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Abstract

This work contains studies in theoretical and computational spectroscopy of

methanol, partially deuterated silane, and bismutine. Vibrational spectra of

methanol have been simulated in the fundamental, first C-H stretching overtone,

and O-H stretching overtone regions using both normal and local mode models.

A vibration-torsion local mode model based on curvilinear internal coordinates

has been employed to find a physical interpretation for torsionally splitted vibra-

tional energy levels of methanol. A high-level ab initio quartic anharmonic force

field for methanol has been computed and used in the calculation of normal mode

spectroscopic parameters with perturbation theory. Ro-vibrational spectroscopic

parameters for the near local mode stretching states of H3SiD have been calcu-

lated from an ab initio force field and applied to the analysis of high-resolution

Fourier transform infrared and laser-photoacoustic spectra. Corrections to the

bond stretching kinetic energy coefficients have been calculated due to the pres-

ence of rigid constraints in the bending degrees of freedom for C3v pyramidal

molecules stibine, ammonia, bismutine, and arsine. Stretching vibrational over-

tone spectra of bismutine have been analyzed with a simple stretching vibrational

local mode model.
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1 Introduction

There has been rapid development in the methods of molecular spectroscopy

in recent years. Fast computers are available for theoretical calculations, and

new lasers and sensitive detection techniques have been introduced for exper-

iments. It has become possible to obtain more and more accurate information

about molecules and molecular processes at microscopic scale. Internal molecular

motions can be studied experimentally with optical spectroscopy, because electro-

magnetic radiation can be used to excite and access appropriate quantum states.

Theoretical advances in this context are mainly consentrated on the development

of methods of electronic structure calculations and on methods to treat nuclear

motion.

Internal molecular motions of nuclei can be characterized as rotations, vibra-

tions, and large amplitude motions. Molecular vibration occurs when the motions

of nuclei are localized around the potential energy minimum. Most familiar vibra-

tions are bond stretchings and bond angle bendings, which give rise to common

examples of so-called zeroth order vibrational states. In the case of large ampli-

tude motion, such as torsion, inversion, etc., where the motion extends over more

than one potential energy minimum, a simple zeroth order picture is not valid.

However, in reality, the states usually contain character of different motions due

to kinetic and potential energy couplings. In spite of this, it is useful to label

the vibrational states as stretching and bending vibrations, for example, as these

often describe well the physical nature of the true states.

Molecular potential energy surfaces, obtained as solutions of electronic Schrö-

dinger equations, play a key role in molecular physics. For example, chemical re-

actions, molecular shapes, vibration-rotation spectra, and intramolecular energy

flow are dependent on the molecular force field. Potential energy surfaces can be

obtained by using empirical and theoretical, so called ab initio methods. Empir-

ical force fields are typically expressed as analytic functions, such as Taylor or

Fourier series expansions, where coefficients are determined using experimentally

observed ro-vibrational spectra as data. Theoretical potential energy surfaces

can be computed accurately with ab initio electronic structure calculations.

Møller-Plesset second-order (MP2) and fourth-order (without triple correc-

tions to energy: MP4(SDQ)) [1]) perturbation theory and coupled-cluster (CCSD

(T) [2]) ab initio electronic structure calculation methods are commonly used in

quantum chemistry. In the perturbation theory method, solution to the electronic
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Schrödinger equation is approached in a systematic fashion by an order-by-order

expansion of the wave function and energy. Perturbation theory provides ac-

curate and profitable (in the sense of time consumption) approach in practical

calculations. However, in many cases, even higher precision is required. The

coupled-cluster approach is capable of providing highly accurate solutions to the

electronic correlation problem. The drawback is the high computational cost

of coupled-cluster wave functions. In the CCSD method, the electron single

and douple excitations are treated by coupled cluster theory. In the CCSD(T)

method, the CCSD calculation is improved by adding most important triple cor-

rections in a perturbative fashion.

Internal vibrational energy redistribution (IVR) [3] is an example of an in-

teresting phenomenom that is linked to potential energy surfaces obtained with

the above-mentioned theoretical quantum chemistry methods. The dynamical

flow of vibrational energy after a light pulse exitation or molecular collisions can

lead to interesting consequences. It has been speculated that some unimolecular

reactions are dependent on vibrational dynamics and thus could be controlled by

laser excitations. For example, interesting results have been achieved in terminal

acetylenes [4], where the calculations predict extended lifetimes of non-stationary

C-H stretching states. However, it seems that the timescale of IVR in most sys-

tems is several orders faster than the timescale of chemical reactions. This hinders

the hope of laser controlled chemistry in a large scale.

Despite the rapid development of theoretical methods in molecular science,

majority of data comes from experiments. Theoretical results are often tested

by comparison to experimental data. In optical spectroscopy, the ro-vibrational

state of a molecule changes either by absorbing or emitting light, or by collisions.

The energies of the transitions are measured with sophisticated spectroscopic

techniques, which, for example, include the use of laser and Fourier transform in-

frared spectroscopy. The experimentally observed spectra provide molecular data

such as vibrational energies, transition moments, and spectroscopic parameters.

Time dependent methods are used to probe dynamical molecular processes, such

as chemical reactions.

Vibrational problems of polyatomic molecules are not usually solvable ex-

cactly. In practice this means that approximations are employed. Pertubation

theory and variational methods are two of the most common methods used in

quantum chemistry. For example, perturbation theory can provide vibrational

model parameters from an ab initio force field. Variational methods can be
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employed to find solutions to vibrational problems by optimizing variational co-

efficients.

The choice of vibrational coordinates is usually problem dependent. The stan-

dard normal mode approach [5] is often a practical way to calculate vibrational

fundamental energies of stretchings and bendings. The methods based on curvi-

linear bond stretch- bond angle bend internal coordinates, used, for example, in

local mode models [6, 7, 8], have been applied successfully to calculate overtone

spectra of small hydrides. The internal coordinate approach seems to be a good

way to model interactions between high-frequency vibrations and large amplitude

motions [9].

This work includes a series of studies that apply the standard normal mode

and the local mode theories to model and calculate vibrational spectra and spec-

troscopic parameters for methanol, partially deuterated silane, and bismutine.

The main emphasis of this thesis is on theoretical spectroscopic studies of the

methanol molecule. It is an interesting species being the smallest molecule with

an internal methyl rotor and thus it provides a model system to study interactions

between high-frequency vibrations and the large amplitude internal rotation. It is

a sufficiently small system for accurate ab initio force field calculations. Moreover,

rich experimental vibrational overtone spectra have been recorded for methanol

[11, 12, 13, 14]. This makes it feasible to test theoretical approaches.

In Paper 1, a vibration-torsion model was employed to calculate and inter-

pretate torsionally splitted O-H stretching overtone spectra of methanol. The

non-linear least squares method was used to obtain model parameters using ex-

perimentally observed vibrational term values as data. Some of the model param-

eters were estimated using a torsionally dependent harmonic force field calculated

by ab initio methods. The model was successfully used to interpretate spectral

features such as decreasing torsional splittings in high overtones. The standard

deviation of the fit between calculated and observed vibrational term values was

2.9 cm−1, which is a good result taking into account the experimental uncertain-

ties.

In Paper 2, an ab initio quartic anharmonic force field for methanol was

calculated in the bond stretch- bond angle bend internal coordinate representa-

tion at the equilibrium position. Several ab initio methods were tested in order

to simulate experimental vibrational spectra of methanol isotopomers CH3OH,

CH3OD, CD3OH, and CD3OD in the fundamental region. The best agree-

ment with observed fundamental term values was found using the coupled-cluster

5



CCSD(T)/VTZ [15, 16] method for the structure and harmonic potential energy

surface and the Møller-Plesset fourth order perturbation theory MP4(SDQ)/AVTZ

[15, 16] method for the anharmonic part of the surface. The standard cc-pVTZ

(noted as VTZ above) basis and a modified aug-cc-pVTZ (noted as AVTZ above)

basis were employed in all computations. Vibrational calculations were carried

out using standard normal mode theory devoting special care to the inclusion

of cubic anharmonic Fermi resonance interactions between different vibrational

states. In the calculation of fundamentals for all isotopomers, the mean absolute

error of 5.8 cm−1 was achieved, which is good, considering that the large ampli-

tude torsional mode was included in the calculation just as a small amplitude

degree of freedom.

In Paper 3, the experimental rovibrational spectrum of H3SiD in the first,

second, and fourth stretching overtone states was studied with the normal mode

and local mode models. Arithmetic normal-local mode parameter relations were

used in assigning the spectroscopic transitions. Hamiltonian coefficients were

calculated from the experimental spectra and compared to values obtained from

an ab initio force field. It was necessary to use ab initio data in determining

some of the model parameters.

In Paper 4, the vibrational spectra of methanol were simulated with a normal

mode model, where the torsion is excluded. The model was employed to calcu-

late spectra at O-H stretching overtone regions up to the sixth overtone and at

the first C-H stretching overtone region. The force field computed in Paper 2

was extensively used in these calculations. Most of the model parameters were

fixed to the ab initio values. The non-linear least squares method was adopted

to optimize some of the parameters in order to achieve a satisfactory fit between

the calculated and observed vibrational term values. New assignments for the

observed vibrational bands at the first C-H stretching overtone region were pro-

posed.

In Paper 5, stretching vibrational energies were calculated for BiH3 assuming

that the bond angle bending displacement coordinates were constrained to the

equilibrium values. The method for modifying vibrational kinetic energy coeffi-

cients in the presence of rigid constraints was adopted in the calculation of model

parameters. The effect of setting rigid constraints to bending motion, was found

to be neglible in the case of stretching vibrational energies.
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2 Force field calculations of methanol

Accurate potential energy surfaces are vital in modelling molecular vibrational

motion. Two different approaches can be adopted in obtaining force fields. First,

experimental data are used to determine empirical force fields, which are ex-

pressed in terms of empirical model parameters. This method is sensitive to the

quality and amount of experimental data. It is obvious that the number of inde-

pendent potential energy parameters cannot exceed the number of experimentally

observed transitions. This sets restrictions to the model. It can be difficult even

to determine the force field ambiguously. This can lead to situations, where the

physical interpretation of the model parameters is uncertain. Second, ab initio

methods can be employed to obtain theoretical force fields. The coefficients of

analytic potential energy surface can be computed from a numerical potential en-

ergy grid where the energies have been calculated at the grid points by ab initio

methods. Despite the power of modern computers, high-level ab initio computa-

tions can be time consuming even for small molecules. Thus, data obtained from

electronic structure calculations are often not enough to produce accurate vibra-

tional or rovibrational energy levels when compared with experimental spectra.

It can still be necessary to employ empirical methods in vibrational problems.

The results in Papers 1 and 4 show that for a challenging molecule like methanol,

the best surfaces are obtained by combining experiment and theory.

The equilibrium and saddle point geometries and the force field of methanol

have been calculated with various methods including Møller-Plesset perturbation

theory MP2, MP4(SDQ)/AVTZ and coupled cluster CCSD(T)/VTZ ab initio

methods. The torsional motion is treated as a small amplitude vibration around

the potential energy minimum. Thus, the amount of computations is sufficiently

small to employ expensive, time consuming methods. Considering, that the en-

ergies of torsional splittings associated with the vibrational transitions are small,

the force field is valid for the high-frequency vibrational motions. Methanol pos-

sesses Cs point group symmetry in the equilibrium configuration. The potential

energy surface has been expressed as a function of symmetrized stretching and

bond angle displacement internal coordinates. A set of these coordinates is de-

fined as follows,

S1 = ∆rCO (1)

S2 = ∆rOH (2)
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S3 =
1√
3

(∆r1 + ∆r2 + ∆r3) (3)

S4 =
1√
6

(2∆r1 −∆r2 −∆r3) (4)

S5 = ∆ϕ (5)

S6 =
1√
6

(∆β1 + ∆β2 + ∆β3 −∆α1 −∆α2 −∆α3) (6)

S7 =
1√
6

(2∆α1 −∆α2 −∆α3) (7)

S8 =
1√
6

(2∆β1 −∆β2 −∆β3) (8)

S9 =
1√
2

(∆r2 −∆r3) (9)

S10 =
1√
2

(∆α2 −∆α3) (10)

S11 =
1√
2

(∆β2 −∆β3) (11)

S12 = ∆τ, (12)

where rCO is C-O bond stretching, rOH is O-H bond stretching, r1, r2, and r3

are C-H bond stretchings, ϕ is C-O-H bond angle bending, α and β variables are

H-C-H and H-C-O bond angle bendings, respectively, τ is a torsional coordinate,

which is defined as a dihedral angle between rOH and r1, and the symbol ∆

denotes a displacement from an appropriate equilibrium value.

Force fields have been obtained by displacing the appropriate atoms along

the symmetry coordinates and fitting the total calculated energies with quadratic

polynomials by the linear least-squares method. The anharmonic force fields have

been expressed in series expansions around equilibrium configurations with force

constants F as coeffients, i.e.

V (S1, S2, ..., S12) =
∑
ij

FijSiSj +
∑
ijk

FijkSiSjSk +
∑
ijkl

FijklSiSjSkSl + ..., (13)

where unrestricted summations are over all twelve vibrational degrees of freedom.
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3 Vibrational models

The vibrational models used in this work are based on conventional normal coor-

dinates and on curvilinear internal coordinates. In literature, these methods are

usually referred as normal mode [5] and local mode models [7, 17, 18], respectively.

Both approaches possess theoretical and/or practical benefits, depending on the

molecular system. It would be advantageous if the model coordinates reflected

the physical nature of the oscillators. For example, the local mode description of

the X-H bond stretching overtone levels provides a simpler and physically better

approach than the normal mode picture does. It seems that curvilinear inter-

nal coordinates give a better basis for the treatment of large amplitude motions.

In methanol, local mode models have been successfully applied to simulate the

vibration-torsion spectra for C-H stretching states [9]. On the other hand, for

some molecules, the spectrum is characteristically normal. In SO2, for example,

the origin of the strong interbond coupling arises from kinetic energy and leads to

a spectrum which shows normal mode behavior. However, there are drawbacks

in the conventional method. By definition, the normal coordinates are rectilin-

ear [10], which is not accurate especially in the description of large amplitude

motions. Additionally, normal coordinates are nuclear mass dependent, causing

potential energy surfaces expressed in terms of these coordinates to be isotope

non-invariant.

The number of the vibrational states may become large in vibrational overtone

calculations of polyatomic molecules. Therefore, it is not always possible to

employ full variational calculations. The size of the Hamiltonian matrix can

be reduced by employing the method of block diagonal Hamiltonians. In this

approach, a good quantum number, which is a linear combination of the quantum

numbers of the zeroth order states, is defined. Only the states that possess the

same good quantum number are coupled.

3.1 Normal mode model

Standard normal mode theory is based on the concept of rectilinear normal coor-

dinates, which are obtained from internal coordinates by finding a transformation

which removes the harmonic cross terms both in the force field and kinetic en-

ergy. Hamiltonian coefficients, spectroscopic parameters such as harmonic wave

numbers, anharmonicity constants, and resonance coefficients, can be calculated
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from the force field using perturbation theory.

The standard equation for the diagonal elements in the vibrational Hamilto-

nian matrix of an asymmetric rotor is [5]

〈υr |H/hc| υr〉 =
∑

r

ωr

(
υr +

1

2

)
+
∑
r≤s

xrs

(
υr +

1

2

)(
υs +

1

2

)
. (14)

The summation indices in Eq. (14) are over all normal modes, υr is the vi-

brational quantum number of the rth mode, ωr parameters are the harmonic

normal mode wave numbers, and the anharmonicity parameters xrs are known

algebraic functions of the structure, harmonic wave numbers, Coriolis coupling

coefficients, and cubic and semi-diagonal quartic force constants. As usual, h is

Planck’s constant and c is the velocity of light.

In practice, Eq. (14) is inadequate in calculating vibrational term values

accurately in molecules where anharmonic resonances, such as Fermi and Darling-

Dennison interactions, are present. Fermi resonance occurs, for example, when

a state including one quantum of high-frequency vibrational mode νr is close in

energy with an overtone state 2νs or a combination state νs + νt which contain

two quanta of lower frequency vibrational mode/modes. Fermi resonance matrix

elements [19] for an asymmetric rotor are

〈υr, υs, υt |HFermi/hc| υr − 1, υs + 1, υt + 1〉
= 〈υr, υs, υt |φrstqrqsqt| υr − 1, υs + 1, υt + 1〉
= φrst[υr(υs + 1)(υt + 1)/8]1/2 (15)

〈υr, υu |HFermi/hc| υr − 1, υu + 2〉

=

〈
υr, υu

∣∣∣∣12φruuqrq
2
u

∣∣∣∣ υr − 1, υu + 2

〉
=

1

2
φruu[υr(υu + 1)(υu + 2)/8]1/2. (16)

The anharmonicity parameters x in equation (14) are replaced by modified con-

stants x∗, which exclude those second order perturbation theory contributions

that are included explicitly in the Fermi resonance model. Thus, in the case of
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resonances given in Eqs. (15) and (16), the required relationships are [20, 21]

xrs = x∗rs + φ2
rst/[8(ωr − ωs − ωt)]

xrt = x∗rt + φ2
rst/[8(ωr − ωs − ωt)]

xst = x∗st − φ2
rst/[8(ωr − ωs − ωt)]

xru = x∗ru + φ2
ruu/[8(ωr − 2ωu)]

xuu = x∗uu − φ2
ruu/[32(ωr − 2ωu)]. (17)

Darling–Dennison resonance terms [22, 23] stem from quartic anharmonicities in

the force field. As an example, in water, these resonances arise between pairs

of states such as 2ν1 and 2ν3 where ν1 and ν3 are the symmetric and antisym-

metric stretching fundamentals, respectively. In the case of an asymmetric rotor,

Darling–Dennison resonance matrix elements are defined as [24, 25, 26]

〈υr, υs |HD−D/hc| υr − 2, υs + 2〉 =
1

4
Krrss[υr(υr − 1)(υs + 1)(υs + 2)]1/2 (18)

〈υr, υs |HD−D/hc| υr − 1, υs + 1〉 =
1

4
[3Krrrsυr + 3Krsss(υs + 1)

+
∑
t6=r,s

2Krtst(υt +
1

2
)][υr(υs + 1)]1/2(19)

〈υr, υs, υt |HD−D/hc| υr − 2, υs + 1, υt + 1〉 =
1

4
Krrst[υr(υr−1)(υs +1)(υt +1)]1/2,

(20)

where Krrss, Krrrs, Krsss, Krtst, and Krrst are the resonance coefficients.

3.2 Local mode model

In the local mode models, [6, 7, 8] the vibrational Hamiltonian is expressed in

terms of curvilinear bond stretch/bond angle internal displacement coordinates.

Coupled Morse oscillator Hamiltonians [27] are employed to describe the stretch-

ing vibrations. This approach is similar in spirit to normal mode models although

details and physical interpretation of the Hamiltonian coefficients differ. There

are some advantages using the curvilinear internal coordinate approach. For ex-

ample, the physical picture of the model is clear and intuitive, and the potential

energy surfaces are isotope invariant. Moreover, curvilinear internal coordinates

provide a more accurate representation of potental energy functions than recti-

linear coordinates [28].
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The diagonal elements of the stretching vibrational Hamiltonian can be cal-

culated using the equation

〈υr |H/hc| υr〉 =
∑

r

[
ω′

r

(
υr +

1

2

)
+ xrr

(
υr +

1

2

)2
]

, (21)

where the summation index r is over the stretching vibrational modes, υr is

the vibrational quantum number of the rth stretching mode, ω′
r includes the

harmonic wave number ωr = h̄
(
2a2

rDeg
(rr)
)1/2

/ (hc) = h̄
(
frrg

(rr)
)1/2

/ (hc) and

small perturbation corrections that arise from ∆υ = ±2 couplings [8], and xrr =

−a2
rh̄

2g(rr)/ (2hc) is the bond anharmonicity parameter. The Morse dissociation

energy De, the Morse steepnes parameter ar, and the harmonic constant frr =(
∂2V
∂q2

r

)
e

are potential energy parameters. The quantity g(rr) = 1
mX

+ 1
mY

is a

kinetic energy coefficient, where mX and mY are the masses of nuclei X and

Y . Formally, Hamiltonians similar to Eq. (21) can also be used for bond angle

bending oscillators.

The stretching oscillators are coupled to each other by bilinear kinetic and

potential energy terms. The off-diagonal matrix element that couple the states

are

〈υr, υr′ |H/hc| υr + 1, υr′ − 1〉 = λ [(υr + 1) υr′ ]1/2 , (22)

where

λ =
1

2
ωr

(
g

(rr′)
e

g(rr′)
+

frr′

frr

)
, (23)

where the coefficients are defined as frr′ =
(

∂2V
∂qr∂qr′

)
e

and g
(rr′)
e = cosθe

mX
. If the

bending degrees of freedom are included in the model, theoretical interpretations

of the parameters in Eqs. (21) - (23) slightly change as there are more perturba-

tive corrections [8].

In the internal coordinate formulation, Fermi resonance matrix elements are

defined as

〈υr, υθ, υθ′ |HFermi/hc| υr − 1, υθ + 1, υθ′ + 1〉 =
1

2
φrθθ′ [υr(υθ + 1)(υθ′ + 1)/8]1/2

(24)

〈υr, υθ |HFermi/hc| υr − 1, υθ + 2〉 =
1

2
φrθθ[υr(υθ + 1)(υθ + 2)/8]1/2, (25)

where the physical interpretation of the resonance coefficients φrθθ′ and φrθθ differ

from the conventional normal mode model force constants [8].
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3.3 Local modes and vibration-torsion interaction in methanol

In methanol, the fundamental transition energies of bond stretchings, bond

angle bendings, and rockings occur in a higher energy region than the lowest

transition energies of the large amplitude torsional mode. Thus, high-energy

modes can be assumed to be adiabatically separable from the torsional degree

of freedom. Within the adiabatic approximation, kinetic and potential energy

terms of high-energy modes are defined at a given torsional angle. Thus,

H =
n∑
i

H(pi, qi, τ) + Htor, (26)

where the index i is over all n vibrational degrees of freedom other than the tor-

sion, qi is the displacement coordinate of the ith vibrational mode and pi is its

conjugate momentum, τ is the torsional coordinate, and the torsional Hamilto-

nian is

Htor/hc =
F

h̄2 j2 +
1

2
V3(1− cos 3τ) +

1

2
V6(1− cos 6τ). (27)

The coefficient F is the ground state inertial constant of the torsional motion,

j is the torsional angular momentum operator, and V3 and V6 are Fourier coef-

ficients of the torsional potential. The torsional potential in methanol possesses

three equivalent minima as the molecule contains three equilibrium configura-

tions along the torsional coordinate. Thus, the torsional coordinate must meet

the requirement that the potential reaches the minimum when the torsional coor-

dinate possess the values τ = 2πk
3

+ C, where k = 0, 1, 2, ... and C is an arbitrary

constant. None of the dihedral angles of methanol (see Figure 1) fullfill this re-

quirement because the H-C-H bond angles do not remain unchanged during the

torsional motion. In my work, the torsional angle is defined as

τ =
1

3
(3π − α− β − γ) , (28)

where α, β, and γ are dihedral angles (see Figure 1).

In my vibration-torsion model, spectroscopic parameters, which are functions

of kinetic and potential energy coefficients, are expanded as Fourier series using

the torsional angle as an expansion coordinate [9]. Thus,

g = g0 + gl cos l(τ + φ) + ... (29)

f = f0 + fl cos l(τ + φ) + ... . (30)
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Figure 1: Dihedral angles of methanol

The Hamiltonian is periodic with respect to the torsional angle 2π/l. The

quantity φ is a phase angle. When higher order terms in the expansions are

omitted, the vibration-torsion interaction Hamiltonian can be arranged in tor-

sionally independent and dependent parts, i.e.,

H(0) =
1

2
(g0p

2 + f0q
2) (31)

H(l) =
1

2

[
gl cos l(τ + φ)p2 + fl cos l(τ + φ)q2

]
. (32)

The Hamiltonians given are expressed conviniently using shift operators which

are defined as

a+ =
1√
2

(
α1/2q − iα−1/2h̄−1p

)
(33)

a =
1√
2

(
α1/2q + iα−1/2h̄−1p

)
, (34)

where

α =
1

h̄

√
f0

g0

=
2πcω

h̄g0

(35)

and ω is the harmonic wave number. The shift operators operate on the harmonic

oscillator eigenfunctions as

a+ |υ〉 =
√

υ + 1 |υ + 1〉 (36)
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a |υ〉 =
√

υ |υ − 1〉 , (37)

where υ is the vibrational quantum number. The torsionally dependent Hamil-

tonian operator of Eq. (32) can be written as

H(l)/hc =
ω

4

(
gl

g0

+
fl

f0

)
cos l(τ + φ)

(
aa+ + a+a

)
= µl cos l(τ + φ)

(
aa+ + a+a

)
.

(38)

4 Calculation of vibrational term values of methanol

Methanol is an ideal model system to study vibration-torsion interactions. The

large amplitude torsional motion causes splittings in the spectrum. Some approx-

imations are needed in order to analyze the experimentally observed rich band

structure. The O-H and C-H stretching vibrations can be separately accessed

by vibrational overtone excitations. Thus, the vibrational spectrum of methanol

can be qualitatively described in terms of motion in two different groups. This is

useful in model calculations. First, the O-H stretching states, which are observed

as strong peaks up to the sixth overtone, are mostly not mixed with other states.

The origin of the generally weak interactions comes from a relatively large en-

ergy separation of the O-H stretching states from the states of the other modes.

However, there are some interesting exceptions that are discussed later. Second,

the methyl group including the three C-H bond stretching, three H-C-H bending,

and two H-C-O rocking modes forms a set of strongly coupled oscillators that

show complicated band systems in the spectrum.

This work contains a detailed analysis of most of the experimentally assigned

vibrational term values of methanol. New assignments for the bands occurring in

the first C-H stretching overtone region are proposed for the first time. However,

some observed bands in the higher C-H stretching overtones are difficult to assign

due to the high density of states. No effort has been made to analyse these spectral

regions. Normal and local mode models have been used to study interesting

structures shown in the experimental spectra in order to obtain information about

associated vibrational dynamics between the interacting states.

The conventional normal mode model has been used to calculate methanol

spectra at the fundamental, C-H first overtone, and O-H overtone regions. Tor-

sion has been treated as a small amplitude motion and thus the model adopted

does not produce torsional splittings associated with the vibrational transitions.
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All model parameters have been calculated initially from the force field (Paper

2). Allthought the ab initio force field produces the spectra accurately at the fun-

damental region, the non-linear least squares optimization method was needed in

the simulation of overtone spectra.

A local mode model was adopted in the calculation of the vibration-torsion

spectra of methanol. The least squares optimization method was employed to

determine the majority of the parameters. The torsional dependancy of some of

the model parameters was calculated by ab initio methods.

4.1 Fundamental region

Vibrational spectra of methanol were calculated for various isotopic species of

methanol in the fundamental region. All modes including the low energy torsional

mode were included in calculations. However, all vibrations were treated as small

amplitude motions around the equilibrium position.

As a first step, the program Spectro [29] was employed to calculate normal

mode harmonic wave numbers and anharmonicity parameters from the quartic

anharmonic force field. In the second step, vibrational term values were calculated

employing a program written by Andrea Miani. This modifies the values of

anharmonicity parameters obtained in the first step by taking into account Fermi

resonances. All Fermi resonance interactions within a specified energy separation

ε between levels were included in the calculation. The CCSD(T)/VTZ harmonic

wave numbers were used to estimate whether the possible interacting states are

within the gap ε. Different sets of anharmonicity parameters and associated

vibrational energies were produced by varying ε systematically from 0 up to

1000 cm−1. As expected, the vibrational energies converged for large values of ε,

although anharmonicity parameters still change.

4.1.1 Fundamentals of CH3OH

Fundamentals of CH3OH were calculated using the MP2/VTZ, MP4(SDQ)/AVTZ,

CCSD(T)/VTZ, and CCSD(T)/AVTZ sets of harmonic wave numbers, and the

MP4(SDQ)/AVTZ anharmonic parameters. The experimental values are shown

in Table 1 together with respective Cs point group symmetries and descriptions.

Comparison between the experimental and calculated fundamental term values

are shown in Table 7 of paper 2. The best set of calculated fundamentals is
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obtained using the harmonic wave numbers of the CCSD(T) method with the

VTZ basis set. The mean absolute error between the experimental and the best

calculated fundamentals is 5.0 cm−1, when the torsion is included.

The fundamentals of the methyl group C-H stretching modes are strongly

coupled with the exited states of low-energy modes via the Fermi resonance in-

teraction. Calculations predict that the ν3 vibrational mode is involved in the

strongest Fermi interaction. The resonance occurs with the 2ν5 state. When

ε = 500 cm−1, the magnitude of the 2ν5 wave function coefficient in the ν3 vi-

brational state is 0.58 and the ν3 contribution to the 2ν5 overtone state is 0.38.

Other significant contributions are given by ν4 +ν6, 2ν10, and 2ν4. It is interesting

to note that ν3 is also mixed with states which are not interacting directly with

it but which are involved in the Fermi interaction through other vibrations. The

basis functions of these indirectly interacting coupled states possess coefficients in

the ν3 wavefunction. This indicates that it is also necessary to include indirectly

interacting vibrational states to obtain accurate results. The ν9 C-H stretch-

ing fundamental state is also significantly perturbed by the Fermi interaction.

The largest contributions to the wave functions are already obtained considering

states within 100 cm−1. These turn out to be ν4 + ν10 and ν5 + ν10.

Table 1. Experimental fundamental term values of 12CH3OH. All numbers

are in cm−1.

Mode Sym. Description Wave number Reference

ν1 A′ O−H stretch 3693.9 [30]

ν2 A′ C−H stretch 3007.0 [31]

ν3 A′ C−H stretch 2844.7 [31]

ν4 A′ H−C−H bend 1477.2 [32]

ν5 A′ H−C−H bend 1454.5 [32]

ν6 A′ C−O−H bend 1335.8 [32]

ν7 A′ CH3 rock 1074.5 [32]

ν8 A′ C−O stretch 1033.8 [33]

ν9 A′′ C−H stretch 2966.7 [31]

ν10 A′′ H−C−H bend 1465.0 [32]

ν11 A′′ CH3 rock 1145.0 [32]

ν12 A′′ torsion 271.5 [32]
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4.1.2 Fundamentals of other isotopomers: CD3OD, CD3OH, and CH3OD

The calculated fundamentals of CD3OD, CD3OH, and CH3OD were obtained

using the CCSD(T)/VTZ method for the structure and harmonic force field,

and MP4(SDQ)/AVTZ for the anharmonic part of the potential energy surface.

Experimental [32] and calculated fundamental term values are shown in Table 8

of paper 2. Fermi interactions up to the energy separation ε = 1000 cm−1 were

included in the calculations. The mean absolute errors between experimental

and calculated fundamentals of CD3OD, CD3OH, and CH3OD are 4.3 cm−1, 6.0

cm−1, and 7.9 cm−1, respectively, when Fermi interactions were included in the

model. The values for the experimental fundamentals are the average values of

the torsionally splitted origins [32]. The only exception is the CD3 rock ν8 in

CD3OH, where the splitting is 15.7 cm−1. This fundamental was not included

in the calculation of the mean value. No experimental vibrational term value is

available for the torsion of CH3OD.

The most important Fermi interactions occurring in CD3OD affect the C-D

stretching fundamentals ν2, ν3, and ν9. A similar observation has been made in

the earlier section in the case of the C-H stretching fundamentals of CH3OH. The

main bending overtone and combination states involved in the interactions are

ν4+ν5 and ν4+ν6 for ν2, ν5+ν7, 2ν5, ν4+ν7, and 2ν10 for ν3, and ν5+ν10, ν4+ν11,

and ν4 + ν10 for ν9. The bending states listed for a particular stretching funda-

mental are given as decreasing importance as far as influencing the stretching

state by resonance interactions are concerned.

The C-D stretching fundamentals ν2 and ν3, and the C-O-H bending funda-

mental ν4 of CD3OH are strongly affected by Fermi resonances, the most impor-

tant interacting states being ν5 + ν6 and 2ν5 for ν2, 2ν6, 2ν10, and ν5 + ν7 for ν3,

and ν11 + ν12 for ν4.

The last isotopomer considered, CH3OD, is the only one in which Fermi in-

teractions affect ν1, the O-D stretching fundamental. The main states giving rise

to resonances are 2ν10, 2ν5, and ν5 + ν6. The C-H stretching fundamental states

ν2 and ν9 are affected by Fermi resonances to some extent as well. The most

important states involved are 2ν5 and 2ν4 for ν2, and ν4 + ν10 and ν5 + ν10 for ν9.
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4.2 C-H stretching first overtone region of CH3OH

Vibrational spectra in the first C−H stretching vibrational overtone region of

CH3OH are complicated due to Fermi resonance interactions between the C−H

stretching overtone/combination states and the low-frequency H−C−H and C−O−H

bending, methyl rocking, and C−O stretching states. In the wave number range

5600–6000 cm−1, experimental spectra (see Figure 2) show six bands [33] that

are extensively broadened due to the high density of ro-vibrational states. The

experimental spectra at higher overtone regions (C-H stretching quantum num-

bers greater than 2 in this work) show even broader band structures. I have not

applied my models to these higher overtone regions.

The vibrational spectra of methanol have been calculated by employing a

block diagonal normal mode model, which accounts for all Darling–Dennison res-

onances between the C−H stretching states and all Fermi resonances between the

C−H stretching and low-frequency states. The appropriate spectroscopic param-

eters were taken from tables 2, 3, and 5 of Paper 4. The number of calculated

vibrational states in the first C−H stretching overtone region is 300, which span

the wave number region 4100–6000 cm−1. The energies of the states that possess

the highest percentage of the basis functions of the first C−H stretching overtones

and combination states of 12CH3OH are included as a stick spectrum in Figure 2

. The energy values of these states are shown in table 7 of paper 4. The bands

in experimental spectra (Figure 2 and Ref. [33]) are assigned as follows. The A

band is 2ν3, B consists of number of different bands including ν3 +ν9, C is ν2 +ν3

and 2ν9, the weak band D is ν2 + 2ν5, E consists of 2ν2 and ν2 + ν9, and F is

ν2 + ν4 + ν5. Intensity calculations are required to confirm this proposal but it

seems that the relative intensities of the bands correlate to those observed in the

fundamental region. For example, 2ν2 might carry high intensity in the experi-

mental spectra, because the fundamental ν2 band is strong. Indeed, the band E

is the strongest one in the experimental spectrum. Similarly, the ν3 mode shows

significantly smaller intensity than the other C-H stretching modes ν2 and ν9 [33].

This might indicate that 2ν3 is a weak band as confirmed by the experimental

spectrum. According to my calculations for the stretch-bend combination bands,

ν2 + 2ν5 is mixed with 2ν2 but to a lesser extent than ν2 + ν4 + ν5, pointing out

that ν2 +2ν5 might be weaker band than ν2 + ν4 + ν5. This again agrees with the

experiment in the sense that F is stronger than D.
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Figure 2: The methanol (CH3OH) spectrum in the first C-H stretching overtone

region. The calculated values are included as a stick spectrum. The intensities

in the calculated stick spectrum are arbitrary (see discussion in the text).
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4.3 O-H stretching overtone region of CH3OH

Two different approaches were adopted in calculating methanol (CH3OH) spec-

tra in the O-H stretching vibrational overtone regions. In the model based on

rectilinear normal coordinates (Paper 4), spectroscopic parameters were mainly

obtained from the ab initio force field of Paper 2. Internal rotation of the O-H

bond with respect to the methyl group was not allowed for in the normal mode

model, and thus the torsion was treated as a small amplitude vibration. Inde-

pendently, the local mode model based on curvilinear internal coordinates (Paper

1) was employed in order to study vibration-torsion interaction associated in the

O-H stretching states. Internal rotation was allowed for in this approach. Both

methods used experimental and ab initio data in the calculation of spectra. In

the normal mode model, only 10 parameters from total of 173 needed to be opti-

mized using observed vibrational term values as data. As far as the total number

of parameters is concerned, the local mode approach is simpler: 19 of the total

of 26 parameters were optimized.

Approximate block diagonal Hamiltonian methods have been employed both

in the normal and local mode models. The models are further simplified by

excluding weak couplings in the calculations. The coupling between various vi-

brational states in methanol is presented schematically in Figure 3.

In both approaches adopted in this work, the O-H stretching vibration is

coupled to the C-H stretching vibration. The physical interpretation of the in-

teraction differs. In the normal mode picture, the coupling is caused by Darling-

Dennison resonance which contains quartic terms of the force field. In the local

mode picture, the coupling is due to a harmonic potential energy cross-term.
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Figure 3: Coupling scheme for the O-H stretching mode of CH3OH
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4.3.1 Normal mode model calculations

The normal mode model of Eqs. (14) - (20) was employed in the calculation

of the spectra of CH3OH in the O-H stretching overtone regions. As a starting

point, the spectroscopic parameters were calculated from the ab initio force field

(Paper 2). However, it was found that this method did not produce vibrational

spectra accurately at high overtones. Large deviations between experimental and

calculated spectra arose at high energies (∼ 100 cm−1 at 20 000 cm−1) because

errors in parameters ωr and xrs of Eq. (14) cumulated at high-energy quantum

states. The calculation was improved by employing the non-linear least squares

method to optimize a set of spectroscopic parameters. Because the number of

observed states was limited, it was impossible to cover all different perturba-

tions in the spectra by varying a larger set of parameters in order to obtain a

better agreement with experiment. The set of parameters that were optimized

contribute directly to many observed states and thus had a strong effect on cal-

culated spectra. It was essential to vary harmonic wave numbers ω1, ω6, and ω8

and anharmonicity parameters associated with the corresponding modes in order

to achieve satisfactory results. It was, however, viable to use ab initio values for

those parameters that possessed a secondary role in the spectral simulation. For

example, the ab initio values of the H−C−H bending harmonic wave numbers

could be used because these contribute only to a few observed low-lying states.

Calculated vibrational term values are shown in Table 4 of Paper 4 together

with experimental gas phase values for 12CH3OH [33]. The mean absolute de-

viation between experimental and calculated values is 5.96 cm−1, which is good

considering that vibrational–torsional interaction causes dense structure which

often cannot be rotationally resolved. Vibrational term values have been calcu-

lated using parameters shown in Table 5 and cubic anharmonic force constants

shown in Table 2 in Paper 4. Most of the optimized parameters are close to

the starting values obtained by ab initio calculations. This supports the conclu-

sion that the quality of the potential energy surface used is good. A comparison

between calculated and fitted parameters is shown in Table 6 of Paper 4.

Experimental spectra show some interesting features worth discussing. Inter-

action between the O−H and C−H stretching modes causes a striking 50 cm−1

splitting in the fourth O−H stretching overtone region and also appears as a

larger splitting in the regions of the third and fifth O−H stretching overtones

[11, 12, 13, 14]. The origin of the splittings was explained as a result of harmonic
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coupling between the O−H stretching and unique C−H stretching oscillators in

Ref. [34] and Paper 1 by models based on curvilinear internal coordinates. In

this formulation, the coupling operator between the O−H and unique C−H bond

oscillators includes only one spectral parameter. The physical picture is more

complicated in models based on normal coordinates [35]. The coupling matrix

element in Eq. (19), where r = 1 and s = 2, contains 12 parameters, K1,1,1,2,

K1,1,1,3, and K1,i,2,i , i = 3, 4, ..., 12, that contribute to the splitting. It is impos-

sible to vary all these coefficients freely in the least squares optimization because

the parameter set would become larger than the set of observed states. The pa-

rameter K1,1,1,2 has the largest effect on the matrix element of Eq. (19) at high

values of the O-H stretching quantum number υ1. Therefore, it is reasonable to

vary only one of the Darling–Dennison parameters which was chosen to be K1,1,1,2.

Its value changes from the ab initio value of 3.99 cm−1 to the fitted value of 4.05

cm−1. This supports fully the approach adopted. The model reproduces spectra

well in the third, fourth, and fifth O−H stretching overtone regions, where the

mean absolute deviation between the experimental and calculated term values is

close to 1.0 cm−1.

The Fermi resonance interaction between the O–H stretching and C–O–H

bending vibrations was not included in the model. This resonance can affect

high O–H stetching overtone states. The calculated value of the φ1,6,6 Fermi

resonance force constant, 433.70 cm−1 (see Paper 2), is large and cannot be used

to reproduce the experimental spectrum at the sixth O–H stretching overtone

region (see Table 4 of Paper 4 for the 100 cm−1splitting between the 7ν1 and 6ν1+

2ν6 states). Similar kind of difficulty in the internal coordinate representation was

observed in Paper 1, where the corresponding Fermi resonance force constant

determined from the experimental spectrum differed a lot from the ab initio

value.

While the set of ab initio parameters produces good results for fundamental

states, the least squares optimization method is required to obtain a satisfactory

agreement with experimental spectra at high O−H stretching overtone regions.

However, the model still relies heavily on ab initio results, as the number of

freely optimized parameters is kept as small as possible. The values of spectro-

scopic parameters obtained are consistent with the results of previous works (Ref.

[34] and Paper 1), which employed the least squares method with experimental

vibrational term value data to determine internal coordinate model parameters.
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4.3.2 Local mode model calculations

The O-H stretching overtone spectra of CH3OH show interesting band structures.

Particularly, the torsional tunneling splitting associated with O-H stretching vi-

brational states decreases as the overtone excitation increases. The effective

torsional barrier depends on the O-H stretching vibrational quantum number in

such a way that the barrier height increases at higher excitations. While mod-

els based on the standard normal mode theory are succesful in interpretating

methanol spectra for small amplitude vibrations, it is not straightforward to ex-

tend these models to include the large amplitude torsional motion. Approaches

based on curvilinear internal coordinates are suitable for this purpose [9]. The

mathematical representation of vibration-torsion interaction is simple in the local

mode picture. This approach has been succesfully applied to model vibration-

torsion interactions at the C-H stretching fundamental region [9]. The same kind

of approach is adopted for the O-H stretching region in my work.

Formally, the local mode model Hamiltonian is written as

H = HCH + HCH−CH + HHCH + HHCH−HCH + HCH−HCH + HOH

+HOH−CH + HCOH + HOH−COH + Htor, (39)

where, for example, HCH represents the C-H stretching Hamiltonian and HCH−CH

contains harmonic interaction terms between the C-H stretching modes. The

operator Htor is the torsional Hamiltonian given in Eq. (27).

The eigenvalues of the Hamiltonian in Eq. (39) can be obtained variation-

ally expressing the eigenfunctions as linear combinations of the product basis

functions

|υr1υr2υr3 , υθ1υθ2υθ3 , υR, υϕ, m〉 = |υr1〉 |υr2〉 |υr3〉 |υθ1〉 |υθ2〉 |υθ3〉 |υR〉 |υϕ〉 |m〉 ,
(40)

where the quantum labels υri
, υθi

, υR, and υϕ refer to the ith C-H bond, ith H-C-

H bond angle bending, O-H stretch, and C-O-H bending oscillators, respectively,

and the quantum number m refers to free rotor states. In practice, full varia-

tional calculations would not produce converged eigenvalues for highly excited

states, and it is necessary to adopt an approximate method, the block diagonal

Hamiltonian model, where only states in strong resonance are coupled.

At high O-H stretching overtones, the vibrational dependancy of torsional

inertia becomes signifigant. This has been taken into account in the model by
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assuming that F = F ′− υRF ′′. The parameter F ′ is the vibrational ground state

inertial constant for the torsional motion and the term −υRF ′′ takes into account

the experimentally observed O-H stretching vibrational excitation dependancy

on the torsional inertial coefficient. The matrix elements of the torsional Hamil-

tonian are

〈υR, ḿ|Htor/hc |υR, m〉

=

(
Fm2 +

1

2
V3 +

1

2
V6

)
δḿ,m − 1

4
V3δḿ±3,m − 1

4
V6δḿ±6,m. (41)

The O-H stretching vibrational Hamiltonian is

HOH =
1

2

(
g(RR)p2

r + fRRq2
r

)
+ Hanh, (42)

where on the right hand side the terms in brackets constitute the harmonic part

and Hanh contains anharmonic potential energy terms. The coefficient g(RR) =

g
(RR)
e is a constant but the harmonic force field parameter can be expressed as a

Fourier series as

fRR = f
(0)
RR + f

(3)
RR cos 3τ. (43)

The anharmonic terms are assumed to be independent of the torsional angle.

Thus, the torsionally dependent Hamiltonian (see Eq. (38)) takes the form

H
(3)
OH/hc = µRR cos 3τ

(
aa+ + a+a

)
(44)

where

µRR =
ωRf

(3)
RR

4f
(0)
RR

.

The O-H stretching vibrational Hamiltonian gives rise to the following nonzero

matrix elements

〈υR, ḿ|
(
H

(0)
OH + H

(3)
OH

)
/hc |υR, m〉

= [ωRυR + xRRυR (υR + 1)] δḿ,m +
2υR + 1

2
µRRδḿ,m±3, (45)

where xRR is the O-H stretching vibrational anharmonicity parameter.

In Paper 1, the model described was employed to simulate the experimental

O-H stretching overtone spectra of methanol [11, 12, 13, 14]. The least squares

method was used to optimize the model parameters to fit the experimental vi-

brational term values. Because of the limited amount of data available, it was
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impossible to freely optimize all parameters and some of these were fixed to ex-

perimentally determined ground state values, like the torsional potential energy

barrier coefficient V3. Ab initio methods were also used to find good estimates for

some of the parameter values, which were either fixed or used as a starting point

for the predicate observations method [39]. The values of the model parameters

are shown in Table 1 of Paper 1, and observed and calculated vibrational term

values in Table 2 of Paper 1. The standard deviation of the fit obtained was 2.9

cm−1.

The experimentally observed torsional splitting associated with the O-H stretch-

ing vibrational transitions shows decreasing tendency as the vibrational energy

increases. This phenomenom can be explained in terms of my model in the fol-

lowing way. The torsional barrier height is mainly attributed to the coefficient

V3 in the ground vibrational state. In the model, in the O-H stretching Hamil-

tonian, the effective barrier height is attributed to the following coefficients in

off-diagonal matrix elements:

〈υR, m± 3|
(
Htor + H

(3)
OH

)
/hc |υR, m〉 = −1

4
V3 +

2υR + 1

2
µRR. (46)

From Eq. (46), it is seen that the value of the matrix elements depends on the

O-H stretching quantum number υR. Since the parameter µRR is negative, the

effective torsional barrier increases in high O-H stretching overtone states. Part

of the potential energy surface that describes the O-H stretching-torsion problem

is

V (qR, τ)/hc =
1

2
f

(0)
RRq2

R/hc + f
(3)
RRq2

R cos 3τ/hc +
1

2
V3(1− cos 3τ), (47)

where qR is the O-H stretching displacement coordinate. The latter two terms in

Eq. (47) contribute to the matrix element of Eq. (46). It can be seen in Figure

4, where the two-dimensional surface of Eq. (47) is plotted, how the effective

torsional barrier increases by increasing qR. At high stretching excitations, the

wave function is spread out extending to higher qR values than at low excitations.

Thus, smaller splittings occur at high O-H stretching vibrational overtones.

The O-H stretching quantum number dependancy of the torsional inertia

coefficient F also contributes to the decrease of the splittings. The term −υRF ′′

decreases the value of the constant F and, thus, according to Eq. 41, decreases

the energies of the vibration-torsion states by −υRF ′′m2.
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Figure 4: O-H stretching-torsion potential for CH3OH. The quantity qRe is the

equilibrium value of the O-H stretching coordinate and qR′ is a specific point

where the O-H stretching coordinate is extended from the equilibrium. The

surface is presented schematically by exaggerating some of the model parameters

(see Paper 1) and therefore the axes are given in arbitrary units.
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5 Calculation of spectroscopic parameters of small

C3υ symmetric top molecules

It is often beneficial to employ approximations in spectroscopic analyses. Some-

times there are not enough data (for example, experimental vibrational term

values) to achieve good results. Approximations can reduce the work needed in

the model calculations. The stretching vibrational states of some pyramidal hy-

drides show evidence of local mode behaviour. Therefore, the stretching states

are effectively decoupled from each other and from bending states. The studies

in Papers 3 and 5 include approximate models that employ the ideas of simple

local mode models to the C3υ point group symmetric top molecules H3SiD and

BiH3.

5.1 Calculations for H3SiD

The experimental high-resolution spectrum of H3SiD in the second (300)1, third

(400), and fifth (600) Si-H stretching overtone has been studied using the Fourier

transform infrared technique for the two former bands and the laser-photoacoustic

method for the latter. The recorded bands have been rotationally analyzed with

a Hamiltonian model which uses simple arithmetic relations between some of

the rovibrational parameters. The coefficients in the effective H22 Hamiltonian

operator [36] have been calculated using an anharmonic ab initio force field and

compared with experimental results. Moreover, these predictions have been used

in cases where the spectroscopic data do not allow anambiguous determination

of the parameters.

The model is based on the conventional vibration-rotation theory expressed

in terms of normal coordinates. In this approach, there exist strong couplings

between the rotational states belonging to A1 and E vibrational states (n00)

which are almost degenerate. The Hamiltonian matrices are set up for each

total angular quantum number J , and for the A1, A2, and E symmetry blocks

using basis functions |i, Jk〉 = |i〉 |Jk〉. The quantum number k gives the angular

momentum around the symmetry axis. The wave function |i〉 is a one-dimensional

1The states are given in the local mode notation [7] (n00) which means that there are n

quanta of stretching vibrational energy in one of the bond-oscillators and none in the other two

bond-oscillators.
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(A1) or a two-dimensional (E) harmonic oscillator basis function expressed in

terms of normal coordinates and |Jk〉 is a rigid rotor symmetric top eigenfunction.

The diagonal matrix elements are

[i = 000 A1 (l = 0) , n00 A1 (l = 0) , or n00 E (l = ±1) and n ≥ 1]

〈i, Jk |H/hc| i, Jk〉 = vi + BiJ (J + 1) + (Ai −Bi) k2 −DJiJ
2 (J + 1)2

−DJKiJ (J + 1) k2 −DKik
4 + HJiJ

3 (J + 1)3

−HJKiJ
2 (J + 1)2 k2 + HKJiJ (J + 1) k4

+HKik
6 − Aζ

(z)
i kl, (48)

where l is the vibrational angular momentum quantum number associated with

the doubly degenerate vibration, A and B are rotational, and D and H are

centrifugal distortion constants. The parameter ζ
(z)
i is the Coriolis coefficient

for the doubly degenerate E state. The off-diagonal matrix elements consist

α-resonance contributions,

〈n00 E (l = +1) , Jk + 1 |H22/hc|n00 A1, Jk〉
= 〈n00 A1, Jk + 1 |H22/hc|n00 E (l = −1) , Jk〉

=
1

2
√

2
α

(AB)
eff (2k + 1) F (J, k) (49)

and

〈n00 E (l = −1) , Jk + 2 |H22/hc|n00 A1, Jk〉
= 〈n00 A1, Jk + 2 |H22/hc|n00 E (l = +1) , Jk〉

=
1

2
√

2
α

(BB)
eff F (J, k) F (J, k + 1) , (50)

l-resonance contribution,

〈n00 E (l = +1) , Jk + 2 |H22/hc|n00 E (l = −1) , Jk〉

= −1

2
qeffF (J, k) F (J, k + 1) , (51)

and r-resonance contribution,

〈n00 E (l = −1) , Jk + 1 |H22/hc|n00 E (l = +1) , Jk〉
= 2reff (2k + 1) F (J, k) , (52)

with

F (J, k) = [J (J + 1)− k (k + 1)]1/2 . (53)
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The coefficients α
(AB)
eff , α

(BB)
eff , qeff , and reff describe the strength of the ap-

propriate interactions. The interpretation of the effective molecular parameters

given can be obtained with the standard normal mode model based on the inclu-

sion of quartic anharmonic Darling-Dennison resonance between stretching states

[37, 38].

The band systems (300) , (400) , and (600) were rotationally analyzed with

the model given above. For some cases, for example in the band system (300) ,

the parameters α
(AB)
eff and reff were poorly determined, if spectroscopic parame-

ters were optimized freely using experimental vibration-rotation spectra as data.

Therefore, these coefficients were constrained to values obtained from ab initio

predictions. The same procedure was also followed in the band systems (400)

and (600).

At high stretching exitations, silane is close to the rovibrational local mode

limit as the bond oscillators become effectively vibrationally and rotationally

decoupled. In this circumstance, there exist simple arithmetic relations between

the effective spectroscopic parameters [40]. If these are combined with the results

in Refs. [41] and [42], the following relations are obtained:

A0 − An00 =
n

3

(
α

(A)
1 + 2α

(A)
4

)
(54)

B0 −Bn00 =
n

3

(
α

(B)
1 + 2α

(B)
4

)
(55)

qeff = − 1√
2
α

(BB)
eff =

n

3

(
q4 −

√
2α

(BB)
14

)
(56)

reff =
1

4
√

2
α

(AB)
eff =

n

6

(
2r4 −

1√
2
α

(AB)
14

)
. (57)

The parameters A0 and B0 are the ground state rotational constants. The pa-

rameters α
(A)
1 , α

(A)
4 , α

(B)
1 , and α

(B)
4 , which describe the vibrational dependence of

the rotational constants, and the parameters q4, r4, α
(BB)
14 , and α

(AB)
14 are obtained

from the analysis of the stretching vibrational band system ν1/ν4 [41].

The H22 fundamental rovibrational parameters (α
(A)
1 , α

(A)
4 , α

(B)
1 , α

(B)
4 , α

(BB)
14 ,

α
(AB)
14 , q4, and r4) have been calculated from the ab initio force field as follows.

The H22 operator can be written in a general form [43] as

H22/hc =
1

2

∑
α,β

JαJβ

∑
r,s

T (ab)
rs (prps + qrqs) , (58)

where the summations in α and β are over molecule fixed cartesian axes x, y, and

z and the summations in r and s are over the normal modes. The T coefficients
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are functions of the structure and the harmonic and cubic force constants in

the normal coordinate representation, qr and qs are the dimensionless normal

coordinates of the rth and sth mode, and pr and ps are the conjugate momenta,

respectively. The H22 coefficients of this work are related to the T coefficients as

α
(A)
1 = −T

(zz)
11

α
(B)
1 = −T

(xx)
11

α
(A)
4 = −1

2

(
T

(zz)
4a4a + T

(zz)
4b4b

)
α

(B)
4 = −1

4

(
T

(xx)
4a4a + T

(xx)
4b4b + T

(yy)
4a4a + T

(yy)
4b4b

)
(59)

q4 = −1

2

(
T

(xx)
4a4a − T

(xx)
4b4b + T

(xy)
4a4b + T

(yx)
4a4b

)
r4 =

1

8

(
T

(xz)
4a4a − T

(xz)
4b4b − T

(yz)
4a4b − T

(zy)
4a4b

)
α

(AB)
14 =

1

2

(
T

(xz)
14a − T

(zx)
14a + T

(yz)
14b + T

(zy)
14b

)
α

(BB)
14 =

1

2

(
T

(xx)
14a − T

(yy)
14a + T

(xy)
14b + T

(yx)
14b

)
.

The program Spectro [29] has been used to calculate T coefficients. The numerical

values obtained for the spectroscopic parameters are presented in the page 8852

of the Paper 3. Using these results, the effective parameters of Eqs. (56) and

(57) can be calculated (see page 8853 in Paper 3). The final results show that

the experimental data for the n = 2, 3, 4, and (with some limitations) 6 states

(see Table V in Paper 3) are in good agreement with the ab initio values.

Finally, A0 − An00 and B0 − Bn00 (see page 8853 in Paper 3) can be calcu-

lated from the ab initio values of Hamiltonial parameters of Eqs. (59). Again,

theoretical values agree well with the experimental results (see Table V in Paper

3), only the value of (B0 −B600) not fitting well.

5.2 Correctio ns to the metric tensor elements of NH3,

PH3, AsH3, SbH3, and BiH3 in the precence of bond

angle constraints

Vibrational kinetic energy coefficients have been calculated for pyramidal sym-

metric top molecules NH3, PH3, AsH3, SbH3, and BiH3, which are close to the

local mode limit. The starting point is the stretching vibrational Hamiltonian
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[8, 44]

H/hc =
3∑

i=1

(
1

hc
g(rr)p2

i + Dey
2
i

)
+
∑
i<j

(
1

hc
g(rr′)pipj + frr′a−2

r yiyj

)
, (60)

where yi = 1 − e−ar∆ri is the Morse variable and ∆ri is the bond stretching

diplacement coordinate. The weight function for integration associated with this

Hamiltonian is equal to one.

In the model Hamiltonian, bond angle coordinates are frozen to the equilib-

rium value. The role of constraints is controversial in quantum mechanics [45]

but the solution is known in classical mechanics for present types of vibrational

problems. When considering these rigid constraints, the Hamiltonian is modified

as follows. The vibrational metric tensor elements g
(ij)
C in the precence of rigid

constraints can be obtained from the unconstrained elements g(ij) as [10]

g
(rr)
C = g(rr) −

3∑
i=1

3∑
j=1

g(rθi)Mijg
(rθj) (61)

g
(rr′)
C = g(rr′) −

3∑
i=1

3∑
j=1

g(rθi)Mijg
(r′θj), (62)

where the indices i and j are over the three constrained bending degrees of free-

dom (∆θ1, ∆θ2, and ∆θ3 being the appropriate displacement coordinates) and Mij

is an element of the symmetric matrix

M =

 g(θ1θ1) g(θ1θ2) g(θ1θ3)

g(θ1θ2) g(θ2θ2) g(θ2θ3)

g(θ1θ3) g(θ2θ3) g(θ3θ3)


−1

. (63)

All unconstrained tensor elements can be obtained from Ref. [10].

I have calculated the constrained and unconstrained stretching vibrational

metric tensor elements for NH3, PH3, AsH3, SbH3, and BiH3. The results are

gathered in Table IV of Paper 5. It is clear that when the mass of the central

atom is large and the bond angles are close to 90o, for example, in the case of

BiH3, there is no real difference whether constrained or unconstrained metric

tensor elements are used in Eq. (60).

The eigenvalues of the vibrational Hamiltonian in Eq. (60) with the un-

constrained metric tensor elements have been calculated for bismutine, BiH3.

Calculations have been carried variationally with a symmetrized Morse oscillator
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product basis. All matrix elements have been obtained with analytic formulas.

All basis functions with the maximum stretching quantum number 6 have been

included. The non-linear least squares method has been employed to optimize

the harmonic wave number ωr, the anharmonicity constant xrr, and frr′ instead

of the true potential energy parameters De, ar, and frr′ in order to reduce cor-

relation between the parameters. However, this is not a problem because simple

relations between ω and ωx, and De and ar allow to convert one parameter set

to the other [8]. Experimental vibrational term values have been employed as

data. For bismutine, the parameter values obtained are ωr = 1795.65 (66) cm−1,

xrr = −30.78 (23) cm−1, and frr′ = −42.0 (179) cm−1Å−2. The uncertainties in

the parentheses are one-standard deviations in the least significant digit. The fit

to the experimental vibrational term values is given in Table V of Paper 5. The

standard deviation of the fit obtained is 0.28 cm−1. It is clear that the model ac-

counts well for the observed vibrational term values, and the stretching potential

energy parameters obtained are true values.

6 Conclusions

Theoretical electronic structure calculation methods provide a powerful tool in

modelling vibrational spectra even for a challenging molecule like methanol which

shows complicated band structures in the overtone regions. A quartic force field

for methanol has been computed and successfully applied in calculating spectra

and spectroscopic parameters. A curvilinear internal coordinate Hamiltonian

provides a simple physical picture (in practice this means fewer model parameters

with an intuitive physical interpretation) and is well suitable to model stretching-

torsion interactions. The normal coordinate approach is a practical method to

calculate vibrational spectra by employing a computed ab initio force field. With

these methods, most of the spectral structures can be systematically explained.

However, more theoretical and experimental work is still required. For example,

coupling between the torsion and bendings in the methyl group has not been

modelled. Unfortunately my simple approach to the torsion-stretching coupling

cannot be directly adopted to this problem. One possible solution is to employ

the symmetry coordinates of Eqs. (1) - (12) for the bending degrees of freedom.

The rotational structure of the vibrational stretching overtones (n00A1/E,

n = 3, 4, and 6) of H3SiD have been successfully analyzed with the normal and
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local mode models. Ab initio results have been applied to determine Hamiltonian

parameters for the excited states. Results from electronic structure calculations

with a simple local mode interpretation of some vibration-rotation parameters

turned out to be a crucial step in the rotational analysis of the spectra.

A vibrational analysis of BiH3 using a simple stretching vibrational local mode

model produces good results. The model takes into account corrections to the

stretching vibrational metric tensor in the presence of the rigid constraints in the

bending vibrations. Due to small kinetic energy coupling between the stretching

and bending oscillators in BiH3, these corrections are found to be neglible. The

aim of this work is to study the implications of employing constraints in the

vibrational models. It is pleasing that good results can be obtained while setting

constraints to some degrees of freedom. For example, this approach can be applied

to the study of internal motions in larger systems where at least at the moment

it is practically impossible to employ excact calculations.

In future, as a consequence of development of computers, potential energy

surfaces can be calculated accurately for larger molecules. These systems contain

many different types of internal degrees of freedom, including large amplitude

motions. I hope that my approach to treat large amplitude motion in methanol

will help in finding effective theoretical methods to model nuclear motions in

these systems.
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