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Abstract

The thesis consists of seven studies dealing with high resolution vibration-
rotation spectra of planar asymmetric tops. Six studies deal with D2

12CO
and D2

13CO species of the formaldehyde molecule and one study is from
DCOOH specie of the formic acid molecule. The measurements were car-
ried out at high accuracy and the rotational analyses of the recorded spectra
were performed. The observed anharmonic and Coriolis resonances were tak-
ing into account in the analyses. The rotational constants of the present and
literature studies were used in evaluation of the planarity defects of formalde-
hyde and formic acid molecules in the summary part of the thesis. Finally,
a semi-experimental structure for formaldehyde was obtained by employing
experimental and theoretical data.

Key words: infrared spectroscopy, planar asymmetric top molecule, formalde-
hyde, formic acid, high resolution FTIR, far infrared, ab initio, CCSD(T)/cc-
pVQZ
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Chapter 1

Introduction

Molecules in their gas phase can be studied with microwave or infrared radi-
ation. Photons in these regions have different energies. The photons in the
microwave and far-infrared regions of the electromagnetic spectrum are ca-
pable of exiting rotational states in molecules. The photons in the mid- and
near-infrared region have more energy and they can excite vibrational states
in molecules. Thus, by making a first hand generalization, microwave and
infrared spectroscopies furnish information about the structures and force
fields of the molecules, respectively.

In the vibration-rotation spectroscopy the rotation and vibration mo-
tions are being treated simultaneously. For example, in a ground state of a
molecule, where no vibrational or electrical states are exited, the zero point
vibrations of atoms take place. Therefore the rotational properties in the
ground state are affected by the vibrational modes. On the other hand, a
molecule rotates in vibrationaly excited states, which is seen as a fine struc-
ture in vibration spectra of gas phase molecules.

Ground state spectrum of formaldehyde and vibrationaly excited states
of formaldehyde and formic acid have been studied in the original Papers
of this work. The vibration-rotation theory needed for understanding this
subject can be found in the literature. The theory is briefly summarized in
Chapter 2.

The experiments of the work have been done with a high resolution
Fourier transform infrared spectrometer in the Department of Physical Sci-
ences at the University of Oulu. The rotational transitions of two formalde-
hyde species in the far-infrared region (20-500 cm−1; 20-500 µm) have been
recorded with the spectrometer and the analyses of those species have been
published in Papers I and II. In Papers III-VI are presented analyses of the
vibrational bands of formaldehyde and formic acid in the mid-infrared re-
gions (500-2500 cm−1; 4-20 µm). A description of the experiments is given
in Chapter 3.

A summary of the Papers is given in Section 4.1, and the results derived
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2 CHAPTER 1. INTRODUCTION

from Papers is presented after the summary. The planarity defects of the
studied molecules are reviewed in Section 4.2. Also in Section 4.2, the the-
oretical inertial defects are compared with the experimental values. Finally,
in Section 4.3, the structure of formaldehyde is presented. It will be shown
that electronic and centrifugal distortion terms contribute significantly to the
rotational constants. The structure of the formaldehyde molecule, evaluated
from the present data, is then reported.



Chapter 2

Theoretical Background

2.1 Molecular Structure and Rigid Rotor

Molecules are composed of nuclei and electrons. According to the Born-
Oppenheimer approximation [1] the nuclei in the equilibrium configuration
are located in the positions determined by electronic structure of the molecule.
In semi-rigid molecules the nuclei oscillate around their equilibrium positions
with small amplitudes as compared to the dimensions of the molecule. The
equilibrium structure is one basic property of the molecule. In the equilib-
rium state the interatomic bonds and bond angles are treated as rigid while
the molecule rotates and thus, the so called rigid rotor model is applied to
the molecule. The Hamiltonian operator for the rigid rotor is

H =
1

2

[
J2

z

Ie
z

+
J2

x

Ie
x

+
J2

y

Ie
y

]
, (2.1)

where Ie
z , Ie

x, and Ie
y are the principal moments of inertia and Jz, Jx, and Jy

are the components of total angular momentum. The super-script e in the
principal moments of inertia refers to the equilibrium state. Molecules, whose
all principal moments of inertia are unequal, are classified as asymmetric tops.

One example of asymmetric tops is a formaldehyde molecule. Its struc-
ture parameters are the bond lengths rCO and rCH , as well as the angle
θHCH , see Fig. 2.1. At least three observations are required for determina-
tion of the principal moments of inertia of Eq. (2.1) and evaluation of the
structure parameters of formaldehyde. However, the moments of inertia and
hence the obtained structure would be contaminated by the oscillations in
the vibrational state, where the observations have been made.

A more detailed theory is needed for the analyses of the molecules and
obtaining the equilibrium structure accurately. Watson has presented such
a method for a rotating and vibrating molecule and the theory is briefly
presented in next section.
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Figure 2.1: Structure of the formaldehyde molecule and axis choice [2, 3].
The origin is at the center of the mass of the molecule.

2.2 Vibrational-Rotational Hamiltonian

The Hamiltonian operator for a rotating and vibrating molecule is

H =
h̄2

2

∑

αβ

(Jα − pα)µαβ(Jβ − pβ) +
∑

k

Pk + V + U, (2.2)

which form is expressed by Watson [4]. In the first sum the indices α and β
are summed over x, y, and z (the principal axis of the inertia of the molecule),
pα and pβ are vibrational angular momentum operators along the α and β
axis and µαβ is the component of the inverse inertia tensor. The vibrational
angular momentum

pα =
∑

kl

ζ
(α)
kl qkpl

√
ωl

ωk

, (2.3)

consists of a Coriolis-coupling coefficient ζ
(α)
kl , a normal coordinate qk and

momentum operator pl = −i∂/∂ql conjugated to ql, and the harmonic fre-
quencies ω.

The second sum in Eq. (2.2), where Pk is the vibrational momentum
operator conjugated to the normal coordinate k, represents vibrational ki-
netic energy. The term V is the potential function of the molecule and
U = − h̄2

8

∑
a µαα is a small, mass-dependent correction to the vibrational

potential energy. For semi-rigid molecules, the components µαβ and the po-
tential function V can be expanded as power series of dimensionless normal

coordinates qk =
√

2πωk/h̄Qk:

µαβ = µe
αβ +

∑

k

µ
(k)
αβqk +

∑

kl

µ
(kl)
αβ qkql + . . . , (2.4)
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V =
1

2

3N−6∑

k

ωkq
2
k +

1

6

∑

klm

kklmqkqlqm + . . . . (2.5)

In Eq. (2.4) coefficients µe
αβ, µ

(k)
αβ , and µ

(kl)
αβ are equilibrium value, first and

second derivatives of the inverse inertia tensor, respectively. In Eq. (2.5) ωk

is the harmonic frequency and klmn is the cubic potential derivative.
Eq. (2.2) can be written in the form

H0 = H20 + H02

+H30 + H21 + H12 (2.6)

+H40 + H31 + H22 + . . . ,

where the first and second subscripts give the degrees of the vibrational and
rotational operators of the term, respectively. The first term represents the
harmonic oscillator operator H20 = 1

2

∑
k ωk (p2

k + q2
k) and the second is the

rigid rotor operator H02 = h̄2

2

∑
α,β µe

αβJαJβ. The starting point in the in-
frared spectroscopy is the harmonic oscillator – rigid rotor model for a single
vibrational state. For example, within this approximation the fundamental
vibrational states of formaldehyde, see Fig. 2.2 and Table 2.1, would be in-
dependent from each other. However, quite immediately it is noticed that
the harmonic oscillator – rigid rotor model is unfeasible, because vibrational
states are coupled with each other. The couplings can be expressed mathe-
matically via terms H30, H21 . . ., originating from the use of Eqs. (2.3)-(2.5)
in Eq. (2.2). The coupling operators in Eq. (2.6) are removed by using
successive contact transformations Hi = e+iλSiHi−1e

−iλSi [5, 6, 7]. By us-
ing an appropriately chosen form of the first transforming operator S1, the
transformed operator H1 will be

H1 = H20 + H02 + H ′
21 (2.7)

+H ′
40 + H ′

31 + H ′
22 + H ′

13 + H ′
04 . . . ,

where unprimed operators remain the same as in Eq. (2.6) but the primed
operators are either changed or completely new due to transformation. The
order of rotational angular momentum in Eq. (2.7) is higher than two, e.g.
centrifugal distortion term H ′

04 is a new feature. By repeating the contact
transformation an effective Hamiltonian

H̃ = H̃vib + H̃rot (2.8)

for a single vibrational state is obtained. Eigenvalue of the vibrational con-
tribution H̃vib is

G(v) =
∑

k

ωk(vk +
1

2
) +

∑

kl

xkl(vk +
1

2
)(vl +

1

2
) . . . , (2.9)
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Figure 2.2: Normal modes of formaldehyde. Symmetry species of the modes
and the types of the corresponding fundamental bands are also given.

where the coefficients xkl represent anharmonic correction to the harmonic
vibrational energy [6, 7]. The rotational term H̃rot contains the rigid rotor
and centrifugal distortion operators.

Vibrational levels can be accidentally close to each other. The levels in
asymmetric tops interact mutually via anharmonic or Coriolis resonances, if
the levels fulfill symmetry requirements. For formaldehyde the requirements
presented in Table 2.2 are valid. Observed perturbation depends on the
magnitude of the interaction constants and differences of the unperturbed
energies. In the analysis of the interacting vibrational states, the single state
operators of Eq. (2.8) are used for the vibrational states, and the states are
coupled with anharmonic or Coriolis operators [6, 7].



2.2. VIBRATIONAL-ROTATIONAL HAMILTONIAN 7

Table 2.1: Fundamental frequencies (cm−1) of some formaldehyde species
H2

12CO H2
13CO D2

12CO D2
13CO

ν1 2782.4569(10)a 2779.5c 2054.694000(81)d 2043.9c

ν2 1746.00886(13)b 1707.9c 1701.619103(32)e 1672.679452(41)g

ν3 1500.17474(12)b 1500.6c 1100.44254(74)f 1099.671488(18)h

ν4 1167.25628(2)b 1155.2c 938.03549(68)f 923.3556824(18)h

ν5 2843.3256(10)a 2831.3c 2162.923385(66)d 2143.7c

ν6 1249.09468(2)b 1287.7c 989.25028(56)f 980.1687408(16)h

a Reference [8] e Paper III
b Reference [9] f Reference [10]
c Reference [11] g Paper IV
d Paper VI h Paper V

Table 2.2: Symmetry requirements of interacting rovibronic states in C2v

point group. The inertia axes correspond with x, y, z-axes according to the Ir

choice. The two upper rows represent the coupling vibrational wavefunctions.
The two bottom rows represent the coupling Wang-matrices.

Anharmonic a-type Coriolis c-type Coriolis b-type Coriolis
resonance resonance resonance resonance

Rz (A2) Ry (B1) Rx (B2)
Ai ⊗ Ai A1 ⊗ A2 A1 ⊗B1 A1 ⊗B2

Bi ⊗Bi B1 ⊗B2 A2 ⊗B2 A2 ⊗B1

E± ↔ E± E+ ↔ E− E+ ↔ O+ E+ ↔ O−

O± ↔ O± O+ ↔ O− E− ↔ O− E− ↔ O+
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Anharmonic resonance

When anharmonic resonances are present, appropriate anharmonicity
terms kklm and kklmn in the potential function V [12, 13] are nonvanish-
ing. Anharmonic resonance occurs if two vibrational levels with the same
symmetry are close to each other. The cubic anharmonic resonances can be
expressed as the terms H̃30 and H̃32. The operator H̃30 = 1

6

∑
lmn klmnqlqmqn

represents the well known Fermi resonance. The operator H̃32 contains in-
ertial derivatives, Coriolis couplings, and anharmonicity terms [7]. The op-
erator H̃32 gives ordinary rotational contribution to the Fermi resonance or
in some cases explains local anharmonic resonances between the vibrational
levels of the same symmetry. Examples of local anharmonic resonances can
be found in Papers III, IV, and Ref. [9]. Furthermore, there are quartic
anharmonic effects associated with the term H̃40. A detailed form of the
operators H̃32 and H̃40 can be found in Ref. [7]. The expression

H̃anh = F0 + FKJ2
z + FJJ2 + Fxy(J

2
x − J2

y ) . . . (2.10)

can be employed in the analysis of the anharmonic resonances. Here the first
term connects the rotational levels with same K quantum number, and the
second and third term give K and J dependency to the first term, respec-
tively. The fourth term connects the levels with ∆K = 2.

Coriolis resonance

Coriolis resonance has been discussed in text books [7, 6, 14], for example.

The non zero Coriolis coupling coefficient ζ
(α)
kl exists if the vibration vk and

the rotation around the α axis force atoms to move as in the vibration vl.
According to the symmetry rules [15], it is required that the direct product
of the symmetry species of the vibrational states must contain symmetry
species of rotation. In asymmetric tops the Coriolis resonances are classified
by x-, y-, and z-types according to the rotation axis in question and the
operators

H̃kl
x = 2(Bxζ

x)iJx + Ckl
xK

{
iJx, J

2
z

}
+ Ckl

xJ iJxJ
2 + ..., (2.11)

H̃km
y = 2(Byζ

y)iJy + Ckm
yK

{
iJy, J

2
z

}
+ Ckm

yJ iJyJ
2 + ..., (2.12)

H̃ lm
z = 2(Bzζ

z)iJz + C lm
zKiJ3

z + C lm
zJ iJzJ

2 + ..., (2.13)

can be exploited in the analyses. Above {A,B} = AB + BA. The first term
in the equations above is the main Coriolis operator and the other terms give
rotational dependencies to the Coriolis resonance.
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2.3 Watson’s Rotational Hamiltonian

Vibrational contact transformation yields an effective rotational operator
H̃rot = H02 + H ′

04 + H ′
06 + . . ., where the centrifugal distortion is intro-

duced by the operators H ′
04 and H ′

06. The centrifugal distortion operators
contain terms such as ταβγδJαJβJγJδ and ταβγδεηJαJβJγJδJεJη, whose num-
ber is reduced by symmetry arguments and using commutation rules1 [14, 7].
Watson has developed the rotational Hamiltonian in the series of papers
[16, 17, 18, 19] to a form

H̃rot = (B̃x − 4R̃6)J
2
x + (B̃y − 4R̃6)J

2
y + (B̃z + 6R̃6)J

2
z

−D̃JJ
4 − D̃JKJ2J2

z − D̃KJ4
z − δ̃JJ2(J2

+ + J2
−) (2.14)

+R̃5

{
J2

z , (J2
+ + J2

−)
}

+ R̃6(J
4
+ + J4

−),

where J± = Jx ± iJy. Constants appearing in Eq. (2.14) are presented
in Table 2.3. The reduced rotational Hamiltonians, which are employed
in analysis, are obtained from Eq. (2.14). If all rotational constants of
the molecule are unequal (Bx 6≈ By 6≈ Bz), suitable reduction is the so
called Watson’s A-reduced Hamiltonian, where the contraction R̃6 = 0 is
applied. The A-reduction can be applied to the most asymmetric tops. If the
asymmetric top is close to the symmetric top (Bx ≈ By), the contraction is
R̃5 = 0 and the operator is called Watson’s S-reduced Hamiltonian. Detailed
form of the A- and S-reduced rotational operators can be found in Table 2.4.
So called 6-reduction can be used for the molecules close to spherical top
(Bx ≈ By ≈ Bz) [20].

The constants in Watson’s reduced Hamiltonians are effective, i.e. they
are algebraic expressions of the original constants. The rotational constant
obtained from the analysis is comprised of

• the equilibrium rotational constant Be
β,

• rotational vibrational interaction corrections,

• centrifugal distortion, and

• corrections due to uneven distribution of electrons.

The largest contribution to the effective rotational constants is given by
the equilibrium rotational constants. Very often a few per cent variation
between the rotational constants in ground and exited vibrational states are
observed. These variations stem from rotation-vibration interaction2. The

1JαJβ − JβJα = −ih̄Jγ
2H ′

22 term in Eq. (2.7).
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Table 2.3: Coefficients of the rotational operator (2.14). The coefficient s111

is a parameter of rotational contact transformation. Abbreviations τ ′ and T
are presented below. See Refs. [14, 7, 6].

B̃z = Bz + 4(By −Bx)s111

B̃x = Bx + 4(Bz −By)s111

B̃y = By + 4(Bx −Bz)s111

D̃J = T + 1
2
(Bx −By)s111

D̃JK = −2T − 1
4

[
τ ′xxzz + τ ′yyzz

]
− 3(Bx −By)s111

D̃K = T − 1
4

[
τ ′zzzz − τ ′xxzz − τ ′yyzz

]
+ 5

2
(Bx −By)s111

δ̃J = − 1
16

[
τ
′
xxxx − τ ′yyyy

]

R̃5 = − 1
32

[
τ
′
xxxx−τ ′yyyy−2τ ′xxzz+2τ ′yyzz

]
+ 1

2
(Bx +By−2Bz)s111

R̃6 = 1
64

[
τ ′xxxx + τ ′yyyy − 2τ ′xxyy

]
+ 1

4
(Bx −By)s111

τ ′αααα = h̄4ταααα, τ ′ααββ = h̄4(τααββ + 2ταβαβ), τ ′αβαβ = h̄4ταβαβ

T = − 1
32

[
3τ ′xxxx + 3τ ′yyyy + 2τ ′xxyy

]

effective rotational constant Bv
β in state v is conventionally expressed by

Bv
β = Be

β −
∑

k

αβ
k(vk +

1

2
), (2.15)

where the vibrational dependence of the rotational constant on the mode k
is expressed by constant αβ

k . Detailed form for the rotation-vibration inter-
action constant is

αβ
k = −2B2

β

ωk


∑

γ

3(aβγ
k )2

4Ie
γγ

+
∑

l 6=k

(ζβ
kl)

2 3ω2
k + ω2

l

ω2
k − ω2

l

+ π

√
c

h

∑

l

kkkla
ββ
l

ωk

ω
3/2
l


 ,

(2.16)
where aβγ

k is the inertial derivative [6, 14]. There is also a higher order vibra-
tional dependency in the rotational constants, which is given by

∑
k

∑
l≥k γβ

kl(vk+
1
2
)(vl + 1

2
).

Centrifugal distortion constants are introduced to the rotational constants
from two sources. Firstly, it was noticed by Kivelson and Wilson [21] that use
of the commutation rules gives a relation (JαJβ +JβJα)2 = 2(J2

αJ2
β +J2

βJ2
α)+

3J2
γ − 2J2

α − 2J2
β . The relation introduces centrifugal distortion constants

terms into the rotational constants by

B′
α = Bα +

h̄4

4
(3τβγβγ − 2τβαβα − 2τγαγα). (2.17)
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Table 2.4: Watson’s A and S reduced Hamiltonian operators

HA
r = 1

2
(B + C)J2 +

(
A− 1

2
(B + C)

)
J2

z + 1
2
(B − C) J2

xy

−∆KJ4
z −∆JKJ2

z J
2 −∆JJ

4 − δK

{
J2

z , J2
xy

}
− δJJ2

xyJ
2

+ΦKJ6
z + ΦKJJ4

z J
2 + ΦJKJ2

z J
4 + ΦJJ

6

+φK

{
J4

z , J2
xy

}
+ φKJ

{
J2

z , J2
xy

}
J2 + φJJ2

xyJ
4

+LKJ8
z + LKKJJ6

z J
2 + LJKJ4

z J
4 + LJJKJ2

z J
6 + LJJ

8

+lK
{
J6

z , J2
xy

}
+ lKJ

{
J4

z , J2
xy

}
J2 + lJK

{
J2

z , J2
xy

}
J4 + 2lJJ2

xyJ
6

with: J2
xy = J2

x − J2
y and {A,B} = AB + BA

HS
r = 1

2
(B + C)J2 +

(
A− 1

2
(B + C)

)
J2

z + 1
2
(B − C)

(
J2

x − J2
y

)

−DJJ
4 −DJKJ2J2

z −DKJ4
z + d1J

2
(
J2

+ + J2
−

)
+ d2

(
J4

+ + J4
−

)

+HJJ
6 + HJKJ4J2

z + HJKJ2J4
z + HKJ6

z

+h1J
4

(
J2

+ + J2
−

)
+ h2J

2
(
J4

+ + J4
−

)
+ h3

(
J6

+ + J6
−

)

+...

A second source is the term U in the Hamiltonian (2.2), which displaces
isotopically substituted molecules from equilibrium configurations [4]. This
will change the equilibrium rotational constant by

B′′
α = B′

α −
h̄4

8
(ταααα + τααββ + τααγγ). (2.18)

The electrons are generally unevenly distributed around the atoms as
dictated by the electronic wavefunction and therefore the atoms in a molecule
cannot be treated as a mass point [14, 6]. The electrons affect the moment of
inertia even if the molecule does not vibrate or rotate. Effects of the electrons
on the rotational constant are taken by

Be,n
α =

Be
α

(1 + me

Mp
gαα)

, (2.19)

where me and Mp are the masses of the electron and proton, respectively,
and gαα is the diagonal component of the molecular rotational g factor. Here
the superscript n denotes that the electrons have been taken into account.

When the objective of the research is to obtain the equilibrium rotational
constant, the values of the preceding corrections to Be

α must be known and
removed if necessary. One way to approach the original rotational and cen-
trifugal distortion constants is to use so called determinable combinations of
constants. Theoretically determinable constants are [16, 14]

Bα = B′′
α −

1

2
τ ′ββγγ, (2.20)
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τ ′αααα, (2.21)

τ1 = τ ′yyzz + τ ′xxzz + τ ′xxyy, and (2.22)

τ2 = Bxτ
′
yyzz + Byτ

′
xxzz + Bzτ

′
xxyy, (2.23)

where the abbreviated centrifugal distortion constants from Table 2.3 are
used. Collecting Eqs. (2.15), (2.17), (2.18), and (2.20) one obtains

Bx = Be
x −

∑

k

αx
k(vk +

1

2
) (2.24)

− h̄4

8
(τxxxx + τxxyy + τxxzz + 4τyyzz + 4τxyxy + 4τxzxz + 2τyzyz).

for x coordinate and similar expression holds for y and z coordinates. The Eq.
(2.24) gives the overall relation between the determinable rotational constant
and effective rotational constant with vibrational corrections from Eq. (2.15)
and centrifugal distortion corrections (see Ref. [4]). Experimental values for
the determinable rotational constants are easily obtained either from the A-
or S-reduced constants utilizing the relations

Bx = BA
x + 2∆J + ∆JK − 2δJ − 2δK

By = BA
y + 2∆J + ∆JK + 2δJ + 2δK

Bz = BA
z + 2∆J ,





(2.25)

or
Bx = BS

x + 2DJ + DJK + 2d1 + 4d2

By = BS
y + 2DJ + DJK − 2d1 + 4d2

Bz = BS
z + 2DJ + 6d2,





(2.26)

respectively [14, 18, 22]. The true equilibrium rotational constants are ob-
tained utilising first Eqs. (2.24)-(2.26) to get Be

α and finally the effects of the
electrons is removed by Eq. (2.19) in order to get Be,n

α .

2.4 Planarity Considerations

In planar rigid molecules the out-of-plane equilibrium coordinate of the atoms
is zero. From this fact follows certain relations to the equilibrium molecular
constants. Deviations from these relations in vibrational ground state or
vibrationally exited states are called defects. For planar molecule structures
such as formaldehyde and formic acid the following equation is valid

Ie
c = Ie

a + Ie
a, (2.27)

where Ie
c is perpendicular and Ie

a and Ie
b are in plane principal moment of iner-

tia in the equilibrium state. The effective rotational constants have contribu-
tions from the equilibrium constants, rotation-vibration interaction, centrifu-
gal distortion and electron-rotation interaction. Consequently, the associated
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effective principal moment of inertia diverge from their equilibrium values in
a vibrational state v and the deviation of the above equation,

∆ = Iv
c − Iv

a − Iv
b , (2.28)

is called inertial defect.
Planarity relations for the centrifugal distortion constants follow from

the properties of inertial derivatives in the planar equilibrium state. From
these properties a condition τ2 = Cτ1 + τ ′cccc(A + B), that holds for the
determinable constants of Eqs. (2.21), (2.22), and (2.23), has been derived
[16]. The centrifugal defect is a test of the above condition in the vibrational
ground state. The defining equation of the centrifugal defect is [19, 14, 23]

δτ = τ ′cccc −
τ2 − Cτ1

A + B
. (2.29)

The sextic planarity defect for experimental A reduced constants in Ir

axis choice is defined as [19]

∆H = 6CΦJ − (B − C)ΦJK − 2(2A + B + 3C)φJ + 2(B − C)φJK

+4∆2
J − 4δJ(4∆J + ∆JK − 2δJ − 2δK). (2.30)

2.5 Ab initio calculations

Molecular properties can be obtained theoretically from quantum chemical
electronic structure calculations. These methods are called ab initio or the
first principle calculations, because only basic information like the atoms in
the molecule and initial suggestion of the structure is needed.

The force field is one of the key features of the molecule. The quartic
force field of formaldehyde, which has been determined by Martin, Lee, and
Taylor [24] is a well known reference to many later works. The force field of
Ref. [24] was refined by Burleigh et al. [25] using experimental vibrational
transitions of Ref. [26].

In the present work a method of coupled clusters with single and double
excitations, with the perturbative treatment of appropriate triple excitations
(CCSD(T)) [27] has been applied. The calculation method is a wavefunc-
tion theory, and correlation consistent polarized valence quadrupole-zeta (cc-
pVQZ) basis set was used in the present work. It has been recently shown
by PawÃlowski et al. [28] that the CCSD(T)/cc-pVQZ level of calculation
gives well the αβ

k constants for the structure determination, in joint use with
the experimental ground state constants. More computational details can be
found in Ref. [28] and references cited therein.
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Chapter 3

Experimental

3.1 Fourier Transform Infrared Spectrometer

All the measurements have been done with Fourier transform infrared (FTIR)
spectrometer in the Infrared Laboratory at the University of Oulu. FTIR
spectrometers are common tools in chemistry. However, the utilized Bruker
IFS 120HR FTIR spectrometer is a high resolution device, which can be
used in a wide spectral region from far- to near-infrared. Details of the high
resolution FTIR spectrometers can be found in Refs. [29, 30], for example.
Some basic aspects for obtaining and characterising high resolution FTIR
spectra are presented in this Chapter.

The theory described in the previous Chapter is valid for free molecules,
i.e. for the molecules without any interactions with surrounding molecules,
electric or magnetic fields, etc. Suitable circumstances for the high resolution
infrared spectra are obtained at low pressures (∼ 10 Pa = 10−3 atm). Then,
in an FTIR measurement, the line width depends on the Doppler width of
the molecule

∆Dop = 2
ν0

c

√
2ln2k

T

M
, (3.1)

the aperture broadening

∆Ap =
ν0d

2

8f 2
, (3.2)

and the finite path difference of the moving mirror

∆L =
1.22

2×MOPD
. (3.3)

In the Equations above ν0 is the wavenumber of the line, M is mass of the
molecule, d is the diameter of the aperture, f is the focal length of the colli-
mation mirror (420 mm in Bruker IFS 120HR), MOPD is the abbreviation
from maximum optical path difference, and the other symbols have their

15
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standard meanings. The Doppler width is a property of the sample, where
as the ∆Ap and ∆L depend on the instrument.

Besides the line width, the quality of the spectrum is also characterized
by signal to noise ratio (SNR), which is proportional to the square root of the
recording time. In deciding on the measurement conditions one must make
a compromise between resolution and SNR. The gas inside the sample cell
in the Infrared Laboratory is at room temperature. Therefore the Doppler
width of the line at ν0 for the molecule is fixed by Eq. (3.1) and with the
utilized equipments narrower lines than that cannot be observed. The in-
strumental compromise is to adjust the aperture broadening and finite path
difference so that the ∆Ap and ∆L from Eqs. (3.2) and (3.3) are approxi-
mately equal to each other [30]. In the present measurements ∆Ap and ∆L

have been typically adjusted in such a way that these two terms are in order
of the Doppler broadening of the molecule, see Fig. 3.1. Then the resolution
and signal passing the aperture are optimized and the SNR can be enhanced
by repeating the measurements for a reasonably long time. In the Papers
the resolution related data and SNR have been presented. The measuring
time has been reported by giving the number of times the moving mirror has
driven or the actual recording time.

In most cases region of the spectrum was recorded more than once. This
was done because the intensities of the lines across the spectrum vary. In
order to record the strong and weak lines properly, different measurements
were done at different absorption conditions, i.e. by adjusting gas pressure
and absorption path length.

3.2 Far-Infrared Measurements

The ground state spectra in the far-infrared of the D2
12CO and D2

13CO
molecules have been presented in Papers I and II, respectively. The exper-
imental purpose of Paper I was to show that the ground state spectrum of
formaldehyde can be measured with an FTIR spectrometer. Formaldehyde
is a light molecule with large rotational constants and dipole moment and
therefore its ground state spectrum is attainable for an FTIR spectrometer.
An overview of far-infrared measurement between 25-100 cm−1 is shown in
Fig. 3.2.

Typically, the ground state spectra are measured with microwave (MW)
spectrometers (see e.g. Ref. [31] for a review), which can measure from low
frequencies up to 90 cm−1. One MW spectrometer cannot cover a wide region
and typically narrower frequency bands are selected from the operating region
of the MW spectrometer for the measurements.

On the contrary, Fourier transform spectrometers can record all frequen-
cies simultaneously, yet the line precision is not as good as with MW spec-
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Figure 3.1: Line widths in formaldehyde-d2 measurements.

trometers. Conventionally, black body radiators are used as continuous light
sources in FTIR spectrometers. This is a disadvantage because the opti-
cal power of black body radiators decreases to the long wavelength region
and SNR is poorer in far-infrared than in mid- or near-infrared. Thus, two
efforts were made for getting better SNR in the far-infrared measurements
of Papers I and II. Firstly, the largest aperture (3.15 mm) was selected for
gaining as much as possible optical power. Employing Eq. (3.2) gives 0.0005
cm−1 for the aperture broadening. Secondly, the number of the recorded
interferograms was increased by setting the finite path difference resolution
of Eq. (3.3) to value ∆L=0.00136 cm−1. The width ∆L in the far-infrared
measurements were significantly larger than the Doppler or aperture width
in the same region, see Fig. 3.1, and this caused sinc-form [30] to the lines in
the observed spectrum. Sinc-formed lines were narrow, but their side peaks
disturbed the analysis of small lines. Therefore the far-infrared spectra were
apodized with a Blackmann-Harris 4-term function [32], which removed the
side peaks of the sinc-formed lines but in the same time broadened the lines.
In Fig. 3.1 are given observed line widths 0.00155 and 0.0022 cm−1 for the
sinc-formed and apodized lines, respectively.

Far infrared spectra were registered with a Si based bolometer. It is a
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slow detector and requires liquid helium cooling. The recording times and
obtained SNR figures were 10 h and 60, and 50 h and 100 in D2

12CO and
D2

13CO measurements, respectively. The SNR figures are comparable if one
remembers that SNR is proportional to the square of recording time.
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Figure 3.2: The ground state spectrum of D2
13CO. The spectrum of formalde-

hyde is concentrated to the wavenumbers below 100 cm−1. The strong lines
across the spectrum belong to water, which was used in calibration of the
wavenumber scale [33].

3.3 Mid-Infrared Measurements

The infrared measurements differ from the far-infrared measurements in the
sense that the light source emits more optical power and thus a good SNR
can be achieved. Also that the Doppler broadening of a molecule is higher
in the mid-infrared than in far-infrared.

The measurements of the DCOOH molecule in mid-infrared region 500-
750 cm−1 were performed in Oulu, Paper VII. Rotational transitions mea-
sured by a millimeter wave spectrometer in Kharkiv, Ukraine were also used
in the analysis. Although the region is in the beginning of the mid-infrared,
the bolometer detector was employed. This was possible due to pass-band
interference filter (450-800 cm−1) in front of the Si element in the bolometer.
The Doppler line width of DCOOH in this region is about 0.0011 cm−1. An
aperture of 1.5 mm diameter in the interferometer was employed and the
use of Eq. (3.2) gives 0.0010 cm−1 for the aperture broadening. The finite
path resolution was 0.00085 cm−1. The observed width of the small lines
was 0.0013 cm−1, i.e. higher than the Doppler, aperture or path difference
line widths. With this measurement setup a SNR between 100 and 150 was
obtained in a measuring time of 27 hours.
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Papers III-VI present high resolution FTIR analysis carried on the form-
aldehyde-d2 measurements in the region 800-2400 cm−1. This region covers
all the fundamental bands of the doubly deuterated species of formaldehyde,
see Table 2.1. An overview of the fundamental band region of D2

13CO is
presented in Fig 3.3.

The lowest fundamentals ν3, ν4, and ν6 are so called skeletal vibrations
(see Fig. 2.2), and are located at 1500 cm−1 or below. In D2

13CO species all
the three lowest fundamentals are around 1000 cm−1 and the analysis of those
bands is presented in Paper V. The three bands are spread over a wide range,
700-1200 cm−1, and altogether four different measurements were required, see
Table 1 in Paper V. The Doppler line width in the region of these bands
varies from 0.0016 to 0.0026 cm−1. According to this, the aperture and path
difference widths were selected to be a little bit less than the Doppler width
in the same region, see Fig. 3.1 and Paper V. The measurements at 1000
cm−1 were carried out with a mercury-cadmium-tellurium detector (MCT),
which is a semiconductor detector requiring liquid nitrogen cooling. When
working with this detector, a relatively long measuring time is required in
order to get appropriate SNR. In these measurements the recording time
varied from 43 to 70 hours and the observed SNR varied in between 140 and
430.

The ν2 band in formaldehyde corresponds to the CO stretching mode,
which is typically located around 1700 cm−1 in any molecule. Papers III and
IV present the analyses of this band in D2

12CO and D2
13CO, respectively.

The Doppler line width of these molecules in this region is about 0.0036
cm−1. The aperture and finite path difference widths were selected to be
∼ 0.0024 cm−1, see Fig. 3.1. The ν2 band is also located in the region of the
MCT detector. The spectra were measured in various absorption conditions,
where recording times varied from ten to fifty hours. Signal to noise ratios
of about 200 were achieved in the spectra.

The ν1 and ν5 fundamental bands correspond to symmetric and anti-
symmetric carbon hydrogen stretchings. Hydrogen stretchings are typically
around 3000 cm−1, but when deuteriums are substituted for protons, the
stretchings are shifted to ∼ 2000 cm−1. The ν1 and ν5 fundamental band
region of D2

12CO has been analysed in Paper VI. The region 1780-2400 cm−1

was recorded employing two different optical filters. The Doppler width of
the D2

12CO molecule in this region is about 0.0046 cm−1. The aperture and
finite path difference widths were adjusted to be a half of the Doppler width,
because it was known before hand that InSb detector in region gives a good
SNR. Indeed, in the lower region a SNR of about 500 was obtained in 12.2
hours and in the higher region 11.3 hours recording gave 640 for the SNR.
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Figure 3.3: The fundamental band range of D2
13CO. The band centers are

ν1 = 2044, ν2 = 1673, ν3 = 1100, ν4 = 923, ν5 = 2144, and ν6 = 980 cm−1.
The ν2 band of water (1200-1800 cm−1) [34] and ν3 band of carbon dioxide
(2360 cm−1) [35] can be recognized in the overview.



Chapter 4

Results

4.1 Summary of the Original Papers

This thesis consists primarily of the original papers, which can be found as
appendices. Six publications are for formaldehyde (Papers I-VI) and one
publication is concerning formic acid (Paper VII). A short summary of the
Papers is given below.

Papers I and II
Analyses of the ground state spectra of the D2

12CO and D2
13CO molecules

are presented in Papers I and II, respectively. The far-infrared spectra of
both molecules were measured with the FTIR spectrometer at the Univer-
sity of Oulu. Such measurements have not been performed before for these
molecules.

The ground state of the D2
12CO molecule has been studied in many MW

works, of which the most recent is Ref. [31]. The MW measurements done so
far cover the low frequencies up to 62 cm−1, which region is characterized by
low J and Ka quantum numbers in ranges J ′′ = 0−44 and K ′′

a = 0−14. High
J and Ka transitions can be found at the high wavenumbers, and therefore the
region from 30 to 315 cm −1 was recorded in Paper I. The quantum number
limits were J ′′ = 5 − 59 and K ′′

a = 0 − 20 for the far-infrared measurement.
Graphical presentation of both the MW and FTFIR1 data can be found in
Fig. 1 of Paper I. In the analysis both the MW data of Ref. [31] and far-
infrared data were utilized and the ground state constants were improved,
see Table 3 in Paper I. Especially, more accurate Ka-dependent constants A,
∆K , etc. were obtained due to a large number of ∆Ka 6= 0 transitions in the
far-infrared data.

High resolution studies on the D2
13CO species were initiated at the In-

frared Laboratory by the ground state measurement of the molecule in the

1abbreviation from Fourier transform far-infrared

21
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region of 25-360 cm−1. The far-infrared measurements provided a large num-
ber of ground state transitions in wide J and Ka quantum number ranges.
The FTFIR data used in the final fit is presented in the Fig. 4.1. The letters
of labels in the Fig. 4.1 refer ∆J and the numbers in parentheses present
∆Ka and ∆Kc. The previous ground state rotational constants were derived
only from 25 MW transitions by Dangoisse et al. [36]. The A reduced ground
state constants derived from the FTFIR data together with the previous val-
ues from Dangoisse et al. [36], ab initio constants, and the ground state
constants of the D2

12CO molecule are presented in Table 3 of Paper II. From
that Table one can see that the FTFIR data enabled to determine more reli-
able ground state constants for the D2

13CO molecule than the previous ones.
Further confirmation about the quality was obtained from the comparisons
between the S reduced constants of D2

12CO and D2
13CO molecules (Table

5, Paper II) and determinable combinations of coefficients of D2
13CO (Table

6, Paper II).
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Figure 4.1: The lower state quantum numbers in the ground state analysis
of the D2

13CO molecule, cf. Table 1 in Paper II.
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Papers III and IV
The analyses of the ν2 fundamental band of the D2

12CO and D2
13CO

molecules are published in Papers III and IV, respectively. This band is
almost unperturbed and the rotational operator from Table 2.4 together with
the vibrational energy expression Eq. (2.9) could be used for most Ka states.
However, a local perturbation in the Ka = 8 − 12 states of the ν2 band
was observed in both molecules. The perturbation occurs because states
|v2 = 1; J,Ka〉 and |v4 = 2; J,Ka − 2〉 are close to each other. One might
wonder, at first sight, why the anharmonic resonance is found at the levels
Ka = 8 − 12 in both molecules, because in the D2

13CO molecule ν2 band is
about 30 cm−1 lower than in D2

12CO. But this is caused by the fact that
also the 2ν4 band is shifted with the same amount. The last term in the
operator Eq. (2.10) gives rise to the observed anharmonic resonances and
the value of the corresponding interaction parameter Fxy was determined for
both molecules.

The lines up to the quantum numbers J = 52, Ka = 17 and J = 50,
Ka = 16 were assigned in ν2 band of D2

12CO and D2
13CO molecules, re-

spectively. The transitions assigned to such high quantum numbers allowed
determining high order rotational constants: up to L and H constants in
D2

12CO and D2
13CO, respectively. The physical correctness of the obtained

constants was checked by comparing the values of the constants to the ground
state counterparts, cf. resulting Tables in Papers III and IV.

Paper V
The fundamental bands ν3, ν4, and ν6 of the D2

13CO molecule have been
measured and analysed in Paper V for the first time. Altogether 10150 tran-
sitions were assigned from the recordings and the highest quantum numbers
were Jmax = 48 and Ka,max = 17. A comprehensive list of the observed upper
states is presented in Table 2 of Paper V. In the D2

13CO molecule, as well
as in the other isotopic species, these bands interact mutually via x-, y-, and
z-type Coriolis interactions of Eqs. (2.11), (2.12), and (2.13), respectively. In
the analysis the Coriolis interaction operators were used to couple Watson’s
rotational operators in A-reduction (Table 2.4) for v3 = 1, v4 = 1, and v6 = 1
states. In the final fit the high order rotational constants were constrained to
the ground state values, and low order rotational constants and 13 Coriolis
resonance parameters were allowed to vary. The resulting parameters are
presented in Tables 3 and 4 of Paper V, where a detailed discussion on the
results is also given.

Paper VI
The analysis of the ν1/ν5 fundamental band region of the D2

12CO molecule
is presented in Paper VI. In this region, 1780-2400 cm−1, the overtone and
combination bands 2ν4, ν4 +ν6, 2ν6, ν4+ν3, ν3+ν6 , and 2ν3 are also located,
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see Figs. 2 and 3 in Paper VI. Consequently, the vibrational states in this re-
gion are coupled with anharmonic and Coriolis interactions, see Figs. 6 and
7 in Paper VI. The resonance interactions between the states have effects
even on low quantum number J , and the interactions are more complicated
as J increases. It was therefore decided to limit J to ten in the fit and thus
obtain sensible band centers and rotational constants.

Paper VII
Paper VII presents analysis of the ν7 and ν9 bands of the DCOOH

molecule for the first time. It has been included in the thesis, because the
formic acid molecule, like formaldehyde, is a planar asymmetric top. Formic
acid is heavier than formaldehyde and therefore spectrum of it is denser and
higher values of quantum numbers J and Ka can be reached. Almost a ten
thousand lines were assigned from the recorded FTIR spectrum and the limits
Jmax = 64 and Ka,max = 30 were obtained. The rotational transitions mea-
sured by millimeter wave spectrometer at Kharkiv, Ukraine and microwave
data from literature were also used in the analysis. Formic acid belongs to
the Cs point group and the v7 = 1 and v9 = 1 vibrational states are cou-
pled with strong x- and z-type Coriolis interactions, see Section 3 in Paper
VII. In the analysis the ground state constants were revised, and as a new
result, constants for the ν7 and ν9 bands and Coriolis coupling were reported.

4.2 Observed Planarity Defects

Both formaldehyde and formic acid molecules studied in the original papers
are planar asymmetric tops. For these kinds of molecules it is useful to check
how well the planarity relations presented in Section 2.4 are established.
The tests can be made by calculating the planarity defects of the rotational,
quadratic and sextic centrifugal distortion constants from Eqs. (2.28)-(2.30).

The defects in the vibrational ground state of some formaldehyde species
are given in Table 4.1. The inertial defects ∆ presented in Table 4.1 are
clearly non-zero and positive. Moreover, the species containing deuterium
have larger inertial defects than the species containing protons. All the cen-
trifugal defects δτ are negative and their values increase as the mass of the
molecule increase. Such a conclusion cannot be made from the defects in sex-
tic constants ∆H, which have small values varying considerably from species
to species.

The theoretical inertial defect can be calculated using the formulation
presented by Oka and Morino in Ref. [37]. The inertial defect is a sum of
vibrational ∆vib, centrifugal ∆cent and electronic ∆elec contributions, which
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Table 4.1: Observed and calculated planarity defects in formaldehyde.a

Theoretical Experimental
∆vib ∆cent ∆elec ∆ ∆ δτ ∆H

H2
12CO b 5.65 0.15 -0.39 5.44 5.76740(1) -3.965(5) 12.0(9)

H2
13CO c 5.65 0.15 -0.39 5.45 5.602580(3) -3.6323(11) -6.91(61)

D2
12CO d 7.72 0.14 -0.39 7.50 7.80063(14) -3.36179(20) -2.96(33)

D2
13CO e 7.74 0.14 -0.39 7.53 7.8151(45) -3.12592(38) -7.5(41)

a ∆, ∆vib, ∆cent, and ∆elec are in uÅ2 × 102, δτ in kHz, ∆H in MHz2 × 103.
b Ref. [31]
c Ref. [39]
d Paper I cf. [31]
e Paper II

are [37, 6, 14]

∆vib =
∑
s

h

π2c
(vs +
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2
)
∑

s′

ω2
s′

ωs(ω2
s − ω2

s′)
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2 − (ζy
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+
∑

t

h

π2c
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(vt +
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2
), (4.1)

∆cent = −h̄4τxzxz

(
3

4

Iyy

C
+

Ixx

2B
+

Izz

2A

)
, (4.2)

∆elec = −me

Mp

(Iyygyy − Ixxgxx − Izzgzz). (4.3)

The vibrational term ∆vib consists of firstly harmonic frequencies and Cori-
olis constants and secondly inverse of out-of-plane vibrations ωt. The cen-
trifugal contribution ∆cent comes from the use of commutation relations for
τxzxz(JxJzJxJz + JzJxJxJz + JxJzJzJx + JzJxJzJx) [37, 21]. The electronic
contribution ∆elec, where me and Mp are masses of an electron and a proton,
respectively, arises from electron-rotation interaction.

Harmonic force field data, structure of the molecule and the rotational
g tensor elements are needed to evaluate ∆ values from Eqs. (4.1)-(4.3).
For the present calculations the frequencies ω and the elements gαα were
taken from Refs. [11] and [38], respectively. Coriolis constants and inertial
derivatives were obtained from harmonic force field calculations, where the
force constants were those reported in Ref. [11]. The results of the theoretical
inertial defect calculations are presented in Table 4.1.

The individual calculated terms ∆vib, ∆cent, and ∆elec in Table 4.1 corre-
spond to previous values presented by Duncan [2], and the sum of the three
calculated terms corresponds to the experimental values. The largest contri-
bution to the inertial defect is given by vibrational term ∆vib. The Coriolis
part of Eq. (4.1) is about -0.029 uÅ2 in all formaldehyde species. The second
part of Eq. (4.1), out-of-plane vibration, dominates in formaldehyde. The
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out-of-plane vibration in formaldehyde is ν4, see Fig. 2.2, and from Table
2.1 can be seen that this vibration is the lowest in all species. The out-of-
plane part of the Eq. (4.1) has values of about 0.085 uÅ2 and 0.1070 uÅ2

in the proton and deuterium species, respectively. We can see from Table
2.1 that the ν4 band is roughly 200 cm−1 lower in deuterium species than in
proton species, and because the out-of-plane contribution depends inversely
on the frequency, the inertial defect increases in the former species. The
electrons of the π state of CO bond are located perpendicular to the plane
of the molecule. Therefore the electronic contribution in formaldehyde is
larger than in other molecules [14], but it is still smaller than the vibrational
contribution.

The information needed in the evaluation of the Eqs. (4.1)-(4.3) is not
always available. Therefore, Watson [40] has studied how an approximate
inertial defect can be obtained from ground state constants. He obtained,
by fitting harmonic zero-point terms ∆harm

0 to the observed defects in 104
molecules, an empirical expression

∆ ≈ ∆harm
0 (1.0292− 0.0911(N − 3)). (4.4)

Here N is number of atoms and the term ∆harm
0 is

∆harm
0 ≈ ∆tau

0 =
3h̄2

2hc

(
1

ωA

+
1

ωB

+
1

ωAB

− 1

ωC

)
, (4.5)

where the effective frequencies in Eq. (4.5) are obtained from centrifugal
distortion constants:

τaaaa = −16A3/ω2
A (4.6)

τbbbb = −16B3/ω2
B (4.7)

τcccc = −16C3/ω2
C (4.8)

τabab = −16ABC/ω2
AB. (4.9)

In small molecules the harmonic term is leading in Eq. (4.4). As the num-
ber of atoms increases, more Coriolis resonances in the molecule occur, and
they give negative contribution to the inertial defect. Watson [40] calculated
defects 0.0559 and 0.0766 uÅ2 for H2

12CO and D2
12CO, respectively, which

are consistent with the values in Table 4.1.
Planarity defects of formic acid are presented in Table 4.2. The inertial

defect can be seen to increase as the mass of the molecule increases. However,
the largest change of the inertial defect occurs when the proton attached to
the carbon is substituted with deuterium, because in this substitution the
A rotational constant is essentially decreased and the B and C rotational
constants have minor changes. The quartic defect, δτ is about -0.14 kHz in
all formic acid species. The defects in the sextic constants, ∆H are varying
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Table 4.2: Observed and approximated planarity defects in formic acid.
∆ ∆ δτ ∆H
Eq. (2.28) Eq. (4.4) Eq. (2.29) Eq. (2.30)

HCOOH a 7.65533(8) 7.9482 -0.1362(49) 0.000145(31)
H13COOH a 7.81109(26) 8.1117 -0.147(15) 0.000119(49)

HCOOD b 7.93512(14) 8.4572 -0.136305(14) 0.00066(10)
DCOOH c 8.65395(6) 8.8494 -0.142(74) 0.000176(40)
DCOOD b 8.71432(10) 9.1108 -0.143601(12) 0.001823(78)

Units for ∆, δτ , and ∆H are in uÅ2 × 102, kHz, and MHz2, respectively.
a Ref. [41]
b Ref. [42]
c Paper VII

in Table 4.2, but has a small positive values in all species. Formic acid has
larger inertial defects than formaldehyde, c.f. Tables 4.1 and 4.2. This must
come from vibration-rotation interaction constants, which lead to a larger
break down of the planarity condition Ie

c = Ie
a + Ie

b in formic acid than in
formaldehyde. Also, Eq. (4.5) gives a larger defect for formic acid: one ob-
tains from Eqs. (4.6)-(4.9) that the inverses of the effective frequencies have

a form like 1/ωA =
√
−τaaaa/16A3. The rotational constants of formic acid

are smaller than in formaldehyde, which consequently yield larger inverses of
the effective frequencies in the former molecule.

4.3 Structure of Formaldehyde

The formaldehyde molecule is a Y shaped molecule, whose structure is fully
defined by CO and CH bond lengths and HCH angle, see Fig. 2.1. The
aim in structure determination is to obtain equilibrium structure (re) pa-
rameters. The method used here is outlined at the end of Section 2.3: in
brief, the equilibrium rotational constants Be are obtained from the exper-
imental determinable rotational constants by taking into account appropri-
ate vibration-rotation interaction constants αβ

k , elements of the rotational
g-tensor, and centrifugal distortion constants τ . It would be spoken about
the re structure even if the latter two sources were neglected. If one or more
smaller terms were unknown, the effect of it on the rotational constants and
hence on the structure should be discussed in a precise structure evaluation.
If the αβ

k constants are unknown, some types of structures can be obtained
directly from the ground state rotational constants by the methods given
below.
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The simplest assumption is to calculate the effective ground state structure
(r0) directly from the ground state moments of inertia I0

α. However, the
obtained structure will be, as it was demonstrated by the inertia defects in
the previous Section, affected by the zero point vibrations. The zero point
effects are mitigated in a substitution structure (rs), where each atom in a
molecule is replaced by its isotope. The distances of the substituted atoms
from the center of mass of the parent molecule are obtained by applying
Kraitchman’s equations [14, 43].

The substitution coordinates and moments of inertia are applied to obtain
mass-dependence (rm) and modified mass-dependence (rρ

m) structures. In
the rm structure, mass-dependent moment of inertia Im

α is calculated from
substitution Is

α and parent moment of inertia I0
α [43, 14]:

Im
α = 2Is

α − I0
α. (4.10)

A large number of parent molecules are required in this method and each
atom should be replaced by its isotope. Harmony and co-workers have derived
the modified mass dependent structure (rρ

m) in a series of papers [44, 45, 46].
The rρ

m- structure is evaluated from scaled moments of inertia

Im,ρ
α = (2ρ− 1)I0

α. (4.11)

Here the factor ρ is the average of ratios ρ = Is
α/I0′

α , where I0′
α is the parent

moment of inertia (often of the most common species). The rρ
m-structure for

formaldehyde and formic acid have been reported in Refs. [47, 48].
On the next pages is given a discussion of the different correction terms

on the rotational constants of formaldehyde. Finally, results of the present
structure calculations are presented.

α constants of D2
12CO

The experimental and ab initio vibration rotation interaction constants
(α) of the D2

12CO molecule are presented in Table 4.3. The column B0
β −

Bv
β represents α constants in the fundamental bands or the sum of the α

constants in the overtone or combination bands according to the Eq. (2.15).
The resonances may distort the individual vibration rotation interaction

constants, and in that sense, the fundamental bands of formaldehyde can be
divided in three groups: ν3/ν4/ν6, ν2, and ν1/ν5. The analysis in the Pa-
per III showed that the ν2 band is, besides the local anharmonic resonance,
practically isolated band and thus the experimental and theoretical αβ

2 con-
stants are well comparable. More variations between the experimental and
theoretical values can be found in the ν3/ν4/ν6 triad where the states are in-
teracting with Coriolis interactions, see Paper V and references cited therein.
The effects can be seen by comparing the experimental pairs αa

4/α
a
6, αb

3/α
b
4,
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and αc
3/α

c
6 to the ab initio counterparts. The αβ

3 , αβ
4 , and αβ

6 constants are
determined most reliably experimentally, because the Coriolis interactions
between the ν3, ν4, and ν6 bands are well analysed in different isotopomers
in Refs. [49, 50, 10] and Paper V. Finally, the ν1 and ν5 fundamental bands lie
in the same region with the overtone and combination bands of the ν3/ν4/ν6

triad, see Paper VI. The bands in this region are interacting mutually with
each other, see Figs. 6 and 7 Paper VI, and thus it is not surprising that the
experimental values of those bands deviate from the reference values.

The results of the present ab initio calculations are consistent with those
of Ref. [24]. This is not surprising, because the calculation method is the
same. The differences are in the utilized basis set and force field calculation
method – in the present work first and second derivatives are calculated
analytically, and third and fourth derivatives numerically. In the earlier work
all derivatives were calculated numerically. Significant differences between
the theoretical results can be seen in the αβ

k constants which belong to the
Coriolis interacting states.

Applying Eq. (2.15) to the vibrational ground state (all vk = 0) one
obtains

Be
β = B0

β +
1

2

∑
αβ

k , (4.12)

where B0
β constant is obtained from the ground state experiments and the

αβ
k constants are from experiments or ab initio calculations. Then the de-

sired equilibrium constants Be
β are ready to be calculated from the above

equation if the smaller terms affecting on the rotational constants are ne-
glected. The above equation shows that the correctness of the equilibrium
rotational constant depends on the accuracy of the ground state rotational
constant and sum of the vibration rotation interaction constants. Although
some individual theoretical constants of different calculations deviate, the
theoretical sums

∑
αa

k,
∑

αb
k, and

∑
αc

k have practically the same values.
This means that the effects of the resonances in the individual αβ

k constants
are cancelled in the theoretical sums as has been discussed by PawÃlowski et
al. [28]. But the comparison with the experimental and theoretical sums
in Table 4.3 shows that the sum is reliably determined only for αc. The-
oretical sums for αa and αb are roughly 27 and 3 times larger than their
experimental counterparts. A detailed inspection of the total sum of α’s can
be made by examinating the terms αβ

3 + αβ
4 + αβ

6 , αβ
2 , and αβ

1 + αβ
5 . For

example, from the experimental values one obtains αb
3 + αb

4 + αb
6 = −0.0036

cm−1 and αb
2 is 0.0073 cm−1 which are practically equal to the theoretical

values. The difference in the total sum of αb can be traced back to αb
1 + αb

5,
whose experimental and theoretical values for are -0.0003 and 0.0052 cm−1,
respectively. The analogous calculations with respect to the αa and αc con-
stants prove that the differences between the experimental and theoretical
sums arise from αβ

1 and αβ
5 . After all, more experimental and theoretical work
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is needed to make the individual as well as the total sums of α’s more reliable.

Determinable and equilibrium rotational constants
The D2

12CO molecule is unfortunately the only formaldehyde species to
whom all experimental vibration rotation interaction constants are confi-
dently determined. Therefore, it was decided to use theoretical α constants
in further structure calculations. This provides a coherent set of constants for
selected formaldehyde species H2

12CO, D2
12CO, and D2

13CO. The resulting
values of the ab initio calculations for vibration rotation interaction constants
together with centrifugal distortion constants are presented in Table 4.4.

The determinable rotational constants of H2
12CO, D2

12CO, and D2
13CO

molecules together with all correction terms have been collected in Table
4.5. The vibration rotation interaction (1

2

∑
αβ = Be

β − B0
β) and centrifugal

distortion (
∑

τ) contributions have been calculated from ab initio results
presented in Table 4.4. The rotational g tensor elements gαα have been
taken from Refs. [38, 51].

One can see from Table 4.5 that the α constants are more significant than
the other two correction sources. The largest value and fractional contribu-
tion of Be

α − B0
α is in the a axis of H2

12CO, but the fractional contributions
in the other molecules and axes are not much smaller.

The next highest influence on the rotational constants have the electron
rotation interaction constants. The element gaa has a large value and it affects
one order of magnitude less than the αa-constants: gbb and gcc are smaller
than gaa and their influences are two orders of magnitude less than αb and αc-
constants. The centrifugal distortion constants in Eq. (2.24) are represented
by

∑
τ in Table 4.5. These sums are smaller than the above mentioned two

contributions, but the values of the sums
∑

τ are still approximately two or
three orders of magnitude higher than the standard errors of the rotational
constants. Thus, it can be concluded that the effects of electrons and the
centrifugal distortion constants must be taken into account in defining the
equilibrium rotational constants rather than correcting the rotational con-
stants with vibrational contributions alone.

The influences of the correction terms in Table 4.5 can be examined by
computing the inertial defect after each step. The defects drawn in Fig. 4.2
evidently show that the inertia defect in formaldehyde is smallest when all
correction terms have been included. One can also see from the Fig. 4.2 that
the defect in the ground state comes primarily from the vibration rotation
interaction constants. If one uses equations Ae = A0 + 1

2

∑
k αA

k etc. to ob-
tain equilibrium constants and then calculates the inertial defect, it will be
roughly one order of magnitude less than in the ground state. The defect is
still affected by the electron-rotation interaction and centrifugal distortion,
but even the two latter corrections do not give a zero inertial defect. This
implies that the constants needed in the corrections are inaccurate.
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Table 4.3: The α-constants of D2
12CO, in cm−1

|V 〉 Bv
β

1 B0
β −Bv

β calc.2 ab initio3 ab initio4

A 000000 4.725053470 (52)
100000 4.7157 (16) 0.0093(16) 0.0710 0.07078
010000 4.7264834 (16) - 0.001430(2) -0.0020 -0.00202
001000 4.75141368 (3900) - 0.026360(39) -0.0278 -0.02806
000100 4.735564 (1300) - 0.0105(13) 0.4899 0.0509
000010 4.714840 (10) 0.010218(10) 0.0309 0.03092
000001 4.703329 (1300) 0.0217(13) -0.4817 -0.04182∑

αa
k 0.0030(43) 0.080427 0.080710

002000 4.773984 (29) - 0.048931(29) -0.0527 -0.0556 -0.0561
001100 4.7979 (19) - 0.0728(19) -0.0369 0.4621 0.0229
001001 4.6757 (19) 0.0494(19) -0.0046 -0.5094 -0.0699
000200 4.6827 (14) 0.0424(14) -0.0210 0.9798 0.1018
000101 4.6919 (23) 0.0332(23) 0.0112 0.0082 0.0091
000002 4.7057 (29) 0.0194(29) 0.0434 -0.9633 -0.0836∑

0.025433 0.002258 0.004830
B 000000 1.076863783 (10)

100000 1.078324 (65) - 0.001460(65) 0.0015 0.00157
010000 1.06958970 (38) 0.00727408(39) 0.0072 0.0071
001000 1.0752117 (3200) 0.00165(32) -0.0138 -0.00236
000100 1.0792670 (3200) - 0.00240(32) 0.0131 0.00188
000010 1.0757386 (49) 0.001125(5) 0.0036 0.00361
000001 1.07970009 (2700) - 0.002836(27) -0.0028 -0.00276∑

αb
k 0.00335(74) 0.008897 0.009040

002000 1.06900 (56) 0.00786(56) 0.0033 -0.0275 -0.0047
001100 1.09207 (88) - 0.01521(88) -0.0008 -0.0007 -0.0005
001001 1.093246 (13) - 0.016382(13) -0.0012 -0.0165 -0.0051
000200 1.07438 (45) 0.00248(45) -0.0048 0.0262 0.0038
000101 1.064827 (12) 0.012037(12) -0.0052 0.0103 -0.0009
000002 1.077167 (72) - 0.000303(72) -0.0057 -0.0055 -0.0055∑

- 0.006156 -0.004900 -0.003920
C 000000 0.873448096 (9)

100000 0.876144 (51) - 0.002696(51) 0.0044 0.00439
010000 0.86727450 (35) 0.00617359(36) 0.0062 0.00617
001000 0.87186169 (5800) 0.001586(58) -0.0004 0.00212
000100 0.87508939 (650) - 0.001641(7) -0.0016 -0.0015
000010 0.86081 (17) 0.012638(17) 0.0014 0.00137
000001 0.86955960 (6400) 0.003888(64) 0.0058 0.00324∑

αc
k 0.01995(35) 0.015811 0.015790

002000 0.87271 (11) 0.00074(11) 0.0032 -0.0008 0.0042
001100 0.876740 (45) - 0.003292(45) -0.0001 -0.0019 0.0006
001001 0.85274 (17) 0.02071(17) 0.0055 0.0054 0.0054
000200 0.876144 (43) - 0.002696(43) -0.0033 -0.0031 -0.0030
000101 0.868753 (36) 0.004695(36) 0.0022 0.0042 0.0017
000002 0.88903 (29) - 0.01558(29) 0.0078 0.0115 0.0065∑

0.024521 0.031119 0.031230
1 Experimental data taken from Papers I, III, VI and Ref. [10].
2 Derived from the αβ

3 , αβ
4 , and αβ

6 constants of the fundamental bands.
3 Present ab initio calculations (CCSD(T)/cc-pVQZ) by F. PawÃlowski.
4 Martin, Lee and Taylor (CCSD(T)/cc-pVTZ) Ref. [24].
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Figure 4.2: Inertia defect computed from determinable rotational constants
and corrected rotational constants.

Structure
Finally, the structure of the formaldehyde molecule was found by mini-

mizing the residual

Γ =

√∑
(Ie,calc

α − Iexp
α )2, (4.13)

where the sum runs over all the moments of inertia of all three isotopomers
available. The calculated moments of inertia Ie,calc

α were obtained from the
three structure parameters presented in Fig. 2.1 and masses of the atoms in
the isotopomer. All the experimental moments of inertia were obtained either
from the ground state or the semi-empirical Be,n and Ce,n constants of Table
4.5. The experimental A rotational constants were not used, because there
are large uncertainties in

∑
αa.2 The Ae,n constants were obtained from the

relation 1/Ce,n = 1/Ae,n+1/Be,n. The three structure parameters, rCO, rCH ,
and θHCH were varied in the least squares fit of Eq. (4.13). The obtained
ground and equilibrium structure parameters together with the literature
values are given in Table 4.6.

The ground state structure given in Table 4.6 is essentially different from
the other types of structures. This means that the ground state structure
is contaminated with the zero point vibrations. The rρ

m structure from Ref.
[47] and the equilibrium structures listed in Table 4.6 are equal within their

2See discussion on the αa constants of D2
12CO and Ref. [28].
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Table 4.4: Vibration rotation interaction and centrifugal distortion constants
from ab initio calculations (CCSD(T)/cc-pVQZ), in cm−1.

H2
12CO D2

12CO D2
13CO

αa
1 0.163 680 66 0.071 036 47 0.069 059 87

αa
2 0.001 807 67 - 0.001 986 10 - 0.000 712 99

αa
3 - 0.064 756 90 - 0.027 782 08 - 0.027 762 44

αa
4 1.353 893 82 0.489 904 18 0.455 370 47

αa
5 0.088 655 35 0.030 918 59 0.030 933 19

αa
6 - 1.330 612 47 - 0.481 664 36 - 0.447 446 61

αb
1 0.000 423 42 0.001 522 51 0.001 303 25

αb
2 0.007 085 33 0.007 191 69 0.007 059 30

αb
3 - 0.008 331 19 - 0.013 762 15 - 0.012 765 63

αb
4 0.012 348 04 0.013 087 13 0.012 281 12

αb
5 0.001 557 35 0.003 631 45 0.003 276 86

αb
6 - 0.002 521 80 - 0.002 774 10 - 0.002 665 18

αc
1 0.002 268 02 0.004 389 73 0.003 744 22

αc
2 0.008 776 30 0.006 193 72 0.006 050 58

αc
3 0.002 615 94 - 0.000 388 76 0.000 202 67

αc
4 - 0.001 324 17 - 0.001 558 63 - 0.001 462 87

αc
5 0.001 447 43 0.001 400 40 0.001 485 83

αc
6 0.006 321 38 0.005 774 36 0.005 256 57

τxxxx ×10−6 - 12.433 - 9.7385 - 9.2567
τxxyy ×10−6 - 9.1255 - 5.6282 - 5.4140
τxxzz ×10−5 3.5695 2.5201 2.3880
τxzxz ×10−5 - 10.827 - 5.8181 - 5.7047
τyyyy ×10−6 - 7.2268 - 3.9502 - 3.8296
τyyzz ×10−6 - 10.752 - 6.0094 - 6.1567
τzzzz ×10−4 - 26.848 - 6.7223 - 6.7223
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Table 4.5: The rotational constants and correction terms of H2
12CO, D2

12CO,
and D2

13CO, in cm−1

H2
12CO [52] D2

12CO D2
13CO

A0 1 9.405 529 23(35) 4.725 057 326(52) 4.725 552 81(85)
1
2

∑
αa 2 0.106 334 06 0.040 213 36 0.039 720 75

gaa
3 - 2.902 4(6) - 1.445(2) - 1.445(2)

−me

Mp
gaaA

4 0.014 863 73(31) 0.003 718 5(52) 0.003 719 3(52)∑
τ 5 - 0.000 391 18 - 0.000 113 53 - 0.000 113 04

Ae,n 9.526 530 67 4.768 910 15 4.768 913 91

B0 1 1.295 410 016(22) 1.076 852 353(11) 1.058 494 92(21)
1
2

∑
αb 2 0.005 280 58 0.004 448 27 0.004 244 86

gbb
3 - 0.224 5(1) - 0.191 7(5) - 0.188 4(5)

−me

Mp
gbbB

4 0.000 158 39(7) 0.000 112 43(29) 0.000 108 63(29)∑
τ 5 - 0.000 057 75 - 0.000 030 87 - 0.000 030 45

Be,n 1.300 791 89 1.081 382 65 1.062 818 40

C0 1 1.134 308 700(21) 0.873 507 945 0(96) 0.861 401 22(20)
1
2

∑
αc 2 0.010 052 40 0.007 905 41 0.007 638 51

gcc
3 - 0.099 4(1) - 0.078 8(4) - 0.077 7(4)

−me

Mp
gccC

4 0.000 061 41(6) 0.000 037 49(19) 0.000 036 46(19)∑
τ 5 - 0.000 012 61 0.000 016 96 0.000 015 98

Ce,n 1.144 410 44 0.881 468 14 0.869 092 59
1 The experimentally determinable rotational constants by Eq. (2.25).
2 The sum of the theoretical vibration rotation interaction constant of Table 4.4.
3 Values for H2

12CO and D2
12CO molecules from Refs. [38] and [51], respectively.

For the D2
13CO the relation Iαgαα = I ′αg′αα was employed.

4 Electron rotation interaction, Eq. (2.19).
5 Centrifugal distortion constants in Eq. (2.24).
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Table 4.6: Structure parameters of formaldehyde
rCO (Å) rCH (Å) θHCH (◦)

r0 1.2086(16) 1.1117(13) 117.78(74) This work, B0
β

rρ
m 1.2031(1) 1.1012(2) 116.25(4) Berry and Harmony [47]

re 1.2033(10) 1.1005(20) 116.18(15) Duncan [2]
re 1.20465(70) 1.10072(60) 116.74(48) PawÃlowski et al. [28].
re 1.20461(19) 1.10046(16) 116.722(93) This work, Be,n

β

uncertainties. The smallest uncertainties of the re structure have been ob-
tained in this work and they have been calculated in the following way. Here
the calculated bond lengths and angles of formaldehyde are functions of the
six semi-experimental rotational constants: rCO(Be,n

1 , · · · , Ce,n
6 ), for example.

The errors for the rCO, rCH , and θHCH can be obtained by calculating the
total differential of the functions numerically.3 The semi-experimental ro-
tational constants are calculated from Eqs. (2.19) and (2.24), from which
can be seen that the errors of the constants depend on the uncertainties of
the determinable rotational constants (∆B0

β), the sums
∑

α and
∑

τ , and
elements gαα. From Table 4.5 one can conclude that the main source of the
uncertainty of the Be,n and Ce,n constants are the uncertainties of the

∑
αb

and
∑

αc constants, respectively. If the uncertainties for
∑

αb and
∑

αc had
been taken from Table 4.3, they would have introduced unacceptably large
errors. Therefore, the statistical deviations Be,n −Bcalc and Ce,n −Ccalc ob-
tained in the fit were employed as uncertainties ∆Be,n and ∆Ce,n, and they
produced the errors of rCO, rCH , and θHCH presented in Table 4.6. Thus
the errors of the present equilibrium structure are not absolute but internal
errors.

4.4 Conclusions

Two planar asymmetric top molecules, formaldehyde and formic acid, have
been studied in this thesis. The object has been on the high resolution mea-
surements and analysis of the deuterium labeled species of those molecules.
Primary result of those analyses are the constants of the studied vibrational
ground and exited states as well as the coupling constants of the exited
states. The details of these works and resulting parameters can be found in
the supplemented Papers I-VII.

To study the planarity defects in formaldehyde and formic acid, the
present and literature ground state analysis were collected and the defects
were calculated from the ground state parameters. The observed inertial

3∆rCO = (∂rCO/∂Be,n
1 )∆Be,n

1 + · · · + (∂rCO/∂Ce,n
6 )∆Ce,n

6 and similarly to the two
other parameters.



36 CHAPTER 4. RESULTS

defects are positive and increase as a function of the mass of the molecule
both in formaldehyde and formic acid. Theoretical analysis showed that the
inertial defect in the formaldehyde molecule arises mainly due to out-of-plane
vibration. Also the centrifugal distortion and electronic contributions in the
inertial defects of formaldehyde species were calculated theoretically. The
observed quartic centrifugal defects were negative both in formaldehyde and
formic acid.

One motivation behind formaldehyde studies was to analyse ν1, ν2, and ν5

fundamental vibrational bands of the D2
12CO molecule and obtain the exper-

imental vibrational rotation interaction constants αβ
1 , αβ

2 , and αβ
5 . These con-

stants together with the αβ
3 , αβ

4 , and αβ
6 constants from the literature would

have been then used to determine the structure of formaldehyde. However,
there are disagreements between the experimental and theoretical vibration
rotation interaction constants, which must be solved in future works.

The equilibrium rotational constants of the formaldehyde molecule have
been obtained by using the so called semi-empirical method, which employs
the accurate experimental ground state rotational constants, theoretical ro-
tation vibration and centrifugal distortion constants, as well as gαα constant
due to electron rotation interaction. This method has been recently applied
by PawÃlowski et al. [28] and Demaison and co-workers [53, 54, 55], among
others. However, they only used theoretical vibration rotation interaction
constants. The contribution of the centrifugal distortion constants in the
NH2 molecule have been discussed by Demaison, Margulès, and Boggs [56].
Ref. [56], as well as Refs. [57, 58, 59], show that the effects of the electrons
must be taken into account in defining the equilibrium rotational constants.

This thesis shows that the centrifugal distortion constants and the masses
of the electrons have significant effects on the rotational constants of formalde-
hyde. These effects are larger than the uncertainties of the rotational con-
stants and are in the same order of magnitude as the errors of the vibration
rotation interaction constants. Thus it is necessary to take them into account
in determining the structure of the formaldehyde molecule in future works.
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