a2) 10
(3b1)—(4a2) 13
5'A, Gaz)—(5a2) 14 8(48%) 21(31%)
4 Number, type [single (S), (3b1)—(5b1) 30
dopble (D), triple (T)]_ anq Ban)* —(5b1)? 20
weight (%) of the excitations 6'A, (2b1)—(5by) 21 11(36%) 26(31%) 1(1%)
Main configurations displayed ~ sig, (2b1)—(4ar) 19 9(51%) 20(28%)
(>10%) (3b1)—(4a) 15
3a; (HOMO-1), 4b; (HOMO). 41, (2a2)—(5b1) 2 9(57%) 19(22%) 1(1%)

4a> (LUMO), 5b; (LUMO+ 1)

Table 2. Computed vertical excitation energies (eV), oscillator strengths £, and experimental data for the singlet—singlet transitions of neutral

phenanthrene
State Excitation energies &

CASSCF CASPT2 Experimental
2'A('Ly) 4.25 342 3.51°, 3.58%4, 3.63°f, 3.68¢2 0.000 (250)°
1'B, 5.68 4.26 4.4-4.6M, 4.53°, 4.59f 0.000
2By ('L,) 6.14 4.37 4.09°, 4.24°4hi 4, 31F 4.36°¢ 0.038(14800)°
31A, 6.36 4.56 4.84%, 4.641, 470", 4.73¢ 0.268
3‘Bz(1Ba) 6.94 4.81 4.88%, 4.95%4 500", 5.10¢, 5.19¢ 1.218(67000)°
4‘A1(1Bb) 6.57 5.00 5.02" 0.011
1'B;(3s) 5.23 5.42 0.002
4'B, 7.22 5.49 5.41¢ 0.003
STA, 6.81 5.75 5.60" 0.000
6'A 7.14 5.75 5.63°, 5.681, 5.74 0.012(23000)¢
5'B, 7.56 5.78 0.005
6'B, 8.18 5.92 5.78¢, 5.86P¢i, 5.98f 0.333(35000)°

# Computed values. Experimental molar extinction coefficients
(cm~'M~1) in parentheses
b Solution absorption spectrum [14]

¢ Absorption spectrum in ethanol. 0-0 transition [16]
4 Absorption spectrum in hexane [15] and cyclohexane [18]

" Absorption spectrum in argon matrices [26]

¢ Gas-phase absorption spectrum [10, 11, 12]
" Two-photon absorption spectrum [16]
' Magnetic circular dichroism spectrum [29]

¢ Absorption spectrum in neon matrices [25]

at 4.56 eV with oscillator strength 0.268. This band was
not reported in the optical spectrum, but it has been
described in stretched-polymer [23, 28] and in the MCD
[29] phenanthrene spectra at 4.75 and 4.64 eV, respec-
tively. Dick and Hohlneicher [16] observed a strong
two-photon absorption to a 'A; state at 4.70 eV. In
view of these results, Salama et al. [25] attributed to this

J Electron- energy- loss spectrum [19]

transition the progressions detected at 4.73 e¢V. The
largest contributions to the CASSCF wave function
derive from the H-2—L and H—L +2 excitations, and
include the important participation of doubly excited
configurations. It indicates that the 3'A; state does not
match with the !By state in Platt’s scheme. In contrast,
the 4! A, state has a CASSCF wave function with a clear



mixture (35% each) of the H-1-L and H—L+1
configurations, in agreement with the character of the
By state. Here too, the near degeneracy of the L and
L+1 orbitals is responsible for the presence of two
states of similar excitation energy. The 4' A, transition is
predicted to peak at 5.00 eV with oscillator strength
0.011. Two-photon spectroscopy [16] is the only exper-
imental technique which has been able to detect a
transition on the high-energy side of the intense 3'B,
band. The clear feature observed at 5.02 eV can be
assigned to the CASPT2 4'A; transition.

Comparing the low-lying spectrum of phenanthrene
with spectra from other acenes, such as naphthalene [57]
or anthracene [67], several differences can be noted. The
set of Platt’s bands 'Ly, 'L,, 'B,, and !By, appear at
4.03 (0.00), 4.56 (0.05), 5.54 (1.34), and 5.93 eV (0.31),
respectively, in naphthalene [57] (oscillator strengths
within parentheses). In phenanthrene, where the system
is enlarged, there is a general decrease of the excitation
energies, although the ratio among the intensities is quite
similar, except for the !By, band in phenanthrene, where
the relative intensity decreases. The structure of the
spectrum in anthracene is different. The bands are
computed [67] at a multiconfigurational perturbation
level at 3.23 (0.00), 3.40 (0.08), 5.67 (0.14), and 4.77 eV
(1.94), respectively. The main differences observed with
respect to phenanthrene is the change in the energy and
intensity order in the 'B, and 'By, bands. The states are
much more separated in anthracene and there is no near
degeneracy in the orbital energies of the H, H+1 or
L, L+ 2 orbitals.

Most of the spectra of phenanthrene were registered
in condensed phases, where Rydberg transitions are
not present or highly perturbed. The low-lying Ryd-
berg transition (HOMO— 3s) is here predicted at
5.42 eV, with a computed oscillator strength of 0.002.
Close to it, the transition to the 4'B, state is obtained
at 5.49 eV with a similar oscillator strength. This band
will most probably be hidden on the high-energy side
of the 3'B, band or the low-energy tail of higher
bands. A band has been reported with an origin at
5.41 eV in the neon matrix spectrum [25]. Most prob-
ably it can be assigned to the valence 4!B, transition
instead of to a Rydberg feature, which is expected to
be perturbed in the matrix.

The next band in energy in the optical spectrum of
neutral phenanthrene has two clear components identi-
fied in the EELS spectrum at 5.68 and 5.86 ¢V [19].
Similar peaks were described in the optical spectrum in
ethanol, 5.63 and 5.86 eV [16], in increasing order of
intensity. Only one transition at 5.78 ¢V 1is, however,
reported in the neon matrix spectrum [25]. Four excited
singlet states can be related to this set of bands: 5'A;,
6'A;, 5'B, , and 6'B,, with excitation energies computed
at 5.75, 5.75, 5.78, and 5.92 eV, respectively. The
1'A; — 6'A; and 1'A| — 6'B, excitations carry most
of the intensity, mainly the latter, computed with an
oscillator strength of 0.333. These two transitions can be
clearly assigned to the bands observed in the one-photon
spectra (see Table 2). Dick and Hohlneicher [16] also
identified an intense 'A; transition in the two-photon
spectrum at 5.60 eV. In order to fulfill the mutually
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exclusive pairing selection rules, we assign this two-
photon intense transition to the 5'A; state computed at
5.75 eV, and it is practically forbidden in the one-photon
spectrum. The corresponding CASSCF wave function of
the 5'A; state has large contributions of doubly excited
configurations.

Previous semiempirical calculations on the absorp-
tion spectrum of neutral phenanthrene gave contradic-
tory pictures. PPP calculations [44] produced results
similar to those obtained at the CASPT?2 level (with clear
disagreements in the assignments). In contrast, CNDO/S
results [1] overestimate the excitation energies, and they
show a marked dependency on the different selected
configuration interaction expansions.

3.2 The singlet—triplet spectrum of neutral phenanthrene

The location and nature of the lowest-lying triplet state
in phenanthrene are well known. The transition in the
phosphorescence spectrum of phenanthrene appears
at 2.69 eV diethyl ester—isopentane—ethanol (EPA) in
(0-0), at 2.65 eV in biphenyl [10, 20], and at 2.70 eV in
the EELS spectrum [19]. The CASPT2 excitation energy
of the 1°B, (T)) state is 2.66 eV, in agreement with
experimental evidence. There have been several attempts
to locate higher triplet states. No conclusive assignments
have been obtained, however [19]. In particular, the
position and nature of the second triplet state are still in
debate [19, 68]. The second and third triplet states have
been observed by EELS spectroscopy at 3.04 and
3.45 eV [19]. In accordance with our computed results
we assign the two EELS peaks to the 2°B, and 13A;
states, computed at 3.24 and 3.30 eV.

The assignment of higher triplet states [19] is based
on a comparison of calculated triplet energies and
intensities from the triplet—triplet absorption spectrum
[30, 31, 69, 70]. Only the symmetry of the triplet state
at 5.23 eV is well characterized. The triplet—triplet
transition found from T; at 2.55 eV is strong enough
to measure its polarization [69] and to determine the
3A; symmetry of the final state. Other measurements
of the triplet—triplet spectra of phenanthrene in rigid
glasses [30, 31] reported excited triplet states at 4.19,
4.38, 4.58, and 4.76 eV. The effect of solvent on the
more intense transitions of the triplet—triplet electronic
transitions of phenanthrene was analyzed by Del
Barrio et al. [70]. A shift of 0.17 eV to the red is
obtained in a polar solvent such as ethanol with
respect to the gas-phase datum. Our assignment of
higher triplet states (Table 3) is based on the calculated
triplet energies from triplet—triplet absorption spectra
[30, 31, 70]. The assignment of the 53A; state as being
responsible of an intense transition in the triplet—triplet
spectrum seems clear. The computed energy value at
5.46 eV agrees with the transition located in the gas
phase at 5.40 eV [31], and in ethanol at 5.23 eV [70].
Moreover, the symmetry of the state, A, correlates
with that determinated from the polarization
measurements [69]. The 6°A; state has a computed
energy of 5.55 eV, in agreement with the experimental
data (Table 3).
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3.3 The absorption spectrum of phenanthrene radical
cation

The lowest bands in the photoelectron spectrum of
phenanthrene [39] have been reported at 7.86, 8.15, 9.28,
9.89, and 10.59 eV. At the neutral molecule geometry,
the ground state of the radical cation has >B; symmetry.
The low-lying transition of the cation lies then in the IR
range, at 0.29 eV from the 1°B; ground state. Three
more transitions, placed at 1.42, 2.03, and 2.73 eV, can
therefore be deduced from the photoelectron spectrum
[39]. The low-lying transition in the IR spectrum was not
reported in the optical absorption spectrum of phenan-
threne in a neon matrix [25] or in a boric acid glass [27].
Six band systems were recorded in the range 1.38-
3.59 eV. Those at 1.4 and 2.9 eV are the most intense
ones. There are large discrepancies between theoretical
and experimental oscillator strengths for the phenan-
threne radical cation. Both semiempirical and ab initio
values [41, 50] are 3 or 4 orders of magnitude higher than
those measured in matrices by Salama et al. [25], who
suggested a revision of the theoretical results. Recently,
Bréchignac and Pino [71] designed a new model to
estimate cross-sections, and therefore oscillator strength
values, from direct measurements in the matrix. The
1°B; —2%A, transition in the absorption spectrum of the
phenanthrene radical cation in an argon matrix was
measured with an oscillator strength of 0.15+0.05 [71].
This value, although approximate, is considered to be
more realistic than the small value estimated by Salama
et al. [25] and it is closely related to the values obtained
by the theoretical methods. Our results also support the
most recent estimations. The finding that the oscillator
strengths of the electronic transitions in PAH cations
can have relatively large values is important in the
discussion of the role of PAH as carriers of the diffuse
absorption in interstellar media [71]. Otherwise, an
unrealistic abundance of PAH will be required.

Table 3. Computed vertical singlet—triplet excitation energies (eV)
and experimental data of neutral phenanthrene

State Excitation energies
CASSCF CASPT2 Experimental
1°B, 3.53 2.66 2.70%, 2.65°
23B, 4.33 3.24 3.04%
1PA; 4.39 3.30 3.452
23A, 4.87 3.80
3BA 5.83 4.02
3B, 5.33 4.07 4.19¢
A 5.43 4.32 4.38¢
4’B, 5.87 4.66 4.58¢
5B, 6.97 4.92 4.76°
6°B, 6.78 4.93
53A 7.32 5.46 5.409, 5.23¢
6°Al 7.03 5.55 5.574, 5.41¢

4 Electron energy loss spectrum [19]

® Phosphorescence spectrum [10, 20]

¢ From triplet—triplet absorption in rigid glasses [30, 31]
4 From triplet-triplet absorption in the vapor [70]

¢ From triplet—triplet absorption in ethanol [70]

To assign the experimentally observed band maxima
we report calculations of the excited states of the phen-
anthrene radical cation both at the geometry of the
neutral molecule and at the optimized geometry of
the cation. It is assumed that the data obtained from the
photoelectron spectra better correspond to the transition
energies computed at the neutral geometry (hereafter
NEU), while the values reported in the neon matrix
spectrum match the transitions computed at the radical
cation ground-state geometry (hereafter CAT). The
results are compiled in Table 4.

The transition from the 12B; to the 12A, state was
computed at the CASPT2 level at 0.27 and 0.57 eV at
the NEU and CAT geometries, respectively, both with
very small oscillator strengths. This transition, which lies
in the IR range, corresponds to the lowest energy
difference found between the two lowest bands of the
photoelectron spectrum of phenanthrene [39], 0.29 eV,
and matches the computed lowest-lying transition to the
1?A, state at 0.27 eV using the neutral phenanthrene
geometry (NEU). The second computed transition to the
22A, state at 1.22 (NEU) and 1.39 eV (CAT) has larger
oscillator strengths at both geometries: 0.079 (NEU) and
0.068 (CAT). The photoelectron [39] and the neon and
boric acid glass matrix spectra [25, 27] report a transition
at 1.42 and 1.38 eV, respectively.

We found a number of excited states with energies
higher than 2 eV. We assigned the two features of the
photoelectron spectra [39] at 2.03 and 2.73 eV to the 2°B;
and 3B, states, respectively. Focusing on the data ob-
tained in a neon matrix a transition is reported at 1.95 eV
[25], corresponding to the excitation to the 2’B; state
with a small oscillator strength, 0.002. This is probably
the reason why it is not observed in the boric acid glass
spectrum [27]. The remaining computed transitions are
observed both in the neon matrix [25] and in the boric
acid glass [27] spectrum, with similar values. The most
intense band is predicted to correspond to the 3?A, state
at 2.86 eV, computed at the cation geometry. At the
neutral molecule geometry the most intense transition
corresponds to the 4°A, state, at 3.13 eV. The results
computed by Niederalt et al. [50] at the MRDCI level,
including a general correction (redshift) of 0.4 eV, agree
in general with our results both in energy and intensity.
These authors computed, however, the transitions to
both 4°A, and 4°B; as being degenerate at 3.96 eV. This
is not found in the experimental spectra and can be ruled
out in view of the present results, where the two states are
predicted to be spaced by about 0.2 eV (Table 4).

4 Summary

We have presented an ab initio study of the electronic
spectra of phenanthrene and its radical cation. The study
was performed using multiconfigurational second-order
perturbation theory, the so-called CASSCF/CASPT2
method. To our knowledge, this is the first ab initio study
of the neutral phenanthrene spectrum. This is a molecule
that has received a lot of attention from the experimental
side. Optical absorption, one-photon and two-photon
spectroscopies in different media, MCD, and EELS
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Table 4. Computed vertical ex-

citation energies (eV), oscillator State Neutral geometry Cation geometry
(Sit,;gl gfé};st/;eaélsu%)lcst(irérélsglt;l Excitation energies f Excitation energies f Experimental
g‘ﬁfl‘%ﬁilgﬁtlgegﬁ‘f;?l‘;hg}“e CASSCF  CASPT2 CASSCF  CASPT2 Photo®  Absorption
both neutral phenanthrene and )
the radical cation were used I'B,
12A, 0.12 0.27 0.0001 0.55 0.57 0.0004 0.29
22A, 1.42 1.22 0.079 1.64 1.39 0.068 1.42 1.38b¢
a 2?B,; 2.02 1.82 0.001 2.36 2.03 0.002 2.03 1.95¢
, Photoelectron spectrum [39]  32B;,  2.80 2.49 0.036  2.94 2.56 0.028  2.73 2.55P 2 63¢
Absorptlon spectrum in boric 32A, 3.65 3.12 0.011 3.59 2.86 0.187 2.87°2.91¢
acid glasses matrices [27] 4B, 415 3.37 0.049  4.17 3.14 0.056 3.07°,3.13¢
Abgorptlon spectrum in neon 42A, 391 3.13 0.129 3.95 3.32 0.049 3.53%,3.59¢
matrices [25]
spectroscopies have been used to find the basic structure 3. Frenklach M, Warnatz J (1987) Combust Sci Technol 51: 265
of the spectrum. The assignment of the bands is difficult. 4. Salama F, Allamandola LJ (1992) Nature 358: 42
Several of the !B, transitions are too weak to be observed 5. Salama F, Bakes ELO, Allamandola LJ, Ticlens AG (1996)
. . . . Astrophys J 458: 621
in the optical spectrum, while they are observed in the 6. Salama F, Galazutdinov GA, Krelowski J, Allamandola LJ
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