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We choose H2 CO + and its deuterated species to demonstrate the potential for using second
order multiconfigurational self-consistent field theory to optimize structures and calculate 
properties of ionized and excited states. We focus on the calculation of multidimensional 
vibronic spectra using only the local information of the potential hypersurface, viz. the 
molecular energy, gradient, and Hessian. Second-order multiconfigurational self-consistent 
field optimization on lowest excited states using the trust radius algorithm is found to give the 
same stable convergence as for neutral ground states, while for higher lying states, the problem 
of multidimensional potential crossings renders the calculations more difficult. 

I. INTRODUCTION 

The analytical characterization of Bom-Oppenheimer 
surfaces by means of molecular gradient 1-3 and Hessian4-8 
techniques has become an important feature in many mod
em electronic structure methods. These techniques have 
many ramifications to systematic determination of molecu
lar equilibria, transition states, reaction paths, and geome
try-dependent properties of molecules with many nuclear 
degrees offreedom. In a recent series of papers, the theoreti
cal and practical aspects of the implementation of these 
methods in a multiconfiguration self-consistent field 
(MCSCF) framework have been demonstrated.8-14 

MCSCF is general with respect to open-shell and correlated 
electronic structures, it has the potential to predict correct 
dissociation, i.e., breaking of chemical bonds that leads to 
different transition states and dissociated structures, and to 
characterize the full potential energy surface in an unbiased 
way. With these characteristics, it fulfills the necessary con
ditions to handle excited and ionized states. With the analy
tical MCSCF gradient and Hessian method, it is thus possi
ble to optimize structures of such states and to perform 
walks on their potential energy surfaces. MCSCF calcula
tions of other second-order properties such as force fields, 
frequencies, and IR intensities can also be carried out for the 
excited states, as is demonstrated in the present work. In 
contrast to ground states, however, experimental data for 
such properties of poly atomic molecules are in general lack
ing for the excited states. For many of these molecules, the 
only known experimental quantities are the vibronic spectra, 
such as UV absorption or photoelectron vibronic spectra. 
The accurate calculation of these spectra is thus an impor
tant step towards predictions of properties of excited and 
ionized states. 

In this work, the equilibrium geometries of the four low
est states of H2 CO + and its deuterated species HDCO + 

and Dz CO + are determined using analytical MCSCF gradi
ents and Hessians. All calculations are initiated at the same 

molecular conformation, the equilibrium geometry of neu
tral formaldehyde. This geometry is designated the vertical 
geometry and the eqUilibrium geometries for each of the four 
states are designated the adiabatic geometries. We have in
vestigated optimization paths, force fields, and other molec
ular properties of these states. Some of these properties, the 
geometric parameters and the (harmonic) frequencies, are 
the underlying quantities for model calculations of the vi
bronic fine structure in the UV photoelectron spectrum of 
formaldehyde. 

The molecular properties of the ground and low-lying 
electronic states of the H2 CO cation have been examined 
mostly in connection with theA 2BI Ix 2B2 nonadiabatic un
imolecular fragmentation pathway.15-17 An SCF geometry 
optimization with a modest basis set for the ground and the 
three low-lying electronic states of Hz CO + was carried out 
in Ref. 15, where structural information about the bridge 
and linear conformers of the positive ion in the ground and 
first excited electronic states was also supplied. Theoretical 
investigations have also been carried out for some molecular 
properties of the electronic ground state of formaldehyde 
such as the force field (harmonic frequencies), dipole mo
ment, infrared intensities, and static polarizabilities. 18-23 In 
these studies, special attention was paid to the effect of differ
ent basis sets and to the level of electron correlation for the 
accuracy of the computed molecular properties. 

The valence photoelectron spectrum of formaldehyde is 
experimentally24-28 and theoretically29,30 well characterized 
with a generally accepted assignment of the electronic and 
vibrational modes apparent in the four outermost vibronic 
bands. Tumer24 has presented the HeI spectra of H2 CO, 
HDCO, and D2 CO which show four bands, three of which 
contain distinct vibronic progressions. These bands are due 
to ionization to X 2 B2, A 2 B I, jj 2 A \J and C 2 B2 electronic 
states of the positive ion. The analysis of the more recent 
higher-resolved spectra using synchrotron radiation with 
varying photon energy27 or with HeI fixed excitation ener
gy28 has suggested that the interpretation of a few of the 
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spectral features should be revised,28 which together with 
the further disclosures of finer details call for more support 
from theoretical calculations. Quite interesting are the vibra
tional features between the first and second electronic bands 
X 2B2 at 10.88 eV and A 2BI at 14.09 eV, respectively, in the 
spectrum recorded at a photon energy of 14.55 eV by Hol
land27 or using HeI as excitation source.28 It has been attrib
uted27 to a non-Franck-Condon vibrational distribution ac
companying the 2b2 (photo)ionization due to a resonant 
autoionization process with members of the 5a l -+3p, 4p, ... 
Rydberg series converging to the third ionization threshold. 

The organization of the paper is as follows: Sec. II is 
reserved for the computational and technical details of the 
calculations and for comments on the optimization process 
for the excited states of the cation. In Sec. III, we present our 
results and compare with available experimental and theo
retical results; in Sec. III A, we present the results for var
ious properties of the excited states; in Sec. III B, we account 
for the geometry walks from the vertical point of ionization 
to the geometrical equilibria of the respective excited states; 
in Sec. III C, we discuss the results of the vibronic analysis of 
the first four excited states of H2 CO + and D2 CO + with 
special emphasis on the so-called vertical and adiabatic ap
proaches and the role of normal coordinate transformations. 
In the last section (Sec. IV), we summarize this study. 

II. COMPUTATIONAL 

The geometry optimizations and calculations of molec
ular properties are carried out with the combined use of the 
SIRIUS31.32 and ABACUS8- 10 programs, where the former 
provides MCSCF wave functions and energies, and some 
intermediate computational quantities, while the ABACUS 
program calculates the analytical gradient and Hessian at 
each given point on the surface. At any desired point, espe
cially the stationary points, several molecular properties are 
evaluated, e.g., the mass-weighted Hessian diagonalized to 
yield the harmonic frequencies, force fields, dipole mo
ments, and IR intensities. This is our first combined use of 
SIRIUS-ABACUS to excited states which are not the low
est states of their spin and spatial symmetry, and we will 
therefore comment on the behavior of the program system 
for such excited states. The search for the stationary points 
(minima, in the present study) were performed with the re
stricted step trust region algorithm.9

•
33 Briefly, one defines 

in each iteration a trust region h around the reference geome
try X within which the quadratic energy obtained from the 
molecular gradient and Hessian computed from the MCSCF 
series expansion E(X) approximates the true energy E(X) 
well. When the next step in the walk is being considered, one 
is not allowed to take steps out of this region. If the station
ary point lies within the trust region, straight Newton steps 
towards this point are taken, otherwise a step is taken to the 
optimal point on the trust radius, as defined by the second
order expansion. The trust region is updated by means of a 
simple algorithm which monitors the agreement between ac
tual and predicted energies for each step. Further details are 
given in Ref. 9. 

We have investigated the neutral ground state and the 
four lowest-lying states of ionized formaldehyde. The search 

for the stationary point of each electronic state ofthe positive 
ion starts from the "vertical point", i.e., the one correspond
ing to the ground state (MCSCF) eqUilibrium geometry. 
Two models based on the vertical excitation (initial state 
equilibrium geometry) and the adiabatic excitation (equilib
rium geometry of the final states) are used for the calcula
tions of the vibronic spectrum, i.e., the vertical and adiabatic 
approaches, and the full harmonic force fields at both geo
metries are therefore calculated. 

Formaldehyde has, in a one-particle language, the 
(la l )2(2a l )2(3a l )2( 4a1 )2( Ib2 )\5a l )2( Ibl )2(2b2 )2elec-
tronic distribution for the electronic ground state of the neu
tral species. 34 The six first electrons fill the 1 a I [Is ( 0) ] , 
2a l [ls(C)], and 3a l [2s2pz (0)] inner-shell molecular or
bitals, the next two electrons fill the inner-valence 4a1 orbi
tal mainly built up from the [2s(C)2pz(0)] atomic orbi
tals, and the remaining occupied outer-valence molecular 
orbitals gain contribution mostly from the 
Ib2 [2px (C)2px (O)ls(H)], 5a l [2Pz(C)2Pz(0)ls(H)], 
Ib l [2py (C)2py (0)], and 2b2 [2px (C)2px (0)] linear 
combination of atomic orbitals (the boldfaced entries are 
dominating in a particular combination). For the outer-va
lence shell structure of formaldehyde, there are thus one 
nonbonding, 2b2 , and three bonding molecular orbitals. A 
second-order M0ller-Plesset (MP2) calculation on the 
closed-shell ground state gives the natural orbital occupa
tion listed in Table I. 

A division in inactive, active, and secondary orbitals for 
a complete active space (CAS) wave function is obtained 
from the MP2 natural orbital occupation numbers.35 Orbi
tals with occupation numbers larger than 1.980 are kept dou
bly occupied, those with occupation numbers smaller than 
0.012 are kept empty, and the occupation of the remaining 
orbitals are allowed to take values between 0 and 2. With this 
partitioning, ten electrons will be distributed in ten active 
orbitals 4--7a l , 1-2bJ , and 1-4b2 such that for each strongly 
occupied orbital there is a correlating counterpart in the vir-

TABLE I. Second-order M~lIer-Plesset natural orbital (MP2-NO) occu
pation numbers (;;.0.001) for the electronic ground state of neutral formal
dehyde. MCSCF optimized geometry is rco = 1.2146 A, rCH = 1.1177 A, 
< HCO = 122.25°. 

H 2 CO(X'A,) 

la, 1.999, 
2a, 1.9992 

3a, 1.9859 

4a, 1.9762 Ib, 1.9369 Ib2 1.9739 

Sa, 1.961 9 2b, 0.055. 2b2 1.966. 
6a, 0.0277 3b, 0.0270 

7a, 0.014, 4b2 0.010, 
8a, 0.011, 3b, 0.0068 5b2 0.0063 la2 0.0043 

9a, 0.0063 4b, 0.0029 6b2 0.0023 2a2 0.002. 
lOa, 0.0049 5b, 0.001 9 7b, 0.001 2 

11a, 0.0032 

12a, 0.002, 
13a, 0.001, 
14a, 0.001, 
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tual space. This was the active space used throughout the 
calculations, giving about 30 000 configuration state func
tions. The inclusion of the inner-valence molecular orbital 
401 in the active space was found crucial for the quality of 
the geometry optimization results, a smaller active space 
with eight electrons in eight active orbitals gave rise to com
plex reactions paths, not present with the larger wave func
tion. The next refinement of the wave function would be to 
include the 3a l (02s), 8a l pair. However, 12 electrons in 12 
orbitals without symmetry restrictions were too costly. 

The CASSCF NO occupation numbers were similar for 
the calculations carried out at the optimized equilibrium 
geometries of the neutral and the investigated ionic states, 
except of course for the ionized electron. Since no symmetry 
constraint was imposed on the electronic wave function dur
ing the geometry optimization regular checks on the correct
ness of the symmetry of the wave function was demanded as 
the walks proceeded. This was accomplished by systematic 
comparison of the resulting MCSCF energy with the one 
obtained from a calculation using the full symmetry of the 
molecular point group (C2v in the majority of the cases and 
Cs for the C state). We observed that at some critical sym
metric molecular geometries, the Band C state wave func
tions started to break symmetry. This anomaly may be due 
to a conical intersection with a nearby double excited elec
tronic state and/or because the chosen active space becomes 
less appropriate for recovering the correlation energy at the 
relevant molecular geometries. We could, however, proceed 
with the calculation for the correct states by using the neu
tral ground state MP2 eigenvectors computed at the prob-

lematic molecular geometry as input for the actual electronic 
calculation of the ion. Typically, a threshold of 10 - 6 was 
used as criterion for the wave function convergence. The 
number of steps taken to reach equilibrium differed between 
the states, fewest for the X 2 B2 state (three steps) and largest 
for the B 2 Bistate ( 11 steps), as also can be anticipated by a 
qualitative analysis of the molecular orbitals. The atomic 
basis sets for carbon and oxygen were taken from the van 
Duijneveldt (9s, 5p) basis set contracted to a (5,3)36 set of 
atomic functions and augmented by a single set of polariza
tion d functions (bc = 0.63, bO = 1.33).37 The hydrogen 
basis set was composed of a set of (3s) contracted to (2s) 
atomic orbitals36 plus a set of p polarization functions 
(bp = 1.0). The adequacy of the basis set is discussed in the 
next section. 

III. RESULTS AND DISCUSSION 

A. Molecular properties 

Being a molecule with comparatively few electrons, but 
still containing three totally symmetric vibrational modes, 
H2 CO provides an excellent test case for a polyatomic vi
bronic analysis. The three modes are the CH and CO stretch
ing and the HCH deformation modes, while the antisymme
tric modes, which are expected to be only weakly excited in 
electronic spectra, constitute the CH antisymmetric stretch
ing, the CH rocking, and the CH wagging modes. All modes 
have experimental ground state frequencies exceeding 1000 
cm - I, the two CH stretching modes having frequencies as 

TABLE II. CAS MCSCF optimized geometry, frequencies, IR intensities, and dipole moments for the formal
dehyde molecule and its deuterium substituted isotopomers. Experimental" values are given in parentheses ( ). 

Property H2 CO HDCO D 2 CO 

reo (1\) 1.215 ( 1.203 ± 0.003 ) 
rCH (A) I.ll8 (1.099 ± 0.009) 
LHCH (degree) ll5.50 (116.5 ± 1.2) 
V l

b (a l ) (em-I) 2840 (2783)[3007] 2871 (2844) 2073 (2056) 
v2

c (a l ) (em-I) 1768 (1746)[1777] 1739 (1723) 1712 (1700) 
V3 d (a l ) (em-I) 1540 (1500)[ 1565] 1434 (1400) ll27 (1106) 
V, e (b2 ) (em - I) 2899 (2843)[3087] 2115 (2121) 2164 (2160) 
v/ (b l ) (em -I) 1278 (1249)[1208] 1051 (1041) 1010 (990) 
v.' (b2 ) (em - I) 1198 (ll67)[ 1279] 1086 (1074) 961 (938) 
II (kmmol- I) 64.64 (75.5 ± 7.1) 77.26 75.37 
12 (kmmol- ' ) 81.61 (74.0 ± 5.3) 71.89 56.56 
13 (kmmol- ' ) 7.37 (11.2 ± 1.0) 4.73 0.49 
I, (kmmol- ' ) 124.85 (87.6 ± 8.0) 97.46 86.41 
Is (km mol-I) 13.71 (9.9 ± 1.0) 10.79 12.74 
I. (km mol-I) 1.21 (6.5 ± 0.6) 0.29 0.02 
p. (D) 2.340 (2.332) 

aH2 CO frequencies from Ref. 39. HDCO and D2 CO frequencies from Refs. 40 and 41, respectively. Dipole 
moment from Ref. 42. IR intensities from Ref. 43. Many-body perturbation theory (MBPT) harmonic fre
quencies of Stanton et al. (Ref. 22) are in brackets [ ]. 

b Symmetric stretching. 
C CO stretching. 
d HCH deformation. 
e Asymmetric stretching. 
fRocking. 
'Wagging. 
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TABLE II I. CAS MCSCF optimized geometries, dipole moments, and adiabatic ionization potentials' (I.P.) 
(vibrational zero point energy included) for the formaldehyde cation. 

LHCH 
Electronic state fl (D) reo (A) rCH (A) (degree) I.P. (eV) 

H,CO' (X'B,) 0.312 1.207 1.124 121.33 9.93 (10.88, 10.885) [10.84] 
H,CO' (.4 'BI ) 0.963 1.357 1.106 122.58 13.02 (14.09, 13.968)[ 14.29] 
H,CO' (8 'AI ) 0.305 1.300 1.113 135.06 15.29 (15.85, 15.837) [16.36] 

H,CO+ (C'B,) 0.371 1.243 { 1.896 
1.120 

117.31 15.40 (16.25,16.241)[17.13] 

• Experimental values (Refs. 24 and 28) in parentheses( ). Green's function results (Ref. 30) are in brackets 
[ ]. 

5909 

large as 2800 cm - I. There are thus favorable conditions for 
resolving the vibronic structure and for obtaining distinct 
deuteration effects in the photoelectron spectra. An exten
sive theoretical analysis of the formaldehyde ultraviolet pho
toemission spectra (UPS) has been given by Domcke and 
Cederbaum,30 who used a gradient method with first-order 
vibronic coupling constants calculated by a Green's function 

technique. The gradient method is equivalent to the vertical 
approach explored here when identical force fields, that of 
the ground state, are assumed for all participating states. We 
explore the gradient (vertical) and the adiabatic38 ap
proaches below, in the latter two cases using full harmonic 
force fields for all states involved. We calculate the local 
expansions of the potentials, the force fields, and the normal 

TABLE IV. Harmonic frequencies' of the first four low-lying electronic states of the H2 CO + ion and its H 
isotopomers. 

State Mode H2 CO+ HDCO+ D2 CO+ 

X'B, l', 2756 (2560,2621.9) 2052 (1940) 1985 ( 1910) 

v, 1632 (1590, 1637.7) 1625 ( 1610) 1615 (1560) 
v, 1275 (1210, 1210.1) 1146 (1120) 924 (870) 
l', 2869 2817 2131 
l' > 869 737 690 
l' . 1067 ("',774.5) 966 853 - , 

A B, l', 2987 (l400,b 2968.8) 2250 (l400b) 2165 (l400b) 
l', 1241 (1210, 1064.9)C 1225 (1210) 1292 (1210) 
l', 1520 ("', 1274.7)C 1401 1041 
l', 3134 3069 2350 
l', 1136 932 881 
l' • 1215 1096 963 

:8 'A, v, 2821 2132 2022 
1', 1283 (1270, 1290.8) 1271 (1270) 1282 (1270) 
t' , 1395 (l270,b ... ) 1331 (940b

) 1007 (940b) 
1', 3011 2930 2268 

V5 1242 985 960 
l' 0 1219 1097 959 

C'B, l', 305 (1400, ... ) {247 
297 

{ (1060) 
(1060) 

237 (990b
) 

1', 1888 ("',1411.8) r847 
1836 

1799 

1', 1190 {1088 
1112 

946 

1', 2874 {2874 
2122 

2122 

l's 745 {601 
627 

541 

l' 0 2511 {2397 
2161 

2028 

• Experimental values are given in parentheses in the order Ref. 24, Ref. 28, or Ref. 24. 
b Some of the assignments (marked b) from the early experiment in Ref. 24 are questionable. 
< A reassignment of the A band origin is possible. In such a case, V 2 should change to ;::; 1160 cm - I and 

v,::::;1500cm- 1• 
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modes of the potential energy surfaces involved in the photo
electron transitions. This provides information on the nor
mal mode scrambling due to the dissimilar orientations of 
the normal coordinates of the initial and final states and its 
consequences for intensity (re)distributions of the bands. 

We have investigated the neutral ground state and the 
four lowest-lying states of ionized formaldehyde. The fourth 
state has low intensity in the photoelectron spectrum which 
shows complex and partly unresolved structures that also 
overlap with the band of the third state.24,25,27,28 In addition, 
there is an (unobserved) "satellite" state, nearly degenerate 
with the third and fourth states, which originates from the 
2b2 -+2b l electron excitations accompanying the 2b2 elec
tron ionization. 15 Our calculations predict this 
... (1b l )2(2b2)o(2b l )1 2BI electronic state to lie 0.04 eV 
above the C 2 B2 state at the optimized equilibrium geometry 
of the ground state. Due to the expected low intensity, we do 
not elaborate further on this electronic state. 

Molecular properties, harmonic frequencies, dipole mo
ments, and IR intensities of formaldehyde and its deuterated 
isotopes were calculated at the CAS MCSCF optimal molec
ular geometries and are collected in Table II, together with 
experimental values reported in the literature. The total 
(electronic) energy of the neutral ground state amounts to 
- 114.05360 hartrees. We note that the calculated values 

for the geometric parameters (bond distances and angles), 
frequencies, and dipole moments compare quite well with 
the experimental values, with a relative error not exceeding 
5%. This overall agreement between experimental and cal
culated frequencies is gratifying considering the neglect of 
anharmonic contributions to the calculated frequencies. The 
largest discrepancy observed can probably be attributed to a 
slightly unbalanced treatment of the electronic correlation 
within the bonding and antibonding (ai, b l , b2 ) subspace 
off unctions. It could also indicate the role of dynamic corre
lation which is only partly accounted for by CASSCF. Again 

using a specific approach for a particular property (e.g., 
MP2 for ground state frequencies) at certain points on the 
surfaces could improve results, but CASSCF is well suited 
for the overall characterization. IR intensities follow qual
itatively the trend observed experimentally. The same can be 
said if we compare our values with previously reported cal
culations at different levels of theory and where basis set 
effects were investigated.2o,21 The importance of including 
(single) polarization and diffuse functions on heavy atoms 
for accurate IR intensities at the MP2level of theory for the 
ground state has been pointed out. 20-22 

The expected quality of the calculated molecular prop
erties of the ion is the same as those obtained for the elec
tronic ground state of the neutral molecule. Actually we 
might expect slightly better results for the molecular proper
ties of the ionic species as compared to those of the neutral 
ground state due to the dynamic correlation of the electron 
missing in the ionic states. This means that more ofthe corre
lation effect is being recovered in the calculations for the 
final than for the initial neutral state. Compared to the recent 
experimental estimates of these quantities,28 we observe that 
the calculated adiabatic ionization potentials (zero point en
ergy included) are systematically:::::; 1 eV too small (see Ta
ble III). 

B. Geometry walks 

The starting point for all the potential energy walks for 
the four electronic states of the positive ions is the ground 
state optimized eqUilibrium geometry. In contrast to ground 
state geometry optimizations or transition state localiza
tions, where the reactions most often follow the soft modes, 
e.g., torsional or bending modes, an excited state optimiz-

TABLE V. First-order vibrational coupling constants K i , i = 1,2,3 ofthe first four low-lying electronic states of 
the H2 CO + and D2 CO + ions. Normal mode labeling is the same as in Table II. In the adiabatic case, the 
coupling constants are derived from the harmonic potential surface computed at excited state (adiabatic) 
equilibrium. Values are given in eV. 

H2CO+ D2CO+ 

State Kl K2 KJ Kl K2 KJ 

Vertical 
'j{2B2 - 0.025 -0.002 - 0.057 
A2Bl -0.058 - 0.349 0.080 
lPA I -0.009 - 0.223 - 0.091 
(;2B2 0.293 -0.050 0.288 
Adiabatic 
'j{2B2 0.026 -0.002 - 0.057 0.Q25 -0.009 -0.048 
A2Bl -0.045 -0.224 0.038 - 0.105 0.205 -0.007 
lPA I 0.024 -0.167 -0.100 -0.023 0.136 - 0.113 
(;2B2 a,b 0.487 -0.005 0.082 0.394 0.128 0.062 

a H2 CO + :K. = - 0.277; K, = 0.024. 
b D2 CO + :K. = 0.236; K, = - 0.034. 
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at ion accompanying a vertical electronic transition in gen
eral involves several modes, also those of high frequency. 
This is because the electronic excitation may arbitrarily end 
up on a rough part, for instance, on a mountain wall of the 
excited state surface. For example, vertical ionization at the 
ground state equilibrium of the strongly bonding 1 biorbital, 
leads to a steep repulsive wall along the CO stretching mode. 
The optimization along this mode leads to considerable rear
rangements also for the other softer modes, before reaching 
convergence after 11 iterations with a prolonged bond. For 
the oxygen non bonding 2b2 orbital, convergence is reached 
in three steps with little displacement from the ground state 
structure. 

The results of the geometry optimization, bond lengths, 
and bond angles for the four low-lying electronic states of the 
positive ion are given in Table III. The observed trends con
form with those obtained qualitatively from the bonding 
properties of the molecular orbitals that participate in the 
ionization. Accordingly, the carbon-oxygen internuclear 
distance reo stretches upon Ib l , Sal' and Ib2 ionization, the 
largest effect occurring in the first case since Ib l is a typical 
CO bonding orbital, and this distance shrinks slightly for the 
ionization from the 2b2 molecular orbital. The carbon-hy
drogen bond length is rather insensitive upon single valence 
ionization of the formaldehyde molecule, except for the large 
deformation following 1 b2 ionization. In this case, one of the 
hydrogens recedes by ;::::0.8 A from its original symmetrical 
arrangement. Finally, the HCH bending angle increases in 
all four cases, largest for Sa I ionization and smallest for 1 b2 

ionization. All of the four investigated electronic states 
maintain a planar equilibrium conformation. In terms of vi
brational excitations, our results are in line with the observa
tion of only a mild vibrational excitation in the three totally 
symmetric modes of formaldehyde in the X spectral vibronic 
band; a strong progression of the V 2 (reo) vibrational mode 
and contribution from the V3 «HCH)v2 combination 
mode in the A band; a strong progression of the V 2 and V3 

vibrational modes in the jj band; and progressions of the 
totally symmetric and perhaps the antisymmetric modes in 
the C vibronic band. The last conclusion agrees with the 
tentative assignment of Ref. 24, but is contrary to the V 2 

excitation mode suggested in Ref. 28. 
The calculated harmonic frequencies are presented in 

Table IV, where they are compared with the respective avail
able experimental values. To better compare experimental 
and calculated frequencies, we should consider; (i) the ne
glect of anharmonic contributions to the calculated frequen
cies; (ii) uncertainties in the experimental values, which for 
some of the less-resolved photoelectron bands may amount 
to a few per cent; and (iii) differences in molecular geome
tries (calculated and experimental values). Furthermore, 
one should qualify the results in terms of the non-state-spe
cific choice of basis sets and configuration spaces, chosen for 
the global characteristics of all states. The largest discrepan
cy observed (notably the estate) can probably be attributed 
to an unbalanced treatment of the electronic correlation 
within the bonding and antibonding (ai' b l , b2 ) subspace 
offunctions and/or it could also indicate the role of dynamic 
correlation which is only partly accounted for by CASSCF. 

II 17 16 III 14 13 12 II 

BINDING ENERGV (.V) 

FIG. I. The experimental He! photoelectron spectrum ofH2 CO (from Ref. 
28). 

C. Vibronic analysis 

The spectra are investigated by the so-called vertical and 
adiabatic methods.44 The two methods differ in the choice of 
the expansion point for the excited state potential energy 
surface; the first method uses the minimum on the potential 
energy surface corresponding to the ground state equilibri
um geometry, whereas the latter uses information obtained 
from the excited (bound) state equilibrium geometry. The 
vertical method simplifies to the so-called gradient method 
of Domcke and Cederbaum30 when the only information 
used for the excited state is the energy gradient along the 
normal modes of the ground state. The vertical and adiabatic 
methods as defined in Ref. 44 require the full harmonic in
formation of all potential surfaces involved in the transi
tions. The formulas for the calculations of polyatomic 
Franck-Condon factors were first put forward by Sharp and 
Rosenstock38 using the technique of generating functions 
and we use a recursive algorithm given Ref. 45. 

In the vertical approach, we assume the "vertical" 
Hamiltonian 

+ 2q~Aqa + VbfJa
) , 

where the nuclear BO potential energy Ep (/3 :;;6a) is ex
panded and truncated to second order in a Taylor series in 
terms of the dimensionless coordinates qa around the equi
librium geometry of the initial state a defined by qa = O. 
Here Ie and A are the first- and second-order coupling con
stants, respectively, as originally introduced in vibronic 
analysis by Cederbaum and Domcke,30.46,47 and which re
late to the gradients and the Hessians of the excited potential 
energy surface as 

1 8EPI 1 t 8EPI 
Ie = ,fi 8qa q" = 0 = ~2{J)(a) L ax xo' 

ro(a)+4A= 8
2

Ep I =_1_V 82Ep
/ L~. 

8qa 8qa qa = 0 ..rc;;a axax Xo ..rc;;a 
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L is a rectangular matrix which transforms the set of 3N 
Cartesian coordinates {x} into the set of 3N - 6 vibrational 
normal coordinates {Qa}, and Qa = (ro(a» -1/2qa . 

V~Pa) = [Ep (~) - Ea (~)] Iqa = 0 is the vertical elec
tronic transition energy. 

The "adiabatic" Hamiltonian depends on the gradient 
and the Hessian (first and second derivatives) of the ,8 po
tential energy surface evaluated at the equilibrium position 
of the final state ,8; 

The set of dimensionless coordinates is now 
qp = (ro<P» 1I2Qp, where ro<P) are the harmonic vibrational 
frequencies of the molecular system around qp = 0 and 
T ~Pa) is the adiabatic electronic transition energy (exclud
ing zero-point energies). 

In both methods, there is a possibility to calculate the 
vibrational intensities by assuming parallel normal coordi
nates. In general, however, we have to take into account the 
fact that the normal modes of the initial and final states are 
not parallel and consider the effect of normal mode scram
bling. This is accomplished by the J matrix entering the Ou
shinsky transformation of the normal modes 

Qp = J<Pa)qa + u<Pa). 

The J matrix is computed as a simple product of the L matri
ces of initial and final states, i.e., the matrices that transform 
internal coordinates to normal coordinates. These in turn 
are obtained by diagonalizing the Hamiltonian and normal
izing the eigenvectors with respect to the kinematic G ma
trix. The obtained J matrix is orthogonal if the data are taken 
from the vertical point, i.e., where the initial and final state 
geometries coincide, but it departs from orthogonality in the 
adiabatic case, i.e., when the L matrices are constructed at 
different geometries (the G matrices are then different). We 
have checked, however, that for the present treated cases of 
neutral and ionic states of formaldehyde, the off-diagonal 
elements of J + J or JJ + are indeed small. 

Below we give the results of our calculations state by 
state and focus on the differences in three respects: (i) the 
vertical vs the adiabatic approaches; (ii) use of diagonal vs 
nondiagonal J matrices (parallel or scrambled normal 
modes); and (iii) the effect of deuteration. The calculated 
coupling constants used in the analysis are listed in Table V. 

The experimental spectrum28 of H2 CO is given in Fig. 
1. The computed spectra are shown in Figs. 2-8 (see figure 
captions). 

The X 2 B2 state is due to ionization in the nonbonding 
2b2 orbital. The effect of ionization is only a small perturba
tion of the geometry and therefore only a weak vibrational 
excitation. The small geometric perturbation implies that 
the normal modes of the two states [albeit not the force fields 
(see Table VI) ] are quite similar. In this sense, the gradient 
method (with diagonal J matrix) is suitable in this case. The 
very weak nature of the excitations make the results strongly 
dependent on the accuracy of the force fields for the states. 
Our results give (Fig. 2) excitations to the V3 mode, while 

experimentally all three modes are weakly excited. The rea
son for the discrepancy is that the components of the ground 
state force field involving the HCH bending mode make the 
composition of the V 2 and VI normal modes somewhat con
taminated with contributions from V3 leading to an intensity 
borrowing by V3 from the other modes. The choice of com
putational methods for the vibronic intensities (see Figs. 2-
5) does not change the picture very much. 

The next ionic state A 2BI is due to ionization of the 1b l 

C01T bonding orbital leading to a considerable lengthening 
of this bond. It is accompanied by a considerable excitation 
of the V Z CO stretch mode. There is also a slight excitation 
along the V3 mode. The asymmetry to the high energy side of 
the individual bands has been assigned as due to excitations 
along the V 2 V3 combination mode.28,30 The intensity distri
butions in the vertical and the adiabatic spectra are similar, 
the former being more in concordance with the experiment. 
The reason is, as discussed by Oomcke and Cederbaum, 30.47 
that the neglect of anharmonicity in the expansion of the 
potentials is more crucial in the latter method, while the 
gradient (and vertical) methods to some extent include an
harmonicity and describe the potential better in the Franck
Condon zone where vibrational modes have their turning 
points and large excitation probabilities. On the other hand, 
the use of initial state frequencies in the vertical approach 
evidently makes a poorer representation of the energy spac
ings. For the finer details, such as the appearance of a second 
progression, the adiabatic method is superior, simply be
cause it uses the correct frequency values. Also the use of the 
full J matrix causes a redistribution of the vibrational inten
sities among the normal modes involved such that the cen
ter-of-gravity of the vibronic band is shifted to higher bind
ing energies. In particular, the progression along the V 2 V3 

combination modes receives sufficient strength to be dis
cerned from the V 2 progression only if the full contribution 
of the J matrix is included in the calculation. Based on this 
analysis for the vibrational profile of the second spectral 
band, the relevant final state vibrational frequencies, and the 
respective calculated ionization potential, it seems difficult 
to agree with the assignment of the origin of this band at 
13.968 eV, as has been tentatively suggested.28 

While the V 2 CO stretch is, as expected, relatively un
perturbed by deuteration, the other modes are perturbed. 
Instead of the V3 bands appearing on the left shoulder of the 
V2 bands, we now obtain VI bands on the right shoulder of 
the V 2 bands. This agrees with the experimental spectrum,24 
which exhibits the asymmetry on the opposite side of the 
bands as compared to the Hz CO case, albeit the computed 
intensities are somewhat low. According to the Green's 
function calculation by Domcke and Cederbaum23 the cause 
of this reversal is due to the isotopic effect on the (first
order) vibronic coupling constant which changes the excita
tion patterns from (v2 , v 3 ) in H2 CO + to (VI' v2 ) in 
O 2 CO + . If this is the case, it would be expected that the 
(harmonic) frequency associated with the totally symmetric 
mode VI in the formaldehyde-02 is smaller than the corre
sponding v2 (CO), as explicitly assumed in Ref. 30. Our re
sults do not support this assumption and, as seen, we have 
obtained VI = 2165 cm -I which is almost twice the calcu-
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FIG. 2. The vertical photoelectron spectrum of the first four electronic states ofH,CO. Parallel normal modes (diagonal J matrix). 

§ 
lil 

i! 
_R 
iii 
151 
Ii 
'iii! 

iii 

~ 

0 

§ 

lil 

2 
_R 
It 
§2 

!5! 
1:;-

Ii 
.!iii! 

iii 

~ 

0 

C 2 S 2 

·16,5 

A2 S1 

145 14 

-16 
Energy (eV) 

Encrav ICV) 

-15,5 

·135 

§ S2A1 
lil 

i! 
0 _t-

It 
'§ 2 

151 
1:;-

'j i 
E!i! 

iii 

~ 

0 

·16.8 -16,4 -16 -15,6 -15.2 
Energy (eV) 

§ X2S2 
lil 

i! 
0 _ .... 

tl 
'§ ~ 
D 
!!1il 
1:;-

ill 
.!i!i! 

iii 

~ 

-
·13 ,lOS ·'0 ,9.5 

EnerQV teV) 
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Adiabatic formaldehyde photoelectron 
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Adiabatic formaldehyde-d2 photoelectron 
spectrum (J) :: Individual bands 
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proaches. The ionization potentials are those computed, while the relative 
electronic band intensities have been chosen to match the experimental 
spectrum as closely as possible. Note that the fourth state is missing in the 
adiabatic spectrum. 
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TABLE VI. Force field (mdyn cm -') for the H2CO(X 'A, ) and the first three electronic states of the ion 
H 2 CO+. 

Coordinates 

Species SI S2 Bl S3 B2 0 

H 2CO(X'A,) SI 12.8076 
S2 0.7523 4.6356 
Bl 0.6479 - 0.2137 1.7354 
S3 0.0000 0.0000 0.0000 4.4680 
B2 0.0000 0.0000 0.0000 0.1137 0.8519 
0 0.0000 0.0000 0.0000 0.0000 0.0000 1.2208 

H 2 CO+ (X 2B2) SI 11.5252 
S2 0.8628 4.4044 
Bl 0.7505 - 0.1446 1.1613 
S3 0.0000 0.0000 0.0000 4.3963 
B2 0.0000 0.0000 0.0000 0.2453 0.4098 
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.8252 

H 2 CO+ (A 2B,) SI 6.8623 
S2 0.1420 5.1053 
Bl 0.4902 - 0.0962 1.5120 
S3 0.0000 0.0002 0.0002 5.1462 
B2 -0.0001 0.0005 0.0003 - 0.0005 0.7063 
0 0.0000 0.0000 0.0001 

H 2 CO+ (B 2A,) SI 8.1168 
S2 0.2170 5.3203 
Bl 1.0063 - 0.0908 1.4159 
S3 0.0474 - 0.6255 - 0.0423 
B2 0.0576 0.0343 -0.0090 
0 0.0000 0.0000 0.0000 

lated value for V 2 • This accidental degeneracy can explain 
the observed spectral feature with a substantial amount of 
excitation along the VI mode. 

The third ionic state of symmetry Jj 2AI is formed by 
photoionization from the Sal molecular orbital and is ac
companied by changes mostly along the CO stretch, but to 
some extent, also along the CH stretch and the HCH angle 
coordinates. A progression along the V 2 mode dominates the 
spectrum. The V3 mode is also excited, but is buried under 
the V 2 progression. The conclusion concerning the different 
ways of obtaining the vibrational intensities is similar to that 
of the second state. The adiabatic approach with a nondia
gonal J matrix gives the best experimental agreement. The 
effect of deuteration is that the degeneracy between the V 2 

and V3 modes is lifted and that the latter and some combina
tion bands become visible. Agreement with experiment is 
acceptable, although the relative intensities of the different 
progressions are not fully accounted for. Again, we associate 
most of the discrepancies with deficiencies in the force field 
of the neutral ground state. 

Finally, for the C 2 B2 state, the geometry optimization 
led to a broken Cs symmetry conformation with unequal C
HI and C-H2 bond lengths (see Table III). The frequency 
for the longer C-H stretch is only 300 cm - 1. The vibronic 
analysis in the adiabatic case is complex since also the anti
symmetric modes are excited and since all modes mix except 
the out-of-plane mode. There are also two energetically 
close-lying states at the adiabatic point, one of the same sym
metry and one of a different symmetry. The nonsymmetric 

0.0000 0.0000 0.8976 

5.4017 
0.0204 0.8868 
0.0000 0.0000 0.6762 

conformation of the fourth state can thus be an effect of a 
conicalintersection. The appearance of the C 2 B2 band in the 
photoelectron spectrum is complex and diffuse with a high 
background. It overlaps with the third band. The vertical 
results predict excitations along V3 with frequency about 
1000 cm - I, with a small contribution from the V I mode. The 
intensity distribution agrees rather well with the experiment. 
The geometrical changes occurring for the C 2 B2 state indi
cates excitations along the VI stretching mode associated to 
the longer CH bond. This result is in a qualitative, but not 
quantitative, agreement with the assignment proposed by 
Turner et af.24 

IV. SUMMARY 

With analytical calculations of MCSCF gradients and 
Hessians, a broad niche of applications for excited states has 
been opened. Such applications refer to geometry optimiza
tions, transition state searches, and to property calculations 
in general. It is the purpose of the present study to demon
strate this using H2 CO + and its deuterated species as exam
ples. Concerning the geometry optimizations, we find that 
restricted step second-order MCSCF performs just as well 
for the lowest excited states as for ground states, while for 
higher-lying states, both the wave function calculations and 
the potential surface optimizations become problematic due 
to the high density of states. 

We have focused on the calculation of the vibronic spec
tra. The frequencies and intensities in these spectra are often 
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the only data that are experimentally available for potential 
surfaces of polyatomic excited states. It is therefore impor
tant to calculate these spectra accurately in order to be able 
to make predictions for other, experimentally unknown, 
quantities. The multidimensional gradients and Hessians, as 
the ones obtained from the ABACUS program here em
ployed, are exactly those quantities that make the vibronic 
analysis extendable from the diatomic or "quasi-one-dimen
sional" species, to general polyatomics. This means that vi
bronic spectra now can be obtained truly ab initio without 
any preassumption about parameters entering the force 
fields. On the other hand, the vibronic calculations can be 
used to give a crucial check on the force fields. For instance, 
in the present study, we find that the comparatively poor 
description of the very weak VI and V 2 excitations in the first 
band is due to insufficient accuracy of the force field compo
nents associated to the HCH bending motion in the ground 
state. We also find that most of the published ground state 
force fields 19 offormaldehyde are insufficient for the calcu
lation of this spectrum. 

We have used a single one-particle basis set and the same 
form of the wave function for all states. We obtain good 
general agreement with experiment concerning frequencies 
(within 5%) and intensities. One advantage of analytical 
MCSCF is that many properties are obtained simultaneous
ly, something that is valuable for building up confidence in 
the calculations. Another advantage is that the model em
ployed is equally reliable concerning data at equilibria and 
transition states as for other points on the potential energy 
surface that are, unpredictably, reached by a sudden elec
tronic excitation. Focusing on each state and/or point on the 
surface, the calculations can be specially designed to attain 
higher accuracy. To further refine the present calculations, a 
basis set investigation should be carried out. For geometry 
optimizations, it would be very beneficial to have symmetry 
imposed, something which also, very recently, has become 
available together with the use of restricted active space 
wave functions. 14 With such wave functions, it is possible to 
recover a larger portion of the dynamic correlation, al
though it is still an open question how to make such wave 
functions self-adjustable to provide a comparable, high accu
racy for all parts of the potential surfaces. 
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