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Theoretical Analysis of the Electronic Spectra of Benzaldehyde
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The electronic spectrum of benzaldehyde has been studied by using multiconfigurational second-order
perturbation theory through the multistate extension (MS-CASPT2)nfihd A" state, placed vertically at

3.71 eV, is assigned to the lowest band. Th&'1— 2'A" and A’ — 3'A’ transitions, ofzz* nature, located

at 4.33 and 4.89 eV, are responsible for the second- and third-energy bands, respectively. The most intense
feature involves the ' and BA' zr* excited states, calculated to be 5.98 and 6.23 eV above the ground
state. In addition, excited states corresponding to the low-lying Rydberg series are related to the available
experimental data. Geometry optimizations for the ground state and low-lying excited states wfaiid

mzr* characters have been carried out at the CASSCF level. The relative ordering of thenaweastd szz*

triplet states varies depending on the geometry employed. Furthermorey(ith&)&nd T,(wzr*) potential
hypersurfaces are found to intersect upon relaxation,ipi®viding a possible explanation for the efficient
singlet-triplet intersystem crossing occurring in benzaldehyde.

1. Introduction has been investigated under jet-cooled conditions as'Vetle
strongest absorption band system with its maximum around 6.4

characterization of the electronic spectra of monosubstituted eV has not been investigated in detail. Whether its intensity

benzenes, we have recently analyzed the low-lying excited statesOMesS mainly fr_o_m one or several electronic transitions stil
of styrene, the simplest aryl olefi? Presented in this paper heeds to be clarified.
are the results from a parallel investigation carried out on Benzaldehyde, like other aromatic carbonyl compounds, ex-
benzaldehyde, the simplest aromatic carbonyl compound whichhibits strong phosphorescence in the gas phase and has been
is isoelectronic to styrene. To the best of our knowledge, there Used as a triplet energy donor (see, e.g., Berger’gtidbwever,
are no high-level ab initio results available on benzaldehyde. the triplet manifold has not been as well characterized as the
We believe that the results here reported can yield new light singlet. Only thenz* triplet state has been measured in the gas
on the interesting and complex photochemistry of the system. Phase. Great efforts have been devoted to determine the loca-
The Spectroscopy of benzajdehyde has been extensive|yti0n of the lowestzz* triplet state relative to the lowestz*
studied experimentally. An excellent review of its vapor phase triplet state**~13 The relative location depends on the environ-
spectroscopy can be found in the 1996 paper of Silva and ment and solvent perturbatiéh.The band origin of T(nz*)
Reilly.2 As might be expected, the electronic spectra of has been measured at 3.12 eV from the phosphorescence
benzaldehyde and styrene are quite similar, except for the €xcitation spectrum of isolated benzaldehydedn-ST region,
presence of anz* state in the former. The vacuum ultraviolet below the $ origin.** It is consistent with the corresponding
spectra of benzaldehyde are known since long“a§d=our band origin observed in the phosphorescence specfrtfm.
bands have been recorded in the low-energy region of the one-Experimental evidence also gives support to the presence of a
photon electronic spectrum in increasing order of intensities and second triplet state, possibly aft* character, somewhat above
excitation energies. The benzaldehyde>Si(n7*) weak band T1(nz*) but close to it. As discussed below, it is confirmed by
shows a well-resolved structure in the room-temperature vaporthe present results.
spectrum. The most intense feature of this band at 3.34 eV has Despite the importance of the system, only a few theoretical
been established as the oridifi.The remaining bands are studies have been previously performed on benzaldehyde. The
assumed to be ofz* character. The maximum of the second- vertical excitation energies have been computed at the semiem-
energy band appears at 4.51 eV with an oscillator strength of pirical levef-17-18and the adiabatic transitions at the CIS leVel.
0.02. The maximum of the third-energy band is located at 5.34 The current study includes electron correlation effects, from first
eV with an oscillator strength of 0.26. The fourth band of the principles, using the multiconfigurational second-order perturba-
absorption spectrum corresponds to a broad and intense systertion theory CASPTZ2?20 taking into account the indirect
with a maximum around 6.36 eV and a total oscillator strength interaction of the states within the framework of the multistate
value for the overlapped bands of £.After excitation to the CASPT2 (MS-CASPT2) algorithif. The successful perfor-
S,(77*) state, benzaldehyde is decomposed into benzene andmance of the CASPT2 method in computing differential
carbon monoxidé.The $ — S, band origin has been observed correlation effects for excitation energies has been illustrated
at 4.36 eV in the jet-cooled spectriiThe third-energy band  in a number of earlier applicatiod$:2* The MS-CASPT2
: results for both vertical and nonvertical electronic transitions
e om0 e provide a more compete picture for a beter understanding of
3156. the spectroscopic behavior of benzaldehyde on theoretical
T E-mail: Vincent.Molina@uv.es. grounds and make possible confident assignments. They serve

Within an on going project dealing with the theoretical
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TABLE 1: Details of the CASSCF Wave Functions Employed for the Computation of the Considered Valence and Rydberg
Excited States of Benzaldehyde.

state orbitals 'a orbitals & P no. electrons no conf.d Nstate
A () 0 8 8 1764 8
A () 0 8 8 2352 1
A" (n— ) 1 8 10 2352 1
3A"(n— ") 1 8 10 3696 1
A'(7r — 3Py, 3d, 3d,) 0 11 8 32670 10
A" (n— 3p;, 3d, 3d,,) 1 11 10 76 230 6
A" (7 — 35 3Py, 30, 3dky, 3de-y2, 3d2) 9 4 4 1140 9
A'(n— 35 3P, 30, 30k, 3de_2, 3d2) 10 4 6 20 925 9

aNumber of active orbitals of @ymmetry.? Number of active orbitals of ‘asymmetry.c Number of active electrong.Number of configurations
in the CASSCF wave function8 States included in the average CASSCF calculations.

: : ; ) TABLE 2: Equilibrium Geometries for the Ground and
both to complement the earlier studies and to bring a firm Low-lying z* and nar* Singlet and Triplet Excited States

foundation for a theoretical elucidation of the photochemistry optimized at the CASSCF Level Employing the ANO

of benzaldehyde. Two main issues have been addressed. HovwC,0[3s2p1d]/H[2s] Basis Set.

many electronic transitions are responsible for each of the parameter 1)A(GS)  PA” 1A TIA" P
observed absorption bands, and key to characterize the triplet

: : : r(C,0 1.204 1.343 1.231 1.354 1.214
m_amfold, what about the relative location of the two lowest r§cic2)) 1485 1406 1427 1395 1455
triplet states? _ _ _ F(C:Ca) 1.403 1423 1485 1429 1438

The paper is organized as follows. Computational details are r(c,c,) 1.397 1.425 1.469 1.431 1.442
described in the next section. After that, the equilibrium geom- r(CsCs) 1.393 1.390 1.362 1.388 1.437
etries of the ground and low-lying excited states are presented. :ggtgeg i-igg i-zgg 1-43“512 1-4313‘51 i-igg

H H x 57 . . . . .
Results and analysis on the computed singditglet and f(CeCn 1395 1406 1465 1409 1427

singlet-triplet al_)sorption spectra a_neLO transi_tions are sub_— CiHy) 1.100 1081 1.096 1081 1.099
§equently conS|dereq, together with comparisons to previous [j(c,C,0) 124.6 122.4 123.7 1225 124.4
findings. Our conclusions and answers to the questions arising 0(C,C,C;) 121.0 122.0 121.2 122.1 121.3
from the discussion above are summarized in the last section. U(C.CiH1)  115.5 124.6 117.0 124.5 115.8

. . 2 Bond distances in angstroms and angles in degrees (see Figure 1
2. Methods and Computational Details for atom numbering)® CASPT2 optimized bond distance, 1.232 A.

Generally contracted basis sets of atomic natural orbital . ) .

(ANO) type obtained from the C,0(14s9p4d)/H(8s) primitive the dyna}mlc correlation energy. In t_hls manner, the states con-
set€5 with the C,0[3s2pld)/H[2s] contraction scheme were sidered ina MS-CASPT2 computation can be treated S|mylta-
used. These basis sets were designed to treat correlation anaeously with the correlation effects on the reference functions
polarization effects optimally. They were supplemented with ncluded, and the possibly erroneous valenRgdberg mixing
fwo s-, two p-, and two d-type diffuse functions placed at the Can be removed. _
charge centroid of the cation. The exponents can be found _Perturbation modified CAS (PMCAS-CI) reference functions
elsewherés The efficiency of the basis set has been illustrated (€ model states}i.e., linear combinations of all CAS states
in a number of earlier studies of organic compounds performed INvolved in the MS-CASPT2 calculation, were employed to

with the same methods (bipher#l stilbene?82® styrenel? compute the corresponding transition dipole moments according
1-phenylpyrrole® etc.). ' ' ' to the CASSI protocot! 32

The reference wave functions and the molecular orbitals were All calculations were carried out using the MOLCAS-4
obtained from average CASSCF calculations, including all of duantum-chemical package.
the states of interest for a given symmetry. Details on the active
spaces employed, together with the number of configurations
involved in the CASSCF wave functions, and type of states As a preliminary step toward the theoretical understanding
computed are given in Table 1. For the excited statessdf of the electronic spectrum of benzaldehyde, the geometry for
character, the active space comprises the valenemlecular the ground state and low-lying singlet and triplet excited states
orbitals and ther electrons. For the computation of the excited are first considered. The properties of the excited states vertically
states involving the lone pair orbital localized on the oxygen computed are next analyzed. After that, the relative location of
atom, the active space was enlarged accordingly. In addition, the excited states at different zones of the hypersurface together
those active spaces were extended to include Rydberg orbitalswith the nonvertical transition energies are discussed. Further-
as appropriate. For Rydberg states that the Rydberg orbitalmore, the present findings will be compared with previous

3. Results and Discussion

belongs to the irreducible representatidofahe Cs point group, theoretical results and available experimental data.
only four sz orbitals were kept in the active space (with four 3.1. Equilibrium Structures. Geometry optimizations for the
electrons). ground state and low-lying excited states of bottf and 7z*

The CASSCF wave functions were employed as reference characters were carried out at teCASSCF level. For thaz*
functions in a single-state second-order perturbation CASPT2 excited states, the active space was enlarged with the oxygen
treatment®20The coupling of the CASSCF wave functions via lone pair. In both cases, the ANO C,0[3s2p1d]/H[2s] basis set
dynamic correlation was dealt with by means of the extended was employed. The optimized geometric parameters for the
multi-state CASPT2 approach, the MS-CASPT2 metHoain singlet and triplet excited states are listed in Table 2. All
effective Hamiltonian matrix is constructed where the diagonal optimizations were constrained tGs symmetry, with the
elements correspond to the CASPT2 energies and the off-symmetry plane being the molecular plane. The atom numbering
diagonal elements introduce the coupling to second order in scheme used throughout this study is defined in Figure 1.
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TABLE 3. Mapping of the Lowest nz* and az* States of
Benzaldehyde at the CASPT2 Level Employing the Optimal
Geometries for the £A'(GS), BA" (nx*), 13A!(wa*),

1A (na*), and 21A'(za*) Statest

optimized geometries for the states

O

state A A" A’ A" 21A"
Ho 1A’ 0.00 0.48 0.37 0.57 0.10
13A" 3.40 3.07 3.52 3.07 3.49
1A/ 3.49 3.40 3.16 3.39 3.32
1IA" 3.71 3.29 3.76 3.27 3.78
21A" 4.33 4.42 4.42 4.46 4.00

2The diagonal terms correspond to the adiabatic electronic transi-
H5 tions.

H4 occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). It is not surprising considering that
the CIS methotf places the two lowest verticatz* singlet
excited states nearly degenerate. As discussed below, the HOMO
— LUMO singlet excited state is not the lowest in the singlet
Figure 1. Atom labeling of the benzaldehyde molecule. manifold. A mapping of the loweshz* and nz* states of
benzaldehyde at their respective optimized geometries has also
In the ground state, the ring is computed to have a mean been carried out. The results are listed in Table 3 and shall be
carbon-carbon distance of 1.398 A, close to the experimental discussed below as appropriate.
datum (1.395 A$4 The trends are similar as those found in 3.2. Vertical Spectra of Benzaldehyde.The computed
styrenet Thex electron correlation included at thieCASSCF vertical excitation energies at the PMCAS-CIl and MS-CASPT2
level, which tends to overestimate bond lengths, is partially levels of theory, together with oscillator strengths of the
compensated by the lack of electron correlation. However, corresponding transitions, and selected experimental data are
because it is known that the carbonyl bond distance strongly compiled in Table 4. Figure 2 shows schematicallysthalence
depends on the level of correlatiét,3” the G=0 bond length molecular orbitals for benzaldehyde and styrene with their
for the ground state has been optimized attH@ASPT2 level respective canonical orbital energies, obtained at the Hartree
by using a pointwise procedure. It has been subsequentlyFock level with the C,O[3s2p1d]/H[2s] basis set.
employed in the computation of the excitation energies. The 3.2.1. Valence Singlet Excited Stat&s the highest level of
7-CASPT2 result, 1.232 A, is close to the MP2 result (1.231 theory employed, five valence singlet excited states occur below
A) computed with the same basis set. The optimized bond the lowest Rydberg transition. These valence excited states
distance at ther-CASSCF level, 1.204 A, although consistent are computed to lie within the energy range of 3:B6123 eV
with the corresponding experimental datum for formaldehyde (MS-CASPT2 results). Strong electronic transitions involve three
(1.210 A8), is underestimated with respect to the CASPT2 valence singlet excited statedA3, 4*A’, and BA'). Computed
(MP2) result. Compared to the electron diffraction datum for at the PMCAS-CI level, corresponding electron density differ-
benzaldehyde (1.212 A), theCASSCF result is underestimated ~ ences relative to the ground state and natural orbital plots for
by 0.008 A. In contrast, the CASPT2 finding leads to a too the low-lying valencern* states are shown in Figures 3 and 4,
long bond distance, overestimated by 0.020 A. A planar respectively.
conformation is expected, which is also supported by microwave The lowest singlet excited statéAl’ is calculated to lie
rotational experiments (see discussion in the 1996 paper by Silvavertically 3.71 eV above the ground state. It is the expected

and Reilly? and references therein). 1'A"(n*) state. The computed excitation energy and small
The mean ring carbencarbon bond lengths in;@wr*) and oscillator strength are consistent with the related dipole-
T1(nr*) are similar, 1.406 and 1.408 A, respectively. They are forbidden feature obtained in formaldehyde (3.91 ¥\§nd
somewhat increased with respect to the ground stateQlL acetone (4.18 eV From the electron density difference plot
A). Consistent with the nature of the states, theG bond (cf. Figure 3), the local nature within the carbonyl group of the
length is clearly elongated for both singlet and triplet excited transition is easily inferred. The adiabatic transition t#8'Lis
states. calculated at 3.27 eV (see Table 3), in agreement with the
The mean ring carbencarbon bond distances for théAl experimental determination of the band origin at 3.34'&V.

and ZA" are 1.431 and 1.434 A, respectively. The geometric  The lowest singlet excited state afr* character (2A") is
changes of the'2’ excited state, with respect to the ground computed at 4.33 eV. It corresponds to a weak transition. It
state, reflect the localized nature of thA1— 21A’ electronic can be related to the second-energy experimental band with the
transition in the aromatic part of the molecule. The* triplet maximum recorded around 4.51 éJn terms of the natural
excited-state develops a clear quinoid character with shorter orbitals of the PMCAS-CI wave function, the state can be mainly
C;1C,, CsCs, and GCg bond distances than in the ground state. described by the one-electron promotion (HOMO 1) —
Similar trends have also been found in the respective excited LUMO with some contribution of the HOMG> (LUMO + 1)
states of styreneThe geometrical parameters computed at the (cf. Figure 4).

CIS levef are underestimated with respect to theCASSCF The 3A’ state is dominated by the singly excited configu-
results. Nevertheless, the trends obtained in both cases ar@ation HOMO— LUMO. The state is calculated to lie 4.89 eV
consistent except for the &f*) state (ZA'). It seems to point above the ground state. Transition to th&\3state, with a
out to the different nature of the singlet excited state computed computed oscillator strength of 0.33, can be related to the
by Silva and Reilly3 which resembles to the Zf*) state, observed third-energy band, with maxima at 5.34 eV in the gas
described mainly by one-electron promotion from the highest phasé and 5.15 eV in the jet-cooled sampfeThe computed
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TABLE 4: Calculated Vertical Excitation Energies (in eV), Oscillator Strengths (f), and Dipole Moments  in Debyes) for
Benzaldehydé

Exp. data
state PMCAS-CI MS-CASPT2 f /1 AE f
singlet states
1'A'(GS) 3.87
1A 3.86 3.71 <1073 1.23 3.34 (6-0)°
21A! 4.75 4.33 0.002 4.44 451 0.0Z
A’ 7.05 4.89 0.331 6.07 5.35.15! 0.266
410 8.06 5.98 0.396 4.66
5A’ 8.54 6.23 0.547 3.72 6.36 1.7
21A" (r — 3s) 6.78 6.54 0.004 4.00
6'A’'(n— 3s) 6.48 7.03 0.004 8.30
A’ 7.13 7.07 0.001 3.10
3A"(mr — 3p) 7.26 7.18 0.004 1.31
4A" (1 — 3p) 7.43 7.34 0.007 2.83
8'A'(m — 3py) 6.77 7.50 0.013 1.79
QA 7.92 7.58 0.062 2.42
10'A' (7' — 3py) 6.87 7.59 0.034 5.61
5!1A"(n— 3p,) 8.03 7.67 <1073 1.83
11'A'(r — 3d,) 7.50 7.72 0.001 5.94
12'A’'(n— 3p,) 7.03 7.77 0.022 7.75
13'A'(r — 3d,) 7.53 7.83 0.002 5.68
14A7 8.15 7.88 0.015 1.69
6'A" (mr — 3de-y2) 7.91 7.95 <1073 4.39
T*A" (1 — 3dky) 8.00 8.03 <1073 4.79
8A" (1 — 3dp) 8.08 8.11 0.001 5.94
15'A" (7t — 30y 7.43 8.14 0.003 5.98
A" (n— 3dyy) 8.60 8.34 <103 6.64
10'A"(n— 3d,) 8.63 8.38 <1073 2.55
16'A'(n — 3de-?) 7.60 8.39 0.009 4.64
17'A' (7t — 3dky) 7.59 8.42 0.001 7.68
18'A’(n — 30k, 7.63 8.44 0.005 8.05
19'A'(n— 3d2) 7.78 8.57 0.022 6.10
triplet states
13A" 3.62 3.40 1.14 3.12 (e0)°>e
Iy 3.58 3.49 3.23 3.3 (B0)

aExperimental data are also includédzrom sensitized phosphorescence excitation spectrum of jet-cooled benzaldehyde, Ohmdri et al
¢ Absorption spectrum in the vapor phase at room temperature, Kimura and Nagakura®(X¥a®m direct absorption spectrum of jet-cooled
benzaldehyde, Leopold et al. (198%).c Origin of the phosphorescence spectrum, Koyanagi and Goodman #97%aken from Ridley and
Zerner (1979)8

excitations energies for both styrene and benzaldehyde are The SCF orbital energies of the canonicalorbitals, cal-
somewhat below the observed band maxima. It seems to pointculated with the same basis set for both styrene and benzalde-
out that, for the seconds* transition of these molecules, the hyde (see Figure 2), can be used to rationalize the observed
absorption maxima does not correspond to the vertical transition.trends by assuming that the relative transition energies are
Indeed, a substantial sharpening of the vibronic structure occursrelated to orbital energy differences between the two molecules.
when the molecules are cooled in supersonic expansions,In this manner, on the basis of similar orbital energy difference
showing for benzaldehyde a very strong peak at 5.15 eV closebetween the (LUMGH+ 1) and (HOMO— 1), 12.4 and 12.7 eV

to the 0-0 transition (5.12 eV} for styrene and benzaldehyde, respectively, tha' > 51A’

In the energy region of 6:06.2 eV, two electronic transitions  transition can be estimated to have a similar excitation energy,
are computed at 5.98 and 6.23 eV, with high predicted as it is actually the case (6.19 eV for styréns 6.23 eV for
intensities, which can be related to the fourth-energy absorption benzaldehyde). The!A' (5.98 eV) of benzaldehyde bears the
band with a maximum around 6.4 eV in the vapor phase same character as thé26 (6.30 eV) of styrene (a plus state).
spectrum. The ¥\’ state is described mainly by the (HOMO) In styrene, the orbital energy differences LUMQHOMO —

— (LUMO + 1) singly excited configuration with some 1) and (LUMO+ 1)-HOMO have the same value, 11.5 eV.
contribution from the (HOMO- 1) — (LUMO) one-electron Therefore, they interact effectively in styrene yielding to a larger
promotion. It is actually the corresponding plus linear combina- splitting between the corresponding minus and plus linear
tion involving the (HOMO- 1), HOMO, LUMO, and (LUMO combinations. As a result, the plus state in styrene is pushed
+ 1), whereas the'' state corresponds to the respective minus up about 0.3 eV with respect to benzaldehyde. The minus and
linear combination. The plus character of th\4state is in plus states in benzaldehyde are mainly composed of the one-
accordance with the corresponding relatively large oscillator electron promotion (HOMO- 1) — LUMO and HOMO —
strength (0.4). Transition to thé!/&' state at 6.23 eV with an  (LUMO + 1), respectively. Because of the larger energy
oscillator strength of 0.55 is predicted to be the most intense difference between LUMS(HOMO — 1) (11.4 eV) and
feature of the spectrum. Thé& state is described mainly by (LUMO + 1)—HOMO (12.6 eV), the resulting interaction is
the (HOMO— 1) — (LUMO + 1) singly excited configuration.  not so pronounced in benzaldehyde as it is in styrene. On the
In both styrene and benzaldehyde, the transitibh’ 1> 5A’ other hand, the A\’ of styrene computed at 6.08 éMyith a

has the largest oscillator strength. The nature of th® & doubly excited character predominantly, has its analogue in
similar in both systems. benzaldehyde at 7.07 eV &', cf. Table 4). The largest
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E(eV) benzaldehyds The lowest Rydberg singlet stat&??'(z — 3s) is computed
7 syrene at 6.54 eV, close to the shoulder observed at 6.67 eV on the
7 - - /\@ high energy side of the most intense band of the vapor phase
spectrunf The 6/A'(n — 3s) state, obtained 7.03 eV above the
7 Q’\Q ground state, could be related to the weak band observed at
5+ — _O’\@ 6.97 eV that was initially assigned t@ Rydberg transition&°
| It is worth mentioning that the valence excited statd'7is
* also placed in the same energy region. The spectroscopic study
3 - /\@ undertaken by Walsh in the high-energy redimevealed several
rather diffuse bands ranging between 6.9 and 7.8 eV, being the
strongest a doublet feature around 7.4 eV. It can be tentatively
T o’\@ related to ther — 3p, andz’ — 3p, Rydberg states, computed
at 7.50 and 7.59 eV, mainly described by one-electron promo-
tions coming out of the HOMO and HOM®© 1, respectively.
In light of the theoretical spectrum, compiled in Table 4, the
— 3p and n— 3p Rydberg transitions can be associated with
most of the diffuse features observed in this energy region. In

addition, the valence excited stat®d9 has been computed at
7.58 eV with a nonnegligible oscillator strength. It is, therefore,

10
expected to contribute in the description of the bands observed
14 OQ\O in this energy region. Ther — 3d and n— 3d states are

predicted between 7.8 and 8.6 eV with small oscillator strengths.
As far as we know, no experimental data are available to be
compared with.

3.2.3. Lowest Triplet Valence Stat&nce many years ago,
the characterization of the low-lying triplet states of benzalde-
hyde has been a major subject of investigation. However, up to
date there is not a firm explanation to rationalize the efficient
Figure 2. Qualitative diagram showing the highest four occupied and Singlet-triplet intersystem crossing, which ultimately leads to
lowest four unoccupied molecular orbital distribution of styrene and  phosphorescence. The relative ordering of the low-lying triplet
benzaldehyde. Orbital energies correspond to the canonical MOs usingstates with respect to the lowest singlet excited-statanS),
the ANO-type C,0[3s2p1d]/H[2s] basis set. assumed to be the most plausible candidate for a nonradiative
transition to the triplet system, is a particularly relevant key
issue.

The singlet-triplet spectrum computed at the ground-state
optimal geometry places the lowest triplet statg&*) at 3.40
eV. The nz* character of the state is in agreement with
experimental evidencé:!®> The second triplet state,{fr*),
computed at a slightly higher transition energy (3.49 eV), is
mainly described by the HOMG~ LUMO singly excited
configuration. It is found to be 0.46 eV above the homologous

contribution in the wave function comes from the two-elec-
tron promotion (HOMO— LUMO)Z2. Because the spacing
between HOMO and LUMO is about 0.7 eV smaller in styrene
than in benzaldehyde, the doubly excited state in the carbonyl
compound is placed around 1 eV above that of the aromatic
olefin.

In accordance with the nature of the excited states, the
computed polarization directions for benzaldehyde are similar

o those obtained for styrene, except for the low triplet state of styrene, consistent with the larger HOMO
t ition. The 1A’ — 2'A" t ition is found to b larized ’ . .
ransiion. 1 ne ransiion 1S Tounc 'o be porarze d LUMO energy gap of benzaldehyde (see Figure 2). The singlet

along the short and long inertial axis of benzaldehyde an triolet splitting i lculated to be 1.40 eV hat I
styrene, respectively. Such a reverse polarization directions can fiplet spiiting 1S calculated to be 1.40 eV, somewhat smaller

be attributed to the different nature of theA2 state: (HOMO- than the corresponding value determined for styrene (1.94 eV).

1) — LUMO for benzaldehyde and a pure minus state for The electron density dlfferen_ces _of the triplet states relative to
styrene. the ground state are shown in Figure 5.

3.2.2. Singlet Rydberg Statedere we discuss the CASPT2 The effects that relaxation within each of the triplet states
excitation energies and assignments for the states described bfrings on the remaining low-lying states can be inferred from
excitations out of the HOMO and n lone pair to the 3s and to the results obtained at different regions of the excited states
the different components of the 3p and 3d Rydberg orbitals. complex hypersurfaces. By inspection of Table 3, it is easy to
Because of the close spacing between the HOMQ and see that a dynamical interconversion betweemtttand sz*
HOMO (see Figure 2), the corresponding members of Rydberg triplet states may occur, as it has been indeed observed in spec-
series converging to these two ionization potentials are expectediroscopic studies of beam isolated benzaldeHydene spec-
to overlap in energy even for the early series members. For roscopic techniques employed, such as vapor phosphores-
technical reasons, only the lowest— Rydberg series have ~ cencé*!*or sensitized phosphorescence excitatioplace the
been explicity computed. The low spatial symmetry of the 0—0 transition of §(nz*) and Ty(*) at 3.12 and 3.3 eV, in
molecule makes that too many roots are required to simulta- agreement with the theoretical values of 3.07 and 3.16 eV,
neously obtain the full description of both and ' Rydberg respectively.
series. The secong’ — Rydberg series are estimated to lie There is, however, a question that remains to be explained:
around 0.+0.3 eV above the corresponding states of the the efficient mechanism for the; ST intersystem crossing.

m — Rydberg series. Anyway, as a byproduct of the computa- Experimental absorption studies place both triplet states below
tion, the 10A'(x' — 3p,) state has also been characterized (cf. the lowest singlet excited-state(&7*). Therefore, the important
Table 4). role of the environment to achieve an isoenergetic situation for
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TA'=2'A'

TA'—4'A'
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TA'S3A

1TTA'=5'A!

Figure 3. Differential electron density for the main singtetinglet transitions in benzaldehyde. The electron density is shifted upon light-induced

excitation from darker to lighter areas.

a0 2% 3'ar e*ar 5'Ar
0.033 0.055 0.027 0.046 0.031
0.068 0.107 0.085 0.088 0.078
¢.085 0.286 0.119 0.754 0.914
0.108 0.851 0.943 0.381 0.208
1.902 1.704 1.087 1.261 1.835
3a" 1.904 1.183 1.87% 1.625 1.078
2an 1.927 1.934 1.921 1.905 1.920
la" 1.964 1.681 1.949 1.937 1.937

Figure 4. Occupation numbers of natural orbitals for the ground state
and the low-lyingzr* singlet excited states from the respective
PMCAS-CI wave functions.

the Ty(rr*) and S(n*) states, most plausible candidates for
the singlet-triplet intersystem crossing, has been invokkd.

1A' 1°A" 1A' 1A

Figure 5. Differential electron density for the lowest singtdtiplet
transitions in benzaldehyde. The electron density is shifted upon light-
induced excitation from darker to lighter areas.

vertically and adiabatically in the current theoretical description.
At the S optimal geometry (see Table 3), the relative ordering
between gand T, is, however, reversed. It implies that the
corresponding potential hypersurfaces intersect each other in
the relaxation process of 3eading to a more favorable situation
for the occurrence of an efficient intersystem crossing. Further
investigation on the ST, interstate coupling could provide
crucial information for the conclusive establishment of the actual
mechanism.

4. Summary and Conclusions

We have presented results from a fully correlated ab initio
investigation of the electronic spectrum of benzaldehyde by
means of using the MS-CASPT2 method, a well-established
procedure for accurate calculations of electronic spectra of
organic compounds.

Transitions to the singlet valence excited states are responsible
of the experimental bands observed in the low-energy region
of the electronic spectrum of benzaldehyde. The three lowest
singlet excited states A", 2'A’, and 3A') located at 3.71,
4.33, and 4.89 eV can be related to the maxima of the lowest-,
second-, and third-energy absorption bands. Two electronic
transitions with significant oscillator strength values are found
in the energy range 5:%6.3 eV. They correspond to the fourth-
energy band of the one-photon absorption spectrum. The lowest

Nevertheless, the mechanism is also efficient for isolated triplet state ofnz* character has been found at 3.40 eV, in
benzaldehyde. The two states follow the same scheme bothagreement with the available experimental data from phospho-
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rescence emission and sensitized phosphorescence excitation (9) Berger, M.; Goldblatt, I. L.; Steel, . Am. Chem. Sod973 95,

spectra. The second triplet statesot* nature is computed at

a slightly higher transition energy (3.49 eV).

The w — 3s and n— 3s Rydberg transitions are computed
on the high-energy side of the most intense feature of the

1717.
(10) Leopold, D. G.; Hemley, R. J.; Vaida, V.; Roebber, JJLChem.
Phys.1981, 75, 4758.
(11) Ohmori, N.; Suzuki, T.; Ito, MJ. Phys. Chem1988 92, 1086.
(12) Villa, E.; Amirav, A.; Chen, W.; Lim, E. CChem. Phys. Letl.988

spectrum. The excited states corresponding to promotions to147 43.
3p-type Rydberg orbitals are related to the diffuse bands detected (13) Sneh, O.; Cheshnovsky, @. Phys. Cheml991, 95, 7154.

between 6.9 and 7.8 eV. We have tentatively assigned the

intense doublet observed around 7.4 eV to ther' — 3p,

Rydberg states, computed at 7.50 and 7.59 eV, involving the

nearly degenerate HOM®@) and HOMO— 1(7'), respectively.

The Rydberg series to 3d diffuse orbitals are found at higher
energies where no feature has been so far recorded. In addition,

(14) Goodman, L.; Koyanagi, MMol. Photochem1972 4, 369.

(15) Koyanagi, M.; Goodman, LChem. Phys1979 39, 237.

(16) Hollas, J. M.; Thakur, S. NChem. Phys1973 1, 385.

(17) Inuzuka, K.; Yokota, TBull. Chem. Soc. Jprl965 38, 1055.

(18) Ridley, J. E.; Zerner, M. Cl. Mol. Spectrosc1979 76, 71.

(19) Andersson, K.; Malmqvist, P.-A.; Roos, B. O.; Sadlej, A. J;
Wolinski, K. J. Phys. Chem199Q 94, 5483.
(20) Andersson, K.; Malmqvist, P.-A_; Roos, B. ®.Chem. Phys1992

three valence excited states are predicted to be interleavedys 1515

among the Rydberg states.

(21) Finley, J.; Malmqvist, P.-A.; Roos, B. O.; Serrano-Arsiie Chem.

Geometry optimizations have been performed at the CASSCF Phys. Lett.1998 288 299.

level for the lowest singlet and triplet excited states ofrihé&

and zt* character. The singlet and tripletz* states show

(22) Roos, B. O.; Fischer, M. P.; Malmqvist, P.-A.; Meréina M.;
Serrano-Andrs, L. In Quantum Mechanical Electronic Structure Calcula-
tions with Chemical AccuragyLanghoff, S. R., Ed.; Kluwer Academic

similar relaxation trends. Upon optimization, the carbonyl bond publishers: Dordrecht, The Netherlands, 1995; p 357.

is clearly elongated and the €C, bond distance is shortened.
The phenyl group develops a quinoid character when benzal-
dehyde relaxes in the tripletz* state. On the other hand,
optimization of the lowestr* singlet state leads to a con-
formation with all of the aromatic bond distances increased by

a mean value of 0.036 A.

An attempt to rationalize the triplet manifold, ultimately

(23) Roos, B. O.; Andersson, K.;"Beher, M. P.; Malmqvist, P.-A_;
Serrano-Andrs, L.; Pierloot, K.; Mercha, M. In Advances in Chemical
Physics: New Methods in Computational Quantum Mechafdgogine,
I., Rice, S. A., Eds.; John Wiley & Sons: New York, 1996; Vol. XClIIl, p
219.

(24) Mercha, M.; Serrano-Andrg L.; Fischer, M. P.; Roos, B. O. In
Recent Adances in Multireference Methods. H. U., Ed.; World Scientific
Publishing Co.: Singapore, 1999; Vol. IV, p 161.

(25) Widmark, P.-O.; Malmqvist, P.-A.; Roos, B. Dheor. Chim. Acta

leading to an intense phosphorescence, has also been performedgoq 77, 291.

We have shown that the relative ordering of the lowest

(26) Rubio, M.; Mercha, M.; Orfi, E.; Roos, B. OChem. Phys1994

and 7zt triplet states changes depending on the geometry of 179 395.

the system. Relaxation in the lowest singlet state causes th

intersection between the@s*) and Tx(7z7*) potential hyper-

e (27) Rubio, M.; Mercha, M.; Ort), E.; Roos, B. OChem. Phys. Lett.

1995 234, 373.
(28) Molina, V.; Mercha, M.; Roos, B. O.J. Phys. Chem. A997,

surfaces, that is, an optimal situation for an efficient intersystem 101, 3478.

crossing.
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