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Summary. The electronically excited states of formaldehyde are examined by 
means of multiconfigurational second-order perturbation (CASPT2) theory with 
extended ANO-type basis sets. The calculations comprised five valence excited 
states plus all singlet 3s, 3p, and 3d members of the Rydberg series converging on 
the first ionization. The computed vertical excitation energies were found to be 
within 0.2 eV of the available experimental energies. Full geometry optimization 
has been performed for five valence excited states. Assuming a planar geometry, the 
"0-0" transition for the valence ~AI(~ ~ ~*) state is calculated to appear near 
7.9 eV, close to the (ny ~ 3p) region. This state is, however, not planar and the true 
adiabatic energy is 7.4 eV, which is 2.3 eV below the corresponding vertical 
transition. 
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I Introduction 

A detailed understanding of the electronic structure and spectra of small carbonyl 
compounds can contribute to the understanding of the important role they play in 
many areas of chemistry. Formaldehyde is the prototype molecule for this type of 
important chromophore. Its electronically excited states have therefore been exten- 
sively investigated both experimentally [1-12] and theoretically [13-28], The early 
experimental work on the excited states of formaldehyde has been reviewed by 
Moule and Walsh in 1975 [-5], and in 1983 Clouthier and Ramsay [8] compiled the 
most important spectroscopic data. The importance of including both valence and 
Rydberg transitions in the ab initio calculations for the proper determination of the 
electronic spectrum of formaldehyde was clearly shown as early as 1969 by Whitten 
and Hackmeyer [13]. Later Peyerimhoff et al. [15] extended the study to more 
states, yielding results of similar accuracy. In spite of the limited basis sets 
employed, the results obtained in these earlier ab initio investigations were in 
agreement with the available experimental data. The 1982 review of Davidson and 
McMurchie [20] gives a recount of the ab initio studies performed to that date. 
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Formaldehyde has continued to evoke interest up till today. Because of its appar- 
ent simplicity and the numerous studies available of its various electronic excited 
states, formaldehyde is frequently used for testing new theoretical methods de- 
veloped to treat excited states. It is small enough to be amenable for high level 
theoretical treatments to which approximate methods can be compared. Not 
surprisingly, results obtained with many different approaches can be found in the 
literature. The reader is referred to the recent papers for a more complete list of 
references. Here we shall only comment on the earlier studies, which are of direct 
interest for the present investigation. The recent MRCI results for the vertical 
transition energies of formaldehyde reported by Hachey et al. [28] are in agree- 
ment with the present findings. 

It is the presence of the rt system together with the oxygen lone-pair orbital 
(hereafter named ny) that creates the interesting features of the electronic spectrum. 
As a result, both ny ~ re* and rc--. n* transitions are known for carbonyl com- 
pounds, and they are responsible for the important photochemical transforma- 
tions. The scientific development of the interpretation of the electronic spectrum of 
formaldehyde has not been free of problems (see Ref. [22] for a selective dis- 
cussion). At present there is consensus in the basic assignments of the vertical 
transitions of the lower energy part, which this investigation also supports. How- 
ever, the location and nature of the singlet excited states of valence character, 
except for the lowest 1A2(ny ~ n*) state, is one of the as yet unresolved key 
problems. In particular, theoretical calculations used to place the vertical transition 
energy for the 1Al(rc ~ 7r*) intravalence transition near or above the first ionization 
potential at 10.89 eV [29], where it is embedded in a multitude of 1A1 states. Due to 
its high energy, the valence excited state can possibly also mix with nearby Rydberg 
states, similar to what has been found for the V state of ethylene [30]. The degree of 
mixing and their relative location with respect to the ground state will vary with the 
geometry of the molecule. As pointed out by Fitzgerald and Schaefer [21], the 
adiabatic 1At(re ~ n*) state might lie well below the ionization continuum even if 
this is not so for the vertical transition. Allen and Schaefer [22] have reported 
an adiabatic transition energy, To, of 8.50 eV. A similar result was obtained in 
a CIS-MP2 perturbation calculation [25]. Recent, more accurate, work by Hachey 
et al. [27] give a value close to 8 eV. All these values have been obtained with the 
assumption of a planar molecule. The study of Hachey et al. [27] shows, however, 
that the potential surface of the valence excited state has a minimum at a pyramidal 
(Cs) geometry. They computed the excitation energy for the corresponding 21A ' 
state to be 7.5 eV. Keeping the molecule planar and varying the CO bond length 
they found an equilibrium geometry for the 1B~(a ~ re*) state at about 8 eV, while 
the 1B2(nr --* ~r*) state was found repulsive. As will be discussed later, full geometry 
optimization (which was not performed by Hachey et al. [27] ) is important for an 
accurate prediction of the adiabatic transition energies. In particular, the 
~B~(o" ~ 7t*) state is found below the 1Al(rt --* n*) state in the present study. 

The present theoretical study uses the complete active space (CAS) SCF 
approximation [31] in combination with a recently developed multiconfigura- 
tional second-order perturbation approach, the CASPT2 method [32-34]. 
Its validity in calculating the differential correlation effects on excitation energies 
has been demonstrated in a number of earlier applications [35]. As indicated 
above, this communication serves two purposes. First, we analyze the vertical 
spectrum of formaldehyde. We also attempt to determine the theoretical require- 
ments for a quantitative evaluation of the adiabatic transition energies and equilib- 
rium geometries of the valence excited states. The results obtained give information 
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that is useful in studies of more complex molecules containing the same chromo- 
phore. We are presently studying acetone, a molecule of current experimental 
interest [36]. 

2 Methods and computational details 

2.1 Basis sets and geometry 

Generally contracted basis functions based on atomic natural orbitals (ANOs) 
were used to construct the molecular orbitals 137]. The contraction scheme used in 
most of the calculations was C,O[4s3pld]/H[2slp], which has been shown in 
previous studies [35] to be flexible enough for a proper description of the valence 
excited states. Larger contracted sets were used in some cases to test the validity of 
this assumption. The inclusion of diffuse functions is required in order to treat in an 
adequate way the 3s, 3p, and 3d Rydberg states obtained by excitations out of the 
HOMO. Using a recently developed procedure to obtain optimal Rydberg func- 
tions for a given system 1-38], a final set of s-, p-, and d-type diffuse functions was 
built for formaldehyde. The original basis set was supplemented with a lslpld set 
of Rydberg functions (contracted from a set of 8s8p8d primitives), which was placed 
in the charge centroid of the 2Bz state of the formaldehyde cation. The universal 
exponents [38], generated as described by Kaufmann et al. [39], together with the 
corresponding contraction coefficients obtained for formaldehyde are given in 
Table 1. 

The vertical spectrum was computed at the experimental ground state equilib- 
rium geometry 1,40]. Calculations of the vertical spectrum were carried out within 
Czv symmetry, with the molecule in the yz plane and the z axis bisecting the HCH 
angle. With the constraint of C2v symmetry (three independent parameters) 
the geometry was optimized for the ground state and the valence 1A2, 1B1, and 
~A1 excited states. The lowest ~A' and 1A" states of Cs symmetry, generated from 
planarity by keeping only the xz symmetry plane, were also optimized (four 
independent parameters). A pointwise procedure was used, which is described in 
detail elsewhere [41]. All geometry optimizations were performed at the CASPT2 
level with the C, O[4s3pld]/H[2slp] basis set. The adiabatic excitation energies 
were computed as energy differences between the energy minimum for the ground 
and excited state, respectively. 

Table 1. Exponents (coefficients) of the Rydberg orbitals used for formaldehyde 

s-type p-type d-type 

0.024624 (--0.494131) 0.042335 (0.381686) 0.060540 (--0.185220) 
0.011253 (--0.503026) 0.019254 (0.433400) 0.027446 (--0.172151) 
0.005858 (0.218493) 0.009988 (0.326474) 0.014204 (--0.583213) 
0.003346 (--0.635865) 0.005689 (--0.166567) 0.008077 (0.020633) 
0.002048 (0.743649) 0.003476 (0.227736) 0.004927 (--0.437712) 
0.001324 (--0.646137) 0.002242 (--0.204158) 0.003175 (0.332223) 
0.000893 (0.350224) 0.001511 (0.116549) 0.002137 (--0.208134) 
0.000624 (--0.087326) 0.001055 (-0.031035) 0.001491 (0.060140) 



230 M. Mercbgn, B. O. Roos 

2.2 CASSCF and CASSI calculations 

Multiconfigurational wave functions were initially determined at the CASSCF 
level of approximation [31]. Unless otherwise stated, the carbon and oxygen ls 
electrons were kept frozen in the form determined by the ground state SCF wave 
function. At the experimental geometry employed [40], the total SCF energy for 
the ground state (1Aa) of formaldehyde was calculated to be - 113.910785 a.u. The 
choice of an active space is determined by the type of excited states to be studied. 
In this case they are the vertical valence excited states and excitations from the 
HOMO to the 3s, 3p, and 3d Rydberg orbitals. In order to limit its size, different 
active spaces are used for different types of excited states. The 7t valence active 
space plus the HOMO is denoted (0210), where the label gives the number of active 
orbitals in each of the four irreducible representations of the molecular point 
group, C2¢ (al, bl, b2, a2). The number of active electrons is 4. This active space 
has been used in the computation of the low-lying 3A2 and 3A1 states. For the 
study of the vertical singlet excited states the active space was extended to include 
the corresponding Rydberg orbitals of symmetry ax (3s, 3p~, 3d~, 3d~-r~), bl(3p~, 
3d~), b2(3pr, 3dr,), and az(3d~y) as appropriate. For the ~A~ states extra orbitals of 

b~ and b2 symmetry were included in the active space to minimize the effect of 
intruder states in the CASPT2 calculations. The active spaces used and the type of 
states computed are summarized in Table 2. 

Table 2 also lists the active spaces used for the computation of the adiabatic 
transitions of the valence excited states. These calculations also involve the a --* r~* 
excitation, and since the CO bond distance varied extensively for the different 
excited states the active space had to include both the o- and the a* orbitals. The 
valence active space was thus enlarged and now includes the o', a* and 7t, ~* MOs, 

Table 2. CASSCF wave functions (number of active electrons) employed to compute the 
valence and Rydberg transitions of formaldehyde 

Wave function" States No. conf. b N~tates 

Vertical transitions 
CASSCF (0210) (4) 
CASSCF (0210) (4) 
CASSCF (0340) (4) 
CASSCF (2200) (4) 
CASSCF (0211) (4) 
CASSCF (4210) (4) 
CASSCF (0410) (4) 

Adiabatic transitions 
CASSCF (41) (6) 
CASSCF (2210) (6) 
CASSCF (40) (4) 
CASSCF (2200) (4) 
CASSCF (2200) (4) 
CASSCF (2210) (6) 

3A2(n ~ --. g*) 1 1 
3A 1 (Tt --, ~*) 1 1 
1Al(n, ~ 3p,, 3dyz, n ~ ~*) 104 4 
1Bl(a --, rt*) 8 1 
IBx(ny -* 3dxr) 4 1 
1Bz(ny --* 3s, 3p~, 3dx2_y~, 3dz2) 36 4 
aAz(nr ~ x*, 3p,, 3d,,) 20 3 

1A"(n, ~ re*) 20 1 
1Az(n~ ~ n*) 10 1 
1A'(a -* rt*, rc ~ n*) 20 2 
~B 1 (a ~ ~*) 8 1 
1A1 (re --* re*) 12 2 
1B2(n ~ --~ a*) 10 1 

a Within parentheses the number  of active orbitals of symmetry al, 
point group C2~ and C~, respectively 
b Number  of configurations in the CASSCF wave function 
c States included in the average CASSFCF calculation 

bx, b2, a2, and a', a" of the 
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with 4 active electrons. The same active space was also used for the calculation 
of the vertical energy of the IBl(a ~ rt*) state. In the states where the ny orbital 
is involved the active space was accordingly enlarged (5 active orbitals/6 active 
electrons). 

The energy of each excited state is referred to a ground state energy computed 
with the same active space. The molecular orbitals for the excited states were 
obtained from average CASSCF calculations, where the averaging includes all 
states of interest of a given symmetry. The number of states included in the state 
average CASSCF calculations is listed in Table 2 together with the number of 
configurations in the CASSCF wave function. 

The transition dipole moments were computed with the CASSCF state inter- 
action (CASSI) method [42, 43]. As explained in previous applications [35], the 
CASPT2 energy differences were used in the formula for the oscillator strength. 

2.3 The CASPT2 method 

The CASPT2 method [32-34] computes the first-order wave function and the 
second-order energy in the full CI space with a CASSCF wave function constitut- 
ing the reference function. The full Fock matrix in the definition of the zeroth-order 
Hamiltonian was used [33], therefore the results will be labeled PT2F. The weight 
of the CASSCF reference in the first-order wave function was found to be within 
the range 0.90-0.94 in all cases. This weight is a measure of how a large fraction of 
the wave function is treated variationally. Normally a balanced calculation with 
respect to the treatment of electron correlation shows about the same weight for 
the ground and the excited states. 

The calculations were performed on the IBM 9021/500-2VF computer of the 
University of Valencia using the MOLCAS-2 quantum chemistry software [44]. 

3 Results and discussion 

3.1 Vertical excitation energies 

The numerical results of this part of the investigation are collected in Table 3. The 
first column identifies the different excited states of formaldehyde. The second and 
third columns give the vertical transition energies obtained by the CASSCF and 
PT2F calculations, respectively. Column four contains the experimental transition 
energies. In the remainder of the table,/z is the dipole moment computed at the 
CASSCF level (in a.u.), and (X2), (y2), and (z 2) are the expectation values (in a.u.) 
of x 2, y2, and z 2, respectively. The latter can be used to identify the nature of the 
state. Oscillator strengths are given next. Selected previous results from the most 
recent ab initio studies are given in the last three columns. These include vertical 
excitation energies computed at the CIS-MP2 [25],CCSD [26], and MRD-CI 
[28] levels. Comparison with earlier theoretical results can be easily achieved from 
previous papers (see e.g. Table 3 in Ref. [25]). Vertical excitations energies com- 
puted at the CIS(D) level have also been recently published [26]. 

Comparison of the CASSCF and PT2F results gives a measure of the contribu- 
tion of dynamic electron correlation to the transition energy. For the excited 
states considered here the contribution ranges from 0.2 to 0.7 eV. Another 
general observation is that the (r z) values of the Rydberg states are, as expected, 
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appreciably larger than those of the ground and valence excited states. The 
tAl(~ ~ re*) excited state has a value somewhat larger than the ground state, 
indicating a certain small valence-Rydberg mixing. The detailed interpretation of 
the results presented in Table 3 is discussed below. 

3.1.1 Valence excited singlet states (11A2, 11B1, and 4XA~). The lowest singlet state is 
of 1A2 symmetry. The vertical excitation energy calculated at the PT2F level, 
3.91 eV, is in agreement with experimental evidence [5, 10, 12]. For formaldehyde 
the lowest energy band observed in the electron-impact spectrum reported 
by Walzl et al. [12] is that due to the 1Az(ny --*/z*) transition with a maximum at 
3.79 eV. This corresponds closely to the observed weak peak in the absorption 
spectrum [5, 10]. 

All theoretical models also predict the lowest singlet excited state of formalde- 
hyde to be 1A2. The deviation from experiment is, however, sometimes large. The 
PT2F excitation energy is 0.71 eV smaller than the CASSCF value, indicating that 
for this transition a well-balanced treatment of electron correlation effects is 
important. Similar values (within 0.1 eV) were obtained for this transition at the 
CCSD and MRD-CI levels. The CIS-MP2 result overestimates it by more than 
0.5 eV. 

The second valence excited state corresponds to the 11B1 state and is located at 
9.09 eV with a computed intensity of 0.01. It corresponds to a (o- ~ r~*) transition 
involving the highest occupied orbital of a~ symmetry. The CIS-MP2 result for this 
transition deviates from the PT2F excitation energy by about 1 eV. The present 
result is, however, consistent with the CCSD and MRD-CI results. It has not been 
experimentally observed. 

The third valence excited state calculated is the 41A~ state. In the present study 
this state is found at 9.77 eV, with an intensity of 0.28. This is thus the expected 
(re --. ~*) valence transition for which there seems to be no experimental evidence 
neither in absorption nor in electron scattering spectra [5]. 4~A~ state appears as 
the fourth root of the average CASSCF calculation. At both the CASSCF and 
PT2F levels the Rydberg IA1(ny ~ 3pr) and 1Aa(ny ~ 3drz) states are placed below. 
The difference between the CASSCF and PT2F results is 0.47 eV, somewhat lower 
than expected for a valence transition. That this state has mainly a valence 
character is clearly shown from the analysis of the multiconfigurational wave 
function. The weight of the (r~ --* re*) configuration is 83.7%, the next most impor- 
tant configuration accounts for intravalence correlation through a contribution of 
the closed-shell ground state configuration, 5.8%. The weights of the nr ~ 3pr and 
the ny ~ 3dyz configurations are 3.0% and 3.7%, respectively. Thus, we conclude 
that the amount of Rydberg character in the ~A~(~z ---, re*) state is small, which 
supports previous conclusions [19]. 

The earliest ab initio results usually placed this transition in the range 10-11 eV 
[20]. The CIS-MP2 and CCSD results are however around 9 eV (cf. Table 3). The 
PT2F result, 9.77 eV, supports the MRD-CI value, 9.60 eV. The current interpreta- 
tion that the singlet vertical (~ ~ ~*) transition lies near the first ionization limit 
and thus might be part of a series of 1A~ states cannot therefore be discarded. 

3.1.2 Rydberg excited singlet states. The first and second ionization potentials of 
formaldehyde are separated by more than 3 eV from each other [29]. The corres- 
ponding members of Rydberg series converging to these two ionization potentials 
are expected to lie within the same energy range of each other. The first member in 
the first series appears at 7.3 eV (computed value for 3s). Thus the Rydberg series 
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converging to the second ionization limit are expected to start close to the first 
ionization potential. Here we discuss the PT2F energies and assignments for 
excitations out of the nr, HOMO 2b2 orbital, to the 3s, and the different compo- 
nents of the 3p and 3d Rydberg orbitals and compare them with the experimental 
assignment and the results of previous calculations. 

ny ~ 3s (11B2). The calculated vertical transition energy from the ground to the 
3s Rydberg orbital is 7.30 eV. The oscillator strength is around 0.01. This energy 
corresponds to the interval 7.02-7.48 eV in the optical spectrum. This region is 
dominated by a narrow and intense band with the absorption maximum at 7.09 eV 
[9, 11]. The same transition has also been reported from electron-impact spectro- 
scopy, with an observed maximum at 7.10 eV [4]. The vertical PT2F results are 
therefore consistent with experiment, in both excitation energy and assignment. 
The CCSD and MRD-CI energies are of similar accuracy, while the transition 
energy computed at the CIS-MP2 level is somewhat too low. 

nr ~ 3p (21B2, 21A1, and 21A2). The 21B2 state is calculated to lie 8.09 eV and 
the 21A1 state 8.12 eV above the ground state, the latter with about twice the 
intensity of the former. Both are more intense than the 11Bz(nr ~ 3s) transition. 
The assignment of the 7.97 and 8.14 eV bands in the VUV spectrum has been 
discussed for a long time [2, 6, 9, 11]. A concise and clear historical background on 
whether the 21Al(ny ~ 3pr) transition occurs experimentally at 8.14 or 7.97 eV, 
along with an analysis of previous theoretical results, was given by Allen and 
Schaefer [22]. The calculated separation between the two states, 0.03 eV, is small 
and well within the expected error bars of the calculation. Thus, the results do not 
unequivocally assign the 2~B2 and 21A1 Rydberg states. But in either case the 
agreement between theory and experiment is good. The 21A2(nr--+ 3px) state is 
placed at 8.32 eV in agreement with experimental evidence [7]. 

The same relative energy ordering of the (nr --* 3p) Rydberg states is given by the 
CCSD and MRD-CI calculations. The CCSD results are slightly shifted to lower 
energy values. The CIS-MP2 results, by contrast, have larger deviations. 

nr ~ 3d (31Bz, 21B1, 31A1, 41B2, and 31Az). These five members of the 3d series 
have been computed to lie in the energy range 9.13-9.31 eV. The 3aB2 and 3aA1 
states are most intense. They can be related to the Rydberg series observed in 
absorption spectra with one band peak at 8.88 eV [2, 11]. The quantum defect 
obtained was, however, somewhat large for an nr ~ 3d Rydberg transition [3]. 
Valence-Rydberg mixing was invoked to explain the unusually large quantum 
defect [2, 5]. The present results characterize all these states by singly excited 
configurations. The rc ~ ~* configuration, in particular, contributes only little 
(3.4%) to the wave function for the 3~A1 state, in disagreement with previous 
predictions [2, 5]. 

The computed transition energy to 3~A2, 9.31 eV, gives support to a previous 
assignment based on data from an electron energy-loss spectrum [7]. Taylor et al. 
[7] reported a feature around 9.30 eV exhibiting a behavior and quantum defect 
(~0.12) consistent with the transition to the 3dxz XA2 state. The CIS-MP2 calcu- 
lations place this transition at higher energies, while the PT2F and MRD-CI 
results are similar. 

3.1.3 Valence excited triplet s ta tes  03A2, 13At). The two low-lying valence triplet 
states of formaldehyde have also been treated in this study. These states occur at 
3.48 eV (13A2) and 5.99 eV (13A1). Walzl et al. [12] reported a spin-forbidden band 
with a maximum at 3.50 eV, which partially overlaps the nr ~ re* XAz band. The 
underlying band was assigned to the ny--* rt* 3A2 transition. It was previously 



A theoretical determination of the electronic spectrum of formaldehyde 235 

observed in a comparable electron scattering experiment by Taylor et al. [7]. 
Transitions to the 3Az state are forbidden in optical spectra by the spin selection 
rule although very weak absorption (to low vibrational levels of the state) was 
observed by Robinson and Digiorgio [1]. In electron-impact spectroscopy a band 
with a maximum at 5.82 eV was observed, which was assigned to the 7z ---, n* 3A1 
transition ['7, 12]. Our calculated results are in agreement with the experimental data. 

3.2 Adiabatic singlet valence excited states 

Knowledge about the vertical transitions does not lead very far towards the 
understanding of the spectroscopy of formaldehyde. The complicated photochem- 
istry has been described clearly in the recent papers by Hachey et al. [27, 28]. They 
studied the potential surfaces for the most important excited states as functions of 
the CO distance. Their calculation, although describing some important features of 
the excited state potential surfaces, does not arrive at the true adiabatic excitation 
energies, since not all geometry parameters were varied. As we shall see below, it is 
important to allow the HCH angle to relax, which for the planar geometry gives 
a 1B1 state below the 21A1 state, a result not obtained by Hachey et al. Full 
geometry optimization has been performed here both for the planar (C/v) geomet- 
ries (three geometry parameters) and for the non-planar structure, where the 
CH2 group is tilted (four parameters). These calculations were performed at the 
CASPT2 level by a pointwise optimization of the geometries. 

The equilibrium geometries obtained for the ground and valence excited states 
are listed in Table 4. For the sake of comparison, literature data of previous 
theoretical results as well as available experimental derived information are also 
included. 

Because of the nature of the considered transitions, which involves excitation 
into the antibonding ~* orbital, the C-O bond length is expected to increase with 
respect to the ground state. To properly describe such a situation, a multicon- 
figurational wave function with enough flexibility in the CO bond region is 
required. This is accomplished by including both the a, a* and ~, n* MOs in the 
active space (four active electrons). For states, where the electron is excited out of 
the oxygen lone pair, the active space is enlarged to five active orbitals with six 
active electrons (cf. Table 2). Since the states of interest are of valence nature, in 
particular in the regions around the equilibrium geometries, the ANO-type 
C, O [4s 3p 1 d]/H [2s lp] basis set without the Rydberg functions was used. Diffuse 
functions can be expected to have a minor effect on the geometry. In this respect, 
the predictions of the optimum geometry and adiabatic excitation energy of 
valence excited states are easier than the prediction of the vertical excitation 
energy. The equilibrium geometries of the Rydberg states converging to the first 
ionization potential can be expected to be close to the ground state equilibrium 
geometry of the formaldehyde cation, llBz state, which is similar to the ground 
state geometry for the neutral system. At the equilibrium geometries of the excited 
valence states, which are significantly different from that of the ground state, the 
large energy separation between the valence and nearest Rydberg state makes 
the valence-Rydberg mixing negligible. The influence of enlarging the one-elec- 
tron basis on the computed transition excitation energies was however checked 
(vide infra). 

With the CASSCF(2200) wave function as the reference function, which com- 
prises 12 configurations, the geometrical parameters obtained at the PT2F level for 
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the ground state are similar to previous findings at the TCSCF-CI level, which 
corresponds to three reference configurations [22]. The results are in reasonable 
agreement with the microwave (MW) data [40, 45], although the C-O bond length 
is slightly overestimated probably due to limitations in the AO basis set. 

The ny ~ n* state is known to be non-planar (Cs symmetry) [-5]. Analysis of the 
MW data predicted an out-of-plane angle of 34 ° [46]. The computed parameters 
agree with the structure derived from the experimental information. The C-O 
bond length is again somewhat overestimated; itis 0.03/k longer than the experi- 
mental value. By contrast, the C-O bond length computed at the CIS level is 
significantly shorter than the experimental estimate. The adiabatic (To) transition 
energy, 3.37 eV, is in agreement with experimental evidence ]'5, 8]. The energy 
difference between the planar optimized geometry and the pyramidal optimized 
geometry gives the inversion barrier in the singlet ny ~ re* state. The computed 
value, 0.03 eV, is close to the experimentally determined inversion barrier of 
350 cm- 1 (0.043 eV) [46]. It may be noted that the pyramidalization does not lead 
to any appreciable changes in the other geometry parameters. 

Most of the present results for the other excited states confirm the previous 
findings by Hachey et al. [27] which were obtained at the MRD-CI level. The 
differences can be related to the limited geometry optimization performed by them. 
In the case of planar states only the CO-stretch potential curves were considered 
with the remaining parameters fixed at the geometry of the ground state [27], while 
in the present study a full geometry optimization has been carried out. The major 
difference is that here the 1Bl(a ~ n*) state is pushed down below to 8 eV, to  
a lower energy than the 1Al(rc ~ n*) state (cf. Table 4). This is due to a significant 
enlargement of the HCH angle in the 1B~ state with respect to the ground state. 
The 1B1(o- --+ re*) state is well characterized by a single configuration described by 
an electron promotion from the bonding a(CO) to the carbonyl re* orbital. The 
presence of the partially filled re* orbital has the effect of lengthening the CO bond, 
as noted for the other valence excited states. Since the electronic promotion is from 
the cr(CO) orbital, decreasing the electron charge density in the cr space has also the 
effect of a pronounced opening of the HCH angle. It can be related to the decrease 
of steric repulsion in the a space between the CO and CH bonds. Similarly the 
ground state of methylene (3B~) shows a larger HCH angle than the low-lying 
~A1 excited state [47]. Actually, the orbital picture is similar to that in methylene. 
The ~r orbital has a large weight on carbon 2p and the n* orbital is also located 
mainly on the carbon atom. The excited state therefore has a character similar to 
the 3B~ state in methylene, where the bond angle is 132 °. For the remainder valence 
states of formaldehyde (Czv symmetry), the promoted electron comes from the 
non-bonding MO (ny) or from the bonding rt orbital, which does not directly 
involve the cr CO and CH bonds. Therefore, the values of the HCH angle are not so 
much affected. 

For formaldehyde there is no currently accepted experimental result for the 
singlet rc ~ re* state. All the small aldehydes were at one time believed to have an 
1Al(rc ~ 7t*) state near 7-8 eV and earlier semi-empirical methods were calibrated 
to reproduce this result [5, 20]. It is now established that the lowest vertically 
excited ~A~ state corresponds instead to an ny ~ 3py Rydberg state. As discussed in 
the preceding section, the vertical excitation from the ground state to the 
~A10t ~ re*) state is high in energy; the valence state is placed above the ny --* 3p, 3d 
Rydberg members, at 9.8 eV. The consensus is that the (Tt --+ rt*) transition most 
likely takes the form of a broad, undetected feature, underlying the somewhat 
congested Rydberg region between 7 and 12 eV, in the same way as the Rydberg 
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transitions of ethylene are superimposed on the broad singlet (re --. re*) transition. 
Indeed, inspection of the electron energy-loss spectra of formaldehyde shows that 
the spectral peaks above ~ 8 eV, corresponding to Rydberg series converging on 
the first ionization limit, are positioned on a non-zero background [7]. The band 
origin of the (n --* r~*) state could be expected close to 8 eV. The present results 
indicate a more complex structure in this region, although it may be noted that the 
computed lowest excitation energy for the planar geometry is 7.84 eV. 

The effect of enlarging the one-electron basis set on the computed transition 
energies was checked in different ways. First, the basis set C, O[4s3p ld]/H[2s lp] 
was supplemented with the above-mentioned ls lp ld set of Rydberg functions. The 
computed values were the same both at the CASSCF level and at the PT2F level. 
The same results were also obtained by using the C, O[4s3p2d]/H[3s2p] basis set. 
A small increase was however found when the basis set was further incremented 
including up to f-type functions. The C, O[5s4p3d2f]/H[3s2pld] basis set resulted 
in the following PT2F transition energies for the XA", 1A2, 1A', 1B1, and ~A1 states, 
respectively: 3.46, 3.48, 7.52, 7.72, and 7.92 eV. The largest deviation from the 
results given in Table 4 is 0.09 eV. 

4 Conclusions 

In this paper results have been presented from an ab initio study of the main 
features of the electronic spectrum of formaldehyde up to 10 eV. An appropriate 
CASSCF wave function was used as reference function in a multiconfigurational 
second-order perturbation treatment. Computed vertical transition energies are 
found to be in agreement with available experimental data and recent MRD-CI 
results to about 0.2 eV. 

The vertical excitation energy of the controversial intravalence 1Al(r~ ~ rt*) 
state was computed to be 9.8 eV. However, this state has been found to have a CO 
distance, which is 0.27 A longer than that of the ground state, and the CH2 group is 
tilted 46 °. A full geometry optimization stabilizes the state with 2.3 eV and places 
the adiabatic excitation energy at 7.4 eV. The corresponding energy for a molecule, 
which is restricted to be planar, is 7.8 eV. It is therefore most likely that the 
underlying valence feature with origin around 8 eV, which has been found in the 
formaldehyde spectrum, is due to this transition. In a forthcoming publication we 
shall discuss, in more detail, the corresponding features in the electronic spectrum 
of acetone [48]. 
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