
1. Introduction
Formaldehyde H2CO is a well known molecule, 
whose vibrational energy levels have been studied 
experimentally extensively and with great precision 
using various spectroscopies up to quite high excess 
vibrational energies (Ev) in the ground electronic state, 
S0 [1-7]. On the theoretical side, the exact vibrational 
kinetic energy operator of formaldehyde has been 
derived by Handy in explicit form already in 1987 
[8]. All this has made formaldehyde very attractive 
for the application and testing of various variational, 
perturbative, and algebraic methods designated for 
calculation of its vibrational level energies [9-17], that 
were later transferred to other molecules. A major aim 
of these calculations has also been the derivation of a 
precise and reliable potential energy surface (PES) for 
formaldehyde [9,12,13,18].

Recently we developed a specific vibrational 
variational calculation method [19-21], that was based 
on the exact kinetic energy expression [8] and a PES 
which is presented in separable (factorized) form. 

Using this method and the Martin, Lee, Taylor (MLT) 
quartic PES [22], we were able to reproduce exactly the 
results for Ev<5000 cm-1 of the high precision variational 
calculations by Luckhaus, obtained  using the same 
PES [14]. The main asset of our method however is, 
that it allows for converged variational calculations on 
the vibrational level structure to be carried out at very 
high excess vibrational energies in formaldehyde-
like molecules. In the first applications of this method 
to formaldehyde H2CO [20] and formaldehyde D2CO 
[21], using the realistic (yielding comparatively good, 
albeit not exactly spectroscopically accurate calculated 
frequencies) MLT quartic PES [22], we were able to 
perform converged high precision calculations on the 
vibrational level structure and intramolecular vibrational 
energy redistribution behavior of a large number of 
vibrational levels, including highly excited overtone levels 
at energies up to Ev~17000 cm-1, where the vibrational 
level density is quite high. Considerable differences 
in the intramolecular vibrational energy redistribution 
behavior and vibrational mixing pattern between the two 
molecules were found [21].
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Formaldehyde HDCO has the same PES as H2CO 
and D2CO (within the Born-Oppenheimer approximation), 
but a substantially different kinetic energy operator, 
having one H mass and one D mass and reduced 
molecular symmetry Cs. In contrast to H2CO and similar 
to D2CO, for S0 HDCO very few experimentally measured 
frequencies had been available in the lower Ev range, 
until recently [23-30]. However in 2008 Ellsworth et 
al. [31] carried out a detailed dispersed fluorescence 
spectroscopic study on the vibrational level structure 
of S0 HDCO that allowed for the observation and 
assignment of 133 vibrational levels in the range up to 
Ev~10000 cm-1. 

Our aim in the present work is to calculate exact 
frequencies for all S0 HDCO vibrational levels in the 
lower range of Ev (up to ~5000 cm-1 and using the MLT 
PES [22]) and to compare our results with the recent 
experimentally measured values [31]. We perform 
detailed assignments of all our calculated frequencies 
and compare our assignments with the assignments 
by Ellsworth et al. [31], based on their experimental 
spectroscopic measurements that was fitted to a 
multiresonant Hamiltonian model.

This work is organized as follows. In Section 2 
we give a brief description of the technical features of 
our method (vibrational coordinates and Hamiltonian, 
vibrational basis set, search/selection algorithm and 
Lanczos iteration), that has been described in greater 
detail in our recent work on formaldehyde H2CO [20]. 
Next, in Section 3 we describe the results from our 
calculations on the HDCO vibrational levels, in the 
range up to Ev~5000 cm-1. We also present and discuss 
our assignments of the calculated vibrational levels and 
compare them with the assignments by Ellsworth et al. 
[31]. A number of additional vibrational levels have been 
calculated and assigned here, that were not observed by 
Ellsworth et al. [31] and a number of their assignments 
have been changed and new resonances discovered. 
Section 4 contains our conclusions from the results of 
the calculations.

2. 

In our calculations we use the explicit expression of 
Handy for the kinetic energy of formaldehyde [8], in 
terms of his curvilinear coordinates qk (three bond 
stretches, two interbond angles and one dihedral “book” 
angle, Fig. 1). For the PES of S0 formaldehyde, we 
use the original ab initio MLT quartic field [22]. Our 6D 

basis functions are products of 6 1D basis functions, 
. Alternatively in state space, we denote 

the basis functions as 654321 ,,,,, nnnnnn , where nk 
are the excitation quantum numbers of the 6 vibrational 
modes. Although we use here local vibrational modes 
of HDCO (whose shapes are displayed schematically 
in Fig. 1), they are numbered following the conventional 
normal mode scheme used for H2CO (as described 
in [31]). Our local mode basis functions are chosen 
to resemble most closely the lower excited molecular 
vibrational eigenfunctions so that the nondiagonal 
Hamiltonian matrix elements be as small as possible. 
For the three stretching coordinates of the C–D, 
C–O and C–H bonds, we employ Morse oscillator 
eigenfunctions , k=1,2,5, nk=0,1,…, nk0 that are 
optimally adapted to the relevant molecular motions, by 
setting appropriately the two parameter values of the 
Morse oscillators. For the out of plane bend, we employ 
harmonic oscillator eigenfunctions  [q4=  – the 
out-of-plane bend (“book”) angle]. Finally, for the O–C–
H(θ1) and O–C–D(θ2) bends (coordinates q3=cosθ1, 
q6=cosθ2), we use a set of normalized associated 
Legendre polynomials , n=2,3,…, that cancel 
the singularities in the kinetic energy operator. However, 
since they have no free parameters to adjust and are not 
well adapted to the molecular vibrations, for each bend 
we apply a prediagonalization of the 1D basis (using a 
simple 1D Hamiltonian) in order to obtain suitable 1D 
basis functions as linear combinations of the original 
wavefunctions. This procedure was described in detail 
in our previous work [20].
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Figure 1. Six vibrational curvilinear coordinates and local modes, 
used as basis states in the vibrational description of 
HCDO.

Vibrational Hamiltonian, basis 
set functions, search/selection 
procedure and Lanczos iteration

 

2



S. Rashev, D. C. Moule

Our specific search/selection procedure for 
constructing the Hamiltonian matrix H in a vibrational 
calculation, involves the intermediate calculation of a 
great number of Hamiltonian matrix elements (that are 
employed to test whether a state should be selected or 
not), greatly exceeding the final number of elements in 
H. Therefore we need a very fast method for calculation 
of matrix elements that does not include numerical 
integrations. For this purpose, prior to each actual 
vibrational calculation, we compute a number of 2D 
arrays = , mi,ni=0,1,2,…, 
ni0, corresponding to each one of the vibrational 
coordinates qi and each function or operator , 
occurring in either kinetic energy or PES expressions, 
using either Gauss–Hermite, Gauss–Laguerre or 
Gauss–Legendre numerical integrations [32], where 
ni0 is the number of basis functions employed for the 
vibrational coordinate qi. All computed ni0×ni0 arrays are 
stored in computer core memory, ready to use in the 
subsequent matrix elements calculations. As a result 
of this and of the separable forms of the kinetic energy 
and PES, each matrix element is obtained as the sum of 
products of the appropriate  values, thus reducing 
the actual calculation to a number of multiplications 
and summations and no integrations, which greatly 
accelerates the calculation of matrix elements.

Our search/selection procedure serves to select an 
optimally small however representative active space 
of basis states, that are involved in the vibrational 
calculation. The aim of our search/selection procedure 
is to select a small active space from a huge primitive 
space of basis states. The search/selection procedure 
employed here, described in detail in our work [20], is 
similar to the artificial intelligence based techniques, 
developed earlier [33,34]. It is based on the distance Δ in 
state space. A search/selection procedure is started from 
a particular basis (feature) state 0 , chosen to be the 
best zeroth-order representation of the vibrational levels 
to be calculated. Starting with 0  (as the first state in 
the active space), the search proceeds to probe first the 
neighboring (Δ=1) and next further and further removed 
(Δ=2,3,…) basis states k  (whose energies are denoted 
as E0k) in state space, for their coupling strength to 0 . 
Each state that satisfies the criteria for sufficient coupling 
strength is selected and consecutively added to the 
previously selected active space. The probing is done on 
the basis of an evaluation function fk that is calculated for 
each probed state in the search. All selected basis states 
0 , 1 , 2 ,… are stored in an array in computer core 

memory together with their fk values. After 0 , the search 
is conducted in turn on the row of all previously selected 
states 1 , 2 , 3 ,…, leading to the eventual selection 
of more states. Simultaneously the Hamiltonian matrix 

is being built, containing the diagonal and nondiagonal 
matrix elements of all basis states selected so far. The 
procedure is terminated at the point when, in conducting 
the search on the last selected state, no new states could 
be selected, according to the criteria of the search. The 
three parameters determining the scope and quality of 
the search, whose values have to be fixed at the outset, 
have been defined and discussed in our previous work 
[20].

Our primitive space for S0 formaldehyde is 
characterized by following limiting numbers of basis 
states for the individual coordinates: n0,1=n0,2=n0,5=16 
(CD, CO and CH stretches), n0,4=38 (out of plane 
bend), n0,3= n0,6=28 (HCO and DCO bends). This gives 
a primitive space dimension of 122,028,032 states, 
while the states of a particular symmetry species A’ 
or A” will be ~1/2 of this value (HDCO belongs to the 
Cs symmetry group with symmetry species A’ and A”). 
Our active space dimensions range from N~5000 to 
larger than 100000, ensuring a convergence of 0.1 cm-1 
for all vibrational levels in the explored energy range. 
The Hamiltonian matrix H constructed in the course of 
the search/selection procedure, besides being optimal 
in size, is also rather sparse, because the algorithm 
employed automatically discards the matrix elements 
that are too small according to the criteria of the search. 
The sparsity of the obtained Hamiltonian matrix allows 
it to be stored in computer memory not as a 2D but as 
a 1D array, including only the nonzero matrix elements. 
This storage is both memory efficient as well as 
greatly accelerating the matrix×vector multiplication, 
which is the most time-consuming step of the Lanczos 
iteration.

For the tridiagonalization of H we employ a 
conventional Lanczos iteration without 
reorthogonalization [35], started again from the vector 
0 . Next we diagonalize the obtained tridiagonal 

Lanczos matrix using the routine tqli() from Numerical 
recipes [32]. This latter routine has been modified to 
yield the eigenvalues Ei and only first component Ci 
of each eigenvector 

ix . In general, in a vibrational 
calculation we not only obtain converged eigenvalues Ei 
and coefficients Ci for all levels in the energetic vicinity 
of the initial level 0 , but also for all the levels at lower 
energies.

Provided that 0  is the only “bright” basis state 
(i.e., carrying oscillator strength) in the spectral range 
of interest, the spectral distribution Ci(Ei)2 represents 
the absorption spectrum. The characteristic features 
of this spectrum (width of the spectral distribution, 
density of spectral lines) are indicative of the extent 
of vibrational mixing and vibrational fragmentation 
around 0 . 
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3. Vibrational calculations
We have calculated and assigned the frequencies of 
all HDCO vibrational levels in the lower Ev range, up to 
Ev~5000 cm-1. These results were converged to better 
than 0.1 cm-1. As in our recent work on H2CO [20] and 
D2CO [21], we performed careful convergence tests, 
by varying the values of the search parameters. In this 
energy range the vibrational level structure is quite 
sparse, however, the vibrational level mixing is strong, 
many resonances occur and the assignments present 
a serious problem. Fortunately there exists a rich 
database of experimentally measured and assigned 
vibrational frequencies by Ellsworth et al. [31], against 
which our present calculated results and assignments 
could be compared. All calculated frequencies in this 
energy range with their assignments, together with the 
results from previous experimentally measured data 
and assignments [31], are displayed in Tables 1 and 2 
for the vibrational states of A’ (even number n4 of out-of-
plane ν4 quanta) and A” (uneven number n4) symmetry 
respectively.

Our assignments have been determined in the 
following way. For levels (eigenstates) that are relatively 
free of serious mixing with other levels, we use the 
label of the basis state, that contributes predominantly 
to the calculated state. Our method allows this to be 
determined straightforwardly, by setting the relevant 
basis state as the initial state 0  of the search. For 
a group of m strongly vibrationally intermixed levels 

ix  (i=1,..,m), whose eigenenergies are obtained 
as Ei (i=1,..,m), after determining the corresponding 
group of basis states k  whose zeroth energies are 
E0k (k=1,..,m), then the correspondence between the 
individual members of the two groups of levels 

ix  
and k  (assignment) is established in accordance 
with the ordering within each group of energies Ek and 
E0k. In this manner we ensure unique assignments for 
all calculated levels including the strongly intermixed 
ones, although for them these assignments may not be 
too meaningful. On the other hand the experimentally 
measured HDCO levels by Ellsworth et al. [31] have 
been assigned differently, by assigning multiple labels to 
those experimentally measured levels that arise as the 
result of several strongly vibrationally intermixed basis 
states, according to an effective vibrational Hamiltonian 
model [31]. However it should be noted that the basis 
states of Ellsworth et al. [31] are not exactly the same as 
our basis states used in the present calculation (although 
rather similar), therefore this would be an additional 
reason why our assignments do not completely coincide 
with theirs.

First we concentrate on Table 1, containing all 
calculated S0 HDCO A’ levels (even number of ν4 
quanta) up to 5000 cm-1. Some of these levels were 
not observed experimentally by Ellsworth et al. [31]. 
Such is the case of the ν3 mode, calculated here at 
1404.2 cm-1. Next, the three levels calculated at 2042.2, 
2100.6 and 2133.9 cm-1, were very strongly mixed 
according to our calculation and assigned by us as 62, 
11 and 42, respectively. These assignment are in general 
agreement with the assignments in [31], as well as 
the measured frequencies are close to the calculated 
ones, except for the lowest level of this group, that 
was spectroscopically measured at 2028.2 cm-1. Next 
comes the tetrad of strongly coupled levels, calculated 
at 2742.3, 2767.6, 2849.1 and 3125.6 cm-1, assigned 
by us as 2161, 32, 51 and 63, respectively. The authors 
[31] have observed experimentally three of them at 
frequencies close to the calculated ones but they did not 
detect the level at 2767.6 cm-1, neither did they include 
in their assignment the label 2161 at all.  

In place of the three calculated and assigned levels 
3045.6 (2131), 3143.2 (1161), 3166.8 (4261), the authors 
[31] measured only one level at 3163.9 cm-1and assigned 
it as [4261,1161].

Next, in place of the two strongly mixed levels 
calculated at 3503.0 and 3540 cm-1 and assigned as 1131 
and 3142 respectively, the authors [31] have measured 
only one level at 3521.4 cm-1, assigned by them as 
3142. Further up in energy, our calculations yielded 
a tetrad of strongly mixed levels at 3751.0, 3791.4, 
3819.0 and 3851.8 cm-1, assigned by us as 2162, 1121, 
3261 and 2142, respectively. Instead, the authors [31] 
have measured only three levels, at 3745.9, 3813.6 
and 3851.2 cm-1, that they assigned as 2162, [2142,1121] 
and [1121,2142], respectively. Next, in our calculations 
we observed the group of seven strongly mixed levels 
at 4034.5, 4103.1, 4111.1, 4145.8, 4195.0, 4212.2 
and 4261.0 cm-1, that we assigned as 64, 4262, 1162, 12, 
1142, 44 and 2161, respectively. Instead, the authors [31] 
observed experimentally following five levels at energies 
(and their assignments): 4111.6 [12,64,1142], 4144.4 
[4262,12,44,1142], 4168.8 [64,1162,4262], 4192.1 [4262,44] 
and 4258.5 [1142,44].

As it is seen from Table 1 and Fig. 2, a large number 
of the calculated A’ levels at the higher energies were 
not observed experimentally in [31]. In general in 
our calculations, all these levels have been found 
to be rather strongly intermixed. Thus, in the range 
4000-5000 cm-1, we have calculated 22 A’ levels, while 
Ellsworth et al. [31] observed experimentally only 
11 levels. This is illustrated in Fig. 2, where we have 
displayed a portion of our calculated spectrum in the 

4



S. Rashev, D. C. Moule

range 4000-5000 cm-1 (with our assignments), to be 
compared to Fig. 8 (upper spectrum) from [31].

In a similar manner, all A” levels up to 5000 cm-1, 
calculated in this work, with their assignments, obtained 
according to the procedure described above, are 

Table 1. Calculated A’  levels  in  S0 HDCO (even number of out-of- 
      plane ν4 quanta) (in cm-1).

calculated our 
assignment

measured 
[31]

assignment 
[31]

1032.2 61 1027.1 61

1404.2 31

1725.8 21 1724.0 21

2042.2 62 2028.2 11, 62

2100.6 11 2104.4 11, 62, 42

2133.9 42 2129.0 11, 42

2742.3 2161 2737.2 32, 51

2767.6 32

2849.1 51 2846.8 51, 32

3045.6 2131

3125.6 63 3125.1 63, 1161, 4261

3143.2 1161

3166.8 4261 3163.9 4261, 1161

3431.9 22 3428.5 22

3503.0 1131

3540.1 3142 3521.4 3142

3751.1 2162 3745.9 2162

3791.4 2111

3819.0 3261 3813.6 2142

3851.8 2142 3851.2 1121, 2142

3880.3 5161 3869.5 5161, 3261

4034.5 64

4103.1 4262 4111.6 12, 64, 1142

4111.1 1162 4144.4 4262, 12, 44, 1142

4145.8 12 4168.8 64, 1162, 4262

4195.0 1142 4192.1 4262, 44

4212.2 44

4261.0 2261 4258.5 1142, 44

4443.0 3163 4435.6 2261

4447.6 2132

4488.9 113161

4546.1 2151

4569.4 2163 4564.5 2151, 2132

4573.0 314261

4801.2 2231

4827.5 112161 4825.0 214261, 112161, 2163

4837.8 3262

4864.6 214261 4864.5 214261, 112161

4867.8 1132

4887.3 5162 4883.0 3262, 5162

4894.2 3242

4946.0 1151 4945.2 3242, 1151, 4251

4976.5 4251

Table 2. Calculated  A” levels  in S0  HDCO  (uneven number of out- 
     of-plane ν4 quanta).

calculated our 
assignment

measured 
[31]

assignment 
[31]

1062.6 41 1059.6 41

2096.8 4161 2084.9 4161

2470.0 3141 2453.9 3141

2782.4 2141 2778.1 2141

3095.2 4162 3091.2 4162, 1141

3151.1 1141 3154.5 4162, 43, 1141

3199.2 43 3196.2 43

3801.0 214161 3786.0 4151, 3241

3827.9 3241 3791.0 214161

3907.1 3241 3898.2 3241, 4151

4099.9 4151 4086.6 114161, 4163

4185.1 4163 4172.5 213141

4198.7 114161 4186.1 4163, 4361, 114161

4231.9 4361 4206.5 4361, 114161

4482.4 2241 4474.9 2241

4501.0 2132

4558.2 113141

4607.0 3143 4594.7 3143, 113141

4802.8 214162 4795.3 214162, 112141

4844.5 112141 4844.3 2143, 214162, 112141

4868.5 324161

4912.2 2143 4907.8 112141, 2143

4940.4 415161 4919.0 324161, 415161

4000 4500 5000

1E-4
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Figure 2. A portion of the calculated distribution of S0 HDCO 
vibrational levels of A’ symmetry, calculated with an initial 
state 314261.
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displayed in Table 2. Also given in this Table for the 
sake of comparison, are the measured frequencies in 
[31] with the assignments of the authors, in the same 
energy range. As it is seen from Table 2, for the A” levels 
a relatively larger number of the calculated levels have 
been observed spectroscopically in [31], and most of 
our assignments are in coincidence with those of [31]. 

4. Conclusions
In the present work we have applied our recently 
developed variational procedure for calculating highly 
excited vibrational energy levels in formaldehyde H2CO 
and D2CO, to S0 HDCO. Our procedure is based on a 
specific search/selection procedure for the contraction 
of the huge primitive basis space and a Lanczos 
iteration procedure for extraction of the required 
eigenvalue and eigenvector information. We employed 
the exact expression of the molecular vibrational kinetic 
energy operator and the exact ab initio MLT quartic 
potential field. Using our vibrational procedure, we 
have carried out converged high precision calculations 
and assignments of all S0 HDCO vibrational levels up 
to excess vibrational energy of 5000 cm-1. We have 
compared the results of these calculations with the 
existing experimentally measured frequencies and their 
assignments. It was found that a considerable number 
of the vibrational energy levels in this energy range 
were not observed spectroscopically at this stage and 
some of the assignments for the observed frequencies, 
especially for levels of A’ symmetry, have been changed 

in this work. The calculated frequencies in the present 
work may prove useful for future assignments of 
experimentally measured frequencies, when such data 
for HDCO become available.

At present our method of vibrational calculations 
is limited to comparatively small molecules, whose 
kinetic as well as potential energy expressions can 
be presented in separable (product) form. This latter 
requirement is connected with the need to calculate 
Hamiltonian matrix elements in a fast and efficient way, 
as products of 1D integrals only. However, most forms 
of the exact kinetic energy molecular operators derived 
in terms of curvilinear vibrational coordinates have the 
required product form (even for larger molecules), while 
e.g. using the algorithm potfit, a PES in general form 
can be reduced to the required separable form, while 
controlling the error of the fit [36]. Therefore the major 
present limitations of the method could be overcome in 
the future.

In our forthcoming work we shall present our 
calculations on much higher excited energy levels 
in S0 HDCO and discuss the effects of vibrational 
level mixing and intramolecular vibrational energy 
redistribution.

Acknowledgement
This research was supported by the National Research 
and Engineering Council of Canada and grant 
BG051PO001/3.3-05 from the Bulgarian Ministry of 
Education and Science. 

D.C. Moule, A.D. Walsh, Chem. Rev. 75, 67 (1975)
D.J. Clouthier, D.A. Ramsay, Annu. Rev. Phys. 
Chem. 34, 31 (1983)
J.L. Hardwick, S.M. Till, J. Chem. Phys. 70, 2340 
(1979)
L.R. Brown, R.H. Hunt, A.S. Pine, J. Molec. 
Spectrosc. 75, 406 (1979)
D.E. Reisner, R.W. Field, J.L. Kinsey, H.L. Dai, 
J.Chem. Phys. 80, 5968 (1984)
R.J. Bouwens, J.A. Hammerschmidt, 
M.M. Grzeskowiak, T.A. Stegink, P.M. Yorba, 
W.F. Polik, J.Chem. Phys. 104, 460 (1996)
D. Luckhaus, M.J. Coffey, M.D. Fritz, F.F. Crim, 
J.Chem. Phys. 104, 3472 (1996)
N.C. Handy, Molec. Phys. 61, 207 (1987)
H. Romanowski, J.M. Bowman, L.B. Harding, 
J. Chem. Phys. 82, 4156 (1985)
M.J. Bramley, T. Carrington, J. Chem. Phys, 99, 

8519 (1993)
S. Carter, N. Pinnavaia, N.C. Handy, Chem.Phys.
Lett. 240, 400 (1995)
S. Carter, N.C. Handy, J.Molec. Spectrosc. 179, 65 
(1996)
D.C. Burleigh, A.B. McCoy, E.L. Sibert III, J. Chem. 
Phys. 104, 480 (1996)
D. Luckhaus, J. Chem. Phys. 113, 1329 (2000)
F. Ribeiro, C. Iung, C. Leforestier, Chem. Phys. 
Letters 362, 199 (2002)
M. Mladenovic, Spectrochim. Acta A58, 809 (2002)
H.-S. Lee, J.C. Light, J. Chem. Phys. 120, 4626 
(2004)
A. Yachmenev, S.N. Yurchenko, P. Jensen, 
W. Thiel, J. Chem. Phys. 134, 244307 (2011)
S. Rashev, D.C. Moule, Cent. Eur. J. Chem. 9, 549 
(2011)
S. Rashev, D.C. Moule, Spectrochim. Acta A: Mol.

References

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]
[15]

[16]
[17]

[18]

[19]

[20]

6



S. Rashev, D. C. Moule

Biomol.Spectr. 87, 286 (2012)
S. Rashev, D.C. Moule, V. Rashev, Spectrochim.
Acta A: Mol.Biomol.Spectr. 97, 111 (2012)
J.M.L. Martin, T.J. Lee, P.R. Taylor, J. Molec. 
Spectrosc. 160, 105 (1993)
D.W. Davidson, B.P. Stoicheff, H.J. Bernstein, 
J. Chem. Phys. 22, 289 (1954)
J.W.C. Johns, A.R.W. McKellar, J. Molec. Spectrosc. 
64, 327 (1977)
M. Allegrini, J.W.C. Johns, A.R.W. McKellar, Can. 
J. Phys. 56, 859 (1978)
D. Dangoisse, E. Willemot, J. Bellet, J. Molec. 
Spectrosc. 75, 474 (1979)
L.T. Molina, K.Y. Tang, J.R. Sodeau, E.K.C. Lee, 
J. Phys. Chem. 82, 2575 (1978)
V.A. Job, V. Sethuraman, K.K. Innes, J. Molec. 
Spectrosc. 30, 65 (1969)
D.J. Clouthier, A.M. Craig, D.A. Ramsay, Can. 
J. Phys. 61, 1073 (1983)

A. Perrin, J.-M. Flaud, M. Margules, J. Demaison, 
H. Maeder, S. Woermke, J. Molec. Spectrosc. 216, 
214 (2002)
K.K. Ellsworth, B.D. Lajiness, J.P. Lajiness, 
W.P. Polik, J. Molec. Spectrosc. 252, 205 (2008)
W.H. Press, B.P. Flannery, S.A. Teukolsky, 
W.T. Vetterling, Numerical Recipes in C (Cambridge  
University Press, Cambridge, 1988)
S.M. Lederman, R.A. Marcus, J. Chem. Phys. 88, 
6312 (1988)
Y. Zhang, R.A. Marcus, J. Chem. Phys. 96, 6065 
(1992)
J.K. Cullum, R.A.Willowghby, Lanczos Algorithms 
for Large Symmetric Eigenvalue Computations 
(Birkhauser, Boston, 1985) Vols. I, II
J.M. Bowman, T. Carrington, H.-D. Meyer, Molec. 
Phys. 106, 2145 (2008)

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

7


	1. Introduction
	2. Vibrational Hamiltonian, basis set functions, search/selection procedure and Lanczos iteration
	3. Vibrational calculations
	4. Conclusions
	Acknowledgement
	References



