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Equations of motion method: Excitation energies and intensities 
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We have used the equations of motion method to study the excitation energies and intensities of 
electronic transitions in formaldehyde. The calculated excitation energies and oscillator strengths agree 
well with experiment and suggest explanations for some unusual features recently observed in the 
optical absorption and electron scattering spectrum of formaldehyde in the vacuum ultraviolet. 

I. INTRODUCTION 

In recent papers 1•2 we have discussed the equations of 
motion method as an approach for direct calculation of 
the properties of physical interest inspectroscopy, e.g., 
transition frequencies, intensities and scattering cross 
sections. By using a theory specifically designed for 
studying these relative properties one can avoid many of 
the difficulties involved in obtaining accurate values for 
absolute quantities such as the total energies. We have 
derived several approximations to the solution of the 
equations of motion for the operator 0): which generates 
the state J:>c) from the ground state JO). In the equations 
of motion method the approximation which includes single 
particle-hole (1p-1h) and two particle-two hole (2p-2h) 
components3 in 0~, referred to as the (1p-1h)+(2p-2h) 
approximation, gives results for transition frequencies 
and intensities in N2 , CO, C2H4, 

2 C6H6 , 
4 and C02 

5 in 
good agreement with experiment. 

In this paper we present results on the excited states 
of formaldehyde. These results include transition en
ergies and oscillator strengths for transitions below 
2000 A which allow us to explain some unusual features 
recently observed in the optical absorption6 and electron 
scattering spectrum. 7 These studies were stimulated by 
the recent discovery of formaldehyde in interstellar dust 
cl0uds 8 and provided accurate absorption coefficients 
between 2400 and 912 A. The absorption coefficients in 
the vacuum ultraviolet are large and hence absorption of 
photons in this spectral region is important in deter
mining the fate of formaldehyde in the interstellar radia
tion field. Some of the unusual features in the spectrum 
that our results can explain include the prediction of a 
1B1 (a- 7T*) state at 9. 2 eV with a very low oscillator 
strength and equal oscillator strengths for the transitions 
to the 1B2 (2b23Pa1 ) and 1B2(2b 24pa1) states. The calcu
lated f value for each transition is 0. 04 compared with 
the observed value of 0. 03. This distribution of intensi
ties is unusual for a Rydberg series. Another interest
ing feature of the spectrum is the apparent absence of 
any band which could be related to the 7T- 7T* valence 
transition. Our results show a transition to a 1A1(7T, 7T*) 
state at 10. 10 eV with primarily intravalenc6 character 
but with an f value of only 0. 10. From the character
istics of this state there is a clearly an interaction be
tween the neighboring 1A 1(2b 2npb 2) states and the 7T* va
lence state as discussed by Mentall et al. 6 

In the next section we give a very brief outline of our 
method. Section III discusses the results of our calcu-

lations with different basis sets designed to study specif
if features in the observed spectrum. Section IV gives 
a summary of our conclusions. 

II. THEORY 

We have discussed the equations of motion method in 
recent papers1

• 3 and we will give only a very brief sum
mary of the theory in this section. It can be shown that 
the operator 0{ which generates an excited state I "?c) 
fromthegroundstate, i.e., IX)ocO~iO), isexactlya 
solution of lhe equation of motion 9 

(1) 

where 150~ is a variation of the amplitudes specifying 0~ 
and w~ the excitation frequency. The double commutator 
is defined as 

2[A, B, C] _c [[A, B], C] +[A, [B, C] ]. (2) 

We have derived various approximations to the solution 
of Eq. (1). 1

•
3 If 0~ is restricted to single particle-hole 

(lp-lh) form Eq. (1) becomes 

r A B J [Y(~)l- \D OJ jY(:>c)J 
l:-B* -A~ Z(:>c)J-w~.Lo n Lz(:>c)_ 

(3) 

where the elements of A, B, and D are defined in Ref. 
(1). We have atso shown that the theory including 2jJ-

2lz amplitudes in 0~ is equivalent to a renormalized lp-
111 theory. We have derived an approximate perturba
tive scheme for solving these equations including ljJ-111 

and 2p-2h amplitudes. Unless we state otherwise the 
results of the equations of motion method will always 
refer tot his approximation, i.e., lp -1!1 + 2p -2lz ap
proximation. 

Ill. RESULTS 

The first step in an equations of motion calculation is 
to carry out a self -consistent field calculation on the 
ground state of the molecule. These SCF orbitals form 
the particle-hole basis. The ground state electron con
figuration of formaldehyde is 

(4) 

These calculations were done at the currently accepted 
ground state experimental geometry. 10 In these cal
culations we used a [3s2jJ/1s] valence basis of con
tracted Gaussian functions2 to which we added diffuse 
Gaussian basis functions on the atomic centers and at the 
center of charge. We have found that such a basis can 
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TABLE I. Excitation energies and intensities in forcnaldehycle. a 

?.lain t:;Eb 6.E 6.£ f f 
State transition (EOi\'I) lObs.) (CJ) (EO !vi) (Ohs. )h 

3Az n- -n* 3.46 :3. 54c 3.41" 
!Az n- ;r* 1. 01 3. 84c 3.81 
3A1 :--71·* 5.29 5.56 
!At IT-n-* 10.10 9. 9or 0.10 
1B1 rr-7T* 9.19 9. oct 9.03 0.002 
!Bz n-3s 7. 28 7.08 7.38 0.02 0.028 
JBz n-3pa1 8.12 8.14 8.39 0.04 0.0:32 
1A1 n- 3pb2 8.15 7.97 8.11 0.05 0.017 
!Az n-3pb 1 8.35 7. 99g 
1A1 n-4pb2 9.40 9.58 0.004 • .,l 

!Az n-4pb1 9.47 
!Bz n- 4pa 1 9.55 9.63 0.04 0.032 

aVertical excitation energies. 
bResults from the EOM method in the Up -1h) + (2p- 2h) approxi-
mation. All energies in electron volts. 

csee Ref. 11. 
dThe next six experimental values are from Ref. 6. 
"CI calculations of Ref. 13. 
rReference 14. 
gReference 15. 
hReference 7. 
10bserved to be much weaker than the transition to the 

1 B2(2b 24pa 1). 

adequately describe the intravalence transitions and also 
transitions to the first members of the Rydberg series. 
The basis must also contain these Rydberg components 
so as to study the valence- Rydberg mixing probably re
sponsible for some features in the formaldehyde spec
trum. Since the equations of motion method involves com
mutators that lead to operators of low rank, we can ex
pect a basis with a small number of valence components to 
be adequate for carrying out calculations on most ex
cited states including intravalence transitions. The diffuse 
components of our basis includes an s function with an 
exponent of 0. 05 on each atomic center, a p function with 
an exponent of 0. 05 on the carbon and oxygen centers, 
an s function and a set of p functions with an exponent of 
0. 016 at the center of charge, and also a Px and p~ func
tion with an exponent of 0. 005 at the center of charge. 
In these calculations we truncated the particle basis 
slightly so as to use available computer programs. The 
resulting matrices were no larger than of order 30 x 30. 

Table I shows the excitation energies for twelve tran
sitions in formaldehyde along with the oscillator 
strengths for the seven dipole-allowed transitions. The 
calculated results listed in the third column agree well 
with the observed values in the fourth column. The ex
perimental values for transitions to the 1A 2 (n-1T*) and 
3A2 (n -11*) states are the estimated vertical excitation 
energies. 11 The 1A1 -

3A 1 (7T -11*) has not been observed 
experimentally but could probably be seen quite easily 
in low-energy high-angle electron scattering off for
maldehyde. The calculated excitatioP energy of 9. 2 eV 
for the 1A 1 -

1B1 (a-7T*) transition is close to the value 
of 9 eV inferred from the observed spectrum by Mental! 
et al. 6 The oscillator strength of this transition is only 
0. 002 in agreement with the assignment of weak absorp
tion features between 1340 and 1430 A (8. 7-9. 4 eV) to 

the 1B1 (a-n*) stale. This is the only intravalence 
transition assigned in the observed spectrum below 
2ooo A.. 

The 1A1 (11-rr*) state is one of the puzzling aspects in 
the interpretation of the spectrum of formaldehyde. No 
feature was observed in either the absorption6 or elec
tron scattering7 spectrum which could be related to the 
IT- 11* excitation. We predict an excitalion energy of 
10. 1 eV and an f value of 0. 1 for this transition. This 
state is a valence-like state with sorr.e admixture of 
Rydberg character through its interaction with nearby 
Rydberg states. 6 For example the change in the aver
age value of Li(x7+y~) for the transition is about 15 
(a. u. )2 which is larger than typical values for pure in
travalence transitions, i.e., 2-3 (a. u. )2 but much 
smaller than the values of 20-50 (a. u. )2 which charac
terize the first members of Rydberg series. The f val
ue of 0. 1 for this transition is clearly brought about by 
the mixing of the intravalence (n- 11*) state and the 1A 1 

Rydberg states with the configurations (2b 2 nb 2) and 
(1b 1 nb 1) in the present calculation. This basis does not 
allow for the mixing of 1A 1(2b 2 ndb 2) states since it does 
not contain ndb 2 functions. From the model calculations 
of Mental! et al., 6 we can expect strong mixing between 
the n-11* state and the 1A1(2b 2 ndb 2) states. In the va
lence [3s 2p /1s] basis2 the 1A (7T- n*) state has a large f 
value of about 0. 4 which decreases due to Rydberg-va
lence mixing. If the final f value for this transition does 
remain close to 0. 1 we will not expect to see a strong 
feature in the absorption since this intensity will be 
spread over the entire band which can easily be 1 eV 
wide. Our results show a 1A1 state near the 2b2 ioniza
tion potential which has a largejvalue of 0. 2. This 
may be an important feature in the spectrum but our 
present results are insufficient to identify it reliably. 
We are now carrying out more extensive calculations in
cluding the 1A1 (2b2 ndb2) states in order to understand the 
intensity distribution in the 8-12 eV region. This in
cludes a study of the generalized oscillator strength as 
a function of the square of the momentum transfer. The 
presence and position of minima in these oscillator 
strengths as a function of l should clarify many of these 
questions. 

The other results in Table I are all for Rydberg tran
sitions of the type 2b2 - ns and 2b2 - np. The excitation 
energies agree well with experiment and the jvalues ex
plain some interesting features in the spectrum. The 
1 B2(2b23pa1) and 1 B 2(2b24pa1 ) states have observed f va
lues of 0.032. This is an unusual distribution of in
tensities for two successive members of a Rydberg 
series. The calculated/ value of 0. 04 for both transi · 
tions reproduces the observed distribution of intensity. 
These f values are also far greater than the values giv
en by the single-configuration approximation. 6 The ob
served term value of 2. 9 eV for the 1A1 (n- 3pb2) state 
is larger than the corresponding term value in typical 
np series, e.g., around 2.4 eV. This is again probably 
due to the perturbation of this state by the 1A1 (rr- n*) 
state. The calculated f value of 0. 05 for the 1 A1 (n 
- 3pb2) state is larger than the observed value of 0. 017 
but here we can expect some redistribution off values 
when 1A 1(2b2 ndb2) states are included. This mixing of 
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the 1A1 (2b2 ndb2) states can also put the 1A1 (2b23pb 2) 

state below the 1B2 (21J 23pa1). No experimental f value 
was reported for the 1A1 (2b24pb2 ) state but a visual esti
mate of the absorption coefficients shows that the transi
tion to this state is much less intense than the 1A1 

-
1 B 2 (2b24pa1 ) transition. The calculated f values agree 

with this trend. We have also calculated the excitation 
frequencies to the triplet Rydberg states but these re
sults are not listed in Table I since they are usually 
within 0. 3 eV of the corresponding singlet excitation en
ergies. 

We also obtain excitation energies and intensities of 
transitions to Rydberg states leading to the second 
ionization potential. These include the 1B1 (rr- 3s) and 
1B1 (rr-3pa1) states at 11.2 and 12.2 eVwithjvalues of 
0. 06 and 0. 02, respectively. 

In the fifth column of Table I we list the excitation 
energies for many of these transitions obtained by the 
configuration interaction (CI) method. Many of these 
are results from extensive CI studies involving ma
trices ranging in order from 150 x 15012 to 450 x 450. 13 

The results agree well with the observed values and with 
those obtained from the equations of motion method. It 
is not our purpose to compare the conceptual or com
putational differences between these two methods. Ex
citation frequencies and intensities are just two quanti
ties among others which the EOM method is designed to 
obtain. Other properties include cross sections for pro
cesses such as photoionization and electron molecule 
scattering. 5 

An interpretation of the formaldehyde spectrum in the 
vacuum ultraviolet requires an understanding of the 1A(rr 
- rr*) state and its perturbation by the adjacent Rydberg 
states. For this reason we have carried out some ad
ditional calculations on this state and others with a dif
ferent atomic basis. Configuration interaction calcula
tions had previously placed the 1 A ( rr- rr*) state at around 
11. 4 eV12

• 14 with an f value of 0. 4. 12 However, Whitten13 

recently obtained a vertical excitation energy of 9. 90 eV 
in a very extensive CI calculation involving 468 configu
rations. This lowering relative to his previous result14 

is partly due to the inclusion of d-type polarization func
tions in the basis and, more importantly, to an effective 
inclusion of sigma-pi correlation. To study the be
havior of this state in a more flexible valence atomic 
basis we have done two additional calculations. In the 
first calculation we used a larger valence [ 4s3p/2s] basis 
of contracted Gaussian functions 15 and for the second 
calculation this basis was augmented by xz, yz, and z2 

d-type polarization functions and diffuse sand p, func
tions on the carbon and oxygen centers. The basis of the 
second calculation has both a larger valence component 

and the flexibility to reflect valence-Rydberg mixing. 
We obtained excitation energies of 9. 90 and 9. 66 eV 
from the first and second calculation, respectively. The 
j values are both close to 0. 10. These results again in
dicate the presence of an intravalence 1A1 (11- rr*) state 
around 9. 9 eV. 

IV. CONCLUSIONS 

We have used the equations of motion method to study 
the excitation energies and intensities of formaldehyde 
in the vacuum ultraviolet. This region of the formalde
hyde spectrum has only recently been studied experi
mentally and shows some unusual features. 6 The cal
culated transition energies and intenisties agree well 
with the observed values and suggest explanations for 
some of the unusual behavior in the spectrum. In agree
ment with experiment we see that intensities in the 
1A1 (2b2 npb2) series are normal but very unusual in the 
1 B2 (2b2 npa1 ) series. Another interesting conclusion is 
the location of a 1 A1 ( rr- rr*) state at around 9. 9 e V but 
with the low f value of 0. 1. This state is being per
turbed by valence-Rydberg mixing. The generalized 
oscillator strength as a function of q2 will be useful in 
studying these perturbations quantitatively. 
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