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ABSTRACT

A detailed theoretical investigation of the large amplitude motions in the S, excited

electronic state of formic acid (HCOOH) was done. This study focussed on the the S, «-

So electronic band system of formic acid (HCOOH). The torsion and wagging large

amplitude motions of the S, were considered in detail. The potential surfaces were

simulated using RHF/UHF ab-initio calculations for the two electronic states. The energy

levels were evaluated by the variational method using free rotor basis functions for the

torsional coordinates and harmonic oscillator basis functions for the wagging coordinates.

The simulated spectrum was compared to the slit-jet-cooled fluorescence

excitation spectrum allowing for the assignment of several vibronic bands.

A rotational analysis of certain bands predicted that the individual bands are a

mixture of rotational a, b and c-type components. The electronically allowed transition

results in the c-type or Franck-Condon band and the electronically forbidden, but

vibronically allowed transition creates the a/b-type or Herzberg-Teller components. The

inversion splitting between these two band types differs for each band. The analysis was

able to predict the ratio of the a, b and c-type components of each band.
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CHAPTER 1

INTRODUCTION

Formic acid is the simplest carboxylic acid. It is prepared industrially by the

reaction of carbon monoxide with sodium hydroxide at 200 °C.' Formic acid is also

known to be a toxic product in metabolism of methanol.^ It is responsible for the

inflammation and irritation of the skin caused by the leaves of the stinging nettle plant, in

addition to ant and other insect bites. In fact, the name formic acid comes from the Latin

word, formica, for ant.' Formic acid is also important in atmospheric chemistry where it is

an intermediate in the oxidation of unsaturated hydrocarbons by combustion and has been

found to be a significant component of acid rain.^

Structurally formic acid exhibits isomerism due to rotation about the carbon-

oxygen single bond. These two isomers, shown in Figure 1.1, are known as syn and anti.

They are characterized by whether the hydroxy hydrogen is on the same or opposite side

of the carbon-oxygen bond as the aldehyde hydrogen. The anti species is the predominant

form according to several early investigations.'* The identification of syn formic acid

was very difficult. Several attempts and claims were made'", however only in 1976 using

microwave spectroscopy was the syn rotamer positively identified by Hocking'^ and

determined to be present in the vapour phase at 0. 1 3%. From the same work the energy

difference between the two isomers was determined to be 1365 cm', the anti form being

the lower energy, and the barrier to rotation of the hydroxyl group was estimated at 4842
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Figure 1.1

Syn and Anti Isomers of Formic Acid
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cm"'. A very detailed rotational analysis followed by Hocking where the structure of the

syn conformer was determined.'^ Table 1.1 gives the structures and molecular parameters

for the two isomers determined by experiment.

Table 1.1

Structural and Molecular Parameters" for Syn and Anti Formic Acid
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quoted 1474 cm"' for the syn-anti energy difference.^

In the infrared, identification of the syn rotamer has proven very difficult.''"'^'

Recently, Pettersson et al." have recorded the IR spectrum of syn formic acid by

recording the 'difference spectrum' after pumping the O-H torsional overtone of the anti

form in a solid Argon matrix. The observed frequencies compared favourably with ab-

initio calculations." Table 1.2 lists the experimental and theoretical vibrational

frequencies for the two conformers of ground state formic acid.

Table 1.2

Vibrational Frequencies of Ground State

Syn and Anti Formic Acid (cm')
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In addition to isomerism, formic acid also has a strong tendency to form dimers as

shown in Figure 1.2. The equilibrium constant for dimer formation is 150 atm' at 2rC,

making the equilibrium constant, k=6.55 X 10'^ molecule cml^''^^ Monomer experiments

often produce many dimer bands in the spectrum also. From photoelectron studies, the

monomer/dimer ratio at room temperature in supersonic jets is estimated to be 1:3.^'

Several spectroscopic and theoretical studies have focussed on the dimer of formic acid

also.^*

Ground state spectroscopic and theoretical data on formic acid is readily available,

however relatively little work has been done to provide information about the excited

state. Most excited state work has focussed on the photochemistry of formic acid.
^'

Predissociation occurs from the excited singlet state S, releasing HCO and OH as the

following equation shows.

HCO^HCS,) -HCO + OH

This photodissociation pathway is associated with the OH-torsional mode, v^."

The tendency for formic acid to dissociate at high excitation energies provides difficulties

for the electronic absorption and laser induced fluorescence experiments.

Electronic absorption studies, however have been performed on formic acid^°'^', as

well as laser induced fluorescence experiments. '^ In absorption at long path lengths and

high resolution well developed rotational fine structure was observed by Ng and BelP' and

although congestion of the band progressions prevented an assignment of the vibrational

modes, a detailed rotational analysis of a number of bands was done. Rotational





Figure 1.2

Structure of the Formic Acid Dimer





constants were established and it was shown that most bands displayed fixed a, b and c

type components. loannoni, Moule and Clouthier'^ recorded a simpler fluorescence

excitation spectrum of formic acid and its isotopomers. The vibrational complexity of the

bands was greatly simplified and assignments of the origin bands and progressions in OH-

torsion and CH-wagging were made. It was concluded that formic acid undergoes

distortion in both of these coordinates upon excitation. Brouard and Simons^' also have

recorded the LIF spectrum, but under jet cooled conditions. At high excitation energies

where the fluorescence quantum yield became too low, OH photofragment yield spectra

(from the dissociation channel shown above) were recorded which continued the

vibrational progressions from the LEF spectrum.

For a better understanding of the electronic spectrum expected from formic acid

the electronic structure and symmetry of the ground and excited states of the molecule

must be examined in detail. In the ground state, the carbon in formic acid is sp^ hybridized

causing the molecule to be planar and therefore formic acid is of the C^ point group. The

only symmetry element is the o^ plane in the plane of the molecule. Table 1 . 1 is the

character table for the C, point group.
,

>- ,u - , ,

Table 1.3

Cs
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The molecular orbital pictures for formic acid are shown in Figure 1 .3. The electronic

transition to be investigated in the work is between the ground, Sq, and first excited singlet

state, S,. The electron configuration for S, is (o)^(7T;)^(n)'(7T;*)'
,
giving A"

symmetry. Therefore during a transition from Sq to S, an electron is promoted from the

nonbonding orbital on the oxygen atom to the n* orbital of the carbonyl bond. This is an

n -* 71* transition. From Figure 1 .3 it can be seen that upon this transition the electron is

moving from the in-plane nonbonding orbital to the out-of-plane antibonding orbital. The

direction of the transition is polarized in the out-of-plane direction (z).

During this n -* tx* transition The bond order of the carbonyl goes from 2 to 1.5.

Due to the bond order change the molecule has a very different structure in S, than in Sq.

Structural change upon an n -» 7t* transition is characteristic of carbonyl containing

compounds and in general, the excited electronic states of molecules are much more

flexible than the ground electronic states. The molecular prototype formaldehyde is also

rigidly planar in the ground state, but upon excitation the molecule adopts a pyramidal

structure. Like formaldehyde, formic acid adopts this pyramidal structure in the excited

state resulting in another large amplitude motion, aldehyde wagging, labelled Ug. It is

these two large amplitude modes, wagging and torsion, which govern the low frequency

dynamics of the excited state. Figures 1 .4 and 1 .5 illustrate the Ug and u, modes of

vibration.
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Molecular Orbital Diagrams for Formic Acid
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Figure 1.4

C-H Wagging Mode of Vibration Vg
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The Franck-Condon principle^^ makes electronic spectroscopy an ideal tool for

investigating the large amplitude motions in polyatomic molecules. This principle relates

the activity of the observed band progressions to the normal coordinates that most closely

correspond to the changes in molecular conformation that occur upon electronic

excitation. For formic acid, it is expected that the CH-wagging, Ug and the OH-torsion,

I), would be active in forming band progressions in the spectrum, since these are two large

amplitude modes of vibration which are involved in the molecular structural change during

the n -*
Ti;* transition. Each band in a progression is a sub-origin for every other

progression, therefore the band spectrum very quickly becomes complex at ever increasing

energies from the electronic origin. As a result, the UV spectra of these simple systems

are highly congested and satisfactory vibrational assignments are often difficult to achieve.

For this reason, this work was undertaken to record the excitation spectrum under the

more desirable conditions of a supersonic jet, as an excitation spectrum and with the

higher resolution of an etalon dye laser system. Ab-initio calculations will aid in further

assignments and simulate the potential energy surfaces and spectrum.
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^' CHAPTER!

THEORY

2.1 Ab-initio Methods

Ab-initio methods are used for predictions of energies, vibrational frequencies,

thermodynamic properties and many other physical properties of molecules. With the

evolution of technology computer power has greatly increased the size of molecule and

level of computation (theory) which can be reasonably calculated using ab-initio methods.

Gaussian 94^^ and GAMESS^"* are two ab-initio packages which were used in this work.

These programs require the user to input the theoretical method (includes the degree and

method of electron correlation and the basis set), the charge and multiplicity of the
^

electronic state and the molecular geometry specification. Single point energies,

fundamental vibrational frequencies, geometry optimization and potential surface scanning

are all possible with these methods. Also, the GAMESS package was used to calculate

the transition dipole for the Si<- Sg transition along the principle axes of the molecule. The

S, state was accessed using the configuration interaction (CI) method.

Ab-initio is Latin for 'from first principles'. Ab-initio methods are based on the

fundamental principles of quantum mechanics which explain the motion of electrons as

both particle-like and wave-like. Many properties of atoms and molecules can be
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predicted using these methods. The mathematical relationships describing a chemical .

system are solved using various transformations and approximations. The approximations

and corrections characterize the theoretical method being used. The Shrodinger equation

is a fundamental equation of quantum mechanics which describes the stationary states of a

system.

H^ = E^ (1)

In the above equation, Y is the wavefunction, ft is the Hamiltonian operator and E is the

energy. The Shrodinger equation is an eigenvalue problem. The value of 'E' is the

eigenvalue and Y is the eigenfunction. In the case of molecular systems E is the energy of

a given stationary state.

Hartree-Fock Method

The Hartree-Fock (HF) Method, also known as Self-Consistent Field (SCF)

Theory was the basis for the calculations done in this work. Closed-shell, Restricted

Hartree-Fock (RHF) as well as Open-shell, Unrestricted Hartree-Fock (UHF) calculations

are possible. UHF allows for the treatment of unpaired electrons, or states of greater

multiplicity. Hartree-Fock is based on the Variational Principle which reaches the lowest

possible energy for a given wavefunction. The calculated energy will always be greater

than the exact energy. The problem is that since Hartree-Fock is variational it will always

converge to the lowest state of a given multiplicity and for this reason it is not possible to

use UHF to calculate an excited singlet state for a molecule which also has a singlet

ground state.
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Electron Correlation Methods

Hartree-Fock Theory is very powerful, however, it does not deal with

instantaneous electron-electron interaction. Especially the correlation of electrons with

opposite spin is not considered in Hartree-Fock theory. Higher level electron correlation

methods are usually preferred where the size of problem and computational resources

allow. The two methods discussed below are common methods of electron correlation.

Moller-Plesset (MP#) Perturbation Theory

M0ller-Plesset Perturbation Theory is a commonly used method of electron

correlation. Perturbation corrections are applied to the Hamiltonian and in turn to the

energy and wavefunction. The SCF energy is corrected and lowered with this method.

MP2, MP4 mean a second or fourth order perturbation correction is being used.

Configuration Interaction

This method involves incorporation of the Hartree-Fock determined virtual orbitals

into the wavefunction. In 'single substitution' a virtual orbital replaces an occupied

orbital. This has the effect of exciting an electron to a higher energy orbital. In 'double

substitution' two orbitals are exchanged. The overall wavefunction is a linear combination

of the original plus all possible substituted wavefunctions. Configuration interaction

essentially mixes all possible electronic states to form one electronic state, therefore

providing a high level of electron correlation. It is also possible with CI to calculate

higher excited states of the same symmetry. "
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Model Chemistry

The model chemistry chosen for theoretical calculations involves choosing the

method of calculation and electron correlation, discussed above, as well as the basis set.

The basis set can be thought of as the atomic-like orbitals which are to be used to make up

the molecular orbitals. The larger the basis set the more 'space' the electrons are allowed

to occupy, and therefore the more realistic the wavefunction. The minimal basis set

involves functions representing the atomic orbitals on each atom. For carbon, for example

there would be Is, 2s, 2p,, 2py and 2pj orbital functions. For the most part much larger

basis sets are used. In this work the 6-31G(d,p) standard basis set was used. Each orbital

is comprised of 6 Gaussian functions. Two sizes of orbitals are used for each valence

atomic orbital. Also, d orbital functions are included for the first row atoms and p orbital

functions on the hydrogens. -v ^, i .

Geometry Optimization

In addition to calculating the energy for a given geometry the Gaussian package

can be used to find the optimum geometry of a molecule. This is an iterative process

whereby the computer manual changes the initial geometric structure by slightly altering

the bond lengths and angles. At each geometry change the computer recalculates the

energy by solving the Shrodinger equation and determines the energy gradient. The

computer is aiming to find a minimum in the electronic energy where the gradient is below

a preset limit. At this point the geometry represents a stationary point on the potential

energy surface. Several iterations are usually required and the time depends on the kind of
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calculation, basis set and number of coordinates being optimized.

2.2 Potential Functions and Energy Levels

Theoreticians work closely with spectroscopists and spectroscopists often become

theoreticians to predict spectra and give support for spectral assignments. Calculated

potential energy plots and surfaces can give tremendous amounts of information about a

molecule and its spectrum. The shape of a potential energy well dictates the spacing of

the energy levels and therefore the frequencies which are observed in the spectrum.

Figure 2. 1 shows two harmonic oscillator potential wells. The narrow well produces

levels which are further apart than the shallow well. This is because the force constant is /

greater for a narrow well and the spacing of the levels (hw) is proportional to the square

root of the force constant as the following equation shows;

1

co =
ln\iJL

\ (2)

V — — - '
•
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Figure 2.1

Two Harmonic Oscillator

Potential Wells and Energy Levels
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Another phenomenon which may be illustrated by potential functions is inversion

splitting. When a barrier separates two potential wells 'doubling' of the energy levels

results. The prototype for this phenomenon is ammonia. Ammonia has a pyramidal

structure, but at room temperature undergoes inversion as the molecule goes through a

high potential energy planar conformation. This characteristic creates a double minimum

potential function for the inversion vibration of ammonia. The energy levels which result

and the splitting between them depend on the height of the barrier between the two

minima. Figure 2.2 shows two different double minimum potential functions, one with a

low barrier and one with a high barrier. It is clear that the higher the barrier, the smaller

the splitting between the inversion levels. The energy levels are split because of the

mutual interaction between levels on each side of the barrier. The wavefunctions on each

side of the barrier (L and R) combine to form two new wavefunctions (+ and -);

Iff'
=-^' ^'

V2

J
(3)

s/2

As in Figure 2.2, the + and - superscripts are often added to the vibrational quantum
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Figure 2.2
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Inversion Doubling in Two Double Minimum Potentials

with Differing Barrier Heights
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numbers. In the excited state of formic acid the out-of-plane wagging mode (Vg) exhibits

this double minimum behaviour. "' '

;

2.3 Vibrational Level Calculations 'til OH

The vibrational energy levels were calculated using the program LAVGA'' which

required analytical expressions describing the potential and kinetic energies as the energy

varies with the coordinate of the vibration. The torsional coordinate (0) was expanded as

a Fourier series and the wagging coordinate (a) was expanded using symmetric

polynomial terms, with a Gaussian function included for the double minimum of the

excited state. ; N v' - i'C i ' ^
*

The kinetic and potential expansions took the following forms;

>)cao

B„=iBLflf„
-'-^-

(4)
ij ^Lj ijk X JL ijkl

k 1

v=i:v:nf. (5)

where the f s are the terms in the expansions and Ng and Ny are the number of terms in the

kinetic and potential expansions. The kinetic terms By were obtained from the G matrix

method using the KICO'^ program. The potential terms were obtained from ab-initio

methods using Gaussian 94.

Therefore, the vibrational Hamiltonian for this problem was;
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H=XB-B,-^-|^;^)+V (6)

The number of vibrations, n, was limited to two in this case, C-H wagging, Vg and 0-H

torsion, \g. The variational method was used to obtain the vibrational energy levels using

hybrid free-rotor + harmonic oscillator basis functions for the hydroxy torsion and the

hydrogen wagging coordinates, respectively. Nonrigid group theory was used for the

labelling of the energy levels, factorization of the Hamiltonian matrix and the generation of

the selection rules. The existence of the single plane of symmetry allows the Sq and S,

structures to be classified by the s switch operation;

§f (e,a) = f(-e,-a) (7)

creating a nonrigid Gj group that is isomorphous to the C^ point group. The torsion-

wagging functions classify into the symmetry species; a' (in-plane) and a" (out-of-plane).

':, .Vt'..; -'II ,':
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2.4 Electronic and Vibronic Transitions

As discussed in the introduction the electronic transition of interest in this work is

the n-Ti:* transition which is polarized in the out-of-plane direction. The transition is

actually a rotation of charge from the nonbonding in-plane orbital of the carbonyl to the

antibonding out-of-plane orbital (see Figure 1 .3). Figure 2.3 shows the a, b and c

principle axes on the formic acid molecule. The out-of-plane direction is along the c

principle axis (A"). The a and b axes are in-plane (A'). .
" 1-*..

The ground state electronic symmetry of formic acid is A' and the excited

electronic state symmetry is A". For an electronic transition to be allowed the following

must be true;

e ee e

The above relationship is true for a transition dipole moment which is antisymmetric, A".

This is in the out-of-plane direction and the allowed electronic transition is therefore

c-type. Therefore by electric dipole selection rules the n-it* transition is allowed.

However, not only the symmetry of the electronic states, but also the 'vibronic'

(vibrational + electronic) symmetry of the vibrational energy levels involved must be

considered. The vibronic symmetry of the 0* level in S, is determined from the direct



toe t^s



1- 1 , I':

Figure 2.3

24

rru

>*• ''."(

..j.;'. .r.i .\^V

;» . IV, i^'

(UT^ •>( *• :J ;',; .1

Principle Axes on the Formic Acid Molecule



/T\>

(lijcj-.iIoM ii3 no



25

product of the electronic (a") and vibrational (a') symmetries; a" ® a' = a". The 0"

level will have vibronic symmetry; a" ® a" = a'. The ground state Sq has A' electronic

symmetry and transitions will occur from the ground vibrational level, also with a'

symmetry. The vibronic symmetry of this ground vibrational level is therefore, A'. Also,

for an allowed vibronic transition the previous expression applies; that is, the direct

product of the representations of the ground vibronic level, the transition dipole moment

and the excited vibronic level must be totally symmetric , A'.

I

In the case of the transition between the ground vibronic level in Sq (A') and the

first vibronic level (0*) in S, (A"), the transition dipole moment must have A" symmetry

for the transition to be allowed. A" means the transition dipole is out-of-plane and the

resulting band is c-type. In fact, as discussed above, this transition, out-of-plane, or c-type

is allowed electronically without considering the vibrational symmetry. The c-type band is

known as the 'Franck-Condon' band. For a transition between the ground vibronic level

in Sq (A') and the second vibronic level (0) in Sj (A'), the transition dipole moment must

have A' symmetry for the transition to be allowed. A' means the transition dipole is in-

plane and the resulting band is a/b-type. The a/b-type band is a 'Herzberg-Teller' band.

The expectation therefore is the electronic spectrum will contain bands composed of a, b

and c-type structure of which the a/b-type and c-type bands are split by the inversion

doubling of wagging. Both band types are partially allowed and partially forbidden,

making the transitions weak. Figure 2.4 is a diagram of the possible vibronic transitions in

the S, ^ Sq spectrum of formic acid.
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In summary, the S, - Sq transition in formic acid is allowed by electric dipole

selection rules in the out-of-plane direction. This transition may be regarded as an

electron promotion from the n nonbonding orbital to the 7t* antibonding orbital on the

carbonyl group. As Figure 1 .3 shows these orbitals are a right angles to each other,

therefore there is a rotation of charge from an in-plane to an out-of-plane orbital. Such a

rotation of charge is forbidden, however, by the local symmetry of the carbonyl group.

The out-of-plane,c-type bands, known as Franck-Condon bands are allowed by electric

dipole selection rules, but forbidden by local symmetry. The in-plane, a/b-type bands,

known as Herzberg-Teller bands are forbidden by electric dipole selection rules, but when

the vibronic symmetry is included, as discussed above, they are allowed.

The intensities of the transitions between electronic states can be determined from

the transition dipole moment between electronic states e' and e". The electronic transition

moments were obtained directly from the GAMESS package with CI/6-31G(d,p) and the

length approximation. Like the potential and kinetic energies a transition dipole moment

expansion of the following form was used.

M.-=|M"nf. (9)

where \X^ ^. is the transition dipole moment between the ground electronic state e" and the

excited electronic state e'. The fs are the terms in the expansions, Fourier for the
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torsional coordinate and Taylor for the wagging coordinate. The relative intensities for

the transitions between Sq and S, were then obtained from;

I °^ (gn - gJ |inm' (10)

where g represents the population for vibrational levels n and m .
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CHAPTERS

EXPERIMENT AND CALCULATIONS

3.1 Laser-Induced Fluorescence Spectra

Fluorescence spectroscopy is based on the emission of radiation by a sample.

Laser-induced fluorescence is a very sensitive spectroscopic technique which uses lasers to

selectively populate an excited state. The emission of radiation from the excited state (a

singlet excited state for fluorescence) is then detected. A laser-induced fluorescence or

'excitation' spectrum is recorded by recording the fluorescent photons reaching the

detector after the laser has fired. The fluorescence is not resolved. The spectrum

obtained contains the same bands found in an absorption spectrum, however nonradiative

processes may affect which bands are present in the excitation spectrum. If absorption

occurs to a nonemissive excited state, one which is predissociative or undergoes internal

conversion, there will be no fluorescent photon to be detected. For this reason there tend

to be fewer bands in the excitation spectrum making it less congested and more easily

analyzed than absorption.

In general, a fluorescence excitation apparatus consists of a laser excitation source,

a molecular beam, detector (photomultiplier tube), amplification and a computer data

acquisition system. A simple diagram of the LIF spectrometer is shown in Figure 3.1. For
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this work, the excitation source for the fluorescence excitation spectrum was an excimer

pumped dye laser. The dye laser (Lamda Physik, FL3002E) was etalon narrowed and

frequency doubled. It operated with Coumarin 540A laser dye and 0.035 cm' resolution.

The dye laser was pumped by the excimer laser (Lamda Physik, LPX lOOi) at a

wavelength of 308 nm and an energy of 50-60 mJ/pulse.

The supersonic jet apparatus was a pulsed linear nozzle system'^ which has also

been proven in detecting weak luminescence.^^ The helium sample mixture was expanded

through the rotating slit-jet nozzle of dimensions 0.22 x 46 mm^. The carrier gas (He) at

300 torr was premixed with the sample by bubbling it through liquid formic acid. Formic

acid from Aldrich Chemicals was used without further purification. The slit-jet nozzle

generated pulsed planar jets with repetition rates of 10 Hz and a pulse duration of about

200 microseconds. A detailed diagram of the unique slit-jet nozzle is shown in Figure 3.2.

Although the degree of cooling is not as great with a slit-jet nozzle as with a pinhole

nozzle, the number of molecules being probed is greater. This is an advantage for

molecules, like formic acid, with low fluorescent quantum yields.

The laser beam crossed the molecular jet 10 mm downstream from the slit jet in

the plane of the molecular beam. A lens of 40 mm focal length was mounted

perpendicular to the axes of the laser and molecular beams and a concave reflector was

mounted opposite to the focus lens to increase the signal intensity. The weak fluorescence

signals from the PMT were averaged by a home made boxcar integrator with a gate width
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of 500 microseconds and a gate delay of about 5 microseconds. Approximately 30 laser

shots were averaged for each data point in the spectrum. Absolute calibration of the

spectra was performed by simultaneously recording the iodine spectrum using the

fundamental of the dye laser.^'
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3.2 Computational Procedure

Ab-initio calculations were done using the Gaussian 94" and Gamess^ packages

on the Silicon Graphics SGI, running IRIX 6.4, R 10000, Origin 200. Calculations were

performed initially on the ground state (Sq) of formic acid at a very low level, MP2/3-21G.

A geometry optimization, optimizing all internal coordinates was done at this level using

Gaussian 94. The input for this program was in the z-matrix form. The input file, ,

including the z-matrix (in bold) used, is given below;

#T MP2/3-21G Opt=z-matrix Test

trying formic acid .. •; ' -i' '--jiji. . .

'

0,1
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the aldehyde hydrogen, the carbon atom and the dummy atom. Figure 3.3 shows this

relationship. The line in the input file immediately before the z-matrix gives the charge (0)

and the multiplicity ( 1 ) of the species.

The variable list below the z-matrix gives reasonable starting values for the bond

lengths, angles and dihedral angles. All of the coordinates in this list are altered by

Gaussian during a geometry optimization to find the structure of minimum energy. During

one-dimensional potential function determination the coordinate of interest was fixed at

specific values and the rest of the coordinates were optimized. During the two-

dimensional surface calculations two coordinates were held at specific values and other

coordinates were optimized to map out the energy surface. Aldehyde wagging and

hydroxy torsion were the two coordinates of interest in this study. One-dimensional

calculations of the ground state were performed for each coordinate at the MP2/3-21G,

MP2/6-31G(d,p), MP4/6-31G(d,p), G2, CBS levels and basis sets. Table 3.1 shows the

computation time required for a full geometry optimization of the ground state using

various levels and basis sets.

Table 3.1

Geometry Optimization Calculation Times for Various Levels of Calculation
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The excited state calculations were performed as described above for the ground state,

except that the multiplicity of the state being calculated was the triplet. The true interest

for this work is in the excited singlet state, not the triplet, however the triplet is a good

starting point for the eventual refinement of the singlet (S,) surface. The geometry and

shape of the potential surface for the singlet and triplet excited states is very similar.

Also, the triplet is much easier to calculate, since Hartree-Fock theory can handle it.

The Gaussian calculations generated the energy points which were then fitted to

appropriate functions which represent the potential energy curve or surface. In one

dimension 10 to 25 points were used to generate the energy curve. In two dimensions for

the ground state 70 energy points were fitted to the potential surface. For the excited

state 132 points were fitted to the potential surface. In the torsional coordinate a Fourier

series was used to fit the energy points in one dimension. The wagging coordinate was

represented by a symmetric Taylor series. In the excited state of wagging the 'Coon'

function was employed'*"'". The excited wagging potential is a double minimum function

for which there are two ways to represent it. Figure 3.4 illustrates one method using the

quartic (x"*) and negative quadratic (x^) terms to form the double minimum. Figure 3.5

shows the 'Coon-type' function which includes the quartic as well as the Gaussian

function to form the double well potential. The Coon function was used for excited state

wagging in one dimension and was also incorporated into the two dimensional surface for

the excited state. In one dimension fits to potential functions had a standard error within

2 cm' The two dimensional standard error was 13 cm"' for the ground state and 25 cm"'
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for the excited state.

The Gaussian calculations generated the potential energy function, but the kinetic

energy also had to be determined. KICO^* generated the kinetic constants, elements of the

rovibrational G matrix, for specific geometry points. These kinetic energy points were

also fitted to Fourier and Taylor series expansions.

The ab-initio (calculated) potential surface was adjusted or 'morphed' to achieve a

fit of the calculated energy levels to the available experimental energy levels using the

program FTTVIB.''^ This involves 'stretching' and 'bending' the surface to fit the

experimental data. Essentially the coefficients for the terms in the potential expansion

were adjusted to obtain good agreement between the calculated and experimental levels.

This refinement was carried out by minimizing the differences between the calculated and

observed levels with a quasi-Newton method''^ The kinetic energy terms were fixed at

their optimized values. _ ^
-

The GAMESS^ package was used to calculate the electronic transition moment

between the ground state (Sg) and the excited state (S,). The configuration interaction

(CI) method was used to calculate these states. The orbitals were generated from the 6-

31G(d,p) basis set. The three core orbitals, containing six electrons, on the oxygen and

carbon atoms were frozen and twenty-two other orbitals were included in the calculation.

Single and double excitations were allowed in the calculation. These calculations were

performed using the ground state optimized molecular structure since during electron

excitation, a very fast process, the molecular geometry does not change, according to the
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Figure 3.4

Double Minimum Potential Using

Quartic and Quadratic Terms
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Franck-Condon principle.'^ The geometry input was in terms of Cartesian coordinates of

the principle axes of the molecule, so the origin is at the centre of mass. The values for

the transition moments were also fitted to Fourier and Taylor series expansions. The

GAMESS package gives the transition moments in terms of its components along the axis

system. Therefore, three different transition moment expansions, one for each principle

axis, was generated.

Using the potential, kinetic and transition moment expansions the LAVGA"

program was used to calculate the energy levels and the intensities for the a, b and c-type

bands of the spectrum. Basis lengths of 636 and 635 basis functions were used for the a'

and a" levels respectfully for the two dimensional energy level calculations.

3.3 Rotational Analysis and Least Squares Fitting

The observed lines in each band of the spectrum were fitted using a least squares

procedure''^ to determine the rotational constants for the excited state as well as the origin

value for each particular band. Ground state rotational constants were used from

microwave and far-IR data"*^ and kept constant. Starting values for the excited state

rotational constants were taken from the work of Ng & Bell.^' Clear, unblended lines

were assigned first and fitted, then more lines added with each fit. From this analysis the

composition of a, b and c-type transitions present in a given band were determined as well

as rotational constants and origins for each band.
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V i 1 1. CHAPTER 4

Results and Discussion

4.1 Geometry Optimization

4.1.1 Ground State

The geometry for the ground state (Sq) was optimized fully at MP2/3-21G,

MP2/6-3 lG(d,p), MP4/6-3 lG(d,p) and G2. Table 4. 1 gives the values for the bond

lengths and angles of the ground state optimized using these models.

Table 4.1

Ground State Structures at Various Levels of Calculations

(degrees and Angstroms)
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4.1.2 Excited State ' " • ^^= " -

i-;^
' -^'^^- ^^J" -^

The excited state of formic acid is nonplanar. Both the aldehyde and hydroxy

hydrogens are out of the 0-C=0 molecular plane as Table 4.2 shows. Another point to

note is that the carbonyl bond length (C=0) increases by about 0.15 Angstroms in the

excited state as the bond order has decreased upon excitation.

Table 4.2

Excited State Structures at Various Levels of Calculations

(degrees and Angstroms)
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Figure 4. 1 shows two views of the excited state optimized geometry where the hydrogens

come out of opposite sides of the molecular plane. Due to the 'switch operation', s,

every geometry corresponds to two points on the torsion-wagging molecular surface.

Sf (e,a) = f(-6,-a) y (4.1)

Therefore, there are two identical global minima where the aldehyde and hydroxy

hydrogens are directed out of opposites sides of the molecular plane. These minima are

related by the switch operation, s. There are also two local minima where the aldehyde

and hydroxy hydrogens are directed out of the same side of the molecular plane. The

switch operation applies to both the ground and the excited states.

"»»«.w„j»»'-'
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Carbon Atom

Figure 4.1

Two Views of the Formic Acid

Excited State Geometry
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4.2 One-Dimensional Potentials Energy Level Calculations

4.2.1 Ground State

Torsion

As discussed previously the ground state of formic acid is planar, since the carbon

is sp^ hybridized. The hydroxy hydrogen rotates about the C-0 single bond to give the

syn and anti isomers of the molecule. This is the u, mode of vibration, the only large

amplitude mode in the ground state. Ab-initio calculations were performed to generate

the potential function for torsion in the ground state. The aldehyde hydrogen remained in

the 0-C=0 plane at all points optimized along the torsional coordinate. Figure 4.2 is the

potential plot for the ground state of formic acid at the MP2/6-31G(d,p) level. The two

minima correspond to the syn (180°) and anti (0°) isomers. The kinetic energy

calculations were also performed with the KICO program using the optimized geometries

for the appropriate levels of ab-initio calculation. The potential and kinetic Fourier

expansions are given in Table 4.3 where 6 is the torsional angle.

Table 4.3

MP2/6-31G(d,p) Ground State Torsion

Potential and Kinetic Expansions (cm')

Terms Potential Kinetic

cos6
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The syn-anti energy difference at the MP2/6-31G(d,p) level is close to 2000 cm"', high

compared to Hocking's'^ microwave result of 1365 cm'. The G2 calculation, (potential

function in Figure 4.3) was in better agreement with Hocking's work with a syn-anti

energy difference of about 1374 cm'. 02** is a compound method done with Gaussian 94

which combines the results of several calculations in an attempt to accurately predict

thermodynamic quantities without a very computationally expensive high level calculation.

Potential and kinetic energy expansions and energy levels for G2 and other levels of

calculation may be found in the Appendix, Tables A. 1 and A.2.
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Table 4.4

Ground State Torsion

Calculated and Observed Levels
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The ground state aldehyde wagging function was a simple, harmonic oscillator as

Figure 4.4 shows. Table 4.5 gives the potential and kinetic Taylor series expansions for

wagging where a is the out-of-plane wagging angle.

Table 4.5 MP2/6-31G(d,p) Ground State Wagging
Potential and Kinetic Expansions (degrees, cm')

Terms Potential Kinetic

a'
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4.2.2 Excited State

Torsion

The one-dimensional torsional potential calculations for the excited state (T,) were

performed using two models;

1. by fixing the aldehyde hydrogen out of the 0-C=0 plane by the value of

the fully optimized excited state structure for a given level and basis set.

Figure 4.5 shows the torsional potential function calculated in this way at

the MP2/6-31G(d,p) level.

2. by fully optimizing the aldehyde hydrogen for each torsional angle energy

point, thereby following a 'fully relaxed' or path of minimum energy along

the torsional coordinate. Figure 4.6 is the 'fully relaxed' torsional potential

energy plot at MP2/6-31G(d,p).

The energy points were fitted to a Fourier series which required many terms for this one-

dimensional calculation in order to achieve a fit to the ab-initio data points within 2 cm"'.

At 135° the potential function broadens and forms a plateau, widening the well. This

characteristic was responsible for the many terms required in the Fourier series.

The kinetic energy was calculated using both models since the geometries differed.

The potential and kinetic expansions are given in Table 4.7. Expansions and energy levels

for other levels of calculation may be found in the Appendix, Tables A.3 and A4.

O
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Table 4.7

MP2/6-31G(d,p) Excited State Torsion (0)

Potential and Kinetic Expansions (degrees, cm"')
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Table 4.8

Calculated and Observed Excited State Torsional Energy Levels (cm')
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Wagging

In one-dimension the aldehyde wagging potential function for the excited state (T,)

was calculated with the hydroxy hydrogen in the molecular plane. This resulted in a

symmetric double minimum function which could be easily fit to a Taylor series expansion

and which best approximates the true wagging potential. The barrier for the double

minimum was very high for an excited state (over 3000 cm') at MP2/6-31G(d,p). Figure

4.7 is the potential calculated at this level and Table 4.9 gives the potential and kinetic

expansions for both the Taylor and Coon functions.^'" Fits to the ab-initio data were

within 2 cm' for both expansions. Data at the MP4/6-3 lG(d,p) level is found in the

Appendix, Tables A.3 and A.4.

Table 4.9

Potential and Kinetic Energy Functions for '

Aldehyde out-of-plane Hydrogen Wagging in the Excited State

at MP2/6-31G(d,p) (degrees, cm')
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Table4.10 --•--:._-..?:',=. -ai;_s ;:Tr* v.r-r-~ 1,^^:? . ,.

Calculated and Observed Excited State C-H Wagging Levels (cm')
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4.3 Two Dimensional Potentials and Energy Level Calculations

Since the focus of this study is on both the torsion and wagging large ampHtude

motions, it was possible to combine the two modes in two dimensional calculations to

produce two dimensional potential surfaces. This was necessary because coupling

between these two large amplitude modes is expected.

4.3.1 Ground State

Combining the two modes, torsion and wagging, a two dimensional potential

energy surface for the ground state Sq was generated. Table 4. 1 1 gives the potential

expansion for the two dimensional ab-initio ground state surface. The surface is shown in

Figure 4.8. The two minima corresponding to the syn and anti isomers can be seen as well

as the coupling between the two modes illustrated by the slight tilt to the elliptical

contours of the wells. The syn-anti energy difference in this surface is 2463 cm'' and the

barrier height to torsion is 4699 cm'.
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Table 4.11

Potential Expansion for the Ab-initio Two-dimensional

Ground State Energy Surface (cm', degrees)

Potential
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Ground State Two-Dimensional Kinetic Energy Expansions
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constant
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Once the reasonable potential surface (Table 4. 1 1) for the ground state was

established using ab-initio data points, the available experimental levels were used to

'morph' the potential function to achieve a potential surface which would reproduce the

observed energy levels. Table 4.14 gives the 'morphed' potential function and energy

levels for the ground state.

Table 4.14

Morphed Ground State Potential Surface

Function and Energy Levels (degrees, cm')

Energy Levels (cm"')Potential Function
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4.3.2 Excited State

A two-dimensional ab-initio surface was also constructed for the excited state

using the first triplet UHF calculations. Fitting of the triplet ab-initio data points to a

potential function was quite difficult. The Coon function''®'" was necessary to obtain a

reasonable surface. Table 4.15 gives the expansion for the ab-initio potential surface.

Table 4.15

Ab-initio Potential Surface Expansion

for the Triplet State (MP2/6-31G(d,p)) (cm-*)

constant
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molecular configurations. The minima are located in the 'anti' region of the surface where

the torsional coordinate is between -90 and +90 degrees. The switch operation is visible

on the diagonal within the two sets of identical minima in this region. For this ab-initio

excited state surface, the barrier to inversion is about 3600 cm'.

Table 4.16 gives the kinetic energy expansions calculated with KICO using the

excited state geometries.

Table 4.16

Excited State Two-Dimensional Kinetic Energy Expansions (degrees, cm')

B„ B 6a Bee

constant
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^
Calculated (MP2/6-31G(d,p)) and Observed Energy Levels

for the Excited State (cm')

Vibrational Level



, u*.

£. W.- ?1 31



71

CO

CO

270

225-

1 80

1 35

90-

45

-45

Wagging (degrees)

Figure 4.11

Excited State ^Morphed' Potential Energy Surface



J,.nl
f'h

o

ii.^



72

Table 4.18 ;,f; * liMii

Morphed Potential Surface Expansion and Energy Levels

Potential
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4.4 LIF Spectrum and Rotational Analysis

A low resolution spectrum recorded using the slit jet is given in Figure 4.13.

Several bands have been assigned. The notation given to the vibronic bands labels the

active mode v, (OH torsion) as the upper case 9 with the subscripts and superscripts

designating the vibrational excitation. The first band, 0°, is at 37413.4 cm"'. At higher

energy the 9^ band is found at 37664.2 cm"'. This is the first quantum of the OH torsional

mode and marks the beginning of the strongest progression in the system. The next two

quanta of torsion, 9l and 9o, are present at 37790.9 and 37945.1 cm' respectively. The

carbonyl stretching mode (V3) can be located at 38546.7 cm"'. Also, the 7o band with

quanta of v, attached to it are observed. Since this work is focussed on the torsion and

wagging coordinates, the bands in the Vg and v, progressions were the focus of the

rotational analysis.

In absorption, with high resolution and long path lengths, Ng and Bell,^' were able

to show that the transition moments could be resolved into components along the a/b/c

principal axes and therefore that the bands in their spectrum were composed of a, b and c-

type bands. The separation between the c-type and a/b-type bands is a measure of the

inversion splitting imposed by the conditions of the switch operation, s, and its barrier.

The inversion splitting attaches to the torsional bands also to form doublets in the

spectrum. The goal of the rotational analysis was to determine the ratios of a, b and c-

type character to each band and therefore the inversion splitting present within each band.
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The % band, the first quantum of torsion. > ^ ^ P
--« *'

-" '

The starting point for the rotational analyses was the second vibrational band in the

system that is attributed to the first quantum of OH torsion, 9^. This band is illustrated in

Figure 4.14. It is the strongest band in the LDF spectrum and it has the most cleanly

resolved rotational fine structure. In the near prolate limit, the assignment of the J and K

quantum numbers to the rotational fine structure followed without difficulty, as long

rotational progressions in the ^(J) branches are well resolved. The line frequencies from

these K=4,5 and 6 branches became the starting point for the least squares refinement.

The rotational lines in the band centre displayed the asymmetric top behaviour. These

lines were initially assigned by comparing the observed spectrum to a band contour that

was simulated from the A, B and C rotational constants of Ng and Bell.^' Finally, the

observed high J low K rotational lines were added to the data set for a final refinement of

the rotational constants. The highly precise rotational parameters obtained from

microwave and far infrared spectrocopy*' were used for the lower Sq electronic state. The

observed and calculated line positions are given in Table A.5 in the appendix. When the

overall c-type band contour was compared with the observed contour it was clear that

much of the structure at the blue end of the spectrum was not accounted for. These new

features in the spectrum had the appearance of b-type structure. Thus, the overall contour

of the origin band contains components of the Franck-Condon c-type structure and

Herzberg-Teller b-type structure. The separation between the origins of these two bands

measures the inversion doubling splitting for the 9o band. The clearly resolved low J and
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high K structure in the prolate limit can only occur if the lines in the c- and b- type

components completely overlap in this region. Thus, for the 9^ transition, the origins and

rotational constants must be the same. That is, the inversion doubling splitting between

the Franck-Condon and Herzberg-Teiler electronic transitions is too small to resolve. The

9j band cluster thus was treated as an a/b/c hybrid constructed from bands with intensities

of 0.25/0.50/1 .0. Figure 4. 14 shows both the observed and the calculated synthesis of the

a/b/c structure in an expanded view of the central portion of the band.

---. .,« , *w^

The Ofl , origin band. O

This band is about three times weaker than the 9o band and only the stronger

central section of the band was recorded without difficulty. The rotational analysis of this

band followed from the pattern established for the 9o band in that it was treated as a hybrid

built from a common origin with a/b/c components in the ratio of 0.

1

151^.^1 1.0. Figure

4.15 gives the observed and calculated band spectra in the region of the origin, while

Table A.6 in the Appendix collects together the rotational line positions. /

1

7""
.-^i''"'

***'

''.-•_ ^tfda.

The 9o band, the second quantum ofOH torsion.

The quality of the rotational spectra for this band is not as good as it is in the

lower two bands, partially because the band is intrinsically weak, but also because it is

highly congested. The source of the congestion is apparent in Figure 4. 16 that shows the

•"PCJ) and ''Q(J) structure to the red of the rotational band. What is clear is that the Q
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branch heads in this region are doubled, with each member of the doublet separated by

0.30 cm"'. A detailed rotational analysis showed that the lower frequency component was

associated with the c-type selection rules while the higher frequency member was assigned

to a b-type transition. Thus, it is clear that this separation represents the inversion

doubling splitting associated with the second quantum of the OH torsional mode. In

addition, since the two Q peaks have nearly the same intensities, the Herzberg-Teller

induced transition (b-type) has about the same strength as the allowed Franck-Condon

transition, (c-type). Calculated and observed line positions are found in the appendix,

Table A.7 for this band.

The 8j band, the Hrst quantum of wagging.

This band is the result of a transition to the 1+ and 1- levels of the inversion

manifold associated with the symmetry properties of the switch operator. Thus, the major

interest in this band is in the separation between the b and c components that defines the

inversion doubling splitting and ultimately the height of the barrier to aldehyde wagging.

Only a partial rotational analysis of this band was possible as LIF spectrum was of low

quality. An extrapolation of the asymmetric top structure leads to the ''Qo(J) central spike

that can be assigned to c-type selection rules. Thus, the major conclusion that can be

drawn from the rotational analysis is that the band origin lies at 38279.8 cm' and that the

transition connects to the 1+ inversion component. The location of the b-type component

must be regarded as an open question at this time. From the rotational lines that rise
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above the high noise level it is possible arrive at two possible location for the b-type

transition. Either the b-type transition falls on top of the c-type transition and the ''Qk(J)

heads are not resolved or the two transitions are separated by some 2.5 cm''. As these

inversion doubling splittings are crucial to the analysis, both of these possibilities were

considered in the morphing of the S, potential surface. During morphing of the excited

state surface fitting of the 2.5 cm' splitting for this band proved unsuccessful. Although

mathematically it was possible to reproduce the splitting, the resulting surface was

unreasonable, either containing extra maxima or moving the positions of the minima to

unreasonable torsion and wagging angles on the surface. The final morphed surface was

therefore left with a very small splitting for this band.
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4.5 Calculated Vibrational Spectrum

In order to simulate the vibrational spectrum from the morphed potential surfaces

r '

the transition dipole moment maps had to be determined. This required using

Configuration Interaction (CI) calculations and the GAMESS package since the S, state is

necessary. Figure 4.17 shows the three dipole moment maps corresponding to the 'length

form' in Debye for the three principle axes, a, b and c. Table A.8 in the appendix gives

the expansions for these three maps. -'
' « D

Figure 4. 18 shows the simulated and observed UV spectra of HCOOH. The

calculated band positions and the intensities are found in Table 4.19.

Table 4.19 _ ;„

Relative Band Positions and Band Intensities for the a,b and c - Type Transitions

from the Morphed So and S] Potential Surfaces

a - tvpe b - type c - type

v"(So) v'(Si) Position' Intensity" Position' Intensity Position' Intensity"

0.0 0.02 0.00 1.24 0.00 0.67

1 250.84 0.07 250.49 5.50 250.83 2.91

2 376.56 0.07 376.56 5.95 376.41 3.10

3 512.94 0.22 512.94 22.05 512.71 11.40

4 670.10 0.51 670.10 53.13 669.86 27.35

5 808.70 1.04 808.70 100.00 808.54 51.66

6 865.19 0.00 865.19 1.38 865.33 0.63

7 983.79 0.70 983.79 76.72 983.73 39.26

a) in cm'.
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The upper panel of Figure 4. 18 shows the computer simulated spectra where the

calculated positions and intensities of the vibronic bands are illustrated as histograms. The

intensities of the first three bands have been multiplied by ten. The intensities of the c-type

bands (Franck-Condon) are given by the heights of the open rectangles and the a^-hybrid

bands (Herzberg-Teller) as hatched rectangles. The lower panel is a low resolution

excitation spectrum of HCOOH recorded under jet cooled conditions. It is clear that the

gross vibrational features in the spectrum are accounted for in the calculations.

The calculated intensities increase steadily in the torsional progression, however

this is not observed in the experimental spectrum. The explanation comes from the

photochemistry of formic acid. At higher torsional excitation energies, above v=l, the

molecule is dissociating into HCO and OH fragments, therefore the quantum yield for

fluorescence is diminishing. Although absorption has occurred, there is no fluorescence.

Simons^' has observed some of the higher torsional bands in the OH yield spectrum.

In Figure 4.18 the vibronic transitions are divided into the two types of transitions;

Franck-Condon (F-C) and Herzberg-Teller (H-T). As discussed earlier, the n-Tt*

transition is polarized in the out-of-plane direction (along the c axis), making the Franck-

Condon transition electronically allowed. This is due to the c-type component of the

transition moment combining the Sq and S, electronic states. This transition, however is

forbidden by the local symmetry of the carbonyl group since the promotion of the n

electron involves more of a charge rotation than translation. The consequence of a lack of

charge translation is that the system has low electric dipole strength.
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The a/b- bands, Herzberg-Teller, are due to the in-plane components of the

transition moment (along the a and b axes). These transitions are forbidden as electric

dipole transitions, but are allowed as vibronic transitions.

Examining Table 4.19 the a-type bands are noticeably much weaker than the b and

c bands. The reason for this can be explained by considering the large amplitude motions

and the principle axes on the molecule (see Figure 2.3). The OH torsion and CH wagging

modes are located such that their motions are more or less a rotation about the a axis.

The transition moment therefore has very little component along this axis, making the a-

type transition very weak.

Formic acid is therefore an excellent example of an electronic transition that is

allowed by the overall selection rules, but forbidden by the local symmetry of the C=0

chromophore. Since both the Franck-Condon and Herzberg-Teller bands are partially

allowed and partially forbidden they have similar relative intensities. The weakness of the

Franck-Condon transition is the primary reason for the similar intensities and not the

absolute strength of the vibronically induced Herzberg-Teller transitions.
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Chapter 5

CONCLUSIONS

Formic acid, being the simplest carboxylic acid, is an important molecule from

which a great deal of information may be obtained regarding the dynamics of excited

states. With only five atoms, and two of these hydrogens, the structure and vibrational-

rotational dynamics of the ground state have been very carefully established. This study

set out to investigate the S, - Sq system of formic acid using ab-initio methods to

simulate potential energy surfaces and the electronic spectrum and to compare these

results to the excitation spectrum recorded under the much improved conditions of a

supersonic jet and the higher resolution of a etalon dye laser system.

The electronic spectrum of formic acid contains a rich vibrational structure near

the UV region and becomes diffuse at higher energies and eventually merges into a

continuum. Lxtng progressions in torsion and the activity of the wagging mode indicate

that the molecule adopts a nonplanar structure upon excitation and the hydroxy and

aldehyde hydrogens are directed out of the 0-C=0 plane. Such activity in the large

amplitude modes creates an interesting potential surface for the excited state. Large

energy barriers exist at the planar molecular geometries where on the ground state surface

there are minima.
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Inversion doubling results from a molecule which is able to convert or invert

between different identical forms. There is commonly an energy barrier to such inversion

which results in inversion doubling of the energy levels. The barrier can be measured not

only by its height, but also by the area under the barrier. It is interesting to compare

acetaldehyde to formic acid. Acetaldehyde has an inversion splitting of 33 cm"', a large

splitting, due to its relatively low barrier (639 cm') on the torsion-wagging potential

surface.'*' For this system the individual 0* and 0' bands can be observed under low

resolution conditions in the jet cooled spectrum.'** For formic acid, however, the barrier is

very high and wide, therefore the inversion doubling is very small. A high resolution, line

by line rotational analysis is necessary to establish the inversion splitting. For this reason,

a detailed rotational analysis was performed for the Vg and v, wagging and torsional bands.

Since the quality of the 8o band was poor the splitting of 2.5 cm'' between the b and c-

type bands could not be confirmed. It appears that a close to cm' splitting is quite ,:

possible, since the morphing procedure had a difficulty in reproducing the 2.5 cm''

separation. .^.
. „ ,, . ^,. , .^„,i, ,^, ,... __ v

, .,

The electronegativity of the attached group often determines the barrier height to

inversion and therefore the observed splitting in the spectrum. Formyl fluoride is a good

molecule for comparison in this case. Instead of the OH group in formic acid, formyl

fluoride has a fluorine. There is then only one large amplitude motion, C-H wagging. The

optimum out-of-plane angle for formyl fluoride is 32° and the inversion splitting for C-H

wagging is 1 1.6 cm' with a barrier of 2550 cm'.'*' The ab-initio calculated (MP2/6-
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31G(d,p) barrier for formic acid is around 3000 cm"' with an out-of-plane angle of 47°. It

would be expected that formic acid would have a smaller, yet similar splitting in the out-

of-plane wagging band as formyl fluoride. The difference perhaps is that in formic acid

two large amplitude motions must be considered, wagging and torsion. Both coordinates

are involved in the inversion/switch operation. The out-of-plane wagging displacement is

also greater for formic acid and the torsional angle is quite great at 63° out of the

molecular plane. Therefore, the barrier for formic acid, though not a great deal higher

than formyl fluoride is much wider due to the large out-of-plane displacements upon

excitation, creating a greater area, leading to an even smaller inversion splitting. The

splitting could be even close to zero, which is one possibility according to the laser

induced fluorescence spectrum.

Future experiments on the S, - Sq electronic transition of formic acid will no doubt

involve very high resolution work with ring dye laser systems which are able to determine

the inversion splitting in the Sq band and other bands very precisely. From a

computational aspect, calculation of the S, state directly to generate the S, surface would

perhaps give a more reasonable starting point for the morphing procedure than T,. With

the evolution of computational resources the possibilities are tremendous for more

sophisticated calculations on formic acid in the future.
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TABLE A.l
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Table A.2

Ground State Calculated Ab-initio Energy Levels

Model vibrational

level

Torsion (cm"')

trans CIS

MP4/6-31G(d,p) 'C-H in-plane'

zero-point 350.55

0.0

1 676.97

2 1324.52

3 1824.22
,

4 ' 1940.57

5 2329.03 -

2522.51

2810.32

3066.83

3265.38

Wagging (cm')

MP2/6-31G(d,p)
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TABLE A.3

Excited State Potential and Kinetic Expansions

Model Torsion (cm^) Wagging (cm"^)

Potential Kinetic

UMP2/3-21G sine
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TABLE A.3 cont'd
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constant 642.91 21.02

TABLE A.3 cont'd

everything relaxed

sin6





TABLE A.4

9S

Excited State Calculated Ab-initio Energy Levels

Model
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TABLE A.5

9^0 Band Results for Rotational Analysis Least Squares Fitting

Calculated and Observed Lines

Constant
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TABLE A.6

Origin Band Results for Rotational Analysis Least Squares Fitting

Calculated and Observed Lines

Origin Band 37413.3919 cm"'

Constant
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Table A.6 Cont'd
c
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TABLE A.7

9\ Band Results for Rotational Analysis Least Squares Fitting

Calculated and Observed Lines

9\ Band

Constant
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TABLE A.8

Transition Dipole Moment Expansions in Debye for Sj-^Sq Transition

M. Mb

constant
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